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The geometries of one-electron reduced/oxidized species ([TOP]~/[VOP]") of vanadyl por-
phyrin (VOP) have been calculated with PBE1IPBE method. The results show that for both
[VOP|~ and [VOP]™ the ground states are triplet, in which one of the two unpaired electron
occupies the d, orbital of the V atom while the other occupies the m-orbital of porphyrin
ring. Thus both [VOP]~ and [VOP|" can be considered as m-radicals. The ground state of
neutral VOP molecule is doublet with the unpaired electron occupying d, orbital of V atom.
In contract to the Cyy, symmetry of neutral VOP molecule, [VOP] ™ anion has a “rectangular”
distorted Cay structure due to Jahn-Teller effect. The linear vibronic coupling constants for
the Jahn-Teller active modes of [TOP]~ were evaluated and the node patterns of frontier KS
orbitals are used to explain the reason why the distortion occurs along specific modes. The
ground state [VOP]T has a porphyrin ring with pronounced bond length alternation due to
pseudo-Jahn-Teller effect, causing its symmetry declined from Cy4, to C4. The bond length

alternation is well explained with the node patterns of re-constructed frontier KS orbitals.
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I. INTRODUCTION

Metalloporphyrin (MP) radicals play a crucial role
in many important biological processes [1—4]. The
chemical basis for the biological functions of metal-
loporphyrins originates from their versatility in redox
and coordination properties. In recent years, the por-
phyrins and their analogues also receive increasing in-
terests as new molecular conducting/semiconducting
materials and photo-functional materials. As molec-
ular conductors/semiconductors, doping with cations
or anions into porphyrin-based materials is an effective
route to modulate their electric properties. As sensi-
tizing dye, the excited state charge-transfer of the por-
phyrins is closely connected to the opt-electric conver-
sion efficiency of devices. It is clear that investigation
on the redox properties of porphyrins and the struc-
tures of porphyrin radicals is crucial not only for under-
standing the mechanisms of biological charge-transfer
processes of porphyrin prosthetic groups but also for
developing metalloporphyrin-based new materials. For
these reasons, the metalloporphyrin radicals have been
extensively studied using various spectroscopic methods
[5—8], X-ray crystallography [9, 10], and theoretical cal-
culations [11-16].

Vanadyl porphyrin (VOP) derivatives extensively ex-
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ist in the crude oil and oil-shale. In industry, the con-
tents and distributions of VOPs are used to evaluate
the organic matter maturity and the quality of source-
rocks [17—19]. VOPs are also used as organic optical
sensors [20—22]. In addition, owing to the stable co-
ordination of axial oxygen atom, VOPs are also im-
portant structural models to mimic the active centers
of peroxidase and other heme proteins [2, 3, 23, 24].
The redox states and electron-transfer of VOPs with
peripheral substituents have been studied by using UV-
Vis and resonance Raman spectroscopy [23, 24]. The-
oretical calculations of neutral VOPs and related com-
pounds using DFT have been reported recently, with
the concerns mainly on the ground state structures
and their bonding/interaction with axially coordinated
small molecules [25—28]. The redox species of VOPs, on
the other hand, have been seldom studied by theoretical
calculation.

In the present work, geometric and electronic struc-
tures of one-electron reduced/oxidized VOPs ([VOP]~
and [VOP]1) are calculated with DFT method to re-
veal the structural distortion and vibronic coupling in
these systems and to provide a deeper understanding of
related spectroscopic phenomena.

1. COMPUTATIONAL METHODS

DFT calculations for the structural optimizations of
VOP, [VOP|~, and [VOP]" were carried out by us-
ing the Perdew-Burke-Ernzerhof’s one-parameter hy-
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TABLE I Relative total energies (in kJ/mol) of VOP, [VOP]~, and [VOP]" calculated with PBE1PBE®.

Species Symmetry State Core shape” (S%)e AE/(kJ/mol) TImaginary frequency/cm™*
[VOP]™ Cay 5By Rectangular 2.0287 0.0 No
[VOP]™ Cav B Rhombic 2.0554 1.8 668
[VOP]~ Cs A Trapezoid 0 108.6 No
VOP Cav B, Square 0.7666 113.1 No
VOP Cay By Rectangular 3.7864 287.9 No
[VOP]* Csy °B Square 2.0496 765.2 No
[VOP]* Cay 5Be Square 2.0693 765.4 i315
[VvOP]* Cav 5By Square 2.0759 769.2 i778
[VOP]* Cay Ay Rhombic 0 811.5 No

# Basis sets: 6-31G(d) for C, N, O, and H; TZVP for V.

b Shape of porphyrin core was defined by four meso-carbon (Cm) atoms.

¢ Expectation value of the square of total electronic spin.

brid functional (referred as PBE1PBE, also known as
PBEO) [29]. Standard 6-31G(d) basis sets were used
for C, N, O, and H, while Ahlrichs’ TZVP basis sets
were for V atom [30]. Analytic frequency calculations
at the optimized geometries were conducted at the same
level of theory as optimization to confirm the structure
to be an energy minimum (with all the frequencies to
be positive) or an transition structure (with a single
imaginary frequency). Assignment of individual vibra-
tional frequency has been carried out by inspecting the
calculated Cartesian displacements of the correspond-
ing normal mode. All calculations were performed with
the Gaussion 09 [31] program suite on the Lenova 1800
supercomputer of USTC supercomputation center.

I1l. RESULTS AND DISCUSSION

A. Ground state geometry and electronic structure of
neutral VOP molecule

Geometric optimizations and frequency calculations
are carried out for the doublet and quartet states of neu-
tral VOP molecule, singlet and triplet states of [VOP]™
cation and [VOP]~ anion. Table I lists the relative ener-
gies and expectation values of total electron spin for the
studied species. From Table I, it can be found that the
spin contamination is not severe and should not cause
significant problem to the calculation results. For the
convenience of expression, the shapes of porphyrin ring
in Table I (rectangular, rhombic, square, and trape-
zoid) are defined with the positions of four C,, atoms.
For a “rectangular” structure there are two oy planes
passing through V, O, and the N atoms of the opposite
pyrrole rings, while for a “trapezoid” one there exists
only one such plane. For a “rhombic” structure, the
two oy planes pass V and O atoms as well as each pair
of the opposite C,, atoms.

Figure 1 displays the molecular sketch of VOP. Due
to the axial ligation of the oxygen atom, the por-
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FIG.1 (a) Structural sketch of VOP with the symbols of the
atoms. (b) Side-view sketch of VOP showing the orientation
of the vanadium and oxygen atoms.

phyrin macrocycle shows slight doming deformation.
The neutral VOP contains 191 electrons and thus is an
open-shelled system which may be doublet or quartet.
Table II lists selected structural parameters of VOP,
[VOP|~, and [VOP]* in most stable electron multi-
plicities. PBE1PBE optimized doublet VOP has Cy
symmetry with four equal N—V bonds (2.0845 A). The
derivation of the V atom from plane of four nitrogen
atoms (denoted as the N4 plane) is 0.5216 A. The V—O
bond distance is 1.5665 A, which consists well with
the experimental data [32]. The quartet state has Cay
symmetry (rectangular) with the four N—V bonds to
be 2.0962, 2.0935, 2.0962, and 2.0935 A, respectively.
For the quartet state VOP, the V—O bond distance is
1.5632 A and the distance between the V atom and the
center of four N atoms is 0.4991 A. The total energy of
the quartet state is significantly higher than the dou-
blet by 174.8 kJ/mol, indicating the doublet to be the
ground state of VOP.

Figure 2 shows the contour diagrams for the fron-
tier Kohn-Sham orbitals of doublet VOP molecule. It
can be seen from Fig.2 that the singly occupied orbital
(SOMO, 9by;) is mainly composed of the dg, orbital
of V(IV) ion and is basically a non-bonding orbital in
character. SOMO-1 and SOMO-2 are nearly degenerate
21a; and 6as, respectively. For normal four-coordinated
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TABLE II Selected structural parameters of the most sta-
ble structures of [VOP]~, [VOP]T, and VOP by PBEIPBE
calculation. Bond distances in A, bond angles in (°).

[VOP]~ (C2,)™" [VOP]*(C4)™°¢ VOP(Cyy)?

Cs—Cg 1.3555, 1.3810  1.3512 1.3599
Cg—Ca 1.4448, 1.4174  1.4518, 1.4495 1.4368
Ca—N 1.3776, 1.3742  1.3785, 1.3560 1.3696
Ca—Cm 1.3751, 1.4079  1.3751, 1.4045 1.3881
V-N 2.0826, 2.1010  2.0800 2.0845
V-0 1.5740 1.5601 1.5665
dv-ct® 0.5175 0.5190 0.5216
Cg—Cs—Cq 107.1, 106.7 106.6, 106.7 106.8
Cg—Ca—N 109.7, 110.3 109.9, 110.8 110.2
Coa—N-C, 106.4, 106.0 105.9 106.1
Ca—Cm—C, 125.7 125.2 125.6
N-V-N 86.5 86.4 86.4
N-V-O 104.4 104.4 104.5

& Triplet state.

> Rectangular distorted Jahn-Teller ground state.

¢ Pseudo-Jahn-Teller ground state.

4 Doublet state.

¢ Distance between the V atom and the center of N4 core.

planar metalloporphryins, these two orbitals belong to
agy and ajy symmetries, respectively, according to the
irreducible representations of Dy, point group. It is
noticed that 21a; and 6as are constructed by the p,
orbitals of the C and/or N atoms and thus can be at-
tributed to the delocalized m orbitals of the porphyrin
macrocycle. The LUMO is doubly degenerate 26e (eg
symmetry according to the Dy, point group), which also
belongs to the 7w system of the porphyrin ring.

It is noteworthy that the compositions of SOMO-1,
SOMO-2, and LUMO of VOP are quite similar to the
HOMO, HOMO-1, and LUMO of ZnP (a typical four-
coordinate planar metalloporphyrin). Therefore, it is
not surprising that the VOPs have similar electronic
absorption spectra as normal four-coordinate metallo-
porphyrins [33, 34].

In the following sections, we will see that the one-
electron oxidation/reduction of VOP involves mainly
the m-system of the porphyrin macrocycle (i.e., the
2la; /6ag and 26e orbitals) while the 9by (i.e., the dg,
of V(IV) ion) orbital maintains singly occupied. Thus
the one-electron reduced (or oxidized) product of VOP
can be considered as a w-radical anion (or a m-radical
cation).

B. Jahn-Teller distortion of [VOP]~ anion

Spiro et al. have studied the UV-Vis absorption and
resonance Raman spectra of electrochemically reduced
vanadyl octaethylporphyrin ([VOOEP]™) [33]. It was
suggested that the electrochemically reduced species
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FIG. 2 The contour diagrams of the frontier Kohn-Sham
orbitals of VOP.

was w-radical. The resonance Raman spectrum of
[VOOEP]~ showed significant variations in comparison
with the neutral molecule. For instance, the depolariza-
tion ratios of the totally symmetric modes (Aiq) were
increased while those of non-totally symmetric modes
(Big) decreased. The Raman intensities of Bj; modes
were increased considerably, hinting a Frank-Condon
type enhancement. The A;, and Biz modes which
have the same local coordinates show unusual differ-
ences in vibrational frequencies. For the instance of
Cg—Cg stretching vibrations, the frequency difference
between the Ay and Bi, modes was found to be unusu-
ally increased by as large as 40 cm~!. From these ex-
perimental phenomena, it was concluded that compared
with the neutral VOOEP, the symmetry of [VOOEP]~
anion decreased and the fourth-ford axis lost. This
symmetry breaking of [VOOEP]~ was attributed to the
Jahn-Teller (JT) effect that caused structural deforma-
tion mainly along the Bi, normal coordinates [33]. Be-
sides [VOOEP]~, the JT distortion along the B1; modes
was also found for vanadyl tetraphenylporphyrin anion
([VOTPP] ") from the Raman experiments [34].

Geometry optimization have been conducted for the
singlet and triplet states of [VOP]~ anion. The results
manifest that the singlet state belongs to the Cq point
group with the reflection mirror passing through the
oxygen and vanadium atoms and a pair of N atoms on
the opposite pyrrole rings. The V—O bond-length is
1.5792 A and the distance between the V atom and
the center of four N atoms is 0.5283 A. The four N—V
bond distances are 2.0772, 2.0772, 2.0777, and 2.1426 A
respectively, hinting that the V(IV) ion bonds tightly
with three of the four N atoms while loosely with the
rest one.

Under Cy, symmetry, triplet [VOP]~ has the elec-
tronic configuration (9b;)!(26e)!, with the two un-
paired electrons occupying 9b; (the dg, non-bonding or-
bital of V4*) and 26e (w-orbital of the porphyrin ring),
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1668 cm™

FIG. 3 Schematic diagrams of triplet [VOP]|™ anion showing (a) the steady structure (S1, rectangular), (b) the transition
state (TSI, rhombic), in which the letters L and S indicate the corresponding bonds are increased and decreased in comparison
with the average values, and (c) the nuclear motions along the reaction coordinate of the transition state (TS1).

respectively. Thus the term symbol of the electronic
state is °E. As doubly degenerate 26e is occupied with
one electron, Jahn-Teller distortion is expected to oc-
cur so as to relieve the degeneration. Geometric opti-
mization of triplet [VOP]~ obtains two stationary struc-
tures, both belong to Csy point group. The two sta-
tionary structures of triplet [VOP]™ are denoted as S1
(rectangular) and T'S1 (rhombic), respectively. Figure 3
(a) and (b) shows the sketches for the rectangular and
rhombic structures of triplet [VOP]~, in which the let-
ters L or S indicate that the corresponding bonds are
increased or decreased in comparison with the average
values.

It can be seen from Table I that the energy of singlet
[VOP]~ higher than the rectangular and rhombic triplet
by 108.6 and 106.8 kJ/mol, respectively, indicating the
rectangular triplet to be the ground state of [VOP]™.
Due to the symmetry breaking caused by J-T effect,
the rectangular triplet displays significant alteration on
bond-lengths. The C3—Cg bonds of pyrrole rings I and
IIT are shorter than those of the pyrrole rings II and IV
by 0.0255 A, while the Co—Cpg bonds of rings I and III
are longer than those of the pyrrole rings IT and IV by
0.0274 A. The difference in bond-length between two
adjacent C,—Cyp, bonds is 0.0328 A. The difference be-
tween the Co—N bonds is only 0.0034 A, indicating a
small influence of JTE on the C,—N bonds. Analyt-
ical frequency calculations reveal that the rectangular
triplet (S1) has no imaginary frequency and thus is an
energy minimum of the potential energy surface (PES).
On the other hand, the rhombic triplet (TS1) produces
single imaginary frequency (1668 cm~!). Moreover, the
atomic displacements of this imaginary frequency indi-
cate that it is the transition state connecting two con-
jugate structures of rectangular triplet. In view of the
very small barrier (only 1.8 kJ/mol) of TSI, it is be-
lieved that in the triplet state [VOP]™ can easily inter-
converse between two conjugate rectangular structures.

Analysis of the vibronic coupling in a J-T system pro-
vides information about how the electronic state con-
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trols the nuclear displacements from the original high
symmetry structure to the lower one. For the case of
[VOP]~, the linear vibronic coupling constant between
the 3E electronic state and the mth J-T active B; mode
gB,,m can be expressed as [15, 16, 36]:

T
m = E E 1
9B1, hwm < > (1)

here, ¢B,,m, is the dimensionless normal coordinate of
the mth By normal mode of the frequency w,,, which is
related to the normal coordinate Qg, m by:

ov
6qB1 ,m

4dB:,m = TQBl,m (2)
where wy, is the modes’ frequency in reciprocal centime-
ters.

In order to evaluate the vibronic constants, a fic-
titious high symmetry structure needs to be used as
the reference. In the present work we use a Cyy struc-
ture, which is averaged from two conjugated rectangu-
lar structures of [VOP]™ triplet, as the reference struc-
ture. The energy difference between this Cg, reference
structure and the JT-stabilized rectangular structure is
7.44 kJ /mol. This value is significantly larger than the
room temperature thermal energy (about 2.48 kJ/mol),
indicating that the JTE of triplet [VOP]~ can be con-
sidered as a static effect in a Raman process as pointed
out by Spiro et al. [33, 34]. The normal coordinates of
VOP neutral molecule is used to describe the directions
of structural distortion. The derivatives of the total en-
ergy (calculated using tight SCF convergence criteria)
with respective to the normal modes can be computed
by slightly distorting the Cy4, reference structures along
each By normal coordinate. The vibronic coupling con-
stants can be evaluated from the gradient of the total
energy curve near the undistorted Cyy reference struc-
ture [15, 16].

Figure 4 shows the change of total energy of [VOP]~
anion via the distortion along selected J-T active nor-
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FIG. 4 Change of total energy of [VOP]~ via the distortions
along selected J-T active normal modes. Energies E were
calculated with PBE1PBE/6-31G(d)-TZVP.

mal coordinates. The calculated linear vibronic cou-
pling constants of the J-T active modes (B; modes)
are listed in Table III. In Table III the calculated fre-
quencies have been scaled by 0.97, a factor suitable for
metalloporphyrins and related compounds [37, 38]. The
symbol and the local-coordinate description for each vi-
brational mode in Table III follow those used in the
vibrational analysis of other metalloporphyrins [39, 40].

The highest-frequency 3192 cm~! mode in Table III
is due to the Cg—Hpg stretch vibration (r14). The 1405
and 1063 cm ™! modes are due to the in-plane bending
vibrations of bending vibrations of Cp,—H,, (v13) and
Cs—Hg (v17), respectively. The 1656, 1530, 1195, and
733 cm ™! modes are assigned to the asymmetric stretch
of Co,—Cypy bonds (v19), Cs—Cg stretch (v11), symmet-
ric pyrrole half-ring stretch (112), and pyrrole in-plane
deformation (v14), respectively. The low frequency vi-
bration at 200 cm ! is assigned to the in-plane pyrrole-
translational mode (r1g). The frequencies at 785, 661,
269, and 54 cm~! are due to the out-of-plane modes as-
signed to Cg—Hg wag, symmetric pyrrole folding, pyr-
role tilting, and pyrrole out-of-plane translation.

As shown in Table III, the 119, v11, and v1g modes
have large coupling constants while the rq4, 113, and
~v17 have quite small coupling constants. The large
coupling constants of v1; mode can be explained from
the nodal pattern of the singly occupied 26e orbital.
Given that a single electron occupies one component
of 2le, the valence configuration of [VOP]™ is ei-
ther (9b1)!(26e,)'(26e,)° or (9b1)*(26e,)°(26e,). As
shown in Fig.2, for the 26e, orbital, the C3—Cgs bonds
of pyrrole rings I and III are weakly bonding in char-
acter while those of the pyrrole rings II and IV are
strongly anti-bonding. Similarly, one of the two ad-
jacent C,—C,, bonds is bonding in character while the
other is anti-bonding. Thus the motion of the nuclei
along the v1; and v19 modes can effectively modulate
the relative energy level of 26e, and 26e,. On the
other hand, v14, 113, and 17 have small coupling con-
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TABLE III Calculated vibronic coupling constants (gB,,m)
for the J-T active B; modes of [VOP]™ .

No.* Wm /cnf1 gB,,m Assignb
54 0.740 ~v18 Y(Pyr transl)

8 200 0.271 vig v(Pyr transl)
13 269 0.163 16 Y(Pyr tilt)
28 661 0.010 y15 (Pyr fold)s
37 733 0.196 V16 8(Pyr def)
43 785 0.023 yir ¥(Cp—Hg)
60 1025 0.136 vis v(Pyr br)
66 1063 0.168 17 6(CHp)
72 1195 0.123 12 v(Pyr/2)
84 1405 0.060 115 6(ConHim)
89 1530 0.211 vi1 v(CpCp)
96 1656 0.311 110 ¥(CaCun )as
105 3192 0.002 vis v(CpHp)

* Mode number within total 108 normal modes (in the
sequence of the increase of frequency).
® Mode descriptions according to Refs.[39, 40].

stants since the Hg and H,, atoms do not observably
contribute to the 26e,/26e, orbital. Unlike 14, 143,
and 717, the v17 mode (1063 cmfl) has a rather large
coupling constant (0.168) although it is assigned to
the CgHpg in-plane bending. However, from its atomic
Cartesian displacements we find that in the 17 mode
the CgHg in-plane bending is strongly coupled to the
Cp—Cg stretch. Thus the rather large coupling con-
stant of v17 seems borrowed from r4;. The 661 cm™!
mode (symmetric pyrrole folding) has a very small cou-
pling constant (0.01). This seems reasonable as the
folding of the pyrrole rings is expected to destroy the
porphyrin 7-system. It is interesting that out-of-plane
modes 16 (269 cm™1) and 15 (54 cm™!) have quite
large coupling constants. From atomic motions of these
two modes, it is revealed that, while they are nominally
assigned to out-of-plane modes, they do involve pyrrole
translational motion in a similar way to the in-plane
v1g mode. Clearly the very large coupling constant
of the y15 mode should also be attributed to its small
frequency (54 cm~1), according to Eq.(1) and Eq.(2),
which leads to a large coupling constant even for a small
energy change.

C. The pseudo-Jahn-Teller distortion of [VOP]*

PBE1PBE calculation indicated that the energy of
singlet [VOP]* is higher than that of the triplet by
42—46 kJ/mol (Table I), indicating that the ground
state of [VOP]T is triplet. The singlet [VOP|* be-
longs to the Co, point group with the two reflection
planes passing the O and V atoms as well as each pair
of opposite Cy, atoms. The four N atoms in singlet
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[VOP|T are coplanar while the four C,, atoms locate
alternatively up and down the Ny plane, resulting sig-
nificant out-of-plane saddling distortion. The N—V and
V-0 bond lengths in singlet [VOP|T are 2.0146 and
1.5474 A, respectively. For the triplet state [VOP], ge-
ometric optimizations with the constraint of Cy4, group
generate two stationary structures by using slightly dif-
ferent starting geometries. They are >Bs and 3B elec-
tronic states, respectively, with the former to be slightly
more stable than the later (by 3.8 kJ/mol). However,
frequency calculations at the optimized structures show
that both Cyy-2Bs and Cyy-2B; are not stable and both
have an imaginary frequency (1315 cm~! for Cy-*Bs
and i778 ecm ™! for C4y-3B1). The atomic Cartesian dis-
placements of the two imaginary frequencies are quite
similar and both of them can be considered as the por-
phyrin in-plane pseudo-rotational vibrations (As sym-
metry under Cy, point group or As, symmetry under
Dyy, point group).

From either Cuy-°Bs or Cu-3B; structures, re-
optimization along the coordinate of imagination fre-
quency produces the same structure with C4 symmetry.
The total energy of new structure is lower than those
of Cyy->Ba and Cyy->B; by 0.2 and 4.0 kJ/mol, respec-
tively. Frequency calculation of the new structure gives
rise to positive values for all normal modes, indicat-
ing the obtained structure to be the true ground state
of [VOP]T cation. The symmetry lowering of [VOP]*
from C4, to Cy is thought to be attributable to the
pseudo-Jahn-Teller (pJT) distortion which is expected
to occur when two electronic states are nearly degen-
erate, as the case of Cu-°By and Cu-3B; states of
[VOP]|T. The pJT effect of porphyrin m-radical cations
has been originally measured from the resonance Ra-
man experiments [24] and later on been used to explain
the crystallographic data of porphyrin 7-radical cations
[10].

The structural parameters of pJT distorted triplet
[VOP]™ (C4 point group) are listed in Table II. The
N—V and V-0 bond distances are 2.0800 and 1.5601 A,
respectively. The four N atoms are coplanar while the
V atom locates up the N4 plane by 0.5190 A. Figure 5
(a) and (b) illustrates the structure charge of triplet
[VOP]™ (Cy4 structure) and the atomic Cartesian dis-
placements for the i315 cm™! mode of C4y->By struc-
ture. The porphryin ring of the triplet displays signif-
icant alteration for the bond-lengths due to the sym-
metry lowering. For instance, in the same pyrrole five-
membered ring, one C,—N bond-length is larger than
another by 0.0225 A. The difference in bong-lengths be-
tween two adjacent Co—Cyp, bonds is 0.0294 A. The pJT
effect has only weak influence on the C,—Cg bonds as
manifested by the quite small difference (0.0023 A) in
bong-lengths for each pair of C,—Cg bonds in the same
pyrrole ring.

With the frame of Cy4y, symmetry, the pJT effect of
triplet [VOP]™ is considered to be originated from the
interaction between the (9b1)!(21a;)! and (9b;)! (6az)!
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6ay+ 21a;

6a,-21a,
()

FIG. 5 Schematic illustration for the pJT effect of triplet
[VOP]*. (a) The structure of symmetry-broken pJT ground
state (C4 group), where the letters L and S indicate the cor-
responding bonds are increased or decreased in comparison
with the average values. (b) The nuclear motions corre-
sponding to the i315 cm ™! imaginary frequency of the By
state of [VOP]" (Cav group). (c) In-phase and opposite-
phase 50:50 combinations of 6az and 21a; orbitals.

configurations which are mixed by the vibronic pertur-
bation. Assuming a 50:50 mixing of the two configu-
rations and frozen of other orbitals, both the 21a; and
6ay orbitals can be considered as half populated. Thus
the in-phase and/or opposite-phase combinations of the
21a; and 6ag orbitals provide an intuitional description
of the overall bonding characteristic of the m-system.
As shown in Fig.5(c), the in-phase or opposite-phase
combinations of the 21a; and 6as orbitals cause one of
the adjacent C,—C,, bonds to be bonding in character
while the other to be anti-bonding. Similarly, one of the
two C,—N bonds in the same pyrrole ring is bonding
while the other is anti-bonding. Especially, the pairs
of C,—C,, bonds and C,—N bonds, which show large
alteration in the bond-lengths, are consistent with the
change from bonding to anti-bonding. On the other
hand, the small bond-length alteration of the pair of
Co—Cpg bonds consists with bonding to non-bonding
change. Moreover, the nodal pattern of Fig.5(c) cor-
responds well to the short-long alteration in the bond-
lengths in Fig.5(a).

We have tried to calculate the vibronic coupling con-
stants of [VOP]* triplet with the Cyy->B;/Cyy->Bg av-
eraged structure as the reference structure. However,
we found that the total energy was very insensitive to
the variation of geometry nearby the reference configu-
ration, which seems to result from the small pJT stabi-
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lization energy. It seems that, in order to obtain con-
vincible vibronic coupling constants of [VOP]™ triplet,
new computational methods with the precision much
higher than the present one should be used.

IV. CONCLUSION

We have theoretically studied the ground state
structures of neutral molecule and one-electron re-
duced/oxidized products of VOP at the PBE1PBE level
of theory. It is found that both [VOP]~ and [VOP|"
have triplet ground states which can be considered as
m-radical anion/cation. Due to the Jahn-Teller effect,
[VOP]~ has a rectangular-distorted structure belonging
to Coy point group. The two conjugated Jahn-Teller
structures inter-converse to each other with a rhombic
transition structure. The linear coupling constants of
the Jahn-Teller active modes are calculated. The triplet
[VOP|™ also shows distortion from Cyy symmetry to Cy
due to the pseudo-Jahn-Teller effect caused by the near
degeneration of electronic structures. The structural
distortions of both [VOP]™ and [VOP]* can be ratio-
nalized with the nodal patterns of frontier Kohn-Sham
orbitals.
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