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1 Introduction

Enhancing the charge transport and luminescence
properties of ethyl 4-[(E)-(2-hydroxy-4-
methoxyphenyl)methyleneamino]benzoate
through complexation: a DFT and TD-DFT study

Dinyuy Emmanuel Kiven, 2 Fritzgerald Kogge Bine, P Nyiang Kennet Nkungli,@a
Aymard Dider Tamafo Fouegue, & © Stanley Numbonui Tasheh &2
and Julius Numbonui Ghogomu & *ad

Organic light emitting diode (OLED) and organic solar cell (OSC) properties of ethyl 4-[(E)-(2-hydroxy-4-
methoxyphenyl)methyleneaminolbenzoate (EMAB) and its Pt>*, Pd?*, Ni2*, Ir**, Rh®", and Zn?*
complexes have been theoretically studied herein. Geometry optimizations have been performed via the
r’SCAN-3c composite method while single-point calculations have been carried out at the PBEO-
D3(BJ)/def2-TZVP level of theory. Results have shown that complexation with selected metal ions
improves hole and electron transfer rates in Pt{EMABI], and Rh[EMABI,". Specifically, the hole transport
rate of Pt{EMABI,, (keh) = 6.15 x 10 s7Y), is found to be 44 times greater than that of [EMABI, (ke(h) =
1.42 x 10% s71), whereas electron transport rate of PtIEMABI,, (k.le) = 4.6 x 10 s73) is 4 times that of
EMAB (kele) = 1.1 x 10 s7). Charge mobility for holes and electrons are equal to 19.182 cm? V™1 571
and 1.431 cm? V= 57! respectively for PtIEMABI,, and equal to 4.11 x 10~ cm? V™t s™t and 3.43 x 107!
cm? V™1 571 for EMAB respectively. These results show that, charge transport in EMAB can be tuned for
better performance through complexation with transition metals such as Pt>*. OSC properties of the
complexes were also studied by comparing their HOMO/LUMO energies with those of (6,6)-phenyl-Cg; -
butyric acid methyl ester (PCBM) and poly(3-hexylthiophene) (P3HT). It turned out that the energy gap of
EMAB reduced significantly upon complexation from 2.904 eV to 0.56 eV in [Rh(EMAB),]* and to a lesser
extent in the other complexes. The energy values of the HOMOs remained higher than those of PCBM
while those of the LUMOs were found to be greater than that of P3HT with the exception of
[Rh(EMAB),]*. These findings show that the aforementioned species are good electron donors to PCBM.
The open circuit voltage, Voc, of the compounds ranged between 0.705 x 107° V and 6.617 x 107V,
values that are good enough for practical usage in OSC applications. The UV-visible absorption spectra
revealed absorption maxima well below 900 nm in all compounds, vital in the efficient functioning of
solar cells. In general, this study has shown that platinoid complexation of EMAB can successfully modify
both its OLED and OSC properties, making them better precursors in the electronic industry.

friendly and low energy consuming lighting devices or their
precursors.”” Organic electroluminescent materials have

Burgeoning world population has led to an unprecedented rise
in the pursuit of better energy-saving lighting devices necessi-
tating the search and manufacture of low-cost, environmentally
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attracted wide attention in both academia and industry as
a result of their pre-eminence as light emitting materials in flat
screen displays.>* Organic electronic materials have found
extensive applications in organic light-emitting diodes (OLEDs),
optoelectronics, display and lighting technologies, photo-
transistors, smartphones, TV applications, personal computers,
photodetectors, and bio-imaging.*” Their applications in
displays are due to several unique advantages such as low cost,
high contrast, good colour range, flexibility, wide viewing angle,
fast response time, low driving voltage, low weight, low-
temperature maintenance, and absence of toxic metals.***° In
their mode of operation, OLED devices transform electrical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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energy into light. OLED materials encompass a sequential
multilayer arrangement of thin organic films (an emissive layer
(EL), a hole-transport layer (HTL) and an electron transport
layer (ETL)), all in the middle of two electrodes, assembled via
a variety of high technologies."*”

A proficient HTL material is endowed with adequate hole
injection and high hole mobility, which are primordial prop-
erties for effective transmission of charge carriers towards the
emissive layer.'»"* Moreover, the HTL material is expected to
exhibit a highest occupied molecular orbital (HOMO) energy of
about 4.5 eV. This HOMO energy facilitates hole injection from
the anode into the emissive layer. In addition, an appropriate
lowest unoccupied molecular orbital (LUMO) energy level limits
the injection of electrons from EL to HTL." Similarly, a good
ETL material is expected to possess a suitable HOMO and
LUMO energy levels capable of accommodating the potential
energy barrier, thus minimizing electron injection, lowering the
operating voltage and making its hole-blocking ability
significant."**

Within the framework of OLED manufacture and design,
N,N-diphenyl-N,N-bis(3-methyl ~ phenyl) (1,1-biphenyl)-4,4-
diamine (TPD) is the routinely used hole transport layer,
whereas tris(8-hydroxyquinolinato) aluminium (Alq3) is the
habitually used electron transport layer prototype.*>** Polymers
and m-conjugated molecules are outstanding for organic-based
electronics, owing to their efficient light emission and charge
transport properties.'*'® Among organic materials used for
OLED fabrication, Schiff bases have been portrayed as one of
the most important photo-luminescent class of organic
compounds, with promising electron transport and emission
properties.’

Schiff bases, especially the D-1t-A types have been remark-
able in the manufacture of OLEDs because they are easily syn-
thesisable and modifiable.'*” Although Schiff bases are good
electroluminescent materials, they are completely organic and
thermally unstable. This obstructs their successful application
in displays, lighting and other purposes and consequently their
marketability.” Again, OLEDs usually wear out through dark
spot degradation, catastrophic failure and intrinsic degrada-
tion. Additionally, a noticeable band is always recorded in the
luminescence spectrum of organic polymers, diminishing pure
colour production ability.’®*® These setbacks have therefore
motivated the search for more stable electroluminescent
materials or their precursors for the manufacture of OLEDs.*
Important factors to look out for when searching materials for
OLED fabrication include thermal stability, structural rear-
rangement resistance, and low chemical degradation. Although
pure OLEDs have been commercialized as flat panel displays in
the past, only single excitons have been involved because
emission from spin triplet state is forbidden by spin selection
rules (i.e. phosphorescence is not possible) at room tempera-
ture.>***! Transition metal complexes are generally stable and
heat resistant; properties highly searched for in OLED design
and fabrication.>'” Moreover, effective phosphorescence in late
transition metal-Schiff base complexes at room temperature is
associated with the heavy atom effect, which is responsible for
promoting spin-orbit coupling (SOC). Maximizing the inter-
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system crossing (ISC) from the singlet state (with a 25% prob-
ability of emission) to the triplet state (with a 75% probability of
emission), significantly improves their quality.**"?

In the same vein, transition metal complexes, especially
platinoid complexes of iridium (Ir), platinum (Pt) and palla-
dium (Pd) demonstrate high stability, are easily purified, and
can function as both electron transporters and light emitters
with excellent brightness.***** Schiff bases and their associated
transition metal complexes have been widely explored for their
applications in diverse areas such as nonlinear optics,
molecular/metal ion sensing, dye-sensitized solar cells, molec-
ular magnetism and photoluminescence.>* Also, the ease of
synthesis of both Schiff base ligands and their metal complexes
offers an additional advantage. Luminescent metal-organic
compounds possessing functional emissive ligands represent
an upcoming class of luminescent materials owing to their
attributes of both organic dyes (tuneable and intense emission),
and transition-metal-based emitters (high photostability, large
absorption-emission Stokes shifts, long emission lifetime, and
tuneable excited states).>*2¢

To harvest both singlet and triplet excitons, which are
responsible for high performance in OLEDs, heavy transition
metals have generally been used in the emissive layer. Heavy
metal ions including Ir(ur), Rh(m), Pt(II) and Pd(u) have shown
such characteristics and have been used in the manufacture of
phosphorescent organic light-emitting devices possessing both
singlet and triplet excitons.**”~** When both singlet and triplet
excited states are involved, excitons are maximized theoretically
to yield phosphorescent OLEDs with close to 100% internal
quantum efficiency."”*® Iridium(m) has short lifetimes of triple
excitons and therefore distinguishes itself as one of the best
candidates for phosphorescent OLEDs. Moreover, Iridium
metal is less expensive compared to other metals routinely used
for OLEDs fabrication.** Transition metal complexes of Schiff
bases are generally stable, owing to numerous binding sites
such as nitrogen of the imine group, and oxygen of the carbonyl
group which makes them more useful.?

Equally, zinc complexes of azomethine ligands exhibit good
electron transport ability, high fluorescence quantum yields,
and excellent thermal stability.*** Zinc has been shown to
produce white OLEDs (WhOLEDs) owing to its d*° configura-
tion, and its Schiff base complexes have been proven to possess
interesting luminescent properties.>*** Lastly, zinc(u)
complexes, are cheap and universal electroluminescent mate-
rials, which have frequently yielded a higher quantum emission
than free ligands.>*® Since they are simple to acquire and are
easily modifiable, Schiff bases and their metal complexes have
been extensively developed. Bearing in mind that transition
metal coordination would probably boost the mechanical,
luminescent and the thermal stability properties of these
molecules, the continuous design of more and more metal-
organic based materials with high efficiency for OLEDs is
urgent. Fortunately, theoretical studies can be employed in
investigating these properties at reduced costs compared to the
expensive traditional experimental approaches, notably the
spectroradiometer and integrating sphere methods.
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Like OLED technology, organic solar cell (OSC) technology
has attracted significant attention in this era where green
energy is highly solicited due to the adverse effects of fossil
fuels. Organic solar cells (OSCs) are photovoltaic devices that
convert sunlight into electrical energy. In contrast to conven-
tional silicon-based solar cells, which utilize inorganic mate-
rials, OSCs employ carbon-based organic molecules or polymers
to absorb and convert sunlight into electrical energy. Organic
solar cells have captured both academic and industrial interest
owing to their advantages such as lightweight, flexibility and
roll-to-roll fabrication capabilities.** OSC devices with improved
light trapping properties are particularly important for elec-
trical energy applications.”*® Although enormous progress has
been made in the search and development of new materials, the
low efficiency and thermal stability of small organic electronics
materials remain a problem for their application.” It is therefore
necessary to develop new versatile organic materials with high
efficiency for OLEDs and OSCs, which are more stable and
capable of functioning as better light emitters, absorbers and
charge transporters.** Although a great deal of diverse OSC
materials have been designed and developed, transition metal
complexes have been given very little attention. Schiff base
metal complexes are promising in the realm of OSCs. The
coordination of transition metals with Schiff bases is readily
attainable, and usually results in enhanced charge transfer,
mechanical properties, and reduced energy gaps. Consequently,
they are emerging as promising acceptor materials for OSCs.**
Pasa and colleagues explored the optoelectronic characteristics
of a Schiff base ligand and its metal complexes, and observed
a reduction in band gap and intriguing charge transfer prop-
erties. These features of Schiff base complexes hold significant
promise for potential application in solar cell fabrication.*

The aim of this study therefore has been to theoretically
investigate the effects of some transition metal complexation on
the OLED and OSC properties of the planar Schiff base “ethyl 4-
[(E)-(2-hydroxy-4-methoxyphenyl)methyleneamino]benzoate”
herein duped EMAB. The metal ions of Pt(i), Pd(u), Ir(u), Ni(1)
and Zn(u) were chosen for their ability to improve charge
transfer properties and thermal stability when complexed with
Schiff bases.*®” Also, some of these metal ions were chosen
based on their reported ability to attain triplet excited states
which leads to Inter System Crossing, a prerequisite for phos-
phorescence. Interestingly, EMAB and its copper complex were
synthesized and characterized by Pahontu and coworkers in
2015.** Moreover, the effects of metal complexation on the
luminescent properties of the Schiff base under study are yet to
be investigated to the best of our knowledge. The result of this
investigation would provide knowledge on molecular species or
precursors for the manufacture of cheaper, more durable, and
environmentally friendly electronic materials. The density
functional theory (DFT) method (and its time-dependent
extension (TD-DFT)) have been used in this investigation
because they are a good compromise between computational
time and accuracy while concurrently taking into account
electron correlation.***® Fig. 1 shows the proposed mode of
complexation between EMAB and the selected metal ions. This
mode of complexation was proposed because EMAB is a Schiff
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Fig. 1 The proposed mode of complexation between EMAB and
selected metal ions.

base and will use only the O and N atoms close to each other for
complexation. Given the bulky nature of EMAB is very bulky, it
will be difficult to obtain octahedral structures due to steric
hindrance reason why only complexes with coordination
number of 4 have been modelled and studied herein.

2 Computational details and the
theory

2.1 Effects of complexation on organic light-emitting diode
(OLED) properties of EMAB

The effects of complexation on the OLED properties of the
ligand and its selected complexes were studied by first carrying
out geometry optimization of the species using the ORCA 5.0
program package.*” The Density functional theory was chosen
herein because it has been proven to be suitable for studying
coordination compounds.**® Due to the large number of atoms
in the molecules studied, pre-optimization was carried out
using the Semi-empirical Quantum Mechanical (SQM) extended
Tight-Binding (XTB) density functional method. The Avogadro
1.2.1 visualization program was used to prepare input files for
all computations.” After pre-optimization and frequency
calculation with the XTB method, the level of theory was
augmented, and re-optimization and frequency calculation
were carried out with the Swiss Army Knife composite electronic
structure (r*SCAN-3c) method well embedded in ORCA 5
package.”®* This functional contains the mGGA functional,
r’SCAN-3¢ where “3¢” denotes the three corrections-(refitted)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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gCP (geometrical counterpoise correction), the D4 correction,
and the modification of the basis set. This method was chosen
because of its advantages over other mGGAs. The mGGA r’SCAN
describes electron-correlation effects in a more advanced way,
resulting in improved conformational energies, thermochem-
istry, and refined covalent bond lengths. Moreover, self-
interaction error, which most approximate functionals suffer
from is reduced.**** This functional is also more numerically
robust and precise than its predecessor (SCAN). Lastly, the
r’SCAN-3c composite is competitive with more demanding
approaches for thermochemistry and conformational energies
such as B3LYP and PBEO functionals, owing to its broader range
of applications.* To ascertain that geometry optimization yiel-
ded reliable and stable structures (minima on the PES), vibra-
tional frequencies were calculated for all optimized structures
at the same level of theory as that used for geometry optimiza-
tion. Analysis revealed no imaginary frequencies, affirming the
reliability of the structures as minima on the PES.

Transition metal ions with partially filled d-orbitals are
known to demonstrate multiple spin states. As a result, spin
state analysis was carried out by optimizing each complex at all
possible spin states at the t*SCAN-3c level and determining the
single point energies at r*SCAN-3c, PBE0/def2TZVP and MO06/
def2TZVP levels of theory respectively for comparison. The
spin states with the lowest energies were then adopted for
subsequent calculations. Based on the r*SCAN-3c optimized
geometries, single-point energy calculations were also per-
formed with the hybrid-GGA functional; PBEO together with the
Ahlrich's basis set def2-TZVP.>"%35

The PBEO functional has been used herein owing to its
accurately and agreement with previous experimental results as
well as theoretical results obtained at the B3LYP/6-311++g**
level of theory in estimating geometrical parameters of
EMAB.**** Moreover, literature indicates that the PBEO func-
tional, especially when combined with the Def2-TZVP basis set
yields good energies for transition metals.>** Long-range
dispersion corrections were done via the Grimme's dispersion
correction along with the Becke-Johnson damping D3(BJ)
scheme.”® To determine the reorganization energies, single
point calculations were carried out on the neutral, anionic and
cationic structures at the RIJ-COSX-PBEOD3(B])/def2-TZVP level
of theory. RI-J signifies the resolution of the identity approxi-
mation, and COSX refers to the chain of spheres approxima-
tion.* In this study, property determination was done step by
step, by involving the initial screening which was carried out at
tight-binding level, followed by structural refinement, and
finally energy calculations with inexpensive low-level DFT, and
energy re-ranking with a high-level method.>

Two models have been widely used to describe charge
transfer properties within entities; the coherent band model
and the incoherent hopping model.>” The band model is useful
for ordered organic crystals, where there exists full delocaliza-
tion of charge carriers at low temperatures.”””® At elevated
temperatures (above 150 K), charge carriers are localized,
intermolecular forces weaken, and the band model becomes
less relevant. As a result, the hopping model becomes more
useful in describing charge transfer rates in organic systems.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The hopping model is described by the Marcus' theory, via the
following equation™

43 \'? N
kct = (W) I/j’/' exXp

where T is the temperature (298.15 K), kg the Boltzmann
constant (1.380 x 1072* J K™'), & is Planck constant (6.62 x
107" J s), AG, is the standard Gibbs free energy change of the
process, A represents the re-organization energy and V;; the
electronic coupling matrix element or transfer integral between
two adjacent species i and j, determined by orbital overlap. In
Marcus' equation, the values for transfer integrals and reorga-
nization energies are usually converted from eV to Joules (J).
Reorganization energies and importantly transfer integrals are
fundamental parameters responsible for charge transfer
rate.’

The reorganization energy, 4 is the energy needed to desta-
bilize the reactant and its solvent molecules, from their relaxed
nuclear configurations to the relaxed nuclear configurations of
the product and its associated solvent molecules.® It is clear
from (1) that charge transfer rate depends directly on the square
of the transfer integrals and is inversely proportional to the
reorganization energy. Therefore, large transfer integrals and
smaller reorganization energies are expected to boost the rate of
charge transfer. However, re-organization energy is the main
parameter determining charge hopping rate, which is generally
sectionalized into Ajnternal aNd Aexternal-™® The internal reorgani-
zation energy is a measure of the structural change between the
ionic and neutral states of a molecule, while the external re-
organization energy depicts the effect of the surrounding
medium on charge transfer.®* Essentially, Acxternal 1S NOt as great
as Ainternal-*> Presently, attention is focused on Ajpeernal, Since the
species under study are isolated and are all in the gas phase.
The reorganization energy for the electron A, and hole Ay, of the
entities studied herein were determined from the following
relations.>*

~(AG* + 1)’

4rkg T 1)

Ae=(Ey — E_7) + (EY — Ep) (2)
dn=(Eo" — EJ%) + (EY — E9) (3)

where E,~ and E," are the energies of the anion and cation,
calculated with the optimized structure of the neutral molecule,
E_~ and E," are the energies of the anion and cation computed
with the optimized anionic/cationic structures. E® and E° are
the energies of the neutral molecules calculated at the anionic/
cationic states and lastly, Eg is the energy of the neutral mole-
cules in the ground state.’

The transfer integral V;; describing the ability of the holes
and electrons to move from molecule i to j, is a fundamental
criterion to consider in charge transfer studies, especially in
semiconducting materials.®® Indeed, it reveals the interaction
strength between two close species involved in charge transfer.*®
Two popular methods are generally used to determine charge
transfer rates; they are the direct and the indirect methods. The
former determines V;; from the electronic coupling element of
the two wavefunctions which describe the donor and acceptor

RSC Adv, 2024, 14, 18646-18662 | 18649
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species, while the latter otherwise termed the Energy-Splitting-
in-Dimer (KT-ESD) is based on Koopman's theorem (KT). In
the KT-ESD method, V;; for the hole and the electron are both
computed as half the energy of the HOMOs and LUMOs of two
molecular dimers containing species i and j as shown in eqn (4)
and (5) respectively.

—

Ve= 5(ELa — EL) (4)

2
1
Vh = E(EH — En-1) (5)
where Ey; and Ey;_, are the energies of the HOMO and HOMO—1
energy level, while E; ., and E;, are the LUMO+1 and LUMO energy
levels respectively. The KT-ESD method was used in this study
due to its efficiency with symmetric molecules since the mole-
cules under study are symmetric to some extent. Moreover, this
method has been instrumental herein due to its efficiency in
predicting transfer integrals for organic and semi-organic mole-
cules,* given that the molecules under study are predominantly
organic.® Transfer integrals V;; were determined using single
point energies of co-facial dimers. The dimers were separated by
an intermolecular distance of 4.0 A, the minimum distance of
overlap of donor and acceptor molecular wave functions.*

It is worth noting that complete overlap was observed for the
ligand and partial overlap for the complexes. The energy of each
dimer was obtained by carrying out single point energy calcu-
lations for each neutral complex at the PBE0-D3(BJ)/def2-TZVP
level of theory, with the RIJCOSX approximation.

In order to determine the stability, which is usually desirable
for OLED fabrication,” Chemical hardness; a measure of
a species' ability to resist reaction, was calculated using the

relationship
1 /0ou 1 (O°E IP — EA
nN==z|—=| == YVl [ (6)
2 \0N 2 \0N 2
where IP is the ionization potential, and EA is the electron
affinity.

The IP and EA, are adiabatic and are calculated as the energy
difference between the cationic and neutral species and as the
energy difference between the anionic and neutral species
respectively.

The ionization potential and electron affinity were obtained
using eqn (7) and (8)

IP = E(M™) — E(M9) 7)
EA = EIM°) — E(M") (8)

where E(M°), E(M") and E(M ) are the energies of the neutral,
cationic, and anionic forms of the investigated molecules
respectively. These energies were calculated at the PBE0-D3(BJ)/
def2-TZVP level of theory. The stabilities of EMAB and its
complexes were determined by calculating their relative hard-
ness. Furthermore, these stabilities were predicted from their
interaction energies AEjy, using the supramolecular approach
as follows:
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AE;, = Ecomplex - (2EL + EM”*) (9)

where Ecomplex 18 the energy of the complex, Ey, is the energy of
the ligand and Ej,~ is the energy of the central metal ion. The
energies of the complex, ligand and central metal were calcu-
lated at the PBE0-D3(BJ)/def2-TZVP level of theory.

Lastly, the charge transfer mobility, an essential parameter
for charge transfer rate studies was determined using Einstein's
relation depicted in eqn (10).

_ edszT
o 2kgT

(10)

where u is the charge transfer mobility, d is the transport distance
from the molecular centre to the centre in a dimer (in cm), k. is
the charge transfer rate in s, kg7 is the Boltzmann constant and
e is the electric charge in eV. The value of & is in eV.

2.2 Effects of complexation on the organic solar cell
properties of EMAB

The ability of EMAB and its designed complexes to serve as
materials for OSCs was determined as follows: Firstly, the
HOMO and LUMO energies, (Faomo and Epymo), the band gaps
(Eromo—Erumo), major FMO-based performance parameters;
the open circuit voltage (Voc) and the energy driving force
(AE,_;) were computed, where (AE;,_;) is the difference between
the LUMO energy levels of the donor (EMAB's complexes) and
the standard acceptor (6,6)-phenyl-Ce;-butyric acid methyl ester
PCBM. The open circuit voltage was determined using the
following relation:

Voc = Efido — EASHS" — 0.3 (11)

where Vo¢ is the open circuit voltage, Edener ' is the HOMO
energy of the donor, and Effe’" is the LUMO energy of the
acceptor, and 0.3 is an empirical parameter.”**>®

The energy driving force, AE;_;, determines the dissociation
efficiency of an exciton at the donor/acceptor interface in OSCs.
AE; ; was calculated using eqn (12). We note here that the
numerical value of AE;,_;, must be above the threshold value of
0.3 eV; to ease dissociation.®

AE; 1 = LUMO®m" _ LUMQaccerter (12)
where AE;,_; is the determining factor of an exciton's dissoci-
ation efficiency at the donor/acceptor interface in OSCs.

For EMAB and its complexes Voc and AE;,_; were obtained by
carrying out single point energy calculations with the r’'SCAN-3c¢
optimized structures at the RIJCOSX-PBEO0-D3(BJ)/def2TZVP
level of theory. The energy level of the HOMO indicates its
ability to donate electrons, while the LUMO energy indicates its
ability to act as an electron acceptor.®® To visualize the HOMO
and LUMO charge distributions, frontier molecular surfaces of
EMAB and its complexes were generated using Avogadro 1.2.1
visualization program.** Also, the absorption spectra, and the
maximum electronic absorption wavelength, Ay, of each
complex have been computed. The TD-DFT method was used to
calculate electronic absorption properties at the CAM-B3LYP/

© 2024 The Author(s). Published by the Royal Society of Chemistry
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def2-TZVP level of theory in the gas phase, based on the r*SCAN-
3c optimized ground state geometries. Indeed, range-separated
hybrid functionals like CAM-B3LYP exhibit suitability not only
for conjugated systems with n — w* and w — 7* electronic
transitions but also for molecules characterized by significant
charge transfer, such as transition metal complexes.®”*® 1t is
worth noting that 10 excited states were computed for each
species. Lastly, the density functional theory (DFT) method and
its time-dependent extension (TD-DFT) were used in this study
owing to the good compromise between computational cost and
accuracy they offer, together with the considerable treatment of
electron correlation.*>*¢

3 Results and discussion
3.1 Effects of complexation on OLED properties of EMAB

3.1.1 Optimized geometries. The optimized geometries of
EMAB and some of its designed transition metal complexes are
shown in Fig. 2, alongside their atomic numbering schemes.
Data for optimized structures of EMAB and is studied species is
found in the ESL{

It can be seen from Fig. 2 that the EMAB forms somewhat
square planar complexes with the exception of [Zn(EMAB),],
which has a distorted tetrahedral structure. Some geometric
parameters of EMAB, computed at the PBEO(D3)BJ/def2-TZVP
level of theory were compared with experimental data from
Pahontu and co-workers.* In addition, these parameters were
also compared with theoretical parameters computed at the
B3LYP/6-311++g** level of theory and the agreement between
these parameters was close to 100%.°* Moreover, some
geometric parameters of the copper complex of EMAB, which
was synthesized by Pahontu and co-workers were computed and
compared with those of EMAB as shown in Table 1.

Results from Table 1 have revealed excellent agreement
between experimental data and data obtained from calculations
studies at the B3LYP/6-311++g**.,*%% Moreover, the Cu-N and
Cu-O bond lengths obtained theoretically fall within the range
of acceptable values of 1.9-2.1 A and 1.8-2 A respectively.® Since
these geometrical parameters fall within the acceptable range,
we proceeded to use the PBE0-D3(B])/Def2-TZVP level of theory
to predict the parameters of the modelled complexes. Some
parameters of EMAB and its complexes were selected and pre-
sented in Table 2.

The optimized structure of the ligand exhibits some degree
of planarity, rigidity and stabilization arising from the inter-
molecular hydrogen bond O15-H16---N18 with hydrogen bond
length 1.702 A and O-H:--N bond angle 148.92°. Non-
conventional hydrogen bonds of the form C-H---O are
observed in nearly all the metal complexes. These non-covalent
interactions contribute to the rigidity and planarity of the
investigated compounds, which in turn, are likely to enhance

t Electronic supplementary information (ESI) available: The supplementary file
contains the optimized geometrical coordinates of the studied compounds, data
used to calculate reorganization energies and UV-visible spectra. See DOIL
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Fig. 2 Optimized structures of EMAB and its designed complexes
studied at the r’SCAN-3c level of theory.

intramolecular charge transfer thereby reinforcing photo-
physical and electronic properties of the molecules.”®”*
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Table1 Some selected theoretical geometrical parameters of EMAB and its copper complex, optimized at the PBE0-D3(BJ)/def2-TZVP level of
theory, alongside the theoretical parameters of EMAB calculated at the B3LYP/6-311++g** level of theory®® and the experimental parameters of
CulEMABI, (ref. 44)

Theoretical value/level of theory

B3LYP/6-311++g** PBEO0-D3(B])/def2-TZVP Experimental value
Selected structural parameters EMAB EMAB Cu[EMAB], Cu[EMAB],
Bond length ()
N18-C17 1.297 1.29 1.302 1.284
C2-C1 1.394 1.388 1.401 1.386
C1-Ce 1.398 1.393 1.38 1.382
N39-Cu77 — — 2.025 —
Cu77-040 — — 1.9 —
Cu77-N17 — — 2 —
Cu77-015 — — 1.9 —
Bond angle (°)
C30-032-C33 117 115.9 115.9 116.8
032-C33-C34 111 111.2 111 107.4
032-C30-C27 112.5 112.2 112.4 112.4
031-C30-032 123.3 123.6 123.5 122.7
031-C30-C27 124.1 124.2 124.1 124.9
C21-C20-N18 118 118 119.2 116.9
C22-C20-N18 122.9 122.8 121.1 125
C17-N18-C20 121.1 120.8 118 122
N18-C17-C3 122.4 122.1 127 122.3
015-C2-C3 121.3 121.2 123.6 121.1
015-C2-C1 118.6 118.7 118.6 118.3
010-C6-C1 123.8 123.8 123.3 124.7
010-C6-C5 115.4 115.1 115.5 114.5
C6-010-C11 119.1 118.2 118.4 117.6
N39-Cu77-040 — — 92.9 —
N39-Cu77-015 — — 90.7 —
N17-Cu77-015 — — 91.4 —
N17-Cu77-040 — — 93.3 —
Hydrogen bond parameters
015-H16 (A) 1 1 0.9
N18-H16 (A) 1.7 1.7 1.9
015-H16-N18 (°) 147.6 148.9 140.7

Table 2 Some selected geometric parameters of EMAB and its transition metal complexes as predicted at the PBEO-D3(BJ)/Def2-TZVP level of
theory

Geometric parameter [Ir(EMAB),]" [PA(EMAB),] [Rh(EMAB),]* [Zn(EMAB),] [Pt(EMAB),] [Ni(EMAB),]

Bond length (A)

N17-M77 2.001 2.035 2.022 2.013 2.028 1.909
N39-M77 2.021 2.027 2.025 2.016 2.021 1.904
040-M77 1.961 1.997 1.927 1.927 2.010 1.786
015-M77 1.969 1.993 1.925 1.923 2.006 1.838

Bond angle (°)

N17-M77-015 91.1 91.0 89.6 96.4 91.7 92.3
N17-M77-040 88.9 89.5 90.8 115.8 88.8 87.7
N39-M77-040 91.6 91.8 90.1 96.3 92.1 92.9
N39-M77-015 88.3 87.7 89.3 113.7 87.0 87.1

Dihedral angle (°)
C41-N39-M77-015 —11.0 —12.0 -9.6 —40.0 —=9.5 —16.3
C41-N39-M77-N17 71.4 50.9 32.5 69.8 47.1 59.8
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From the values of bond angles in Table 2, it is clear that the
geometry adopted by the metal complexes is approximately
square planar apart from the [Zn(EMAB),] which is nearly
tetrahedral. In all cases, the geometries of the complexes
slightly deviate from the 90° bond angles of perfect square
planar species and 109.5° of perfect tetrahedral structures.
These recorded deviations from perfect planarity or tetrahedral
structures about the central metal ions may be due to electron
cloud repulsion between benzene rings in each structure
(ligand) and due to the Jahn Teller distortions, which causes
a distortion in molecular structure and lowers the energy of the
molecule.” Furthermore, the C=N bond length (1.29 A) in the
ligand is smaller than that obtained in all complex structures
(>1.3 A), indicating that complexation increases the C=N bond
length. Among the complexes studied, metal-ligand bond
lengths in [Ni(EMAB),]| are the shortest indicating higher
stability compared to other complexes.

In this study, metal-oxygen and metal-nitrogen bond
lengths in the designed molecules were also compared with
experimental values.””* It is well known that transition metal-
nitrogen bond lengths range between 1.9 and 2.03 A, while
metal-oxygen bond lengths range between 1.7 and 2.2 A. The
calculated bond lengths for these structures, at the PBEOD3(BJ)/
def2TZVP level of theory are presented in Table 3, alongside the
corresponding experimental values.

Results obtained from the comparison between theoretical
and experimental parameters in Table 3 have revealed that the
level of theory used for determining the geometrical parameters
is satisfactory, since theoretical results agree with experiment.

3.1.2 Spin state analysis. It is well known that heavy tran-
sition metals exhibit multiple spin states in their complexes.
Spin state analysis has therefore been carried out to determine
the most stable spin state for each complex. The results for
single-point energies at various levels of theory are displayed in
Table 4.

Results obtained in Table 4 indicate that the most stable spin
state for Pt>" and Pd*" is the +1 state, by virtue of their low
energy minima. In the case of Ir*", results show the most stable
spin state of +3, while the +1-spin state is the lowest for the Rh*".

Table 3 Comparison between predicted metal-oxygen and metal-
nitrogen bond lengths at the PBEOD3(BJ)/def2TZVP level of theory
and experimentally determined values

Bond lengths Theoretical value/A Experimental value/A

Pd-N 2.02 2.03
Pd-O 1.99 2.01
Ni-N 1.80 2.00
Ni-O 1.80 1.95
Rh-N 2.02 2.07
Rh-O 1.92 2.03
Zn-N 2.01 2.07
Zn-0 1.92 1.95
Cu-N 2.02 2.01
Cu-O0 1.92 1.94
Pt-O 2.01 2.01
Pt-N 2.02 2.00

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table4 Single point energies for studied EMAB complexes, calculated
at r’SCAN-3c, M06 (D3)/def2TZVP and PBEQ-D3(BJ)/def2TZVP for the
possible spin states in the gas phase

Complex Spin multiplicity Level of theory Energy/kcal mol
pd* 1 r*SCAN-3c —2153.8785
PBEO —2152.7215
MO6 —2153.6785
3 r*SCAN-3c —2153.8210
PBEO —2152.6564
MO6 —2153.5728
pt** 1 r*SCAN-3c —2145.3235
PBEO —2144.137
Mo06 —2145.0331
3 r*SCAN-3c —2145.2567
PBEO —2144.0597
MO6 —2144.9523
It 1 r*SCAN-3c —2130.0956
PBEO —2128.9081
Mo6 —2129.7920
3 r*SCAN-3c —2130.0900
PBEO —2128.9497
MO6 —2129.8308
5 r*SCAN-3c —2130.0019
PBEO —2128.8539
MO06 —2129.7342
Rh** 1 r*SCAN-3c —2136.3114
PBEO —2135.1428
MO6 —2136.0365
3 r*SCAN-3c —2136.3059
PBEO —2135.1457
MO06 —2136.0307
5 r*SCAN-3c —2136.2343
PBEO —2135.0616
MO6 —2135.9524

Zinc has a filled d orbital and therefore would not exhibit
multiple spin states. Nickel on the other hand would not exhibit
multiple spin states since is not a heavy d-block metal.

3.1.2.1 Reorganization energy and charge transport. Reorga-
nization energy analysis is crucial in charge transport studies.*
The calculated reorganization energies for hole/electron trans-
port for EMAB and its metal complexes are displayed in Table 5
together with those of N,N-diphenyl-N,N-bis(3-methyl
phenyl)(1,1-biphenyl)-4,4-diamine ~ (TPD)*®* and  tris(8-
hydroxyquinolinato)aluminium (Alq3)'>*® as references for
hole and electron transport materials, respectively.

Table 5 Calculated reorganization energy values for the hole (4,,) and
the electrons (A.) in eV for EMAB and its studied complexes at PBEO-
D3(BJ)/def2TZVP in the gas phase

Species An (eV) Ae (€V) Atotal (€V)
EMAB 0.375 0.612 0.987
[Pt(EMAB),] 0.185 0.481 0.666
[PA(EMAB),] 0.136 0.489 0.625
[Zn(EMAB),] 30.192 30.164 60.356
[Ir(EMAB),]" 0.653 0.925 1.578
[Rh(EMAB),]" 0.171 0.215 0.386
[Ni(EMAB), 0.147 1.12 1.267
TPD 0.290 — —

Alg3 — 0.276 —

RSC Adv, 2024, 14, 18646-18662 | 18653
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The information that was used to calculate the reorganiza-
tion energies for the hole and the electron is found in ESL T It is
important to note that reorganization energy is easily estimated
theoretically as compared to experimental procedures using
spectrochemical and electrochemical methods. Equally, theo-
retical calculations provide flexibility in exploring different
parameters that contribute to the reorganization energy such as
molecular structure, external electric field, which are not easily
manipulated in experiments.

Generally, molecules with high values of reorganization
energies will be poor transporters of holes/electrons, while
those with smaller values of reorganization energies will be
good transporters. From the results in Table 5, numerical values
of A, in EMAB complexes reveal that they are good hole trans-
port materials except for the zinc complex. This is because all
values of A, for EMAB's complexes are less than that of TPD,
apart from [Zn(EMAB),] and [Ir(EMAB),]". Thus the latter will
serve as a mild hole transport material. This is obvious because
the [Zn(EMAB),] complex has a somewhat tetrahedral structure
which usually hinders charge transfer rate, unlike the other
square planar complexes which enhance charge transport.”™ It
should be noted also that EMAB, by virtue of its high reorga-
nization energy value for both the hole and the electron will be
a mild charge transport material. According to the ranking for
n, [PA(EMAB),] < [Ni(EMAB),] < [Rh(EMAB),]" < [Pt(EMAB),] <
[Ir(EMAB),]" < EMAB < [Zn(EMAB),], it is clear that complexa-
tion improves the hole transport properties of the ligand
because the A;, values are significantly lower than those of the
prototype molecule TPD. Although the ligand itself is a mild
hole transport material, this property further diminishes when
the ligand is complexed with zinc and iridium. Therefore,
complex formation between transition metals and ligands such
as EMAB can play a significant role in tuning the hole transport
properties of the ligand by either significantly improving it as in
Pd*", Ni**, Rh*" and Pt** or diminishing it as in Zn*" and Ir*".
From Table 5, numerical values for reorganization energies for
the electron A, in EMAB complexes are like or lower than those
of the prototype to some extent. The [Rh(EMAB),]" complex
proved to be the best electron transport material due to its low
Ae value. Although the complexes have reorganization energies
closer to those of the ligand, the zinc complex has a very high
value. This suggests that the electron transfer rate in these
complexes apart from the zinc complex is improved through
complexation. The estimated A. values follow the order:
[Rh(EMAB),]" < [Pt(EMAB)], < [Pd(EMAB),] < (EMAB) <
[Ir(EMAB),]" < [Ni(EMAB),] < [Zn(EMAB),]. From this ordering
and A. values in Table 5, it is glaring that transition metal
complexation can tune electron transport properties of organic
molecules. Our results have also indicated (from reorganization
energy values) that among the complexes studied, Rh(m)
complex [Rh(EMAB),]" (. = 0.215 €V) is the best electron
transport material, while [Pd(EMAB),], (A, = 0.136) is the best
hole transport material. Consequently, most of the complexes
studied are potential charge transport materials for the manu-
facture of OLEDs. Moreover, some studies have reported that
the smaller the sum of the total reorganization energy, the
higher the short circuit current density which in turn improves
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charge transfer rate.®® From Table 5, the sum of reorganization
energies is relatively small, except that of [Zn(EMAB),]. The total
reorganization energy classification is as follows: [Rh(EMAB),]"
< [PA(EMAB),] < [Pt(EMAB),] < [Ir(EMAB),]" < [(EMAB)] < [Ni(E-
MAB)] < [Zn(EMAB),]. Therefore, the rate of charge transfer is
expected to follow this order. The hole and electron reorgani-
zation energy results obtained for the Zn[EMAB], and Ir
[(EMAB),]" significantly deviate from the standard values (about
100 times and 3 times greater than the standard respectively).

3.1.2.2 Charge transfer integrals and charge transport. When
transfer integrals are on average smaller than the reorganiza-
tion energies as the case in pure organic molecules, Marcus'
theory is suitable for carrying out charge transfer studies with
the molecules. Transfer integrals were calculated using the
Marcus' theory because the entities are predominantly organic.
It is also important to note that the higher the value for charge
transfer integral, the higher the molecule's ability to transfer
charge. The computed charge transfer integral values for both
the hole and electron transport processes of the investigated
species are listed in Table 6.

Transfer integrals for the electrons range between 0.06 and
0.13 eV following the order [Rh(EMAB),]" < EMAB < [Pt(EMAB),]
= [Pd(EMAB),] < [Ni(EMAB),], while that for the hole range from
0.01-0.14 eV in the order [Rh(EMAB),]" < [Pt(EMAB),] =
[PA(EMAB),] < [Ni(EMAB),] < EMAB. Although the values for
transfer integrals are considerably large for the ligand, the
corresponding results for reorganization energy are larger than
that of the prototypes Alq3 and TPD and therefore EMAB can be
considered as a moderate electron/hole transport molecule.

From Table 6, metal chelation with EMAB increases the value
of transfer integrals for the electron in most cases studied but
diminishes the hole transport properties in all cases. Moreover,
the ligand itself is a good hole and electron transport material
by virtue of its high transfer integral values. Based on the
reorganization energies, complexation between EMAB and Pd*",
Ni** and Pt*" increases its hole transport properties while
complexation with Rh*" improves its electron transport prop-
erties. Based on transfer integrals, complexing EMAB with Ni**,
Pd>" and Pt*" increases transfer integrals for the electrons, thus
making them suitable electron transport materials for the
fabrication of OLED devices.

3.1.2.3 Charge transfer rate and charge transfer mobility.
Marcus' theory relates charge transfer rate to both transfer
integrals and reorganization energies. Therefore, studying
charge transfer integrals or reorganization energies

Table 6 Calculated transfer integral values for the hole (V},) and the
electrons (V) in eV of EMAB and its studied complexes at PBEO-
D3(BJ)/def2TZVP in the gas phase

Species Ve (eV) Vi (eV)
EMAB 0.11 0.14
[Pt(EMAB),] 0.12 0.10
[PA(EMAB),] 0.12 0.10
[Rh(EMAB),]" 0.06 0.01
[Ni(EMAB),] 0.13 0.11

© 2024 The Author(s). Published by the Royal Society of Chemistry
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independently cannot indicate the best species for the fabrica-
tion of OLED materials or their precursors. Herein therefore,
the charge transfer rates for EMAB and its studied metal
complexes have been computed. Charge transfer rate simulta-
neously accounts for the reorganization energy and charge
transfer integrals of the studied species as seen in eqn (1). Also,
charge mobility, another useful parameter in evaluating the
performance of OLED materials has been calculated based on
Einstein's relation eqn (10). The charge transfer rate and
mobility calculated have been presented in Table 7.

Our results unambiguously reveal that complexation
between EMAB and majority of the metal ions under investi-
gation increases the hole transfer rate, while the electron
transfer rate increases significantly only for [Pt(EMAB),] and
[Rh(EMAB),]".

Charge transfer rates for the hole range from 0.13 x 10" s™"
to 61.5 x 10" s and follow the order [Rh(EMAB),]" < EMAB <
[PA(EMAB),] < [Ni(EMAB),] < [Pt(EMAB),]. The charge transfer
rate for the electrons follows the order [Ni(EMAB),] <
[PA(EMAB),] < EMAB < [Rh(EMAB),]" < [Pt(EMAB),]. From the
foregoing observations, it can be seen that [Pt(EMAB),]|" is
a fascinating ambipolar material for the fabrication of OLED
devices since the complex exhibits improved charge transport
properties, both for the hole and the electron, compared to the
ligand. As expected, charge mobility varies in the same manner
as the charge transfer rate. A large value for charge mobility
indicates the ease with which charges (holes/electrons) move.
For the species under study, the hole mobility rate increases
generally with complexation for most of the metals. Charge
mobility rate follows the trend [Rh(EMAB),|" < EMAB <
[PA(EMAB),] < [Ni(EMAB),] < [Pt(EMAB),] for both the hole and
the electron. At this juncture, it can be concluded that the
[Pt(EMAB),] is the best charge transporter amongst the species
studied. It is therefore recommended as a good precursor for
the manufacture of charge transport for OLED devices.

3.1.2.4 Effect of complexation on charge transfer rate and
stability. Investigations on luminescent and/or charge transport
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properties of materials requires some basic idea or knowledge
of their stability. In fact, materials that are chemically and
thermally stable are desirable for OLED fabrication.® Chemical
hardness, which is the measure of the ability of a species to
resist reaction or the ability to resist exchange in electrons has
been calculated through conceptual density functional theory
and listed in Table 8, along with the corresponding values for
ionization potential, electron affinity, and their change in
interaction energies.

Table 8 reveals that the compounds [Pd(EMAB),],
[Pt(EMAB),] and [Rh(EMAB),]" have small energy gaps and are
therefore expected to have the most outstanding photophysical
properties.®® In addition, metal complexation by EMAB is
observed to have generally reduced the both the HOMO and
LUMO energies, except those of [Rh(EMAB),]". Furthermore, the
energy gaps of the complexes in all cases are smaller than that
of the ligand. This indicates that the ease of electron transfer
would generally increase with complexation since a low energy
gap facilitates electron jump from the HOMO to the LUMO,
a primordial factor for photoluminescence. Based on energy
gap, EMAB and its complexes are ranked as follows:
[Rh(EMAB),]" < [Ni(EMAB),] < [Pt(EMAB),] < [Pd(EMAB),] <
EMAB. Therefore, metal complexation increases the ease of
charge transfer from the HOMO to LUMO and thus OLED
properties. The studied complexes of EMAB have higher elec-
tron affinity than EMAB and their ionization potentials are
higher or very close to that of the ligand. Ionization potentials
follow the ranking [Pt(EMAB),] < [Pd(EMAB),] < [Ni(EMAB),] <
EMAB < [Rh(EMAB),]", while the electron affinity classification
varies thus: [Pd(EMAB),] < EMAB < [Ni(EMAB),] < [Pt(EMAB),] <
[Rh(EMAB),]".

In OSC fabrication, both strong electron donors and accep-
tors are essential for efficient charge generation and separation.
Electron donor materials typically require a low ionization
potential and a high HOMO energy level, while electron
acceptors should possess a high electron affinity and a low
LUMO energy level. Thus, achieving a balance between the

Table 7 Charge transfer rate for the hole k.(h)/electron k.(e), and mobility rates for the hole un/electron u for EMAB and its studied complexes

Species ke(h) x 10" 577 ke(e) x 107 s71 up (em®>v's™) Ue (em?> Vs
EMAB 1.412 1.1 0.441 0.343
[Pd(EMAB),] 4.03 0.32 1.26 0.010
[Pt(EMAB),] 61.5 4.6 19.182 1.435
[Rh(EMAB),]" 0.13 1.84 0.035 0.574
[Ni(EMAB),] 12.7 0.00046 3.963 0.00014

Table 8 Energies of the LUMO, HOMO, energy gap, ionization potential, Electron affinity, chemical hardness and change in interaction energy
for EMAB and some of its complexes, calculated at the PBEO-D3(BJ)/def2-TZVP level of theory in the gas phase

Species Ey (eV) Ey (eV) Eq (eV) IP (eV) EA (eV) n (eV) AE;p (eV)
EMAB —2.657 —5.561 2.904 7.370 1.120 3.120 0.000
[PA(EMAB),] —2.540 —4.700 2.160 6.558 1.100 2.700 —0.977
[Pt(EMAB),] —2.478 —4.534 2.056 5.124 2.340 1.400 —26.997
[Rh(EMAB),]* —7.621 —8.181 0.560 9.754 6.620 1.600 —25.906
[Ni(EMAB),] —2.705 —4.487 1.782 6.582 1.490 2.550 —0.990

© 2024 The Author(s). Published by the Royal Society of Chemistry
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donor and acceptor properties is critical for optimizing device
performance.

From our results, [Pt(EMAB),] has the lowest ionization
potential, indicating its high electron releasing ability and thus
its suitability as an electron donor for OSC technology.
Conversely, [Rh(EMAB),]", with the highest ionization potential
value, is the least effective electron donor and therefore unsuit-
able for this purpose. Ionization potential is found to generally
decrease upon complexation, except in the case of [Rh(EMAB),]",
suggesting that complexation enhances electron donation.
Additionally, in most cases, complexation increases electron
affinity, with [Rh(EMAB),]" exhibiting the highest potential as an
electron acceptor. Consequently, the complexes investigated
could serve as electron acceptors in OSC production.

Interestingly, [Pt(EMAB),] demonstrates potential as both an
electron donor and acceptor, based on its ionization potential and
electron affinity values. However, before final conclusions can be
drawn regarding the suitability of [Pt(EMAB),] and [Rh(EMAB),]"
as electron donor and acceptor, respectively, for OSC fabrication,
other relevant factors and properties must be considered.

From Table 8, it can be observed that the ligand has the
highest n value. This clearly indicates that the ligand is kinetically
more stable and therefore less reactive than its corresponding
complexes studied. Among the complexes studied, [Pd(EMAB),] is
the most kinetically stable while [Rh(EMAB),]" is the least kinet-
ically stable. It is equally important to note that complexation of
the various metals with EMAB reduces chemical stability to some
degree. Furthermore, the relative stability of EMAB's complexes
was studied by determining their interaction energies AE;jy. This
energy was calculated using the supramolecular approach and is
presented in Table 8. The more negative the AE;;, value, the more
stable the compound. Indeed, the negative values in Table 8
indicate that the formation process of the complex ions from the
ligand and the various metal ions is energetically favoured. To
sum up, the relatively high 7 values for [Pt(EMAB),], [Ni(EMAB),]
and [Rh(EMAB),|" indicate that they are fairly stable and can be
used as precursors for the construction of OLED devices.

Generally, materials with LUMO energies below the
threshold value of —2.7 eV often exhibit a limited capacity for
accepting and transporting charges efficiently, which can lead
to lower power conversion efficiency (PCE) in OSCs. It can be
seen that apart from the LUMO energy of [Rh(EMAB),]" which is
well below —2.7 eV and that of [Ni(EMAB),]| which is approxi-
mately —2.7 eV, the LUMO energies of the investigated
compounds are above the threshold value. Interestingly, PCE
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limitation in investigated compounds with E;, = —2.7 eV is
significantly mitigated by their relatively low HOMO-LUMO
energy gaps, which can enhance their charge transport capa-
bilities. Other charge transport pathways such as metal-to-
ligand charge transfer (MLCT) and/or ligand-to-metal charge
transfer (LMCT) are likely in these metal complexes, further
mitigating the PCE limitation.

3.2 Effect of complexation on photovoltaic (organic solar
cell) properties

Charge transfer in organic solar cells is determined by the
donor-acceptor efficiency which in turn is directly dependent
on the HOMO and LUMO energy levels of the donor and
acceptor. In order to have effective charge transfer within
a molecule, the HOMO and LUMO energies of the molecule
must be higher than that of (6,6)-phenyl-Ce;-butyric acid methyl
ester (PCBM), for which the HOMO is —6.1 eV and the LUMO is
—3.75 eV and lower than that of Poly(3-hexylthiophene) (P3HT)
for which the HOMO is —4.65 eV and the LUMO is
—2.13 eV,”***” which are reference electron acceptor and donor
materials respectively.

Table 9 shows the energy levels of the HOMO and LUMO, the
energy gap, the open circuit voltage, and the variation in LUMO
energy for EMAB and its studied metal complexes in addition to
the Voc and Ep_y, values. It is worthy of note that, PCBM the
electron acceptor prototype for OSCs has been used for
comparison because of its stability, its capacity to accept elec-
trons, and its suitable energy level.®® From Table 9, the energy
gaps for all EMAB complexes are smaller than those of the
ligand, indicating that the HOMO-LUMO energy gap is reduced
upon complexation. This can lead to increased effective charge
transfer from the donor to the acceptor. Also, the energy gaps
are observed to range between 0.56 eV and 2.904 eV and show
the following trend: [Rh(EMAB),]" < [Ni(EMAB),] < [Pt(EMAB),] <
[PA(EMAB),] < EMAB. Relatively small band gaps of the
complexes indicate their relative ease with which electrons can
be promoted from the HOMOs to the LUMOs. Based on band
gap analysis, EMAB is the least reactive and thus the most stable
among the molecules studied. Also, the energy values of the
HOMOs are higher than that of PCBM with the exception of
[Rh(EMAB),]", while the LUMO energy values are higher than
that of P3HT besides [Rh(EMAB),]". Consequently, these species
apart from [Rh(EMAB),]" are good electron donors to PCBM by
virtue of their HOMO-LUMO energy values. As a matter of fact,

Table 9 Energy levels of the HOMO and LUMO, energy gap in eV, open circuit voltage Voc in V and the change in LUMO energy (AE__|) in eV for
EMAB and its studied metal complexes, calculated at the PBEOQ/Def2-TZVP level of theory

Species Enomo Erumo Egap Voc (eV) Voc (x107 V) AEy,
EMAB —5.561 —2.657 2.904 1.500 2.408 1.100
[PA(EMAB),] —4.700 ~2.540 2.160 0.650 1.041 1.210
[Pt(EMAB),] —4.534 —2.478 2.056 0.480 0.769 1.2700
[Rh(EMAB),]" -8.181 —7.621 0.560 4.130 6.617 ~3.85
[Ni(EMAB),] —4.487 ~2.705 1.782 0.440 0.705 1.030
PCBM —6.100 —3.750 — — — —
P3HT —4.650 —2.130 2.520 0.600 0.961 1.620
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Fig. 3 Iso-surfaces of the FMOs of EMAB and its complexes computed at PBEO-D3(BJ)/def2-TZVP level of theory in gas phase.

all studied molecules stand out as potential donors, since the
process of promoting electrons from the valence to the
conduction band of the PCBM is feasible and thus good for

© 2024 The Author(s). Published by the Royal Society of Chemistry

donor materials applications in organic solar cells technology.
Fig. 3 shows iso-surfaces of the frontier molecular orbitals
(FMOs) of EMAB and its complexes computed at PBE0-D3(B])/
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def2-TZVP level of theory in gas phase, along with the corre-
sponding HOMO-LUMO energy gaps.

A discernible shift in electron density is not apparent from
EMAB's HOMO and LUMO distributions, unlike the case with
[PA(EMAB),], [Ni(EMAB),] and [Pt(EMAB),], where there is
a clear shift in electron distribution when transitioning from
the HOMO to the LUMO. This highlights the fact that metal ion
complexation by EMAB can enhance intramolecular charge
transfer from one part of the molecule to another. In the case of
[Rh(EMAB),]", there is no significant difference in electron
distribution between the HOMO and the LUMO. This indicates
that, despite a smaller HOMO-LUMO band gap, intramolecular
charge transfer within the molecule is somewhat limited.

3.2.1 Open circuit voltage Voc. The open circuit voltage,
Voc, which depends on the HOMO energy of the donor and the
LUMO energy of the acceptor is primordial in determining the
possibility of electron transfer from the HOMO of the donor to
the LUMO of the acceptor. The V¢ values for the studied
molecules range from 0.705 x 10~'° V to 6.617 x 10~'° V and
follow the order; [Ni(EMAB),] < [Pt(EMAB),] < [Pd(EMAB),] <
EMAB < [Rh(EMAB),]". Although [Rh(EMAB),]" has a high Vi,
its HOMO-LUMO energy levels are low, compared to P3HT and
may make it less suitable for use as a charge transport material
for the fabrication of OSCs as observed in Table 9. That
notwithstanding, EMAB and [Pd(EMAB),] have shown suitable
open circuit voltage that are greater than 0.6 eV. On the other
hand, AE;_; values between the studied compounds and the
acceptor, range from -3.85 to 1.27 eV. Apart from
[Rh(EMAB),]", all the values are higher than 0.3 eV reminiscent
of the electron transfer abilities of these entities to PCBM and
thus making them suitable for use in photovoltaic devices.
Lastly, the AE;_p, values of the studied molecules are greater
than the corresponding Vo values, rendering them (especially
in [Pd(EMAB),]) highly recommended as materials for the
fabrication of organic solar cells.

3.2.2 UV-visible absorption studies. Photovoltaic proper-
ties of materials can be greatly controlled by electronic transi-
tions within a molecule. It is important that electronic donor
materials have intense absorption properties, compared to the
acceptor molecules.” In order that a photovoltaic material
generates an electric current, the charge must be transferred
from the valence band to the conduction band, and this usually
results when the energy in the form of radiation (from UV to
visible) is absorbed. This has necessitated investigation of the
absorption frequencies of the molecules under study. The
electronic absorption frequencies of EMAB and its derivatives,
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the corresponding molecular orbital transitions, as well as the
oscillator strengths and excitation energies of the investigated
molecules are presented in Table 10. All parameters in Table 10
pattern to the electronic transitions with the highest oscillator
strength, which should correspond to the most intense band in
the UV-vis spectrum. Also, the UV absorption spectra, calculated
at the CAM-B3LYP/def2-TZVP level of theory for EMAB and its
complexes are presented in Fig. S1, found in the ESL

The wavelength for a good photovoltaic material should
ideally be low for substantial energy absorption.” For optimal
absorption efficiency, an OSC should exhibit absorption onsets
that align with the higher-energy regions of the solar spectrum,
usually in the visible and near ultraviolet regions. From Table
10, absorption maxima for the molecules are in the order
[PA(EMAB),] > [Ni(EMAB),] > [Pt(EMAB),] > EMAB >
[Rh(EMAB),]".

EMAB exhibits a maximum absorption peak in its spectra at
307.6 nm, corresponding to excitation energies of 3.785 eV with
an oscillator strength (fosc) of 1.0090. This band corresponds to
the molecular orbital transition H — L.

The complexes [Pd(EMAB),], [Ni(EMAB),] and [Pt(EMAB),]
show absorption maxima at 271.5, 273.4 and 288.8 nm in their
spectra, corresponding to excitation energies 4.566 eV, 4.534 eV
and 3.870 eV, with oscillator strengths f,s. 0.9348, 0.4075 and
0.6936, respectively. These bands correspond to the molecular
orbital transitions H — L+2, H — L and H—1 — L+1, respec-
tively. These species are found to have the lowest absorption
frequencies, corresponding to the greatest energies.

These results are so fascinating because they show that
complexation between EMAB and the chosen metal ions can
significantly alter the absorption frequency. There is a signifi-
cant drop in the absorption frequency in the complexes
[Pt(EMAB),], [Ni(EMAB),] and [Pd(EMAB),]. Thus, these
complexes, based on their absorption frequencies will carry
more energy per photon than EMAB and its other complexes.
This will greatly increase the efficiency and therefore energy
conversion with materials produced using these complexes.

On the other hand, [Rh(EMAB),]" complex of EMAB shows
absorption spectra maxima band at 538.0 nm, corresponding to
the excitation energy of 2.219 eV with oscillator strength fos.
0.3321. These values correspond to the molecular orbital tran-
sition H—2 — L. These results show that the absorption energy
is significantly reduced and therefore the amount of energy
absorbed per photon will be lower.

Although this absorption frequency is higher than that of the
parent molecule, it is still within the range at which visible light

Table 10 Absorption spectra data calculated via TD-DFT methods for EMAB and its studied metal complexes at CAM-B3LYP/def2-TZVP level of

theory in the gas phase

Species Transition Amax (NM) Jose Assignment/% contribution Energy (eV)
EMAB S0 — S1 307.6 1.0090 H — L (66%) 3.785
[PA(EMAB),] S0 — S10 271.5 0.9348 H — L+2 (84%) 4.566
[Pt(EMAB),] S0 — S8 288.8 0.6936 H-1 — L+1 (66%) 3.870
[Rh(EMAB),]" S0 — S10 538.0 0.3321 H—2 — L (73%) 2.219
[Ni(EMAB),] S0 — S5 273.4 0.4075 H — L (37%) 4.534
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can be absorbed. Therefore, this complex can still be useful for
the fabrication of OSC devices owing to its better mechanical
properties owing to the presence of the metal centre.

These values are well below 900 nm, the maximum accept-
able wavelength value for photovoltaics. It is also clear from
Table 10 that the excitation energies increase as the wavelength
reduces, as expected. As mentioned earlier, complexation is
observed to increase absorption maxima in some cases (red
shift) as in [Rh(EMAB),]" and reduces in other cases (blue shift)
as in [Pd(EMAB),], [Ni(EMAB),] and [Pt(EMAB),]. This shows
that complexation can conveniently be used to modify the
absorption wavelength of a molecule to our interest. When the
absorption wavelength is increased, absorption is more in the
visible region. It must be indicated that, high-energy photo-
voltaics offer the advantage of extracting more energy from the
sun i.e. by using materials that absorb more energy per photon.
Photovoltaic materials containing top layers that absorb in the
UV region (more energy), while the inner layers absorb at the
visible and the innermost layer absorbs at the visible region,
offer the advantage of absorbing energy at a range of frequen-
cies. From the foregoing observations, complexing EMAB with
metals can tune the absorption wavelength of EMAB, making it
useful as a precursor for the fabrication of photovoltaic mate-
rials that absorb radiation at a range of frequencies, thus
maximizing the amount of energy absorbed (especially during
rainy days) from the sun ranging from the UV through visible
regions. From the foregoing observations, complexation of
EMAB with majority of the metal ions studied can significantly
alter the charge transport properties of the molecule and make
it a better precursor to the fabrication of OLED and OSC devices,
especially the [Pd(EMAB),], [Ni(EMAB),] and [Pt(EMAB),]
complexes.

4 Conclusion

Theoretical investigations using density functional theory (DFT)
and its time-dependent variant (TD-DFT) have been performed
to explore the organic light-emitting diode (OLED) and organic
solar cell (OSC) properties of EMAB and its complexes with
transition metals (Pt, Pd, Zn, Ir, Rh and Ni). It has been found
that transition metal complexation significantly enhances the
suitability of EMAB for use in OLEDs and OSCs. According to
the results derived from Marcus' theory, the complex
[Pt(EMAB),] emerges as the most effective transporter of both
holes and electrons with a hole transfer rate (k.(h) = 6.15 X
10" s™") about 44 times greater than that of EMAB (k.(h) = 1.42
x 10" s71). Also, P{{EMAB], exhibits the best electron transport
rate (4.6 x 10" s7') that is about 4 times greater than that of
EMAB (1.1 x 10" s7"). It is clear from the calculated hole and
electron charge mobility for PfEMAB], (19.182 cm®> V™' s~ " and
1.435 cm®> V™' s7') and for EMAB (4.41 x 10" em® V' s~ ' and
3.43 x 10 ' em® V' 571, respectively) that the charge transport
properties of EMAB are tuneable via transition metal coordi-
nation, with Pt{EMAB], being the best charge transporter. To
evaluate the applicability of the investigated compounds in
OSCs, their HOMO and LUMO energies were compared with
those of (6,6)-phenyl-Cq,-butyric acid methyl ester (PCBM) and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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poly(3-hexylthiophene) (P3HT). With the exception of
[Rh(EMAB),]", the HOMO energies were higher than that of
PCBM and the LUMO energies were higher than that of P3HT,
indicating that these molecules can be efficient electron donors
to PCBM. UV-visible absorption studies revealed absorption
maxima Ap.x between 271 nm and 538 nm, in the order:
[Pd(EMAB),] > [Ni(EMAB),] > [Pt(EMAB),] > EMAB >
[Rh(EMAB),]". Accordingly, complexation of EMAB with some
transition metal ions can shift its maximum absorption wave-
length, which can be beneficial for the manufacture of photo-
voltaic materials.
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