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The absorption spectra and the first formation constants, K, of complexes [M(bpy)]+ (M(II)=Cr(II), Mn-
(1I), Fe(II), Co(1I), Cu(Il), and Zn(II), bpy=2,2"-bipyridine) were determined spectrophotometrically in hexa-

methylphosphoric triamide(HMPA).

The values of log K; obtained were 4.61+0.02, 3.1040.12, 4.82+0.04,
5.8440.07, 7.334+0.02, and 1.774:0.07 for respective metal ions.

The configurations of complexes [M(bpy)]3+

were discussed on the basis of these data. The K, values of [Cr(bpy)]2+, [Mn(bpy)]2*, [Fe(bpy)]2*, and [Co-
(bpy)]3t in HMPA are slightly larger than those in H,O, indicating that their configurations are tetrahedral,
whereas the value of [Cu(bpy)]*+ in HMPA is slightly smaller than that in H,O, indicating that its configura-

tion in HMPA is either square planar or tetragonal.

cause its K; value is smaller about three orders of magnitude than that in H,O.

It seems that [Zn(bpy)]2* is octahedral in HMPA, be-

In addition, the second forma-

tion constant, K,, of complex [Co(bpy).]**, and the first and second formation constants of complexes [Co-
(terpy)]** and [Co(terpy),]** (terpy=2,2":6",2"-terpyridine) were also determined to be log K;=3.5940.03
for the bpy complex, and log K;=4.87+0.01 and log K,=3.35+0.01 for the terpy complexes, respectively.

These three complexes are concluded to be octahedral.

In a previous paper,!) the configurations of solvated
complex ions of the first transition metals (Mn(II),
Fe(II), Co(Il), Ni(II), Cu(II), and Zn(II)) in hexa-
methylphosphoric triamide (HMPA) were reported.
It was found that the metal ions are tetrahedrally
solvated in the cases of Mn(II), Fe(1I), Co(II), and
Cu(II), while equilibria are established among oc-
tahedral, square planar and tetrahedral solvated spe-
cies in the case of Ni(II), and that Zn(II) forms prob-
ably an octahedrally solvated complex ion.

Now the problems on the complex-forming equi-
libria between the first transition metal ions and a
ligand in HMPA are very interesting, since the con-
figurations of the solvated ions in HMPA are widely
different from those in water or in a number of other
organic solvents, such as dimethyl sulfoxide, N,N-
dimethylformamide, and methanol, in any of which
the solvated ions are generally octahedral.

Up to date, however, no thermodynamic studies
have been done yet except for the case of Co(II) com-
plexes in HMPA.%?® In the present study, the ab-
sorption spectra and the values of the formation con-
stants of the following complexes will be reported:
the first formation constants, K;, of complexes [M-
(bpy)J** (M(IL)=Cr(Il), Mn(II), Fe(Il), Co(II),
Cu(II), or Zn(Il), bpy=2,2’-bipyridine),’ the second
formation constant, K,, of the complex [Co(bpy),]2+,
and the first and second formation constants of the
complexes [Co(terpy)]?t and [Co(terpy),]?+ (terpy=
2,2":6’,2"-terpyridine). The configurations of [M-
(bpy)]** in HMPA will be discussed on the basis
of these data.

Experimental
Materials and Procedure. HMPA of guaranteed reagent

grade was purified as described elsewhere.) Bpy was re-
crystallized from hexane, and terpy was used without further

t In this expression, HMPA molecules solvating the
metal ions are omitted.

purification. Anhydrous sodium perchlorate was prepared
by heating monohydrous salt which had been recrystallized
twice from water. Complexes of various metal ions [M-
(hmpa),](CIO,), (M(II)=Mn(II), Fe(II), Co(II), Cu(II),
or Zn(II)) were synthesized according to the methods by
Donoghue and Drago.t® Stock solutions of these metal
perchlorates were prepared, and portions of them were
taken to analyze the metal ion concentrations by the spec-
trophotometric methods already published.»? Complex solu-
tions were prepared by mixing the aliquots of stock solutions
of metal perchlorates with those of bpy or terpy solutions.
The ionic strength was kept at I=0.06 mol dm-3 with so-
dium perchlorate.

Solution of chromium(II) perchlorate in HMPA was
prepared under nitrogen atmosphere as follows. Metallic
chromium was dissolved in aqueous solution of perchloric
acid, and the hydrated perchlorate was crystallized from
it. After the removal of water in vacuum at room tem-
perature until the blue crystals turned white, the white
crystals were treated with a slight excess of HMPA and an
appropriate amount of ether and crystals of chromium per-
chlorate solvated by HMPA were obtained and dissolved
in HMPA. The total chromium(II) ion concentration in
solution was determined spectrophotometrically by diphenyl-
carbazide method® (molar absorptivity &=6.590x 10* dm3
mol~! cm~! at 540 nm).

Apparatus. The absorptivities of complex solutions
were measured using a Hitachi Spectrophotometer Model
100-40 and a Hitachi Recording Spectrophotometer Model
EPS-3T, with a thermostated cell compartment, respectively.
The temperature was kept at 25.04-0.1 °C.

Results

The values of K; were obtained by a method by
use of Job’s curves (Method I),” the linear rela-
tionship method (Method II),? and the relative sta-
bility constant method (Method III).8)

Determination of K, by Method I. The curves of
Job’s continuous variation method were obtained at
two different total concentrations (¢=¢, and ¢,) of
M(II) (M(II)=Mn(II), Fe(II), Co(II), or Zn(II))
and bpy; an example is given in Fig. 1, essentially
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Fig. 1. Job’s curves for Mn(II)+ bpy system in HMPA
at 317 nm.

Curve A: ¢;=1.00% 102 mol dm=3, curve B: ¢,=
7.00 X 10-% mol dm-3,

similar data being obtained in other cases. Curves
A and B indicate that the 1:1 complex [M(bpy)]2+
is predominantly formed between M(II) and bpy, so
that the following relations are established:

Ky
M2+ 4 bpy == [M(bpy)]?*, (H
_ [[M(bpy)]2+]
K= [M2+][bpy] * @

In the Figure, the abscissa shows x=[bpy],/c, and
the ordinate Y is defined as follows:

Y = (e,—&o—ep) [[M(bpy)]*+] ®
in which &, &, and g, are the molar absorptivities
of M2+, [M(bpy)]?+, and bpy, respectively. The val-
ues of K; and ¢; are calculated by Eq. 3 and the fol-
lowing equations from curves A and B.?

%a(1—2%,)c2 — %, (1 —x) el

[[M(bpy)]*] = Py , “4)
[M2+] = x,¢. — [[M(bpy)]?], (5)
[bpy] = (1—xa)ea — [[M(bpy)]**], (6)

where x, and x, are the x values having a common
Y value on curves A and B. The results are sum-
marized in Table 1.

Determination of K, and K, by Method I1.9 At
concentrations of both M(II) and bpy low enough
so that the amount of [M(bpy),]?t formed is negligibly
small, the apparent molar absorptivity of M(II), e,
is expressed by a linear relationship, Eq. 7, with
(eo—¢)/[bpyl.”? When the molar absorptivity of M2+,
g, is zero, Eq. 8 holds.
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1 (gp—¢)
= 4 7
=4t K, bpy] @
1 1 1 1
1. L 8)
€ 31 K&, [bpy] (

Accordingly, plotting & vs. (go—¢)/[bpy] or l/e wvs.
1/[bpy] will give the values of K; and ¢ from the
slope and the intercept. Figure 2 shows the linear
relationship of Co(II)+bpy system; similar relation-
ships were obtained for Mn(II)+bpy and Fe(II)+
bpy systems, respectively. The values of K, and ¢
thus obtained are also summarized in Table 1. These
values of K, are in good agreement with those ob-
tained by Method I.

The second complex formation constant of [Co-
(bpy)al**,  Ky=[[Co(bpy)s]**1/[[Co(bpy)1**1[bpy], is
obtained from Eq. 9 in the more concentrated regions
for both Co(II) and bpy than in Fig. 2,

1 (gp—e)+ (e, —2)K,[bpy]
K, K,[bpy]* ’

where ¢, is the molar absorptivity of [Co(bpy)s]3*.
The linearity is obvious between & and {(g—e)+
(e,—&) K [bpy]l}/K,[bpy]? as shown in Fig. 3, giving
the value of K, from the slope. The first and second
formation constants of Co(II)-terpy complexes are also
determined by the same method, the results being
listed in Table 2.

Determination of K, by Method II1.%) When both
M2+ and M,2t jons coexist in HMPA, equilibria (1)

C)
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Fig. 2. Linear relation of ¢ against (e;—e)/[bpy] in
HMPA at 630 nm.

[Co(II)]=8.00 X 10—* mol dm~3, [bpy]y=1.00x 10-4—
6.00 x 104 mol dm~-3,

/108 dm® mol-2 cm—?

TapLE 1. FIRST FORMATION CONSTANTS OF THE COMPLEXES OF Mn(II), Fe(II), Co(II), or Zn(II)
wrte bpy .xn HMPA By MeTHOD I AND METHOD II
Method Mn(II) Fe(II) Co(II) Zn(II)
Method T log K, 3.21+0.24 4.86+0.11 5.774+0.22 1.774+0.07
€ log &, 2.81+0.072 3.884-0.02® 3.95+0.032 3.10+0.06%
log K. 2.98+0.02 4.78+0.02 5.90+0.02 —
Method II { log ey 1.26£0.09% 2.424+0.040 2.25%40.059 —

The following values were adopted in Method I: a) log¢,=0.60, log&,=2.02 at 317 nm, b) log ,=3.20, log &,

=2.90at 310 nm, c) g,=0, loge,=3.36 at 305nm, d) loge,=0.48, loge,=2.02 at 317 nm.
e) 380 nm, f) 522 nm, g) 630 am,

wavelengths were used in Method II:

The following
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and (10) hold simult 1 i K,
b, (10) simultaneously among those ions and M:+ + bpy m= [M,(bpy)J+, (10)
where K, is the formation constant of [M,(bpy)]%*.
150 Therefore, an equilibrium (11) is also established with
o a formation constant K, as expressed by Eq. 12.
o]
K
- M2+ + [Mau(bpy)]** == Mi* + [M(bpy)]**, (11
g o K, = DEIMEpY] _ Ky 12
s MM, (bpy)]*] ~ Ka
£ The absorptivity of the solution, 4, is defined by the
% © following equation:
w 4 = &[M*] + &[[M(bpy)]**] + &.[M:*]
+ €. [[M.(bpy)]**], (13)
ok . . . . . where ¢, and ¢, are the molar absorptivities of M2+
and [M,(bpy)]2+, respectively. When both the values
(€9 —¢) + (e1—¢) K, [bpy] /105 dm® mol-2 cm-* of K; and K, are considerably large, the concentra-
K, [bpy}? tion of free bpy will be negligibly small, and there-
Fig. 3. Linear relation of & against ((gg—¢)+ (6;—¢) X fore, the total concentration of bpy, [bpy], will be
K, [bpy])/K;[bpy]? in HMPA at 580 nm. equal to the sum of [[M(bpy)]?*] and [[M,(bpy)]2+].
[Co(11)]=3.20 x 10~3 mol dm~3, [bpy],=3.80x 10-3— Consequently, when the molar absorptivities of M?3*,
5.60 % 10~% mol dm~2, [M(bpy)]2+, M2+, and [M,(bpy)]?+ are known, the
value of K, can be obtained because the total con-
centrations of M(II), M,(II), and bpy and observed
TaBLE 2. COMPARISON OF FIRST AND SECOND FORMATION A are known. Therefore, the value of K, is given
CONSTANTS OF THE COMPLEXES OF Co(II) wirh bpy by virtue of the relationship K;=K,K, and the known
Or terpy N HMPA anp H,O K, value. For the determination of the formation
p constants, K;, of [Cu(b 2+ and [Cr(b 2+ Co-
Ligand _ Solvent log X, log K, log Ky (IT) was usecll as 1\/£12+ (iolilY)i}l equilibr[iunf (P;}(,)))] Since
bpy { gl\éls’)A 2-2‘5}10.07 g.ggio-% 4<8(1)") the molar absorptivity of [M(bpy)]2t can not be ob-
2 : : : tained directly, the absorptivity of the solution, 4,
terpy { HMPA  4.87+0.01 3.354:0.01 was determined at the wavelength of the isosbestic
H, 0 8.4 9.9 point between M2+ and [M(bpy)]** (ey==¢,). The
a) This value was calculated on an assumption that & results are summarized in Tables 3 and 4.
of [Co(bpy),]2* in HMPA is the same value as that Absorption Spectra of bpy- and terpy-Complexes. The
in H,0. [Co(II)]=1.00x10-2mol dm~3, [bpy],= absorption spectra of pure bpy- or terpy-complexes
1.50 x 10-1:mol dm-3. can be calculated from the apparent spectra of the

TABLE 3. FIRST FORMATION CONSTANT OF THE cOMPLEX OF Cu(II) witH bpy v HMPA sy MetHOD III®

[Cu(II)] [Co(IT)] [bpylo b
10~ mol dm=* 10-* mol dm-* 10~ mol dm-? log X, log X,
2.00 3.00 2.00 1.48 7.32
2.00 4.00 2.00 1.52 7.36
2.00 5.00 2.00 1.50 7.34

mean 7.33+0.02

a) Measured at the isosbestic point 580 nm between Cu?t and [Cu(bpy)]?t. log g(Cu?+) =log &, ([Cu(bpy)]2+)
=0.88, log ¢, (Co?+) =2.50, log ¢,"([Co(bpy)]2*)=2.12. b) log K,=5.84 was used.

TaBLE 4. FIRST FORMATION CONSTANT OF THE COMPLEX OF Cr(II) wite bpy in HMPA By MeTHOD III®)

Cr(11 [Co(IT)] [bpyls
—IB:E mol ;311"3 10-3 mol d)m—3 1023 mol dm—3 log K, log &,
3.20 2.53 2.33 —1.21 4.63
2.85 2.12 2.40 —1.21 4.63
1.75 3.04 2.95 —1.25 4.59
1.50 2.92 2.65 —-1.27 4.57
1.15 3.04 2.92 —1.27 4.57
0.91 2.63 2.60 —1.19 4.65

mean 4.61+0.02

a) Measured at the isosbestic point 650 nm between Cr2+ and [Cr(bpy)]?t. log g (Cr?**) =log & ([Cr(bpy)]?t)
=1.11, log g,(Co?t) =2.45, log ¢, ([Co(bpy)]?t)=2.00. b) log K,=5.84 was used.
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mixture of M2+ and bpy- or terpy-complexed M2+
ions by using the values of K, and K, listed in Tables

5
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Fig. 4. Absorption spectra of solvated Mn2t (A:
—o—), Fe** (B: —oo—), Zn2?t (C: —oo0o—), and

those of [Mn(bpy)]** (D: —-—), [Fe(bpy)]*+ (E:
~—--—), [Zn(bpy)]** (F: —---—), and bpy (G:
-——-) in HMPA.
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Fig. 5. Absorption spectra of solvated Co?t (A: )s

[Co(bpy)]** (B:---), [Co(bpy),]** (C:—-—), and
[Co(terpy)]*t (D:—-—) in HMPA.
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Fig. 6. Absorption spectra of solvated Cu?t (A:—)
- and [Cu(bpy)]?t (B:----) in HMPA,
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1—4. The observed absorption spectra of the sol-
vated Mn?+, Fe?+, and Zn2+, and the calculated ones
of [Mn(bpy)]*, [Fe(bpy)]*", and [Zn(bpy)]** are
shown in Fig. 4, those of Co2t, [Co(bpy)]**, [Co-
(bpy),]2*, and [Co(terpy)]?* in Fig. 5, and those of
Cu?t and [Cu(bpy)]?+ in Fig. 6, respectively.

Discussion

Configurations of [Cr(bpy)1**, [Mn(bpy)1**, [Fe(bpy)1**,
and [Co(bpy)]12+ in HMPA. The K, values ob-

served for bpy-complexes are in a sequence Cr(II)>
Mn(II) <Fe(II) <Co(II) <Cu(II) >Zn(II) in HMPA.
Figure 7 shows the comparison of the K; values in
HMPA and in H,0.» The factors which would
make the values of the formation constants (K) in
HMPA differ from those in H,O or in other organic
solvents might be the dielectric constants, basicities,
and steric effects of the solvents. Since bpy and
terpy ligands are electrically neutral, the K values
might be little affected by the dielectric constant of
the solvents. Since the competitive coordination -to
a metal ion occurs between bpy (or terpy) and the
solvent molecules, the increase in basicity and in the
degree of steric hindrance of the solvent would result
in a decrease in K value.

It was reported!) that the solvated Mn?+, Fe?t,
Co?*+, and Cu?* ions are tetrahedral in contrast with
the octahedrally solvated Zn?* ion in HMPA. Be-
cause an HMPA molecule is very bulky, solvated
metal ions in HMPA will prefer the tetrahedral con-
figurations to the octahedral ones!) If their bpy-
complexes tend to form octahedral configurations in
HMPA, K, values in HMPA would become smaller
than those in HyO or in DMSO because of a larger
basicity and steric hindrance of HMPA molecules which
would be more closely packed in the octahedral co-
ordination sphere. However, since the observed K,
values of Cr(II), Mn(II), Fe(II), and Co(II) in HMPA
are slightly larger than those in H,O as shown in
Fig. 7, it is supposed that their bpy-complexes would
not be octahedral. According to Gutmann et al.10)
the donor strength of HMPA towards Co(II) is smaller

log K,

Cr(ll) Mn(I) Fe(lD Co(ID NIUD  CuCl)  Zn(ID

Fig. 7. Comparison of log K; in HMPA (A:—) and
in H,O (B:---),
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than that expected from its donor number and the
coordination center in [Co(hmpa),]?t is rattling with-
in the tetrahedron formed by the bulky HMPA mole-
cules. When their bpy-complexes in HMPA are also
assumed to be tetrahedral, the K, values in HMPA
would not be much smaller than those in H,O be-
cause of the smaller steric hindrance and the decreased
donor strength of HMPA molecules. Actually, the
absorption spectrum of [Co(bpy)]?t in HMPA ex-
hibits the spectral pattern characteristic of tetrahedral
complexes as is seen in Fig. 5, having the absorption
band due to »(*T;(P)<*A,), (e=100—2000 dm3
mol-! cm™1) in the visible region.!) Although the
configurations of bpy-complexes of Cr(II), Mn(II),
and Fe(II) can not be judged from the observed ab-
sorption spectra, they would be also tetrahedral be-
cause their K; values in HMPA, as well as the K,
value of tetrahedral [Co(bpy)(hmpa),]?t, are similar-
ly larger than those in H,O. Then, the following
equilibrium seems to be established in all these cases.

K
[M(hmpa),]*+ + bpy === [M(bpy)(hmpa),]** -+ 2hmpa
tetrahedral tetrahedral

(14)
M(II) = Cr(II), Mn(II), Fe(II), or Co(II)

On the other hand, the absorption spectrum of
bis(bpy)cobalt(IT) complex in HMPA as is shown in
Fig. 5 has a spectral pattern characteristic of the octa-
hedral complexes, having the absorption band near
500 nm (e==5—40 dm? imol-! cm~1).1) Therefore, the
following tetrahedrale>octahedral configurational equi-
librium must be established;

K,
[Co(bpy)(hmpa),]*+ + bpy —= [Co(bpy).(hmpa),]*+,

tetrahedral octahedral
(15)
K
[Co(bpy).(hmpa),]*+ + bpy = [Co(bpy);]** + 2hmpa.
octahedral octahedral

(16)

When terpy as a terdentate ligand coordinates to

Co?* ion, the 1:1 complex is octahedral as is shown

from its absorption spectrum™ in Fig. 5. Accord-

ingly, this equilibrium is also a tetrahedral<soctahedral
configurational change;

[Co(hmpa),]*+ + terpy ,_——:Klz‘
tetrahedral
[Co(terpy)(hmpa);]**+ +- hmpa, (17)
octahedral
[Co(terpy)(hmpa),]2* + terpy et
octahedral
[Co(terpy),]2* + Shmpa. (18)

octahedral

As is evident from Table 2, the K, value of [Co(bpy),]2+
and the K,; value of [Co(terpy)]*t are remarkably
smaller than those in H,O, because the steric hindrance
of HMPA molecules in octahedral [Co(bpy)s]?t and
octahedral [Co(terpy)]?t may be large. The reason
why the K value of [Co(bpy);]** and the K, value

Yuriko ABe and Goro Waba
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of [Co(terpy),]?*t in HMPA are extremely smaller
than those in H,O is probably the larger effect of
the basicity of HMPA molecules than that due to
their steric hindrance.

Configurations of [Cu(bpy)]?*t, and [Zn(bpy)]?t in
HMPA. Since the steric hindrance caused by
HMPA in the square planar complex or tetragonal
complex is larger than that in the tetrahedral complex,
but smaller than that in the octahedral one, it seems
that K, value of the square planar or tetragonal com-
plex in HMPA would be smaller than that in H,O.
According to both the K, value and the absorption
spectrum observed for Cu(II)-bpy complex, it is safe-
ly said that its configuration is square planar or tetra-
gonal.!V Therefore, one of the. following two' equi-
libria may hold:

K

[Cu(hmpa),]*+ + bpy ==
tetrahedral

[Cu(bpy)(hmpa),]*+ + 2hmpa

square planar (19)

or p
1 .

[Ca(hmpa),]** + bpy == [Cu(bpy)(hmpa)]*+.
tetrahedral

tetragonal

We have reported that the solvated Zn?**+ ion in
HMPA may be octahedral, since its Stokes radius
is larger than that expected if it were tetrahedral.!)
The fact that the K; value in HMPA is smaller about
three orders of magnitude than that in H,O is ac-
¢ounted for by a larger steric hindrance of HMPA
molecules in octahedral [Zn(bpy)(hmpa),]*+ dand their
larger basicity than those in the case of HyO molecules.
Accordingly, the following equilibrium seems to be
established;

K
[Zn(hmpa),]*+ + bpy =
octahedral
[Zn(bpy)(hmpa),]?+ + 2hmpa. (20)
octahedral

General Conclusion. In HMPA, solvated Mn?+,
Fezt, Co2*t, and Cu?t are tetrahedral, while solvated
Zn?* jon is octahedral.:?? Since an HMPA molecule
is very bulky, it seems that solvated metal ions prefer
the tetrahedral configurations to the octahedral ones.
Gutmann and Weisz reported that mono-, di-, tri-,
and tetrahalo complexes of cobalt(II) are tetrahedral
in HMPA (halide ion=Cl-, Br-, or I-).2) When
multidentate ligands such as bpy and terpy coordinate
to metal ions in HMPA, the configurations of [Cr-
(bpy)]**, [Mn(bpy)]**, [Fe(bpy)]**, and [Co(bpy)J2*
are lalso tetrahedral, while that of [Cu(bpy)]?t is
either square planar or tetragonal. In the case of
Zn(II), its configuration seems to be octahedral. The
K, value and the absorption spectrum of Ni(II)-
complex was not obtained, because the equilibria
among the tetrahedral, square planar and octahedral
solvated-species were too complicated to analyze them.V)
The configurations of both [Co(bpy),]** and [Co-
(terpy)]?+ are octahedral. In conclusion, it is likely
that the complexes coordinated by more than three
nitrogen atoms are mostly octahedral in HMPA,
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