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ABSTRACT: In chemistry, a transition metal (or transition element) is a chemical element that has a partly filled d
subshell in elemental form or as an ion in compounds, which allows the d orbitals to participate in chemical bonding.
The transition metals are approximately those elements in the d-block of the periodic table, a criterion that is sometimes
used to define them. Definitions of the term transition metal vary, but usually include all the elements of groups 4
through 11, and the group 3 elements scandium and yttrium. They often also include lanthanum and actinium,
or lutetium and lawrencium. The f-block lanthanide and actinide series are called inner transition metals and are
sometimes considered to be transition metals.

Since they are metals, they are lustrous and have good electrical and thermal conductivity. Most (with the exception

of group 11 and group 12) are hard and strong, and have high melting and boiling temperatures. They form compounds
in any of two or more different oxidation states and bind to a variety of ligands to form coordination complexes that are
often coloured. They form many useful alloys and are often employed as catalysts in elemental form or in compounds
such as coordination complexes and oxides. Most are strongly paramagnetic because of their unpaired d electrons, as
are many of their compounds. All of the elements that are ferromagnetic near room temperature are transition metals
(iron, cobalt and nickel) or inner transition metals (gadolinium).

KEYWORDS: transition, complexes, metal, extraction, chemiscal, catalysts, temperature, compounds
I. INTRODUCTION

Recent studies on complex formation have revealed that the ligand structure plays a critical role in selectivity for metal
ions. In previous reports,1-3 it has been shown that poly(pyrazolyl)borates, of which the basic structure is [HnB(pz)4-
n] - (n =0-2), have a unique selectivity for metal ions due to different steric factors from the conventional ligands. The
selectivity of tripodal tridentate ligands, [HB(pz)3] - , [B(pz)4] - and [HB(3,5-Me2pz)3] - , for group 2 metal ions was
studied by solvent extraction. [HB(pz)3] - extracted Mg2+ and Ca2+ effectively and Sr2+ to some extent. However,
[B(pz)4] - extracted Mg2+ but not Ca2+, because it is hard for [B(pz)4] - to increase the bite size due to intraligand
contact between pyrazolyl rings and [B(pz)4]2Ca was not stable enough to be extracted. Moreover, [HB(3,5-Me2pz)3]
- is selective for Ca2+ over Mg2+ and has improved extractability for Sr2+ and Ba2+, because methyl groups on the 3-
position of the pyrazolyl ring hinder A2M complex formation for small metal ions through interligand contact, while
they stabilize the complex of large metal ions through the shielding effect. Here we report the results on solvent
extraction of Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+ and Cd2+ with poly(pyrazolyl)borates .To explore the origin of
the selectivity, X-ray crystal structures of the extracted species have been determined for [HB(pz)3] - , [B(pz)4] -,
[HB(3-Mepz)3] - and [B(3-Mepz)4] - . The Xray structures are compared precisely and steric factors controlling the
selectivity are discussed.

Reagents and apparatus
K[HB(pz)31,4 K[B(pz)4],4 K[HB(3-Mepz)3],5 K[B(3-Mepz)4],5 K[HB(3-iPrpz)3] 6 and K[B(3-iPrpz)4] 6 were
synthesized as previously reported. All other chemicals were reagent-grade and distilled water was used throughout.

Metal ion and boron concentrations were determined with a PERKIN ELMER OPTIMA 3300-XL inductively coupled
plasma emission spectrometer or a HITACHI Z-8100 polarized Zeeman atomic absorption spectrophotometer.

Distribution of poly(pyrazolyl)borates
Acid dissociation and partition constants of [HB(pz)3] - , [B(pz)4] - , [HB(3-Mepz)3] - and [B(3-Mepz)4] - were

studied by solvent extraction in a similar manner to reported previously.3,7
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Extraction of first-series transition metal and Cd2+ ions

An aliquot of chloroform (10 mL) was shaken with the equal volume of an aqueous phase containing 10-2 M of ligand
and metal ion (10-4 M) at 25 + 1 °C. The pH of the aqueous phase was adjusted with hydrochloric acid, acetic acid and
appropriate Goods’ buffer to study the effect of pH on the extraction percentage (%E). The metal concentration in the
aqueous phase was determined using Z-8100 or OPTIMA 3300-XL. The metal concentration in the organic phase was
measured after backextraction into 6 M hydrochloric acid or nitric acid. For [HB(pz)3] - and [B(pz)4] - , the extraction
constant (Kex) was determined in the aqueous phase where the sum of the concentrations of hydrochloric acid and
lithium chloride was 1.5 M, and the concentrations were 10-3 M for the ligands and 10-5 M for the metal ions. For
[HB(3-iPrpz)3] - and [B(3-iPrpz)4] - , the ligand was dissolved in chloroform. The concentration of ligand was 10-3 M
and that of metal ion in the aqueous was 10-5 M.

Preparation of [HB(pz)3] - [B(pz)4] - , [HB(3-Mepz)3] - and [B(3- Mepz)4] — complexes

Eighty milliliters of 0.05 M sodium hydroxide containing ligand (6.0 mmol) was added to 1.0 M hydrochloric acid (10
mL) containing metal salt (3.0 mmol). Sodium hydroxide (1.0 M) was added and mixed until a precipitate no longer
formed. After 20 min, the precipitate was filtered off and washed with distilled water and methanol. Crystals for the
analytical sample and the X-ray structure were obtained by recrystallization from chloroform, dichloromethane, diethyl
ether or acetonitrile.

X-ray structure determination

Crystals were mounted onto fine glass fibers with epoxy cement. The lattice parameters and intensity data were
measured on a Rigaku AFC7R four-circle diffractometer with Ni-filtered Cu Ko radiation (A = 1.54178 A)at 20 + 1 °C.
An ®-20 scan to a maximum 20 values of 120-140° was used. An empirical absorption correction using the program
DIFABS 8 or that based on azimuthal scans of several reflections was applied. The data were corrected for Lorentz and
polarization effects. A correction for secondary extinction was applied. The structures were solved by direct methods 9-
11 and expanded using Fourier technique.12 The non-hydrogen atoms were refined anisopropically. Hydrogens were
fixed at the positions generated by calculation. All calculations were performed using the teXsan crystallographic
software package developed by Molecular Structure Corporation

Structure of poly(pyrazolyl)borate complexes

For all the studied complexes (Table 3) except [B(pz)4]2Mn, [HB(3-Mepz)3]2Ni and [B(3-Mepz)4] - complexes, there
are two crystallographically independent molecules within a unit cell. These two molecules resemble each other. The
molecule is monomeric with no short intermolecular contacts. Each ligand is coordinated to the metal atom in a
tridentate fashion, and the geometry about the metal atom is a trigonally distorted octahedron. For [B(pz)4] - and [B(3-
Mepz)4] - complexes, the noncoordinated pyrazolyl rings stand out in the direction opposite the metal atom.

I1. DISCUSSION

The terms transition metal (or transition element) are defined in several different ways:

. The IUPAC definition'* defines a transition metal as "an element whose atom has a partially filled d sub-shell,
or which can give rise to cations with an incomplete d sub-shell".

. Many scientists describe a "transition metal" as any element in the d-block of the periodic table, which
includes groups 3 to 12 on the periodic table.”® In actual practice, the f-block lanthanide and actinide series are
also considered transition metals and are called "inner transition metals".

. Cotton and Wilkinson'"! expand the brief IUPAC definition (see above) by specifying which elements are
included. As well as the elements of groups 4 to 11, they add scandium and yttrium in group 3, which have a
partially filled d subshell in the metallic state. Lanthanum and actinium, which they consider group 3 elements, are
however classified as lanthanides and actinides respectively.

In the d-block, the atoms of the elements have between zero and ten d electrons.
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Transition metals in the d-block
Group 3 4 5 6 7 8 9 10 11 12

Period 4 21 Sc 22Ti 23V 24Cf 25Mn 26FC 27C0 ngi 29Cll 3()Zn

5 0Y  4Zr  4Nb Mo 45Tc y4Ru 4sRh o 4Pd 47Ag 4Cd
6 nilu  Hf | 3Ta W sRe  760s It 5Pt 0Au  goHg
7 103Lr  1uRT | 10sDb  106Sg  107Bh  10gHS  100Mt  1;0Ds  111Rg 112Cn

Relationship to f-block elements

The elements of groups 4-11 are generally recognized as transition metals, justified by their typical chemistry, i.e. a
large range of complex ions in various oxidation states, coloured complexes, and catalytic properties either as the
element or as ions (or both). Sc and Y in group 3 are also generally recognized as transition metals. However, the
elements La—Lu and Ac—Lr and group 12 attract different definitions from different authors.

1. Many chemistry textbooks and printed periodic tables classify La and Ac as group 3 elements and transition
metals, since their atomic ground-state configurations are s’d'like Sc and Y. The elements Ce—Lu are
considered as the "lanthanide" series (or "lanthanoid" according to IUPAC) and Th-Lr as the "actinide"
series.™ The two series together are classified as f-block elements, or (in older sources) as "inner transition
elements". However, this results in a split of the d-block into two quite uneven portions.!'"

2. Some inorganic chemistry textbooks include La with the lanthanides and Ac with the actinides.”""""""*! This
classification is based on similarities in chemical behaviour (though this similarity mostly only exists among
the lanthanides) and defines 15 elements in each of the two series, even though they correspond to the filling
of an f subshell, which can only contain 14 electrons."!

3. A third classification defines the f-block elements as La—Yb and Ac—No, while placing Lu and Lr in group
3." This is based on the Aufbau principle (or Madelung rule) for filling electron subshells, in which 4f is
filled before 5d (and 5f before 6d), so that the f subshell is actually full at Yb (and No), while Lu has an
[ 1s*f"*d" configuration. (Lr is an exception where the d electron is replaced by a p electron, but the energy
difference is small enough that in a chemical environment it often displays d-occupancy anyway.) La and Ac
are, in this view, simply considered exceptions to the Aufbau principle with electron configuration [ ]s*d" (not
[ 1s*f" as the Aufbau principle predicts).!”! Excited states for the free atom and ion can become the ground
state in chemical environments, which justifies this interpretation; La and Ac have vacant low-lying f
subshells which are filled in Lu and Lr, so excitation to f orbitals is possible in La and Ac but not in Lu or Lr.
This justifies the idea that La and Ac simply have irregular configurations (similar to Th as s’d®), and that
they are the real beginning of the f-block.!"®!

As the third form is the only form that allows simultaneous (1) preservation of the sequence of increasing atomic
numbers, (2) a 14-element-wide f-block, and (3) avoidance of the split in the d-block, it has been suggested by a 2021
TUPAC preliminary report as the preferred form.""* Such a modification, treating Lu as a transition element rather than
as an inner transition element, was first suggested by Soviet physicists Lev Landau and Evgeny Lifshitz in
1948. Following this, it was then suggested by many other physicists and chemists, and was generally the classification
adopted by those who considered the issue, but textbooks generally lagged in adopting it.
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Sterically efficient structure of [HB(pz)3] —

[HB(pz)3] - can adopt a conformation suitable for tridentate coordination without severe intraligand contact. Further,
the mutually staggered conformation prevents the interligand contact, favoring formation of the six-coordinate A2M
complex. The increase in steric hindrance accompanying the A2M complex formation should be fairly small. That is,
[HB(pz)3] - is sterically efficient in occupying a six-coordination.

Intraligand contact by noncoordinated pyrazolyl ring in [B(pz)4] —

When [B(pz)4] - widens the bite size (the distance between the donor nitrogen atoms) so as to coordinate large metal
ions, such as Mn2+ and Cd2+, the steric repulsion between the coordinated and noncoordinated pyrazolyl rings is
enhanced. It is most likely that the strain energy accompanying complexation becomes large and the stability constant
is decreased more for the large metal ions. Consequently, [B(pz)4] - extracts Mn2+ and Cd2+ at higher pH than
[HB(pz)3] -

The interligand contact between 3-methyl groups can occur and hinder complex formation. Since the Me---Me distance
is shorter for [B(3-Mepz)4] - complexes, the interligand contact is severer for them. Therefore, the substituents of 3-
position of pyrazolyl rings decrease the stability of the complexes of small metal ions. The extracted species of [HB(3-
iPrpz)3] - complexes had not been determined so far. The extracted species of Cu2+ and Zn2+ with [B(3-iPrpz)4] - are
A2M on the basis of the slope analysis. Trofimenko et al. 6 have obtained the precipitation of [B(3- iPrpz)4]2Co and
determined the X-ray structure (Fig. 5). Each ligand is coordinated to the cobalt atom in a bidentate fashion. The
noncoordinated ring farthest from the metal is oriented so as to bisect the planes of the two coordinated rings. The
fourth ring is oriented perpendicular to the distant noncoordinated ring. The four isopropyl groups are arrayed around
the equator of metal. Thus, [B(3-iPrpz)4] - is not suitable for tridentate coordination to Co2+. Under our experimental
conditions, [B(3-iPrpz)4]2Co is not extracted. It seems that [B(3-iPrpz)4] 2Co is not stable enough to be extracted into
the chloroform compared with [B(3-iPrpz)4]2Cu and [B(3-iPrpz)4]2Zn. The structure of [B(3-iPrpz)4]2Cu and [B(3-
iPrpz)4]2Zn are not known yet.

III. RESULTS

The general electronic configuration of the d-block elements is [noble gas](n — 1)d"'’ns"? Here "[noble gas]" is the
configuration of the last noble gas preceding the atom in question, and n is the highest principal quantum number of an
occupied orbital in that atom. For example Ti (Z = 22) is in period 4 so that n = 4, the first 18 electrons have the same
configuration of Ar at the end of period 3, and the overall configuration is [Ar]3d’4s”. The period 6 and 7 transition
metals also add core (n — 2)fI4 electrons, which are omitted from the tables below. The single exception is lawrencium,
which has a 7p occupancy due to relativistic effects that become important at such high Z (though the p orbitals can
also contribute to chemical bonding in lighter transition elements).

The Madelung rule predicts that the inner d orbital is filled after the valence-shell s orbital. The typical electronic
structure of transition metal atoms is then written as [noble gas]ns*(n — 1)d™. This rule is however only approximate — it
only holds for some of the transition elements, and only then in the neutral ground states.

The d subshell is the next-to-last subshell and is denoted as (n— 1)d subshell. The number of s electrons in the
outermost s subshell is generally one or two except palladium (Pd), with no electron in that s sub shell in its ground
state. The s subshell in the valence shell is represented as the ns subshell, e.g. 4s. In the periodic table, the transition
metals are present in eight groups (4 to 11), with some authors including some elements in groups 3 or 12.

The elements in group 3 have an ns’(n— 1)d' configuration, except for lawrencium (Lr): its 7s*7p' configuration
exceptionally does not fill the 6d orbitals at all. The first transition series is present in the 4th period, and starts after Ca
(Z =20) of group 2 with the configuration [Ar]4s®, or scandium (Sc), the first element of group 3 with atomic
number Z = 21 and configuration [Ar]4s*3d', depending on the definition used. As we move from left to right, electrons
are added to the same d subshell till it is complete. The element of group 11 in the first transition series is copper (Cu)
with an atypical configuration [Ar]4s'3d"°. Despite the filled d subshell in metallic copper it nevertheless forms a stable
ion with an incomplete d subshell. Since the electrons added fill the (n — 1)d orbitals, the properties of the d-block
elements are quite different from those of s and p block elements in which the filling occurs either in s or in p orbitals
of the valence shell. The electronic configuration of the individual elements present in all the d-block series are given
below:
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First (3d) d-block Series (Sc—Zn)

Group 3 4 5 6 7 8 9 10 11 12
Atomic number | 21 22 23 24 25 26 27 28 29 30
Element Sc Ti A% Cr Mn Fe Co Ni Cu Zn
cofé"gﬁ::;’gon 3d'4s’ | 3d°4s” | 3ds> | 3ds' | 3d%s” | 3d%4s’  3d74s’ | 3d%4s’ | 3d'4s' | 3d"%4s’
Second (4d) d-block Series (Y-Cd)
Atomic number | 39 40 41 42 43 44 45 46 47 48
Element Y Zr Nb Mo Tc Ru Rh Pd Ag Cd

Electron 4d'5s? | 4d%5s? | 4d*5s' | 4d°Ss' | 4d°Ss? | 4d75s' | 4d®5s' | 4d'05s° | 4d'°5s' | 4d'05s?

configuration
Third (5d) d-block Series (Lu-Hg)
Atomic number | 71 72 73 74 75 76 77 78 79 80
Element Lu Hf Ta N Re Os Ir Pt Au Hg

PLEdIE 5d'6s? | 5d%s> | 5d%s> | 5d%6s> | 5d%6s | 5d%s? | 5d76s> | 5d%s' | 5d'%6s' | 5d'°6s>
configuration
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Fourth (6d) d-block Series (Lr—Cn)
Atomic number | 103 104 105 106 107 108 109 110 111 112
Element Lr Rf Db Sg Bh Hs Mt Ds Rg Cn

Electron

. 7s¥7p' | 6d*7s? | 6d*7s* | 6d*7s? | 6d°7s* | 6d°7s* | 6d"7s* | 6d°7s? | 6d°7s* | 6d'°7s?
configuration

A careful look at the electronic configuration of the elements reveals that there are certain exceptions to the Madelung
rule. For Cr as an example the rule predicts the configuration 3d*4s®, but the observed atomic spectra show that the real
ground state is 3d°4s'. To explain such exceptions, it is necessary to consider the effects of increasing nuclear charge on
the orbital energies, as well as the electron—electron interactions including both Coulomb repulsion and exchange
energy.

IV. CONCLUSIONS

Stability of poly(pyrazolyl)borates complexes with the studied transition metals is controlled by the steric effects of the
substituents. [HB(3-Mepz)3] - and [B(3-Mepz)4] - extract all the studied metal ions at a higher pH compared with
[HB(pz)3] - and [B(pz)4] -, respectively. For [B(3-iPrpz)4] - , since isopropyl groups hinder complex formation with
Co2+ in a tridentate fashion, the bidentate complex is formed. It is expected that the determination of the structures of
the complexes of [HB(3- iPrpz)3] - and [B(3-iPrpz)4] - by X-ray crystallography will give insights into selectivity of
these ligands.
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