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lon-Solvation Behavior of Some Copper(ll) Salts in Isodielectric
Solvent Mixtures of Methanol and N-Methyl-2-pyrrolidinone at 30 °C

T. Kumara Varadarajan, T. Venkatrama Ramakrishna, and Chatty Kalidas*

Department of Chemistry, Indian Institute of Technology, Madras, Chennai 600 036, India

The selective solvation behavior of copper(ll) iodate, formate, and benzoate in the isodielectric solvent
mixtures of methanol and N-methyl-2-pyrrolidinone has been studied using the standard Gibbs transfer
energies and solvent transport number measurements. The standard Gibbs transfer energies of various
ions were determined on the basis of the tetraphenylarsonium tetraphenylborate (TATB) assumption.
The results were interpreted in terms of heteroselective solvation of all the salts with copper(ll) ion being
selectively solvated by N-methyl-2-pyrrolidinone and anions by methanol.

Introduction

Methanol + N-methyl-2-pyrrolidinone (NMP) mixtures
form an important class of iso-relative permittivity solvent
mixtures (relative permittivity, ¢, = 31.5 for NMP and e,
= 31.0 for methanol at 30 °C). Such mixtures are valuable
for the elucidation of the specific ion—solvent interactions
on the thermodynamics of transfer of the various species
because of the negligible influence of the effects of relative
permittivity of the solvent components on the transfer
process.

Apart from the above, NMP is known to solvate cations
more strongly, compared to methanol as reflected by its
high donor number [donor number = 27.3 (Mayrhofer and
Gritzner, 1990), donor number = 19.0 (Fawcett, 1994)].
Also, methanol + NMP mixtures possess strong solvent—
solvent interactions and even a hydrogen-bonded complex
between the two solvents has been reported by Dupin
(1974). 1t is, therefore, of interest to study the opposing
effects of these interactions on the preferential solvation
of various ions in these mixtures. In earlier work from this
laboratory, the selective solvation of silver(l) salts in
methanol + NMP mixtures had been reported (Varadara-
jan et al, 1997). In continuation of the above studies, the
present work studies the solvation behavior of copper(l1)
iodate, copper(ll) formate, and copper(ll) benzoate by
standard Gibbs transfer energy measurements of the salts
and the corresponding ions and the solvent transport
numbers for various salts over the complete range of
solvent compositions. Since the standard Gibbs transfer
energies of the various ions are based on the reference
electrolyte method (Kundu and Parker, 1980), the solubility
and Gibbs transfer energy data of the reference electrolyte
salts required for this purpose are also reported in the

paper.
Experimental Section

(a) Materials. N-Methyl-2-pyrrolidinone (NMP) (SIS-
CO Research Laboratories, extra pure, stated purity >99.5%)
was purified following the procedure described earlier
(Dyke et al, 1967). The purified sample had a density of
030 = 1.0332 g cm~3 measured pyknometrically at (30 +
0.1 °C) with an accuracy of 4+ 0.0002 g cm~2 and a refractive
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index p7%° = 1.4705, which are in good agreement with
literature values (reported p3° = 1.0330 g cm~2 and refrac-
tive index = 1.4705) (Perrin and Armerago, 1988). It had
a water content of 85 ppm from analysis by the Karl Fisher
method. Methanol (LR, E. Merck, India) was purified
following the procedure of Vogel (1975). Potassium picrate,
tetraphenylarsonium picrate and potassium tetraphenylbo-
rate were prepared and purified as described earlier
(Popovych and Friedman, 1966). Silver tetraphenylborate
was prepared according to the procedure reported earlier
(Popovych and Dill, 1969). Copper(ll) benzoate was pre-
pared following the procedure of Lewis et al. (1965).
Copper(l1) formate was prepared by exact neutralization
of copper(ll) carbonate with formic acid (Ullmann, 1986),
Copper(11) iodate was prepared by the double decomposi-
tion reaction of copper(ll) nitrate and potassium iodate as
described previously (Sneed, 1954).

(b) Solubility Measurements. The saturation solubili-
ties of all the salts were determined by inductively coupled
plasma-atomic emission spectrometry (ICP-AES, ARL-3410
with minitorch). While the solubilities of potassium picrate
and potassium tetraphenylborate were determined by
analyzing for potassium content by ICP-AES at a wave-
length of 766.5 nm, the solubility of tetraphenylarsonium
picrate was obtained by estimating the arsenic content at
a wavelength of 193.7 nm. The solubility of silver tet-
raphenylborate was determined by estimating the silver
content at a Amax = 328.06 nm. The solubilities of copper-
(I1) iodate, formate, and benzoate were calculated by
determining the copper content at a wavelength of 325.54
nm. The method of preparation of saturated solutions has
been described in detail earlier (Kalidas and Schneider,
1980). The solutions were analyzed by taking a known
volume of clear saturated solution and diluting it suitably
in all measurements. The solubility measurements in all
cases were repeated thrice independently for each solvent
composition. The agreement between them was better
than +0.1%. All the measurements were carried out at
(30 £ 0.1 °C).

Results and Discussion

The standard Gibbs transfer energies of the salts, A{G°®,
from methanol to methanol + NMP mixtures were calcu-
lated using
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K, (MeOH + NMP)
Kep (MeOH)

AG° (salt) = —2.303RT log

The thermodynamic solubility products, Ksp, of various salts
were calculated using the relation

Kep = s? }/iz 2

for the 1:1 reference electrolyte salts and
Ksp = 4533/i3 (3)

for 2:1 salts, Cu(103),, Cu(HCOO),, and Cu(CgHsCOO),.
In egs 2 and 3, s refers to the solubility of the salts in

mol kg™t and y. is the mean molal activity coefficient

determined by using the extended Debye Huckel equation

-log yt =——"——> (4)

where A and B are Debye—Huckel constants, I is the ionic
strength of the solution, and & is the ion size parameter
with & = 6 A for potassium picrate, & = 8 A for tetraphen-
ylarsonium picrate, potassium tetraphenyl borate, & = 7.5
A for silver tetraphenylborate, & = 10.5 A for copper iodate,
copper formate and & = 9.5 A for copper benzoate on the
basis of Kielland's tabulated ionic size data (Kielland,
1939). The relative permittivities, e, the densities do, and
the values of A and B of the solvent mixtures at various
solvent compositions, x, (mole fraction) are given in Table
1. Since the solubilities of the copper salts are fairly low
(~1073) except in the case of copper benzoate at higher
compositions of NMP, it is reasonable to assume that y.
values calculated from eq 4 will not be significantly affected
by small changes in the values of a.

The standard Gibbs transfer energy of tetraphenylarso-
nium tetraphenylborate (TATB) in various compositions of
methanol + NMP mixtures was obtained by combining the
AG° values of KPic, PhsAsPic, and KBPh, according to the
relation

AG°(Ph,AsBPh,) = A,G°(KBPh,) +
AG°(Ph,AsPic) — A,G°(KPic) (5)

The A¢G® of various ions (on the basis of TATB method)
has been calculated by employing the following expressions

AG°(Ph,As™) = AG°(BPh,") = 1/2A,G°(Ph,AsBPh,)
(6)

AG°(K"Y) = AG°(KBPh,) — AG°(BPh,)  (7)
AG°(Pic”) = AG°(KPic) — A,G°(K") (8)
AG°(Agh) = AG°(AgBPh,) — AG°(BPh,”)  (9)

It may be emphasized that the evaluation of A:G° of all
the ions from the solubility data of the various salts is
based on the extra thermodynamic assumption involving
the reference electrolyte method. For this purpose the AG°
of the reference electrolyte, tetraphenylarsonium tetra-
phenylborate is split equally between the cation (PhsAs™)
and anion (BPhs7) (eq 6) for reasons discussed previously
(Kundu and Parker, 1980).

The standard Gibbs transfer energy of copper(ll) ion,
AG°(Cu?*) (on the basis of the TATB method) was calcu-

Table 1. Relative Permittivity (), Density (do), and
Debye—Huckel Constants A and B for (1 — x)Methanol +
(X)NMP Mixtures at 30 °C

X & do? AP 10-8B¢
0.0 31.0 0.7817 2.0047 0.5189
0.1 33.0 0.8613 1.8253 0.5029
0.3 35.3 0.9316 1.6498 0.4863
0.5 34.5 1.0106 1.7075 0.4919
0.7 32.7 1.0188 1.8504 0.5052
0.9 32.0 1.0286 1.9114 0.5107
1.0 31.5 1.0332 1.9520 0.5156

2 Relative permittivity values taken from: Varadarajan, T. K.,
Ph.D Thesis, Indian Institute of Technology, Madras, 1997. b A =
(1.825 x 10%)/(DT)%2 mol LY2 (deg K)32. ¢ B = (50.29 x 108)/(DT)2
cm™t mol~%2 L2 (deg K)¥2.

lated by utilizing the A{G° of iodate ion determined earlier
(Varadarajan et al, 1997) on the same method and com-
bining it with A{G°[Cu(l103),] according to the equation

AG°(Cu?") = AG°[Cu(10,),] — 2A,G°(10,7) (10)

The standard Gibbs transfer energies of the anions
HCOO~ and CgHsCOO~ were then evaluated using the
relation

AG°(X7) =[AG°(CuX,) — AG°(Cu”M]2  (11)

where X~ = HCOO™ and C¢gH5COO~

The solubility data of the reference electrolyte salts, the
copper(ll) salts, and the corresponding solubility products
are given in Table 2.

Variation of Gibbs Transfer Energies of lons
Based on Reference Electrolyte Method

The solubility of all the reference electrolyte salts in-
creases with the addition of NMP except for potassium
tetraphenylborate in pure NMP, where a slight decrease
is observed beyond xyvp = 0.9. In the case of copper(ll)
salts, whereas the solubility of copper(ll) iodate passes
through a maximum at xymp = 0.5, the solubility of copper-
(I1) formate and benzoate increases with increasing com-
position of NMP. The standard Gibbs transfer energies of
all the salts in various methanol + NMP compositions are
given in Table 3, and for the ions the data are given in
Table 4.

It is seen (Table 3) that the standard Gibbs transfer
energies of PhyAs™ and BPh,~ ions are quite low and
positive over the complete range of solvent compositions,
which indicates that these ions are preferred neither by
NMP nor by methanol. The solvation of these large ions
by NMP is inhibited because of the strong methanol +
NMP interactions, which overshadow the weak dispersion
interactions between these ions and organic cosolvent
molecules. The cavity formation effect associated with
these large-sized ions, where the central charge is buried
deep inside (Das et al, 1981), also considerably affects the
A{G° values.

The A(G° values of potassium ion are negative through-
out and decrease gradually with the addition of NMP up
to xymp = 0.5. Beyond xyvp = 0.5, they tend to remain
constant although they are negative. This suggests that
potassium ion is preferentially solvated by NMP in these
mixtures. The strong ion—dipole type interactions between
potassium ion and NMP and the disruption of the structure
of methanol around this ion owing to strong methanol +
NMP interactions contribute to the stability of the solvated
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Table 2.
(1 — x)Methanol + (X)NMP Mixtures at 30 °C

Solubilities s and Solubility Products pKs, of Various Reference Electrolyte Salts and Copper(ll) Salts in

Reference Electrolyte Salts

potassium picrate

tetraphenylarsonium picrate

potassium tetraphenyl borate silver tetraphenylborate

X S2 x 10%mol kg™t pKgp Sa x 10%/mol kgt pKsp Sa x 10%/mol kg1 pKsp Sa x 10%/mol kgt PKsp
0.0 0.26 7.2 0.81 8.2 2.74 5.3 0.57 145
0.1 0.25 6.6 1.29 7.8 4.61 4.9 3.26 13.0
0.3 2.96 52 2.74 7.2 5.33 4.7 7.85 12.2
0.5 7.17 45 3.62 6.9 6.15 4.6 13.70 11.7
0.7 9.79 43 4.72 6.7 6.95 45 32.70 11.0
0.9 13.10 4.1 6.72 6.4 8.75 4.4 48.70 10.6
1.0 16.80 3.9 8.79 6.2 7.65 4.5 93.20 10.1

Copper(ll) Salts
copper(Il) iodate copper(Il)formate copper(Il) benzoate
X Sa x 10%/mol kgt pKsp Sa x 10%/mol kg1 pKsp Sa x 108 /mol kg1 pKsp
0.0 0.45 9.8 0.63 7.0 8.21 6.6
0.1 0.58 9.3 0.72 6.8 10.10 6.3
0.3 1.03 8.8 0.89 6.5 16.10 5.7
0.5 271 7.7 1.22 6.2 26.30 5.2
0.7 1.86 8.1 1.44 6.1 46.90 4.7
0.9 1.70 8.3 1.58 6.0 64.70 4.3
1.0 0.30 10.2 1.69 6.0 71.60 4.2
a Mean of three sets; standard deviation +0.1%
Table 3. Standard Gibbs Transfer Energies of Various Reference Electrolyte Salts, Silver Tetraphenylborate, and
Copper(ll) Salts (kJ mol1) from Methanol to (1 — x)Methanol + (x)NMP Mixtures at 30 °C (Molal Scale)
A:G® 3/kJ mol !
X KPic PhsAsPic KBPh4 AgBPhy PhsAsBPh, Cu(103)2 Cu(HCOO), Cu(CsHsCOO0),

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

0.1 -3.6 -2.3 -25 -8.8 -1.2 -2.9 -1.2 -1.7

0.3 -11.6 —6.0 -3.2 —-13.2 2.4 -5.8 -3.0 -5.1

0.5 —15.7 —7.4 —-3.9 —16.0 4.4 —11.8 —4.7 -8.1

0.7 -17.1 —-8.7 —45 —-20.4 3.9 -9.6 -5.2 -11.3

0.9 —18.3 -10.4 -55 —22.4 2.4 -8.1 -55 -13.2

1.0 —19.4 —-11.7 —4.9 —25.6 2.8 —2.4 —6.0 —13.7

aValues are precise to within £0.2 kJ mol~!

Table 4. Gibbs Transfer Energies of Various lons from Methanol to (1 — x)Methanol + (X)NMP Mixtures at 30 °C (Molal

Scale)
AG® 3/kJ mol—1
X K+ Pic Phy As* BPh,~ Ag* Cu?* 103~ HCOO~ CeHsCOO~
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.1 —-1.9 -1.7 -0.6 —-0.6 —-8.2 —-18.3 7.7 8.6 8.3
0.3 —4.4 7.2 1.2 1.2 —14.4 —27.8 11.0 12.4 11.3
0.5 —6.1 —-9.6 2.2 2.2 —18.2 —25.8 7.0 10.6 8.8
0.7 —6.4 —10.7 1.9 1.9 —22.3 —-30.4 10.4 12.6 9.5
0.9 -6.7 -11.6 1.2 1.2 —23.6 —28.3 10.1 11.4 7.5
1.0 —6.3 —-13.1 1.4 1.4 —-27.0 —-30.4 14.0 12.7 8.8

aValues are precise to within £0.2 kJ mol 1.

ion. The decrease in AG° values with increasing solvent
composition is significant only up to xymp = 0.7, which
suggests that the selective solvation of potassium ion by
NMP is significant only up to xywe = 0.7. The small
variation of A{G° beyond xymp = 0.7 presumably indicates
that the primary solvation shell of this ion is fully occupied
by NMP molecules and further addition of NMP results in
the occupation of secondary solvation shell of this ion by
NMP.

The standard Gibbs transfer energies of silver(l) and
copper(ll) ions (Table 4) are negative and decrease continu-
ously with the addition of NMP. Thus it may be inferred
that both silver(l) and copper(ll) ions are preferentially
solvated by NMP in these mixtures. The preferential
solvation of silver ion by NMP in methanol + NMP
mixtures is similar to that observed in water + NMP

mixtures and has been discussed in detail earlier (Vara-
darajan et al, 1995). For copper(ll) ion, the A{G° decreases
sharply up to xyve = 0.3 and thereafter the decrease is
relatively small. It is seen (Table 4) that A.G°(Cu?*) for
transfer from pure methanol to NMP is more negative than
that of Ag* under the same conditions and thus Cu(ll)—
NMP interactions are stronger than Ag(l)—NMP interac-
tions. This is not only due to higher charge on Cu?- but
also due to the presence of incomplete d-orbitals in copper-
(11) ion which enable the formation of crystal field stabilized
complexes with a stabilization energy of 3A/5 (Hartley et
al., 1980). In addition NMP, being more basic than
methanol (Dupin, 1974), aids the formation of strong
complex with copper ion.

It is observed (Table 4) that the AG° of picrate ion
decreases (becomes more negative) with increasing com-
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Table 5. EMF Data of Cell (A) and Solvent Transport Number of NMP (A’) for Various Copper(ll) Salts in

(1 — x)Methanol + (X)NMP Mixtures at 30 °C

copper iodate

copper formate

copper benzoate

X —E/mV A —E/mV A —E/mVv A
0.05 185+0.5 0.3 +0.03 22.0+0.03 0.4 +0.03 45.0+ 0.5 0.8 £0.04
0.15 13.0+£ 0.5 0.6 = 0.05 245+0.5 1.2 +0.03 275+05 1.3+0.03
0.25 165+ 1.0 1.2+0.02 250+1.0 1.8+0.02 29.0+05 2.1+£0.03
0.35 220+1.0 1.9+ 0.02 355+05 3.1+0.02 325+1.0 2.8 +£0.05
0.45 28.0£ 1.0 2.6 +0.03 40.0+1.0 3.8 +£0.02 38.5+0.5 3.6 +0.02
0.55 52.0£ 05 4.9 £ 0.05 50.5+1.0 4.8 £ 0.05 57.0+1.0 5.4 +0.02
0.65 43.0+0.5 3.7 £0.02 46.0 £ 1.0 4.0 £0.05 505+ 1.0 4.4 +0.03
0.75 295+ 0.5 2.1+0.02 335+05 2.4 +0.04 415+05 3.0£0.05
0.85 22.0£05 1.1+ 0.04 35.0+0.5 1.7 £0.03 20.0+1.0 1.0 £ 0.05
0.95 200+ 1.0 0.4 +0.03 440+ 05 0.8 £0.03 105+1.0 0.2 £0.05

position of NMP. This suggests that picrate ion is more
stabilized in methanol + NMP mixtures than in methanol.

The standard Gibbs transfer energies of the other anions,
viz., iodate, formate, and benzoate are positive and gener-
ally increase with the increasing composition of NMP. The
slight irregular trend observed in AG° of copper(ll) ion and
the anions in the range xywp = 0.5 to xyvp = 0.9 is
presumably associated with the use of A{G°(1037) data, in
the absence of other methods, for the evaluation of A(G° of
these ions. Thus the transfer of these anions from metha-
nol to methanol + NMP mixtures is not thermodynamically
favored, and they are preferentially solvated by methanol
in these mixtures. This may be explained as arising due
to the H-bonded interactions between the oxygen atoms of
the anions and the positive hydrogen centers of the
methanol molecules.

Solvent Transport Number

The solvent transport number, A, for the copper(ll) salts
was determined by means of a concentration cell with
transference in which the two half-cells contain saturated
solutions of the copper(ll) salts in methanol + NMP
mixtures differing slightly in their composition as proposed
by Wagner (Wagner, 1966). The cell may be represented
as

M| MX,(satd.) MX5(satd.) M
(A)

X'nvp =1 =X'meon 1+ X'nmp = 1 = X" veoH

where M = Cu and MX; = Cu(l03),;, Cu(HCOO), and
CU(C6H5COO)2.

The EMF of the cell is related to the solvent transport
number (A) according to

_ Xnvp - X dinf
E= RT (XNmp - Xmp) ( i NMP) (12)
F o Xamp(1 = Xump) d In Xywve

where Xnvp = Xywp T Xampe/2- The term d In fyve/d In Xnvie
accounts for the deviation of the solvent mixture from ideal
behavior, and fywp is the rational activity coefficient of
NMP referred to pure methanol as standard state. Owing
to the nonavailability of vapor pressure data of methanol
+ NMP mixtures, Ayype given by

dIn fNMP)

d In Xyue (13

A = A(l +

was calculated. The emf data of the cell (A) and the A’ are
given in Table 5. The activity coefficient term (eq 13) is

not expected to contribute significantly to A’ (i.e., about
+0.5%) and thus A" =~ A.

It is seen (Table 5) that A’ values for all the copper(ll)
salts are positive throughout and pass through maxima
with A" = 4.9 for copper(ll) iodate, A" = 4.8 for copper(ll)
formate, and A’ = 5.4 for copper(ll) benzoate, all at Xymp
= 0.55. Thus an increase of 4.9, 4.8, and 5.4 mol of NMP
per faraday relative to the mean molar velocity of the
solvent mixture as reference (Schneider, 1976) is observed
in the cathode compartment of a Hittorf cell when solutions
of these salts are electrolyzed at the above composition.

A’ can be expressed in terms of the solvation numbers
of cations and anions and the transport numbers according
to

_ 2+ 2+
A" = (Xmeor Mve ~ Xnmp NMveor)t+/2 —

(Xmeor Nump — Xnmp Nvieor) t- (14)

where n's represent the solvation numbers of cation and
anion by the respective solvent components and t's are the
transport numbers of the ions. The large positive A' values
may be explained on the basis that nZi,, and ny.oy are
large while nyye and niy.o,, are small for all the copper(l1)
salts when they are heteroselectively solvated. The enrich-
ment of NMP into the cathode compartment arises largely
through its transport by the copper(ll) ion, while the anions
transport methanol in the opposite direction. These two
effects add together resulting in large A’ values.
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