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The Jahn–Teller (JT) parameters for small, aromatic, organic

radicals, CnHn (n ¼ 4–7), bis(cyclopentadienyl)cobalt(II)

(cobaltocene), a sodium cluster (Na3), a silver cluster (Ag3), the

hexaflurocuprate(II) ion ([CuF6]
4�), and tris(acetylacetonato)

manganese(III) ([Mn(acac)3]) have been evaluated by the means

of the multideterminantal density functional theory using the

most common approximations, to clarify which type of

exchange-correlation functional should be used in analysis of the

JT effect. The results are compared with available experimental

and theoretical data. The choice of the functional strongly

depends on the chemical system at hand, but to obtain fast and

qualitatively reliable results, the local density approximation may

be taken as satisfactory, regardless of the diversity of the

systems prone to a JT distortion. VC 2012 Wiley Periodicals, Inc.

Introduction

Rapid progress in computational science, combined with

advances in a development of the electronic structure theory,

made computational chemistry in recent years an inseparable

partner to an experiment. Computational chemistry gives not

only qualitative insight into chemical phenomena but also can

be used as guide experiments, being able to help in the pre-

diction of new materials and chemical processes. From a fun-

damental point of view, at the same time, it gives insight into

the physical origin of the problem. From a broad palette of

electronic structure methods, the density functional theory

(DFT)[1,2] emerged as one of the mainstream quantum chemi-

cal methods, mainly because it gives a good compromise

between accuracy of the results and computational economy.

DFT is an exact reformulation of many-body quantum mechan-

ics in terms of the electron density rather than the wavefunc-

tion. The essence of the DFT is that all the properties of the

system can be, at least in principle, calculated from the ground

state electron density of the system alone. All the many-body

exchange and correlation effects are contained in the

exchange-correlation (XC) potential, which should be universal

but is, unfortunately, an unknown functional of the density.

Thus, in practice, this relatively small term with respect to the

other contributions has to be approximated. The accuracy of

DFT calculations predominantly depends on the suitability of

the approximations made for the XC functional. In contrast to

the wavefunction-based methods, DFT lacks a procedure to

improve systematically the accuracy, and one of the biggest

skills in using DFT to reproduce and predict various properties

of molecules is the proper choice of the XC functional. Much

of the research in the field of DFT is devoted to develop new

XC functionals, which will yield to the results of better quality.

Different XC functionals give more or less accurate results for

the different problems under study.[3–9] The choice of the XC

functional to be used in practice depends primarily on the

chemical nature of the system and the problem under study.

Despite the general success of the application of the DFT in

a variety of tasks in modern chemistry and physics, there are

still some troublesome issues, such as the treatment of excited

states, weak interactions, and degenerate states. Substantial

progress in dealing with these issues has been made lately.[10]

Degeneracy of electronic states is particularly difficult to han-

dle,[11] although it is proved that the DFT can treat degenerate

states.[12–17] Degeneracy of the electronic states in molecules

gives rise to the Jahn–Teller (JT) effect.[18,19] The JT theorem

states that a molecule in a degenerate state is distorted to a

point group of lower symmetry, according to the epikernel

principle, which lifts the electron degeneracy and lowers the

energy. A lot of interesting phenomena are connected with

the JT effect, such as high-TC superconductivity,[20,21] the colos-

sal magnetoresistance in manganites,[22] stereochemistry, reac-

tivity, spectroscopic and magnetic properties of molecules, co-

operative phenomena, phase transition and orbital ordering in

crystals, single molecular magnets, structure and spectroscopy

of impurity centers, conical intersections in photochemistry,

and so forth.[19,23,24] The first goal in the analysis of a JT sys-

tem is the determination of the JT parameters that quantify
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the adiabatic potential energy surface: the JT stabilization

energy (EJT), which gives energy stabilization due to the JT

effect, the warping barrier (D), and the JT radius (RJT), which

shows the direction and magnitude of the distortion, Figure 1.

Wavefunction-based methods, such as configuration interac-

tion or complete active space self-consistent field (CASSCF),

have been predominantly used for this purpose. All these

accurate ab initio approaches are very time consuming, espe-

cially when a large enough basis set is used to achieve good

accuracy, which forbids the treatment of large molecules that

may be of a practical interest. Multideterminantal DFT, devel-

oped by Daul and coworkers,[25] can be successfully applied in

a detailed analysis of JT active molecules, and the results

obtained so far are very promising.[26–35]

Bearing in the mind the importance of the proper choice of

the XC functional, in this article, the influence of different XC

functionals for the analysis of the JT effect by the means of the

multideterminantal DFT approach is explored. It is noteworthy

that none of the present-day approximate XC functional was con-

structed to deal with vibronic coupling effects. Herein, the results

obtained by the multideterminantal DFT procedure for a series of

different JT active molecules: small aromatic organic radicals,

organometallic compound, metal clusters, and Werner-type com-

plexes with different XC functionals are presented. There are no

guarantees when selecting an XC approximation, but in the fol-

lowing, some general guidelines in the analysis of the JT effect in

this simple and efficient way are offered.

Methodology

Multideterminantal DFT method is exhaustively described else-

where.[25–35] The underlying idea of the practical scheme of this

approach is presented in Figure 2. It is necessary to know the

geometries and energies of the high symmetry (HS) and low

symmetry (LS) points on the adiabatic potential energy surface.

This is straightforward for the LS structure. Conversely, the elec-

tronic structure of the HS point must be represented by more

than one Slater determinant. The use of the average of configura-

tion (AOC) calculation has been proposed to generate the elec-

tron density in the HS point group.[25] This SCF calculation in

which the electrons of degenerate orbitals are distributed equally

over the components of the degenerate irreps leads to a homog-

enous distribution of electrons, retains the A1 symmetry of the

total density in the HS point group (step 1). An AOC-type calcula-

tion approximates the electronic structure, if the vibronic cou-

pling was not present. Although the AOC gives the proper ge-

ometry of the HS species, using simply the energy obtained in

this way would be false.[36] Therefore, a single-point calculation

imposing the HS on the nuclear geometry and the LS on the

electron density was performed (step 2). The last step is straight-

forward: geometry optimization of the LS structure with different

orbital occupations. This yields different LS geometries and ener-

gies that correspond to the minimum and to the transition state

on the adiabatic potential energy surface, respectively. In sum-

mary, the multideterminantal DFT calculation scheme for the par-

ticular example of the JT effect in the [CuF6]
4– complex ion, with

t62ge
3
g configuration, presented in Figure 2:

1. AOC geometry optimization in Oh (HS) point group with

1.5 electrons placed into each of the two e1g orbitals;

2. Single point calculation with nuclear geometry obtained

in step 1, and different D4h (LS) electron distributions, resulting

in the energies E(Oh,
2B1g) and E(Oh,

2A1g);

3. Geometry optimization in D4h (LS) point group, leading

to elongated (2B1g) and compressed (2A1g) structures;

4. The JT stabilization energy, EJT, is the difference between

the energies obtained in steps 2 and 3 for the same electron

distribution. Difference in energies between the two different

LS structures (2B1g and 2A1g) gives the warping barrier, D. RJT is

given by the length of the distortion vector between the HS

and the LS minimum energy configurations.

The DFT calculations were realized using the Amsterdam

density functional program package, ADF2010.01.[37–39] Geom-

etry optimization of all the investigated molecules was per-

formed using the local density approximation (LDA) character-

ized by the Vosko–Willk–Nusair parametrization[40] and a

general gradient approximation (GGA), such as Becke-Perdew

(BP86),[41,42] Perdew-Wang’s gradient correction for exchange

Figure 1. Qualitative cross-section through the potential energy surface,

along JT active distortion coordinate Qa; definition of the JT parameters—the

JT stabilization energy, EJT, the warping barrier, D, and the JT radius, RJT.

Figure 2. Multideterminantal DFT approach for the calculation of the JT

parameters for the Oh ! D4h distortion of [CuF6]
4�.
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plus Perdew-Wang’s gradient correction for correlation

(PW91),[43] Becke-Lee-Yang-Parr (BLYP),[41,44] Handy-Cohen’s

OPTX correction for exchange plus Perdew-Burke-Ernzerhof’s cor-

rection for correlation (OPBE),[45] and hybrid Becke 3-Parameter

(Exchange), Lee, Yang and Parr (B3LYP).[46,47] An all electron Tri-

ple-zeta Slater-type orbitals plus one polarization function basis

set was used for all atoms. All calculations were spin-unrestricted.

Separation of the orbital and the geometrical symmetry, as used

in the calculation of the energies of the HS nuclear configurations

(step 2, Fig. 2), is performed using SYMROT sub-block in the

QUILD program, version 2010.01,[48] provided in the ADF2010.01

program package. Analytical harmonic frequencies[49,50] were cal-

culated to ascertain whether the LS structures correspond to the

stationary points on the adiabatic potential energy surface.

Because of the large negative charge of the hexafluorocuprate(II)

ion, the conductor-like screening solvation model was included in

the DFT calculations,[35] as implemented in ADF, with the dielec-

tric constant of water e ¼ 78.4.

Results and Discussion

To clarify which XC functional should be used to study the JT

effect within a multideterminantal DFT framework, molecules

that differ in the nature of chemical bonding, range of EJT,

symmetry of distortion, and also type of the JT problem

(E�(b1 þ b2), E�e) were chosen. The results for small, aromatic,

organic radicals, CnHn (n ¼ 4–7); an organometallic com-

pound—bis(cyclopentadienyl)cobalt(II) (cobaltocene, CoCp2);

small metal clusters—sodium cluster (Na3) and silver cluster

(Ag3); and Werner-type complexes—hexaflurocuprate(II) ion

([CuF6]
4–) and tris(acetylacetonato)manganese(III) ([Mn(acac)3])

are presented in Table 1.

More detailed results for the analyzed molecules are given

in Supporting Information Material (Supporting Information

Tables S1–S10).

The cyclobutadienyl radical cation (C4H
þ�
4 ), the cyclopenta-

dienyl radical (C5H
�
5), the benzene cation (C6H

þ
6 ), the benzene

anion (C6H
�
6 ), and the tropyl radical (C7H

�
7) have a single elec-

tron or a hole in a doubly degenerate highest occupied molec-

ular orbital, representing the family of JT active hydrocarbon

rings. Unlike the C5H
�
5, C6H

þ
6 , C6H

�
6 , and C7H

�
7, which are exam-

ples of the E�e problem, C4H
þ�
4 presents a paradigm of E�(b1

þ b2) JT problems. In all cases, good agreement with both ex-

perimental and theoretical data is achieved.[51–59,69–75] It is

noteworthy that the experimental determination of the JT

parameters is very difficult and there are often uncertainties in

the values, because they are obtained from fitting to different

models. Conversely, theoretical values fall within a broad

range; hence, it is often hard to say which value is the refer-

ence one. The previous CASSCF calculation for C4H
þ�
4 revealed

Table 1. Results of the DFT calculations performed to analyze the JT effect of set of compounds, and compared to reference values; the JT parameters

(Figure 1) EJT and D are given in cm21 and RJT in (amu)1/2 Å.

Distortion LDA BP86 PW91 BLYP OPBE B3LYP Ref

C4H
l
4 D4h ! D2h EJT 2418.2 2469.7 2454.4 2497.1 2413.2 2648.7 2064,[51] 2400,[52] 2250–2637[53]

D 2595.5 2046.2 2096.2 2220.4 1902.7 1842.2 2100[52]

RJT 0.31 0.32 0.32 0.33 0.31 0.32 –

C5H
l
5 D5h ! C2v EJT 1244.5 1301.8 1294.5 1303.4 1300.2 1685.7 1237[54]

D 0 �0.8 �17.7 �0.8 �1.6 0 –

RJT 0.25 0.26 0.26 0.27 0.26 0.27 –

C6H
þ
6 D6h ! D2h EJT 879.2 884.8 880.0 880.0 891.2 969.5 700–1000[55–57]

D 29.1 �37.1 �31.5 �8.1 �62.9 �39.5 8[58]

RJT 0.27 0.28 0.28 0.28 0.28 0.28 –

C6H
�
6 D6h ! D2h EJT 788.0 834.0 851.7 856.6 824.3 925.1 –

D 38.7 39.5 54.8 40.3 33.1 17.7 –

RJT 0.19 0.19 0.19 0.19 0.19 0.29 –

D6h ! C2v EPJT/JT 1187.3 884.8 949.3 1095.3 887.8 959.0 –

D 46.8 50.8 52.4 42.7 63.5 44.4 –

RPJT/JT 0.62 0.60 0.62 0.60 0.61 0.60 –

C7H
l
7 D7h ! C2v EJT 853.3 922.7 916.3 935.6 917.1 1122.7 1043, 1374[59]

D 0.0 0.0 0.0 0.0 0.0 0.0 –

RJT 0.16 0.17 0.17 0.17 0.16 0.18 –

CoCp2 D5h ! C2v EJT 813.8 762.2 761.4 694.4 838.0 727.5 1050[60]

D 0 0 1.6 �0.8 �1.6 �2.4 –

RJT 0.35 0.34 0.34 0.32 0.35 0.34 –

Na3 D3h ! C2v EJT 960.6 1005.8 895.3 1455.8 708.2 1182.4 785,[61]761,[62] 1160[63]

D 345.2 365.4 300.8 759.8 169.4 450.9 206,[61] 186,[62] 458,[63] 350[19]

RJT 3.92 4.36 3.68 14.27 2.48 5.49 –

Ag3 D3h ! C2v EJT 504.1 685.6 669.4 965.5 805.8 888.8 778,[63] 498[64,65]

D 167.0 289.6 272.6 514.6 345.2 394.4 278,[63] 108[64,65]

RJT 2.01 3.39 3.19 9.26 4.42 4.97 –

[CuF6]
4� Oh ! D4h EJT 2417.3 3467.4 2794.7 2917.3 9327.1 2604.4 2083,[66] 2196[67]

D 804.1 1246.1 1117.9 1312.3 7337.3 991.3 –

RJT 1.89 2.53 1.93 2.74 14.05 2.26 –

[Mn(acac)3] D3 ! C2 EJT 1755.9 1626.0 1619.6 1601.0 842.9 1784.9 1329[68]

D 360.5 325.0 313.8 313.8 424.3 333.9 280[68]

RJT 1.26 1.44 1.37 1.45 2.06 1.29 –
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an EJT of 2637 cm�1,[53] which is in agreement with the pres-

ent results. C5H
�
5 is one of the most studied JT active mole-

cules both experimentally and theoretically, and the results

obtained by Miller and Applegate who used dispersed fluores-

cence spectroscopy are considered to be the benchmark result

(EJT ¼ 1237 cm�1).[54] Multideterminantal DFT calculation at

the LDA level of theory gives a value of 1244 cm�1, which is

even better than the values obtained by high level ab initio

calculations. The calculated data for C6H
þ
6 are in accordance

those of previous theoretical studies, which report values of EJT
between 700 and 1000 cm�1.[55–57] The experimentally esti-

mated JT stabilization energy for C7H
�
7 is 1043 cm�1, whereas a

previously theoretically obtained value is 1374 cm�1.[59] The

obtained values for the JT parameters with different XC func-

tionals are consistent (Table 1), except in the case of B3LYP,

where an overestimation of EJT can be noticed. This is not sur-

prising, as B3LYP has a tendency to overestimate the exchange

and correlation energies of localized electrons.[76] Furthermore, the

semiempirical nature of this functional is also a possible source of

errors. In the case of C6H
þ
6 , a change of the XC functional leads to

a change in the ground electronic state in the LS point, that is,

LDA gives the 2B2g state, whereas GGA and B3LYP give 2B3g as the

minimum on the Potential energy surface (PES), Table 1 and Sup-

porting Information Table S3. As the values of the warping barrier

are in the range from �39.5 cm�1 to 29.1 cm�1, the JT effect can

be considered as dynamic, independent of the choice of the XC

functional used. The warping barrier is experimentally reported to

be 8 cm�1, and the 2B2g state to be the minimum.[58]

Cobaltocene (CoCp2), one more example of the E�e JT prob-

lem, possesses two possible HS conformations, eclipsed (D5h) and

staggered (D5d). The presented results are limited to CoCp2 in

D5h symmetry, as DFT calculation revealed that the eclipsed con-

formation is more stable and the JT effect does not depend on

the rotation of the rings.[29] The results of the multideterminantal

DFT procedure performed to analyze the JT effect in CoCp2 are

given in Supporting Information (Supporting Information Table

S6). Similar to the cases of the organic radicals, the values of the

JT parameters in this organometallic compound do not depend

significantly on the choice of the XC functional. The different

ground states obtained using different functionals (Table 1 and

Supporting Information Table S6) are due to the very small warp-

ing barriers, which are in the range of the precision of the calcu-

lation. The calculated parameters, Table 1, are in agreement with

the value of 1050 cm�1, estimated from solid-state Electron Para-

magnetic Resonance (EPR) spectra.[60] In contrast to, for example

C5H
�
5, the experimental value for CoCp2 cannot be considered as

a benchmark, as the experimental results are strongly dependent

on the diamagnetic host matrix.[60]

The electronic structures of Na3 and Ag3 molecules are

determined primarily by the behavior of three valence elec-

trons (one donated by each Na or Ag atom). In the HS, D3h

point group, sodium and silver clusters indicate to the exis-

tence of degenerate electronic states. The JT distortion leads

to a splitting of the degenerate state 2E1
0 into 2A1 and 2B2

with a descent in symmetry to C2v. According to the DFT cal-

culations, the 2B2 state represents the global minimum, while

the transition state on the potential energy surface is 2A1. Ana-

lyzing the influence of different XC functionals for Na3 and Ag3
clusters revealed that BLYP approximation overestimates the JT

stabilization energy, the warping barrier and the JT radius,

Table 1, and the geometry differs significantly. The DFT results

at the BLYP level give one bond length to be 6.5 Å and other

two 3.3 Å and one angle with the value of 164.5� and other

two 7.3�, which are far removed from the results obtained

with the other applied XC approximations and the reference

values.[61] The same trend was observed for the Ag3 molecule.

Hence, the BLYP is shown to be less accurate than the other

applied XC functionals. In both cases, good agreement with

previous theoretical studies is obtained,[19,61–65,77,78] with

the exception of the aforementioned BLYP (Table 1, Support-

ing Information Tables S7 and S8).

It is a well-known fact of coordination chemistry that hexa-

coordinated copper(II) and manganese(III) complexes exhibit a

strong JT coupling. In the Oh point, the copper(II) ion has a
2Eg electronic ground state. After descent in symmetry to D4h,

the electronic state splits into 2A1g and 2B1g, compressed and

elongated geometry, respectively. The results for the JT param-

eters are presented in Table 1 and Supporting Information Ta-

ble S9. The values for the warping barrier, D, unambiguously

indicate that the adiabatic potential energy surface is not flat,

thus the state 2B1g belongs to the energy minimum, whereas
2A1g is the transition state. The octahedral Cu(II) units in the

crystals of K2CuF4, Ba2CuF6, and so forth, were originally misin-

terpreted as compressed by EPR measurements and X-ray

data. More elaborate investigations, including Extended X-Ray

Absorption Fine Structure (EXAFS) measurements, showed

that, in fact, the local octahedra are elongated.[79–81] The eval-

uated EJT values are in the range 2400–3400 cm�1 for all used

functionals, with the exception of OPBE, which gives a very

high JT stabilization energy. Experimentally estimated EJT val-

ues from UV–Vis spectra are found to be 2082.5 or 2195.5

cm�1.[66,67] Thus, to explain the differences in RJT, the bond

distances in [CuF6]
4� at HS and LS nuclear configurations were

analyzed and then compared with the available experimental

data, Table 2.[82,83] It can be clearly seen (Table 2) that the

LDA gives the most accurate geometry. The OPBE gives quite

good results for the equatorial bonds in the D4h global mini-

mum structure with absolute deviations from experimental

data of 0 Å. However, the axial bond distances are too long

(�4.4 Å), indicating the great discrepancy. Other GGA function-

als as well as B3LYP show bigger deviation in the observed

equatorial bond distances and more accurate results for bond

lengths in the axial position.

The other Werner-type complex, [Mn(acac)3], has D3 symmetry

with a 2E1 ground state. Because of the JT effect, the symmetry

Table 2. Calculated DFT and experimental bond lengths (Å) in [CuF6]
42.

[CuF6]
4� LDA BP86 PW91 BLYP OPBE B3LYP EXP[82] EXP[83]

Oh, Cu-F 2.01 2.10 2.10 2.10 2.12 2.10 2.02 2.05

D4h, ax-Cu-F 2.28 2.45 2.44 2.51 4.37 2.40 2.22 2.30

D4h, eq-Cu-F 1.91 1.96 1.96 1.97 1.93 1.96 1.92 1.93
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decreases to C2, whereby the ground state splits into 2A and 2B.

An axial elongation corresponds to the 2A state, the minimum

on the potential energy surface, while the transition state, com-

pressed octahedron, is in the 2B electronic state, higher in

energy by 313–425 cm�1 (Table 1 and Supporting Information

Table S10), which is in good agreement with a previous DFT

study.[68] The DFT calculations at the OPBE level clearly underes-

timate the JT stabilization energies (Table 1 and Supporting In-

formation Table S10). The differences in the values of the JT pa-

rameters can be explained by the differences in the geometries

obtained with the different level of theory. It is well known that

inclusion of gradient corrections leads to bond elongation com-

pared to the LDA results. The overlays of the crystal structure[84]

and structures computed at the LDA and OPBE levels are pre-

sented in Figure 3. Obviously, the structure obtained with LDA

matches better the X-ray structure, which is a confirmation that

the LDA tends to give better geometries for Werner-type com-

plexes.[8,32] Therefore, the proper determination of geometry not

only in a metric data but also in the conformation of the ligands

is very important in the determination of JT parameters.

Conclusions

All molecules under study belong to the JT active species, and

they represent completely different chemical systems; hence,

the obtained results can be assumed as general.

For small, aromatic, organic radicals and cobaltocene, the JT

parameters do not depend on a choice of the XC functional.

The results obtained by means of multideterminantal DFT are

mutually consistent, regardless of the level of theory, and are

in good agreement with the results of previous studies, both

experimental and theoretical.

DFT analysis of the JT effect in small metal clusters gives ac-

ceptable results for all applied XC functionals, except for BLYP.

Thus, one should be careful in using BLYP for the quantifica-

tion of the JT distortion in such cases.

The LDA tends to give better geometries for Werner com-

pounds in comparison to the GGA and hybrid functionals. The

GGA functionals always yield longer bonds and, hence, worse

agreement with experimental data for Werner species. Thus,

great attention should be given to the choice of the XC func-

tional for the analysis of the JT effect and determination of the

JT parameters in Werner-type complexes. To obtain reliable

results, the LDA performs remarkably well, as it provides the

best geometries for both the HS and LS species.

The difficulties in the determination of the JT parameters

are not to be found in the definition of degenerate states, but

in the determination of the precise geometry of the HS and LS

points. The JT distortion is a consequence of electronic factors,

but strongly depends on the geometry. The selection of the

XC functional is strictly connected to the chemical system at

hand, but to obtain qualitatively reliable results, the simplest

LDA is satisfactory, regardless of the diversity of the systems

prone to JT distortion. Although other XC functionals perform

better in the quantification of other properties of molecules,

that is, B3LYP for magnetic couplings,[4] BP86 for EPR hyperfine

data,[5] OPBE for reliable spin-state energies for iron com-

plexes,[6] the LDA appears to be the most accurate for the

determination of JT parameters by the means of multidetermi-

nantal DFT. Quantification of the JT distortion in this simple

and efficient way is of great interest as the experimental deter-

mination of the JT parameters is very difficult and there is of-

ten uncertainty in the obtained values. Conversely, multirefer-

ence wavefunction methods are usually not affordable for

large systems, giving the advantage to multideterminantal DFT

as a reliable tool for the study of vibronic coupling.
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