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Theoretical understanding of magneto—structural correlations in dichloro-bridged dicopper(i) complexes
can guide the design of magnetic materials having broad-scale applications. However, previous reports
suggest these correlations are complicated and unclear. To clarify possible correlations, magnetic
coupling constants (Jcac) of variants of a representative {Cu—(u-Cl),—Cu} complex A were calculated
through BS-DFT. The variation of the Cu—(u-Cl)-Cu angle (a), Cu---Cu distance (R), and Cu-Cl-Cu-Cl
dihedral angle (7) followed by structural optimization and calculation of the magnetic coupling constant

(Jealc) revealed several trends. J.,c increased linearly with Ry and 7, and initially increased and then
Received 28th January 2023 d d with Furth bridai l d effect J for di n l luated
Accepted 17th April 2023 ecreased with «. Further, bridging ligand effects on J.,c for dicopper(i) complexes were evaluate

through BS-DFT; the results revealed that J.,c increased with increasing ligand field strength (I” < Br™ <
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Introduction

Ligands may tune the structures of biocompatible organome-
tallic magnets, facilitating enzymatic catalysis.' Bimetallic
complexes featuring organic/inorganic bridging ligands cata-
lyze enzymatic or synthetic reactions under mild conditions;
however, catalytic structure-property relationships for magnetic
interactions between two paramagnetic metal centers require
multidisciplinary elucidation, spanning materials science,
chemistry, and physics.>* Deconvoluting the roles of metals and
ligands in the stereoelectronic and magnetic properties of
bimetallic active sites would illuminate bimetallic catalyst
design principles or enzymatic evolutionary origins. For
example, dinuclear Cu complexes are essential for living
systems, as oxygen carriers or in active sites for hemocyanin,
tyrosinase, Cu oxidase, among others.*” Furthermore, synthetic
dinuclear paramagnetic Cu(u) chloride complexes that contain
{Cu—(p-Cl),-Cu} fragments have found spintronic, sewage
treatment, and magnetic applications.** While magnetic
properties of these complexes feature in their function, analyses
of these systems and various synthetic dinuclear Cu(u)
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< N3~ < F7). Furthermore, a linear relationship was found between the spin density of the bridging

complexes have yet to establish structure-magnetic relation-
ships.®” Specifically, relationships between exchange interac-
tions between paramagnetic Cu centers, summarized by the
magnetic exchange coupling constant (j), and structural
parameters for these complexes are poorly understood.**?>*
Relevant structural parameters may include the Cu-(p-Cl)-Cu
bond angle («a), Cu-Cl distance (Rcy-c1) or the Cu---Cu distance
(Ro). Notably, at least one pair of non-equivalent Rgy c
distances are inherent to these complexes, imparting
complexity to understanding the magnetic interactions.***®
Fortunately, these structure-magnetic relationships may be
evaluated computationally; Cu(u) complexes are relatively small,
Cu(u) paramagnetic centers have minimum spin quantum
number (S = 1/2) and may be isotropic.

Buvaylo et al.*® and Sikdar et al.** summarized the experi-
mental correlations among J and «, Rcy-c1, Ro and a/Rgy-c for
paramagnetic {Cu—(pu-X),-Cu} (X = halide) complexes but found
no clear correlations. However, the {Cu—(p-Cl),-Cu} complexes
they surveyed featured divergent Rc,_c values (>0.5 A), and o/
Rcu-c1 insufficiently describing magneto-structural correlations
of {Cu-(p-Cl),-Cu} complexes (Table S1 and Fig. S1-S31).
Furthermore, the differences in organic ligands affect bonding,
and therefore o, Rcy-ci, Ro, making correlations unclear. In
addition, when non-chloride halides are used as bridging
ligands, participatory ligand p/d orbitals may convolute
magnetic exchange interactions.”**"** Meanwhile, Ruiz et al.™
studied the relationship between the magnetic coupling
constant and the structure of dimeric copper complexes bridged
by different halogen ligands and ligands using dichloro-bridged
binuclear copper model compounds. Their results showed that

© 2023 The Author(s). Published by the Royal Society of Chemistry
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when the non-bridging ligand atom was a nitrogen atom, the
paramagnetic centers tended to ferromagnetically couple. In
chlorine-bridged dimers,"® the ferromagnetic coupling
decreases with the increase in the Cu-Cl-Cu bridging angle,
while the magnetic coupling constant gradually decreases.
However, their studies on the magneto-structural relationship
of dichloro-bridged binuclear copper compounds did not
correlate parameters such as R, and «/R, with the magnetic
coupling constants found in the existing experimental data.

In this study, to further explore the magneto-structural
relationship in dichloro-bridged binuclear copper complexes,
we examined the relationship between these structural param-
eters and magnetic coupling constants from the aspects of
possible structural parameters such as «, Ry, Cu-Cl-Cu-Cl
dihedral angle (), and a/Rgy-c1- Using DFT, we systematically
perturbated structural parameters for a representative {Cu—(p-
Cl),-Cu} complex and calculated the resultant magnetic
exchange coupling constants (J.qic) to gain insight into coupling
mechanisms and identify possible correlations. We chose
[Cu(PyTn)Cl,], (complex A; CCDC: 259315, PyTn = 2-(pyrazol-1-
yl)-2-thiazoline), synthesized by Bernalte-Garcia et al.'® Our aim
is to effectively describe the magnetic properties of dinuclear
copper complexes through theoretical methods and to provide
a useful reference for the experimental design and regulation of
single-molecule magnets.

Computational details

Complex A is isotropic and low spin (S = 1/2). The Heisenberg-
Dirac-van Vleck Hamiltonian (eqn (1)) may express the inter-
action between two paramagnetic Cu(u) centers:*’~*°

H=-2JS,-S, (1)

Here, $; and 8, represent spin angular momentum operators for
Cu(1) and Cu(2), respectively. J represents their magnetic
coupling constant; positive or negative values represent ferro-
magnetic or antiferromagnetic coupling, respectively.

In this study we estimated J.,. using a broken-symmetry
density functional theory (BS-DFT) method proposed by Noo-
dleman et al.**® that is effective for estimating J for various
dinuclear and polynuclear complexes.*®” Detailed technical
discussion regarding /... via BS-DFT for dinuclear and trinu-
clear complexes is available.*>**-**%-¢7 Calculations were per-
formed using ORCA 5.0.3 software®®® using the def2-TZVPP
basis set.”®”* Structural optimizations were performed by the
MO06-2X method.”7* To optimize the integral calculation speed,
we used a resolution of the identity (RI) approximation with
a tight self-consistent field (SCF) convergence.”” Magnetic
structure calculations were completed in three steps. Complex A
was given altered average bond angles («), Cu---Cu distances
(Ro) and halide ligands (X = Cl, Br, I) to obtain «/R¢,_x; complex
models were obtained for the role of ligand variation. Then, « or
R, was fixed to partially optimize the model complex. Finally,
using the partially optimized structure, the single-point ener-
gies of the high-spin state |1/2, 1/2) (HS, Cu(u) all spin up, § =1)
and the symmetry-broken state |1/2, —1/2) (BS, Cu(1) spin up,
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Cu(2) spin down, S = 0) were calculated. Eqn (2) was used to
obtain Jeaie.”*””

Egs — E

J— 1352 Hs2 )

Sns” — Sps
Here, Eys and Egg denote the energies of the HS and BS states,
respectively. Sys” and Sgs” denote the expectation values of the
spin squared operators for the HS and BS states, respectively.”

Results and discussion

Fig. 1 displays the structure (molecular structures were
rendered using VMD software’) of complex A, featuring two
paramagnetic Cu(u) centers bridged by two chloride ligands.
The Cu-Cl distances are distinct (R(Cul-Cl3) = R(Cu2-Cl4) =
2.218 A; R(Cu1-Cl4) = R(Cu2-Cl3) = 2.906 A), but « for Cul-
Cl3-Cu2 and Cul-Cl4-Cu2 are equal (88.58°). To interrogate
magnetic properties, complex A was optimized at the M06-2X/
def2-TZVPP level of theory (Table S2). Optimization yielded
partially averaged Rcy c1 (R(Cul-Cl3) = R(Cu2-Cl4) = 2.319 A;
R(Cu1-Cl4) = R(Cu2-Cl3) = 2.670 A) and reduced « for Cul-
Cl3-Cu2 and Cul-Cl4-Cu2 (85.26°).

Evaluation of magnetic coupling constant

Jeale for the optimized structure of complex A was calculated
using BS-DFT, with a zeroth-order canonical approximation
(ZORA)* for consideration of relativistic effects in the ZORA-
def2-TZVPP basis set.®** The generalized gradient approxima-
tion (GGA) and hybrid functional theory (HDFT) were used to
investigate the influence of the calculation method on J.,.
(Table S37). Both methods yielded positive J.,., consistent with
the measured ferromagnetic interaction. The range for Jea.
using various HDFT methods (O3LYP,*' B3P86,°>% B3PW91,%*%
B3LYP,** B3LYP*,* X3LYP,*>*” B1P86,*** PBE0,** B1LYP"*>*%)
was relatively narrow (2.45-7.14 cm ™ ') but does not include the
experimental value (Jexpt; Jexpt = 13.73 em !). GGA methods
(OLYP,** PBE,® BP86,°>* PW91,* BLYP,*** XLYP¥) yielded
a range of Jea (11.63-15.57 cm™ ') more consistent with Jexpt-
However, the PBE functional yielded most similar J..
(12.98 cm™'), implying its suitability for determining J.q. of
complex A.

The influence of basis set on J.,., was considered by
measuring J.a. of complex A using the PBE functional with
various basis sets (ZORA-def2-QZVPP, ZORA-def2-TZVPP, ZORA-
def2-TZVP (-f), ZORA-def2-SVP;*** Table S4t). These J .. Were

Fig. 1 Molecular structure of complex A.
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(a) Cu(1) (b) Cu(2)

Fig. 2 Local molecular magnetic orbitals in BS state of complex A
(isovalue: 0.05; yellow (+); cyan (—); (a) the paramagnetic center is
Cu(1); (b) the paramagnetic center is Cu(2)).

L 2
(b) SOMOs-1

(a) SOMOs

Fig. 3 Singly occupied magnetic orbitals in HS state of complex A
(isovalue: 0.05; yellow (+); cyan (—); (a) it represents one SOMOs of the
complex A in the high spin state; (b) it represents another SOMOs of
the complex A in the high spin state).

(a) HS state

(b) BS state

Fig. 4 Spin density diagram of HS state and BS state for complex A
(isovalue: 0.003; yellow (+); cyan (=); (a) spin density for complex A in
the HS state; (b) spin density for complex A in the BS state).

164 (a)
o Jeale = 51.016 - 11.679R)
144 R2=0.962
2z
124 E
= L
5 104 =
~ 2
3 w
= 8 =
23 —
. 1
64 o]
4 o
.

T

T T T T
3.0 3.2 3.4 3.6 38

Bond distance (R() / Angstrom

4.0

View Article Online

Paper

similar (12.54-13.57 cm '), indicating that the basis sets have
little effect on J.,. of complex A. Despite the ZORA-def2-SVP
basis set yielding a Jeae (13.57 cm™ '), the basis set size is
insufficient to ensure this was not accidental. J ., for ZORA-
def2-TZVP (-f) and ZORA-def2-TZVP are identical (13.40 cm™ %),
but ZORA-def2-TZVP has greater stability and a lower calculated
total energy. Accordingly, the PBE/ZORA-def2-TZVP level of
theory was used for evaluating magneto-structural correlations
for complex A.

Molecular magnetic orbital

Molecular magnetic orbitals of complex A were analyzed to
understand the exchange interaction between Cu(u)
centers.””’** Here, the molecular magnetic orbitals of the BS
state of the unpaired electron localized on Cu(u) are defined as
the local magnetic orbitals (LMOs), and the singly occupied
magnetic orbitals of the HS state (SOMOs) are defined as the
molecular magnetic orbitals.>”7**°

It can be seen from the LMOs diagram that in complex A
(Fig. 2), the unpaired electron of Cu(1) and Cu(2) is primarily
localized within the 3d,=_,. orbital (Fig. 2a and b), while the
LMO is mixed with a component of the 3d,. orbital. The p
orbitals of the Cl and N atoms of the ligands also participate in
LMO formation. The main contributions of the SOMOs and
SOMOs—1 molecular magnetic orbitals of complex A come from
the 3d,2_,2/3d,> orbital of the Cu(u) center, the p orbital of the
bridging chloride ligand, and the molecular orbitals of the
terminal ligand (PyTn) (Fig. 3a and b).

Mulliken spin population analysis

The spin population of complex A was analyzed to evaluate spin
densities, which reflect the interaction mechanism between
Cu(u) centers.” This is a spin delocalization mechanism when
the paramagnetic centers Cu(1)/Cu(2) and its coordinated atom
have the same spin density sign.” If the spin density sign is
opposite, it is a spin polarization mechanism.?””** The spin
densities of complex A in the HS and BS states were calculated at
the PBE/ZORA-def2-TZVP level of theory to further explore the
magnetic coupling mechanism between Cu(u) centers (Table
S5+ and Fig. 4); positive and yellow represent « spin; negative

0.494 0.178
_—— -=- Cu(Il)
0492{ ® -~ oepCl D
] L0.176
0.490 £
L0.174 &
0.4881 =
B
0.486 a®
n =
0.484+ \ -0.170
04824 g—0— " P—o— -
. . . r . 0.168
30 32 34 36 38 40

Bond distance (R() / Angstrom

Fig. 5 Magneto-structural correlation of J.,c and Rg by BS-DFT. (a) Jcac—Ro magneto—structural correlation; (b) spin density variation of Cu(i)

and bridging ligand Cl™ in the triplet state (S = 1).
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Fig.6 Magneto—structural correlation of J.,c versus bond angle («) obtained by BS-DFT calculations. (a) Jcac-a magneto—structural correlation;
(b) spin density variation of Cu(i) and bridging ligand Cl™ in the triplet state (S = 1).

and cyan represent § spin. Spin delocalization was observed
among Cu(1)/Cu(2) and the coordinated N and Cl atoms for
both HS and BS states. In the BS state, Cu(1) and Cu(2) each
bear spin density from their unpaired electron (—0.49341e and
0.49342e, respectively), delocalized to the coordinated N and Cl
atoms, including the bridging CI(3) (—0.16786e) and Cl(4)
(0.16792¢) and terminal CI(5) (—0.18370¢), CI(8) (0.18363¢); N(6)
(—0.06792¢), N(7) (—0.0 06776€), N(9) (0.06793¢) and N(10)
(0.06776€) atoms. In the BS state, the distribution of spin elec-
trons in each atomic orbital (Table S61) shows 3d orbitals
contain the greatest proportion of spin density (e.g., Cu(1); 3d,
—0.50894e; 4s, 0.00989¢; 4p, 0.00566¢). The spin densities of the
bridging chloride ligands (—0.18370e and 0.18363e) are
primarily centered in p orbitals (—0.18206e and 0.18200e,
respectively). Furthermore, natural bond orbital (NBO) analysis
of complex A shows”*** electron configurations of [core]4s(0.42)
3d(9.45)4p(0.03)4d(0.01) for Cu(u), as opposed to [core]3s(1.97)
3p(5.66)3d(0.01) for bridging chloride ligands. These data
suggest delocalization of Cu(u) spin density by the bridging
chlorides, which increases their charge density, leading to
electron feedback toward Cu(u).

Magneto-structural correlation

Ruiz et al.*® have studied the magneto-structural correlation of
the halo-bridged dinuclear Cu(u) complexes, indicating that in
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chlorine-bridged complexes, the magnetic coupling constant
decreases as the Cu-1,-Cl-Cu bond angle increases. Similarly,
in symmetric units, the magnetic coupling constant first
increases and then decreases as the twist angle (t) of the Cu-N-
N-N plane coordinated with the terminal group and the Cu-X-
Cu-X (X =F, Cl, Br) plane coordinated with the diaspora ligand
increases.

However, analysis of the magneto-structural correlation of
the dichloro-bridged dinuclear Cu(u) complex is incomplete. To
obtain magneto-structural correlations for {Cu—(u-Cl),-Cu}
complexes, we varied the Cu—(u-Cl)-Cu angle («), Cu-Cl-Cu-Cl
dihedral angle (1) and Cu---Cu distance (R,) of the complex. The
structures were optimized at the M06-2X/def2-TZVPP level of
theory with fixed « and R, to obtain J.,. at the PBE/ZORA-def2-
TZVP level of theory.

Bond distance. Fig. 5 shows that J.,. decreases with
increasing R,. With the increase in R,, Rc,_ ¢ increases (Table
S71), reducing overlap between Cu(u) and ligand orbitals,
reducing ferromagnetic contributions to ... This trend is
consistent with the Mulliken spin population data, which show
increasing R,, increasing electron transfer from Cu(u) to
bridging chloride ligands, and decreasing J... between the
paramagnetic Cu(u) centers. The Cu(u) centers have a negligible
difference in Mulliken spin density (10 ¢).

Bond angle. Structural optimizations of complex A were
performed at various fixed « for Cu—(u-Cl)-Cu. Fig. 6 and Table
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Fig. 7 Magneto—-structural correlation of J.,c versus Cu—Cl-Cu-Cl dihedral angle (t) obtained by BS-DFT calculations. (a) Jcac-t magneto—
structural correlation; (b) spin density variation of Cu(i) and bridging ligand Cl™ in the triplet state (S = 1).
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S8t show that J .. initially increases before decreasing with
increasing «. Fig. 6b shows analogous changes in the Mulliken
spin density of Cu(u), and opposite changes for the bridging
chloride ligand.

Cu-Cl-Cu-Cl dihedral angle (). 7 is important in influ-
encing the sign and magnitude of the magnetic exchange
interaction. The molecular structure was optimized and the
influence of changes in 7 on the magnetic coupling constants of
complexes was further investigated (Fig. 7 and Table S9t). There
is a linear relationship between the magnetic coupling constant
(Jeare) and 7 calculated by the BS-DFT method. As t increases, the
calculated magnetic coupling constant gradually decreases.
Mulliken spin density analysis shows that the spin density of
the Cu(u) ion decreases as t increases. The bridging ligand C1~
spin density shows a trend of first decreasing and then
increasing. In general, the changes in the bond angle, distance,
and dihedral angle of the {Cu—(u-Cl),-Cu} complexes are
dependent on the changes in the paramagnetic center Cu(u)
ion, while the influence of ligand change is more complex. The
spin density change of the paramagnetic center Cu(u) ion has
a greater effect on the magnetic coupling constant than that of
the bridging ligand.

a/Rcy-c1- The previous data were used to obtain «/R¢y-c1, and
its correlations with J.,. were compared with previous experi-
mental reports by Buvaylo® and Sikdar*® et al. Fig. 8 shows that
for various Ry, different a/Rcy-c1 parameters are obtained; Jeaic
gradually decreases with increasing a/R¢,_c;. However, for fixed

20+ @ e

Na—
2 — . ; e
Ligands

@, Jeale gradually increases with increasing a/Rcy-c1- Inflection
points are observed at «/Rcu_c; values of 33.37 and 36.64,
respectively, whereas « and R, parameters show consistent
linear correlations with J., . (the data are included in Tables S7
and S87).

Ligand effects. As discussed, vide supra, the spin density of
the bridging ligand is related to the Jea. of the {Cu—(u-Cl),~Cu}
complexes. To investigate the effect of bridging ligands on the
magnetic properties of the complexes, five models were ob-
tained by changing the halogen ligands linking the Cu(u)
centers. The calculations were carried out in two steps. Firstly,
Cl™ was replaced by F, Br, I or N3, and the structures of the
five models were optimized at the M06-2X/def2-TZVPP level of
theory. In Model I, all chlorine ions are replaced by other
ligands, whereas in Model II, only bridging chlorine ions are
replaced by other ligands (Fig. S4 and S57). Secondly, for the
optimized complex (Fig. S4 and S57), Jealc Was calculated at the
PBE/ZORA-def2-TZVP level of theory (Fig. 9, S6, Tables S9 and
S107), and the iodides were calculated using the ZORA-TZVP
basis set. The BS-DFT calculations show that variations of J.qc
correlate with the ligand field spectrochemical strength of the
selected ligands (I" < Br~ < Cl” < N3~ < F ), except for N3~
(Fig. 9a). This indicates that the splitting energy of the d orbital
of Cu(u) increases with the increasing ligand field strength, and
Jeale between the paramagnetic Cu(u) in the dinuclear copper(u)
complex also increases.

(b)

.|

g _
£ «Cl

Ligands

Fig. 9 Magneto-structural correlation of J.4c and ligands were obtained by BS-DFT (Model I). (a) The magneto—structural correlation of J.gic-
ligand; (b) spin density variation of Cu(i) and bridging coordination atoms in the triplet state (S = 1).
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Fig. 10 Magneto-structural correlation of J.,c versus the spin density
of the bridging ligand coordinating atoms by BS-DFT.

Examining the R, distance and « revealed that J.,. decreases
gradually with the increase in the Mulliken spin density of the
bridging ligand. We studied the Mulliken spin density of the
bridged ligands for dinuclear copper(n) complexes bridged by
various ligands (Fig. 9b) and found that in the five complexes,
the increase in the ligand field strength leads to an increase in
the splitting energy of the d orbital of the Cu(u) ion, thereby
increasing the energy of the singly occupied orbital of the Cu(u)
ion. The number of electrons transferred from the Cu(u) ion to
the coordinating atom of the bridging ligand decreases,
decreasing the bridging spin density. This may weaken the
orbital interaction between the Cu(u) ions and the coordinating
atom, decrease the antiferromagnetic contribution, and
increase J.ae. In model II, the difference in the calculated
magnetic coupling constant with the change in the ligand is
consistent with that of model I. Fig. 10 depicts the linear rela-
tionship between the bridging spin density and Jea.. The
magnetic properties of dinuclear Cu(u) complexes with bridging
halide ligands can be predicted by calculating the spin densities
of the coordinating atoms of the bridging ligands. However,
their magnetic coupling constants are not correlated with the
Mulliken spin density of the coordinated atoms (Fig. S61).

Conclusions

In this study, we demonstrated magnetic correlations for Je,i.
and the structural parameters «, R, and t for {Cu-(pu-Cl),~Cu}
complexes. Variation of « and the R, followed by structural
optimization and calculation of the magnetic coupling constant
(Jeale) revealed that J.,. increased linearly with R, and 7, and
initially increased and then decreased with a. We also studied
ligand effect on J., . of paramagnetic dinuclear Cu(u) complexes
and found J., increased with the increase of the ligand field
strength of the selected ligands I” < Br~ < Cl” <N;~ <F . The
linear correlation between J.,. and the spin density of the
bridging ligand may predict the magnetic properties of dinu-
clear copper(i) complexes and facilitate efficient advances in
materials design.
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