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ABSTRACT: Metal—organic frameworks are of interest for use in a
variety of electrochemical and electronic applications, although a
detailed understanding of their charge transport behavior, which is of
critical importance for enhancing electronic conductivities, remains
limited. Herein, we report isolation of the mixed-valence framework
materials, Fe(tri),(BF,), (tri™ = 1,2,3-triazolate; x = 0.09, 0.22, and
0.33), obtained from the stoichiometric chemical oxidation of the
poorly conductive iron(II) framework Fe(tri),, and find that the
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conductivity increases dramatically with iron oxidation level. Notably, Low-Spin o
the most oxidized variant, Fe(tri),(BF,)os; displays a room- ' et
temperature conductivity of 0.3(1) S/cm, which represents an Fe(tri),(BF)), 0<x<0.33 =10 " Sicm

increase of 8 orders of magnitude from that of the parent material

and is one of the highest conductivity values reported among three-dimensional metal—organic frameworks. Detailed
characterization of Fe(tri), and the Fe(tri),(BF,), materials via powder X-ray diffraction, Mossbauer spectroscopy, and IR and
UV—vis-NIR diffuse reflectance spectroscopies reveals that the high conductivity arises from intervalence charge transfer
between mixed-valence low-spin Fe”™ centers. Further, Mdssbauer spectroscopy indicates the presence of a valence-
delocalized Fe™ species in Fe(tri),(BF,), at 290 K, one of the first such observations for a metal—organic framework. The
electronic structure of valence-pure Fe(tri), and the charge transport mechanism and electronic structure of mixed-valence
Fe(tri),(BE,), frameworks are discussed in detail.

B INTRODUCTION structures with particularly weak band dispersion because
valence orbital overlap (an ad hoc indicator of bulk dispersion)
diminishes exponentially with interatomic distance.” Thus,
charge carriers in metal—organic frameworks can generally be
expected to have extremely large effective masses yielding local
electronic structures of a near-molecular nature.’ Indeed, to
date there have been only a few literature examples of metal—
organic frameworks that exhibit both permanent porosity and a
high electronic conductivity.”

Among many notable efforts to increase charge transport in
these materials, one attractive strategy is the development of
frameworks consisting of either repeating mixed-valence,
redox-active metal centers or redox-active linkers.”” The use
of mixed-valency can at a minimum locally improve charge

Metal—organic frameworks are modular, three-dimensional
network solids constructed from metal ions and rigid,
polytopic organic linkers." This modularity can endow
metal—organic frameworks with impressive porosities, surface
chemistry, and chemical stability,2 and, consequently, these
frameworks are being extensively investigated for applications
ranging from gas separations and storage to drug delivery.’
Within the past decade, engendering bulk electronic
conductivity in metal—organic frameworks has also become
of interest as a means of extending their potential application
as battery electrode materials, electrochemical sensors, and
electrocatalysts.”

However, many of the features that render metal—organic

frameworks advantageous as porous storage and separation mobility on neighboring atoms; in most mixed-valence
materials also present a challenge to their application in frameworks, the electronic substructures are indeed localized
electronic devices that require high conductivity. Indeed, the and may reasonably be described as small polarons, akin to an
characteristically low crystal densities of metal—organic

frameworks imply large distances between atoms along most Received: April S, 2018

lattice vectors. Such materials inherently favor electronic Published: June 12, 2018
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isolated Marcus-type coupling interaction.'’ Nonetheless, with
a contiguous path along at least one dimension of the
framework lattice, the resulting hopping-type charge mobility
can still engender a relatively high conductivity.'’'" For
instance, a ferric semiquinoid—quinoid framework was recently
shown to exhibit a three-dimensional conductivity of 0.16 S/
cm, arising from a combination of ligand-based mixed-valence
supported by 3d-w orbital interactions through bridging
iron(III) centers.”® Likewise, a number of other frameworks
have been found to be conductive owing to charge
delocalization across mixed-valence ligand centers.”

Metal-centered mixed-valence has been extensively inves-
tigated in many solid state systems, such as iron oxides, iron
sulfides, iron cyanides, Prussian Blue compounds, manganese
perovskites, and titanates, to name a few.'? In addition, mixed-
valence first-row transition metal coordination solids have been
shown to exhibit electronic delocalization."” Engendering high
electronic conductivity in three-dimensional metal—organic
frameworks by taking advantage of metal-centered valence
delocalization may thus hold promise. However, early
examples of such frameworks have typically displayed
conductivity values much lower than frameworks with ligand-
centered charge carriers, and thus there is likely much room for
improvement.®*

In pursuit of promising systems with the potential for
exhibiting metal-centered mixed-valence, we identified the
framework Fe(tri), (tri” = 1,2,3-triazolate), a previously
reported material with an intriguing electronic structure arising
from octahedrally coordinated Fe'' centers bridged by z-acidic
azolate ligands (Figure 1).°° Previously, Fe(tri), was reported
to exhibit an intrinsic conductivity of 7.7 X 10> S/cm, which
further increased to 1.0 X 107> S/cm following vapor diffusion
of I, through the material. This reported conductivity for the
as-synthesized Fe(tri), is surprisingly high, given the closed-

Figure 1. Fe—N sublattice (top) and a tetrahedral secondary building
unit of Fe(tri), (bottom). Orange, blue, and gray spheres represent
Fe, N, and C atoms, respectively; H atoms have been omitted for

clarity.
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shell nature of low-spin iron(II) and the triazolate linker, as
noted elsewhere.”®'* As such, Fe(tri), was determined to be an
excellent candidate for exploring the relationship between
metal-centered mixed-valence and conductivity in a porous
solid.

Herein, we present the rigorous air-free synthesis of Fe(tri),,
together with its mixed-valence derivatives, Fe(tri),(BF,), (x =
0.09, 0.22, and 0.33), obtained through postsynthetic
stoichiometric oxidation reactions. Physical characterization
then enables insight into the charge transport behavior
underlying the impressive enhancement in the conductivity
of these materials with increasing oxidation level.

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise noted, all manipu-
lations were carried out in an argon atmosphere in an Mbraun
MB200MOD glovebox. Glassware was oven-dried at 150 °C for at
least 4 h and allowed to cool in an evacuated glovebox antechamber
prior to use. Dimethylformamide (DMF), acetonitrile (MeCN), and
dichloromethane were dried using a commercial solvent purification
system made by JC Meyer Solvent Systems and stored over 3- or 4-A
molecular sieves prior to use. Anhydrous FeCl, beads (99.9% purity)
were purchased from Sigma-Aldrich. The 1,2,3-triazole ligand (98%
purity) was purchased from VWR International LLC, deoxygenated
with three freeze—pump—thaw cycles, and stored over 4-A molecular
sieves prior to use. The synthesis of Fe(tri), was carried out using a
modification of the previously reported procedure.* Instead of
performing the reaction in an evacuated sealed tube, it was carried out
in an Ar-filled glovebox using 20 mL vials. Thianthrenium
tetrafluoroborate was synthesized as previously described.® Carbon,
hydrogen, and nitrogen elemental analyses were obtained from the
Microanalytical Laboratory at the University of California, Berkeley.
Inductively coupled plasma atomic emission spectrometry (ICP-AES)
analysis for iron and boron were obtained from Galbraith
Laboratories, Inc.

Synthesis of Fe(1,2,3-triazolate),(BF,)y 33. A purple solution of
thianthrenium tetrafluoroborate (0.158 g, 0.520 mmol) in 10 mL of
MeCN was added to neat pink crystalline powder Fe(tri), (0.200 g,
1.04 mmol), and the mixture was stirred at 25 °C for 16 h. The
resulting suspension was filtered to yield a light brown powder. The
powder was washed by soaking in two successive 15 mL aliquots of
MeCN for 24 h, and was then dried under reduced pressure (13 ubar)
at 120 °C for 48 h to yield 0.222 g (97% yield) of product as a brown
microcrystalline solid. Anal. Calcd for FeC,H,N¢B, 33F; 3,: C, 21.78;
H, 1.83; N, 38.09. Found: C, 21.78; H, 1.78; N, 37.6. ICP-AES
Found: Fe:B, 1:0.33.

Synthesis of Fe(1,2,3-triazolate),(BF,), (x = 0.025, 0.05, 0.09,
0.22). Similar procedures were followed as above. See Supporting
Information (SI) for details.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Fe(tri),. The syn-
thesis of Fe(tri), was carried out in 20 mL vials in a glovebox
under an Ar atmosphere, in a modification of the previously
reported procedure.”® Special caution was taken during the
synthesis and handling of Fe(tri),, as even slight air-exposure
or the use of a partially oxidized FeCl, source led to the
isolation of an orange or light brown colored powder, instead
of the pale pink powder characteristic of the valence-pure
phase. Successful synthesis of phase-pure Fe(tri), was
confirmed by powder X-ray diffraction analysis,**'® and Le
Bail refinement of the diffraction data enabled identification of
the space group as Fd3m and resulted in a lattice parameter of
a = 16.6423(6) A.

The structure of activated Fe(tri), was obtained by Rietveld
refinement of the synchrotron powder X-ray diffraction pattern
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(see Figure S6) and is composed of octahedral Fe centers
bridged by p;-1,2,3-triazolate ligands (Figure 1). Here, two
crystallographically distinct Fe'' centers form tetrahedral
pentanuclear repeat units that share vertices to form a
diamondoid structure type. A single, adamantane-like cage of
the structure is depicted in Figure 1. The Fe1—N1 and Fe2—
N2 distances, where Fel and Fe2 correspond to the tetrahedral
corner and center iron(II) sites, respectively, are 1.961(2) and
1.977(3) A, consistent with Fe—N distances for compounds
with low-spin Fe'' ions and strong-field ligands.'” Metal—
organic frameworks exhibiting low-spin Fe'' centers are quite
rare in the literature, although there have been several reports
suggesting that triazolate-based ligands can stabilize low-spin
octahedral Fe' centers in zero-,"" one-,'® and three-dimen-
sional”® coordination compounds.

Slow-Scan Cyclic Voltammetry of Fe(tri),. Slow-scan
cyclic voltammetry experiments were carried out to investigate
the redox behavior of Fe(tri),. This technique has been
commonly used to characterize redox-active intercalation
solids.” By observing the current response arising from
scanning potentials with sufficiently slow rates, it is possible to
probe the process of bulk ion insertion into a solid. In addition,
a precise stoichiometry of the entire active material can be
determined by current integration.

By using the equipment described in the SI, a slow-scan
cyclic voltammogram (CV) of Fe(tri), was obtained (Figure
2). Oxidation and reduction processes occur between 2.9 and
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Figure 2. Slow-scan cyclic voltammogram of Fe(tri), collected at a

scan rate of 50 yV/s in an electrolyte solution of 1 M LiBF, in
propylene carbonate. Lithium was used as a reference and counter
electrode.

33 and 2.6-32 V vs Li%*" with corresponding charge
capacities of 30.8 and 28.2 mAh/g, respectively. The oxidative
feature most likely corresponds to oxidation of the Fe" centers
to Fe! and the voltage composition profile obtained for
Fe(tri), between 2.6 and 3.4 V suggests that Fe(tri),(BF,), can
be oxidized quasi-reversibly from x = 0 to x = 0.22 with an
efficiency of 92% (Figure S2). The predicted stoichiometry is
lower than expected for complete oxidation of the Fe" centers
that would correspond to x = 1, potentially owing to the small
pore size of Fe(tri),, which may limit BF,” ion insertion.
Chemical Oxidation of Fe(tri),. Motivated by the quasi-
reversible Fe’™!! redox features observed in the slow scan CV
of Fe(tri),, we performed stoichiometric chemical oxidations
of the framework using thianthrenium tetrafluoroborate in
MeCN (Scheme 1). Reaction of Fe(tri), with 0.1, 0.25, and 0.5
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Scheme 1. Post-Synthetic Chemical Oxidation of Fe(tri),
with Thianthrenium Tetrafluoroborate

deesl

equiv of the oxidant resulted in isolation of light brown, brown,
and dark brown microcrystalline powders, respectively. For the
products isolated using 0.1 and 0.25 equiv of oxidant, ICP-AES
analysis revealed Fe:B ratios of 1:0.09 and 1:0.22, respectively,
indicating near-stoichiometric conversions. However, when 0.5
equiv of oxidant were added, the solution was observed to
retain the purple color of unreacted thianthrenium tetrafluor-
oborate even after the reaction had proceeded for 16 h,
suggesting that oxidation of Fe(tri), did not go to completion.
Indeed, analysis of the product isolated from this reaction via
ICP-AES revealed a Fe:B ratio of only 1:0.33, consistent with a
substoichiometric oxidation. We note that x = 0.33 is the
stoichiometry expected if each andamantly-like pore within the
framework structure is filled with a single BF,” ion.

Brunauer-Emmet-Teller (BET) surface areas of 230, 70, and
50 m?®/g were calculated for the activated Fe(tri),(BF,),
materials with x = 0.09, 0.22, 0.33, respectively, using N,
adsorption data collected at 77 K (Figure S3). Here, the
diminishing surface areas are consistent with the increasing
presence of charge-balancing BF,™ anions in the pores relative
to the parent Fe(tri), framework, which exhibits a BET surface
area of 370 m*/g. The very low surface area determined from a
type 1I isotherm of Fe(tri),(BF,),3; suggests that the
compound is essentially nonporous, consistent with the lack
of any calculated accessible surface area (see Table S1), and
therefore that N, adsorption occurs solely on the outer surfaces
of the crystallites. Both ICP-AES and N, adsorption isotherm
data indicate that the pore size of Fe(tri), precludes
counteranion insertion beyond 0.33 equiv and therefore
further oxidation.

Characterization of the activated Fe(tri),(BF,), (x = 0.09,
0.22, 0.33) materials using powder X-ray diffraction revealed
that the parent framework structure is maintained upon
oxidation, with no evidence of decomposition (Figure 3). Le
Bail refinement of the diffraction patterns yielded lattice
parameters of a = 16.6136(7), 16.5140(5), and 16.4368(5) A
for x = 0.09, 0.22, and 0.33, respectively, indicating a

—Ci2HgS,

Fe(tri), [BF.]- —> Fe(tri),(BF,),

Intensity (a.u.)
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Figure 3. Powder X-ray diffraction patterns for Fe(tri), and
Fe(tri),(BF,), obtained with a wavelength of 1.5418 A.
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contraction of the unit cell upon chemical oxidation (Table
S2). A plot of lattice constants vs x follows a nearly linear trend
that is qualitatively consistent with Vegard’s law (Figure SS),
implying that each Fe(tri),(BF,), material behaves as a single
phase with a homogeneous distribution of BF,™ ions.

The crystal structures of activated Fe(tri),(BF,)y3; at 300
and 100 K determined by Rietveld refinement using
synchrotron powder X-ray diffraction patterns (see Figures
S7 and S8) are shown in Figures S9 and S10, respectively, and
reflect a slight contraction of the unit cell with decreasing
temperature (see Table S3 for the fit parameters). However,
the significant structural distortion that would be anticipated to
accompany charge localization is not apparent. Comparing the
structures of Fe(tri), and Fe(tri),(BF,), 35 obtained at 300 K, a
small decrease occurs in the Fel1—N1 distance from 1.961(2)
to 1.938(3) A, as expected for a partial oxidation of low-spin
iron(Il) to low-spin iron(III)."” In contrast, the Fe2—N2
distance changes only negligibly (i.e., within uncertainty) from
1.977(3) to 1.971(3) A, suggesting that oxidation occurs
primarily at the corner Fel sites. Given that the two unique
iron sites experience similar ligand fields based upon the
Mossbauer spectrum of Fe(tri), (vide infra), the apparent
preferential oxidation at the Fel site may result from the
geometrical constraints imposed at the iron ions, with low-spin
iron(III) favoring the corner Fel site due to a greater freedom
there to distort away from an ideal octahedral coordination
geometry. A slight contraction of the unit cell and the
corresponding supertetrahedra occurs upon framework oxida-
tion, as is evidenced by a decrease in the Fel---Fel separation
from 5.8869(4) to 5.8263(8) A. Difference Fourier maps
generated from the Fe(tri),(BF,),;; diffraction data also
indicated the presence of charge-balancing BF,” ions, with a
single ion present in the pores of the framework. These BF,~
ions refine to full occupancy, again suggesting that oxidative
insertion of further BF,” ions is not possible in Fe(tri),.

Méssbauer Spectroscopy. The “"Fe Mossbauer spectra
of Fe(tri), and Fe(tri),(BF,), obtained at 290 K are shown in
Figure 4 (see Table S4 for the corresponding fitting
parameters). At 290 K, Fe(tri), exhibits a single component
spectrum that was best fit with a narrow symmetric quadrupole
doublet with a line width, T, of 0.267(5) mm/s, an isomer
shift, 5, of 0.385(1) mm/s, and a small quadrupole splitting,
AEq, of 0.084(7) mm/s. Each of these parameters are
consistent with the presence of low-spin iron(IT)'*“ in a highly
symmetric pseudo-octahedral nitrogen coordination environ-
ment. Although the measured line width is similar to the
calibration line width of the spectrometer, the two inequivalent
crystallographic iron(II) sites in Fe(tri), are not resolved in the
spectrum. This absence suggests that the two iron(II) sites in
Fe(tri), experience very similar ligand fields.

The 290 K Mossbauer spectra of Fe(tri),(BF,), also exhibit
very similar narrow quadrupole doublet components that are
assigned to the Fe2 low-spin iron(II) site (Figure 4, red lines;
the corresponding hyperfine parameters are given in Table S4).
However, an additional absorption at approximately —0.1 mm/
s clearly begins to grow in as x increases. This absorption was
fit as part of a symmetric doublet (Figure 4, blue lines) and the
corresponding hyperfine parameters are given in Table S4. For
all values of x, the isomer shift of this component is smaller
than that of the red component, which suggests that the blue
component can be assigned to the Fel intermediate valence
iron(Il/III) ion. The percent areas of the blue quadrupole
doublets were found to be 16.2(5), 50.8(6), and 66.67% for x
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Figure 4. Mossbauer spectra of Fe(tri), and Fe(tri),(BF,), obtained
at the indicated temperatures. The component doublets correspond
to low-spin iron(II) (red trace), valence-delocalized low-spin iron(II/
II) (blue trace), localized low-spin iron(II) (green trace), and
localized low-spin iron(III) (black trace).

= 0.09, 0.22, and 0.33, respectively, in reasonable agreement
with twice the expected iron(IIl) stoichiometry (based upon
the empirical formula for each material). Hence, at 290 K the
blue doublets are assigned to valence averaged low-spin
iron(II/III) sites, between which the delocalized electron is
averaged on the Mossbauer time scale of ~107% s*
(corresponding to the period of the precession of the iron-
57 nuclear quadrupole moment within its electron electric field
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gradient). For x = 0.22 and 0.33, Mossbauer spectra collected
at various temperatures down to S K (vide infra), reveal that
this doublet persists down to 150 and 100 K, respectively.

A consideration of the structural data obtained from powder
X-ray diffraction studies suggests this valence averaging most
likely occurs over the four Fel tetranuclear vertices that
surround the central Fe2 crystallographic site at a distance of
5.8263(8) A (see the lower portion of Figure 1). Additionally,
from an examination of the triazolate ligand resonance
structures, it is clear that electronic coupling between the
two N1 sites via 7-3d orbital conjugation would be preferable
over coupling between N1 and N2, despite the closer
corresponding Fel---Fe2 distance. At room temperature,
these valence-averaged Fel sites are indistinguishable by
crystallography and Mossbauer spectroscopy. Furthermore,
since the Fel centers occupy shared vertices in the extended
structure, they are likely responsible for promoting charge
mobility between adjacent supertetrahedra and ultimately
throughout the entire crystal. While such delocalization
behavior has been observed previously in minerals and
molecular compounds containing mixed-valence Fe'”™ cen-
ters, this is a rare example of such an observation in a metal—
organic framework.'”"

To further support the above assignments and investigate
the electron delocalization, Mossbauer spectra were also
obtained for Fe(tri),(BF,)q,, and Fe(tri),(BF,)o3; at various
temperatures between S and 295 K (see Figure S11 and Figure
4, respectively, and Table S4 for the corresponding fit
parameters). At S K, no electron delocalization is expected
and the Mossbauer spectra of both Fe(tri),(BF,)y, and
Fe(tri),(BF, )3 were accordingly fit with three doublets: one
assigned to the static, low-spin iron(II) site, Fe2 (red trace),
and two assigned to the portion of the Fel sites that are low-
spin iron(1I) and low-spin iron(III) at some point on the
Mossbauer time scale (green and black traces, respectively).
These assignments assume that Fe2 has a static valence and
does not participate in the electron delocalization. At S K, the
sum of the percent areas of the green and black doublets is
equal to the percent area of the blue doublet at 290 K, which
strongly supports electron localization at 5 K. In contrast, the
observation of the blue doublet at 290 K strongly supports
electron delocalization at 290 K for x = 0.22 and 0.33.

The Mossbauer spectra of Fe(tri),(BF,)g,, at 150 and 200
K and of Fe(tri),(BF,)q3; at 100 K are more complex, as is
revealed in the absorption profile around —0.5 mm/s (Figures
S11 and 4, respectively). At these temperatures, the spectra
were fit with four quadrupole doublets: the narrow red doublet
assigned to the Fe2 low-spin iron(II) site, green and black
doublets assigned to valence localized Fel low-spin iron(II)
and iron(IIl) sites, and the blue doublet assigned to valence
averaged Fel low-spin iron(II/III). For x = 0.22, the percent
area of the valence average blue doublet increases from 15% at
150 K to 51% at 295 K, indicating increased valence
delocalization with increasing temperature. Indeed, the
variable-temperature conductivity behavior of Fe(tri),(BF,),
material (vide infra) may be closely correlated to this
temperature dependent valence-localization observed in the
Mossbauer spectra of x = 0.22 and 0.33. Additional discussion
of the Mossbauer spectra, including the temperature and the x
dependence of the spectral parameters, can be found in the SIL

Magnetic Properties of Fe(tri),(BF,)o33. Variable-tem-
perature dc magnetic susceptibility data were collected to
investigate the possibility of magnetic ordering in
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Fe(tri),(BF,)33- Under an applied magnetic field of 1 T, the
300 K value of the molar magnetic susceptibility (ry;) times T
is 0.406 emu-K/mol, significantly higher than the value of
0.124 emu-K/mol expected for 0.33 equiv of low-spin (S = 1/
2) iron(1II) per mole of framework (Figure S12). We attribute
this difference to substantial contributions from higher-spin
excited states, and the field-dependence of the y\T product is
consistent with such contributions (Figure S12). With
decreasing temperature, y\T decreases gradually from 300 to
20 K and abruptly below 20 K to reach a value of 0.105 emu-
K/mol at 3 K. Such behavior is suggestive of antiferromagnetic
interactions between low-spin Fe!' centers and, indeed, a
Curie—Weiss fit to a plot of 1/yy versus T in the high-
temperature regime (Figure S13) yielded a Curie constant of C
= 0.514 emu-K/mol and a Weiss temperature of § = —80.9 K,
consistent with a dominant antiferromagnetic interaction.
However, no long-range magnetic ordering was observed
down to 3 K (see Figure S14).

UV-vis—NIR Diffuse Reflectance Spectroscopy. UV—
vis—NIR diffuse reflectance spectra of Fe(tri),(BF,), (x = 0.0,
0.09, 0.22, 0.33) are shown at the top of Figure 5. A weak
absorption band in the spectrum for Fe(tri), at v, = 19 900
cm™! is assigned to a low-spin Fe'' d—d transition, and with
increasing oxidation and the introduction of Fe' centers into
the framework this band shifts to higher energies. Note that the
Fe(tri),(BF,), spectra in Figure S were normalized to the d—d
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Figure S. Diffuse reflectance UV—vis—NIR (top) and infrared spectra
(bottom) of Fe(tri), and Fe(tri),(BF,),. The diffuse reflectance
spectra were normalized to the intensity of the weak d—d transition
band. The infrared peak corresponding to a stretching mode of BE,~
is shown with a dashed line.
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transition intensity of Fe(tri), for ease of comparison, as this
spectral feature remains similar across the four compounds, in
contrast to the intensity changes in the other bands.

Although Fe(tri), exhibits no significant absorption in the
near-IR region, substantial broad absorption bands are
apparent between 5000 and 10000 cm™' and increase in
relative intensity with oxidation in Fe(tri),(BF,),. These
features can be attributed to an intervalence charge transfer
(IVCT) transition between iron(II/III) centers, but due to the
detection limit of the UV—vis—NIR instrument, the diagnostic
low-energy edge of the IVCT absorption could not be
observed.”> We speculate that the IVCT bands of
Fe(tri),(BF,), extend out to the mid-IR region, as suggested
in Figure S.

The UV—vis—NIR spectrum of Fe(tri), also exhibits broad,
intense absorption bands at higher v, values of 27 200 and
31000 cm™, which we assign to metal-to-ligand charge
transfer (MLCT) transitions.'** With increasing oxidation, the
MLCT bands substantially decrease in intensity relative to the
d-d transitions. Whereas the increasing relative intensity of
IVCT transition is consistent with an increasing charge carrier
density with oxidation, a decreasing relative intensity of MLCT
transition results from a decreasing concentration of Fe'
centers that participate in the 7 back-bonding.

Infrared Spectroscopy. The IR spectra of Fe(tri), and
Fe(tri),(BF,), collected under a N, atmosphere also exhibit
remarkably different features (Figure S, bottom). The IR
spectrum of Fe(tri), displays a flat baseline with sharp features
corresponding to discrete vibrational modes arising primarily
from the triazolate ligand. In contrast, the IR spectrum of
Fe(tri),(BF,), o features a broad absorption band in the mid-
IR region that becomes stronger with increasing oxidation to x
= 0.22 and 0.33. This absorption most likely originates from
low-lying electronic excitations extending into the mid-IR
region of the spectrum. A strong absorption of this type that
increases with decreasing photon energy may suggest an
optical band gap approaching zero. However, because band
dispersion in the Fe(tri), system is expected to be low, the
origin of the feature is perhaps better described as a nearly
continuous distribution of localized midgap states.'>*'***
Indeed, similar features have been observed in the IR spectra
of polaronic materials, such as charge transfer salts” and
mixed-valence, pyrazine—brid$ed Ru"™™ and Os™™ porphyri-
nate coordination solids.”** While these broad band
absorptions may mask the original vibrational modes present
for Fe(tri),, a discernible new feature is observed at 1044 cm™!,
corresponding to a stretching mode of BF,~.>° As expected, the
relative intensity of this peak increases with increasing degree
of oxidation and increasing BF,” content of a material.

Electronic Conductivity of Fe(tri),. By using ac
impedance spectroscopy, two-contact electronic conductivity
was measured on a pressed pellet of Fe(tri), in a screw cell
with polished copper electrode contacts (Figure S15). The
resulting Nyquist impedance plot was fit with a model circuit
(Figure S16) to estimate the dc conductivity. In contrast to the
previously reported electronic conductivity of 7.7 X 107> S/cm
for Fe(tri),, we obtained a much lower value of less than 7 X
107? S/cm. Estimation of the dc conductivity by an I-V sweep
(£32.7 V/cm) resulted in an ohmic response and a similarly
low value of 1 X 107 S/cm (Figure S17). This low
conductivity is more consistent with that expected for a
valence-pure material containing octahedral iron(1I) ions with
a low-spin tzgéego electron configuration, ions that are separated
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by large distances (Fel-Fel = 5.8869(4) A). We suspect that
the reported conductivity of 7.7 X 107° S/cm was measured
not on pure Fe(tri), but rather on a partially oxidized sample,
as the previous study reported Fe(tri), to be air stable and
therefore did not follow the rigorous air-free procedures
employed herein. A recent report suggesting trace Fe''
impurities in Fe(tri), also supports this conclusion."* Addi-
tionally, the measured conductivities for samples of Fe(tri),
oxidized with small quantities (0.025 and 0.05 equiv) of
thianthrenium tetrafluoroborate display a significant increase
(see Table SS, Figures 6 inset, and S18). Indeed, even
oxidizing just 2.5% of the iron(II) centers to iron(III) is
sufficient to explain the previously reported conductivity
values.

0
-2
E -4+
L
X
g -6
=)
o
-20
—8 7 T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
x in Fe(tri),(BF,),
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0 50 100 150 200 250 300
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Figure 6. Variable-temperature conductivity data for Fe(tri),(BF,) 3.
Blue and red circles represent measurements taken during cooling and
warming, respectively. An Arrhenius fit to the data, as described in the
SI, is shown by the black curve. (Inset) Plot of room-temperature
conductivities versus x in Fe(tri),(BF,), (blue circles) and a fit for the
doping dependence of conductivity for polaronic Mott insulators
(black line). The fit parameters are discussed in the SL

Two-contact, dc electronic conductivities were also meas-
ured on pressed pellets of Fe(tri),(BF,),. Room temperature
conductivities of 0.03(2), 0.2(1), and 0.3(1) S/cm were
measured for x = 0.09, 0.22, and 0.33, respectively, and were
found to be ohmic within +8.9 V/cm of an open circuit (Table
SS, Figure S18). This increase in conductivity with oxidation
level is also consistent with our Mossbauer and UV—vis—NIR
spectroscopy data. In particular, the increasing intensities of
the valence-averaged doublet in the 290 K Mossbauer spectra
and the IVCT bands suggest an increasing carrier concen-
tration with oxidation that engenders a bulk electronic
conductivity, possibly accompanied by an increase in carrier
mobility.

As shown in the inset of Figure 6 and described in the SI, the
room-temperature conductivity values of Fe(tri),(BF,), (x =
0.025—0.33) were fit to a model describing the doping
dependence of conductivity for Mott insulators with polaronic
hopping transport.'””” This model derives from Mott’s
formula for the temperature dependence of the conductivity
for variable-range hopping transport (eq 1, d is the
dimensionality):

T;

1/1+d
0)

o(T) = (Foe_[T (1)
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Both the 6, and T, parameters are dependent on the
electron density of states at the Fermi level, N(Eg), according
to the following proportionalities:

6, x N(Eg) (2)
and
3
Lo
N(Ep) (3)

where a™' is the localization length. If oxidation leads to
stoichiometric creation of midgap states, then N(Eg) should be
proportional to x and therefore,

( 1

In(o) o 2~ (1+d) (4)

The satisfactory fit of the doping dependence of the
conductivity is consistent with a polaronic hopping-based
transport model and an increase in carrier concentration upon
oxidation of the Fe' centers. To the best of our knowledge, the
observed conductivity of 0.3(1) S/cm for Fe(tri),(BF,)ys; is
among the highest for three-dimensionally conducting metal—
organic frameworks; the iron(IlI) semiquinoid—quinoid
framework is reported to display a conductivity of 0.16(1)
S/cm.’® In addition, it is worth highlighting that a near 108
enhancement in conductivity has been achieved simply
through the stoichiometric oxidation of a closed-shell type,
insulating metal—organic framework.

Variable-temperature conductivity measurements were
performed on Fe(tri),(BF,),3; over the temperature range of
30—300 K, as shown in Figure 6, and the data exhibit a trend
that is consistent with that observed in the variable-
temperature Mossbauer spectra. For example, the conductivity
is highest at the highest temperature measured, 300 K, the
same temperature at which the valence-delocalized doublet
observed in the Mossbauer spectra displays its maximum
percent area. Upon decreasing the temperature, the con-
ductivity decreases gradually and then rapidly below 90 K.
Similarly, the Mossbauer spectrum of Fe(tri),(BF,)q1;3
obtained at 100 K exhibits a decrease in the intensity of the
valence-delocalized Fe"™ doublet concomitant with the
emergence of new Fe' and Fe™ doublets, indicating a
localization of the charges responsible for the observed
conductivity. Thus, the decreased conductivity at low temper-
ature likely results from low hopping frequencies of localized
charge carriers. The conductivity data suggest that complete
localization of charge carriers occurs near or below 30 K,
consistent with the disappearance of the valence-delocalized
doublet in the M0ssbauer spectrum for this material at 5 K.

The variable-temperature conductivity data for
Fe(tri),(BF,),3; were fit assuming an Arrhenius temperature
dependence to determine the activation energy for charge
hopping, as is shown in Figures 6 and S19. However, fitting the
data with a single straight line revealed that the In(c) vs 1/T
plot is not perfectly linear, indicating that the activation energy
changes with temperature. It was possible instead to fit the
high and low temperature data independently to extract
activation energy values of 57.1(4) and 52.3(1) meV,
respectively, with a crossover between these two regimes
occurring at ~90 K. These activation energies are relatively
small compared to other conductive MOFs (which display
values typically on the order of 0.1—1 eV),”® likely due to
factors such as the strong electronic coupling between low-spin
iron centers mediated by the diffuse empty 7* orbitals of the
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triazolate ligand and the highly isotropic crystal structure. The
existence of two temperature regimes with distinct activation
energies for Fe(tri),(BF,)3; likely originates from the valence
localization behavior characterized at low temperature by
Mossbauer spectroscopy (vide supra and Table S4). The
observed contraction of the unit cell with decreasing
temperature (see Table S3), and the corresponding decrease
in iron—iron distances, may also contribute to the observed
decrease in activation energy at ~90 K.

B CONCLUSIONS

The foregoing results demonstrate that the Fe(tri), framework,
although previously reported* to be air-stable and moderately
conductive, is in fact extremely sensitive to oxidation and in
pure form exhibits very low conductivity that is consistent with
the insulating behavior expected for low-spin octahedral
iron(II) ions bridged by 1,2,3-triazolate linkers. This work
thus serves to emphasize that special caution is imperative
when handling and studying the conductivity of redox-active
metal—organic frameworks, because even small valence
impurities can result in a drastic enhancement of conductivity.
We have also shown that the conductive frameworks
Fe(tri),(BF,), (x = 0.09, 0.22, 0.33) can be readily obtained
via stoichiometric chemical oxidation of Fe(tri),, and that
these materials exhibit enhancements in conductivity of up to 8
orders of magnitude over that of the parent framework.
Further, Fe(tri),(BF,),3; exhibits an electronic conductivity of
0.3(1) S/cm, which is one of the highest values reported to
date for a three-dimensional metal—organic framework. The
electronic conductivities notably derive from a high degree of
charge delocalization between octahedral low-spin iron(1I) and
iron(IlI) centers, as revealed by Mossbauer spectroscopy.
Ongoing studies will seek to examine other metal-triazolate
frameworks, as well as how linker donor atoms may be varied
to further enhance the conductivity of oxidized variants of
Fe(tri), through the use of substituted 1,2,3-triazolates.
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