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Three copper(Il) complexes with phthalic acid, [Cuph(H,0)] (I) (ph=C;H,;(COO),),
[Cu(Hph),(H,O),] (II), and [Cuph], (III), were prepared. Compound I was prepared from
an aqueous solution of copper sulfate and phthalic acid within the temperature range of 60—79°C.
It was a light blue crystal forming a hexagonal unit, the parameters being a=13.07 A and ¢=
13.98 A and with the chemical unit Z equalling 8. IT was prepared at a temperature below 60°C.
It was a blue crystal having a hexagonal unit of a=11.42 A, ¢=13.68 A, and Z=4. The magnetic
moments of I and IT were 1.87 B. M. and 1.96 B. M. (both 21.5°C) respectively, showing I and
II to have a monomer structure with respect to the two copper atoms. III could be prepared
at temperatures above 79°C. It was a bluish-green crystal containing a hexagonal unit of a=
1277 A, ¢=13.02 A, and Z=4. The magnetic moment of III was found to be 1.5¢B. M.
(18.4°C), suggesting that complex III consisted of a dimer structure with respect to the copper
atoms. The appearance of a shoulder near 370 mg in the reflection spectra of the copper com-
plex III in the powdered crystalline state confirmed the suggestion of a dimer structure.
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A number of copper(II) complexes of organic
acids have been observed to have subnormal
magnetic moments,!~7> which were much less
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between the two copper ions in complexes. It
has been also known that this magnetic behavior
depends upon the nature of the acids which are
used as the donor ligands.?:4.6.9,15-19

Despite the considerable interest in the study
of the complexes with such aromatic dicarboxylic
acids as the phthalic acid due to some steric factors
being involved with the stability of the complexes,
no remarkable success in the preparation on these
complexes in aqueous media, especially those
with subnormal paramagnetic moments, has been
reported, though a few complexes have been
prepared in suitable organic media.20-22

For the preparation of copper(II) complexes,
two kinds of copper(II) compounds have commonly
been used as starting materials, (1) copper(II)
sulfate pentahydrate, CuSO,5H,0,?® and (2)
copper(II) acetate monohydrate, Cu(CH;COO),-
H,0.?$> From the structural viewpoint, the former
has been known as an aquo complex-salt-keeping
monomer?>> which exhibits a normal paramagnetic
moment,® whereas the latter has been recognized
to have a binuclear structure such as Cu,-
(CH3;CO0),-2H,0%% in the crystalline state and
to exhibit a subnormal magnetic moment!:2.27,2%
due to the Cu—Cu bond in the molecule. It may
be reasonable, in view of the above structures,
to say that the selection of the latter as a starting
material would be advantageous for the successful
preparation of copper complexes with a dimer
structure in organic solvents. Therefore, it may
be unprofitable to use the former for the prepara-
tion of dimer complexes. However, such a con-
ception may not always be applicable to prepara-
tion in an aqueous solution, since copper acetate
hydrate, which has a dimer structure in the crys-
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talline state, also dissociates to a monomer structure
in an aqueous solution in a manner similar to
copper sulfate hydrate.

It is well known as an empirical fact that many
salts with lesser hydrated water?® may, in general,
be preferably crystallized out in an aqueous solu-
tion, as the temperature of the solution is rather
higher. It can, therefore, be expected that com-
plexes with a dimer structure in respect to the
central metal ions will be easily produced in an
aqueous solution at a higher temperature. Cop-
per complexes with dimer structures were prepared
on the basis of this principle.

Experimental

Preparation. Phthalatoaquocopper(Il). [CuphH,O]*:
(I). Copper(II) sulfate pentahydrate (8.3 g; 0.03 u)
and potassium hydrogen phthalate (20 g; 0.1 a) were
dissolved in about 200 m/ of hot water. The pH of
the blue solution was about 3.1. When this solution
was concentrated on a water bath at 80°C, a light
blue crystal was precipitated. The crystal was washed
with a small amount of water, ethanol, and ether in
turn, and then dried in vacuo.

The results of chemical and thermal analyses are:

Found, Cu, 25.20; C, 38.76; H, 2.339%,. Calcd for
[Cu(CsH,0,) (H:0)], Cu, 25.81; C, 39.02; H, 2.469%,.

Bis-(hydrogen  phthalato ) diaquocopper(II), [Cu(Hpn).:
(H;O).] (II). When the solution filtered off the above
crystal I was allowed to stand for a while at room
temperature without any heating, a blue crystal was
precipitated. It was washed several times with a mix-
ture of ethanol and water(l : 2), ethanol, and ether,
and then dried in air. The crude product was recrystal-
lized from a small amount of water at room temperature.

Found: Cu, 14.67; C, 44.65; H, 3.26%. Calcd for
[Cu(CsHsOy); (H;0).], Cu, 14.80; C, 44.65; H, 3.26%.

Phtalatocopper(1l), [Cu ph]s (III). When the solu-
tion provided to prepare the crystal I was heated a
while at about 100°C, a bluish-green crystal was ob-
tained. It was washed with water and ethanol in
turn, and dried in vacuo.

Found: Cu, 27.48; C, 41.46; H, 1.929%,. Calcd for
[Cu(CgH,0,)]: Cu, 27.90; C, 42. 16; H, 1.75%.

Thermal Decomposition Product (IV) jfrom I. The
complex I was thermally decomposed with a Shimadzu
Thermano-Balance. The product obtained up to
210°C was analyzed as:

Found: Cu, 27.69; G, 41.53; H, 1.78%. Calcd for
[Cu(CeHO4)]: Cu, 27.90; C, 42.165 H, 1.75%.

Thermal Decomposition Product (V) from II. The com-
plex was thermally decomposed with the same ther-
mobalance as above. The product obtained up to
210°C was analyzed as:

Found: Cu, 27.05; C, 42.86; H, 1.85%.
[Cu(CeHsOy4)]: the same as above.

The preparation of these complexes using copper(II)
acetate as a staring material was attempted in a way
similar to that described above in order to compare
the temperature of preparation in this case with that
in the case when copper sulfate was used.

Caled for

*2 phZCGI'I;(GOO)g.
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Measurement. Thermal analysis was made with
a Shimadzu Thermano-Balance. The magnetic suscep-
tibility was measured by the Gouy method in a powdered
sample. The ultraviolet and visible absorption spectra
of the complexes in an aqueous solution were obtained
with a Hitachi EPU-2A Spectrophotometer; the reflec-
tion spectra in a finely-powdered solid state were
obtained with the same spectrophotometer equipped
with the standard Hitachi reflection attachment.
The infrared spectra of these complexes were obtained
in the Nujol or HCB mull state and in a potassium
bromide disk by the use of a Nippon-Bunko DS-301
IR-Spectrophotometer. The pH and electric conduc-
tivity were measured with a Toa-Denpa Model HM-8
pH meter and a Yokogawa BV-Z-12A Universal
Bridge respectively. X-Ray powder patterns were
obtained with a Rigaku-Denki Geiger-flex X-ray
Analyzer.

Results and Discussion

Conditions for the Formation of Three
Copper(Il) Phthalato Complexes. The lower
critical temperature at which the copper(II) com-
plexes I, II and III could be crystallized were
observed. They are listed in Table 1 for the cases
where copper(II) sulfate and copper(II) acetate
were used as the starting materials.

It may be found in Table 1 that the complex I
can be easily obtained at room temperature, but
the temperature required for the formation of the
complexes becomes higher in the order of the com-
plex I and III when copper sulfate is used as the
starting material in an aqueous solution, and, when
copper acetate is used a still higher temperature is
required for the preparation of these complexes.

Table 1 suggests that copper(II) sulfate penta-
hydrate is preferable to copper(II) acetate mono-
hydrate for the preparation of the copper(II)
phthalato complexes in spite of the prediction that
the use of copper acetate would be advantageous
because of the dimer structure in the crystalline
state. The reasons for this are very complicated,
but they are partly discussed below.

It has been understood, in view of the reaction
mechanism, that most substitution reactions, in-

TaBLE 1.
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cluding the replacement of one ligand in the
complex by another, in general proceed through
the corresponding aquo complex as a temporary
intermediate by means of rapid acid hydrolysis.
In order to compare the extents of the formation
of the copper(II) phthalato complexes with each
other when copper(II) sulfate or copper(II) acetate
is used as the starting material, the equilibrium
constants in the following two equations were
evaluated as below by using the formation constants
of the related acido complexes:*3

[CuSO,(H,0),] + GHOZ~ =
[Cu ph(H;0),] + SO~
log k; = 1.71 (ionic strength p = 0, 25°C)
log k; = 2.6 (ionic strength g = 0.4—1.0,
18—25°C) (1)
[Cu(CH;COO)(H,0)5] + CH, O~ =
[Cu ph(H,0),] + CH;COO-
log k, = 1.81 (ionic strength ¢ = 0, 25°C)

log k£; = 1.9 (ionic strength g = 0.4—1.0,

18—25°C) @)

The equilibrium constants of the substitution
reaction (2) are seen to rise only slightly with an in-
crease in the ionic strength, whereas that of (1)
exhibits a remarkable increase. This shows that, in
higher ionic strengths, phthalatocopper(II) com-~
plexes can, in general, be more easily prepared from.
copper(II) sulfate than from the copper(II) ace-
tate. In addition, although the solubility of a
complex may also affect the formation of crystals,
there are no available evidence to explain it.

In short, the best conditions for the preparation
of a phthalatocopper(II) complex with a subnormal
magnetic moment are the use of copper(II) sulfate
pentahydrate as the starting material at a high
temperature and a high ionic strength.

Thermal Decomposition. Complex I loses.
one mole of water by gradual heating up to 210°C
(Weight loss found, 7.259,; calculated, 7.339%).

The product is complex IV, as has been described

THE LOWER CRITICAL TEMPERATURES FOR THE CRYSTALLIZATION OF THE COMPLEXES

I, II anp III (°C)

[Cu ph(H.0O)] (I)

Starting material

[Gu(Hph)e(H:0)] (II) [Cuph] (III)

60—79
<98

CUSO4' 5H20
Cu(CH,COO);- H,0

<60 >79
— >98

*3  The formation constants desired, log k;, are:
[CuSO,(H0)4],
2.35 (p=0, 25°C),30 0.95 (p=1.0, 20°C)3D
[Cu(CH;COO) (H,0)5+],
2.24 (p=0, 25°C),*» 1.67 (px=1.0, 20°C)3®
[Cu ph(H,O),],
4,06 (p=0, 25°C),3 3.55 (p=0.4, 18—25°C)20
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TaBLE 2. INFRARED ABSORPTION SPECTRA (cm™!)
I II III v Vv
3400 (m) 3400 (m) — — _
1670 (m) 1668 (m) 1614 (m) 1614 (m) 1614 (m)
1550 (m) 1562 (m) 1559 (m) 1559 (m) 1559 (m)
TABLE 3. MAGNETIC SUSCEPTIBILITY AND MAGNETIC MOMENT
I II III v A%
Xy x10-8 5.48 3.25 3.96 3.91 3.82
prerr (B. M.) 1.87 1.96 1.54 1.54 1.51
(21.5°C) (21.5°C) (18.4°C) (21.5°C) (18.8°C)
above. Complex II loses one mole of water and  action. It is also interesting that the thermal

one mole of phthalate ions at the same time up to
210°C (Weight loss found, 46.58%; calculated,
47.059%,). The product is complex V.

Infrared Spectra. The wave numbers of the
infrared absoption spectra found in the range of C=0
and O-H stretching vibrations are listed in Table 2.
It is found that the band of the C=O stretching
vibration in the dehydration products IV (from I)
and V (from II) are observed at wave numbers
closely analogous to those of the complex III. It
may also be noted that the band near 3400cm-!
observed in I and II is not detected in complexes
III and their thermal decomposition products, IV
and V. Hence, the polymerization accompanying
dehydration presumably occurs by means of
thermal decomposition.

Electrical Conductivity. The molar con-
ductivity of the complex II is 129 ohm-! mol-!
at 1.0x 10-* mol//, and the pH of this solution is
3.4. These facts support the idea that the com-
plex II contains hydrogen phthalate ions, which
are capable of releasing hydrogen ions in an aqueous
solution. Since the solubility of the other com-
plexes are very small, the electrical conductivity
could not be measured.

Magnetic Susceptibility. = The magnetic
susceptibility and the magnetic moment are shown
in Table 3. It may be found in the table that
the complexes I and II have normal magnetic
moments of the spin-only value, whereas the com-
plexes III, IV and V have subnormal magnetic
moments, as expected. This suggests that the
complexes I and II have a monomer structure,
while III, IV and V have a dimer structure.

Reflection Spectra. The reflection spectra
of the complexes I—V are shown in Fig. 1. As
may be seen in this figure, the absorption bands
are found at 638 my (d—d transition band) and
290 mp (presumably the charge-transfer band).
On the other hand, the bands of III appear near
670 and 290 my, and the shoulder is recognized
near 370 my, as has, in general, been observed in
copper(II) complexes including the Cu—Cu inter-

decomposition products IV (from I) and V (from
II) have shoulders near 370 my similar to IIL

The trend toward band splitting near 638—670
my is also observed in I and II. It may be ex-
plained by the fact that the complexes I and II
have a rather square planar symmetry, while IIT—
V have a rather octahedral symmetry from the
viewpoints of the crystal field and the molecular
orbital scheme,3¢,37
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v[1013/sec]
Fig. 1. Reflection spectra of copper(II) phthalato
complexes.
-- complex I, ---- complex II
—— complex III
—.=. thermal decomposition product IV
-. .- thermal decomposition product V
(1 — Ry)® Ry relative reflection
SRa) = =557 index

35) S. Yamada, H. Nakamura and R. Tsuchida,
This Bulletin, 30, 953 (1957).

36) O. G. Holmes and D. 5. McClure, J. Chem.
Phys., 26, 1686 (1957).

37) L. S. Forster and C. J. Ballhausen, Acta Chem.
Scand., 16, 1385 (1962).
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REsSULTS OF X-RAY DIFFRACTION ANALYSIS

Complexes I

II I11

Crystal system

Axial parameter a (A) 13.07
¢ (A) 13.98

Chemical unit Z 8

Hexagonal

Hexagonal Hexagonal
11.42 12.77
13.68 13.02

4 4

(@

20 30

i
| fl 1 || | 1
20 30

Intensity
g

10

10 20 30

(e)

IH 1L | ]
10 20 30

20

X-Ray diffraction patterns.
(b) complex II,

Fig. 2.
(a) complex I,
(c) complex III
(d) thermal decomposition product IV
(e ) thermal decomposition product IV

X-Ray Powder Method. In order to study
whether the thermal decomposition products IV
(from I) and V (from II) are completely identical
with III, the X-ray powder diffraction method was
applied to the related complexes, I—V. The
patterns are shown in Fig. 2. The results of the

X-ray analysis of I, II and III are summarized in
Table 4.

The complexes I, IT and III are light blue, blue,
and bluish-green respectively, and their X-ray
patterns are different from each other. On the
other hand, the patterns of IV and V are in good
agreement with that of III, though the intensities
of a few diffraction lines are somewhat abnormal,
as is shown in Fig. 2 and Table 4.

Summary

1) The preparation of the copper(II) complex
with phthalic acid which has a subnormal magnetic
moment was accomplished at a high temperature
and a high concentration in an aqueous solution.
It is presumed to have a dimer structure with re-
spect to the two adjacent copper atoms. Its
chemical formula is [Cuph] (I). The related
complexes, [Cuph(H,O)] (II) and [Cu(Hph),-
(H,0),;] (III), were also prepared.

2) The chemical composition of these com-
plexes were discussed on the basis of the informa-
tion gathered from spectroscopic measurements,
and a study of the thermal decomposition and the
electrical conductivity.

3) It was also found that the thermal decom-
position of I and II gave the complex III. This
was validated by the magentic susceptibility, the
reflection spectra, and the results of the X-ray
powder diffraction analysis.

The authors wish to express their hearty thanks
to Dr. Kosho Sugiura of Rikkyo University for his
very valuable measurement of the reflection spectra
of the samples.




