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Interplay Between Electronic, Magnetic and Transport Properties in Metal
Organic-Radical Frameworks

Nina Tyminska and Mikaél Kepenekian*

Univ Rennes, ENSCR, INSA Rennes, CNRS, ISCR (Institut des Sciences Chimiques de Rennes) - UMR 6226, F-35000
Rennes, France

Development of modern electronic and spintronic technologies depends in large part on the ability to
designh materials exhibiting switchable magnetic and electrical properties. Here, motivated by the suc-
cessful demonstration of reversible redox switching of magnetic order and electrical conductivity in 2-
dimensional metal-organic frameworks (MOFs) based on benzoquinoid linkers, we perform hybrid density
functional theory calculations to investigate this phenomenon at the atomistic level. Electronic, mag-
netic and charge transport properties have been systematically investigated for oxidized and reduced
forms of Mn and Fe benzoquinoid frameworks (i.e., (Me;N),[Mn,L3], (Me4N),[Fe,L;] and Naz(Me4N),[Mn,L;],
Na(Me,N),[Fe,L,], respectively with deprotonated chloranilic acid as L). We demonstrate that the experi-
mentally observed large increase in electronic conductivity upon ligand-centered reduction in the Mn MOF
(10° S-em™1), is due to cooperative effects arising from band gap reduction and the presence of electrons
with lower effective mass. Superior conductivity (by at least 3 orders of magnitude) of the redox pair of the
Fe benzoquinoid framework as compared to the Mn analog stems from similar factors and, notably, a large

increase in electron delocalization for the reduced Fe compound.

1 Introduction

Two-dimensional (2D) multifunctional materials with adaptable magnetic order and electrical conductivity have at-
tracted significant interest in recent years as they open the door to realization of more complex and powerful
electronic devices.'® Traditionally, inorganic semiconductors have been used as functional electronic materials.
However, despite their excellent properties, the limited capacity for pre- or post-synthetic manipulation as well as
other key challenges,”® such as controlled modulation of conductivity,® ' hinders the experimental realization of
multi-switchable inorganic materials.'™~'3 In contrast, metal-organic frameworks (MOFs), a class of hybrid organic-
inorganic materials that crystallize by the assembly of metal ions and organic ligands to form 1-dimensional (1D),
2D or 3D extended structures with potential voids,'*'® offer unprecedented structural and functional tunability for
device implementation.'®'® Historically, MOFs have been studied mostly because of their structural properties
(porosity, breathing) for applications in gas storage/separation and catalysis'® and to far less extent for their elec-
tronic, optical or magnetic properties.'320-23

Stable organic radicals constitute a unique opportunity to design multifunctionality in extended systems.>24:25
Their open-shell spin doublet ground state (or higher for polyradicals) opens the door to magnetic properties and

the manipulation of spins, i.e., spintronics.?®2” Importantly, organic radicals can be introduced into MOFs either



by pre-organization in a self-assembly process or post-synthetic modification of innocent ligand into its radical
form.282% Indeed, redox active ligands such as pyrizine,* 7,7,8,8-tetracyano-p-quinodimethane,®' 2,5-dihydroxy-
1,4-benzoquinone (anilic acid) and its derivatives®>=* have been incorporated into some transition metal based
MOFs that exhibit satisfactory conducting properties. These mixed valence systems are one of most promising
multifunctional materials for advanced electronic devices employed in information storage/processing,®® energy
storage/conversion,3:37 sensing®3° and switching technologies.3340

Yet, despite this potential and considerable progress in fundamental understanding, design and discovery of
multifunctional materials based on MOFs simultaneous incorporation of high conductivity (o) and high magnetic
phase transition temperature (T.) remains challenging.'®234":42 Indeed, ability to mutually switch ¢ and T, in
MOFs has been only recently achieved.®*3 Mainly, redox pair of iron-benzoquinoid frameworks,® shown substan-
tial increase in T, (by about 100K) upon one-electron reduction of 2,5-dichloro-3,6-dihydroxy-1,4-benzoquinonate
ligands (L?) accompanied by small decrease in the electrical conductivity from ¢ = 1.4(7) x 1072/1.0(3) x
103 S-cm™! (solvated/desolvated form) in (Me,NH,),[Fe,Ls], Me = methyl, to ¢ = 5.1(3) x 107* S.cm~! in
(CpoCo0)4 43(MeoNH,)4 s7[Fesls]. This result was then linked to improved metal-organic radical coupling (since all
innocent L2~ were reduced to their radical forms, L>~) that at the same time caused the loss of the mixed valency,
which facilitate the charge transfer.®> On the other hand, Liu et al.,*® reported remarkable enhancement of o (by
200 000-fold) and lower, yet considerable, increase in T, value (by ~ 40K) in analogous manganese compounds.
This raise a question about origin of the change in electrical conductivity (Ac), as in this case neither oxidized
nor reduced form of Mn benzoquinoid framework comprise mixed-valent ligands (L7/L®>™). In fact, these authors
rationalized lower conductivity of the reduced Mn compound compared to Fe analog by evoking the concept of
better energetic alignment of redox potentials of Fe*®/Fe*? and L%7/L®>™" pair than that of Mn*3/Mn*? and L?7/L3".43
This mismatch could also lead to considerably higher activation energy values for both reduced (by 0.25 eV) and
oxidized (by 0.48-0.55 eV) Mn-benzoquinoid frameworks.?* However, in literature, other concepts have been also
evoked to explain origin of conductivity enhancement in MOFs. For example, Ziebel et al.,** have shown that
more diffuse metal orbitals lead to better overlap with ligand orbitals, and thus more effective charge delocalization
and higher electrical conductivity. Mainly, o(c,(dhbg)r5- < OTiLp- <K O[vsLs2-, With mixed-valence Cr-, Ti- and
V-based materials classified as weakly exchanging, strongly exchanging Robin-Day class Il and class I11,*° respec-
tively, where the much higher conductivity of [Ti2L3]2‘ is explained by an appropriate energy alignment of V-3d with
respect to 7* orbitals of the ligand.** While these examples demonstrate that mixed valency of ligands,® metals*®
or both*” enables charge transfer, consistent with strong electronic coupling, the exact cause of such large Ao in
Mn benzoquinoid framework has not been not determined before. This may be of interest to community as it is
not the only MOF showing very large enhancement in electrical conductivity. For example, million-fold increase
of o in Fe,(DSBDC) and Fe,(DOBCD) compared to the Mn analogs was attributed to presence of weakly bound
spin-down electrons of the Fe® .48 Thus, by investigating the phenomenon at the atomistic level, one can provide
key insights and engage the rational design of future multifunctional hybrid organic-inorganic materials..*%-'

Here, we use first-principles calculations, based on hybrid density function theory (DFT), to shed new light on



the origin of Ao in multifunctional Mn and Fe MOFs based on benzoquinoid linkers. After a thorough description of
the structural, electronic and magnetic properties of the materials, we use the Boltzmann approach to investigate
their transport properties. Crucially, we find that redox doped electrons have lower density-of-states averaged
effective mass and therefore higher mobility than the oxidized forms. This, along with the lowering of the band
gap upon reduction, is the key reason for better conductivity. Moreover, Fe analogs exhibit superior conductivity as
compared to Mn compounds for the same reasons boosted by improved electron delocalization, especially in the

reduced form.

2 Computational Details

First-principles calculations are carried out at the DFT level using the Perdew-Burke-Ernzerhof hybrid functional
(PBED0),%? as implemented in CRYSTAL14.53%* Mn atoms are described with the Hay-Wadt small core effective
pseudopotential along with the 411d311 basis set for valence electrons,?>5¢ Fe atoms with the ECP10MFD po-
tential®”-% and basis set, contracted according to s411p411d411 scheme.’® 3-1p1G,®° 6-21G*,6".62 6-31d1,5°
8-511G,5% and 86-311G,®* all-electron basis sets are used for H, C, N, O, Na, and Cl atoms, respectively.

Full geometry optimizations (i.e., both ionic and cell shape relaxations) and subsequent vibrational frequency
calculations are performed, starting from experimental data, with a 6 x6x6 k-point mesh and a total energy con-
vergency threshold of 1071° Ha per unit cell. Electronic and magnetic properties are obtained from single-point
calculations using 9x9x9 k-point mesh. Electronic transport properties are computed for the ground states of Mn
and Fe compounds using an analytical solution of Boltzmann transport equations (BTE) taken at room tempera-
ture (295 K) as implemented in CRYSTAL17,%55¢ with even denser k-point mesh (12x12x12) in order to ensure
convergence of transport coefficients. Further details on the computational approaches can be found in Supporting

Information (SI).

3 Results and discussion

3.1 Structures and Models

Previously synthesized and experimentally characterized MOFs based on L2~ with and Mn and Fe as metal centers
presents common features.>*® Both compounds crystallize in the P31m space group. Their structure consists of
2D honeycomb-like [M2L3]2‘, M = Mn or Fe, anionic networks where metal nodes are connected to three organic
ligands and finds itself in a quasi-octahedral O,, environment (Figure 1A).

The layers of oxidized form of Mn-based compound, (Me4N),[Mn,L,], are stacked along the crystallographic
c-axis in an eclipsed conformation, with Me,N* cations intercalated between layers (left hand side of Figure 1B).*3
While in case of its chemically reduced form, Nas(Me,N),[Mn,L;], layers of metal-organic networks [Mn2L3]5‘ are
separated by Me,N* and Na* cations (right hand side of Figure 1B). Let us note that the position of Na* cations

could not be determined experimentally due to a lack of order. Therefore, Na atoms were randomly placed in the



Figure 1 | A) Schematic depiction of the honeycomb-like lattice of the benzoquinoid-based MOFs with Mn and Fe. Organic
cations have been omitted for clarity. The dashed rectangle marks the unit cell. B) and C) DFT optimized structures of ox-
[Mn,L]?~ (left hand side), red-[Mn,Ls]> (right hand side) and ox-[Fe,L]>~ (left hand side), red-[Fe,Ls]* (right hand side), re-
spectively. Mn, Fe, H, C, N, O, Na and CI atoms are depicted in purple, orange, white, black, blue, red, yellow and green,
respectively.

lattice prior to full geometry optimization.
Similar structures are found for the Fe compounds? (Figure 1 C). The oxidized form, (Me,NH,),[Fe,Ls], consists
in layers of [Fe,L4]%", with Fe centers connected to mixed valent organic ligands (in 1:2 ratio of L>" to L>™), alternated
with layers of (Me,NH,)* cations. Experimentally, the reduced form is determined to be (Cp,Co0)4 43(MesNH,)4 57[Fesls].
In our model, in order to ease the comparison with the Mn compounds, the reduced form is taken as Na(Me,NH,)5[FesLs].
In both cases, DFT optimized structures are in good agreement with experimental data (Table S1 and S2).343
From now on we will refer to oxidized and reduced forms of Mn and Fe benzoquinoid frameworks as ox-[Mn,L,]*,

red-[Mn,L5]>~ and ox-[Fe,L,]*", red-[Fe,L,]>", respectively.

3.2 Electronic structures

Figure 2 presents the band structures and projected density of states (pDOS) calculated for the Mn and Fe com-
pounds. Ox-[MnZLS]Z‘, red-[Mn2L3]5‘ and ox-[Fe2L3]2‘ display indirect band gaps of 3.28 eV (L — T), 2.18 eV
(T — M) and 1.62 eV (K — L), respectively. On the other hand, red-[Fe,L,]*" is a direct semiconductor with band
gap at A of 1.76 eV. Hence, upon reduction, the Mn compounds experience a significative lowering of its band gap
(1.10 eV), while a small 0.14 eV increase is observed for Fe.

More importantly, all compounds exhibit low dispersive bands near the gap, a typical feature of semiconducting
MOFs arising from weak hybridization of the orbitals of metal nodes and organic linkers.*®67-68 This is particularly
true for Mn compounds with bandwidths of top valence band and lower conduction band smaller than 30 meV
(Figure S1) in both the oxidized and reduced form. The dispersions are also weak in the case of Fe compounds

(less than 15 meV), with a sudden increase of the bandwidth of the top valence band of the reduced form to 195
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Figure 2 | DFT PBEO calculated electronic band structures of ox-[Mn,L,]*~ (panel A), red-[Mn,Ls]* (panel B), ox-[Fe L5 (panel
C) and red-[Fe,L4]* (panel D). The Brillouin zone (shown in the inset) has been sampled at the special k-vector points of the
P31m space group. The valence and conductive bands are colored in blue and red, respectively with the solid-line indicat-
ing spin-up and dash-line indicating spin-down bands. Highlighted in pink are new valence bands appearing upon chemical
reduction.

meV (Figure S2). Such features lead to large hole and electron effective masses (vide infra), detrimental to the
mobilities of charge carriers.

Furthermore, projected density-of-states (pDOS) indicate that the valence band maximum (VBM) of ox-[Mn2L3]2‘
is predominantly composed of ligand-centered states with significant contribution from metal ions (formed by e;
type orbitals, i.e., d—p.), while in red-[Mn2L3]5‘ contribution from Mn'" is essentially negligible (Figure 3A and 3B).

The conduction band minimum (CBM) in both forms of Mn benzoquinoid framework are mostly comprised of
ligand states. This suggests that upon chemical reduction of ox-[Mn2L3]2‘ to red-[Mn2L3]5‘ manganese 3d orbitals
remain half-filled and previously unoccupied ligand-centered 7* orbitals are filled forming spin-down (noted as B-
spin) band at higher energy. These low binding energy states give rise to new empty spin-up 7* (noted as «-spin)
states that are located at lower energy levels than CBM of ox-[Mn2L3]2‘. In other words, simultaneous shift of both
VBM and CBM arising from redox doping leads to a contraction of the band gap.

In case of ox-[Fe2L3]2‘ both VBM and CBM are mostly composed of ligand-centered states with non-negligible
contribution from iron ions (Figure 3C), hinting possibility of partial reduction of L~ by Fe'. Indeed, at +2 formal

oxidation state iron is thought to spontaneously reduce L2~ to L during the synthesis.! This is also in line with
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Figure 3 | DFT PBEO calculated projected Densities of States (pDOS) of ox-[Mn,Ls]* (panel A), red-[Mn,L;]* (panel B), ox-
[FesLs* (panel C) and red-[Fe,Ls]* (panel D). Light gray area in pDOS plots represents total DOS.

analysis of pDOS of red-[Fe2L3]3‘, which shows that contribution from Fe-3d orbitals is only present in VBM (Fig-
ure 3D). Once again 3d orbitals of metal remain half-filled while the remaining L™ are reduced. Mulliken spin
population analysis further confirms that in both ox-[Fe2L3]2‘ and red-[Fe2L3]3‘ iron is at the same oxidation state
(formally +3) and upon redox electron donation remaining L%~ are reduced (Table S3). Finally, as ox-[Fe,L]*>~ con-
sists of two-thirds of L>~" previously noted small change in band gap caused by chemical reduction of the final (third)
L2 is expected. In both oxidized and reduced forms VBM is located nearly at the same energy located while CBM
shifts to slightly higher energy level. Taken together foregoing results align with experimental chemical formula
assignment,®#3 j.e., considered here systems in their reduced forms can be stated to be Mn'/Fe" and 3xL*>™", and
in their oxidized forms Mn' and 3x L2, Fe' and 1x L% and 2xL%".

In summary, analysis of electronic structure show that (i) chemical reduction of Mn benzoquinoid framework
is accompanied by a dramatic decrease of the band gap and marginal increase in valence delocalization, (ii)
by contrast redox electron donation to ox-[Feng]z‘ leads to small increase in band gap and almost 1.5 order
of magnitude increase in valence delocalization, (iii) in general Fe-based compounds exhibit smaller band gaps
and more dispersed bands than both forms of Mn analogs, which imply better ligand-metal p—d orbital overlap

(especially for lower energy £, type orbitals, i.e., a—) .



3.2.1 Effective masses and charge mobility

From foregoing analysis of band structures of Mn and Fe benzoquinoid frameworks one can expect high effective
masses (m*) for both positive (hole) and negative (electron) charge carriers, which can be indication of undesirable
low charge carrier mobiliy (u). This is because the latter is inversely proportional to the former via following relation
u = er/m*.%% Indeed, in general reported in Table 1 values of DOS-averaged effective masses of electron and hole
(m)(ke,h)Dos) calculated from solution of BTE are very large and associated (. ) values are low for all considered
compounds. Also, it is worth mentioning that calculated in-ab-plane m?e,h)Dos values are typically 2 orders of mag-
nitude smaller than those obtained for charge carriers moving out-of-plane (in c-axis direction). This gives higher
K(e,n values for both electrons and holes in the former than the latter direction. Anisotropic transport properties
can be expected due to large separation between cations and anions of considered here compounds and absence
of covalent boning in c-axis direction. Note that reported values are obtained at carrier density corresponding to
chemical potential at VBM/CBM depending on a sign of charge carrier (Figures S3 and S4) at room temperature
(295K). To the best of our knowledge charge mobilities of Mn and Fe benzoquinoid frameworks have not been
determined before, therefore comparison with experiment is not possible at this point. Nevertheless, calculated
K(e,n) Values are comparable to those reported for some common hybrid organic-inorganic semiconductors.?® For
example, Mn,(DSBDC)(DMF), exhibits carrier mobility of 0.01 - 0.02 cm?2.V~1.s71,48.70 K Fe,(BDP), from 0.02 to
0.84 cm?.V—1.s71 7" and Niz(HITP), 48.6 cm?.V~1.g71.72

Table 1 | Calculated charge carrier DOS-averaged effective masses (m(, ;) and mobilitities (k(e,n))-

In-ab-plane ox-[Mn,Ls]*™  red-[Mn,Ls]>™  ox-[Fe,Ls]*  red-[Fe,Lq]*
m? .. (Mo) 5.83x102 1.82x102  1.24x103>  8.12x10°1
M os (Mo) 4.15%102 465%x102  3.97x102 8.17x10?

te (cm?2.V~1s™1)  3.02x1072 9.64%x1072 1.41x1072 2.17x10!
wy (cm?V—ls™1)  424x1072 3.79x1072  4.43x1072  2.15x1072

Qut-of-plane
M, os (Mo) 4.08x10? 1.72x10* 9.51x10% 4.56x103
M} 0s (Mo) 1.23x10% 5.37x10% 1.32x10* 1.62x10*

pe (cm2.V-1.s71)  4.31x1072 1.02x10~% 1.85x10~*  3.86x10°3
wp (cm?V—ls™1)  1.43x1073 3.27x107* 1.33x10~%  1.09x1073

out-off-plane = along the c-axis
mo = 9.109 x 1073 kg (the free electron rest mass)

Importantly, this confirms that upon chemical reduction of L2~ to L~ in Mn benzoquinoid framework donated
electrons are lighter (which feature may be associated with their weakly-bound character as discussed before) and

therefore more mobile. Also, in case of red-[Fe2L3]3‘ m /ne is significantly lower/higher than for its oxidized

*
€Dos

form providing further evidence that valence band delocalization improves as more radical ligands is present in Fe

benzoquinoid framework.



3.3 Magnetic properties

As shown in Figure 4A the spin-unpaired electrons of ox-[Mn2L3]2‘ resides mostly on the metal nodes and as this
compound undergoes single-crystal-to-single crystal one-electron reduction of each L™ to L>~ the spin density
on oxygen and carbon atoms increases. This observation further confirms the formula proposed by Liu et al.,*3
(IMn,L4]%") of red-[Mn,L,]>". In the case of ox-[Fe,L4]* (Figure 4B) both metal centers and two-thirds of the ligands
possess unpaired electrons in perfect agreement with experimental results.® The third L2~ accepts redox donated
electron to form fully reduced Fe benzoquinoid framework (red-[Fe,L;]*>). Therefore in ox-[Mn,Ls]>~ the nearest
neighbor spin partners are two Mn'", while in the other compounds these are metal and radical ligand. Knowing this
one can asses the coupling using mapping between model Hamiltonian and total DFT energy difference between
states with a different electron configuration as briefly summarized below.

To investigate the magnetic properties of the Mn- and Fe benzoquinoid framework the ground-state electron
charge density has been calculated, from which one can extract information on the total charge and spin distribu-
tion.5468 |n addition, the strength of magnetic coupling (J) between spin-containing centers (MM - metal-metal, ML

- metal-ligand) has been calculated by solving the Ising Hamiltonian,”® defined in equation 1.

H=-2 (JMM > SmiSmitr+ I Y [(gm,f + §M,i+1)§L3—',i}> (1)

where Sy ; and Sy ;41 is a pair of arbitrary metal nodes, while S;s-. ; is the i'" nearest neighbor radical ligand with
spin S.

For an innocent ligand (S; = 0) this expression becomes E;s — Eys = 2JS5pm15m2, where E; s and Eys are
total DFT energies of given system in overall low and high spin configuration. For HS magnetically isolated Mn"

I's,, = 5/2. Note that the right hand side of equation 1 is often referred to as Seiden Hamiltonian model,”

and Fe
and can be used to obtain J-values for metal and radical ligand (S;s- = 1/2), when Jym =~ 0.

DFT calculations shows that energetically most stable state for oxidized form of Mn and Fe benzoquinoid frame-
works correspond to total S = 0, which for the former represents a net repeating spin of unit containing two Mn'"

centers that are antiferromagnetically (AFM) coupled and for the latter two Fe"

centers and two radical ligands that
are AFM coupled (Figure 4C).

However, due to large intralayer M- - - M distances (about 8.0-8.1 Afor M = Mn and 7.8-7.9 Afor M = Fe) this
interaction is very weak. Indeed, the calculated Jpp value for ox-[Mn2L3]2‘ is -0.7 meV (-5.6 cm~1) and can there-
fore be neglected. On the other hand, the calculated couplings between metal and radical ligands Jp, - are
-13.1 meV (-105.7 cm™1), -25.8 meV (-208.4 cm~1) and -33.6 meV (-271.2 cm™1), for red-[Mn,L,]*", ox-[Fe,Ls]*
and red-[Fe2L3]3", respectively (relative energies used to calculate these values are provided in Table S4). Note
that calculated Jy,,5- of ox-[Fe,Ls]? is about two times higher than value obtained from experimental data fitting
(-125.2 cm™1), using an unspecified Hamiltonian.”® It is well-known that hybrid functionals tend to overestimate J

values,’® this might also be the case here. More importantly, both ox-[Fe2L3]2‘ and red-[Fe2L3]3‘ exhibit stronger

magnetic coupling than the Mn analogs, which is consistent with corresponding T, values. Specifically, experimen-
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Figure 4 | A) and B) Spin density distribution (Ap = p* — o) in the selected fragment of corresponding Mn and Fe benzoquinoid
frameworks. Red (blue) denotes the spin-up (spin-down) component. The isovalue for Ap is & 0.005 electron/bohr=3. C)
Schematic representation of spin alignment in units of ox-[Mn,Ls]?", red-[Mn,Ls]*" (top) and ox-[Fe,Ls]*, red-[Fe,Ls]* (bottom).
Yellow- and blue-filled hexagons represent oxidized (L?") and reduced (L* ") benzoquinoid linkers, respectively and the purple
and orange circles metal cations (Mn" and Fe').

tally determined T, for oxidized/reduced forms of Mn benzoquinoid framework is 1.8K/41K and for Fe analog it is
80K(26K?)/105K (“desolvated form of oxidized compound).® 43 The contrast between Mn and Fe compounds can
be understood when considering the simple case of two spin-1/2 magnetic centers antiferromagnetically coupled.
The strength of the coupling then evolves like —4t2/U (the kinetic exchange), where t is the hopping integral be-
tween both centers and U the on-site repulsion.”” The larger coupling observed in iron systems is the result of
better hopping integrals between Fe and L than between Mn and L, as marked by wider peaks for Fe states in
the density of states (Figure 3) as well as the greater dispersion of valence states observed in Fe system band

structures (Figure 2).

3.4 Transport properties

In general many factors such as type of measurements (single crystal vs. polycrystalline pellets), disorder or
defects, complicate to large degree the determination of the charge transport mechanism.?® This in turn leads to
the classification of conducting MOFs based on experimental approaches to design frameworks with high charge
mobility and excellent electrical conductivity.* 1220:78.79 Gharge transport in these materials can be described either
by equations of the band transport regime (such as BTE) or those of hopping regime (typically based on Marcus
theory).8% The former is associated with dispersion of valence and conduction bands typically present in inorganic
materials, while the latter with localized charges at discrete energy states (like in molecular conductors).'223 Often,

conductivity in MOFs was determined to arise from charge hopping.?%2%8! However, from a structural point of



view, aside of more complex crystal structure stemming from hybrid organic-inorganic nature of MOFs (featuring
mixture of covalent and dispersive forces),®? there is no difference between highly pure semiconducting MOFs and
inorganic semiconductors. Furthermore, it is expected that both hopping and band-like transport mechanism yield
low mobilities when band dispersion is weak.2® In our case, the computed mobilities place us in an intermediate
regime, at the limit of both charge hopping and band-like mechanisms.2%8 We, therefore rely on BTE to describe
the electronic transport properties of Mn and Fe systems. Yet, it remains a model and one should be mindful of its
limitations.

Our calculations indicate that the largest change in electrical conductivity occurs when the chemical potential (¢)
is equal to the Fermi level (EF) located halfway between CBM and VBM, i.e., in the middle of its band gap, which is
characteristic of an undoped (intrinsic) semiconductors.'®8 Hence we focus on the this region when discussing our
results. However, because within the rigid-band approach, positive and negative ¢ values correspond to electron
(n-type) and hole (p-type) type of doping, respectively,®® we calculate the average electrical conductivity (o =
2 o p(0xx +0yy +02,)/3) as afunction of ¢ in the range of £2.5 eV (Figure S5).

Figure 5A shows the calculated o at 295 K plotted as a function of the ¢ for both oxidized and reduced forms
of Mn bezoquinoid framework. Specifically, for ox-[Mn,L]*" 0E,, = 1.02x1071* S.cm~! and for red-[Mn2L3]5'
0E,, = 1.05x107% S.cm™1, resulting in billion-fold increase in electrical conductivity. Liu et al.,** shown the 200
000-fold redox switching of electrical conductivity upon reduction of ox-[Mn,Ls]?" to red-[Mn,L,]*, i.e., o value
increasing from 1.14(3)x107 S.cm™1 to 2.27(1)x10~8 S.cm~1. The difference between DFT and experimental
Ao value is likely due in large part to expected difference between conductivity measurements for single-crystal
vs. for polycrystalline. Specifically, pressed pallet (polycrystaline) measurements often only probe the inter-particle
contacts, leading to much lower conductivities (by at least million times) than those determined based on the single-
crystal measurements.*>”" DFT model systems resemble the latter as calculations are performed on perfect single
crystal. Our DFT calculations also recover the measured high anisotropy of red-[Mn2L3]5‘.43 As can be seen in
Figure 5B in-ab-plane contributions to ¢ are significantly higher than those from out-of-plane. Indeed, calculated
anisotropy o.p/0. values at ¢ = Eg are 2 and 75 for ox-[Mn2L3]2‘ and red-[Mn2L3]5‘, respectively. Noteworthy is
that at chemical potential set at 0.6 eV below the VBM (¢ — EF ~ —1.7 eV) anisotropy of red-[Mn2L3]5‘ reaches
maximum value (within calculated ¢ range), i.e., 0.p/0c ~ 600. In case of ox-[Mn,L5]?" this occurs 0.7 eV above
the middle of band gap, where o,5/0. ~ 30 (Figure S6).

In comparison Fe analog shows a modest change in conductivity (Figure 5C), mainly calculated og._, =
3.92x1073 S-cm~! for ox-[Fe,Ls]*" and for red-[Fe,Ls]*” o, , = 2.58x10~2 S-cm~*, which suggest that reduc-
tion of third L%~ to L>~ may result in increase of o by about one order of magnitude. At this point it should be noted
that our calculated result is in stark contrast to experimental data provided in the work of DeGayner et al.> There
are few possible reasons for this discrepancy: (i) model system is not representative of the compound, (ii) factors
such as presence of defects or impurities not taken into account can greatly influence o, and (iii) the calculated Ao
is too small to determine if conductivity increased or decreased.

Figure 5D shows that both oxidized and reduced forms of Fe bezoquinoid framework exhibit more anisotropic o
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Figure 5 | A) and B) Average electrical conductivity, o, as a function of the chemical potential, ¢ calculated for Mn and Fe
bezoquinoid frameworks at room temperature (T = 295 K). C and D) corresponding in-ab-plane (o«x, oy, along a-, b-axis,
respectively) and out-of-plane (0., along c-axis) contributions to o for oxidized (top) and reduced (bottom) forms of these
materials. Fermi level is calculated via following expression Ef = Evpv — sAE; and 0 = Za,ﬁ(axx + oyy + 022)/3,

o= Za,ﬁ o, where i = xx, yy or zz.

than corresponding Mn analogs, with 0.,,/0. values at ¢ = Ef are ~ 30 and 2200 for ox-[Fe,L5]%" and red-[Fe L3>,
respectively. Again, in-plane conductivity is dominating, especially in red-[Fe2L3]3‘, which is not surprising as
dispersion of the valence band along I' — K (or M—T) direction (k-points of Brillouin zone corresponding to sampling
reciprocal-space in-plane of the crystal) is enhanced upon chemical reduction of ox-[Fe2L3]2‘ to red-[FezL3]3‘ (as
mentioned before).

Furthermore our calculations confirm the predicted effect of metal exchange on MOF conductivity.8” As shown
in Figure 6A, 0ox_[Fe,L52~ > Oox—[Mn,L;- DY about eleven orders of magnitude. Similarly, although to smaller
extent oreq_[Fe,L5]3~ > Ored—[Mn,Ls)5— fOr which Ao ~ 103 (Figure 6B). This results is also in an excellent agreement
with experimental findings,>*? i.e., comparing o values for oxidized Mn and Fe benzoquinoid frameworks yields
Ao ~ 1.0 x 10 S-.cm™! (or in case of desolvated form Ao ~ 9.0 x 10° S-cm™1).

Overall, calculated electrical conductivity of Fe benzoquionoid framework is at least three orders of magnitude

larger than that of Mn analog, which is due to both electronic and thermodynamic factors. We associate the former

11



A) B)
2E-02
8E-02
E 1E-02 = 6E-02
O (S)
S~ S~
2} 2}
o o 4E-02
5E-03
Ac~10%! 2E-02
N Ac~103
AN
1E-14 = — 1E-05 |
01 -005 0 005 01 01 -005 0 005 0.1
¢ - Ec[eV] ¢ - Eg[eV]

Figure 6 | Comparison of calculated electrical conductivities at T = 295 K of Fe and Mn benzoquinoid frameworks in their A)
oxidized and B) reduced forms.

with better electron delocalization arising from larger valence band dispersion, especially in red-[FezLa]s‘, and the
latter with smaller band gaps of oxidized and reduced forms of Fe than those in Mn compounds. It is known that ac-
tivation energy, E., is related to the band gap, Eg, via the following expression, E¢ = 2 E,.'278 Therefore minimizing
E¢ in MOFs is thought to improve conductivity. Impressive Ao linked to chemical reduction of organic ligand in Mn
benzoquinoid framework originates from these factors as well, although in this case thermodynamic factor domi-

nates. xCrucially, red-[Mn,L,]>~ exhibits lighter electrons (i.e., with smaller m*___) that are easily accessible due

€pos
to a VBM shift toward more positive (hence less bound) energy levels than those in ox-[Mn2L3]2‘. Finally, although
technically calculated oeq_[Fe,1,2- IS larger than ooy [Fe,1,)2-, despite of small increase in band gap (which can be
easily overcome by improved valence electron delocalization), in comparison to other Ao values one can conclude
that the conductivity values are comparable. Therefore full reduction of L2 to L*™ in Fe bezoquinoid framework can

have a desired effect but we expect that even in the best case scenario it will be a very modest effect.

4 Concluding Remarks

In this work, using first principles calculations, we fully characterize electronic, magnetic and transport properties
of Mn- and Fe benzoquinoid frameworks. Our DFT results confirm that the reduction turns innocent organic ligands
(L*, S = 0) in non-innocent radicals (L, S = 1/2). The latter have a sizeable antiferromagnetic coupling with the
metal ions. Importantly, for both Mn and Fe, the presence of L> in the network leads to greater delocalization of
the charge due to better 7-d overlap, an effect more pronounced in the Fe benzoquinoid framework than in the Mn
analog. As a result, the experimentally observed impressive improvement of the conductivity (Ac) upon reduction
in the Mn benzoquinoid framework,*® originates from cooperative thermodynamic (E¢ lowering) and electronic
(presence of light and therefore more mobile electrons) effects. On the other hand, the increase of conductivity in
the Fe MOF, is the result of a competition between a small increase of the band gap compensated by a collapse

of the effective masses. In general, DFT and Boltzmann theory calculations confirm importance of the electron
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delocalization in increasing conductivity of MOFs, yet from aforementioned reasons it should not be treated as a
golden rule. Finally we hope this work shows that accurate electronic structure modeling of MOFs is essential to
fuel growing partnership between experiment and theory, which in turn is expected to accelerate development of

multifunctional materials.
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