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ABSTRACT: We demonstrate that incorporation of a redoxactive benzoquinoid ligand into a one-dimensional chain
compound can give rise to a material that exhibits
simultaneous solid-state redox switching of optical, magnetic,
and electronic properties. Metalation of the ligand 4,5bis(pyridine-2-carboxamido)-1,2-catechol (N,O LH 4) with
MnIII aﬀords the chain compound Mn(N,OL)(DMSO).
Structural and spectroscopic analysis of this compound show
the presence of MnII centers bridged by N,OL2− ligands,
resulting partially from a spontaneous ligand-to-metal electron
transfer. Upon soaking in a solution of the reductant Cp2Co,
Mn(N,OL)(DMSO) undergoes a ligand-centered solid-state
reduction to [Mn(N,OL)]−, as revealed by a suite of techniques,
including Raman and X-ray absorption spectroscopy. The ligand-based reduction engenders a dramatic modulation of the
physical properties of the chain compound. An electrochromic response, evidenced by a color change from dark green to dark
purple is accompanied by a nearly 40-fold increase in magnetic coupling strength, from J = −0.38(1) to −15.6(2) cm−1, and a
10,000-fold increase in electronic conductivity, from σ = 2.33(1) × 10−12 S/cm (Ea = 0.64(1) eV) to 8.61(1) × 10−8 S/cm (Ea =
0.39(1) eV). Importantly, the chemical reduction is reversible: treatment of the reduced compound with [Cp2Fe]+ regenerates
the oxidized chain. Taken together, these results highlight the ability of benzoquinoid ligands to facilitate solid-state ligand-based
redox reactions in nonporous coordination solids, giving rise to reversible switching of optical properties, magnetic exchange
interactions, and electronic conductivity.

■

INTRODUCTION

chemical tunability for incorporating and optimizing multiple
functionalities.
In targeting multifunctional materials, the employment of
organic bridging ligands can aﬀord metal−organic extended
solids with programmable and tunable physical functionalities.
This strategy has led to a number of solids that feature multiple
physical functions, such as unusual magnetic behavior,
electronic conductivity, and optical responses. In most of
these cases, the various properties can only be addressed
independently because they are each controlled by diﬀerent
orthogonal components within a given material.7−10 Nevertheless, coupling these properties and rendering them
interdependent on each other would give rise to novel
functions and emergent phenomena that are not associated
with the constituent building units.11 Such materials, which will
behave diﬀerently than the sum of their parts, may allow for
simultaneous switching of multiple coupled properties through
a single external stimulus, such as light, magnetic ﬁeld, or
electrical current.

The ability to manipulate the properties of materials is a
cornerstone of modern synthetic chemistry. However, the
versatility extended to molecular materials or polymers by
organic chemistry is not readily translated to inorganic solidstate materials, whose simpler building units do not aﬀord the
same opportunities for synthetic control. It is thus the
combination of organic ligand manipulation and the complex
electronic structure of metal ions that may give rise to a new
generation of multifunctional hybrid organic−inorganic materials, which could contribute to the development of advanced
electronic devices for information storage and processing,
energy storage and conversion, and sensing and switching
technology.1−5 Inorganic solids, such as intermetallic compounds, metal oxides, and metal cyanides, have been successful
for the development of inorganic multifunctional materials,6
owing largely to the presence of long-range electronic and
magnetic communication facilitated by optimized orbital
overlap, itinerant electrons, and crystalline composition.
Nevertheless, despite notable advances, there remains tremendous demand for materials that feature more facile and rapid
synthetic accessibility, solution processability, and greater
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Figure 1. Redox series of deprotonated benzoquinoid ligands involved in this report: left to right,
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46.3; H, 3.29; N, 10.4%. FT-IR (ATR, cm−1): 1632(s); 1562(s);
1469(s); 1167(s); 1079(s); 953(w); 935(m); 702(m); 674(m).
[Cp2Co][Mn(N,OL)] (1red). Dark green crystalline 1 (0.100 g, 0.194
mmol) was added to a solution of Cp2Co (0.100 g, 0.529 mmol) in a
1:1 THF/MeCN mixture (20 mL). After 24 h, the supernatant was
decanted and replaced with a fresh solution of Cp2Co (0.100 g, 0.529
mmol) in a 1:1 THF/MeCN mixture (20 mL). After an additional 24
h, the supernatant was again decanted, and the solid was washed with
MeCN (3 × 10 mL) and then THF (3 × 10 mL). The solid was then
dried for 24 h at 60 °C under reduced pressure to yield 1red (0.105 g,
76%) as a dark purple microcrystalline solid. Anal. Calcd for
C28H20MnCoN4O4 (1red): C, 57.0; H, 3.42; N, 9.49%. Found: C,
56.5; H, 3.70; N, 9.60%. ICP-AES analysis found a Co/Mn mass ratio
of 0.52:0.48, within the standard 5% instrumental error of 1:1. FT-IR
(ATR, cm−1): 3080 (w); 1576 (s); 1523(s); 1469(s); 1410(m);
1344(s); 1009(m); 930(m); 758(m); 702(m); 460(s).
Mn(N,OL) (1ox). Dark purple crystalline 1red (50.0 mg, 0.0707 mmol)
was added to a solution of [Cp2Fe](BF4) (37.5 mg, 0.113 mmol) in a
1:1 THF/MeCN mixture (10 mL). After 24 h, the supernatant was
decanted and replaced with a fresh solution of [Cp2Fe](BF4) (37.5
mg, 0.113 mmol) in a 1:1 THF/MeCN mixture (10 mL). After an
additional 24 h, the supernatant was again decanted, and the solid was
washed with MeCN (3 × 5 mL) and then THF (3 × 5 mL). The solid
was then dried for 24 h at 60 °C under reduced pressure to yield 1ox
(27.0 mg, 87%) as a dark green microcrystalline solid. Anal. Calcd for
C18H14MnN4O6 (1ox·2H2O): C, 49.4; H, 3.23; N, 12.8%. Found: C,
49.1; H, 2.93; N, 12.3%. FT-IR (ATR, cm−1): 1632(s); 1562(s);
1469(s); 1167(s); 1079(s); 935(m); 702(m); 674(m).
X-ray Structure Determination. A single crystal of 1 suitable for
X-ray analysis was coated with Paratone-N oil and mounted on a
MicroMounts rod. The crystallographic data were collected at 100 K
on a Bruker APEX II diﬀractometer equipped with Cu Kα
microsource. Raw data were integrated and corrected for Lorentz
and polarization eﬀects using Bruker APEX2 v. 2009.1,18 and
absorption corrections were applied using SADABS.19 The space
group assignment was determined by examination of systematic
absences, E-statistics, and successive reﬁnement of the structures. The
structure was solved and reﬁned with SHELXL20 operated with the
OLEX interface.21 Hydrogen 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 anisotropically for all non-hydrogen atoms. Crystallographic
data and the details of data collection are given in Table 1.
Powder X-ray Diﬀraction. Compounds 1, 1red, and 1ox were each
transferred to a boron-rich capillary tube with a 0.7 mm outer
diameter. The tube containing 1red was capped with a septum in a
nitrogen-ﬁlled glovebox, evacuated on a Schlenk line outside of the
glovebox while in liquid nitrogen, and ﬂame-sealed. Powder X-ray
diﬀraction patterns were collected on a Rigaku ATXG diﬀractometer
equipped with Cu Kα radiation. The tube voltage and current were 50
kV and 240 mA, respectively.
X-ray Absorption Spectroscopy. X-ray absorption near edge
structure spectroscopy (XANES) data were collected at the Advanced
Photon Source of Argonne National Laboratory on Beamline 5-BM-D.
The radiation was monochromated by a Si(111) double-crystal
monochromator. All samples were measured in transmission mode,
with powder samples contained within a boron-rich capillary tube. The
energy was calibrated with a Mn foil for the Mn edge at 6539 eV. All
data were collected at ambient temperature. Data reduction of the
spectra was performed using the ATHENA program.22

Considering potential organic bridging ligands to support
simultaneous control of magnetic, electronic, and optical
properties in an extended solid, benzoquinoid ligands oﬀer
several key attributes. These ligands readily undergo redox
chemistry to stabilize both diamagnetic benzoquinoid and
paramagnetic semiquinoid redox isomers. Their incorporation
into metal complexes has given rise to molecules with
controllable optical properties,12 strong magnetic exchange,
and charge delocalization.13,14 Indeed, an extended solid that
contains paramagnetic metal ions connected by semiquinoid
ligands should feature long-range electronic communication
and strong direct magnetic exchange, as has recently been
demonstrated in ferric semiquinoid solids.15,16 In addition, by
virtue of their inherent ligand redox activity, metal semiquinoid
compounds oﬀer an ideal platform for the realization of redoxswitchable materials.
Here, we demonstrate that the asymmetric benzoquinoid
ligand 4,5-bis(pyridine-2-carboxamido)-1,2-catechol
(N,OLH4),17 which can be accessed in three oxidation states
(see Figure 1), directs the synthesis of the chiral chain
compound Mn(N,OL)(DMSO). This compound can be
reduced postsynthetically, in the solid state, by one electron
to aﬀord the compound [Cp2Co][Mn(N,OL)]. The latter
compound features a semiquinoid radical-bridged MnII chain
and exhibits a signiﬁcant enhancement in both magnetic
exchange and electronic conductivity compared with the
neutral compound. In sum, we report a rare system that allows
for reversible switching of optical, magnetic, and electronic
properties in the solid state through a one-electron redox event
that serves as a single external stimulus.

■

N,O 4− N,O 3−• N,O 2−

EXPERIMENTAL SECTION

General Considerations. The manipulations described herein
were performed under a dinitrogen atmosphere in an MBraun LABstar
glovebox operated under a humid, oxygen-free atmosphere, or in a
Vacuum Atmospheres Nexus II water- and oxygen-free glovebox. N,NDimethylformamide (DMF), tetrahydrofuran (THF), and acetonitrile
(MeCN) were dried using a commercial solvent puriﬁcation system
from Pure Process Technology. THF and MeCN were stored over 3 Å
molecular sieves prior to use. Eﬀective removal of oxygen and moisture
in THF was veriﬁed using a standard purple solution of sodium
benzophenone ketyl. 4,5-Bis(pyridine-2-carboxamido)-1,2-catechol
(N,OLH4) was prepared according to a reported literature procedure.17
All other reagents were purchased from commercial vendors and used
without further puriﬁcation.
Mn(N,OL)(DMSO) (1). To a DMF solution (4 mL) of N,OLH4 (0.550
g, 1.57 mmol) was added dropwise with stirring a brown mixture of
Mn(CH3COO)3·2H2O (0.850 g, 3.17 mmol) in DMF (12 mL) to give
a dark green solution. After stirring at ambient temperature for 12 h,
the resulting dark mixture was ﬁltered through a nylon membrane
(0.22 μm) to give a dark green solid residue. The residue was dissolved
in DMSO (60 mL) in air, and subsequent diﬀusion of diethyl ether
vapor into the resulting solution yielded 1 (0.650 g, 80%) as dark
green needle-shaped crystals suitable for X-ray analysis. Anal. Calcd for
C20H20MnN4O7S (1·2H2O): C, 46.6; H, 3.91; N, 10.8%. Found: C,
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Magnetic Measurements. Magnetic data of 1, 1red, and 1ox were
collected on polycrystalline samples, each sealed in a polyethylene bag.
The sample for 1red was manipulated and sealed under a dinitrogen
atmosphere. All data were collected using a Quantum Design MPMSXL SQUID magnetometer from 1.8 to 300 K at applied dc ﬁelds
ranging from 0 to +7 T. The dc susceptibility data were corrected for
diamagnetic contributions from the sample holder and for the core
diamagnetism of each sample, estimated using Pascal’s constants.23
Raman Spectroscopy. Raman spectra were collected using a
Nikon Eclipse Ti−U inverted microscope for crystalline samples of 1
and 1ox on a cover glass and for 1red and 2, which were transferred to a
quartz Schlenk cuvette under a dinitrogen atmosphere. Renishaw
HPNIR 785 nm, Voltex 633 nm, Spectra Physics Excelsior 532 nm,
and Micro Laser Systems 405 nm continuous-wave diode lasers were
each focused with a 20× objective (NA = 0.45) onto individual
crystals. The scattered light was then collected and focused onto the
entrance slit of an Acton SpectraPro 2500i spectrograph (Princeton
Instruments) ﬁtted with a 1200 grooves/mm or a 600 grooves/mm
grating (blaze at 750 and 500 nm, respectively) and a back-illuminated
Pixis 400BR charge-coupled device (Princeton Instruments). The
spectra were typically acquired for 30−100 s with laser powers at 200
to 1000 μW. Background spectra of the sample holder were subtracted
from the sample spectra.
Other Physical Measurements. Elemental analyses of 1, 1red, and
1ox were performed by the Midwest Microlab (Indianapolis, IN).
Inductively coupled plasma atomic emission spectra were collected on
a Thermo iCAP 7600 ICP-OES instrument. Infrared spectra were
recorded on a Bruker Alpha FTIR spectrometer equipped with an
attenuated total reﬂectance accessory. Absorption spectra were taken
with a CARY 5000 UV−vis−NIR spectrophotometer. Cyclic
voltammetry measurements were carried out in a standard onecompartment cell under dinitrogen, equipped with a 1-deposited FTO
ﬁlm as a working electrode, a platinum wire as a counter electrode, and
a 0.01 M Ag/AgNO3 as a reference electrode using a CHI 660E

Table 1. Crystallographic Data for 1
empirical formula
formula wt, g mol−1
cryst. syst.
space group
wavelength, Å
temp, K
a, Å
b, Å
c, Å
α, deg
β, deg
γ, deg
V, Å3
Z
ρcalcd, mg m−3
μ, mm−1
reﬂns coll./unique
R(int)
R1a (I > 2σ(I))
wR2b (all)
GOF
a

C20H16MnN4O5S
479.37
trigonal
P31
1.54178
100
9.1358(2)
9.1358(2)
21.2002(6)
90
90
120
1532.37(8)
3
1.558
6.576
12254/3130
0.0295
0.0242
0.0615
1.029

R1 = ∑||Fo| − |Fc||/∑|Fo|. bwR2 = [∑w(Fo2 − Fc2)2/∑w(Fo2)2]1/2.

Electrophoretic Deposition. Crystalline samples of 1 and 1red
(10 mg each) were ground and dispersed in toluene (20 mL) and
sonicated for 5 min to give a dark green and dark purple suspension,
respectively. Two identical ﬂuorine-doped tin oxide (FTO) glass
substrates (15 Ω/sq, Hartford Glass) were dipped into this mixture
with a separation distance of 1 cm, and a constant dc voltage of 140 V
was applied using an Agilent E3 612 dc power supply for 30 min.

Figure 2. X-ray crystal structures of 1, as viewed along the crystallographic a (upper) and c (lower left) axes, and [MnII6(N,OL3−•)6]6− (lower right),
as observed in 2 (ref 17). Purple, yellow, red, blue, and gray spheres represent Mn, S, O, N, and C atoms, respectively; H atoms are omitted and
portions of N,OLn− and DMSO are faded for clarity.
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electronic composition for 1 of MnII(N,OL2−)(DMSO). This
composition implies that the Mn ion and bridging ligand,
respectively, undergo a one-electron reduction and a twoelectron oxidation during the reaction to form 1. This redox
chemistry likely results from a spontaneous ligand-to-metal
electron transfer during the reaction, with excess MnIII
providing the additional net one-electron oxidation. Indeed,
this scenario is supported by the fact that the isolated yield of 1
is maximized upon using a 2:1 stoichiometric ratio of
Mn(CH3COO)3·2H2O to N,OLH4 in the reaction.
To investigate the electrochemical behavior of 1, a thin ﬁlm
was prepared on a ﬂuorine-doped tin oxide (FTO) electrode
via electrophoretic deposition.26 The cyclic voltammogram of
this ﬁlm exhibits a quasi-reversible redox process with anodic
and cathodic peaks at −0.30 and −1.35 V vs Ag0/1+, respectively
(see Figure 3). Based on precedent in benzoquinoid-bridged

potentiostat. Analyte solutions were prepared with 0.05 M solutions of
(Bu4N)PF6 in MeCN. XPS data were collected on a Kratos AXIS
Nova (X-ray diﬀraction and photoelectron spectroscopy facilities at
University of Chicago) or on a Thermo Scientiﬁc ESCALAB 250Xi
(NUANCE at Northwestern University). Two-point dc conductivity
data were collected in a dinitrogen-ﬁlled glovebox at 300 K using a
home-built press and a Keithley 6517B electrometer, as previously
described.24 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 with a home-built two-screw press16
and a Keithley 6517B electrometer (or a Keithley 2450 sourcemeter)
between 300 and 390 K. The powder was pressed between two
stainless steel screws inside of a plastic tube made of Garolite 10. 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 under dark environment and in
vacuum (∼10−5 Torr).

■

RESULTS AND DISCUSSION
Synthesis, Structures, and Electrochemistry. Reaction
of Mn(CH3COO)3·2H2O with N,OLH4 in DMF at 25 °C
resulted in a dark green precipitate. Dissolution of this
precipitate in DMSO, followed by diﬀusion of diethyl ether
vapor into the resulting solution, yielded dark green needleshaped crystals of Mn(N,OL)(DMSO) (1) in 80% yield. Singlecrystal X-ray analysis revealed that 1 crystallizes in the chiral,
trigonal space group P31, with a global structure comprised of
3-fold helical chains that contain Mn centers connected by
deprotonated N,OLn− ligands (see Figure 2, upper). Each chain
is situated along the crystallographic c axis, with a helix pitch of
21.2002(8) Å that corresponds to the length of the unit cell.
Along the chain, each Mn center is crystallographically related
to the next through a 3-fold screw axis. The structure of 1
features shortest intra- and interchain Mn···Mn distances of
8.422(1) Å and 8.932(1) Å, respectively, with the latter value
highlighting a close-packed arrangement between adjacent
chains without signiﬁcant porosity of the solid.
Each Mn center resides in a distorted pentagonal bipyramidal
coordination environment, where the equatorial N4 plane is
formed by nitrogen donor atoms from two pyridyl and two
carboxamido groups of N,OLn−, while two adjacent sites are
occupied by oxygen donor atoms from the o-catechol moiety of
a second molecule of N,OLn−. The additional axial position is
occupied by the oxygen atom of a DMSO molecule. The mean
respective Mn−N and Mn−O distances of 2.297(3) and
2.291(2) Å, in conjunction with the heptacoordinate Mn ion,
unambiguously conﬁrm a high-spin MnII electronic conﬁguration. The overall neutral charge of the chain therefore
implies the presence of N,OL2− bridging ligands.
To probe and conﬁrm the dianionic electronic conﬁguration
N,O 2−
L of the bridging ligand, bond distances involving
benzoquinoid atoms were carefully inspected. The mean
quinoid C−C distance of 1.439(5) Å is 2.1% longer than that
observed for N,OL3−•, 1.41(2) Å, in the related molecular
compound [Cp2Co]6[Mn6(N,OL)6]·8DMSO (2, see Figure 2,
lower right),17 indicative of a lower net C−C bond order in 1.
Concordant with this observation, the mean C−O and C−N
distances of 1.250(4) and 1.349(4) Å, respectively, fall 3.2%
and 1.6% shorter than those in 2, 1.29(2) and 1.37(2) Å.
Moreover, the distances in 1 are consistent with those
previously reported in molecular complexes containing
diamagnetic, dianionic N,NL2−, and O,OL2− ligands.13b,c,25
Taken together, these structural observations indicate an

Figure 3. Cyclic voltammogram obtained for a ﬁlm of 1 deposited on
an FTO working electrode, with a 50 mV/s scan rate and 0.05 M
(Bu4N)PF6 supporting electrolyte. Inset: Optical images of macroscopic ﬁlms of 1 (left) and 1red (right) deposited on FTO.

molecular complexes,13,14 we tentatively assign this process to a
ligand-based N,OL2−/3−• redox couple. Notably, a signiﬁcant
color change of the ﬁlm from dark green to dark purple was
observed upon cathodic scanning, demonstrating that 1 is a rare
example of an electrochromic metal−organic solid.27 The large
peak separation of ΔE = 1.05 V observed for this redox couple
can likely be attributed to slow diﬀusion of the bulky (Bu4N)+
cations into the structure of the solid ﬁlm, as has been observed
in ﬁlms of similar materials.28 Although the cyclic voltammetry
enabled the characterization of the main redox process in 1,
note that the ﬁlm deteriorated upon cycling, presumably due to
the insertion of cations, which prohibited further detailed
studies.
The observed electrochemical behavior of 1 suggests that the
anionic chain [Mn(N,OL)]− should be chemically accessible.
Toward this end, a microcrystalline sample of 1 was soaked in a
THF/MeCN solution containing excess Cp2Co for 48 h.
During this time, the dark green solid changed to dark purple as
1 was converted to [Cp2Co][Mn(N,OL)] (1red), which gradually
turned back to green upon exposure to air. Remarkably, this
solid-state redox process is reversible, as evidenced by a solid
sample of 1red being converted to Mn(N,OL) (1ox) upon soaking
in a THF/MeCN solution of [Cp2Fe](BF4) for 48 h. Here, the
absence of an axial DMSO ligand was revealed by FT-IR and
XPS (see Figures S1 and S2). Quantitative one-electron redox
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processes were conﬁrmed for both reductive and oxidative
reactions by diﬀuse-reﬂectance UV−visible spectroscopy and
metals analysis (see Experimental Section and Figure S3).
Interestingly, reaction of Cp2Co with the precursors
Mn(CH3COO)3·2H2O with N,OLH4 in DMF, followed by
crystallization from DMSO solution, gave 2 rather than 1red.17
This observation suggests that the molecular
[Mn6(N,OL3−•)6]6− complex is more thermodynamically favorable in this solution-based reaction than is a [Mn(N,OL3−•)]−
chain, and 1red may therefore represent a metastable product
that can only be accessed through solid-state reduction of 1.
Possibly, upon binding two trianionic N,OL3−• ligands, the Mn
ion is restricted to a coordination number of 6 such that it
cannot accommodate a DMSO molecule into its coordination
sphere and thus prompts the formation of a wheel rather than a
chain. Indeed, similar eﬀects of solvent coordination have been
reported in Cu Schiﬀ-base compounds to determine whether a
molecular Cu3 complex or a helical chain compound forms
from solution.29
Single crystals of 1 gradually lose their integrity upon soaking
in the solution of Cp2Co, thereby precluding single-crystal Xray diﬀraction analysis of 1red. Nevertheless, powder X-ray
diﬀraction data collected for a microcrystalline sample of 1red
shows a dramatically diﬀerent diﬀraction pattern than that of 1
(see Figure 4). Indeed, the absence of any residual diﬀraction

Figure 5. Raman spectra collected for solid samples of 1 (dark green),
1red (purple), 1ox (light green), and 2 (blue) for 100 s with λext = 785
nm at 1 mW.

1ox is shifted lower in energy to 1350 cm−1 for 1red and 2,
indicative of higher net C−C bond order. In conjunction with
this shift, the intense Raman band at 558 cm−1 for 1 and 1ox,
which can be assigned to an υMO vibration,15,30 undergoes a
dramatic decrease in intensity and is shifted higher in energy to
573 cm−1 for 1red and 2. In addition, a new band at 1459 cm−1
appeared upon reduction, which we assign to the υCO vibration
of the semiquinoid radical.31 The signiﬁcant decrease in
intensity of the υMO mode upon reduction likely stems from
diﬀerences in the resonance enhancement of the mode at 785
nm for the diﬀerent redox isomers (see Figure S4). Finally, IR
spectra collected for solid samples of 1, 1red, and 1ox are
consistent with the observed Raman spectral trends (see Figure
S1). Taken together, these spectra conﬁrm the presence of
ligand-based redox processes upon redox switching between
MnII(N,OL2−) and [MnII(N,OL3−•)]−. Note that 1red provides a
rare example of a one-dimensional chain comprising paramagnetic metal ions bridged by semiquinoid radical ligands.32
In order to conﬁrm the absence of Mn-based redox
chemistry, Mn K-edge X-ray absorption spectra were collected
for solid samples of 1, 1red, 1ox, and 2 (see Figure S5). The
spectra for all samples exhibited both pre-edge and main edge
features at the identical energies of 6537 and 6545 eV,
respectively. Considering that edge energy changes of ca. 3 eV
are typically observed upon moving from MnII to MnIII,33 the
invariance of energies across the four compounds provides
further strong evidence that the redox chemistry associated
with these compounds is indeed ligand-centered.
Electronic Conductivity. To probe and compare the
electronic communication in the chain compounds, electronic
conductivity measurements were carried out on pressed pellets
of 1 and 1red using two-probe dc current−voltage techniques
(see Figure S6). For 1, a conductivity of σ = 2.33(1) × 10−12
S/cm was observed at ambient temperature. This value falls in
the range of those previously obtained for pressed pellets of
MnII metal−organic solids.34 In contrast, 1red exhibits a
conductivity that is 4 orders of magnitude higher, with an
ambient temperature value σ = 8.61(1) × 10−8 S/cm. Note that
pressed pellet measurements are inﬂuenced by interparticle and
interchain contact resistance and represent an average value
over all crystallographic orientations. In general, single-crystal
conductivity values of low-dimensional materials can be 2−3

Figure 4. Powder X-ray diﬀraction patterns for 1 (dark green), 1red
(purple), and 1ox (light green).

peaks from 1 indicated a complete reaction, corroborating the
optical spectra and metals analysis noted above. The relative
loss of crystallinity upon reduction of 1 to 1red likely stems from
incorporation of [Cp2Co]+ cations into the nonporous solidstate structure. Furthermore, the powder X-ray diﬀraction
pattern of 1ox is globally consistent with that of 1, albeit with
considerable further loss of crystallinity, suggesting that the
one-dimensional network is preserved during the redox
reactions.
Raman and X-ray Absorption Spectroscopy. To further
examine the electronic structure of the bridging ligand during
solid-state redox reactions, Raman spectra were collected for
solid samples of 1, 1red, 1ox, and 2 at ambient temperature (see
Figures 5 and S4). An initial qualitative comparison of the
spectra reveals major similarities between those for 1 and 1ox
and those for 1red and 2. Upon further inspection, the υCC
vibration of the quinoid ring observed at 1390 cm−1 for 1 and
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orders of magnitude higher.35 Although a single-crystal
measurement of 1 was prohibited due to the small crystallite
size and its fragility upon drying, the enhancement upon
reduction is likely to be similar in magnitude for single crystals
as is observed here for pressed pellets.
Such a dramatic increase in electronic conductivity in a
coordination compound upon ligand redox chemistry has been
previously observed,16,36 albeit mostly in compounds that
incorporate diamagnetic metal ions or valence-ambiguous
metal−ligand compositions. Indeed, 1 and 1red provide a rare
example of isolated chain compounds that feature reversible
ligand-based redox chemistry. This comparison highlights the
importance of charge carrier density on enhancing the
electronic conductivity. Moreover, the observed conductive
nature of these compounds likely assists the solid-state redox
reactions observed within the nonporous crystal structure.
To gain further insight into the observed electronic
conductivity, variable-temperature conductivity measurements
were performed on pressed pellets of 1 and 1red in the
temperature range 300−390 K (see Figure 6). Upon increasing

Figure 7. Variable-temperature dc magnetic susceptibility data for 1red
(purple), collected under an applied dc ﬁeld of 0 T. Inset: Variabletemperature dc magnetic susceptibility data for 1 (dark green) and 1ox
(light green), collected under an applied dc ﬁeld of 1 T. The black
lines correspond to ﬁts of the data.

a minimum value of 0.6 cm3 K/mol at 1.8 K. This decrease in
χMT with decreasing temperature is indicative of weak
antiferromagnetic coupling between MnII centers. To quantify
this interaction, the data were modeled considering a onedimensional arrangement of classical spins according to the
̂ ).38 A ﬁt to data gave an
Hamiltonian Ĥ = −2J∑(ŜMni · SMn
i+1
exchange constant J = −0.38(1) cm−1, indicative of weak
superexchange between MnII centers though diamagnetic
N,O 2−
L bridges.
In contrast, the plot of χMT vs T obtained for 1red exhibits a
dramatically diﬀerent proﬁle. At 300 K, χMT = 4.53 cm3 K/mol,
slightly lower than the value of 4.75 cm3 K/mol expected for
magnetically noninteracting S = 5/2 MnII centers and S = 1/2
ligand radicals, suggesting the presence of antiferromagnetic
interactions between the metal ions and the radical ligands. The
data undergo a gradual decrease upon lowering temperature,
reaching a minimum value of 4.25 cm3 K/mol at 160 K,
followed by an abrupt increase to a maximum of χMT = 92.8
cm3 K/mol at 1.8 K. This temperature dependence can be
attributed to one-dimensional correlation of the S = 2 residual
spin units that result from a ferrimagnetic arrangement of S =
5
/2 MnII centers and S = 1/2 radical ligands. Accordingly, a ﬁt to
the data considering a chain model for alternating classical (S =
5
/2) and quantum (S = 1/2) spins, considering the Hamiltonian
Ĥ = −2J∑[(ŜMni + ŜMni+1)·ŜLi),39 provided an estimated
coupling constant of J = −15.6(2) cm−1 that corresponds to
coupling between MnII and N,OL3−•. This value is in agreement
with that of J = −15.6(4) cm−1 previously reported for the
interaction between MnII and N,OL3−• in 2.17 Notably, this value
represents a nearly 40-fold enhancement in the magnetic
exchange strength in moving from N,OL2− to N,OL3−•, stemming
from direct overlap of spin-bearing metal- and ligand-based
orbitals, and further highlights the utility of radical ligands to
increase the strength of magnetic interactions. Finally, the plot
of χMT vs T obtained for 1ox shows a nearly identical proﬁle to
that of 1, with a ﬁt to data giving the coupling constant J =
−0.67(1) cm−1. The higher value relative to 1 presumably
stems from the absence of a bound DMSO molecule in 1ox,

Figure 6. Variable-temperature electronic conductivity data for 1
(green) and 1red (purple), collected on pressed pellets using two-probe
current−voltage techniques. The black lines correspond to Arrhenius
ﬁts of the data.

temperature, the electronic conductivity of both 1 and 1red
increased, showing a linear relationship between the logarithm
of conductivity and inverse temperature. This variable-temperature trend indicates that both compounds behave as thermally
activated semiconductors. Arrhenius ﬁts to data provide
activation energies of Ea = 0.64(1) and 0.39(1) eV for 1 and
1red, respectively. The smaller activation energy of 1red can
likely be attributed to a shifting of the Fermi level closer to the
conduction band as a result of the chemical reduction, similar
to the doping of donors in a classic semiconductor.37
Furthermore, this observation also supports the higher charge
density and higher conductivity in 1red.
Static Magnetic Properties. To probe potential magnetic
interactions in the chain compounds, variable-temperature dc
magnetic susceptibility data were collected for solid samples of
1, 1red, and 1ox, with the resulting plots of χMT vs T shown in
Figure 7. In the case of 1, the 300 K value of χMT = 4.51 cm3
K/mol is close to the value of 4.375 cm3 K/mol expected for
magnetically isolated S = 5/2 MnII centers with g = 2. Upon
lowering the temperature, χMT remains relatively constant
before undergoing a monotonic decrease below 100 K to reach
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with electrophoretic deposition, Dr. A. Filatov for collecting
some of the XPS data, and Dr. Q. Ma for assistance with
Beamline 5-BM-D.

leading to a Mn coordination number of 6 and consequently
stronger interactions of the donor atoms with Mn.

■

■

SUMMARY AND OUTLOOK
The foregoing results demonstrate that incorporation of a
benzoquinoid ligand into a chain compound can give rise to a
material exhibiting solid-state redox switching of optical,
magnetic, and electronic properties. The dark green solid
MnII(N,OL2−) undergoes a reversible one-electron reduction to
aﬀord a dark purple solid that contains [MnII(N,OL3−•)]−.
Associated with this ligand-centered reduction is a nearly 40fold enhancement in magnetic exchange coupling strength,
from J = −0.38(1) to −15.6(2) cm−1, and a corresponding 104fold enhancement of electronic conductivity, from σ = 2.33(1)
× 10−12 to 8.61(1) × 10−8 S/cm. In addition, the reduction led
to a lowering of the thermal activation energy for electron
conduction from Ea = 0.64(1) to 0.39(1) eV. Work is underway
to further investigate the electronic conductivity of these solids,
with an emphasis on obtaining single-crystal data, and to
incorporate other metal ions into similar structures, with an
emphasis on high-anisotropy metals that may give rise to redoxswitchable conductive single-chain magnets.
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1687−1695. (b) Op't Holt, B. T. O.; Vance, M. A.; Mirica, L. M.;
Heppner, D. E.; Stack, T. D. P.; Solomon, E. I. J. Am. Chem. Soc. 2009,
131, 6421−6438.
(31) Baum, A.; Lindeman, S. V.; Fiedler, A. T. Chem. Commun. 2013,
49, 6531−6533.
(32) Downes, C. A.; Marinescu, S. C. J. Am. Chem. Soc. 2015, 137,
13740−13743.
(33) Manceau, A.; Marcus, M. A.; Grangeon, S. Am. Mineral. 2012,
97, 816−827.
(34) Sun, L.; Hendon, C. H.; Minier, M. A.; Walsh, A.; Dincă. J. Am.
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