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B3LYP/LANL2DZ calculations of two series of isomeric dinuclear copper chelates based
on the tridentate dibasic salicylaldimines from aromatic and heterocyclic amines were per�
formed. According to calculations, the complexes with N,N� or S,S�donor atoms in the ex�
change fragment are mainly characterized by ferromagnetic exchange, whereas the formation
of O,O�bridging fragments leads to antiferromagnetic spin�spin interaction.
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Azomethine metallochelates are classical objects of
modern magnetochemistry.1—5 Taking dinuclear copper
complexes with aromatic (1) and heterocyclic (2, 3) Schiff
bases as examples, it was shown6—13 that variation of the
structure of the azomethine ligands (donor atoms, substit�
uents in the aldehyde and amine fragments) can lead to
systems with different types of spin�spin coupling depend�
ing on the nature of the donor atoms in the exchange
fragment.

In the structures with nitrogen or sulfur bridging atoms
((CuN)2 or (CuS)2 fragments, respectively), dimers are

mainly characterized by ferromagnetic spin�spin coupling,
whereas antiferromagnetic exchange is typical of the met�
allochelates with oxygen bridging atoms (a (CuO)2�type
central metallacycle). The possibility for antiferromag�
netic coordination compounds to exist as isomeric struc�
tures 1B—3B was suggested.10,13

In continuation of our studies6—13 and taking into
account the character of the atoms in the bridging, alde�
hyde, and amino fragments, as well as the isomerism of
dinuclear complexes 1—3, we calculated for the first time
the relative energies and exchange interaction constants
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for the triplet and singlet states (preliminary results have
been reported earlier14).

Calculation Procedure

Calculations were carried out within the framework of the
density functional theory (B3LYP/LANL2DZ method) with full
geometry optimization using the GAUSSIAN�03 program.15 To
calculate the exchange interaction constants (J), the singlet�
state geometries of the dinuclear complexes were additionally
optimized with the triplet�state geometries as the starting point
to determine the energies of the broken symmetry (BS) states
using a known procedure.16 This approach proved itself in stud�
ies of the magnetic properties of oxo�bridged dinuclear copper
complexes.17,18

Tables 1—4 list the results of calculations of the geometries,
total energies (Etot) in the ground triplet state and in the lowest
singlet state, singlet�triplet splittings (ΔE), BS energies (EBS),
and the corresponding exchange interaction constants (J) for
complexes 1—3. The results of spin density calculations for the
triplet state of the complexes are presented in Tables 5—10.

Results and Discussion

In the type�A structures of the complexes under study,
heteroatoms included in the five�membered rings are also
constituents of the exchange fragments. The geometries of
complexes 1A are strongly dependent on the nature of
bridging atoms (see Table 1). For instance, the molecules

with the (CuO)2 fragment are nearly planar in both the
triplet and singlet states (Fig. 1). Replacement of the
O atom by the S atom in structure 1A leads to a tetrahedral
distortion of the coordination site.

The close values of the geometric parameters of com�
plex 1A (X = S) in the triplet and singlet states are note�
worthy. Complexes 1A containing N atoms in the ex�
change fragment (S state) have a ladder structure (see Fig. 1),
which is almost independent of the nature of the alkyl
substituent R (see Table 1); only the complex with R = H
is structurally similar to the complexes containing sul�
fur atoms.

As in the case of complexes 1А, the geometry of dimers
2А changes upon replacement of the O atom by the S atom.
Similarly to dimers 1А, the geometry of chelates 2А
(X = NR) is independent of the nature of substituent R,
although its type changes. For instance, the molecule has
an angular structure in the singlet state and a ladder struc�
ture in the triplet state (see Table 1).

Analysis of the energies of the triplet and singlet states
shows that for all structures (1A—3A, 1B—3B) the energy
of the triplet state is lower than that of the singlet state (see
Tables 1—4), thus suggesting the possibility of ferromag�
netic ordering in these states. The factor determining the
type of exchange interaction is the energy difference be�
tween the BS and triplet states (ET), viz., if EBS > ET,
ferromagnetic ordering occurs; otherwise, antiferromag�
netic ordering occurs.

1: X = NR, O, S; R = H, Me, Et, Pr; 2: X = NR, O, S; R = H, Me, Et; 3: X = NH, O, S; R = H, Me, Et, Pr; 1—3: M = Cu
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Table 1. Molecular structures, total energies of the ground triplet state and lowest�lying singlet state (Etot), singlet�
triplet splittings (ΔE), BS state energies (EBS), and the exchange interaction constants (J) of dimers 1А and 2А

Central R State Geometry –Etot ΔE –EBS J/cm–1

fragment /au /kcal mol–1 /au

Dimers 1А

(CuO)2 — S Ladder 1804.214846 38.9 1804.27812 –350
T Planar 1804.276878

(CuS)2 — S Angular 1673.990387 26.1 1674.031399 106
T Angular 1674.031960

(CuNR)2 H S Angular 1764.463283 23.5 1764.499645 232
T Angular 1764.500700

(CuNR)2 Me S Ladder 1843.042438 24.7 1843.080820 214
T Planar 1843.081817

(CuNR)2 Et S Ladder 1921.662200 24.2 1921.699650 232
T Planar 1921.700723

(CuNR)2 Pr S Ladder 2000.276745 23.9 2000.313780 234
T Planar 2000.314858

Dimers 2А

(CuO)2 — S Nearly planar 2099.307555 28.3 2099.353362 –152
T Planar 2099.352668

(CuS)2 — S Ladder 1969.079104 12.2 1969.098248 55
T Ladder 1969.098497

(CuNR)2 H S Angular 2059.560045 12.5 2059.580378 215
T Ladder 2059.581358

(CuNR)2 Me S Angular 2138.155319 9.1 2138.168913 201
T Ladder 2138.169828

(CuNR)2 Et S Angular 2216.775931 9.6 2216.790365 194
T Ladder 2216.791249

Note. Here and in Tables 2—4 "S" and "T" denote the lowest�lying singlet and triplet states, respectively.

The exchange interaction constants J were calculated
using a known procedure16 and the equation

–2J = (ET – EBS).

For structures 1А, the energy differences between the
triplet and singlet states are rather large (from ~39 to
~24 kcal mol–1); for 2А, they are somewhat smaller (see

Table 1) but sufficient for the existence of stable complex�
es in the triplet state.

The exchange interaction constants J of structures 1А
and 2А are negative for the systems with the (CuO)2 cen�
tral fragment and positive for the similar systems with the
(CuS)2 and (CuNR)2 fragments (see Table 1). Since the
character of the spin�spin coupling in magnetic exchange
systems is determined by the sign of J, structures 1A and
2A are antiferromagnetic when X = O and ferromagnetic
when X = NR and S. The ferromagnetic character of the
complexes with the (CuS)2 central fragment is less pro�
nounced than that of the complexes with the (CuNR)2
exchange fragment. The same holds for dimers 3A (see
Table 2).

The dependence between the triplet�state geometry and
the sign of the exchange interaction constant in the com�
plexes under study is noteworthy. In the dimers with fer�
romagnetic exchange interaction, the triplet�state geome�
try can be planar, ladder, and angular with a nearly 90°
angle of folding along the X—X line (see Fig. 1).

To assess the effect of substituents R lying outside the
exchange fragment of the complex, we calculated a num�
ber of type�3А structures. As for the dimers 1А and 2А, the
geometric characteristics of dinuclear complexes 3А are

Fig. 1. Structures of the central fragment of type�A chelates:
planar (a), ladder (b), and angular (c).
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Table 2. Molecular structures, total energies of the ground triplet and lowest�lying singlet states (Etot), singlet�
triplet splittings (ΔE), BS state energies (EBS), and the exchange interaction constants (J) of dimers 3А

Central R State Geometry –Etot ΔE –EBS J/cm–1

fragment /au /kcal mol–1 /au

(CuO)2 H S Angular 1824.051212 36.6 1824.110275 –166
T Planar 1824.109521

Me S Angular 1902.685661 36.7 1902.696934* —
T Planar 1902.744177

Et S Angular 1981.297734 36.6 1981.310144* —
T Planar 1981.356068

Pr S Angular 2059.911842 36.7 2059.971154* —
T Planar 2059.970294

(CuS)2 H S Angular 1693.848795 13.2 1693.869855 –12
T Angular 1693.869801

Me S Angular 1772.480366 13.8 1772.502383 35
T Angular 1772.502439

Et S Ladder 1851.092439 13.5 1851.114199 8
T Angular 1851.114233

Pr S Angular 1929.706115 13.6 1929.727884 –22
T Angular 1929.727785

(CuNH)2 H S Angular 1784.318439 21.9 1784.352493 200
T Angular 1784.353405

Me S Angular 1862.953416 21.6 1862.986717 238
T Angular 1862.987803

Et S Angular 1941.565978 21.5 1941.599096 240
T Angular 1941.600188

Pr S Angular 2020.180500 21.5 2020.212742 251
T Angular 2020.213885

* The energy does not correspond to the BS state.

independent of the nature of substituent R and vary only if
atoms in the exchange fragment and the multiplicity of
the system are changed. The complexes with the (CuNH)2
central fragment have an angular structure in both triplet
and singlet states. In the triplet state, the fragment planes
make an angle of 90° (see Fig. 1), which corresponds to
the largest positive values of the exchange interaction con�
stant (see Table 2).

For the dimers 3A with the (CuNH)2 central frag�
ment, the energy difference between the triplet and singlet
state (~21.5—21.9 kcal mol–1) is intermediate between
the corresponding values for the other two types of ex�
change fragments, being large enough for stabilization of
the triplet state. Complexes 3A (X = O) and chelates 1А
and 2А with the (CuO)2 exchange fragment are character�
ized by antiferromagnetic exchange interaction, complex�
es 3A (X = S) exhibit either antiferromagnetic or weak
ferromagnetic exchange interaction, while the structures
with the (CuNH)2 central metallacycle possess ferromag�
netic properties and maximum values of the exchange in�
teraction constant. Thus, the ferromagnetic properties
should be most pronounced for the type�A complexes con�
taining nitrogen atoms in the central fragment.

The results of calculations for type�B dimers with the
same exchange fragment (CuO)2 are listed in Tables 3 and 4.

The geometry of dimers 1B is noticeably affected by the
nature of the donor X. In the case of X = NR, the structure
of these complexes is almost independent of the substitu�
ent R, namely, both parts of the dimer in the singlet state
lie in nearly parallel planes, thus forming a ladder struc�
ture, while in the triplet state the dimer fragments lie in
intercrossing planes (Fig. 2) and form an angular structure
(except for the groups R). The geometry of dimers 2B also
depends on the nature of the donor X and changes upon

Fig. 2. Structures of the central fragment of type�B chelates:
planar (a), ladder (b), and angular (c).
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Table 3. Molecular structures, total energies of the ground triplet and lowest�lying singlet states (Etot), singlet�triplet
splittings (ΔE), BS state energies (EBS), and the exchange interaction constants (J) of dimers 1B and 2B with the (CuO)2
central fragment

X R State Geometry –Etot/au ΔE/kcal mol–1 –EBS/au J/cm–1

Dimers 1B

O — S Ladder 1804.230945 24.9 1804.230939* —
T Ladder 1804.270685

S — S Angular 1674.016223 17.6 1674.046047 –392
T Angular 1674.044263

NR H S Ladder 1764.444620 36.9 1764.467825* —
T Angular 1764.503419

Me S Ladder 1843.039570 35.6 1843.097613 –293
T Angular 1843.096280

Et S Ladder 1921.658539 30.9 1921.709154 –303
T Angular 1921.707773

Pr S Ladder 2000.272982 30.7 2000.323293 –315
T Angular 2000.321858

Dimers 2B

O — S Ladder 2099.298783 37.6 2099.318891* —
T Planar 2099.358701

S — S Ladder 1969.076283 31.9 1969.129084 –442
T Angular 1969.127071

NR H S Ladder 2059.549373 34.9 2059.607103 –451
T Angular 2059.605048

Me S Angular 2138.148872 31.8 2138.200843 –294
T Angular 2138.199503

Et S Angular 2216.767870 29.8 2216.816900 –343
T Angular 2216.815338

* The energy does not correspond to the BS state.

Table 4. Molecular structures, total energies of the ground triplet and lowest�lying singlet states (Etot), singlet�triplet splittings
(ΔE), BS state energies (EBS), and the exchange interaction constants (J) of dimers 3B with the (CuO)2 central fragment

X R State Geometry –Etot/au ΔE/kcal mol–1 –EBS/au J/cm–1

NH Me S Ladder 1862.939266 32.6 1862.992990 –396
T Angular 1862.991188

Et S Ladder 1941.551392 32.8 1941.605512 –400
T Angular 1941.603688

Pr S Ladder 2020.166000 32.7 — —
T Ladder 2020.218126

O H S Planar 1824.071279 25.2 — —
T Planar 1824.111401

Me S Ladder 1902.685605 38.0 1902.705643* —
T Planar 1902.746180

Et S Ladder 1981.297996 38.2 1981.360600 –393
T Planar 1981.358810

Pr S Ladder 2059.912656 38.7 — —
T Planar 2059.973296

S H S Angular 1693.862118 17.0 1693.891223 –434
T Angular 1693.889246

Me S Angular 1772.493368 17.2 1772.522694 –410
T Angular 1772.520827

Et S Angular 1851.105943 17.3 1851.135281 –399
T Angular 1851.133463

* The energy does not correspond to the BS state.
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replacement of the oxygen atom by the sulfur atom; how�
ever, as for the complexes 1B, the nature of the substituent
R has almost no effect on their structure when X = NR.

For structures 1B, the energy difference between
the triplet and singlet states decreases from 36.9 to
17.6 kcal mol–1 in the following order of the donors X:
NH > O > S (see Table 3). Apparently, by varying the
substituents R adjacent to the exchange fragment one can
stabilize the triplet state. The energy differences between
the triplet and singlet states of dimers 2B are much larger,
lying between 37.6 and 29.8 kcal mol–1 for different do�
nors X (see Table 3). The J constants for both groups of
dimers (1B and 2B) are negative, which indicates antifer�
romagnetic character of exchange interactions.

The structure of complexes 3B (X = NH) is almost
independent of the substituent R (see Table 4), namely, it
is angular in the triplet state and ladder in the singlet state.
At X = O, the complex has a ladder structure in the singlet
state and a planar structure in the triplet state (irrespective
of R). At X = S, the complexes have an angular structure
regardless of the spin state and substituent R.

The triplet state of dimers 3B is much more stable than
the singlet state (by ~17—39 kcal mol–1), while the ex�
change interaction constants are negative, as for the struc�
tures 1B and 2B. Thus, exchange interaction in the com�
plexes containing the (CuO)2 central fragment is antifer�
romagnetic.

The spin densities (SD) calculated for the triplet state
of complexes 1А—3А are listed in Tables 5—7. In all struc�
tures 1А and 2А, the spin density is localized on two cop�
per atoms and six donor centers included in the coordina�
tion site; these eight atoms bear from ~1.93 to ~1.98 of
maximum possible two unpaired electrons in the triplet
state (see Tables 5 and 6). In complexes 1А, the highest
spin density is localized on the copper atoms irrespective
of the substituent R. Note that the spin density on the

copper atoms decreases in the following order of donors X:
O > NR > S; it simultaneously increases on other atoms of
the exchange fragment, being equal to about 1.5 on the
central fragments ((CuS)2, (CuNR)2, and (CuO)2).

A similar situation with the spin density magnitude
and localization on particular atoms and with trends of its
changes for different donors X is observed for structures
3А (see Table 7). In dimers 3А, the substituents R are
bound to the terminal fragments rather than the central
fragment. Therefore, the changes in the spin density on

Table 5. Spin densities (SD) on atoms in triplet structures 1А
with different central fragments

(CuO)2 (CuS)2 (CuNR)2

Atom SD Atom SD Atom SD for R

H Me Et Pr

Cu 0.596 Cu 0.406 Cu 0.515 0.508 0.507 0.507
O 0.135 S 0.356 N 0.252 0.290 0.285 0.284
O 0.134 S 0.356 Cu 0.515 0.508 0.507 0.507
O 0.128 O 0.116 N 0.252 0.290 0.285 0.284
Cu 0.596 Cu 0.406 O 0.100 0.083 0.085 0.085
N 0.132 N 0.093 O 0.100 0.083 0.085 0.085
N 0.132 N 0.093 N 0.096 0.087 0.088 0.088
O 0.128 O 0.116 N 0.096 0.087 0.088 0.088

Note. Here and in Tables 6, 7 and 10 the atoms of the central
fragment and the spin densities on them are given in bold.

Table 6. Spin densities (SD) on atoms in triplet structures 2А
with different central fragments

(CuO)2 (CuS)2 (CuNR)2

Atom SD Atom SD Atom SD for R

H Me Et

Cu 0.597 Cu 0.402 Cu 0.520 0.510 0.509
O 0.178 O 0.172 N 0.193 0.218 0.220
Cu 0.597 Cu 0.402 N 0.193 0.218 0.220
N 0.112 N 0.081 O 0.151 0.135 0.133
N 0.112 N 0.081 Cu 0.520 0.510 0.509
O 0.178 O 0.172 N 0.081 0.076 0.076
O 0.101 S 0.297 N 0.081 0.076 0.076
O 0.101 S 0.297 O 0.151 0.135 0.133

Table 7. Spin densities on atoms in triplet structures 3А

Central Atom R
fragment

H Me Et Pr

(CuO)2 Cu 0.601 0.600 0.598 0.602
O 0.099 0.102 0.102 0.103
O 0.099 0.102 0.102 0.103
O 0.181 0.175 0.175 0.173
N 0.107 0.109 0.109 0.109
Cu 0.600 0.599 0.598 0.601
O 0.181 0.176 0.175 0.173
N 0.107 0.108 0.109 0.109

(CuS)2 Cu 0.408 0.407 0.407 0.407
S 0.325 0.339 0.338 0.315
S 0.326 0.339 0.338 0.315
O 0.152 0.140 0.141 0.157
N 0.079 0.080 0.079 0.079
Cu 0.408 0.407 0.407 0.407
O 0.152 0.140 0.142 0.157
N 0.107 0.080 0.080 0.079

(CuNH)2 Cu 0.521 0.517 0.516 0.516
N 0.228 0.236 0.237 0.236
O 0.127 0.120 0.120 0.120
N 0.079 0.079 0.079 0.079
Cu 0.521 0.517 0.516 0.516
O 0.127 0.120 0.120 0.119
N 0.079 0.079 0.079 0.079
N 0.228 0.236 0.237 0.238
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the copper atoms at different substituents R in complexes
3А are small.

Thus, the following regularities were revealed for struc�
tures 1А—3А: 1) the spin density is mainly localized on
four atoms of the exchange fragment; 2) the exchange in�
teraction constant is positive for the dimers with planar,
ladder, and angular structure; 3) at X = NR, the spin den�
sity distributions in all complexes and the geometries of
their exchange fragments are almost independent of the
nature of substituent R.

The spin density distributions in type�B dimers are
listed in Tables 8—10. In structures 1B, the spin density is
localized on four atoms of the central fragment and on the
adjacent four donor atoms (see Table 8). In all complexes
1B, the highest spin density is localized on the copper
atoms and decreases in the following order of X: O > NR > S
(as for the previously studied groups of complexes). A de�
crease in the spin density on the copper atoms on going
from X = O to X = S is accompanied by its increase on two
sulfur atoms. Type�B complexes differ from the type�A
ones in that the spin density is transferred from the copper
atoms to adjacent atoms beyond the exchange fragment.
In the dimers 2B and 3B (see Tables 9 and 10, respec�
tively), the spin density is also mainly localized on four
atoms of the central fragment and on the nearest four

atoms, the maximum spin density being localized on the
copper atoms.

Thus, the results of quantum chemical calculations
suggest ferromagnetic ordering in the chelate azomethine
complexes with the (CuNR)2 (R = H, Me, Et, Pr) or
(CuS)2 central metallacycles. The strongest spin�spin cou�
pling is expected for the (CuNR)2 central metallacycle.
For the type�A and type�B complexes with the (CuO)2
central fragment, calculations predict antiferromagnetic
exchange interaction. In all dimers studied, the spin den�
sity is almost completely localized on the four atoms of
the exchange fragment and on the four adjacent donor
atoms, which suggests that the magnetic properties of these
complexes are determined by the nature of the exchange
fragment. The substituents studied (R = H, Me, Et, Pr) do
not affect the geometry and spin density distribution in the
complexes studied. The calculated exchange interaction
constants are close to experimental ones (see, e.g., Refs 7
and 10).

This work was financially supported by the Council on
Grants at the President of the Russian Federation (Pro�
gram of State Support of Leading Scientific Schools, Grant

Table 8. Spin densities on atoms in triplet structures 1B with
the (CuO)2 central fragment

Atom X = O X = S X = NR for R

H Me Et Pr

Cu 0.587 0.480 0.588 0.538 0.534 0.535
O 0.121 0.114 0.119 0.109 0.108 0.108
O 0.121 0.114 0.119 0.109 0.108 0.108
O (S, N) 0.156 0.295 0149 0.190 0.193 0.193
N 0.133 0.120 0.143 0.125 0.138 0.139
Cu 0.588 0.480 0.588 0.538 0.534 0.535
O (S, N) 0.156 0.295 0.149 0.190 0.193 0.193
N 0.133 0.120 0.143 0.125 0.138 0.139

Table 9. Spin densities on atoms in triplet structures 2B with
the (CuO)2 central fragment

Atom X = O X = S X = NR for R

H Me Et

Cu 0.615 0.490 0.607 0.536 0.547
O 0.138 0.123 0.130 0.117 0.120
Cu 0.615 0.490 0.607 0.536 0.547
O 0.138 0.123 0.130 0.117 0.120
O (S, N) 0.125 0.286 0.138 0.190 0.181
N 0.110 0.100 0.113 0.090 0.098
N 0.110 0.100 0.113 0.090 0.098
O (S, N) 0.125 0.286 0.138 0.190 0.181

Table 10. Spin densities on atoms in triplet structures
3B with the (CuO)2 central fragment

X Atom R

Ha Meb Etc

O Cu 0.618 0.616 0.616
O 0.138 0.136 0.136
O 0.138 0.136 0.136
O 0.131 0.132 0.132
Cu 0.618 0.616 0.616
O 0.131 0.132 0.132
N 0.105 0.106 0.107
N 0.105 0.106 0.107

S Cu 0.490 0.490 0.490
O 0.122 0.122 0.122
O 0.122 0.122 0.122
S 0.298 0.294 0.293
Cu 0.490 0.490 0.490
S 0.298 0.294 0.293
N 0.091 0.095 0.095
N 0.091 0.095 0.095

NH Cu 0.589 0.589 0.590
O 0.124 0.124 0.124
O 0.124 0.124 0.124
N 0.160 0.160 0.159
Cu 0.589 0.589 0.587
N 0.160 0.160 0.161
N 0.101 0.101 0.102
N 0.101 0.101 0.100

a Me for X = NH.
b Et for X = NH.
c Pr for X = NH.
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of Research Potential", Grant RNP.2.2.1.1/2348), and
the Russian Foundation for Basic Research (Project
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