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Article

Pseudo-Jahn-Teller Effect in Natural Compounds and
Its Possible Role in Straintronics I: Hypericin and Its
Analogs

Dagmar Stellerovéa, Vladimir Luke$ and Martin Breza *

Institute of Physical Chemistry and Chemical Physics STU, Radlinskeho 9, SK-81237 Bratislava, Slovakia
* Correspondence: martin.breza@stuba.sk

Abstract: The distortions and instability of high-symmetry configurations of polyatomic systems in
nondegenerate states are usually ascribed to the pseudo-Jahn-Teller effect (PJTE). The geometries of
hypericin, isohypericin, and fringelite D were optimized within various symmetry groups. Group-
theoretical treatment and (TD-)DFT calculations were used to identify the corresponding electronic
states during the symmetry descent. The symmetry descent paths (up to the stable structures
without any imaginary vibrations) were determined using the corresponding imaginary vibrations
as their kernel subgroups starting from the highest possible symmetry group. The vibronic
interaction between the ground and excited electronic states relates to an increasing energy
difference of both states during the symmetry decrease. This criterion was used to identify possible
PJTE. We have shown that the PJTE in these naturally occurring compounds explains only the
symmetry descent paths Cov— C2 and Cav— Cs in hypericin, and the Dan — Cav, Do — Cov —
Cs,and Dz — Con ones in fringelite D. The electric dipole moments of hypericin and its analogs
are determined prevailingly by the mutual orientations of the hydroxyl groups. The same holds
for the energies of frontier orbitals in these systems, but their changes during the symmetry descent
are less significant.

Keywords: M06-2X hybrid functional; natural compounds; molecular symmetry; non-degenerate
electronic states; excitation energy

1. Introduction

Straintronics represents a progressive field of modern condensed matter physics which
investigates how physical effects in solids related to mechanical strain under the influence of external
controlling fields in a layer of two-dimensional materials can change their electric, magnetic, optical,
and other physical properties [1]. The aim of this investigation is to create prerequisites for the
implementation of the new construction of sensors and electronics applicable in information
technologies. Historically, the first materials, where these effects were studied, were of inorganic
origin. These were mainly crystalline forms of germanium and silicon. Significant advances in this
direction have been associated with two-dimensional materials such as graphene, hexagonal boron
nitride, ZnO, ultrathin films of transition metal chalcogenides, semiconductor monolayers, and
planar heterostructures on them [2]. The development of molecular electronics and instrumentation
now allows for operation at distances less than 100 nanometers [3]. One of the biggest technical
problems with working on single molecules is establishing reproducible electrical contact with only
one molecule. Despite these difficulties, it is plausible to assume that spintronics will start to develop
to the molecular level in the future. At this level, physical properties can be controlled by van der
Waals interactions, acid-base processes, charge-transfer processes, or a combination of these. The use
of this research can be expected, for example, in the design and control of molecular motors or robots
[4]. The identification and investigation of organic molecules with a chemical structure suitable for
potential applications in straintronics represents a significant challenge for theoretical chemistry. The
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desired structural motif may be based not only on synthetic molecules, but compounds of natural
origin are also proving to be potentially interesting. The hypericin molecule, its derivatives and
corresponding tautomers turn out to be very interesting in this respect. This natural molecule is a
derivative of anthraquinone and has antibacterial and antiviral effects [3]. It is a highly powerful
biologically active compound. The existence of a large chromophore system in the molecule implies
its photosensitivity. Hypericin was previously under research as an agent in photodynamic therapy.

According to single-crystal X-ray measurements the structure of hypericin 1,3,4,6,8,13-
hexahydroxy-10,11-dimethylphenanthro[1,10,9,8-opgra]perylene-7,14-dione (I) [6] (see Figure 1) is
non-planar. Ab initio Meller-Plesset method up to the second order perturbation theory (MP2) [7] and
numerous density functional theory (DFT) studies [8-21] found stable "propeller’ and ‘double
butterfly’ conformations, the latter slightly lower in energy, which is consistent with X-ray structure
data [6]. The nonplanar conformations are explained by steric repulsion between the hydroxyl groups
in 3, 4 positions and the methyl groups in 10, 11 positions. The interconversion between them may
occur at room temperature; the theoretically estimated barrier height is 6.7 kcal/mol [12]. Concerning
possible hydrogen bonds, the most stable structure among 10 tautomers has quinone oxygens at 7
and 14 positions. Many of these studies are focused on the hypericin spectral properties [10-
12,15,17,18] with the aim of explaining its photodynamic activity.
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Figure 1. Atom notation of hypericin (Ri1 = R2 = OH, Rs = R4 = CH3), isohypericin (R1=Rs=OH, R2=R4
= OH) and fringelite D (R1=R2=Rs=Rs= OH).

To our best knowledge, no theoretical study dealing with the structure of isohypericin
1,3,4,6,8,10,13-hexahydroxy-4,11-dimethylphenanthro[1,10,9,8-opgra]perylene-7,14-dione  (II) (see
Figure 1) is available in literature.

Their fully hydroxylated symmetric analogue fringelite D, 1,3,4,6,8,10,11,13-
octahydroxyphenanthro[1,10,9,8-opqra]perylene-7,14-dione (III), (see Figure 1) has been investigated
only in a single DFT study [12].

Although the distance between oxygen atoms O3-O4 as a measure of their mutual repulsion is
evidently comparable with the remaining O-O distances in hypericins, their non-planarity is ascribed
to the steric repulsion of hydroxyl groups in 3 and 4 positions. An alternative explanation of this
symmetry descent might be based on the pseudo-Jahn-Teller (PJT) effect (see later). According to
Bersuker [22,23], ‘the pseudo-Jahn-Teller effect is the only source of instability and distortions of
high-symmetry configurations of polyatomic systems in non-degenerate states’. The aim of our recent
study is to verify this hypothesis in the case of hypericin, isohypericin, and fringelite D. We will use
a group-theoretical treatment and quantum-chemical calculations at the DFT level for this purpose.
Our methodology is of more general character to distinguish which distortions can be explained by
the PJT effect and which not. Because these two-dimensional molecules represent suitable model
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compounds with potential future applications in spintronics, it is of interest to understand the extent
to which the PJT effect or steric repulsion modulate molecular properties.

2. Theoretical Background

A potential energy surface (PES) of a molecule, an ion, a crystal, etc. describes its energy as a
function of the coordinates of its atoms [24]. Geometry optimization is the process of finding PES
stationary points (their gradients, i.e. the first partial derivatives of the energy with respect to all
geometry parameters Qi are equal to zero), such as its minima or saddle points. PES minima represent
stable or quasistable species with energies E lower than those of its surrounding species (local
minimum) or the lowest on the whole PES (absolute minimum). An n-th order saddle point has n
negative eigenvalues of the Hessian matrix (0>E/0Qi0Q)j). Saddle points represent PES maxima along
the directions of the reaction coordinates, and minima along all other directions. This means that
saddle points represent transition states along the reaction coordinates.

A symmetry operation will be conserved during a nuclear displacement if and only if it leaves
the displacement coordinate invariant [25]. A nondegenerate distortion coordinate Qi described by a
non-totally symmetric representation I'i within the symmetry group Go causes the symmetry decrease
from Go to its kernel subgroup K(Go, I') which consists of all symmetry elements with characters
equal to +1. A degenerate representation describes a set of distortion coordinates and consists of
several components that span a distortion space. An epikernel subgroup E(Go, I'i) is conserved only
in a part of the distortion space. Thus, epikernels are intermediate subgroups between the parent
group Go and the kernel subgroup, which is conserved in all distorted structures.

According to the Jahn-Teller (JT) theorem [26], any nonlinear configuration of atomic nuclei in a
degenerate electronic state is unstable. Consequently, at least one stable nuclear configuration of
lower symmetry must be obtained during a symmetry decrease where the degenerate electronic state
is split. The PES of such systems can be described analytically using a perturbation theory treatment
and its stationary points can be obtained [27]. The energy difference between the high-symmetry
unstable and low-symmetry stable structures of the same compound is denoted as the Jahn-Teller
stabilization energy Ejr.

The classical JT effect is restricted to high-symmetry structures with degenerate electronic states,
but a similar instability, known as the pseudo-Jahn-Teller (PJT) effect [23], may be observed in the
case of sufficiently strong vibronic coupling between pseudodegenerate electronic states (usually

. . . . .y oA
ground and excited). JT active coordinate Q gives non-vanishing values of < ¥, |a—g| v, >

integrals between interacting electronic states W1 and W2, where H is Hamiltonian of the system
under study. The PES of two interacting electronic states W1 and ¥: of different space symmetries can
be described in the simplest case using perturbation theory as

E(Q) = 1kQ* + 5+ F2Q¥/? M)
where E is the energy of the electronic state, Q is the JT active distortion coordinate, A is the energy
difference of both electronic states in the undistorted geometry (Q =0), K is the primary force constant
(without vibronic coupling) and F represents the vibronic coupling constant. The curvature 0?E/0Q?
of the lower state for Q = 0 is negative (i.e., it corresponds to a PES saddle point) for
a<2” @)
Otherwise, the stable structure (the PES minimum) corresponds to Q = 0 and the high-symmetry
structure is preserved (despite the lessened curvature of the lower-energy state). PJT interaction is
restricted to electronic states of the same spin multiplicity, decreases with A and enhances the energy
difference between the interacting electronic states.

The method of the epikernel principle [28] was originally elaborated to predict symmetry groups
of stable JT structures and has been extended to PJT systems as well [29]. It is based on the

. . . . I 28
representation I';r of the JT active coordinate Q that gives non-vanishing values of < ¥, |a—g| ¥, >

integrals between interacting electronic states W1 and W2 described by representations I'1 and I,
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respectively. For the totally symmetric Hamiltonian H it implies that I'r is contained in the direct
product of representations of both interacting electronic states

el ®1In2 3)

Analogously for the classical JT effect with a degenerate electronic state W1 =W2and I'n=12=T
an even more strict condition is valid and the I';r must be contained in its symmetric direct product.

e[l T
4)
According to the epikernel principle, the JT stable structures correspond to the kernel K(Go, I'ir) or
(preferably) the epikernel E(Go, I'it) subgroups of the parent group Go.

Classical JT vibronic interactions can be identified according to a single criterion — the degenerate
electronic state. On the other hand, the identification of PJT vibronic interactions is a more
complicated task that consists of several steps. For simplicity, we will restrict our analysis to
interactions between the ground state W1and the excited state(s) W2. At first, the geometry of the
studied system is optimized within its highest symmetry group, the symmetries of imaginary
vibrations are identified by vibrational analysis, and subsequently the symmetries and energies of its
excited states are evaluated. For known symmetries of an imaginary vibration (tentatively identified
with a JT active coordinate) and of the ground state, we can determine the excited-state symmetry
according to Eq. (3). In the next step(s) we repeat the geometry optimization (the energy of the system
in the parent group must be higher than in its subgroups), determine the imaginary vibration
symmetries as well as energies and symmetries of excited states of kernel and epikernel subgroups
of the parent high-symmetric group. Subsequently, we identify the corresponding excited states in
the parent group and its subgroups according to the group — subgroup relations (see Tables 51-53 in
Supplementary Information) [30], similar oscillator strengths, and similar molecular orbital
compositions. This step might be problematic because — based on the perturbation principle - a high
similarity between the corresponding excited states is supposed. The PJT vibronic interaction causes
the excitation energy of the corresponding excited state in the PJT subgroup to be higher than in the
parent group (compare Eq. (1)). Otherwise, the investigated symmetry descent cannot be a
consequence of the PJT vibronic interaction, and other explanations must be searched for.

3. Results and Discussion

All the molecules under study are neutral closed-shell systems in the ground singlet spin state.
Thus, their ground spin states are described by total symmetric representations independent of the
symmetry group. It implies that the representation of the PJT interacting excited state and of the JT
active coordinate are equal (see Eq. (3)).

We started our study with geometries of the highest possible symmetry with quinone oxygens
at 7 and 14 positions (see Figure 1). According to [17], this tautomer corresponds to the most stable
structure of hypericin.

Although we performed time dependent (TD)-DFT calculations for 50 excited states, only the
lowest ten excited states are presented due to space reasons. Our analysis is restricted to the lowest
excited state of every symmetry, as the vibronic interaction with this state is supposed to be stronger
than with the higher ones. The notation n™I'(G) is used for the n-th state of I representation with spin
multiplicity m within the G symmetry group.

3.1. Hypericin (I)

The highest possible symmetry group of hypericin (I) is C2v. Here both its hydroxyl groups at
positions 3 and 4 are either in anti- or syn- mutual orientations and denoted as models Ia and Ib,
respectively (Figures 2 and 3). The third possible mutual orientation (one in syn- and the other in
mutual anti-orientations) is denoted as Ic with the highest possible symmetry group Cs (Figure 4).
The non-symmetric structure (C1) cannot be found for Ia and Ib model systems, but it corresponds to
the Ic model system only. This assignment is implied by the highest gradients at the H atoms of the
hydroxyl groups at the 3 and 4 positions of unstable Ia and Ib structures in the Cs group.
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Figure 2. Optimized structures of hypericin Ia model systems (C —black, O — red, H — white).
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Figure 3. Optimized structures of hypericin Ib model systems (C —black, O — red, H — white).
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Figure 4. Optimized structures of hypericin Ic model systems (C —black, O — red, H — white).

Table 1 illustrates the energy decrease of hypericin model systems Ia, Ib, and Ic with their
decreasing symmetry as implied by imaginary vibrations (corresponding kernel subgroups). The
increasing distances between hydroxyl O atoms in 3 and 4 positions doo illustrate their decreasing
mutual repulsion with symmetry decrease, which coincide with possible JT stabilization energies.
The most stable Ic model systems (especially the Ci ‘propeller’) are stabilized by an additional
hydrogen bond (compare Figure 4). The mutual orientations of hydroxyl groups in 3 and 4 positions
affect the electric dipole moments and the frontier orbital (HOMO = the Highest Occupied Molecular
Orbital, LUMO = the Lowest Unoccupied Molecular Orbital) energies (Table 54 in Supplementary
Information). The Cs symmetry structures have the highest dipole moments. The orbital energies
decrease in the order Ia > Ic>Ib, and their dependence on symmetry is less significant.

Table 1. Hypericin model systems of the symmetry groups G and the corresponding electronic ground
states T'gr, with DFT energies Eprr, JT energies Ejr related to the parent group Go, distances between
hydroxyl O atoms at 3 and 4 positions doo, symmetries I'im and wavenumbers vim of the corresponding
imaginary frequencies and resulting kernel subgroups K(Go, I'im).

EpFr Esr  doo ) _ 1 _
Model G Lor [Hartree] [eV] [A] Lim vim [cm™] K(Go, Iim)
Go = sz (Ia)
la Ca® X'A: -1754.24175 0.000 2.253 a -169, -132, -26 C;
b: -51, -35 Cs

la C.”» X!A -1754.31051 1.871 2515 - -
la  Cs 9 XA’ -1754.26014 0.500 2.363 a” -114, -86 Ci
Ic C:9 X!A -1754.31780 2.069 2547 - - -
Ic C:” X!A -1754.31525 2.000 2534 - - -
Go = sz(|b)

b Cxn?d X!A; -1754.19146 0.00 2931 a, -1469,-174,-147,-35 Cx

b2 -660 Cs

b1 -653, -57, -53 Cs
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Ib C,» X!A -1754.31497 3.361 2.609 - -
Ib  C® XA’ -1754.24669 1.503 2.566 a” -530, -112, -106 Ci
Ic Ci» XA -1754.31525 3.368 2.534 - - -
Ic Ci9 XA -1754.31780 3.438 2547 - - -
Go = Cs(Ic)

lc  Cs® XA’ -1754.25393 0.000 2.396 a” -169,-123,-52,-36, -26 Ci
lc Ci9 XA -1754.31780 1.738 2547 - - -
Ic Ci» XA -1754.31525 1.669 2.534 - - -

Remarks: ¥planar conformation »’double butterfly’ conformation 9’saddle’ conformation?’propeller’ conformation

Table 2. Symmetry descent paths of hypericin model systems. Possible PJT descent paths are in
bold.

No. Systems Descent path

az

1 Ia, Ib Cw » C2

2 Ta, Tb o 3c Sa
by a"

3 Ib Cw > C -» C1

4 IC Cs i: Cl

Individual symmetry descent paths are summarized in Table 2. The possible PJT origin of the
observed symmetry descent paths can be checked with the help of Table S5 in Supplementary
Information as follows:

The symmetry descent no. 1 can be ascribed to the vibronic interaction of X'A1(Czv) ground state
with the 1'A2(Cav) excited state which corresponds to the 4'A(C2) excited state with increased
excitation energy in both the Ia and Ib systems.

The two-step symmetry decrease no. 2 meets the problem with its excited state identification.
Nevertheless, using an elimination method we can conclude that the HOMO-7 — LUMO electron
transition generating the 1'Bi(Czv) excited state corresponds to the HOMO-8 — LUMO electron
transition generating the 4'A’(Cs) excited state with the higher excitation energy and so the PJT effect
is possible. The structure obtained in this way is unstable, but the supposed vibronic interaction of
the X'A’(Cs) ground state with the 1'A”(Cs) leads to 2'A(Ci-propeller’) or 3'A(Ci-’double butterfly”)
excited state with lower excitation energies. Therefore, this second step cannot be explained by the
PJT effect.

In the first step of the symmetry descent no. 3 the X'A1(Czv) ground state interacts with the
1'B2(C2v) excited state which corresponds to the 1'A”(Cs) excited state with higher excitation energy
and the PJT vibronic interaction is possible. However, this structure is unstable and this state,
corresponds to 2'A(C1) state which has lower excitation energy in both ‘propeller’ and ‘double
butterfly” structures. Thus, this step cannot be explained by the P]T effect.

Within the symmetry descent no. 4 the X'A’(Cs) ground state could interact with 11A”(Cs)
excited state. It is problematic to find its corresponding excited state in the C1 kernel subgroup, but it
is surely lower than the 8'A(C1) state and therefore its excitation energy is lower. Consequently, this
symmetry descent cannot be explained by the PJT effect.

3.2. Isohypericin (1)

The highest possible symmetry group of isohypericin (II) is Czn if both of its hydroxyl groups at
3 and 10 positions are related to methyl groups at 4 and 11 positions either in anti- or syn- orientations
and are denoted as models Ila and IIb, respectively (Figures 5 and 6). The third possible orientation
(one in syn- and the other in anti-orientations to methyl groups) is denoted as Ilc with the highest
possible symmetry group Cs (Figure 7).
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Figure 5. Optimized structures of isohypericin Ila model systems (C — black, O — red, H — white).
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Figure 6. Optimized structures of isohypericin IIb model systems (C — black, O — red, H — white).


https://doi.org/10.20944/preprints202410.1939.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 October 2024 d0i:10.20944/preprints202410.1939.v1

® ® ® 7
® ® ® ’
f . ® %
® ®
L ® e
® & &
® ®
(.- ®
Cs (planar)
gy
P e
® ;*:* Feingers ﬁ.‘ ®
:Q”‘ ® ® ® "’?
. ® P'S ®:
o " o " ®
. ¢ ..®

C1 (,propeller)

Figure 7. Optimized structures of hypericin IIc model systems (C —black, O — red, H — white).

Table 3 illustrates the energy decrease of isohypericin model systems Ila, IIb, and IIc with their
decreasing symmetry as implied by imaginary vibrations (corresponding kernel subgroups). The
increasing distances between hydroxyl O atoms in the 3 (11) and methyl C atoms in the 4 (10)
positions doc illustrate their decreasing mutual repulsion with symmetry decrease, which coincide
with possible JT stabilization energies. The most stable are ‘propeller” structures, especially in IIb
model systems.

The centrosymmetric Czn and Ci structures have no dipole moments (Table S6 in Supplementary
Information). The mutual orientation of hydroxyl groups in 3 and 10 positions affects the dipole
moments (the highest dipole has the Ilc structure of the symmetry Cs) and the frontier orbital energies
(HOMO, LUMO) (Table S6 in Supplementary Information). The orbital energies decrease in the order
IIa > IIc > IIb, and their dependence on symmetry is less significant.

Table 3. Isohypericin model systems of symmetry groups G and the corresponding ground electronic
states [I'gr, with DFT energies Eprr, JT energies Ejr related to the parent group Go, distances between
hydroxyl O atoms and methyl C atoms in 3 and 4 or 10 and 11 positions doc, symmetries I'im and
wavenumbers vim of the corresponding imaginary frequencies and resulting kernel subgroups K(Go,

rim).
Model G Ty BorT  Ej[eVv] doc[A] Tim  vim[cm]  K(Go, Iim)
[Hartree] ’
Go:CQh(”a)
lla Cn?® X!A; -1754.26464 0.000 2.423 Dy -130, -19 Ci
a, -129,-39,-12 C,
lla Ci D XAy -1754.31444 1355 2.668 - - -
lla C, 9 X!A -1754.31670 1.417 2.677 - - -
Go=C2h(||b)
b Cxn® XA, -1754.24601 0.000 2.636 by -380,-105,-15 Ci

ay -379, -103, -40, -20 C:
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Ilb G 9 XA, -1754.31792 1.957 2.745 - - -
b C, 9 XA -1754.31991 2.011 2757 - - -
Go = C2h(| |C)

2419 ,, -393,-133, -107,

) (-
lle  Co? XIA® -175425521 0000 St at Tl Ci
2.744
b) - - - -
llc  Ci% XIA -175431619 1659 .
2.753
©) - - - -
llc  C9 XIA -175431834 1718 500

Remarks: ¥planar conformation ®’double butterfly’ conformation ' propeller’ conformation

Table 4. Symmetry descent paths of isohypericin model systems. .

No. Systems Descent path
5 ITa, TIb Cn 3 G
6 IMa, ITb Cn 5 C
"
7 Ilc G - C

The possible symmetry descent paths of isohypericin are presented in Tables 3 and 4. The
possible PJT origin of the observed symmetry descent paths can be checked with the help of Table 57
in Supplementary Information as follows:

The symmetry descent path no. 5 might be explained by vibronic interaction of the ground
electronic state X'Ag(Can) with the excited state 1'Bg(Czn) (the HOMO-8 — LUMO electron transition
in Ila and the HOMO-6 — LUMO one in IIb) which corresponds to the 4'Ag(Ci) excited state with
lower excitation energy. This excludes the PJT effect as the reason for this symmetry descent. Using
an elimination method for IIb we can show that the HOMO-6 — LUMO electron transition (1'Bg(Czn)
excited electronic state) corresponds to the HOMO-8 — LUMO electron transition (the 41Ag(Ci)
excited state) with lower excitation energy and so this symmetry descent cannot be of PJT origin.

The symmetry descent path no. 6 for both Ila and IIb systems might originate in vibronic
interaction of the ground state X'Ag(Czn) with the excited state 1'Bu(Czn) which corresponds to the
41A(C2) excited state with lower excitation energy. Thus, the PJT origin of this symmetry descent is
excluded.

The symmetry descent no. 7 (model system Ilc) meets the problem of excited state identification.
The most probable assignment of the 1'A’(Cs) excited state generated by the HOMO-7 — LUMO
electron transition is the 7' A(C1) electronic state generated mainly by the HOMO-8 — LUMO electron
transition in both ‘propeller’ and ‘double butterfly’ forms of the C1 kernel subgroup, which has lower
excitation energy. Thus, the PJT origin of this symmetry descent can be rejected.

3.3. Fringelite D (III)

The highest possible symmetry group of fringelite D (III) is Dax if both its hydroxyl groups at 3
and 4 as well as in 10 and 11 positions are either in anti- or syn- mutual orientations. They are denoted
as models Illa and IIlb, respectively (Figures 8 and 9). Another possible mutual orientations are
denoted as Illc (syn-orientations at 3 and 10 positions, anti-orientations at 4 and 11 positions) with the
highest possible symmetry group Can and IIld (syn-orientations at 3 and 11 positions, anti-orientations
at 4 and 10 positions) with the highest possible symmetry group Ca (Figures 10 and 11). The
structures of Cs and Cz2 symmetry groups cannot be found for Illa and IIIb model systems, and so
they correspond to those of Illc and IIld systems. This assignment is supported by the highest
gradients at H atoms of hydroxyl groups at 3, 4, 10 and 11 positions of unstable Illa and IIIb structures
in the Cov group.
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Table 5 illustrates the energy decrease of fringelite D model systems IIla, IIIb, Illc, and IIId with
their decreasing symmetry as implied by imaginary vibrations (corresponding kernel subgroups).
The increasing distances between hydroxyl O atoms in 3 and 4 (or 10 and 11) positions doo illustrate
their decreasing mutual repulsion with symmetry decrease which coincide with possible JT
stabilization energies. The increased stability of Illc and Illd systems is caused by additional
hydrogen bonds of hydroxyl groups in 3 and 4 as well as in 10 and 11 positions. The most stable are
‘propeller’ structures, especially in Illc model systems.

The Dan, D2, Can and Gi structures have no dipole moments (Table S8 in Supplementary
Information). The mutual orientations of hydroxyl groups in 3, 4, 10 and 11 positions affect the dipole
moments (the highest dipole has the IIId structure of Cov symmetry) and the frontier orbital energies
(Table S8 in Supplementary Information). The orbital energies decrease in the order Illa > Illc ~ IIId
> IIIb and their dependence on symmetry is less significant.
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Table 5. Fringelite D model systems of symmetry groups G and the corresponding ground electronic
states T'gr, with DFT energies Eorr, JT energies Ejr related to the parent group Go, distances between
hydroxyl O atoms in 3 and 4 (or 10 and 11) positions doo, symmetries I'm and wavenumbers vim of the
corresponding imaginary frequencies and resulting kernel subgroups K(Go, I'im).

Model G Tyr Eprr [Hartree] Exr[eV] doo Tim  vim [cm™] K(Go, I'im)
[Al

Go = Dan(I11a)

Ila D ® X!Ag -1826.09765 0.000 2.262 by  -127 Can
au -126 D2
bau  -37 Cav

Ia Can X!A; -1826.13780 1.093 2.516 - - -

Ila D2 9 X!A  -1826.13963 1.142 2.526 - - -

Illa Cuv 9 X'Ar -1826.10503 0.201 2344 by -94 Cs
a -92 C2

Illc C 9 XA -1826.15004 1.426 2.544 - - -

Id C 9 X1A  -1826.14935 1.407 2.551 - - -

Illc Cs P XA -1826.14682 1.338 2.539 - - -

Go = Dzn(111b)

Ib Dan ¥ X!Ag -1825.99795 0.00 2.930 b2y  -1466, -149 Can
au -1466, -148, -35 D2
bsg  -659 Can
bw  -657 Cav
by  -654,-54 Con
b3y -653, -53 Cov

Iib Can XAy -1826.14666 4.047 2.610 - - -

Iib D, 9 XA -1826.14870 4.102 2.621 - - -

Iib Ca 9 X!A1  -1826.07720 2.157 2.552 a -531, -109 Cz
b2 -518, -109 Cs

Illc C 9 XA -1826.15004 4.139 2.544 - - -

Id C ¢ XA -1826.14935 4.120 2.551 - - -

Id Cs 9 XIA®  -1826.14682 4.051 2.539 - - -

Go = Can(llIc)

Illc Can® X!Ag  -1826.12302 0.000 2401 by -118, Ci
au -117, -38 Cz

e Ci XA, -1826.14762 0.669 2533 - - -

Ilc C 9 XA -1826.15004 0.735 2.544 - - -

Go = Can(l11d)

Id Ca® X!A; -1826.12138 0.000 2.406 b1 -119, -38 Cs
a -118, -11 C2

Id Cs P XA>  -1826.14682 0.692 2.539 - - -

Inid C 9 XA -1826.14935 0.761 2.551 - - -

Remarks: planar conformation ?’double butterfly’ conformation <’saddle’ conformation 9"propeller’ conformation
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Table 6. Symmetry descent paths of fringelite D (III) model systems. Possible PJT descent paths are

in bold.

No. Systems Descent path

8 Ma b Dy 24 cy

9 Hia, Ilb Dz = D,

10a Ma, b Dy 2% Co 3 C
10b Ma, b Dy 2% Co 3
11 b Dan 2% Cap

12a b Dan 2% Cov 3 G
12b b Dan 2% Co B,
13 b Dan 2% Cap

14a b Dan 2% Cov 3 G
14b b Dan 2% Coy B G,
15 e Can 2 C

16 i Con = C

17 Id Cov 3 Cs

18 ld Cov 3 Co

Individual symmetry descent paths are summarized in Table 6. The possible PJT origin of the
observed symmetry descent paths can be checked with the help of Table S9 in Supplementary
Information as follows:

The lowest excited 1'B2g(D2n) state (no. 37) of Illa and IIIb compounds which is able of vibronic
interaction with the X'Ag(D2n) ground electronic state within the descent path no. 8 is too high (the
HOMO-22 — LUMO+8 electron transition is over 6.1 eV) to be PJT active. It is confirmed by the lower
excitation energy of its 81 Ag(Czn) counterpart for the Illa structure. We have not found its counterpart
for the IIIb one.

The symmetry descent path no. 8 can be explained by the vibronic interaction of the X'A1g(Dzn)
ground state with the 1'Au(Dz) excited state in the IIIb system only (the electron transition
HOMO-9 — LUMO) because its corresponding 2'A(Dz) state in the IIIb system has lower excitation
energy. It implies that there is no PJT effect.

The symmetry descent path no. 10a consists of two steps. In Illa, the X' Ag(Dzn ground state might
at first interact with the 1'Bsu(D2n) excited state which corresponds to the 10'A1(Cav) state with higher
excitation energy (the HOMO-9 — LUMO+2 electron transition with the excitation energy over 6.5
eV). In the next step, the 1'B2(Czv) excited state (the HOMO-2 — LUMO electron transition)
corresponds to 11A’(Cs) state for Illc with lower excitation energy, which means no PJT interaction.
In IIIb, the excited state 1'Bsu(D2n) (the HOMO-1 — LUMO electron transition) corresponds to the
11A1(C2) state with higher excitation energy which allows the PJT interaction. In the 2nd step, the
1'B2(Cov) excited state (the HOMO — LUMO electron transition) corresponds to the 1'A”(Cs) excited
state with lower excitation energy, that excludes the PJT interaction.
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The first step of the 10b symmetry descent path for the Illa and IlIb systems is the same as in
10a. In the second step, the 1'A2(Cav) excited state (the HOMO — LUMO + 1 electron transition)
corresponds to the 3'B(Cz2) one with higher excitation energies of both Illc and IIId systems, allowing
the PJT interaction.

The IIIb system undergoes the symmetry descent no. 11 but it meets the problem with the excited
states identification. The most probable assignment of the 1'Bsg(D2n) excited state generated by the
HOMO-7 — LUMO electron transition corresponds to the 3'Bg(Czn) electronic state generated by the
HOMO-8 — LUMO electron transition with higher excitation energy which allows the PJT
interaction.

The symmetry descent paths 12a and 12b of IIIb consist of two steps. In the first step the 1'Bu(D2n)
excited state (the HOMO- 9 — LUMO+2 electron transition, excitation state no. 46 with more than 6.3
eV excitation energy) corresponds to the 10'A1(Czv) state. This higher excitation energy allows the PJT
interaction. In the second step of the 12a path, the 1'B2(Czv) excited state (the HOMO — LUMO
excitation) corresponds to the 1'A”(Cs) state of the IIId system. This lower excitation energy excludes
the PJT interaction. In the second step of the 12b path the 1'A>(C2) state of IlIb (the HOMO —
LUMOH+1 electron excitation) corresponds to 3'B(Cz) state of IIld or to 3'A(Cz) state of Illc with higher
excitation energies. Here the PJT effect is possible. The 3'B(C2) state of IIId does not satisfy the group
— subgroup relations (see Table S3 in Supplementary Information ).

In the symmetry descent path no. 13 the 1'Big(Da) state of the IlIb system (the HOMO-4 —
LUMO and HOMO — LUMO+1 electron transitions) cannot correspond to the 2! Au(Czn) state because
of incorrect group-subgroup relations. However, the 2'Big(D2n) state obtained by similar electron
transitions corresponding to the 21Bg(Cozn) state of the same IlIb system meets all conditions for PJT
interactions.

The symmetry descent paths 14a and 14b consist of two steps. At first, the 1'Bsu(D2n) excited state
(the HOMO-1 — LUMO electron transition) coincides with the 1'B1(Czv) state with higher excitation
energy in agreement with the PJT interactions. The path 14a continues with the 1'B2(Cav) electronic
state of IlIb (the HOMO —LUMO electron transition) to the 1'A”(Cs) state in the IIId system with
lower excitation energy that excludes the PJT interaction. The path 14b continues with the 1'A2(Czv)
excited state of the Illb system (the HOMO —LUMO+1 electron transition) to the corresponding
31A(C) state of the Illc system with higher excitation energy in agreement with the PJT interaction.
The 3'B(C:) state of the IIId system does not fulfill the group-subgroup relations (see Table S3 in
Supplementary Information).

In the symmetry descent path no. 15 the interaction of the X'Ag(Can) ground state with the
1'Bg(C2n) excited state of the Illc system (the HOMO-8 — LUMO electron transition) would lead to its
31Ag(Ci) state with lower excitation energy, which excludes the PJT interaction.

The symmetry descent path no. 16 might be due to 1'Au(Can) excited state. This transition comes
from HOMO-9—LUMO electron excitation. It corresponds to the 4'A(C2) state of the Illc system with
lower excitation energy, which is in contradiction to the P]T effect.

The symmetry descent no. 17 cannot be ascribed to the PJT effect. It corresponds to the
hypothetical interaction of the X'A1(Czv) ground state with the very high excited state 1'B1(Cav) (state
no. 37) corresponding to the 16'A’(Cs) state of the IIId system with a lower excitation energy excludes
the vibronic interaction.

The same holds for the symmetry descent no. 18 where the 1'A>(Cz) state (the HOMO-7
—LUMO electron transition) corresponds to the 31A(C2) state of the IIId system with lower excitation
energy and thus without PJT effect.

4. Method

The geometries of the neutral hypericin (I), isohypericin (II), and fringelite D (III) in the ground
spin state were optimized within various symmetry groups using the M06-2X hybrid functional [31]
and standard cc-pVDZ basis sets for all atoms taken from the Gaussian library [32]. The optimized
geometries were checked for imaginary vibrations by vibrational analysis. Time-dependent DFT (TD-
DFT) treatment [33,34] for up to 50 vertical electronic states was used to obtain excitation energies
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and excited states. Gaussianl6 software (Revision B.01) [32] was used for all quantum-chemical
calculations. The MOLDRAW software (https://www.moldraw.software.informer.com, accessed on
9 September 2019) [35] was used for geometry manipulation and visualization purposes.

5. Conclusions

The group-theoretical treatment and quantum-chemical calculations were used to identify the
corresponding electronic states of natural compounds hypericin (I), isohypericin (II), and fringelite
D (III) in the structures of various symmetry groups. The symmetry descent paths (up to the stable
structures without any imaginary vibrations) were determined using the corresponding imaginary
vibrations as their kernel subgroups starting from the highest possible symmetry group for the given
orientations of the hydroxyl groups at 3, 4, 10 and/or 11 positions. Because the vibronic interaction
between the ground and excited electronic states is connected with increasing excitation energy (the
energy difference of both states) during the symmetry decrease (see above), this criterion was used
for the identification of the possible PJT effect (this criterion is not mandatory if the symmetry descent
is due to the mutual repulsion of hydroxyl and/or methyl groups). Our results indicate that the PJT
effect explains only the symmetry descent paths Cov—C2 and Cz — Cs in hypericin, the Dan —
Czv, Dz — Cov— Cs,and  Dan — Con ones in fringelite D. Moreover, this criterion might be satisfied
accidentally in some cases. No symmetry descent path can be ascribed to the PJT effect in
isohypericin, in the Ic model systems of hypericin and in IIlc and IIId model systems of fringelite D.
This finding is in contradiction with the statement of Bersuker [22,23], that ‘the pseudo-Jahn-Teller
effect is the only source of instability and distortions of high-symmetry configurations of polyatomic
systems in non-degenerate states’.

Our results showed that the dipole moments of hypericin and its analogs are determined
prevailingly by the mutual orientations of the hydroxyl groups. The same holds for the energies of
frontier orbitals in these systems, and their changes during the symmetry descent are less significant,
independently on the origin of the corresponding symmetry descent paths. These findings might be
important for the future development of straintronics materials.

In this study we proposed the methodology to distinguish the structural consequences of the
PJT effect from those caused by mutual repulsion of relevant functional groups. We plan its
applications to less symmetric naturally occurring molecules that might be interesting from the point
of view of the PJT effect. Further experimental and theoretical studies in this field are desirable.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Tables S1 - S3: Correlation tables for the symmetry descent of the Dan, Con and Cav groups
to their immediate subgroups; Tables S4, S6 and S8: Dipole moments, frontier orbital energies Enomo, ELumo and
their difference in hypericin, isohypericin and fringelite D model systems of various symmetry groups; Tables
S5, 57 and S9: Symmetry groups G, the corresponding ground state symmetries I';, the low excited state
symmetries T'exe and excitation energies Eex, the corresponding oscillator strengths f and electron transition
descriptions of hypericin, isohypericin and fringelite D model systems.
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