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ABSTRACT: Exposure to humid O, or ambient air
affords a S-order-of-magnitude increase in electronic
conductivity of a new Prussian blue analogue incorporating
Co" and V"-oxo units. Oxidation produces a mixed-
valence framework, where the O, exposure time controls
the VIV/VV ratio and thereby the material’s conductivity.
The oxidized framework shows an intervalence charge-
transfer band at ca. 4200 cm™!, consistent with mixed
valence. The mixed-valence frameworks show semi-
conducting behavior with conductivity values of 107° S
cm™! at room temperature and 10™* S-cm™ at 100 °C and
activation energies of ca. 0.3 eV. N, adsorption measure-
ments at 77 K show that these materials possess
permanent porosity before and after oxidation with
Brunauer—Emmett—Teller surface areas of 340 and 370

m*g ™!, respectively.

P russian blue analogues (PBAs) are a versatile class of
coordination compounds with corner-sharing metal cyanide
octahedra, which form an open three-dimensional framework."
Here, cyanide-mediated electronic interactions between metal
centers give rise to a multitude of magnetic”’ electrical,* and
electrochromic® phenomena. Owing to their porosity, these
frameworks can also caé)ture and store small molecules such as
0,, H,, CO,, and SO,.°”* Although the electrical properties of
the original Prussian blue (PB) framework (Fe,[Fe(CN)4];)
have been well studied,”'® only a handful of electrically
conductive PBAs have been reported to date (Table $3).%""~*'
Even rarer are reports of electrically conductive and porous
PBAs.'” PB is a porous semiconductor with room-temperature
conductivity values ranging from 107"! to 107 S-cm™ with
increasing water and interstitial ion content.'"'>'®"” Dehydrated
PB, with no interstitial ions, has a Brunauer—Emmett—Teller
(BET) surface area of 550 m*g™** and conductivity values of
107=107"1 S-cm™."*">'® Inclusion of heavier metals with more
diffuse orbitals has afforded a higher conductivity of 5.7 X 107 S-
cm ™" at 300 K in the PBA K ,Ru; ¢[Ru(CN)] 5, which has a BET
surface area of 325 mz‘g_l.17

Here we report a large increase in conductivity upon air
exposure in a new porous PBA featuring vanadium oxo units with
the approximate formula Co[VO(CN),] (1). Although most
PBAs feature hexacyanometallates, metal centers with less than
six cyanides also form these frameworks.”>~>* For example, air
oxidation of V! or V! centers in V—Cr PBAs**™* and
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electrochemical reduction of the VV sites in V—Fe PBAs>”*'
have previously afforded vanadyl groups in these frameworks,
diagnosed by characteristic V=0 stretches in their vibrational
spectra. Prior to this work, we were not aware of PBAs formed
through the solution-state self-assembly of vanadyl units.

Framework 1 was synthesized by combining stoichiometric
aqueous solutions of (VO)SO,, Co(NO;),, and KCN under N,
to yield a fine brown hydrated powder (Figure S1). Inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
showed that the V:Co ratio in 1 is close to 1:1 and that the K
content is negligible (see the Supporting Information). As is the
case with many cyanide-containing PBAs,”********* reliable
analyses for C and N from combustion could not be obtained.
Using ICP-AES analysis for the metal content, combustion
analysis for the water content, and charge balance to deduce the
CN content gives the formula for 1 as K,Co,[VO(CN)_]-dH,0,
where a = 0.03—0.05, b = 0.88—0.93, ¢ = 3.80—3.92, d = 0.53—
1.67, with small compositional variations between batches
(Table S1). Slight changes in synthetic conditions are known
to change the stoichiometry of PBAs because of the rapid,
irreversible precipitation of these highly insoluble frame-
works.””**** We also synthesized the vanadyl-zinc PBA, where
the formula was similarly determined to be Kgg,3Zn4¢[VO-
(CN);.4,]:0.69H,0 (2).

Similar to most PBAs,** 1 does not form crystals suitable for
single-crystal X-ray diffraction. Rietveld refinement of powder X-
ray diffraction (PXRD) data, however, reveals a PBA structure
with space group Fm3m and a lattice parameter of 10.1949(1) A
(Figure 1). Oxo ligands were placed in the model because they
could not be distinguished from the cyanide ligands owing to
their similar electron densities. Each cyanide (fixed at */4
occupancy per site) and each oxo (fixed at '/4 occupancy per
site) are equally disordered over six sites to preserve the lattice’s
cubic symmetry (see the Supporting Information). Upon
dehydration, 1 becomes very dark blue and partially retains its
crystallinity (Figure S3).

The vibrational spectrum of 1 features a band at 2175 cm™,
indicative of bridging cyanides.”” We assign the band at 976 cm™
to the terminal V=0 stretch (Figure $4).%* A similar band at 981
cm™" has been reported in (VO)[Cr(CN)4],/5.”” When 1 is
synthesized in H,'®O, this band is shifted to 933 cm™" (Figure
SS). This 43 cm™" shift agrees well with the shift of 42 cm™
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Figure 1. (A) Structure of 1 obtained by Rietveld refinement of PXRD
data. Interstitial water molecules and disordered oxo ligands are omitted
for clarity. Orange, teal, gray, and blue spheres represent V, Co, C,and N
atoms, respectively. Inset: Metal coordination environment with
disordered oxo ligands (red). Dehydrated powders of 1 change from
dark blue (B) to green (C) upon oxidation.

predicted from the harmonic oscillator model, confirming the
incorporation of vanadyl units in 1.

The solid-state electron paramagnetic resonance (EPR)
spectrum of 1 (Figure 2) reveals a broad peak with a g value of
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Figure 2. EPR spectra of 1 upon exposure to water-saturated O, for 4
(1a), 12 (1b), and 20 (1c) days.

ca. 3.6, which is assigned to high-spin Co" octahedrally
coordinated to the N ends of the cyanides. We see a similar
band in the EPR spectrum of Cos[Co(CN),],, which contains
paramagnetic high-spin Co" and diamagnetic low-spin Co™

centers (Figure S6). Furthermore, the g ~ 3.6 feature is absent
in the spectrum of the VO—Zn PBA 2 (Figure S7), corroborating
that it originates from the Co™ centers in 1. The V"V signal in 1
appears as a broad isotropic peak with a g value of 1.94, which is
similar to values reported for molecular vanadyl centers.” We do
not see the hyperfine interaction that is typically observed for a
V™ nucleus in 1. This may be due to the high concentration of
VY centers that causes dipolar spin—spin coupling, which
broadens the EPR signal."”*" Additionally, the EPR spectrum of
the VO—Zn PBA 2 contains only a broad peak with a g value of
1.94 (Figure S7), similar to that seen in 1, corroborating its
assignment to the V.

Solid 1 reacts with air under ambient conditions to form a
dark-green framework, with a fraction of the V'V centers oxidized
to VV. To perform more controlled oxidation, we exposed
powders of 1 to a flow of water-saturated O, gas to obtain the
mixed-valence framework la. No detectable oxidation occurs
when 1 powders are exposed to dry O, gas over 7 days,
suggesting that water is required for the oxidation. Our efforts to
identify possible charge-balancing ions that must enter/leave the
framework upon oxidation have been impeded by the lack of
spectroscopic signatures in 1a, as discussed below (Figures S4
and $8). Indeed, postsynthetically oxidized V-containing PBAs
have only been characterized by their vanadyl stretches using
vibrational spectroscopy.”**™>%

Oxidation does not produce detectable changes in the
material's PXRD pattern (Figure S9). Upon oxidation, the
vanadyl stretch shifts from 976 to 993 cm™" (Figure S4). Because
the d,,-based highest occupied molecular orbital of the vanadyl
center in a tetragonal ligand field®” has primarily nonbonding
character with respect to the axial oxo ligand, this increased
stretching frequency suggests an electrostatically stronger VV—O
bond. Except for this change, the mid- and far-IR spectra of 1 and
la are very similar (Figures S4 and S8). The solid-state EPR
spectrum of 1 shows that the V'V signal’s intensity decreases
upon oxidation, indicating the formation of EPR-silent V" sites
(Figure 2).

Using EPR spin quantification (see the Supporting Informa-
tion) and ICP-AES, we determined the VV/VY ratio in 1 after
oxidation. Although double integration of solid-state EPR data is
not always precise,” we calculated approximate VIV/V" ratios
(Figure S10) using this method. We used powders of 1 as a
reference, assuming that all V centers were V'. Longer exposure
time to water-saturated O, results in more oxidized materials
with lower V'V/V" ratios. Exposure of 1 to an O,/H,O flow for 0,
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Figure 3. (A) Solid-state CV of la. (B) Diffuse-reflectance UV—vis—NIR spectra of 1 and la. F(R) is the Kubelka—Munk transform of the diffuse-

reflectance spectra. (C) Current—voltage curves of la.
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4,12, and 20 days resulted in materials with VYV/VV ratios of 1.0:0
(1), 2.8:1.0 (1a), 0.90:1.0 (1b), and 0.87:1.0 (1c), respectively.

The solid-state cyclic voltammogram (CV) of 1a reveals that
the VV/V" redox couple is split into two broad peaks with E, ,
values at 3.0 and 2.6 V versus Li*/® (Figure 3A). To eliminate the
possibility that these peaks originated from the Co centers, we
measured the CV of the oxidized VO—Zn PBA 2a. The solid-
state CV of 2a shows two broad peaks with E, /, values at 3.1 and
2.6 V versus Li*’® (Figure S11). Because Zn'" is not redox-active
in the experimental potential range, we assign these peaks to the
VY/VY redox couple. The splitting of peaks and the peak width
suggest electronic communication between multi;)le V centers
and are characteristic of mixed-valence materials.””**

The diffuse-reflectance UV—vis—near-IR measurement of la
exhibits an absorbance from ca. 19000 to 4000 cm™*
(corresponding to our detection limit), which is absent in the
spectrum of 1 (Figure 3B). An absorbance from ca. 19000 to
4000 cm ™" also appears in the spectrum of 2a and is absent in that
of 2 (Figure S12). We therefore assign these new bands in 1a and
2a as vanadyl-based IVCT bands, indicating mixed valence.*>*®
Within our instrumental detection limits, we cannot analyze the
IVCT band shape to assign a class** for the degree of mixed
valence. Because of the disordered ligands in the framework,
there could be multiple electronic coupling pathways between
vanadyl centers. A molecular V'V/V" mixed-valence polyox-
ovanadate has a reported IVCT band from 12000 to 4000
cm™".* We do not observe the low-energy tail of the IVCT band
in the mid-IR region of the vibrational spectrum, likely because of
the bandwidth and the lack of instrument sensitivity. "

Because mixed-valence materials can often transport charge,*’
we performed four-point-probe resistivity measurements on
pressed pellets of dehydrated 1 and 1a—1c in the van der Pauw
configuration.”” Absorbed water changes the dielectric constant
of PB, and its activation energy for conduction (E,), therefore,
decreases with increasing water content. #1018 Thus, we
performed conductivity measurements under dry N, on
dehydrated samples of la—Ilc. Current—voltage curves for
dehydrated 1 measured at both room temperature and 100 °C
show negligible current response, revealing its insulating nature
(Figure S13). Based on instrumental detection limits, the upper
limit of the conductivity of dehydrated 1 is ca. 107'° S-cm™ at
room temperature. In contrast, current—voltage curves for the
dehydrated frameworks la—1c display ohmic behavior charac-
teristic of conductive materials with an increase in conductivity of
S orders of magnitude. Frameworks la—Ic behave as semi-
conductors, consistent with class II mixed-valence materials, with
conductivity values increasing from 107° S-cm™' at room
temperature up to 10™* S-cm™" at 100 °C (Table 1, Figures 3C
and S14—S18). Higher V" content yields increased conductivity
and lowered E, values. To probe ionic contribution to the
conductivity, we performed impedance measurements on
dehydrated pellets of la—Ilc using stainless steel blocking

Table 1. Ratios of V'V/VY Centers, Conductivity Values (c),
and Activation Energies (E,) of 1 and la—1c

NAVAA oat298 K cat373 K E,
ratio (S-em™) (S-em™) (eV)
1 1.0:0 <1071 <1071 N/A
la 2.8:1 34%x107° 37%x107* 0.285(3)
1b 0.90:1 6.4%x107° 5.5%x107* 0.276(4)
1c 0.87:1 72 % 107° 62 %x107* 0.265(9)

electrodes. The absence of capacitive tails in the impedance plots
indicates dominant electronic conductivity in la—1lc (Figure
$19).>° Charge transport in these mixed-valence materials is
believed to occur through thermally activated electron hogpin :
which is the accepted mechanism for conduction in PBAs.' "'~
The E, values of dehydrated 1a—1c are lower than that reported
for dehydrated PB (Table S3)."* The maximum energy of
framework 1a’s IVCT band is less than 4200 cm™!, which is
therefore at least 10000 cm™ lower in energy than that of PB’s
IVCT band (Figure S20), helping to explain why dehydrated 1a
is more conductive than dehydrated PB.

AN, isotherm at 77 K reveals permanent porosity in 1 with a
BET surface area of 340 m2~g_1. Importantly, the conductive
framework 1a maintains porosity upon oxidation with a similar
BET surface area of 370 m*-g™" (Figure S21).

In conclusion, we report the postsynthetic oxidation of a new
PBA through a solid—gas reaction to yield a porous and
electrically conductive framework. Although the conductivity
values of la—1c are lower than those of the most conductive
metal—organic frameworks, these PBAs are robust and scalable.
Site isolation of redox-active centers in extended frameworks and
their postsynthetic oxidation can lead to sorbents for small-
molecule capture that can be inexpensively regenerated through
potential-swing cycles.
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