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Complexation of Macrocyclic Compounds with Metal lons: 2. Mg(ll),
Ca(lD), sr(1D), Ba(ll), Cu(ll), and Ag(l) in 20 Mass % Propylene

Carbonate + Ethylene Carbonate
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The conductance behavior of magnesium, calcium, strontium, barium, copper, and silver perchlorates
and their complexes with seven crown ethers have been studied in 20 mass % propylene carbonate +
ethylene carbonate. The conductance studies indicate 1:1 complex formation between the metal ion and
crown ether. For the alkaline earth metal ions, the order of stability constants with all crown ethers is
found to be Mg(ll) > Ca(ll) > Sr(ll) > Ba(ll). The limiting ionic conductivities of metal ions and the
complexed metal ions are also reported. In addition, complexation studies of Cu(ll) and Ag(l) were carried
out by potentiometry and voltammetry to compare the results with those obtained by conductivity
measurements, which were found to be in good agreement with each other.

Introduction

Propylene carbonate (PC) and ethylene carbonate (EC)
are dipolar aprotic solvents with large dipole moments and
relatively high permittivities.! Although PC has been
receiving increasing attention as an electrochemical
solvent,?~5 less attention has been directed toward EC as
a solvent,® probably because of its high freezing point (37
°C). The dipole moment of both PC (1.65 x 1072°cm = 4.94
D) and EC (1.64 x 1072° cm = 4.94 D) are similar, and
they are miscible with each other.! However, only a few
fundamental studies have been reported in the binary
mixtures of these solvents.”~1° 20 mass % PC + EC has a
relative permittivity of 87.2 at 25 °C which is higher than
that of pure PC (64.4 at 25 °C). This offers a special
advantage over the low dielectric media where ionic as-
sociation often creates undesirable complications.2=411

The purpose of the present investigation was to study
the conductance behavior of alkaline earth metal perchlo-
rates and their complexes with crown ethers, viz., 15-
crown-5 (15C5), benzo-15-crown-5 (B15C5), 18-crown-6
(18C6), dibenzo-18-crown-6 (DB18C6), dicyclohexano-18-
crown-6 (DCH18C6), dibenzo-24-crown-8 (DB24C8), and
dicylohexano-24-crown-8 (DCH24C8) in 20 mass % PC +
EC as a solvent. As a result of the present study, the
limiting ionic conductivities of alkaline earth metals, and
their complexes with crown ethers, the association con-
stants of these metal perchlorates and the formation
constants of their complexes with crown ethers in 20 mass
% PC + EC have been determined. In addition, complex-
ation studies of Cu(ll) and Ag(l) were carried out by
potentiometry and voltammetry to compare the results
with those obtained by conductivity measurements, which
were found to be in good agreement with each other.

Experimental Section

Solvent. The purification of PC24 and EC has been
described earlier. Both of the solvents were stored in sealed
containers to prevent contamination with carbon dioxide
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and water from air. Known masses of each solvent were
mixed to form a (PC + EC) mixture with 20 mass % PC.

Crown Ethers. 15-crown-5 (Fluka), benzo-15-crown-5
(Aldrich), 18-crown-6 (Aldrich), dibenzo-18-crown-6 (Al-
drich), dicyclohexano-18-crown-6 (Fluka, mixture of iso-
mers), dibenzo-24-crown-8 (Aldrich), and dicyclohexano-24-
crown-8 (Aldrich, mixture of isomers) were used without
further purifications.

Anhydrous Metal Perchlorates. Magnesium perchlo-
rate (BDH—India), a micro analytical reagent, was used
without further purification. The metal perchlorates were
prepared from their respective carbonates/oxides by the
general methods described elsewhere.'? The metal perchlo-
rates, so prepared were recrystallized thrice with conduc-
tivity water and dried in a vacuum oven to get anhydrous
perchlorates. (Perchlorate solutions should not be evapo-
rated to complete dryness on a hot-plate or burner as they
are explosive). Mercuric chloride (SDS—AR) was high
purity material and was used without further treatment.

Mercury used for the preparation of the reference
electrode was triple distilled under reduced pressure.

Procedure for Conductometry. All conductivity mea-
surements were made using a dip type cell (cell constant
= 1.080 cm™1) at 25 + 0.05 °C. A Toshniwal digital
conductivity meter type CLO 1.10A was used in the
measurements. All reported conductivities refer to a fre-
quency of 200 Hz; no significant change in conductivities
was found on using another frequency (3 kHz). All molar
conductivities have been calculated after correcting for the
solvent conductance.

Step 1. Determination of the Limiting Molar Con-
ductivity (Ag) and First Step Association Constant
(Ka) of Metal Perchlorates. The conductivity of a mea-
sured volume of the solvent was determined, and then the
increments of the metal perchlorate stock solutions (~2 x
102 M) were added to the cell using microliter syringe
buret. The conductivity of the solution in the cell was
measured after each transfer.

Step 2. Determination of the Formation Constant
(KmL™") of the Metal lon and Crown Ether Complex.
A solution (in 20 mass % PC + EC) of metal perchlorate
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was placed in the cell and conductivity was measured. Step
by step increments of the crown ether stock solution
(~2 x 1072 M) in 20 mass % PC + EC were effected by a
rapid transfer using a microliter syringe buret until the
total concentration of crown ether was approximately three
times larger than that of metal perchlorate. The conductiv-
ity of the solution was measured after each transfer of
crown ether solution.

Step 3. Determination of Ag of MLCIO,. A solution of
crown ether (~2 x 1073 M) in 20 mass % PC + EC was
placed in the cell, and the conductance of the solution was
measured. Then, a step by step increase in the concentra-
tion of metal perchlorates was effected by a rapid transfer
of the metal perchlorate solution (~2 x 1072 M) in 20 mass
% PC + EC to the cell until the concentration of metal
perchlorate becomes approximately twice as large as that
of the crown ether. The conductivity of the solution was
measured after each transfer of metal perchlorate solution.

Procedure for Potentiometry. Cu(ll) and Ag(l) In-
dicator Electrode. A platinum wire (1.5 cm long, 16
gauze) sealed into a Pyrex glass tube was cleaned by
treating with hot aqua regia and then electroplated with
copper®/silver® by electrolyzing 0.1 M copper(ll) perchlorate
solution/2% potassium argentocyanide, respectively, at a
low current density using a platinum anode encased in a
glass frit. The plated electrodes, which were usually
prepared in batches of 5—6 electrodes at a time under the
same conditions, were washed over 2 days by repeatedly
suspending them in fresh conductivity water to leach out
the last traces of the plating solution. The electrodes were
stored in conductivity water until use. They were rinsed
thoroughly with conductivity water and then with reagent-
grade acetone followed by air-drying before placing into the
experimental solution.

Reference Electrode. The preparation and use of the
Hg/HgCl,(s) in 20 mass % PC + EC reference electrode are
given in our earlier article.® 10

An Equip—Tronics digital potentiometer (model EQ
DGS) was used for the emf measurements. As a general
procedure, the emfs were noted after every 2—3 min for
all of the cells over a period of about 20 min; the reported
potentials are averages of the last two readings which
normally agreed to 0.5 mV or better. The measured cell
potentials were reproducible to £2 mV.

Step 1. The emf of the cell given below was measured
at different concentrations of copper and silver perchlo-
rates.

M/MX,/[HgCI, (s) in 20 mass % PC + EC/Hg

where M = Cu or Ag and X = ClO,4".

Step 2. Stock solutions of silver/copper perchlorates and
crown ethers were prepared in 20 mass % PC + EC.
Experimental solutions were prepared by appropriate
dilution of the stock solutions to the required concentra-
tions. The emf of each solution was measured using the
cell given below.

M/MX,, + crown ether//HgCl, (s) in 20 mass % PC +
EC/Hg

Procedure for Voltammetry. The voltammetric system
used for the studies was a Princeton Applied Research
model EG&G 264A potentiostat with 303A electrode as-
sembly and X—Y chart recorder RE0089. A three electrode
cell comprising platinum working and counter electrodes
and the Hg/HgCl, (s) in 20 wt % PC + EC reference
electrode was used for differential pulse voltammetry of

Table 1. Conductivity Data of Cu(ClO4), and
Cu(Cl0O4),—15C5 in 20 Mass % PC + EC by Steps 1, 2,
and 3 (parts a, b, and c, Respectively)

(a) Conductivity Data of Cu(ClQO4),
in 20 Mass % PC + EC by Step 1

concentration Ac
C x 10% (M) S cm?mol—?t
0.318 50.91
0.634 49.54
1.258 47.61
2.024 46.94
3.072 44.99
4521 43.62
7.261 41.10
9.808 39.09
13.310 36.97
19.363 34.99
22.821 34.02

('b) Conductivity Data of Cu(ClO,4),—15C5
in 20 Mass % PC + EC by Step 2

ratio A
[L1¢/[M]: S cm?mol—1t

0.173 46.68
0.346 46.35
0.519 46.03
0.691 45.73
0.864 45.45
1.037 44.30
1.296 4491
1.712 44.92
2.160 44.93
2.792 44.93

(c) Conductivity Data of Cu(ClO4),—15C5
in 20 Mass % PC + EC by Step 3

concentration A

[M]t x 103 (M) S cm?mol~?t
0.107 56.98
0.265 56.54
0.422 56.14
0.629 55.84
0.833 55.52
1.132 55.04
1.474 54.69
1.854 54.09
2.315 53.51
3.185 52.87

copper and silver solutions. Initially, voltammograms for
the free metal ion (~10~3 M) were recorded, and then the
crown ether solution was added in small increments until
its total concentration was more than twice the concentra-
tion of the metal ion. After each addition, voltammograms
were recorded at a scan rate of 5 mV/s and pulse amplitude
of 50 mV. The supporting electrolyte used was 0.05 M
tetraethylammonium perchlorate.

Theory

Conductometry. The conductivity data (Table 1) of the
metal perchlorates in 20 mass % PC + EC were treated by
Fuoss and Edelson method as done earlier.13-15 The method
consists of evaluating limiting equivalent conductance, Ao,
and the first step association constant, Kp, of an electrolyte
of the type MX; in 20 wt % PC + EC based on the following
equilibrium:

K
M?" +clo,” ==mclo,* 1)

where M = Mg, Ca, Sr, Ba, and Cu. The equations for
determining Ka, stability constants (Ky "*) and limiting
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Table 2. Summary of the Values of Ag, A%2", and Ka for
Divalent Metal Perchlorates Obtained from Fuoss and
Edelson Plots in 20 Mass % PC + EC

M (ClO,), Ao 202+ Ka

Mg(ClOs), 52.3 2.9 45.76
Ca(ClOu), 57.9 8.6 5.22
Sr(ClOg), 65.0 15.6 6.63
Ba(ClOy); 61.2 11.8 16.52
Cu(ClO4), 52.5 3.1 17.25

molar conductivity of the complexes have been discussed
in detail before.1*15 The limiting ionic conductance (A%_"")
of the metal—crown ether complex is obtained by using
Acioa” = 24.7 S cm?2 mol~1 in 20 mass % PC + EC.8
Potentiometry. The theory of potentiometric determi-
nation of stability constants has been discussed before.1415
Voltammetry. The determination of stability of com-
plexes by voltammetry is based on the fact that on
complexation the half wave potential is shifted to more
negative potentials.® The relation between the shift in half
wave potential and the stability constant is as follows:

AE,, = (Ey)s — (Ey,)c = (0.05916/n) log B, +
(0.05916 p/n) log C, (2)

where (E152)s and (Ey)c are the half wave potentials of the
free and complexed cations, respectively. By, is the stability
constant, C, the total ligand concentration, and “p” is the
metal-to-ligand ratio. The half wave potential obtained by
sampled DC polarography can be correlated to the peak
potential (Ep) as obtained by differential pulse polarogra-
phy by the following equation:

E,, = Ep + AE/2 ®3)

As the shift in peak potentials can be measured more
accurately than the half wave potentials, eq 2 can be
replaced by

AEp = (Ep)s — (Ep)c = (0.05916/n) log B, +
(0.05916 p/n) log C, (4)

Equation 4 indicates that if plots of AEp vs log Cy are made
the intercept will give the value of (0.05916/n) log B, and
the slope will be (0.05916 p/n). These plots were used to
calculate the stability constants and the value of p was
found to be between 0.8 and 1.3 in all cases, which indicates
1:1 complexation.

Results and Discussion

A representative set of conductometric data for Cu?* by
steps 1—3 is given in Table 1. The values of limiting molar
conductance, Ao, A%2%, and Ka for M(CIO); in 20 mass %
PC + EC are summarized in Table 2. The order of limiting
ionic conductivity for the alkaline earth metal ions is found
to be Sr(Il) > Ba(ll) > Ca(ll) > Mg(ll). The lowest value of
limiting ionic conductivity, and the highest value of Ka for
Mg(CIQ,),, indicates that the Mg?" ions are much more
solvated than any other alkaline earth metal ions in 20
mass % PC + EC. The trend in the 1%,2* values obtained
in the present work is similar to the trend reported in PC.5

Figures 1 and 2 are representative of the results of the
studies on the metal ion complexation with 15C5, B15C5,
18C6, DB18C6, DCH18C6, DB24C8, and DCH24C8 by the
conductometric method. It was observed that the Ac value
decreases with an increase in [L]¢/[M]: for the complexes
of Ca(ll), Sr(ll), and Ba(ll) with 18-membered crown ethers
and DB24C8. Also, Ca(ll) and Sr(Il) complexes with
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Figure 1. Plot of A vs [L]¢/[M]: for the DB18C6—Ca(ClO4), system.
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Figure 2. Plot of A vs [L]/[M]; for the 15C5—Ca(ClQ,), system.
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DCH24C8 showed the same trend. However, the reverse
trend, i.e., increase in Ac value with the increase in [L]¢/
[M]s, is observed for all Mg?*—crown ether complexes. The
complexes of Ca(ll), Sr(ll), and Ba(ll) with 15-membered
crown ethers also showed this trend. The same pattern is
observed in the case of Ba(ll) complexes with DCH24C8.
All Cu(ll) and Ag(l) complexes showed a decrease in Ac
values with increase in [L]/[M]:.

The decrease in value of Ac with an increase in [L]/[M];
can be explained on the basis of the much larger size of
the complexed ion compared to that of the simple uncom-
plexed ion, although the increase in Ac with the increase
in [L]¢/[M]: shows that the conductivity of the complexed
ion is larger than that of the simple uncomplexed ion.
Generally, such phenomenon can be explained as follows:

In a solvent of low donicity, a stable complex is formed
even between a small metal ion and small crown ether,
which has a poor binding ability. On account of strong
solvation of the small metal ions and the less solvated
complex with the small crown ether, the conductivity of
the less solvated complex is larger than that of the strongly
solvated uncomplexed ion. Hence, the conductivity of Mg-
(1) complexed with all crown ethers is larger than that of
the simple uncomplexed Mg(ll) ion.

In either case, a clear break point at [L]/[M]: ~ 1 is
observed for all metal ion—crown ether complexes studied.
This indicates 1:1 complexation for all of the systems
studied. A summary of the results, i.e., stability constants
and limiting ionic conductivities of the complexes, obtained
from the complexation studies are given in Tables 3 and
4,

With the perchlorate anion being common for all of the
systems studied, the values of 1%, "* for particular crown
ether show the following order for alkaline earth metal
cations: Sr(Il) > Ba(ll) > Ca(ll) > Mg(ll)

Many formation constant values have been reported by
using diverse experimental methods. The enhancement of
complex stability by a close correspondence between the
ionic crystal radius and the radius of cavity formed by the
polyether ring has been noted.1”~1° A full participation of
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Table 3. Stability Constants (log Ky "*) for the Metal lon—Crown Ether Complexes by Conductometry?

|0g KMLn+
metal ion 15C5 B15C5 18C6 DB18C6 DCH 18C6 DB24C8 DCH 24C8
Mg 4.74 441 4.61 4.40 4.21 4.83 4.46
Ca 4.10 3.79 4.07 3.78 3.81 4.01 3.88
Sr 4.04 3.71 3.89 3.71 3.50 4.07 3.87
Ba 3.81 3.35 3.51 3.48 3.17 3.73 3.50
Cu 4.20 3.78 4.17 3.86 3.99 4.35 3.97
Ag 4.52 4.13 4.92 4.55 4.93 5.02 4.49

a1n all cases the standard deviation was less than 0.06 (5 < n < 9).

Table 4. Limiting lonic Conductivities (A%."") for the Metal lon—Crown Ether Complexes by Conductometry

AL */S cm?2 mol 1

metal ion 15C5 B15C5 18C6 DB18C6 DCH 18C6 DB24C8 DCH 24C8
Mg 2.5 7.5 5.7 7.2 8.2 3.5 6.0
Ca 7.6 12.7 10.6 12.0 13.1 8.5 111
Sr 16.8 19.0 18.3 18.8 19.5 17.5 18.7
Ba 12.6 15.8 13.9 154 16.2 13.4 14.6
Cu 8.5 10.7 10.0 10.6 111 9.1 10.4
Ag 0.4 2.3 15 2.1 2.8 0.9 1.0

Table 5. Potentiometric Data Obtained for Cu(l11)-15C5
System

[M]: x 10° (M) [L]e x 10° (M) AE (mV)
0.1140 0.0953 07
0.1140 0.2383 16
0.2281 0.1906 09
0.2281 0.4766 22
1.5962 2.8592 40
300
250 1

T 200

3 150 |

[11]

4 100

50 4
0 : :
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Figure 3. Plot of AEp vs — log Cy for the B15C5—AgCIO, system.

all macrocycle donor atoms with the complexed cation is
expected to give the highest possible stability to the
resulting complex. Thus, it is found that Mg(ll) (ionic
radius = 0.66 A) forms a more stable complex with 15C5
(cavity radius = 0.85—0.92 A) than the other alkaline earth
metal ions, as they are larger. However, in 20 wt % PC +
EC, it is also observed that the Mg(ll) complex with
DB24C8 (cavity radius = 2.0-2.2 A) is as stable as the
Mg2*t—15C5 complex. Similarly, Sr(ll) (1.12 A) gives an
equally stable complex with DB24C8 and 15C5 inspite of
the large differences in their cavity radii. Also, Cu(ll) (0.77
A), which is a closer match to 15C5 than Mg(ll), happens
to form less stable complex than Mg(l1).

From these studies, the “ion-in-hole” model does not
seem to be universally applicable in predicting relative
binding capabilities of metal cations with polyethers. For
example, as the number of ring atoms increases, the
flexibility of the macrocycle increases, and it becomes more
difficult to define the cavity diameter. These large poly-
ethers are capable of wrapping around the cation to form
a three-dimensional cavity with all oxygen atoms coordi-
nated to the cation. So, it is found that small ions such as
Mg(Il), form equally stable complexes with 15C5 as well
as DB24C8.

Table 6. Summary of the Stability Constants (log Ky ")
of Copper—Crown Ether Complexes by Different
Methods

conductometric  potentiometric voltammetric

crown ether method method method
15C5 4.20 4.17 4.19
B15C5 3.78 3.81 3.79
18C6 4.17 4.16 4.18
DB18C6 3.86 3.90 3.84
DCH18C6 3.99 4.00 3.99
DB24C8 4.35 4.36 4.36
DCH24C8 3.97 3.91 3.94

2 1n all cases the standard deviation was less than 0.06 (5 <
n<9).

Table 7. Summary of the Stability Constants (log Ky ")
of Silver—Crown Ether Complexes by Different Methods?

conductometric  potentiometric voltammetric

crown ether method method method
15C5 4.52 4.65 4.59
B15C5 4.13 4.12 4.06
18C6 4.92 4.89 4.94
DB18C6 4.55 4.53 4.55
DCH18C6 4.93 4.94 4.92
DB24C8 5.02 5.01 5.16
DCH24C8 4.49 4.48 4.43

a2 1n all cases the standard deviation was less than 0.06 (5 <
n<9).

In general, the results in Table 3 show a specific trend
in the stability constant values. The values of stability
constants for any particular crown ether are found to be
in the order of Mg(ll) > Ca(ll) > Sr(11) > Ba(ll). The similar
order of the stability constants has been obtained with
18C6 complexes in PC.5

Table 5 gives a representative set of data for Cu(ll)—
15C5 complexation by potentiometry, and Figure 3 shows
the plot of AEp vs —log C, for the B15C5—AgCIO,4 system
obtained by voltammetry. From Tables 6 and 7, it is seen
that the stability constants obtained by the three methods
are nearly same, which shows the reliability of the results.
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