¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Thermoelectric signature of d-orbitals in tripod-

’ '.) Check for updates ‘
based molecular junctionsf

Cite this: Mater. Adv., 2024,

5, 9781 Oday A. Al-Owaedi, 2 **® Hussein Neama Najeeb,?

Ahmed Kareem Obaid Aldulaimi,° Nathera Hussin Alwan,”
Mohammed Shnain Ali,*® Majed H. Dwech®® and Muneer A. AL-Da’amy’

Promoting the thermoelectric properties of single-molecule junctions is a significant goal of a wide
range of studies. Herein, the excellent consistency between current theoretical results and the
experimental outcomes of previous studies helped establish a robust strategy for incorporating different
transition metals into tripod connectors. This strategy proves that the involved drn—pn conjugation can
not only enhance the electrical conductance, similar to that of conjugated hydrocarbons, but also
improve the thermoelectric properties through interactions induced by the metal centre. The incorpora-
tion of the metal leads to an unconventional stereoelectronic effect caused by the metal-carbon dn—pn
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hyperconjugation. The odd number of electrons in the d-orbitals of molecular junctions with transition-
metal centres presents a clear signature in the enhanced Seebeck coefficient, making them promising
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Introduction

Single-molecule technology is currently considered a technology
of the future due to the small size and diversity of molecules,
which may lead to the construction of functional devices with
unique properties. However, it currently faces challenges related
to the small size and diversity of molecules."” In the field of
molecular electronics, the design of one-dimensional molecular
wires with a single type of anchor group has captured much of the
research interest to date.>* This motif is simple and could present
interesting structure-property relationships and conductance
mechanisms without excessive complication.” However, the diffi-
culty associated with these structures lies in the spatial limitations
of the single molecule, which is usually unstable, making junction
formation challenging. Therefore, the use of a tripodal structure
has been proposed by several groups.’™® In this context, the
number and type of anchor groups are crucial in creating stable
junctions.” M. A. Karimi** and others*! have reported that the
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candidates for thermoelectric applications.

probability of molecular-junction formation increases signifi-
cantly in the presence of tripod connectors, as these connectors
can enhance the stability of the molecular junction. Yutaka Ie
et al.** innovatively prepared a single-molecule junction invol-
ving a pyridine-based tripodal anchor unit. The conductance of
this structure was 5 + 1 x 10~* G,, which is considered high
compared to other junctions with different anchor groups.>***
Future thermoelectric and electronic applications of single
molecules may not only require high and low conductance,
but also a range of modulations to adjust the precise character-
istics of the circuit.>>*® The broad palette of ions available in
organometallic molecules makes them appropriate candidates
for producing a wide range of electrical conductance and
thermoelectric capabilities.>’ ' At the same time, transition
metals exhibit various electronic effects that already play an
important role in single-molecule devices,**** molecular
thermoelectrics,®**> and molecular spintronic devices,*®*”
which rely on redox interactions.*®?° In addition, metals have
diverse bonding patterns with light elements through partici-
pation of the metal’s d-subshell, resulting in secondary
interactions.® For instance, the hyperconjugation impact*'*?
could be mediated by the metal centre, leading to dramatic
modifications in the reaction mechanism.**** Furthermore,
the understanding of the secondary interactions could be a
useful way to interpret the interactions between the metal
and light elements,*>*® which is important in organometallic
catalysis.*”*® Although, the influence of secondary interactions
is important and can significantly enhance the performance of
molecular electronic devices, it has been largely disregarded to
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date. In this context, the current investigation adopted a new
strategy by incorporating d-orbital metals with tripod connec-
tors to explore the electronic and thermoelectric properties of
tripod-based molecular junctions.

Results and discussion

A tripodal-molecular platform pictures a perpendicular contact
to the electrode, which represents a powerful way to establish a
conducting path between two electrodes.*®™ Fig. 1(a) shows six
of these platforms chosen for study here. They involve with
different metals (Mg, Co, Ni, Cu, Zn, and Pt) as a metal centre.
The metal is connected to three phenyl rings via three single
bonds, and a double bond to the sulfur atom. Each molecule is
categorized as a three-dimensional compound consisting of
three identical molecular wires linked to methyl sulfide (SMe)
anchor groups. The first molecule (M-1) contains magnesium
(Mg) atom as a metal centre. Like the other alkaline earth
metals, it has a filled s orbital and two valence electrons. Unlike
the transition metals, it does not have any partially filled
d-orbitals in its atomic structure,®® and it was chosen here for
comparison with the transition metals. Cobalt (Co) is the metal
centre of molecule M-2, as shown in Fig. 1(a). Cobalt is one of
the transition metals and is in the 7th column of the d-block
and therefore has 7d electrons. Molecule M-3 possesses the
nickel (Ni) atom as a metal centre, with 8 electrons in its
d-orbital. Copper (Cu) and zinc (Zn) atoms are the metal centres
of molecules M-4 and M-5, respectively, which are classified as
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transition metals with 10 electrons in their d-orbitals. The d-
orbital of the platinum (Pt) atom is partially occupied by 9
electrons for molecule M-6.

Fig. 1(b) depicts the orientations of the d-orbitals for all
these molecules with transition-metal centres. The first one
(M-2) is d,2, which possesses the shape of a single dumbbell
along the Z-axis, with a doughnut-like ring around the nucleus
on the x-y plane, while the second one (M-3) is d,2.;» and is
similar to the shape of a clover leaf, but its leaves are oriented
along the X and Y axes. The d-orbitals of molecules M-2 and M-6
are characterized by doughnut-like shapes, whereas the d-orbitals
of the M-3, M-4, and M-5 molecules are distinguished by a clover-
leaf shape. It is worth mentioning that odd numbers of electrons
(7 and 9 electrons) belong to the d-orbitals of the M-2 and M-6
molecules, respectively. In contrast, the d-orbitals of molecules
M-3, M-4, and M-5 have an even number of electrons (8, 10, and
10 electrons, respectively). In addition, Fig. 1(b) shows that the
lowest energies of the LUMO orbitals (0.38 and 0.6 eV) were
presented by M-6 and M-2, respectively, while the highest energies
(1.12, 0.88, and 0.74 eV) were exhibited by M-5, M-4, and M-3,
respectively. These results could be explicated in terms of the
crystal field theory (CFT), a bonding model that elucidates many
important characteristics of transition-metal complexes, includ-
ing their structures, stability, and reactivity.”> If the negative
charges are distributed uniformly over the surface of a sphere,
the d-orbitals of Zn-metal, for example, will remain degenerate,
but their energy will be higher due to the repulsive electrostatic
interactions between the spherical shell with the negative charge
and the electrons in the d-orbitals. The placing of negative charges
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(@) Schematic illustration of tripod connectors with six different metal centres; (b) schematic showing the d-orbital shape of some transition

metals (Co, Ni, Cu, Zn, and Pt respectively); (c) optimized geometry of all the molecules in a gas phase, and their HOMOs and LUMOs (isosurfaces +0.02
(e bohr—3)*2). The blue part is a positive sign, while the red part is a negative sign. a;-a, is the multiplication of the HOMO and LUMO amplitudes. As an
example, the HOMO and LUMO for the M-1 molecule possess different signs, and thus the multiplication of the molecular orbitals amplitudes (ay-a,) is a
negative sign and the molecule exhibits constructive quantum interference (CQl).
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at the vertices of an octahedron does not change the average
energy of the d-orbitals, but it does remove their degeneracy. The
five d-orbitals split into two groups (d,z,» and d,z), whose energies
depend on their orientations, as shown in Fig. 1(b). To obtain a
better understanding of the transport behaviour, the electronic
properties of all the molecules in a gas phase were investigated
using the DFT method (at the B3LYP level of theory®® with a
LANL2DZ basis set>”®), as shown in Fig. 1(c). The LUMOs of all
complexes, except M-1, displayed a pattern of dn-prn interactions
along the metal-phenyl axis®® with a large metal character, while the
HOMOs exhibited a small metal character. Fig. 1 suggests that the
positively charged metal centres (LUMOSs) for Co, Ni, Cu, Zn, and Pt
atoms can be viewed as excellent electron acceptors, reflecting an
interact with the occupied pr orbital of the carbon atoms. The crystal
field theory (CFT) proposes that the positively charged metal centre
of molecules could generate an unexpected metal-carbon inter-
action. These results could be ascribed to the generation of a
positively charged metal centre because the protonation occupied
a place on the metal carbyne unit of the molecule.

Miilliken population analysis®® of the frontier orbitals of all
the molecules indicated that the orbitals make a huge con-
tribution to the LUMO but only a little one to the HOMO, which
could be an indication of a LUMO-dominated transport
mechanism,?>*°*2 which is consistent with the transport
behaviour shown in Fig. 2. Herein, orbital analysis was per-
formed to provide further insights into the transport character-
istics of the junctions. Lambert et al®® reported an orbital
symmetry rule. The magic ratio theory®* is based on utilizing
the exact core Green’s function, defined by:

8(E) = (IE —H)™' (1)

In the literature, various approximations for g(E) are dis-
cussed, one of which involves the approximation including only
the contributions to the g(E) from the HOMO and LUMO. If the
amplitudes of the HOMO on sites a and b are denoted as "

b)
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and lﬁfH and the amplitudes of the LUMO are lll,fL and 1//51, then
if the contributions from all other orbitals are ignored, a crude
approximation to the Green’s function g,,(E) can be given by

E L E E
en(E) ~ lﬁg H)wé H) '/’51 L)%() L) 2
4 E — Ey E—EL

where Ey and E; are the energies of the HOMO and LUMO
respectively. If the HOMO product t//l()me//gE“) has the same sign

as the LUMO product 1//£EL)1//£15L>, then the right-hand side of
eqn (2) will vanish at some energy E in the range Ey < E < Ey;
that is, for some energy E within the HOMO-LUMO gap. In this
case, one can say that the HOMO and the LUMO interfere
destructively. On the other hand, if the HOMO and LUMO
products have the opposite signs, then the right-hand side of
eqn (2) will not vanish within the HOMO-LUMO gap and one can
say that the HOMO and LUMO interfere constructively within the
gap (they could have course interfere destructively at some other
energy E outside the gap). When the right-hand side of eqn (2)
vanishes, the main contribution to gy,(E) comes from all the other
orbitals, so in general eqn (2) could be a poor approximation. One
exception to this occurs when the lattice is bipartite, because the
Coulson-Rushbrooke (CR) theorem® tells us that if a and b are
both even or both odd, then the orbital products on the opposite
sides of eqn (3) and (4) have the same sign. Consequently, when
the HOMO and LUMO interfere destructively, all the other pairs of
orbitals interfere destructively too, leading to the trivial zeros in
the magic number table,** for which g,(0) = 0.

The equations of the Coulson-Rushbrooke (CR) theorem are
denoted as:*

E E, —Eq —E,
E n —FEy —Ey

where ng") is a vector of amplitudes on even-numbered sites,

and qﬁ(bE“) is a vector of amplitudes on odd-numbered sites, +E,
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(a) Theoretical model of molecular junctions; (b) transmission coefficient T(E) as a function of electron energy for all molecules.
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are eigenvalues that come in =+ pairs, and the eigenstate
belonging to —E,, is related to the eigenstate belonging to E,,.
Obviously, this exact cancellation is a property of bipartite
lattices only, but based on its success for bipartite lattices,
one might suppose that eqn (2) is a reasonable approximation
for other lattices. Nevertheless, as pointed out by Yoshizawa
et al.,>*>>>%%" gince orbitals such as those in Fig. 1(c) are often
available from DFT calculations, it can be helpful to examine
the question of whether or not the HOMO and LUMO
(or indeed any other pair of orbitals) interfere destructively or
constructively, by examining the colours of orbitals. This can be
simplified by writing eqn (2) in the form below,
gab(E)in—HEH_._Ei—LEL (5)

where ay = y g ) and ap = Py Y| If the HOMO pro-
duct ay has the same sign as the LUMO product g;, then the
right-hand side of eqn (5) will vanish for some energy E in the
range Fy < E < Ep. In other words, the HOMO and LUMO will
interfere destructively at some energy within the HOMO-LUMO
gap. However, this does not mean that the exact gp,(E) will
vanish. Indeed, if the right-hand side of eqn (5) vanishes, then
the contributions from all other orbitals become the dominant
terms.®® Nevertheless, this is an appealing method of identifying
QI effects in molecules and describing their qualitative features.
Now, based on this analysis, the results in Fig. 1(c) suggest that
the transport behaviour is dominated by a constructive quantum
interference phenomenon (CQI), since the product of the HOMO
and LUMO amplitudes is the same (negative sign), which means
that the HOMOs and LUMOs interfered constructively. These
results are interpreting the high values of the transmission
coefficient 7(E) shown in Table 1 and Fig. 2.

To support the results of the orbital analysis, and to confirm
the impact of a constructive quantum interference (CQI), as well
as to prove the important role of the different transition metals
in improving the electronic and thermoelectric properties of
tripod-based molecular junctions, a theoretical model of mole-
cular junctions was constructed. This model was constructed
using eight layers of (111)-oriented bulk gold, with each layer
consisting of 6 x 6 atoms and a layer spacing of 0.235 nm, which
were used to create the molecular junctions, as shown in Fig. 2(a)
(see ESIT for all models). These layers were then further repeated

Table 1 (I' = I'y — I'g) is the number of transferred electrons from
molecule to the electrodes; I'y is the number of electrons on the molecule
in a gas phase; I'g is the number of electrons on the molecule in a junction;
IT is number of electrons of the d-orbital; Q (eV) is the gap between the
highest occupied molecular orbitals (HOMO) and the lowest unoccupied
molecular orbitals (LUMO); T(E) is the transmission coefficient; LUMO is the
lowest unoccupied molecular orbitals of all molecules in a junction

M Metal r )i Q (eV) T(E)

M-1 Mg 1.1 — 3.08 5.08 x 10~*
M-2 Co 2.2 7 2.32 29.8 x 104
M-3 Ni 1.8 8 2.27 14.8 x 107*
M-4 Cu 1.5 10 2.58 6.69 x 104
M-5 Zn 1.3 10 2.94 6.5 x 107*
M-6 Pt 2.9 9 1.96 92 x 107*
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to yield infinitely long current-carrying gold electrodes. Each
molecule was attached to two (111)-directed gold electrodes; one
of these electrodes was pyramidal, representing the scanning
tunelling microscopy (STM) tip, while the other was a planar slab
representing the electrode formed by the idealized Au(111)
substrate in the I(s)-based molecular junction.®””*® The mole-
cules and first layers of the gold atoms within each electrode
were then allowed to relax again, to yield the optimal junction
geometries, as shown in Fig. 2(a) and Fig. S1 (ESIt). From these
model junctions, the transmission coefficient, T(E), was calcu-
lated using the GOLLUM code.”®

The transmission coefficient according to Landauer-Biitti-
ker’! formalism is given by:

1(E) = T{T'r(E)G"(E)['(E)G™'(E)} (6)
where
FL,R(E) = i(ZL,R(E) - ZLR(ED )

where I'y g describes the level broadening due to the coupling
between the left (L) and right (R) electrodes and the central
scattering region, and Xy y(E) are the retarded self-energies
associated with this coupling. Also,

GR=(Ey—H-2,—2Zx) " (8)

where G® is the retarded Green’s function, H is the Hamilto-
nian, and y is the overlap matrix. The transport properties can
then be calculated using the Landauer formula:

G = GOJdET(E)(faf(E, T)/9E) (9)

where G, = 2¢*/h is the conductance quantum, f(E) =
(1 + exp((E — Ex)/ksT)) " is the Fermi-Dirac distribution func-
tion, T is the temperature, and kg = 8.6 x 10> eV K ' is the
Boltzmann’s constant.

Fig. 2(a) shows the theoretical model of tripod-based mole-
cular junctions with different metals (Mg, Co, Ni, Cu, Zn, and
Pt). All the metals, except Mg, are d-block elements classified as
transition metals. It is well known that magnesium does not
have a d-orbital, while cobalt, nickel, and platinum atoms
possess a partially filled d-orbital. The d-orbital is fully filled
for copper and zinc atoms, as shown in Table 1. Regarding the
relaxed geometries of the molecular junctions, it is obvious that
while the thiolate (RS™) to gold interaction has been studied
extensively,”””* the methylthioether to gold interaction has
been less thoroughly explored. Interestingly, all the compounds
contact the flat gold surface via three SMe-anchor groups with
an Au-S distance of 3.0 A and an Au-S-Ceny1 angle of 109.5°,
as shown in Fig. 2(a). These geometries are comparable with
other compounds, such as [PhzPAuSMe,|-[CF;SO;] (Au-S,
2.323(2) A; Au-S-Cpnerny1 106.7(2), 104.7(2)°),”* and as such the
sulfur-gold interaction is well approximated in terms of a
coordination-type interaction (chemisorption) between the sul-
fur donor atom of the thioether and the gold atom. Therefore, it
is considered that Fig. 2(a) shows that the methyl thioether
contacted compounds are not oriented normal to the idealized,
flat electrode surface within the molecular junction. Rather,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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they are tilted within molecular junctions to accommodate the
directionality of the lone pairs of electrons on the sulfur atoms
that bind to the gold electrodes,”>”® which forces molecules to
take a dome shape and contact the electrodes via all three legs.
On the other hand, the thiolate-contacted groups sit close to
the apex of each pyramid-shaped model gold electrode, with an
Au-S distance of 2.5 A and an Au-S-Cips, angle of 177.7°.7

Fig. 2(b) shows the transmission coefficient T(E) as a func-
tion of the electron energy for all the molecular junctions.
All the molecular junctions show a high value of T(E), ranging
from the lowest value for molecule M-1 (5.08 x 10~%) to the
highest value for molecule M-6 (92 x 10~*), as shown in
Table 1. These results are reflective of constructive quantum
interference (CQI), consistent with ref. 78-91, and the LUMO
states of all molecules are near the theoretical Fermi level
(0.0 eV), which suggests a LUMO-transport mechanism, which
is in excellent agreement with the predicted outcomes from the
orbital analysis calculations. The transmission values obtained
from the M-4 and M-5 systems were close to each other,
suggesting that the readily synthesized copper and zinc com-
plexes may have an important role to play in the further
development of metal complexes for applications in single-
molecule electronics. These metal complexes are more conduc-
tive than their purely organic analogues of comparable mole-
cular length,’ as shown in Fig. 3. To prove the important role of
the d-orbitals in improving the electrical conductance (G/G,),
the results shown in Fig. 3 are quoted from our previous study.’
Fig. 3 shows a comparison between the calculated G/G, for
organometallic connectors and the measured G/G, for organic
molecules.

It can also be see in Fig. 3 that the experimental break-off
distance (Z*) of all the organic-molecular junctions was smaller
than the calculated electrode separation (Z) of the organometallic-
molecular junctions. However, the values of the (G/G,) of the
molecules with transition metals (Theory) were higher than those
of the organic molecules (Expermint). These results could be
interpreted in terms of the signature of the d-orbitals, which
increase the electrical conductance. In addition, these results
demonstred that all three-connector molecules (organic and
organometallic molecules) had high electrical conductance, which
could be ascribed to the high junction-formation probability due
to the high binding energy between the three legs and gold
electrodes.’

Furthermore, it is well known that the electrical conductance
decreases with increasing the tunnelling distance.”” The molecule
length of all the molecules was consistent with a dominant
contribution from a coherent tunnelling mechanism.”*®” The
rectangular tunnel barrier model®® states that the electrical con-
ductance through a single molecule (barrier) decreases exponen-
tially with the length of the barrier, according to the following

equation:
TE) oc e ¥ (10)

where T(E) is the transmission coefficient, f§ is the electronic
decay constant, and [ is the tunnelling distance. Herein, the
organometallic molecules (Theory) represented the longest

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison between the calculated electrical conductance
(G/Go) of the organometallic molecules in the current investigation, and
the measured G/Gg of organic molecules from our previous studies.® The
experimental results have been adapted with permission from ref. 5.
Copyright 2018 Royal Society of Chemistry. Expergyg, is a function of
the experimental break-off distance (Z*), while the theoretical electrical
conductance (TheoreG/GO) is a function of the calculated electrode separa-
tion in relaxed junctions (2); Z = day—au — 0.25 nm, where 0.25 nm is the
calculated centre-to-centre distance of the apex atoms of the two
opposing gold electrodes when the conductance = Gg in the absence of
the molecule.

molecules, but they showed the highest value of T(E). In
contrast, the organic (Experiment) molecules represented the
shortest length, but they showed transmission values that were
several-fold lower than that of organometallic molecules, as
shown in Fig. 3. Hence, it became clear that there was competi-
tion between two parameters, the first one is the tunnelling
distance and the second is the presence of the d-orbital effect.
These results showed that the existence of the impact of
transition metals was dominant, which led to the distinctive
difference in the electrical conductance values between the
experimental and theoretical results. On the other hand, the
partial charge transfer (I'), as shown in Table 1 and Fig. 4(a),
may also be responsible for the high transmission coefficient
values presented in Table 1 and Fig. 2(b). Thygesen et al.®
discussed similar situations for Cgy-contacted molecular wires
and showed that critical molecular orbitals can become pinned
close to the Fermi level due to partial charge transfer, leading to
a high electrical conductance.’ In addition, Fig. 4(a) illustrates
the relationship between the number of transffered electrons
from the molecule to the gold electrodes (I') and the HOMO-
LUMO (H-L) gap () eV of the molecules in a junction. Overall,
the energy levels moved energetically downwards and the H-L
gap shrank for all the molecules with transition metals. The
values of the H-L gaps for the M-5, M-4, M-2, and M-3
molecules were 2.94, 2.58, 2.32, and 2.27 eV respectively, as
shown in Table 1. Interestingly, Fig. 4(a) presents an important
result indicating that the molecule offering the highest number
of transferred electrons (I") showed the narrowest energy gap,
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Fig. 4 (a) HOMO-LUMO gap () versus the number of transferred electrons (I') of the molecular junctions; (b) orbital energies versus the number of

electrons in the d-orbital (IT) for M-5 and M-6 molecules, as example system with even and odd numbers of electrons; (c) number of transferred
electrons from the molecule to the electrodes (I') versus the transmission coefficient T(E) of all the molecular junctions.

and vice versa, since molecule M-6 offering the highest number
of transferred electrons (2.9 electrons) exhibted the narrowest
H-L gap (1.96 eV). In contrast, molecule M-1 introduced the
lowest I" of 1.1 electrons, and the widest H-L gap of 3.08 eV.
Now, we sought to obtain a deep understanding of this finding
and to answer the question of what is the relationship between
I' and Q. This work considered the relation between the even
and odd numbers of electrons in the d-orbitals (IT). The
orientations of these orbitals and the HOMO-LUMO gap ()
for Zn- and Pt-based molelecular junctions were considered
as example of even and odd cases, as shown in Fig. 4(b). The
picture of these results could be understood according to the
crystal field theory (CFT) concept.>® Here, the LUMO energies of
the two d-orbitals groups (dy2,» and d,.) for M-5 and M-6,
respectively, depend on their orientations. The d,. orbital has a
dumbbell form with a doughnut-shaped electron cloud in the
centre and is symmetrical about the Z-axis. The value of the
HOMO-LUMO (H-L) gap of this orbital is 0.38 eV, which
represents the narrowest gap. In contrast, the d,.. orbital is
likewise in the shape of a clover leaf, but its leaves are oriented
along the X and Y axes. The H-L gap value of this orbital is
2.94 eV, which is wider than that of the d,. orbital. This brings
us to a predication that an odd number of electrons results in a
narrow gap, while an even number leads to a wide one. On the
other hand, the quantum-chemical electronic structure analysis
shown in Fig. 4(b) indicates that such a metal-carbon
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interaction is a positive dn—-pn hyperconjugation, which in turn
increases the conjugation of the Pt-based molecular junction
(M-6), resulting in its highest value of I',>° and the latter
increased T(E), as shown in Fig. 4(c). The value of the transmis-
sion coefficient T(E) of the Zn-based molecular junction (M-5)
was lower than that of the Pt-based molecular junction (M-6).
The order of T(E) for all the molecular junctions is T(E)y.e >
T(E)ma > TE)s > TE)a > T(E)ms > T(E)ma-

Exploring the influence of CQI on the transport behaviour,
and consequently on the thermoelectric properties was one of
the main goals of this work. The slope of T(E) determines the
Seebeck coefficient (S), and thus the electronic figure of merit
(ZaT). The Seebeck coefficient (S), power factor (P), and (Z¢T),
are given by:

dln T(E
Sz—UdTCJLJ—g (11)
dE E=Ey
. kB 21‘52
where L is the Lorenz number L= (— ?:2.44 X
e

10-® W Q K2, In other words, S is proportional to the negative
of the slope of In 7(E), evaluated at the Fermi energy (0.0 eV).
Based on the Seebeck coefficient, the power factor (P) is
calculated by:

P=GS’T (12)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where T is the temperature 7 = 300 K, G is the electrical
conductance and S is the Seebeck coefficient, and the purely
electronic figure of merit (Z¢T) is given by:**

G S
=%
ka @ L

ZaT = (13)
where k. is the electron thermal conductance. According to
previous studies,”* the figure of merit in this work has been
calculated only based on a purely electronic contribution.
Indeed, it is well known that the performance of thermoelectric
materials is characterized by an efficient conversion of an input
heat to electricity.'°>*°" In this context, the enhancement of the
power factor (P) and electronic figure of merit (Z.T), which
depend on the Seebeck coefficient (S), are important too.

Fig. 5(a), (b) and Table 2 show that the highest values of S,
ZaT, and P (—43.2 uV K, 0.068, and 1330.629 WK " x 107,
respectively) were exhibited by molecule M-6. In contrast,
molecule M-1 presented the lowest values (—9.9 puv K7,
0.004, and 0.392 W K" x 10~ ). For M-2, M-3, M-4, and M-5
molecules, the molecule (M-2) with a Co metal centre posses-
sing an odd number of electrons in its d-orbital showed values
of S and Z, T higher than those of the transition metals with an
even number of electrons in their d-orbitals, as shown in
Table 2. These results could be ascribed to the metal-carbon
dn-prn hyperconjugation due to the odd number of electrons in
the d-orbitals, which modulate the transmission behaviour of
single-molecule junctions, as shown in Fig. 6. In addition, the
competition between the electrical conductance and Seebeck

a)

-1.65 .1 -0.55 0 0.55 1.1
Er-Ef%T (eV)
c)
200
T 100
<
2
£ 0
o
3 100
-200
45 12 09 06 03 0 03 06 09 12 15
Voltage (V)

Fig. 5
conductance (G/Go) as a function of voltage for all the molecular junctions.
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Table 2 Seebeck coefficient (S); electrical conductance (G); power factor

(P); electronic figure of merit (ZgT); and threshold voltage (V4,) of all the
molecular junctions

M SMKV™) G(Sx107) PWK'x10 ") ZyT  Vu (V)
M1 —9.9 0.4 0.392 0.004 0.95
M2 —26.7 2.3 16.396 0.028 0.33
M3 —21.5 1.14 52.696 0.018 0.45
M4 -16.9 0.76 21.706 0.011 0.65
M5 —12.2 0.5 7.442 0.006 0.7
M-6 —43.2 7.13 1330.629 0.068 0.15

coefficient according to eqn (12) led to power factors for the
molecules in the order of Py.¢ > Py.3 > Pya > Pms > Puva-

In light of the aforementioned results, it is clear that the
transition-metal-based molecules could be considered promis-
ing candidates for thermoelectric applications. Obviously, the
Seebeck coefficient was negative, which was consistent with the
transport behaviour and the orbital analysis indicating that the
transport mechanism was LUMO-dominated. Furthermore,
Fig. 5(c) and Table 2 present the current-voltage (I-V) charac-
teristics of all the molecular junctions, which were limited to
the first and third quadrants of the -V plane crossing the
origin. Therefore, they could be classified as components that
consume the electric power, and here the importance of the
threshold voltage (Vi) value appears. The values of Vi, ranged
from 0.15 to 0.95 V. In general, the I-V characteristics of all the
molecular junctions exhibited a semiconductor behaviour.
Importantly, the values of Vy, for molecules M-6, M-2, and

b)
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06 -05 -04 03 -02 01 0 01 02 03

Er-Ef%FT (eV)

d)

0.01

0.008

0.006

GIGo
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(a) Seebeck coefficient (S); (b) electronic figure of merit (ZyT), as a function of the Fermi energy; (c) current—voltage characteristics; (d) electrical
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Fig. 6 Experimental thermopower results for previously studied
compounds.®* The data were adapted with permission from ref. 34. Copy-
right 2015 American Chemical Society.

M-3 were 0.15, 0.33, and 0.45 V, which are all below 0.5 V,
indicating that these molecules are suitable structures for
electronic applications.'® These results show a clear message
that partially occupied d-orbitals may be an important property
in improving the electronic and thermoelectric properties of
transition-metal based molecular junctions.'®® Moreover, as
the voltage increased, the density of electrons also increased,
which led to an increase in the number of occupied sub-
bands,'®* which in turn increased the conductance (in G/G,),
as shown in Fig. 5(d). The most prominent result depicted
in Fig. 6 is that the values of the thermoelectric properties
(S and Z.T) of the transition-metal-based molecular junctions
were higher than those based on non-transition metals. On the
other hand, Fig. 6 proves that the molecules with metals
involved dumbbell-form d-orbitals and had S and Z.T values
higher than that of molecules with d-orbitals with a clover-leaf
shape. Significantly, these results demonstrate that the exis-
tence of the transition metals centre improves the thermo-
electric properties of the system.'®

To validate and support the predictions of the current
investigation regarding the thermoelectric signature of d-
orbitals, we adopted some of the experimental results of our
previous study.*® Fig. 6 shows the Seebeck coefficient of four
molecules, two of them (5b and 6b) involved transition metals (Ru
and Pt) as metal centres, while the other molecules (2b and 3b)
were organic. The data were adapted with permission from ref. 34.
Copyright 2015 American Chemical Society. Despite, the length of
molecule 2b (1.56 nm) being shorter than that of molecule 5b
(1.83 nm), and the lengths of molecules 3b and 6b (1.99 and
1.84 nm respectively) being somewhat identical, Fig. 6 demon-
strates that the highest values (7.1 and 6.1 puvV K ') of Seebeck
coefficient were exhibited by the organometallic molecules 5b and
6b, respectively. Furthermore, when two points of the conductor
are maintained at different temperatures, electrons or holes in the
hotter region will move towards the colder region and diffuse.
This diffusion stops when the electric field generated due to the
migration of charges has established a strong field. For a metal,
with carriers being negatively charged electrons, the colder end
would become negative, so that the Seebeck coefficient would be
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negative. In a p-type semiconductor, holes diffuse towards the
lower temperature, resulting in a positive Seebeck coefficient.
These results leave us with only one explanation, which is that
the presence of transition metals significantly improved the
thermoelectric properties of the single-molecule junctions.

Conclusions

In summary, this work reports an investigation of the thermo-
electric properties of molecular junctions based on tripod
connectors terminated by active functional groups (SMe). The
considerable and negative values of the Seebeck coefficient
established that transport through these molecules took place
by tunnelling through the tail of the LUMO resonance near the
middle of the HOMO-LUMO gap. The results of this work prove
that the tripod template significantly improves the junction-
formation probability for increasing the electrical conductance.
The excellent consistency between the current theoretical
results and experimental outcomes of previous studies demon-
strates the important role of transition metals in improving the
thermoelectric properties of molecular junctions. In the case of
the cobalt and platinum compounds M-2 and M-6, the odd
number of electrons in their d-orbitals showed a robust signa-
ture in enhancing the Seebeck coefficient, making them to be
promising candidates for thermoelectric applications.

Computational methods

Initial optimization of the gas-phase molecules and charges
population analysis®® were carried out at the B3LYP level of
theory®® with the LANL2DZ basis set.’”*® Geometrical optimi-
zation of the gold|molecule|gold configurations under investi-
gation in this work was achieved by implementation of
DFT'**'%7 in the SIESTA'®® code, as shown in Fig. S2 (see ESI{).
The generalized gradient approximation (GGA) of the exchange
and correlation functional was used with a double-{ polarized
(DZP) basis set, a real-space grid defined with an equivalent
energy cut-off of 250 Ry. The geometry optimization for each
structure was performed for forces smaller than 20 mev A",
The mean-field Hamiltonian obtained from the converged DFT
calculations was combined with GOLLUM’® code. The quan-
tum transport theory (QTT)*™*®°%°7:0%:1%6 implemented in
GOLLUM was used to calculate the electronic and thermo-
electric properties of all the molecular junctions.
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The data are available in the manuscript and ESI.}
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