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lon-transfer reactions at the interface between fluorous solvent 1,1,1,2,3,4,4,5,5,5-decafluoropentane
(DFP) and water (W) were investigated voltammetrically. Within the potential window at the DFP | W
interface, various non-fluorinated ions, including tetraphenylarsonium (Ph,As") and tetraphenylborate
(Ph,B"), and fluorinated ions gave reversible voltammetric waves for their ion transfer across the DFP
| W interface. Based on the Ph,As*-Ph,B™ assumption, the formal potentials of their ion transfer could
be determined in terms of Galvani potential difference. The formal Gibbs energies for the transfer of
ions from DFP to W, which would provide the criteria necessary for evaluating the
fluorophilicity/hydrophilicity of ions were calculated from the formal potentials, and were compared
with the transfer energies from 1,2-dichloroethane to W and those from DFP to the organic solvent, as
guantitative scales of the ion’s lipophilicity/hydrophilicity and fluorophilicity/lipophilicity.

1. Introduction

Electrochemical processes at a liquid | liquid or non-aqueous solvent | W interface have been
studied extensively, because of the wide range of applicability of the systems in chemistry and biology.
It is necessary for the non-aqueous solvent that it is immiscible with W and forms stable interface, and
that it dissolves high concentration of electrolyte to give a high conductivity. To date, nitrobenzene
(NB), 1,2-dichloroethane (DCE), and their analogues have been used as non-aqueous solvents in
liquid-liquid electrochemistry. In a previous paper [1], we examined the applicability of a fluorous
solvent DFP as a non-aqueous phase for ion-transfer voltammetry. In this study, we have investigated
the transfer of various monovalent ions across the DFP | W interface. Interestingly, unlike the DCE | W
and NB | W interfaces, Ph,As" and Ph,B™ ions gave voltammetric waves within the potential window
of the DFP | W interface. The voltammograms could be attributed to the reversible transfer of
monovalent ions, and the reversible half-wave potentials, E;,(PhsAs) and Ei,(Ph,B7), were
determined. On the basis of the Ph,As"-Ph,B™ extrathermodynamic assumption, the formal potentials
for the transfer of these ions in terms of the Galvani potential difference at the DFP | W interface,
ADe0” (Ph,As™) and Ad¢% (Ph,B™), were calculated from the ,Ey, values. Other ions (j%, z being the
charge number including sign) also gave reversible voltammetric waves, and their AJe¢”(j%) values
were determined. From the AY¢*(j) values (o= DFP, DCE, and NB), the formal Gibbs transfer
energy of j* ion from the a. to the W phase, AG{,_.w(j°), were calculated by
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AGEww(i?) = —2FAYG” (). (1)
Although DFP is miscible with DCE (and NB), the transfer energy of j* ion from DCE to DFP is
calculated by

AG?r,’DCE—»DFP(jZ) = AG?Q’DCE—>W - AG?r,’DFP—»W- (2)
The AG{oer—w, AGYbce—w, and AGYher_ore Values can be useful as quantitative scales of the
affinities for the fluorous solvent, water, and the non-fluorinated organic solvent, that is, fluorophilicity,
hydrophilicity and lipophilicity of ions. These values of non-fluorinated and fluorinated ions were
compared with each other.

2. Experimental

2.1 Reagents

The purification of DFP and the preparation of supporting electrolytes for the DFP phase,
tetra-n-octylammonium bis(nonafluorobutanesulfonyl)imide (Oct,NBNSI) and tetrabutylammonium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (Bu,NTFPB) were described in Ref. 1. Phy,AsBNSI and
Bu,N" salts with [(C,F,+1S0,),N]” at n = 1, 2, and 3 (BTSI", BPSI™ and BHSI") were prepared in a
manner similar to that used to prepare Oct;NBNSI or Bus;NBNSI. Other chemicals were of reagent
grade and used as received.
2.2 Measurements

lon-transfer reactions across the DFP | W interface have been studied by means of cyclic
voltammetry using a three-electrode system. Cells I and Il represent the electrochemical cells used to
record the cyclic voltammograms (CVs) of the transfer of the Ph,As” and Ph,B™ ions across the DFP |
W interface, respectively.

cell I: cell I1:
Phase | Phase Il , Phase Ill Phase IV
Phase | Phase Il 4 Phase Il Phase IV b mM
m
amM amM 01M 01M NaPh,B 01M
pt | PhsASBNSI | PhASBNSI | 0.05M 0LIM | agci|Ag Pt | BuNBNSI | BuNTFPB 01M Licl AgCl|Ag
0.1M 0.1M MgSO,4 LicCl Licl
Oct;NBNSI | Oct;NBNSI
4 ¢ (CE) (DFP) (DFP) (W) (W) (RE1)
(CE) (DFP) (DFP) (W) (W) (RE1)

Phase V' Phase VI
Phase V Phase VI

01M 01M | 01M
Licl 0.1M AGCHIAG | BiNCI |BuNTFPB
AGCHIAG 0.1 M 0.1 M |Oct;NBNSI ) )
LiOH HBNSI /ey | w | o)
(RE2) w) (DFP)

The test DFP | W interface is indicated by an asterisk. The electrolysis cell is described in Ref. 1. The
solution resistance between the two reference electrodes was about 2 kQ for cells | and Il. E was
controlled by a potentiostat furnished with a positive feedback iR compensation circuit. In this paper,
the E value is reported against the ,E;;, for transfer of the tetramethylammonium (Me;N") ion across
the DFP | W interface, which was determined to be E1,(Me;N*) = —0.276 V with cell | and 0.334 V
with cell 11. All electrochemical measurements were carried out at 25+1°C.
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3. Results and Discussion

3.1 Physical properties of DFP

At 25°C, the solubility of W in DFP is 0.049 wt% [1], and the density of DFP is 1.58 g cm™.
Therefore, DFP formed a stable interface with W. The relative permittivity of DFP is 6.72, which is
lower than those of DCE (10.45) and NB (34.78). Despite the low permittivity, DFP dissolves an
electrolyte Oct,NBNSI at the 0.1 M level, and the conductivity of the 0.1 M Oct,;NBNSI (DFP) was
220 uS/cm, which is comparable to those of the DCE and NB solutions (910 and 690 uS/cm). The
viscosity of DFP was determined to be 0.90 cP by a vibro viscometer. The value is very close to that of
W. On the basis of Walden rule, the ratio of the diffusion coefficient of a j* ion in the W phase to that
in the DFP phase, D}¥/DP™, is assumed to be D}¥/DP™ = 1 in the determination of ADrr¢*(j%) below.
3.2 Transfer of Ph,As™ and Ph,B™ ions at the DFP | W interface

Curve (a) in Figure 1 shows a CV 100
obtained with cell | at a = 0, that is, the base
current of the 0.1 M Oct,NBNSI (DFP) | 0.05 50

M MgSQO, (W) interface at the scan rate of v lE
= 0.1 V s™. A polarizable potential window :E 0
was observed. Curve (b) in the figure shows a \f-

CV obtained with cell lata=0.5and v=0.1 =501

V s™'. Within the potential window, a pair of o
well-defined cathodic and anodic peak _1090.6 05-04-03-02-01 0 0.1 02
currents were observed, corresponding to the E — (E12(MesN*)/V

transfer of the Ph,As” ion from the DFP to the Figure 1. Cyclic voltammograms (CVs) at the 0.1 M
Oct,;NBNSI (DFP) | 0.05 M MgSO, (W) interface in
W phase and back to the DFP phase, 4
P . _p the (a) absence and (b) presence of 0.5 mM
respectively. The dependence of the height of Ph,ASBNSI in the DFP phase. Scan rate, v = 0.1 V
anodic peak current and the potential peak ¢!,

separation on v indicates that the voltammogram can be assigned 40
to a reversible CV of monovalent ion transfer. By taking that the
reversible half-wave potential is equal to the midpoint potential, 20
the (Ey, (Ph,As’) was determined to be —0.387+0.004 V vs. h"E
E1z,(MesN"). : 0
Curve (a) in Figure 2 shows a CV obtained with cell Ilatb =
= 0. By the replacement of the electrolyte anion, the anodic final 20
rise was shifted to a more positive potential range. Curve (b) in
the figure shows a CV obtained with cell Il at b = 0.1. The 4007 (‘) Oﬁl oﬁz 03
anodic and cathodic voltammetric waves can be attributed to the E— r|§1,2(|\/|e4N+)/V

transfer of the Ph,B™ ion from the W to the DFP phase and back  Figure 2. CVs at the 0.1 M

to the W phase, respectively. The voltammogram can be assigned BU4'\!TFPB (D_FP) | 0.1 M LiCl
(W) interface in the (a) absence
and (b) presence of 0.1 mM
half-wave potential E;,(Ph,B") was determined to be NaPh,B inthe W phase. v=0.1

0.067+0.005 V/ vs. [Eyn (MesN¥). Vs (c), (b) - (a).

to a reversible CV of monovalent ion transfer, and the reversible



' - ISEC 2017 - The 21st International Solvent Extraction Conference
| IS

EC2017
The reversible half-wave potential of a j* ion, Ey(j?), can be related to ASe0"(j%), as given by
E12(7) = Abeed” (%) + (RT/zF)IN[(D*/DP) ] + AE e, 3)

where AE, is determined by the reference electrode system for cells 1 and Il. R, T, and F are used in
the usual meaning. By taking D}"/DP™ = 1, that is, (RT/zF)In[(D}'/DP)"?] = 0, and ABr¢”’(Ph,As") +
Abe0” (Ph,B7) = 0, the formal potentials are calculated to be AR¢”’(PhsAs?) = —0.227+0.006 V,
Abe0” (Ph,BY) = 0.22740.006 V, and Abkd” (MesN*) = 0.160+0.006 V. Also, AE.s values were
calculated to be —0.365 and 0.174 V for cells | and |1, respectively.
3.3 Formal potentials for the transfer of ions at DFP | W interface

The CVs of the transfer of choline (Ch™), acetylcholin (ACh®), tetraethylammonium (Et,;N*),
tetrapropylammonium  (Pr,N*), and Bus,N* cations and 2,4 6-trinitrophenolate  (TNP"),
2,4-dinitrophenolate (DNP7), CIO,, SCN-, I, NO3", and Br™ anions at the DFP | W interface were
recorded with cell 1, in which Phase 11l (W) was replaced by 0.50 mM j*CI™ (j* = Ch", and ACh"),

i'Br (i" = Et4,N*, Pr,N*, and Bu,N"), or Na'j”

— _ - - - - - - Table 1. Formal potentials for the transfer of
= TNP~, DNP7, CIO,, SCN", I, NO d . .

G ~ ’ ’ ‘o 1 Ws s an non-fluorinated ions at the DFP, DCE, and NB |

Br) and 0.05 M MgSO, (W), and Phases | and interfaces, Al0%, A-cd”, and A%e® (in V)

Il were replaced by 0.1 M Oct,;NBNSI (DFP).

. . ion A\[/)VFP 0 A\[/)VCE 02 A\l(lde)O, ®)
These ions gave well-developed voltammetric 55,
waves within the potential window, and the Ch* 0.223+0.004 0.200 0.117
. : : MesN* 0.160+0.006 0.133 0.035
voltammetric behaviors were of reversible ACh* 0.14040.002 0.110 0.049
nature. Using AE.s = —0.365 V, the A0 (j?) EtN* 0.036£0.003  —0.013 -0.055
. . . Pr,N* -0.087+0.003 -0.141 -0.170
values were determined as listed in Table 1 BUN" 0.189+0.005 —0.278 0.275
together with the reported values of Abced®[2] Ph,As” -0.227+0.006 —0.341 -0.372
W 105 o anion
and Ans¢™ [3-5]- _ Ph,B~  0.227:0006 0345 0372
Fluorocomplex anions, BF; and PFg, TNP~ —0.016+0.003 0.043 0.069
. : - Clo,  -0.097+0.003 -0.078 -0.082
petrfluoro n-alkanoate anions, C,F,,,1COO DNP- 0.113£0.004  —0.083 0,076
withn=1, 2, 3, and 4 (TFA", PFP", HFB", and SCN- -0.197+0.003  -0.161 -0.164
- ; - ; I~ -0.227+0.004 -0.179 -0.191
NFP ] respectlvel.y),_ and BTSI_ anl_on gave NO,~ 0.241£0.003 0258 0261
reversible CVs within the potential window at Br -0.318+0.004 —0.289 -0.288
the 0.1 M Oct,BNSI (DFP) | 0.05 M MgSO, a) Ref. 2, b) Refs. 3-5.
(W) interface, and their formal potentials were Table 2. AYp0” and A%ed® for
determined as listed in Table 2. The formal potential for the fluorinated ions (in V).
transfer of the BPSI™, and BHSI™ were determined by the ion Abp$”” Abced”
EMPF measurement as listed in the table. BHSI 0.31720.001  0.206+0.004
) BPSI 0.217+0.002  0.142+0.004
3.4 Formal Gibbs transfer energy BTSI™ 0.132+0.002 0.078+0.004
The possible ion-pair formation of tested ions with PFg” 0.063+0.004 0.041+0.004
. . . . NFP~ ~0.099+0.002 —0.103+0.002
electrolyte ions in DFP-IS curren_tly S'[L_Jdled, so at present BF, 0.11340.003 _0.09740.003
we cannot make a meticulous discussion of the standard HFB" -0.15620.002 —0.140+0.002
potentials for the transfer of ions at the DFP | W interface. PFP™  -0.199+0.002 -0.181+0.002
TFA™ -0.264+0.003 ~ —

However, the determined formal potentials, though —
a) Out of the potential window.



' - ISEC 2017 - The 21st International Solvent Extraction Conference
| ISEC2017

involving the contribution of ion-pair formation, may be useful to discuss the hydrophilic,
hydrophobic, or fluorophilic nature of the ions. From the values of Afr0” and ADced”, AGhoer_w,
AGYbee—w, and AGYbes_ore Were calculated by Egs. (1) and (2), as listed in Table 3.

In Fig. 3, AG)’bep_w for non-fluorinated ions is plotted against AG?;DCE_,W as shown by the filled
circles. The plot gives the regression line:

AGYber_w /kJ mol™ = (0.8420.040)(AGyperw /kJ mol™) + (-4.9£0.9),  (4)

with the correlation coefficient of 0.993. Despite the differences in the sign of the charge and in the
structure among the ions tested, an excellent linear relationship was observed between AGper_.w and
AG{pce_w. Such an excellent linear relationship was also observed between AGY,pep_.w and AGY s w.

Despite the richness of fluorine atoms, TFA™, PFP~, HFB™, BF,, and NFP™ ions gave negative
AG)bre_w Values. Since their AGYpce_w Values were also negative, and these ions can be categorized
as hydrophilic. This category of ions is not bulky, so their surfaces have higher electric field strength.
Therefore, the electrostatic (i.e., coulomb and polarization) ion—solvent interactions would contribute
significantly to the Gibbs transfer energy. On the other hand, the PF¢~, BTSI", BPSI, and BHSI™ ions
gave positive AG?E’DCE_,W values, and thus can be categorized as hydrophobic. The AG?;DFP_,W for
fluorinated ions is plotted against AG)pcr_w as shown by the open circles in Fig. 3. The AG{brr_w
values for the hydrophilic fluorinated ions are close to their AG{pce_w. However, the AGY e w

valuerc, for the hydrophobl_c fluorinated ions Table 3. Formal Gibbs transfer energy of tested
are higher than those predicted from Eq. (4)  jons from DFP to W, AG%bre_w, from DCE to

with increasing AGYpce_w, that is, the W, AGY pcewws, and from DCE to DFP,

hydrophobicity of the ions. AGYpee—pre (in ki mol™).
As another representation, the values of ion AGYorsw  AGXbcesw  AGXboeorp
05 ; cation
AGB,,DCE_,DFP. are_ plotted 0agalnst those of cht 15 103 29
AGgbce—w N Fig. 4. AGybce_pre could be Me,N* -15.4 -12.8 2.6
used as a quantitative scale of é\t%: _Eg:g _12:2 Z:?
fluorophilicity/lipophilicity of ions. The plots PraN’ 8.4 136 5.2
0 o Bu,N 18.2 26.8 8.6
of AGubce—pre for hydrophilic ions are Ph,As” 21.9 329 11.0
. - e . . anion
concentrated in the \;lcmlty of the abscissa Ph.B" 219 333 114
axis, i.e., at AGupce = 0. The TNP™ -15 4.1 5.7
N (DCESDRP T ClO, 9.4 75 1.8
AGybeepre for hydrophobic fluorinated ions, DNP~ ~10.9 -8.0 29
; ; SCN~™ -19.0 -15.5 35
however, shifted to m(())re negative values e 219 173 16
with  increasin AGibce—w, i.e., the NO;~ -23.3 -24.9 -1.6
reasing.  Aubce-w Br- -30.7 279 2.8
hydrophobicity of the ions. On the other hand, fjyorinated
05 ; ; BHSI™ 30.6 19.9 -10.7
AGy/bee_prp for hydrophobic non-fluorinated BPSI- 20.9 137 5
ions shifted to more positive values with BTSI 12.9 7.5 -5.4
. . 0 PFs” 6.1 4.0 2.1
increasing AGypce_w- These results suggest NFP~ 96 99 0.4
ilic i BF, -10.9 -94 1.5
that _fluorophlllcny_ of |ons_ shoul.d be a HFe- 151 135 e
physical property incompatible with both PFP™ -19.2 -17.5 1.7

lipophilicity and hydrophilicity.
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Figure 3. Plots of the formal Gibbs transfer Figure 4. Plots of the formal Gibbs transfer
energy from DFP to W, AG?{DFP_,W, against that energy from DCE to DFP, AG?{DCE_,DFP against

from

DCE to W, AGYocew

for AGYpce_w, for  non-fluorinated ( @) and

non-fluorinated (@) and fluorinated (O) ions. fluorinated (O) ions.

4. Conclusions

The transfer of ions at the interface between a fluorous solvent DFP and water could be studied
voltammetrically, and the electrochemical data gave the formal Gibbs transfer energy of various ions
from DFP to water or organic solvents, which can provide useful criteria for evaluating the
fluorophilicity, lipophilicity, and hydrophilicity of ions. The transfer energy would be also useful to
understand the interfacial process in solvent extraction using fluorous solvents and compounds.
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