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ABSTRACT. The hypersensitive f—f transitions of Nd(II), Ho(III), and Er(III) have been
studied for some lanthanide complexes in aqueous solution. Based on the linear correlation between
the oscillator strength of the transition and the basicity(pK,) of the ligand, the covalency in the
metal-ligand bonding is discussed for lanthanide anthranilate, pyrazine-2-carboxylate, and pyru-

vate.

INTRODUCTION

The ahsorption bands of f-=f transitions in
lanthanide ions are sharp and narrow in cont-
rast with those of d—d transitions. These bands
are also quite insensitive to the environment
about the lanthanide ion.! However, the certain
transitions, so called “hypersensitive transi-

tions”, are significantly affected by the environ-

#Dedicated to professor Chong Hoe Park on the occ-
asion of his 60th birthday.

mental change about the ion?™4,

Judd® proposed that symmetry changes about
the lanthanide ion cause the hypersensitivity.
The hypersensitivity is observed when symme-
tries belonging to the groups, C,,C, or C,, are
present. However, it seems like that these sym-
metries are not always required, since several
apparent exceptions have been found.®

Henrie and Choppin? have proposed that the
covalency in the lanthanide-ligand bonding is
directly related to the hypersensitivity, based on
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the observation of the charge transfer transitions
in the lanthanide complexes which are extre-
mely sensitive to the type of ligand and to the
metal ion.® They have shown experimentally
the linear relationship between the basicity(p
K.) of the ligand and the oscillator strength of
the hypersensitive spectral transition in the Nd
(III) and Ho(IIl) complexes.®

The lanthanide(III) ions like the alkaline
earth metal ions, which belong to the hard
acid group, bind strongly with the oxygen atom
rather than other type of donor atoms. Their
binding is known to be mainly electrostatic but
weak covalent. The oscillator strength of the
hypersensitive transition could be a measure of
the magnitude of the covalency in the lantha-
nide complexes. We have applied the hyperse-
nsitive spectral transitions to discuss the covalent
binding effect on the complexation of the fur-
oate, anthranilate, and squarate with Nd(III)
and Ho(III) ions. 1
have investigated the effects of the pyruvate and

In the present work, we

pyrazine-2-carboxylate ligands on the hyperse-
nsitive transitions of Nd(III), Ho{III) and Er
(III) complexes.

EXPERIMENTAL

Chemicals. The neodynium, holmium and
erbium perchlorate solutions were prepared by
dissolving the corresponding lanthanide oxides
(American Potash and Chemical, 92.99%) in
concentrated perchloric acid. Standardization of
the stock solutions was accomplished by EDTA
titration with xylenol orange indicator in the
acetate buffer(pH=4.16). The stock solutions of
the ligand acids were prepared and standardized
using the acid-base titration method. The tctal
ionic strength of the working solutions was
adjusted with NaClO,. Deionized water was used
for the preparation of all solutions.

Equipments. pH measurements were maded
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with a Beckman Model 4500 Digital pH meter
and Fisher standard combination electrode. Spe
ctral measurements were made using Pye Unicam
SP 1800 spectrophotometer and 4 cm or 10 cm
matched fused silica cell.

Procedure. The oscillator strength for each
metal complex was calculated with the method
described previously.®¥ In the concentration
conditions from which the formation of any
significant amounts of complexes greater than
ML, is prevented, the observed oscillator stre-
ngth of the solution would be a sum of the
oscillator strengths for the metal species as Eq.

(1).
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Fig. 1. The absorption bands for the hypersensitive
transition in Er(III)4fy5,,—%y; 97 Er¥*(aq)——, ErPy
#evsirs, Era— P —.—.— ErPC#*—...—, (Py; Pyru-
vate, a-P;a-Picolinate, PC; Pyrazine-2-carboxylate).,
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Table 1. Typical experimental results of Er(I1I)-pyrazine~2-carboxylate solutions. I=1.0M, T=25°C, Mr=0.

0096M, Lr=0.0150M

Concentration (M)

P

pH o0 ML MLy ML) W (X109 Fue fur S S S

1.361 (.0096 0.0000 6.0000 ©.0000 0.0000 1.63¢ 1.0000 0.0000 0.0000 ©.0000 O.0000
1. 458 0.0068 0.0027 0.0002 0.0000 0.0006 2.376 0.7032 0.2761 0.0202 0.0006 0.0378
1.617 0.0061 0.0032 0.0003 0.0000 0.0008 2.588 0.6365 0.3303 0.0319 0.0012 0.0500
1.824 0.0053 0.0038 0.0005 0.0000 0.0011 2.722  0.5473 0.3964 0.0535 0.0029 0.0698
2.253 (.0037 0.0047 0.0011 0.0001 ©.0018 2.782 0.3840 0.4891 0.1160 0.0110 0.1227
2.419 0.0032 0.0049 0.0014 0.0002 0.0022 2.890 0.3361 0.5061 0.1420 ©0.0159 0.1451
3.059 0.0022 0.0050 0.0021 ©0.0003 0.0032 3.021 0.2314 0.5174 0.2165 0.0357 0.2155
3.223 0.0021 0.0050 0.0022 0.0004 0.0034 3.230 0.2192 0.5156 0.2258 0.0394 (.2266
3.477 0.0020 0.0049 0.0023 0.0004 0.0036 3.473  0.2070 0.5129 0.2367 0.0435 0.2388

Table 2, Oscillator strengths(xX108) of the complexes in aqueous solution for the hypersensitive transitions.
Ly ,04Gs 9, Grss for NA(IID), 513—5Ge, SF) for Ho(IIl) and *fi5,,—2H) 2 for Er(II1)

Anthranilate Pyruvate Pyrazine-2-carboxylate
Er(II) Nd (TTT) Ho (III) Ex(II) N (I Ho(IIT) Ex(II1)

Pas 1.63 7.86 5.97 1.61 7.70 5.61 1.89
Py 2.91+0.15 [18.31+2.14 13.6240.72 4.40+0.25 { 12.19+0.84 8.7010.39 3.47+0.21

pX. 2.00 2.00 2.00 2.00 2.76 2.76 2.76
Furoate Glycolate Acetate Isobutylate Propionate Picolinate  Acetvlacetate

Er(1II) Er(HI) Ec(1II) Ee(1IT) Ec(I1) Ev(11IF) Er(I1I)

Pas 1.78 1.52 1.92 1. 90 1.99 1.50 1.99
Py 3.17+0.39 3.351+0.18 3.94+0.19 3.91+0.42 3.91+0.52 4.06+0.31 7.03£0. 46

rK. 311 3.57 4.55 4.64 4. 66 5.18 8.88
o=t rp ( 61008, 4350~4367A, and 5030~5350A, respe-
obe. ?;n ¢4 MLi n ctively. Fig. 1 shows the hypersensitivity of

The f; values, the mole fraction of ML; com-
plex, could be calculated from the stability
constants of the species reported in the literat-
ure.12*1% The P parameters were fit using a
linear regression program(SPSS version H Rel-

ase 8.1) to compute.

RESULTS AND DISCUSSION

The hypersensitive transitions studied are *fy,,
—Gs/2, 2G5 for N&¥, SI;-%Gq, SFy for Ho't,
and 2I5,5—2H), s for Er3*. The absorption bands
which are due to the hypersensitive transitions
of Nd3*, Ho®*, and Er3* ions occur at 5450~

the absorption spectra of the Er’" in various
environments. A typical set of the experimental
data for Ex(II)-pyrazine-2-carboxylate is Table
1. The oscillator strengths for individual com-
plexes calculated from Eq.(1} are given in
Table 2 along with the values of pK, of the
ligands. The data in Table 2 show that the
oscillator strengths are varied with the variat-
ion of the ligands, The calculated Py values
should be equal to the Py, (=1.36X107% obs-
erved in the aqueous perchlorate solution, The
satisfactory agreement between the values of Py
calculated for the complex solutions and those
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Fig. 2. The correlation diagram of pK, vs ; for
the monobasie ligands.

of the aqueous ion is a good evidence for the
validity of the data analysis,

The oscillator strength of an induced electric-
dipole transition would be written as'®

P=Z cp(fNEINUR|| f5 J) /(2T +1) (2)

where D is the transition energy, ( f¥&J|U@|
F¥T'J') are the square of the matrix elements
of the unit tensor operator U® connecting the
initial and final states (FJ and’' ¥ J)and 2J+1 is
the ground state multiplicity. 7;(3=2, 4, and 6)
arethe phenomenological parameters which are
related to the redial wavefunctions of the states,

and the
ligand field parameters. The 7z, and 74 param-

the refractive index of the medium,

eters are small, compared with 7, parameter.
It has been assumed that the 7, and 7y param-
eters are constant and equal to the aqueous values
for all the complexes in the calculation of the
values of 7,. 7 parameter is consequently assu-
med to be directly proportional to the oscillator
strength of the hypersensitive band. The values
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Fig. 3. The correlation diagram of pK, vs Py for
the monobasic ligands{*Data from reference 9, 11 bes
ide those of the pyruvate and the pyrazine-2-carbo-
xylate),

of 72 for Er(III) have been calculated using the
values of oscillator strengths given in Table 2
by the method of Gruen et af.1” and Peacock. 1
Fig. 2 is a plotof 7, values of EC** complexes
against the ligand basicity (pK,). A linear
correlation between r, and pK, with some exe-
eptions is noted from Fig. 2. Choppin et al’.
have found a similar linear relationship between
72 and pK, for the Nd** and Ho®* complexes.
Thus, they have suggested thet the oscillator
strength of the complex may be a measure of
covalency in the metal-ligand bonding.

Fig. 3 is the plot of the oscillator strength
of the complex against the pK, of the ligand
acid for some lanthanide complexes. It is noted
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Fig. 4. The structure of lanthanide (ITI)-pyrazine-2
~carboxylate (1:1).
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Fig. 5. The structure of various pyruvate species.

that there is a linear correlation between the
oscillator strength of the complex and the pK,
of the ligand for the Er(IIl) complexes as well
as for the NA(III) and Ho(III) complexes alr-
eady reported by Choppin ¢t al.%1* However,
the pyruvate, anthranilate, and pyrazine-2-car-
boxylate deviate well above from the linear line
for all of the Nd(I1l), Ho(III), and Er(IIl).
They seem to require a larger value of pK, to
fit the line. It would mean that the ligands are
more basic to the lanthanide ion than to a
proton,

We have previously discussed the deviation
of the oscillator strength from the value expe-
cted from the pK, of the ligand for the Nd
(III) and Ho({lIll} anthranilate complexes. A
similar argument is also applied to the Er(IIl)
anthranilate

The deviation of the pyrazine-2-carboxylate
is interesting since the analogous a-picolinate
has been found to fit on the linear line using
the pK, value for the carboxylate group. It has
been reported'® that the pyrazine-2-carboxylate
forms a chelate with a lanthanide ion in the
aqueous solution in a fashion of Fig. 4. In this
ligand, 4-nitrogen atom of the ring could not

interact with the metal ion by the steric reason.
However, 4-nitrogen atom of the ligand may
play an important role in the formation of the
complex. The basicity of the 4-nitrogen atom
would transfer through the z-resonance system
of the heterocyclic ring to the 1-nitrogen atom
and the carboxylate group. This could enhance
the covalency of metal-ligand interaction of the
lanthanide pyrazine-2-carboxylate complex,

The pyruvate is a monobasic acid and exists
as three forms of the keto, diol, and dimer in
the aqueous solution as shown in Fig. 5. The
basicities are pK,=2.0 for the keto and pK,=
3.4 for the diol. The nmr study of the lanth-
anide pyruvate in aqueous solution has shown
that there are 60% of the keto complex, 20%
of the diol complex, and 22% of the dimer
complex. ™ The study also has suggested that the
diol and dimer of the pyruvate act as a biden-
tate while the keto form does as 2 monodentate.
As shown in Fig. 3, the oscillator strength of
the pyruvate complex is much larger than that
expected from the correlation line when the pK,
=2.0 of the keto form is used. Even though
pK.=3.6 of the diol form is used, the Py value
of the complex solution still deviates above from
the linear line, This suggests that the basicity
of the dimer would be quite large. Lanthanide
-diol pyruvate complexes form chelation as in
other a~hydroxy carboxylate ligands. Lantha-
nide-dimer pyruvate complexes are formed via
chelation to the a-hydroxy carboxylate end in
others. 3 Thus, the basicity of the a-hydroxy
group would also contribute to the oscillator
strength of the complex,
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