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Complexation of N-Benzoyl-N-methyl-N'-phenylthiourea by
Copper(ll) in a Mixed Solvent System

Saeid A. Khorrami,*' Mehdi Shafai,’ and Susan K. Armstrong*

Department of Chemistry, University of Glasgow, Glasgow G12 8QQ, UK

The stability constants for complexation of the Cu?* ion with N-benzoyl-N-methyl-N'-phenylthiourea have
been determined at different wavelengths in the range 240 to 265 nm in 0.02 mol dm~3 of sodium chloride
as a background salt in the mixed solvent system of 75% THF + water (v/v) in the pH ranges 5.90 to 7.30
and 9.42 to 10.12 with high ligand-to-metal ratios, by a combination of spectrophotometric and
potentiometric methods at 23.5 + 0.5 °C. Our studies have shown that the ligand forms mononuclear 1:1
and 1:2 complexes with the Cu?* ion. The protonation constants of the ligand were also determined.

Introduction

Pursuing our systematic study on stability constants,’°
we reported earlier some features of absorbance as a
function of pH.1°-12 We now report an investigation in a
mixed solvent system of the protonation constant of N-
benzoyl-N-methyl-N'-phenylthiourea and the complexation
of Cu(ll) with this ligand by a combination of spectropho-
tometric and potentiometric methods.

N-Acylthioureas, although known as metal-binding
ligands for some years,'® have recently seen a resurgence
of interest from groups around the world, in fields as
diverse as water purification,’* platinum group metal
purification,'> and combinatorial chemistry.1® A quantita-
tive study of their metal binding is therefore of considerable
interest. Such studies have generally been undertaken in
single solvents, but in recognition of the fact that the
chemistry of these ligands is generally exploited in rather
more complex systems, we have investigated copper bind-
ing in a mixed (homogeneous) solvent system.

Experimental Section

Reagents. Copper(ll) sulfate pentahydrate was obtained
from Fisons Scientific Equipment and used without further
purification. N-Benzoyl-N-methyl-N'-phenylthiourea was
synthesized as described in our previous work!® and
recrystalized from methanol.

Methanol, tetrahydrofuran (THF), potassium hydroxide
volumetric standard, and sodium chloride were obtained
from Aldrich. Perchloric acid was supplied by Riedel-De
Haén. Copper(ll) sulfate solutions were standardized tit-
rimetrically against standard EDTA using fast sulfon black
F as indicator.’” Dilute perchloric acid solutions were
standardized against KHCO3.1® Dilute solutions were
prepared from distilled water with conductivity 1.3 + 0.1
uwt,

Measurement. All measurements were carried out at
235 + 0.5 °C and in 75% THF + water (by volume),
because all reactants and complexes are soluble in these
conditions. The ionic strength was maintained at 0.02 mol
dm=3 with sodium chloride. The pH was measured using a
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Corning pH meter with a sensitivity of 0.01 units. The
hydrogen ion concentration was measured with an Hmilt
L1Q-glass electrode. To determine hydrogen ion concentra-
tion in the mixed solvent system, it was necessary to
calibrate the electrode and pH meter.1® Spectrophotometric
measurements were performed on a UV—vis Shimadzu
1601 spectrophotometer at different wavelengths in the
range 240 to 265 nm using a cell of path length 10 mm.
The absorbance and pH of the solution were measured
simultaneously. Absorbance, A, and pH were measured at
a range of wavelengths for solutions containing Cu?* (1 x
105 mol dm~3) with a large excess of ligand (2 x 103 mol
dm~3) in the mixed solvent system. For each experiment,
two solutions of Cu?* and ligand were prepared in the
above THF + H,O mixture with the same concentration,
but the ionic strength of the first was maintained with
sodium chloride and that of the second with sodium
chloride and potassium hydroxide. The first solution was
then titrated with the second one. The pH and absorbance
were measured after the addition of a few drops of titrant,
and this procedure was extended up to the required pH.

Calibration of the Glass Electrode. The term pH has
significance only in an aqueous medium. All pH readings
taken in the mixed solvent system will hereafter be called
B values. The B values obtained from the calibration
solutions were converted to a quantity Uy,2° which is
defined by eq 1, where [H*] is the known stoichiometric
hydrogen ion concentration of the solution, assuming 100%
dissociation of the acid not only in aqueous solution but
also in partially aqueous solutions, for example HCIO4 in
water and (THF + water).

__antilog(—B)

1
[H'] @

H

Uy is then a conversion factor for obtaining the hydrogen
ion concentration from the pH meter reading B according
to eq 2, and it is a function of ionic concentration and
solvent composition.2!

—log[H"] =B + log U, 2)
Determination of Stability Constants and Acid

Dissociation Constant. Methods based on the relation-
ship A = f(pH) were employed, on account of the high
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Figure 1. Absorbance A vs pH curve for Cu?* + ligand 1 at 250

nm in 0.02 mol dm~3 of sodium chloride in the mixed solvent
system.

stability of the complexes studied. Absorbance (A) and pH
were measured for solutions containing a large excess of
ligand at pH 5.60 to 10.74 at 23.5 + 0.5 °C and are
illustrated in Figure 1, as described below.

Results and Discussion

Protonation Equilibrium of N-Benzoyl-N-methyl-N'-
phenylthiourea 1. Prior to studying the metal—ligand
complexes, we determined the stability constants of pro-
tonation equilibria of the ligand in the mixed solvent
system of THF + water. The equilibrium studied is given
in eq 3, where L~ represents the fully dissociated ligand
anion 2;

Wj\ | ~— pq,j\ /ﬁ\
/"\ Ph - Ph H*
N N~ N N~
| H | ©
Me Me

1 2

that is
HL=H"+L" ©)

The protonation constant of the ligand, K, (eq 4), has
been determined using spectrophometric and potentiomet-
ric techniques simultaneously.

_[HTL]
=0 )

The absorbance at a wavelength of UV range is given
by eq 5, where ¢, and ¢; are the molar absorptivities of the
ligand 1, HL, and ligand anion 2, L™, respectively.

A= e[HL] + &[] ®)

Equation 6 allows for the material balance,??2 where Cy_
is the total concentration of ligand.

[HLI=Cy —[L ] (6)

Thus, the protonation constant K, for eq 3 is given by
eq 7 when n = 1.

A _ (€Cra = A)IH']" @)
Cu “ KaChil

Considering that A is a function of pH,%1 the values of
€op are shown in Table 1.

Table 1. Values of the Molar Absorptivity € of
N-Benzoyl-N-methyl-N'-phenylthiourea 1

Alnm 240 245 250 255 260 265
€ x107% 1.009 1.091 1.221 1354 1455 1513

Table 2. Values of the Molar Absorptivity €; of the
Ligand Anion 2

Alnm 240 245 250 255 260 265
e x 107% 2,078 2382 2131 2427 2316 2.065

Table 3. Absorbance, A, of Solutions at Different pH
Values and Wavelengths 4 in THF + Water

Alnm pH A Alnm pH A
240 5.9 2.0808 255 5.9 2.4738
240 6.08 2.0901 255 6.08 2.4857
240 6.21 2.1123 255 6.21 2.5151
240 7.3 2.1465 255 7.3 2.5664
245 5.9 2.4738 260 5.9 2.3517
245 6.08 2.4801 260 6.08 2.3599
245 6.21 2.494 260 6.21 2.364
245 7.3 2.5424 260 7.3 2.4242
250 5.9 2.524 265 5.9 2.0842
250 6.08 2.5377 265 6.08 2.0914
250 6.21 2.5565 265 6.21 2.1178
250 7.3 2.6239 265 7.3 2.1868

Table 4. Values of the Molar Absorptivity e, of Cu?* in
the Mixed Solvent System

Alnm 240 245 250 255 260 265
€2 x107% 3.614 4531 4567 4.440 3.977 3.023

Table 5. Values of Molar Absorptivities €3 of CuL™ in the
Mixed Solvent System

Alnm 240 245 250 255 260 265
e3 x 10— 4.156 5211 5252 5.106 4.574 3.476

The number of protons, n, was examined by applying eq
7. The straight line plots of A/C against (oCp. — A)[H]Y
ChL with n = 1 thereby obtained confirmed the formation
of a single anionic species. The values of ¢; were determined
from the intercepts of the plots and are listed in Table 2.

Through the rearrangement of eq 7, the pk, can be
calculated directly if eq 8 is considered.

(A = €Ch)

K,=B+logU, —lo
P 9 5m g(echL_A)

8)

The mean value of —log K, is thus found to be 13.15 +
0.14 at different wavelengths in the range 240 to 265 nm.

Complexation of Cu?* lon with Ligand. The method
based on the relationship A = f(pH) was employed,®11 on
account of the high stability of the complex studied.
Absorbance, A, and pH were measured at a range of
wavelengths for solutions containing Cu?* (1 x 10~5 mol
dm=3) with a large excess of ligand (2 x 1072 mol dm~3) at
pH values in the range 5.90 to 7.30 in the mixed solvent
system. The results are listed in Table 3, and representa-
tive data (for a wavelength of 250 nm) are illustrated in
Figure 1.

From Figure 1, it seems very likely that a complex is
formed in solution (pH 5.60 to 8.19), and the general
equation for the complexation is given by eq 9, with the
formation constant, KguL, given by eq 10.

cu* + HL=H" + cuL* (9)

w o [CuL™l[H"]

T Y
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Table 6. Average Values of pK{,, in the Mixed Solvent System

Alnm 240 245 250 255 260 265
pKE,. 2.34 £ 0.05 2.53 £ 0.05 241 +0.04 2.11 £ 0.06 2,11+ 0.06 1.75 + 0.05
Table 7. Average Values of logKcy. in the Mixed Solvent System
Alnm 240 245 250 255 260 265 mean value
log KcuL 10.81 +£0.14 10.62 £ 0.14 10.74 £ 0.13 11.04 £ 0.15 11.04 £ 0.15 11.04 £ 0.15 10.88 £ 0.14

Table 8. Absorbance A of Solutions at Different Values
and Wavelengths in THF + Water

Alnm pH A Alnm pH A
240 9.42 2.1926 255 9.42 2.5865
240 9.6 2.2028 255 9.6 2.6074
240 10.12 2.2183 255 10.12 2.6121
245 9.42 2.5767 260 9.42 2.4548
245 9.6 2.5863 260 9.6 2.4623
245 10.12 2.6185 260 10.12 2.4701
250 9.42 2.6499 265 9.42 2.2129
250 9.6 2.6587 265 9.6 2.2275
250 10.12 2.6771 265 10.12 2.2704

Table 9. Values of Molar Absorptivities €4 of CuL; in the
Mixed Solvent System

Alnm 240 245 250 255 260

€4 x 103 4571 5.732 5.777 5.616 5.031

Table 10. Average Values of pKY, , in the Mixed Solvent
System

Alnm 240 245 250 255 260

nguLZ 5.32+0.06 5.55+0.06 5.45+0.05 5.344+0.04 5.0940.05

The absorbance of Cu?* and ligand at wavelengths in
the UV range is given in the pH range 5.90 to 7.30 by eq
11, where €, and ez are the molar absorptivities of Cu?*
and complex, respectively.

A= ¢ [HL] + ¢[L7] + &,[Cu* 1+ 5[CuL*]  (12)

The mass balance is then given by egs 12 and 13, where
Ccu and Cy_ are the total concentrations of Cu?™ and ligand,
respectively.

[Cu*]=C¢, — [CuL"] (12)
[HL] =C,y — [L7]—[CuLT] (13)

The molar absorptivity of Cu?*, ¢,, can be calculated from
these equations individually; the values are given in
Table 4.

Thus, the formation constant of eq 10 is given by eq 14,
where K; and o are defined by egs 15 and 16, respectively.

v (AT K(—¢ — e0) — €Cc)[H ]

= 14
cut (ky(ep + €100 + €5Cy — A)Ky 14)
Ch(ea—¢)—A+¢eC
k, = G 2) 2%cu (15)
(3 =€y =€) —afeg — €, — )
Ka
a= 16
[H'] o

The molar absorptivity of CuL™, €3, was calculated from
the data in the pH range 5.90 to 7.30 with eqgs 14—16, for

an excess of the ligand. The method of calculation was
described in previous papers.t= The values of €3 are listed
in Table 5.

The method of determination of the average ligand
number was previously described.3=° Calculation shows
that the average ligand number n = 0.97. Thus, at this
range of pH, the ligand forms a mononuclear 1:1 complex
with Cu2*, and the formation constant, K, , can be
calculated from egs 14—16. The average values of pK&,,
at different wavelengths are listed in Table 6.

Considering eq 17, the stability constant of the complex,
KcuL, can be calculated from eq 18, and the average values
at different wavelengths are shown in Table 7.

cu’t +L =cuL”" (17)
KCuL = KEULK";I (18)

Above pH 9.13, a second increase in absorbance was
observed (cf Figure 1). Absorbance and pH were measured
for solutions containing Cu?* (1 x 1075 mol dm~3) with a
large excess of ligand (2 x 1073 mol dm~3) in the pH range
9.42 t0 10.12 in the mixed solvent system. The results are
listed in Table 8.

This second increase is attributed to the formation of
another species, which is given by eq 19, with the formation
constant, K&, ,, expressed by eq 20.

CuL"+HL=CuL,+H" (19)
Hoo_ [CUL,][H]
CuL2 [CuL*][H L] (20)

The formation constant of eq 19 was determined in the
usual manner, as shown in eq 21, where k; is defined by
eq 22.

Ho _ (A +ky(—€g — ) — E3CCU)[H+]
cut2 (ko(e, + €10) + €,Cc, — Ak,

(21)

K. = Criles — €3) = €Ccy — A+ 26,C,
, =

22
(-t oea—a—ey P

In eq 22, K&, , is the formation constant of eq 20 and ¢,
is the molar absorbtivity of CuL,, calculated with eqgs 16,
21, and 22, for an excess of the ligand and in the usual pH
range. The values of ¢, are listed in Table 9.

Calculation shows that the average ligand number n =
1.90. Thus, the ligand forms a mononuclear 1:2 complex
with Cu?* whose formation constant, K&, ,, can be calcu-
lated from egs 16, 21, and 22 at this range of pH. The
average values at different wavelengths are listed in Table
10.

Table 11. Average Values of log Kcyi2 in the Mixed Solvent System

Alnm 240 245 250

255 260 mean value

log KcuL2 18.64 +0.14 18.22 £ 0.15

18.44 +0.16

18.85 +0.15 19.01 +0.16 18.63 + 0.15
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Considering eq 23, the stability constant of the 1:2
complex can be calculated from eq 24.

CuL® + L =cCuL, (23)
KCuL2 = KguLKguLZ'Ka_2 (24)

The average values at different wavelengths are listed
in Table 11.

Conclusions

In this work, equations for the equilibria between
(Cu?t + L") and (CuL™), and between (CuL* + L) and
(CuLy), typical of many processes, were defined in the
mixed solvent system. The two complexes, CuL™ and CulL.,,
are made in the pH ranges 5.90 to 8.19 and 9.13 to 10.74,
respectively, but these two complexes are calculated in the
pH ranges 5.90 to 7.30 and 9.42 to 10.12, respectively,
because it is assumed that their curves are linear in these
ranges. Finally, the average values of log K¢y and log Kcyi 2
are 10.88 + 0.14 and 18.63 + 0.15, respectively.
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