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The O(1s) and N(Is) electron-binding energies were measured for the dioxime complexes of several transition
metals by means of the X-ray photoelectron spectroscopic method. On the basis of their chemical shifts, the strength
of the intramolecular hydrogen bonds and the charge distribution around the nitrogen atoms in the complexes
are discussed. Two kinds of oxygen atoms were observed for all the complexes, and their binding energy differences
were in the range of 1.3—1.9 eV. This difference was found to decrease with the increase in the strength of the hy-

drogen bonds.

However, only one kind of nitrogen atom was observed for all the compounds except one.

The

N(1s) chemical shifts were in the range of 0.2—0.8 ¢V, and were found to increase slightly in the order of Cu<

Nill<PdE <Pt

It is well known that dimethylglyoxime is the first
selective organic reagent! applied in the analyses or
metals. In order to establish the structure of dimethyl-
glyoxime complexes of transition metals, several com-
plexes have been investigated by X-ray diffraction,?="
infra-red spectrophotometry,®-1%) magnetic!*-1?) and
stability!®1% measurements. These investigations con-
firmed the square planar structure of the dimethyl-
glyoxime complexes with a metal-ligand ratio of 1:2
of nickel, palladium, platinum, and copper. Further-
more, these investigations proved more important
factors stabilizing the dioxime complexes to be the
intramolecular hydrogen bonds in the planar con-
figuration and the metal—ligand donor-acceptor =
bonds in the chelate rings.

There have been two different opinions regarding
the intramolecular hydrogen bonds in the Ni complex
of dimethylglyoxime; one is that they are symmet-
ric,281420) and the other that they are unsymmet-
ric.1)  These conflicting results are due to the complex-
ity of assigning the band of a hydroxyl group in IR.
The former opinion is based only on the apparent centro-
symmetric structure of the complex, the short O-O
distance, and the low OH stretching frequency. No
direct location of the protons has been carried out.

It has been known that X-ray photoelectron spectros-
copy (XPS) is suitable for the detection of a proton-
ated atom.?) The purpose of the present study is
to examine the hydrogen bonds and the z bonds in
several dioxime complexes of transition metals by
means of XPS.

Experimental

The X-ray photoelectron spectra were measured on an
AEI ES200 spectrometer. Al Ko (1486.6 €V) X-ray radia-
tion was used as the excitation source. Samples were ground
to a powder and then dusted onto a double-backed adhesive
tape. The measurements were run at room temperature
under a vacuum of about 10~7 Torr. Dimethylglyoxime,
benzil dioxime, 1,2-cyclohexanedione dioxime (abbreviated
as LH, L'H, and L”H) were used as ligands, and nickel(II),
palladium(II), platinum(II), copper(II), and cobalt(III),
as metal ions. All the free ligands were commercially avail-
able and of an analytical grade, and were used without
further purification. All the complexes were prepared by
the literaturc methods, and were checked by elemental
analysis.

All the C(ls) electron spectra showed nearly symmetrical

single peaks with the full-width at a half-maximum height
(FWHM) of 1.8—2.0 eV for benzil dioxime and 1,2-cyclo-
hexanedione dioxime and their metal complexes, and of
2.0—2.2 eV for dimethylglyoxime and its metal complexes.
It is reasonable to assume that the C(ls) binding energy is
nearly constant within the complexes with the same ligand.
Furthermore, as only the relative binding energies were
considered in the present study, the binding energy of the
C(1s) peak was used as the energy standard throughout the
experiments; it was taken to be 285.0 eV. The reproduci-
bilities of the values thus obtained were within =+0.1 eV.

Results

The O(ls) and N(Is) electron-binding energies
measured are given in Table 1.

The O(ls) Spectra. The O(ls) electron spectra
of the dimethylglyoxime complexes are shown in Figs.

TABLE 1. MEASURED BINDING ENERGIES
Binding energy (eV) N(ls)
Compound® chemical

N(ls) O(ls) AED  shift (eV)®
PtL, 400.8 532.8; 531.0 1.8 0.8
PdL, 400.7 532.8; 531.0 1.8 0.7
NiL, 400.5 532.5; 531.2 1.3 0-5
CuL, 400.3 532.8; 531.1 1.7 0.3
CoIL, 400.3 532.9; 531.0 1.9 0.3
[Co™(NH,),L,]Cl

400.7; 532.6; 531.2 1.4 0.7

399.4
HCo!"L,Cl, 400.7 532.8; 531.2 1.6 0.7
PtL; 401.4 533.4; 531.7 1.7 0.6
PdL; 401.2 533.4; 531.7 1.7 0.4
NiL; 401.1 533.0; 531.7 1.3 0.3
CuL; 401.0 533.4; 531.7 1.7 0.2
PtLy 400.9 533.1; 531.2 1.9 0.7
PdLy 400.8 533.1; 531.2 1.9 0.6
NiLy’ 400.6 532.6; 531.2 1.4 0.4
CuL;’ 400.4 533.0; 531.1 1.9 0.2
LH 400.0 532.8
L'H 400.8 533.5
L"H 400.2 533.0

a) LH, L'H, and L”H indicate dimethylglyoxime,
benzil dioxime, and 1,2-cyclohexanedione dioxime
respectively. b) The binding-energy difference of the two
O(ls) peaks. c) The N(Is) binding-energy difference
of a complex and a free ligand.
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Fig. 1. O(ls) electron spectra.
a: PtL,, b: PdL,.
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Tig. 2. O(ls) electron spectra.
a: NiL,, b: CuL,.

1-—3. All the spectra showed multiple peaks, or one
broad peak with the FWHM of 2.7—2.9eV. The
peaks with the FWHM of about 1.8 €V, indicated by
the broken lines in the figures, were obtained by a
graphical resolution. The peak with the highest
binding energy of the three peaks in Fig. 1b can be
assigned to the Pd(3p;,,) electron. As is seen in Figs.
1—3, at least two kinds of oxygen atoms were observed
for all the complexes. The intensity ratio of the two
kinds of oxygens was nearly 1:1 for all the complexes
except for HCoL,Cl,, for which the ratio was about
3:1.

The O(ls) spectra of the benzyl dioxime and 1,2-
cyclohexane-dione dioxime complexes of each metal
ion were very similar in appearance to that of the
corresponding  dimethylglyoxime complex.  The
O(ls) spectra of all the free ligands showed nearly
symmetrical single peaks with an FWHM of 2.0—
2.1eV.

The N(1s) Spectra. Figure 4 shows the N(Is)
spectra of NiL, and [Co(NH,),L,]Cl. The peaks
indicated by the broken lines were obtained as in the
case of the O(ls) spectra.

The N(1s) spectrum of NiL, showed a single main
peak with an FWHM of 1.6 eV and a broad satellite
with a low intensity in the region of higher energies
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Fig. 3. O(ls) electron spectra.
a: CoL,;, b: [Co(NH,),L,]Cl, c: HCoL,Cl,.
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Fig. 4. N(Is) electron spectra.
a: NiL,, b: [Co(NHj;),L,]CIL

than the main peak. The N(1Is) spectra of all the other
compounds were similar in appearance to that of
NiL, except for the [Co(NH,),L,]Cl shown in Fig.
4b. This indicates the presence of only one kind of
nitrogen atom in all the compounds studied here ex-
cept for [Co(NH,;),L,]CL

The N(ls) spectrum of [Co(NHj),L,]Cl showed
an unsymmetrical broad peak with an FWHM of
2.3 eV (Fig. 4b). This suggests the presence of two
kinds of nitrogen atoms. The intensity ratio of about
2:1 of the two peaks clearly indicates that the peak
with the higher binding energy is due to the nitrogen
atom of dimethylglyoxime, and the other, to the nitrogen
of ammonia.

Discussion

The O(1s) Spectra. For all the metal complexes
of the three ligands, the peaks with high and low
binding energies may be assigned to the protonated
and deprotonated oxygen atoms, —OH and —O~ respec-
tively, because the binding energy of the former was close
to that of the free ligand.

The magnitude of the O(ls) binding-energy differ-
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ences between the above two peaks may be corre-
lated with the difference in the electronic charge be-
tween the two oxygen atoms. That is, the binding
energy difference becomes large as the charge differ-
ence becomes large.

An increase in the strength of an OH:---O
hydrogen bond results in decreases in the O-O dis-
tance and the charge difference between the two
oxygen atoms, giving rise to a small binding-energy
difference between the two O(ls) peaks. Therefore,
it may be considered that the hydrogen bond in the
Ni complex, which has the smallest binding-energy
difference, is stronger than those of the Pt and Pd
complexes. This coincides with the results previously
obtained by X-ray analysis2® and IR studies.?:20)

The O-O distances of the Pt, Pd, and Ni complexes
of dimethylglyoxime, as determined by the X-ray
analyses, were 3.03, 2.59, and 2.44 A respectively.2—%

It is striking that the binding-energy differences
of the two peaks for both the Pt and Pd complexes
of dimethylglyoxime are the same, while there is an
appreciable difference in the O-O distance between
the two complexes.

The binding-energy difference between the two
peaks for [Co(NHj;),L,]+, in which the O-O distance
is 265A,9 is 1.4eV. The binding-energy differences
between the two peaks in the O(ls) spectra for o- and
p-aminobenzoic acids,?® in which the O-O distances
of the intermolecular hydrogen bonds are 2.54%%)
and 2.61—2.64 A,29 were 1.4 and 1.5 eV respectively.
Therefore, it seems that the binding-energy difference
for PdL, was fairly large compared with those for
the compounds stated above with O-O distances simi-
lar to that of PdL,. Though the reason for this cannot
be explained clearly as yet, it is possibly due to the dif-
ference in the bonding type of the hydrogen bond,
such as a bent or straight hydrogen bond. That is,
the former type may be supposed for the Pd com-
plexes, and the latter type, for the complexes quoted
above as comparison and the Pt complexes.

It seems reasonable that the binding-energy dif-
ferences observed in the complexes in Table 1 which
have the intramolecular hydrogen bonds are equal to
or smaller than that for CoL;, in which the presence of
a hydrogen bond analogous to those in the above com-
plexes cannot be expected.102:10¢)

It is very interesting that the present experiment
for the three Ni complexes showed the presence of
two kinds of oxygen atoms. In a symmetrical O---H---
O hydrogen bond, the equivalence of the two
oxygen atoms may be expected, because the proton
occupies a central position between the two oxygen
atoms. Therefore, it seems that the hydrogen bonds
in the three Ni complexes are unsymmetrical.

The crystal-structure analysis® of Cul, showed that
this complex exists as a dimer bridged by two oxy-
gen atoms, and that it involves two kinds of intra-
molecular hydrogen bonds: weak and strong ones.
Therefore, four kinds of oxygen atoms should be present
in the complex. However, the O(ls) spectrum for
CuL, could roughly be divided into only two peaks,
like the other two Cu complexes.

XPS Study of Dioxime Metal Complexes

3259

It is clear from the dominant presence of the proto-
nated oxygen atom over the deprotonated one, as may
be seen in Fig. 3c, that, in the HCoL,Cl, compléx,
an additional proton exists near an oxygen atom.
This agrees with the results obtained by IR studies!0¢.12)
of the complex.

In the intramolecular hydrogen bonds studied
here, the protons may be considered to be rapidly
changing in their position from near one oxygen atom
to near the other. In general, the lifetime of proton
tautomers is much longer than the time (10-16—10-185)
needed in an ionization process in XPS.2%) Therefore,
it was considered that the two kinds of oxygen atoms,
the individual tautomers could easily be detected in
this experiment.

The N(Is) Spectra. The N(Is) spectra of all
the complexes were expected to show two well-resolved
peaks or a single broad peak, because the complexes
contain two kinds of nitrogen atoms bonded with
different groups, —OH and -O-. However, only a
single peak with almost the same FWHM as the free
ligand was observed in the N(ls) spectrum for all the
complexes. This is probably due to the cyclic delo-
calization?3:18,19,26)  hased wupon the metal—ligand
donor-acceptor = bond in the five-membered rings.
Such delocalization is considered to equalize the charges
on the four nitrogen atoms.

The positive N(1s) chemical shift, which is the dif-
ference between the N(ls) binding energies of the
complex and the free ligand, is, in all the complexes,
considered to be due to the change in the electron
density on the nitrogen atom caused by the coordination
of lone-pair electrons of the nitrogen atom to the metal
and the above-stated cyclic delocalization of electrons.

The magnitudes of the N(Is) chemical shifts were
found to increase gradually in the order of Cu<Ni<
Pd<Pt complexes. This indicates that, of the four
complexes, the electron density around the nitrogen
atom is the smallest in the Pt complex and the largest
in the Cu complex. This order corresponds well
to the decreasing order of the C=N frequencies of these
complexes, where fewer frequencies indicate more
conjugation in a chelate ring.®)

The weak peak observed about 2.5 €V on the higher-
energy side of the main peak, as is seen in Fig. 4, may
be partly assigned to the shake-up satellite peak, which
is mainly due to the co-excitations of valence electrons
(L-L transition) on the ejection of the innner electrons,
on the basis of the following facts. Such a weak peak
was also observed in the N(Is) spectrum of each free
ligand in the present study. In our laboratory, such
peaks have previously been observed in the N(Is)
spectra only of compounds containing unsaturated
nitrogen groups in addition to the compounds listed
in Table 1.2 Furthermore, the electron spectra of
the compounds containing the unsaturated bonds with
a hetero-atom in the molecule generally show the
absorption bands due to n-z*, m-z* transitions in a
region of about (10—50)%10%cm~128 In the case
of NiL,, such bands are observed in the vicinity of
20x 103 and 40X 103 cm~1,2%:30) which approximately
correspond to 2.5 and 5.0 eV respectively.
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The FEstimation of the Charge Difference. In
the point charge model,®) a core-binding energy can
be expressed by

Eb =kq + Vi + | + E,, (1)

where Eb is the binding energy for a particular core

level in a given atom (the “ionized” atom), ¢, is the

charge of the ionized atom, Vl(=§ g;/Ry;) is  the
i)

Coulomb potential energy at the site of the ionized
atom due to the other charged atoms of the molecule,
k and [ are empirical constants for the studied atom,
and E, is the relaxation energy associated with the
shift of electrons toward the core hole.

The O(ls) binding energies of two oxygen atoms in
the nickel dimethylglyoxime complex can be given
by

B. E.(Oy) = kogo, + Vo, + lo + Er, (2)
B. E(Og) = koQo, + Vo, + lo + E,-. (3)

The following equation can be obtained by using
the interatomic distances previously reported®? and
by considering the D,, symmetry of the complex:

1
A¢= p—ggz (AE—an(URom—1/Row)}, ()

where Ag=go,—go, and where AE=B.E.(O,)—B.E.-
(0,)=1.3eV. By substituting Ro,s=1.15A and Ro,u
=1.29 A, obtained by the application of Lippincott’s
model equation,3 and £o=25.8 eV/(unit charge),
determined empirically by Siegbahn ef al.,3®) into Eq.
4, Aq was estimated as follows:

1 1 .
q = '2—5—.7]:‘(1-3_0.003qH) =~ —257‘ X 1.3 = 0.051.

Therefore, it seemed that the intramolecular hydrogen
bond of the nickel dimethylglyoxime complex was
slightly unsymmetrical, with a charge difference of
about 0.05 unit charge.
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