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Abstract
The characterization of normalmode (CNM) procedure coupledwith an adiabatic connection scheme (ACS) between local and
normal vibrational modes, both being a part of the Local VibrationalMode theory developed in our group, can identify spectral
changes as structural fingerprints that monitor symmetry alterations, such as those caused by Jahn-Teller (JT) distortions.
Employing the PBE0/Def2-TZVP level of theory, we investigated in this proof-of-concept study the hexaaquachromium
cation case, [Cr(OH2)6]3+/[Cr(OH2)6]2+, as a commonly known example for a JT distortion, followed by the more difficult
ferrous and ferric hexacyanide anion case, [Fe(CN)6]4−/[Fe(CN)6]3−. We found that in both cases CNM of the characteristic
normal vibrational modes reflects delocalization consistent with high symmetry and ACS confirms symmetry breaking, as
evidenced by the separation of axial and equatorial group frequencies. As underlined by the Cremer-Kraka criterion for
covalent bonding, from [Cr(OH2)6]3+ to [Cr(OH2)6]2+ there is an increase in axial covalency whereas the equatorial bonds
shift toward electrostatic character. From [Fe(CN)6]4− to [Fe(CN)6]3− we observed an increase in covalency without altering
the bond nature. Distinct π back-donation disparity could be confirmed by comparison with the isolated CN− system. In
summary, our study positions the CNM/ACS protocol as a robust tool for investigating less-explored JT distortions, paving
the way for future applications.
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Introduction

The Jahn-Teller (JT) effect leads to a distortion of high-
symmetry structures of polyatomic molecules with degen-
erate electronic states [1–3]. Computational work on the
influence of JT and/or PJT effects on the structure and stabil-
ity of JT systems in both gas phase, solution, and recently also
in the solid state [4, 5] include, e.g., monitoring changes in
geometry and symmetry [6–8], or changes inmolecular prop-
erties such as natural bond orbitals (NBO)s and related NBO
charges [9]. Also reactivity indices [10] including Fukui
functions have been applied to analyze JT distortions [11–
15] and dynamic processes such as bond pseudo-rotation
triggered by JT distortion have been explored [16–18].
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In astrochemistry, investigating structural and electronic
changes from associated JT distortion through vibrational
spectroscopy of diamondoids has also garnered increasing
interest [19–21].

In thisworkwe added another perspective, namely the elu-
cidation of JT distortions based on vibrational spectroscopy.
For this purpose, we applied two specific aspects of the local
vibrational mode (LVM) theory developed in our group [22,
23], the characterization of normal mode (CNM) procedure
[24–27] and an adiabatic connection scheme (ACS) con-
necting local and normal vibrational modes [22, 23, 28],
exploring their potential use for (i) probing JT distortions
in transition metal complexes and (ii) subsequently explain-
ing structure and stability of transition metal ion compounds,
providing a framework for a newunderstanding of their struc-
tural preferences connected with JT distortions.

We targeted two distinct categories displaying JT distor-
tions, one category with moderate JT distortions accompa-
nied with bond lengthening and one category with slight
JT distortions accompanied with bond shortening, often
more difficult to capture. As representative for the first cat-
egory we chose the Th symmetric hexaaquachromium(III)
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cation, [Cr(OH2)6]3+ (1 in Fig. 1), and its transition to
[Cr(OH2)6]2+ with D2h symmetry (2 in Fig. 1). As repre-
sentative for the second category we chose ferrous and ferric
hexacyanides, [Fe(CN)6]4− with Oh symmetry (3 in Fig. 1)
and its transition to [Fe(CN)6]3− with D4h symmetry (4 in
Fig. 1).

Both hexaaqua complex ions 1 and 2 are high-spin [29],
with the JT distortion leading to an elongation of the axial
Cr–O bonds [30, 31], see Fig. 1. Conversely, both ferrous
and ferric hexacyanides 3 and 4 are low-spin [29]. Neutron
diffraction studies have revealed that 3 adopts a regular octa-
hedral configuration Oh [32] whereas for 4, a d5 complex,
a slight JT distortion is expected [33, 34]. As confirmed
by ab initio calculations, 4 exhibits smaller Fe–ligand π

back-donation compared to3 [33].X-ray diffraction analysis,
supported by infrared (IR) spectroscopy and ligand field the-
oretical calculations, predicts in addition that the iron–ligand
bonds in 4 are predominantly of σ type, with minimal or no
π contribution [35]. The 3/4 transition stands for an unusual
example of JT distortion, and to the best of our knowledge,
an explanation of its intricacies is still pending.

Ultimately, this proof-of-concept study was aimed at the
investigation of the 1/2 case as a commonly known example
that exhibits a JT distortion followed by the more difficult

Fig. 1 Schematic representation of test examples 1–4, showcasing the
point groups associated with the equilibrium geometries obtained at the
PBE0/Def2-TZVP level of theory. The difference in axial bond lengths
of 2 and 4 has been exaggerated for illustration purposes

3/4 case, comparing common and distinct features. The
CNM/ACS protocol for characteristic normal vibrational
modes was employed as a novel tool, contributing to a deeper
understanding of Jahn-Teller distortions by offering valuable
insights into the molecular fragments responsible for sym-
metry disruption at the molecular level.

Computational methods

Geometry optimization and Hessianmatrix
calculation

All electronic structure calculations were carried out using
the Gaussian 16 quantum chemistry program [36] at the
density functional theory (DFT) level [37]. An ultra-fine inte-
gration grid and a tight convergence criterion were applied
for the self-consistent field procedure [38]. The equilibrium
geometries of the test examples 1–4, as well as their corre-
sponding Hessian matrices and normal vibrational modes,
were obtained using the PBE0 functional [39] in conjunction
with the Def2-TZVP basis set [40]. PBE0 has demonstrated
favorable outcomes across diverse properties of molecules
and materials, encompassing spectroscopic characteristics,
making it highly versatile for applications in both quantum
chemistry and condensed matter physics [39]. Its perfor-
mance for transitionmetal compounds has also been assessed
[39]. The hexaaquachromium cations were calculated with
unrestricted DFT (UDFT), and ferrous and ferric hexa-
cyanides were calculated with restricted DFT (RDFT) and
UDFT, respectively [41].

Local vibrational mode theory

Normal vibrational modes throughout polyatomic systems
are generally delocalized [42, 43], which imposes an impor-
tant limitation on determining the intrinsic bond strength
through the direct use of normal mode frequencies and nor-
mal mode force constants. This is precisely where the LVM
theory comes into play. LVM was originally introduced by
Konkoli and Cremer [44, 45] and further developed by our
group. For more details on LVM, including its theoretical
foundation and broad application spectrum across chemistry
and beyond, the reader is referred to two recent review arti-
cles and literature cited therein [22, 23].

Normal vibrationalmodesdn given in internal coordinates
qn (with n = 1, · · · , Nvib and Nvib = (3N - 6) for non-linear
N -atomic complexes and (3N - 5) for linear N -atomic com-
plexes) and the diagonal normal mode force constant matrix
K given in normal coordinates Qn (being available in the
output of any modern quantum chemistry software that per-
forms a standard normal mode analysis) are transformed into

123



Journal of Molecular Modeling           (2024) 30:102 Page 3 of 12   102 

their local mode counterparts leading to local mode vectors
an associated with internal coordinates qn via:

an = K−1d†n
dnK−1d†n

. (1)

By utilizing the transformation matrix L [42] the local mode
vector an can be easily converted into Cartesian coordinates
x, resulting in axn given by the following expression:

axn = Lan . (2)

The calculation of the corresponding local mode force con-
stant kan can be performed using the following expression:

kan = a†nKan . (3)

This enables the computation of the local mode frequency
ωa
n :

(ωa
n)

2 = (4π2c2)
−1 kan

ma
n
, (4)

with ma
n being the local mode mass.

Local mode force constants ka have proven to be a
reliable tool to quantify the strength of covalent chemi-
cal bonds including metal-ligand bonds and weak chemical
interactions such as halogen, chalcogen, pnicogen, tetrel, or
hydrogen bonding. For a summary, see Refs. [22, 23] and
citations therein. We also derived a new measure for the
assessment of metal-ligand bonding, the metal-ligand elec-
tronic parameter (MLEP) [46–49], applied, e.g., in recent
work for the investigation of iron-ligand bonding in car-
boxy myoglobins and carboxy neuroglobins [50, 51] and a
new assessment of non-covalent π–interactions in mutated
aquomet-myoglobin proteins [52]. Furthermore, our recent
incorporation of local mode force constants into lanthanide
spectroscopy has provided a novel explanation for the inverse
relationship between lanthanide-ligand strength and ligand
effective polarizability, offering insights into bonding in lan-
thanide chemistry [25].

An adiabatic connection scheme (ACS) [28], founded on
the Decius compliance matrix [53], denoted as $ = (Fq)−1,
where Fq represents the Hessian matrix in internal coordi-
nates, in conjunction with theWilsonGmatrix, establishes a
significant one-to-one correspondence between every com-
plete and non-redundant set of local vibrational modes and
normal vibrational modes:

(Gd + λGod)Rλ = ($d + λ$od)Rλ&λ, (5)

where R = $−1D with D = BL (B is the Wilson B matrix
[42]).Gd and $d , andGod and $od are the diagonal and off-
diagonal parts of Decius and Wilson matrices, respectively

[42]. The local vibrational modes (λ = 0) are adiabatically
transformed into their normal mode counterparts (λ = 1) by
a shift parameter λ [28].

ACS serves as the fundamental basis for the characteriza-
tion of normalmode (CNM) procedure [22, 23, 54, 55]which
enables the decomposition of each normal vibrational mode
lµ (in Cartesian coordinates) into local vibrational modes
contributions. The CNM analysis is conducted for a com-
plete and non-redundant set of Nvib local vibrational modes
an , offering a powerful tool for quantitatively assessing the
composition of normal vibrational modes and facilitating
the interpretation of vibrational spectra. The overlapping
encoded by Snµ is [22, 23, 54, 55]

Snµ = ⟨axn |Fx |lµ⟩2
⟨axn |Fx |axn ⟩⟨lµ|Fx |lµ⟩ . (6)

Thus, the localmode contributionCnµ (localmode character)
of local vibrational mode axn to normal vibrational mode lµ
(in Cartesian coordinates) can be calculated as shown below
[22, 23, 54, 55]

Cnµ = Snµ
∑Nvib

m=1 Smµ

. (7)

Our CNM analysis has facilitated a new way of analyzing
and interpreting vibrational spectra stretching from smaller
molecular systems to large biomolecules [22, 25–27, 54–58],
being described with hybrid quantum chemistry andmolecu-
lar mechanics (QM/MM) [59–62] thanks to our novel LMod-
eAGen protocol, which automatically determines a complete
non-redundant set of local mode parameters [26] and which
has been coupled for QM/MM systems with our generalized
subsystem vibrational analysis (GSVA), extracting intrinsic
fragmental vibrations of any fragment/subsystem from the
whole system via the evaluation of the corresponding effec-
tive Hessian matrix [63, 64].

For the test examples1–4, the generation of non-redundant
and complete sets of local vibrational modes was achieved
using the LModeAGen protocol [26]. Subsequently, the local
mode analysis was conducted using the standalone LModeA
package [65].

Electron density analysis

The electron density analysis was performed with the
AIMAll program [66]. Applying Bader’s quantum theory
of atoms in molecules (QTAIM) [67–69], we complemented
LVMdata with bond properties calculated at the bond critical
point rb of the electron density ρ(r) between the two atoms
forming a chemical bond or weak chemical interaction.

The Cremer-Kraka criterion [70, 71] was applied to assess
the covalent character of the chemical bond and/or weak
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chemical interaction which relies on the local energy den-
sity H(r) given by the equation:

H(r) = G(r)+ V (r) , (8)

whereG(r) is the kinetic energy density (positive, destabiliz-
ing), and V (r) is the potential energy density (negative, stabi-
lizing). If the value of H(rb) is negative the bond/interaction
is predominately covalent. Conversely, if it is positive the
bond/interaction is primarily electrostatic [70, 71].

Results and discussion

Figures 2 and 3 provide an overview of the CNM results,
displaying the local mode contributions within the charac-
teristic frequency ranges associated with metal–ligand and
ligand stretching vibrations for each of the test examples 1–4
from Table 1. In the hexaaquachromium complexes, there is
an overall increase in the localization of the characteristic
normal vibrational modes corresponding to Cr–O and O–H

stretching vibrations, as reflected in Fig. 2(a)–(d). In contrast,
ferrous and ferric hexacyanides, depicted in Fig. 3(a)–(d),
show an opposite trend for Fe–C stretching vibrations. Over-
all, the normal vibrational modes remain delocalized in both
scenarios, as depicted in Figs. 2 and 3. Such delocaliza-
tion is a characteristic feature observed in systems with
significant symmetry, providing valuable insights into the
vibrational behavior and the functional group interactions
in such compounds. Considering the significance of a reli-
able bond strength descriptor for understanding coordination
sites, the observed delocalization of the characteristic normal
vibrational modes analyzed through CNM provides com-
pelling evidence for the utilization of local mode properties
to assess the intrinsic strength of metal–ligand bonding in JT
systems.

Table 1 presents a comprehensive collection of the prop-
erties associated with the local mode parameters of the same
metal–ligand and ligand stretching vibrations featured on the
CNM plots. The table comprises bond length (l), local mode
force constant (ka), local mode frequency (ωa), electron
density [ρ(rb)], energy density [H(rb)], and delocalization

Fig. 2 CNM plots capturing metal–ligand (a, b), and O–H (c, d), stretching vibrations for [Cr(OH2)6]3+(Th) and [Cr(OH2)6]2+(D2h) at the
PBE0/Def2-TZVP level of theory
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Fig. 3 CNM plots capturing metal–ligand (a, b), and C–N (c, d), stretching vibrations for [Fe(CN)6]4−(Oh) and [Fe(CN)6]3−(D4h) at the
PBE0/Def2-TZVP level of theory

index (DI) for the complex ions (test examples 1–4) and
the isolated ligands. See Supplementary Information (SI) for
Cartesian coordinates of the optimized geometries and the
QTAIM atomic charges.

These values were obtained through calculations per-
formed at the PBE0/Def2-TZVP level of theory. On the one
hand, the expected equivalence of the properties associated
with the local mode parameters of the samemetal–ligand and
ligand stretching vibrations in both reference complex ions,
[Cr(OH2)6]3+(Th) and [Fe(CN)6]4−(Oh), is observed and
depicted in Table 1. On the other hand, the breaking of sym-
metry leads to differentiation between the properties describ-
ing the two axial and four equatorialmetal–ligand localmode
parameters, as observed in the complex ions where JT dis-
tortions occur, [Cr(OH2)6]2+(D2h) and [Fe(CN)6]3−(D4h).

Table 1 shows that the axial localmode parameters, Cr1O4
and Cr1O6, provide insights into the octahedral elongated
geometry of [Cr(OH2)6]2+(D2h). JT distortion in this com-
pound results in the observed substantial Cr1O4 and Cr1O6
bond length elongation followed by a general reduction in
the local force constant, local frequency, electron density,

and delocalization index of metal–ligand bond parameters,
with the Cr1O4 and Cr1O6 parameters displaying the lowest
values. Interestingly, the Cremer-Kraka criterion indicates
an increase in axial covalent character and a striking shift
to electrostatic character for the equatorial bonds after dis-
tortion. On the contrary, due to JT distortion, the local force
constant, local frequency, electron density, and delocaliza-
tion index of water ligands experience a considerable overall
increase, with a slightly enhanced covalent character for all
the O–H bonds. The results for the isolated form of H2O
are shown for comparison with the bonded forms, where an
increase in bond length and a decrease in the absolute value
of all the other computed properties are observed in both
cases.

In the case of [Fe(CN)6]3−(D4h), Table 1 also shows
that Fe1C4 and Fe1C6 local stretching modes serve as indi-
cators of the octahedral compressed geometry. Despite the
subtle compression, there is a significant overall increase in
the local force constant, local frequency, and electron den-
sity for both metal–ligand and ligand CN− bond parameters,
with Fe1C4 and Fe1C6 parameters showing slightly smaller
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Table 1 Selected local mode parameters (param.) followed by the cor-
responding values of bond length (l), local mode force constant (ka),
local mode frequency (ωa), electron density [ρ(rb)], energy density

[H(rb)], and delocalization index (DI), for the complex ions and the
isolated ligands, calculated at the PBE0/Def2-TZVP level of theory

Reference JT distortion
l ka ωa ρ(rb) H(rb) DI l ka ωa ρ(rb) H(rb) DI

param [Å] [mdyn/Å] [cm−1] [e/Å3] [Eh/Å3] [Å] [mdyn/Å] [cm−1] [e/Å3] [Eh/Å3]

[Cr(OH2)6]3+(Th) [Cr(OH2)6]2+(D2h)

Cr1O2 1.997 1.611 473 0.526 −0.011 0.42 2.091 0.822 338 0.388 0.018 0.32

Cr1O3 1.997 1.611 473 0.526 −0.011 0.42 2.087 0.868 347 0.393 0.017 0.32

Cr1O4 1.997 1.611 473 0.526 −0.011 0.42 2.374 0.335 216 0.236 −0.019 0.20

Cr1O5 1.997 1.611 473 0.526 −0.011 0.42 2.087 0.868 347 0.393 0.017 0.32

Cr1O6 1.997 1.611 473 0.526 −0.011 0.42 2.374 0.335 216 0.236 −0.019 0.20

Cr1O7 1.997 1.611 473 0.526 −0.011 0.42 2.091 0.822 338 0.388 0.018 0.32

O2H16 0.973 7.720 3717 2.283 −4.459 0.51 0.964 8.219 3836 2.374 −4.612 0.57

O2H17 0.973 7.720 3717 2.283 −4.459 0.51 0.964 8.219 3836 2.374 −4.612 0.57

O3H10 0.973 7.720 3717 2.283 −4.459 0.51 0.965 8.182 3827 2.367 −4.601 0.56

O3H11 0.973 7.720 3717 2.283 −4.459 0.51 0.965 8.182 3827 2.367 −4.601 0.56

O4H18 0.973 7.720 3717 2.283 −4.459 0.51 0.964 8.196 3830 2.390 −4.606 0.60

O4H19 0.973 7.720 3717 2.283 −4.459 0.51 0.964 8.196 3830 2.390 −4.606 0.60

O5H12 0.973 7.720 3717 2.283 −4.459 0.51 0.965 8.182 3827 2.367 −4.601 0.56

O5H13 0.973 7.720 3717 2.283 −4.459 0.51 0.965 8.182 3827 2.367 −4.601 0.56

O6H14 0.973 7.720 3717 2.283 −4.459 0.51 0.964 8.196 3830 2.390 −4.606 0.60

O6H15 0.973 7.720 3717 2.283 −4.459 0.51 0.964 8.196 3830 2.390 −4.606 0.60

O7H8 0.973 7.720 3717 2.283 −4.459 0.51 0.964 8.219 3836 2.374 −4.612 0.57

O7H9 0.973 7.720 3717 2.283 −4.459 0.51 0.964 8.219 3836 2.374 −4.612 0.57

H2O(C2v)

O1H2 0.960 8.422 3883 2.456 −4.652 0.68

[Fe(CN)6]4−(Oh) [Fe(CN)6]3−(D4h)

Fe1C2 1.992 1.062 427 0.625 −0.168 0.70 1.976 1.529 513 0.710 −0.252 0.66

Fe1C3 1.992 1.062 427 0.625 −0.168 0.70 1.976 1.529 513 0.710 −0.252 0.66

Fe1C4 1.992 1.062 427 0.625 −0.168 0.70 1.967 1.495 507 0.704 −0.243 0.70

Fe1C5 1.992 1.062 427 0.625 −0.168 0.70 1.976 1.529 513 0.710 −0.252 0.66

Fe1C6 1.992 1.062 427 0.625 −0.168 0.70 1.967 1.495 507 0.704 −0.243 0.70

Fe1C7 1.992 1.062 427 0.625 −0.168 0.70 1.976 1.529 513 0.710 −0.252 0.66

C2N8 1.174 17.030 2115 3.236 −6.351 2.11 1.163 18.342 2195 3.295 −6.498 2.20

C3N9 1.174 17.030 2115 3.236 −6.351 2.11 1.163 18.342 2195 3.295 −6.498 2.20

C4N10 1.174 17.030 2115 3.236 −6.351 2.11 1.164 18.240 2189 3.289 −6.483 2.18

C5N11 1.174 17.030 2115 3.236 −6.351 2.11 1.163 18.342 2195 3.295 −6.498 2.20

C6N12 1.174 17.030 2115 3.236 −6.351 2.11 1.164 18.240 2189 3.289 −6.483 2.18

C7N13 1.174 17.030 2115 3.236 −6.351 2.11 1.163 18.342 2195 3.295 −6.498 2.20

CN−(C∞v)

N1C2 1.170 17.770 2160 3.291 −6.487 2.35
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values compared to the equatorial local mode parameters.
Additionally, the energy density values demonstrate that both
metal–ligand and ligand bonds become notably more cova-
lent upon distortion, with no shift in bond nature. It has to
be noted that the bond length is not always a qualified bond
strength descriptor. Numerous cases have been reported in
the literature illustrating that a shorter bond is not always a
stronger bond [72–78]. This also applies to the metal–ligand
bonds in [Fe(CN)6]3−(D4h), despite the delocalization index
indicating otherwise.

Comparing the isolated and bonded forms of the CN−

ligand reveals that in [Fe(CN)6]4−(Oh) a slight increase in
bond length and a decrease in the local force constant, local
frequency, electron density, the absolute value of energy
density, and delocalization index occur as expected due
to the π back-donation phenomenon discussed in the lit-
erature [33] (see Table 1 for details). When compared to
[Fe(CN)6]3−(D4h), both the electron and energy density

change slightly, especially for the axial ligands, with a slight
decrease in bond length. Still, there is an increase in both
the local force constant and local frequency upon coordina-
tion with Fe(III). The weaker back-donation effect found in
[Fe(CN)6]3− can account for this behavior, as it implies a
reduced transfer of electron density from the metal center to
the ligands, affecting the CN bond characteristics. The dif-
ference in vibrational properties between [Fe(CN)6]4−(Oh)

and [Fe(CN)6]3−(D4h) is in accordance with the literature
[33, 79].

Furthermore, Figs. 4 and 5 present the ACS plots for test
examples 1–4. In these plots, the parameter λ distinguishes
between local modes (λ = 0) and normal modes (λ = 1).
Both [Cr(OH2)6]3+ and [Cr(OH2)6]2+ exhibit 51 normal
vibrational modes, which are adiabatically connected to 6
groups of local vibrational modes, as shown in Fig. 4. Sim-
ilarly, [Fe(CN)6]4− and [Fe(CN)6]3− possess 33 normal

Fig. 4 ACS plots relating the frequencies of a complete and non-
redundant set of local modes (left) with those of normal modes (right)
for [Cr(OH2)6]3+(Th) (a), and [Cr(OH2)6]2+(D2h) (b). The pairwise

breakdown of the corresponding separatemetal–ligand frequency range
is provided on the bottom (c, d). Results obtained at the PBE0/Def2-
TZVP level of theory
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Fig. 5 ACS plots relating the frequencies of a complete and non-
redundant set of localmodes (left)with those of normalmodes (right) for
[Fe(CN)6]4−(Oh) (a), and [Fe(CN)6]3−(D4h) (b). The pairwise break-

down of the corresponding separate metal–ligand frequency range is
provided on the bottom (c, d). Results obtained at the PBE0/Def2-TZVP
level of theory

vibrational modes, which are adiabatically connected to 5
groups of local vibrational modes, as depicted in Fig. 5.

From Fig. 4(a) and (c), it is evident that the [Cr(OH2)6]3+
complex ion with the Th point group symmetry exhibits
equivalence among the OH2 ligands, leading to the expected
result. Consequently, several degenerate local vibrational
modes can be observed, which can be categorized as fol-
lows: six degenerate Cr–O bond stretchingmodes and twelve
degenerate O–H bond stretching modes, as highlighted in
Table 1, in addition to six degenerate local O–Cr–O modes,
twelve degenerate local H–O–Cr modes, three degenerate
local O–Cr–O–O modes, and twelve degenerate local H–O–
Cr–O modes. It can be observed from Table 1 and Fig. 4(c)
and (d) that the expected sixfold degeneracy of theCr–Obond
local vibrational modes in [Cr(OH2)6]3+ is broken, form-
ing three groups of twofold degeneracy in [Cr(OH2)6]2+.
Figure4(b) and (d) clearly illustrate the symmetry breaking
due to the JT elongation captured by ACS. The axial local

vibrational modes, denoted by Cr1O6 and Cr1O4, occur as
the lower-frequency twofold degenerate group, whereas the
four equatorial local vibrational modes split into two very
closely separated groups due to the equilibrium geometry
being a D2h minimum. Of particular importance is the local
vibrational mode evidence of the strength of the JT distor-
tion, seen by the pronounced frequency separation between
the axial and equatorial groups of local vibrational modes in
Fig. 4(d). This finding agrees with the marked difference in
bond length tabulated in Table 1.

It is worth mentioning that crystallographic data and EPR
studies have indicated that [Cr(OH2)6]2+ preferably exhibits
an octahedral elongated structure [30, 31]. Furthermore, it
is well-established [6, 29, 31] that octahedral JT elongated
structures can be understood in terms of the d-electron sta-
bilization energy, where a greater electrostatic repulsion is
observed between the metal ion and the two ligands along
the z-axis, leading to their stabilizing elongation. It is also
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remarkable that the local mode force constants (ka) are
smaller for Cr1O4 and Cr1O6 bonds, indicating that they are
weaker than the Cr–O equatorial bonds. This trend in ka can
be attributed to the elongation of the axial Cr–O bonds, which
serves to decrease the repulsion between the d-orbitals along
the z-axis and the ligands. By elongating the axial bonds, the
d-electron distribution around the chromium ion is modified,
leading to reduced energy levels and increased stability. This
effect is in line with the concept of JT elongation, where the
distortion of the octahedral geometry results in lower energy
states for the system. Moreover, the observed decrease in
ρ(rb) upon JT distortion further supports the weakening of
the axial bonds. Additionally, the negative value of H(rb)
for Cr–O axial bonds reveals that the electron density at the
bond critical point is still significant, indicating a consider-
able bonding interaction despite the weakening. Overall, the
findings reported in this study align with the known princi-
ples of JT elongation in octahedral complexes and provide
valuable insights into the structural and electronic properties
of [Cr(OH2)6]2+.

Figure 5(a) and (c) provide clear evidence that the
[Fe(CN)6]4− complex ion, exhibiting Oh point group sym-
metry, demonstrates equivalence among the CN ligands, as
expected. Consequently, several degenerate local vibrational
modes can be observed, classified as follows: six degenerate
Fe–C bond stretching modes and six degenerate C–N bond
stretching modes, as shown in Table 1, in addition to six
degenerate local C–Fe–Cmodes, twelve degenerate local N–
C–Fe modes, and three degenerate local C–Fe–C–C modes.
From Table 1 and Fig. 5(c) and (d), it can be observed that
the sixfold degeneracy of the Fe–C bond local vibrational
modes in [Fe(CN)6]4− is broken in [Fe(CN)6]3−, resulting
in two groups of twofold and fourfold degeneracy. The sym-
metry breaking due to the JT compression captured by ACS
is clearly illustrated in Fig. 5(b) and (d).
The axial local vibrational modes, denoted by Fe1C6 and
Fe1C4, occur as the lower-frequency twofold degenerate
group, while the four equatorial local vibrational modes
occur as the fourfold degenerate group, in line with the
equilibrium geometry of D4h symmetry. The local vibra-
tional mode evidence of the weakness of the JT distortion
in [Fe(CN)6]3−, as mentioned in the literature [33], can be
observed by the small frequency separation between the axial
and equatorial groups of local vibrational modes in Fig. 5(d).
This finding is in agreement with the minor difference in
bond length tabulated in Table 1.

As an important development, the innovative method of
probing JT distortions through ACS and CNM, as demon-
strated in this study, is poised to undergo further expansion
to encompass the vibrational analysis of coordination com-
pounds with diverse sizes and complexities. This advance-
ment opens up a wide range of potential applications that
can be tailored to investigate different metal ions, ligands,

chemical environments, and coordination spheres, thereby
enriching our understanding of coordination chemistry.Work
is in progress to extend the protocol described herein to post-
Hartree-Fock methods.

Conclusions

We developed in this work a newway for assessing JT distor-
tions via a combination of two important features of LVM,
namely the characterization of normal mode (CNM) proce-
dure and an adiabatic connection scheme (ACS) connecting
local and normal vibrational modes. The viability of this new
CNM/ACS protocol was successfully demonstrated through
the examination of classical coordination compounds at the
PBE0/Def2-TZVP level of theory. Our CNM/ACS results
provide new insights into the changes in symmetry resulting
from JT distortions, which sets the stage for applying this
approach to a diverse array of systems with varying size and
complexity. More specifically, the following results emerged
from our study, unravelling (i) distinct pairwise patterns of
ACS and CNM variations across different oxidation states,
and (ii) subtle differences between systems 1/2, representing
the category with moderate JT distortions accompanied with
bond lengthening, and 3/4, representing the category with
slight JT distortions accompanied with bond shortening:

• CNM results illustrated that the characteristic normal
vibrational modes exhibit overall delocalization for both
scenarios 1/2 and 3/4, confirming what we generally
observe for systemswith high symmetry. There is a slight
increase in localization in the transition from 1 to 2 for
both Cr–O and O–H stretching vibrations. In contrast,
there is a reverse trend for Fe–C stretching vibrations in
the transition from 3 to 4.

• The ACS analysis clearly reflected the symmetry break-
ing via the differentiation between axial and equatorial
groups following redox changes for the pairs 1/2 and 3/4
as a consequence of the JT distortions. TheACSprofile of
4 exhibits a slight frequency separation between the axial
and equatorial groups, whereas in the case of 2, a more
pronounced distinction is observed. This is in accordance
with the fact that 2 undergoes a moderate JT distortion
compared to 4, which experiences a minor JT distortion.
These findings suggest the use of ACS patterns as sen-
sitive indicators of the extent of JT distortions, based on
the frequency separation between axial and equatorial
groups displayed in the ACS profile.

• The Cremer-Kraka criterion revealed an enhancement
in axial covalent nature and a noticeable shift toward
electrostatic character for the equatorial bonds following
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distortion from 1 to 2. Moving from 3 to 4, the energy
density data indicate a significant increase in covalence
for both metal–ligand and ligand bonds upon distortion,
while their bond nature remains consistent. Comparison
with the isolated CN− molecule confirms the distinct π

back-donation disparity between 3 and 4, as documented
in the literature [32–35].

In summary, the ACS profile emerges as a powerful tool
to investigate and confirm the subtle and less-explored JT
distortion in 4 and similar systems, often more difficult to
capture, and in this way providing an answer to the current
debate on the existence of a JT distortion in this system.
As demonstrated in this proof-of-concept study our new
CNM/ACS protocol opens up new possibilities for future JT
studies in coordination chemistry. Its adaptability to different
metal ions, ligands, chemical environments, and coordina-
tion spheres can be utilized to gain a better understanding of
coordination compounds. The versatility of this innovative
approach allows for a broad range of applications, opening
the avenue for further CNM/ACS JT explorations stretching
into organic chemistry [80], biochemistry [81] and beyond
[82, 83].Work is in progress to extend the protocol described
herein to post-Hartree-Fock methods.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00894-024-05882-
8.

Acknowledgements We thank SMU’s Center for Research Computing
for providing generous computational resources. M. Q. thanks SMU for
the Postdoctoral Fellowship and Juliana Antonio for the help with AIM-
Studio. This work was financially supported by the National Science
Foundation, Grant CHE 2102461.

Author contribution MQ, RM, and EK outlined the idea and structure
of this work. MQ performed all calculations, prepared graphics and
wrote the first draft of the manuscript. MQ, RM, and EK worked on
updates and revisions of the first draft. EK brought it into final form and
supervised the work.

Funding Open access funding provided by SCELC, Statewide Califor-
nia Electronic Library Consortium.

Data availability No datasets were generated or analyzed during the
current study.

Declarations

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indi-
cate if changes were made. The images or other third party material
in this article are included in the article’s Creative Commons licence,

unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, youwill need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

1. Jahn HA, Teller E (1937) Stability of polyatomic molecules in
degenerate electronic states. I.Orbital degeneracy. ProcRSocLond
A 161:220–235

2. Liehr AD (1963) Topological aspects of the conformational stabil-
ity problem. Part I Non-degenerate electronic states. J Chem Phys
67:389–471

3. Liehr AD (1963) Topological aspects of the conformational stabil-
ity problem. Part II Non-degenerate electronic states. J Chem Phys
67:471–494

4. Pascale F, D’Arco P, Lebègue S, Dovesi R (2024) Jahn-Teller dis-
tortion, octahedra rotations and orbital ordering in perovskites:
KScF3 as a model system. J Comput Chem. https://doi.org/10.
1002/jcc.27306

5. Kim WJ, Smeaton MA, Jia C, Goodge BH, Byeong-Gwan Lee K,
Osada M, Jost D, Levlev AV, Moritz B, Kourkoutis LF, Devereaux
TP, Hwang HY (2023) Geometric frustration of Jahn-Teller order
in the infinite-layer lattice. Nature 615:237

6. Conradie J (2019) Jahn-Teller effect in high spin d4 and d9 octa-
hedral metal-complexes. Inorg Chim Acta 486:193–199

7. Da-yang TE, Fifen JJ, Malloum A, Lahmar S, Nsangou M, Con-
radie J (2020) Structures of the solvated copper(II) ion in ammonia
at various temperatures. New J Chem 44:3637–3653

8. Conradie J (2024) Effect of density functional approx-
imations on the calculated Jahn-Teller distortion in
bis(terpyridine)manganese(III) and related compounds. J Mol
Model 30:20

9. Kouchakzadeh G, Mahmoudzadeh G (2023) The Pseudo Jahn-
Teller effect and NBO analysis for untangling the symmetry
breaking in the planar configurations of M2X4+ (M=Si, Ge and
X=Cl, Br, I): effect on electronic structure and chemical proper-
ties. J Mol Model 30:1

10. Ayers PW (2001) Strategies for computing chemical reactivity
indices. Theor Chem Acc 106:271–279

11. Oller J, Jaque P (2023) Connection between nuclear and electronic
Fukui functions beyond frontier molecular orbitals. J Chem Phys
159:124112

12. Gómez S, Rojas-Valencia N, Toro-Labbé A, Restrepo A (2023)
The transition state region in nonsynchronous concerted reactions.
J Chem Phys 158:084109

13. Toro-Labbé A, Gutiérrez-Oliva S, Murray JS, Politzer P (2007) A
new perspective on chemical and physical processes: the reaction
force. Mol Phys 105:2619–2625

14. Morel C, Grand A, Toro-Labbé A (2005) New dual descriptor for
chemical reactivity. J Phys Chem A 109:205–212

15. Balawender R, De Proft F, Geerlings P (2001) Nuclear Fukui func-
tion and Berlin’s binding function: prediction of the Jahn-Teller
distortion. J Chem Phys 114:4441–4449

16. ZouW,CremerD (2014)Description of bond pseudorotation, bond
pseudolibration, and ring pseudoinversion processes caused by the
pseudo-Jahn-Teller effect: fluoro derivatives of the cyclopropane
radical cation. Aust J Chem 67:435

17. Zou W, Filatov M, Cremer D (2012) Bond pseudorotation, Jahn-
Teller, and pseudo-Jahn-Teller effects in the cyclopentadienyl
cation and its pentahalogeno derivatives. Int J Quantum Chem
112:3277–3288

123

https://doi.org/10.1007/s00894-024-05882-8
https://doi.org/10.1007/s00894-024-05882-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/jcc.27306
https://doi.org/10.1002/jcc.27306


Journal of Molecular Modeling           (2024) 30:102 Page 11 of 12   102 

18. Zou W, Izotov D, Cremer D (2011) New way of describing
static and dynamic deformations of the Jahn-Teller type in ring
molecules. J Phys Chem A 115:8731–8742

19. Patzer A, Schütz M, Möller T, Dopfer O (2012) Infrared spectrum
and structure of the adamantane cation: direct evidence for Jahn-
Teller distortion. Angew Chem Int Ed 51:4925–4929

20. George MAR, Förstel M, Dopfer O (2020) Infrared spectrum
of the adamantane+–water cation: hydration-induced C-H bond
activation and free internal water rotation. Angew Chem Int Ed
59:12098–12104

21. George MAR, Dopfer O (2022) Infrared spectrum of the aman-
tadine cation: opening of the diamondoid cage upon ionization. J
Phys Chem Lett 13:449–454

22. Kraka E, QuintanoM, ForceHWL,Antonio JJ, FreindorfM (2022)
The local vibrational mode theory and its place in the vibrational
spectroscopy arena. J Phys Chem A 126:8781–8900

23. Kraka E, Zou W, Tao Y (2020) Decoding chemical information
from vibrational spectroscopy data: local vibrational mode theory.
WIREs: Comput Mol Sci 10:1480

24. Verma N, Tao Y, Zou W, Chen X, Chen X, Freindorf M, Kraka
E (2020) A critical evaluation of Vibrational Stark Effect (VSE)
probes with the local vibrational mode theory. Sensors 20:2358

25. Moura Jr RT, Quintano M, Santos-Jr CV, Albuquerque VACA,
Aguiar EC, Kraka E, Carneiro Neto AN (2022) Featuring a new
computational protocol for the estimation of intensity and over-
all quantum yield in lanthanide chelates with applications to
Eu(III) mercapto-triazole Schiff base ligands. Optical Materials:
X 16:100216–110021615

26. Moura JrRT,QuintanoM,Antonio JJ, FreindorfM,KrakaE (2022)
Automatic generation of local vibrational mode parameters: from
small to large molecules and QM/MM systems. J Phys Chem A
126:9313–9331

27. Quintano M, Delgado AAA, Moura Jr RT, Freindorf M, Kraka E
(2022) Local mode analysis of characteristic vibrational coupling
in nucleobases and Watson–Crick base pairs of DNA. Electron
Struct 4(12):044005–104400517

28. Zou W, Kalescky R, Kraka E, Cremer D (2012) Relating normal
vibrational modes to local vibrational modes with the help of an
adiabatic connection scheme. J Chem Phys 137:084114

29. Housecroft CE, Sharpe AG (2012) Inorganic chemistry, 4th edn.
Pearson, Essex

30. Telser J, Pardi LA, Krzystek J, Brunel L-C (1998) EPR spectra
from “EPR-Silent” species: high-field EPR spectroscopy of aque-
ous Chromium(II). Inorg Chem 37:5769–5775

31. Conradie J (2018) Structural and electronic data of three first-row
transition octahedral hexaaquametal(II) ions, metal=Cr, Ni or Cu.
Data in Brief 21:2051–2058

32. Taylor JC,MuellerMH,HittermanRL (1970)Aneutron diffraction
study of ferroelectric KFCT, K4Fe(CN)6.3D2O, above the Curie
temperature. Acta Crystallogr A 26:559–567

33. KunnusK,ZhangW,DelceyMG,PinjariRV,MiedemaPS,Schreck
S, Quevedo W, Schröder H, Föhlisch A, Gaffney KJ, Lundberg
M, Odelius M, Wernet P (2016) Viewing the valence electronic
structure of ferric and ferrous hexacyanide in solution from the Fe
and cyanide perspectives. J Phys Chem B 120:7182–7194

34. Atanasov M, Comba P, Daul CA, Hauser A (2007) DFT-based
studies on the Jahn-Teller effect in 3D hexacyanometalates with
orbitally degenerate ground states. J Phys ChemA 111:9145–9163

35. Vannerberg N-G, Pedersen E, Romanowska E, Rudén U, Pilotti Å
(1972) The OD structures of K3Fe(CN)6 and K3Co(CN)6. Acta
Chem Scand 26:2863–2876

36. Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Scalmani G, Barone V, Petersson GA, Nakatsuji
H,LiX,CaricatoM,MarenichAV,Bloino J, JaneskoBG,Gomperts
R, Mennucci B, Hratchian HP, Ortiz JV, Izmaylov AF, Sonnenberg
JL,Williams-YoungD,Ding F, Lipparini F, Egidi F, Goings J, Peng

B, Petrone A, Henderson T, Ranasinghe D, Zakrzewski VG, Gao J,
Rega N, Zheng G, Liang W, Hada M, Ehara M, Toyota K, Fukuda
R, Hasegawa J, Ishida M, Nakajima T, Honda Y, Kitao O, Nakai
H, Vreven T, Throssell K, Montgomery JA Jr, Peralta JE, Ogliaro
F, Bearpark MJ, Heyd JJ, Brothers EN, Kudin KN, Staroverov
VN, Keith TA, Kobayashi R, Normand J, Raghavachari K, Rendell
AP, Burant JC, Iyengar SS, Tomasi J, Cossi M, Millam JM, Klene
M, Adamo C, Cammi R, Ochterski JW, Martin RL, Morokuma K,
Farkas O, Foresman JB, FoxDJ (2016) Gaussian 16 Revision C.01.
Gaussian Inc. Wallingford CT

37. Parr RG, Yang W (1989) Density-functional theory of atoms and
molecules. Oxford University Press, New York

38. Gräfenstein J, Cremer D (2007) Efficient density-functional the-
ory integrations by locally augmented radial grids. J Chem Phys
127(16):164113

39. Adamo C, Barone V (1999) Toward reliable density functional
methods without adjustable parameters: The PBE0 model. J Chem
Phys 110:6158–6170

40. Weigend F, Ahlrichs R (2005) Balanced basis sets of split valence,
triple zeta valence and quadruple zeta valence quality for H to
Rn: design and assessment of accuracy. Phys Chem Chem Phys
7:3297–3305

41. Wang J, Becke AD, Vedene H, Smith J (1995) Evaluation of ⟨S2⟩ in
restricted, unrestricted Hartree–Fock, and density functional based
theories. J Chem Phys 102:3477–3480

42. Wilson EB, Decius JC, Cross PC (1955) Molecular vibrations: the
theory of infrared and Raman vibrational spectra. McGraw-Hill,
New York

43. Wilson EB (1941) Some mathematical methods for the study of
molecular vibrations. J Chem Phys 9:76–84

44. Konkoli Z, Cremer D (1998) A new way of analyzing vibrational
spectra. I. Derivation of adiabatic internal modes. Int J Quantum
Chem 67:1–9

45. Konkoli Z, Larsson JA, Cremer D (1998) A new way of analyzing
vibrational spectra. II. Comparison of internal mode frequencies.
Int J Quantum Chem 67:11–27

46. Kraka E, Freindorf M (2020) Characterizing the metal ligand
bond strength via vibrational spectroscopy: theMetal Ligand Elec-
tronic Parameter (MLEP). In: Lledós A, Ujaque G (eds) Topics
in organometallic chemistry - new directions in the modeling of
organometallic reactions, vol 67. Springer, eBook, pp 1–43

47. Cremer D, Kraka E (2017) Generalization of the Tolman electronic
parameter: the metal-ligand electronic parameter and the intrinsic
strength of the metal-ligand bond. Dalton Trans 46:8323–8338

48. SetiawanD,KalesckyR,KrakaE,CremerD (2016)Directmeasure
ofmetal-ligandbonding replacing theTolman electronic parameter.
Inorg Chem 55:2332–2344

49. Kalescky R, Kraka E, Cremer D (2013) New approach to Tolman’s
electronic parameter based on local vibrational modes. Inorg Chem
53:478–495

50. FreindorfM,KrakaE (2020)Critical assessment of the FeCandCO
bond strength in carboxymyoglobin - A QM/MM local vibrational
mode study. J Mol Model 26:281–128115

51. Freindorf M, Delgado AAA, Kraka E (2022) CO bonding in hexa–
and pentacoordinate carboxy–neuroglobin – A QM/MM and local
vibrational mode study. J Comp Chem 43:1725–1746

52. Antonio JJ, Kraka E (2023) Non-covalent π–interactions in
mutated aquomet-Myoglobin proteins: a QM/MM and local vibra-
tional mode study. Biochemistry 62:2325–2337

53. Decius JC (1963) Compliance matrix and molecular vibrations. J
Chem Phys 38:241–248

54. Konkoli Z, Cremer D (1998) A new way of analyzing vibrational
spectra. III. Characterization of normal vibrational modes in terms
of internal vibrational modes. Int J Quantum Chem 67:29–40

55. Konkoli Z, Larsson JA, Cremer D (1998) A new way of analyzing
vibrational spectra. IV. Application and testing of adiabatic modes

123



  102 Page 12 of 12 Journal of Molecular Modeling           (2024) 30:102 

within the concept of the characterization of normal modes. Int J
Quantum Chem 67:41–55

56. Cremer D, Larsson JA, Kraka E (1998) New developments in the
analysis of vibrational spectra on the use of adiabatic internal vibra-
tional modes. In: Parkanyi C (ed) Theoretical and computational
chemistry. Elsevier, Amsterdam, pp 259–327

57. Quintano M, Kraka E (2022) Theoretical insights into the linear
relationship betweenpKa values andvibrational frequencies.Chem
Phys Lett 803:139746–11397467

58. Quintano M, Moura Jr RT, Kraka E (2023) The pKa rule in
light of local mode force constants. Chem Phys Lett 826:140654–
11406547

59. Kamp MW, Mulholland AJ (2013) Combined quantum mechan-
ics/molecular mechanics (QM/MM) methods in computational
enzymology. Biochemistry 52(16):2708–2728

60. TzeliouCE,MermigkiMA,TzeliD (2022)Reviewon theQM/MM
methodologies and their application to metalloproteins. Molecules
27(9):2660

61. Chung LW, Sameera WMC, Ramozzi R, Page AJ, Hatanaka M,
Petrova GP, Harris TV, Li X, Ke Z, Liu F, Li H-B, Ding L,
Morokuma K (2015) The ONIOM method and its applications.
Chem Rev 115:5678–5796

62. Warshel A, Levitt M (1976) Theoretical studies of enzymic
reactions: dielectric, electrostatic and steric stabilization of the car-
bonium ion in the reaction of lysozyme. JMolBiol 103(2):227–249

63. Tao Y, Zou W, Nanayakkara S, Freindorf M, Kraka E (2021) A
revised formulation of the generalized subsystem vibrational anal-
ysis (GSVA). Theor Chem Acc 140:31–1315

64. TaoY,TianC,VermaN,ZouW,WangC,CremerD,KrakaE (2018)
Recovering intrinsic fragmental vibrations using the generalized
subsystem vibrational analysis. J Chem Theory Comput 14:2558–
2569

65. Zou W, Moura Jr RT, Quintano M, Bodo F, Tao Y, Frein-
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