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2D Conductive Iron-Quinoid Magnets Ordering up to Tc = 105 K via 

Heterogenous Redox Chemistry 
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†Department of Chemistry, Northwestern University, Evanston, Illinois 60208-3313, United States 
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ABSTRACT:  We report the magnetism and conductivity for a redox isomeric pair of iron-quinoid metal-organic frameworks 
(MOFs). The oxidized isomer, (Me2NH2)2[Fe2L3]·2H2O·6DMF (LH2 = 2,5-dichloro-3,6-dihydroxo-1,4-benzoquinone) was previ-
ously shown to magnetically order below 80 K in its solvated form, with the ordering temperature decreasing to 26 K upon desolva-
tion. Here, we demonstrate this compound to exhibit electrical conductivity values up to σ = 1.4(7) × 10−2 S/cm (Ea = 0.26(1) cm−1) 
and 1.0(3) × 10−3 S/cm (Ea = 0.19(1) cm−1) in its solvated and desolvated forms, respectively. Upon soaking in a DMF solution of 
Cp2Co, the compound undergoes a single-crystal-to-single-crystal one-electron reduction to give 
(Cp2Co)1.43(Me2NH2)1.57[Fe2L3]·4.9DMF. Structural and spectroscopic analysis confirms this reduction to be ligand-based, and as 
such the trianionic framework is formulated as [FeIII

2(L
3−•)3]

3−. Magnetic measurements for this reduced compound reveal the pres-
ence of dominant intralayer metal-organic radical coupling to give a magnetically ordered phase below Tc = 105 K, one of the high-
est reported ordering temperatures for a MOF. This high ordering temperature is significantly increased relative to the oxidized 
compound, and stems from the overall increase in coupling strength afforded by an additional organic radical. In line with the high 
critical temperature, the new MOF exhibits magnetic hysteresis up to 100 K, as revealed by variable-field measurements. Finally, 
this compound is electrically conductive, with values up to σ = 5.1(3) × 10−4 S/cm with Ea = 0.34(1) eV. Taken together, these re-
sults demonstrate the unique ability of metal-quinoid MOFs to simultaneously exhibit both high magnetic ordering and high electri-
cal conductivity.  

INTRODUCTION 

The simultaneous implementation of high-temperature 
magnetic ordering and high electrical conductivity within a 
single material represents a formidable challenge in the syn-
thesis of multifunctional materials for next-generation data 
processing and storage.1,2 Specifically, conductive magnets are 
of considerable interest for spintronic applications, where elec-
tronic spin ensembles are manipulated through electrical and 
magnetic fields to perform logic operations and store infor-
mation.3 Materials employed in spintronics applications histor-
ically comprise inorganic solids where direct metal-metal 
bonding or short mono- or diatomic ligands enable the effi-
cient long-range electronic communication essential to both 
magnetic ordering and electrical conductivity.4 Despite the 
success of these materials, their all-inorganic compositions 
greatly limit their directed synthesis and chemical tunability.  

In contrast, metal-organic frameworks (MOFs) constitute a 
class of materials that have garnered tremendous attention 
owing largely to their synthetic programmability and tunabil-
ity in conjunction with their structural porosity. Through care-
ful control of synthetic conditions, the physical and chemical 
properties of MOFs can be targeted and optimized through 
systematic tuning of the organic linker, metal node, and 
framework topology.5,6 Furthermore, the presence of structural 
pores can allow facile post-synthetic modification through 
diffusion of reactants that are incompatible with conventional 
solution-based synthesis conditions, thereby enabling the fine 
tuning of properties through techniques such as guest molecule 
inclusion, redox chemistry, and covalent modification.7−10  

A central challenge in the design of conductive metal-
organic magnets is that both magnetic ordering and electrical 

conductivity rely on the presence of efficient electrical com-
munication between structural units. Indeed, this scenario is at 
direct odds with typical MOF compositions, which predomi-
nantly involve ionic bonding between closed-shell metal ions 
and large, redox-inert organic linkers.5 Consequently, this 
trade-off usually results in either porous materials with no 
long-range electronic communication or materials with strong 
coupling but negligible porosity. To illustrate, to date there is 
no reported example of a material with a reported Brunauer-
Emmett-Teller (BET) surface area greater than 1000 m2/g that 
exhibits either long-range magnetic order above 10 K or con-
ductivity above 10−6 S/cm.11,12 Moreover, to the best of our 
knowledge, the literature contains only three examples of 
structurally-characterized metal-organic solids that magneti-
cally order at or above 100 K.13−15 

One strategy to surmount this challenge centers on the con-
struction of hybrid materials that are composed of separate 
magnetic and conductive components;7 however, this method-
ology is likely to result in materials that possess diluted prop-
erties associated with their constituents rather than new mate-
rials with emergent properties that are greater than the sum of 
their parts. As an alternative, one can envision the use of re-
dox-active bridging ligands as linkers between paramagnetic, 
redox-active metal nodes. This approach allows in situ or post-
synthetic redox reactions to generate an organic radical on the 
bridging ligand.16 Here, the presence of linkers that bear radi-
cal character gives rise to strong, direct exchange interactions 
between the metal nodes and ligands, thereby promoting mag-
netic order at high temperatures. Toward electrical conduction, 
redox-active ligands promote charge transfer, and the presence 
of an organic radical provides a high-energy electron or hole 
for a charge hopping mechanism. Indeed, to date this approach 
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has yielded the first molecule-based material that exhibits 
magnetic order above room temperature17 and the highest elec-
trical conductivity observed in a permanently porous MOF.18,19 

Benzoquinoid ligands are bis-bidentate ligands that can 
readily access three redox isomers (see Scheme 1) and have 
been shown to form porous networks.20,21 Chemical reduction 
from the dianionic benzoquinone to the trianionic semiquinone 
results in the generation of a delocalized organic radical with 
significant spin density on the donor atoms.22 When bound to 
paramagnetic metal centers, this allows for a strong direct-
exchange magnetic coupling mechanism due to a largely cova-
lent interaction between metal and ligand. As such, 2,5-
dihydroxy-1,4-benzoquinone and its many derivatives are 
effective paramagnetic linkers in dinuclear systems,23 while 
tetraoxolene radicals have recently generated extended solids 
that exhibit strong magnetic coupling.24−26  

We recently reported the discovery of long-range magnetic 
order in a two-dimensional (2D) honeycomb solid comprised 
of FeIII centers bridged by chloranilate radical ligands. Mag-
netic measurements of this solid revealed spontaneous mag-
netization below 80 K. Furthermore, desolvation to generate 
the activated material resulted in a reduction in the ordering 
temperature to 26 K with a measured BET surface area of 
885(105) m2/g.24 Herein, we report the observation of high 
electrical conductivity in both the solvated and activated mate-
rial. An improvement in the activation protocol leads to an 
increase in the measured BET surface area to 1175(29) m2/g, 
which to our knowledge represents the highest surface area yet 
observed for a magnet or conductive material. Furthermore, 
the porosity of the solid enables post-synthetic single-crystal-
to-single-crystal chemical reduction of the framework to give 
a magnetically ordered phase with a critical temperature of Tc 

= 105 K, providing an extremely rare example of a structural-
ly-characterized metal-organic solid that magnetically orders 
above 100 K. 

EXPERIMENTAL SECTION 

General Considerations. The manipulations described be-
low were performed under a dinitrogen atmosphere in an 
MBraun LABstar glovebox, operated under a humid atmos-
phere, or in a Vacuum Atmospheres Nexus II glovebox. Dime-
thylformamide (DMF), tetrahydrofuran (THF) and benzene 
were dried using a commercial solvent purification system 
from Pure Process Technology, and THF and benzene were 
stored over 4 Å molecular sieves prior to use. Effective re-
moval of oxygen and moisture in THF and benzene was veri-
fied using a standard purple solution of sodium benzophenone 
ketyl. The compounds (Me2NH2)2[Fe2L3]·2H2O·6DMF (1) and 
(Me2NH2)2[Zn2L3]·2H2O·6DMF (3) were prepared as previ-
ously described.24 All reagents were purchased from commer-
cial vendors and used without further purification. 

(Me2NH2)2[Fe2L3] (1a). The desolvated form of this com-
pound was generated by soaking a crystalline sample of 1 (180 

mg, 0.139 mmol) in THF (10 × 10 mL) for 3 days followed by 
further soaking in benzene (10 × 10 mL) for 3 days. The final 
benzene wash was then removed through sublimation at re-
duced pressure at −78 °C for 36 h. The material was further 
activated by heating for 24 h at 120 ºC under reduced pressure 
to yield 1a (95.5 mg, 83%). FT-IR (ATR, cm−1): 3121(w, br); 
2805(w); 1655(w); 1482(s); 1363(s); 1283(m); 1212(m); 
1000(m); 852(s); 767(m); 576(m); 485(s); 412(m). Anal. 
Calcd. for C22H16Fe2N2O12Cl6: C 32.0, H 1.96, N 3.40 %. 
Found: C, 31.8; H, 2.19; N, 3.64 %. 

(Cp2Co)1.43(Me2NH2)1.57[Fe2L3]·4.9DMF (2). This compound 
was prepared by reaction of 1 (203 mg, 0.156 mmol) with 
cobaltocene (118 mg, 0.624 mmol) in DMF (6 mL) and let 
stand at ambient temperature for 48 h. The supernatant was 
decanted and the solid washed with DMF (10 × 10 mL) over 3 
days and collected by filtration to yield 2 (0.198 g, 88%). FT-
IR (ATR, cm−1): 3075 (w, br); 2926 (w); 2852 (w); 2773 (w, 
br); 2471 (w, br); 1647 (s); 1474(s); 1413(s); 1374(s); 
1279(m); 1088(m); 1028(m); 845(s); 662(m); 573(m); 479(s); 
421(m). Anal. Calcd. for C50.17H61.17Fe2Co1.43N6.47O16.9Cl6: C 
41.4, H 4.30, N 6.32 %. Found: C, 42.0; H, 4.45; N, 6.22 %. 
Molar metal ratio from ICP-OES analysis: Fe:Co = 1.99:1.43. 

X-ray Structure Determination. Single crystals of 2 suitable 
for X-ray analysis were coated with deoxygenated Paratone-N 
oil and mounted on a MicroMountsTM rod. The crystallograph-
ic data were collected at 100 K on a Bruker APEX II diffrac-
tometer equipped with a Cu Kα microsource. Raw data were 
integrated and corrected for Lorentz and polarization effects 
using Bruker APEX2 v. 2009.1,27 and absorption corrections 
were applied using SADABS.28 The space group assignment 
was determined by examination of systematic absences, E-
statistics, and successive refinement of the structure. The 
structure was solved and refined with SHELXL29 operated 
with the OLEX2 interface.30 A cobaltocenium ion and solvent 
molecules were severely disordered and could not be modeled 
properly. Therefore, the solvent masking procedure as imple-

 

Scheme 1. Redox series of deprotonated benzoquinoid linkers 
based on chloranilic acid: left to right, L4−, L3−•, L2−. 

Table 1. Crystallographic data for 2 

empirical formula C50.1H61.2Cl6Fe2Co1.43N6.5O16.9 

formula weight, g/mol 1433.6 
crystal system trigonal 

space group P −31m 

wavelength, Å 1.54178 

temp, K 100 

a, Å 13.584(1) 

b, Å 13.584(1) 

c, Å 8.680(1) 

α, deg 90 

β, deg 90 

γ, deg 120 

V, Å3 1386.9(3) 

dcalc, g/cm3 1.034 
R1 (I > 2σ(I))a 0.1222 

wR2 (all)b 0.3189 

GoF 1.105 
a R1 = Σ||F0| – |FC||/Σ|F0|. 

b wR2 = [Σw(F0
2 – FC

2)2/Σw(F0
2)2]1/2 
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mented in OLEX2 was used. A total of 80.6 electrons per unit-
cell were estimated and ascribed to the combination of a co-
baltocenium ion and disordered DMF solvent molecules. Due 
to this disorder and the general poor quality of the single-
crystal X-ray diffraction data, the chemical formula is based 
on elemental analysis from C, H, and N combustion and ICP-
OES. Hydrogen atoms for the dimethylammonium atoms were 
placed at calculated positions using suitable riding models and 
refined using isotropic displacement parameters derived from 
their parent atoms. Thermal parameters were refined aniso-
tropically for all non-hydrogen atoms. Crystallographic data 
and the details of data collection are listed in Table 1. 

Powder X-Ray Diffraction Analyses. A powder sample of 1 
was sandwiched between two pieces Kapton tape in the 3 mm 
hole of a metallic mask in a dinitrogen glovebox. Powders of 
1a and 2 were transferred to a boron-rich capillary tube with 
1.0 mm (1a) or 0.7 mm (2) outer diameter in a nitrogen-filled 
glove box. The tubes were capped with a septum, evacuated 
on a Schlenk line outside of the glovebox while immersed in 
liquid nitrogen, and flame sealed. Powder X-ray diffraction 
data for 1 and 1a were collected at ambient temperature on a 
STOE-STADIMP powder diffractometer equipped with an 
asymmetric curved Germanium monochromator (Cu Kα1 ra-
diation, λ = 1.54056 Å) and one-dimensional silicon strip de-
tector (MYTHEN2 1K from DECTRIS) and the sample was 
measured in transmission (1) or Debye-Scherrer (1a) geometry 
in a rotating holder. The line focused Cu X-ray tube was oper-
ated at 40 kV and 40 mA. Intensity data from 5 to 50 degrees 
two theta were collected over a period of 20 min. The instru-
ment was calibrated against a NIST Silicon standard (640d). 
For 2, high resolution synchrotron powder diffraction data 
were collected using beamline 11-BM at the Advanced Photon 
Source of Argonne National Laboratory using an average 
wavelength of 0.414617 Å. Discrete detectors covering an 
angular range from −6 to 16 degrees 2θ were scanned over a 
34 degree two theta range, with data points collected every 
0.001 degrees 2θ  and scan speed of 0.01 degrees/second. The-
se data are provided in Figure S1. 

Nitrogen Adsorption Measurements. Crystalline 1a was 
transferred to a tared analysis tube under an atmosphere of 
nitrogen and capped with a Transeal fitting. The sample was 
then transferred to a Micrometrics ASAP 2020 gas adsorption 
analyzer and heated at a rate of 5 K/min from ambient temper-
ature to 393 K under dynamic vacuum. Activation was contin-
ued for 24 h until an outgas rate of less than 1 mTorr/minute 
was observed. The evacuated tube containing the activated 
sample was then transferred to a balance and weighed to de-
termine the mass of the sample. The tube was transferred then 
to the analysis port of the instrument, where the outgas rate 
was again determined to be less than 1 mTorr/minute. Nitro-
gen uptake was measured using volumetric methods, and the 
free space of the sample was determined with UHP He prior to 
analysis. The N2 adsorption isotherm at 77 K was measured in 
liquid nitrogen. The reported surface area value of 1175(30) 
m2/g was averaged from independent measurements per-
formed on 2 different samples (see Figure S2). 

Magnetic Measurements. Magnetic measurements of 1 and 2 
were performed on polycrystalline samples sealed in a poly-
ethylene bag under a dinitrogen atmosphere. All data were 
collected using a Quantum Design MPMS-XL SQUID magne-

tometer from 1.8 to 300 K at applied dc fields ranging from 0 
to +7 T. Ac magnetic susceptibility data were collected under 
an ac field of 4 Oe, oscillating at frequencies in the range 1-
1488 Hz. Dc susceptibility data were corrected for diamagnet-
ic contributions from the sample holder and for the core dia-
magnetism of each sample (estimated using Pascal’s con-
stants31). The coherence of the collected data was confirmed 
across different measurements. The magnetic ordering tem-
peratures for 1a and 2 were determined by the peak of χM' as 
plotted versus temperature.  

Raman Measurements. Crystals of 1, 1a, and 2 were deposit-
ed onto a silicon oxide-coated silicon wafer and sealed in a 
Linkam THMS350V microscope state. Raman spectra were 
collected using a Horiba LabRam HR Evolution confocal mi-
croscope. Individual crystals were excited with a 473 nm con-
tinuous-wave diode laser (Cobalt Blue) at 263 µW power 
equipped with a long working distance 50× microscope objec-
tive (NA = 0.50; Nikon) and 1800 grooves/mm grating. Spec-
tra were collected for 6, 2, and 4 minutes for 1, 1a, and 2, re-
spectively. Data for 1a are shown in Figure S3. Data for 3 
correspond to those reported in reference 24. 

Electrical Conductivity Measurements. Two-point dc con-
ductivity data were collected in a dinitrogen-filled glovebox at 
300 K using a home-built press and a Keithley 6517B elec-
trometer, as previously described.32 The powder was pressed 
between two steel rods of 2 mm diameter inside of a glass 
capillary. The thickness of the pressed pellets typically ranged 
from 0.1 to 0.5 mm. Variable-temperature dc conductivity data 
were collected between 110 and 300 K with a home-built two-
screw press25 and a Keithley 6517B (1, 1a) or CHI 760c (2) 
electrometer. The powder was pressed between two stainless 
steel screws inside of a plastic tube made of Garolite 10. For 1 
and 1a, the pressed pellets were prepared in a dinitrogen-filled 
glovebox, transferred into a Janis probe station (ST-500) 
through a miniature vacuum transfer chamber, and kept in a 
dark environment and under vacuum (ca. 10−5 Torr). For 2, the 
Garolite cell was attached to a SQUID sample rod using silver 
epoxy and then lowered into the cryostat-equipped SQUID 
chamber, where data were collected using a CHI 760c elec-
trometer. 

Other Physical Measurements. Elemental analyses of 1, 1a, 
and 2 were performed by the Midwest Microlab (Indianapolis, 
IN). Infrared spectra were recorded in a nitrogen-filled glove 
box on a Bruker Alpha FTIR spectrometer equipped with an 
attenuated total reflectance accessory (see Figure S4). Zero-
field iron-57 Mössbauer spectra for 2 was obtained at 80 and 
120 K with a constant acceleration spectrometer and a cobalt-
57 rhodium source. Prior to the measurements, the spectrome-
ter was calibrated at 295 K with α-iron foil. Samples were 
prepared in a dinitrogen-filled glovebox, covered with deoxy-
genated Paratone-N oil, and frozen in liquid nitrogen prior to 
handling in air. The sample of 2 contained approximately 4 
mg/cm2 of iron. The spectra were analyzed using the WMOSS 
Mössbauer Spectral Analysis Software (www.wmoss.org).  

RESULTS AND DISCUSSION 

Syntheses and Structures. The solvated hexagonal frame-
work compound (Me2NH2)2[Fe2L3]·6DMF·2H2O (1) was syn-
thesized as previously described.24 Its activation was carried 
out in an improved procedure whereby successive soaks in 
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THF and benzene, followed by lyophilization at −78 °C and 
evacuation at 120 °C, gave the desolvated compound 
[Me2NH2]2[Fe2L3] (1a). This new activation procedure led to 
an increase in the BET surface area from the previously re-
ported 885(105) m2/g24 to 1175(29) m2/g, likely due to a better 
preservation of the solid-state structure owing to liophylization 
of benzene prior to heating. Indeed, similar liophylization-
based methods have previously been shown to increase the 
observed surface area in MOFs prone to structural collapse. 
This effect has been attributed to a reduction in capillary forc-
es generated from sublimation of the frozen solvent compared 
to evaporation of the liquid solvent.33  

The porous structure of 1 offers the possibility to carry out 
post-synthetic redox chemistry. Toward this end, single crys-
tals of 1 were allowed to stand in a DMF solution of excess 
Cp2Co for 48 h. Subsequent washing with DMF gave the re-
duced compound (Cp2Co)1.43(Me2NH2)1.57[Fe2L3]·4.9DMF (2) 
as black crystals. Quantitative one-electron reduction of the 
framework was monitored and confirmed by a combination of 
vibrational spectroscopy, ICP-OES trace metal analysis, and 
C, H, and N combustion analysis (see below and Experimental 
Section). Attempts to desolvate 2 have thus far led to loss of 
crystallinity and porosity. 

Remarkably, single-crystal X-ray analysis reveals the 
preservation of single crystallinity upon reduction of 1 to 2. 
Single-crystal to single-crystal redox transformations in metal-
organic frameworks have been observed in a handful of in-
stances but is still a relatively rare phenomenon.34

 This ability 
to perform post-synthetic redox chemistry without framework 
disruption highlights the utility of high porosity in multifunc-
tional materials and enables detailed structural comparison 
before and after reduction.  

 Similar to that of 1, the structure of 2 consists of 2D honey-
comb-like layers that stack in a perfectly eclipsed arrangement 
along the crystallographic c axis (see Figure 1). This eclipsed 
stacking pattern gives rise to one-dimensional channels that 
feature an average intralayer, cross-channel Fe···Fe distance 

of 15.685(1) Å, similar to that of 15.6614(6) Å previously 
reported for 1.24 Each layer comprises Fe centers coordinated 
to three L3−• ligands to form an octahedral coordination sphere. 
A crystallographically-imposed three-fold rotation axis at each 
Fe site renders all ligands structurally equivalent. Along the c 
axis, adjacent layers feature a closest Fe···Fe distance of 
8.680(1) Å, which represents a 0.7% decrease relative to 1. 
This smaller interlayer spacing for 2 may largely result from 
increased ionic interactions between the anionic layers and 

 
Figure 1. X-ray crystal structure of [Fe2L3]

3−, as observed in 
2, viewed along the crystallographic c axis (upper) and b axis 
(lower) with selected Fe���Fe distances. Orange, green, red, 
and green spheres represent Fe, Cl, O, and C atoms, respec-
tively; cations and DMF molecules are omitted for clarity.  

 
Figure 2. Upper: Scheme depicting the repeating unit of the 2D frameworks in 3, 1, and 2 (left to right), highlighting the oxida-
tion state of the bridging ligand. Lower: Portions of crystal structures for 3, 1, and 2, highlighting relevant bond distances (Å).  
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interstitial cations. 

The overall trianionic charge of the reduced framework 
[Fe2L3]

3−
 in 2 is partially compensated by (Me2NH2)

+ cations 
generated from DMF decomposition during the synthesis of 
1.35 In addition, ICP-OES analysis revealed the remainder of 
charge compensation to be provided by [Cp2Co]+ cations, 
however these cations cannot be appropriately modeled in the 
crystal structure owing to severe disorder (see Experimental 
Section). Nevertheless, examination of the structure reveals 
large, solvent-accessible voids both in the hexagonal channels 
and in the interlayer space that could accommodate a [Cp2Co]+  
cation. In addition, a combination of ICP-OES and C, H, and 
N combustion elemental analysis showed presence of partial 
substitution of excess [Cp2Co]+ for (Me2NH2)

+. The precise 
extent of cation exchange was found to vary slightly across 
multiple reactions, typically resulting in 1.3–1.5 [Cp2Co]+ and 
1.7–1.5 (Me2NH2)

+ cations per unit cell, respectively. Note 
that all analysis reported herein corresponds to a single formu-
lation of 1.43 (Cp2Co) : 1.57 (Me2NH2); differences in mag-
netism and conductivity across samples with slightly different 
cation formulations were found to be insignificant. 

Whereas the 2D topologies in 1, 2, and 3 are very similar, 
an examination of framework bond distances in these com-
pounds reveals several subtle differences. First, upon reduc-
tion of 1 to 2, the mean Fe−O bond distance increases slightly 
from 2.020(4) to 2.028(5) Å, although these values fall within 
error of one another. In both compounds, this distance can be 
unambiguously assigned to high-spin FeIII.24,36 Within the 
bridging ligand, the mean C–C bond distance in 1 is 1.6% 
shorter than that in 3, while the C–O distance is 2.9% longer in 
1.24 This observation is consistent with the presence of exclu-
sively L2− in 3, which is therefore formulated to contain 
[ZnII

2(L
2−)3]

2−, and an average of one L2− and two L3−• in 1, 
formulated as [FeIII

2(L
2−)(L3−•)2]

2−. Further, the two organic 
radicals in 1 were previously shown, through an array of struc-
tural and spectroscopic analysis, to be delocalized over every 
three ligands to give a composition of [FeIII

2(L3
8−)]2−.24 In other 

words, each ligand in 1 can be viewed as accommodating two 
thirds of an unpaired electron.  

Compound 1 features a C–O bond distance of 1.280(5) Å, 
slightly shorter than the corresponding distance of 1.30(1) Å 
observed in 2. In contrast, whereas the mean C–C bond dis-
tances in 1 and 2 also fall within error of one another, the C1–
C1A bond distance undergoes a statistically significant con-
traction from 1.480(9) Å to 1.43(2) Å in moving from 1 to 2 
(see Figure 2). Indeed, this C–C bond distance has been shown 
to serve as a reliable indicator of benzoquinoid oxidation state 
in related molecular species, where it lengthens upon reduc-
tion.23 These observations, in conjunction with the statistically 
identical Fe–O bond distances in the two compounds, suggests 
a ligand-centered reduction in moving from 1 to 2. According-
ly, the framework composition in 2 can be best described as 
[FeIII

2(L
3−•)3]

3−, where each semiquinoid bridging ligand now 
hosts a full unpaired electron. Nevertheless, this assignment 
should not be regarded as conclusive from X-ray diffraction 
analysis alone, given the nearly identical bond distances in 1 
and 2. Note, however, that a net one-electron ligand-centered 
reduction in moving from 1 to 2 corresponds to addition of 
only one-third of an electron per ligand, and as such large 
changes to bond distances are not expected to accompany the 
reaction.  

Raman Spectroscopy. To further assess the bridging ligand 
oxidation state in each compound, Raman spectra were com-
pared for solid samples of 1, 2, and 3 at ambient temperature 
using an excitation wavelength of 473 nm (see Figure 3). The 
bands observed at 1491, 1487, 1617 cm−1 for 1–3, respectively, 
are assigned to the C–O stretching mode of the bridging lig-
and. In agreement with X-ray diffraction analysis, the frequen-
cy observed for 3 can be ascribed to L2−. In contrast, the much 
lower frequency for 1 compared to 3 is assigned to the two-
electron reduction per three bridging ligands in 1, as described 
above.22,24,37  Upon moving from 1 to 2, this band is further 
shifted to lower frequency, albeit to a much lower degree. This 
decrease in frequency is consistent with a ligand-based reduc-
tion upon moving from 1 to 2, and the small magnitude of the 
shift is consistent with the corresponding insignificant change 
in C–O bond distance obtained from single-crystal X-ray dif-
fraction analysis. 

The Raman bands at 1364, 1390, and 1360 cm−1 for 1–3 re-
spectively are assigned to the C–C stretching mode within the 
bridging ligand ring. In stark contrast to the subtle shift in C–
O frequency, the C–C bond becomes considerably stronger 
upon reduction from 1 to 2. This observation illustrates a net 
increase in bond order upon reduction, in line both with the 
shortening of the C1–C1A bond distance and with previous 
reports of semiquinoid radicals.38,39 Finally, the features at 594 
and 601 cm−1 for 1 and 2 are tentatively assigned to CC-
coupled Fe–O stretching modes.38,39 Here, the higher frequen-
cy observed for the former compound is likely reflective of a 
slightly stronger Fe–O bond engendered by a more negatively 
charged ligand field. Taken together, the shifts in the C–O, C–
C, and Fe–O vibrational frequencies further support the as-
signment of a ligand-based reduction from [FeIII

2(L3
8−)]2− in 1 

to [FeIII
2(L

3−•)3]
3− in 2.  

In addition to enabling assignment of ligand oxidation state 
in 1–3, the comparison of Raman spectra for the three com-
pounds reveals a trend that is perhaps reflective of ligand elec-
tronic structure.24 Upon moving from 3, which features exclu-
sively L2−, to 1, which features formally 2:1 L3−•:L2−, the ener-
gy of the C–C stretching mode remains relatively constant, 
increasing by only 4 cm−1, while the C–O vibration undergoes 
a dramatic shift to lower energy of ca. 140 cm−1. In contrast, 

 
Figure 3. Raman spectra collected for solid samples of 1 
(red), 2 (blue), and 3 (purple), following excitation at 473 nm 
(1 and 2) or 405 nm (3). The peaks marked with an asterisk 
are assigned to the Si support.  
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upon moving from 1 to 2, which features exclusively L3−•, the 
opposite trend is observed. Here, the C–O vibration undergoes 
only a modest shift of 4 cm−1, while the C–C vibration in-
creases in energy by 44 cm−1. This incongruent dependence of 
vibrational frequencies on ligand oxidation state likely results 
from populating different ligand-based orbitals. For instance, 
the data suggest that the additional two electrons in 1 relative 
to 3 are added to an orbital of primarily C–O π* character. In 
contrast, the data suggest that upon reduction of 1 to 2, the 
additional electron resides in an orbital of primarily π charac-
ter centered on the C1–C1A bond.  

Mössbauer Spectroscopy. To confirm the preservation of 
the FeIII

 oxidation state upon reduction from 1 to 2, Mössbauer 
spectra were collected for a solid sample of 2. The spectrum at 
80 K exhibits a broad, poorly-resolved sextet that indicates the 
onset of magnetic ordering (see Figure S5).40 Qualitatively, 
this observation shows that 2 undergoes magnetic ordering at a 
higher temperature than does 1, which shows no evidence of a 
sextet at 80 K. Upon increasing the temperature to 120 K, the 
spectrum for 2 resolves into a sharp quadrupole doublet that 
can be fit to an isomer shift of δ = 0.541(1) mm/s and a quad-
rupole splitting of ∆EQ = 1.018(3) mm/s (see Figure 4), with a 
miniscule amount of high-spin FeII impurity. These parameters 
can be unambiguously assigned to a high-spin FeIII center, 
thereby confirming the one-electron reduction from 1 to 2 to 
be ligand-centered.41 Moreover, these values are similar, albeit 
slightly different, than those of δ = 0.576(1) and ∆EQ = 
1.059(2) mm/s previously reported for 1 at 80 K. The slightly 
smaller isomer shift observed in 1 is likely due to an increase 
in electron density on the FeIII center upon ligand reduction 
and/or a slight temperature dependence of the spectra. 

 Magnetic Properties. In order to probe the magnetic be-
havior of 1a and 2, variable-temperature dc magnetic suscep-
tibility data were collected. The resulting plots of χMT vs T are 
shown in Figures S6 and S7. Even with the increase in surface 
area of 1a upon subjecting 1 to the new activation procedure, 
the magnetic properties of 1a were found to be similar to those 
previously reported for the desolvated compound (see Figures 
S8 and S9).24 For 2, at 300 K under an applied dc field of 10 
Oe, the value of χMT = 26.5 cm3 K mol−1 is considerably larger 
than that of 9.875 cm3 K mol−1 expected for two FeIII centers 
and three L3−• ligands that are magnetically isolated from one 
another. This observation indicates some degree of long-range 

magnetic interactions between paramagnetic centers. Moreo-
ver, the value of 26.5 cm3 K mol−1 is considerably higher than 
that of 16.6 cm3 K mol−1 previously reported for 1. This differ-
ence likely implies an overall stronger collection of coupling 
pathways in 2 compared to 1, although basing such an asser-
tion on these high-temperature data is tentative given the 
slightly different number of unpaired electrons in the two 
compounds. As the temperature decreases, the value of χMT 

increases only gradually until 115 K, where a sharp increase is 
observed. The value of χMT then reaches a maximum at 60 K 
before decreasing again. This behavior stems from the growth 

 
Figure 4. Mössbauer spectrum collected for a crystalline sample 
of 2 at 120 K. Black crosses represent experimental data, and solid 
lines correspond to fits to the data. 

 

 
Figure 5. Variable-temperature field-cooled magnetization 
data for 1 (red), 1a (green), and 2 (blue), collected under an 
applied dc field of 10 Oe.  

 
Figure 6. Variable-field magnetization data for 2 collected at 
selected temperatures. 

Page 6 of 11

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

of magnetically correlated domains with decreasing tempera-
ture under an applied field, indicating the onset of magnetic 
order. Furthermore, comparison of dc magnetic susceptibility 
plots collected upon cooling the sample with and without an 
externally applied dc field reveals a divergence of the magnet-
ization at 105 K, further supporting the observation of sponta-
neous magnetization (see Figures S10 and S11). 

To investigate the presence of magnetic hysteresis and na-
ture of coupling interactions in 2, variable-field magnetization 
data were collected at selected temperatures. Remarkably, 
compound 2 exhibits an open hysteresis loop up to 100 K un-
der a field-sweep rate of 0.05 Oe/s (see Figure 6). Further-
more, examination of plots of magnetization versus applied 
field provide intrinsic coercive fields of Hci = 4520, 2270, 186, 
25, and 9 Oe at 1.8, 10, 60, 90, and 100 K, respectively, with 
field-sweep rates of 4.5, 4.4, 0.9, 0.09 and 0.05 Oe/s. The in-
trinsic coercivity for 2 at 1.8 K is nearly twice that reported for 
1 and is similar to that reported for 1a. Although this differ-
ence is likely best attributed to an increase in magnetic anisot-
ropy in moving from 1 to 2, a detailed understanding of this 
comparison is not immediately forthcoming. Finally, at 60 K, 
2 exhibits an intrinsic coercivity that is an order of magnitude 
larger than that reported for 1. In all three compounds, steps in 
the low temperature magnetic hysteresis are observed near 
zero-field. While the exact nature of this feature is currently 
unknown, it likely reflects the magnetic anisotropy of the 
sample due to the strong intralayer and relatively weak inter-
layer interactions. 

At 1.8 K, the data reach a maximum value of M  = 6.0 µB at 
50 kOe (see Figure 6), near the value of 7 µB predicted for an 
overall S = 7/2 repeating unit stemming from two S = 5/2 FeIII 
centers antiferromagnetically coupled to three S = 1/2 L

3−• radi-
cal ligands. This magnetization value is smaller than the max-
imum of 8.2 µB reported for 1 at 70 kOe, consistent with the 
larger repeating unit of S = 4 in 1. These data strongly suggest 
that the magnetic behavior in 2 is dominated by intralayer 
metal-organic radical coupling, such that 2 is likely best de-
scribed as a 2D bulk ferrimagnet. Note, however, that the pre-
sent analysis of magnetic behavior alone cannot definitively 
determine the order of dimensionality, and as such the charac-

terization of 2 as a 2D ferrimagnet should be considered as 
tentative. 

To precisely determine the magnetic ordering temperature 
of 2, variable-temperature ac magnetic susceptibility meas-
urements were collected at selected frequencies under zero 
applied dc field. The data reveal a frequency-independent peak 
in both the in-phase (χM') and out-of-phase (χM") susceptibility 
plots at 105 K, indicative of a critical magnetic ordering tem-
perature of Tc = 105 K (see Figure 7). This value of Tc repre-
sents an increase of 25 K, or 31%, over that reported for 1. 
Indeed, the observation of an increase despite a net decrease in 
overall spin magnitude, most likely reflects an overall 
strengthening of magnetic coupling interactions associated 
with moving from a net two-thirds unpaired electron to a full 
unpaired electron residing on each bridging ligand. Further-
more, the frequency independence of χM" for 2 contrasts with 
that of 1, which showed a slight degree of frequency depend-
ence.24 Likely, this effect results from simplification of metal-
organic radical interactions, and possibly an alleviation of spin 
frustration, following complete chemical reduction of the 
bridging ligands.42 

The observation of magnetic order at 105 K places 2 in a 
small group of metal-organic solids that display magnetic or-
der above 100 K. All previously reported materials use orga-
nonitrile ligands as linkers between metals, the most highly-
studied of these examples being TCNE (tetracyanoeth-
ylene)17,43 and TCNQ (tetracyanoquinodimethane).13,44,45 
Among structurally-characterized materials, 2 is only eclipsed 
by two TCNE-bridged MnII solids, MnII[TCNE]3/2(I3)1/2·0.5 
THF and MnII[TCNE]I(OH)2, each of which is a ferrimagnet 
below 171 K.14,15  

Electrical Conductivity. Bulk magnetic ordering in these 
compounds is accompanied by electrical conductivity, a rare 
occurrence in metal-organic materials. Conductivity measure-
ments were performed on pressed pellets of 1, 1a, and 2, and 3 
using two-probe dc current-voltage techniques (see Figures 8 
and S12). For 1, an ambient temperature conductivity of σ = 
1.4(7) × 10−2 S/cm was measured. Desolvation of 1 to form 1a 
resulted in a decrease to σ = 1.0(3) × 10−3 S/cm at ambient 
temperature. This small decrease is likely attributable to the 
slight structural distortion of the honeycomb network follow-

 
Figure 8. Variable-temperature electrical conductivity data 
for 1 (red), 1a (green), and 2 (blue), collected for pressed 
pellets using two-probe current-voltage techniques. The black 
lines correspond to Arrhenius fits of the data. 

 
Figure 7. Variable-temperature ac susceptibility data for 2, 
collected under zero dc field at selected frequencies. The gray 
dashed vertical line serves as a guide to the eye and denotes 
an ordering temperature of Tc = 105 K. 
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ing desolvation,24 which results in a decrease in overlap be-
tween metal- and ligand-based orbitals. Indeed, a similar struc-
tural distortion and corresponding decrease in conductivity has 
been observed in topologically-similar MOFs.46  

Chemical reduction to 2 causes a slight reduction in the 
conductivity to σ = 5.1(3) × 10−4 S/cm at ambient temperature. 
This decrease likely stems from transitioning from incomplete 
ligand reduction in 1, which enables ligand mixed-valency and 
high charge mobility by facile charge hopping, to removal of 
mixed valency in 2. The decrease in conductivity may seem at 
odds with the formal addition of a high-energy electron into 
the system, but has been previously observed in a three-
dimensional iron-quinoid MOF.25 Finally, an ambient tem-
perature conductivity of σ = 1.5(3) × 10−9 S/cm was measured 
for 3 (see Figure S13). This considerably lower value in com-
parison to the Fe congeners likely stems from the presence of 
fully occupied ZnII-based d orbitals in 3, which may hinder 
charge hopping across the 2D layers. 

It is important to note that the observed pressed-pellet con-
ductivity values for low-dimensional materials are often artifi-
cially low.47–49 These low values can stem from large anisotro-
py in the conducting pathway, which leads to unfavorable 
grain boundary interactions. Single-crystal measurements of 
these materials may reveal conductivity values that are several 
orders of magnitude higher than those observed in the bulk 
pellet. 

To further probe the nature of the observed conductivity, 
variable-temperature conductivity data were collected in the 
temperature range 300–120 K for 1 and 1a and 300–160 K for 
2. In these temperature regimes, all three compounds display a 
linear relationship between the logarithm of conductivity and 
the inverse of temperature, as expected for thermally activated 
transport. Corresponding Arrhenius fits to the data between 
300 and 160 K provide activation energies of Ea = 0.26(1), 
0.19(1), and 0.34(1) eV for 1, 1a, and 2, respectively. The 
increase in Ea upon moving from 1 to 2 is in accordance with 
the lower observed conductivity and supports the removal of a 
facile charge hopping pathway upon reduction. 

The ambient temperature conductivities observed for 1, 1a, 
and 2 represent some of the highest values that have been ob-
served for MOFs.12 Furthermore, to the best of our knowledge, 
1a displays the highest conductivity yet reported for a material 
surpassing the symbolic BET surface area of 1000 m2/g. 
Among permanently porous MOFs with higher conductivity 
values, the largest reported surface area corresponds to the 2D 
solid Ni2(HITP)3 (HITP = hexaiminotriphenylene), which fea-
tures a BET surface area of 629 m2/g and an ambient-
temperature conductivity of σ = 40 S/cm.18,19  

Literature Context of Magnetism and Conductivity. 

Whereas the conductivity and magnetism uncovered for 1, 1a, 
and 2 are remarkable among MOFs when treated separately, 
their simultaneous coexistence in a single material is nearly 
unprecedented. A summary of literature reports of structurally-
characterized materials that exhibit both high-temperature 
magnetic ordering and high conductivity is enumerated in 
Figure 9 and Table S1. The majority of these materials have 
been optimized for either high-temperature magnetic ordering 
or high conductivity, but rarely for both. As noted above, in an 
attempt to optimize both of these two properties, some re-
searchers have synthesized hybrid materials that typically in-
volve inclusion of a conductive guest molecule into a magnet-
ic framework.7,11,51 In general, this approach has provided ma-

terials with high conductivity but low magnetic ordering tem-
peratures (purple hexagons in Figure 9). 

Among metal-organic materials with reported intrinsic con-
ductivity and magnetic ordering, only organonitrile-containing 
solids have proven successful in the maximization of both 
properties. The most notable example is the amorphous mate-
rial V[TCNE]x, which can order at temperatures as high as 400 
K and can display ambient-temperature conductivity values up 
to 10−3 S/cm.17,52 Nevertheless, this conductivity does not ap-
pear to transfer to other TCNE-bridged materials, as evidenced 
by the insulating (σ  ≤ 10−10 S/cm) nature of the 2D magnet 
[FeII(TCNE)(MeCN)2][FeIIICl4] (orange diamonds in Figure 
9).53 Among structurally-characterized materials, the TCNQ-
family displays both high magnetic ordering and conductivity 
(pink squares in Figure 9). Within this group, a 3D network 
composed of Ru2 units bridged by TCNQ-based radical lig-
ands provides the most notable example. This material exhib-
its a peak in the variable temperature in-phase (χM') ac magnet-
ic susceptibility plot at 100 K and a room temperature conduc-
tivity of 9.7 × 10−5 S/cm, comparable to the values obtained 
for 2.13 In sum, compounds 1 and 2 are exceptional in that they 
simultaneously feature high magnetic ordering temperatures 
and electrical conductivity, and their porous crystalline struc-
tures enable post-synthetic redox reactions. Moreover, the vast 
scope of chemical tunability possible for benzoquinoid ligands 
highlights the tremendous potential for metal-quinoid solids to 
emerge as an important class of conductive magnets. 

CONCLUDING REMARKS 

The foregoing results demonstrate the ability of metal-
quinoid solids to simultaneously exhibit high magnetic order-
ing temperatures and electrical conductivity. The compound 
(Me2NH2)2[Fe2L3]·2H2O·6DMF, which features formally 2:1 
L2− : L3−•, undergoes magnetic ordering below 80 K and exhib-
its an electrical conductivity up to σ = 1.4(7) × 10−2 S/cm (Ea = 

 

Figure 9. Plot depicting literature examples of structurally-
characterized metal-organic compounds for which both mag-
netic ordering and ambient temperature electrical conductivi-
ty values have been reported. Blue circles = this work; purple 
hexagons = metal-oxalate solids co-crystallized with conduc-
tive cations;7,51 magenta squares = TCNQ-bridged solids;13,44 
green triangles = 3D iron-quinoid solids;25 orange diamonds = 
TCNE-bridged solids;53 hollow red squares = halogen-bonded 
salts.50 A full list of these compounds and corresponding val-
ues is provided in Table S1. 
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0.26(1) cm−1).  By virtue of its porous crystalline structure, the 
compound can be post-synthetically reduced to give a corre-
sponding framework with exclusively L3−• bridging ligands. 
This reduced compound shows an increase in magnetic order-
ing to 105 K and an open hysteresis at 100 K, owing to the 
presence of stronger magnetic exchange interactions, in addi-
tion to conductivity up to σ = 5.1(3) × 10−4 S/cm (Ea = 0.34(1) 
cm−1). Current work is geared toward incorporation of related 
bridging ligands, including those with different ligand substit-
uents and more diffuse donor atoms, in an effort to isolate 
MOFs that feature higher values of magnetic ordering temper-
ature and electrical conductivity.  
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