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ABSTRACT

The standard Gibbs free energies of transfer (AG,®) of halogen acids HX (X = Cl, Br or I)
and alkali metal halides MX (M = Li, Na, K, Rb or Cs) as well as their constituent individual
ions from water into tetrahydrofuran (THF) and its aqueous mixtures were determined from
the e.m.f. measurements at 25°C of the cells: glass electrode/HX, solvent/AgX, Ag; and
glass electrode (M)/MX, solvent/AgX, Ag. The values of AG?® of the individual ions on the
molal, molar and mole fraction scales show the same trend of variation with solvent
composition, i.e. they increase monotonically with increasing THF content in the solvent. The
standard absolute potentials of different electrodes in these solvents as well as the radii of the
solvated cations and the extent of their solvation in such media were computed. The results
are briefly discussed in relation to ion—solvent interactions and ion solvation.

INTRODUCTION

Cationic glass electrodes have frequently been used to determine standard
Gibbs energies of transfer (AG,°) for electrolytes from water into several
aqueous organic solvents [1-7]. However, relatively few electrochemical
studies using glass electrodes have been made in aqueous mixtures of dipolar
aprotic solvents, and no work seems to have been done on the determination
of AG,° values for any electrolyte from water into non-aqueous solvents.

Recently we have used [1] glass electrodes for the determination of AG?
values for the halogen acids and alkali metal halides from water into
aqueous acetone solvents containing up to 80 wt.% acetone. Our studies have
been extended to the tetrahydrofuran (THF)-water system. Therefore, the
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present investigation was undertaken to determine Gibbs energies of trans-
fer for the halogen acids HX (X = Cl, Br or I) and alkali metal halides MX
(M = Li, Na, K, Rb or Cs) as well as their constituent individual ions from
water into THF and its aqueous mixtures. Transfer quantities have been
determined by e.m.f. measurements in THF-water solvents of the cells:

Glass electrode /HX, solvent /AgX, Ag Cell (i)
Glass electrode (M) /MX, solvent/AgX, Ag Cell (ii)

The standard absolute electrode potentials obtained in such aqueous dipolar
aprotic media have been used to compute the Gibbs free energies of transfer
for individual ions from water into each solvent, with a view to obtaining a
comprehensive understanding of the ion-solvent interactions.

Smits et al. [5] used such cells and reported the values of AG° for the
transfer of HCl as well as RbCl into several aqueous solvents containing
THF up to 85 wt.%, and for NaCl into 10-50 wt.% THF-water solvents.
However, comparisons show that agreement between the new values of AG°
and those of Smits et al. [5] for aqueous THF solvents is generally good.

EXPERIMENTAL

THF (BDH grade) was further purified as reported previously [8]. AnalaR
and Merck quality alkali metal salts were purified further, dried at 120°C
and kept in a dessicator over P,Os [1,5]. Redistilled deionized water [1,8] was
generally used in the preparation of the solutions. All solutions were freshly
prepared before taking measurements. The compositions of the solvents
were accurate to +0.01 wt.%. The solutions were all stored in dark bottles
under a nitrogen atmosphere.

The cell design, general experimental procedure and mathematical treat-
ment of the results have been described previously [1]. The molality (m) of
cell solutions was in the range 0.001-0.050 mol kg~ '. The values of m are
accurate to approximately 0.01%. The incomplete dissociation of electrolytes
in the THF-rich solvents (media with low dielectric constant) was avoided
by working at lower salt concentrations [5]. Also, exposure of the cells to
light was always avoided. All measurements were taken by three different
electrodes for each solution. The cell measurements were made in triplicate,
and the mean values of these observations recorded. The experimental set-up
allowed the recording of cell potentials up to 0.1 mV, 0.3 mV and 0.5 mV for
solvents containing up to 30%, 60% and 100% THEF, respectively. However,
these potential values correspond to the mean precision of the measure-
ments. A large number of experiments should be carried out to reach an
acceptable precision [5], especially for the THF-rich solvents. The tempera-
ture of the measuring cells was maintained at 25 + 0.01°C.
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RESULTS AND DISCUSSION

For cells (i) or (ii) in water (w) and in aqueous or non-aqueous THF
solvent (s), if the same glass electrode is used in each and the e.m.f. values
are corrected for drift [1-3], we can define

AE="E-°E (1)
and
AG®° = FAE; (2)

where F is the Faraday constant, m refers to the molal concentration scale
and AG/? is the standard molal Gibbs free energy of transfer of 1 mole of
electrolyte from water into any solvent [1]. The values of AE were analyzed
in the way previously described [1-3] to give AE_; values in the respective
solvents. These are collected in Table 1 for HC1, HBr, HI, LiCl, NaCl, KCl,
RbCl and CsCl, in 20 THF-water solvents. Note that the behaviour of the
electrodes was so satisfactory when used as described [1-3] that extrapola-
tion of the individual *E or °E values to give the individual E? values was
possible; AE_? values obtained as the difference of these data agreed well
with those obtained by extrapolation of AE. Generally, the values of AE.
are precise to better than +0.1, +0.3 and +0.5 mV for solvents containing
up to 30, 60 and 100 wt.% THF, respectively. The values of AG? for the
transfer of HCl, HBr, HI, LiCl, NaCl, KCl, RbCl and CsCl from water into
THF-water solvents, calculated on the molal scale from AE, values (Table
1) using Eqn. (2), are listed in Table 2. These are therefore precise to better
than +0.01, +0.03 and +0.05 kJ mol ! for solvents containing up to 30, 60
and 100 wt.% THF, respectively, based on the precision of the AE? values.

The values of E. of cells (i) and (ii), containing HCl, HBr, HI, LiCl,
NaCl, KCl, RbCl and CsCl in water and in THF-water solvents, are
recorded in Table 3. All the values of "E?2 of the cells, determined using
glass electrodes in the present investigation, agree very well with those
obtained previously [1,9]. In THF-water solvents, the agreement between
the values of E?2 obtained earlier using hydrogen electrodes [8] and the
present values using glass electrodes is good (taking into account the
combined precision limits of the measurements) up to 50 wt.% THF for HCI
and to 55 wt.% THF for HBr; the differences in E values tend to increase
with increasing concentration of THF. However, previously, such compari-
sons [4] showed that agreement between the two types of electrode, hydro-
gen and glass, is generally good up to approximately 40 wt.% of organic
solvent.

In order to verify the accuracy of our measurements, and to assess their
reliability, a comparison of our results for the standard Gibbs free energies
of transfer to THF-water solvents with those obtained earlier by previous
investigators has been made. Smits et al. [5] reported their AG° values for
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TABLE 1

Values of AE? (mV) for cells (i) and (ii) in tetrahydrofuran-water solvents at 25°C

THF Compound

(Wt.%) HCI HBr HI LiCl NaCl KCl RbCl1 CsCl
5 3.6 0.9 -11 7.7 9.0 9.2 8.8 8.3
10 6.9 22 -23 15.5 18.6 18.9 18.2 16.8
15 10.5 31 -35 236 28.2 28.5 28.0 25.6
20 14.1 44 —-45 321 38.2 384 38.0 347
25 18.2 6.4 -51 40.9 48.1 48.3 48.2 441
30 22.7 9.1 -5.1 50.2 58.5 58.9 58.9 539
35 28.2 12.7 —4.3 60.0 69.1 69.7 69.8 64.1
40 33.6 16.8 —-34 70.3 80.3 81.1 814 74.9
45 40.2 22.8 -12 81.3 92.2 93.6 94.0 86.5
50 48.2 29.0 22 93.1 105.2 107.2 107.7 98.9
55 58.1 354 7.3 106.0 119.2 121.4 122.2 112.4
60 69.3 44.5 13.9 120.2 134.9 138.2 139.2 127.2
65 82.9 56.0 22.8 136.1 1520 156.1 157.6 143.8
70 99.7 71.0 35.1 154.0 172.0 177.7 180.0 162.8
75 120.2 89.9 51.0 174.9 196.3 204.4 207.8 185.5
80 146.3 114.5 72.5 199.9 225.9 236.6 2415 2135
85 182.1 148.4 103.8 230.5 263.3 279.3 286.5 248.6
90 225.0 189.0 142.0 268.1 311.1 334.5 345.3 2920
95 270.6 232.5 183.0 3134 366.1 396.4 4123 343.8
100 313.6 273.4 221.3 367.0 425.6 466.3 487.4 404.0

HCI (17 values) and RbCl (17 values) on the molar scale (c) in kJ mol~?,
whereas those for NaCl (5 values) on the molal scale (m) in cal mol™'. Thus,
to avoid any approximations and to obtain a more precise and accurate
comparison, all the AG° values are expressed on the molar scale and
collected in Table 4. Values of AG,° (m) on the molal scale were converted
to the molar scale [10] using Eqn. (3);

AG?(c) = AG?(m) + 2RT In(d,,/d,) (3)

where d, and d, are the densities of water and THF-water solvent,
respectively. The values of Smits et al. [S] were taken with all significant
digits as they were originally given. In general, the agreement between our
results and those of Smits et al. [5] is acceptable, practically always within
the combined precision limits of their and our measurements.

Table 2 shows that the values of AG? of all electrolytes (except HI) are
positive and increase with increasing THF concentration in the solvent. For
HI, the value of AG° decreases negatively to a minimum at around 25-30
wt.% THF and thereafter continues to increase negatively until becoming
positive, and increases with increasing THF content in the solvent. On the
other hand, the values of E_; of cells (i) and (ii) containing any electrolyte
(except HI) decrease monotonically, whereas those of cell (1) containing HI
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TABLE 4

Comparison of standard molar Gibbs free energies of transfer AG.° (kJ mol~') from water
into tetrahydrofuran—water solvents, obtained by Smits et al. [5] for HCl, NaCl and RbCl,
with the corresponding new values

THF HCl NaCl RbCl
(wt.%) Ref. 5 This Ref. 5 This Ref. 5 This
work work work
5 0.36 0.35 0.86 0.86
10 0.68 0.69 18 1.81 1.77 1.77
15 1.03 1.05 274 274
20 1.37 1.41 3.7 3.73 3.71 371
25 1.77 1.82 474 472
30 2.23 228 5.73 573 5.77 5.76
35 2.74 2.82 6.85 6.84
40 331 337 7.87 7.88 7.99 7.98
45 405 4.04 9.25 9.23
50 4385 484 10.3 10.34 10.6 10.58
55 5.88 5.83 12.0 12.01
60 7.02 6.95 13.7 13.69
65 8.34 8.29 15.5 15.50
70 9.99 9.95 17.7 17.70
75 12,0 11.97 20.4 20.42
80 14.5 14.53 23.7 23.72
85 18.0 18.04 28.1 28.11

are all negative, increase to a maximum at around 25-30 wt.% THF, and
thereafter decrease, with increasing amounts of THF in the solvent (Table
3). Such features have been noticed earlier [9] in different solvent systems.

Absolute electrode potentials and Gibbs free energies

A new procedure for the determination of standard absolute electrode
potentials in aqueous and non-aqueous, protic and aprotic solvents, as well
as the thermodynamics of individual ions in these media, was described
recently [11]. The procedure was applied successfully to the e.m.f. data of
different cells, and the interest, validity and general applicability of the
procedure to various solvent systems have been demonstrated [1,9,11].
According to this procedure, the oxidation potential of any electrode varies
directly with the radius (r) of the solvated ion on the activity of which the
potential depends. Therefore, the cell e.m.f. is related linearly to the radius
of the solvated ion which is being varied in a series of electrolytes having a
common ion. Thus, in any solvent, the plot of the standard e.m.f. (E;)
values of cell (i), containing HCl, HBr and HI, against the radius of the
solvated anion (r_) should yield a straight line according to Eqn. (4), at any
temperature [11].

E:=a’r,—a’r_ (4)



86

99°pS 0T6b 9Lty 9T'8¢ 08°Z¢ T€°LT £€8°1C LE9T 1601 1329 . |

12X 4 18247 056t 12927 19°6C 99'%T IL°61 SLY1 86 06’y _d
08°Sy (XANN 4 L9'9¢ 90°CE 6v'LT 68°TC 6781 el vi'é6 199 4 D (_owy)
£6°SL £€8°79 0L 0S LS TP 80'v¢ 1S°LT 91T 18°S1 ot 189 +H OV

StL'l v108°1 8LS8'T 8Pi6’1 €IL6'1 7870C 1580°C LIPT'T 861°C 06sT°T I

¢SLST £979°1L CLLIT 98TL'L L6LL'T [R A% ¥Z88°'1 SEE6'L S¥86°1L 86£0°C 1q
19%°'1 S60S°1 8966’1 Sv09°'1L 61691 96691 WLl LheL'1 (V4201 96881 D =X X0
9ILE'T SLOS'T [431 N SLTIL'L 1251198 SELY'T 79¢6°1 LY66'1L 90S0°'C 6¥01°C 0N “o
8691 LOS'T 668°'1 6v6'1 8L6°L S66'L 900°C 10T S10°C 910C (w 01-0D) ta
8L08°0 oreEs0 1098°0 €988°0 LTL60 06£6°0 £696°0 S166°0 LLIOL orvo'1l ? :E>Soc Jo

S0+ o+ 70+ o+ €0+ 70— 10+ €0+ 70+ 10— |

(A (08 B $0— 60— 80— o+ £€0— L'0— 90— o+ 1q
L0+ 90+ €0+ S0+ S0+ (41 0+ o+ o+ 00— D=X (Aw)y
£L66°66 866°66 66666 L866°66 166666 866666 8666'66 P666°66 9666°66 666666 ( - 01) 1100 —

001 06 08 0L 09 0¢s or 0t 0T 1)1

(%) JHL RweIed

D 55T 1B SIUDA[OS Idlem—ueInjoIpAyena) ut (1) [[99 jo sanea J'g ay) 01 (p) ‘ubg Suik[dde jo synsar sarenbs-ises| oy,

SATdVL



87

1L'v8 vE£'69 0T'LS oL’y 0L'6€ 9¢°E 9°sT $8°81 Wl 019 O
LL'T6 Lyl 166 9¢'6v 98°0p TEe 8097 £€61 SLTL 79 Q¥
TL06 EVEL £v'6§ ST6b 9L 0b 1 4% $0'9C £€°61 6L7T1 €9 .|
08'98 LUTL ov'8s 658 oy L6'TE 86'ST 0c'61 Lt 879 BN (;_[ow¥)
ST'18 €0°'LY 68'SS 98'9p £0'6€ 18'1€ 10°$T 0581 81°ZI 86°S 19| 0OV
IS¢ 1233 £5°€ 8P'E 13 A 9€°¢ 0€'€ vTe 81°¢ e sD
9°¢ 69°¢ e 89°€ £9°€ LS'E IS°€ 94" 6€°€ XD |
08¢ $8°¢ 98'¢ £8°€ 8L'€ we 99'¢ 65°¢ £5°€ 8Y'€ p |
L6E {137 0% 86'¢ £6°¢ LYE 8¢ 9L¢ IL'E $9¢ BN
08v 1§22 8Ly wy 9P 6SY (4934 944 6EY w®Y ] (w 0D’
voT's [£X 49 61T°S SLLS LITS ¥s0's 1667 876’V LISV LOSY SO
£01°S oLT'S 681°S 8s1'S 901°S LYO'S 986t 9437 $98°p Logv Qb
6C1'S £81°S v61's 091 LOT'S LYO'S 986y ST6y $98°f 908y p.|
L&Y 956ty 096+ L6V 8L8'Y 7437 L9LY 1Ly LS9V v09v BN
0ob's Sov's 9LES 1ZE's 86T’S 061°S zrs rs0'S 886 vi6y T (W _0n *4
SEOT'Y 629¢'V 988bY 1L8S Y 10L9Y 9%L'y 9LI8Y 1988 LTS6Y [4:1 (R T
Ty SLIEY 879 0TLS Y 7099t Y6EL Y I8y £€88°Y SIS6'Y 0610 9
3284 ey YLV 6ELSY 6099t 96ELY £EI8Y 0£88't 8056t 6L10°S P |
LIL6E LEETY 1992t LLYED (44944 96TS 1209°v £1L9Y 06ELY €908 BN
L19EY 1805V 9€T9Y ULy £86L'Y 1€L8°F 9EV6'Y 1o 99.0°S 60v1°S 1 (A) 5T
001 06 08 oL 09 0 ov 0¢ ot o1
(%) AHL W Idjpwered

Do §T B ‘SJUSA[OS 3SIY) OJUI JSJEM WIOIJ SUOTIED [BNPIAIPUL JO ( 'OV ) SAIGIoUa 90J) SQQIL) I9JSURI) PIBPURIS PUR ‘SIUSAJOS JOIEM
—urINJoIPAYEIP) Ul (°§) U)X UOTIRAOS JI9Y] PUE SUONIED PATRA[OS Jo ( *4) Upel ‘sapondsp W/ Jo (A) o4, J ‘sienuslod ainjosqe piepuelg

9dTdVL



88

This holds in various THF-water solvents, and the least-squares results at
25°C are collected in Table 5. In all solvents perfect straight lines were
obtained, and the extent of correlation is indicated by the correlation
coefficient (corr) and the differences, A (mV), between the E. values
obtained experimentally and those calculated by Eqn. (5),

Ep="LEq —"REn (5)
where °JES and °RES are the oxidation potentials of the left and right
electrodes, respectively [1,9,11]. Thus, the standard absolute potential of the
H,/H* and Ag-AgX (X =Cl, Br or I) electrodes, the radius (r,) of the
solvated H* ion and thus its solvation extent (S,), in the standard state,
have been computed as before [1,9,11].

From the computed values of the standard absolute potential of the
Ag—-AgCl electrode in each solvent (Table 5), those of M/M™* (where
M = Li, Na, K, Rb or Cs) electrodes could be obtained (by Eqn. (5)) from
the E; values of cell (ii) containing MC], Table 3. The radii of the solvated
cations and their solvation extent, in each solvent, were calculated as before
[1,9,11]. All these results are collected in Table 6.

It is evident from Tables 5 and 6 that as the THF content of the solvent
increases, the value of a,> (which appears to be a universal constant for all
electrodes, and dependent only on the medium, at any temperature [1,9,11])
decreases, the oxidation potentials of both left and right electrodes decrease,
and the radius (r,) of the solvated H* ion decreases (i.e. the extent of
solvation of the protons decreases) whereas that of any solvated cation and
thus its solvation extent increases to a maximum at around 80-90 wt.% THF
and thereafter decreases. In any solvent, the extent of solvation of M* ions
increases in the expected well-known order: Cs*<Rb*<K*<Na*<Li*,
and the Li* ion is always highly solvated. The standard absolute potentials
of Ag—AgX electrodes decrease in the regular order: *E?2 (Ag-Agl) >“E?°
(Ag—AgBr) >“*E 2 (Ag—AgC(l), in any solvent, whereas the irregular order of
variation of the standard absolute potentials of the alkalt metal electrodes,
from Li/Li* to Cs/Cs™, is dictated by the extent of solvation of the alkali
metal ions, and thus by the radii of solvated cations. These interesting
features have been observed recently in several solvent systems [1,9,11].

Further, by coupling the standard absolute potentials (JES) of M/M™
(M = Li, Na, K, Rb or Cs) electrodes with those (°RES) of Ag—AgX (X = Br
or I) electrodes, using Eqn. (5), the values of E_ for cell (ii), containing MBr
or MI, could be computed. Thus, all the values of E,J of this cell in various
THF-water solvents at 25°C so computed are also included in Table 3.
Furthermore, the values of AG,° for the other alkali metal halides, MBr and
M1, could also be obtained from the E; values of cell (ii) in water and in
various THF-water solvents (Table 3) using Eqn. (2). These are also
included in Table 2.
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The standard free energy changes (AGg) involved in the half-cell reac-
tions are related to the standard absolute electrode potentials ("cEg) by the
relation [1,9,11]:

AGg = —F°gE;, (6)

Thus, the value of AGS can be computed on the molal scale using the °g ES
values given in Tables 5 and 6.

The values for the standard Gibbs free energy AG.° for the transfer of an
individual ion from water to various THF-water solvents were calculated
[1,9,11] on the molal scale from the standard absolute electrode potentials in
water (¢ E2) and in the respective solvents (¢Ey ), Tables 5 and 6, using Eqn.

.
AG? = F(ZER —¢E7) (7)

The values of AG° so calculated at 25° C are also included in Table 6. These
are accurate to better than 0.02, 0.05 and 0.09 kJ mol~! for solvents
containing up to 30, 60 and 100 wt.% THF, respectively.

The values of AG? for all ions show a qualitative resemblance to other
solvent systems [1,9,11] in that all the values are positive and increase (i.e.
ion transfer becomes increasingly less favourable) with rising THF content
of the solvent. In general, free energies of transfer are dictated by ion—solvent
interactions. So, these may be simply interpreted by assuming that the ions,
which are hydrophilic, interact more strongly with water molecules than
with co-solvent (THF) molecules in any solvent, without reference to any
special structural properties of water or the co-solvent studied [11]. In any
solvent, the relative order of non-spontaneity for the anions is AG” (Cl7) <
AG? (Br™) <AG? (I7). For the cations, there is a marked rise in AG° from
H* through Li* and Na* to K* and a fall from Rb* to Cs* with a
maximum (for K* in solvents of low THF content) that shifts (to Rb™ in
solvents of high THF content) as the proportion of THF is increased. This
pattern is very similar to that found for transfers from water to several
solvent systems [1,9,11], and the similarity in the profiles of AG,° points to a
common cause for the behaviour of these single ions in these solvent
systems. However, this behaviour is extensively explained and discussed in
terms of the acid-base theory of tonic solvation [12,13].

Increased desolvation of the proton (r, value decreases) and, on the
other hand, increased solvation of the M™ ions (r, values increase) with
increasing amounts of THF in the solvent are observed. Nevertheless, the
values of AG? for all (H* and M™) ions are positive and increase with
increasing THF concentration in the solvent. This presumably indicates, and
proves again [1,9], that there is no relationship between AG.° values and the
solvation of ions.

The standard absolute oxidation potentials of the hydrogen and Ag—-AgCl
electrodes (as examples) on the molar (c) and on the mole fraction (x) scales
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were computed at 25° C with the help of Eqns. (8)—(11) [10,11] and these are
recorded in Table 7.

CLES =°1E2 + k log d (8)
RES =°RES —k log d (9)
VEQ =°LES — k log(10°/M,) (10)
°RES =°RES + k log(10° /M) (11)

where k is (RT In 10)/F, d is the density and M, is the mean molar mass
of the solvent. In all cases, the standard e.m.f. of the cell on the molal, molar
and mole fraction scales, is equal to the difference between ° E°® and “RE°
as given by Eqn. (5) or similar equations [1,9,11].

Also, the values of AG° of H* and Cl~ ions (as examples) were
computed at 25° C on the molar (c) and on the mole fraction (x) scales using
Eqns. (12)—(15) [10,11] and these are included in Table 7.

AG°(H"),=AG?(H"),, + RT In(d,/d,) (12)
AG? (C17), = AG?(C17),, — RT In(d, /d,) (13)
AGP°(H*), = AG? (H*),, — RT In(M,/M,,) (14)
AG?(C17), = AG2(CI17),, + RT In(M,/M,) (15)

where d,, and d; are the densities and M,, and M, are the mean molar
masses of water and solvent, respectively. In all cases, the standard Gibbs
free energy of transfer of HCl, for example, is equal to the difference
between those of H* and Cl~ ions, all are on the same concentration scale
and are referred to the oxidation potential scale, Eqn. (16). As was evident
previously [1,9,11], the potential scale to which a AG,° value is referred to
should be defined, and the oxidation potential scale should only be used for
all treatments of e.m.f. data, whereas all relations based on the reduction
potential scale cannot be used to obtain the thermodynamics of single ions.

AG? (HX or MX) =AG° (H* or M*) — AG2(X™) (16)

However, Table 7 shows that whatever the concentration scale used, the
same trend of variation of standard absolute electrode potential as well as
standard Gibbs free energy for the transfer of an individual ion with solvent
composition is found, i.e. the trend of variation of AG?® with THF wt.% is
independent of the concentration scale used.

The maximum in E_ values of cell (i) containing HI and the minimum in
AG?(HI) values, at around 25-30 wt.% THF, can now be explained in view
of Eqns. (5) and (16) respectively, where the net rate of variation of E?2 or
AG? is determined by the difference between the rates of variation of two
positive values with increasing THF content in the solvent.
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Other AG,° values for single ions

Wells et al. [14-17] determined the free energy of transfer of the proton,
AG?°(H™), from water into water-rich mixtures of several co-solvents by the
spectrophotometric solvent-sorting method using trace additions of 4-
nitroaniline. In all cases the values for AG°(H™) are negative, those for
AG?(X™) determined by combining AGS°(H') values with values for
AG°(HX) are normally positive and AG°(M™), determined by combining
AG S (X™) with values for AG°(MX), are normally negative [14-17]. For the
water—THF mixtures [15], the same broad dispersion of values for AG,” (i)
has been found, AG? (i) is negative for i = cations and positive for i = anions,
with a minimum in AG°(H") and a maximum in AG;°(Cl”) at around 30
wt.% THF, for example. However, one should point out that, if the AG°(H™)
values were negative as given by Wells et al. [14-17], those of AG°(X™)
would also all be negative, because the value of AG, for an electrolyte
should be given by the difference between (and not the sum of [14-17]) the
values for the constituent ions [11]. This well-proven and important point
has been discussed at length in our recent papers [1,9,11]. Further, Wells et
al. [16] reported that their results are in contrast to expectations from purely
electrostatic considerations in a dielectric continuum having a dielectric
constant less than that of water of positive values for AG.° (i) for all i ions
irrespective of the sign of the charge. Furthermore, other comments, which
are of major importance and should be taken into account, are also in-
cluded, such as the following. (1) Although their investigations [14-17] are
restricted to water-rich mixtures to avoid other net effects resulting from the
transfer of H :q between water and the mixtures, uncertain extrapolations of
the AG, curves are usually made, e.g. from 37.26 to 50 wt.% THF [15] and
from 54.26 to 65 wt.% ethanol [17]. (2) Their values of AG(Born), 167.6
(D' = DJ") kJ mol "' [14,16], must be corrected and recalculated as 16.76
(D;'—D;") kJ mol™!, ie. divided by 10, and thus all the values of
AG°(H") should be recalculated. However, this mistake has been noticed
elsewhere [18]. After dividing by 10, AG(Born) forms only a very small part
of the total AG°(H™"). In fact, comparably, the electrostatic contribution to
the standard transfer free energy for the individual ions, calculated on the
basis of the corrected Born equation [11], is 0.7-1.6% of the total AG° value
for an ion in aqueous solvent containing up to 90 wt.% ethylene glycol. (3)
Again, the potential scale to which the value of AG? is referred to should be
defined [11). The free energy of transfer of the proton AG°(H") from water
into any mixture has been calculated by Wells et al. [14-17] using the
equation

AG? (H*) = [AG(Born) + AG,| .+ RT In(d,M, /d ,M,) (17)

Equation (17) gives values of AG°(H™") on the oxidation potential scale,
whereas both the values of AG, and AG(Born), which is inversely related to
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r [11], are based on the reduction potential scale. Therefore, the second term
on the right-hand side must be rewritten as RT In(d, M,/d M,) to give
AG?°(H™) values on the reduction potential scale. (4) The use of organic
indicators implies assumptions regarding the entropy effect and the hydro-
phobic effect, too, especially in mixtures of organic solvent with water [19].
The values obtained by working with indicators are strongly dependent on
the kind of indicator, especially regarding the extrema of AG?°, pH or H, at
mean concentrations of organic solvents [19].

Moreover, the determination of the medium ionic activity coefficients,
and thus the transfer free energies of single ions, from solubility products of
salts can be erroneous if the salt is incompletely dissociated or if the
solubility product is determined for a solid solvate of the salt [20]. The
selection of salts is therefore crucial [20]. The difference in Gibbs free energy
of transfer for single ions determined using potentiometric and solubility
measurements amounts to 3.0 kJ mol ™! (30 mV) [20].

Interestingly, though, values of AG° for BPh, and TAB™ (triisoamyl-
butylammonium ion) are not equal and differ from those for Ph,P* and
Ph,As™, although the assumption of their mutual equality has been used as
another basis for the resolution of AG,” values for salts into the values for
separate ions [17,21]. Similarly, AG°(Ph,As™) is also not equal to
AG?(BPh}) in several solvent systems [14,17].

Finally, for the methanol-water solvent system, which is one of the most
frequently used solvent systems for thermodynamic and kinetic studies of
electrolytes, Abraham et al. [21] have pointed out the quite different (nega-
tive and positive) single-ion AG?° values reported for transfer of univalent
ions from water into methanol-water solvents based on some particular
extra-thermodynamic assumption; such differences are magnified for the
M?2* jons. Therefore, Schwabe and Queck [19] prefer potentiometric mea-
surements to obtain thermodynamic values of single ions for their reported
reasons. This may be justified because cells contain the electrolyte and the
solvent only.
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