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Analysis of the Puzzling Exchange-Coupling Constants in a 
Series of Heterobimetallic Complexes

Saborni Biswas‡, Nathanael Lau¶, A. S. Borovik¶, Michael P. Hendrich*,‡, Emile L. 
Bominaar*,‡

‡ Department of Chemistry, Carnegie Mellon University, 4400 Fifth Avenue, Pittsburgh, 
Pennsylvania 15213, United States

¶ Department of Chemistry, University of California–Irvine, 1102 Natural Sciences II, Irvine, 
California 92697, United States

Abstract

The exchange-coupling constants (J) in a series of bimetallic complexes with an M2+(μ-OH)Fe3+ 

core (M = Mn, Fe, Ni, and Cu; series 1), which were reported in a recent study (Sano et al. Inorg. 
Chem. 2017, 56, 14118–14128), have been analyzed with the help of density functional theory 

(DFT) calculations. The experimental J values of series 1 showed the remarkable property that 

they were virtually independent of metal M. This behavior contrasts with that observed for a 

related series of complexes with M2+Fe3+ cores reported by Chaudhuri and co-workers (Biswas et 

al. Inorg. Chem. 2010, 49, 626–641) (series 2) in which J increases toward the upper end of the 

series. Broken symmetry DFT calculations for J, which yielded values in good agreement for the 

MnFe and NiFe complexes of series 1, gave for the CuFe complex a J value that was persistently 

much larger than that obtained from the experiment. Attempts to bridge the discrepancy by 

invoking various basis sets and corrections for hydrogen-bonding effects on J were not successful. 

The J values for series 1 were subsequently analyzed in the context of an exchange pathway 

model. From this analysis, it emerged that, in addition to the regular 2e-pathways, which 

contribute antiferromagnetic terms to J, there are also 3e-pathways that contribute ferromagnetic 

terms and have the propensity to keep J constant along series 1. It is shown that, while DFT 

evaluates the 2e-pathway terms reliably, this method seriously underestimates the 3e-pathway 

contributions, resulting in a too high J value for the CuFe complex of series 1. The pathway 

analysis of series 2 reveals that the 3e-pathway contributions to J are considerably smaller than 

those in series 1, resulting in J values that increase toward the upper end of the series, in 

accordance with the experiment.
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Graphical Abstract

INTRODUCTION

Metalloenzymes containing heterobimetallic active sites assist biological organisms in 

performing several important reactions. For example, the MnFe site in ribonucleotide 

reductase catalyzes the synthesis of deoxyribonucleotides;1 the NiFe site of [NiFe] 

hydrogenase reversibly forms hydrogen molecules using protons,2 and the ZnFe site in 

purple acid phophatase degrades organophosphates.3 The two metal centers in 

heterobimetallic active sites often have different coordination spheres and are bridged by one 

or more oxido or hydroxido ligands. Synthetic heterobimetallic species, with both 

symmetric4–14 and asymmetric15–26 coordination sites, have been prepared as structural or 

functional models for these active sites. We recently reported the synthesis and the structural 

and spectroscopic characterization of the bimetallic compounds of the form (MST)Fe3+-(μ-

OH)-M2+(TMTACN), using the ligands N,N’,N”-[2,2’,2”-nitrilotris(ethane-2,1-diyl)]-tris-

(2,4,6-trimethyl-benzene-sulfonamido) (MST3–) and 1,4,7-tetramethyl triaza-cyclonane 

(TMTACN) and the metals M2+ = Mn2+, Fe2+, Ni2+, or Cu2+ (series 1), Figure 1.27 These 

complexes are rare examples of systems in which the bridging ligand forms an 

intramolecular hydrogen bond. Hydrogen bonds involving the bridging ligand are also 

observed in the di-iron centers of the oxygen transporter hemerythrin (Hr) and the O2/NO 

reductase flavin di-iron protein (FDP).28,29

The complexes in series 1 have similar structures that display only modest variations mainly 

in the metal–ligand distances. Both the Fe3+ and M2+ sites in series 1 are high-spin and 

antiferromagnetically coupled, resulting in net spin states with S = 0, ½, 3/2, and 2 for the 

M2+Fe3+ complexes with M = Mn, Fe, Ni, and Cu, respectively.27 Variable-temperature EPR 

spectroscopy of the complexes in series 1 yielded values for the exchange-coupling 

constants (J) of these species.27 Surprisingly, the J-values in series 1 were found to be nearly 

independent of divalent metal ion: J = 35, 26, 35, and 33 cm−1 for M = Mn, Fe, Ni, and Cu, 

respectively (J values are reported here in the convention JSM-SFe). The 3d-orbital 

occupation changes significantly throughout the series, and the expectation is that J should 

also change significantly as the electrons in the singly occupied orbitals contributing to J are 

paired off. The near invariance of J in series 1 contrasts with the monotonous increase of this 

parameter for the heterobimetallic complexes (MeImA)3M2+Fe3+(TMTACN) (M = Mn, Ni, 

and Cu) reported by Chaudhuri and co-workers,30 in which the metal sites are triply bridged 

by the NO-oximato groups of the three 1-methylimidazole-2-aldoximato (MelmA) ligands 
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of M (series 2; the Fe2+Fe3+ complex, also reported, is not of interest here because the Fe2+ 

site is low spin). The two-atom bridges in these face-shared complexes prevent metal–metal 

bonds and mediate superexchange interactions between the metal sites. The J values for 

series 2 are 15, 57, and 76 cm−1 for M = Mn, Ni, and Cu, respectively.30 An increasing value 

for J along the 3d series is a common feature of homometallic compounds.31–40

To acquire insight into the J values of the two heterobimetallic series, the invariance for 

series 1 and the effect of the hydrogen bonding on J, we have performed density functional 

theory (DFT) calculations of the broken symmetry type to predict the value of J.41 These 

attempts were fairly successful, except in the case of the CuFe complex for which JDFT was 

persistently calculated to be significantly higher than Jexp. Thus, somewhat disappointingly, 

instead of answering the question as to why Jexp is invariant in series 1, our DFT 

calculations raised the additional question as to why JDFT is not. In search of the cause for 

the invariance of J in series 1, we resorted to earlier valence-bond type models for describing 

J.37,42–50

In addition to being heterobimetallic, the complexes in series 1 and 2 are mixed valence (+2, 

+3), a condition which lowers the energy of M2+ → Fe3+ electron-transfer configurations 

that interact with the electronic ground configuration. As the strength of these interactions 

depends on the spin state of the complex, they contribute to the energy differences between 

the spin states and, consequently, to the J. Among these electron-transfer configurations are 

those that result from the transfer of an unpaired electron initially on M and which give rise 

to the familiar antiferromagnetic 2e-pathway contributions to J (Figure 2).44,46,48 Here, it is 

argued that in addition to the contribution to J from the aniferromagneiic 2e-pathways, there 

is also a ferromagnetic contribution from 3e-pathways (Figure 2),51,52 in the case that M is 

Fe, Ni, or Cu. The spin coupling resulting from 3e-pathways has been referred to as double 

exchange in the literature and plays an important role in shaping the magnetic properties of 

homonuclear mixed-valence systems such as iron–sulfur clusters.41,53–55 Our estimates of 

the 3e-pathways show that their contributions to the J values of series 1 are significant and 

increase in strength in passing from Mn to Cu, compensating (and in the case of series 1 

even canceling) the increase of the net 2e-pathway contribution to J. This analysis suggests 

that the DFT calculations have underestimated the 3e-pathway contributions to the J, leading 

to an overestimation of the J value, particularly in the case of the CuFe complexes in which 

the 3e-pathway contributions reach their maximum value in series 1 and 2. This suggestion 

has been tested with the help of time-dependent (TD) DFT calculations for the CuFe 

complex of series 1. Finally, the different trends displayed by J along series 1 and 2 have 

been discussed from a structural perspective in the context of the pathway model.

METHODS

The DFT calculations were performed with Gaussian ‘09,56 using the functional B3LYP.
57,58 The J values were calculated with the expression J = 2(Ef – EBs)/nIInIII where nII and 

nIII are the number of unpaired electrons on ions MII and FeIII, respectively, and EF and Ebs 

are the energies for the optimized geometries of the ferromagnetic (F) and the broken 

symmetry (BS) configuration, unless explicitly stated otherwise. This expression for J 
follows from the expression J = 2(EF − EBS)/(⟨S2⟩F − ⟨S2⟩BS)DFT by replacing the 
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denominator with the product nIInIII. This approximation is accurate within 0.6% (see Table 

S11). Hybrid density functionals, among them B3LYP, have been reported to perform better 

than pure functionals in BS calculations of J.55,59 In the same report, the root mean square 

deviation (RSMD) between experimental and B3LYP computed J values for a test set 

containing 25 oligonuclear transition-metal complexes was found to be rather large, 142 cm
−1 in our J convention. The mean absolute deviation (MAD, |Jexp – Jtheor|av) for the same 

data set, although somewhat smaller than the RMSD, is still sizable, 93 cm−1. In Section S7, 

it is shown that this large value mainly results from a few outliers, complexes for which the J 
values calculated for the X-ray diffraction (XRD) structure and the DFT-optimized structure 

significantly differ. Excluding those ambiguous cases from the validation of the theory 

reduces the deviations considerably to RMSD 24 cm−1 and MAD 19 cm−1. In our previous 

work,29 satisfactory J values were obtained with functional B3LYP, using basis set 6–311G 

for nonheme di-iron complexes.60,61 However, this basis set gives for the heterodimers of 

series 1 values for J that are 2 to 5 times the experimental magnitude. To improve agreement 

with the experiment, various basis sets have been tested for the MnFe complex of series 1 

(Table 1). For the sake of computational expediency, the basis set was only modified at a 

limited number of atoms (basis sets 3 and 4 of Table 1). The affected atoms include the 

metal ions and the atoms of the OH bridge, which are critical for the superexchange 

coupling, and the atoms of the sulfonamido groups to allow for a proper description of the 

hexavalency of the S atoms. The latter requirement was achieved by using the Triple Zeta 

Valence Polarization (TZVP) basis62–64 for the S atoms in basis sets 2, 3, and 4. The 

extension of the triple-ζ-basis set (6–311G, basis set 1) with polarization functions (TZVP, 

basis set 2) at all atoms lowered J by 17%. The same lowering was obtained when the 

extension was made at the selected atoms (basis set 3), justifying the use of a smaller, hybrid 

basis set for the purpose of calculating J. This result is consistent with an earlier report.59 

The J value for basis set 3 was lowered an an additional 8% by introducing the effect of the 

solvent, using the Polarizable Continuum Model (PCM) module of G’09 (basis set 3, ε = 

8.93). To include the effect of the relativistic contraction of the core electron orbitals and 

avoid the disbalance its neglect may cause on the effective potentials acting on the 3d-

electrons in the heterobimetallic complexes, the Stuttgart Dresden (SDD) pseudopotential 

basis65–71 has been used for the metal ions in basis set 4. The change to the SDD basis at the 

metal ions resulted in a 12% decrease in J compared to values obtained for basis 3. The J 
value obtained with basis set 4 and ε = 8.93 gives the closest match with experiment. In the 

next section, the utility of basis set 4 (ε = 1) has first been tested in the prediction of J values 

for several synthetic homo- and heterobimetallic complexes before being applied to the 

complexes of series 1 (ε = 8.93). The optimized structures and the Mulliken spin populations 

of the metal ions for the F and BS states were found to be nearly identical, apart from a sign 

flip in the population of the minority-spin site. These properties are typical for the DFT 

solutions of exchange-coupled systems. Except for one case, the DFT optimized structures 

are in good agreement with those obtained from XRD (see below).

The best basis set (basis set 4) emerging from the above analysis has been used for 

calculating the J values for structurally and magnetically characterized homobimetallic72–79 

as well as heterobimetallic6,80–83 complexes with hydroxo/alcoxo/carboxylate bridges to test 

its utility for a wider range of systems. The results of these calculations are presented in 
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Section S8. The calculations were performed in gas phase (ε = 1) because the experimental J 
values for all these complexes were obtained from polycrystalline/amorphous solid samples. 

The homobimetallic test set contained 8 complexes with experimental J values ranging from 

15 to 43 cm−1 (see Table S12 and Figure S11) and gave a MAD of 5 cm−1. The 

heterobimetallic test set contained 7 complexes with experimental J values ranging from –

105 to 78 cm−1 (see Table S13 and Figure S12) and gave a MAD of 11 cm−1, compatible 

with the MAD for the reduced data set of ref 59 (see above).

RESULTS

Having established the accuracy of basis set 4 in the calculation of J values for a wide range 

of complexes, we now proceed with calculating the J values for the remaining complexes of 

series 1. The results of these calculations are given in Table 2 in the first column under the 

header JDFT. The values are 27%, 81%, 51%, and 327% greater than Jexp for the MnFe, 

FeFe, NiFe, and CuFe complexes, respectively, and show a moderate increase in JDFT from 

MnFe to NiFe followed by a dramatic jump for CuFe. In contrast, Jexp remains virtually 

constant throughout the heterometallic series. Thus, although the use of basis set 4 predicts 

many experimental J values with reasonable accuracy, our DFT calculations have not 

succeeded in describing the invariance of J along series 1, particularly not in the case of the 

CuFe complex. More specifically, the value Jexp = 33 cm−1 for the CuFe complex lies well 

outside the range 141 ± 11 cm−1 around the JDFT suggested by the MAD of the 

heterobimetallic test set (Figure S7). To improve upon this unsatisfactory situation, we have 

first revisited the experimental results and then explored several alternative causes for the 

discrepancy between Jexp and JDFT. The results of the efforts have been discussed in the 

following subsections.

Verification and Additional Evidence for the Low Value of Jexp for CuFe Complex.

The Jexp value for the CuFe complex of series 1, given in Table 2, was obtained from a 

solution sample in 50:50 DMF/THF. To both verify and obtain additional evidence for the 

low Jexp value previously reported for the CuFe species, measurements were repeated for the 

powder form of this complex. The EPR signals from this sample are shown in Figure 3 for 

temperatures of 10 and 157 K. The signal at 10 K has a feature at g = 10.6 similar to the 

signal from the solution sample.27 The spectrum has an additional feature at low magnetic 

field with the same temperature dependence, which we attribute to intermolecular magnetic 

dipolar interactions in powder. At higher temperatures, a new feature was observed at g = 

14.6 as shown in Figure 3. This feature, which was too broad for detection in solution, 

allowed a direct probe of the excited S = 3 state of the exchange-coupled CuFe complex. A 

series of spectra was recorded over a temperature range of 10 to 157 K. The intensity of the 

g = 14.6 feature was measured and is plotted in the inset of Figure 3 as the product of signal 

intensity times temperature versus temperature. The plotting of this product (rather than 

signal intensity) removes the overwhelming 1/T Curie law dependence, thereby accentuating 

the effect of the exchange interaction on the data. The fit overlaid on the data of the inset is 

for the population of the S = 3 multiplet using a value for J of 35(5) cm−1, in agreement with 

the previous value for the complex in DMF/THF (Table 2).
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Effect of Structural Discrepancies on J.

Table 3 shows a comparison of selected geometric parameters obtained from XRD and DFT 

optimization of the complexes of series 1. The comparison shows that the bond distances 

and angles obtained from DFT are only marginally higher than their counterparts from XRD. 

Consequently, the J values calculated for the DFT-optimized structure and the XRD structure 

of the CuFe complex are almost equal: JDFT = 141 cm−1 and JDFT
XRD = 138 cm−1. Thus, 

differences between Jexp and JDFT cannot be ascribed to discrepancies between the XRD and 

DFT structures. The structural parameters in the XRD and DFT structures show similar 

trends across series 1. In both data sets, the Fe1–M1 and O1–O6 distances are nearly 

constant; the M1–O1 distance decreases from Mn to Cu, and the Fe1–O1– M1 bond angle 

increases by 4° from Mn to Cu in both the XRD and DFT structures.

Effect of H-Bonding on J.

The recognition that hydrogen bonds (H-bond) affect J28,29,84,85 raises the possibility that 

the discrepancy between Jexp and JDFT in series 1 may arise from inaccuracies in the DFT 

assessment of the H-bond donated by the hydroxido bridge to one of the sulfonamido 

oxygens (see Figure 1). This H-bond weakens the covalent O–H-bond in the hydroxo group 

and increases J by conferring some oxido-character to the bridge. Thus, an overestimation of 

the H-bonding would lead to a spurious increase in the J value and could be a potential cause 

for the discrepancy between the calculated and observed values for this parameter. Attempts 

to improve the description of the H-bond by introducing a dispersion correction to the DFT 

calculations,86 using option GD3BJ of Gaussian ‘09, resulted in a decrease of the HO… 

O=S distance from 2.67 to 2.57 Å and gave an even larger value for JDFT (159 cm−1). To 

estimate the net H-bond effect on JDFT, calculations were performed on abridged structures 

obtained by removal of the H-bond from the optimized geometries of the complete 

molecules.

In a first set of calculations, the N4–S (sulfonamido) bond was cleaved by replacing the 

sulfonamido group by an H atom placed at the common H–N distance from atom N4, 

yielding the truncated structure of Figure 4a. The J values were then calculated from the EF 

and EBS values obtained from single point calculations as described in the Methods (Table 

2). Attempts to reoptimize the truncated structure resulted in a loss of the geometric integrity 

of the [MST]3– ligand and were abandoned. Table 2 shows that the loss of the H-bond has 

lowered the J values and brought them into the experimental ranges for the MnFe, FeFe, and 

NiFe complexes (Table 2), suggesting that the DFT calculations presented here have 

overestimated the strength of the H-bond in these species. However, the discrepancy for the 

CuFe complex persists (Table 2). In search of what caused the overestimation, we have 

recalculated the J value for the truncated structure of the CuFe complex, using a basis set in 

which the orbitals of the atoms removed in the truncation were retained as “ghost” orbitals. 

However, the addition of the ghost orbitals changed JDFT (truncated) by as little as 0.4 cm−1, 

showing that the truncation induced lowering of J is not due to a basis set superposition 

error87,88 in the value for JDFT arising from the orbitals at the vicinal sulfonamide group. A 

satisfactory explanation for why DFT has overestimated the H-bonding effect on J in series 1 

is still pending.
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In a second set of calculations, the sulfonamido group was rotated 75° over dihedral angle 

Fe–N4–S–O6 to increase the O1···O6 distance and remove the H-bond (Figure 4b). The 

resulting structure was reoptimized while keeping the dihedral angle fixed. The J values, 

given in the last column of Table 2, show that H-bond removal by rotation has a smaller 

effect on J than truncation. As a possible explanation for the difference, we suggest that the 

structural changes caused by the constrained reoptimization have partially compensated for 

the loss of the H-bond. Obviously, the effect of losing the H-bond on J in the second set of 

calculations is more intricate than in the first set because the absence of the H-bond not only 

removes the intrinsic effect of the covalent H–O bond weakening, like in the first set of 

calculations, but also affects the structure of the bridge, which may change J as well.

As expected, both procedures for removing the H-bond decrease J. The largest H-bond effect 

is obtained for the FeFe complex (104%, 27%) and the smallest, for the CuFe complex 

(12%, 15%) for Figure 4a,b. In any event, the removal of the H-bond improves the 

agreement between JDFT and Jexp in series 1, which suggests that DFT has overestimated the 

H-bonding effect on J. The good agreement between Jexp and the value for JDFT obtained 

after removing the H-bond in the MnFe, FeFe, and NiFe complexes of series 1 suggests that 

the H-bonding effect on J in these systems is much smaller than calculated by our DFT 

calculations, in contrast to the case of the hydroxido-bridged di-iron(III) systems described 

in the literature29,85 in which inclusion of H-bonding improved the agreement between JDFT 

and Jexp. The conclusion that the effect of H-bonding on J is weak in series 1 is not 

unexpected given that the covalent S=O bond in the sulfonamido group makes this group a 

weaker H-bond acceptor than those of nitrate85 and glutamate.29

In summary, the effect of the H-bond on J is small and does not explain the large 

discrepancy between the experimental and DFT-calculated J values for the CuFe complex of 

series 1. This discrepancy is the focus of the following discussion.

DISCUSSION

In the Results section, it was shown that JDFT for the CuFe complex in series 1 is about four 

times larger than JDFT for the MnFe complex. In contrast, the Jexp values for the CuFe and 

MnFe complexes are equal. In the following discussion, we explore the origins of the 

invariance of Jexp. We use valence-bond type models for J to give physical meaning to the 

underlying calculations.42–48,89 Wave function based theories for calculating J have been 

reviewed recently.55 In these models, the exchange interaction between two paramagnetic 

metal ions with NA unpaired electrons at site A and NB unpaired electrons at site B is often 

written as the sum of 2-electron Hamiltonians for the intermetal exchange couplings 

between the unpaired electrons at the two metal sites (eq 1).

∑
i = 1

NA
∑

k = 1

NB
jiksi ⋅ sk ≡ 1

NANB
∑
i = 1

NA
∑

k = 1

NB
jikSA ⋅ SB = JSA ⋅ SB (1)
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The one-electron spin operators, si can be expressed in terms of the total spin operators for 

metal sites A and B, SX (X = A or B), using the Wigner-Eckart theorem,90 in the calculation 

of the matrix elements in the direct-product basis |SA, MA > |SB, MB > (MA = −SA, −SA + 1, 

…, SA and MB = −SB, −SB + 1, …, SB) for a bimetallic center with local spins SA and SB; 

this equivalence is indicated by the = symbol in eq 1. The second equality in eq 1 identifies 

parameter J for the coupling of the net metal spins with the average of the individual 

exchange-coupling constants, jik, taken over the 2e-pathways (i,k), connecting unpaired 

electrons at the two metal centers. A statistical analysis, given in Section S1, demonstrates 

that invariance would require the J values for the 2e-pathways in series 1 to be distributed in 

narrow ranges around the experimental value for J. However, in the following discussion, it 

will be argued that such distributions are unrealistic in the light of both empirical and 

theoretical evidence, initiating the search for an alternative explanation.

The values of J in homobimetallic systems trend higher toward the end of the 3d series (see 

below).31–39,49 The explanation for this trend is that in the Aufbau from coordinated Mn2+ 

to Cu2+ the unpaired electrons in the low-lying, weakly antibonding 3d-orbitals are paired 

off first, confining the remaining unpaired electrons to the more delocalized, higher-lying 

3d-orbitals. As the superexchange coupling originates from the overlap between the 

unpaired electron orbitals of the two metal sites due to the covalent delocalization of these 

orbitals toward the ligand bridge, the largest jik values are expected to occur for the orbitals 

that remain singly occupied all along. In particular, the strongest coupling arises for the 

unpaired electron orbital of Cu2+ ion. Indeed, as it is illustrated in Figure 5, this orbital has a 

lobe directed toward the hydroxido bridge and has the largest amplitude at the bridge among 

the 3d-orbitals. The orbital state of the Cu2+ ion is firmly locked-in by the structure, and 

attempts to substantially influence J by making changes to the unpaired electron orbital 

required unrealistically large distortions of the primary coordination sphere of the Cu2+ 

center. Thus, if one or only a few dominant exchange pathways exist, the sum of eq 1 is 

determined by these pathways, but the denominator of eq 1 is 5 for Cu2+Fe3+ versus 25 for 

Mn2+Fe3+, causing a significant increase in the value of J for Cu2+Fe3+ relative to 

Mn2+Fe3+.

With this said, the above expectation is not supported by the experiment. We think this 

discrepancy is because the model underlying eq 1 is incomplete. The incomplete model is 

illustrated in the case of a NiFe complex in the top halve of Figure 6 and considers 

contributions to J from 2e-pathways that result from the interactions of the antiferromagnetic 

ground state with the configurations resulting from the electron transfers indicated by the 

blue arrows in diagram D1 of Figure 6. In the spirit of the broken symmetry approach, 

diagrams D1 and D5 represent the antiferromagnetic S = 3/2 ground state by a simple spin 

configuration in which the spins of the unpaired electrons at Fe3+ are up and those at Ni2+ 

are down. As an example, the result of the transfer indicated by the upper blue arrow in 

diagram D1 is shown in diagram D2. The excitation energy for the transfer, denoted U2e, is 

much larger than the matrix element connecting the ground state with the electron-transfer 

state, which is denoted bik for the orbital pair (i,k), permitting the application of second-

order perturbation theory for calculating the contribution of the transfer to J. The matrix 

element depends sensitively on the bridging-ligand-mediated overlap properties between the 
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unpaired-electron-containing “magnetic” orbitals, labeled i and k. As the relevant terms in 

the fundamental Hamiltonian for the transfer process are independent of spin, the orientation 

of the spin of the transferring electron remains unchanged in the process. For the 

ferromagnetic state (diagram D4), the same transfer is Pauli forbidden and, consequently, the 

transfer interactions in the 2e-pathways give exclusively antiferromagnetic contributions to 

the exchange-coupling constant J. More precisely, using the notation JSA ⋅ SB with A = Fe3+ 

and B = M2+, in second-order perturbation theory, the contribution to J from a 2e-pathway 

(i,k) is given as Jik
AF = 2

NANB

bik
2

U2e , where capital J is used to denote the inclusion of factor 

1/NANB. The reverse transfers, Fe → M, of which the result for the top arrow in diagram 

D1 is shown in diagram D3, have ideally the same bik values as the M → Fe transfers but 

have a much larger U value due to the greater charge disproportionation (Table S3) and will 

therefore be further ignored here. In addition to the second-order contributions, there are 

also zeroth-order contributions that are strictly ferromagnetic and much smaller in 

magnitude. In his seminal paper, Anderson46 referred to the ferro- and antiferromagnetic 

contributions as “potential” and (somewhat confusingly) “kinetic” exchange, respectively, 

and estimated that the kinetic exchange contribution to a pathway (i,k) prevails, unless 

matrix element bik vanishes for reasons of symmetry or accidentally. The complexes studied 

here all lack symmetry between sites; thus, all 2e-pathways (ten pathways in the case of 

NiFe complex shown in diagram D1) are likely to be antiferromagnetic. For later reference, 

diagram D5 shows the ideal case of a dimer complex with a linear bridge in which for every 

orbital i on site A there is only one corresponding orbital on site B, say orbital i’, for which 

bii′ ≠ 0. These pathways give antiferromagnetic (“kinetic”) contributions to J, while the 

remaining pathways (bij = 0, j ≠ i′) give weak ferromagnetic (“potential”) exchange 

contributions.

As discussed above, the 2e-pathways are expected to give J values for our heterobimetallic 

M2+Fe3+ complexes that increase when M passes from Mn to Cu. The nearly constant 

experimental J values for these species suggest that there are additional ferromagnetic 

contributions that counter this increase. The 3e-pathways, indicated by the blue arrows in 

diagram D6, give such contributions.51,52 The configuration resulting from the transfer 

indicated by the upper blue arrow in the ferromagnetic configuration of diagram D6 is 

shown in diagram D7 and features high-spin, Hund’s rule obeying Fe2+ and Ni3+ sites. A 

more detailed analysis shows that the 3e-pathway for orbital pair (i,k) contributes the 

ferromagnetic term 
jik
F

NANB
= Jik

F = −
NB

NB + 1
2

NANB

bik
2

U3e  to J in JSA ⋅ SB which is equal to Jik
AF

apart from the sign, the factor Nb/(Nb + 1), and the value for the excitation energy. The 

values for the matrix element bik in the expressions for Jik
F  and Jik

AF are assumed to be 

approximately equal because both F and AF terms involve the same i–k orbital interactions. 

A transfer in the 3e-pathway is also allowed in the antiferromagnetic configuration (diagram 

D8) provided the transferring electron has down spin. However, the configuration resulting 

from the latter transfer process, shown in diagram D9, features a Ni3+ site in a non-Hund 

state. The excitation energy of a paired electron in the BS state, UBS, resulting in the 

configuration shown in diagram D9, is higher than the excitation energy of the same electron 
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in the F state, UF, resulting in the configuration shown in diagram D7. The inequality UF < 

UBS implies that a 3e-pathway in the BS state gives a smaller contribution to J than the 

corresponding 3e-pathway in the F state, together leading to a net ferromagnetic contribution 

to J (Section S3). Thus, every time that an electron is added to the 3d shell in passing from 

Mn2+ to Cu2+, an antiferromagnetic 2e-pathway contribution to J is eliminated and replaced 

by a ferromagnetic contribution from a 3e-pathway, and consequently, the value of J does 

notsignificantly increase. The F and AF exchange contributions relate to the experimental 

value of J as

NANBJexp = NANB jav
AF + 25 − NANB jav

F (2)

where j
av
AF is twice the average of the 

bik
2

U  values and jav
F = −

NB
NB + 1

U2e

U3e jav
AF provided the 

contributions for the non-Hund states can be ignored (see below). Since U2e and U3e are the 

transfer energies of the 3d-electrons of metal M belonging to the majority spin and minority 

spin populations, respectively, we expect them to obey the inequality U2e > U3e (Section 

S9). This inequality is supported by molecular orbital energies, which are usually higher for 

the minority spin electrons than for the majority spin electrons, and by TD-DFT calculations 

(Section S3).

The application of eq 2, using the ratio U2e/U3e = 2, is shown in Table 4. The ΔM values of 

Table 4 approximate the sum of the 2e-pathways that are eliminated by pairing off an 

unpaired electron on M relative to the Mn2+Fe3+ configuration. The values for jav
AF (M) 

exhibit the increase anticipated for the 2e-pathway contributions for Mn to Cu. The 

foregoing analysis suggests there are two sets of pathway parameters for a M2+Fe3+ 

complex, one for jik
AF (M) with the average jav

AF > 0 and the other for jik
F , with the average jav

F

(M) < 0. The J for the CuFe complex is then the sum over five jik
AF values and 20 jik

F . values, 

divided by NANB = 5. By increasing the number of jik
F . terms along the 3d series, the value 

for jav
AF(M) can increase, in accordance with the expected behavior of this quantity, without 

changing J.

Hetero- versus Homobinuclear Complexes.

The trend of increasing J along the 3d series in homonuclear compounds is nicely illustrated 

by the superexchange interactions through linear halide bridges between the metal ions in 

KMF3 solids with perovskite structure, M = Mn,…, Cu, which show a pronounced increase 

in J: 4.3–5.1 cm−1 (M = Mn), 8.3 cm−1 (Fe), 44–51 cm−1 (Ni), and 264 cm−1 (Cu),31–40 in 

sharp contrast to the near invariance of J in the series of heterometallic M2+Fe3+ complexes 

in series 1. For a comparison of the homo- and heterobimetallic series, we replaced the latter 

by a hypothetical, linear version and counted the number of comparable ferro- and 

antiferromagnetic pathways under the constraints on the matrix elements imposed by 

diagrams D5 and D10 of Figure 6. The result of the count is shown in Table 5 and reveals 

that for each Fe3+M2+ combination the total number of antiferromagnetic contributions in 
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the two series is equal but that the ferromagnetic 3e-pathway contributions, which play a 

prominent role in the heterobimetallic series 1, are absent in the homobimetallic series. The 

increasing number of ferromagnetic 3e-pathway contributions to the J values for the 

heterobimetallic complexes along the 3d series compensates the increasing 

antiferromagnetic contributions from the 2e-pathways, providing a mechanism by which J 
remains constant. In contrast, due to the absence of these ferromagnetic “resonance” 

contributions, the homobimetallic series exhibits the increase in J anticipated for the 2e-

pathways. In addition to the ferromagnetic 3e-pathway terms, the heterometallic series has a 

larger number of “potential exchange” (PE) contributions, providing additional 

compensation of the antiferromagnetic exchange in the heterometallic series.46 As it was 

mentioned above, PE only prevails for pairs of orbitals for which bik = 0 and = 0 for reasons 

of symmetry or accidentally and is a first-order, ferromagnetic contribution to J, distinct 

from the ferromagnetic second-order contributions to J from 3e-pathways. The sign change 

of J due to the vanishing of Jik
AF is illustrated in the last two rows of Table S13 by two 

Cu2+M3+ complexes with the same ligand system. The CuFe complex has a strong 

antiferromagnetic coupling owing to antiferromagnetic 2e-pathways linking the unpaired-

electron carrying eg orbitals of the Cu(t26e3) and Fe(t23e2) centers. The coupling turns 

ferromagnetic in the CuCr complex because of the absence of 2e-pathways involving eg 

orbitals between the Cu(t2g
6eg

3) and Cr(t2g
3) centers (see Table S13). The second-order 

contributions to J for the CuCr species are then dominated by 1e- and 3e-pathway 

contributions, which are both ferromagnetic. (N.b., the transfer of the unpaired eg electron 

on Cu2+ to one of the empty eg orbitals of Cr3+ represents a le-pathway.) Together with PE, 

these contributions yield a ferromagnetic J.

Non-Hund Contributions to 3e-Pathways.

The 3e-pathways in the BS configuration, illustrated in diagrams D8 and D9 of Figure 6, 

lower the energy of the BS configuration and give thus an antiferromagnetic contribution to 

J that partially compensates the ferromagnetic 3e-pathway contribution shown in diagrams 

D6 and D7 of the same figure. In the first approximation, the compensation can be 

represented by multiplying the 3e-pathway contributions to J in the fifth column of Table 4 

with the reduction factor f = UF
3e −1 − UBS

3e −1 / UF
3e −1

, in which UF
3e and UBS

3e are the 

excitation energies for the Hund and non-Hund configurations (UF
3e < UBS

3e) like those in 

diagrams D7 and D9 of Figure 6 (see Section S4). By using free-ion based excitation 

energies for a Cu2+Fe3+ species (Table S8), reduction factor f is calculated to be 0.26 (Table 

S7) resulting in the antiferromagnetic contribution JAF = 60 cm−1 to J (Table S9). Although 

this value is lower than the one given in Table 4 for this complex, it is twice the J value for 

the Mn2+Fe3+ complex (Table S9). The increase of JAF along the 3d series is thus retained.

Why is JDFT for the Cu2+Fe3+ Complex Higher than Jexp?

The DFT calculations for the J values in the heterometallic M2+Fe3+ complexes in series 1 

were found, albeit after making some adjustments, to be in good agreement with the 

experimentally determined values for the MnFe, FeFe, and NiFe complexes. However, the 

JDFT value for the CuFe complex was persistently about four times larger than that observed. 

This result suggests that the 3e-pathways have been underestimated by DFT. Obviously, 
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nonvanishing 3e-pathway contributions to J require the values for UF
3e and UBS

3e to be 

different (f = 0 for UF
3e = UBS

3e). To test this requirement, a subset of these excitation 

energies have been estimated with the help of TD-DFT calculations for the F and BS states 

of the CuFe complex (Section S3). Figures S4 and S5 enabled us to identify similarly shaped 

3d-type molecular orbitals in the F and BS states, resulting in the correspondence presented 

in Table S5. Using this mapping, we were able to establish corresponding Cu → Fe β-

electron-transfer processes in the TD-DFT output for the BS and F states (Table S6). The 

excitation energies for these transitions, also listed in Table S6, are remarkably close, 

resulting in very small reduction factors (f ~ 0.06) for the 3e-pathways (Table S7). The 

smallness is possibly caused by covalency because the difference between the energies for 

excitation to non-Hund and Hund states, UBS
3e and UF

3e, respectively, depends on intra-

atomic exchange integrals of the form (d1d2lld1d2), which are reduced by the admixture of 

the 3d-orbitals with ligand-centered orbitals. More specifically, with the replacement of 3d 

atomic orbitals by 3d-type molecular orbitals of the form φi = cidi + SiLi (Li is the ligand 

component of the orbital, and ci and si are mixing coefficients <1), the exchange integral is 

reduced by a factor smaller than 1, roughly as in (φ1φ2||φ1φ2) ≈ c1
2c2

2 (d1d2||d1d2). For 

example, for c1 = c2 = 1/√2, the reduction factor is 0.25. In contrast to the 3e-pathways, the 

2e-pathway contributions to J are unaffected by the covalent reduction of the intra-atomic 

exchange integrals as the transfer in the F state is strictly forbidden by the Pauli principle 

(“UF
2e = ∞”). Due to the drastic reduction of the ferromagnetic 3e-pathways, JDFT for the 

CuFe complex is essentially made up of antiferromagnetic 2e-pathway contributions. This 

result together with the observation that JDFT is higher than Jexp lead to the conclusion that 

the smallness of the 3e-pathway contributions to JDFT is a deficiency of DFT rather than a 

property of the true CuFe complex.

In our comments about the bottom two complexes of Table S13 (Section S8), we suggested 

that the ferromagnetic coupling in the CuCr complex is due to a combination of 

ferromagnetic 1e-pathway, 3e-pathway, and potential exchange contributions. However, if 

DFT underestimates the ferromagnetic 3e-pathway contributions in the CuCr complex as it 

does in the CuFe complex of series 1, then the ferromagnetic coupling in this complex, 

which is accurately reproduced by DFT, must be the result of potential exchange.

Analysis of Jexp of Series 2.

In contrast to the nearly constant value for Jexp in series 1, the values for Jexp in series 2 

show a steady increase along the 3d row: JMn =15 cm−1, JNi = 57 cm−1, and JCu = 76 cm−1 

(Table 6). The pathway analysis of the Jexp values for series 2 using eq 2 is given in Table 

S10 and yields values for ΔM close to zero, indicating that the 3e-pathway contributions are 

negligible in these systems (Section S5). Thus, the main difference between the exchange 

interactions in series 1 and 2 is that the 2e-pathways associated with the t2 orbitals of Mn in 

the MnFe species and their associated 3e-pathway contributions in the NiFe and CuFe 

species are large in series 1 but small in series 2.

DFT calculations were also performed for the F and BS states of the complexes in series 2, 

using the same functional and basis set as for series 1 (see Methods). The geometry 

optimization of the CuFe complex in series 2 resulted in a structure that was highly distorted 
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compared to the approximately C3 symmetric XRD structure and did not give a useful 

estimate for J. To prevent distortion, geometry optimizations were also performed for a 

structure of the CuFe complex with imposed C3 symmetry, resulting in the J value listed in 

the column labeled JDFT of Table 6. The latter J value (55 cm−1) is about half the J value 

obtained by DFT for the XRD structure of the CuFe complex (125 cm−1, Table 6). The 

disparity between the two J values obtained by DFT for this CuFe complex is probably 

related to the degeneracy of the 3d9 hole state of Cu and has not been further pursued. This 

degeneracy does not occur for the asymmetric CuFe complex of series 1. In any case, the 

discrepancies between Jexp and the two DFT values for the J of the CuFe complex of series 2 

are small compared to the corresponding discrepancies in the case of the CuFe complex of 

series 1. Table 6 shows that, apart from the CuFe complex of series 2, the DFT values for J 
obtained for the XRD structures (JDFT

XRD) are close to the DFT values for J obtained for the 

optimized geometries (JDFT). The latter agreement arises when the DFT-optimized structures 

closely resemble those found by XRD methods.

CONCLUSION

The doubly occupied 3d-orbitals in bimetallic complexes are not “passive” but play an active 

role in the exchange coupling in heterometallic complexes. The J value of the MnFe 

complex in series 1 contains significant contributions from 2e-pathways involving both the 

t2 and eg orbitals of the Mn2+ site, while in the case of the MnFe species of series 2, the 

coupling is predominantly determined by the 2e-pathways emanating from one of the 3d-

orbitals of metal M, viz., the eg orbital that remains singly occupied throughout the series. 

This distinction implies that the increase of the total 2e-pathway contribution to J in the 

passage from the MnFe complex to the CuFe complex is compensated by 3e-pathway 

contributions in the case of series 1, leading to a nearly constant value for J throughout the 

series, and left virtually unchanged by 3e-pathway contributions in series 2, resulting in J 
values that increase along the series. The DFT predictions of J become less accurate in 

systems in which the 3e-pathway contributions to this parameter gain in importance because 

DFT underestimates the exchange energy differences between the corresponding electron-

transfer excitations in the BS and F states. The J values obtained from both experiment and 

DFT suggest that the pathway parameters for the M2+Fe3+ complexes in series 1 and 2 are 

not strictly transferable along the two series but increase toward heavier M (Section S5). The 

intramolecular H-bond between the hydroxo bridge and the sulfonamide in series 1 has a 

significant effect on JDFT, but its effect on Jexp is probably only minor. The mechanism by 

which structure causes the differences between the exchange pathways in series 1 and 2 has 

yet to be established.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure of the [M2+Fe3+]+ complexes, M = Mn, Fe, Ni, and Cu, of series 1. Mes is for 

mesityl.
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Figure 2. 
Intermetal electron-transfer pathways: 2e-pathway (left) and 3e-pathway (right). The 2e- and 

3e-pathways involve the transfer of an unpaired electron and paired electron and favor 

antiparallel and parallel spin alignment, respectively.
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Figure 3. 
Parallel-mode EPR spectra (9.405 GHz, 0.2 mW) of the CuFe complex of series 1 in powder 

at temperatures of (A) 10 K and (B) 157 K. The inset shows a plot of the product of the 

signal times temperature versus temperature of the g = 14.6 signal (●) and a fit to the 

population of the excited S = 3 multiplet for J = 35(5) cm−1.
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Figure 4. 
Modified structures of the MnFe complex of series 1 in which the H-bond was removed by 

(a) cleavage of the N4–S bond and replacement of the sulfonamido group by a hydrogen 

atom (encircled in red) and (b) rotation over dihedral angle Fe–N4–S–O6.

Biswas et al. Page 22

Inorg Chem. Author manuscript; available in PMC 2019 October 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. 
Contour plot of the α-LUMO in the BS state, orbital 256α, containing the hole in the 3d9 

configuration (xy)2 (xz)2 (yz)2 (z2)2 (x2 – y2)β of Cu2+ in the CuFe complex of series 1.
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Figure 6. 
Interactions of the ground configuration with electron-transfer configurations in the 

Fe3+Ni2+ complex that give ferro- and antiferromagnetic contributions to J in low and high 

symmetry (D5, D10) systems.
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Table 1.

Basis Sets Used for Calculating J in the MnFe Complex of Series 1

atomic basis sets

basis
set H, C, N O, S, Hbridge FeIII, MnII

dielectric
constant, ε J, cm−1

1 6-311G     6-311G 6-311G  1 63

2 TZVP TZVP TZVP  1 52

3 6-311G TZVP TZVP  1 52

6-311G TZVP TZVP
 8.93

a 48

4 6-311G TZVP SDD  1 46

6-311G TZVP SDD
 8.93

a 42

from EPR in DCM/THF 33(3)

a
The ε value for DCM, which is only slightly larger than the ε of 7.58 for THF, was used for describing the solvent mixture.
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Table 2.

Comparison of Jexp with JDFT (Basis Set 4, ε = 8.93) Obtained with and without Hydrogen Bonding (HB)

JDFT cm−1

complex of
series 1

Jexp,

cm−1

complete
structure with

HB
a

structure Figure 4a:

no HB
b

structure Figure 4b:

no HB
c

Mn2+Fe3+ 33(3)   42   34   39

Fe2+Fe3+ 26(4)   47   23   37

Ni2+Fe3+ 35(5)   53   39   50

Cu2+Fe3+ 33(5) 141 126 123

a
EBS and EF from unconstrained optimizations of the complete structure.

b
EBS and EF from single point calculations of the truncated structure in Figure 4a.

c
EBS and EF from dihedral-angle-constrained optimizations of the complete structure.
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Table 5.

Number of Ferromagnetic Contributions from 3e-Pathways (F) and Potential Exchange (Fpe
a) and 

Antiferromagnetic (AF) 2e-Pathway Contributions to J in Linear Bridged Hetero- and Homometal Complexes
a

hetero AF Fpe F homo AF Fpe F

Fe3+Mn2+ 5 25 0 Mn2+Mn2+ 5 25 0

Fe3+Fe2+ 4 20 1 Fe2+Fe2+ 4 16 0

Fe3+Ni2+ 2 10 3 Ni2+Ni2+ 2   4 0

Fe3+Cu2+ 1   5 4 Cu2+Cu2+ 1   1 0

a
Ferromagnetic exchange, referred to as “potential exchange” (PE) by Anderson.46 As PE terms are also present for pathways with bik ≠ 0, they 

have been included in the count as well although they are weaker than the antiferromagnetic contribution to the same pathway.
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Table 6.

Comparison of J Values (cm−1) from Experiment and DFT for Mixed-Metal Complexes

series 1 series 2

M
Jexp

a
JDFT

b
JDFT XRDc

Jexp
d JDFT JDFT

XRDc

Mn 33   42   52 15 19 20

Ni 35   53   51 57 70 70

Cu 33 141 138 76
55

e 125

a
Obtained from EPR in ref 27 and this work.

b
This work, using energies for optimized structures for the F and BS states before correcting for the overestimated effect of H-bonding on J.

c
Using X-ray diffraction structures.

d
Obtained from magnetic susceptibility, ref 30.

e
Using optimized structures for F and BS states with imposed C3 symmetry.
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