
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/2
1/

20
25

 1
0:

49
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Molecular chains
aDepartment of Chemistry, Johns Hopkins

Baltimore, MD 21218, USA. E-mail: tkempa
bCenter for Integrated Nanotechnologies, L

5800, MS 1315, Albuquerque, NM 87185, U
cDepartment of Materials Science & Engineer

Charles Street, Baltimore, MD 21218, USA

† Electronic supplementary information
table and crystal packing illustration, p
samples at different stir rates, Rama
isotherm, Fourier-transform infrared sp
spectrum, 1H NMR spectrum of
thermogravimetric curve, and molecu
calculations. CCDC 1850472. For ESI and
electronic format see DOI: 10.1039/c9ra03

‡ These authors contributed equally.

§ Current address: Department of Chem
California, 607 Charles E. Young Drive Ea

Cite this: RSC Adv., 2019, 9, 16492

Received 13th May 2019
Accepted 19th May 2019

DOI: 10.1039/c9ra03572a

rsc.li/rsc-advances

16492 | RSC Adv., 2019, 9, 16492–1649
of coordinated dimolybdenum
isonicotinate paddlewheel clusters†

Minyuan M. Li, ‡ab F. James Claire,‡a Marina A. Solomos,‡a Stephanie M. Tenney,§a

Sergei A. Ivanov, b Maxime A. Sieglera and Thomas J. Kempa *ac

A growing focus on the use of coordination polymers for active device applications motivates the search for

candidate materials with integrated and optimized charge transport modes. We show herein the synthesis

of a linear coordination polymer comprised of Mo2(INA)4 (INA ¼ isonicotinate) metal–organic clusters.

Single-crystal X-ray structure determination shows that this cluster crystallizes into one-dimensional

molecular chains, whose INA-linked Mo2 cores engage in alternate axial and equatorial binding motifs

along the chain axis. Electron paramagnetic resonance spectra, absorption spectra, and density

functional theory calculations show that the aforementioned linear coordination environment

significantly modifies the electronic structure of the clusters. This work expands the synthetic foundation

for assembly of coordination polymers with tailorable dimensionalities and charge transport properties.
Over the past few decades, researchers have developed and
investigated coordination polymers (CP) encompassing an
extensive range of architectures.1–3 Interest in CPs most
frequently focuses on their large accessible surface areas,
especially in the case of porous metal–organic frameworks, and
on their signicantly tunable geometries. These features have
led to the application of CPs in molecular sieving,4–6 contami-
nant encapsulation,7–9 catalysis,10–12 and sensing.13,14 With
increased attention towards use of CPs as electrochemical and
electronic materials,13,15,16 there is a need to incorporate and
optimize charge transport pathways within the framework of
these extended solids. The integration of coupled redox-active
entities as part of the CP framework can facilitate charge delo-
calization and thereby engender long-range electronic transport
pathways. This strategy has recently been employed to produce
electrochemically- and electronically-active CP frameworks.16,17
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We drew our attention to di-metallic tetracarboxylate clusters
with metal–metal multiple bonds because of their tendency to
form Class III Robin-Day mixed-valence complexes.18–20 These
four-fold symmetric paddlewheel clusters exhibit redox
behavior, and there is spectroscopic evidence for electronic
communication within small supramolecular units of these
clusters joined by organic or organometallic linkers.21–25 By
comparison, the assembly of these clusters into extended solids
and an interrogation of their properties is less developed.
Obtaining well-dened and structurally robust CPs from these
clusters can also be challenging.26–31

Motivated by these challenges and opportunities, we have
recently focused on Mo2(INA)4 as a new building block for CPs.
We previously reported the preparation of CP crystals
comprised of commensurately stacked two-dimensional lattices
of fully coordinated Mo2(INA)4 clusters.32 In this work, we were
interested in accessing other crystal topologies containing the
same molecular cluster. A red crystalline precipitate forms aer
reuxing a solution of Mo2(OAc)4, excess isonicotinic acid (H-
INA), and trace acetic acid in dimethylformamide (DMF) for 2
days (Scheme 1). Electrospray ionization mass spectrometry of
a solution of this red precipitate in dimethylsulfoxide (DMSO)
and acetonitrile reveals peaks centered around m/z ¼ 681 with
isotopic patterning (Fig. S1†). This value matches the theoret-
ical mass of Mo2(INA)4. The organic composition of the crys-
talline product is further veried by nuclear magnetic
resonance (NMR) experiments following acid digestion of the
Scheme 1 Ligand exchange followed by polymerization yields
product 1 after 2 days.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Experimental pXRD pattern for powder precipitated from aDMF
solution stirred at 300 rpm (blue), and simulated pXRD pattern ob-
tained from single-crystal XRD data of 1 (red).
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precipitate (Fig. S2†). These data conrm that the crystalline
product (1) of the reaction outlined in Scheme 1 is comprised of
the Mo2(INA)4 cluster.

Large single crystals of 1 were obtained by stirring the
aforementioned reaction (Scheme 1) at 60 rpm (Fig. S3†). The
structure of these single crystals was determined by X-ray crys-
tallography (Fig. 1 and Table S1†). The crystal structure of 1
contains one-dimensional (1D) chains comprised of Mo2(INA)4
clusters that alternately bind through axial and equatorial
binding sites. One DMF solvent molecule is coordinated to each
of two Lewis acidic axial Mo sites on every other cluster. This
coordination motif is supported by proton NMR data showing
a DMF-to-INA ratio of approximately 1 : 4.07 in acid-digested
samples of 1 (Fig. S2†). The Mo–Mo bond lengths in the two
clusters are 2.1219(5) Å and 2.1189(5) Å. These distances are
within the anticipated range of lengths for Mo–Mo quadruple
bonds (2.06–2.17 Å as described by Murillo et al.) and consistent
with axial coordination of a strongly donating ligand such as
pyridine.22,33,34 Furthermore, we observe a Raman band at
383 cm�1 (Fig. S4†), which is relatively weaker than that antic-
ipated for axially under-coordinated Mo2 complexes, and treat
this observation as further evidence for the axial donation
effect.22,34 We note that the Mo2 centers within each molecular
chain are coordinatively saturated and do not bond to
pyridines from neighboring chains (Fig. S5†).

We next characterized the phase purity, stability, and
porosity of bulk samples of 1. First, powder X-ray diffraction
(pXRD) patterns collected from products precipitated across
a range of stir rates (60–300 rpm) match well with the pXRD
pattern simulated from the single-crystal XRD data discussed
above (Fig. 2 and S3†). These data suggest that a single common
crystal phase is produced regardless of stir rate, though stir
rates <100 rpm are conducive to the formation of high-quality
single crystals. Second, Fourier transform infrared (FT-IR)
spectroscopy data show no evidence of H-INA or Mo2(OAc)4 in
the bulk crystalline powder (Fig. S6†), suggesting good purity of
our bulk samples. Third, thermogravimetric analysis shows
a mass loss of 10.1% between 190 �C and 252 �C that can be
attributed to the loss of coordinated DMF molecules, which
account for 9.7% of the 1D CP (Fig. S7†). Upon further heating,
the sample rapidly loses mass above 350 �C and likely degrades.
Finally, nitrogen gas adsorption measurements on the crystal-
line powder yield a Brunauer–Emmett–Teller (BET) surface area
Fig. 1 Structure of the 1D coordination polymer (1) showing the
paddlewheel units that alternately bond through axial Mo (cyan) and
equatorial N (blue) binding sites. Ellipsoids are shown at 50% proba-
bility level. Disorder and H atoms have been omitted for clarity.

This journal is © The Royal Society of Chemistry 2019
of 325.8 m2 g�1 (Fig. S8†). We note that this modest BET surface
area is reasonable given the tight packing of the 1D chains
within 1 (Fig. S5†).

Finally, we sought to analyze the electronic structure of 1
with absorption spectroscopy, density-functional theory (DFT)
calculations, and electron paramagnetic resonance (EPR)
spectroscopy. A diffuse reectance UV-vis spectrum collected
from a powder sample of 1 exhibits a broad absorption feature
between �400 and 600 nm (Fig. 3a). The UV-vis absorption
spectrum of a solution sample of 1 dissolved in DMF exhibits
a signicant feature centered at �470 nm. We ascribe the
modest absorption shoulder at �570 nm to absorption by
remnant 1D CP chains. We used computational methods35,36 to
examine orbital interactions and electronic transitions that may
be responsible for the absorption features identied above.
Single point energies and molecular orbitals were calculated
Fig. 3 (a) UV-vis spectra of 1 in powder form (red) and dissolved in
DMF (blue). (b) DFT calculated HOMO and LUMO orbitals of the
monomer. (c) DFT calculated HOMO and LUMO orbitals of the dimer.

RSC Adv., 2019, 9, 16492–16495 | 16493

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03572a


Fig. 4 Experimental EPR spectrum of 1 collected at 20 K (blue) and
9.44 GHz. In EasySpin, a fifth-order background correction was
applied and the system was modeled as an axial paramagnet with gk ¼
1.895 and gt ¼ 1.935 (red).
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from coordinates taken directly from the single-crystal structure
of 1. The B3LYP functional was used with the 6-31g* basis set
for H, C, N, O and the Stuttgart/Dresden effective core potential
for Mo. In the ground state, the rst four highest-energy occu-
pied molecular orbitals are all metal-centered, with discrete
energy levels, localized electron density, and little sharing
between the two coordinatively distinct clusters (Fig. S9†).
These computational results suggest that charge (e.g. intro-
duced from an external circuit or generated chemically in situ)
would likely remain localized on the individual clusters
comprising 1.

We performed time-dependent DFT (TD-DFT) calculations to
identify possible optical transitions in 1. We did so by consid-
ering the electronic structure of a single Mo2(INA)4 cluster
coordinated by a DMF molecule at both axial sites, and of two
Mo2(INA)4 clusters having the same coordination environment
as observed in the crystal structure of 1. Henceforth we will refer
to the former as the monomer and the latter as the dimer. For
the monomer, calculations identify a 2.44 eV (508 nm) transi-
tion primarily between a HOMO of Mo2d character and a ligand-
based p* LUMO, which is nearly degenerate with several higher
lying LUMO orbitals (Fig. 3b and S10†). The character of this
transition is typical of the metal–ligand charge transfer (MLCT)
transitions reported in analogous transition-metal complexes.
We note that the calculated HOMO–LUMO transition energy for
the monomer is in reasonable agreement with the 470 nm
feature observed in the absorption spectrum of the solution
sample of 1 dissolved in DMF. On the basis of these data we can
assign the aforementioned 470 nm feature to absorption by the
isolated monomer.

Turning our attention to the dimer, TD-DFT calculations
identify a 2.19 eV (566 nm) transition primarily between
a HOMO of Mo2d character and a ligand-based p* LUMO orbital
(Fig. 3c and S11†). We also note two higher energy MLCT
transitions primarily from HOMO to LUMO+5 and from
HOMO�1 to LUMO+1 with energies of 2.59 eV (479 nm) and
2.61 eV (475 nm), respectively (Fig. S11†). Notably, while the two
higher energy MLCT transitions involve LUMO orbitals located
on the INA ligands perpendicular to the dimer axis, the lower
energy MLCT transition at 2.19 eV involves a LUMO orbital of
the INA ligand along the dimer axis.

The calculated dimer transition energies cover much of the
broad absorption envelope observed in the spectrum of the
powder of 1. In particular, the low energy MLCT transition at
566 nm calculated for the dimer likely accounts for the signif-
icant absorption at wavelengths greater than 500 nm (Fig. 3a).
These data suggest the dimer is a good simulant of the elec-
tronic properties of 1. This is a reasonable expectation given
that 1 can be viewed, from a structural standpoint, as a linear
polymer chain of the dimers. We can conclude that our 1D CP
has an electronic structure comprised of dimer-like MLCT
states arising from a liing of the degeneracy of monomer
orbitals due to their altered symmetry in the 1D chain.

Our results show that the alternating coordination environ-
ment along the backbone of our 1D CP gives rise to a unique
chain topology with a distinct electronic structure and function.
Further evidence for the functionally distinct nature of 1 over
16494 | RSC Adv., 2019, 9, 16492–16495
the monomer is provided by X-band electron paramagnetic
resonance (EPR) spectroscopy. An EPR spectrum collected from
a powder sample of 1 at 20 K reveals an EPR active system with
weak hyperne structure owing to 95Mo and 97Mo isotopes,
which have I ¼ 5/2 nuclear spin (Fig. 4). This spectrum is
qualitatively similar to spectra reported for EPR active Mo2

V

species in transition metal alkoxide-bridged dimolybdenum
clusters.23 This suggests the presence of MoII and MoIII centers
in 1 that may have formed during partial oxidation of the
powder sample. It is anticipated that the hole is equally present
on both Mo atoms as expected from the Class III Robin-Day
classication of such systems. We simulated the experimental
EPR spectrum by modelling our 1D CP system as a single axial
paramagnet and obtained g values of gk ¼ 1.895 and gt ¼ 1.935
and a perpendicular hyperne coupling constant At of 3.9 mT
(Fig. 4 and S12†).37 The hyperne coupling observed for our 1D
CP is consistent with values reported for systems containing
isolated Mo2

V ions.23 Moreover, the fact that a single para-
magnet model was sufficient to simulate the EPR spectrum
suggests that the two distinct coordination environments are
fairly similar electronically. Though our EPR data provide
evidence for charge localization38 on Mo2 centers, we cannot
exclude the possibility for photo-induced intra-chain (or indeed
inter-chain) charge transport arising from population of the low
energy LUMO orbital on each bridging INA ligand.

In summary, we have synthesized through a one-step ligand
substitution reaction a new inorganic cluster comprised of
a quadruply bonded dimolybdenum core coordinated by 4
equatorial isonicotinate ligands: Mo2(INA)4. Single-crystal XRD
data show that recrystallization of this cluster from DMF yields
a 1D molecular chain wherein the clusters alternately coordi-
nate to one another through axial and equatorial binding sites
(1). pXRD, FT-IR, and NMR data conrm the phase and
compositional purity of this 1D CP in the bulk. UV-vis spec-
troscopy and DFT calculations reveal an electronic structure for
1 that is distinct from an individual solvated Mo2(INA)4
monomer owing to the alternating coordination environment
present along the chain. This work establishes the synthetic
This journal is © The Royal Society of Chemistry 2019
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View Article Online
foundation for assembly of CPs from discrete molecular clus-
ters that have the potential to support through-framework
charge transport due to mixed-valence mechanisms. We also
envision utilizing the molecular building block discussed
herein for the assembly of CPs with tailorable dimensionalities
or hierarchies.
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7 L. J. Murray, M. Dincă and J. R. Long, Chem. Soc. Rev., 2009,
38, 1294–1314.

8 J. Li, X. Wang, G. Zhao, C. Chen, Z. Chai, A. Alsaedi, T. Hayat
and X. Wang, Chem. Soc. Rev., 2018, 47, 2322–2356.

9 M. Bui, C. S. Adjiman, A. Bardow, E. J. Anthony, A. Boston,
S. Brown, P. S. Fennell, S. Fuss, A. Galindo, L. A. Hackett,
J. P. Hallett, H. J. Herzog, G. Jackson, J. Kemper, S. Krevor,
G. C. Maitland, M. Matuszewski, I. S. Metcalfe, C. Petit,
G. Puxty, J. Reimer, D. M. Reiner, E. S. Rubin, S. A. Scott,
N. Shah, B. Smit, J. P. M. Trusler, P. Webley, J. Wilcox and
N. Mac Dowell, Energy Environ. Sci., 2018, 11, 1062–1176.

10 A. H. Chughtai, N. Ahmad, H. A. Younus, A. Laypkov and
F. Verpoort, Chem. Soc. Rev., 2015, 44, 6804–6849.

11 Q. Yang, Q. Xu and H.-L. Jiang, Chem. Soc. Rev., 2017, 4774,
4774–4808.

12 K. Vellingiri, L. Philip and K.-H. Kim, Coord. Chem. Rev.,
2017, 353, 159–179.

13 A. Chidambaram and K. C. Stylianou, Inorg. Chem. Front.,
2018, 5, 979–998.

14 W. P. Lustig, S. Mukherjee, N. D. Rudd, A. V. Desai, J. Li and
S. K. Ghosh, Chem. Soc. Rev., 2017, 46, 3242–3285.
This journal is © The Royal Society of Chemistry 2019
15 J. Zhou and B. Wang, Chem. Soc. Rev., 2017, 46, 6927–6945.
16 I. Stassen, N. Burtch, A. Talin, P. Falcaro, M. Allendorf and

R. Ameloot, Chem. Soc. Rev., 2017, 46, 3185–3241.
17 L. Sun, M. G. Campbell and M. Dincă, Angew. Chem., Int. Ed.,
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