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6,6"-Bis{methyl[ 1-(2-hydroxyethyl ) piperazyl ]}-2,2"-bipyridine was synthesized,
and its complex formation equilibria with cobalt(II), nickel(II), copper(II) and
zinc(II) ions were studied with potentiometric techniques over the pH
range 2.2-9.6 in 0.10 mol dm 2 NaCl at 25°C. The data indicate the formation
of the species ‘[M HyLy)]?*®* (X=0-3 and Y=1.2) and the hydrolysed
[M(OH)yL]?™™* complexes (X=1.2). All the metal ions formed the
[M(H,L)]** complexes, but Co" and Zn" also formed the [M(H;L)}** com-
plexes. The protonation of the ligand and the complex formation were studied
by 'H NMR at 24°C as well as by UV-VIS spectroscopy at 25°C. These
spectroscopic data, together with potentiometric results, can be used to discuss
the conformational changes between the [M(H,;L)’* and the [M(H,L)**

complexes.

2,2'-Bipyridine and its derivatives are well known for
their ability to form stable coordination compounds with
a large number of metal ions. Therefore 2,2"-bipyridine
has become a widely used building block for large ligands
that bind metal ions.! For example, macrocyclic polypyri-
dine ligands allow the control of metal ion binding via
ligand design.? 2,2'-Bipyridines and their metal complexes
have a strong influence expecially on biological and non-
biological catalytic processes.! For example, ruthenium—
bipyridine compounds are widely studied because they
are highly luminescent species and powerful reactants
for light-induced and light-generating electron transfer
processes.>4

The structurally analogous ligands containing thio-
morpholine and piperidine have previously been pre-
pared.> These heterocycles are commonly used as
building blocks in macrocyclic chemistry. These struc-
tures could allow a comparison of the complexes
of related cyclic and open-chain structures. Because
of the low water solubility of thiomorpholine- and
piperidine-based complexes, we synthesized 6,6"-bis
{methyl[1 - (2-hydroxyethyl)piperazyl]} -2,2’- bipyridine
(L,), which is water-soluble and therefore suitable for
traditional potentiometric titration in a constant ionic
medium. Crystal structures, spectroscopic and NMR
data of the complexes are known,*”” but thermodynamic

* To whom correspondence should be addressed.
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data are sparse. Crystal structures can be used to discuss
the geometries of the complexes, but they do not give
information about the thermodynamics or the selectivity
of the complex formation. Piperazine is frequently used
for the design of various ligands, since it contains two
nitrogen atoms that can coordinate to metal ions.® It is
less rigid than aromatic rings but more rigid than second-
ary amines when it acts as a double-bridged building
block.” Piperazine and its N-substituted derivatives have
pharmacological applications as anthelmintics, sedatives
and local anaesthetics.® Transition metal ions chosen for
the studies are of biological and catalytic interest. The
metal cations also represent different affinities towards
nitrogen donor ligands.’

Experimental

Synthesis. 6,6'-Bis(bromomethyl)-2,2"-bipyridine was
synthesized as described previously.® 6,6’-Bis{methyl[1-
(2-hydroxyethyl ) piperazyl ]}-2,2"-bipyridine (Fig. 1) was
prepared by dissolving 6,6-bis(bromomethyl)-2,2'-
bipyridine (0.342 g, 1.0 mmol) in 20 cm? of a tetrahydro-
furan—acetonitrile mixture (1:1 v:v) under mild heating,
and by adding the resulting solution dropwise into
20 cm? of a tetrahydrofuran-acetonitrile (1:1 v:v) solu-
tion containing 1-(2-hydroxyethyl)piperazine (0.260 g,
2.0 mmol) and solid K,CO; (0.553 g, 4.0 mmol). The
reaction mixture was refluxed for 12 h. After cooling,
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Fig. 1. The  molecular structure of 6,6-bis{methyl-

[1-(2-hydroxyethyl)piperazyll}-2,2’-bipyridine (L,). a refers to
the methylene protons of 2-hydroxyethyl chains, b refers to
the methylene protons near the 2,2"-bipyridine unit, and ¢
refers to the protons of 2,2-bipyridine.

filtration and evaporation of the solvent, the brown
residue was formed. It was dissolved in 10cm3 of a
methanol-dichloromethane mixture (1:10 v:v) and sep-
arated by reversed-phase chromatography (LiChroprep
RP-18, Merck) using methanol-dichloromethane (1:10
v:v) as eluent. The solvent was subsequently evaporated.
The product was obtained as a brown-yellow oil. Yield
0.298 g (68%). The eclemental analysis imply that the
product contains ca. 97% of C,;H3sNgO, and ca. 3%
residue of KBr that was formed in the reaction. Anal.
Calced. for C,,H34NgO,: C, 65.4; H, 8.2; N, 19.1%.
Found: C, 63.4; H, 7.8; N, 18.1%. The AgNO; test
indicates that ca. 3% of the product can be KBr. Anal.
Calcd for this mixture: C, 65.4; H, 8.0; N, 18.7%. m/z
440 (M), 312 (M —CxH,N,0), 281 (M —[C¢H{,N,0 +
CH,;0]), 227 (M —[C¢H;,N,0+C,H,NO)), 212 (M —
[CeH,N,0+CsH;(NOJ), 184 (M —2 x C¢dH{,N,0). 3,
(200 MHz; solvent CDCl;; standard SiMe,) 2.56 [4 H,
t, J(HH) 5.7Hz, -CH,-CH,-OH], 2.61 (16H, s,
piperazine), 3.63 [4H, t, J(HH) 54Hz, -CH,-
CH,-OH], 3.78 (4 H, s, Bipy—CH,—piperazine), 7.44
[2H, d, J(HH) 7.3 Hz, Bipy-H], 7.78 [2 H, t, J(HH)
7.8 Hz, Bipy-H], 8.27 [2 H, d, J(HH) 7.7 Hz, Bipy-H].

6,6"-BIS{METHYL[1-(2-HYDROXYETHYL)PIPERAZYLI]}-2,2"-BIPYRIDINE

Reagents and solutions. Stock solutions of cobalt(II),
nickel(IT), copper(II) and zinc(II) ions were prepared
from chlorides (Merck). These stock solutions were
standardized by titration with EDTA as well as by cation
exchange chromatography.!® The purity of the ligand
was determined by 'H NMR spectroscopy and by titra-
tion of an acidified ligand with standardized NaOH
solution. Hydrochloric acid (Baker) was standardized
by titration with tris(hydroxymethyl)aminomethane
(TRIS) using bromocresol green-methyl red (3:2) as an
indicator. The NaOH stock solution was prepared by
dissolving NaOH granules (Merck) in boiling distilled
water. It was stored in a high-density polyethene bottle
fitted with a carbon dioxide (soda lime) trap. The NaOH
stock solution was standardized by titration of potassium
hydrogen phthalate with it using phenolphtalein as an
indicator.

Potentiometric studies. The potentiometric studies were
carried out in an inert atmosphere [commercial argon
passed through 10% (w/w) H,SO,, 10% (w/w) NaOH
and background electrolyte] at 25+0.1 °C using a locally
constructed automatic titration system ( TIT5 program)*!
involving a Methrohm 665 piston burette as well as an
Orion 91-0lsc glass electrode and an Orion 9002
Ag/AgCl(s) double-junction reference electrode. The
ligand and metal ion concentrations as well as the pH
range are given in Table 1. Every titration was started
with the calibration of the electrode system by titration
of 30 or 40 cm?® of Eg-solution (0.090 and 0.010 M with
respect to NaCl and HCI, respectively) with CO,-free
0.10 M NaOH solution. These data were employed to
obtain the value of E, (mV) in the Nernst equation

E=E,+59.16log h + E, (1)

where 4 is the concentration of free H*. The liquid
junction potentials [E;=j,ch+(jakw)/h] were deter-
mined by separate titrations and the obtained values
[j(acid)=—5124+8 mV M, j(alk)=2394+10 mVM !
and pk,, =13.775] were similar to the literature values.'?

Table 1. Experimental parameters: ny=number of titrations, np=number of titration points, C_ =ligand concentration,
Cm=metal ion concentration, M/L=metal to ligand concentration ratio.

Compound, method nt/ne M/L C./mmol dm~3 Cm/mmol dm—3 pH range
L, protonation, pot 2/104 — 1.972-2.334 — 2.3-9.2
L, protonation, 'H NMR 1/14 — 3.558 — 1.9-9.0
zn", 'TH NMR 1/13 1:1 4.043 3.987 2.2-8.0
Co", VIS 1/12 1:1 5.391 5.373 2.1-8.0
Co", uv 1/8 1:1 0.05391 0.05373 2.0-7.4
Ni", VIS 1/14 1:1 10.390 10.313 2.1-85
Ni", UV 1/9 1:1 0.05195 0.05157 2.1-8.6
cu", VIS 1/10 1:1 10.234 10.233 25-7.0
cu", uv 1/7 1:1 0.05117 0.05117 25-6.8
zZn", uv 1/9 1:1 0.05391 0.05316 2.1-8.6
zZn", UV 1/11 1:2 0.05540 0.02731 2.2-8.9
Co", pot 3/156 1:1,2:1,1:2 1.285-2.771 1.325-2.614 2.4-89
Ni", pot 3/148 1:1,2:1,1:2 1.332-2.817 1.376-2.741 2.4-8.4
Cu", pot 3/155 1:1,2:1,1:2 1.285-2.771 1.329-2.622 2.2-9.6
Zn", pot 3/164 1:1,2:1,1:2 1.285-2.771 1.311-2.586 2.4-8.8
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E;, however, assumed a significant value only at pH <2.5.
The titrations were mainly carried out under conditions
where the liquid junction potential is negligible. The
acidified solutions of the ligand (H,L**) were titrated
with NaOH to obtain the protonation constants and the
exact ligand concentrations. The acidified solutions con-
taining the ligand and the metal ion were titrated with
NaOH to high pH to determine the stability constants
of the metal complexes. The reversibility was tested by
titrating with HCI back to low pH.

'H NMR studies. The protonation measurements were
carried out on a Bruker AM 200 spectrometer operating
at 200.13 MHz for 'H at 24+1°C. In order to reach a
sufficiently good signal-to-noise ratio, 128 FIDs were
accumulated by applying a pulse width of 2.5 ps (nuclear
tip angle of ca. 30°), a pulse delay of 5.7 s and spectral
width of 3.5kHz resulting in the resolution of
0.365 Hz/point. The protonation and Zn" complexation
chemical shifts were determined using the batch tech-
nique. The pH of each sample solution was adjusted
with concentrated HCl and NaOH solutions and mon-
itored with a combination electrode and Metler Toledo
320 pH meter [pH 4.01 and 6.87 buffers (TAMRO)] at
room temperature (24 °C). The spectra were recorded in
a 5-mm tube directly from the water solution within a
day after the pH adjustment to mimic the potentiometric
titration. C¢Dg was used as an external ?H lock and
TMS as an external reference. Solvent peak suppression
was carried out by the presaturation method.

UV/VIS studies. UV/VIS spectra were recorded with a
Philips PU 8740 scanning spectrophotometer using
matched quarts cells of 10 mm path length at 2540.1°C.
Visible spectra were scanned in the wavelength range
350-900 nm and the UV spectra in the range
190-400 nm. The pH of each sample solution was
adjusted with concentrated HCI and NaOH solutions.

Calculations

Potentiometric titrations, '"H NMR and UV/VIS spectro-
scopic measurements were carried out with the ligand
concentration range indicated in Table 1. The pro-
tonation constants of the ligand and the stability con-

stants of complexes were calculated from the
potentiometric data with program LETAGROPVRID,
version ETITR,!3"!% and from the 'H NMR data with
the program SIGMAPLOT.!® The modelling of the
protonation equilibria on the basis of 'TH NMR data was
carried out as described previously.!” The hydrolysis of
cobalt, copper and zinc ions were taken into account
by assuming the constants log Bcoom+ = —9.9040.05,
log Beoony, = —19.05£0.1, log Bey,omz+ = —10.61£0.05,
10g Bznomy* = —9.21£0.05 and log Bzuon), = —17.2."8
The best fit to the experimental data was determined by
minimizing the error square sum U=Z(H— Heyp)?,
where H is the total hydrogen ion concentration or the
'H chemical shift in the case of potentiometric titrations
and NMR measurements, respectively. Every metal ion—
ligand system has been modelled by the computer pro-
gram SOLGASWATER.'® Theoretical Z(A/B) (the aver-
age number of protons bound to each ligand) versus
—log[H*] curves were calculated using this program to
evaluate the correctness of the model.?°

Results and discussion

Protonation. The logarithms of the protonation constants
are presented in Table 2. The potentiometric and 'H
NMR data lead to similar protonation constants, though
the pH measurements were performed in the concentra-
tion and activity scales in the case of potentiometric
titrations and NMR experiments, respectively. The first
and the second protonation take place in piperazine
nitrogen atoms near the 2-hydroxyethyl chains, and the
third and the fourth protonation in piperazine nitrogen
atoms near bipyridine unit. The protonation of the
bipyridine nitrogen donor atoms could not be confirmed.
The protonation constants log B, and log ,, were calcu-
lated using the methylene proton resonance of the
2-hydroxyethyl chains (resonance a in Fig. 2), and log ;5
and log B, were calculated using the methylene proton
resonance of the bridge between bipyridine unit and
piperazine rings (resonance b in Fig. 2).

Complexation. Logarithms of overall stability constants
are shown in Table 3. Z(A/B) versus —log[H *] for Co"-
L, is presented in Fig. 3. The potentiometric data indicate
that when Z(A/B)>2, [M(H,L)’* and [M(H,L)]**

Table 2. The protonation constants B, (+0)? and K,,° of 6,6"-bis{methyl[1-(2-hydroxyethyl)piperazyl]}-2,2"-bipyridine at 25 °C
and /=0.10 mol dm 3 NaCl, as determined using potentiometric titration and '"H NMR spectroscopy.?

log B4, log B12 log P13 log Bs u°
Potentiometric 7.91 (0.01) 14.88 (0.01) 18.73 (0.01) 21.28 (0.01) 6.7x10°3
"H NMR 7.86 (0.02) 15.00 (0.02) 18.86 (0.01) 21.63 (0.01) 3.13

log K14 log K;2 log Ki3 log K14 U
Potentiometric 7.91 (0.01) 6.97 (0.01) 3.85(0.01) 2.55 (0.01) 6.7x1073
"H NMR 7.86 (0.02) 7.14 (0.02) 3.86 (0.01) 2.77 (0.01) 3.13

@Bq, refers to the reaction gL+ rH=L,H, and K, refers to the reactions L+H=LH, LH4+H=LH,, LH,+H=LH;z and LH; +H=
LH,. ®"™H NMR spectroscopic measurements have been carried out at 24 °C. °The error square (see calculations).
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Fig. 2. Experimental chemical shift (Hz) vs. —logay+ of

6,6"-bis{methyl[1-(2-hydroxyethyl)piperazyll}-2,2"-bipyridine at
24°C and /=0.10 moldm~2 NaCl. a and b are defined
in Fig. 1.

6,6"-BIS{METHYL[1-(2-HYDROXYETHYL)PIPERAZYL]}-2,2-BIPYRIDINE
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Fig. 3. Z(A/B) {the average number of protons bound to
each ligand) vs. —log[H*] for Co"-6,6-bis{methyl[1-(2-
hydroxyethyl)piperazyl]}-2,2"-bipyridine.

Table 3. The overall stability constants, B, (£ 0), of Co", Ni", Cu" and Zn" with 6,6"-bis{methyl[1-(2-hydroxyethyl)piperazyll}-

2,2"-bipyridine at 25°C and /=0.10 mol dm~2 NaCl.

Metal ion Species/pgr 10g Bpgr U log K,°
Co" 110 5.03 (0.01) 7.1x1073 —
111 12.08 (0.01) 7.1%x10°3 7.05
112 18.22 (0.01) 7.1x1073 6.14
113 21.34 (0.02) 7.1x10°3 3.12
120 7.55 (0.03)° 1.2x1072 —
11 -2 —13.53 (0.02)° 1.2x1072 —18.56
Ni® 110 5.45 (0.02) 5.1x 1072 —
111 12.39 (0.02) 5.1x 1072 6.94
112 18.41 (0.02) 5.1x 102 6.02
Cu" 110 9.36 (0.01) 25x1072 —
111 15.57 (0.02) 25x 1072 6.21
112 20.92 (0.01) 25x10°2 5.35
120 11.07 (0.05)¢ 5.2x 1072 —
11 -1 —0.07 (0.02)° 5.2 x 1072 —9.43
Zn" 110 6.11 (0.01) 1.2x10°2 —
111 13.00 (0.01) 1.2x1072 6.89
112 19.08 (0.01) 1.2x10°2 6.08
113 21.83 (0.01) 1.2x1072 2.75
120 8.15 (0.04)° 1.7x1072 —
11 -1 —2.31(0.02) 7.3x1072 —8.42
11 -2 —12.47 (0.06)° 1.7x10°2 —18.58

?Bpqr refers to the reaction pM +qL+rH=M_/LH,. bK, is the protonation constant of the complex (for example, ML+ H = MHL:

log B —10g B =log K, (MHL). *M/L=1/2.

complexes are present in the solution before the equiva-
lent point, when 2> Z(A/B)>1, the [M(HL)]** complex
is present in solution, and when Z(A/B)<]1, the
[ML]**, [ML,]** and possible hydrolysed complexes
exist in solution. The calculations were performed both
on the whole data set and separately on the data with
Z(A/B)>2 and Z(A/B)<2. The results are similar in
the both cases. The best fit between the experimental and
calculated Z(A/B) values (dependent on —log[H™]) is
obtained, when the [ML,]?** and the hydrolysed com-
plexes are included in the thermodynamic model.

All metal ions form [M(H,L,)]** complexes with
the H,L** form of the ligand displacing two protons
from the piperazine nitrogen atoms [M?* +H,L** =

[M(H,L)]** +2H"]. It can be inferred from Fig. 1 that
bipyridine nitrogen donor atoms and piperazine nitrogen
donor atoms may form an approximately square planar
coordination sphere as shown in Fig. 4(a).* Cobalt and
zinc ions, which have different affinities to nitrogen donor
atoms from nickel and copper ions, also form a
[M(H;L)** complex. In these complexes three piperaz-
ine nitrogen atoms are protonated and the coordination
sphere around the metal ion contains only three nitrogen

* The geometry of the coordination, however, is not so clearly
defined in solutions as in the crystalline state,® because the
solvent molecules, hydroxide ions and chloride ions, as well
as the polydentate ligand, can render the coordination to
octahedral.
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Fig. 4. The possible coordination modes of the transition

metal complexes of 6,6"-bis{methyl[1-(2-hydroxyethyl)-
piperazyll}-2,2"-bipyridine: (a) [M(H,L)1** and (b) [M{H3L)I®*.

atoms. If the bonding takes place through one bipyridine
nitrogen donor as shown in Fig. 4(b), the coordination
sphere around the metal ion contains only two nitrogen
atoms. It is also possible that only bipyridine nitrogen
atoms coordinate to cobalt and zinc ions. While nickel
forms the [M(H,L)]** complex, it does not form a
[ML,]** complex unlike other cations studied in this
work. In neutral and basic conditions, where the [ML,**
complex could be formed, Ni" species were precipitated
due to hydrolysis. The equilibria were reached only
slowly especially when Z(A/B)>2. The kinetic phenom-
enona in the chelate formation of Ni" are well known in
water as well as in non-aqueous and mixed aqueous
solvents.?"*> The rate-determining step of the com-
plexation is the formation of the monodentate inter-
mediate through one bipyridine nitrogen atom, and it is
followed by a rapid ring closure to give the chelate
structure in water. On the other hand, the two different
coordination models can compete simultaneously, when
Z(A/B)>2. The [Co(H;L,)]’* and [Co(H,L,)]** com-
plexes exist simultaneously, when pH <4 (Fig.5). The
behaviour of Zn" is analogous to Co" according to
potentiometric results. This was verified by use of 'H
NMR. The chemical shifts (in Hz) of the protons (c)
and (b) for ligand and the Zn" complexes vs. —log ay+
are presented in Fig. 6. Two resonances (¢l and ¢2 or bl
and b2) can be seen in the Zn"-L, when pH <3.5 and
only one resonance (¢l or bl) when pH > 3.5. This clearly
shows that the two different species that have different
coordination spheres exist when pH <3.5.

The order of the stability of the 6,6"-bis{methyl[1-(2-
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Fig. 5. The distribution diagrams for the individual [Co"-L,]
titrations: (a) M:L=1:1and (b) M:L=1:2.

hydroxyethyl)piperazyl}-2,2"-bipyridine complexes is
Co"<Ni"<Zn" < Cu" that is in agreement with Irving—
Williams order.?*?4 Similar order can also be seen among
the protonated and hydroxo complexes. The log f of
[CuL]?* is about three orders of the magnitude higher
than that for the next stable [ZnL]** complex, whereas
the differences between the stability constants of corres-
ponding cobalt, nickel and zinc complexes are smaller.
The larger stability difference between the Cu" and the
other transition metal ions possibly results from the
Jahn-Teller effect>®> when L, forms a square planar
complex with Cu" and the weakly coordinating water
molecules occupy the axial positions forming a distorted
octahedron. It has been reported that the log K value for
the 6,6"-dimethyl-2,2"-bipyridine copper(1l) complex
[CuL]** is 4.88 in 50% (W) water-dioxan mixture.?®
Those for the corresponding 4,4'-dimethyl-2,2"-bipyridine
cobalt and zinc complexes are 6.38%7 and 6.0,?® respect-
ively. The stability of the 4,4’-dimethyl-2,2"-bipyridine
cobalt complex is higher than that of the L, complex
and the stability of the corresponding zinc complex is
similar to the L, complex. The stability constants for the
4,4"-dimethyl-2,2"-bipyridine Co" and Zn" [ML,]** com-



a
900 4 ——b1
b2
—b3
N 850 +———
3 i **-.\
2
=
3
= sooJ
750 4
700 T T T T — T J
2 3 4 5 6 7 8 9
-log a(H+)
1720 1
o] S—e—y e,
1680 4 -\\___.
N
§ 1660 - ——c1
s -
% -3
= 1640
1620 4
1600 4
1580 T v v T T T J
2 3 4 5 6 7 8 9
-log a(H+)
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(3 and b3). ¢ and b are defined in Fig. 1. The numerical
indices 1 and 2 refer to the two observed proton resonances
of Zn"-L, complexes and 3 refers to the proton resonance of
the L.

plexes are higher than those for the complexes of L,
which is not unexpected, since the large piperazine frag-
ments in the L; have a steric hindrance for the formation
of the [ML,]** complexes compared to 4,4’-dimethyl-
2,2"-bipyridine. The bipyridine unit seems to dominate
the complexation of the L; with transition metal ions.
This corresponds well with the known high affinity of
2,2"-bipyridine towards a large number of metal ions.
The reduction of Cu" to Cu' is easy for the 6,6"-dimethyl-
2,2’-bipyridine [CuL]** in 50% (W) water—dioxan mix-
ture.?® This kind of reduction, however, should create
strong charge-transfer bands in the UV spectrum.® In
our case we did not observe those bands and infer that
the reduction from Cu" to Cu' is not likely to happen in
the Cu"-L; complexes.

The distribution diagrams of M™" are exemplified by
that of Co" (Fig. 5). It can be seen that [Co(H;L)]>*
complex is quite rare when pH <3 and the [Co(H,L)]**
complex becomes more abundant when pH >4. The Zn"
complexes behave in the same manner. In contrast,
[Cu(H,L)]** is relatively abundant, when pH<3. The
[MLJ** and [ML,]** complexes as well as hydrolysed
complexes clearly exist simultaneously when M:L=1:2.

6,6'-BIS{METHYL[1-(2-HYDROXYETHYL)PIPERAZYL]}-2,2"-BIPYRIDINE

The [M(OH),L] complexes of Co" and Zn" are minor
species (< 10%), but relative amount of the [Cu(OH)L]*
complex is higher and it is the major species when
pH>85. The logK, values (ML+L=ML,; log
Bumr, —log Bur. =log K,; Table 3) are: Co" 2.52, Cu" 1.71,
and Zn" 2.04. These constants show that the higher the
stability constant of the [ML]** complex the lower the
stability constant of the [ML,]** complex.

The protonation constants (log K,) of the metal com-
plexes (Table 3) are lower than the corresponding step-
wise protonation constants of L; (Table 2). It can also
be seen that the higher the stability constant of the
[ML]** complex the more acidic are the protonated
metal complexes. The protonation constants of the
hydrolysed metal complexes show a similar trend except
for the [Zn(OH),L] complex.

UV-VIS spectroscopy. The UV spectra of the copper
and zinc comples at different pH values are shown in
Figs. 7(a) and (b). The UV spectroscopic results together
with 'H NMR results clearly verify the proposed changes
in the coordination sphere between the [M(H;L)]** and
[M(H,L)}** complexes, as shown in Fig. 4. Nickel has
the analogous spectra with copper, and those of cobalt
with zinc. It means that they have quite similar complex
formation models. The M:L=1:2 spectra of zinc are
similar to those of the M:L=1:1 spectra. The L, shows
three absorption bands at ca. 202, 238 and 288 nm that
do not appreciably depend on the pH. The absorption
bands at 238 and 288 nm are assigned to 2,2"-bipyridine
unit.?® These two absorption bands do not shift during
the protonation, therefore, the 2,2’-bipyridine unit in L,
does not protonate. The Cu"™-L, absorption bands also
vary only very slightly (the 2,2-bipyridine bands at
246.4-250.2 nm and at 306.9-308.0 nm) [Fig. 7(a)] and
we do not detect the isosbestic point. That possibly
means that there are no significant exchange processes
in the coordination sphere at this pH range. The absorp-
tion bands of the 2,2-bipyridine unit in Zn"-L, vary
more clearly than in the case of Cu'-L,, varying
238.3 —244.3 and 287.8-303.7nm. A hydrolysed
[Zn(OH)L]** complex is formed, when pH >7. We then
observe an additional band at ca. 316 nm [Fig. 7(b)].
The isosbestic points are observed at 245.5 and 295.0 nm.
Evidently the Zn" complexes show a more complicated
solution behaviour than the Cu" complexes.

We were only able to record the visible spectra for the
copper complexes, because the tail of the very intense,
broad band of L, at ca. 300 nm spreads to the visible
region and obscures the weak absorption bands of cobalt
and nickel complexes. The visible spectra of the copper
complexes are shown in Fig. 8. The Cu" itself has the
absorption band at 800-810 nm depending on the pH of
the solution. It forms very intense green coloured com-
plexes with L, and the wavelength of the absorption
maximum varies from 742.2 to 695.2 nm as the pH is
increased from 2.5 to 7.0. There is an isosbestic point at
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Fig. 7. The UV absorption spectra of [Cu"-L,] and [Zn'-L,}
M:L=1:1vs. —log ay+ at 25°C and /=0.10 mol dm 3 NaCl.
(a) [Cu™L4]. In the whole wavelength range pH increases
from 2.54 to 6.72 in the direction of the arrow. (b) [Zn"-L,].
In the wavelength region 260-290 nm the pH increases from
2.26 to 6.18 in the direction of the arrow. (1) refers to the
absorption maximum at 316 nm when pH is 7.20 or 8.63.
The isosbestic points lie at 245.5 and 295.0 nm.
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Fig. 8. The visible absorption spectra of [Cu"-L;] M:L=1:1
vs. —log a,+ at 25°C and /=0.10 mol dm ™3 NaCl. In the
wavelengths before 775 nm pH increases from 2.57 to 7.01
in the direction of the arrow. The isosbestic point lies at
775.0 nm.
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775.0 nm that indicates that this system comprises two
or more metal complexes.30-32
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