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Base adducts of the types: M(hfa),(py),, M(hfa),phen, and M(hfa),bpy [M=Co(II), Ni(II), Cu(II), and
Zn(I1); Hhfa=hexafluoroacetylacetone; py==pyridine; phen=1,10-phenanthroline; bpy=2,2"-bipyridine] were

prepared, and their infrared spectra were examined in detail.
The metal-oxygen stretching frequencies of the adducts in the 405—370 cm! region

except for Ni(hfa),(py),.

decrease along the series: nickel(II) >cobalt(II) >copper(II) >zinc(II).

These adducts have a cis-octahedral configuration

Adduct formation leads to the marked

weakening of Cu—O bonds in the copper(1I) adducts, which is ascribable to the equatorial ligation of the neutral

bases.

The mass spectral studies of M(hfa),phen and M(hfa),bpy revealed that the addition of a neutral ligand

affects the fragmentation of the complex remarkably. The exceptional behavior of Cu(hfa),phen under electron
impact is explained in terms of the tendency of copper(II) ion to undergo valency change.

Bis(f-diketonato)metal (IT) complexes behave as Lewis
acids and form five- or six-coordinate adducts with
neutral donor molecules.’) The stability of an adduct
depends both on the basicity of a f-diketonate and on
that of a neutral ligand. Introduction of an electron-
withdrawing group such as CF;- into f-diketone in-
creases the affinity of a central metal ion for ligation.?-%
For example, bis(trifluoroacetylacetonato)copper (II)
and  bis(hexafluoroacetylacetonato)copper(II) form
isolable 1:2 adducts with pyridine,?%7 whereas bis-
(acetylacetonato)copper(II) forms only an unstable 1: 1
adduct that loses pyridine on exposure to air.®) It is
also known that the more basic a neutral ligand is, the
more stable the resulting adduct tends to be.?

Most of the studies on base adducts have been con-
cerned with the coordinatively saturated 1:2 ones
containing unidentate ligands such as pyridine and
its derivatives,? pyridine N-oxide,!?) aniline and its
derivatives.'  Single crystal X-ray studies revealed
that these adducts are of cis- or irans-octahedral con-
figuration. Bidentate neutral ligands also add to
metal(II) p-diketonates to form c¢is-octahedral 1:1
adducts more stable than those of unidentate donors
owing to the chelate effect.!>1% Even bis(acetyl-
acetonato)copper(1l) was found to form a six-coordi-
nate adduct with ethylenediamine, which is stable under
dry conditions.’® However, only copper(II) complexes
have been referred to in these reports, and the structures
as well as the properties of the adducts of other metal-
(I1) B-diketonates should be investigated in some detail.

The present paper describes the mixed ligand com-
plexes of the types: M(hfa),(py),, M(hfa),phen,'® and
M(hfa),bpy, where M=Co(II), Ni(II), Cu(lI), and
Zn(II); Hhfa=hexafluoroacetylacetone; py=pyridine;
phen=1,10-phenanthroline; bpy=2,2’-bipyridine. The
phen and bpy adducts are expected to be most stable
because of both the presence of CFg- groups and the
chelate effect by the bidentate neutral ligands. In-
frared spectroscopy was mainly used for estimation of
the structures and the strength of metal-ligand bonds.
Thus far few reports have been published on the in-
frared spectra of base adducts, while those of metal
p-diketonate complexes have been studied extensively.
The mass spectra of the phen and bpy adducts were

also investigated in order to obtain information on the
stabilities of the adducts against electron impact.

Experimental

M(hfa),'®: A KOH solution
was neutralized with Hhfa. This solution was mixed with a
metal(II) acetate solution in a 2:1 molar ratio. The pre-
cipitate immediately formed was filtered, dried over P,O;,
and recrystallized from methanol. M(hfa),(py),: M(hfa),
was dissolved in hot neat pyridine, and crystals formed on
slow cooling were filtered and dried carefully. M(hfa),phen
and M(hfa),bpy: Methanol solutions of M(hfa), and each
nitrogenous base were mixed in a 1:1 molar ratio. After
standing overnight, crystallized adduct was filtered and dried
over P,0O;. The analytical data for isolated complexes are
given in Table 1.

Preparation of Complexes.

TABLE 1. ANALYTICAL DATA FOR THE ISOLATED ADDUCTS
C(%) H(%) N(%)
Compound A N —_—
Calcd Found Calcd Found Calcd Found
Co(hfa),(py), 38.06 38.46 1.92 2.11 4.44 5.00
Ni(hfa),(py). 38.06 39.47 1.92 1.87 4.44 4.14
Cu(hfa),(py); 37.78 37.72 1.90 1.88 4.41 4.40
Zn(hfa),(py), 37.67 38.52 1.90 2.16 4.39 4.98
Co(hfa),phen 40.46 41.00 1.54 1.60 4.29 4.49
Ni(hfa),phen 40.46 41.56 1.54 1.66 4.29 4.63
Cu(hfa),phen 40.17 40.21 1.53 1.56 4.26 4.42
Zn(hfa),phen 40.06 41.37 1.53 1.64 4.25 4.65
Co(hfa),bpy 38.18 38.62 1.61 1.68 4.45 4.57
Ni(hfa),bpy 38.19 38.46 1.61 1.64 4.45 4.65
Cu(bfa),bpy 37.90 37.78 1.59 1.60 4.42 4.45
Zn(hfa),bpy 37.73 37.55 1.59 1.58 4.40 4.42
Apparatus and Measurements. Infrared spectra were

measured using a Hitachi EPI-G3 (4000—700 cm—!) and a
Nippon Bunko IR-F (700—200 cm™?) infrared spectrophotom-
eter. Samples were in the form of Nujol mulls between
sodium chloride (4000—700 cm~?) or KRS-5 (700—200 cm™?)
plates. X-Ray powder diffraction patterns were obtained
using a Rigaku Denki 4051-5055 X-ray diffractometer with
CuKo radiation. Mass spectra were obtained on a Nihon
Denshi JMS-07 mass spectrometer under the following con-
ditions: ion source temperature 300 °C, ionization voltage
30 V, ion accelerating voltage 3 kV, ionization current 300 pA.
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Results and Discussion

The infrared spectra of the adducts exhibited no
band due to free carbonyl group or free nitrogenous
base, which shows these complexes to be six-coordinate.
Of course, the only reasonable structure for the phen or
bpy adduct is cis-octahedral one, whereas either cis or
trans isomer may be present in the case of the pyridine
adduct.

Strong absorption bands due to the C-O stretching
modes? were observedaround 1650 cm—!. Published
works have often referred to C-O stretching vibrations
for the purpose of obtaining indirect information on the
metal-oxygen bonds. However, it seems to us that no
clear correlation exists between the perturbed C-O
stretching vibration and the strength of M-O bond.1%:19)

TaBLE 2. METAL-SENSITIVE BANDsS OF M(hfa), (py),,
M(hfa),phen, anp M(hfa),bpy (cm™2)

Ni(hfa), Cu(hfa), Zn(hfa),

Co(hfa),

(PY)2 (PY)2 (PY)2 (py),  ‘ignment
667 s 673 s 667 s 665 s v (M-0),
635m 636m 648 sh 637m py (6a)
585 s 588 s 583 s,br 584 s v (M-0),

426m
i2sm| 4m  Gim | i05wm| PYUSH)
384w 404w 376m 372.5m v (M-0),
341w 345w 333w 340w v (M-0),
315m 326m 314.5m  3llm v (M-0);
255 sh 250 m,br 264m 255w
236.5m 240 sh 21lm

o(hfa i(hfa hfa Zn(hfa .
Cp(hen)z Np<hen) ? Cl}l)glen) ’ pglen) *  Assignment
667.5s 670 s 665 s 663 s v (M-0),
646w 648 sh 652 sh 647 sh phen
5855 586sbr  ood :h} 583sbr v (M-O),
427m 429m 433.5m  427m phen
387w 393m 3719w 374w v (M-0),
343w 346.5w 337w 342.5w v (M-0),
314w 317m a 308w v (M-0);
291m 298m 308m 290m phen
252m 258 m,br 265 m,br 252w
240 sh 244 sh,br 235w 240w

Co(hfa); Ni(hfa), Cu(bfa), Zn(hfa), Assienment
bpy bpy bpy bpy &

665 s 669.5s 665 s 664 s v (M-0),

637w 640w 643w 636w bpy

5855 587s  oof :h} 584.5s  v(M-O),

413m 415m 416m 412m bpy

385w 392.5w 380w 372.5w v (M-0),

343w 347w 337w 343w v (M-0),

316.5w  319.5w 312w 313w v (M-0);

278m 289m 294.5m

250w 259m 261w 250m

a) Overlapped by the neighboring band.

Table 2 summarizes the metal-sensitive bands of the
adducts in the far-infrared region. Above 700 cm™,
almost all the bands observed are associated with
vibrational modes of the ligands. The spectra in this

Base Adducts of Bis(hexafluoroacetylacetonato)metal(1I)

3189

region are very similar, and each band exhibited almost
no sensitivity to a metal. Therefore, no further effort
was devoted to examining the spectra above 700 cm~1.

The pyridine ring vibrations located at 405 cm™!
(vibration 16b, out-of-plane ring deformation) and at
604 cm~! (vibration 6a, in-plane ring deformation) in
free pyridine are known to suffer marked shifts toward
higher frequencies upon coordination to a metal.2®
In the pyridine adducts, the frequencies of the above
bands showed the following order: cobalt(II)< nickel-
(II)<copper(II) >zinc(II). This is the same order as
that reported in the literatures,2:22) in which it is sug-
gested that in a series of isostructural complexes, the
frequencies of these two bands increase with a decrease
in ionic radius of a metal. This conclusion is doubtful
because the effective ionic radii of six-coordinate cobalt-
(II), nickel(II), copper(II), and zinc(II) ions are re-
ported to be 0.73, 0.77, 0.81, and 0.83 A, respectively.23)
Doublings of the 405 cm~1 band took place except for
the case of the nickel(II) adduct, which is ascribed to
the result of some interaction between different pyridine
molecules.?2)

The assignments of phen and bpy vibrations in Table 2
are based on the work of Huchinson et al.2% It is worth
noting that the observed frequencies of the bidentate
ligands vibrations showed the same order with the case
of the pyridine ones. The frequencies of these vibra-
tions may be reflection of some factors such as metal—
nitrogen bond length, the strength of back-bonding, the
polarizing power of metal ion.2)

Metal-oxygen (M-O) stretching bands were assigned
on the basis of the metal ion substitution technique
applied extensively by Thornton et al.25-29 It is
generally recognized that in a series of isostructural
complexes, substitution of a metal ion by another leads
to a remarkable shift in a metal-ligand stretching fre-
quency. The infrared spectra of the adducts showed
five metal-sensitive bands in common in the 700—300
cm™! region. These bands are considered to contain
M-O stretching character to a varying degree bacause
of the strong coupling between various vibrational
modes. The bands observed at 405—370 cm~! can be
assigned to the least-coupled M-O stretching modes
because they exhibit the maximum sensitivity to the
metal ions. Since the transition metal(II) ions in the
present study have similar masses, the variation in
M-O stretching frequency may be considered to reflect
the variation in the force constant of the M~O bond to
a first approximation.

The M-O stretching frequencies of the adducts were
found to decrease as follows: nickel(IT)>cobalt(II)>
copper(II) >zinc(II), which is inconsistent with the
so-called Irving-Williams stability order: cobalt(II)<C
nickel(IT)<lcopper(II) >zinc(II). The M-O stretch-
ing frequencies of metal(II) S-diketonates have been
shown to follow this natural rule.?5:2) Hancock and
Thornton'? assigned the band at 427 cm—* of Cu(hfa),-
H,O to the copper-oxygen (Cu~O) stretching vibration,
and the present study shows that M-O stretching
frequencies of Ni(hfa), and Zn(hfa), are 404 and 385
cm™1, respectively.

The above results revealed that adduct formation
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causes a low-frequency shift of the M-O stretching band
except for the case of Ni(hfa),(py)s. The magnitudes of
shifts were 11—13 cm~! for nickel(II), zinc(II) com-
plexes and about 50 cm~?! for copper(II), respectively.
The shifts in the cobalt(II) complexes would be as
large as those in the nickel(II) and zinc(IT) complexes.2?)

These shifts can generally be explained in terms of
the electrostatic repulsion between a neutral base and
hfa. Anhydrous M(hfa), are estimated to have a
polynuclear octahedral geometry [M=Co(II), Ni(II),
and Zn(II)] like acetylacetonate analogues of these
metals.)) A considerable “crowding” of donor ligands
exists in the six-coordinate complex of a first-row transi-
tion metal(II). Thus, the coordination of more basic
nitrogenous base in place of bridging oxygen atoms
leads to the increased repulsion toward hfa, with the
result that M—O distances are slightly lengthened. This
interaction may be assumed to be caused by induced
charges through the d orbital of the metal(II) ion.”
Similar low-frequency shifts have been reported for bis-
(nitrogenous base) adducts of nickel(II) acetylaceto-
nate!”) and metal(II) thenoyltrifluoroacetonates.2® The
Lewis acidity of a metal(II) f-diketonate is enhanced
by the introduction of an electron-withdrawing sub-
stituent to the [-diketone ligand. This fact may be
ascribable to the reduction in the repulsion described
above owing to a decrease in the electron density
around the central metal(II) ion.

In the case of the copper(1I) complexes, exceptional-
ly large shifts of about 50 cm—! were observed, which
cannot be ascribed only to the repulsion effect. There
are two possible interpretations for these results. One
is that the coordination number of copper(II) changes
from five in Cu(hfa),-H,O to six in the adducts. In-
creased coordination number generally causes a con-
siderable low-frequency shift of metal-ligand stretching
bands.?®) However, the shift as much as 50 cm™!
seems to be too large even if the change in coordination
number is taken into consideration.

A more plausible explanation can be offered by con-
sidering a structure that has Jahn-Teller distortion
arising from the d? electron contiguration of copper(II)
ion.?) The cis-equatorial structure of Cu(hfa),(py),
and Cu(hfa),bpy has been established by single crystal
X-ray studies.”'? In view of the fact that the Cu-O
stretching bands of the three copper(II) adducts ap-
peared at approximately the same frequency, Cu(hfa),-
phen is thought to have a cis-equatorial structure as
well (Fig. 1). The coordinating ability of phen is
evidently higher than that of hfa which is the least basic
in a series of f-diketonate ions.3 The significant back-
donation as well as the chelate effect will stabilize the

Fig. 1. The estimated structure of Cu(hfa),phen.
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bonds between copper(II) and phen. It is, therefore,
reasonable to conclude that phen occupies the equatorial

sites, forming a most stable chelate ring with copper(II)
ion.

In each copper(II) adduct, one oxygen atom in hfa
occupies the equatorial position. On the other hand,
the other oxygen coordinates along the axial direction,
which results in a longer and weaker Cu-O bond
than the former. The observed Cu-O stretching bands
of the adducts are considered to exhibit a character
intermediate between the long and the short Cu-O
bonds because of the vibrational coupling.3) Con-
sequently, the Cu-O stretching band of the copper(II)
adduct appears at much lower frequency than that
of Cu(hfa),-H,O in which the four equatorial sites are
estimated to be occupied by hfa.

It should be noted that the nickel-oxygen (Ni-O)
stretching band of Ni(hfa),(py), showed a negligible
low-frequency shift on adduct formation. This fact
seems to exclude the possibility of Ni(hfa),(py), having
the cis arrangement of pyridine molecules because the
Ni-O steretching bands of Ni(hfa),phen and Ni(hfa),-
bpy, for which only a cis-octahedral structure is assumed.
shifted toward the lower frequencies to the same extent
as the other phen and bpy adducts. Single crystal
X-ray studies”) revealed that bis pyridine adducts of
Cu(hfa), and Zn(hfa), are of cis-octahedral geometry,
Cu(hfa)y(py),: monoclinic, P2,/c; Zn(hfa),(py),: mono-
clinic, C2/c. Figure 2 gives the X-ray powder patterns
of the pyridine adducts. Since Co(hfa),(py), was iso-
morphous with Zn(hfa),(py)s a cis structure is also
implied. On the other hand, Ni(hfa),(py), did not
show any feature of isomorphism with the ¢is Cu(hfa),-
(py): and Zn(hfa),(py), species. As Horrocks et al.
suggested,3?) there is little energy difference between
cts and frans forms of such adducts, and a trans isomer
may well be present in the crystalline state. However,

Tl
bl

Cu

. | || 0 T

Zn

10 20 30

20
Fig. 2. X-ray powder patterns of M(hfa),(py),.
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it is impossible at present to make a conclusive decision
regarding a irans arrangement in Ni(hfa),(py),.

It has been established that the increased donor
capacity of a nitrogenous base for a metal ion leads to
a reduction in M-O stretching frequency.'’-2*) How-
ever, the pyridine, phen, and bpy complexes showed no
marked difference in M-O stretching frequencies.
Incorporation of strongly electron-withdrawing CF,-
groups into f-diketone must result in weaker and longer
M-O bonds. Thus, the interaction between hfa and
a neutral ligand may be relatively weak, and the
strength of M-O bonds is hardly affected by slight
differences in the basicities of the three nitrogenous
bases®® (pK,: py 5.22, phen 4.86, bpy 4.35).

The metal-nitrogen (M-N) stretching vibrations are
expected to lie below 300 cm—t. However, the assign-
ment of metal pyridine stretching band has been subject
to some confusion. In the infrared spectrum of Ni-
(acac)y(py)s (Hacac=acetylacetone), the 249 cm—! band
was assigned to the nickel-nitrogen (Ni-N) stretching
mode by Nakamoto et al.,3 whereas Haigh et al.'V)
indicated the absence of any band due to Ni-N stretch-
ing mode in the region above 200 cm~!. To our knowl-
edge, no reports have been published on the assign-
ment of the M—N stretching vibration of six-coordinate
mono phen or bpy complex. Therefore, we did not
make any effort to assign the M—N stretching bands of
the adducts although a few netal-sensitive bands were
observed between 300 and 200 cm—1.

The mass spectrometry of M(hfa),phen and M (hfa),-
bpy was investigated in order to examine the fragmenta-
tion of the adducts under electron impact. Though the
mass spectra of metal f-diketonates have been studied
extensively,35-37 those of base adducts are still unknown.
Table 3 lists the relative intensities of the main fragment
peaks. The spectra in the mfe region greater than
500 where parent peaks might appear could not be
measured because of the limitation of the apparatus
used.

TABLE 3. RELATIVE INTENSITIES OF METAL-CONTAINING
IONS IN THE MASss SPECTRA OF M (hfa),phen AnD
M(hfa),bpy L: hfa, B: phen or bpy

M(hfa),phen M(hfa),bpy
Ion ———
Co 5Ni ®Cu ¢Zn Co 5Ni 6Zn
LMB+ 100 100 100 100 100 100 74
(L, M-CF,)* 37 45 8 100
(LeM-2CF;)* 15
F-MB+ 34 50 45 38 21 22
MB+ 78
(LM-CF,)* 77

The previous study®® on the thermal stability of the
synergistic adducts of copper(II) fS-diketonates has
demonstrated that a unidentate pyridine base is readily
released during thermal decomposition process. The
thermal stability of phen or bpy adduct is expected to
be enhanced far more exceedingly than that of pyridine
adduct because of the chelate effect. In fact, no thermal
decomposition of the adducts was observed during the
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mass spectral measurement except for the case of Cu-
(hfa),bpy.

It became evident that Cu(hfa),bpy decomposed into
Cu(hfa), and bpy prior to electron impact since the
mass spectrum of Cu(hfa),bpy corresponded to just a
superposition of that of Cu(hfa), and bpy. The ob-
served difference in the thermal stability between
Cu(hfa),phen and Cu(hfa),bpy is mainly ascribable to
the decreased rigidity of bpy molecule in comparison
with that of phen. As the result of the above reaction,
bpy molecule comes to rotate freely around the C-C
bond between the two aromatic rings, which contributes
positively to the entropy term of the free energy change
in the decomposition reaction. A more reduced d.—p-
interaction in the adduct of bpy having a shorter con-
jugated system may also play an important part.

(a) M(hfa);phen (M=Co and Ni) and Ni(hfa),bpy

-L
L,MB* — > LMB* —> F-MB*
(b) Cu(hfa),phen
L,CuB*
l —CF,

(L,CuB-CF,)*

o/ \ s

LCuB* (L,Cu-CF,)*
—L l l —CF,;
CuB* (L,Cu-2CF,)*

1 —138

(LCu-CFj)*
(¢ ) Zn(hfa);phen and M(hfa),bpy (M= Co and Zn)
L,MB*
l —CF,

(L,MB-CF,)*

o/ \os

LMB* (L, M-CF,)*
o
F-MB*
Chart 1. Mass fragmentations of M (hfa),phen and
M (hfa),bpy.

L: hfa, B: phen or bpy

The fragmentation sequences assumed with regard
to metalcontaining ions are shown in Chart 1. The
fragmentation of L,MB+ to LMB*+ may occur uvia
initial loss of CF5 and subsequent loss of CF;COCHCO
(mass 138). The nitrogenous beses in the group (a)
adducts are bound more firmly to metal ions than those
belonging to groups (b) and (c¢). In the latter com-
plexes, the fragment ions containing no nitrogenous
base, (LyM—CF;)* were detected. It is reported that
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elimination of CF, occurs with migration of a fluorine
atom to the metal in Zn(hfa), and Al(hfa);.3® The
whole residual ligand CF,COCHCOCF, (mass 188)
was lost in the corresponding process of the phen and
bpy adducts.

After loss of one hfa radical, Cu(hfa)phent undergoes
quite a unique fragmentation, i.e., Cu(hfa)phent—
Cu-phent+--hfa. It is interesting to note that Cu-
phent formally involves Cu(I). Of the present four
metals, only copper is relatively stable in the univalent
state. A decrease in valency of a metal generally leads
to increased covalent character of the metal-ligand
bonds.?® Thus, the copper-nitrogen bonds in Cu-phen+
are fairly stabilized through the strong copper(I)-to-
ligand back-donation.

References

1) D. P. Graddon, Coord. Chem. Rev., 4, 1 (1969).

2) R. D. Gillard and G. Wilkinson, J. Chem. Soc., 1963,
5885.

3) W. R. Walker and N. C. Li, J. Inorg. Nucl. Chem., 27,
2255 (1965).

4) N. C. Li, S. M. Wang, and W. R. Walker, ibid., 27,
2263 (1965).

5) L. L. Funck and T. R. Ortolano, Inorg. Chem., 7, 567
(1968).

6) W. Partenheimer and R. S. Drago, ibid., 9, 47 (1970).

7) J. Pradilla-Sorzano and J. P. Fackler, Jr., ibid., 12,
1174 (1973).

8) D.P. Graddon and E. C. Watton, J. Inorg. Nucl. Chem.,
21, 49 (1961).

9) Y. Marcus and A. S. Kertes, “Ion Exchange and
Solvent Extraction of Metal Complexes,” Wiley-Interscience,
New York, N. Y. (1969), p. 815.

10) W. D. Horrocks, Jr., D. H. Templeton, and A. Zalkin,
Inorg. Chem., 7, 1552 (1968).

11) J. M. Haigh, N. P. Slabbert, and D. A. Thornton,
J. Mol. Struct., 7, 199 (1971).

12) M. V. Veidis, G. H. Schreiber, T. E. Gough, and G. J.
Palenik, J. Amer. Chem. Soc., 91, 1859 (1969).

13) D. E. Fenton, R. S. Nyholm, and M. R. Truter, J.
Chem. Soc., A, 1971, 1577.

14) T. Kurauchi, M. Matsui, Y. Nakamura, S. Qoi, S.
Kawaguchi, and H. Kuroya, This Bulletin, 47, 3049 (1974).

15) Preliminary communication was presented in F. Izumi,
R. Kurosawa, H. Kawamoto, and H. Akaiwa, Chem. Lett.,
1975, 379.

Fujio Izumi, Ryoko Kurosawa, Hiroshi KawamoTo, and Hideo Akatwa

[Vol. 48, No. 11

16) M. L. Morris, R. W. Moshier, and R. E. Sievers, Inorg.
Chem., 2, 411 (1963).

17) R. D. Hancock and D. A. Thornton, J. Mol. Struct.,
4, 377 (1969).

18) L. J. Bellamy and R. F. Branch, J. Chem. Soc., 1954,
4491.

19) B. Rao and H. B. Mathur, J. Inorg. Nucl. Chem., 33,
2919 (1971).

20) K. Nakamoto, “Infrared Spectra of Inorganic and
Coordination Compounds,” Wiley-Interscience, New York,
N. Y. (1970), p. 212,

21) N. S. Gill, R. H. Nuttal, D. E. Scaife, and P. W. A.
Sharp, J. Inorg. Nucl. Chem., 18, 79 (1961).

22) R.]J. H. Clark and C. S. Williams, Inorg. Chem., 4, 350
(1969).

23) E.J. W. Whittaker and R. Muntus, Geochim. Cosmochim.
Acta, 34, 945 (1970).

24) B. Hutchinson, J. Takemoto, and K. Nakamoto, J.
Amer. Chem. Soc., 92, 3335 (1970).

25) G. S. Shephard and D. A. Thornton, Helv. Chim. Acta,
54, 2212 (1971).

26) G. C. Percy and D. A. Thornton, J. Inorg. Nucl. Chem.,
35, 2719 (1973).

27) C. A. Fleming and D. A. Thornton, J. Mol. Struct., 17,
79. (1973).

28) R. D. Hancock and D. A. Thornton, J. South African
Chem. Inst., 23, 71 (1970).

29) H. Akaiwa, H. Kawamoto, and F. Izumi, J. Inorg.
Nucl. Chem., 37, 65 (1975).

30) L. G. Van Uitert, W. C. Fernelius, and B. E. Douglas,
J. Amer. Chem. Soc., 75, 457 (1953).

31) M. Mikami, I. Nakagawa, and T. Shimanouchi,
Spectrochim. Acta, 23A, 1037 (1967).

32) W. D. Horrocks, Jr., D. H. Templeton, and A. Zalkin,
Inorg. Chem., 7, 1552 (1968).

33) A. A. Schilt, “Analytical Applications of 1,10-Phenan-
throline and Related Compounds,” Pergamon Press, London
(1969), pp. 4, 6.

34) K. Nakamoto, C. Udovich, and J. Takemoto, J. Amer.
Chem. Soc., 92, 3973 (1970).

35) S. Sasaki, Y. Itagaki, T. Kurokawa, and K. Nakanishi,
This Bulletin, 40, 76 (1967).

36) C. Reichert, J. B. Westmore, and H. D. Gesser, Chem.
Commun., 1967, 782.

37) C. Reichert and J. B. Westmore, Can. J. Chem., 48,
3213 (1970).

38) H. Akaiwa, H. Kawamoto, and M. Abe, J. Inorg. Nucl.
Chem., 34, 1763 (1972).

39) R. G. Pearson, J. Chem. Educ., 45, 581, 643 (1968).






