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ABSTRACT: Coordination polymers (CPs) supporting 
tunable through-framework conduction and responsive 
properties are of significant interest for enabling a new 
generation of active devices. However, such architec-
tures are rare. We report a redox-active CP comprised of 
two-dimensional (2D) lattices of coordinatively bonded 
Mo2(INA)4 clusters (INA=isonicotinate). The 2D lattices 
are commensurately stacked and their ordering topology 
can be synthetically tuned. The material has a hierar-
chical pore structure (pore sizes distributed between 7–
33 Å) and exhibits unique CO2 adsorption (nominally 
Type VI) for an isotherm collected at 195 K. Further-
more, cyclic voltammetry and electrokinetic analyses 
identify a quasi-reversible feature at E1/2 = –1.275 V 
versus ferrocene/ferrocenium that can be ascribed to the 
[Mo2(INA)4]0/–1 redox couple, with an associated stand-
ard heterogeneous electron transfer rate constant ks = 
1.49 s–1. The tunable structure, porosity, and redox activ-
ity of our material may render it a promising platform 
for CPs with responsive properties. 

Coordination polymers (CPs) are characterized by a 
diversity of architectures, porosities, and chemistries that 
collectively render them useful in gas and ion occlusion, 
separations, and catalysis.1–9 Recently, significant inter-
est has focused on the development of responsive CPs 
that could enable a new generation of active device ar-
chitectures including filters, switches, membranes, and 
sensors.9,10 The incorporation of redox tunable states in 
CPs and covalent organic frameworks (COFs) is one 
approach to engender a responsive framework with 
functional properties of scientific and technological im-
portance.11 The post-synthetic incorporation of redox-
active species into the pores of metal-organic frame-
works (MOFs) has yielded impressive architectures ex-
hibiting conductivity, enhanced structural stability, and 
even catalytic activity.12 However, despite recent pro-

gress in design of conductive frameworks,1,2,13 develop-
ment of CPs exhibiting through-framework conduction 
via the redox-states of their constituent metal or ligand 
centers has received less attention.  

 
Figure 1. Ligand exchange reaction yielding Mo2(INA)4. 

We identified Mo2(INA)4 as the molecular building 
block for our candidate responsive CP material. This 
cluster is composed of a quadruply-bonded dimolyb-
denum core (Mo2)4+ coordinated by 4 equatorial isonico-
tinate (INA) ligands and exhibits several features of in-
terest. First, the two strongly coupled Mo atoms can 
support a delocalized Class III Robin-Day14 mixed-
valence state. This mixed-valence Mo2 core, if coupled 
effectively to neighboring ligands, could support long-
range through-framework charge transfer. Second, the 
potential to tune the redox state of this di-Mo core could 
render a desired responsive material. Third, the hetero-
topic equatorial INA ligands, and open axial coordina-
tion sites on the Mo2 core, provide synthetic versatility 
for assembly of various crystal topologies. 

Our efforts take inspiration from the literature on 
preparation and exploration of di-nuclear transition met-
al clusters. Previous efforts have focused on the synthe-
sis, theoretical treatment, and electronic spectroscopy of 
the di-atomic clusters, ions, and metal-ligand clusters of 
the 1st and 2nd row transition metals.15–17 Within this con-
text, research has focused on molecular complexes18 and 
cages19 containing Mo2 cores, and on supramolecular 
arrays of isolated M2 (M=Mo, Rh, Ru) dimers and poly-
hedra.20 However, to the best of our knowledge, exam-
ples of CPs composed of quadruply bonded di-nuclear 
2nd row transition metal clusters are rare.21  
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Figure 2. (a) Crystal structure of the Mo2(INA)4 cluster used to assemble I. (b) Crystal structure of the Mo2(INA)4 cluster 
used to assemble II. (c) Crystal packing structure of I viewed down the c axis. (d) Crystal packing structure of II viewed 
down the c axis. Hydrogen atoms and lattice solvent molecules omitted for clarity. Displacement ellipsoids given at 50 % 
probability. 

We also note that despite reports, which harken back 
to the early 20th century, discussing the importance of 
mixed-valence complexes such as Prussian blue,14 to-
date, demonstrations of coordination polymers exhibit-
ing mixed-valence mechanisms are still rare.1,2,13,22–26 

We prepared the aforementioned Mo2(INA)4 cluster 
through a ligand exchange reaction (Figure 1). Reaction 
of dimolybdenum tetraacetate with 10 equivalents of 
isonicotinic acid at 120 ˚C in dimethylformamide yields 
a bright red powder. Mass spectrometry of this powder 
identified a feature at 680 m/z (Figure S1). This ratio 
corresponds to the molar mass of Mo2(INA)4, the de-
sired molecular building block. 

To assemble CPs from this cluster, we performed re-
crystallizations from solutions containing Mo2(INA)4 
and either only dimethylacetamide (DMA) or DMA and 
1,4-diazabicyclo[2.2.2]octane (DABCO). Recrystalliza-
tion at room temperature over the course of 2 days 
yielded dark red single crystals from DMA solutions (I) 
and from DMA and DABCO solutions (II). Crystal 
structures obtained through single-crystal X-ray diffrac-
tion (XRD) experiments (Figure S2) conducted at 110 K 
on I (Figure 2a, c) and on II (Figure 2b, d) identify sev-
eral salient features of the new CP frameworks. First, 
both paddlewheel nodes of the framework (Figure 2a, b) 
consist of 2 bonded Mo atoms coordinated to the car-
boxylate groups of 4 INA ligands. Second, the Mo–Mo 
bond distances in I and II are 2.1211(4) Å and 2.1227(3) 
Å, respectively. These distances are within 2 % of the 
Mo–Mo bond distances observed in quadruply bonded 
Mo2 cores coordinated by 3-atom bridging ligands.27 
Third, each Mo is bonded to the pyridyl-N of the INA 
ligand of an adjacent node with Mo–N bond distances 
within I and II ranging between 2.546(3) Å and 2.586(3) 
Å. These coordination bonds give rise to a 2D lattice of 
Mo2(INA)4 nodes (Figure S3). Finally, packing diagrams 
viewed down the c axis of both I and II (Figure 2c, d) 

show that the crystals (space groups, I: P2/c and II: 
P21/c) are porous and composed of the 2D lattices 
stacked commensurately atop one another. Together, 
these data show successful assembly of CPs composed 
of Mo2(INA)4 clusters joined into a 2D lattice.28,29 

A detailed analysis of the structures of I and II identi-
fies several features of our 2D material that are sensitive 
to recrystallization condition. The 2D (100) lattice 
planes of I and II are comprised of slightly distorted 
square sub-cells containing 4 coordinatively-bonded 
Mo2(INA)4 nodes (Figure S3). The in-plane diagonals of 
these sub-cells are 14.015 Å and 12.991 Å, and 14.313 
Å and 12.809 Å for I and II, respectively. Furthermore, 
while the (100) lattice planes in I are separated by an 
average interplanar spacing of 8.190 Å, those in II regu-
larly alternate between two distinct d spacings: d1 = 
7.854 Å and d2 = 8.565 Å (Figure 2c, d). In the structure 
of I, the lattice DMA solvent molecules show significant 
disorder in their packing orientation and pore occupancy 
(Figure S4a). In the structure of II, the lattice DMA ori-
ents parallel (perpendicular) to the (100) lattice planes in 
the interplanar space having a thickness d1 (d2) (Figure 
S4b). Previously, DABCO has been integrated into 
MOFs as a pillaring ligand intended to organize square-
grid layered structures into 3D open frameworks.30 No-
tably, crystal structures and acid digestions of bulk crys-
talline samples of II verify that no DABCO is present in 
II (Figure S5). In summary, though DABCO does not 
integrate into II, it does appear to facilitate improved 
crystalline ordering and the alternate interplanar spacing 
between 2D lattices. We hypothesize that DABCO plays 
a structure-directing role by reversibly binding to Lewis 
acidic coordination sites with an attendant modulation of 
crystal packing.  
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Figure 3. (a) Adsorption and desorption portions of the 
CO2 isotherm collected at 195 K on I. (b) Expanded view 
of the CO2 adsorption isotherm in the 0–0.3 p/p0 region. (c) 
Differential pore volume (dV/dw) data identifying pore 
sizes in I. 

Having established the long-range crystalline order of 
2D CPs prepared from Mo2(INA)4 precursor, we set out 
to assess their porous characteristics through Brunauer-
Emmett-Teller (BET) analysis. BET analysis of CO2 
adsorption and desorption for isotherms collected at 195 
K on I reveals several unique features (Figure 3a, b). 
Adsorption data exhibit three distinct regions (A: 0–0.3 
p/p0; B: 0.3–0.5 p/p0; C: 0.5–0.9 p/p0) and can be broad-
ly classified as belonging to a Type VI isotherm.31 Only 
two distinct transitions are observed within the desorp-
tion data, and there is a significant hysteresis loop be-
tween adsorption and desorption data. Notably, N2 ad-
sorption and desorption data collected on I are character-
istic of a Type III isotherm (Figure S6), which is associ-
ated with weak adsorbate-adsorbent interactions.32 These 
data emphasize that I undergoes a unique interaction 
with CO2, as compared to N2. Furthermore, though the 
step-wise profile of the CO2 isotherm suggests layer-by-
layer filling of a range of pores via capillary condensa-
tion, we cannot rule out that strong interaction of CO2 
with I may induce structural transformation of the 
framework and result in increased CO2 uptake at higher 
relative pressures.32 We note that calculation of pore 
surface areas for complex isotherms that exhibit a num-
ber of distinct features is not trivial. Nevertheless, spe-
cific BET and Langmuir pore surface areas calculated 
from the adsorption isotherm within the 0.05–0.3 p/p0 
region (Figure 3b) and at saturation (0.95 p/p0)33 are 
18.6 m2/g and 505.1 m2/g, respectively (Figure S7). No-
tably, pXRD data of I taken after BET analysis show 
that the crystal structure of I is well retained (Figure S8). 

A plot of differential pore volume as a function of pore 
width was obtained through analysis of adsorption data 
with the Horvath-Kawazoe model (Figure 3c). The pore 
distribution data identify two narrow peaks associated 
with pore widths of 7 Å and 10 Å, and two broad peaks 
associated with pore widths of 20 Å and 33 Å. The for-
mer 2 peaks can be associated with CO2 uptake by the 

~13–14 Å pores formed by the square sub-cells compris-
ing the 2D planes of I (Figure S3), while the latter 2 
peaks may be associated with CO2 uptake by pores in 
the interplanar space between 2D lattices. Integration of 
the differential pore width data shows that 84 % of the 
total adsorbed CO2 is sequestered by pores > 20 Å in 
width. The unique CO2 uptake properties of I are poten-
tially a consequence of its hierarchical structure. In par-
ticular, it is possible that the crystal expands about the 
interplanar space to accommodate more CO2 storage at 
higher relative pressures.32–37 We note that the gas up-
take properties reported herein are distinct from those 
reported in other layered 2D CPs35,36 and 3D CPs.21,38 

 
Figure 4. (a) CV of I in acetonitrile, TBA PF6, and BMIM 
BF4 collected at a scan rate of 50 mV/s. Inset: Expanded 
view of anodic wave in CV of I at n = 5 mV/s. (b) Trumpet 
plot assembled from data of cathodic (Epc) and anodic (Epa) 
peak potentials as a function of scan rate (Figure S9). 

Finally, we set out to assess whether our CPs have 
readily accessible redox states, which could mediate 
through-framework charge transfer and enable the use of 
these materials in future electronic devices. To this end, 
the redox properties of I were assessed through cyclic 
voltammetry (CV) and electrokinetic analysis of CV 
data taken at multiple scan rates. CV data of I taken at a 
scan rate (n) of 50 mV/s in acetonitrile, 0.1 M tetrabu-
tylammonium hexafluorophosphate (TBA PF6) and 20 
mM 1-butyl-3-methylimidazolium tetrafluoroborate 
(BMIM BF4) identify several features (Figure 4a). First, 
a small anodic wave is apparent between –100 mV and 
+100 mV vs. the Fc/Fc+ redox couple (Figure 4a, inset). 
Previously reported CV data of molecular dimers of 
quadruply bonded di-Mo clusters have identified oxida-
tion waves at –90 mV39 and +100 mV40 relative to 
Fc/Fc+ that were attributed to [(tBuCO2)3Mo2]2(µ-O2C–
C10H6–CO2)0/+1 and [(tBuCO2)3Mo2]2(µ-O2C–C6F4–
CO2)0/+1 couples, respectively. Therefore, we associate 
the modest anodic peak between –100 and +100 mV in 
CVs of I with the [Mo2(INA)4]0/+1 couple. 

Second, a quasi-reversible (ipa/ipc = 0.26) redox wave 
with E1/2 = –1.275 V is apparent, and multiple CV scans 
taken at n = 50 mV/s show retention of this redox wave 
(Figure S9). The cathodic and anodic peak potentials 
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associated with this feature are Epc = –1.32 V and Epa = 
–1.23 V, respectively, and their separation implies a 1 
electron process. We note that reduction of a range of 
isonicotinates was previously reported41 to occur at –2.2 
V versus Ag/Ag+ (~ –2.6 V vs. Fc/Fc+), which is well 
outside of our scanned potential range. We consequently 
rule out the possibility that cathodic features in our re-
ported CVs of I are due to reduction of INA ligand. 
Therefore, we assign the cathodic peak at –1.32 V to 1 
electron reduction and associate the redox wave at E1/2 = 
–1.275 V with the [Mo2(INA)4]0/–1 couple. A subsequent 
electrokinetic analysis was used to determine the rate of 
electron transfer associated with this couple. CVs of I 
were collected at scan rates between 5 and 200 mV/s 
(Figure S10). These data show an increase, as a function 
of increasing scan rate, in the splitting of the cathodic 
and anodic peak potentials associated with this couple. 
This observation is consistent with the onset of electro-
chemical irreversibility as the electrode reaction be-
comes dominated by the kinetics of electron transfer at 
the electrode. Using these data, a plot of the difference 
between the cathodic or anodic peak potential and the 
mid-point potential for the couple versus the logarithm 
of the scan rate was prepared (Figure 4b). A Laviron 
analysis42 of these data furnishes an apparent heteroge-
neous electron transfer (ET) rate constant ks = 1.49 s–1 
for the [Mo2(INA)4]0/–1 couple, assuming a 1 electron 
process and a transfer coefficient a = 0.5 (Figure S11). 

In conclusion, we have demonstrated a redox-active 
and porous CP composed of 2D lattices assembled from 
Mo2(INA)4 clusters. 
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