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Abstract We report the results of broken symmetry den-

sity functional theory (BS-DFT) calculations providing the

exchange coupling constants for two quasi-one-dimen-

sional manganese–porphyrin compounds, [MnOEP][HCBD]

and [MnTtBuPP][HCBD] (OEP = octaethylporphyrinato,

TtBuPP = meso-tetrakis-(40-tert-butylphenyl)porphinato,

HCBD = hexa-cyanobutadiene). The different magnetic

behaviour of these materials is due mainly to the distinct

binding modes of the cyanocarbon unit. We compare and

contrast the results of BS-DFT calculations for magnetic

dinuclears, which properly model the actual molecular

magnets, to determine the geometry dependence of the

exchange interaction. The exchange coupling constants

resulting from BS-DFT calculations vary strongly with the

functional used, hybrid functionals such as B3LYP leading

to results that better correlate with the constants determined

experimentally. Structure-properties correlations reveal the

determinant role of the Mn–(N:C)TCNE bond angle on the

ferrimagnetic coupling between the S1 = 2 spin located on

the MnIII–porphyrin donor and the S2 = 1/2 spin posi-

tioned on the cyanocarbon acceptor. Based on a phenom-

enological model providing the geometry dependence of

the exchange coupling constants, we fitted the results of the

DFT calculations and obtained parameters describing

the ferromagnetic and the antiferromagnetic parts of the

superexchange interaction. The large differences between

the magnetic properties of the two Mn–HCBD systems are

explained based on the correlation between the exchange

coupling constant and the overlap between the Mn(III)

d and the HCBD p* orbitals and on the torsion angle of the

butadiene backbone, which affects dramatically the nature

of the p* orbital in the case of the nonplanar HCBD.

Keywords Magnetic properties � Density functional

calculations � Exchange interactions � Donor–acceptor

systems � Manganese–porphyrin

1 Introduction

Among molecular magnets [1–3], the family of quasi-one-

dimensional manganese(III)–porphyrin–cyanocarbon-

based compounds has stirred special interest as it provides

an unusual opportunity for the study of magnetic ordering

because of its wide range of controlling factors [4]. For

example the cyanocarbon bridge connecting the adjacent

porphyrins can be varied to influence the intra-chain

interactions [5, 6], different organic constituents can be

added at the periphery of the porphyrin to affect the inter-

chain interactions [7, 8] and, thereby, build up or reduce

three-dimensional magnetic order [9, 10], various solvents

Electronic supplementary material The online version of this
article (doi:10.1007/s00214-012-1249-0) contains supplementary
material, which is available to authorized users.

C. I. Oprea � P. Panait � M. A. Gı̂rţu (&)
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that may induce glassy behavior [11, 12] can be incorpo-

rated into the structure, leading to properties attributed later

to single chain magnets [3, 13, 14]. Experimental studies

performed to understand the role of the different building

blocks forming these materials, revealed interesting mag-

netic properties (one-dimensional ferrimagnetic behavior at

high temperatures [5, 6], three-dimensional canted anti-

ferromagnetic or weak ferromagnetic behavior at low

temperatures [10]) and phenomena (lattice- and/or spin-

dimensionality crossovers [9]).

The manganese(III)–porphyrin compounds are quasi-

one-dimensional electron transfer salts consisting of chains

of alternating metalloporphyrin electron donors and

cyanocarbon electron acceptors [7, 8]. The adjacent spins

along these chain alternate, S1 = 2 on the donor and

S2 = 1/2 on the acceptor. The most extensively studied

systems in this family have been [MnTPP][TCNE]�xS

(TPP = meso-tetraphenylporphyrinato, TCNE = tetracya-

noethylene, S = toluene, ortho-xylene, ortho-dichloro-

benzene, etc.) [5, 6]. Changing the cyanocarbon acceptor

(HCBD = hexacyanobutadiene) as well as the constituents

added at the periphery of the porphyrin lead to interesting

compounds such as [MnOEP][HCBD] (OEP = octaethyl-

porphyrinato) [15] and [MnTtBuPP][HCBD] (TtBuPP =

meso-tetrakis-(40-tert-butylphenyl)porphinato) [16]. Based

on extended magnetic studies, it was shown [9, 10] that

[MnOEP][HCBD] has antiferromagnetic interactions along

the chains, with the strength of the exchange coupling

constant estimated at *-170 K (about -120 cm-1, as

1 K *0.695 cm-1). Furthermore, the antiferromagnetic

coupling along the chain of unequal alternating spins leads

to a 1-D ferrimagnetic spin configuration and the interchain

interactions cause a low-temperature 3-D canted antifer-

romagnetic behavior [9, 10]. In the case of [MnTtBuPP]

[HCBD], the intra-chain interaction is very weak leading to

paramagnetic behavior down to below 15 K, where canted

antiferromagnetic behavior is observed [16].

Recently, the extensive experimental studies have been

backed for some manganese–porphyrin systems by rigorous

theoretical confirmations of the magnetic ordering mecha-

nism have been lacking. A CASSCF, CASPT2 and DFT/

B3LYP calculations by Ribas-Arino et al. [17] qualitatively

reproduced the antiferromagnetic intra-chain coupling and

ferrimagnetic spin configuration along the chains. It was

found that the density functional theory (DFT) techniques

tend to overestimate the experimental exchange constant,

whereas the multiconfigurational ab initio approaches

underestimate them.

Density functional theory (DFT) studies based on the

broken symmetry (BS) approach of the manganese–por-

phyrin–cyanocarbon dinuclear, with the Mn(III) ion and the

[TCNE]- radical anion as spin carriers, provided antifer-

romagnetic exchange constants of different strengths,

depending on the functional used [18]. In that case, all DFT

results underestimated the experimental value, best results

being obtained with the B3LYP functional. More recently,

other BS-DFT calculations studied the role of the

Mn–TCNE bonding geometry on the intra-chain exchange

and demonstrated that the phenyl substituent has a small

influence on the intra-chain coupling, the results on models

with pristine porphyrin (P) being similar to its derivatives

(TPP). The study also confirmed that the values of exchange

constant depend strongly on the density functional used

[19].

In a later study [20], BS-DFT calculations provided the

intra-chain exchange coupling constant and its dependence

on geometrical parameters for extended [MnP][TCNE]

systems, using periodic boundary conditions. The exchange

coupling constants resulting from calculations of extended

systems, with periodic boundary conditions were found to

be generally consistent with those obtained for the dinu-

clears that represent the repeating sequence of the chains. It

was shown that the strength of the exchange constant

depends strongly on the DFT functional and weakly on the

basis set used: hybrid functionals outperform gradient

corrected pure functionals.

Here, we report the first magnetic exchange interaction

calculations performed for manganese–porphyrin com-

pounds bridged by [HCBD]2. We build upon a previous

calculation of the ligand [21, 22] to compare and contrast

the results obtained for the compounds [MnOEP][HCBD]

and [MnTtBuPP][HCBD], as well as for the previously

studied [MnTPP][TCNE]. We also compare the results of

the main three BS approaches as well as the role of the

DFT functional on the value of the exchange constant.

Based on magneto-structural correlations, we attempt to

explain the magnetic behavior of these compounds.

2 Broken symmetry approach

The well-known Heisenberg–Dirac–van Vleck Hamilto-

nian, describing isotropic symmetric exchange between

two localized spins, is generically expressed as [1, 2] H ¼
�2JS1 � S2: The magnetic exchange interaction between the

open-shell electrons of a magnetic system within the DFT

methods [23–25] is based on spin-polarized or unrestricted

DFT calculations, in combination with the BS approach

[26–31]. This approach has proven to be a powerful tool in

the prediction and interpretation of magnetic properties of a

large variety of magnetic systems, as well as for revealing

and tracing magneto-structural correlations [32]. The

Broken symmetry treatment results in a solution that is an

eigenstate of Sz (with eigenvalue Smin) but not of S2, which

can be written as a weighted average of the energies of the

pure spin multiplets. The literature shows various ways of
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interpreting the results of BS-DFT calculation, to estimate

the J coupling parameter [26–31]. In the case of a spin

dinuclear, they all have in common the energy difference

between the high-spin (SHS = S1 ? S2) and the BS states.

The first BS-DFT calculation was performed by Noodle-

man et al. [26, 33], using the expression:

2JN ¼ �ðEHS � EBSÞ=2S1S2; ð1Þ

obtained in the approximation of orthogonal magnetic

orbitals on the two centers. This approximation is

applicable only in the weak overlap limit, and the strength

of the exchange coupling constants obtained has been

systematically larger than the experimental values. An

alternative formula proposed by Ruiz et al. [34, 35]

2JR ¼ �ðEHS � EBSÞ=ð2S1S2 þ S2Þ; ð2Þ

(S1 C S2) was derived in the strong overlap limit. The

approximate projection method was introduced by

Yamaguchi and coworkers to account for the overlap

between the magnetic orbitals and to consider the spin

contamination, especially of the BS state [31, 36, 37]

2JY ¼ �2 EHS � EBSð Þ= S2
� �

HS
� S2
� �

BS

� �
; ð3Þ

in the approximate spin projected scheme.

All procedures imply unrestricted DFT calculations for

the system in both the BS state and the HS state. The

Yamaguchy approach uses explicitly the expectation val-

ues of the square of the spin, provided by the output of the

unrestricted DFT calculations. The S2
� �

quantities incor-

porate the overlap of the magnetic orbitals and, in princi-

ple, continuously describe all situations between null and

complete overlap limits. Therefore, the exchange values

provided by Eq. (3) are intermediate between those

obtained with Eqs. (1) and (2).

3 Molecular modeling

The chains of manganese–porphyrin–cyanocarbon salts

have an alternating structure of Mn(III)–porphyrin cations

and [HCBD]2 anions. For the basic dinuclear sequence, the

rules of addition of angular momenta, the coupling between

the S1 = 2 and S2 = 1/2 radicals lead to two possible

states: an SHS = 5/2 high-spin state and an SLS = 3/2 low-

spin state. Based on a previous observation [20] that the

results on the minimal dinuclear sequence and full band

structure calculations of the 1-D system are comparable,

we confine here to the smaller molecular model. The actual

compounds were modeled with an Li? ion added to the

terminal CN group of the [HCBD]2 radical (to mimic the

polarization effects of the next metal ion) and an HCN

group trans coordinated to MnIII, used as a substitute for

the [HCBD]2 on the other side of the porphyrin (to ensure

hexacoordination of the metal ion). Further idealization

was done replacing the ethyl or tert-butylphenyl groups

with H atoms and symmetrizing the slight deviation from

the tetragonal symmetry, optimizing the model of simple

porphyrin within D4h point group. The [HCBD]- radical

anion was separately optimized within C2h, using the DFT/

BP86/6-31G* method. Enforcing moieties with their ideal

higher symmetry helps the interpretation insight, without

impinging upon the meaning of quantitative results. We

showed in earlier work that the phenyl groups have minor

influence on the strength of the intra-chain magnetic

interaction [20], but play a key role in the inter-chain

interactions [5, 6]. The resulting dinuclears proposed as

models for the compounds of interest are {(HCN)

[MnIIIP]?[HCBD]-�Li?}, shown in Fig. 1 for the two

bonding configurations of the HCBD ligand. The schematic

structures of the chains were redrawn using crystallo-

graphic data from Refs. [15, 16].

The simplified models have two bonding modes of the

HCBD ligand to the transition metal ion, both with trans

configurations (see Fig. 1). The first case, occurring for the

[MnOEP][HCBD] experimentally reported systems [15],

the ligand connects to the metal through the C:N– groups

bound to the carbon atoms 1 and 4 of the butadiene skel-

eton. In the second case, related with the [MnTtBuPP]

[HCBD] system [16], the HCBD connects to the metals

through the cyano groups bound to the 2 and 3 carbons

of butadiene. For convenience, we label the two binding

models 1–4 and 2–3, respectively.

The key parameters used in our attempt to correlate the

structure and the strength of the intra-chain magnetic

interaction have been (see Fig. 1) the Mn–NTCNE distance,

r, the Mn–(N:C)HCBD angle, h, the Mn–(N:C–N)HCBD

dihedral angle, w (which defines the rotation of the HCBD

plane around the line along the N:C– group coordinated

to Mn), the Nporph–Mn–(N:C)HCBD dihedral angle, u
(which defines the rotation of the HCBD plane around the

line connecting the Mn ion and the NHCBD atom coordi-

nated to it), and the torsion angle of the butadiene back-

bone, s. Although this is neither a unique nor a complete

set of coordinates, it captures the essence of the various

interaction geometries and allows the comparison with

other theoretical studies as well as experimental results.

Unrestricted DFT calculations were carried out for both

the dinuclears and the extended systems (with periodic

boundary conditions, PBC) with the Gaussian03 [38]

package using the generalized gradient approximation

functional BP86 [39, 40] and B3LYP hybrid functional [41,

42]. The double zeta polarized 6-31G* basis sets [43] were

used for all the atoms of the HCBD unit, as well as for Mn,

and N atoms in the porphyrin complex, while the remain-

der of porphyrin skeleton, C and H atoms, were treated

Theor Chem Acc (2012) 131:1249 Page 3 of 13

123



with 6-31G functions. The optimization of the extended

system was performed by DFT/BP86/6-31G* basis sets.

4 Results and discussion

The main geometric parameters obtained through the

structural optimization of the two models proposed for the

[MnOEP][HCBD] and [MnTtBuPP][HCBD] compounds

are displayed in Table 1. The first observation is that the

BS energy is lower for both systems, indicating antiferro-

magnetic coupling leading to a ferrimagnetic spin orien-

tation. The better agreement with the experimental data

for the structure obtained based on low-spin calcula-

tions strengthens the argument in favor of ferrimagnetic

configuration. The difference in energy is larger in the

[MnOEP][HCBD] type of coordination, suggesting that the

ferrimagnetic configuration is more strongly stabilized than

in the case of [MnTtBuPP][HCBD]. We note the large

difference in the angles h and w observed between the HS

and BS calculations when the HCBD ligand is in a trans

arrangement. This result suggests, as we shall discuss later,

that the magnetic stabilization of the ferrimagnetic spin

orientation is correlated with a structural change that

increases the electron transfer based on orbital overlap.

Worth noting at this point is the role of the HCBD

bonding. The distance between the Mn(III) ion and the N

atom of the HCBD ligand is significantly larger in the case

of 2–3 binding, affecting the orbital overlap and the

strength of the magnetic exchange interaction. Also, the

angle w has considerably different values for the two

binding modes of HCBD, larger for the LS state but smaller

for the HS of the 1–4 binding configuration.

The optimized geometry was further used for a com-

parison of the role of the functional on the exchange con-

stant. A gradient corrected functional, BP86, and a hybrid

functional, B3LYP, were used with the basis sets already

mentioned for the BS-DFT calculations, which were per-

formed for the HS and LS states imposing a sextet or a

quartet multiplicity, respectively. Table 2 displays the

results of these calculations for the dinuclears as well as for

the corresponding extended systems, with PBCs. The band

calculations were performed following a procedure

described earlier [20] for a similar compound.

We showed earlier that, once polarization effects are

included, the differences between the basis sets do not

lead to significant variations of the exchange constants

[19, 20]. The functional, however, exerts a sensible

role, BP86 giving higher absolute values of J, compared

with B3LYP [19, 20]. Also here, the B3LYP functional

leads to better agreement with the experimental value

of *170 K [5, 6]. Therefore, the choice of the functional

combines arguments of performance as well as economy

of the calculations. Keeping in mind the much higher

demands of the geometry optimization, we may use the

BP86 functional, but when we determine the exchange

constants we rely on the more accurate B3LYP hybrid

functional.

Important to note is that the band calculations are less

trustworthy when the value of the coupling constant is

close to zero. The experimental data are well described by

the dinuclear calculations, which indicate weak antiferro-

magnetic coupling, whereas the PBC calculations would

suggest a very weak ferromagnetic coupling.

The BS-DFT calculations were performed for a variety

of angles h, u, w, and s. The computations were performed

at intervals of 15�, fixing the distance between the Mn ion

and the coordinating NTCNE at r = 2.300 Å. The ranges for

the main angles stopped at h = 120� and at w = 120� due

to the sterical hindrance encountered between the HCBD

and the porphyrin when the plane of the cyanocarbon

bridge is tilted excessively.

Fig. 1 Schematic structures of [MnOEP][HCBD] (a) [MnTtBuPP]

[HCBD], (b) and of the {(HCN)[MnIIIP]?[HCBD]-�Li?} model

systems used in simulations, for the two possible bonding

configurations of HCBD: 1–4 binding (c) and 2–3 binding (d). The

internal coordinates essential for describing the geometry and making

the structure-properties correlations are indicated in red
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The exchange constant was determined for all spatial

configurations using the broken symmetry Eqs. (1–3). The

results showing the h dependence of the exchange con-

stants for the 1–4 binding mode of HCBD are displayed in

Fig. 2 for each functional. It can be seen that the exchange

constants calculated with Eqs. (1–3) verify consistently the

relation jJRj\jJY j � jJN j; in agreement with other authors

[20, 44].

A second observation is that the differences between the

coupling constants calculated based on the three method-

ologies synthesized by Eqs. (1–3) increases at smaller

values of the angle h. This result is simply due to the

increase in the denominator in Eqs. (1) and (2). When the

angle h approaches 180�, the energy difference between

the HS and BS states goes to zero and the three curves tend

to coincide.

Fig. 2 Exchange coupling constants calculated by BS–DFT with the

BP86 (a) and B3LYP (b) functionals, for the {(HCN)[MnIIIP]?

[HCBD]-�Li?} dinuclears in the 1–4 binding mode of HCBD as a

function of h, for various u and w = 90�, at DFT/BP86/6-31G* level,

using Eq. (1) (N), Eq. (2) (R), and Eq. (3) (Y)

Table 1 Geometric parameters of the two types of [MnP][HCBD]

systems in the 1–4 and 2–3 binding configurations, modeling the

[MnOEP][HCBD] and [MnTtBuPP][HCBD] compounds, respectively,

calculated with periodic boundary conditions and optimized in their

low- and high-spin states by DFT/BP86/6-31G*

[MnOEP][HCBD] (1–4 binding) [MnTtBuPP][HCBD] (2–3 binding)

LS HS Exp. LS HS Exp.

r (Mn–NHCBD) 2.211 2.311 2.419 2.360 2.363 2.353

h 145.5 173.0 124.0 164.2 164.6 172.3

u 26.6 38.4 – 14.2 13.2 –

w 80.6 5.8 – 56.3 54.9 –

s 179.9 177.3 – 158.8 159.1 –

r (C–C) 1.440 1.437 1.432 1.441 1.432 1.418

r (C=C) 1.426 1.428 1.366 1.431 1.440 1.377

r (Mn–Nporph) 2.028 2.027 2.006 2.024 2.023 2.006

Energy -2848.814048 -2848.811752 – -2848.810644 -2848.810507 –

Bond lengths are given in Å, angles in degrees and energy in hartrees. Experimental values are taken from Ref. [16]

Table 2 Exchange coupling constants, expressed in K (1 K *0.695

cm-1), for the extended [MnIIIP]?[HCBD]- system, with periodic

boundary conditions, and for the {(HCN)[MnIIIP]?[HCBD]-�Li?}

dinuclears, for both HCBD binding modes, using the geometry

optimized in band calculations for various DFT functionals and the

6-31G* basis set

[MnOEP][HCBD] (1–4 binding) [MnTtBuPP][HCBD] (2–3 binding)

Dinuclear PBC Dinuclear PBC

BP86 -262.43 -243.76 -13.94 -6.49

B3LYP -126.12 -124.48 -5.17 0.07

The constants were calculated in the Ising BS approach using the expression [20] 2JI ¼ �ðEHS � EBSÞ=2S1S2

Theor Chem Acc (2012) 131:1249 Page 5 of 13
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As seen in Fig. 2, the DFT functional plays an important

role in the calculation of the exchange coupling constant.

As we already showed, the results of the B3LYP calcula-

tions are in better agreement with the experimental value.

Consequently, the magnetic interaction is strongly over-

estimated when using the BP86 functional, compared to the

results of the B3LYP calculations. The hybrid functional

improves significantly the accuracy of the calculation at

higher computation costs. This extra price is high in the

calculation of the optimized geometry, when periodic

boundary conditions are used, and well worth paying for

the calculation of the exchange constants. As it was shown

[20] for similar systems that band calculations for extended

systems consistently provide results that compare well with

those obtained for dinuclears, we restrict here to the later

approach.

The exchange maps shown in Fig. 3 were calculated for

various spatial configurations for the two models, using the

Yamaguchy approach, expressed by Eq. (3). Again, the first

observation is that the exchange constant is negative for all

cases, clearly indicating antiferromagnetic interactions

between the S1 = 2 spin on Mn(III) and the S2 = 1/2 spin

on [HCBD]-, leading to ferrimagnetic behavior along the

chains.

To better understand these results, we should interpret

the data of Figs. 3 and 4 by making reference to the

structure shown in Fig. 1. For the 1–4 bonding mode of

HCBD, at h = 180�, when the N:C– group is aligned

along the z axis (doted line in Fig. 1a), the w angle does not

change the overlap between the p* orbital of [HCBD]- and

the d orbitals of the Mn(III) ion. It results that the w
dependence of J cannot be significant in that range of h,

and the high plateau seen in Fig. 3a confirms this argu-

ment. When h is decreased to 120�, the change of the angle

w causes a significant variation of J, as the [HCBD]-

radical anion is tilted toward the porphyrin plane, leading

to different overlaps and varying the delocalization of the

electron. For w *90�, the tilt determines the largest pos-

sible dz2–p* orbital overlap and, indeed, the exchange

constant is largest in absolute value.

At w = 0� (or 180�), changes in h do not affect signif-

icantly the overlap between the d orbitals of the Mn(III) ion

Fig. 3 Exchange coupling constants calculated by BS-DFT at

B3LYP/6-31G* level, using Eq. (3), for {(HCN)[MnIIIP]?

[HCBD]-�Li?} dinuclears, in the 1–4 HCBD binding mode, at

u = 0� and s = 180� (a) and in the 2–3 binding mode, at u = 0� and

s = 160� (b), as well as for {(HCN)[MnIIIP]?[TCNE]-�Li?}

dinuclears at u = 0� (c). The open circles, interconected by surface

grids represent the computed points. The stars represent the results of

the fit to Eq. (7). The quality of the fit can be visually evaluated based

on the position of the stars with respect to the open circles, the actual

data being reported in the supplementary materials
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and the p* of [HCBD]-. The dz2 and p* orbitals are

orthogonal leading to weak ferromagnetic spin coupling, but

the other interaction channels with p*, for instance through

dxz and dyz orbitals make possible the spin delocalization and

an overall small antiferromagnetic interaction, as seen in

Fig. 4a. When w *90�, the variation of h bends the HCBD

plane toward the porphyrin, causing large differences in the

d–p* orbital overlap and wide changes in J.

The results obtained for the 1–4 binding of HCBD in

[MnOEP][HCBD] are similar to those previously reported

for [MnTPP][TCNE] [20, 21]. In addition, in the case of

HCBD, a new parameter is the torsion angle, s. Figure 4a

indicates that the exchange constant is practically inde-

pendent of s at constant h, but varies significantly when h is

changed at constant s. This result less expected as the

torsion of the [HCBD]- affects the nature of the p* orbital,

the twist altering the nodal plane.

For the 2–3 bonding mode of HCBD, the exchange maps

have more features because of the nonplanar structure of

[HCBD]- [21, 22]. At h = 180�, when the N:C– group is

aligned along the z axis (doted line in Fig. 1b), the w angle

can change the overlap between the p* orbital of [HCBD]-

and the d orbitals of the Mn(III) ion, especially at w = 90�,

leading to a departure from the plateau observed in the

other type of binding. When h is decreased to 120�, the

change of the angle w causes a significant variation of J, as

the [HCBD]- radical anion is tilted toward the porphyrin

plane. The largest exchange constant is obtained for w
*120� where the tilt, together with the torsion of

[HCBD]- determines a large d–p* orbital overlap.

The torsion angle, s, and the bond angle, h, both affect

the exchange constant independent of each other, unlike

the case of the 1–4 binding mode. The strongest J is

obtained in the corner of smallest s and h.

In the case of u, the exchange constant is not affected

significantly, as seen in Fig. 4c. The rotation of the HCBD

plane around the z axis (dotted line in Fig. 1a) does not vary

drastically the orbital overlap and cannot change signifi-

cantly the exchange coupling constant. The shape of the

surface indicates that the key variable is, in fact, angle h.

Returning to the exchange maps in Fig. 3, we attempted

to correlate the calculated exchange constants with the

relative geometry of the manganese–porphyrin–cyanocar-

bon system. The dependence of the exchange coupling

constant with respect to the geometrical parameters of the

HCBD versus porphyrin placement can be rationalized

Fig. 4 Exchange coupling constants calculated by BS-DFT at

B3LYP/6-31G* level, using Eq. (3), for {(HCN)[MnIIIP]?

[HCBD]-�Li?} dinuclears, at u = 0� and w = 90� for the 1–4

(a) and the 2–3 (b) HCBD binding mode, and at s = 180� and

w = 90� for the 1–4 binding mode of HCBD (c). The data are also

reported in the supplementary materials
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following certain simple assumptions about the dichotomy

of the Jab parameter in a ferromagnetic component, Kab,

and an overlap, Sab, dependent antiferromagnetic part,

namely [45, 46]:

2Jab ¼ 2Kab � UabS2
ab ð4Þ

where Uab has the meaning of an electron–electron

Coulomb repulsion term that results from transferring an

electron from one site to the other. This formula is to be

applied literally for problems involving two interacting

1/2 spins in two orbitals (a and b). It is a phenomeno-

logical approximation, which, however, has been shown

to hold successfully for the description of the geome-

try dependence of the exchange coupling parameter

[45, 46].

For problems involving multiple electrons on at least

one site, must consider that the overall exchange coupling

is a sum over different orbital channels for each orbital

couple assuming the dependence in Eq. (4). For two cen-

ters, A and B, with nA and nB unpaired electrons on the

interacting units, the overall exchange is an average of the

individual Jab parameters [47, 48]:

JAB ¼
1

nAnB

X

a2A

X

b2B

Jab ð5Þ

For the Mn(III) site, described by the (xy)1(xz)1(yz)1(z2)1

configuration, interacting with the [HCBD]- radical,

denoted by a p* molecular orbital, the explicit expansion

of Eqs. (4) and (5) is:

2JAB ¼
1

2
Kz2�p� þ Kxy�p� þ Kxz�p� þ Kyz�p�
� �

� 1

4
Uz2�p� z2jp�

� �2þUxy�p� xyjp�h i2
�

þ Uxz�p� xzjp�h i2þUyz�p� yzjp�h i2
�

ð6Þ

In the following, the first parenthesis will be regarded as

a global parameter, as the angular dependence of the

ferromagnetic exchange is generally negligible compared

to the antiferromagnetic one [49, 50]. The main

geometrical parameter is the orientation of the p* orbital

with respect to the axis frame attached to the manganese–

porphyrin unit. Moreover, the overlap integral between

d type metallic orbitals and the p* of the radical is in fact

the overlap with the p type atomic orbital (AO) on the

coordinated nitrogen, modulated by the linear combination

coefficient in the SOMO.

The U parameters and the overlap integrals can be

denoted with the help of the axial symmetry labels r : z2,

p : (xz, yz), and d : (x2 - y2, xy). Because the p type

AOs on the organic spin carrier are not able to participate

in d-type interactions, the corresponding terms will vanish

in formula (6). The orientation of the p type AO can be

expressed with the help of x and n polar coordinates, as

shown in Scheme 1. The left side of the scheme suggests

the interaction of the whole metal ion and generally ori-

ented p type spin carrier, the panels following at right

suggesting its decomposition in axial symmetry interaction

channels.

The z2 orbital interacts by a r type symmetry in the

overlap Sr, with the projection of the orbital p on the z

axis (defined as perpendicular to the porphyrin plane):

z2
�� p�

� �
¼ Sr cosðxÞ: The xz and yz orbitals interact

by a p type symmetry: xz j p�h i ¼ Sp sinðxÞ cosðnÞ
and yz j p�h i ¼ Sp sinðxÞ sinðnÞ: Correspondingly, the U

parameters turn into Ur for the z2 interaction channel and

Up for the xz and yz channels. Because of the degeneracy

of xz and yz components in the D4h group, the explicit

dependence on the n angle disappears (mathematically,

Up xzjp�h i2þUp yzjp�h i2¼ UpS2
p sin2ðxÞ). This result is

supported by the correspondence between the angles u and

n, shown in Fig. 1 and Scheme 1, respectively. The inde-

pendence of n of the antiferromagnetic part of the exchange

with p symmetry is justified by the lack of u-dependence

observed in the exchange map shown in Fig. 4c.

cos( ) sin( )cos( ) sin( )sin( )

z2   xz yz

ω ω ξ ω ξ
ω

ξ

Scheme 1 Illustration of the

relative orbital orientation of the

d type AOs of MnIII and the

p type AOs of the coordinated N
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Consequently, Eq. (6) becomes:

2J ¼ 1

4
2K � UrS2

r cos2ðxÞ � UpS2
p sin2ðxÞ

� �
ð7Þ

In principle, the orientation of the key p orbital on

the bridging nitrogen atom can be inferred from local

geometry, as perpendicular to the corresponding moiety of

the radical ligand. The relation between the fitting angle, x,

and those defined in Fig. 1, h and w, used in the BS-DFT

calculation of the exchange maps is cosðxÞ ¼ sinðhÞ
sinðwÞ; whereas n in Scheme 1 is coincident with the u
parameter from Fig. 1. However, this straightforward

relationship may not be strictly valid for the case of the

2–3 binding mode, when the orientation may be influenced

by the torsion around the central C–C bond. It is, therefore,

useful in the case of the nonplanar HCBD to consider a

phase factor by redefining the angular dependence:

cosðxÞ ¼ sinðh� h0Þ sinðw� w0Þ: The results of the fit

of the exchange constants using Eq. (7) are reported in

Fig. 3 and Table 3.

As it can be seen from Fig. 3, the fit of the exchange

maps based on Eq. (7) is reasonably good for the case of

1–4 binding mode of [HCBD]- and of [TCNE]- but poor

for the 2–3 binding mode of the [HCBD]2 anion. The fair

agreement between the DFT calculated constants and the

results of the phenomenological model used justifies the

approximations made in the first two cases, of compounds

with planar cyanocarbon acceptors. In the later case,

however, the torsion of the bridging molecule leads to

difficulties in finding the structure-property correlation

even when using the phase factors h0 = 30� and w0 = -4�.

Moreover, the poor fit may also be related to the low

magnitude of the antiferromagnetic components. Our

approximation that the geometry dependence of 2 K can be

neglected holds when the exchange is dominated by the

antiferromagnetic part, which is firmly true for the 1–4

bridging mode and to a lesser extent for the 2–3 type.

The values of the three parameters used in the fit of the

exchange maps, reported in Table 3, are interesting to exam-

ine. First, the value of the ferromagnetic part, 2 K, is

systematically much smaller than that of the antiferromagnetic

part, in all three cases, in agreement with the model of su-

perexchange proposed long ago by Anderson [49, 50].

Furthermore, for all systems studied, the dominant

contribution comes from the r part of the antiferromagnetic

component, indicating that the dz2–p* orbital overlap is the

most important for these magnets. This result was previ-

ously reported for the [MnTPP][TCNE] system [17, 19, 20,

51] and is now observed for two different compounds with

various binding modes of the HCBD bridging molecule.

The comparison between the values obtained for the two

[HCBD]- models suggests that along with the torsion

angle might also play a role the electron density on the

binding nitrogen. The analysis of the electron density may

also clarify the differences between the systems where

different cyanocarbon acceptors have similar binding

configurations ([TCNE]- and 1–4 [HCBD]- based com-

pounds). Mulliken spin populations and Mayer bond orders

were obtained from B3LYP/6-31G* calculations on the

model fragments illustrated in Fig. 1, in the BS state.

The Mulliken spin population [52] on the nitrogen atoms

belonging to the cyan groups linked to the 1 and 4 atoms of

the butadiene skeleton are about 0.15, significantly higher

than the populations of the N atoms from the –C:N

groups bound to the 2 and 3 butadiene carbon atoms, which

are 0.05. This result explains the values reported in Fig. 3

and Table 3, evidencing a smaller exchange coupling for

2–3 binding configuration with respect to the 1–4 case.

The Mayer bond orders [53] for the Mn and coordina-

tion contact are about 0.29 in the case of 1–4 topology and

0.22 in the case of the 2–3 binding. The lower value in the

later case is due to the smaller contribution of the p elec-

tron density in the bonding. In both cases, there is also a

common bulk contribution originating from the compara-

ble Mn–N r bonding.

The electronic density of the highest occupied molecular

orbital (see Fig. 5). We note that the binding to manganese

of the planar bridging molecules, 1–4 HCBD and TCNE,

resembles closely, and it is not a surprise that the exchange

maps shown in Fig. 3a, c are so similar. The electron

density map of the HOMOs seen in Fig. 5a, b shows a high

density on the nitrogen atoms involved in binding (indi-

cating large LCAO coefficients in the HOMO) and a strong

overlap between the p* orbital of the cyanocarbon ligand

and the d orbital of the Mn(III) ion. In contrast, the HOMO

of the system modeling the 2–3 HCBD binding has weaker

electron density on the connecting N atoms and practically

no overlap of the p* orbital of [HCBD]- and the d metallic

orbital. We can argue intuitively that the clear localization

of the electron density on the ligand, with practically no

density on the metal ion, leads to a weak transfer integral

and, correspondingly, a small exchange coupling constant.

Table 3 Results of the fit of the exchange coupling constants

reported in Fig. 3, using Eq. (7), for {(HCN)[MnIIIP]?[HCBD]-�Li?}

dinuclears, for both HCBD binding modes, as well as for

{(HCN)[MnIIIP]?[TCNE]-�Li?} dinuclears, based on BS-DFT cal-

culations at B3LYP/6-31G* level

2 K UrS2
r UpS2

p

[MnIIIP][HCBD] (1–4 binding) 1.81 199.60 6.13

[MnIIIP][HCBD] (2–3 binding) 1.07 54.34 5.89

[MnIIIP][TCNE] 2.54 373.43 28.27

The quantities are expressed in Kelvin (1 K *0.695 cm-1)
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These results are consistent with the values of UrS2
r

reported in Table 3 for all three systems.

Furthermore, comparing Fig. 5a, b, we note that the

same electron density is spread in the later case over a

larger volume in HCBD, as compared to TCNE, decreasing

the LCAO coefficient for the binding nitrogen atoms in

HCBD, and leading to a lower overlap and smaller anti-

ferromagnetic part. Therefore, it is not surprising that the

value of UrS2
r obtained for the 1–4 HCBD based compound

is so much smaller than for the TCNE-based system.

To move beyond this qualitative, intuitive analysis, we

calculated the effective LCAO coefficients of the N atoms

of the [HCBD]- radical anion (free or embedded in com-

plexes). The coefficients were obtained by estimating the

overlap of the corresponding frontier orbitals with pure

nitrogen p type functions taken from a free atom, with the

6-31G* basis (see Table 4). The geometry of the molecular

models corresponds to the structures optimized by calcu-

lations on extended systems, with periodic boundary con-

ditions. The observed mutual relationships are conserved,

qualitatively, at other geometries also. For the free

[HCBD]- unit, we note the equivalence of the marginal

–C:N groups bound to the carbon atoms 1 and 4 of the

butadiene backbone (labeled N1, N10 and N4, and N40,
respectively, as shown in Scheme 2) at one hand and to the

2 and 3 C atoms (labeled N2 and N3), on the other, with

the LCAO coefficients for N2 and N3 being smaller.

The differences between the two types of coordinating

nitrogen atoms become even larger in the case of bonded

[HCBD]- radical. In this case, even the atoms belonging to

the same class show numerical differences (induced by the

limitations of the molecular model used) but keep the same

mutual trends related to a smaller LCAO coefficients of the

N2 and N3 atoms. These results correlate well with the

smaller US2 and 2K parameters for the 2–3 coordination

displayed in Table 3.

Spin density populations of the model systems were

calculated for both bonding configurations in both HS and

BS states, the results being reported in Fig. 6 (and in tab-

ular form in the supplementary materials). Upon examining

Fig. 6, the first observation is that the low-spin state has a

BS character, with a net spin negative spin density on the

Fig. 5 Electron densities of

HOMOs of the optimized

geometries of the systems

modeling (a) [MnOEP][HCBD],

(b) [MnTtBuPP][HCBD], and

(c) [MnTPP][TCNE],

determined at DFT/B3LYP/6-

31G* level (contours of 0.03

e/bohr3)

Table 4 LCAO coefficients calculated for the [HCBD]- radical anion and for the {(HCN)[MnIIIP]?[HCBD]-�Li?} dinuclears, for both HCBD

binding modes, based on BS-DFT calculations at B3LYP/6-31G* level

N1 N4 N2 N3 N10 N40

[HCBD]- -0.292 -0.292 0.176 0.176 -0.299 -0.299

[MnIIIP][HCBD] (1–4 binding) HS -0.223 -0.202 0.145 0.098 -0.205 -0.188

[MnIIIP][HCBD] (1–4 binding) BS -0.211 -0.203 0.138 0.108 -0.197 -0.191

[MnIIIP][HCBD] (2–3 binding) HS -0.283 -0.298 0.171 0.198 -0.278 -0.299

[MnIIIP][HCBD] (2–3 binding) BS -0.284 -0.298 0.171 0.197 -0.279 -0.298

The quantities are expressed in K. The labels of the N atoms come from the number of the C atom in the butadiene backbone to which they are

bound

Scheme 2 Atom labeling for HCBD
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ligand in both binding configurations. For consistency, we

also note the positive spin density on the MnIII ion, pop-

ulated with four net spins.

The spin density maps obtained for the [HCBD]- radi-

cal anion, both free and involved in low-spin complexes,

are consistent with previous reports [21]. The largest spin

density is located on the end carbon atoms of the butadiene

backbone and on the corresponding N atoms of the cyano

groups, whereas a negative spin density is located on the

carbon atoms that belong to the cyano groups. The spin

density distribution of [HCBD]2 exhibits an alternation in

spin polarization when moving from the nitrogen atoms

toward the central part of the radical and opposite spin

density in the middle of the double bonds.

In the case of the 1–4 binding, in the BS state, the spin

density on the N1 and N4 atoms is about 2.5 times higher

than that on the N2 and N3 atoms. Even in the 2–3 topology

the spin density is also higher on the N1 and N4 atoms, this

time by a factor of about 10. Obviously, the high-spin

density on the end N atoms makes possible a higher kinetic

exchange and, therefore, a larger magnetic coupling con-

stant, consistent with the results displayed in Fig. 2.

The structure-properties correlations are based on a few

key factors: the planarity of the bridging molecule, the

torsion angle of the butadiene backbone, s, and the

Mn–(N:C)HCBD angle, h, the dihedral angles, w and u.

The exchange maps in Figs. 3 and 4 show strong

h-dependence indicating the importance of the dz2–p*

Fig. 6 Spin densities of the {(HCN)[MnIIIP]?[HCBD]-�Li?} dinuclears for the 1–4 HCBD binding mode in BS (a) and HS (b) states as well as

for the 2–3 topology in BS (c) and HS (d) states, determined at DFT/B3LYP/6-31G* level (contours of 0.001 lB/bohr3)
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orbital overlap, weak w and u dependence, and significant

variation with respect to s, in the case of the nonplanar

HCBD.

For [MnTtBuPP][HCBD], the paramagnetic behavior

down to below 15 K, followed by antiferromagnetism at

lower temperatures, is likely caused by the small J, which in

turn is due to the weak value of UrS2
r; determined by the

torsion of the butadiene backbone and the small electron

density on the binding nitrogen atom. In contrast, the fer-

rimagnetic behavior observed at high temperatures for

[MnOEP][HCBD] is due to the stronger intra-chain

exchange, based on a higher electron transfer probability

UrS2
r: The prototype of the family of quasi-one-dimensional

magnets [MnTPP][TCNE], is characterized by a very strong

exchange interaction even at higher temperatures. Special

about TCNE, which is a key building block also in a room-

temperature molecular magnet with spintronics applications

[54], is the high electron affinity, the planar structure

allowing for strong p bonding, the high electron density on

the binding nitrogen atoms (large LCAO coefficient in the

p* MO), all leading to large antiferromagnetic contributions

(UrS2
r and UpS2

p) to exchange.

5 Conclusions

We reported calculations providing the magnetic exchange

for model systems describing [MnOEP]?[HCBD]- and

[MnTtBuPP]?[HCBD]- in contrast with [MnTPP][TCNE],

all quasi-one-dimensional molecular magnets. BS-DFT calcu-

lations of model structures, {(HCN)[MnIIIP]?[HCBD]-�Li?}

dinuclears, in two binding configurations of the HCBD

ligand, 1–4 and 2–3, performed by varying systematically

the main angles, allowed the construction of maps of the

exchange coupling constant, which revealed the determi-

nant role of the Mn-(N:C)TCNE bond angle, h, as well as

the influence of the torsion angle, s, of the butadiene

backbone. The exchange coupling constants resulting from

DFT calculations vary with the type of broken symmetry

approach, as it is sensitive to the overlap between magnetic

orbitals. We found that the estimations of the exchange

based on the approach of Yamaguchi and coworkers are

generally close to the ones provided by Noodleman’s for-

mula, as a consequence of the small overlap between

orbitals well localized on the manganese–porphyrin and

cyanocarbon moeities. The strength of the exchange con-

stant depends strongly on the DFT functional: hybrid

functionals, such as B3LYP, perform better than the gra-

dient corrected functionals such as BP86.

The electronic structure calculations allowed magneto-

structural correlations, which emphasized the key role

of the dz2–p* orbital overlap. The back charge transfer

from the cyanocarbon acceptor to the metal ion donor,

is consistent with kinetic exchange as main cause of

intra-chain ferrimagnetic ordering in these quasi-one-

dimensional molecular magnets.

Structure-properties correlations showed a strong h
dependence of the exchange, indicating the importance of

the dz2–p* orbital overlap, weak w and u dependence, and

significant variation with respect to the torsion angle s, in

the case of the nonplanar HCBD. For [MnTtBuPP][HCBD]

the weak interaction is due to the weak small value of

UrS2
r; originating from the torsion of the butadiene back-

bone and the small electron density on the binding nitrogen

atom. The stronger exchange observed for [MnOEP]

[HCBD] is based on the planar structure, allowing for

stronger p bonding, the larger LCAO coefficient in the p*

MO for the binding nitrogen atom, all leading to a higher

antiferromagnetic contribution, UrS2
r:
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14. Gı̂rţu MA (2002) J Optoelectron Adv Mater 4:85

15. Miller JS, Vazquez C, Jones NL, McLean RS, Epstein AJ (1995)

J Mater Chem 5:707

16. Sugiura K-I, Arif A, Rittenberg DK, Schweizer J, Ohrstrom L,

Epstein AJ, Miller JS (1997) Chem Eur J 3:138

17. Ribas-Arino J, Novoa JJ, Miller JS (2006) J Mater Chem 16:2600

Page 12 of 13 Theor Chem Acc (2012) 131:1249

123



18. Koizumi K, Shoji M, Kitagawa Y, Taniguchi T, Kawakami T,

Okumura M, Yamaguchi K (2005) Polyhedron 24:2720

19. Cimpoesu F, Ferbinteanu M, Frecuş B, Gı̂rţu MA (2009) Poly-
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