Theor Chem Acc (2011) 129:847-857
DOI 10.1007/s00214-011-0943-7

REGULAR ARTICLE

DFT study of structure—properties correlations
in [MnTPP][TCNE] quasi-one-dimensional molecular magnets

Corneliu 1. Oprea - Fanica Cimpoesu -
Petre Panait - Bogdan Frecus -
Marilena Ferbinteanu - Mihai A. Girtu

Received: 23 December 2010/ Accepted: 12 April 2011 /Published online: 18 May 2011

© Springer-Verlag 2011

Abstract We report the first band structure calculations
of the quasi-one-dimensional [MnTPP][TCNE] compounds
(TPP = meso-tetraphenylporphyrinato, TCNE = tetracya-
noethylene), based on Density Functional Theory (DFT)
methods, in order to interpret the magnetic ordering in
these prototypic systems. We compare and contrast the
results of broken-symmetry DFT calculations for extended
systems, with periodic boundary conditions, and for finite
systems, magnetic dimers modeling the actual molecular
magnets. By varying systematically the main angles, we
are able to determine the geometry dependence of the
exchange interaction. Structure—properties correlations in
these charge-transfer salts reveal the determinant role of
the Mn-(N=C)tcne bond angle on the strength of the
ferrimagnetic coupling between the S; = 2 spin located on
the Mn""-porphyrin donor and the S, = 1/2 spin positioned
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on the cyanocarbon acceptor. When the Mn-(N=C)rtcng
angle is decreased, the intrachain magnetic coupling
strengthens, correlated with the increase in the d. — m*
orbital overlap. The exchange coupling constants resulting
from DFT calculations of extended systems, with periodic
boundary conditions, were found to be consistent with
those obtained for the dimers, but systematically smaller.
The exchange constants vary strongly with the functional
used, hybrid functionals such as B3LYP leading to results
that better correlate with the experimental mean-field
critical temperatures. The coupling constant varies signif-
icantly with the type of broken-symmetry approach,
depending on the overlap between magnetic orbitals, but
weakly on the basis set once polarization effects are
included. The electronic structure calculations for the
extended systems provide a density of states consistent
with the energy spectrum of the corresponding dimer,
allowing for an intuitive explanation of the intrachain
ferrimagnetic ordering.

Keywords Molecular magnets - Single chain magnets -
Manganese-porphyrin compounds - Exchange coupling -
Density functional theory - Broken symmetry

1 Introduction

Molecular magnets are materials in which electrons in
molecular orbitals play a crucial role in the magnetic
ordering [1-3]. In some of these systems, the organic
constituents play an active role, with unpaired spins delo-
calized over the organic species. Examples of such
molecular magnets are the [Mn"(porphyrin)]*[cyanocar-
bon] ™ charge-transfer salts with a net spin on the ligand
[4-14].
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The family of metalloporphyrin-based magnets has
stirred special interest as it provides an unusual opportunity
for the study of magnetic ordering because of its wide
range of controlling factors [15]. For example, the cyano-
carbon bridge connecting the adjacent porphyrins can be
varied to influence the intrachain interactions [16, 17],
different organic constituents can be added at the periphery
of the porphyrin to affect the interchain interactions and,
thereby, build up or reduce three-dimensional magnetic
order [18, 19], various solvents that may induce glassy
behavior [20, 21] can be incorporated into the structure,
leading to properties attributed later to single chain mag-
nets [3, 22]. Extensive experimental studies performed to
understand the role of the different building blocks forming
these materials, revealed interesting magnetic properties
(one-dimensional ferrimagnetic behavior at high tempera-
tures [16, 17], three-dimensional canted antiferromagnetic
or weak ferromagnetic behavior at low temperatures [19])
and phenomena (lattice- and/or spin-dimensionality cross-
overs [18]).

The first member of the family was [MnTPP][TCNE]-xS
[4], where (TPP = meso-tetraphenylporphyrinato, TCNE
= tetracyanoethylene, and S = toluene). Since then a large
variety of related compounds has been synthesized and char-
acterized [5-14]. The manganese-porphyrin compounds are
quasi-one-dimensional electron-transfer salts consisting of
chains of alternating metalloporphyrin electron donors and
cyanocarbon electron acceptors. The adjacent spins along these
chain alternates S; = 2 on the donor and S, = 1/2 on the
acceptor.

The mechanism for magnetic ordering proposed [16, 17]
for the manganese-porphyrin compounds [MnTPP][TCNE]
-xS, (S = toluene, ortho-xylene, ortho-dichlorobenzene,
etc.) is based on strong intrachain exchange, weak inter-
chain dipole—dipole interactions, and modest single-ion
anisotropy, all leading to canted magnetic ordering at low
temperatures. The mechanism was based on the results of
fits of the dc susceptibility data to a model of alternating
classical and quantum spins [23], which provided exchange
constants of about —70 to —140 K, for certain
[MnTPP][TCNE]-xS systems [14, 16, 17]. Generally, the fit
was good in the range 50-350 K but at low temperatures
deviations occurred, attributed to interchain interactions.
The antiferromagnetic coupling along the chain of
unequal alternating spins leads to a 1D ferrimagnetic spin
configuration. Then, in the absence of superexchange
pathways between the chains, the classical dipole—
dipole interaction (coupling of about 107°-1072 K)
together with the onsite single-ion anisotropy (estimated
to about 1-3 K) were proposed to produce canted
magnets with critical temperatures around 10-15 K
[16, 17].
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Despite extensive experimental studies, rigorous theo-
retical confirmations of the magnetic ordering mechanism
have been lacking. A first theoretical approach by Kollmar
et al. [24] succeeded in correlating the mean-field critical
temperatures with the overlap between the d,. orbital of
[Mn-porphyrin]® and the =* molecular orbital of
[TCNE] . Later on, CASSCF, CASPT2, and DFT/B3LYP
calculations by Novoa et al. [25] qualitatively reproduced
the antiferromagnetic intrachain coupling and ferrimag-
netic spin configuration along the chains. It was found that
the DFT techniques tend to overestimate the experimental
exchange coupling constant, whereas the ab initio
approaches underestimate them. Based on the results
obtained, it was impossible to assign the mechanism of
magnetic ordering in this family of compounds [25].

Broken-symmetry (BS) DFT studies of the manganese—
porphyrin—cyanocarbon dimer provided antiferromagnetic
exchange constants of different strengths, depending on the
functional used [26]. In that case, all DFT results under-
estimated the experimental value, obtained based on the
Seiden fit, 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
intrachain exchange and demonstrated that the phenyl
substituent has a small influence on the intrachain coupling
and confirmed that the values of exchange constant depend
strongly on the DFT functional used [27]. However, these
studies did not address the theoretical basis of the spin
coupling mechanism sought by Novoa et al. [25].

We report here first broken-symmetry DFT numerical
calculations on models of Mn—porphyrin—cyanocarbon
systems, providing the intrachain exchange coupling con-
stant and its dependence on geometrical parameters for
extended systems, using periodic boundary conditions. The
band calculations for the extended system are compared
with the computations for dimers. We also compare the
results of the main three broken-symmetry approaches as
well as the role of the DFT functional and of the basis sets
on the value of the exchange constant. Based on magneto-
structural correlations, we build on the studies by Kollmar
et al. [24] and Novoa et al. [25], to understand the mech-
anism of ferrimagnetic ordering in these systems and we
discuss the use of BS/DFT for modeling molecular
magnets.

2 The broken-symmetry approach

The magnetic interaction between two localized spins is
generically expressed in terms the well-known Heisen-
berg—Dirac—van Vleck (HDvV) Hamiltonian, describing
isotropic symmetric exchange [1, 2]:
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Hypyw = —2JS; - S, (1)

The HDvV Hamiltonian commutes with 82 and S,, where
S = S; + S,; therefore, the three operators have a common
set of eigenvalues, labeled by S and S,. In order to determine
the exchange coupling constant by means of Eq. 1, the
energies of all the S spin multiplets between IS; — S,| and
Sus = 81 + S5 should be computed. For multiconfiguration
methods, all the spin states of the system are available, with a
heavy price in terms of computational efforts. In contrast,
DFT methods are much less demanding but the limitation is
that, being intrinsically a single determinant method, it is
impossible to provide the full spectrum of S states. Except
for the high-spin one, Sys, which can be well described by
a single determinant, all the other states are multi-
configurational. Particularly, the state corresponding to the
lowest spin is a linear combination of Slater determinants
that are eigenstates of S, with eigenvalue IS — S,l.

The treatment of the open-shell states of the magnetic
system within the DFT methods [28-30] is based on spin-
polarized or unrestricted DFT calculations in combination
with the broken-symmetry (BS) approach [31-36]. 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 [37]. The broken-symmetry
treatment results in a solution that is an eigenstate of S, (with
eigenvalue Sy,;,) but not of S?, which can be written as a
weighted average of the energies of the pure spin multiplets.
The literature shows various ways of interpreting the results
of BS/DFT calculation, to estimate the J coupling parameter
[31-36]. In the case of a spin dimer, they all have in common
the energy difference between the high-spin and the BS
states. The first BS/DFT calculation was performed by
Noodleman et al., using the expression [31, 32, 38]:

Ens — Egs

2]y = T8, (2)
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. [39, 40]

Eys — Egs

g = ——25 78BS
R 25:8, + S,

(3)
(87 = §,) was derived in the strong overlap limit. The
approximate projection method was introduced by
Yamaguchi et al. to account for the overlap between the
magnetic orbitals ant to consider the spin contamination,
especially of the BS state [36, 41, 42]

Eys — Egs
(5 s —(SH)ps’

in the approximate spin projected scheme. This procedure,
implying unrestricted DFT calculations for the system in
both the BS state and the HS state, based on the total
energies and the expectation values of the square of the
spin, has provided exchange values intermediate between
those obtained with Egs. 2 and 3.

So far, we have focused our attention to the HDvV
Hamiltonian, describing isotropic symmetric exchange.
The anisotropic Ising Hamiltonian [1, 2]

Hy = —2JS3S% (5)

2y = -2 (4)

does not commute with the HDvV Hamiltonian. However,
it has been shown [43], that, in the BS/DFT approach, the
Ising Hamiltonian provides a description of the HS and BS
spin states identical with the HDvV Hamiltonian in the
weak overlap limit, such that for the binuclear spin system
the resulting exchange constant is given by an expression
identical to Eq. 2.

The BS/DFT method has been applied successfully to
systems with two spin centers and generalized by Yam-
aguchi et al. to multispin systems [44], again based on the
handling of the <S2> expectation values for the various
spin-flip configurations. It is worth mentioning that in
certain particular topologies, such as the symmetric trimer
(with J coupling only between adjacent centers and no
next-nearest-neighbor interaction), Eq. 4 remains literally
valid beyond the case of the dimer [45].

The BS/DFT method has been extensively applied to dimers
and even to multispin clusters, but less commonly to extended
systems, using periodic boundary conditions. Yamaguchi et al.
recently approached the problem of an (A — B), system,
comparing the results obtained for finite systems, based on the
approximate projection method with those calculated for
extended ones within the Ising model [46].

It is important to note that to be applied to extended
systems with PBCs the exchange constant provided by the
Ising approach should be amended by a factor of 1/2, for
topological reasons, as each center is biconnected in the
infinite chain but simply connected in the dimer. In the
Ising frame, we have:

Hy= =20 (85,85 + 5,511 ) (6)
i=1

such that the energies of the extended system with » unit cells
are Eys = —4nJ|S)||Sy| and Ers = +4nJ|S;||S,], resulting
in an exchange coupling of 2J= —(Eys — Egs)/
(4n|S1]|S2|). By expressing the energy per unit cell, which
translates into dividing the energies by n, i.e. E / n — E, the
magnetic constant determined with PBCs is:
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Eys — Egs

2J; =
TN

3 Computation details

The chains of [MnTPP][TCNE] have an alternating struc-
ture of [MnTPP]* cations and [TCNE] ™ anions. According
to the rules of addition of angular momenta, the coupling
between the S; = 2 and S, = 1/2 radicals leads to two
possible states: an Syg = 5/2 high-spin state and an
Sis = 3/2 low-spin state. In this case, a simple calculation
based on Eq. I leads to the analytic expression.

The [MnTPP]*[TCNE] ™ systems were modeled with
an Li" ion added to the terminal CN group of the [TCNE]~
radical (to mimic the polarization effects of the next metal
jon) and an HCN group frans coordinated to Mn'", used as
a substitute for the TCNE on the other side of the porphyrin
(to insure hexacoordination of the metal ion). Further
idealization was done replacing the phenyl groups with H
atoms and symmetrizing the slight deviation from the
tetragonal symmetry, optimizing the model of simple
porphyrin within Dy, point group. The [TCNE] ™ anion
was separately optimized within D, using DFT/BP86/6-
31G(d) method. We showed in earlier work that the phenyl
groups have minor influence on the strength of the intra-
chain magnetic interaction [27], but play a major role in the
interchain interactions [16, 17]. The resulting dimer pro-
posed as a model for [MnTPP] " [TCNE] ™~ systems is
{(HCN)[Mn™P]"[TCNE] Li*"}, shown in Fig. 1.

Fig. 1 Structure of the { (HCN)[Mn™P]"[TCNE] Li*} system used
to model exchange interactions in [MnTPP]"[TCNE] ™. The internal
coordinates essential for describing the geometry and making the
structure—properties correlations are indicated in red
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The key parameters used in our attempt to correlate the
structure and the strength of the intrachain magnetic
interaction have been (see Fig. 1) the Mn—Nrcng distance,
r, the Mn—(N = C)tcng angle, 0, the Mn—(N=C-N)TCNE
dihedral angle, ¥ (which defines the rotation of the TCNE
plane around the line along the N = C—group coordinated to
Mn) and the Npor-Mn—(N=C)TCNE dihedral angle, ¢
(which defines the rotation of the TCNE plane around the
line connecting the Mn ion and the Ntcng atom coordi-
nated to it). Although this is neither a unique nor a com-
plete 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.

Calculations were also performed for extended systems,
using periodic boundary conditions (PBC). The elementary
cell, consisting of [MnIIIP]+[TCNE]_, for straightforward
comparison with the dimer calculations, was varied by
changing the key parameters mentioned elsewhere and
adjusting correspondingly the translation vector.

Unrestricted DFT calculations were carried out for both
the dimers and the extended systems with PBC with the
Gaussian03 [47] package. The exchange maps and the low-
spin energy surfaces for various spatial configurations of
both the dimer and the extended system were obtained
using the generalized gradient approximation functional
BP86 [48, 49] with double zeta polarized 6-31G* basis sets
[50] for Mn, TCNE and N, and 6-31G functions for all
other atoms. The optimization of the extended system was
performed by DFT/BP86/6-31G* basis sets. This optimized
geometry was further used for a comparison of the role of
the functional and of the basis set on the exchange con-
stant. Two gradient corrected functionals, BP86 [49, 51]
and BLYP [51, 52], and a hybrid functional B3LYP
[52, 53] were used with various basis sets: 6-31G*,
6-31+G* (augmented with diffuse functions), as well as
triple zeta polarized 6-311G* functions [50] for Mn, TCNE
and N, and 6-31G functions for all other atoms. The
density of states calculations was performed at DFT/BP86/
6-314+G* level on the optimized geometry.

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 [27]. The
functional, however, exerts a sensible role, BP86 giving
higher absolute values of J, compared with B3LYP [27].
The choice of the functional combined arguments of per-
formance as well as economy of the calculations. Keeping
in mind the much higher demands of the band computa-
tions, we used the BP86 functional to draw the exchange
maps, but relied on the more accurate B3LYP hybrid
functional with the 6-31G* basis set when we compared
the results of the calculations for the dimer with the
experimental results.



Theor Chem Acc (2011) 129:847-857

851

4 Results and discussion

4.1 Calculated exchange maps and magneto-structural
correlations

The BS/DFT calculations were performed for the HS and
LS states imposing a sextet or a quartet multiplicity,
respectively, for a variety of angles 0, ¢, and ¥, and both
for the dimers and for the extended system, under PBC.
The computations were performed at intervals of 15° for all
three angles, fixing the distance between the Mn ion and
the coordinating Npcng at 7 = 2.300 A (chosen as an
average of the experimental values [12—-14]). The ranges
for the main angles stopped at § = 120° and at yy = 135°
due to the sterical hindrance encountered at this confor-
mation between the TCNE and the porphyrin when the
plane of the cyanocarbon bridge is tilted excessively. In
these linear chain compounds, the [Mn(porphyrin)]* cat-
ions are bridged by [TCNE] ™ anions in a trans-y-N-o-
fashion, a second, cis bond not being observed.

The exchange constant was determined in the case of
dimers, for all spatial configurations using the broken-
symmetry Eqs. 2—4, the results being displayed in Fig. 2. It
can be seen that the range of values for the angle 0 the
exchange constants calculated with Eqgs. 2—4 verify con-
sistently the relation |Jg|<|Jy| <|Jy|, in agreement with
other authors [54].

A second observation is that the differences between the
coupling constants calculated based on the three method-
ologies synthesized by Eqs. 2—4 increase for smaller values
of the angle 6. This result may be correlated with the
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Fig. 2 Exchange coupling constants calculated by BS/DFT for the
{(HCN)[Mn™P]"[TCNE]"Li*"} dimers as a function of 6, for all
values of ¢ and constant iy = 90°, at DFT/BP86/6-31G* level, using
Eq. 2 (N), Eq. 3 (R), and 4 (Y)

orbital overlap, keeping in mind that the approach by
Noodleman et al. [31, 32, 38] is valid in the orbital
orthogonality (low overlap) limit, whereas the one by Ruiz
et al. [39, 40] is applicable in the strong overlap limit. As it
will be shown elsewhere in this section, at smaller angles 0,
the d» — m* orbital overlap between the metal ion and the
organic ligand is larger, suggesting that the approach by
Ruiz et al. may be more applicable in that range than the
one by Noodleman et al.

The exchange maps were calculated for various spatial
configurations for extended systems, based on Eq. 7, and
for dimers, using Eq. 4. Because of the similar patterns
observed, we display in Fig. 3 only the results obtained
from the band calculations. The first observation is that the
exchange constant is negative for all cases, indicating
antiferromagnetic interactions between the S; = 2 spin on
Mn(III) and the S, = 1/2 spin on [TCNE] ™, leading to
ferrimagnetic behavior.

To further analyze the relationship between the
exchange maps obtained for dimers and extended systems,
we represent in Fig. 4 the values resulting from band cal-
culations versus the values obtained for the dimers. The
data lie almost on a straight line clearly indicating strong
correlations between the two sets of calculations, and the
consistency of our approach. The linear fits performed to
the exchange constants calculated using Egs. 2, 4, and 3
provided slopes of 0.83, 0.88, and 1.03, respectively.

To better understand these results, we should interpret
the data of Fig. 2 by making reference to the structure
shown in Fig. 1. At 6 = 180°, when the N =C-group is
aligned along the z axis (doted line in Fig. 1), the i angle
does not change the overlap between the m* orbital of
[TCNE] ™ and the d orbitals of the Mn™ ion. It results that
the yy dependence of J cannot be significant in that range of
0, and the high plateau seen in Fig. 3 confirms this argu-
ment. When 0 is decreased to 120°, the change of the angle
Y causes a significant variation of J, as the [TCNE] ™~ anion
is tilted toward the porphyrin plane, leading to different
overlaps and varying the delocalization of the electron. For
Y ~ 90° the tilt determines the largest possible d» — m
orbital overlap and, indeed, the exchange constant is largest
in absolute value.

Aty = 0° (or 180°), changes in 6 do not affect signif-
icantly the overlap between the d orbitals of the Mn'" ion
and the n* of [TCNE] . The d. and n* orbitals are
orthogonal leading to weak ferromagnetic spin coupling,
but the other interaction channels with n*, for instance
through d,, and d,, orbitals make possible the spin delo-
calization and an overall small antiferromagnetic interac-
tion, as seen in Fig. 3. When ¢y ~ 90°, the variation of 6
bends the TCNE plane toward the porphyrin, causing large
differences in the d — ©* orbital overlap and wide changes
in J.

@ Springer



852

Theor Chem Acc (2011) 129:847-857

(@)
J (K)

-100

-200 -
-300
-400 - 180
165

u L 150

500 e ()

1 5 ; 135
00 ey o 120
w()

- 180
- 165
150

6(°)

- 135
0 120

Fig. 3 Exchange coupling constants calculated by BS/DFT at BP86/6-31G* level, for [Mn™P]*[TCNE]~ with PBC, using Eq. 7, at constant
¢ = 0 (a) and constant iy = 90 (b). The values shown in this figure are also displayed in a table in the supplementary materials

-50 | BN S S S S S S B S B A B S S E
A0, & /" N
- . Y / o
Bl BN - i
200 | y'ﬁ. 2 ’
—~ 250 | O i
< [ e j
Q -300 |- s s .
| j
S 350} . /’.d’ v 4 d
-400 | il
. < S |
a0 7 J
'500 I 1 " | M | i 1 n 1 L 1 L 1 L 1 " 1 M 1 ]
-500 -450 -400 -350 -300 -250 -200 -150 -100 -50

aim (K)

Fig. 4 Exchange coupling constants for [Mn™P]*[TCNE]~ with
PBC, using Eq. 7, versus the corresponding values obtained for the
{(HCN)[Mn"'P]*[TCNE]"Li*} dimers, using Eq. 2 (N), Eq. 3 (R),
and 4 (Y), at DFT/BP86/6-31G* level

A careful look at Fig. 3 shows that 6 and  are corre-
lated. They both have a similar slow variation at § = 180°
and = 0°, and they both display a rapid increase in the
strength of the exchange interaction at  ~ 120° when
varying Y and at y ~ 90° when varying 0. The correlation
between 0 and  dependence of J can be noticed when
moving on the surface from 0 = 180° and = 0° corner
to the minimum at 0 = 120° and = 90°, as the variation
in J is roughly similar. The reason behind this correlation is
that the 6 and / variations affect the overlap between the d
orbitals of the Mn' ion and the 7* of [TCNE] ™ in the
same way. A given geometrical configuration (and the
corresponding orbital overlap) can be reached by either
fixing 6 and changing \ or the opposite.

The situation is very different in the case of ¢. The rotation
of the TCNE plane around the z axis (dotted line in Fig. 1)

@ Springer

does not vary drastically the orbital overlap and cannot change
significantly the exchange coupling constant. The shape of the
surface indicates that the key variable is, in fact, angle 6.

Given the wide variation of the exchange constant with
the orientation of the [TCNE] ™ anion with respect to the
porphyrin plane, an interesting question to address is
whether the configurations that lead to strongest J are
positioned in a region where the energy of the ground state
is lowest. To answer this question, we plot the energy
surface for the LS state, calculated for the extended
[Mn'P]*[TCNE]™ systems with PBC as a function of the
angles 0, ¢, and  (see Fig. 5). The minimum value of the
energy is obtained on the ¢ = 0 surface for § = 150° and
Y = 105°, whereas on the y = 90° surface for § = 150°
and ¢ = 30°. Comparing Figs. 3 and 5, we can conclude
that there is a fair correspondence between the structures
that cause a strong exchange and those that lead to a low
energy of the LS state.

To further check the consistency of our results, we
performed a DFT geometry optimization of the
[Mn™P]"[TCNE] ™ extended system with PBC at BP86/6-
31G* level. The optimized structure is characterized by the
following key parameters: r = 2.198 A, 0=141.72°,
¢ = 21.14°, y = 99.42°. All these structural parameters
are in the correct range, where the energy of the low-spin
state is minimal and the strength of the exchange constant
maximal, especially when keeping in mind the interval of
15° for the angles determining the mesh.

The optimized geometry was further used for a compar-
ison of the role of the DFT functional and of the basis set on
the exchange constant. Table 1 displays the exchange con-
stants obtained by BS/DFT using two gradient corrected
functionals, BP86 and BLYP, and a hybrid functional
B3LYP, with 6-31G*, 6-314+G*, as well as 6-311G* basis
functions. It can be seen that the gradient corrected func-
tionals lead to a systematic and significant overestimation of
the exchange constant, the BP86 providing slightly better
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Table 1 Exchange coupling constants, expressed in K, for
[Mn™P]*[TCNE]~ with PBC and for the {(HCN)[Mn™P]*[TC-
NE] Li*} dimers, using the geometry optimized in band calculations
for various DFT functionals and basis sets

DFT Basis set
functional

6-31G* 6-314+-G* 6-311G*

Dimer PBC Dimer PBC Dimer PBC
BP86 —406.5 —408.7 —418.6 —418.2 —4054 —405.0
BLYP —4129 —4143 —423.0 —4208 —411.9 —-409.9
B3LYP -219.0 -2124 -2202 -* —-2154 -207.7

* The calculation did not converge

results than the BLYP functional. As expected [27, 55], the
introduction of the Hartree—Fock exchange in the hybrid
functional B3LYP leads to much weaker exchange cou-
plings, which are, as it will be shown in next section, in better
agreement with experimental results.

The convergence problems and the very demanding
computational costs of using B3LYP on extended systems,
using PBCs, prompted us to make a compromise and use
the BP86 functional for band calculations. However, when
dealing with dimers, for which the computational costs are
low, B3LYP is clearly the functional of choice.

Looking at the choice of the basis set, we note that the
differences in the exchange constant are modest, less than
4%. A slight overestimation of the exchange coupling is
observed, as expected, when using diffuse functions, due to
the larger orbital overlap resulting in this case. In agreement
with the previous results [27], once polarization effects are
included, the differences between the basis sets do not lead to
significant variations of the exchange constants.

4.2 Comparison of theoretical calculations
with experimental results

In the previous section, we compared the exchange con-
stants obtained for Mn-porphyrin extended systems and for

the dimers and showed that the former are systematically
lower by a factor of 0.862 than the later. It is important to
compare the results of the calculations also with respect to
the experimental data. One such set of experimental results
was reported earlier [16, 17] for the manganese-porphyrin
compounds [MnTPP][TCNE]-xS, (S = ortho-xylene, and
ortho-dichlorobenzene). The fits of the dc susceptibility
data to a model of alternating classical and quantum spins
provided intrachain exchange constants of Jo,, = —83 K
and Je, = —140 K, respectively [16, 17]. Other authors
have reported values of the intrachain magnetic coupling in
the range —350 to —30 K [25].

In order to compare our theoretical calculations with
experimental results [7, 8, 24], we performed BS/DFT
calculation for the {(HCN)[Mn™P]"[TCNE] Li*} dim-
mers, for the specific structures, selecting carefully the
distance r between Mn—Nrcng, and the angles 0, i, and ¢.
The results of the computations and the comparison with
the experiments are summarized in Fig. 6, as a function of
the most significant angle 6, Mn—(N=C)pcng. We note
that along with the plot of the theoretical exchange con-
stant versus 6 we also added a plot of the mean-field critical
temperature @cw versus 0.

Based on the Curie-Weiss law y = C/(T — Ocw), the
so-called Curie—Weiss temperature, @cw, can be deter-
mined experimentally from the fit of the experimental data
plotted as the inverse static magnetic susceptibility versus
temperature to the Curie law. The extrapolated linear fit
%! =T/C — Ocw/C intercepts the abscissa at T = Ocw,
which is positive for ferromagnets and negative for anti-
ferromagnets. In the case of ferrimagnets, such as the
[MnTPP][TCNE] systems studied here, care should be
taken as the high T behavior leads to a negative mean-field
temperature (the Néel temperature), and only a fit at
intermediate T can provide a reasonable estimation of the
mean-field Curie—Weiss temperature [24].

From Fig. 6, it can be seen that the range of values of
the exchange interaction (represented in absolute value)
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Fig. 6 a Experimental mean-field critical temperatures for [Mn-
porphyrin][TCNE] compounds (from Ref. [25]) and calculated strength
of exchange coupling for the {(HCN)[Mn™P]"[TCNE] Li"} dimers

calculated by BS/DFT for the dimers is between ~—250 K
and ~—50 K, in relative agreement with the experimental
values reported by several authors (—140 to —83 K [16,
17] and —350 to —30 K [25]). The values obtained by
calculations of extended systems, with PBC, are smaller by
about 0.862, as already seen in Fig. 4, and systematically
larger than the experimental values.

Furthermore, analyzing the overall dependence of both
I/l and @cw on the angle 6, we note that both the mean-
field critical temperature and the strength (absolute value)
of the magnetic coupling constant decrease with the Mn—
(N=C)tcnge angle. Plotting, for each such angle, Ocw
versus |/l we observe a clear correlation, although the
mathematical nature of the relationship is hard to distin-
guish. For a molecular magnet with comparable interac-
tions in all three-dimensions, a direct proportionality
between the mean-field critical temperature and the
strength of the magnetic interaction is expected (Ocy ~J),
whereas for chain systems the critical temperature is
expected to depend on the square root of the product
between the intra- and interchain exchange constants
(®CW ~Te~ Vv JintraJinter) [3’ 16’ 17]

A comment of interest concerns the location of the
experimental structures on the calculated energy surfaces
plotted in Fig. 6. Although the experimental value for the
angle 0 varies over a wide range (125°-167°), most systems
tend to concentrate in the range 140°-150°, where E} g does
have low values. Moreover, when the angle 6 seems out of
range, there is a tendency for the value of angle i/ to com-
pensate and tilt the TCNE plane toward the porphyrin plane.

4.3 Density of states and electronic structure

The density of states (DOS) from unrestricted DFT cal-
culations of the extended [Mn"P]T[TCNE]™ system is
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represented in Fig. 7. In Fig. 7, we also display the dia-
gram of the energy levels of the molecular orbitals deter-
mined by unrestricted DFT computations for the
{(HCN)[Mn™P]"[TCNE] Li*} dimer, as well as the
electron density for the most relevant molecular orbitals.

To clarify the magnetic coupling mechanism in these
systems, we parallel and contrast the two approaches pic-
tured in Fig. 7, discussing the one-electron crystalline
orbitals (CO) and the corresponding energy bands and the
one-electron molecular orbitals (MO) and their energy
levels. We note that the two calculations provide consistent
results, although the two scales of energy are different,
with lower values being obtained for the dimer, likely due
to the presence of the terminating Li* ions and HCN group.
However, if we keep in mind the range of energy for the
orbitals of interest, we find, as we argue elsewhere, that the
intervals are the same, about 4 eV for both the infinite
chain and the isolated dimer.

The lowest band of interest is the spin-up one with high
contribution from the 3d,, Mn™ AO, located at —7.41 eV.
It is followed at —7.34 eV by another o band with contri-
butions from both 3d,, and 3d,, orbitals. As seen on the
right side of Fig. 7, the corresponding spin-up MOs are
located at —9.90 and —9.83 eV, respecting the same order
and having almost identical electron densities.

At —7.20 eV, the superimposed « and f§ bands are
localized on the porphyrin, with corresponding MOs on the
dimer at ~—9.40 eV. Similarly, the COs at —6.45 and
—6.22 eV, showing overlap of spin-up and spin-down, are
delocalized over the porphyrin with some d,, and d,,
character. The corresponding MOs of the dimer are found
at —8.68 and —8.61 eV.

In the same range are also found the spin-down and the
spin-up states with nrcng character. More precisely, the f8
band starts at —6.65 eV, with a maximum in the kK = 0
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Fig. 7 Density of states o /

calculated by unrestricted DFT EEV) dx:_’:a b - E@V)
at BP86/6-31+G* level for " w : —
[Mn"™P]*[TCNE] ™ in its { . L6

ground-state ferrimagnetic
configuration (left). Electronic
structure calculated by
unrestricted DFT at the same
BP86/6-314+G* level for the
{(HCN)[Mn"P]*[TCNE]"Li*}
dimer, at optimized geometry
for the infinite system (right).
Electron densities of MOs
determined for the dimer (0.03
e/bohr’) (center)

limit, whereas the o band lies at —6.45 eV, with a mini-
mum in the same limit. In a similar way, the orbitals 7/}
and 7o shown in Fig. 7 are located at —9.13 and —8.76 eV,
respectively.

At —5.88 eV for the infinite chain and —8.14 eV in the
case of the dimer, the o states are mixed, with a strong
component from porphyrin 7 orbitals and some contribu-
tion from d,, and d,, orbitals. Moving further up in energy,
the overlapping o and f bands situated at —5.35 and
—5.10 eV, the COs having large contributions from the
porphyrin 7* orbitals mixed with some 3d,, and 3d,,
orbitals of Mn. The corresponding MOs have energies of
—7.55 and —7.35 eV, respectively.

The CO with strong Mn 3d_ contribution is spin-up,
located at —5.13 eV, in the low wave number limit, and
continuing up to —4.64 eV. The energy of the related MO
is —7.46 eV. The electron density pictured in Fig. 7 indi-
cates strong mixing of the 3d. and m*pcNg orbitals, and
percolation of the orbital along the chain. The delocaliza-
tion of the electron of the Mn ion along the chain through
the ligand allows the lowering of the kinetic energy and is
consistent with the strong intrachain magnetic interaction.

The highest occupied band, starting at —4.68 eV and
extending up to —4.21 eV, is spin-down and dominated by
the n* of TCNE but with a contribution from the dz
orbital. The corresponding MO is located at —6.96 eV and
displays, just as the highest « orbital, strong delocalization
along the chain.

A significant difference in the results of the computation
for the extended system, with PBC, and for the dimer,

Q\r f’ -éf 4 9 / + h
e L e
ST e ; £ AP
* d@a‘é’%' d, " _l__l__l_ L-10

regards the first excited orbital. In the band picture, the
LUCO is spin-down, with mainly d,, character, being
located at —3.98 eV. Next to it, at —3.86 and —3.67 €V, lie
the other two f§ spin COs, with contributions from the d,,
and d,, orbitals, respectively. The first excited spin-up CO
orbital lies higher in energy, extending from —3.95 eV to
the low wave number limit of —3.55 eV and is dominated
by the n*o of TCNE. Unlike the periodic system, in the
case of the dimer, the LUMO is spin-up, n*rcngo and
located at —6.33 eV, whereas at only 0.05 eV higher, the
LUMO+-1 is the d,, 8. The next two f§ MOs, d,, and d,, are
situated at —6.22 and —6.14 eV, respectively.

The highest orbital represented in Fig. 7 is the remain-
ing of the five 3d AOs of the Mn"" ion, the empty spin-up
orbital d,>_,2, located at —3.46 €V in the band picture and
—5.79 eV in the case of the dimer.

Ending this discussion, we note that of the four singly
occupied & MOs originating from the Mn"™" 34 AOs three
orbitals are grouped together at an interval of about 2.4 eV
below the d,. orbital, interval that quantifies the splitting
caused by the ligand field. Although for an elongated
octahedral environment around the Mn'! ion, one would
expect that the d,, and d,, orbitals would lie lowest our
results reflect the reverse. The switch in energy is likely
related to the ¢ character of the bond between the d,, and
the N atoms in the porphyrin, which provides larger
overlap and lowers the energy significantly.

The delocalization seen in the Mn-porphyrin bridged by
TCNE in both the HOMO-1 and HOMO indicates strong
covalent character, with a large orbital overlap and a large
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transfer integral. As a consequence, the total energy of the
system is lowered, because the kinetic energy decreases for
antiparallel spins, due to their ability to transfer over on to
each other’s site. Moreover, analyzing Fig. 7, we note that
the lowest lying virtual excitation is from the 7* HOMO
localized on TCNE to the d.,f LUMO+-1 strongly localized
on the Mn"" ion and its N neighbors on the porphyrin. Any
other back and forth transfer of the spins involves signifi-
cantly higher excitations energies, making any other virtual
charge transfer unlikely. The configuration mixing of the
ground-state dxyotldxzaldyzocldzz o'm*p' of [Mn-porphy-
rin] '[TCNE] ™~ and the excited, charge transferred state
dyyo'dy,o'dy,o'dpo' nif0d 2 B of [Mn-porphyrin]’ [ TCNE]
provides the main path for antiferromagnetic interaction.
This mechanism of kinetic exchange is supported by the
dependence of the intrachain exchange constant on the Mn-
(N =C)tcng bond angle. The increase in the strength of the
intrachain interaction when the angle decreases from 180° to
about 140° can be explained based on the d,» — 7+ o bonding
and orbital overlap increase, as suggested by other studies
[24, 26].

5 Conclusion

We reported calculations providing the magnetic exchange
for [Mnm(porphyrin)]+[TCNE]_ systems. Broken-symme-
try DFT calculations of model structures, extended
[MnP]"[TCNE]~ systems and {(HCN)[Mn"™P]"[TC-
NE] Li*"} dimers, obtained by varying systematically the
main angles, allowed the construction of maps of the
exchange coupling constant, which revealed the determinant
role of the Mn-(N=C)rcng bond angle. The exchange
coupling constants resulting from DFT calculations of
extended systems, with periodic boundary conditions in the
Ising approximation, were found to be generally consistent
with those obtained for the dimers. The coupling constant
calculated for dimers varies significantly with the type of
broken-symmetry approach, as it is sensitive to the overlap
between magnetic orbitals. We found that the approach of
Noodleman et al. [31, 32, 38] is more suited in the orthogonal
limit, the one of Ruiz et al. [39, 40] in the strong overlap limit,
whereas the expression of Yamaguchi et al. [41, 42] leads to
intermediate values, in agreement with other reports [54].
The strength of the exchange constant depends strongly
on the DFT functional and weakly on the basis set used.
Hybrid functionals, such as B3LYP, outperform gradient
corrected functionals such as BP86 and BLYP. Using
B3LYP with basis sets with polarization functions, we
obtained for dimers values of the exchange constant in
semi-quantitative agreement with the experimental values,
as well as with the mean-field critical temperatures. When
dealing with dimers, for which the computational costs are

@ Springer

low, B3LYP is clearly the functional of choice. BP86
provides slightly better results than BLYP but both sig-
nificantly overestimate the magnetic coupling. They may
be used for periodic systems, for semi-qualitative analyses,
when, due to convergence problems and demanding com-
putational costs, B3LYP is not a practical option.

Finally, the electronic structure calculations for the
extended systems and for the dimers provided a density of
states and a discrete energy spectrum that allowed mag-
neto-structural correlations, which emphasized the key role
of the d» — m* orbital overlap. The analysis of the energy
spectrum suggests that the mixing of the ground state and
the first excited state, involving a charge transfer from the
cyanocarbon ligand to the metal ion, is consistent with the
kinetic exchange as main cause of intrachain ferrimagnetic
ordering in [MnTPP][TCNE] systems.
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