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Structural and electronic tuning of hybrid metal
thiocyanate N-oxides

Grace M. Robertson and Adam Jaffe *

Hybrid metal thiocyanates are highly tailorable materials isolable

under mild synthetic conditions. By varying pyridine-N-oxide

derivatives within manganese, cobalt, and nickel congeners, we

show fine-tuning of structural and electronic features depending

on molecular substituent and metal selection, providing a

roadmap for application-specific customization and potential

property-tuning.

Solid-state materials can offer high chemical and thermal
stability, efficient charge transport and storage, and optical
absorption in the visible/near-UV1—properties that make them
suited for wide-ranging applications in solar cells,2 batteries,3

sensors,4 and catalytic systems.5,6 Despite their favorable qual-
ities, inorganic crystalline compounds often require energy-
intensive high-temperature syntheses and have a high kinetic
barrier to further modification post-synthesis, giving little
room for product fine-tuning. Molecular chemistry, however, is
characterized by fine synthetic control with low energy input,
though these isolated species lack extended electronic struc-
ture and the accompanying desirable optical and electronic
properties. Hybrid organic–inorganic materials afford the
opportunity to synergistically combine favorable aspects of
both molecular and materials chemistry under mild con-
ditions, often with a greater degree of control over important
optoelectronic characteristics such as light absorption.

Inorganic metal thiocyanates are an intriguing class of
materials to consider as parent compounds for such a hybrid
material platform. They often feature wide band gaps and high
hole mobilities, making them well-suited for applications in
optoelectronic devices.7–9 Many of these SCN− materials even
exhibit non-linear optical properties such as second-harmonic
generation that is relevant for laser technologies.10,11

Fundamentally, metal thiocyanates’ wide-ranging properties
arise from the ability to readily incorporate a variety of metal
centers as well as a diverse array of metal–thiocyanate coordi-

nation modes spanning coordination via sulfur and/or nitro-
gen, as well as bridging—either end-to-end or end-on—or
terminal motifs.12,13 Such chemical and structural tuning
allows for significant modification of inorganic metal thiocya-
nates’ electronic structure.

To then greatly enhance the modularity and tunability of
metal thiocyanates, organic molecules can be incorporated as
ligands within the structure, thereby producing hybrid metal
thiocyanates (Fig. 1) as an even more versatile platform. Many
reports have examined amine-based ligands,14–21 however their
N-oxide counterparts have been less widely studied. The com-
bination of both N-oxide and thiocyanate ligands offers a vast
structural phase space according to the multiple possible
binding and bridging motifs for these species,12,13 presenting
an opportunity to finely tune structural, electronic, and optical
characteristics. However, greater insight into hybrid metal
thiocyanates is still required.

Amine N-oxides such as pyridine-N-oxide (pyO) are attrac-
tive molecular species from which to construct hybrid
materials, owing to their relatively high air and water stability,

Fig. 1 X-ray structures of 2D (A) Co(NCS)2(2-MepyO) and (B) Ni
(NCS)2(4-MeOpyO), and 1D (C) Mn(NCS)2(4-NO2pyO)2 (two views). Gray,
blue, red, yellow, purple, green, and pink spheres are C, N, O, S, Co, Ni,
and Mn, respectively. Polyhedra show connectivity.
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their versatile binding behavior as relatively weak ligands,
and their robust set of derivatives based on pyridyl ring substi-
tuent(s).22,23 Indeed, the position of these substituents can
direct metal coordination as a function of steric, electronic,
and other intermolecular interactions. Despite the relatively
low pKa of the conjugate acid for pyO (0.79) compared with
that of pyridine (5.18),24 hybrid materials containing pyO-
based ligands have been reported that incorporate metals such
as Co, Ni, Mn, Zn, and Cd, as well as bridging pseudohalides
such as thiocyanates or azides.25–33 However, many of these
reports focus on just one or two compounds within the much
larger potential material family, and furthermore, relation-
ships between structural and electronic properties remain
underexplored. Ultimately, these extended structures offer
potential as compounds that may find their place in key appli-
cations listed above model systems as well as systems from
which to derive key fundamental insight and material design
principles based on how metal–ligand combinations dictate
symmetry, binding modes, connectivity, and emergent elec-
tronic behavior.

Here, we examine pyO-based metal thiocyanate hybrids
(Fig. 1) by interrogating how the selection of transition metal
center and pyO derivative translates to structural modulation
and resultant optical and electronic behavior. In this work, we
survey hybrid materials based on Mn, Ni, and Co and incorpor-
ate four pyridine-N-oxide molecules: 2-MepyO (Me = methyl),
4-MepyO, 4-MeOpyO (MeO = methoxy), and 4-NO2pyO. We
report five new compounds within this material family and
show that the N-oxide used in the synthesis directs the overall
structure of the solid as well as the electronic transitions that
are observed. While the metal does not greatly influence the
overall connectivity of the structure, it does manifest subtle
structural differences that relate to periodic trends and further
tunes the energy of electronic transitions.

Metal thiocyanate hybrids of the formula M(NCS)2(L)z (L =
pyO-based ligand, M = metal; z = 1 or 2) were synthesized
under aerobic conditions by combining the appropriate metal
nitrate, N-oxide, and potassium thiocyanate in either water or
methanol. Single crystals suitable for structure determination
of Co(NCS)2(2-MepyO), Ni(NCS)2(2-MepyO), Ni(NCS)2(4-MeOpyO),
Ni(NCS)2(4-NO2pyO)2, and Mn(NCS)2(4-NO2pyO)2 (Tables S1
and S2) as well as powder samples for other compounds
were obtained through a slow evaporation method (see SI for
synthetic procedures). Powder X-ray diffraction patterns
demonstrate that Mn, Co, and Ni analogs are isostructural,
given a particular N-oxide species, even in cases where single
crystals were not achieved such as Mn(NCS)2(4-MepyO) and
Mn(NCS)2(4-MeOpyO) (Fig. S1–S4). As previously stated, we
report five new hybrid metal thiocyanates: Mn(NCS)2(4-MepyO),
Mn(NCS)2(4-MeOpyO), Ni(NCS)2(4-MeOpyO), Ni(NCS)2(2-MepyO),
and Ni(NCS)2(4-NO2pyO)2. We have completed the matrix of
compounds in Table 1,25–31 allowing us to systematically evalu-
ate the effects of metal and ligand.

In the cases of 2-MepyO, 4-MepyO, and 4-MeOpyO, all
metals (Mn, Co, and Ni) result in a two-dimensional structure
of the formula M(NCS)2(L) as shown in Fig. 1A and B. Here,

each 2D sheet is comprised of six-coordinate octahedral metal
centers (Fig. S5) where ligand choice dictates the metal coordi-
nation sphere. When employing 4-MepyO and 4-MeOpyO
ligands, each of the ligand pairs—thiocyanate N atoms, thio-
cyanate S atoms, and pyO oxygen atoms—are oriented in cis
conformations. In 2-MepyO structures, the O atoms are cis as
are the S atoms, but the pair of N atoms are trans. The
extended framework structure features metal centers bridged
in a µ2 fashion through the oxygen atom of the N-oxide ligand
as well as µ2-bridged in an end-to-end fashion through the
sulfur and nitrogen of the SCN−. The 2D layers within these
compounds contain pockets that partially accommodate the
organic ligands that also extend into the interlayer space—the
para-substituted molecules more so than the ortho-substituted
case. Interestingly the 4-NO2pyO materials form a 1D structure
with either Mn, Co, or Ni and a general formula of
M(NCS)2(L)2, where SCN− bridges the metal centers in a non-
linear, end-to-end “zigzag” arrangement which can be seen
when viewing the structure along the a axis (Fig. 1C). In con-
trast to the 2D structures, the 4-NO2pyO ligands are bound
terminally to the metal center—yielding the new M(NCS)2(L)2
formula with two pyO ligands per metal center—likely due to a
combination of steric hindrance from the bulkier nitro substi-
tuent on the pyridine ring, and electronic effects due to its
electron withdrawing and resonance behavior (see discussion
below). Another notable feature of this set of 1D structures is
that the N-oxide ligands bound to each metal center occupy
positions alternating above and below the metal centers when
observed along the b axis (Fig. 1C), which accommodates the
1D zigzag geometry of the metal–thiocyanate chain. The metal
coordination is similar to that of the 2-MepyO case, however
here the S atoms are trans and the N atoms are cis. Structural
comparison across the material family also reveals that manga-
nese yields the longest metal–ligand bonds, while nickel exhi-
bits the shortest, irrespective of N-oxide ligand (Tables S3 and
S4). This trend agrees with expectations based on metal ion
atomic radius and effective nuclear charge, Zeff.

Vibrational characterization reveals intense bands at
approximately 2100 cm−1 in both infrared (IR) absorption and
Raman spectra (Fig. 2 and S6, S7), corroborating prior litera-
ture reports for thiocyanate CN stretching modes.26,28–31 Here,
Ni compounds display the highest frequency CN stretches, fol-
lowed by Co, then Mn, which is consistent with their electrone-
gativities, producing increasing backbonding from the metal
to thiocyanate π* orbitals across this series. Electrostatics may

Table 1 M(NCS)2(L)z (L = pyO derivative; z = 1 or 2) structural family

Mn Co Ni

2-MepyO Reported28 Reported25 b This work
4-MepyO This worka Reported29 Reported30

4-MeOpyO This worka Reported31 This work
4-NO2pyO Reported27 b Reported26 This work

a Powder diffraction data only. b Structures that were recollected in this
work.
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also play a role in this trend: increased charge density and
electronegativity can enhance electron density withdrawal
from the thiocyanate and strengthen the C–N bond, raising the
stretching frequency as a function of metal ion.34,35

Vibrational peaks are also observed at ca. 850 cm−1, which we
assign as N–O bending modes of the pyO derivatives.36 We
note that these peaks are not appreciably shifted relative to
their values observed for the molecular solids.

To probe the electronic properties of these materials more
directly, we performed UV-visible diffuse reflectance spec-
troscopy (UV-vis) measurements, benchmarking the hybrid
metal thiocyanates against N-oxide molecules (Fig. 3). While
reports of magnetic behavior for hybrid metal pseudohalides
are numerous,26,28,30 their electronic absorption behavior is
less well-studied. We attribute low-intensity peaks below ca. 3
eV to d–d transitions. These weak bands are observed for Co
and Ni, and to a much lesser extent in the case of Mn, in agree-
ment with a high-spin d5 electronic configuration for Mn that
would make these already Laporte-forbidden transitions also
spin-forbidden. This low-intensity feature ca. 2.2 eV for the Mn
solids—excluding the 4-NO2pyO-based compound that exhibits
an intense lower-energy charge-transfer band that obscures the
weak feature—is likely attributable to the ligand field splitting
of the 6A1 ground state (Fig. S8). Meanwhile, the Co and Ni d–d
transitions track well with those expected for six-coordinate
weak-field complexes according to their corresponding
Tanabe–Sugano diagrams for d7 and d8 centers, respectively.37

Here, we extracted ligand field parameters for Co(NCS)2(2-

MepyO) and Ni(NCS)2(2-MepyO) (Tables S5 and S6) as repre-
sentative materials—as seen in Fig. 4, materials based on the
same metal display similar d–d peak positions regardless of
ligand. In the case of Ni, ligand field analysis yields a Racah
parameter of B = 770 ± 9 cm−1 and a ligand field splitting of
ΔO = 8773 ± 104 cm−1. Considering the free-ion value of Ni2+,37

β was determined to be 0.75, consistent with moderate metal–
ligand covalency as described by the nephelauxetic effect. In
comparison, Co has a noticeably smaller B value of 587 ±
13 cm−1 with β = 0.60 and larger ΔO of 9739 ± 219 cm−1. This
shift in the ligand field parameters indicates both greater
metal–ligand covalency and stronger ligand field stabilization
in the case of Co.

Two bands originating from the pyO derivatives are present
in the diffuse reflectance spectra of molecular N-oxides, as well
as the hybrid materials. In the case of 2-MepyO, 4-MepyO, and
4-MeOpyO these partially overlapping bands appear above 3.6
eV (Fig. 3A–C) and we assign them as likely arising from intra-
ligand transitions from non-bonding (n.b.) O 2p-derived orbi-
tals to the pyO π* state as well as from the pyO π to π*.36 The
lower absorption onset ca. 3.1 eV for 4-NO2pyO (Fig. 3D) is con-
sistent with the electron-withdrawing character of the nitro
substituent and its resonance, stabilizing π*.38

Examining electronic transitions unique to the hybrid
solids, when considering the 2-MepyO, 4-MepyO, and
4-MeOpyO materials, intense absorption is observed from
2.5–3.5 eV (Fig. 3, 4 and Table S7). We assign this absorption
as predominantly (1) ligand-to-metal-charge-transfer (LMCT)
transitions from states primarily derived from thiocyanate
sulfur p orbitals to metal d orbitals, in agreement with investi-
gations of inorganic metal thiocyanates;39,40 and (2) metal-to-
ligand-charge-transfer (MLCT) transitions from orbitals domi-
nated by metal d character to the π* states of ligands.38

Though subtle, metal substitution tunes the absorption edge
onset values (EM, Fig. S9): ENi < ECo ≈ EMn. However, the com-
bined behavior of both the LMCT and MLCT as a function of
metal is complex when considering metal d orbital energies41

compared to the spectrochemical series of metal ions (σ inter-
actions only),42 where Mn2+ features the least ligand field
splitting with less severe σ* antibonding destabilization
of its eg orbitals when compared to Ni2+ and Co2+. Another

Fig. 2 (A) IR and (B) Raman spectra for M(NCS)2(2-MepyO) where M =
Co, Ni, and Mn.

Fig. 3 UV-visible diffuse reflectance spectra as a function of metal for hybrid materials containing (A) 2-MepyO, (B) 4-MepyO, (C) 4-MeOpyO, and
(D) 4-NO2pyO.
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counterbalancing factor is that the degree of metal electro-
static effects and/or backbonding follows the trend Mn > Co >
Ni, according to our IR absorption analysis. Greater back-
bonding implies greater π stabilization within the t2g orbitals.
Also, Mn2+ and Co2+ are d5 and d7 ions, respectively, meaning
LMCT transitions are possible to either eg or t2g states
(assuming high-spin), while Ni2+ is d8, leaving the lower-
energy d-derived orbitals filled. Thus, the combination of
multiple effects on these multiple transitions is challenging
to parse. In contrast, for hybrids containing 4-NO2pyO, a new
low-energy absorption feature is observed near 2 eV. These
absorption edges are likely MLCT transitions from orbitals
with majority metal d character to π* states of the pyO deriva-
tive that are heavily stabilized by the electron-withdrawal and
resonance of the nitro substituents. Here, a clear trend is sub-
sequently observed in the absorption edge as a function of
metal from 2.10(1) eV for Mn to 2.15(1) eV for Co and 2.20(1)
eV for Ni (Fig. 3D, 4 and Table S7). This behavior is consist-
ent with the periodic trend in metal d orbital energies dis-
cussed above. Ultimately, the system’s modularity in metal,
ligand, and structural motif allows for significant tuning of
the absorption characteristics critical for future optics and
energy applications.

Conclusion

Herein, we have expanded the known phase-space of hybrid
metal thiocyanate materials containing pyridine N-oxide
derivatives by demonstrating systematic fine tuning of struc-
tural, vibrational, and electronic parameters. We have shown
that the steric bulk of ligands’ aryl substituents can influence
dimensionality and coordination isomerism, and that metal
centers can be readily substituted to yield isostructural com-
pounds while simultaneously tuning the electronic properties
of these materials: (1) apparent metal-to-ligand backbonding
and electrostatic effects scale with the expected periodic trend
for first-row transition metals, (2) the Co congener likely fea-
tures greater ligand field stabilization and metal–ligand

covalency relative to the Ni analog, (3) strong absorption
associated with LMCT transitions (thiocyanate sulfur to metal
d orbitals) and MLCT transitions (metal d to pyO-derivative π*
orbitals) features a complex dependence on metal d orbital
energy, modified by σ and π bonding, and (4) the onset energy
of the MLCT transitions can be substantially decreased with
electron-withdrawing aryl substituents. This work therefore
helps establish design principles for these versatile hybrid
metal thiocyanate materials, whose properties can be tuned
based on judicious selection of metal–ligand combination.
One especially interesting future direction to consider is lever-
aging atom transfer/exchange chemistry43–48—in which mole-
cular reagents feature built-in enthalpic and/or entropic
driving forces to install or remove specific atoms—within
these or similar hybrid materials while in the solid-state, given
amine N-oxides’ wide exploration as oxygen atom transfer
reagents.22,45,46 By introducing redox-active metal centers with
higher reduction potentials and tuning the strength of the N–
O bond through the substitution of aryl functional groups,22

these hybrid materials represent potential key intermediates
toward stimulus-driven atom transfer reactions to modify the
chemical and electronic properties of the resulting solid-state
materials.
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Fig. 4 UV-visible diffuse reflectance spectra of hybrid N-oxide materials based on (A) Mn, (B) Co, and (C) Ni.
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