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ABSTRACT

Jahn-Teller effect (JTE) describe how specific electrons distributions induce geometric deformation in
molecules or ions. The distortion of Jahn-Teller (JT) takes place because of the uneven occupation of
orbitals with the identical energies is disapproving. To prevent such inappropriate electronic arrangements,
molecules distort (lose regularity), causing these orbitals to become non-degenerate. This distortion is most
frequently seen in octahedral compounds, at which two axial bonds could be squeezed (compressed) or
extend (elongated), leading to bond lengths that the different from equator bonds. The degeneracy of
electronic states really isn’t accurately measured, but it would be measured precisely by the disparity in a
concentration of electron among metal and the ligands upon on axil direction. The density functional theory
has been used to calculate bond length in both cases Z — in and Z — out geometry for [Cu[0H]6]?",
Spin(S) = 1/2, d° octahedral metal-complexes, the majority ordinary mechanism of distortion is
elongation (z-out). In perfectly octahedral complexes deformation, the e, orbitals energy is changed more
than the t,, orbitals energy, causing elongation z-out distortion. The d-levels energy would be splitting in
a ligand field throughout transition metal centers can frequently result in degenerate electron configurations
that are subject to Jahn-Teller effects. In six-coordinate complexes of d°copper Il ions. It is also significant
in fewer regular oxidation levels of other transition ions with that d — electrons count.

Key words: Jahn-Teller effect(JTE), compression, elongation and distortion
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INTRODUCTION
The effect Jahn-Teller (JTE) is really a geometric deformation of non- chemical molecule

systems and ions that reduces their regularity and energy, they have been tied to specific electron
arrangements. This influence is based on the JTE testified on [Cu[0H]6]?*, Spin(S) = 1/2, d°
.Transition metal complexes to octahedral regularity, and clarifies that why does JTE come from
an unpaired electron in the dz?of a d°metal compound. The deformation of Jahn-Teller occurs
when there is a compression (z — in) and elongation (z — out). In terms of its electronic state,
Hermann Jahn and Edward Teller proposed an ideain 1937 stating that
"degeneracy & stabilization™ are unlikely to occur concurrently unless the molecule would be
linear." This tends to cause a break in degeneracy, which regulates the molecule as well as, as a
result, reduces its symmetry [1]. An electronically degenerate state is one in which an electron has
access to more than one degenerate orbital. The two possible degenerate states for S = 1/2, d°
[t2g6 eg3] octahedral transition metal complexes are shown in Figure.1. The electronic distortion
will induce energy levels to split and also a change in geometric distortion. This distortion of Jahn-
Teller is often seen in octahedral (Oh) structures with elongation (z — out), which is a complex
with 2 longer axial bonds and 4 lesser equatorial bonds, which would be the opposite of [z —
in] octahedral systems. The d-electron stabilization energy could be used to objectively understand
octahedral Jahn-Teller elongated structures. If a metal with two ligands on the z-coordinate has a
far greater electron density accumulation than metal with 4 ligands on the xy — coordinate, i.e.

D(e”)[K — L]xy — Plane < D(e™)[K — L]z — axis 1)

D(e™):density of electron, k: metal ion. The metal will be more electrostatically repelled by
the two ligands on the Z — axis in contrast to the other four ligands in the x — y plane. Bond
elongation along z — axis is caused by electrostatic repulsion through the [z — out] situation. As
a result, the energy of those d — orbitals, namely orbitals d,- ,d,,, and d,,,, is decreased by a
factor of z. As the bonds all along z — Axis lengthen, orbitals d,2 ,d,,, and d,,form, which
indicated in figure.2 b [2].

ng_iL A1

oyt 0y

H H 11 H H H

xy xzyz

Figure.1: Energy level diagrams e, and t,, illustrating the two degenerate states discovered for S = 1/2,d°

Xy’
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The z-out situation is more noticeable when degeneracy takes place at the e, level, as in d°

transition metals [3]. In contrast to the z — axis, the equatorial plane has a higher fraction of
electron density (large numbers) among the ligands metal.

D(e”)[K — L]z — axis < D(e”)[K — L]xy — Plane (2)

Rather than, it causes bond elongation through the X,Y — Axis, while Compression deformation
occurs whenever bonds are squeezed along the z-axis. in order to have a better knowledge of the
impact of higher electron density among particular ligands and metal. A density functional theory
-based computational experiment for the same compound ion-containing metal (Cu) with electron
filling d° and S = 1/2, hexaaquacopper (2+) complex ion, [Cu[0H]6]%*"is defined here. The
outcome indicates why an unpaired electron in the same d,2 of a spin(S) = 1/2,d° transition
metal compound displays z-in rather than a loaded electron pair in dy*.,2.

(a) (b)
B dx2.y2 big
€g 25T

dx2-y2 dZZ Bt e

dy2 Fi1g

tog - dxy bzg

Cixy cixz cjyz S~o
dyz dy,; eg
On Dy4n

Figure 2: (a) A ordinary environment of e, and tg levels. (b) Splitting of both the degenerate ejand tg occurs to
reduce energy in order to achieve stabilization energy.

In addition, the distortion of Jahn-Teller is generally reported in transition metal compounds. The
phenomenon is so much more popular in bivalent copper hexacoordinated complexes. The
distortion is typically caused by the elongation of metal-ligand bonds along the z-axis, but it can
also be caused by the shortening of the same bonds. In general, symmetry results in stability;
however, the Jahn-Teller distortion is an exception to this rule. Thus, it is necessary to discuss the
driving force behind this behavior. Where the electron density associated with the degenerate set
orbitals is much more concentrated, the magnitude of the Jahn-Teller effect is greater. Therefore,
the effect of Jahn-Teller is crucial in evaluating the structure of metal complexes. The case study
of d°complexes explicates the entire energetics of the Jahn-Teller [4]. By reducing the symmetry
of the molecule, the degeneracy of orbitals could be expelled. It could be accomplished either
through elongating or shortening bonds through z-axial [Z — out or Z —in]. The energies
value of d-orbitals with z factors d,: ,d,,,and d,, be reduced in the presence of Z-out
deformation, as illustrated in figure 3. That's the most popular distortion and can be seen in the
majority of instances, particularly whenever the degeneracy happens at the e, and t,, levels [5].
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Figure.3: d-orbitals undergo an Elongation Distortion
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As for the Z-in situation, the strength of orbitals with the z factor increases in this position because
their bonds near the z-axis are shortened. Throughout the case of octahedral configuration, this
sort of distortion is noted, in addition, the z-out distortion will not erase the degeneracy since there
are always two degenerate orbitals existing for the electron to fill after distortion that is d,, and
d,, , which is expression in the figure 4. Furthermore, keep in mind that the Jahn-Teller theorem
doesn't quite anticipate the size of the distortion.
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Figure.4: d-orbitals undergo a compression Distortion
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Materials and Methods

e Computational Method

The spin (S) = 1/2,d9 hexaaquacopper (2+) compound ions, [Cu[OH]6]*"
were the focus of this study. To optimize the structures, the density functional theory [DFT]
technique, density Functional program [ADF2016] was used. The triple polarized operations, as
well as the iB3LYP functional were used [6, 7]. In the data input that lacked symmetry converged
to close D2h symmetry for [Cu[0H]6]?*through using elongated and compression shapes such as
starting geometry, the compression and elongated optimized geometries have been achieved. The
existence of minima was verified via analyses of frequency. The improved Geometric parameters
stay available in the Supplementary information. Using Bader's QTAIM, these octahedral
restrained models, as well as the confined symmetry compression of S = 1/2,d°
[Cu[OH]6]?*were exposed to QTAIM computation, as executed in [ADF2016] at the matching
theoretical level, and it was also performed using DFT with B3LYP functional in 2018 [8-10]. The
same quantifiable picture acquired here for the B3LYP functional is predicted with another
function computation. Similarly, this same doublet of the hexaaquacopper (2+) compound ion,
[culoH]6]**, configured to the electronic  states  d2, d2,d2,d> d}cz_yz and

d%, d,d%, dZ._ zd}2, for an z-in and z-out geometry [11].

Table.1: DFT comparison energies (eV) and average metal-O ionic bonds size (A) were
computed for complexes described exclusively utilizing the range of experimentally
measured bond dimensions values from X-ray data, [12,13].

Complex d— occupation K—1L K—1L functional
electrons [z — axis] | [xy — plane] (DFT)
(ave)inA® | (ave)inA°
[Cu[OH]6]*" d° d}z{y dyzczdgzdiz d,ch—yZ 2.289 2.024 [z - oyt
dZ. d2.d2. d2 dl 1.980 2.169 elongation]
xy YxzWyz Gy2_y20,2 [z—in
compression]

Results and Discussion

As it is usual for Cu Il compounds with six coordinates, the d9 [Cu[0H]6]%*structure only has a
single spin state [S = %]. For and S = 1/2, d9 [Cu[OH]6]**clusters, it is possible to achieve two
different electronic states with comparable stabilized energies. One demonstrates Z-out distortion,
while the other demonstrates Z-in distortion. Table 1 also contains DFT computed copper-bond
distances for [Cu[OH]6]%" molecular structures. Likewise, 2 different optimized configurations for
the S = 1/2,d° hexaaquacopper (2+) complex ion, [Cu[0H]6]>*have been gained. Throughout
all configurations, a couple of the copper bond sizes estimated by DFT are either taller or shorter
(roughly 0.27) or smaller (approximately 0.19) compared to the four other copper bonds. This
seems to be indicative of the presence of both Z-out and Z-in in the two different optimization
structures of Cu (Table 1). The copper-bond lengths determined by DFT in both stretching and
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compression Jahn-Teller deformed structures were within the range of practically measured bond-
sizes, which are (0.24 and — 0.16) respectively see [14]. The [Cu[0H]6]**read between lines d-
based border molecular energy levels. The relevant orbitals, including the compression and
elongation geometries, gave the following perspectives:

i- The crystal field splitting energy level diagram into a normal octahedral environment
Oh levels e, and t, 4. Figure 5 depicts the splitting energy level along with degeneracy
of eg energy levels, as well as the splitting of the t2g level, under D4h symmetry for
S = 1/2,d° [t2g6 eg3] transition metal compound. The divisions of energy levels
aren't drawn to scale.

(a) (b)
T de2 51- -----
€y - SR
dy2y2  dy2 B e sy
dy2 91g
tog ‘:—""’ dxy bzg
dxy o dyz M
dy, dy; g
Op Dyn

Figure.5: (a) a normal octahedral level e, and t,,. (b)Splitting takes place, for both of them eg levels and t2g level
to lower energy. [13]

ii- In contrast, for the S = 1/2,d° [cu[0H]6]>* complex, a greater density of electron (z-out)
could well take place on the z-axis among two ligands and metal d,. with occupied by two
electron, but also between the metal and the four ligands in on plane-xy [ d,z_,2 with filled by
one electron], guessing z — out alteration for S = 1/2,d° [Cu[0H]6]%, illustrates in Figure.6(b,
c)In the presence of Z-in alteration even within d9 complex, the d-level filled with lower electron
density through Z — axial because of this circumstances this condition valid (Z — in) [14].
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(b) (c)
s=1/2, d°
J_ z-out
d,2. Jahn-Teller

D(e )[K - L]z — axis >
D(e )IK — L)xy — Plane

Figure.6: (b) S = % d® with copper ion (2+). (c) z- out (elongation) exist caused by the higher density of electron

iii. Inthe d,2_,2orbital for all unpaired electron of s = %,d‘? octahedral transition metal substance,

such as Cu I, displays elongation demonstrates in Figures 6(b,c). Z — in will appear instead if the
unpaired electron would be in the d2 orbital of a s = %,d‘? metal transition substance, as can be

seen in Figures 7 (e, f). The same result illustrates that the Z — in appears due to a lower electron
density. [15]

(e) (H

s=1/2, d°
1 z-in
Jahn-Teller
d,2.,2
D(e )[K — L]z — axis <
D(e )|K — Lixy — Plane
dyy

l

yz

ll

Xz

Q—&

Figure.7: (e) S =%, d9 metal transition compound. (f) Z-in (compression) exist caused by the higher density of
electron

Figures 7(e,f) In light of this, the greater density of electron (large concentration) is realized among
the four ligands and metal on plane — xy of [Cu[0H]6]?" , that has also degenerate orbital
energies. The distortion happens inside the electron density in the plane of x-y, causing their
degenerate levels of energy to divide, reducing the regularity and even its overall energy so, Z-in
IS achieved .

D(e™)[copper(cu) — L]z — axis < D(e™)[copper(cu) — L]xy — Plane 3)
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Figure 6(b,c) As a result of the higher density(greater concentration), Copper Cu has bigger
electrostatic repulsion with the 2 ligands on the z-axis than with the other 4 ligands on the xy —
plane, resulting in Z — out of the bonds within z-axis . QTAIM analysis on octahedral restrained
models was done, to obtain computational support for this investigation of the found distortion
of Jahn-Teller, as described via electrostatics owing to variations in density of electron, QTAIM's
results are comparable to ours [15,16].

D(e™)[copper(cu) — L]z — axis > D(e™)[copper(cu) — L]xy — Plane 4)
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Conclusion

the distortion of Jahn-Teller, which would be geometric shapes influence on a chemical compound
caused by the energy decreasing of significantly degenerate electronic state, which is caused by an
imbalance in electron concentration (before distortion) among both the two ligands and the metal
on the z-axis instead of the shape of the highest occupied orbital, as already generally believed.
And the density of electrons among the 4 ligands and metal the in xy — plane, if the concentration
of electrons is larger along the z-axis, the resulting disparity in electron density would result in z-
out distortion. If the electron density along the z-axis is smaller, the disparity would instead
cause Z-in distortion. Since d,2_, consists of an electron pair in comparison, octahedral metal-

complexes with a d,2 that included an unpaired electron also display z-in distortion. In comparison
to other studies, we achieve the same result and characterization.

Conflict of interests.
There are non-conflicts of interest.

References

[1] H.A.Jahn, E. Teller, Stability of polyatomic molecules in degenerate electronic states.
. orbital degeneracy, P. R. Soc. London, 1934-1990. Series A, Mathemat. Phys. Sci. 161 (905)
(1937) 220235 http://www.jstor.org/stable/96911.

[2] R. Freitag, J. Conradie, Understanding the Jahn-Teller Effect in octahedral transition metal
complexes — a Molecular Orbital view of the Mn(B-diketonato)3 complex, J. Chem. Educat. 90 (12)
(2012) 1692-1696, https://doi.org/10.1021/ed400370p.

Page | 61

ISSN: 2312-8135 | Print ISSN: 1992-0652

info@journalofbabylon.com | jub@itnet.uobabylon.edu.iq | www.journalofbabylon.com


mailto:info@journalofbabylon.com
mailto:jub@itnet.uobabylon.edu.iq
mailto:jub@itnet.uobabylon.edu.iq
https://www.journalofbabylon.com/index.php/JUB/issue/archive
https://www.journalofbabylon.com/index.php/JUB/issue/archive
https://doi.org/10.1021/ed400370p

g

ey ¢

ey Sy

=

¥ T

Sy ey ¢

o p >

Ty €y

~

€9 e

¥ T

ADTINIE JOURNAL OF UNIVERSITY OF BABYLON VoL30s No.L.| 2022 @

Eor Dure and AppheJ Sciences <JUBPAS)

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

M.A. Halcrow, Jahn-Teller distortions in transition metal compounds, and their importance in
functional molecular and inorganic materials, Chem. Soc. Rev. 42 (4) (2013) 1784-1795,
https://doi.org/10.1039/c2cs35253b.

F.M. Bickelhaupt, E.J. Baerends, C.F. Guerra, S.J.A. van Gisbergen, J.G. Snijders, The ADF
program system was obtained from Scientific Computing and Modeling, Amsterdam
(http://www.scm.com/). For a description of the methods used in ADF, see: ee: G. te Velde, F.M.
Bickelhaupt, E.J. Baerends, C.F. Guerra, S.J.A. van Gisbergen, J.G. Snijders, T.J. Ziegler
Chemistry with ADF, J. Computat. Chem. 22 (2001) 931-967,doi:10.1002/jcc.1056.

A.D. Becke, Density-functional thermochemistry. I1l. The role of exact exchange, J. Chem. Phys.
98 (1993) 5648-5652, https://doi.org/10.1063/1.464913.

C. Lee, W. Yang, R.G. Parr, Development of the Colle-Salvetti correlation-energy formula into a
functional of the electron density, Phys. Rev. B 37 (1988) 785-789,
https://doi.org/10.1103/PhysRevB.37.785

R.F.W. Bader, A quantum theory of molecular structure and its applications, Chem. Rev. 91 (1991)
893-928, https://doi.org/10.1021/cr00005a013.

F. Cortés-Guzman, R.F.W. Bader, Complementarity of QTAIM and MO theory in the study of
bonding in donor—acceptor complexes, Coordinat. Chem. Rev. 249 (2005) 633,
https://doi.org/10.1016/j.ccr.2004.08.022.

J.I. Rodriguez, R.F.W. Bader, P.W. Ayers, C. Michel, A.W. Gétz, C. Bo, A high performance grid-
based algorithm for computing QTAIM properties, Chem. Phys. Lett. 472 (2009) 149-152,
https://doi.org/10.1016/j.cplett.2009.02.081.

M. Bihl, H. Kabrede, Geometries of transition-metal complexes from Density Functional theory,
J. Chem. Theory Comput. 2 (2006) 1282-1290, https://doi.org/10.1016/j.cplett.2009.02.081.

H. Ferreira, M. M. Conradie, and J. Conradie, “Electrochemical and electronic properties of a
series of substituted polypyridine ligands and their Co(IT) complexes.” Inorganica Chimica Acta,
vol. 486, pp. 26-35, 2019, doi: 10.1016/j.ica.2018.10.020.

Cambridge Structural Database (CSD), Version 5.39, Feb 2018 update, Cambridge, UK, 2017.
2018.

J. Conradie, “Jahn-Teller effect in high spin d4 and d9 octahedral metal-complexes.” Inorganica
Chimica Acta, vol. 486, pp. 193-199, 2019, doi: 10.1016/j.ica.2018.10.040.

Conradie, Jeanet. "Structural and electronic data of three first-row transition octahedral
hexaaquametal (1) ions, metal= Cr, Ni or Cu." Data in brief 21 (2018): 2051-2058.

D. Reinen, “The Jahn-Teller effect in solid state chemistry of transition metal
compounds.” Journal of Solid State Chemistry, vol. 27, no. 1, pp. 71-85, 1979, doi:
10.1016/0022-4596(79)90146-4.

P.S.V. Kumar, V. Raghavendra, V. Subramanian, Bader’s theory of atoms in molecules (AIM) and
its applications to chemical bonding, J. Chem. Sci. 128 (2016) 1527-1536,
https://doi.org/10.1007/s12039-016-1172-3.

Page | 62

ISSN: 2312-8135 | Print ISSN: 1992-0652

info@journalofbabylon.com | jub@itnet.uobabylon.edu.iq | www.journalofbabylon.com


mailto:info@journalofbabylon.com
mailto:jub@itnet.uobabylon.edu.iq
mailto:jub@itnet.uobabylon.edu.iq
https://www.journalofbabylon.com/index.php/JUB/issue/archive
https://www.journalofbabylon.com/index.php/JUB/issue/archive
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1016/j.ccr.2004.08.022
https://doi.org/10.1016/j.cplett.2009.02.081
https://doi.org/10.1016/j.cplett.2009.02.081

