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The range of antiferromagnetic coupling governs
the conductivity: semiconducting behavior and
ammonia gas sensing property of diamagnetic
hexaradical-containing tetranuclear CoIII

4 cluster
and its nonradical congener†‡

Prasenjit Sarkar, a Tukhar Jyoti Konch,a Tapas Kamilya,b Kalyan Raidongia, a

Somobrata Acharya b and Chandan Mukherjee *a

Long-range antiferromagnetic coupling impeded electron flow through

the hexaradical-containing tetranuclear CoIII
4 complex (1), while the

nonradical-containing tetranuclear CoIII
4 complex (2), with no para-

magnetic centres, was a semiconductor and sensed NH3 efficiently at

room temperature (25 8C).

Ammonia gas is a harmful pollutant, which is accumulating in
the environment mainly as a result of industrial and agricultural
activities, decomposition of waste plants and dead animals,
automotive emissions, and chemical combustion.1 Exposure to
ammonia gas with a concentration of more than 50 ppm causes
skin and eye irritation, while exposure to higher levels, of
500 ppm, is life-threatening and causes fatal respiratory distress,
including pulmonary oedema (fluid accumulation in the
lungs).1c In the human body, ammonia is produced in about
0.1 ppm by natural enzymatic activities. The concentration
increases to a level of about 2 ppm in cases of kidney disorder
and stomach ulcers, through bacterial activity.1c Therefore,
development of an ammonia gas sensor for quantification and
monitoring of ammonia gas is imperative for the safety of
human health and clinical diagnosis.

Over the past few decades, a lot of research on the develop-
ment of ammonia gas sensors has been pursued using optical-,
electrochemical-, and semiconductor-based materials.2 Among
these, semiconductor-based sensors are preferred due to their

long lifetime, economical benignity, and operational feasibility
under harsh conditions at low potentials. In this context, SnO2,
ZnO, WO3, etc., metal oxide-based semiconductors, are the most
common and extensively used as gas sensors.3 While the sensi-
tivity of the oxides is good, their main drawbacks are poor
selectivity, long response time, and high-temperature functional-
ity. To deal with these issues, organic semiconductors,4 nanos-
tructured graphenes,5 porphyrinoids and the corresponding
metal complexes,6 and metal-phthalocyanine-radical complexes7

have been investigated extensively. In this study, we explore
hexaradical- and nonradical-containing tetranuclear CoIII

4 com-
plexes. The aim is twofold: (1) understanding the origin of
conductivity in the materials, and (2) use of the conducting-
material-based device as an NH3 sensor at room temperature. In
this regard, the non-innocent (redox-active) ligand H4LSe(AP) and
innocent salen congener, ligand H2LSe(Sal), have been introduced
(Scheme 1). Both the ligands were synthesized in good yields by
condensation reactions of bis(2-aminophenyl)diselenide (A) with

Scheme 1 Schematic representation for the synthesis of ligands and the
corresponding Co(III) complexes.
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either 3,5-di-tert-butylcatechol or 3,5-di-tert-butylsalicylaldehyde
under refluxing conditions. The reaction of CoCl2�6H2O with
0.75 equivalent amounts of H4LSe(AP)/H2LSe(Sal) ligand and Et3N
in CH3CN in the presence of air provided complex 1/complex 2 in
62%/46% yield (Scheme 1). Detailed procedures are given in the
ESI.‡

Electrospray ionization (ESI)-mass spectra were recorded in the
positive-ion mode for H4LSe(AP), H2LSe(Sal), complex 1, and complex
2 in acetonitrile solutions. In the mass spectra of ligands H4LSe(AP)

[C40H52N2O2Se2] and H2LSe(Sal) [C42H52N2O2Se2], a 100% molecular
ion peak appeared at m/z = 753.25 amu and m/z = 777.25 amu,
respectively. Investigation of the isotope distribution patterns
revealed that the observed masses corresponded to the composi-
tions [C40H52N2O2Se2 + H]+ and [C42H52N2O2Se2 + H]+, respectively
(Fig. S2, ESI‡). Thus, formation of the expected ligands was
supported. The molecular ion peaks at m/z = 2476.36 amu
(100%), for complex 1, and at m/z = 2555.72 amu (100%), for
complex 2, were consistent with the compositions [Co4(LSe(AP))3]+

and [Co4(LSe(Sal))3 + H]+, respectively (Fig. S8 and S9, ESI‡).
Complex 1 and complex 2 were structurally characterized by

single-crystal X-ray diffraction measurements at 100 K. Both the
complexes crystallized in the triclinic space group P%1. The
molecular structures of complex 1 and complex 2 are almost
identical (Fig. 1). Each structure comprised a tetranuclear Co4

core that consists of four Co ions and six tridentate ligand units
of the ONSe donor set. In each core, all the four Co ions were
six-coordinate. While the coordination sites of the two terminal
Co ions were occupied by two ONSe donor sets in meridional
fashion, the interior Co ions were coordinated by one ONSe
donor set and three bridging Se ions. The distances between
the two proximal Se atoms in the complexes were in the range
3.17–3.27 Å. This indicated clearly that the diselane bond
(Se–Se = 2.29 � 0.01 Å), present in the diphenyldiselane back-
bones of the two ligands, was cleaved during the complexation.

In complex 1, Co–O, Co–N, and Co–Se bond distances were
within the ranges 1.914(3)–1.938(4) Å, 1.885(4)–1.914(4) Å, and
2.3269(8)–2.4196(8) Å, respectively (Table S1, ESI‡). The bond
distances were commensurate with the previously reported low-
spin Co(III) complexes with a similar ligand (2-amidophenolate)
environment.8 The C–Se bond distances were 1.904–1.933 Å,
which corresponded to the PhSe� form, as in previous litera-
ture reports.9 The C–C bond distances of the tert-butyl groups
containing the C6 ring in each ligand unit were unequal.
A quinoidal-type distortion, i.e., a systematic short-long-short
bond sequence, followed by three long bonds, was noticed

(Table 1). This type of distortion has previously been observed
in the one-electron-oxidized, as well as the two-electron-
oxidized, 2-amidophenolate units.10 In the one-electron-
oxidized iminosemiquinone form, C–O and C–N bond dis-
tances are in between that of the single bond (C–O = 1.35 Å
and C–N = 1.37 Å) and the double bond (C–O = 1.24 Å and
C–N = 1.30 Å) range. Herein, the average C–O = 1.307 Å and
C–N = 1.361 Å thus referred to iminosemiquinone form of the
coordinated 2-amidophenolate units. Hence, each tridentate ligand
with ONSe donor set was dinegative with an iminosemiquinone
radical, i.e. (LSe(ISQ))2�, and coordinated to low-spin Co(III) ions.

In complex 2, the average Co–O and Co–Nimine (Nimine

corresponds to the N atom belonging to an imine moiety) bond
distances were 1.923 and 1.926 Å, respectively. The bond
distances were in accord with the six-coordinate low-spin
Co(III)-salen complexes reported in the literature.11 Hence, the
spin state and the oxidation state of the Co ions have been
assigned as low-spin and +III. In uncoordinated salen ligands,
phenolic C–O and imine C–N bond distances generally appear
at about 1.35 Å and 1.28 Å, respectively. In complex 2, the
average distances C–O = 1.302 Å and C–N = 1.302 Å were
observed. The shortening of the phenolic bonds and elongation
of the corresponding imine C–N bonds indicated clearly that
the mononegative charge on the phenolic O atoms was being
delocalized up to the imine N atoms through the phenyl ring
system.11a The C–Se bond distances (1.892–1.933 Å) in complex
2 were similar to those in complex 1. Therefore, each coordi-
nating tridentate ligand in complex 2 acquired a 2� formal
charge. Thus, the composition of the neutral complex was four
low-spin Co(III) ions and six (LSe(Sal))2� ligands.

Complex 1 consisted of six ligand-based unpaired electrons,
i.e., iminosemiquinone radicals (vide supra, molecular structure
analysis) with an SR = 1/2 spin for each radical. Variable-
temperature magnetic susceptibility measurement on complex 1
referred to the diamagnetic character in the entire temperature
range of 2–300 K (Fig. S14, ESI‡). Thus, strong antiferro-
magnetic coupling interactions amongst the paramagnetic
centers prevailed. Complex 2 comprised low-spin Co(III) ions
(SCo(III) = 0, 3d6) and no ligand-based radicals. Hence, it was
diamagnetic. The 1H NMR spectrum was congruent with the
diamagnetic nature of the complex.

Fig. 1 Molecular structures of: (A) complex 1, and (B) complex 2. H atoms
and methyl groups attached to tert-butyl C atoms are omitted for clarity.

Table 1 Selected bond distances (Å) of complex 1 and complex 2

Bonds Complex 1 Bonds Complex 2

Co4–Se5 2.3382(8) 2.4016(8)
Co4–Se6 2.3349(8) 2.3083(8)
Co4–N5 1.889(4) 1.923(4)
Co4–N6 1.899(4) 1.931(4)
Co4–O5 1.928(3) 1.925(3)
Co4–O6 1.926(3) 1.918(3)
C101–C102 1.440(7) C106–C107 1.450(7)
C101–C106 1.410(7) C107–C108 1.455(7)
C102–C103 1.424(7) C108–C109 1.353(8)
C103–C104 1.384(7) C109–C110 1.430(8)
C104–C105 1.411(8) C110–C111 1.358(8)
C105–C106 1.352(7) C106–C111 1.413(7)
C101–N6 1.364(6) C106–C112 1.410(7)
C102–O6 1.316(5) C112–N6 1.303(6)

C107–O6 1.286(6)
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Cyclic voltammograms (CVs) of complex 1 (+0.55 to �1.60 V)
and complex 2 (+0.75 to �1.85 V) were recorded in CH2Cl2 at
various scan rates (Fig. 2). The CV of complex 1 displayed four
reversible oxidation waves and two reversible reduction waves.
The oxidations at Eox

1/2 = �0.323, �0.090, and +0.087 V were
single-electron processes, while the oxidation at Eox

1/2 = B+0.347 V
corresponded to a two-electron process. The peak separation of
the two-electron oxidation process was scan-rate dependent; at
higher scan rate (200 mV s�1) the peak separation was 0.133 V,
while the separation was 0.086 V at a scan rate of 50 mV s�1. This
feature emphasized that two one-electron oxidations happened
almost at the same potential. Two one-electron reductions
occurred at ERed

1/2 = �1.153 and �1.360 V. The oxidation and
reduction potential windows were comparable to the previously
reported low-spin Co(III)-tris(iminosemiquinone) complex of
the N-phenyl-3,5-di-tert-butyl-2-aminophenol ligand, where the
oxidation and reduction processes are ligand centered, i.e.,
oxidations lead to iminoquinone formation and reductions
generate amidophenolate units.12 Hence, here the redox pro-
cesses were also assigned as ligand centered. In complex 2, four
reversible one-electron oxidations occurred at Eox

1/2 = +0.058,
+0.373, +0.498 and +0.608 V. In the complex, oxidations led to
the formation of phenoxyl radicals from phenolate units.11a The
reduction that appeared at ERed = �1.478 V was irreversible in
nature and possibly referred to the reduction of a Co(III) ion to a
Co(II) ion.

The current–voltage characteristics for thin films of complex 1
and complex 2 were investigated (Fig. 3A) by using a TTPx
Lakeshore probe station and a semiconductor characterization
system (Keithley 4200 SCS) under vacuum conditions to ensure
the absence of external effects on the current from gas and dust
particles. Complex 1 behaved as an insulator, since a low current
(maximum 15 nA) was realized across a �10 V bias (Fig. 3B). The
corresponding conductivity, s = 1.34 � 10�7 S cm�1, was also low
at 1 V. However, complex 2 showed a high current of 58 mA at 10 V
with a conductivity of s = 5.43 � 10�5 S cm�1 at 1 V (Fig. 3C). The
non-linear nature of the I–V curve (Fig. 3C) and the decrease in
resistance with increasing temperature (Fig. S25, ESI‡) indicated
that complex 2 was a semiconductor. Thus, the adverse conduct-
ing nature between the two diamagnetic [ST(1) = 0, ST(2) = 0]
complexes has demonstrated the effect of long-range antiferro-
magnetic coupling among the six SR = 1/2 spins of the six radicals
in complex 1. The unpaired electrons with opposite spins
impeded the electron flow in complex 1, possibly due to high

spin-exchange energy and/or electron deflection. Upon one-
electron oxidation of complex 1, a paramagnetic species (11+) with
an unpaired electron [ST(11+) = 1/2] resulted, as evidenced by the
X-band EPR spectrum analysis (Fig. 3D). The species showed
better conductivity, with s = 1.26 � 10�6 S cm�1 at 1 V, compared
to complex 1 (Fig. 3B). In this case, a long-range spin-frustrated
system with total spin of ST = 1/2 resulted (Fig. 4) and the
conductivity materialized because of spin-polarization and spin-
delocalization. Further oxidation of 11+ by an electron provided a
diamagnetic species (12+), as indicated by the X-band EPR spec-
trum study (Fig. 3D). I–V characteristics of the species showed
much better semiconducting properties than 1 and 11+ (Fig. 3B).
Thus, the increase in the conductivity (s = 8.85� 10�6 S cm�1 at 1 V)
was due to the elimination of an antiferromagnetic coupling
interaction between two SR = 1/2 spins and the resultant shrinking
of the antiferromagnetic coupling range (Fig. 4). It should be noted
that the diamagnetic complex 2 was a better conductor compared to
complex 1. Hence, it is shown that the conductivity of the material is
governed by the lack of antiferromagnetic coupling interactions.

Complex 2 was examined as an ammonia gas sensor at room
temperature. In this context, the material was prepared by
blending complex 2 with polytetrafluoroethylene. It was then
placed between two Cu electrodes on a supporting glass plate
(1 cm � 1 cm). The detailed procedure is given in the ESI.‡
Upon exposure to different concentrations (50–250 ppm) of
ammonia gas (NH3), the conductivity of the semiconducting

Fig. 2 Cyclic voltammograms of: (A) complex 1 and (B) complex 2
measured at 50, 100, and 200 mV. *Indicates the two-electron process.

Fig. 3 (A) Pictorial representation of I–V measurement set-up. I–V char-
acteristic plots of: (B) complex 1, 11+, and 12+; (C) complex 2. (D) X-band EPR
spectra of complex 1, 11+ and 12+.

Fig. 4 Schematic representations of coupling schemes in 1, 11+ and 12+

species. AF = antiferromagnetic coupling; F = ferromagnetic coupling.
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material, which was n-type as evidenced by the Mott–Schottky
plot (Fig. S27, ESI‡), increased. The presence of the gas raises
the electron density in the conduction band due to oxidation of
NH3 to N2 by chemisorbed O2

� ion,13 and, therefore, the
conductivity increases (Fig. S28, ESI‡). The relative sensing
response (S = IAmmonia � IAir/IAir) to NH3 varied with the
concentration (Fig. 5A). At 50 ppm, S = 205, and this increased
to 732 at 250 ppm. The increase was almost proportional to the
concentration of NH3 (Fig. S31, ESI‡). The response–recovery
behaviour for the sensing activity is depicted in Fig. 5B. For
measurement concentrations of NH3 of 50 to 250 ppm, the
response time was within 40–60 s, and the recovery time was
10–17 s. These values are very much lower than those previously
reported for many semiconductor-based NH3 gas sensors that
operate at room temperature. For instance, 4200 s and 4800 s
have been reported as the respective response and recovery
times for sensing of 100 ppm NH3 at room temperature by a
Co3O4-based nanosheet array.13 Cu3(HHTP)2 thin film (HHTP =
2,3,6,7,10,11-hexahydroxytriphenylene) requires 82 s to respond
to 100 ppm NH3 gas and 547 s for recovery.14 Hydroquinone-
incorporated Mg-metal–organic framework was reported to
respond to 50 ppm NH3 in 87 s and to recover in 127s.15

The stability of complex 2 in the presence of NH3 was
demonstrated by examining the reproducibility of the sensing
activity. In this regard, the material was initially exposed to
150 ppm NH3 gas and then the gas was taken out. The relative
sensing response was calculated for five successive cycles. No
apparent change (Fig. S22, ESI‡) in the relative sensing
response was noticed.

In summary, two tetranuclear low-spin CoIII
4 complexes with

non-innocent ligand H4LSe(AP) and innocent salen congener
ligand H2LSe(Sal) were successfully synthesized and characterized.
Complex 1, consisting of six radicals, was a diamagnetic material
and an electric insulator. The successive oxidation of the
complex by two one-electron processes bestowed semiconduct-
ing character on the resulting species. The shortening in the
antiferromagnetic coupling range by the sequential removal of
two electrons was responsible for the alteration. The diamagnetic
complex 2 exhibited semiconducting behavior and successfully

detected NH3 gas at room temperature with the theoretical limit
of detection of 5.04 ppm. The impressive response and recovery
times, and reproducibility and durability, identified complex 2 as
a useful sensor material. Further study on catalytic applications of
the complexes will follow.
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