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The CASSCF and the hybrid CASSCF/MRMP2 methods are applied to the calculations of spin—spin and
spin—orbit contributions to the zero-field splitting tensors (D tensors) of halogen-substituted spin-septet
2,4,6-trinitrenopyridines, focusing on the heavy atom effects on the spin—orbit term of the D tensors (D°
tensors). The calculations reproduced experimentally determined |D| values within an error of 15%.
Halogen substitutions at the 3,5-positions are less influential in the spin—spin dipolar (D) term of 2,4,6-
trinitrenopyridines, although the DSC terms are strongly affected by the introduction of heavier halogens.
The absolute sign of the DS° value (D = Dz — (Dxx + Dyy)/2) of 3,5-dibromo derivative 3 is predicted to be
negative, which contradicts the Pederson—Khanna (PK) DFT result previously reported. The large negative
contributions to the DS° value of 3 arise from the excited spin-septet states ascribed mainly to the
excitations of in-plane lone pair of bromine atoms — SOMO of & nature. Importance of the excited states
involving electron transitions from the lone pair orbital of halogen atom is also confirmed in the D*° tensors
of halogen-substituted para-phenylnitrenes. A new scheme based on the orbital region partitioning is
proposed for the analysis of the DS° tensors as calculated by means of the PK-DFT approach.

1.

In molecules having a spin quantum number S = 1 or higher, the
degeneracy of the electron spin sublevels can be lifted in the
absence of an external magnetic field, which is known as zero-
field splitting  (ZFS). Experimental and theoretical
characterizations of ZFS are important for the understanding of
electronic structures of open shell entities such as spin multiplet
systems, because ZFS originates in anisotropic nature of
magnetic interactions between unpaired electrons. Electron spin
resonance (ESR) spectroscopy is widely used for the detection
and physico-chemical identification of ZFS, which is
characterized by a second rank traceless tensor D. Recent rapid
progresses in experimental techniques such as matrix isolation
technique,? pulse-ESR based electron spin transient nutation
spectroscopy for the discrimination of chemical species of
different spin multiplicities,>*® and a hybrid eigenfield method
for calculating exact resonance fields and transition
probabilities'*™” have enabled us to accurately determine D
tensors. By contrast, quantitative first principle calculations of D
tensors have been a long-standing issue in theoretical chemistry
and high-spin chemistry.'® In a perturbation expansion starting
from a non-relativistic Schrédinger equation, the spin—spin
dipolar (SS) and spin—orbit (SO) couplings appear as the first-
and second-order terms, respectively.'®® The last decades have
witnessed development of quantum chemical computational
methods for D tensors on the basis of density functional theory
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(DFT)®*5! and ab initio?**%*% methods. The DFT-based
approaches for the SS and SO terms of D tensors (D% and D°
tensors, respectively) have attracted attention owing to their
relatively low computational costs and the availability of
published quantum chemistry program packages,”®”* although
some intrinsic difficulties in the DFT-based approaches have
been pointed out by several groups*! and sophisticated ab initio
methods usually give more reliable results than DFT.

For the ab initio methods, the multiconfigurational self-
consistent field (MCSCF)-based approaches have widely been
used for the calculations of both the DS and D®° tensors. For the
D% tensor calculations, a sum-over-states (SOS) equation is
frequently used in conjunction with the complete active space
self-consistent field (CASSCF) wavefunctions.®° However, the
D®C tensor calculated by means of the SOS-CASSCF method is
in some cases far from the experimental one due to inaccurate
CASSCF excitation energies. A simple solution to circumvent
this difficulty is to take account of dynamical electron correlation
effects in the calculation of zeroth order energies by using
multireference perturbation theory (MRPT) or multireference
configuration interaction (MRCI).®37%28 \We have recently
proposed a hybrid CASSCF/multireference second order Maller—
Plesset (MRMP27%7™#) approach?’ for the DS° tensor calculations.
The hybrid CASSCF/MRMP2 method can take into account both
nondynamical and dynamical electron correlation effects
efficiently, and the method has been one of the most reliable
techniques for the calculations of the DS° tensors of organic spin
multiplets, as demonstrated in the nn* excited triplet states of
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diazabenzenes and CS,?% high-spin  oligonitrenes and
oligocarbenes,? and spin-triplet arylnitrenes.?

As well known, the introduction of heavy atoms at appropriate
positions can strengthen SOC. Essentially SOC plays a role of the
universal symmetry breaker and thus gives rise to the mixing of
electronic eigenstates which would otherwise orthogonal.
Theoretical investigations of the heavy atom effects on the D
tensors are important not only for materials designs/molecular
optimization for novel molecular functionality and but also for a
deep insights into the heavy atom effects, which gives a testing

ground for the theoretical framework for the D tensor calculations.

Very recently, stable molecules having large D values (D = (Dz;
— (Dxx + Dyy)/2, where Dyx, Dyy, and Dy, are the principal values
of the D tensor) in their electronic ground state have attracted
special attention as a candidate for quantum spin memory devices
which couple with superconducting flux quantum bits (qubits) at
very low temperature.”® Nitrene compounds (R-N:) have very
large D values among organic spin multiplet systems™® due to
short electron spin—spin distances and dominant one—centre
interactions. In spite of the fact that nitrenes are typical reaction
intermediates, some ground-state triplet or spin-multiplet nitrenes
are extremely stable in diamagnetic lattices.”""® Quantum
chemistry based molecular optimization is crucial in quest for
chemical entities with sizable values of ZFS.

In 2012, Misochko and co-workers reported that 3,5-dibromo-
substituted spin-quintet 2,6- and 2,4-dinitrenopyridines (7-Br and
8-Br, respectively) and spin-septet 2,4,6-trinitrenopyridine (3)
generated by the photolysis of the corresponding triazide
precursor 4-Br (see Scheme 1) have significantly large |D| values
compared with analogous trinitrenopyridine compounds.”® On
the basis of DFT calculations, they concluded that SOC
dominantly contributes to the D tensors of the dibromo
derivatives.®? However, physical origins of the heavy atom effects
have not been identified nor discussed. In this paper, we report
the CASSCF and the hybrid CASSCF/MRMP2 calculations of
the D tensors of halogen-substituted spin-septet 2,4,6-
trinitrenopyridines (1-3), focusing on the heavy atom effects on
their D tensors in an elaborate manner and discussing significant
difference between the present and DFT approaches. We also
propose a new scheme based on the orbital region partitioning to
analyze the D®C tensors as calculated by means of the PK-DFT
approach.

Ny Ny
X X X X
P N Y .
N, N7 N7 TN sNT N7 ONe
X .

N+
X 1 b X 5% X 5 X
NyTNTTN, N» f} NN
A-X X 1X=F
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Scheme 1

2. Computational Methods

Equilibrium geometries of 1-3 were optimized at the
UHCTH/407/6-31G* level of theory using a Gaussian 03
software.®® No imaginary vibration frequency was obtained at the
optimized geometry. The Cartesian coordinates of the optimized

s0 geometries are given in ESL.} Molecules 1-3 belong to a C,,
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point group with planar structures.

The D% tensor calculations were carried out at the
CASSCF(20e,160)/cc-pVDZ level with a Dalton2011 program
package.® The CASSCF active space consists of six SOMOs, six
valence © and r* orbitals of a pyridine ring, and in-plane and out-
of-plane lone pair orbitals of valence p nature of halogen atoms,

as illustrated in Fig. 1 for 3.
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Fig. 1 CASSCF active space and the orbital occupancies in the main
configuration of the 1 “A, ground state of 3.

The D°° tensors were calculated at the hybrid
CASSCF/MRMP2 method. The hybrid CASSCF/MRMP2
approach is based on the sum-over-state equation (eqns (1)—
(3)).2772°% |n egn (1), the SOC integrals are evaluated by using
the CASSCF wavefunctions, and the excitation energies are
computed at the MRMP2 method.
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In the D tensor calculations, we used the (20e,160) active
space and cc-pVDZ basis set for CASSCF, the same conditions
as in the D tensor calculations. In this study, ten excited states
for each irreducible representation of spin-quintet (c = —1), septet
(o = 0), and nonet (c = +1) states (totally 90 excited states) were
taken into account in the sum-over-states procedure. The full
Breit—Pauli spin—orbit Hamiltonian (eqn (3)) that contains spin—
same-orbit and spin—other-orbit terms in addition to one electron
spin—orbit operator were used for the evaluation of SOC integrals.
In the MRMP2 computations, an energy denominator shift
technique®®®” was adopted with a shift parameter A = 0.02
Hartree, to avoid divergence of the perturbation energy in the
presence of intruder states. These calculations were carried out by
using a GAMESS-US program suite.®

3. Results and Discussions

ZFS parameters
trinitrenopyridines 1-3.

of halogen-substituted 2,4,6-

The calculated and experimental ZFS parameters D and E (E =
(Dxx — Dyy)/2) of 1-3 are summarized in Table 1. We choose the
D axis in a conventional manner, to satisfy the relationship of
[E/D| < 1/3. Note that in 2 and 3 the Dz, axis of D*° does not
coincide with that of DS (see Table 2 and Fig. 2 for details), and
this is the reason why the D55*5° value is not a simple scalar sum
of D% and D° values in 2 and 3. The D%5,; axis is perpendicular
to the molecular plane in 1-3, but the direction of the D5,; axis
changes depending on the kind of the substituted halogens. The
theoretical DS5*S° values reproduce the experimental |DJ's within
an error of 15%. In 1 and 2, the D% term has the leading
contribution, but the D term becomes prominent in 3. The
absolute sign of the DS° value of 3 is predicted to be negative,
which contradicts the reported DFT (PK-PBE/Ahlrichs-DZ)
result.”® We have carried out DFT-based D*° tensor calculations
using Pederson—Khanna (PK),° coupled-perturbed (CP),* and
quasi-restricted orbital (QRO)? methods with several pure
exchange—correlation functionals (LDA, BP86, BLYP, PBE,
RevPBE, and TPSS) and basis sets (Ahlrichs-DZ, cc-pVDZ, and
cc-pVTZ) by utilizing ORCA quantum chemistry software,” but
all the DFT calculations failed to reproduce our hybrid
CASSCF/MRMP2 result of 3 even qualitatively (see ESIt for
details). We obtained large positive DS° values in 3 by the DFT
calculations when the cc-pVDZ and cc-pVTZ basis sets were
employed. Only the combination of the CP method and Ahlrichs-
DZ basis set gives a negative D5° value in 3, but the D°,; axis is
perpendicular to the molecular plane, which contradicts the
hybrid CASSCF/MRMP2 result.
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coordinate system fixed to the molecular axis are summarized in
Table 2. Here, the trinitrene molecules are on the yz-plane and the
z-axis is parallel to the C, symmetry axis. The D tensor is
hardly perturbed by the introduction of halogen atoms. In the DS°
tensor of 1, the excited quintet states have the leading
contributions with positive signs, and the D° value is similar to
that of 2,4,6-trinitrenotoluene and 2,4,6-trinitrenotriazine.?® As
discussed below, the excited states attributed to (SOMO —
SOMO) spin flip electron transitions dominantly contribute to the
D®C tensor of 1. By the introduction of heavier halogen atoms, the
negative DS° contributions from excited Septet states grow
rapidly, particularly in the Dy, component. The spin gquantum
number-dependent coefficient C(c) is responsible for the negative
sign of the principal values of D> gy In 2, the D*° contributions
from excited quintet and septet states are comparable in
magnitude with different signs, which results in the reduction of
the D*° contributions. In 3, the excited septet states become more
important with respect to the D contributions, and excited nonet
states have non-negligible contributions to the DSC tensor.
Because the D° contributions from excited septet and nonet
states are highly asymmetric, which reflects the character of the
excited states as discussed below, the direction of the D5°;; axis
changes by the halogen substitutions.

Y Y Y Y zZ Y Y X X
A AUV CANV AUV GV AUV - AR (A

pSS pSO pSs+s0 DSS pSO pss+so DSS pSO pSs+s0

1 2 3
Fig. 2 Principal axes of the D%, D° and D%**° tensors in trinitrenes 1-3.

The important electronic excited states of 1-3 with respect to
the D tensors are summarized in Tables 3-5, respectively. In all
molecules under study, the excited quintet states described
mainly by (in-plane SOMO — out-of-plane SOMO) and (out-of-
plane SOMO — in-plane SOMO) spin flip excitations contribute
positively to the DSC principal values, which is a tendency similar
to typical high-spin arylnitrenes.?®® In trinitrene compounds
under study, three nitrene sites possess a pseudo-Cs symmetry,
and therefore the D contributions from the (SOMO — SOMO)
spin flip excited guintet states are nearly axial symmetric (Dy, =
D,,) in 1 and 2. In 3, the modulation effects on the spin density
distribution caused by the halogen substituents are much stronger
than in 1 and 2, which induces large anisotropy in the DS°
contributions from the (SOMO — SOMO) excited quintet states.

By introducing heavier halogen atoms, the excited states
involving electron transitions from the lone pair orbitals of the
halogen atoms become more and more important. No wonder that
both excitation energies and spin—-orbit coupling constants
(SOCCs) of these states strongly depend on the kind of
substituted halogens. The excited septet states of (lone pair —
SOMO) characters are particularly important. In 1, the spin-septet

The principal values of the DS and the DC tensors in the excited states of (lone pair — SOMO) characters did not appear

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



Physical Chemistry Chemical Physics

within the lowest ten states of the CASSCF solution in each
irreducible representation. Namely, the excitation energies of the
(lone pair — SOMO) excited septet states are sufficiently high in
1, leading to negligible D% contributions from these excited
states (see Fig. 3). Contrastingly, in 2, the D contributions from
the (lone pair — SOMO) excited septet states are comparable in
magnitude to those from the excited quintet states. In 3, the (lone
pair — SOMO) excited septet states prominently contribute to the
D*° tensor. Large D° contributions clearly arise from both the
w0 small excitation energies and the large SOCCs due to the
destabilization of the lone pair orbitals and increase of a nuclear
charge in heavier halogens. The ratio of the excited septet and
quintet (lone pair — SOMO) contributions to D%, to those of
D%°, is approximately 5:1 in both 2 and 3. This remarkable
15 difference in the contributions between the former 1 and the latter
2 and 3 is depicted in the energy diagram of Fig. 3. This large
anisotropic character is explained by the orientation of the lone
pair orbitals and a symmetry rule of SOC. From the symmetry
rule of SOC, electron transitions from the z-directed orbitals to
20 the x-directed orbitals contribute to the y-component of the SOC
integrals. In the trinitrene molecules under study, the in-plane
lone pair orbitals of valence p nature of the halogen atoms are
canted about 30 and —30 degrees from the z-axis in the yz-plane.
The 7 orbitals are parallel to the x-axis. Therefore, the excitations
2s from the lone pair orbitals to the m orbital dominantly contribute
to the Dy, component with minor contributions to the D,
component.

3

70000 o
2B, m—
9 —
60 0001 28,
50 000
‘TE 4 7B, m—
5 40000
w 1 7R — = P—
< 178, =™ 558, =—
30 000 2 T2 m—
2B,
=
2 sa2 = PEIS—— 2%, —— 178,
20000 3 9A, 3 %A, 4°A
lone pair —= 1
10 000 lone pair —= SOMO
SOMO — SOMO
0 . - -
N+ N+ NS
| | |
NN NTONTN- NTONTTR-
1 2 3
Fig. 3 Energy diagram of the selected excited states with the important
30 SOC contributing weights for 1-3.

In the dibromo derivative 3, the D5° contributions from the
excited nonet states are too large to neglect. Relatively large D°
contributions from the excited nonet states are attributed to the
(lone pair — n*) excitations such as the 2 °B, state. These (lone

3 pair — 7*) excited states have high excitation energies, but their
SOCCs are large enough to have significant contributions to the

D% tensor.

ZFS parameters of halogen-substituted para-phenylnitrenes
9-12.

0 To disclose heavy atom effects on the DS° tensors of halogen-
substituted high-spin nitrenes in more detail, the D tensor
calculations of halogen-substituted p-phenylnitrenes 9-12 as
shown in Scheme 2 were also carried out. In these molecules, the
|D| value decreased by the introduction of heavier halogen atoms,

45 and this tendency was explained in terms of the spin polarization
and the spin density delocalization mechanisms.?® It is interesting
to investigate the effects of the magnitude of SOC on the decline
in the experimental |D| values. In the present calculations,
Sapporo-DZP-2012 basis set® was used for the geometry

so optimizations and the CASSCF computations, because cc-pVDZ
basis set does not support iodine atom. The CASSCF active space
was set to (12e,100), as illustrated in Fig. 4 for 12. The results are
summarized in Table 6. Note that E values of these molecules
were determined to be small (< 0.002 cm™) in the experiment.

w0 e +Orm +O
| 12

Scheme 2

55

11by
% 431

9b,
14by
8b;

7b4

Fig. 4 CASSCF active space and the orbital occupancies in the main
configuration of the 1 *A, ground state of 12.

o The present calculations overestimate the D55 values by 10—

20%, but the D values is sufficiently reproduced. The D value is
close to 1.0 ecm™* in 9-12, and the main difference in the D
tensors is clearly seen in the DS term. The D° value gradually
decreases by the substitution of heavier halogen atoms. The
65 important excited states of 9-12 of which the DS contributions
are larger than 0.01 cm* in the absolute values are summarized
in Tables 7-10, respectively. Similar to the case of
trinitrenopyridines, the (SOMO — SOMO) spin flip excited
singlet states dominantly contribute to the DS tensor in the
70 fluorine derivative 9, and the D°° contributions from the (lone

4 | Journal Name, [year], [vol], 00—00
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pair — SOMO) and (lone pair — r*) excited states increase in
heavier halogen derivatives. The (lone pair — SOMO) excited
singlet and triplet states have very large SOCCs in the iodine
derivative 12, and the D°,, contribution amounts to 2.5623 cm™
and —2.6495 cm® for 3 'A; and 2 3A; states, respectively.
Because these singlet and triplet excited states contain similar
electron configurations, which give contributions to D similarly
in magnitude with different signs. As a result, a large amount of
the DSC contributions from these excited states is cancelled out.
Similar tendency is also seen in the (lone pair — =*) excited
states.

We also carried out the DFT calculations of the DS° tensor of
9-12 at the UBP86/Sapporo-DZP-2012 level using the PK, CP,
and QRO approaches. Among three approaches only the PK
method reproduces the trends of the D° values of our hybrid
method (9 > 10 > 11 > 12). However, the magnitude of the D%%.
gegs IS roughly 20 times larger than the D4 value, and the
D%C,, axes of 11 and 12 do not coincide with those calculated by
the hybrid CASSCF/MRMP2. The calculated result clearly shows
that all of the PK/CP/QRO DFT-based approaches to the D°
tensor are inadequate to reproduce the heavy atom effects on
nitrenes. In this context, we emphasize that the improvement of
the DFT-based approaches cannot be overestimated for their
further development.

Analysis of the D tensors calculated at PK-DFT on the basis
of an orbital region partitioning.

Among the three DFT-based approaches for DS° tensors, the PK
method gives the smallest error compared with the hybrid
CASSCF/MRMP2 results. The working equation of the PK
method is given in eqn (4).

0CC vir i hk aa aa hl ia
o)L S enlon )
1 g (il (v ')
482 B ap €ap ~€ip
1 el
4582 4 ap €ap ~ Cia
PN
45° i aa Eaa ~Eig

Here, the spatial parts of o and 3 spin orbitals are denoted by ¢
and y, respectively, and the occupied and unoccupied spatial
orbitals labelled by i and a, respectively. The orbital energies are
denoted by e. So far, the analysis of the theoretical D*° tensors by
means of PK-DFT was carried out on the basis of the spin
configurations (o — o, p — B, o — B, and p — «).22%038338
However, this type of analysis is not always useful, because the
D®C contribution from each spin configuration is generally much
larger in magnitude than the D tensor itself. The decomposed
D®C tensor of 3 based on the spin configuration at the UBP86/cc-
pVDZ level is given in Table 11 as a representative example. It is
hard to say which excitation is responsible for the positive DS°
value of 3, because most of the DS contributions are cancelled
out.

so Table 11. The decomposed D*° tensor of 3 on the basis of spin
configurations.

Excitations Dy/cm™ Dy, /cm™ Dylem™
o— o —27.30504 —22.17035 —25.65662
B—pB —27.05575 —24.20433 —26.19113
oa—fB 27.17867 24.77412 26.83483
B—a 27.16068 21.79263 24.96313

Instead, we propose the DS° analysis based on the orbital
region partitioning. At first, we define “most similar” pairs of o
ss and B spin orbitals having the largest <g,|ys> overlap. Then,
each orbital pair is assigned to three regions (doubly occupied
region (DOR), singly occupied region (SOR), and unoccupied
region (UORY)) in terms of the occupation number as illustrated in
Fig. 5. According to this region partitioning, the D° tensor can
s be decomposed into four contributions: DOR — UOR, SOR —
UOR, DOR — SOR and SOR — SOR. The relationship between
the excitation patterns in the orbital region partitioning and spin
configurations is summarized in Table 12. To perform this
analysis we implemented a PK-DFT program code in GAMESS-
es US software. In our implementation, the SOC integrals are
evaluated using one-electron spin—orbit Hamiltonian with
effective nuclear charges. We choose the bromo derivative 3 as
an example. At the UBP86/cc-pVDZ level of calculation, the DS°
value is calculated to be +0.2277 cm*. The decomposed D°
70 tensor of 3 based on the orbital region partitioning is given in
Table 13. The spin configuration-based and the orbital region
partitioning-based D° tensor analyses of other compounds are
given in ESL.

Unoccupied
Region (UOR)

Singly Occupied
Region (SOR)

| Doubly Occupied
Region (DOR)

£
7

75
Fig. 5 Schematic representation of the definitions of the orbital region
partitioning for the analysis of the D° tensors calculated by PK-DFT.

Table 12. Relationship between orbital region partitioning and spin
so configurations

Type of excitations Conceivable spin configurations

DOR — UOR a—-ao,p—Ba—-p oo
SOR — UOR a—o,a—f

DOR — SOR a—pB,B—B

SOR — SOR a—p

This journal is © The Royal Society of Chemistry [year]
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Table 13. The decomposed D*° tensor of 3 on the basis of the orbital
region partitioning.

Excitations Dy/cm™ Dy/cm™ D /cm™?
DOR — UOR 0.05645 0.03028 0.04930
SOR — UOR —0.06956 —0.04605 —0.11000
DOR — SOR —0.03288 —0.54027 —0.09153
SOR — SOR 0.02455 0.74811 0.10245

According to the orbital region partitioning, the large DSOyy
s value and hence the positive DS° value given by PK-DFT arises
from the SOR — SOR excitations. Note that in the hybrid
CASSCF/MRMP2 calculations the D, value from the spin-
quintet excited states is 0.0602 cm™* and roughly 12 times smaller
than the (SOR — SOR) value of PK-DFT. Frontier orbitals of 3
10 calculated at UBP86/cc-pVDZ are illustrated in Fig. S1 in ESI{.
The Kohn-Sham orbitals of 3 within SOR have large amplitude
on the substituted bromine atoms, and thus giving strong SOCs.

A prediction of the ZFS parameters of 3,5-diiodo-2,4,6-
15 trinitrenopyridine 13.

Recently, Chapyshev and Chernyak reported organic synthesis of
2,4,6-triazido-3,5-diiodopyridine 4-1,% that can be a precursor of
3,5-diiodo-2,4,6-trinitrenopyridine 13. Although the generation of
trinitrene 13 has not been reported to our knowledge, it is

20 worthwhile to predict the DS° tensor of 13 prior to ESR
experiments. We used DZVP basis set for the geometry
optimization by using HCTH/407  functional, and
CASSCF(20e,160) and MRMP2 calculations. According to the
hybrid method, the D5° and E° values of 13 are calculated to be

25 —0.3431 cm* and —0.0635 cm, respectively. The D%, axis is
parallel to the direction connecting the two iodine atoms. The D%®
and E*° values are calculated to be —0.1068 cm™* and —0.0100
cm %, respectively. The resultant DS5*° and ESS*° values are
—0.3046 cm * and —0.0051 cm *, respectively. Similarly to 3 the

% (lone pair — SOMO) excited states dominantly contribute the
negative D°C value of 13.

4. Conclusions

In the present study, the D% and D° tensors of halogen-
substituted 2,4,6-trinitrenopyridines 1-3 and p-phenylnitrenes 9—
35 12 have been calculated by the CASSCF and the hybrid
CASSCF/MRMP2 methods. The calculations reproduced trends
of the experimental |D| values, and the theoretical D55*° values
agreed with the experiment with an error of less than 15%.
The DS tensors are hardly perturbed by the introduction of
10 halogen substituents. By contrast, the DS tensors are strongly
influenced by the halogen substitutions. The introduction of
heavier halogen atoms causes negative shifts of the principal
values of D°. The positive DS contributions from the (SOMO
— SOMO) spin flip excited states of o = —1 are less sensitive to
45 halogen substitutions, but the (lone pair — SOMO) excited states
of the same spin multiplicity as the ground state (c = 0) give rise
to the large negative DS° contributions in the heavier halogen
derivatives. The D° contributions from the excited quintet and
septet states are comparable in magnitude with different signs in
02, and the D°° contributions from the excited septet states
become predominant in 3. In bromo- and iodo-substituted

5

a

60

6

@

70

75

80

8

a

9

S

9

a

10

15}

105

compounds 3, 11, and 12, the (lone pair — n*) excited states of ¢
= +1 have large SOCCs and therefore non-negligible
contributions to the DSC tensor, in spite of high excitation
energies of these states.

The comparison between theoretical D° tensors calculated by
the hybrid CASSCF/MRMP2 method and the PK/CP/QRO-DFT
methods revealed that all the tested DFT-based methods are
inadequate to investigate the heavy atom effects on ZFS of the
molecules under study. In order to analyze origins of the error in
PK-DFT, we have introduced an approach of orbital region
partitioning, which is based on the occupation number of a—f
orbital pairs. The orbital region partitioning analysis revealed that
the large positive D%° value of 3 obtained by PK-DFT arises from
the strong delocalization of SOMOs onto the bromine atoms.

Finally, the D tensor of 3,5-diiodo-2,4,6-trinitrenopyridine 13,
which can afford a test bed for the theory of D° tensors, is
predicted. We encourage experimentalists to give the
experimentally determined D tensor of 13 and those of other
related iodine-substituted nitrenes.

In quest for new molecular spin functionalities and their
control, molecular optimization becomes crucial. In this context,
the control of SOC in D tensors is important. In this work, we
emphasize that the DFT-based theoretical calculations for the DS
and D%° tensors have attracted attention owing to their low
computational costs and the availability of the published quantum
chemistry program packages™®* and at the same time we notice
that some difficulties intrinsic to the DFT-based approaches have
been pointed out by several groups®*~! and sophisticated ab initio
methods usually give more reliable results than DFT. Thus, the
improvement of the DFT-based approaches is extremely
important for their further development and applications to
sizable molecular systems.
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Table 1 Experimental and theoretical ZFS parameters D and E of spin-septet trinitrenes 1-3.

Molecule  D/cm™  D%cm™  D¥%m™ |D(Exptl)/lem™ D%peetlem? ESfem?  E%cm™? ES™%cm™  |E(Exptl.)/cm™
1 -0.1035  —0.0124 -0.1159 0.1018" -0.007 -0.0042  +0.0001 —0.0041 0.00377
2 -0.1011  +0.0065 -0.1055° 0.1019%° +0.013 -0.094 -0.0011 -0.0150 0.00325%
3 -0.1019  —0.2537 -0.2539° 0.297% +0.194 -0.0106  —0.0260 +0.0302 0.017%

2 The D principal axis of DS° does not coincide with that of D,

Table 2 Principal values of the theoretical D*° and D*° tensors of 1-3. Values in boldface are the Dz principal values in the conventional definition.

1 2 3
Dylcm™ Dy/cm™ Dylcm™ Dydcm™ Dy/lcm™ Dylcm™ Dylcm™ Dy/cm™ Dylcm™
DS —-0.0690 0.0303 0.0387 -0.0674 0.0243 0.0431 -0.0679 0.0234 0.0445
DSOQuimeta 0.0000 0.0135 0.0137 0.0000 0.0149 0.0147 0.0000 0.0602 0.0193
DSOSepmb 0.0000 -0.0011 -0.0014 0.0000 -0.0224 —0.0051 0.0000 —0.4008 -0.0766
D*nonet” 0.0000 0.0007 0.0000 0.0000 0.0022 0.0004 0.0000 0.0255 0.0052
DSO(TotaI) 0.0000 0.0131 0.0123 0.0000 —0.0053 0.0100 0.0000 -0.3150 —0.0522
DS5*s0 -0.0690 0.0434 0.0510 -0.0674 0.0190 0.0531 -0.0679 -0.2917 -0.0076
65 * D° contributions from excited quintet states. ® DS° contributions from excited septet states. ¢ DS° contributions from excited nonet states.
Table 3 Selected electronic excited states of 1.
Main configurations (|C| > 0.3) D%%/cm™
State (o Character® AEprmpo/cm soccYcm™ i=y i=z
3%A, 0.50 14b, — 4b; (SOMO — SOMO) 20 477 25.71 0.0065
0.38 3a, — 19a3; (SOMO — SOMO)
0.35 19a; — 38, (SOMO — SOMO)
2B, 0.50 19a; — 4b; (SOMO — SOMO) 22 360 37.43 0.0125
0.39 14b, — 3a; (SOMO — SOMO)
-0.30 4b, — 19a; (SOMO — SOMO)
457, 0.55 13b, — 5b; (SOMO — SOMO) 22 546 26.34 0.0062
-0.41 14b, — 5b; (SOMO — SOMO)
-0.39 5b; — 13b, (SOMO — SOMO)
37A, 0.49 14b, — 6b; (SOMO — %) 54 754 22.00 -0.0010
-0.47 13b, — 6b; (SOMO — 7*)

2 The active space consists of 16 orbitals: 18a;—19a;, 1a,—4a,, 1b:—7h;, and 12b,~14b,. ® CAS-CI coefficients. © Excitation configurations from the main
configuration of the 1 A, ground state. ¢ Spin—orbit coupling constants.
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Table 4 Selected electronic excited states of 2.

Main configurations (|C| > 0.3) D%/cm™
State o Character® AEyrmp2lcm soccCYem™ i=y i=z
3°A; 0.47 17b, — 5b; (SOMO — SOMO) 20 905 24.94 0.0060
0.39 4a, — 22a; (SOMO — SOMO)
0.34 22a; — 4a, (SOMO — SOMO)
457 0.51 16b, — 6b; (SOMO — SOMO) 21608 29.23 0.0079
-0.42 17b, — 6b; (SOMO — SOMO)
-0.41 6b, — 16b, (SOMO — SOMO)
2°B, 0.47 22a; — 5b; (SOMO — SOMO) 22 169 38.51 0.0134
0.38 17b; — 4a, (SOMO — SOMO)
-0.33 5b, — 22a; (SOMO — SOMO)
3°B, 0.50 4a, — 16b, (SOMO — SOMO) 24 891 11.54 0.0011
0.31 4a, — 17b, (SOMO — SOMO)
1B, 0.71 21a; — 6b; (lone pair — SOMO) 31999 71.79 —-0.0179
0.44 15b, — 4a; (lone pair — SOMO)
17A; 0.60 21a; — 4a, (lone pair — SOMO) 33761 29.25 —0.0028
0.58 15b, — 6b; (lone pair — SOMO)
47B, 0.54 15h, — 4a; (lone pair — SOMO) 42938 32.39 -0.0027
-0.43 21a; — 6b; (lone pair - SOMO)
0.34 21a; — 5b; (lone pair —» SOMO)
57A 0.49 17b, — 7b; (SOMO — 7%) 52 996 28.50 -0.0017
-0.45 16b, — 7b; (SOMO — 7*)
2°B, 0.80 15b, — 5a, (lone pair — 1) 67 939 28.01 0.0016

2 The active space consists of 16 orbitals: 21a;—22a;, 2a,-5a, 2b;-8b;, and 15b,—17h,. ® CAS-CI coefficients. © Excitation configurations from the main
configuration of the 1 “A, ground state. ¢ Spin—orbit coupling constants.

Table 5 Selected electronic excited states of 3.

Main configurations (|C| > 0.3)* D%%/cm™
State o Character® AEyrmp2/cm soccYcm™ i=y i=z
4°A, 0.50 22b, — 9b; (SOMO — SOMO) 21086 36.15 0.0124
0.42 9b; — 22b, (SOMO — SOMO)
-0.42 23b, — 9b; (SOMO — SOMO)
2°B, 0.46 28a; — 8b; (SOMO — SOMO) 21816 45.68 0.0191
0.39 23b, — 7a; (SOMO — SOMO)
-0.34 8b; — 28a; (SOMO — SOMO)
1B, 0.68 27a; — 9b; (lone pair - SOMO) 23843 255.07 -0.3032
0.39 21b, — 7a;, (lone pair —» SOMO)
0.36 27a; — 8b; (lone pair —» SOMO)
17A 0.62 27a; — 7a, (lone pair — SOMO) 24 685 126.81 -0.0724
0.58 21b, — 9by (lone pair — SOMO)
2'B, 0.69 27a; — 8b; (lone pair —» SOMO) 28 775 92.57 —-0.0331
-0.44 21b, — 7a, (lone pair - SOMO)
5°B, 0.35 23b, — 73, (SOMO — SOMO) 31611 71.15 0.0320
3B, 0.58 21b, — 7a, (lone pair — SOMO) 34045 108.99 —0.0388
—-0.46 27a; — 9b; (lone pair - SOMO)
2°B, 0.81 21b, — 8a; (lone pair — n*) 61531 92.48 0.0199

2 The active space consists of 16 orbitals: 27a,—28a;, 5a,-8a,, 5b;—11b;, and 21b,—23b,. ® CAS-CI coefficients. ¢ Excitation configurations from the main
configuration of the 1 “A, ground state. ¢ Spin—orbit coupling constants.

10 Table 6 Experimental and theoretical ZFS parameters D of p-substituted phenylnitrenes 9-12.

Molecule DSS/Cm71 DSO/Cm71 DSS+SO/Cm71 |D(EXpt|.)89|/Crﬁ71 Dsop|(_|;;|:>35/Crrr1 Dsocp_Bpselcm71 SOQRQ_En:ugs/(:ﬁrl
9 +1.0171 +0.1139 +1.1310 1.008 +0.0433 +0.1129 +0.0798
10 +0.9905 +0.0986 +1.0891 0.951 +0.0355 —0.2762 +0.2582
11 +0.9969 +0.0812 +1.0781 0.911 —0.0992 +3.1656 —8.2175
12 +0.9979 —0.0281 +0.9698 0.871 -0.5677 +21.0699 —52.3221
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Table 7 Selected electronic excited states of 9.

Main configurations (|C| > 0.3)%

State cP Character® AEyrmp/ecm™ socclem™ D%, /cm™

1A, 0.84 4b; — 9b, (SOMO — SOMO) 11324 12.62 0.0141
~036 9b, — 4b; (SOMO — SOMO)

2A 0.84 9b, — 4b; (SOMO — SOMO) 23110 46.26 0.0926
0.34 4b; — 9b, (SOMO — SOMO)

2 The active space consists of 10 orbitals: 1a,—2a,, 1b;—6b;, and 8b,~9b,. ® CAS-CI coefficients. © Excitation configurations from the main configuration of
the 1 A, ground state. ¢ Spin—orbit coupling constants.

s Table 8 Selected electronic excited states of 10.

Main configurations (|C| > 0.3)?

State cP Character® AEyrmp/ecm™ socclem™ D%, /cm™
1A, -0.83 5b; — 10b, (SOMO — SOMO) 11823 11.25 0.0107
0.37 10b, — 5b; (SOMO — SOMO)

2A -0.83 10b; — 5b; (SOMO — SOMO) 22 749 45.37 0.0905
-0.35 5b, — 10b; (SOMO — SOMO)

43 0.93 9b, — 5b; (lone pair — SOMO) 55101 46.91 —0.0399

414, 0.59 9b, — 5b; (lone pair —» SOMO) 56 181 30.30 0.0163
-0.34 10b, — 6b; (SOMO — 7*)

5 1A, ~0.65 9b, — 5by (lone pair — SOMO) 56 754 36.04 0.0229
-0.35 10b,; — 6b; (SOMO — 7*)

2 The active space consists of 10 orbitals: 1a,—2a,, 2b;—7h;, and 9b,~10b,. ® CAS-CI coefficients. ¢ Excitation configurations from the main configuration
of the 1 3A; ground state. ¢ Spin—orbit coupling constants.

Table 9 Selected electronic excited states of 11.

Main configurations (|C| > 0.3)?

State cP Character® AEyrmp/cm ™ socC%cm™ D%, /cm™
2A; 0.82 12b; — 7b; (SOMO — SOMO) 22 637 43.10 0.0821
0.36 7b, — 12b, (SOMO — SOMO)
5°A, 0.93 11b, — 7b; (lone pair — SOMO) 56 516 174.31 ~05376
41A, -0.87 11b, — 7b; (lone pair — SOMO) 56 774 160.38 0.4531
51A; -0.44 12b, — 8b; (SOMO — 7*) 57 476 43.76 0.0333
7A 0.49 6b; — 12b;, (1 — SOMO) 59 436 46.63 0.0366
10°A, -0.81 11b, — 8b; (lone pair — %) 76 182 65.30 ~0.0560
2°A -091 11b, — 8b (lone pair — 7*) 76 755 120.59 0.0632

10 @ The active space consists of 10 orbitals: 2a,-3a,, 4b;~9b, and 11b,-12b,. ® CAS-CI coefficients. ¢ Excitation configurations from the main configuration
of the 1 *A, ground state. ¢ Spin—orbit coupling constants.

Table 10 Selected electronic excited states of 12.

Main configurations (/C| > 0.3)%

State (e Character® AEmrvp2lcm ™ SocCY%em™ D%, /em™
2 A -0.82 14b; — 9b; (SOMO — SOMO) 22 591 35.71 0.0564
-0.36 9b; — 14b, (SOMO — SOMO)
31A -0.93 13b, — 9b; (lone pair — SOMO) 38315 313.33 25623
2°A, -0.93 13b, — 9b; (lone pair — SOMO) 38 365 318.82 ~2.6495
417, 0.77 8b; — 14b, (1 —» SOMO) 44 921 41.00 0.0374
-0.35 7b; — 14b, (1 —» SOMO)
43A, 071 14b, — 10b; (SOMO — 7%) 49 336 24.76 -0.0124
1A 0.91 13b, — 10b; (lone pair — ) 59 383 188.16 0.1987
8°A; -0.80 13b, — 10Dy (lone pair — %) 59 565 112.34 ~0.2119
9°A 0.82 13b, — 10b; (lone pair — %) 65 514 77.09 ~0.0907
91A, 0.87 13b, — 10b; (lone pair — *) 65 606 75.41 0.0867

3 The active space consists of 10 orbitals: 3a,—4a,, 6b;—11b;, and 13b,—14b,. ® CAS-CI coefficients. ¢ Excitation configurations from the main
15 configuration of the 1 °A, ground state. ¢ Spin—orbit coupling constants.
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