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Abstract: Transition metal compounds (TMCs) provide the
benefits of vast reserves, affordability, non-toxicity, and
environmental friendliness, making them highly sought-
after in recent times. Integrating transition metal salts into
polymers may result in substantial enhancements in optical
and electrical characteristics, making them appealing for
many applications. Transition metal ions may display a
range of electronic transitions, which enables the adjust-
ment of absorption and emission spectra. This characteristic
has significant value in applications such as light-emitting
devices (LEDs) and sensors. The photoluminescence of
polymers may be improved by the addition of transition
metal salts, which results in light emission that is both more
brilliant and more efficient. On the other hand, this is
advantageous for screens and optoelectronic devices. The
presence of transition metal salts in polymers may help to
improve their optical stability, hence lowering the proba-
bility that the polymers will degrade or change color over
time. When it comes to the performance of optical devices
over the long run, this is quite essential. Elevating the
electrical conductivity of polymers is possible via the use of
transition metal salts. This is very helpful in the process of
developing conductive polymers for use in applications such
as electronic fabrics, organic solar cells, and flexible
electronic devices. Transition metal salts can affect the
electrical band structure of polymers, which enables the
band gap of the material to be tuned. This is very necessary
in order to maximize the amount of light that is absorbed by
photovoltaic devices. Through having all these benefits, we

*Corresponding author: Rebaz Anwar Omer, Department of Chemistry,
Faculty of Science & Health, Koya University, Koya, KOY45, Kurdistan Region,
Irag; and Department of Pharmacy, College of Pharmacy, Knowledge
University, Erbil 44001, Iraq, E-mail: rebaz.anwar@koyauniversity.org.
https://orcid.org/0000-0002-3774-6071

Dyari Mustafa Mamand, Department of Physics, College of Science,
University of Raparin, Sulaymaniyah, Iraq

Nazk Mohammed Aziz, Department of Chemistry, College of Science,
University of Sulaimani, Sulaymaniyah, KRG, Iraq

conducted a review to find out the effects on polymeric
materials.

Keywords: transition metal; polymer integration; optical
and electrical enhancements; photoluminescence; electrical
conductivity

1 Introduction

Transition metals are classified as elements that occupy the
d-block of the periodic table. Transition metals exhibit
several oxidation states, enabling them to absorb and
catalyze other chemicals." Because of their one-of-a-kind
electronic exchange capabilities, transition metal ions or
other cations have been used as dopants for the conductive
polymer. These dopants have the potential to serve as redox
catalysts and corrosion inhibitors in compounds that are
composed of polymers. It is usual practice to use transition
metals (TM) as dopants due to the fact that they possess a
distinctive electronic structure and the capacity to either
donate or take electrons.” As a result of its ability to change
the electrical and structural characteristics of the polymer,>*
doping polyaniline (PANI) with transition metals has
garnered a significant amount of interest over the last
several years. Because it enables novel applications in
the fields of energy storage, catalysis, and sensing.’ The
electrical conductivity of PANI may be enhanced by doping it
with transition metals, which increases the abundance of
free charge carriers. Additionally, Doping may stabilize the
structure of the molecules within the polymer, making it
more thermally stable.® Moreover, the introduction of
transition metal ions induces changes in the electronic and
structural characteristics of PANI composites, leading to an
augmentation in their specific capacitance. This rise is
attributed to the creation of a greater number of charge
storage sites, ultimately enhancing the electrochemical
performance of the composites.® In addition, the cycling
stability of supercapacitors is enhanced as a result of the
presence of transition metal dopants, which stabilize the
PANI structure and inhibit undesirable degradation pro-
cesses over multiple cycles inside the device.” The use of
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transition metal dopants improves charge transfer kinetics,
which in turn allows for quicker charge and discharge
rates.® Furthermore, PANI composites doped with transition
metals have customized features that increase their poten-
tial uses in energy storage systems. These qualities may
include catalytic or magnetic characteristics brought about
by certain transition metals. Transition metals and their
compounds have catalytic capabilities that are useful in
biomass gasification. Among transition metal catalysts, those
derived from nickel (Ni) and iron (Fe) compounds see the
greatest use in biomass gasification. There is a mutually
beneficial relationship between pyrolysis, oxidation, and
Techniques for biodiesel tar reformation cracking tar
employing catalysts made of transition metals.” In these
kinds of reactions, metal catalysts lower the activation
energy needed, causing the tar to break more rapidly and
thoroughly. When it comes to reducing tar, nickel-based
catalysts are head and shoulders above the competition
when it comes to converting bio-oil vapors into hydrogen-
rich syngas.'® The use of transition metal catalysts in
biomass tar cracking involves a series of processes that work
together, including pyrolysis, oxidation, and tar reforming.
By lowering the activation energy required for these
processes, metal catalysts allow for more rapid and complete
tar cracking. When it comes to reducing tar, catalysts based
on nickel outperform other options when it comes to
transforming bio-oil vapors into hydrogen-rich syngas."
These band gap energies were shown to decrease as the NaCl
concentration in the PVA matrix increased when salts were
applied to polymeric polymers like PVA. Because doping
causes the polymer to degrade at a faster rate, we were able
to utilize the Urbach index to determine that the samples
Urbach energies rose sharply as the NaCl concentration rose.
The electrically conductive properties of the PVA/NaCl
electrolyte samples were assessed by plotting DC conduc-
tivity against the concentration of sodium chloride at room
temperature. At a doped concentration of 0.1 g NaCl, the DC
conductivity of the produced electrolytes rose t0 2.06 x 102 S/
m. At a doped concentration of 0.5g NaCl, the DC conduc-
tivity climbed to 4.60 x 1072 $/m. The rise in the number of
polarons in the PVA matrix was caused by a higher degree of
conjugation of m-orbitals, which led to this increase.”” The
transition metal oxides are a class of semiconductors that
have several applications in many different industries,
including electronics, catalysis, magnetic storage, and solar
energy conversion. Since it is the structural component of
several high-temperature superconductors, cupric oxide
(CuO) has garnered the greatest attention among these
substances.”® Copper(I) oxide and other P-type semi-
conductors with band gaps of 1.2-1.9eV are useful for
photothermal and photoconductive applications. Copper
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oxide, a very efficient catalyst for the oxidation of CO,
has found widespread use in indoor air purification sys-
tems, fuel cells, and the treatment of vehicle exhaust.*
Researchers have shown that a copper(II) oxide electrode
can insert and extract lithium with great efficiency and good
capacity retention, making it ideal for use in rechargeable
batteries. This is a fascinating field of research since tran-
sition metal sulfides have many interesting optical, catalytic,
and electrical properties and applications.”

2 Literature review

Salt has been important in many different fields and
applications. Because of their different properties, this
section lists some important uses of salts. A study con-
ducted to investigate by Ejigu in 2018'° utilized the catalytic
antioxidant properties of several transition metal salts in
the electrochemical exfoliation process of graphite. Some
transition metals, such as Co>* and Fe*", have acted as
antioxidants to prevent the oxidation of the graphene
surface, while others, such as Ru** and Mn?* possess the
ability to decorate using metal oxides. The most notable
finding of the result of the investigation, the application of
transition metal salts (Co?*, Ru**, or Ir**) with metal oxides
as effective auto catalysts for oxidative evolution events,
led to the production of superior non-oxidized graphene.
Cobalt is unique in that it does not modify the performance
of graphene. It only functions as a very efficient shield
against the surface oxidation of graphite caused by the
hydroxyl radical. This results in the production of top-notch
non-oxidized graphene with an unusually high carbon-to-
oxygen ratio. Calcium chloride and related hydrates are
appealing substances for a range of thermal processes due
to their hygroscopic nature, cost-effectiveness, relatively
low to medium melting points, and heat of hydration. The
ammonia sorption is very significant for refrigeration
purposes, as proposed by N’Tsoukpoe et al. in 2015."
Calcium chloride is a widely used chemical in thermal
engineering processes for improving energy efficiency.
This material has been utilized in a range of uses, including
drying,'® retrieval of water or its removal through air,"
applications using phase change materials,”® closed sorp-
tion processes,” desiccant refrigeration or dehumidifica-
tion.”* The use of a significant amount of electron mediators
is necessary for photoelectrochemical cells due to the
relatively high concentration of electrolyte, Bignozzi et al.
in 20132 Therefore, when selecting and designing the
redox couple, it is important to consider cost-effective and
readily available metals from the first transition row, as
well as easily synthesizable ligands. Currently, octahedral
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Co(II)/(I11) polypyridine complexes are considered the most
effective instances of electron transfer mediators derived
from coordination compounds. The Co(II)/(III) pair is often
distinguished by a significant inner sphere reorganization
energy linked to the electron transfer. This is primarily
caused by the participation of a metal-centered e.g., redox
orbital with antibonding properties. The transition from
high spin Co(II) tz° €,” (T14") to low spin Co(IID) ty,° (A;,") may
also help to explain the generally low self-exchange rate
constants (i.e., 4 x 102M s~ for [Co(phen)s]***") found in
many cobalt complexes.?* Ruthenium complex [Ru(4,7-Ph,-
phen)s]*, often used in the production of an electro-
chemical cell using an electrochemical redox process, may
be utilized as a dopant in a semiconductor polymer layer to
create carrier-injection-type light-emitting diodes (LEDs).
The Ru complexes possess steady redox characteristics,
which provide them an edge over other commonly used
metal complexes, Xia et al. in 2004.° An electron-to-photon
conversion efficiency of 5.5 % was achieved by the use of
ruthenium complex in a light-emitting device using this
method, by Rudmann et al. in 2003.° The maximum phos-
phorescence quantum yield that has been recorded for
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ruthenium complexes that comprise replacement 2,2-
bipyridine and 1,10-phenanthroline ligands is about 40
percent, Kapturkiewicz in 1995 When compared to
traditional electronic devices, organic light-emitting diodes
(OLEDs), the compensations of such organizations include
their more brightness and efficiency at low operating
voltage, as well as the fact that they do not need cathodes
with low work function that are low in power (Figure 1).

3 Metal complex structure and
formation

3.1 Metal complex formation

Coordination compounds are molecular structures that
include one or more metal centers and are attached to
ligands, which are atoms, ions, or molecules that transfer
electrons to the metal. These structures are referred to as
coordination compounds. These compounds have the
potential to either be neutral or charged and vice versa.
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When the complex is charged, the counter-ions that are
situated in close proximity to it serve to stabilize the
complex.”® Complex ions are characterized by the presence
of ametalion at its core, which is encircled by additional ions
or molecules. It is possible to think of them being intimately
related to one another and the core ion via the connection of
coordinate bonds, also known as dative covalent bonds, but,
in some instances, the bonding situation is much supple-
mentary complicated than that. “Ligands” in the surround-
ing of metal ions that could be ions or molecules that are at
the center of the molecule. The study of the compounds that
appear as a result of the interaction between metals and
ligands is known as coordination chemistry. A ligand may be
any molecule or ion that forms a bond with the metal.?® The
structure that contains the metal bonded to its ligands is
referred to as a metal complex. As an example, the neutral
metal complex [PtCl,(NHs),] is the one in which the Pt**
metal is bonded to two Cl” ligands and two NH; ligands. It is
referred to as a complex ion when a complex is charged
(complex cation such as [Pt(NH3)42*). The creation of a mo-
lecular structure containing ions containing opposing elec-
tric charges allows for the stabilization of complicated ions.

The way chemicals work in coordination makes this
possible (ex. [Pt(NH3)4]Cl,).*® Square brackets constitute a
common way to describe the procedure for interacting with
complicated ions. On the other hand, counterions are
written outside of the brackets. By this approach, it is usually
acknowledged that ligands that are inserted inside the
brackets are immediately linked to the metal ion, and this is
situated in the initially formed coordination sphere of the
metal and is additionally referred to by the term inner
coordination spheres. Aside from their direct bond to the
metal, ions stated outside the brackets are presumed to be in
the subsequent coordination sphere. Complex Anion:
[CoCl4(NH3),], Neutral Complex: [CoCl3(NHs)s], Coordina-
tion Compound: Ky[Fe (CN)¢], Complex Cation: [CO(NH3)6]3*.
When silver ions combine with neutral ammonia molecules,
a common metal complex is formed: Ag (NH3)***°

Ag" + 2NH; — Ag (NH;)*

A complex Ag(Sgog)g‘ this happens when silver ions
and thiosulfate ions with a negative charge combine:

Ag+ + 2820? - Ag(8203)§_

How ligands are arranged, and the shape of the metal
center determine the characteristics of coordination com-
pounds (Figure 2). Isomers may have vastly varied charac-
teristics while sharing the same chemical formula. There
exist molecules known as isomers that have chemical for-
mulas that are identical to one another, yet their atoms are
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Figure 2: There are six monodentate ligands linked to the central
atom (C).

arranged in space differently. The term “geometric isomers”
refers to isomers that have their ligands arranged in slightly
varied geometric patterns. The term “optical isomers” refers
to isomers that have structures that are identical to those
of identical isomers.

Complex ions or coordination compounds are formed
when metal ions in solution combine with ligands, which
might be solvent molecules, other simple ions, or chelating
groups. These complexes are distinguished by the existence
of a central atom or ion, often a transition metal, and a group
of ions or neutral molecules around it. Ligands are molec-
ular ions or neutral molecules that establish a connection
with a central metal atom or ion. At the same time as the
central atom performs the role of a Lewis acid (an electron
pair acceptor), ligands perform the function of Lewis bases
(electron pair donors). At a minimum, ligands consist of a
donor atom that has an electron pair that is used for the
formation of covalent connections with the center atom. It is
possible to interpret the word “monodentate” as “one tooth”,
which refers to the fact that the ligand binds to the center of
the tooth via just one atom. A monodentate ligand is char-
acterized by the presence of a single donor atom that is
associated with the central metal atom or ion. The following
are some examples of monodentate ligands: chloride ions
(which are referred to as chloro when they are a ligand),
water (which is referred to as aqua when it is a ligand),
hydroxide ions (which are referred to as hydroxo when they
are a ligand), and ammonia (which is referred to as ammine
when it is a ligand).*

Bidentate ligands are able to attach to a central metal
atom or ion at two different places within the molecule
because they include two donor atoms. A few of the in-
stances of bidentate ligands frequently appear such as
ethylenediamine (en) and the oxalate ion (0x).** A schematic
of ethylenediamine can be seen in the following: For each of
the nitrogen (blue) atoms on the borders. Additionally, two
electrons are free with the purpose of establishing a link
with a metal atom or ion in the center of the molecule.

The total amount of atoms that are employed trendy the
construction of a bond to a central metal atom or ion varies
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among polydentate ligands. One instance of a polydentate

ligand is EDTA, which is a hexadentate ligand. This ligand

has six donor atoms that are equipped with electron pairs

that may remain utilized to establish a connection between a

central metal atom or ion.

The ambidentate ligands, in contrast to the polydentate
ligands, are able to connect to the central atom in two
different locations. An excellent illustration of this is thio-
cyanate, often known as SCN™, which may connect to either
the nitrogen atom or the sulfur atom with equal ease.

A ring is constructed by the process of chelation,
which also entails the attachment of a polydentate ligand
to a metal ion. Chelation is a relatively new technique.
Following this technique, a complex, which is commonly
referred to be a chelate, is formed, while the polydentate
ligand is considered to function as a type of chelating
agent. The chelate is formed primarily as a consequence
of the technique mentioned above. In 1920, Sir Gilbert
T. Morgan and H.D.K. Drew were the first people to use the
word “chelate”. They asserted that the phrase was first
used.® It is recommended that the chelate characterized
be employed to describe the caliper-like groupings that
function as chemical two-attachment constituents and
connect to the central atom to build heterocyclic rings.
This term originated from the huge claw, also known for
its shape chela (chely in Greek), that is seen on lobsters
along with other crustaceans.

In comparison to ligands that only contain a single
binding group, which are referred to as monodentate ligands
(which means “single tooth”), chelating ligands possess a far
higher affinity for metal ions: this is what the term suggests.
A few examples of chelating compounds are ethylenedi-
amine (shown in Figure 3) and ethylenediaminetetraacetic
acid (shown in Figure 4). The macrocyclic impact makes use
of the same fundamental concept as the chelate impact;
however, the cyclic structure of the ligand contributes to an
even greater enhancement of the impact. Not only are
macrocyclic ligands multi-dentate, but they also allow for
less flexibility in conformation they are covalently confined
to their cyclic shape. There is little entropy cost when the
ligand encircles the metal ion since it is “pre-organized” for
binding. Hemoglobin contains the transition metal ion Fe**
and is bound to four different locations on its cyclic ligand,
heme b (Figure 5).%*

— When metal ions are coordinated via two oxygen atoms,
the resulting ligand is acetylacetonate, also known as
acac’, on top. Since it is a hard base, acac™ likes cations
that are also hard acids. Acac™ produces neutral, volatile
compounds with divalent metal ions, such as Cu(acac)?
and Mo(acac)?, which are used in the process of chemical
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vapor deposition (CVD) for the production of metal thin
films.-

0 0

- 2,2-Bipyridine (Bipyridine) The compound known as
2,2'-Bipyridine, which is shown on the left side of
Figure 5, along with similar bidentate ligands like 1,10-
phenanthroline, may form propeller-shaped complexes
with metals like Ru*". Both photocatalysis and synthetic
photosynthesis might benefit from the [Ru(bpy)’]**
complex since it is photoluminescent and can also
conduct photo-redox reactions. This makes it an
intriguing chemical for both of these applications.*

— Crown ethers, which include 18-crown-6 2,2"-Bipyridine
(shown in the middle of Figure 5), are cyclic hard bases
that can complex alkali metal cations. The quantity of
ethylene oxide units present in the ring determines
whether or not crowns have the ability to bind Li*, Na®,
or K* preferentially.

— The chelating capabilities of crown ethers are similar to
those of the natural antibiotic valinomycin, which is
2,2"-Bipyridine (Figure 5: right). Valinomycin preferen-
tially ferries K* ions through the cell membranes of
bacteria and ultimately results in the death of the
bacterium by squandering its exterior membrane
potential. A cyclic hard base, valinomycin, is similar to
crown ethers in their structure.

3.2 Anionic complexes of metals

Anionic compounds of metallic substances in widespread
oxidation states. Among the alkynyl complexes that have
been identified at this point, the anionic acetylides of

C—CH,

\

H,N NH,

Figure 3: An example of a bidentate ligand is the compound known as
ethylenediamine (en). Ethylenediamine, often known as en, is a bidentate
ligand that, when coordinated to a metal ion M, forms a ring with five
members.
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Figure 4: On the left is an unbound EDTA ion, while on the right is EDTA
that has been attached to a typical transition metal.
Ethylenediaminetetraacetic acid, often known as EDTA, is a hexadentate
ligand that can bind a metal via many “teeth”.

HOOC

COOH

Figure 5: A macrocyclic ligand known as heme b may bind iron to
hemoglobin.

d-metals and group IB and IIB metals (Table 1) exhibit the
highest level of reactivity. These compounds show a high
degree of protolysis. This is as a result of the high basic
nature of the alkynyl ions as well as the anionic structure of
the complex ions. A significant number of the solid com-
pounds, which are mainly unable to dissolve in the typical
organic solvents, detonate upon collision provided their
center atoms contain d-orbitals that are either full or 50
percent occupied. As a result of all of these characteristics,
the arrangements that have been suggested for the complex
anions are fully dependent on the magnetic and infrared
measurements of the constituent solids.*®

With the possible exception of the high-spin complex
acetylides of manganese(II) and the low-spin complexes of
the same kind [Co(CZR)S]“’, These compounds are distinct
when compared to low-spin cyano complexes [Mn(CN)6]4’,
[Co(CN)s]*™ and [Co,(CN)yo]® correspondingly,® In every
respect, the complex cyanides and the anionic alkynyl
complexes are identical in terms of their stoichiometry,
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Table 1: Electron configurations d” and magnetic moments pleg(B.M) of
“common-valent” metals in anionic complex acetylides.

Complex d” Hes(B.M)

5.9

K[Cr(CoH)6”

KsIMn(CH)el™

M,[MN(C,R),] (M = K, R = H)*®
Ka[Fe(CH)l*

Ka[Fe(CH)e] "'
Nas[Co(C;H)e]*
[PPh4]3Na[C0(CzH)6]43
Ko[Ni(CoH) 1% 1.8
Li,[Ni(C; pH)41* 8

Ko[Pd(C;H),1*

Ka[Pt(CoH)A1*

Ka[Cu(CoH)s], KICu(CoH)1*®

Ka[Zn(CoH)a]"

KIAQ(CoH)I* 10 0
[Cu(H,0),(nmen),](tdc)* - 1.61
[Cu(tdc)(nmpen),]*° - 1.52

5.9

o vt AW

color, and magnetic properties. There is a possibility that the
dinuclear gold(I) complexes share comparable characteris-
tics [Pphyl,[RC;Au-C=C-AuC,R] and [Pphy];[NCAu-C=C-
AuCN].>! The idea that these compounds’ anions are linear
and include end-on bridging C=C groups is supported
by the spectrum of vibrations of these compounds. Pre-
sumably, there are bridges of similar type inside the endless
chains —Ag-C=C-Ag—C=C- of the polymeric [KC=CAg],,*®
comparing favorably to chains that are linear Ag—-C=N-Ag—
C=N- of the polymeric [AgCN],.>* As a result of a redox re-
action, the preparation of anionic acetylides of the d*-metal
copper(Il) was unsuccessful (1).*°

2[RC=C]” +2Cu* - 2Cu* +RC=C-C=CR

Similar to the previous example, the redox reaction (2)
presents a challenge when it comes to the synthesis of
alkynylpentacyanoferrates (III).”*

2[RC =C]™ + [Fe(CN);NO,]* — [Fe (CN)sNO,]* + RC=C
-C=CR

An assortment of combined anionic complex acetylides,
among which are the low-spin compounds, were, despite
this, capable of being isolated cis-Na,[Co(C2H4)(Pets),],
trans-Na,[Co(C,H)4(Pphs),], trans-Na,[Co(C,Ph),(Pets),],
trans-[Pph,]Na[Co(C,ph)4(Pphs),],>*  Ko[CoCycy)4(NHs),, the
diamagnetic complexes trans-Ba[Pd(C,R),(CN),] (R = H, ph)*®
and trans-Ky,[Pt(C;R),(dpe)l,. (R = H, me, ph).® The
geographical demands of R and R’ are responsible for
determining the configuration of the anions [Co(C,R)4(PR),]*~
Furthermore, the polymeric character of [Pt(C,R),(dpe)],"
seems to be produced by dpe bridges. The infrared spectrum
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of the likely planar anions [PA(C,R),(CN),]*~ are more
consistent with a trans-structure than they are with a cis
arrangement of the ligands, which was the hypothesis that
was previously put up. It is also possible for phenyl acetylide
ligands to partly substitute for the cyano ligands that are
associated with the “nitroprusside” ion. Nevertheless, the
products of the reaction [Pphyl,[FeC,ph)(CN),NO] and
[Pphyl,[FeC,ph)(CN),NO] Thermally, they are not stable
enough for structural characterization, and they are
considerably less stable compared to the diamagnetic
component trans-K,[Fe(C,cy),(CN),].>" The latest study has
demonstrated the fact that the phthalocyanines of certain
d-metals, when combined with one or two phenyl acetylide
ligands, may result in the formation of anionic complexes
that are characterized by their vivid colors Li[]M(C,ph)(po)]. n
THE (M™ = Cr, Co; n = 54), LilMn(C,ph)(pc)]. 4.5 THF,
Li[Fe(Cyph),(pc)]. 7 THEF, Liy[Co(Coph)(pc)],. 8 THF and Na
[Zn(Cyph)(pc)] — 5 THF. The magnetic properties of the
complexes that include all of the additional metals, except
the cobalt(Il) combination, are remarkably comparable to
those of the equivalent complexes listed in Table 1. On the
other hand, the cobalt(I) complex is diamagnetic, and as a
result, it is thought to be dimeric due to the interaction
between cobalt and cobalt. In recent years, it has been re-
ported that the initial complex acetylides of tervalent
f-metals are complexes of the kind that are dependent on
temperature and humidity LiM(C,R)4(THF), (M = Eu, Er, Yb,
Lu; R = bu, t-bu; x = 0-1).°® Particularly about alkynyl com-
plexes of primary group metals, there are just a few thal-
lium(III) complexes of the sort that are of importance [Pphy]
[TI(C;R)4] (R = me, ph) remain recognized at current.>® These
electrolytes with low ionization strength undergo protolysis
readily and do not exhibit explosive properties.

3.3 Anionic complexes of metals in low
oxidation states

Alkynyl anions are equally as effective as the cyanide ion
when it comes to becoming ligands to stabilize low oxidation
states of the core d-metal atoms. In the process of creating
alkynyl and cyano complexes, accordingly, which include
technically zerovalent nickel, palladium, and platinum,
this is demonstrated. Obtaining both of these diamagnetic
combinations is accomplished by the reduction of the
metalates involved (II) [M(C,R),]* and [M(CN),J* corre-
spondingly (M = Ni, Pd, Pt) using liquid ammonia and
alkali metals. The identical procedure produced the tri-
s(phenylethynyl)cuprate(0) Bas[Cu(C,ph)s], dimerization of
the anions via Cu-Cu bonds is used to explain their
diamagnetism. These compounds all happen to be somewhat
pyrophoric and exceptionally reactive to oxygen and water.
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Therefore, the infrared measurements of the solids provide
the only basis for the anion geometries that have been
presented. The diamagnetic complexes K3[M(CO)s(C;R)s]
(R = H, me, ph; M = Cr, MO, W) are quickly proteolyzed and
have a pyrophoric component to some extent.®® There con-
tinues to be a lack of clarity on the coordination geometry of
their anions. Upon doing a thorough examination of the
characteristics of the anionic complex acetylides, it is
discovered that the progression through which they undergo
protolysis indicates to be contingent upon the electron
configuration of the central metal atom. Acids release the
alkynes RC=CH from complexes with the high-spin d>-metal
manganese (II) and d">-metals of groups IB and IIB, while
protolysis of any additional complexes also generates
unknown organic compounds via side reactions. Combina-
tions of the appropriate alkynes and related hydrogenated
derivatives are produced by the protolytic breakdown of the
“zerovalent” d">-metal compounds RCH=CH,, RC,Hs beyond
chemicals that resemble tar. Because complex cyanides and
acetylides do not adhere rigidly to the 18 electron rule, it is
clear that these two classes share many coordinative
properties.

4 Applications of metal salt doping
in various fields

4.1 Polymer with salt complexes for
batteries

One viable option for the safe and stable storage of high-
energy electrochemical energy is solid-state lithium metal
batteries based on polymer electrolytes. In addition, the
overall performances of solid-state lithium metal batteries
have been heavily influenced by the interface contact
between the electrolyte and electrodes, as well as the
inherent features of polymer electrolytes.”’ Enhanced
compatibility and assembly of batteries are achieved by the
use of the in-situ polymerization technique, which ulti-
mately leads to enhanced performance. With the help of this
method, it is also feasible to resolve the problems with
interfaces that are present among the polymer electrolyte
the cathode, and the anode. Some of the techniques that are
included include those that stabilize the interface contact
and lower resistances. An electrolyte that is often referred
to as a “salt-in-polymer” is a polymer that includes salt
complexes. This term is commonly used in the context of
batteries. As seen in Figure 6a, Armand®® were the ones who
first introduced this idea. There is a connection between the
segmental motions of polymer chains and the ion transport
mechanism that is present in this specific kind of polymer
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electrolyte. Free volumes are created as a result of these
movements, which make it possible for ions to move about in
a way that is coordinated with polar groups.®*** In the
context of this discussion, the polar groups are known as
functional groups. These groups are composed of carbon
monoxide, carbon dioxide, carbon monoxide, and other
comparable components. The chemical properties of organic
molecules are determined by these atoms or groups of
atoms, which are responsible for providing the information.
On the other hand, functional units are not the same thing as
functional groups; rather, they are the intermediary struc-
tural units that provide particular functions between the
atomic/molecular size and the macroscopic scale. Addition-
ally, the “salt-in polymer” electrolyte must have a low glass
transition temperature (Ty) in order to function properly.
Similarly, as seen in Figure 7b, the “polymer-in-salt”
electrolyte has been suggested as a means of enhancing ionic
conductivity. This is accomplished by incorporating a high
concentration of lithium salt (more than 50 percent weight)
into the polymer matrix, which allows for a reduction in the
T,.*>*® The micro-Brownian motion of segments in polymer
chains is connected to the ion transport in an electrolyte that
is referred to as “polymer-in-salt”.®” This motion occurs
abhove the crystallization or melting transition temperature.
Furthermore, the evaluation of the polymer electrolyte ne-
cessitates the consideration of the lithium-ion transference
number, also referred to as tLi*. The presence of a large
number of negatively charged ions in the electrolyte has
been shown to be linked to a small number of lithium ions, as
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Figure 6: (Left) 2,2"-Bipyridine, (center) 18-
crown-6 2,2"-Bipyridine (right) valinomycin.

evidenced by previous research.”® The tLi* value for the
“salt-in-polymer” electrolyte is below 0.5,°° making it easy to
create a concentration gradient near the electrode. This may
lead to the occurrence of high-concentration polarization in
polymer electrolytes, potential polarization in the battery,
and unavoidable side reactions between the electrolyte and
the electrode. Enhanced performance of the battery, reduced
concentration polarization of electrolytes, and controlled
anion circulation within the polymer matrix are all possible
outcomes of using the “single-ion-conducting” polymer
electrolyte. This is achieved by the presence of tLi* up to be1®
(Figure 7c¢). In addition, ion transport in the polymer elec-
trolyte occurs via a hopping process between anionic sites
that are attached to the polymer chains. This results in a
significant reduction in the mobility of the anions.

4.2 The role of Pt in anticancer

The H spin-echo NMR method was utilized to investigate the
relationship between cis- and trans-[PtCl,(NH3),] and
glutathione throughout red blood cells that were not
damaged. When trans-[PtCl,(NH3),] was added to a sus-
pension of red cells, there was a steady drop in the strength
of the resonances for free GSH. Additionally, additional
peaks were identified, which may be attributed to the
coordination of GSH protons in trans-[Pt(SG)Cl(NHj),],
trans-[Pt(SG)s(NH3),], and possibly the S-bridged complex
trans-[{(NHs),PtCl}sSG]*. Noticed as the intensity of the

(a) (b) (c) .
¢ % o n® NGO\ 16
C
®_ s Cob 9 N9 ~@
b b J
b b b (™ [ ¢ :
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L \) Anion Polymer chains OAnion acceptor Covalent bond

Figure 7: Various polymer electrolytes’ ion migration methods shown in schematic diagrams: (a) “salt-in-polymer”, (b) “polymer-in-salt” and (c) “single-

ion conducting.
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resonances for free GSH decreased. The confirmation of the
development of trans-[(Pt(SG),(NHs),] inside the cell was
obtained from the 'H NMR spectrum of hemolyzed cells.
These cells were ultrafiltered to exclude big molecules
of protein. The use of selective-decoupling studies deter-
mined the ABM multiplicity of the concerted GSH cys-BcH,
protons. There is evidence that the mixture complex trans-
[Pt(SG)(S-hemoglobin)(NHs)s] is correspondingly a key
metabolite of trans-[PtCl,(NHj;);] throughout red cells. The
ultrafiltration membrane was able to hold onto 70 % of the
entire intracellular glutathione. A slower reaction occurred
between cis-[PtCl,(NHs);] and intracellular GSH; following
afour-hour incubation, only 35 percent of the GSH had been
complexed, in contrast to the 70 percent complexation that
occurred with the tens isomer.”® Despite the fact that there
is a substantial amount of data to suggest that the anti-
cancer action is the consequence of their binding to DNA
and their prevention of replication,” There is a lack of
knowledge on the composition of the metabolites of
cisplatin which are produced in living organisms, as well as
the question of whether or not these byproducts are
accountable for the nephrotoxic effects of the drug. The
huge number of possible ligands that are present in
anatomical structures and are capable of undergoing
ligand-exchange reactions is a significant challenge when
attempting to identify important metabolites with cis-
[PtCl,(NHs),]. In vivo, characterization of the metabolites of
complex metal compounds is difficult to do due to the
limited number of approaches that are currently avail-
able.” High-pressure liquid chromatography (HPLC) is one
method that was previously used in the process of sepa-
rating low-molecular-weight platinum compounds from
plasma.”” However, it would seem that there have been no
prior efforts made to investigate the metabolites of
cisplatin inside cells that have not been damaged.

4.3 Mg(NOs), doped CS/MC

In previous research, a polymer mixture consisting of chi-
tosan (CS) and methylcellulose (MC) was subjected to varying
weight percentages of magnesium nitrate that was added to
the mixture. The preparation of the polymer electrolyte
films was accomplished through the usage of the solution
casting technique. When it comes to the host matrix, the
polymer mix is made up of 70 weight percent of CS and
30 weight percent of MC. Through the use of FTIR analysis,
the interactions that took place between the mixture and the
Mg(NOs), salt were uncovered. As shown in Figure 8, The
electrolyte samples were found to be amorphous, as shown
by the relaxation of the XRD peaks and the subsequent
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crystal computation. Rendering to the findings of the
valuable technique of electrical impedance spectroscopy,
the influence of carrier concentration was responsible for
the reduction in collective resistance that occurred as the
amount of salt in the sample increased. Mg(NO3), was
present in the sample at a weight percentage of 30 percent.
Through the use of EIS analysis, it has been ascertained at
room temperature that the maximum DC conductivity is
2.12 x 1075 S/cm ™%, The stability of 3.65 V was discovered to be
the greatest conducting film capacity that has been discov-
ered. There was evidence that demonstrated that the ion
transport number was 0.86. The efficiency of the Mg ion
battery remained before being tested afterward, it had been
carried out using the polymer electrolyte that showed the
best level of performance. Taking this into consideration, his
study suggests an electrolyte that is ideal for an electro-
chemical vibe that is also practical, inexpensive, and favor-
able to the environment.”

4.4 Effect of metal salts on optical properties

Metal salts, when used as doping, can change all the optical
properties of polymers. When CuCl, is doped into cellulose,
the properties of the polymer change.”* It has been deter-
mined that the lowered bandgap energy is the most essential
characteristic. In order to measure the basic optical char-
acteristics, for instance, the optical energy gap (E,), and both
the optical dielectric constant’s real part (¢,), and imaginary
part (&), loss it has been shown that the quantity of CuCl,
contributes significantly to the effectiveness of these
parameters. Calculating both the direct and indirect E; was
accomplished by the use of Tauc’s relation. The addition of 20
weight percent of CuCl, salts resulted in a significant
decrease in the bandgap energy of uncontaminated Methy
cellulose, which went from 6.21 eV to 2.68 eV. As shown in
Figure 9, the optical spectrum, which is the most straight-
forward and straightforward method for investigating the
band structure of solid material, was used to determine the
influence that the concentration of CuCl, had on the optical
characteristics of MC. The semi-crystalline structure of MC is
shown by the presence of a prominent absorption edge at
244 nm, which is a characteristic of the absorption spectra of
pure MC film. The strength of the sharp absorption edge
grows, and it shifts towards redshift) longer wavelengths as
the concentration of CuCl, in the composite films increases.
This happens because the edge shifts toward longer wave-
lengths. This shift takes place as a consequence of the
progress of strain and the production of an imperfection,
which ultimately leads to a reduction in the energy gap
measurement of the films that have been made.
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Figure 9: Pure methylcellulose and methylcellulose doped CuCl, PC films
UV-vis spectrum.

Due to the fact that it has a direct connection to the
physiochemical and molecular characteristics, another
valuable parameter is the refractive index (n) is the most
essential optical limitation for optoelectronic applications.
There exists a tight connection between the band structure
of the material and the dielectric function. The optical
spectroscopic approach is an effective tool for determining
the band structure of a material because of its aptitude to
analyze the substantial. The changes are detailed in the
table that follows. When methylcellulose is used as the
material for the polymer, metal salts are doped into the
polymer in varying amounts. The results of the CuCl,
impact on the samples are consistent with the appearance
of additional diffraction peaks, and the strength of these
peaks decreases as the concentration of CuCl, increases.
When the amount of CuCl, in the sample increased, there
was a shift in the absorption edge to a side with a lower
photon energy. Based on the data shown in Table 2, the rate
of the optical Eg for each of the films that were synthesized
decreased as the amount of CuCl, increased. An increase in
the Urbach energy (E,) of PC is produced with the addition
of CuCl,, which is associated for a high quantity of tail-to-
tail transitions that are conceivable. There was a rise in the
refractive index, which went from 1.44 to 2.04.

Films Absorption  Refractive Direct Indirect Ey from
edge (E,) (eV) index (n) Eg4(eV) Ey(eV) (&; versus

hv) (eV)

MC-0 5.58 1.44 6.21 57 6
MC-10 2.65 1.66 32 239 2.69
MC-20 25 2.04 2.68 23 2.54

4.5 Polyaniline doped with Li salt as an
electrode

Due to its rapid charge-discharge kinetics and doping-
undoing process, conducting polymer is a very promising
material in polymer-based redox supercapacitors. When
compared to supercapacitors made of metal oxides,
conducting polymers may often be purchased for much less
money. Because of its facile processability, controlled
electrical conductivity, and environmental durability, poly-
aniline has garnered a lot of interest among conducting
polymers. As an electrode material in a polymer redox
supercapacitor, polyaniline powder that had been doped
with LiPFg was employed. After undergoing a chemical
preparation process, the polyaniline powder that has been
doped with LiPFg is used as an electrode material in
symmetric redox supercapacitors. To be more specific, the
electrode sheet is manufactured by depositing the slurry that
is made up of polymer, conductor, and binder directly on a
charge collector. It was determined that the performance of
the polymer electrolyte and the porous polyolefin separator
were comparable. Li-doped PANI electrode sheet has an
electrical conductivity of 1.7 S/cm, while the ionic conduc-
tivity of polymer electrolyte is f 3 x 10° S/cm.

Both of these values are measured in micrometers.
Comparative analysis is performed between the perfor-
mance of a polymer electrolyte and that of a redox
supercapacitor that makes use of a polyolefin filter. During
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the first discharge, the specific capacitance of a redox
supercapacitor that makes use of a porous separator is f
100 F/g, and after 5,000 cycles, it is maintained at 70 F/g. As
the number of cycles increases, the discharge capacitance
continues to drop in a steady manner. According to the
polymer electrolyte, the specific capacitance is f 80 F/g
during the first discharge, and it remains at f 60 F/g after
5,000 cycles have been completed. Some individuals have
proposed that there is a connection between the electrical
conductivity of a salt solution and the mobility of ions that
have been dissolved in the solution. The reason for this is
that ion movement to opposite electrodes is a fundamental
need of voltaic cells and chemical batteries, which produce
electricity by decreasing one substance and ionizing
another.

In contrast, an electric circuit, like that which lights a
bulb, is completed when a voltage is applied to a solution
through two electrodes; however, this process does not
involve an oxidation-reduction reaction and does not cause
the voltage to decrease over time. The only function of the
solution is to transfer energy through it. Like metallic
electrical connections, the conductivity of frozen salt solu-
tions varies with temperature. On the flip side, liquid salt
solutions retained their conductivity and even enhanced it
as the temperature rose, making them ideal electrical circuit
conductors. A connection occurs between the magnitude,
concentration, and charge of the electrolyte cation, all of
which affect conductivity.”

4.6 Cu(II) complex doped polyaniline (PANI)

Aniline is one of the most important polymers because of its
widespread use. Through the doping of metal salts, it has
been possible to characterize. CuSO,'5H;0, [Cu(NH3)4]SO4,
[Cu(en),]SO, and [Cu(en)s]SO4 has been used as dopants.
The UV-vis spectra of the polyaniline doped transition metal
has been investigated such as EB-PANI, HCI-PANI and PANI
doped through copper Cu®" ion, while the ligands are not the
same is presented in Figure 10A and B. Around a wavelength
of 634 nm, the benzenoid to quinoid electronic transition
from HOMO to LUMO excitation transition, also known as
BQET, could be observed between the undoped Polyaniline
polymer material. With PANI, which had been doped with
HCl, this peak vanished. However, during the process of
becoming doped by the Cu®" ion, these peak experiences a
blue shift, moving from 634 nm to the region of 533-573 nm.
A comparable decrease in wavelength or blue shift was also
described by Chen et al.”® Throughout the process of doping
PANI, researchers utilized a variety of transition metal ions,
one of which was Cu®*. Higuchi et al.”’ It was determined that
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the complexation of the Cu** ion using polyaniline was
responsible for this particular blue shift and Chen et al.”®
Moreover, this alteration was linked to the interplay be-
tween polyaniline backbones and transition metal ions. The
measured blue shift may be ascribed to the connection of the
Cu®* ion with the polyaniline, in addition to the observed
partial oxidization of the polymer backbone.”
Additionally, it was discovered that this displacement
was contingent upon the dimensions or voluminosity of the
ligands that surround the Cu®* ion. Figure 10B demonstrates
that when the size of the ligands increases, the blue shift
becomes less. The reduced efficiency of Cu®** ion complexa-
tion using polyaniline is attributed to the steric hindrance
induced through the presence of bulky ligands around the
Cu** ion. The level of concentration of the doping agent also
affects the magnitude of the blue shift. In the case of the
identical ligand, it was noticed that the blue shift was bigger
when the amount of the doping agent was greater. The fact
that the quantity of the dopants had been altered for the
identical ligand (as shown in Figure 9B-E) makes this
observation very clear. A bigger blue shift appeared when
the efficiency of the amount of doping increased with
increasing dopant concentration. The n—m* transition in the
benzenoid rings is responsible behind the additional
absorption peak at 329 nm that was seen in the undoped
PANL"#® Upon doping, the m—m* peak causes increases
wavelength a red shift, causing it to move to the polaronic
area, which spans from 348 to 377 nm. A connection exists
between this peak and the production of polaron as well as
the level of doping.®' Because the strength of this peak is at its
highest for HCI-PANT, it indicates that there is a significant
amount of doping. A reduction in the magnitude of the
polaronic peak occurs if there is a rise in the bulkiness of the
ligands surrounding the Cu®* ions. It may be seen clearly in
Figure 10, namely in plots C, Cy, C,, and Cs, with CuSO4-5H,0,
[Cu(NH3)4]SO4, [Cu(en),]SO, and [Cu(en)s]SO, as dopants
correspondingly. The steric impedance was higher when the
ligand size was higher, while the degree of doping was lower
when the ligand size was smaller. In addition, Nikolaidis
et al. reported a rise in the strength of the polaronic peak
after the doping of EB-PANI using CuCl2®* from EPR studies.
It can be seen that the polaronic peak for HCI-PANI is located
at 377 nm, but the polaronic peak for compounds C, Cy, C,,
and Cs is located at 359 nm, 355 nm, 354 nm, and 348 nm,
correspondingly. This indicates the shift in the direction of
the polaronic region is less pronounced for higher ligand
sizes. The fact that the peak in the region of 348-377 nm was
connected to the doping amount which provided more evi-
dence was shown in Figure B, C & D where CuSO45H,0,
[Cu(en),]SO, and [Cu(en);]SO, were used as dopants. When
the concentration of the dopant was raised, it was discovered
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Figure 10: (A) UV-vis spectra of EB-PANI, HCI-PANI C, C;, C; and Gz, (B) PANI doped with CuSO,4-5H,0, (C) PANI doped with [Cu(NH3)4]SO4, (D) PANI doped
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that the strength of this peak intensified as well. A higher
doping concentration was achieved as a result of a greater
amount of the dopant involved. In a manner that was
simultaneous to the increase in conductivity standards, the
polaron peak of the intensity increased significantly.

4.7 Conductivity of doped metal salts

Complexes of some transition metal salts FeSO,, FeCls,
MnCl,, NiCl,, CuCl,, ZnCl,, CdCl,, LaCl;, EuCl;, La(NO3)s,
Eu(NOs)3, Sm(NOs)3, and Nd(NO3); and polyaniline emer-
aldine bases were synthesized by UV-vis-IR spectroscopy.
There were two distinct instances of severe doping, and they
were differentiated by the inorganic salt that was utilized.
Films with grain shape, reasonably high conductivities up to
107! S/cm, and electronic transition spectra that are indica-
tive of both pseudo-proton doping and oxidation of the
polymer backbone were produced as a result of the first
doping stream. According to the infrared UV-vis spectra
or absorption spectra, which were in agreement with the
results, the chemical reaction of the benzenoid functional
groups of the polymer with the metal cations appeared
satisfactory. The second doping regime resulted in a film
morphology that was smoother and did not include any
grains. However, the film had low conductivity, which
generally did not surpass 10~ $/cm, and the solvent content
in the film was greater. According to the electronic transition
electron and infrared absorption spectrum, the pseudo
protonation occurring in the polymer matrix is shown to be
reliable. Therefore, based on all the information that was
acquired, a model of macromolecular polyaniline transition
metal salt-complexes are proposed.®® The conductivity has
been shown to undergo considerable variations over time,
which has been the most unexpected aspect of this property.

In most cases, the conductivity of the samples that were
created grew by one to two percent over time. The rate of
amplitude increased over a few weeks or months, depending
on the structure of the film. After that, the conductivity
decreased, which may be the result of the typical degrada-
tion of the polymeric material. The conductivity had
provided more samples that demonstrated that the group of
nitrates was much slower in comparison to the films that the
first group of dopants doped. Because of this process, the
molecules of the solvent are slowly released from the films,
which results in a more effective interaction between the
dopants and plastic molecules. The spectra of films doped
with NiCl, and EuCl; salts (Table 3) clearly show the polaron
absorption at 440 nm and the absorption tail in the near-IR,
which are characteristics of the emeraldine salt form of the

polymer.
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Table 3: Complex films conductivity S/cm.®

EB: HCI EB: EuCl; EB: NiCl, EB: LaCl3 EB: FeCl3
(1% 10°) (1x107" 4x10%)  (@2x107) (B3x107
EB: CdCl,  EB:Eu(NOs);  EB:ZnCl, EB: Sm(NO3);  EB: CuCl,
2x107) (@x1073) (1x1073)  (@2x107% (3x10™

Furthermore, the spectra reveal that the polymer has
a blue-shifted benzenoid-to-quinoid electronic transition
(BQET) at around 550nm. Copper salt-doped samples
exhibited classic characteristics of the polymer’s oxidized
state, with the exception of a small polaron absorption
band that appeared as a shoulder at about 770 nm.°® It was
discovered that the electronic absorption spectra of films
changed with time, particularly those doped with the first
group of salts. Characteristics of films with greater conduc-
tivity have evolved in this direction. As an example, samples
doped with EuCl; and NiCl, showed a total loss of the BQET
band, an enhancement of the polaron absorption charac-
teristics, and a conductivity gain of up to one instruction of
greatness during four months. Here, the spectra of PANI
films that were acid-protonated or incapacitated by the
additional set of salts did not match the final spectra. In
addition to suppressing the BQET band, the free-carrier ab-
sorption tail in the later films starts at about 500 nm and
progressively rises into the infrared region.*

5 Conclusions

In conclusion, the incorporation of transition metal salts
into polymers is a promising approach that has the potential
to modify and advance both the optical and electrical
characteristics of these materials. There are a variety of
benefits associated with this method, including the ability to
modify absorption and emission spectra, enhanced photo-
luminescence, and the ability to exercise control over color
in relation to optical qualities. Enhanced conductivity,
greater charge carrier mobility, and the capacity to control
the band gap are all beneficial to the electrical characteris-
tics of the material at the same time. These technological
breakthroughs have major consequences for an extensive
variety of requests, including organic solar cells, sensors,
flexible electronics, and optoelectronic devices, amongst
others. Because of their flexibility, transition metal salts
make it possible to fine-tune the characteristics of materials
in order to fulfill certain needs associated with a variety of
technical areas. In addition, the enhancements in stability
and durability that are brought about by doping are a



372 —— D.M. Mamand et al.: Metal salts on polymers and their applications

significant contributor to the long-term dependability of
devices that are based on polymers.
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