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Abstract Magnetic properties of the complexes [Mn(3-

Clpcyd)(H2O)-(phen)2]?, [{Mn(3-Fpcyd)(MeOH)(phen)}2

(l-3-Fpcyd)2], [{Mn(3-Fpcyd)(EtOH)(phen)}2(l-3-Fpcyd)2],

[{Mn(3-Clpcyd)(MeOH)(phen)}2(l-3-Clpcyd)2], and [{Mn

(4-Clpcyd)(EtOH)(phen)}2(l-4-Clpcyd)2] (where Xpcyd =

halogeno-phenylcyanamido; phen = 1,10-phenanthroline)

have been explored by means of density functional theory

(DFT). Exchange coupling constants were calculated from

the energy differences between the high-spin and broken-

symmetry states. Very good agreement between theoretical

and experimental data was achieved. The g-tensor calcu-

lations were performed employing the coupled perturbed

Kohn–Sham equations. Molecular mechanics calculations

have been performed to elucidate structural features in the

five complexes. Finally, the reliability of the molecular

mechanics results was confirmed by comparing the mag-

netic couplings calculated on optimized structures with

experimental data.
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Introduction

Understanding the origin of the spectroscopic and magnetic

properties of transition-metal complexes has been a subject

of interest to many authors [1–9]. Computational quantum

chemistry has made enormous progress in the last 30 years.

Nevertheless, understanding of the spectroscopic and

magnetic properties of transition-metal compounds is still

far from perfect. Since magnetic interactions arise from the

electrostatic interaction between electrons in the mole-

cules, which causes electronic states with different spin

multiplicity to be close in energy, their description requires

the use of computational approaches that can handle

electron correlation at the highest level of accuracy.

Density functional theory (DFT) has been widely applied

to compute the magnetic properties of binuclear transition-

metal complexes because of the low central processing unit

(CPU) cost/accuracy ratio achieved by this formalism,

allowing one to handle chemically complex systems.

Although the theoretical framework used nowadays for

calculations of magnetic properties is well described in

literature [9–17], for the sake of clarity, here we briefly

recall the main points. The most general spin Hamiltonian

derived by Pryce and Abragam and relevant to the work

described in this paper is presented in Eq. 1 [11, 12].

Ĥ ¼ �2J Ŝ1 Ŝ2 þ
X

i¼1

lB B~ giŜi þ
X

i¼1

Ŝi Di Ŝi þ . . . ð1Þ

The first term in Eq. 1 arises due to the exchange

interactions. In the investigated systems, the exchange

coupling constant between the two metal centers, J, is

computed using the broken-symmetry approach developed

by Noodleman et al. [13–16].

The exchange coupling constant, J, can be estimated

according to the Yamaguchi approach using Eq. 2 [17, 18].

Electronic supplementary material The online version of this
article (doi:10.1007/s00706-011-0502-x) contains supplementary
material, which is available to authorized users.
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J ¼ EHS � EBSð Þ
hS2iHS � hS2iBS

; ð2Þ

where EHS is the energy of the high spin, EBS is the energy

of the broken symmetry, and hS2iHS and hS2iBS are the

expectation values of the high-spin and broken-symmetry

Ŝ2 operators. If the metal centers are ferromagnetically

coupled, J is positive because the highest spin state lies

lower in energy. On the other hand, antiferromagnetic

coupling yields a negative value of J and the lowest spin

state is the ground state.

The interaction between a magnetic field and the elec-

tron spin is described by the second term in Eq. 1, where

lB is Bohr’s magneton, B~ is the magnetic flux density, S is

the fictitious electron spin, and g is a gyromagnetic tensor

or g-tensor. The gyromagnetic tensor can be separated into

the different contributions as follows: g = ge ?

DgRMC ? DgGC ? DgOZ/SOC, where ge is the free electron

value (ge = 2.0023). Computation of the relativistic mass

correction (RMC) and gauge correction (GC) is quite

straightforward, because they are first-order contributions

[19]. The main contribution to the g anisotropy and the

deviation from the free electron value, ge, comes from the

last term, corresponding to orbital Zeeman/spin–orbit

couplings (OZ/SOC) corrections. The aim of the theoretical

treatment is to predict the values of the elements of the

g-tensor.

For the binuclear complexes, molecular g-tensors of the

high-spin and the broken-symmetry states were calculated

by employing the coupled perturbed Kohn–Sham equations

with an effective one-electron approximation of the spin–

orbit contribution operator [20–23]. The g-matrices of the

HS and BS states were used for the calculation of the g-

tensor site matrices g1 (Eq. 3) and g2 (Eq. 4) as

g1 ¼
1

2S1

gHSMHS
S þ gBSMBS

S

� �
; ð3Þ

g2 ¼
1

2S2

gHSMHS
S � gBSMBS

S

� �
: ð4Þ

These matrices were employed for the computation of

the g-tensor of the antiferromagnetic (AF) state by

multiplication with the respective spin projection

coefficients ci (Eq. 5) as

g ¼ c1g1 þ c2g2 þ
c1c2

5J
g1 � g2ð Þ

� 3c1 þ 1ð Þd1 � 3c2 þ 1ð Þd2½ �: ð5Þ

For the present system, the spin projection coefficients

are c1 = c2 = 1/2. The local tensors d1 and d2 express the

zero-field splitting (ZFS) of metal ions.

In the spin Hamiltonian formalism (Eq. 1) the zero-field

splitting tensor D describes the splitting of the magnetic

sublevels of an orbitally nondegenerate state with total spin

S [ � in the absence of a magnetic field [9, 24, 25]. From

the point of view of quantum chemistry, this term has two

contributions that arise from the direct magnetic spin–spin

(SS) dipole–dipole interaction (due to the first-order

perturbation theory) and from the spin–orbit coupling (due

to the second-order perturbation theory).

The SOC part of the ZFS has four excitation contribu-

tions: (1) excitation from a semi-occupied molecular

orbital (SOMO) to a virtual molecular orbital (VMO),

leading to the same spin state, (2) excitation from b doubly

occupied molecular orbital (DOMO) to b SOMO, also

leading to the same spin state as the ground state, (3)

excitation from a SOMO to b SOMO, leading to states with

S0 = S - 1, and (4) excitation from b DOMO to a VMO,

leading to states with S0 = S ? 1.

In the spin-unrestricted Kohn–Sham (UKS) formalism,

the Pederson–Khanna (PK) equation for the same spin

contributions is Eq. 6.

Dlm ¼ �
X

rr0¼ab

�1ð Þrþr0

4S2

X

i2r

X

a2r0

Wr
i hSOC

l

���
���Wr0

a

D E
Wr0

a hSOC
m

�� ��Wr
i

D E

ear0 � eir
:

ð6Þ

Here S is the ground-state spin, rr0 = ab are ‘‘spin-

channels,’’ wr are the occupied molecular orbitals (MOs)

of spin r with orbital energy eir, and wa
r0 are the

unoccupied MOs of r0 with orbital energy eir0. The

operators hl
SOC are the spatial parts of the effective one-

electron SOC treatment. Although this approach is the most

widely used, it generally underestimates DSOC, especially

in the case of transition-metal monomers. A recently

derived linear response method based on a coupled

perturbed (CP) SOC approach has been proposed

[26, 27]. In this work, ZFS data obtained by these two

approaches have been compared.

The magnetic behavior of transition-metal complexes

containing more than one paramagnetic metal center

bridged through multi-atomic ligands often differs from

that assumed by the sum of the magnetic properties of each

individual unit bearing unpaired electrons. It was found

that the magnetic properties of binuclear species depend on

the metal–metal distances, bond angles between bridging

atoms, dihedral angles between planes including metal

centers, bond distances, and coordination environments

around the metals [10]. The continuing interest in charac-

terization of polynuclear manganese complexes arises

mainly from their relevance in molecular magnetism and in

biological systems, since manganese is known to exist at

the active centers of several redox enzymes.

The ability of the dicyanamido (dicyd2-) type of

bridging ligands to mediate metal–metal coupling suggests

that also phenylcyanamide (pcyd) derivatives may have

useful electronic and/or magnetic properties [28].
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Phenylcyanamide ligands are interesting and practically

unexplored ligands from the magnetic point of view. The

first magnetic measurements on systems containing the

Mn(II)–(NCN)2–Mn(II) unit, where the cyanamido group

(NCN) is coordinated in end-to-end mode, were reported

by Escuer et al. [29, 30]. In those preliminary works, they

demonstrated the ability of this kind of bridge to transmit

moderate antiferromagnetic coupling. It has been proposed,

on the basis of extended-Hückel MO calculations, that the

l1,3-NCN pcyd ligands have an intermediate place between

azido and dicyanamido as superexchange mediators [29].

Following that work, with pcyd type of ligands five new

MnII/Xpcyd compounds in combination with the blocking

1,10-phenanthroline ligand (phen) have been synthesized

and characterized [31]. These compounds contain the

unusual end-to-end R-cyanamide bridge and give

supramolecular one-dimensional networks by means of

H-bonds involving the N-amide atoms of the phenylcya-

namide ligands.

We have performed density functional theory (DFT)

calculations of the magnetic properties on X-ray and

molecular mechanics (MM)-optimized structures of mono-

and binuclear Mn(II) complexes 1–5 with X-phenylcyan-

amido bridging ligands (Fig. 1) to gain better insight into

the origin of phenomena.

For the Mn(II) ion, the ZFS parameter is highly sensitive

to the environment of the central metal ion, so very

important structural information can be obtained.

Mononuclear units can be coupled in polynuclear

complexes with a large negative magnetic anisotropy

(single molecular magnets, SMM), so the evaluation of

ZFS parameters is of great importance.

Fig. 1 Representation of the

Mn(II) complexes 1–5 studied

in this work: [Mn(3-

Clpcyd)(H2O)-(phen)2]? (1),

[{Mn(3-Fpcyd)(MeOH)

(phen)}2(l-3-Fpcyd)2] (2),

[{Mn(3-Fpcyd)(EtOH)

(phen)}2(l-3-Fpcyd)2] (3),

[{Mn(3-Clpcyd)(MeOH)

(phen)}2(l-3-Clpcyd)2] (4), and

[{Mn(4-Clpcyd)(EtOH)

(phen)}2(l-4-Clpcyd)2] (5);

hydrogen atoms are omitted for

clarity. Color code: Mn (pink),

C (gray), O (red), N (blue),

F (light blue), Cl (green)
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Results and discussion

Mononuclear [Mn(3-Clpcyd)(H2O)-(phen)2]? (1)

The geometry of the mononuclear complex 1 was optimized

using MM and DFT methods. A new force field for these

type of complexes was developed for this purpose

(Table 1S). Energy minimization and geometry optimiza-

tion resulted in one stable structure, which was in good

agreement with the X-ray structure [31]. The structural

parameters for the resulting energy-minimized structure

obtained by MM and DFT calculations and comparison with

the available crystallographic data for the complex ion 1 are

presented in Table 1. As expected, the local density

approximation (LDA) underestimates the bond lengths,

while the Perdew-Burke-Erzerhoff (OPBE) exchange-cor-

relation functional gives better results for the bond distances.

Calculations of the g-tensor and zero-field splitting

parameters were carried out on the X-ray structure of

[Mn(3-Clpcyd)(H2O)-(phen)2]? [31]. The calculated

g-values for complex 1 are isotropic, with giso = 2.0021

giso = (g1 ? g2 ? g3)/3. Calculations are in good agree-

ment with typical experimental and theoretical predictions

for a high-spin d5 configuration of the manganese ion [32].

Since all d metal orbitals are semi-occupied, in the case of

high-spin d5 configuration, there is no circulation of electronic

charge upon rotation. Semi-occupied molecular orbitals

(SOMO) and (SOMO-1) are r antibonding in character. The

other orbitals, (SOMO-2), (SOMO-3), and (SOMO-4), are p
antibonding. This is why the orbital contribution to the total

g-values is small, so the shifts in g-values are small as well.

Calculated zero-field splitting parameters and D contri-

butions to it are given in Table 2 using two different

methods, as indicated in the ‘‘Introduction.’’ The analysis

of D contributions, SS and SOC, calculated with CP and

PK methods, reveals that about 60% of D corresponds to

SS interactions (Table 2). The same range of results was

obtained for many six-coordinated complexes by other

authors [33–35].

The main contribution to DSOC arises from a–a and b–b
excitations. In the case of the high-spin d5 configuration,

these excitations belong to the metal–ligand charge transfer

(MLCT) and the ligand–metal charge transfer (LMCT),

and have negative signs. For DSS, the 1-center contribution

is the most important one. The prediction of the sign of D is

not straightforward because it becomes ambiguous when

E/D approaches the rhombic limit (E/D & 1/3) [5]. It has

been shown for Mn(II) complexes that the calculations are

unreliable once E/D becomes larger than 0.2 [33]. From the

results in Table 2, it emerges that the CP method yields

E/D values slightly larger than 0.2 and gives more reliable

results than the PK approach.

Thus, using computational chemistry methods it is

possible to give a detailed explanation of the magnetic

properties of the complex 1, and to analyze more compli-

cated cases, such as the binuclear complexes 2–5.

Binuclear complexes

DFT optimization is straightforward if the spins of the two

metal ions are ferromagnetically aligned. If the two spins

are antiferromagnetically aligned, complications arise [10].

The molecules studied in this work show weak AF

coupling. Hence, to optimize the geometries of the studied

molecules, we used the molecular mechanics method with

essentially the same parameters as developed for the

mononuclear complex (Table 1S).

Energy minimization and geometry optimization resul-

ted in one stable conformation for each structure of the

binuclear complexes 2–5. Structural parameters for the

energy-minimized species of the binuclear complexes are

in agreement with the corresponding values obtained from

the X-ray results (Table 3) [31].

M–N and M–O bond distances in the optimized struc-

tures of all the binuclear complexes were slightly longer

Table 1 Selected average bond lengths (Å
´

) and angles (8) for the

resulting energy-minimized structure by MM and DFT (LDA and

OPBE) and comparison with the available crystallographic data for

the [Mn(3-Clpcyd)(H2O)-(phen)2]? complex ion (1)

M–N M–Nph M–O NMNph NphMNph NMO NphMO

X-ray 2.119 2.307 2.149 97.86 82.60 92.20 93.90

MM 2.133 2.286 2.000 95.76 86.04 86.90 91.90

OPBE 2.020 2.305 2.630 99.80 88.26 73.80 90.67

LDA 1.979 2.184 2.375 99.96 88.12 73.50 92.86

Table 2 Calculated zero-field splitting parameters and D contribu-

tions from coupled-perturbed (CP) and Pederson–Khanna (PK)

methods for complex 1

CP method PK method

D (cm-1) -0.155 -0.148

DSOC (cm-1) -0.063 -0.051

a–a -0.064 -0.058

b–b -0.074 -0.066

a–b 0.047 0.033

b–a 0.029 0.040

DSS (cm-1) -0.093 -0.097

1-center -0.078 -0.083

2-center-Coulomb 0.001 0.002

2-center-exchange 0.000 0.000

2-center-hybrid -0.018 -0.018

E (cm-1) -0.034 -0.037

E/D 0.217 0.249
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than those in the optimized structure of the mononuclear

complex. NMN bond angles were larger in the mononu-

clear than the corresponding angles in binuclear

complexes. It has been shown [31] that factors favoring AF

coupling are mainly related to distortions in the

Mn–(NCN)2–Mn region: greater AF coupling is expected

for systems in which the bridging region is not chair-

distorted or in which the NCN-pcyd mean plane lies

coplanar to the (NCN)2 plane. The distortion in the central

Mn–(NCN)2–Mn region is induced by the deformation of

C–N–M–N torsion angle (Fig. 1). Complex 2 shows the

smallest central ring distortion in comparison with the other

binuclear complexes, while in complex 3 the largest devia-

tion of the central ring from planarity is observed (Table 3).

Calculations of magnetic couplings and g-tensors were

carried out on the X-ray structures of all the binuclear

complexes under study. To test the reliability of the present

force field, calculation of magnetic couplings was also

carried out on the energy-minimum conformations found

by MM. All calculated magnetic coupling parameters are

consistent with the experimentally obtained values

(Table 4) [31].

Calculations revealed that interactions are weakly anti-

ferromagnetic, due to the bridging ring structure [31]. The

trend in the calculated J parameter correlates with ring

distortion. The highly distorted compound 3 has the highest

value for the J parameter (Fig. 2). The magnetic orbitals of

the binuclear complexes, given in Fig. 3, give rise to an

exchange pathway with reasonable overlap.

Table 3 Selected average bond lengths (Å
´

) and angles (8) for the resulting MM energy-minimized structures of binuclear complexes and

comparison with the available crystallographic data

M–N M–O N–C NMN NphMO CNM CNphM CNphMN

[{Mn(3-Fpcyd)(MeOH)(phen)}2(l-3-Fpcyd)2] (2)

X-ray 2.147 2.228 1.162 103.00 82.25 157.7 114.2 12.90

MM 2.137 2.225 1.156 102.70 85.00 157.6 113.1 4.00

[{Mn(3-Fpcyd)(EtOH)(phen)}2(l-3-Fpcyd)2] (3)

X-ray 2.143 2.250 1.172 100.60 84.35 140.80 113.30 39.00

MM 2.142 2.260 1.166 99.40 86.65 142.90 111.00 46.80

[{Mn(3-Clpcyd)(MeOH)(phen)}2(l-3-Clpcyd)2] (4)

X-ray 2.236 2.220 1.222 95.00 85.10 146.60 122.00 28.50

MM 2.232 2.219 1.223 93.90 86.35 152.40 119.40 36.20

[{Mn(4-Clpcyd)(EtOH)(phen)}2(l-4-Clpcyd)2] (5)

X-ray 2.129 2.238 1.172 101.40 83.90 148.40 110.50 26.30

MM 2.132 2.230 1.171 100.60 86.70 152.70 113.00 31.90

Table 4 Comparison of DFT-calculated (MM and X-ray geometries) and measured exchange coupling constants J

Complex J (cm-1)

(calculated on X-ray)

Jexp (cm-1) J (cm-1)

(calculated on MM optimized)

[{Mn(3-Fpcyd)(MeOH)(phen)}2(l-3-Fpcyd)2] (2) -4.61 -3.34 -3.24

[{Mn(3-Fpcyd)(EtOH)(phen)}2(l-3-Fpcyd)2] (3) -2.23 -0.41 -0.30

[{Mn(3-Clpcyd)(MeOH)(phen)}2(l-3-Clpcyd)2] (4) -3.52 -2.89 -1.30

[{Mn(4-Clpcyd)(EtOH)(phen)}2(l-4-Clpcyd)2] (5) -3.65 -2.60 -1.55

Fig. 2 Dependence of the J coupling parameters on the central ring

distortion: 1 experimental values, 2 values calculated on X-ray

structure, and 3 values calculated on MM-optimized structure
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It is evident that the antiferromagnetic couplings are

present due to indirect exchange or superexchange,

mediated via bridging ligand orbitals located between the

two metal centers, so that the ligand forms a bond with

both metal ions. The overlapping of ligand orbitals,

which are located in the plane of the central ring,

decreases with increasing distortion in the Mn–(NCN)2–Mn

region. Geometry changes between complexes 2 and 3

are due to the different molecule coordinated to the

metal (EtOH, MeOH) and to the number of halogen

atoms. These differences between the geometries of

complexes 2 and 3 are responsible for the large differ-

ences in the values of J. MM is able to predict

these geometry differences mainly localized in the

Mn–(NCN)2–Mn region.

As for the mononuclear complex, the calculated g-val-

ues for all analyzed binuclear complexes are isotropic, with

the same value of giso = 2.0019.

Fig. 3 Corresponding magnetic

orbitals of a [{Mn(3-

Fpcyd)(MeOH)(phen)}2

(l-3-Fpcyd)2] (2),

b [{Mn(3-Fpcyd)(EtOH)

(phen)}2(l-3-Fpcyd)2] (3),

c [{Mn(3-Clpcyd)(MeOH)

(phen)}2(l-3-Clpcyd)2] (4),

and d [{Mn(4-Clpcyd)(EtOH)

(phen)}2(l-4-Clpcyd)2] (5)
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Conclusions

We present a detailed study of the magnetic properties of

mono- and homobinuclear Mn(II) complexes. We calcu-

lated the exchange coupling constants through the broken-

symmetry DFT approach on X-ray and MM-optimized

structures. Predominant antiferromagnetic interactions were

always found, in line with experiment. The antiferromag-

netic couplings are present due to indirect exchange or

superexchange, mediated via bridging ligand orbitals loca-

ted between the two metal centers. The calculated g-values

for all investigated mono- and homobinuclear complexes

are isotropic. Finally, the analysis of D contributions of

mononuclear complexes, SS and SOC, reveals that about

60% of D corresponds to SS interactions. The same range of

results is obtained for many six-coordinated complexes.

It is noteworthy that good agreement was obtained

between MM calculated and experimental structures, not

only in terms of metric data but also in the properties which

depend on geometry, e.g., magnetic coupling parameters.

This indicates that the present force field can be used with

high accuracy to predict the geometries of similar complexes

that have not yet been experimentally characterized, which

could help in rational design of magnetic molecular materials.

Computational details

DFT calculations were performed using the Orca program

package, version 2.5-15 [36]. Optimization of the mono-

nuclear complex was performed using the LDA functional

characterized by the Vosko–Wilk–Nusair (VWN) parame-

trization [37]. Beside the LDA functional, we also applied

the OPBE functional [38, 39]. An all-electron Gaussian-

type Ahlrichs triple-zeta valence basis set with three sets of

first polarization functions (TZVPP) was used for the

manganese atom, and a split valence basis set with one set

of first polarization functions (SVP) for nonmetallic atoms

[40, 41]. Calculations of magnetic couplings were done on

X-ray and MM-optimized structures, using the B3LYP

hybrid functional [42, 43, 45]. Electron paramagnetic res-

onance (EPR) g-values and ZFS parameters were calculated

using the Becke ’88 exchange and Perdew ’86 correlation

(BP86) functional [44, 45]. For EPR g-values the IGLO (III)

basis set was used for all nonmetallic atoms [46].

Molecular mechanics (MM) calculations were carried

out using the 2010/PC version of the Consistent Force

Field (CFF) conformational program [47]. Conformational

energy was defined in the usual way as given in Eq. 7:

Etotal ¼
X

r

1

2
kr r� r0
� �2þ

X

h

1

2
kh h� h0
� �2þ

X

u

1

2
ku 1þ cos nuð Þ

þ
X

ij

2

3
e

r�

r

� �12

�e
r�

r

� �6
" #

þ
X

ij

eiej

Drij
: ð7Þ

Bond-stretching and angle-bending contributions were

treated with simple harmonic functions. Torsional

contributions were represented as a Fourier series that

accounts for all four torsions involving a double bond, or

nine torsions involving a single bond. Nonbonded van der

Waals interactions were computed with the Lennard–Jones

‘‘12-6’’ potential function. Nonbonded electrostatic

contributions were modeled with the Coulomb function.

Point charges were obtained from DFT calculations

(ORCA).

The force field was parameterized on the basis of the

three different types of carbon atom (sp hybridized Csp

atom of cyanamido ligand, aromatic carbon Cp, and sp3

hybridized Csp3 atom), one type of oxygen atom, one type

of hydrogen atom, two types of nitrogen atoms

(sp2 hybridized N atom and aromatic nitrogen Nph), and the

central metal atom Mn(II). Appropriate parameters were

adjusted on a trial-and-error basis until we obtained the

best agreement between calculated and X-ray structure for

the mononuclear [Mn(3-Clpcyd)(H2O)-(phen)2]? complex

ion.

With essentially the same force field, we performed MM

calculations on binuclear complexes. A list of all force-

field parameters is given in Table 1S in the Supplementary

Material. In the MM calculations, we treated the H2O

ligand as a single sphere with unique radius, compress-

ibility, and charge [48].

Geometry optimizations were carried out using the

combinations of the steepest-descent, Davidon–Fletcher–

Powell, and Newton–Raphson methods [47]. Geometry

optimizations were continued down to root-mean-square

(rms) energy gradient of \10-6 kJ/mol Å.
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