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ic analysis and successful deep-
neural-network-based conformational prediction
for [VO(dmso)5][BPh4]2†

Hiroshi Sakiyama, *a Takaaki Abiko,a Kosuke Yoshida,a Kaoru Shomura,a

Ryoji Mitsuhashi, b Yoshiki Koyama,c Masahiro Mikuriya, c Masayuki Koikawa d

and Minoru Mitsumi e

Pentakis(dimethylsulfoxide-kO)oxidovanadium(IV) bis(tetraphenylborate), [VO(dmso)5][BPh4]2 (dmso:

dimethylsulfoxide), was synthesized, and its pseudo-C4 VO6 coordination geometry was revealed by

a single-crystal X-ray method. A novel equation set was obtained for magnetic susceptibility and

magnetization of the d1 complexes, considering the axial distortion and the spin–orbit coupling for the
2D free-ion term. The equation set enabled magnetic simulation for significantly symmetry-lowered d1

complexes to obtain the anisotropic g-values and also the excitation energies. In addition,

conformational prediction was conducted, using the enumeration results on the basis of the group

theory. The dominant conformers were predicted on the basis of the density functional theory (DFT)

method, and especially, the conformer in the crystal was successfully predicted by a deep neural

network method.
Introduction

Magnetic susceptibility and magnetization are fundamental
physicochemical properties that need to be interpreted based
on an appropriate theoretical model. Magnetic data, however,
are sometimes too difficult to be simulated, especially when
the orbital angular momentum remains unquenched. In the
case of metal complexes of cubic symmetry, the orbital angular
momentum remains when the ground term belongs to the T
irreducible representation. The magnetic theory was estab-
lished for the T-ground-term complexes;1–3 however, it doesn't
work well when the distortion from the cubic symmetry is
large. To solve this problem, the most important thing is to
consider the excited terms that will inuence when the
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symmetry is lowered. In this study, a new theoretical equation
set was obtained for the simplest T-term, 2T2 term, considering
also the excited 2E term. The theoretical equation set is ex-
pected to work universally for any degree of distortion.
Deriving such theoretical equations, considering the excited
term, is expected to enable the magnetic analysis for all metal
complexes in the future, clarifying the ground states
experimentally.

Octahedral metal complexes with the T-term ground state
are expected to exhibit signicant magnetic anisotropy origi-
nate from small distortion, due to the spin–orbit coupling. On
the other hand, too large distortion causes a split of the T-term
to afford a non-T-term ground state, diminishing the signi-
cant magnetic anisotropy. The novel magnetic equation set,
derived in this study, can be universally used for both large
and small distortion for the 2T2-ground-term complexes.
Moreover, the novel equation set can relate the magnetic data,
the electron spin resonance (ESR) data, and the electronic
spectral data.

An octahedral vanadium(IV) complex is the simplest example
of the T-ground-term complex, possessing the d1 electronic
conguration. The 2D free-ion term splits into the ground 2T2

state and the excited 2E state in the O symmetry; however, the
further splitting caused by the tetragonal distortion changes the
ground state to the non-T-term ground state, 2B2, in the C4

symmetry (Fig. 1).4 In this case, since the orbital angular
momentum is almost quenched, the rst-order spin–orbit
coupling is neglected and only the admixing effect by the
second-order spin–orbit coupling is considered.4,5 Hereaer, we
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 The energy diagram for the d1 electronic configuration. A
typical method without the consideration of the spin–orbit split (i),
a typical method considering the spin–orbit split (ii), and a new full
method (iii).

Table 1 Crystallographic data and refinement parameters of 1

Empirical formula C58H70B2O6S5V
Formula weight 1096.00
Crystal system Monoclinic
Space group P21/c
a/Å 11.7605(7)
b/Å 12.7062(8)
c/Å 37.334(2)
b/� 91.0600(10)
V/Å3 5578.0(6)
Z 4
Crystal dimensions/mm 0.38 � 0.26 � 0.24
T/K 90
l/Å 0.71073
rcalcd/g cm�3 1.305
m/mm�1 0.414
F(000) 2316
2qmax/� 57.1
No. of reections measured 36 379
No. of independent reections 13 561 (rint ¼ 0.0541)
Data/restraints/parameters 13 561/4/668
R1

a (I > 2.00s(I)) 0.0544
wR2

b (all reections) 0.1289
Goodness of t indicator 1.027
Highest peak, deepest hole/e Å�3 0.450, �0.376

a R1 ¼ S||Fo| � |Fc||/S|Fo|.
b wR2 ¼ [S(w(Fo

2 � Fc
2)2)/Sw(Fo

2)2]1/2.
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View Article Online
refer this approximation as method (i). This method is valid
only when the rst-order orbital angular momentum is practi-
cally quenched due to the large distortion.

On the other hand, when the distortion from the regular
octahedron is not so large, the conventional T-term theory1–3,5 is
valid. In this case, since the orbital angular momentum remains
unquenched, the rst-order spin–orbit coupling plays an
important role. Hereaer, we refer this as method (ii). This
method considers the rst-order spin–orbit coupling of the
states originated from the 2T2 state, but the higher states from
the 2E state are not considered. Thus, the method (ii) is valid
only when the admixing of the higher states can be neglected.
So far, these twomethods have been applied for axially distorted
octahedral d1 systems.5

In this study, in order to solve the problems of the limitation
in the above two methods, new method (iii) is derived, consid-
ering both the rst-order and the second-order spin–orbit
coupling effects for all the states derived from the 2D free-ion
term by symmetry-lowering. In addition, structure and
magnetic properties are investigated for a newly prepared pen-
takis(dimethylsulfoxide-kO)oxidovanadium(IV) complex,
[VO(dmso)5][BPh4]2 (1) (dmso: dimethylsulfoxide), in order to
evaluate the three methods.

Another topic of this study is predicting the structure of
exible metal complexes. Even a simple [VO(dmso)5]

2+ type
complex cation has more than 8000 conformers6 with respect to
the rotations around V–O(dmso) and O–S bonds. In such a case,
as we conducted previously for [Mg(dmso)6]

2+ complex cation,7

one of the reliable methods in predicting structures is
a conformational analysis considering all the possible
conformers. In this study, conformational analysis was con-
ducted, using the enumeration result7 on the basis of the group
theory, in order to nd which conformers are stable. Moreover,
conformational prediction was conducted by also a machine
learning technique in articial intelligence with a deep neural
network model.8
This journal is © The Royal Society of Chemistry 2020
Results and discussion
Synthesis and characterization of 1

An oxidovanadium(IV) complex, [VO(dmso)5][BPh4]2 (1), was
newly synthesized from oxidovanadium(IV) sulfate and sodium
tetraphenylborate in dmso solution. Synthetic details are
described in Experimental section. The compound is stable in
dmso solution, and can be recrystalized from dmso/2-propanol.
Complex 1 was characterized by infrared spectra and elemental
analysis. If the IR spectra of 1 are compared with its derivatives,
[Mg(dmso)6][BPh4]2,7 [Co(dmso)6][BPh4]2,9 and [Zn(dmso)6]
[BPh4]2,10 the band at around 983 cm�1 is unique, and it can be
reasonably assigned to the V]O stretching band (1000–
970 cm�1).11 The band at around 952 cm�1 is common to the
other derivatives, and can be assigned to the S]O stretching
band of the dmso-kO ligand (�950 cm�1).12 The intense bands
at around 735 and 708 cm�1 are assigned to tetraphenylborate
anion.
Crystal structure of 1

Crystallographic data are summarized in Table 1, and the
structure of the complex cation, [VO(dmso)5]

2+, is shown in
Fig. 2. The compound consists of the complex cations and the
tetraphenylborate anions in 1 : 2 molar ratio. In the complex
cation, the oxido and ve dmso ligands coordinate to the central
vanadium(IV) ion through the oxygen atoms, forming an octa-
hedral VO6 coordination geometry.

Although the disorder was observed around one of the dmso
moieties [S(5A), C(9A), C(10A)], we will discuss only the main
structure, because the occupancy of the minor structure is small
RSC Adv., 2020, 10, 9678–9685 | 9679

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00854k


Fig. 2 Crystal structure of [VO(dmso)5]
2+ in 1 at 90 K. Hydrogen atoms

and disordered minor structure are omitted for clarity.
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[0.146(2)]. (Note: alert B in checkCIF is due to the missing
hydrogen atoms that could not be handled well in the disor-
dered minor moiety.) Selected bond distances and angles are
summarized in Table 2. The V]O bond distance was found to
be 1.5974(18) Å, and this is normal for the octahedral oxidova-
nadium(IV) complexes [1.57–1.61 Å].13 The equatorial V–O
distances fall in the range of 2.0009(17)–2.0270(18) Å, which is
shorter than the axial V–O distance of 2.1841(17) Å. These
distances are also normal for the octahedral oxidovanadium(IV)
complexes [1.99–2.03 Å for equatorial V–O and 2.16–2.24 Å for
axial V–O].13 The central VO6S5 unit was found to take the defect
S6 symmetry (conformer L5-B35*6), which was thought to be
stable. In the related [Co(dmso)6]

2+ and [Zn(dmso)6]
2+ complex

cations, the S6 symmetry was found for the MO6S6 unit [M ¼
Mg(II), Co(II), and Zn(II)].7,9,10

Comparing the structure of 1 with its perchlorate derivative,
[VO(dmso)5][ClO4]2 (2),13 the conformations of the cations are
different from each other with respect to the orientation of the
terminal methyl groups, although the central VO6S5 units have
Table 2 Selected bond distances and angles

Atom–atom Distance/Å Atom–atom Distance/Å

V(1)–O(1) 1.5974(18) V(1)–O(2) 2.1841(17)
V(1)–O(3) 2.0160(18) V(1)–O(4) 2.0270(18)
V(1)–O(5) 2.0195(18) V(1)–O(6) 2.0009(17)

Atom–atom–atom Angle/� Atom–atom–atom Angle/�

O(1)–V(1)–O(2) 174.40(8) O(1)–V(1)–O(3) 97.06(8)
O(1)–V(1)–O(4) 95.89(8) O(1)–V(1)–O(5) 97.58(8)
O(1)–V(1)–O(6) 99.72(8) O(2)–V(1)–O(3) 83.78(7)
O(2)–V(1)–O(4) 78.56(7) O(2)–V(1)–O(5) 81.77(7)
O(2)–V(1)–O(6) 85.81(7) O(3)–V(1)–O(4) 90.45(7)
O(3)–V(1)–O(5) 165.32(7) O(3)–V(1)–O(6) 89.10(7)
O(4)–V(1)–O(5) 89.21(7) O(4)–V(1)–O(6) 164.32(7)
O(5)–V(1)–O(6) 87.28(7)

9680 | RSC Adv., 2020, 10, 9678–9685
the same defect S6 symmetry. In 2, oxido oxygen is hydrogen-
bonded to a dmso methyl group of the adjacent complex
cation, forming a one-dimensional chain structure of the
complex cations, while the cation is isolated from the others in
1. This structural difference is thought to be one of the reasons
of the conformational difference between 1 and 2.
Theory

Here we extend the conventional T-term theory1–3,5 by consid-
ering also the excited E-term. We start with the conventional
Hamiltonian,H¼ Vdis + klL$S + b[kLu + ge Su]$Hu (u¼ x, y, z), for
a slightly distorted octahedral structure with the d1 electronic
conguration, where D is the axial splitting parameter, k is the
orbital reduction factor, l is the spin–orbit coupling parameter,
and Vdis ¼ D(2/3 � Lz

2/3).14 It should be emphasized that not
only the Hamiltonian but also the basis set is important. Now
we introduce the following basis set (eqn (1)) for the d1 elec-
tronic conguration, using the |ML, MSi functions (ML ¼ 0, �1,
�2 and MS ¼ �1/2). The functions j+1, j+2, j+3, j+4, and j+5

correspond to �idxya, ð
ffiffiffi
2

p
=2Þ{�idyza � dxza}, ð

ffiffiffi
2

p
=2Þ{–idyza +

dxza}, dx2�y2a, and dz2a, respectively, and the functions j�1, j�2,

j�3, j�4, and j�5 correspond to idxyb, ð
ffiffiffi
2

p
=2Þ{�idyzb + dxzb},

ð ffiffiffi
2

p
=2Þ{�idyzb � dxzb}, dx2�y2b, and dz2b, respectively, where

a and b correspond to up and down spins, respectively.

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

j�1 ¼ H

ffiffiffi
2

p

2

����2;� 1

2

�
�

ffiffiffi
2

p

2

�����2;� 1

2

�

j�2 ¼
�����1;� 1

2

�

j�3 ¼
����H1;� 1

2

�

j�4 ¼
ffiffiffi
2

p

2

����2;� 1

2

�
þ

ffiffiffi
2

p

2

�����2;� 1

2

�

j�5 ¼
����0;� 1

2

�

(1)

Here, the basis set {j�1, jH2, jH3} corresponds to the 2T2 state,
and the basis set {j�4, j�5} corresponds to the 2E state. The
secular matrix for the 2T2 term is obtained as shown in Table 3
from the Hamiltonian and the basis set. The resulting matrix
corresponds to the Figgis matrix,1 although the treatment of the
orbital reduction factor is different.

If the 2E term is included to the matrix for the 2T2 term, the
secular matrix for the 2D term is obtained as shown in Table 4.
The parameters Q and P represent the energy separations from
2B2 to

2B1 and from 2B2 to
2A1, respectively (Fig. 3).
Table 3 Secular matrix for the 2T2 term

j�1 jH2 jH3

–2D/3
ffiffiffi
2

p
kl=2 0ffiffiffi

2
p

kl=2 D/3 + kl/2 0
0 0 D/3 � kl/2

This journal is © The Royal Society of Chemistry 2020
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Table 4 Secular matrix for the 2D term

j�4 j�1 jH2 jH3 j�5

�2D/3 + Q –kl
ffiffiffi
2

p
kl=2 0 0

–kl –2D/3
ffiffiffi
2

p
kl=2 0 0ffiffiffi

2
p

kl=2
ffiffiffi
2

p
kl=2 D/3 + kl/2 0 0

0 0 0 D/3 � kl/2
ffiffiffi
6

p
kl=2

0 0 0
ffiffiffi
6

p
kl=2 �2D/3 + P

Fig. 3 The energy separations under the C4v symmetry.

Fig. 4 The powder electron spin resonance spectra of 1 at liquid
nitrogen temperature (above) and theoretical simulation with gz ¼
1.933, gy ¼ 1.974, gx ¼ 1.974,Wz ¼ 20 G,Wy ¼Wx ¼ 18 G, I ¼ 7/2, Az ¼
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Now, the basis set is converted to a new basis set (eqn (2)),
then the secular matrix for the 2D term can be modied as
shown in Table 5.

8>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>:

ffiffiffi
2

p

2
j�4 �

ffiffiffi
2

p

2
j�1 ¼

�����2;� 1

2

�
ffiffiffi
2

p

2
j�4 þ

ffiffiffi
2

p

2
j�1 ¼

����H2;� 1

2

�

jH2 ¼
����H1;H

1

2

�

jH3 ¼
�����1;H

1

2

�

j�5 ¼
����0;� 1

2

�

(2)

By solving the resulting secular matrix, the zero-eld ener-
gies, E(0)n , and the rst- and second-order Zeeman coefficients,
E(1)n,z, E

(1)
n,x, E

(2)
n,z, and E(2)n,x, can be obtained (n ¼ �1, �2, �3, �4,

�5). Fortunately, the matrix can be solved parametrically as
Table 5 Modified secular matrix for the 2D term

|�2, �1/2i |H2, �1/2i

�2D/3 + kl + Q/2 Q/2
Q/2 �2D/3 � kl + Q/2
0 kl

0 0
0 0

This journal is © The Royal Society of Chemistry 2020
closed forms, and the exact solution can be obtained. The
resulting equations are included in ESI.† As well as the zero-
eld energies and the Zeeman coefficients, the anisotropic g-
values can be expressed (eqn (3)), using only three parameters,
the orbital reduction factor k, the parameter v [v ¼ D/(kl)], and
the parameter q [q ¼ Q/(kl)].8>>><

>>>:
gz ¼ ge � 16v2qþ 2q2

2v2q2 þ 2v2 � q2
k

gx ¼ ge � 2q

vðqþ 1Þ k
(3)

Electron spin resonance (ESR) and magnetic properties

The powder electron spin resonance (ESR) spectra were
measured at room temperature and at liquid nitrogen temper-
ature (Fig. 4). The spectra were essentially the same at both
temperatures, showing axial pattern. From the simulation, the
g-values were obtained as gz ¼ 1.933 and gx ¼ 1.974 at liquid
nitrogen temperature. These values are close to those for the
[VO(H2O)5]

2+ complex (gz ¼ 1.933 and gx ¼ 1.981), which were
thoroughly discussed by Figgis and Hitchman.15 They consid-
ered the ligand-eld splitting under C4v symmetry and the
admixing from the excited 2B1 and 2E states to the ground B2

state. From the powder electronic spectra, the transition ener-
gies for 2B2 /

2E (D) and 2B2 / 2B1 (Q) transitions were esti-
mated as 10 000 cm�1 and 16 000 cm�1, respectively for the
[VO(H2O)5]

2+ complex.4 Using the following approximation, the
k2l value was estimated as 141 cm�1, where k and l are the
|H1, H1/2i |�1, H1/2i |0, �1/2i

0 0 0
kl 0 0
D/3 + kl/2 0 0
0 D/3 � kl/2

ffiffiffi
6

p
kl=2

0
ffiffiffi
6

p
kl=2 �2D/3 + P

195.5 G, Ay ¼ Ax ¼ 70.7 G (below).

RSC Adv., 2020, 10, 9678–9685 | 9681
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orbital reduction factor and the spin–orbit coupling parameter,
respectively. 8>>><

>>>:
gz ¼ ge � 8k2l

Q

gx ¼ ge � 2k2l

D

(4)

It should be emphasized that eqn (4) can be derived from eqn
(3) by approximation, because of the relationship q > v > 1.

Magnetic susceptibility (cA) was measured in the tempera-
ture range of 2–300 K, and the cAT versus T plot is shown in
Fig. 5. The observed cAT value at 300 K (0.396 cm3 K mol�1) was
close to the spin-only value (0.375 cm3 K mol�1) for the S ¼ 1/2
spin state. When lowering the temperature, the observed cT
value linearly decreased to 2 K (0.360 cm3 K mol�1 at 2 K). The
saturation behaviour of the magnetization (Fig. 5, insertion) is
consistent with the S ¼ 1/2 ground state. For the magnetic data
analysis, the symmetry was assumed to be axial because the ESR
showed an axial pattern. The magnetic susceptibility data were
analysed by the magnetic susceptibility equation (eqn (5)),
including the newly derived zero-eld energies and Zeeman
coefficients in the Theory section above. For the magnetization,
the powder average is calculated using the expanded equation16

(eqn (6) and (7)) for the axial symmetry (n¼�1,�2,�3,�4,�5;
m ¼ 90), although the Brillouin function equation14 is also valid
for 1 with the averaged g-value, due to the small g-anisotropy.

cA;u ¼
N
P
n

�
�Eð1Þ

n;u � 2Eð2Þ
n;uHu

�
exp
�
�En;u

�
kT
�

Hu

P
n

exp
�
�En;u

�
kT
� ðu ¼ z; xÞ

(5)

Mav ¼
Xm
j¼1

M

 
j � 45

m

!
p

180

0
BBBB@

1
CCCCA
�
cos

ðj � 1Þp
180

� cos
jp

180

	
(6)
Fig. 5 The cAT versus T plot at 5000Oe and theM versus H plot of 1 at
2 K (insertion). The observed data ( ) and the theoretical curves ( ) with
the best-fitting parameter set (l, k, D, Q, TIP) ¼ (250 cm�1, 0.76,
12 000 cm�1, 16 000 cm�1, 80 � 10�6 cm3 K mol�1).
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MðqÞ ¼
N
P
n

�
�E

ð1Þ
n;q � 2E

ð2Þ
n;qHq

�
exp
�
�En;q

�
kT
�

P
n

exp
�
�En;q

�
kT
� (7)

The best-tting parameter set was obtained as (l, k, D, Q,
TIP) ¼ (250 cm�1, 0.76, 12 000 cm�1, 16 000 cm�1, 80 � 10�6

cm3 K mol�1) with good discrepancy factors (Rc ¼ 6.2 �10�5

and RcT ¼ 8.2 �10�6). The obtained l value is consistent with
the expected spin–orbit coupling parameter for vanadium(IV)
ion (250 cm�1).15 The obtained k value is smaller than the free-
ion value, but it is normal because of the p orbital contribution.
The obtained D and Q values, corresponding to the 2B2 / 2E
and 2B2 /

2B1 separations, respectively, are concordance with
the electronic spectra (Fig. 6). The P value, corresponding to the
2B2 / 2A1 separation, could not be determined from the
magnetic data tting. From the obtained parameters, the
anisotropic g-values were calculated, using eqn (3). The calcu-
lated g-values were gz ¼ 1.930 and gx ¼ 1.977, which were in
good agreement with the observed ESR result. Consequently,
the magnetic analysis by method (iii) was successfully con-
ducted to simulate the magnetic data, the electron spin reso-
nance (ESR) data, and the electronic spectral data.

The conventional magnetic analysis by method (i) was also
successfully conducted to simulate the magnetic data with the
parameters (giso, TIP) ¼ (1.96, 125 � 10�6 cm3 K mol�1) with
good discrepancy factors (Rc ¼ 2.3 �10�5 and RcT ¼ 9.8 �10�6).
The obtained isotropic g-value (giso ¼ 1.96) was consistent with
the averaged g-value (gav ¼ 1.962) obtained by method (iii);
however, the further analysis was unable to determine the
anisotropic g-values by method (i).

The magnetic analysis by method (ii), considering the T-
term, was also conducted, and the magnetic data seemed to
be simulated with the parameters (l, k, D) ¼ (83 cm�1, 0.85,
2150 cm�1) with good discrepancy factors (Rc ¼ 4.3 �10�5 and
RcT ¼ 6.3 �10�6). However, the D value obtained by method (ii)
was not consistent with the electronic spectra. Worse, the
calculated anisotropic g-values (gz ¼ 1.999, gx ¼ 1.946, gav ¼
1.964) by method (ii) were completely different from the ESR
data except for the averaged value.
Fig. 6 The powder electronic spectra of 1.

This journal is © The Royal Society of Chemistry 2020
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In conclusion, in the case of the [VO(dmso)5][BPh4]2 complex
(1), the octahedral coordination geometry was signicantly
symmetry-lowered by the oxido ligand. Thus, the T-term based
analysis [method(ii)] was no longer useful, because the excited
E-term was completely neglected in this method. Conventional
spin-only method [method(i)] worked well to obtain reasonable
isotropic g-value, because the orbital angular momentum was
practically quenched. The novel method [method (iii)], consid-
ering both the T-term and the excited E-term, worked quite well
to obtain the consistent anisotropic g-values and also the exci-
tation energies for 1. Method (iii) is of course effective not only
for the large distortion case, but also the small distortion case.
Moreover, the method is expected to be effective for the inter-
mediate case and to be able to be expanded for the symmetries
that are not subgroups of octahedral symmetry.
Conformational analysis for [VO(dmso)5]
2+ complex cation

A lot of conformers are possible for the octahedral pentakis-
dmso oxidovanadium(IV) complex cation, because it is exible
with respect to the rotation around the V–O(dmso) and O–S
bonds. Therefore, in order to nd which conformers are stable,
conformational analysis was conducted for the [VO(dmso)5]

2+

complex cation. Enumeration of this type of conformers was
previously conducted on the basis of group theory,6 and the
result was described using the conformer codes. Since the
defect S6 conformation is stable for the central VO6S5 unit and
only this conformation is practically possible, 243 conformers,
possessing the defect-S6-VO6S5 unit (code name: L5-B35), were
considered in conformational analysis.

The resulting top six conformers and typical conformers are
listed in Table 6. When we previously conducted the confor-
mational analysis of the [Mg(dmso)6]

2+ complex cation,7 the
three typical dmso-arms are named as a, b, and g. The nature of
the each arm conformation is as follows. The a-arm confor-
mation is generally suitable for reducing the inter-ligand steric
repulsions, and is oen found in related dmso complexes,
[Zn(dmso)6][ClO4]2, [Mn(dmso)6]I2, [Fe(dmso)6][SnCl6]2,
[Co(dmso)6][SnCl6]2, and [Ni(dmso)6][SnCl6]2;17 the b-arm
conformation is less suitable in reducing the inter-ligand steric
repulsions, but is possible to be stabilized to some extent by
Table 6 Top six and some other conformers of [VO(dmso)5]
2+ in

dmso solvent

Conformera Point group Armsb DEc

L5-B35-123 C1 aaaba 0.00
L5-B35-126 C1 aabba 0.06
L5-B35-162 C1 aabab 0.29
L5-B35-135 C1 aabaa 0.31
L5-B35-132 C1 aaaaa 0.51
L5-B35-153 C1 aabbb 1.05
L5-B35-233 C1 bbbbb 4.67
L5-B35-1 C1 ggggg 13.45

a Conformer codes are listed in Table S1. b Counterclockwise order in
Fig. 7. c Energy difference (kcal mol�1).

This journal is © The Royal Society of Chemistry 2020
CH/p interaction with surroundings; the g-arm conformation
is not suitable in reducing the inter-ligand steric repulsions, but
is suitable for reducing the size of the complex cation.7 In the
case of the present [VO(dmso)5]

2+ complex cation, three typical
conformers possessing a5-, b5-, and g5-arms are shown in Fig. 7.
As expected, the a5 conformer is the most stable among them,
while the g5 conformer is the most unstable. Judging from the
energy differences between conformers (Table 6) and the
thermal energy value (kT ¼ 0.60 kcal mol�1 at 300 K), several
conformers, are thought to be mixed in solution.

The crystal structure of [VO(dmso)5]
2+ and several stable

conformers are shown in Fig. 8. It is noted that the crystal
structure (Fig. 8a) is the mirror image of that in Fig. 2. Judging
from the energy differences, conformer L5-B35-123 possessing
aaaba-arms and conformer L5-B35-126 possessing aabba-arms
are the dominant species in solution.
Conformational prediction by deep neural network method

In this study, conformational prediction for the [VO(dmso)5]
2+

complex cation was conducted by also a machine learning
technique in articial intelligence with a deep neural network
model,8 trained on a magnesium derivative data. Previously, we
conducted conformational analysis of [Mg(dmso)6]

2+ complex
cation, considering 130 conformers possessing the S6–MgO6S6
cores.7 By learning the resulting structure-energy pairs,
a trained neural-network-model was successfully constructed.
This model can successfully indicate whether the conformation
is energetically stable with a ve-point scale for [Mg(dmso)6]

2+.
Prediction for the present [VO(dmso)5]

2+ complex cation
became possible by adding a scaling factor to input data and
a processing program for output data. As the result, the most
probable conformer was predicted as L5-B35-126, and all of the
243 conformers were categorized in a ve-point scale (A: the
most probable 25 conformers; B: 66 conformers; C: 91
conformers; D: 47 conformers; E: 14 conformers). The predicted
conformer L5-B35-126 was incidentally the conformer found in
the crystal structure. The top six conformers discussed in the
above section were included in the most probable category A.
Therefore, the 243 candidates of the conformers were success-
fully narrowed down to one tenth. Generally, full conformation
search with structure optimization calculation is a time-
consuming task. Therefore, narrowing down candidates by
machine learning is expected to be useful in timesaving in
future structural prediction. It should be also emphasized that
the prediction by machine learning completes at once, using
Fig. 7 The structures of conformers L5-B35-132 (a), L5-B35-233 (b),
and L5-B35-1 (c).
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Fig. 8 The crystal structures of [VO(dmso)5]
2+ cation (a) and the

structures of conformers L5-B35-123 (b), L5-B35-126 (c), L5-B35-162
(d), and L5-B35-135 (e).
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unoptimized structures immediately generated on the basis of
the group theory, as long as the trained model exists. Anyhow,
the deep neural net work model, trained on the more symmetric
[Mg(dmso)6]

2+ data, was found to be quite useful in predicting
the conformer of symmetry-lowered [VO(dmso)5]

2+.

Experimental
Materials and methods

All the chemicals were commercial products and were used as
supplied. Elemental analyses (C, H, and N) were obtained at the
Elemental Analysis Service Centre of Kyushu University. IR
spectra were recorded on a JASCO FT/IR-4100 FT-IR spectrom-
eter. Magnetic susceptibility measurements were made on
a Quantum Design MPMS-XL5 susceptometer with scan rates of
1 K min�1 for 2–20 K and 2 K min�1 for 20–300 K at 5 kOe. The
isothermal magnetization was measured on a Quantum Design
MPMS-XL5 susceptometer at 2 K in an applied eld up to 50
kOe. The magnetic correction for the sample holder was per-
formed by measurement for the empty polyethylene lm inside
a plastic straw. The susceptibilities were corrected for the
diamagnetism of the constituent atoms using Pascal's
constants. X-band ESR spectra were recorded at room temper-
ature (rt) and 77 K on JEOL JES-TE300 ESR spectrometer.
Experimental conditions: n ¼ 9.44790 (rt) and 9.19431 (77 K)
GHz; microwave power ¼ 4.0 mW; modulation frequency ¼ 100
kHz; modulation width ¼ 10.0 G. The powder electronic spectra
were recorded on Shimadzu UV-3100 spectrometer that was
equipped with an integrating sphere in the 200–2000 nm
region.

Synthetic procedures

[VO(dmso)5][BPh4]2 (1). Oxidovanadium(IV) sulfate n hydrate
(0.33 g, 2.0 mmol) was dissolved in dmso (4 mL), and stirred for
12 h. To this was added 2-propanol solution (4 mL) of sodium
tetraphenylborate (1.37 g, 4.0 mmol), and reuxed for 20 min.
The addition of 2-propanol (4 mL) resulted the precipitation of
blue microcrystals. Yield: 1.23 g (56%). Recrystallized from hot
dmso/2-propanol. Yield: 0.50 g (23%) (Found: C, 63.35; H,
9684 | RSC Adv., 2020, 10, 9678–9685
6.45; V, 4.60%. Calc. for C58H70B2O6S5V (1): C, 63.55; H, 6.45; V,
4.65%). Selected IR data [~n/cm�1] using a KBr disk: 3055–2985,
2915, 1580, 1478, 1424, 1319, 1135, 1032, 983, 952, 931, 749,
735, 708, 612.

Crystallography

Single-crystals suitable for X-ray analysis were obtained by slow
diffusion of 2-propanol to a dmso solution of 1. Single-crystal
diffraction data were measured on a Bruker Smart APEX CCD
diffractometer. The structure was solved by intrinsic phasing
methods and expanded using Fourier techniques. The non-
hydrogen atoms were rened anisotropically except for the
disordered minor dmso domain, and hydrogen atoms were
rened using the riding model. In the minor domain, hydrogen
atoms were not considered because the hydrogen atoms in the
major domain failed to converge. The nal cycle of full-matrix
least squares renement on F2 was let to satisfactory converge
with R1 ¼ 0.0544 [I > 2s(I)]. Final R(F), wR(F2), and goodness of
t agreement factors, as well as details on data collection and
analysis are in Table 1.

Computations

Magnetic analyses and magnetic simulation were conducted
using MagSaki(VIV)0.1.1 and MagSaki(B)0.7.4 programs of
MagSaki series. ESR simulation was conducted using “Hyper-
ne Spectrum” program with the spin Hamiltonian, Hs ¼ bBgS
+ SAI.18 DFT computations were performed using GAMESS
program19 on FUJITSU PRIMERGY CX400 (TATARA computer)
at Kyushu University. Structural optimizations were performed
with LC-BOP/6-31G.20

Deep neural network method

Machine learning and conformational prediction using deep
neural network models were conducted by Keras21 and Ten-
sorFlow22 under Jupyter23 and Anaconda24 on a Windows 8
computer. A deep neural network was adopted as a model, and
supervised learning was performed to classify conformer
structures into ve classes of energy. For the learning, the
previously obtained 130 optimized structures of [Mg(dmso)6]

2+

conformers and energy values were used. The 130 data were
increased to 390 by symmetry operations (C3 and C3

2). For each
structure, 216 S/H distances were extracted, obtaining a 216-
dimensional feature vector, and the resulting 216 � 390 tensor
was prepared as input data. This input data was split into
training and test data in a 7 : 3 ratio. In the model, the ReLU
function22 was used for the activation function of the hidden
layer, and the somax function22 was used for the output layer.
Finally, a four-layer model with 128 units was adopted as the
minimummodel. To avoid overtting, the training was rounded
up in 2000 cycles before the scores (accuracy and loss) wors-
ened. As the result, eight weight tensors were successfully ob-
tained for the [Mg(dmso)6]

2+ conformers. To predict the
[VO(dmso)5]

2+ conformers, the trained [Mg(dmso)6]
2+ model

was used with an additional scaling factor for input and
summing program for output. Without the scaling factor, the
output values showed no difference in conformers; however, the
This journal is © The Royal Society of Chemistry 2020
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scaling factor was found to change the magnitude in the output
without changing the order of the conformers. By controlling
the scaling factor, the program can be used for both most
probable structure prediction and energy classication. Instead
of the lacking S/H distances in the [VO(dmso)5]

2+ conformer,
extremely large values were used in the input, assuming cti-
tious atoms at innite distance. In this way, the effects of
ctitious atoms can be eliminated. Initial structures of the
conformers were generated by ConfDatMaker soware.25

Conclusions

In this study, a universal magnetic equation set was newly ob-
tained for metal complexes with d1 electronic conguration,
considering the axial ligand-eld splitting and the spin–orbit
coupling to the 2D free-ion term. The magnetic analysis using
the equation set was successfully conducted for a newly
prepared oxidovanadium(IV) complex, [VO(dmso)5][BPh4]2 (1),
to obtain the anisotropic g-values and the excitation energies
reasonably. The equation set was found to be universally useful
for octahedral metal complexes with large and small distortion,
and the method was expected to be expanded for the symme-
tries that are not subgroups of octahedral symmetry. The single-
crystal X-ray method revealed that the complex cation,
[VO(dmso)5]

2+, in 1 was found to take conformer L5-B35-126 by
a single-crystal X-ray method. The DFT-based conformational
analysis predicted two dominant conformers, L5-B35-123 and
L5-B35-126, in dmso solution. The deep-neural-network-based
conformational prediction was also conducted and conformer
L5-B35-126 was successfully predicted for the [VO(dmso)5]

2+

complex cation, using the deep neural network model, trained
on the more symmetric [Mg(dmso)6]

2+ derivative data.
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