
Chapter 5 

Charge Transfer Induced Magnetism in Mixed-stack Complexes 

In this chapter ferromagnetism in mixed-stack charge-transjer (CT) complexe.)' is 

broken symmetry (BS) 

overlap between sing~y 

new theoretical jramework of our own. In DFT fl'amework. 

is adopted to evaluate J using spin projection technique. No 

molecular orbitals (SOMOs) suggests a through-space 

ferromagnetic interaction between the donor and the acceptor in the ground state of the 

complexes. Apart Fom the ground state, the magnetic status of the molecules is 

varying interlayer distance d, extent ofslippage ('Ylipping distance r, /, and 

a), and rotational angle fJ, which play a crucial role in 

Furthermore, it is categorical~y observed that the ferromagnetic interaction reaches its 

minimum energy crystallographic stacking mode resulting in maxirnum value 

constant in the ground state. 
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5.1 Introduction 

In recent decades, a considerable number of magnetically active stacked materials have 

been isolated and characterized where the magnetic interaction is set in through intra-stack 

charge transfer (CT). 1 The possibility of such intermolecular magnetic interaction in organic 

compounds was first reported by McConnell.2 His theoretical idea was instrumental for synthesis 

and characterization of a new class of organic CT compounds; namely, stacked CT systems.3 

Stacked CT complexes are classified into segregated-stack( ... DDD ... , ... AAA ... ) and mixed

stack ( ... DADADA ... ) type, where D and A imply donor and acceptor respectively. The 

segregated-stack CT complexes are widely known because of their high conductivity. 

Furthermore, a few segregated-stack CT complexes are known to show superconductivity.3 On 

the other hand, mixed-stack CT complexes are also very fascinating materials because of their 

unique properties such as non-linear electrical conduction,4 electronic phase transition,5 magneto

lattice transition,6 non-linear optical effects, 7 neutral-ionic phase transition8 and magnetism. 9 

Because of the versatile applicability of the mixed-stack CT complexes, a large number of such 

materials are synthesized and characterized. 10 Multifarious behavior of such type of complexes 

relies strongly upon non-covalent charge transfer interactions between the donors and the 

acceptors. 11 

Understanding of magnetic behavior mixed-stack CT systems is of pnmary 

importance to tune such materials for desired applications. McConnell proposed a second "'v"''"'' 

of ferromagnetic spin alignment using ionic CT salts. 12 The concept of 

ferromagnetism was extended to the domain of organic CT solids, which was initially to 

explain magnetic behavior in inorganic systems. 13 Breslow and coworkers 

mechanism for ferromagnetic interaction in charge transfer donor-acceptor complexes where the 

spins on neighboring species are in parallel fashion, so that charge transfer can lead to the 

favored triplet state in one of the partners in the CT systems. 14 According to Miller and 

coworkers, !a, IS the ferromagnetic interaction between decamethylferrocene (DMeFc) and 

tetracyanoethylene (TCNE) in (DMeFct'(TCNEf' complex is due to electron hopping 

(resonance interaction) between one of the orbitals in the triply occupied doubly degenerate 

manifold on (DMeFct' and the singly occupied orbital on (TCNEf'. Through ab initio study, it 

has been found that the coulombic exchange between the 2pa orbital of triplet methylene and the 
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rc molecular orbital of the nitroxyl radical is the origin of ferromagnetic interaction in mixed 

clusters of methylene and nitroxyl radicals. 16 It has been suggested that the concept of zero or 

minimal overlap between the singly occupied molecular orbitals (SOMOs) should play a more 

fundamental role in the optimization of ferromagnetism. A study on magnetic properties in 

phenalenyl radical dimer highlights the effect of stacking mode on magnetic interaction. 17 In the 

DFT framework, Ni et al. studied the magnetic switching depending upon the stacking pattem. 18 

They showed that the cooperative effect of the weak intermolecular bonding between the layers 

is responsible for the magnetic phase transition. 

Though mixed-stack CT complexes usually show antiferromagnetic interaction,911
•
19 

Nakajima et al. recently synthesized two mixed stack complexes namely, (1) 

(HMTTF)[Ni(mnt)2] (HMTTF = his( trimethylene )-tetrathiafulvalene, mnt = ma!eonitrile 

dithiolate) and (2) (ChSTF)[Ni(mnt)2] (ChSTF = 2,3-cyclohexylenedithio-1,4-dithia-5,8-

diselenafulvalene) which are reported to be the first of their own kind to show ferromagnetic 

interaction. 2° From temperature dependent g value and susceptibility curve, these two compound 

are found to have several magnetic transitions at different temperatures. Compound 1 and 2 

exhibit a peak in their susceptibility curbe at 8K and 16K respectively, showing ferromagnetic 

interaction. The ESR spectra of these complexes give a single Lorenzian in the whole 

temperature range without separating the donor and acceptor spins, which indicates the presence 

of exchange interaction between the spins. Because Nakajima et al. describe the origin of 

ferromagnetism in these nixed-stack complexes to be enigmatic, in the present work, we put our 

effort to find out the nature and reason of magnetic interaction in the same two complexes 

isolated by Nakajima et al. 20 While doing so the mixed-stack face to face donor acceptor pair of 

the complexes taken from the crystallographic file is chosen as the reference to study their 

magnetic behavior. As the magnetic interaction in such CT complexes is subject to a priori 

donor to acceptor charge transfer, the ferro- or antiferro-magnetic behavior will also depend 

upon the charge transfer. 21 From a variety of mechanisms suggested for donor to acceptor charge 

transfer, two basic propositions can be figured out which fit best for CT systems.22 The first is 

the electron transits through bond (TB), a suitable pathway built from the nonorthogonal 

molecular orbitals (MOs) of the donor and the acceptor pair.22. 23 Overlap of nonorthogonal MOs 

facilitate antiferromagnetic interaction. However, in case of the absence of such overlap, the 

travelling electron has to tunnel through-space (TS) and it encounters a potential energy barrier.24 
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In some specific cases, there may also be a quantum interference between these two pathways 

(TB and TS).25 However, neither TB nor TS electron tunneling is sufficient alone to properly 

address aCT process and these pathways often occur synchronously.23
b This sets the crux of the 

present investigation, which is divided in two parts. First, an effort is made to understand the 

mechanism of magnetic interaction in (1) (HMTTF)[Ni(mnt)2] (HMTTF = bis(trimethylene)

tetrathiafulvalene, mnt = maleonitrile dithiolate) and (2) (ChSTF)[Ni(mnt)2] (ChSTF = 2,3-

cyclohexylenedithio-1 ,4-dithia-5,8-diselenafulvalene ), two mixed-stack ferromagnetic CT 

complexes recently synthesized by Nakajima et al.20 HMTTF and ChSTF are the donor and the 

Ni(mnt)z is the acceptor in these two complexes. The role of charge transfer behind their 

magnetic nature is investigated and the charge transfer energy is correlated with magnetic 

interaction. The approximate spin projection method of Yamaguchi is employed to quantify the 

magnetic interaction in terms of exchange coupling constant (J). 26 This value is compared with 

the extent coupling constant derived through the use of charge transfer energy and spin 

densities donor acceptor sites. The interaction among molecular orbitals is fundamental to 

describe magnetic behavior in any molecular system. According to Hoffmann, a triplet state is 

stabilized when the overlap between two SOMOs is small, whereas singlet state predominates 

when the overlap is large.273 Ferromagnetic interaction between two open shell molecules takes 

place when the molecules are arranged in such a way that two SOMOs are orthogonal or as 

nearly so as possible. In traditional inorganic magnets, the nodal properties of d or f orbitals 

would lead to the cancellation of overlap in their crystals. In case of organic molecules, the 

proper geometrical arrangement is crucial for cancellation of overlap, as they only have 2p 

atomic orbitals. 16 Present systems involve metal d orbitals as well asp orbitals nonmetaL 

the arrangement of SOMOs, centered on different units, becomes an important factor to 

determine the nature of the magnetic interaction. Hence, the second part this a 

magneto-structural correlation in the reference systems is explored to know whether the 

molecules show ferromagnetic interaction by cancellation of overlap or not. The stacking pattern 

of the molecules is modified by changing the rotational angle between donor and acceptor units. 

68 



5.2 Theoretical Details and Computational Methodology 

The interaction between two magnetic sites 1 and 2 is generally expressed by Heisenberg 

spin HamiltonianH = -JSl • s 2' where SJ and s2 are the respective spin angular momentum 

operators and J is the exchange coupling constant. Since, the Heisenberg Hamiltonian is simply 

related to spin eigenfunctions, it becomes necessary to map the eigenvalues and eigenfunctions 

of an exact nonrelativistic Hamiltonian into the spin Hamiltonian. Moreira and Illas have shown 

that for an interaction between two spin-1/2 sites, it is possible to map the Heisenberg eigenstates 

to the triplet and singlet N-electron states and the coupling constant can be derived from the 

singlet-triplet energy difference.27
b The positive value of J indicates the ferromagnetic interaction 

while the negative value signifies the antiferromagnetic interaction between two magnetic sites. 

Broken symmetry (BS) approach given by Noodleman28 in DFT framework is useful to evaluate 

.J in cases weak or no overlap between magnetic orbitals. The expression put forward by 

Bencini, Ruiz and co·-workers uses the energy of the BS state as that of open shell singlet at 

stronger overlap limit magnetic orbitals.29
· 

30 However, the spin projected method, 31 coined by 

Yamaguchi26 
( eq 1) is applicable in any overlap limit and hence used in this work to evaluate the 

coupling constant ( Jy), 

1 

Here, Ess and Er are the energies of the BS and triplet state respectively, whereas ( s;) and 

(s;s) represent the average spin square values of triplet and BS states respectively. 

As discussed in the introduction, the donor-acceptor magnetic coupling is induced by 

electron transfer from donor to acceptor. There have been several efforts to theoretically model 

such charge transfer. 22 Among these, a perturbative treatment has widely been adopted to 

account for the electron tunneling process.32 Anderson in his pioneering work, derived the 

second order perturbation energy (.6.£) for such an intersite charge transfer and correlated this 

energy with magnetic interaction as, 33 
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Here, tu is the hopping integral which carries an electron from site i to site j and U is the single 

ion repulsion energy. However, this t2/U term is well-known in the Hubbard model and related to 

the coupling constant (.1). 34 In their seminal works, Calzado et al. applied ab initio CI techniques 

to compute these individual contributions to the magnetic coupling constant using effective 

Hamiltonian theory. 35 However, in of our recent studies, instead of direct estimation of this P!U 

term; the above expression was modified to estimate the coupling constant in terms 

second order perturbation energy (~E) for charge transfer between sites and spin density on those 

centers (p1 and p1)?
6 This coupling constant emanates from the charge transfer 

acceptor, and hence referred to as Jcr, 

to 

(5.3) 

In a model proposed by Heitler and London, J ls split into ferro- and antiferro-magnetic 

contributions 

J = K+2fJS. (5.4) 

The first part, being the two-electron exchange integral, is necessarily positive. Whereas the 

second part contains resonance integral (/J) and an overlap integral (S), which are of opposite 

sign and thus their product becomes negative. Hence, the value of overlap integral plays a crucial 

role in controlling the overall nature of magnetic interaction.37 
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(HMTTF)[Ni(mnt)2] ( 1) 

(ChSTF)[Ni(mnth] (2) 

Figure 5.1 Systems under investigation with major spin densities on individual atoms in triplet 
ground state at UB3L YP/LANL2DZ level of theory. 
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The orbital overlap between magnetic orbitals (If//), 'I; = ( f//;+ If//;-) can approximately scale the 

spin delocalization; which is estimated by the following relationship: 

T=n-1 T=l-n* 
I I ' t l' 

(5.5) 

where ni and n *i are the occupation number of bonding and antibonding natural orbitals (NO), T; 

= 0 for pure diradical and Ti = 1 for closed shell pair.38 

The geometries of systems under investigation are taken from the crystallographic 

structures obtained from reference 20 (Figure 5.1 ). Hybrid functional B3L YP is known to be 

effective for evaluation of magnetic exchange coupling constant in molecular systems. 39 

Therefore, in this work we rely on B3L YP functional, coupled with LANL2DZ basis set in the 

unrestricted framework for assessing the magnetic behavior of the complexes. The B3L YP 

functional and LANL2DZ basis set also known to produce satisfactory results for the calculation 

of different properties of complexes.40 More accurate Complete Active Space Self-Consistent 

Field (CASSCF) technique is also carried out on the ground state of the mixed-stack complexes 

to verify the reliability of DFT methods in estimating proper coupling constant values. Several 

previous studies have shown that a small active space in the calculation of magnetic exchange 

coupling using CASSCF is good enough for an accurate description of magnetic interaction.41 

Hence, in this work a CASSCF(4,4) methodology is adopted for the calculation of exchange 

coupling constant (JcAs). The CASSCF(4,4) method is also used to calculate the occupation 

number of molecular orbitals through eq 5. This method is capable of considering the effect of 

HOMO and LUMO in the magnetic interaction between two SOMOs. 42 All calculations are 

performed using Gaussian 09W suite of quantum chemical package.43 

5.3 Results and Discussion 

5.3.1 Magnetic behavior in ground state of the systems 

Prior to the charge transfer, the donor fragments of the complexes are in singlet state and 

the neutral acceptor part is in triplet state because of cl configuration of Ni (II). To understand 

the source and the destination of charge transfer, the Mulliken spin density distribution of the 

ground states in complex 1 and 2 is computed through D FT (Figure 5.1 ), which is reported to 

produce reliable spin density distribution.44 The figure displays significant positive spin density 
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on the NiS4 fragment of the acceptor part which is in accordance with the experimental report. 

On the other hand, in the donor part, positive spin density relies on the X2C-CS2 (X=S. 

moiety in both the systems. Compared to the neutral singlet state of the donor, the positive spin 

density on D+ suggests departure of j]-spin from its HOMO. Similarly, the up-spin density the 

neutral acceptor reduces in the anionic state due to the acceptance of that j)-spin into one 

LUMOs, which are the counterpart of a-SO MOs. The P-: spin transfer from the donor to the d 

orbital is also very logical because Ni(II), have more than a half filled d8 orbital(D) is bound to 

accept only the system ,8 spin. 36 The presence of almost equai spin parallelly align in the 

acceptor undoubtedly advocates for the participation of Ni(mnt)2 fragment in 

interaction as also claimed in reference because of larger g value of the 

or only. However, the spin density is not confined 

on ligated S atoms 

D(a) 

1 
, l 

D(~) 

lS 

acceptor (Figure 5 

A( a) 

A( a) 

A(~) 

A(~) 

Figure 5.2 Spin transfer from the fJ -HOMO of neutral donor (D) to the fJ-LUMO of neutral 
acceptor (A) with Ni(II) in both the complexes 1 and 2 at UB3L YP/LANL2DZ level. 

From the MO diagrams of molecules 1 and 2, it is found that one SOMO is composed by the 

atomic orbitals solely from the donor and other one is constituted from the contributions from 

acceptor atomic orbitals only (Figure 5.3 ). Apart from MO picture, according to Pauling-Slater-
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Coulson pictures of bond hybridization and polarization natural bonding orbital (NBO) analysis 

is a useful tool to provide a quantitative description of intermolecular interactions.46 The NBO 

analysis displays a zero overlap between the donor and acceptor in the ground state of these 

complexes (Appendix 1). Therefore, in can be surmised that the through-space charge transfer is 

responsible for ferromagnetic interaction (Scheme 5.1 ). Considering the spin topology of the 

complex 1 and 2, S and Se atoms in the donor part are recognized as the gateway of charge 

transfer. On the other hand, it has previously been explained that basically a beta spin transfers 

from donor to acceptor. Hence, there is no possibility of up spin accumulation on S atoms as a 

direct consequence of charge transfer. 

,:'0' ' 

Complex 1 D ·~ ··'II! "· jl! \, 

th ~ -'i----~~ 
e' !WJ; ~ 

A 

Complex 2 D 

A 

Figure 5.3 SOMOs ofthe complexes 1 and 2 in state at UB3 

theory (isodensity sur£'lce value 0.02). 

the on 0. 

compared to the expected spin density of 2 in its neutral state. This observation 

the major recipient of the beta spin, which is later dispersed on S atoms. The value of 

transfer energy (!J.E) between these relevant sites in donor and acceptor is taken from the matrix 

of second order perturbation energy in NBO output. From this 11£ value and spin densities on 

relevant donor and acceptor sites, the coupling constants for both the complexes are estimated 

using eq 5.3. The sign and magnitude of coupling constants obtained in this way arc found to 

in reasonable agreement (Table 5.]) with those estimated through eq 5.1. To further val· 
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these values of coupling constants, we resort to more accurate CASSCF (4,4) method, also 

produces J values with same sign and order of magnitude (Table 5.1 ). 

CT 

Anti ferromagnetic mode of complex ! 

Donor 

~ 

1 1 
Direct Exchange 
through space 

Covalent interaction 

SOMO 

Scheme 5.1 Exchange Coupling Mechanism Complexes. 

Tablt~ 5.1 Comparison Intermolecular tvlagnetic Exchange Coupling Constant Values 
and C 

2 
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The consideration of active space in CASSCF is validated by the similar nature of SOMOs, 

obtained through CASSCF and DFT (Appendix 1). The ferromagnetic nature of complex 1 and 2 

is in qualitative agreement with the experimental results, which proclaim these systems to be the 

first reported "ferromagnetic mixed-stack complexes". 20 One can further rationalize through

space ferromagnetic interaction between the donor and acceptor SOMOs through their TsoMo 

values. The TsoMo values of complex 1 and 2 are computed (eq 5.5) in CASSCF(4,4) method, 

using the occupation number of doubly occupied molecular orbital (DOMO), SOMOs and 

LUMO, in their triplet ground states. The TsoMo values in both the systems are found to be 0.0 in 

the triplet state and in turn validate the zero overlap between magnetic orbitals. 

5.3.2 Stacking effect of the magnetic interaction 

The ordering of magnetic moment and extent of magnetic interaction transition metal 

clusters depend on the size of the clusters.47 Cheng et al., studied the size dependent magnetic 

property of Cr clusters. They found that in all the clusters, though the extent of magnetic 

coupling changes with the cluster size, the anti.ferromagnetic nature of interaction remains 

intact.47 Ni et al. 18 studied the stacking pattern controlled magnetic switching property of 

[Ni(mnt)zr dimer by taking the face to face pair of [Ni(mnt)zr. They had shown that the nature 

of magnetic property of dimers bears a resemblance to the bulk nature. Following this analogy, 

among various possibilities of magnetic interaction within the crystal; we study the face to face 

magnetic interaction among donor-acceptor pair of these complexes. Stacking mode of the 

complexes is important to understand the magnetic behavior of the system and also to determine 

the magnetic coupling constant. Y oshizawa and Hoffman27
a studied the coupling of two 

diphenylmethyl radicals as a function of its rotational angle ( 8) and they conclude that 

ferromagnetic coupling is favored when e is close to either 60" or 180° and antiferromagnetic 

interaction near 120° because the partial overlaps are almost cancelled in 60° and 180° stacking 

modes due to the nodal structure of the SOMOs.27
a On the other hand, according to Ni et al./ 8 

[Ni(mnt)r molecules have maximum ferromagnetic interaction when their corresponding 

rotational angles are 30° and 60° instead of 60° and 180°. 1n the present study, in complex 1 and 

2, the rotational angles are 53° and 49° which are close to 60° for ferromagnetic complexes. In 

these values of the rotational angles, complexes 1 complex 2 are found to have minimum energy 

compared to other arbitrarily chosen rotational angles (Table 5.2). We have estimated the 
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magnetic exchange coupling constant, varying rotational angle for these two complexes (Figure 

5.4). We find that for complexes 1 and 2 the maximum ferromagnetic interaction occurs at 

rotational angle 53 ° and 49° respectively which are their corresponding rotational angles found 

from CIF data. 

Table 5.2 The Energy (in a.u.) of the Complexes at Various Rotational Angles (the respective 
rotational angles are given in parenthesis). The Energy Values are Computed at 
UB3L YP/LANL2DZ Level 

complex 1 

. -1237.92407(43) -1255.80979( 43) 

Complex 2 

1

-1237.94631(53) 1 -1255.82-~3~(49) I I ~ 1237,92606(59) ~!255.24864(66~ 

l~~237.9225~~67) --1254.87364(70~_1 

With variation m rotational angles in complex 1 and 2, extent of ferromagnetic 

interaction reduces. As a whole, from Figure 5.4 it is clear that ferromagnetic interactions are 

more sensitive towards stacking pattern. In one of our recent study, the dependence of the 

exchange coupling constant on intermetallic distance was investigated for Mn clusters. It has 

been found that the extent of ferromagnetic coupling is maximum at equilibrium bond 

distance.24
c Thus, existing references as well as the present study unanimously advocate that 

ferromagnetism reaches its zenith at the ground state geometry leading to maximum value of J. 

The intermolecular distance also determines the extent and nature of the magnetic interaction. 

for example, in reference 18, the intermolecular distance of ferromagnetic dimer complex of 

Ni(mnt)2- is 3.55A; whereas the distance is 3.65A in the antiferromagnetic analogue. In the 

present work, the intermolecular distance for complex 1 and 2 are found to be 3.63A and 3.64A 

at their ferromagnetic ground state, reported in reference 20 (Figure 5.5). Nearly the same 

distance between magnetic sites in both the complexes is reflected in the closeness of their J 

values (Table 5.1). 
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Figure 5.4 Rotational angle (B) vs. J plot for the complexes in their different 

UB3L YP/LANL2DZ levei of theory. 
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Figure 5.5 Packing pattern in the complexes (shown with the example of complex I). M. and N 

are the axes of symmetry of planar monomer and the planar part of the monomer C2S4 passing 

through the metal atoms and C-C bond. The point P and M1 are the vertical projections of the 

upper Ni atom and axis to the lower layer, respectively. The structure of the complex can be 

parameterized by interlayer distanced, the extent of slippage (slipping distance r, r'' and deviation 

angle a) and rotational angle f) is defined as the angle between P M1 and ON. 
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Next, we investigate the origin of antiferromagnetism in the present systems at a few 

particular stacking modes, at rotational angles 43° and 67° for complex 1 and 66° and 70° for 

complex 2. The closest S atoms of two layers are 3.62A and 3.63A apart in two AFM stacking 

modes for complex 1, which are less than their van der Waals radii (3.70A); i.e., they can form 

covalent type bond between two layers. From the HOMO diagrams given in Table 5.3, it is 

that in the antiferromagnetic stacking modes of complex 1, there is an overlap between donor 

and acceptor fragments, which facilitates the antiferromagnetic spin alignment. 38 This can also 

be explained on the basis of eq 5.4, where due to gain inS value the negative part 

the positive value of exchange. On the other hand, for the ~~"""''~ 2 the 

closest S atoms of two separate layers are 3.76A and 3.65A respectively. 

HOMO diagram complex 2 does not show any kind of overlap between 

In spite this zero overlap, complex 

operate through-space. 

Mode the Complexes 1 and 2 and Their 

2 

Magnetic Exchange Coupling 
Singlet State at UB3LYP/LANL2DZ level 

Rotational Angle (lowest S-S distance) 1 

. . -l I 
constant m em t 

43\3.62) 
(.J = -- 32) 

6T(3.63) 
= -- 35) 

66°(3.76) 
(J=- 13) 

70°(3.65) 
(J=- 2) 
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Table 5.4 Occupation Numbers of DOMO, SOMOs and LUMO as well as TsoMo for the 
Complexes in Singlet States and J Values Calculated by CASSCF(4,4) Method Using 
LANL2DZ Basis Set 

Complex (J DOMO SOM01 SOM02 LUMO TsoMo I 
! 

(HMTTF)[Ni(mnt)2] 43 1.85576 1.78618 0.20882 0.15085 0.80 i 

! 

67 1.93751 1.53146 0.46922 0.06181 0.54 

(ChSTF)[Ni(mnt)2] 66 1.93807 1.00677 0.99356 0.06159 0.01 

--·····-

70 1.93879 1.00053 I 0.99948 I 0.06120 0.01 

In an interesting work, Butcher et aL show that two halide super exchange pathway 

for antiferromagnetic interaction between two magnetic sites may even occur through-space due 

to the spin delocalization from magnetic sites to the halogen atoms. 48 In the present work, we 

observe that the spin density is delocalized over the S atoms for these complexes. Thus in case of 

complex 2 the antiferromagnetic mode is not favored by covalent interaction rather it is due to 

through-space spin exchange. The extent of overlap (TsoMo) between SOMOs (Table 5.4) in both 

the complexes also validates the HOMO diagram (Table 5.3) and rationalizes the degree of 

antiferromagnetic interaction. In antiferromagnetic stacking modes, Complex 1 has higher 

overlap between magnetic orbitals in comparison with complex 2 and expectedly displays more 

antiferromagnetic interaction than complex 2. 

5.4 Conclusions 

Intermolecular charge transfer brings versatile properties m mixed stack CT 

complexes; as a result they are very useful for different technological applications. DFT 

calculations are performed on two similar kind of mixed-stack complexes to elucidate the origin 

of the ferromagnetic interaction therein. The parallel spin alignment in the ground state of both 

the complexes stems from the transfer of a spin from fJ -HOMO of neutral donor (D) to the fJ

LUMO of neutral acceptor (A), which is expected because Ni(II) d orbitals already occupied by 

a electrons, are only susceptible for fJ electron acceptance. These parallel spins undergo through

space direct exchange to set in ferromagnetism in complex 1 and 2. And thus speak for obvious 

contribution from Ni(mnt)2 fragment to magnetic interaction as claimed in reference 20 through 
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the larger g value than should be for TTF or STF only. The through-space nature of exchange is 

ensured from the zero value of overlap between magnetic orbitals. Both the complexes exhibit 

similar value of exchange coupling constant. This observation has been explained through 

comparable value of spin density on magnetic sites and S-S distance between two layers. Next, 

the geometry of the complexes is altered by changing the rotational angle between the layers. 

The plot of J against different rotational angle divulges maximum degree of ferromagnetic 

interaction in their minimum energy state for which the crystallographic file format is available. 

To search the reason of antiferroamgnetic behavior in some particular stacking modes, the MO 

diagram of the complexes is analyzed. The HOMO in complex 1 at rotational angle 43° and 67°, 

depicts a strong overlap between the magnetic orbitals which also finds its support from the 

significant TsoMo value. This overlap, in its turn, induces antiparallel spin alignment causing 

antiferromagnetic interaction. The stronger overlap between the donor and acceptor in 

antiferromagnetic stacking modes compared to that in the ferromagnetic ground state is visible 

from atom-atom overlap-weighted bond order (Appendix 1 ). On the other hand, complex 2 

does not show such overlap, still behaves antiferromagnetically at rotational angles 66° and 70°. 

This is attributed to the through-space antiferromagnetic exchange. This wide variety of 

exchange mechanisms in complex 1 and 2, in their feiTomagnetic ground state and 

antiferromagnetic states is schematized in scheme 5 .1. 
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