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Abstract
Iridium-based double perovskites having mixed 3d–5d–4 f magnetic sub-lattices are expected
to exhibit exotic magnetic phenomenon. In this paper, we report a study of structural, magnetic
and transport properties of the mixed 3d–5d–4 f double perovskite Sm2CoIrO6 (SMCO),
which crystallizes in monoclinic structure with space group P21/n and the crystal symmetry
remains same throughout the measured temperature down to 15 K. High resolution
synchrotron x-ray diffraction reveals an isostructural phase transition around 104 K.
Magnetization measurements on polycrystalline samples indicate that SMCO orders
ferrimagnetically at TFiM = 104 K; while, a second transition is observed below 10 K due to
the rare-earth (Sm3+) ordering. The ferrimagnetic transition is well-understood by Néel’s
two-sublattice model, which is primarily ascribed to antiferromagnetic coupling between
Co2+ and Ir4+ sub-lattices. Electronic transport measurement shows the insulting behaviour of
SMCO, which follows Mott variable-range hopping conduction mechanism. However,
dielectric measurements as a function of temperature rules out the presence of magneto
dielectric coupling in this compound.

Keywords: double perovskite, ferrimagnetism, 3D Mott VRH

(Some figures may appear in colour only in the online journal)

1. Introduction

Double perovskite oxides A2BB′O6 containing alkaline or lan-
thanide ions at the A site and 3d–4d(5d) transition-metal (TM)
ions at the B and B′ sites offer a unique playground for explor-
ing novel electronic and magnetic phenomena, due to their
comparable energies of strong spin–orbit coupling (SOC), on-
site Coulomb and crystal-field interactions [1]. Thus, from the
perspective of new materials designing, double perovskites
provide wide flexibility by virtue of choosing not only the TM

∗ Author to whom any correspondence should be addressed.

ions but also the alkaline and lanthanide ions. In addition, these
double perovskites are found to exhibit a variety of interesting
physical properties, such as half-metallic tunneling-type mag-
netoresistance, high-Curie-temperature ferrimagnetic (FiM)
half-metals and insulators, multiferroicity, magnetocaloric,
and exchange bias [2–12], enabling them to become a great
prospect for spintronic applications. In general, the magnetic
ground state and the temperature and magnetic field-dependent
magnetization behavior for most of these materials are mainly
determined by the TM ions at the B and B′ sites through super-
exchange interaction [13–15]. However, the 12-coordinated
alkaline ions do not take part directly in determining the mag-
netic properties of double perovskite, or otherwise influenc-
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Figure 1. (a) and (b) show the synchrotron x-ray diffraction patterns of Sm2CoIrO6 measured at 15 and 300 K, respectively. Filled black
circles represent the experimental data and the continuous red line represents the simulated pattern. The blue scattered lines are the Bragg
peak. The green line represents the difference between the experimental and simulated pattern. The inset of (a) represents the refined crystal
structure at 15 K. (c)–(g) Thermal variation of lattice parameters a, b, c, β and unit cell volume V .

ing indirectly through lattice distortion. On the other hand,
lanthanide ions, in particular, rare-earth (RE) ions having
unfilled 4 f shell are especially interesting in magnetism due
to their single-ion anisotropy effect (contribution from the
large unquenched orbital angular momentum). Although, the
d– f exchange interactions are weaker than d–d exchange
interactions as the nature of 4 f orbitals in RE atoms are
strongly localized, these weak exchange interactions however
can induce fascinating magnetic phenomenon in the double
perovskites [16].

Iridates, more explicitly, iridium (Ir)-based double per-
ovskites have gained a lot of attention in recent days and
turned into a rapidly growing research topic in condensed mat-
ter physics as 5d Ir ions bring strong and unusual SOC, which
results in diverse magnetic ground states. In case of 5d4 sys-
tems i.e., Ir5+ ions in an octahedral crystal field of A2BIrO6

(with A2+ and B3+ cations) compounds, it is expected that
the strong SOC associated with the Ir ions drives the sys-
tem into a ‘Jeff = 0’ nonmagnetic ground state. However, there
are certain controversies in literature regarding the perfect
‘Jeff = 0’ ground state, and in most of the cases, it hasn’t been
achieved due to the presence of either electronic many-body
effects or defects (chemical disorder and/or off-stoichiometry)
[17–21]. In contrast, the systems having Ir4+ ions (5d5, t5

2g)

within octahedral oxygen cages lead to a ‘Jeff = 1/2’ Mott-
insulating state, as the strong SOC splits t2g level into a fully
occupied Jeff = 3/2 quartet and a partially-filled Jeff = 1/2 dou-
blet states [22]. Furthermore, the double perovskite iridates
having strongly correlated 3d ions at the other B site are found
to show exotic magnetic phenomenon along with the complex
magnetic ground states. For instance, among the La2BIrO6 iri-
dates, B = Mn is found to show ferromagnetic (FM) ground
state [23], the noncollinear antiferromagnetic (AFM) ground
state (as well as a weak FM component) is reported for
B = Ni, Fe, Co and Cu compounds [24–31], and the B = Mg
(Zn) exhibits AFM (canted) ground state [30, 32]. Recently, it
is observed that the FM cluster glass and exchange bias behav-
ior have emerged upon Cr-doping at the Cu site of La2CuIrO6

compound [31].
Although earlier studies have reported that La2CoIrO6

shows FM-like components at low temperature (from hystere-
sis loop measurements) [25, 27], more recent investigations
have predicted a FiM ground state resembling to the AFM
coupling between a weak FM moment of canted Co2+ spins
and Ir4+ cations with a negative moment [28]. In contrast,
a reentrant spin-glass magnetic state also has been found in
this compound recently [33]. Since, the other members of
this Ln2CoIrO6 family with Ln-site magnetic RE elements
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Table 1. The Rietveld refined crystallographic parameters, such as
fractional atomic coordinates (with Wyckoff positions), isotropic
thermal parameters (Biso) obtained from the T = 15 K, x-ray
diffraction pattern of Sm2CoIrO6. Occ corresponds to site
occupancies.
Space group: P21/n
a = 5.3350 Å, b = 5.6724 Å, c = 7.6238 Å, β = 89.7325◦

Unit-cell volume (V) = 230.7150 Å3

Rp = 8.2, Rwp = 10, χ2 = 5

Atom x/a y/b z/c Biso Occ

Sm (4e) 0.015 33 0.573 00 0.747 60 0.083 1.0
Co (2b) 0 0 0.5 0.715 0.85
Ir (2b) 0 0 0.5 0.715 0.15
Ir (2a) 0 0 0 0.715 0.85
Co (2a) 0 0 0 0.715 0.15
O1 (4e) 0.100 50 0.029 00 0.248 30 0.916 1.0
O2 (4e) 0.187 50 0.297 00 −0.05070 0.574 1.0
O3 (4e) 0.201 80 0.303 60 0.548 80 0.671 1.0

could bring a paramount complexity in magnetism due to the
interactions between three magnetic cations, researchers now
focus on studying the physical properties of hetero-tri-spin
3d–5d–4 f systems [34]. In this context, it is worthwhile to
mention that Ln2CoIrO6 double perovskites with Ln = Eu, Tb
and Ho show a high-temperature FiM transition and moderate
magnetocaloric effects (MCEs); while, both Tb2CoIrO6 and
Ho2CoIrO6 compounds exhibit a temperature-induced FiM-
to-AFM phase transition and a field-induced spin-flop-like
transition below AFM Néel temperature [35]. However, no
reports have been found in literature till now to understand the
complex magnetic and electrical behaviours of SMCO double
perovskite having hetero-tri-spin configuration.

In this report, we have investigated the magnetic and trans-
port behaviours of the polycrystalline double perovskite com-
pound SMCO, synthesized by standard solid-state-reaction
method. The powder diffraction pattern analysis confirms
that SMCO crystallizes in the monoclinic structure with
space group P21/n, alike other hetero-tri-spin systems in
this Ln2CoIrO6 family [35]. Temperature and magnetic field-
dependent magnetization measurements reveal that sample
shows FiM transition at TFiM = 104 K as well as the RE Sm3+

ions ordering at TR
Sm = 10 K. However, the conventional

Arrott plot rules out the validity of mean-field theory near
paramagnetic-FiM phase transition. Temperature dependence
of electrical resistivity measurement suggests that SMCO is an
insulator, and shows Mott variable-range hopping (VRH) con-
duction behaviour. Dielectric measurements reveal the absence
of magneto dielectric coupling in this as studied sample.

2. Experimental details

Polycrystalline sample of SMCO was prepared by the conven-
tional solid-state-reaction method from stoichiometric amount
of Sm2O3 (Sigma Aldrich, 99.99%), CoCO3·xH2O (Sigma
Aldrich, 99%) and IrO2 (Sigma Aldrich, 99.99%). At first,
these raw oxides and carbonate were mixed and ground thor-
oughly in an agate mortar, and heated at 873 K for 16 h in
air. Then the mixture was reground and sintered at 1323 K

for 24 h in air, and subsequently furnace-cooled to room tem-
perature. This process was repeated 3–5 times to get good
quality homogeneous sample. The high resolution temper-
ature dependent powder x-ray diffraction (XRD) measure-
ments were performed using synchrotron facility (λ = 0.77
Å) at Photon Factory, National Laboratory for High Energy
Physics (KEK) Japan, within temperature range 300 K to 15
K. Rietveld refinement [36] of the XRD data was performed
using the FullProf software package [37] and the chemical unit
cell has been drawn using the software VESTA [38]. The dc
magnetization measurements were carried out on a Quantum
Design superconducting quantum interference device magne-
tometer between 2 and 300 K, and applied magnetic field up
to 70 kOe. The resistivity of the sample as a function of tem-
perature was measured from 50 to 230 K using the standard
four-probe method with dc current in a Physical Proper-
ties Measurement System (PPMS, Cryogenic Ltd., UK). The
dielectric measurements were performed in the temperature
range 5–270 K using low temperature facility (Cryogenics
Ltd., UK) and frequency 1 kHz–1 MHz using LCR meter
(KEYSIGHT E4980A).

3. Results and discussions

3.1. Crystal structure

The structural refinements of room temperature synchrotron
XRD of SMCO has been carried out by considering mon-
oclinic space group P21/n (No. 14). Temperature dependent
XRD patterns have been taken over a wide temperature range
of 15–300 K. The Rietveld refinements of these XRD pat-
terns have been performed using the same monoclinic space
group P21/n down to 15 K. The refined XRD patterns of both
15 K and room temperature (300 K) are presented in figures
1(a) and (b) respectively. The obtained lattice constants, unit
cell volume, and the Wyckoff positions of individual atoms
are summarized in table 1 for T = 15 K data. Thermal varia-
tions of refined lattice parameters, a, b, c, β and V are shown
in figures 1(c)–(g). An anomaly at around 104 K is observed
in the temperature dependent lattice parameters, signifying a
structural phase transition happens in SMCO (shape variation
of hkl plane (−112) and (200) are presented from 90–110 K
temperature range in the appendix). Due to possible very small
changes in the position coordinates across the phase transition,
the present Rietveld refinements cannot conclusively deter-
mine the true symmetry of low temperature phase. Such kinds
of difficulties are not unusual when the lattice distortions are
weak [39, 40]. This probably originates from exchange stric-
tion results from the lattice degrees of freedom. Such a sce-
nario causes the magnetically interacting atoms to change their
relative distance so that the system gains the magnetic energy
in lieu of the elastic energy [41]. A careful analysis of the XRD
data at 15 K shows the presence of antisite disorder in the sys-
tem. The best fit is obtained for a disorder of 15% in the system.
The peak corresponding to ordering is 2θ = 10◦. However, the
crystal structure consists of alternating octahedral of Co and
Ir along three crystallographic directions, as shown in inset of
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Figure 2. Temperature (T ) dependent zero-field-cooled (ZFC: red) and field-cooled-cooling (FCC: green) magnetization (M) at various
applied magnetic fields, H = (a) 0.1 kOe (b) 1 kOe and 10 kOe (inset of (b) displays the first-order derivative spectra ( dM

dT ) of FCC M(T ) as a
function of T for different H). (c) Variation of FCC and FCH data at H = 10 kOe in the temperature (T ) interval 70–120 K. (d) The
magnetic inverse susceptibility (1/χ) as a function of temperature (T ) under H = 0.1 kOe. Solid red line denotes Curie–Weiss (C–W)
behavior at high temperature.

figure 1(a). The crystal structure also reveals that IrO6 octa-
hedra is connected with CoO6 octahedra via corner sharing.
These connectivities satisfy the Co–O–Ir bond angle∼147.2◦.
In addition, we have also calculated the Goldschmid tolerance
factor (t) for this double perovskite compound, as it often gives
an indication regarding the stability of crystalline phases. We
obtain t = 0.84 for this double perovskite considering the ionic
radius of Sm3+ = 1.079 Å, Co2+ = 0.745 Å, Ir4+ = 0.625 Å,
and O2− = 1.40 Å [42]. It is well-known that the value t � 0.96
usually belongs to either orthorhombic or monoclinic structure
[43], and the observed monoclinic structural model of SMCO
is consistent with this t-value.

3.2. Magnetism

The thermal variations (2–300 K) of the dc magnetization (M)
have been measured in the zero-field-cooled (ZFC), field-cool-
cooling (FCC) and field-cool-heating (FCH) protocols under
different applied magnetic fields. Figures 2(a) and (b) show
the ZFC and FCC M(T ) data measured at external magnetic
fields (H ) = 0.1 kOe, 1 kOe, and 10 kOe. As the temper-
ature decreases from room-temperature, both ZFC and FCC
magnetizations increase slowly up to a particular tempera-
ture. A sudden jump in both ZFC and FCC magnetizations
and a large contrast between them below this temperature

(T = 104 K) indicate the onset of an FM-like ordering. Instead
of TC, we define this particular magnetic ordering temperature
as TFiM here, and the reason behind such preference is dis-
cussed later. With further decrease of temperature, FCC mag-
netization curve shows an extra anomaly around 10 K, which is
attributed to the ordering (TR

Sm) of RE Sm3+spins. Both these
magnetic transitions are clearly visible in the thermal variation
of the first-order derivative of FCC magnetization ( dM

dT ) (see
inset of figure 2(b)); however we observe very weak anomaly
in the derivative spectra of ZFC magnetization at lower applied
field due to ordering of RE ions, which is not shown here. In
addition, we note that the shape of ZFC curve changes with
increasing the external magnetic field. At lower applied field
(say H = 0.1 kOe), no peak exists in the ZFC curve; while, a
peak appears just below TFiM for H = 1 kOe, which shifts to
lower temperature and becomes broader with further increase
of external magnetic field (in case of H = 10 kOe). This kind of
characteristics of ZFC M(T ) peak is quite similar to that of the
other double perovskite compound, such as Eu2CoIrO6 [35], in
this series. Moreover, the bifurcation between ZFC and FCC
magnetizations, along with a broad maximum in ZFC curve,
signals the presence of large magnetocrystalline anisotropy in
this compound.

A wide and thin hysteresis between the FCC and FCH data
is observed around 104 K (110–120 K, slightly higher than
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Figure 3. Green solid line suggests the agreement of the Neel’s
expression at high temperature. (Inset shows the inverse magnetic
susceptibility {χ−1(T)} as a function of temperature (T ) for
different applied magnetic field (H )).

the ordering temperature) (see figure 2(c)) for H = 10 kOe,
which coincides with the anomaly of the temperature depen-
dent refined lattice parameters (mentioned in section 3.1), sig-
nifying the phase transition. This similar kind of trend has been
observed for M(T ) data measured at other external magnetic
fields (H ).

The effective magnetic moment of SMCO is calculated
from the well-fittedχ−1(T ) data (using H = 0.1 kOe FCC data)
by the Curie–Weiss (C–W) law, χ= C/(T − θ) in the temper-
ature range 230–300 K, where C is the Curie constant and θ
is the C–W temperature (see figure 2(d)). The obtained effec-
tive magnetic moment (μeff) and C–W temperature (θ) from
the fit are 6.95 μB/f.u. and −117 K, respectively. The nega-
tive value of θ indicates the AFM interaction of the compound
and is consistent with the Kanamori–Goodenough rule [15] as
reflected by the Co–O–Ir bond angle (147.2◦, as mentioned
in the section 3.1). Since the theoretically calculated value
(μtheo

Sm = 0.84 μB, using μtheo
Sm = gSm

√
JSm(JSm + 1) where gSm

is the Landé g-factor) of effective moment of Sm3+ dif-
fers significantly from the experimentally observed value of
μexp

Sm = 1.5 μB [44], we consider μSm = 1.5 μB, μCo = 4.8 μB

(for high-spin Co2+ in related double perovskites [35]), andμIr

= 1.4 μB (taking the maximum value in these Ir-based double
perovskites [35]) to calculate the expected effective moment of
SMCO using the relation μeff =

√
2μ2

Sm + μ2
Co + μ2

Ir. The cal-
culated value of 5.43 μB/f.u. is lower than the value obtained
experimentally; though, the exact reason is unclear. However,
we predict that the the large difference between the experimen-
tal and theoretical effective moment values might be related
to the canted AFM spin states associated with Dzyaloshin-
skii–Moriya interaction. We also believe that the C–W fitting
to χ−1(T ) data for much higher magnetic field would provide
better approximation of the theoretical μeff value.

To investigate the nature of magnetism in this double per-
ovskite and its magnetic ground state, we plot the thermal vari-
ation of inverse dc susceptibilityχ−1(T ) using H = 0.1 kOe FC
magnetization data in figure 3. The χ−1(T ) exhibits true para-
magnetic nature, and follows conventional C–W behaviour
above 225 K. Below this temperature, χ−1(T ) significantly

deviates from C–W behaviour, and shows a sharp downturn
(stair-like) before reaching the ordering temperature. This kind
of stair-like feature in χ−1(T ), just above the ordering temper-
ature, is often suggested the presence of Griffith’s phase, and
characterized by the short-range FM clustering due to com-
peting magnetic interactions [45, 46]; however, almost field-
independent behaviour of this stair-like feature (remains intact
even at higher external applied field, see inset of figure 3)
rules out the possibility of formation of Griffith’s phase in the
vicinity of magnetic ordering temperature. It is important to
note that χ−1(T ) shows hyperbolic-kind of variation around
the magnetic phase transition, which is in sharp contrast to
the typical characteristic of FM materials. Nevertheless, the
hyperbolic behaviour of χ−1(T ) above the onset of magnetic
ordering is a distinctive of FiM materials, and can be analyzed
by Néel’s equation [47],

χ−1 (T) =
T −Θ

C
− ξ

T −Θ′ , (1)

where the first term symbolizes simple C–W behaviour at
high-temperatureregion, and last term is responsible for hyper-
bolic behaviour near FiM ordering [48, 49]. Here, Θ′ and ξ are
the fitting parameters, and their origins have been described
in the two sub-lattice model of FiM [49]. The green solid line
in figure 3 is the fitted curve to χ−1(T ) according to equation
(1), and an exact fit thus establishes the FiM ordering around
T = 104 K in this compound. The obtained parameters from
this fitting are as follows, C = 5.17 emu K mole−1 Oe−1,
Θ = −137.55 K,Θ

′
= 109.84 K, and ξ = 350.77 mole

K emu−1 Oe−1. The FiM ordering in this compound mainly
originates from the AFM coupling between the canted Co2+

and Ir4+ spins, as predicted for other compounds Ln2CoIrO6

(Ln = La, [28, 30] Eu, Tb, and Ho [35]) in this series. The
ZFC isothermal magnetization M(H ) curves at various tem-
peratures for SMCO are displayed in figure 4(a). The M(H )
curves at T = 150 K and 120 K do not show any hysteretic
behaviour, and magnetization linearly increases with increas-
ing field, implying the true paramagnetic state of the sample.
With the decrease of temperature from 120 K to 110 K, the
shape of the M(H ) curve slightly changes; while, the M(H )
curve at T = 100 K reveals thin hysteresis loop, and the magne-
tization starts to show linear field dependency from H � 5 kOe,
thus indicating a typical FiM ground state. From figure 4(a),
it is clear that the M(H ) curves show well-defined hysteresis
loop as the temperature further decreases below 100 K, and the
coercive field (HC) and the remanent magnetization continu-
ously increase with decreasing temperature. From the isother-
mal M(H ) curves measured at different temperatures, the
estimated values of HC are plotted as a function of temperature
in figure 4(b), which clearly shows a sudden change in slope
near the onset of FiM ordering, and HC gradually increases
with decreasing temperature below FiM ordering temperature
and reaches the maximum value at T = 2 K. The strong linear
field dependence of magnetization beyond the FiM hysteresis
can be attributed to the gradual field alignment of the canted
Co2+ and Ir4+moments [35], and as a result, M(H ) curves do
not show any sign of saturation at H = 70 kOe. It is worth-
while to mention that M does not saturate even up to 60 T
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Figure 4. (a) Magnetization (M) vs Magnetic Field (H ) loop ranging from −70 to 70 kOe at various temperatures, (b) temperature (T )
dependence of obtained coercive field (HC) from ZFC M(H ) loops.

Figure 5. (a) M vs H isotherm (Virgin curve) around TFiM, from temperature (T ) between 90 and 128 K at the interval of 2 K. (b) Basic
Arrott plots constructed from M-H data.

magnetic field (varies linearly with field) in similar Ir-based
double perovskite materials [35].

To understand the nature of magnetic phase transition in-
depth, we have carried out isothermal magnetization measure-
ments in the vicinity of PM-FiM transition. Figure 5(a) shows
a series of initial M(H ) isotherms (virgin legs) in between
90–128 K at an interval ΔT = 2 K, showing a gradual change
between PM and FiM states. However, it is advantageous to
use the conventional Arrott plot (M2 vs H/M) method [50] to
determine the order of phase transition. Figure 5(b) displays
the Arrott plot for this compound in between 96–112 K. The
positive slope of M2 vs H/M isotherms indicates that the PM-
FiM phase transition in this compound is second order, which
is in accordance with the Banerjee criteria [51]. Furthermore,
according to the mean-field theory, M2 vs H/M isotherms at
different temperatures should manifest a set of parallel straight
lines near the magnetic phase transition, and the line at T =
TFiM must traverse the origin. In contrast, a non-linear variation
of M2 vs H/M curves has been found for SMCO, exhibiting
a significant downward curvature at low-field region possibly
due to the mutually misaligned magnetic domains [52]; while,
the high-field linear portions show clear divergence. Hence, the
mean-field theory fails to interpret the observed phase transi-

tion in SMCO, indicating the presence of critical fluctuations.
Therefore modified Arrott plot method may be a good option
to analyze the criticality [53].

The MCE has been investigated in order to understand the
isothermal magnetic entropy change ΔSM of the magnetic
material when it is subjected to a changing external mag-
netic field, and to explore the possible applications in mag-
netic refrigeration technology. Besides the direct measurement
through calorimetry method, it is well-established that ΔSM

can be calculated indirectly from magnetization measurements
using Maxwell’s thermodynamic relation:

ΔSM =

∫ H

0

(
∂M (T, H)

∂T

)
dH.

It is found that−ΔSM reaches a maximum value around the
magnetic ordering temperature, TFiM at each field, where the
value of −ΔSM has been calculated from the isothermal M(H )
virgin curves of figure 5(a). The temperature and field depen-
dence of −ΔSM for SMCO is displayed in figure 6 through
a three-dimensional surface plot. The magnitude of −ΔSM

increases with increasing field, and the maximum value of
−ΔSM is found to be 0.716 J kg−1 K−1 at H = 70 kOe, which

6
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Figure 6. Thermal profile of field induced magnetic entropy change (−ΔSM) under the applied field changing from 10–70 kOe.

Figure 7. Temperature (T ) dependence of resistivity (ρ) for SMCO.
Upper and lower insets show the fitting results using VRH and
Arrhenius model respectively.

is slightly higher than that of the value reported for Eu2CoIrO6

at H = 8 T [35]. A colour map of the −ΔSM as a function of
temperature, T, and magnetic field, H is also projected at the
top of figure 6, where clear indications of the maximum value
of −ΔSM for all fields are found around at TFiM.

In addition, the value of relative cooling power (RCP),
which represents the refrigerant capacity of a magnetic mate-
rial, can be evaluated for SMCO using the relation [54]:

RCP = −ΔSmax
M × δTFWHM,

where first and second terms denote the maximum value
of magnetic entropy (−ΔSM) and the full-width at half-

Figure 8. Thermal variation of first-order derivative of ε′ with
temperature (T ) for different frequencies ( f ).

maximum of−ΔSM peak at a particular magnetic field, respec-
tively. RCP values are found to be 12.5 J kg−1 and 30 J kg−1

for H = 10 kOe and 70 kOe, respectively, showing a gradual
increase with increasing external magnetic field.

3.3. Resistivity

The temperature dependent resistivity ρ(T ) measurement in
the range 50–230 K (figure 7) shows that SMCO is an insu-
lator, possibly due to large separation between the B-site
cations, as also seen in nearly all double perovskites [55].
From Arrhenius fit (using the equation ρ = ρ0 exp(Ea/kBT))
in the temperature interval 165–230 K, an activation energy of
Ea ∼ 100 meV is estimated from the slope of ln ρ ver-
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Figure 9. Plot of (−112) and (200) peak in the Intensity (I) vs 2θ
plot from 90–110 K temperature range.

sus (kBT)−1 curve (lower inset of figure 7), which is worthy
of comparison with other strongly insulating Ir-based oxides
[56–58]. It is clear that linear fitting to the data in figure 7
deviates above 165 K, and hence, prompts us to understand
the electrical conduction mechanism through other models.
However, the linear dependence of ln ρ on T−1/4 throughout
the temperature range (50–230 K) indicates that Mott VRH

(ρ = ρ0 exp(T0/T)1/4 in three-dimension) is the possible con-
duction mechanism in this compound (see upper inset of figure
7). Obtained parameters from VRH fitting are ρ0 ∼ 6.22 ×
10−11 Ω cm and Mott characteristic temperature T0 ∼ 83 ×
106 K.

3.4. Dielectric behaviour

Recently, our group has reported [59] the dielectric and
impedance property of SMCO. No anomaly (or, peak) has
observed in ε′ vs T spectra around the magnetic ordering tem-
perature TFiM, and ε′ almost attains a constant value above
250 K. It is to be mentioned that the peak in thermal varia-
tion of first-order derivative of ε′ with respect to temperature
(dε′/dT) spectra for f = 1 kHz is centered around 70 K, which
is well below the magnetic ordering temperature; whereas,
this peak is positioned at 88 K (still below the TFiM) for
f = 10 kHz data (see in figure 8). Thus, the step-like features
in ε′ vs T spectra do not have any magnetic origin, implying
the absence of significant magneto-dielectric coupling in this
particular double perovskite.

4. Conclusions

In summary, we have successfully synthesized the mixed
3d–5d–4 f double perovskite compound SMCO in polycrys-
talline form, and investigated the structural, magnetic and
transport properties. SMCO crystallizes in the monoclinic
structure with space group P21/n, and shows FiM order below
TFiM = 104 K, likely arising from the AFM coupling between
Co2+ and Ir4+ sub-lattices. A second magnetic transition is
observed in M(T ) data around 10 K, which is associated
with the ordering of RE Sm3+ spins. A moderate MCE is
found around FiM transition, having maximum RCP value of
30 J kg−1 for H = 70 kOe. Smaller magnetic moment of
Sm3+ ion, μ(Sm) = 0.85 μB, directly gives negligible con-
tribution to the overall magnetic coupling between 3d–5d–4 f
systems, in comparison with other compounds containing
more f electrons. In general, crystalline anisotropy con-
trols the spin configuration of 3d–5d sub-lattices at high
temperature in case of oxide materials. However, the inter-
action of the d-sublattices and RE moments becomes signif-
icant at low temperature, which perhaps overcomes crystalline
anisotropy forces and induces spin-reorientation, as observed
in case of Ln(Tb, Ho)2CoIrO6 double perovskites. In contrast,
due to the presence of weak f –d interaction between Co–Ir
sublattices and Sm3+ moments (small moments) and large
magneto-crystalline anisotropy, we probably have not seen any
spin-reorientation phenomenon in this compound. So, eventu-
ally, Sm moments have significant role in determining the mag-
netic properties and behaviour of SMCO compound, although
it has small moment. Electrical resistivity measurements sug-
gest the insulting behaviour of the sample, in which Mott VRH
conduction mechanism is detected. At the same time tempera-
ture dependent dielectric measurements of this as studied sam-
ple suggests it is not related to magnetic ordering. We hope
our results will inspire more investigations of theoretical cal-
culations, as well as experimental studies employing doping
elements.
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Figure 9 shows the modulation of (−112) and (200) hkl plane
within temperature (T ) range 90–110 K of SMCO.−112 plane
is the most intense in the XRD data throughout the temperature
scan. After 100 K; from the 105 K data the peak shapes are
changed, justifies the structural phase transition happens in the
as studied sample.
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Abstract:  

Mangrove forests occupy the estuarine ecotone and harbor a wide range of microorganisms along with 

a rich diversity of flora and fauna. Marine and estuarine organisms are known to produce unique 

molecules due to the aggressive, exigent, and competitive surroundings that are unlike those produced 

in the terrestrial environment. Marine cyanobacteria are a vast resource for new bioactive natural 

products useful in the development of therapeutics. The Sundarbans mangrove ecosystem harbours 

various unique microorganisms having different interesting properties. Discovery of a unique alkaline 

serine protease enzyme tolerant to bleach, detergent, high salt concentration and solvent, isolation and 

identification of obligatelyhalophilic,euryhaline novel cyanobacteria from intertidal soil surface of the 

Sundarbans and identification of a pair of novel Streptomyces represent a few of the ongoing endeavors 

undertaken to explore the mostly untapped microbial diversity of the Sundarbans. This study focuses 

on two novel strains of cyanobacteria isolated from the intertidal soil surface biofilm of the Indian 

Sundarbans, which were cultivated on a large scale to yield a significant quantity of biomass for the 

extraction of secondary metabolites. The cyanobacterial biomass was extracted with a range of polar 

and non-polar solvents and the ethyl acetate fractions showed significant anti- angiogenic activity when 

tested against sunitinib (a protein kinase inhibitor). The extracts also showed significantly greater anti- 

inflammatory activity compared to dexamethasone, which has been shown to reduce the 28 day 

mortality rate of patients affected by COVID- 19. 

 

Keywords: Halophilic cyanobacteria, Indian Sundarbans, anti- inflammatory activity, 

anti- angiogenic activity. 

 

Introduction 

Modern day trends in drug discovery from natural sources stress the investigation of 

marine environment to yield numerous biologically active compounds many of which 

are antimicrobial in nature (Burja et al., 2001). The intertidal areasconsidered as 

interfaces of the ocean, atmosphere, and terrestrial environments harbour diverse 

microbial biofilm communities that are subjected to fluctuations in metal ion 

concentrations, temperature, desiccation, UV irradiation, and wave activities. The 

organisms in intertidal zones essentially spend part of their lives in extreme, arid 

conditions during emersion and half of their lives in stable, benign seawater. These 

conditions lead to the development of unique and specific characteristics of the 

inhabiting organisms (Zhang et al.,2013). These ecosystems experience tidal flooding, 

which causes environmental factors such as salinity and nutrient availability to be 

highly variable resulting in unique and specific characteristics of the inhabiting 
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organisms. The microbiome is one of the important communities of the mangrove 

ecosystem as the abundance of carbon and other nutrients sustains a large number of 

microbial communities which are adapted to the brackish and fluctuating 

environmental conditions (Pramanik et al., 2011).Marine cyanobacteria are a vast 

resource for new bioactive natural products useful in basic research, biomedical 

sciences, and the development of therapeutics (Gogineni et al., 2018). 

Natural products of pharmacological importance derived from cyanobacteria 

Cyanobacterial natural products are grouped according to their biosynthetic origins such as 

polyketides, cyanopeptides, alkaloids, isoprenoids and other metabolites. While majorresearch 

has been towards investigating toxicity, many studies have shown cyanobacteria toproduce 

compounds that are of pharmaceutical and biotechnological interest. 

Cyanobacterialcompounds comprise 40% lipopeptides, 5.6% amino acids, 4.2% fatty acids, 

4.2% macrolidesand 9% amides. Most of the bioactivity shown by cyanobacteria tends to be 

from lipopeptideslike cytotoxic (41%), antitumor (13%), antiviral (4%), antibiotics (12%) and 

the remaining18% include anti-malarial, antimycotics, multi-drug resistance reversing agents, 

herbicidesand immunosuppressive agents. A major part of cyanobacterial secondary 

metabolites arepeptides or possess peptidic structures. Many important classes of cancer cell 

toxins withapoptotic properties have been characterized from marine cyanobacteria over the 

past years.Effects of cyclic peptides as anticancer agent with multitude targets have been 

reviewed.Lyngbyamajusculaamong other cyanobacterial genera collected from various coastal 

anddeep- sea regions of the marine environment worldwide has proved to be one of the 

mainsources for the production of natural products with anti-tumor and anti-cancer 

properties,regardless of their geographical distribution (Nagarajan et al., 2012). Many of the 

secondarymetabolites secreted by cyanobacteria were found active against different 

mammalian cancercell lines. Some important compounds isolated from cyanobacteria that 

target cancers aregiven as follows: colon cancers are targeted by minutissamides, 

microcystilide A,laxaphycins, cylindrocyclophanes and bauerines A-C while breast cancers are 

targeted bycarbamidocyclophanes, dendroamide, hapalosin and tolyporphins; lung cancer is 

are targetedby pahayokolide A; and prostate cancer by tychonamide. A few secondary 

metabolitesisolated from cyanobacteria were shown to have profound activity against certain 

parasitescausing deadly diseases. A compound isolated from freshwater 

cyanobacteriumNostocdisplayed antiprotozoal activity against Trypanosomaand 

Leishmaniaand significant toxicityto malaria parasite. Pharmacologically important 

metabolites have been isolated from marinebenthic and planktonic cyanobacteria that inhibit 

growth of severe bacterial, fungal andprotozoal pathogens. Studying active concentration, 

active modules and mechanism of actionof bioproducts on both prokaryotic and eukaryotic 

pathogens and/or parasites will help intheir selection for clinical evaluation. A class of 

antifungal lipopeptides known aslobocyclamideswere isolated from marine cyanobacteriumL. 

confervoidescollected fromCay Lobos, Bahamas (Nagarajan et al., 2012; Raja et al., 2016). 

Freshwater and terrestrialcyanobacteria are also proven to have the potential to produce 

compounds displayingcytotoxic, protease inhibiting and growth controlling properties on 

parasites, pathogens andharmful algae. Further studies on these metabolites may make 

synthesis of drugs containingthe bioactive key components possible. Thus, a new vista may 
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open towards the treatment oflife-threatening diseases (Nagarajan et al., 2012). Despite the 

wide range of natural productsfound in cyanobacteria, exploitation of these products is still not 

widespread.  

Studies on the cyanobacteria of the Indian Sundarbans 

The Sundarbans mangrove ecosystem harbours various unique cyanobacteria having 

pharmacologically important properties. Isolation and subsequent identification of 

obligatelyhalophilic, euryhaline novel cyanobacteria from intertidal soil surface of the 

Sundarbans (Pramanik et al., 2011) represents one of theendeavors undertaken to explore the 

vastly unexplored microbial diversity of the Indian Sundarbans, under the guidance of Dr. J. 

Mukherjee (School of Environmental Studies, Jadavpur University). Based on morphological 

characteristics, six of the isolated cyanobacteria were assigned to the Lyngbya-Phormidium-

Plectonema (LPP) group B, and one each was assigned to Oscillatoriaand Synechocystis 

genera. A polyphasic approach- based taxonomic characterisation was performed for the 

cyanobacteria, which led to the discovery of four novel strains, out of which two are a novel 

speciesO. aestuariibelonging to the genus Oxynema. Cross walls in the apical portion of cells 

of the strains AP17 and AP24 were absentwhile the same were present in CCALA960. 

Additionally, optimal growth of AP17 and AP24 was recorded at 5–8% salinityand salinity 

above 14% inhibited growth of both strains, which were isolated from the intertidal soil surface; 

whereas O. thaianum CCALA960 which was found in a hypersaline environment could grow 

at 40% salinity. Differences between the internal transcribed spacer (ITS) sequences of the two 

strains isolated from the Indian Sundarbans and the reference strain included the insertion of 9 

nucleotides in the D2 with spacer region, insertion of 2 nucleotides in the pre Box B spacer 

region, deletion of 2 nucleotides in the post Box B spacer region, deletion of 8 nucleotides in 

the D4 region, deletion of 8 nucleotides in V3 region and insertion of 2 nucleotides in the D5 

region of the ITS sequences of AP17 and AP24, which were observed in comparison to the 

analogous regions of CCALA960. Structural details of Box B helices of AP17 and AP24 

revealed that though their lengths were identical with that of the reference strain, their 

sequences were completely different from CCALA960. Four nucleotide substitutions were 

presentin different positions in the Box B helix of O. thaianum CCALA960. Secondary 

structures of the V3 regions of both AP17 and AP24 (containing 51 nucleotides) showed a 

small terminal bulge and a bigger bilateral bulge while the analogous structure of O. thaianum 

CCALA 960 (comprising of 59 nucleotides) showed one additional bilateral bulge in 

comparison to AP17 andAP24. Therefore, based on morphological, ecological and molecular 

differences in comparison to O. thaianum CCALA960, isolates AP17 and AP24 were proposed 

to be members of a second novel species in the Oxynema genus, for which the name 

Oxynemaaestuarii sp. nov.has been proposed (Chakraborty et al., 2018).The other two strains 

AP9F and AP25 are monophyletic taxa designated as Euryhalinemamangrovii and 

Leptoelongatuslitoralis (gen. nov., sp. nov.). The cells of AP9F and AP25 were highly 

elongated whereas the cells of the reference strains (Leptolyngbyaboryanaand 

Nodosilineanodulosa) were occasionally elongated to isodiametrical. Terminal cells of AP9F 

and AP25 appeared as flattened corners (as opposed to rounded), which was different from the 

cell structure of other  
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Leptolyngbyaceae members. 16S rRNA gene sequences of AP9F (1366 bp) and AP25 (1408 

bp) showed 95% and 92% similarities respectively with the non-redundant (nr) nucleotide 

sequences of their closest relatives of the Leptolyngbyagenus. Test strains occupied a clade in 

the phylogenetic tree that was different from the ones containing the type species. A single 

operon containing both tRNAile and tRNAala genes were present in the ITS regions of AP9F 

and AP25 as compared to the presence of two operons in the ITS region of the reference genera 

Leptolyngbyaand Nodosilinea: one in which both tRNAile and tRNAala genes are present and 

the other lacking both the genes. The secondary structures of the traditionally conservative D-

stem region as well as the Box B helix and V3 regions of the ITS operons showed significant 

variation between the test strains and also when compared with the corresponding sequences 

of L. boryanaand N. nodulosa. Molecular, phylogenetic and morphological data suggested 

AP9F and AP25 to be monophyletic taxa for which the names Euryhalinemamangrovii gen. 

nov., sp. nov.andLeptoelongatuslitoralis gen. nov., sp. nov.were proposed respectively 

(Chakraborty et al., 2019).Thus, the strains AP17, AP24, AP9F and AP25 isolated from the 

Sagar Island and Lothian Island of the Indian Sundarbans differed from the reference strains 

(Oxynemathaianum CCALA960 for Oxynemaaestuarii, Leptolyngbyaboryana, and 

Nodosilineanodulosafor Euryhalinemamangrovii and Leptoelongatuslitoralis) in terms of 

morphology, ecology and 16S- 23S ITS sequences (Chakraborty et al., 2018, Chakraborty et 

al., 2019). The aforementioned novel strains have been deposited and cryopreserved in the 

Microbial Culture Collection (MCC), India having accession numbers MCC 3874 (AP17), 

MCC 3873 (AP24), MCC 3171 (AP9F) and MCC 3170 (AP25). 

Material and methods 

Cyanobacterial isolates were established by aseptic collection of cyanobacterial soil surface 

biofilm, inoculation in artificial sea nutrient (ASN-III) medium, and subsequentincubation in 

fluorescent irradiance maintaining a 12-h:12-h light:dark cycle at 25±1°C, and plating the 

seriallydiluted homogenized biomass obtained after 40 days of growth. Individual colonies of 

filamentous cyanobacteria were isolated after 30 days on ASN-III plates, observed 

microscopically, and grown in liquid ASN-III medium supplemented cycloheximide and triple-

antibiotic solution (containing penicillin G, chloramphenicol, and streptomycin sulfate) to 

prevent culture contamination. Thecyanobacterial cell suspension so obtained was 

subsequently grown in antibiotic-free ASN-III medium for 30 days, and culture purity was 

confirmed by the absence of microbial growth intryptone-yeast extract-glucose (TYG) broth 

(Pramanik et al., 2011;Chakraborty et al., 2018). Mass cultivation of the established 

cyanobacterial monoculture strains was done by growing them individually in 20litre capacity 

plastic jars disinfected by washing withbenzalkonium chloride followedby addition of 12 litres 

of sterile ASN III media and ~5 gm (wet mass) of cyanobacterial culture added to each of the 

jars as inoculum. Aeration was achieved with the use of pumps to ensure proper mixing of the 

media components, along with maintenance of the light and temperature conditions for growth 

(Pramanik et al., 2011).The cyanobacterial biomass of each of the two strains (one belonging 

to Oscillatoria sp. and the other being Oxynemaaestuarii) thus obtained (~200g each) was dried 

at 50°C, divided into two parts and both parts extracted separately usingethyl acetate and n- 

butanol. The extracts were dried in vacuo and tested for anti- inflammatory activity and anti- 

angiogenic activity.The test for anti- inflammatory activity was performed using human 
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monocytic leukemia THP-1 cells that were pre-treated for 12h with standard compound 

Dexamethasone (1 μM). Subsequently, pretreated cells were stimulated with LPS- 50 ng/ml 

for 4h. After treatments, cell supernatant was collected for TNF measurement using ELISA. 

(According toClin Chem. 2005; 51(12):2252-6). Measurement of anti- angiogenic activity is 

based on the principle that the formation of capillary-like structuresamongendothelial cells 

plated at sub- confluent densities in matrigelmatrix in the presence of the compound under 

investigation extrapolates to angiogenesis (Goodwin, 2007).The cell line used for this in- vitro 

assay is theEA.hy926 endothelial cell lineobtained by the hybridization of human umbilical 

vein endothelial cells with the A549/8 human lung carcinoma cell line (Aranda et al., 2009). 

Results and discussion 

Secondary metabolites obtained from the cyanobacterial biomass extracts(with ethyl acetate) 

have shown promising anti- inflammatory activity and anti- angiogenic activity (the ability to 

prevent endothelial cells to form capillary-like structures) compared to the standards 

Dexamethasone and Sunitinib respectively (tested at CDRI, Lucknow) (unpublished report). 

Both the extracts from the cyanobacterial strains showed anti- angiogenic activity by reducing 

the capillary structures (>25% inhibition compared to standard compound, Sunitinib) at the 

initial 100 μg/ml test dose (Table 1). Both extracts also showed  ≥75% inhibition of 

inflammatory activity compared to Dexamethasoneat the initial 100 μg/ml test dose (Table 2). 

Thus, the ethyl acetate extracts of these cyanobacterial strains can be further purified by column 

chromatography and HPLC for reduction of possible cytotoxicity. 

 

 

 Anti- inflammatory activity 

Serial number Extract Code % inhibition 

1 “Ethyl Acetate Extract” AP20 ≥85 

2 “Ethyl Acetate Extract” AP24 ≥85 

Standard Dexamethasone ~78 

Serial number Extract Code % Tubulogenesis inhibition 

1 “Ethyl Acetate Extract” AP20 Active, lower dose to be tested 

2 “Ethyl Acetate Extract” AP24 Active, lower dose to be tested 

Standard Sunitinib ~40 
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Conclusion 

Despite the wide range of natural products of significant pharmacological value found in 

cyanobacteria, exploitation of these products is still not widespread. The growth 

ofcyanobacterial biomass is quite slow, which is certainly one of the most important limiting 

factors due to which massproduction of bioactive compounds is limited.Further studies on the 

metabolites isolated from the cyanobacterial biomass may help in the synthesis of drugs 

containing the key components contributing to the bioactivity possible (Nagarajan et al., 2012). 

The study may prove to be a beneficial step in the discovery of several compounds of 

pharmacological interest from the largely unexploredmangrove microbiota of the Indian 

Sundarbans, opening a new vista towards the treatment of life-threatening diseases. 
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ABSTRACT

Foraging  behaviour  of  the  ants  Anoplolepis  gracilipes,  Camponotous  compressus,  Crematogaster  

subnuda,  Meranoplus  bicolor,  Monomorium  pharaonis,  Pheidole  roberti  and  Tetraponera  rufonigra  

was studied  following  supply  of  different  food  items  in  the  open  foraging  ground  with  a  view  to  

note  the interactions,  if  any.  It  is  revealed  that,  in  spite  of  available  foods  at  the  supplying  sites  

Paratrechina longicornis,  Pheidole  roberti,  Anoplolepis  gracilipes  and  Tetraponera  rufonigra  are  

habituated  to  face the  food-snatching  operations  initiated  either  by  the  foragers  of  the  same  

species  belonging  to  different  colonies  or  by  the  other  competing  species  who  are  very  much  

involved  in  sharing  the  food  resources from  the  same  foraging  area.  Food-snatching  event  is  

associated  with  the  abrupt  and  brutal  attack  by the  snatcher  ant  on  the  ants  carrying  food  to  their  

nest.  Thus,  fighting  in  most  cases  was  inevitable and  many  of  the  food –transporting  ant  individuals  

were  seen  injured  severely.  The  food  snatching behaviour  exhibited  by  these  ant  species  was  not  

only  to  ensure  the  need  of  their  food  but  also  a strategy  to  treat  the  competing  ant  species  

psychologically  by  imposing  fearful  threat,  as  a  dominant species,  not  to  visit  the  said  foraging  

ground  again,  in  future.

Key  words:-  Ants,  Foraging,  Food-snatching,  Tricks

INTRODUCTION

 Ants  forage  at  large  here  and  there  in  their  foraging  area  (Vowler  1955,  Carroll  and  

Janzen  1973,  Traniello  1989,  Sumpter  and  Beekman  2003,  Wrege  et  al.  2005,  Prabhakar  et  al.  

2012,  Li  et  al.  2014, Gathalkar  and  Sen  2018).  Though  there  exists  niche  segregation  it  is  very  

common  to  note  the different  ant  species  in  foraging  act  side  by  side  in  certain  spots  (MacArthur  

and  Levins  1967,  Gordon 1995,  Cerdá  et  al.  1998,  Detrain  et  al.  2000,  Albrecht  and  Gotelli  2001,  

Saar  et  al.  2018).  As  the availability  of  food  resources,  especially  in  view  to  the  need  of  the  colony  

members,  varied  to  a  great extent  in  respect  to  foraging  area  because  of  seasons  competition  both  

at  the  intra  and  interspecies levels  is  inevitable  (Rust  et  al.  2000,  Sanders  and  Gordan  2000,  

Bestelmeyer  2003,  Grover  et  al.  2007, Cook  et  al.  2011,  Pinto  et  al.  2018).  Accordingly,  ants  have  

developed  various  devices  like  robbing and/or  stealing  by  developing  the  dominating  behavioural  

tricks  over  other  neighbouring  ant  species (Lynch  et  al.  1980,  Yamaguchi  1995,  Breed  et  al. 2012,  

McGlynn  et  al.  2015,  Paul  and  Annagiri 2018).  Breed  and  coworkers  (2012)  discussed  at  length  on  

the  cleptobiosis  in  social  insects  in consideration  with  the  phenomenon  of  theft  of  food  among  

animals.

  We  are  engaged  in  studying  the  different  aspects  of  bioecology  of  the  ants  occurring  in  
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the  south-western  region  of  the  state  West  Bengal,  India  since  2010.  And,  in  the  meantime  we  did  

our  best  to report  the  food  searching,  food  examination,  food selection,  food  preference,  foraging  

activities,  food –transporting  mechanisms,  necrophagy  as  well  as  on  some  factors  influencing  

foraging  in  Camponotous compressus,  Crematogaster  subnuda,  Pheidole  roberti,  Tetraponera  

rufonigra,  Monomorium  pharaonis, Anoplolepis  gracilipes,  Meranoplus  bicolor  and  Paratrechina  

longicornis  ants  (Naskar  and  Raut  2014a, b,  c,  2015a,  b,  c,  d,  e,  f,  2016a,  b,  c,  2018a,  b,  2019).

 However,  in  course  of  studies  we  paid  due  attention  to  note  the  food-snatching  behaviour  in  a  

number of  ant  species  in  their  common  foraging  area  where  we  offered  different  types  of  food  

items experimentally,  to  note  their  foraging  behaviour  under  such  circumstances.  Surprisingly,  we  

had  the opportunity  to  record  a  number  of  food-snatching  events  in  the  open  foraging  ground  

either  on  way  of fighting  or  through  the  exercise  of  aggressive  dominant  power,  one  over  other- be  

it  member  of  the same  species  or  different  species,  with  a  view  to  ensure  their  foraging  success  

by  hook  or  crook.  As there  exists,  virtually  no  report  on  the  said  aspect  of  the  ants  we  are  

describing  the  same  in  this article  with  a  view  to  add  further  information  on  the  tricky  food  

collection  behaviour  in  the  foraging ground  contrast  to  food  robbing  from  the  neighbouring  nests  or  

at  the  entry  point  of  these  nests  by certain  cunning  ants.

MATERIALS  &  METHODS 

For  experimental  studies  on  different  aspects  of  food-selection,  feeding,  food  transporting,  and  

foraging activities  in  different  ant  species  who  are  habituated  to  forage  in  the  grounds  in  the  south-

western  zone  of  West  Bengal,  India  different  types  of  food  fragments  viz.  sugar  cubes  and  

fragments  of  sugar made  materials  with  different  colouration,  biscuit  fragments,  piece  of  nuts,  dry  

fish,  freshly  dead mosquitoes,  mustard  seeds,  coriander  seeds,  aniseeds,  cumin  seeds,  chocolate  

fragments  of  different number  and  sizes  as  the  cases  applicable  were  offered  at  several  locations  

in  the  foraging  ground  at different  hours  of  the  study  of  the  study  dates  during  the  period  of  last  

12  years  at  frequent  intervals.  Apart  from  other  behavioural  activities  we  paid  due  attention  to  note  

the  ants  who  were  victimized  by other  individuals  of  the  same  or  different  species  at  the  time  of  

food  examination,  food  selection,  food transportation  because  of  aggression  but  abrupt  attack  with  

a  view  to  snatch  the  food  from  the transporters  on  way  of  their  movement  towards  the  nest.  Also,  

we  noted  the  behaviours  exhibited  by the  victimized  ants  and  their  food-snatcher  ants  in  course  of  

interactions,  in  respect  to  food-snatching events  at  per  date  and  hours  of  the  day  concerned.

Photographs  have  been  taken  into  account  to  visualize  the  facts  the  ants  exhibited  during  their  

food-snatching  operation.  The  experiments  were  carried  out  at  Garia,  Kolkata  (South  24  parganas)  

as  well  as  in  and  around  the Achhruram  Memorial  College  campus,  Jhalda,  Purulia,  West  Bengal,  

India.

RESULTS

During  the  study  period  of  the  total  trials,  22  food-snatching  events  have  been  noted  on  different  

dates and  hours  of  the  study  days  (Table  1).  The  ant  species  involved  in  the  food-snatching  

activities  were Pheidole  roberti,  Paratrechina  longicornis,  Anoplolepis  gracilipes  and  Tetraponera  

rufonigra.

DISCUSSION

Cleptobiosis  is  an  well  established  behaviour  in many  animals  including  social  insects  (Breed  et  al. 

2012).  Also  furtive  behaviour  in  some  foraging  ants  Ectatomma  ruidum  have  also  been  noted  by 

McGlynn  and  coworkers  (2015).  Moreover,  interspecific  competition  through  food  robbing  did  not 

escape  the  sight  of  Yamaguchi  (1995)  in  the  harvester  ant  Messor  aciculatus.  All  the  above  

(8)
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mentioned behaviours  have  been  developed  in  ants  depending  on  the  scarcity  of  food  and/or  to  

avoid  trouble  in searching  and  transporting  the  food  materials  to  the  colony.  Undoubtedly,  such  

types  of  behavioural adaptability  is  deviation  from  the  normal  nature  of  food  searching,  food  

selection  and  food transportation  in  ants.  Such  adaptabilities  though  have  been  triggered  through  

the  practice  of  aggressive foraging  behaviour  (Lynch  et  al.  1980,  Yamaguchi  1995,  Cerdá  et  al. 

1998,  Gathalkar  and  Sen  2018, Pinto  et  al.  2018).  But,  in  this  context  the  climax  is  attributed  not  

only  through  the  development  of  a distinct  behavioural  caste  for  robbing  food  from  the  conspecific  

nest  and/or  removing  the  food  from  the  foragers  at  the  entry  point  of  their  nest  but  also  by  

developing  the  tricks  for  brood  theft to  get  a good  number  of  slaves  to  serve  as  foragers  and  

colony  maintainers  (Paul  and  Annagiri  2018).

 It  is  most  likely  that cleptobiosis  in  social  insects  is  derived  evolutionarily  from  established  

foraging behaviours  (Breed  et  al.  2012)  but  the  basic  information  in  strengthening  the  said  idea  is  

being supplied  through  the  present  findings  on  the  food-snatching  behaviour  in  the  ants  Ph. roberti,  

Pa. longicornis,   A.  gracilipes,  T.  rufonigra  during  foraging  in  open  ground.  As  the  ants  Pa. 

longicornis  or A.  gracilipes  inhibited  other  ant  species  either  to  procure  a  food  item  or  to  carry  the  

same  to  their nest  at  the  spot  where  many  more  food  items  were  available  for  their  choice  it  is  

apparent  that  certain ant  species,  being  members  of  the  same  foraging  ground  are  motivated  not  

to  allow  other  species  to share  the  resource.  And,  under  any  situation  when  these  ants  were  

finding  the  opportunity  to  transport the  food  to  their  nest  these  stranger  ants,  being  in  contact,  did  

not  care  to  snatch  the  food  item  either forcibly  through  a  strong  bite  to  the  food  item  or  abruptly  

attacking  the  ant  or  ants  who  are  engaged in  single  or  cooperative  food-transporting  mechanism  

(Czaczkes  et  al.  2010,  Czaczkes  and  Ratnicks 2013,  McCreery  and  Breed  2014,  Naskar  and  Raut  

2015,  2018a,  b).  Of  course,  dominant  nature  of  a species  influences  habits  of  resource  removal  

(Lynch  et  al.  1980,  Yamaguchi  1995,  Cerdá  et  al.  1998) from  the  other  less  dominant  ant  species  

it  is  well  evident  that,  depending  upon  the  physical  ability  of the  food –transporter  and  the  food-

snatcher  fighting  is  obvious as  have  been  noted  in  course  of  food-snatching  events  between  Pa. 

longicornis,   A.  gracilipes  or  between  Ph. roberti  and  Pa. longicornis,  or between  T.  rufonigra  and  

Pa. longicornis.  Mysteriously,  in  some  interactions  the  snatchers  were successful  to  drive  away  the  

food-carrying  individuals  or  injured  them  heavily  but  did  not  procure  the said  food  item.  This  

indicates  that  the  competers  attack  these  ants,  not  in  all  cases,  to  snatch  the  food item  but  to  

teach  them  a  lesson  of  torture,  brutal  action  and  deprivation  of  food  resources  if  they again  visit  

the  concerned  foraging area.  Simply,  its  an  attempt  to  keep  the  competitors  under psychological  

pressure.

 In  the  present  study  it  is  also  clear  that  food  snatching  though  a  common  behavioural  

phenomenon  in ants  is  not  customarily  an  interspecific  event.  This  short  of  behaviour  is  also  

common  between  the members  of  the  same  species  as  could  be  revealed  from  the  fact  of  food-

snatching  event  exhibited  by A.  gracilipes.  But,  it  is  sure  that  these  ants  belong  to  different  

colonies.  However,  it  is  surprising  that, being  driven  away  by  the  snatcher  ant  the  depriver  ant,  

under  certain  instances,  is  tuned  to  return  to the  spot  of  interaction  to  collect  the  food  item  which  

she  dropped  on  the  ground  during  the  attack, and  was  not  taken  away  by  the  snatcher.  This  sort  

of  behaviour  the  ants  perhaps,  admitted  through their  experience,  as  in  some  cases  food  item  may  

not  be  procured  by  the  snatcher  ant.  Though, according  to  Lynch  and  coworkers  (1980)  resource  

removal  by  a  behaviourally  subordinate  species  are reduced  in  the  presence  of  a  dominant  species  

Prenolepis  impairs,  the  present  findings  indicate  that, under  certain  circumstances  the  weaker  or  

less  dominant  species  may  have  the  opportunity  to  minimise the  rate  of  reduction  of  loss  of  food  
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in  course  of  foraging.

 Thus,  it  is  concluded  that  cleptobiosis  in  ants  is  originated  from  snatching  habit  and  successively 

modified  through  thieving/stealing,  robbing  and  brood-thieving  to  ensure  easy  success  in  obtaining  

food resources.
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Date  of 
observation

 

Timing  of 
observation

 

Description  of  food  snatching   events

 July

  
20, 2010

 
 8.15 

 
AM

 
 
  

A 

 
Pheidole roberti

  
was 

 
carrying 

 
a 

 
piece 

 
of 

 
dry 

 
fish 

 
to 

 
her 

 
nest. On way a Paratrechina 

longicornis

  

suddenly 

 

attacked 

 

her. 

 

Ph. 

 

roberti

  

left 

 

the

  

food piece and moved away. The Pa.
longicornis, 

 

then 

 

picked 

 

up

  

the 

 

said 

 

piece of 

 

dry 

 

fish

  

and

  

was

 

moving towards her 
destination. 

 

But, 

 

the 

 

said 

 

Ph. roberti

  

came 

 

back 

 

quickly 

 

to

  

follow the Pa. longicornis. Soon 
she approached

  

the

  

said 

 

ant 

 

and 

 

attacked 

 

her 

 

ferociously. 

 

They fought for 2 minutes and 
finally 

 

Pa.

  

longicornis

  

moved 

 

away 

 

leaving 

 

the 

 

food 

 

item 

 

at the fighting spot. The said fish-
food

  

piece 

 

was

  

then 

 

carried

  

by 

 

Ph. 

 

roberti

 

safely

  

to

  

her 

 

nest.

 
 

July

  

21,

 

2010

 
 

 

8.30 

 

AM

 
 
  

An

  

Anoplolepis

  

gracilipes

  

was

  

on 

 

her

  

way 

 

by 

 

pushing 

 

a 

 

piece of dry fish. On way a Pa.
longicornis

  

attacked 

 

her and 

 

tried 

 

to 

 

snatch

  

the 

 

said 

 

fish piece from her. The fish piece was 
dropped

  

on 

 

the 

 

ground 

 

because 

 

of 

 

tug of 

 

war 

 

for 

 

95 

 

seconds. But, in the meantime three 
more 

 

Pa.

  

longicornis

 

assembled 

 

there 

 

and

  

took 

 

part 

 

in

  

fighting with the A. gracilipes. 
Suddenly three 

 

more 

 

A. 

 

gracilipes

  

joined 

 

in

  

the

  

interaction 

 

process and fighting was 
continued 

 

for 

 

another 

 

two 

 

minutes. 

 

But, 

 

finally 

 

all 

 

the 

 

four 

 

A. 

 

gracilipes left the fighting spot 
and

  

the 

 

original 

 

snatcher 

 

Pa.

  

longicornis

  

carried 

 

the said 

 

dry 

 

fish piece successfully to her 
destination.  

 
 

8.43 

 

AM

 
 
 

An 

 

A. 

 

gracilipes

  

was 

 

on 

 

way 

 

to 

 

her 

 

nest 

 

pushing 

 

a 

 

piece 

 

of dry fish. Of on a sudden she
was 

 

encircled 

 

by 

 

many 

 

Pa.

  

longicornis

  

individuals. Immediately one Pa. longicornis started 
pulling 

 

the 

 

fish 

 

piece 

 

from 

 

the 

 

A. gracilipes.

  

But

  

she

  

was 

 

rigid to hold the said fish piece
under

  

her 

 

grip 

 

on way 

 

of

  

biting 

 

the 

 

same 

 

strongly. 

 

Just 

 

after 

 

35 seconds the other
members of 

 

Pa. 

 

longicornis

  

tried

  

to 

 

attack

  

her

  

from 

 

all 

 

sides 

 

and then the food piece was 
out 

 

of 

 

the 

 

grip 

 

of 

 

A. 

 

gracilipes.

  

The 

 

Pa. 

 

longicornis 

 

who 

 

was engaged in snatching the fish 
piece 

 

initially 

 

was

  

able

  

to 

 

move 

 

out

  

of 

 

the battle 

 

field. 

 

The

  

A. gracilipes being injured 
somehow 

 

escaped 

 

the 

 

dangerous situation 

 

and 

 

went 

 

away. 

 

Of the fighting Pa. longicornis
three 

 

individuals quickly 

 

moved 

 

and 

 

joined 

 

with 

 

the 

 

fish –piece carrying Pa. longicornis to 
enable 

 

easy 

 

transportation 

 

of 

 

the 

 

same 

 

to 

 

their

  

nest.

 
 

August 

 

04, 
2010

 

 

8.49

  

AM

 
 

An 

 

A. gracilipes

  

was

  

pulling 

 

a 

 

dry 

 

fish 

 

fragment 

 

to 

 

her 

 

nest. 

 

On the way she came across 
another 

 

A.

 

gracilipes

  

individual 

 

who 

 

tried 

 

to 

 

pull 

 

the 

 

said fish 

 

fragment in opposite direction
(Fig 1.). 

 

The 

 

said 

 

event 

 

was 

 

continued for 

 

two 

 

minutes. 

 

Thereafter the original carrier ant 
stopped 

 

pulling 

 

activity and 

 

moved 

 

to 

 

the 

 

opposite 

 

end 

 

of 

 

the 

 

fish fragment where the rival 
A. gracilipes

  

was 

 

trying 

 

to 

 

snatch 

 

the 

 

fish 

 

fragment.

  

They 

 

started fighting. In the meantime, 
a 

 

Pa

  

longicornis

  

took 

 

the 

 

opportunity 

 

to

  

carry 

 

away 

 

the 

 

said 

 

fish fragments which was laid 
on 

 

the 

 

ground.

 

August 09, 
2010

8.53 AM There were some sugar cubes at the supplied site. Eight Pa. longicornis assembled there 
and were engaged in examining the sugar cubes. Mean while a big A. gracilipes appeared 
and started fighting with these Pa. longicornis. The A. gracilipes was compelled to leave the 
spot. Then each Pa. longicornis individual was seen to carry a sugar cube individually to 
their destination. But of on a sudden a large sized A. gracilipes was seen to attack these 
Pa. longicornis individuals. To save their life Pa. longicornis dropped the sugar cubes on the 
ground and moved hurriedly elsewhere. All the sugar cubes were procured by A. gracilipes

October 06, 
2015

07.55 AM Ph. roberti were assembled at the site of food supplied spot. They were just on way of 
carrying the sugar cubes. Suddenly five Pa. longicornis appeared there and attacked the Ph.
roberti individuals who were carrying the sugar cubes. Consequently fighting started and Ph.
roberti were dispersed. The sugar cubes were procured by Pa. longicornis

          

Table 1.  Food-snatching  events  in  ants.
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October 27, 
2015

09.58 AM

 
  

A

  

Tetraponera 

 

rufonigra

  

came 

 

in 

 

contact 

 

of

  

the 

 

supplied 

 

sugar cubes. She checked five 
sugar 

 

cubes 

 

and 

 

then 

 

picked 

 

up 

 

one 

 

sugar 

 

cube 

 

with 

 

a 

 

view to carry the same to the 
nest. Just at that time a Pa. longicornis attacked her. The T. rufonigra dropped the sugar 
cube and started fighting with Pa. longicornis. After two minutes T. rufonigra was able to 
collect that sugar cube to carry the same to her nest. There were still six sugar cubes at 
the site and Pa. longicornis then, bite one of these sugar cubes to carry the same to her 
nest.

November 08,
2015

05.18 PM An A. gracilipes drove away two Pa. longicornis while they were carrying a piece of pink 
sugar fragment on way of pulling and pushing system to their nest. The dropped sugar 
fragment was carried safely to the nest by the A. gracilipes.

November 09, 
2015

09.26 AM At the site a Pa. longicornis was eating a piece of murki (fragmented flat rice soaked with 
molasses) following examination of the supplied food items. In the meantime an A. gracilipes
appeared there and forcibly drove away the Pa. longicornis (Fig 2.). Then A. gracilipes
carried the said murki piece to her nest.

  
09.28  AM  

 
  Two  Pa.   longicornis   were  carrying  a  piece  of   white  sugar  fragment to their nest. Suddenly 

an   A.  gracilipes   gave  a  strong  bite  to  the  said  sugar fragment and lifted the same while 
these 

 
two 

 
Pa. longicornis

  
had 

 
no alternative 

 
but 

 
to 

 
leave 

 
the 

 
sugar fragment. Side by side, 

at 
 

a 
 

close 
 

distance 
 

another
  

A. 
 

gracilipes
  

was 
 

also 
 

seen
  

to 
 

snatch a piece of yellow sugar 
fragment 

 
from

  
two 

 
Pa.

  
longicornis.

 
 
November 10,

  
2015

 
 

 
09.35 

 

AM

 
 
  

Three 

 

Pa.

 

longicornis

  

were

  

jointly 

 

transporting 

 

a 

 

piece 

 

of 

 

yellow sugar fragment. They were
forcibly 

 

detached 

 

from

  

the

  

food 

 

fragment 

 

by 

 

an 

 

A. gracilipes

  

who picked up the said sugar
fragment 

 

and 

 

moved 

 

towards 

 

her nest.

 
 

09.37 

 

AM

 
 
  

An 

 

A. 

 

gracilipes

  

attacked

  

two 

 

Pa.

  

longicornis

  

who 

 

were 

 

on 

 

their way to the nest to deposit 
a 

 

sugar 

 

fragment. 

 

Pa.

  

longicornis

  

failed 

 

to 

 

resist 

 

the attack 

 

and thus the sugar particle was 
snatched 

 

by 

 

the

  

A. 

 

gracilipes.

 
 

November 11, 

 

2015

 
 

 

08.00

  

AM

 
 
  

A 

 

Pa.

  

longicornis

  

was

  

carrying

  

a

  

salt 

 

grain 

 

from 

 

the 

 

supplied spot. On way she was 
attacked 

 

by

  

an 

 

A. 

 

gracilipes. 

 

Pa. 

 

longicornis

  

ran 

 

away dropping the salt grain. But A. 
gracilipes

  

examined 

 

the 

 

said 

 

salt 

 

grain 

 

and left 

 

the 

 

place 

 

leaving the salt grain as such at 
the 

 

spot. 

 

Pa. longicornis

 

came 

 

back 

 

to 

 

the 

 

said 

 

spot 

 

and 

 

picked up the salt grain for 
transporting 

 

the 

 

same 

 

to 

 

her 

 

nest.

 
 

09.24 

 

AM

 
 
  

A 

 

Pa. 

 

longicornis

  

was 

 

on 

 

her 

 

way 

 

to 

 

nest 

 

with 

 

a 

 

piece

  

of

  

pink sugar fragment. Suddenly 
an 

 

A. gracilipes

  

attacked 

 

her 

 

and 

 

snatched 

 

away 

 

the sugar 

 

fragment.

 

November

 

12, 

 

2015

 

 

09.19 

 

AM

 
 
 

An 

 

A. gracilipes

  

chased 

 

a

  

Pa. longicornis,

  

who 

 

was 

 

carrying 

 

a piece of pink sugar
fragment,

  

suddenly

  

and 

 

ferociously. 

 

The

  

Pa. longicornis

  

dropped the sugar fragment and 
quickly 

 

moved 

 

away. 

 

The 

 

snatcher 

 

transported 

 

the said 

 

sugar 

 

fragment to her destination.

 

09.22 

 

AM

 
 
 

A 

 

Pa. longicornis

  

was 

 

pulling 

 

a 

 

biscuit 

 

fragment. 

 

But 

 

on

  

way 

 

an A. gracilipes chased her.
She 

 

left 

 

the

  

biscuit 

 

fragment 

 

and 

 

moved 

 

away. 

 

But, the 

 

A. gracilipes did not collect the said 
biscuit 

 

fragment 

 

and 

 

left 

 

the 

 

place. The 

 

said 

 

Pa. longicornis

  

came back to the spot and took 
the

  

biscuit fragment 

 

to 

 

transport 

 

the 

 

same

  

to 

 

her 

 

nest.

 
 

09.23 

 

AM

 
 
  

A 

 

Pa. longicornis

  

was 

 

pulling 

 

a 

 

piece 

 

of 

 

white 

 

sugar 

 

fragment. She was attacked by an A. 
gracilipes

  

on 

 

way 

 

of 

 

movement 

 

towards 

 

her

  

nest. 

 

They fought for a while and the Pa. 
longicornis

  

left 

 

the 

 

place 

 

leaving 

 

the 

 

sugar fragment. 

 

The 

 

said sugar fragment was carried
by A. gracilipes to her nest.

04.01 PM A Pa. longicornis examined the offered food items at the site. She then, selected a piece 
of pink sugar fragment. She was pulling the same to her nest but on the way an A. 
gracilipes came in contact with the sugar fragment and started pulling the same in opposite 
direction. The interaction was continued for 80 seconds when another A. gracilipes joined in
the tug of war. The sugar fragment was detached by Pa. longicornis and these two A. 
gracilipes carried the sugar fragment jointly to their nest.

04.18 PM A yellow sugar fragment was carrying by two A. gracilipes. One of them was pushing and 
the other one was pulling the said sugar fragment. Of on a sudden comparatively healthier
A. gracilipes appeared and gave a strong bite to the sugar fragment at the lateral side. 
She then lifted the same and moved to her destination.  
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November 13, 
2015

09.08 AM One Pa longicornis was pulling a “batasa” (made of sugar) fragment from the offered site.
She was attacked by an A. gracilipes on the way (Fig 3.). A. gracilipes very promptly 
snatched the batasa fragment and hurriedly moved towards her nest.

09.16 AM One A. gracilipes chased a Pa. longicornis, on the way, who was pushing a piece of white 
sugar fragment. A. gracilipes injured Pa. longicornis by damaging her legs through repeated
biting. Consequently, Pa. longicornis failed to move forward and A. gracilipes snatched away
the sugar fragment.

09.21 AM A piece of chocolate fragment was pulling by an A. gracilipes. A Pa. longicornis coming in
contact with the chocolate fragment started to pull the same in opposite direction with a 
view to snatch the same (Fig 4.). But, A. gracilipes was able to manage her movement in a 
befitting manner to escape the chaser.

Fig. 1 Food-snatching act by an A. gracilipes 
from another A. gracilipes

Fig. 2 An A. gracilipes snatching a murki fragment
from a Pa. longicorins.

Fig. 3 An A. gracilipes snatching a batasa 
fragment from a Pa. longicornis

Fig. 4 A Pa. longicornis snatchin a chocolate
fragment from a A. gracilipes
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Abstract
Being rich in nutrients insects are potential nutraceutical resources. In the present study, we have selected the 8th instar 
larval stages of Tenebrio molitor and 5th instar nymphal stages of Sphenarium purpurascens, because these are the most 
sought after stages in the edible insect market in various states of the Mexican Republic. We have estimated their proximate 
composition and mineral contents and compared them with red meat and white meat. S. purpurascens has been found to 
be rich in protein and energy, whereas T. molitor contains maximum amount of fat and energy that are even better than that 
of red and white meat. Both of them also contain higher amount of minerals compared to red and white meat. It has been 
further observed that only 500g of insect flour can provide almost all the minerals in question, whereas the same amount of 
red and white meat can provide merely three of them. Thus, insects should be exploited as a source of nutraceuticals, more 
in depth study is necessary in this aspect though.

Keywords T. molitor · S. purpurascens · Nutraceuticals · Grub · Nymph

Introduction

The Indian Ayurveda and Hippocrates have reverberated 
the same opinion that our food should be our medicine 
(Wildman 2001; El-Sohaimy 2012), so it is necessary to 
practice a healthy feeding habit. Workers from around the 
world have developed an interest on the analyses of nutrient 
compositions of our common victuals and their possible 
influence on human health (Srividya et al. 2010). In this 
context a relatively new term “nutraceuticals” has been 
emerged, coined by Stephen De Felice from two different 
words “nutrient”, and “pharmaceuticals” (De Felice 1995; 
Biesalski 2001). Such products could be anything from 
dietary supplements, isolated nutrients, and herbal products 
to genetically engineered stuffs (Pandey et al. 2010). Later 

on, various workers from different parts of the world have 
ushered information on the nutraceutical and medicinal 
compounds in various food materials. However, most of 
them are from plant related products; even though a few 
works on the animal products also have been reported 
(Barrera and Moreno 2018) the information is inadequate 
until now.

Very recently, insects have emerged as a potential food 
source for human and livestock (van Huis  2013). They 
definitely have a huge potential to be instated as a good 
nutraceutical resource that could be utilised as food additive 
for both human and in livestock industries. Nevertheless, 
the information is lagging far behind. Although authors 
like Ramos-Elorduy (2000), Costa Neto et al. (2006), Pino 
et al. (2009) have evaluated the medicinal and nutraceutical 
properties of insects such as grasshoppers, roaches, beetles, 
flies, bees and wasps, in China, Mexico, Brazil, Cuba etc. we 
need to get even more information in this aspect.

Keeping this idea in mind, in the present work we have 
selected the 8th  instar larval stages of Tenebrio molitor 
Linnaeus, 1758 and 5th instar nymphal stages of Sphenarium 
purpurascens Charpentier, 1842, because these are the most 
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sought after stages in the edible insect market in various states 
of the Mexican Republic, like the State of Mexico, Michoacán, 
Puebla, Oaxaca, Tlaxcala, etc. (van Huis et al. 2013). T. 
molitor is a coleopteran insect whose juvenile stage is known 
as “yellow meal worm”. This species is indigenous to Europe 
but now is distributed worldwide and considered as a serious 
pest of stored grains. In Mexico this insect is commonly used 
to feed companion animals owing to its nutritional value 
and ease of handling in captive conditions (van Huis 2013). 
Various authors have reported about their nutritional quality 
and they have found 43-65% crude protein, 7-32% fat, 20-27% 
carbohydrate and 213-247 Kcal/100g of energy, depending 
upon the developmental stage of the insects (Ravzanaadii 
et al. 2012; Heidari-Parsa et al. 2018). On the other hand, 
S. purpurascens is a short horn grasshopper species, which 
is also a serious pest of grain crop plants, and has been the 
most demanded edible insect resource for native Mexican 
people who consume them as “chapulines” since ancient 
times. In Mexico, chapulines are either toasted on a comal, 
and devoured along with “tortillas” and “pasilla chili sauce”, 
or just seasoned with salt and lemon (van Huis 2013). Authors 
like Ramos-Elorduy et al. (2012), Torruco-Uco et al. (2019), 
Celeste et al. (2020) have reported the nutritional contents 
of this insect species. They are reported to contain 60-64% 
crude protein, 11-15% fat, 20-25% carbohydrate and 384-403 
Kcal/100g of energy depending on whether the experiments 
were carried out on nymphal or adult stage. Both the insect 
species are also reported to be rich in fatty acids, amino acids, 
vitamins and minerals (Virginia et al. 2015; Feng, 2018; Liu 
et al. 2020). In the present work, we have focused on the 
estimation of the proximate composition and mineral content 
of these two edible insects. Additionally we have made an 
attempt to compare our obtained results with that of red meat 
and white meat from the literature, and finally commented 
the consumption of how much of these insects can fulfill the 
demand of daily mineral consumption of an average healthy 
human being.

Materials and methods

Sampling of test insects

Collection of adult S. purpurescens was carried out in corn 
crop lands located in Tepotzotlán state of Mexico, which 
were then assembled, labeled and identified according 
to the key proposed by Márquez (1962). Then they were 
stocked in the insect rearing facility of our laboratory. When 
eggs hatched, nymphs were transferred to plastic boxes 
measuring 38cm × 30cm × 20cm and reared on a mixed 
diet of pesticide free fresh foliage of lettuce (Lactuca sativa 
L.), cabbage (Brassica oleracea L.), corn (Zea maize L.), 
and alfalfa (Medicago sativa L) in a set up following the 

method described by Haldar et al. (1999). When the insects 
grew up to 5th instar nymphal stages, 600 individuals were 
separated for chemical analyses.

We have a population of rice bran fed T. molitor maintained 
since 1980s in the mass production insectaria of Entomology 
Laboratory, Department of Zoology, Institute of Biology 
of the Autonomous University of Mexico (UNAM). For 
chemical analyses 2,500 individuals of  8th instar larval stage 
were segregated.

Chemical analyses

The insects were oven dried at 70-80°C for about 48 
hours until the weight became constant. Moisture free 
samples were then crushed into powder form using a 
mixer grinder, and 100g dry samples of each species were 
subjected to proximate composition, whereas 5g were used 
for mineral estimation following the procedure of AOAC 
(Helrich 1990). Crude protein was estimated by Kjeldahl 
(AOAC 988.05), fat was estimated using soxhlet apparatus 
(AOAC 920.39), crude fiber was estimated using acid-alkali 
digestion (AOAC 962.09), ash was estimated using a muffle 
furnace (AOAC 942.05), and nitrogen free extract was 
calculated by difference method. The energy was determined 
by an oxygen bomb calorimeter according to the method as 
mentioned in Anand et al. (2008). Determination of minerals 
(i.e. K, Mg, Zn, Fe, Cu and Na) was carried out using the 
AOAC method 968.08. For this purpose, 5 g of sample was 
weighed in a beaker, and 10 mL of concentrated nitric acid 
was added to it, heated for an hour until a translucent color 
was obtained. The solution was then cooled, recovered and 
filtered in a volumetric flask. De-ionized distilled water was 
added to this solution to make it 25 mL “stock solution”. 
Then the mineral contents were determined by atomic 
absorption spectrophotometry with the Perkin Elmer atomic 
absorption, model 2380. Calcium and phosphorus were 
determined using the hydride generation technique coupled 
to atomic absorption spectrophotometry. For calcium AOAC 
method 927.02, and for phosphorus AOAC method 965.17 
was employed. All the chemical analyses were carried out 
in triplicate in the Laboratory of Animal Nutrition and 
Biochemistry of the Faculty of Veterinary Medicine and 
Zootechniques of UNAM.

Nutritional value of red and white meat

We have consulted various research articles (mentioned in 
Table 1, and Table 2) to obtain the nutritional values of different 
red meat and white meat resources. We have considered the 
mean values published in all the papers for each type of meat 
and tabulated the average data along with the nutrient quality of 
the selected insects.
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Statistical analyses

The results were calculated as mean ± SD. For statistically 
comparing the obtained data between the two selected insect 
species and the conventional meat sources one-way analysis of 
variance (ANOVA) was carried out with the significance level of P 
< 0.01 followed by Tukey’s posthoc test. All the calculations were 
carried out using Microsoft Excel 2007, and Past, version 3.26.

Results

The proximate composition of S. purpurascens and T. 
molitor alongwith red meat (i.e., beef, lamb, veal, pork etc.) 
and white meat (i.e. broiler chicken, quail, turkey etc.) are 
depicted in Table 1. It is not surprising to find out that red 
meat and white meat are having maximum amount of crude 

protein (about 82% and 80% respectively). Nevertheless, S. 
purpurescens also has more than 67% protein content, while 
T. molitor is having the least amount (just above 47%) of 
the same. On the contrary, T. molitor contains more than 
38% of crude fat which is significantly higher than that of S. 
purpurascens as well as the red and white meat. Crude fiber 
is present in the highest amount in S. purpurascens followed 
by T. molitor (more than 10% and 6% respectively), while 
both red and white meat have negligible amount of the same. 
This exact trend is evident in case of ashes too (more than 
4% for S. purpurascens, more than 2% for T. molitor, more 
than 1% for red meat, and nearly 2% for white meat). NFE 
also is in greater amount in the insects (over 4% in both). 
T. molitor contains maximum gross energy followed by S. 
purpurascens (more than 552 Kcal/100g, and nearly 393 
Kcal/100g respectively), while red meat and white meat are 
having just over 120 Kcal/100g of gross energy.

Table 1  Proximate composition and energy content of the larval stages of S. purpurascens and T. molitor along with red meat and white meat

Results are mean ± SD. Different letters within a column shows significant different values (One-way ANOVA, P<0.01, Tukey’s posthoc test)

Sample Crude Protein
(%)

Ether 
Extract
(%)

Ashes
(%)

Raw Fiber
(%)

Nitrogen-free 
Extract
(%)

Gross energy
Kcal/100g

Source

Sphenarium purpuras-
cens nymph

67.8±0.076b 11.47±0.180b 4.87±0.043c 10.51±0.144c 4.65± 0.076b 393.03±4.367b Lab analysis

Tenebrio molitor grub 47.76±0.068a 38.29±0.122c 2.77±0.038b 6.91±0.162b 4.24±0.059b 552.37±6.082c Lab analysis
Red meat 82.76± 14.150b 12.37±4.073a 1.16±0.842a 0.079±0.007a 2.32±0.382a 127 ±5.611a Adeniyi et al. (2011), 

Karakök et al. 
(2010), Bohrer 
(2017)

White meat 80.59±13.212b 10.92±3.567a 1.96±0.614a 0.082±0.004a 2.79±0.264a 121 ± 6.203a Adeniyi et al. (2011), 
Al-Yasiri et al. 
(2017), Karakök 
et al. (2010), Bohrer 
(2017)

Table 2  Mineral content of the larval stages of S. purpurascens and T. molitor along with red meat and white meat

Results are mean ± SD. Different letters within a column shows significant different values (One-way ANOVA, P<0.01, Tukey’s posthoc test)

Sample P
(mg/Kg)

K
(mg/Kg)

Ca
(mg/Kg)

Mg
(mg/Kg)

Zn (mg/Kg) Fe (mg/Kg) Cu (mg/Kg) Na
(mg/Kg)

Source

Sphenarium 
purpurascens 
nymphs

7562.8±312.1c 10824.3±441.5c 2120.7±103.8d 1107.1±10.7c 171.7±3.4d 113.6±3.1c 53.3±1.2d 447.5±8.2a Lab analysis

Tenebrio 
molitor grubs

10118.9±214.2d 10318.1±352.6c 612.6±21.3c 3714.4±32.5d 132.2±2.8c 75.7±3.6b 22.4±0.8c 1706.2±11.4c Lab analysis

Red Meat 2621.5±209.7b 4417.9±102.7b 74.2±15.9a 320.3±27.1b 38.1±11.8b 19.8±5.1a 1.3±0.3a 615.3±61.1b Wyness 
et al. 
(2011), 
Williams 
(2007), 
Bohrer 
(2017)

White meat 1753.2±117.4a 2120.2±226.9a 132.3±16.1b 177.5±25.2a 17.1±7.6a 18.4±6.2a 2.9±0.8b 677.5±39.3b Jokanović 
et al. 
(2014), 
Bohrer 
(2017)
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Table 2 shows a comparative representation of various 
minerals present in S. purpurascens and T. molitor along 
with pooled data of the same present in red meat and white 
meat. It is evident that the insects are a much better source 
of Zn, Fe, and Cu, compared to red meat and white meat, 
on the contrary in case of Na the least amount is present in 
S. purpurascens (slightly over 447 mg/Kg) even though T. 
molitor has the peak value of more than 1706 mg/Kg.

Table  3 shows the daily demand of the minerals in 
question by human, and the amount of dry mass of insects 
as well as red meat and white meat that can fulfill the daily 
need of the minerals. These values were obtained from the 
information already mentioned in Table 2, and presented as 
an approximation. According to Table 3, the daily demand of 
phosphorus (P) is 600-800 mg, and from Table 2 we get the 
content of P in S. purpurescens which is about 7562.8 mg/Kg. 
So, it is clear that 100g of S. purpurescens will provide about 
756.28mg of the said mineral which is within the prescribed 
range. The approximate estimations for the other cases have 

been derived in the same manner. It is evident from the table 
that 500g of both red and white meat can fulfill the need of P, 
Zn, and Fe. In contrast, 500g of dry biomass of S. purpurescens 
can fulfill the daily demand of almost all the minerals in question 
only leaving Na. The situation is almost similar in case of T. 
molitor also, where 500g could provide the daily demand of 
six of them only leaving Ca and Na. In Table 4, the deficiency 
maladies of the minerals in question are depicted. It is evident 
that these mineral deficiencies are mostly related to weak bone, 
debility, weak heart, and deprived immunity.

Discussion

Anand et  al. (2008) have evaluated the proximate 
composition of four edible grasshoppers from India. 
In their study, it is found that these grasshoppers have 
protein content of around 63-65%. Our study follows 
the same pattern as S. purpurascens is having protein 

Table 3  Daily mineral demand and amount of red meat, white meat and insect flour needed to attain that demand

Minerals Daily demand(mg) According to FDA 
(2019) and FAO/WHO (2004) in adults

Supply

By
red meat

By
white meat

By
S. purpurascens

By
T. Molitor

P 600-800 About 300g About 400g About 100g About 70g

K 4500-4700 About 1100g About 2200g About 400g About 400g
Ca 1000-1200 About 20000g About 12000g About 500g About 2000g
Mg 400-420 About 1400g About 2200g About 400g About 150g
Zn 1.97-3.37 About 70g About 140g About 20g About 20g
Fe 8-11 About 500g About 500g About 100g About 150g
Cu 9-10 About 7500g About 3500g About 200g About 500g
Na 1300-1500 About 2200g About 2200g About 3000g About 800g

Table 4  Deficiency maladies of the minerals selected for the present study

Minerals Deficiency maladies References

P Rickets, Osteomalacia, Osteoporosis FAO/WHO(2004); Kestenbaum and Tilman (2010)
K Hypokalemia, leads to weakness FAO/WHO 2004, Lanham-New et al. 2012
Ca Osteoporosis, Memory loss, cramps, confusion FAO/WHO (2004); Tulchinsky (2010), Kestenbaum and Tilman 

(2010)
Mg Nausea, fatigue, irregular heart rhythm, por memory, anxiety FAO/WHO (2004); Kestenbaum and Tilman (2010)
Zn Apetite loss, stunted growth, poor immune function, delayed 

sexual maturity, diarrea, eye and skin lesions, hair loss, poor 
wound healing, weight loss

FAO/WHO (2004); Tulchinsky (2010)

Fe Tiredness, pale skin, shortness of breath, head ache, palpitation, 
dry hair and skin, tongue and mouth soreness, restless legs, brit-
tle fingernails, anemia

FAO/WHO (2004); Tulchinsky (2010)

Cu Fatigue, weak and brittle bones, memory related problems, 
improper walking, cold sensitivity, pale skin, impaired vision, 
grey hair

Tsugutoshi (2004); Krupanidhi et al. (2008); Angelova et al. 
(2011)

Na Nausea, Head ache, confusion, weakness FAO/WHO 2004; Bellows and Moore 2013
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slightly over 67%. However, energy content of those 
grasshoppers varies from 465-566 Kcal/100g, which is 
much higher than S. purpurascens. Sanchez-Muros et al. 
(2015) and Jajic et al. (2019) report protein percentage of 
T. molitor ranging from around 55-58% which is higher 
than our findings. Additionally, in their work the range 
of crude fat is in between 25 and 30%, which is lower 
than that of our findings. In any case, it is a proved 
fact that insets are not only a good source of protein, 
they are actually a better fat and energy source as well, 
compared to conventional meat resources (Kouřimská 
and Adámková, 2016).

Many edible insects have been found to be rich in iron 
content, and sometimes could have even more than in 
beef (Kinyuru et al. 2015). Our results also show this 
exact trend. According to van Huis (2013) the iron 
contents of mopane worms and Locusta migratoria 
range from 31 to 77 mg and 8 to 20 mg per 100 g of dry 
weight, respectively. Iron deficiency is one of the world’s 
most widespread nutritional disorders; consequently, in 
developing countries anemia is extremely prominent 
in children and pregnant women (Mawani et al. 2016). 
Therefore, edible insects could be exploited to improve 
the status of iron deficiency (Kinyuru et  al.  2015). 
Among conventional foods major source of Zn and Cu 
are oyster and beef, and the Zn content of oyster ranges in 
around 132mg/Kg (Kim et al. 2017). Our work supports 
this view as the content of Cu has been found to be much 
higher in the insects in comparison with red meat. Kim 
et al. (2017) evaluated five edible insects from Korea, but 
they have reported mealworm to have 11.4 mg/Kg of Cu, 
which is much less than our findings. The same authors 
have reported 27.2 mg/Kg of Cu in the grasshopper 
Oxya chinensis, but our chosen species of grasshopper 
S. purpurescens contains over 53 mg/Kg of Cu. Na and 
K are essential electrolytes that play important roles in 
physiology, such as nervous coordination. As reported 
by Oonincx et al. (2010), and Hyun et al. (2012), insects 
are a rich source of minerals such as sodium, potassium, 
calcium, phosphorus and magnesium. Our results are 
also in concert with this statement as it is evident here 
also that these minerals are in much higher amount in 
the selected insects compared to red meat and white 
meat. Ca, P, and Mg are essential elements of bone 
(Palacios 2006). The main conventional source of Ca is 
milk that contains 900-1300 mg/Kg of this element. It is 
evident that T. molitor is a slightly better source of Ca 
than meat, but S. purpurascens has an amount, which is 
almost double, compared to the amount of Ca in milk. 
However, Mg and P contents are found to be highest in 
T. molitor, whereas K content is almost similar in both 
the two insects where both the red meat and white meat 
contain a much lower amount of K.

Conclusion

Grasshopper and mealworm farming is a fast growing 
economy in various countries like China, Singapore, 
and Thailand. Recently US and UK based companies 
are also emerging. The prime goal of the insect farms 
is to provide protein rich food for human and livestock 
consumption. But from our findings, we could conclude 
that in addition to protein only a handful of insect flour 
is enough to provide ample amount of fat and energy, 
as well as they could act as a food additive that can 
supplement the minerals and keep the deficiency related 
maladies at bay. Thus, insects make a potential resource 
of nutraceuticals which demands further in depth research 
that will eventually encourage people to set up farms with 
different other insects, ultimately creating job opportunity.
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Abstract
In recent times short horn grasshoppers (i.e. acridids) have been emerged as a potential nutrient resource for livestock in India.
But it is necessary to attempt their mass production for a sustainable supply which is also cost effective. In this context the present
work aimed to evaluate the ability of annual production of Spathosternum prasiniferum prasiniferum (Walker, 1871). The insects
were reared in captivity in natural condition without the aid of any environmental chamber that has been used in all the previous
works. For estimation of biomass nymphal survival percentage, number of egg pods laid per female, number of eggs hatched per
pod, sex ratio, energy content and dry body weight of adult individuals were taken into consideration. Then projected annual
biomass was calculated from the obtained results. The findings were encouraging because we have estimated about 66,326
individuals, or 3.55 Kg of dry biomass i.e. 82,234.33 KJ of energy after one year starting from only one pair. Even though the
probable annual biomass was found to be lower than the previous works, still it was a good amount, and heartening for mass scale
production. Thus we have concluded the work with a notion that this might encourage small scale start up even by
poor farmers who are unable to procure environmental chamber. However, other species should be explored in future
that can produce a higher biomass.

Keywords Insect farming . Annual biomass . Spathosternum prasiniferum prasiniferum

Introduction

It is estimated that by the year 2050 there will more than nine
billion people on earth and because of this global population
boom and due to over-exploitation of food there will be a great
scarcity of conventional protein sources (Kouřimská and
Adámková 2016). In this context it is a must to look for alter-
natives (Madau et al. 2020). In recent times insects are emerg-
ing as an unconventional nutritionally rich food resource
where anti-nutritional growth retardants are present in toler-
ance limit (Das and Mandal 2014). The ubiquitous presence
made these marvel creatures a frequent ingredient in common

victuals from time immemorial throughout the world (Imathiu
2020). Nevertheless, only in recent days they are getting seri-
ous attention from the scientific community. Many workers
established that insects are high in nutrients and energy, and
many of them could be cultivated as mini-livestock (Zhou and
Han 2006; Alexander et al. 2017). But accepting insects as
food is not always very easy for any mature person having
western influenced upbringing who consider these creatures
as “poor man’s food”; and because of this social taboo we
observe repugnance in consuming insects among the western
and western influenced communities (Rodríguez-Miranda
et al. 2019). In this context they could be used as an alternative
nutrient supplement for the livestock industry.

Various workers have successfully used insects as alterna-
tive protein source for poultry, fish and pigs (Yen 2015).
Among insects, the order Orthoptera (i.e. grasshoppers and
crickets) has been found to contain about 43.9% to 77.1%
protein with the highest quantity in Melanoplus mexicanus
(Saussure, 1861) and 14.05 KJ to 21.88 KJ of energy where
Blaberus sp. showed the best value (Ramos-Elorduy et al.
2012). Workers like Anand et al. (2008a) and Das and
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Mandal (2013) effectively utilized the acridid grasshopper
Oxya sp. as poultry feed. Likewise, Ganguly et al. (2014)
proved acridid grasshoppers to be suitable to feed ornamental
fishes, while Ghosh and Mandal (2019) reported lucrative
results when these short-horn grasshoppers were used as a
supplementary nutrient in table fish feed. However, any food
resource needs to be produced in mass scale for sustenance.
Therefore, acridid mass production is very much needed.

To address this issue Haldar and Nandy (1997) first
attempted mass rearing of Hieroglyphus banian (Fabricius,
1798), Acrida exaltata (Walker, 1859), and Oxya sp. Later,
Das et al. (2002) did a mass culture study onOxya fuscovittata
(Marschall, 1836). Anand et al. (2008b) compared the mass
production abilities of O. fuscovittata and S. pr. prasiniferum.
Das et al. (2012) successfully cultured Oxya hyla hyla
(Surville, 1831). The results proved O. hyla hyla,
O. fuscovittata, and S. pr. prasiniferum are the major candi-
date species for mass culture. According to them both the
Oxya species have higher potential of mass production in
comparison with S. pr. prasiniferum. It should be noted that
all these studies utilized environmental chamber so that the
insects could be reared in optimum temperature, photo period,
and humidity. But, we should keep in mind that many poor
farmers who are interested to start acridid farming would not
be able to procure sufficient amount of environmental cham-
bers. And those who could afford such apparatus will have
huge start up cost.

Considering this scenario, the present work was designed
to evaluate the mass production ability of the oligophagous
short-horned grasshopper (i.e. acridid) S. pr. prasiniferum
which is comparatively a less studied species. Das and
Mandal (2013) opined that this insect species could be an
alternative nutrient resource. Their study revealed that this
grasshopper species contains more than 65% crude protein,
7% fat, and over 6% of carbohydrate on dry matter basis. The
energy content was reported to be 2347 KJ/100 g.
Additionally they were also found to be rich in fatty acids,
amino acids, vitamins and minerals, where anti-nutitional fac-
tors like oxalate, tannin, and phytin were present in
significantly low titer. Ganguly et al. (2013) reported that
S. pr. prasiniferum is one of the most abundant tetravoltine
(i.e. completing four generations in a year) acridid species in
the state of West Bengal in India, where the present work was
conducted. According to that report their gestation period is
about four weeks, nymphal duration is about 40–50 days, and
adult duration is about 30–40 days. They start copulating soon
after reaching maturity, and start laying egg pods within 8–
12 days of adulthood. Thus it is observed that S. pr.
prasiniferum can complete four generations annually. This
oligophagous insect may affect the entire winter crop (sown
during June–August and harvested in November–January),
and summer seedlings of sorghum and wheat (Sown during
January–February and harvested in April–May) in the state of

West Bengal, India. As it was evident that these insects mainly
target plants under Poaceae family, in our work also they were
reared on four food plants of the same family, and nymphal
survival and reproductive potential was estimated. Then their
probable annual biomass was calculated from those data as-
suming a single pair as a starting point. The entire study had
been conducted in natural condition during May, 2019 to
August, 2019, and without the use of environmental chamber.
The prime goal of this study was to get an idea whether there
will be sufficient biomass even if environmental chambers are
not used in acridid farms.

Material and methods

Stocking of S. pr. prasiniferum

Fifty adult males and fifty females of S. pr. prasiniferumwere
collected from the grasslands of Santiniketan, West Bengal,
India. Theywere stocked in 5 plastic boxesmeasuring 38 cm ×
30 cm × 20 cm with 10 males and 10 females in each. For
rearing purpose leaves of Cynodon dactylon (L.) Pers. was
offered to the insects in a set up as described by Haldar et al.
(1999). Taxonomic identification up to sub-species level was
confirmed with the help of the authentic guidebook of
Bhowmik (1986), published by the Zoological Survey of
India.

Food plants

Seeds of Sorghum halepense (L.) Pers., Triticum aestivum L.,
and Oryza sativa L. were bought from the local market and
sowed in the “Entomology Experimental Plot” in the
Department of Zoology campus of Visva Bharati University.
No pesticides were administered to the food plants. When the
seedlings emerged fresh leaves were clipped and offered to the
insects in the experimental sets each day. The common
“Durva grass” C. dactylonwas abundant in the same pesticide
free experimental plot and they were also clipped and offered
to the sets afresh each day.

Experimental set up

The experiment was conducted in 12 plastic boxes as we have
used one food plant per set and there were four food plants in
triplicates. Rearing was done by the same Haldar et al. (1999)
method. Each box measured 38 cm × 30 cm × 20 cm, and was
fitted with nylon mesh of about 1 mm wide pore size for
proper aeration. The bottoms of the boxes were covered with
5 cm deep sterilized sand that was previously boiled in water
in 100 °C for ten minutes. Each day some water was sprinkled
to keep the sandmoist so that the humidity of the experimental
boxes could be maintained. When eggs hatched out from the

Int J Trop Insect Sci

Author's personal copy



stock sets, same day hatched 492 fledglings were randomly
selected and placed in the experimental sets with 41 individ-
uals in each.

Estimation of selected parameters

For the computation of annual biomass production, parame-
ters like nymphal survival, number of egg pods laid per fe-
male, number of eggs hatched per pod, sex ratio, dry body
weight, and energy content of adult individuals were taken
into consideration. For the estimation of dry body mass 51
adult males and 51 adult females were separately collected
from stock sets and freeze killed followed by oven drying at
60 °C until the weight became constant. Finally they were
weighed individually and the mean values of their dry body
masses were expressed in grams. After that the dry insect
carcass was crushed in powder form by a mixer grinder and
mixed with fixed proportion of benzoic acid as burning agent
to make pellets weighing 1 g. Later, the mixed pellets were
charged with digital oxygen bomb calorimeter (model EIE-
220A, EIE Instruments Pvt. Ltd., Ahmedabad, India) and en-
ergy was expressed in terms of KJ/100 g. Sex ratio was esti-
mated by random sampling of 1000 individuals from the
grasslands of Santiniketan by sweeping technique and number
of males and females were calculated separately. Other esti-
mations were made in the experimental set up. Nymphal sur-
vival was expressed as percentage of nymphs reaching adult-
hood. When first copulating pair was observed in all the box-
es, they were regularly checked for counting number of egg

pods along with the number of adult females in each. Thus
average number of egg pods laid per female was estimated.
Known amount of egg pods (usually 8–10) were kept inside
sterilized moist sand in 80ml plastic cups fitted with nylon net
at the top. When hatching started, numbers of fledglings were
calculated, recorded, and were transferred to the stock sets.
When there were no hatching recorded for 30 days it was
assumed no more eggs to be hatched; then average number
of eggs hatched per pod was estimated.

Computation of projected annual biomass

For the computation of total biomass produced in a year we
started with a single pair. Multiplying the total egg pods laid
per female and eggs hatched per pod we got the probable
number of fledglings hatched from one female. Then the mor-
tality percentage was subtracted to obtain total number of
insect attaining adulthood. Later, they were separated as male
and female groups according to their sex ratio that we obtained
from our field sampling data. Thus we have reached to total
number of adult males and females in the first generation. We
followed the same pattern to attain the total number of indi-
viduals in three subsequent generations owing to the tetra-
voltinity of S. pr. prasiniferum. The total annual production
of males and females were obtained by adding the numbers of
all the four generations. Finally, the numbers were separately
multiplied with individual dry body weight, and energy.

Statistical analyses

Data were presented as means ± SD. Food plant specific dif-
ference between nymphal survivals, egg pods laid per female,
and eggs hatched per pod were subjected to one way analysis
of variance (ANOVA) taking food plants as independent var-
iable. Mean separations were conducted by Tukey’s pair-wise
test where ANOVA showed significant difference. Disparity
between mean dry weight of adult males and females were
obtained by independent t test. All the analyses were per-
formed at 95% confidence level (i.e. α = 0.05) using
Microsoft excel, and Past version 3.20.

Results

Percentage of nymphal survival is summarized in Fig. 1.
C. dactylon fed groups had the highest mean survival

Table 1 One way ANOVA table
of nymphal survival Source of Variation SS df MS F P value F crit

Between Groups 406.9347 3 135.6449 30.41212 0.000101 4.066181

Within Groups 35.6818 8 4.460225

Total 442.6165 11
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Fig. 1 % Nymphal survival of S. prasiniferum fed with different food
plants. Values are means ± SD. Note: Values with different letters are
significantly different (F = 30.41, P < 0.01, one-way ANOVA, Tukey’s
pair-wise test)

Int J Trop Insect Sci

Author's personal copy



(80.73%), even though it did not vary significantly from the
results of S. halepense and T. aestivum fed groups (P > 0.05,
Tukey’s pair-wise test). On the other hand O. sativa fed
groups showed significant low survival (65.41%) compared
to the other three plant fed groups (F = 30.41, P < 0.01, one-
way ANOVA, Tukey’s pair-wise test, Table 1). Reproductive
potential of S. pr. prasiniferum is depicted in Fig. 2. Here it
should be noted that T. aestivum fed groups did not lay any
egg pod. Highest number of egg pods were observed in
C. dactylon fed groups (i.e. 4.26) and the lowest value of
3.18 was recorded in the S. halepense fed sets. However, in
this case statistical analysis did not show any significant dif-
ference (F = 1.916, P = 0.227, one-way ANOVA, Table 2).
Nevertheless, the parameter of eggs hatched per pod showed
statistically significant result in one way ANOVA (F = 7.401,
P < 0.05, Table 3). Here, the highest mean value 8.61 was
observed in C. dactylon fed groups. Mean separation by
Tukey’s pair-wise test revealed that the result of
S. halepense and C. dactylon fed groups did not vary signifi-
cantly (P > 0.05), however O. sativa fed groups showed the
lowest mean value of 6.13 which was significantly lower than
C. dactylon fed groups (P < 0.05). In this studyC. dactylon fed
groups almost always showed better survival and reproductive
potential. Hence we have selected those results for the com-
putation of projected annual biomass production. Figure 3
represents the mean dry weight of adult males and females
that were 0.045 g and 0.065 g respectively. Independent t test
revealed that females always had higher dry mass than that of

males (P < 0.05) owing to their robustness. Finally, the energy
content was observed to be 2316.46 KJ per 100 g of dry
biomass.

For the calculation of sex ratio 1000 individuals were ran-
domly collected from the grasslands near the campus of
Zoology department of Visva Bharati University,
santiniketan. Among them 572 were recorded to be males
and 428 were females. Thus we have calculated the ratio
as—♂:♀ = 572:428 = 5.7:4.3.

In the present study we considered the tetravoltinity to cal-
culate the probable annual biomass, which was computed for
four generations starting with a single male and female pair
(Fig. 4). It is already mentioned that we have selected the
results of C. dactylon fed groups for this calculation. It is
evident from Fig. 2 that average number of egg pods laid
per female is 4.26, while eggs hatched per pod is 8.61. So
from one female we can expect 4.26 × 8.61 = 36.68 fledglings.
Then we considered the nymphal survival percentage to esti-
mate the total number of individuals reaching adulthood. The
nymphal survival percentage of C. dactylon fed groups was
80.73. So, it was assumed that 80.73% of 36.68 i.e., about
29.61 individuals will reach maturity. Then we divided this
number according to sex ratio of ♂:♀ = 5.7:4.3 to obtain
16.88 males and 12.13 females, and thus completed the first
cycle. The second cycle started with 12.13 females and we
followed the same pattern up to fourth generation that we used
to compute the first one. Lastly the total number of males and
females were summed up and we obtained a total of about

Table 2 One way ANOVA table
of egg pods laid per female Source of Variation SS df MS F P value F crit

Between Groups 1.7946 2 0.8973 1.916079 0.227252 5.143253

Within Groups 2.8098 6 0.4683

Total 4.6044 8
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37,806 males and 28,520 females to be produced in one year.
After multiplying these numbers with respective dry
weights we obtained 1.7 Kg of male and 1.85 Kg of
female dry biomass or 3.55 Kg of total annual dry bio-
mass. Lastly, total annual biomass in terms of energy
was estimated by multiplying the energy content
(2316.46 KJ/100 g) with the total dry mass (3.55 Kg)
and we obtained 82,234.33 KJ.

Discussion

Acridid biomass is directly proportional to nymphal survival,
fecundity and fertility, which are well dependent on the food
plants on which these insects feed. Hence, a suitable food
plant ought to be found out for a sustainable farming of
acridids as mini-livestock. In this context, Ganguly et al.
(2010) first reported S. halepense to be a suitable food plat
for the mass rearing ofO. fuscovittata. Later, Das et al. (2012)
evaluated the nutritional ecology of O. hyla hyla and S. pr.
pras in i ferum where three di f ferent grasses l ike
Dactyloctenium aegyptium (L.) Willd., C. dactylon, and
Brachiaria mutica (Forssk.) Stapf were fed to them. In their
study the authors reported B. mutica to be the best food plant
followed by C. dactylon. Ganguly et al. (2013) studied
life history, growth rates, food consumption and utiliza-
tion indices of S. pr. prasiniferum fed with different
food plants. According to them S. halepense followed
by C. dactylon gave the best results. In the present
work we have estimated nymphal survival and reproduc-
tive potential of the same insect with the same food
plants, and we obtained C. dactylon and S. halepense
to be the best ones. Considering all the parameters we
could easily conclude that these two plants are the best
choice for mass rearing of this insect.

On the other hand, although acridids are considered to be
paddy pest, O. sativa fed groups did not show good results. In
a similar work Nzekwu and Akingbohungbe (2002) reported
that nymphal duration of Oedalues nigeriensis Uvarov, 1926
was very low when fed with Seteria gracilipes Hubbard and
Axonopus compressus (Sw.) P. Breauv. Hence it is evident
that food plants are an important prerequisite for the livelihood
of acridid species (Riffat and Muhammad 2007; Riffat and
Wagan 2007; Das et al. 2012). In the present study higher
nymphal survival was obtained in C. dactylon followed by
S. halepense and highest nymphal mortality was observed in

O. sativa fed groups. This occurred may be because of the
interaction between the nutritional demand of the insect and
nutrients present in the plants. While studying the nutritional
ecology of O. fuscovittata, Ganguly et al. (2010) reported
nutritional quality of S. halepense, C. dactylon, T. aestivum
and O. sativa. According to their result, S. halepense
contained maximum amount of crude protein, and fat (more
than 15% and 3% of dry body weight respectively).
C. dactylon fell next in terms of crude protein that was about
11.5%.C. dactylon and T. aestivum shared similar protein and
fat contents, but the latter had higher carbohydrate (84.43%)
and very low crude fiber (2.27%). On the other handO. sativa
contained the lowest amount of protein (just over 6%). The
nutritional values were very much aligned with the results
obtained in the present case. It is a well known fact that dietary
nitrogen can impact survival and reproductive potential of
acridids (Rode et al. 2017). In the present work we have ob-
tained least nymphal survival percentage in O. sativa fed
groups as the protein content was the lowest in this plant.
Apart from survival, food plants also have significant effect
on the fecundity and fertility. While describing the importance
of choice of food plants Awmack and Leather (2002), and
Branson (2006) mentioned that host plant quality can directly
affect insect reproductive strategies like egg size, quality and
allocation of resources to eggs; even choice of oviposition
sites may be influenced by plant quality. In the present work
T. aestivum fed groups were observed to be unable to produce
any egg pod. Relatively higher amount of carbohydrate and
significantly low fiber content might be a cause behind this.
Egg pods laid per female did not vary significantly between
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Fig. 3 Mean dry body weight (g) of adult males and females. Values are
means ± SD.Note:Asterisk (*) shows significant higher mean dry weight
in female S. pr. prasiniferum (P < 0.05, independent t test)

Table 3 One way ANOVA table
of eggs hatched per pod Source of Variation SS df MS F P value F crit

Between Groups 9.4706 2 4.7353 7.401219 0.023994 5.143253

Within Groups 3.8388 6 0.6398

Total 13.3094 8
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the other three plant-fed groups, but the mean number of eggs
hatched per pod was the lowest in O. sativa fed sets. These
findings have also been supported by Abdel-Rahman (2001),
and Das et al. (2002). The results of the present study clearly
showed food plant specific variations in nymphal survival,
fecundity and fertility that may directly affect mass produc-
tion, and C. dactylon fed groups had the capacity to produce
the highest biomass.

The mass production of S. pr. prasiniferum was attempted
by Anand et al. (2008b) and Das et al. (2012). Both of these
two works projected around 10 Kg of dry biomass annually
assuming a single pair as a starting point which was fairly
higher than our finding of 3.55 Kg. Here it should be noted
that we did not use any environmental chamber for the present
study.We should also mention that even this lower biomass is
encouraging because if we could obtain more than three
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Adult individuals ≈ 29.61

Males ≈ 16.88 Females ≈ 12.13
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Eggs hatched ≈ 5945.83
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Total females ≈ 28520.28 
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Fig. 4 The conceptual model of
projected annual biomass of
S. prasiniferum starting with a
single pair and fed with
C. dactylon
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kilograms of dry biomass only from one pair annually, we
could produce hundreds of kilograms of S. pr. prasiniferum
biomass in an insect mini-livestock farm with bigger
area. We hope that our findings will hearten the farmers
at the grassroots level to take up insect farming as a
start-up since they will obtain a good biomass even
without environmental chamber. However, other acridid
species such as Oxya sp. should be given trial in future
because of their ability to produce higher biomass and
find out whether they can also provide better production
without the aid of environmental chamber.

Lastly it should be noted that in the present study the rear-
ing had been done for only one generation and the same trend
was utilized for the calculation of the annual biomass.
However, practically this could not be the case in nature.
Insect production is very much dependant on temperature,
photoperiod and humidity, that cannot be the same throughout
the year (Ma et al. 2017). Thus, survival, growth, life span,
and reproductive potential will have season wise varia-
tion that may lead to a quite different biomass with
respect to the findings of the present study. Nevertheless, the
present work mainly focused on whether mass produc-
tion of S. pr. prasiniferum is possible without using any
costly apparatus. The findings were much encouraging
and demand future works on the assessment of the eco-
nomical aspects of acridid farm building, maintenance
and production cost which was out of the scope of this
paper. We conclude with the hope that in near future
realistic acridid grasshopper farms might be built where
a tangible annual biomass will be attained to feed the
livestock.
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Both, zinc and copper play important roles in human metabolic processes. In humans, zinc (Zn) is required directly for the
chemical catalysis and/or maintaining the structure of nearly 10%  of total body proteins. It plays a significant role not only in
immune defence but also takes part in DNA and protein synthesis, growth and development throughout the life span as well
as in tissue repair. On the other hand, copper (Cu) is crucial to strengthen the skin, epithelial tissue, connective tissue and
blood vessels. Cu helps to increase the level of haemoglobin, melanin and myelin in our body. Both of these trace metals
possess antioxidant like properties. However, it is necessary to balance the optimal concentration of Zn or Cu in blood se-
rum to avoid the associated organ damage. Excess zinc intake increases the incidence of chronic kidney disease (CKD) which
is harmful to normal renal function and thus elevated the risk of prostate cancer. Similarly, the one and only reason for heart,
kidney and liver failure including Wilson disease is the excess amount of copper. Both of these trace metals are responsible
to deal with brain diseases. Thus, there are many “faces” of Zn and Cu in the maintenance of cellular network including
immunomodulatory regulation and infection prevention. Zinc appears to inhibit the enzymatic processes of viral protease and
polymerase, as well as different physical processes for instance virus attachment, inflammation, and viral uncoating. Ideally,
the clinicians should monitor zinc status of the individuals and advice for the supplements when necessary, otherwise defi-
ciency of these micronutrients could lead to the onset of severe secondary diseases.

Keywords: Zinc, copper, immunomodulatory, signalling network, viral infection.

Introduction
It has been estimated that nearly two to four grams of

zinc (Zn) is distributed throughout the human body1. Even
though copper (Cu) is considered as the third most abun-
dant trace metal [next to iron and zinc], its total amount in
the human body ranges only between 75–100 mg2. Zinc and
copper ions are involved with numerous aspects of cellular
metabolism via electrochemical oxidation and reduction re-
actions. The proportion of copper to zinc is clinically more
significant than the concentration of both of these trace met-
als3. Like oxidation and reduction reactions in electrochemi-
cal cell, copper and zinc metal ions play similar role in pres-
ence of human cell plasma, where the electron movement
occurred in Zn and Cu through an electrically conducting

pathway as an electromagnetic wave – leading to a better
model for the cellular neurotransmission process.

Zn has versatile functions in physical improvement, en-
zymatic catalysis and signal transduction of biological sys-
tem. Under certain circumstances the attachment of zinc to
membrane is followed by binding with redox-active metals
(like iron and copper), not only but also zinc acts as an es-
sential component of both intracellular and extracellular Cu/
Zn superoxide dismutase (Cu/Zn-SOD). The behaviour of
zinc like an antioxidant is controlled by means of various
regulators such as NF-B, p53, AP-1, and some other enzy-
matic actions during cellular signal transduction at multiple
cell levels. Several studies have shown that Zn supplement
is helpful to improve the pathological conditions4.
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Zn is a crucial metal indispensable for proper assembly
and progress for functioning of nearly about 2800 macro-
molecules and more than 300 enzymes. Around 83% of zinc
proteins carry out enzymatic catalysis in prokaryotic organ-
isms5. Eukaryotic organisms also use Zn for various biologi-
cal purposes such as the regulation of zinc-related proteins
in catalytic reactions (47%), DNA transcription (44%), pro-
tein transport (5%), and signalling pathways (3%). Zn is es-
sential in stabilization of the membrane construction mecha-
nism, and it supports to maintain membrane integrity against
damages due to changes in osmotic potential, platelet ag-
gregation, and other progressions6. Subsequently, the ex-
tensive shortage of Zn is associated with several health con-
sequences for example weaknesses, growth and develop-
ment retardation while it is required for proper immune, re-
productive, and neurosensory systems4,5.

Importance of zinc in human biochemical reactions:
Zinc does not contribute to redox active reaction under

physiological conditions in contrast to other transition met-
als. It is designated as the second most abundant trace metal,
found in eukaryotes second only to iron. It operates as a
Lewis acid to receive a pair of electrons. Zinc remains as a
stable ion in an organic medium and it is reported to be a
perfect metal cofactor for reactions like proteolysis and the
hydration of carbon dioxide with the necessity of redox-stable
ion. The crystallization of insulin with zinc was the first proof
of Zn-proteins/peptides combination7, while the zinc finger
motif was first identified within the transcription factor TFIIIA
of Xenopus. Human genome encodes almost 10% of the
zinc proteins, which remarkably points out the physiological
importance of zinc in cellular biology. After the initial recogni-
tion of zinc from erythrocyte carbonic anhydrase, it has been
reported to appear within all six classes of enzymes defined
in the enzyme commission (EC). The functioning of several
enzymes, transcriptional factors, and other proteins shows
an essentiality towards zinc; there exists a possible interac-
tion between these proteins and Zn through  definite regions
like zinc-finger, LIM, RING finger domains etc. In the interior
part of protein structure, zinc is coordinated by nitrogen, oxy-
gen, and sulfur atoms with distinct coordination numbers8. It
is suggested from zinc proteome analysis that nearby 9% of
proteins in eukaryotes are zinc proteins with the number sig-
nificantly enhanced in higher organisms. The number of zinc-
binding motifs in zinc proteomes is governed by the intramo-

lecular zinc binding sites although it is a difficult task to rec-
ognize them9.

Physiological role of  zinc in immune homeostasis:
The essentiality of zinc was first predicted in the year of

1869 while studying the growth of Aspergillus niger. At length
of time, consistent growth of plants, rats and birds was found
to be regulated by an indispensable role of Zn. Subsequently,
different hazardous problems like immune deficiency, diar-
rhoea, alopecia, brain dysfunctions, uncoordinated healing
process of wound, loss of appetite, liver disease, chronic
inflammation, certain neuropsychological abnormalities such
as emotional instability, irritability, and depression etc. are
triggered by zinc deficiency, although up to 1961, zinc was
not considered as a vital micronutrient for human body. Maxi-
mum zinc deficit cases are identified from the elderly, vegans/
vegetarians people or the individual with chronic diseases
like lymphopenia, liver cirrhosis or inflammatory bowel dis-
ease, defective lymphocyte responses from the developing
countries like Africa and Asia while its global approximation
varies from 17% to 20%. Mainly, zinc tends to be accumu-
lated in the skeletal muscles and bones10. So, for the main-
tenance of proper Zn-balance in our body, zinc intake is nec-
essary in our diet on a daily basis keeping it in mind that
excess may be harmful. Different health related aspects like
eye lesion and wound in skin, disorder in taste, alopecia,
impaired immune function, deceleration in growth may arise
from zinc deficiency while the excessive Zn-intake shows
toxicity such as nausea, vomiting, fever, headaches and
chronic kidney disease (CKD). Zinc supplementation is po-
tential enough to reduce the occurrence of pneumonia in
children from developing countries, diarrhoea, infections and
to improve immunity11. It is also useful in boosting the growth
of children and in reducing impaired vision as well as the
muscle atrophy12. Zn also successfully reduced the time scale
of symptoms caused by rhinovirus. Herpes simplex virus
(HSV) infection can be effectively treated with zinc sulfate13.
Infection caused by rhinovirus can be successfully inhibited
by binding of zinc to virion. Reproductive cycle of HIV-1 vi-
rus14, vaccinia virus15, and polioviruses can also be hindered
with in vitro zinc treatment. It was evidenced that zinc at its
lowest concentration (10 M), showed 800-fold reduction in
RSV virus when studied in vitro. Zn transporters function as
intracellular signal transducers and Zn also acts like a
neuromodulator in synaptic transmission. Zn homeostasis is



Mondal et al.: Zinc and copper homeostasis is crucial to maintain the cellular health and their role in viral diseases etc.

1289

maintained by a number of Zn transporters which signifies
proper cellular functioning.

Zinc homeostasis in human body:
There are two different types of intracellular zinc pools (i)

protein-bound zinc and (ii) loosely bound Zn2+ i.e. “free” zinc.
Very small amount of zinc exists as free-zinc ions due to
toxicity of zinc within cells and majority of zinc belongs to the
first type. Mature human body possesses nearly 2–3 g zinc.
Skeletal muscle cells can store upto 60% zinc, nearly 30%
zinc is accumulated in case of bone cells, 5% in the cells of
liver and skin while the rest 2–3% in other tissues. Less than
1% of the total body zinc is derived from blood serum. The
albumin protein combines loosely with nearly 80% of serum
zinc and the other 20% is tightly combined with 2-macro-
globulin protein16,17. Human body can adjust with a ten-fold
increased Zn, consumed on a daily basis for the maintenance
of homeostasis. Almost, nearly 0.1% of the whole Zn is added
in regular diet (breast milk for children). The strict regulation
of Zn absorption from food mainly occurs in the duodenum
and jejunum; the absorption rises up to 90% when there is
inadequate accessibility of dietary Zn. In case of excess Zn
intake, it is released from the gastrointestinal tract and is
also discarded through shedding off mucosal epithelial cells18

and renal excretion19. Generally, in mammals, over 30 pro-
teins, together with ZnT and ZIP transporters, function prop-
erly to maintain systemic zinc homeostasis; however, hu-
moral mediators have not been recognized in case of zinc
mediated metabolism (Fig. 1).

Distribution of zinc within cell:
Nearly 50% zinc is distributed within cell cytoplasm, 30–

40% in nucleus and 10% in membrane20. Total cellular zinc
concentration varies between 10–100 m range while the
cytosolic concentration fluctuates between picomolar and low
nanomolar range. In case of intracellular organelles, mito-
chondrial free zinc concentration have been quantified as
0.14 pM21, 0.2 pM concentration have been reported from
mitochondrial matrix22, 0.9 pM from ER, and approximately
0.2 pM from the Golgi23, although elevated level of zinc (~300
pM and 5 nM) concentrations have been reported from mito-
chondria and the ER24. So, the zinc balance is maintained
through a complex sequence of uptake, distribution, stor-
age, and efflux along with a central role of ZnT and ZIP trans-
porters at cellular and subcellular level. Both of these trans-
porters cause movement of zinc between vesicles and or-
ganelles of cell cytosol, leads to buffer disorder, a condition
which is termed as “buffering” and “muffling”25.

Distribution of zinc within cellular vesicles/granules:
Excess amount of labile zinc is considered as chelating

agent due to its accumulation within cells and tissues. Re-
lease of zinc from synaptic vesicles is predicted within the
range of approximately 100 to 300 M. Beside, soft tissues
(200 nmol/g wt on average), zinc tends to be aggregated
within the tissues of prostate gland at a 3- to 15-fold higher
range than the range reported from other26. However, a
massive reduction of higher zinc level found in prostate can-
cer and carcinoma is an indication of its significance in meta-
bolic activity of prostate gland. Accumulation of higher con-
centration of zinc within the -cells of pancreas is manda-
tory for crystallization of insulin molecule. Correspondingly,
higher zinc content is also reported from GH containing
dense-core secretory granules of anterior pituitary cell line,
epithelial and myoepithelial cells of submandibular salivary
gland, sperm cells, exocrine cells of pancreas, pigment epi-
thelial cells of retina, paneth cells of intestine and mast cells.
Various processes occur within subcellular compartments due
to zinc accumulation. At the time of meiotic maturation from
prophase I to metaphase, higher amount of zinc is introduced
and concentrated within the cortical granules of oocytes,
necessary for growth detention following meiosis I. During
egg activation, accumulated zinc is discarded from the oo-
cyte to reduce zinc bioavailability immediately after intracel-
lular calcium oscillations, termed as “zinc spark”27. Zinc also
tends to be aggregated within subcellular compartments
during specific pathological situations.

Fig. 1. Schematic representation of immuno-physiological effect of
Zn homeostasis in cell.
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Metallothionein and MTF-1 – storing house of zinc within
cytosol:

61–68 amino acids together with 20–21 cysteines form
MTs, which can combine up to 7 equivalents of zinc as well
as another metal cations with a valence of two. 5–15% of
zinc is tied up by MTs located in the cytosol. Approximately
12 MTs from humans and 4 MTs from mice are reported. In
case of mammals, the MT molecule is divided into two zinc
binding domains:  and  domains. MTs also serve as zinc
acceptors and donors. In the promoter region of MTs excess
zinc can tie up metal-response element-binding transcrip-
tion factor-1 (MTF-1) and metal response element (MRE, 5’-
TGCRCnCGGCCC-3’)28 leading to a significant increase in
MT-I and MT-II expression in mice. In vertebrates MT genes
are induced in response to zinc by metal-responsive tran-
scription factor-1 (MTF-1) comprising 6 C2H2 zinc finger motifs
which show a significant contribution towards zinc sensing
and metal responsive transcriptional activation. Zinc finger
motif also acts as DNA-binding domains with increased level
of cellular zinc. MTF-1 maintains zinc homeostasis to increase
the transcription of host genes – MTs, ZnT1, and ZnT228–30,
which are related with the reduction of zinc induced toxicity
as well as additional suppression of a set of genes such as
zinc transporter ZIP10. But in later situation, Pol II move-
ment is physically spoiled. MTF-1 is indispensable for liver
development of embryo.

Antiviral effect of zinc:
Several in vitro studies have suggested the antiviral na-

ture of zinc where concentrations are necessary for the mea-
surement of antiviral activity. Antiviral zinc concentrations can
extend upto mM concentrations whereas human plasma zinc
concentration ranges between 10–18 M. The antiviral po-
tency of zinc depends on its availability although it is defi-
nitely virus-specific (Fig. 2). The details of antiviral effects of
zinc are given below:

Herpesviridae: Restriction of the protein ubiquitination
pathway can inhibit the herpes simplex virus reproduction
and a reduction in NF-B activity accompanied by zinc iono-
phore pyrithione. Remarkably a decreased repetition as well
as extent of disease outbreak was revealed from the perfor-
mance of several relevant zinc application studies in hu-
mans31,32. The effectiveness of recent implementation, along
with in vitro studies indicates the coating of entire HSV virus
particle by unbound zinc to prevent infection. Mechanisti-

cally, zinc ions retard Human alphaherpesvirus 3, usually
referred to as the varicella-zoster virus by their in vitro inac-
tivation. Both HSV and Varicella-Zoster virus, the members
of Alphaherpesvirinae subfamily, are genetically related, and
possess identical inhibition strategy.

Picornaviridae: Before 1980, it was revealed that zinc can
inhibit picornavirus, encephalomyocarditis virus (EMCV),
poliomyelitis causing virus – poliovirus, foot and mouth dis-
ease virus (FMDV). In case of coxsackievirus B3 which be-
longs to picornaviridae family, zinc hinders the autocatalysis
to encode 3C protease from its precursor 3CD protease to
inhibit viral polyprotein processing33. Zinc seems to bind and
alter the viral polyprotein tertiary structure of EMCV33.

Flaviviridae: Flaviviruses are mainly transmitted by in-
sects. Mosquito-borne diseases caused by dengue virus and
West Nile virus, as well as the hepatotropic virus such a hepa-
titis C virus are grouped under flaviviridae family. In vitro stud-
ies confirmed the diminished level of HCV replication (mainly
inhibition of HCV RdRp) (approximately 50% by 100 M
ZnSO4) by zinc salts; however, in case of E. coli, the IC50
value is near about 60 M34.

Togaviridae: Togaviruses mainly involve the viruses which
are transmitted by arthropod vectors like mosquitoes in
the Semliki forest, Western equine encephalomyelitis caus-
ing agent, and Chikungunya virus. Receptor-mediated en-
docytosis, with the subsequent virus and endosomal mem-
brane fusion, as well as the release of new virion particle
into the cytoplasm are the steps involved in viral replication.

Fig. 2. Schematic representation of the mechanistic approach of Zn
as antiviral agent.
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Zinc has been revealed as an efficient inhibitor of Semliki
forest virus and sindbis virus’s membrane fusion using lipo-
somal vesicle35, RBCs36, and BHK Strain 21. To inhibit mem-
brane fusion step of viral replication process, at low
endosomal pH, zinc ions form a complex with one (i.e. enve-
lope glycoprotein 1) of the two enveloped glycoproteins of
virus through specific histidine residue37.

Retroviridae: Viruses belonging to retroviridae family are
identified on the basis of their capability for the transcription
of RNA into DNA utilizing reverse transcriptase (RT) and there-
fore permitting incorporation of new DNA into the host cell
genome. The integrated genome of virus called provirus within
host cell DNA thus becomes the major barrier to virus heal-
ing pathway specifically for HIV-1, with the production of spe-
cific infection within host deprived of any symptom i.e. re-
mains dormant. It is well established that there is a correla-
tion between the cellular concentration of Zn ion and CD4+ T
cells count in HIV infection37. The inhibition of the HIV-1 pro-
tease38, and viral transcription was reported to be inhibited
by zinc. However, stimulation of zinc influx into monocytes
by HIV remains inconsistent.

Papillomaviridae: HPVs, the oncogenic viruses, can stimu-
late proliferation in basal epithelial cells, give rise to swell-
ing. Although cutaneous swelling is limited as well as non-
dangerous, genetic variants of HPV (HPV-16 and -18) are
the main source of cancer that occurs in the cells of
the cervix39. E6 and E7 genes of HPV encode oncoproteins
and both of them are important components for cell prolif-
eration and apoptosis by reviving the degeneration of tumour
suppressor’s p53 and pRB, respectively40. Although nuclear
zinc appears to boost up HPV replication, treatment with
exogenic zinc (CIZAR, zinc chloride and citric acid anhydrous)
can successfully prevents construction of E6 and E7 genes
and regain the role of tumour suppressor’s p53 and pRB
causing cell death of cervical malignant cells. Although down
regulating mechanism of E6 as well as E7 expression by
zinc is unknown, but zinc induction may lead up to a barrier
in different part of viral life cycle.

Zn-Cu homeostasis in health:
It has been reported that a competition between copper

and zinc absorption occurs in small intestine41. After binding
with protein metallothionein, both of these elements are ab-
sorbed by the cells facing the small intestine. Over expres-
sion of metallothionein production in the enterocytes is due

to Excessive zinc ingestion. After tie up of zinc or copper
with metallothionein, its movement through the enterocyte
gets blocked. Zinc absorption is regulated by stimulating the
synthesis of this protein. Copper possesses a higher affinity
for metallothionein than zinc42 and so it displaces zinc from
metallothionein and thus undergoes a preferential binding to
the metallothionein, with leftover in the enterocytes; when
the intestinal cells are discarded, they lost in faces. Thus,
due to mucosal blockage zinc gives rise to a negative cop-
per balance. Failure to mobilize adsorbed Cu from the intes-
tinal cells forms the basis of Menkes syndrome. High doses
of zinc given for a longer period in patients, causes an ab-
normality with Wilson disease which is decreased by the in-
corporation of Cu into ceruloplasmin by the reduction in bil-
iary excretion of Cu43. Myeloid hyperplasia has been shown
in the bone marrow due to zinc-induced copper deficiency.
Oral zinc ingestion causes suspiciously high toxicity com-
parative to copper – a process to influence copper deficiency.
In case of humans, multiple antagonistic side effects involve
a reduction in copper-dependent enzymes for instance su-
peroxide dismutase, ceruloplasmin, and cytochrome c oxi-
dase; fluctuations in immunological constraints, cholesterol,
and its lipoprotein distribution.

Zinc and copper are the most important element which
act as ion cofactor in receptors, proteins, different enzymatic
reactions and hormones44. This Zn-Cu duo can reduce the
oxidative stress by stimulation of metallothionein synthesis
to form structural ions of SOD45–47. This duo has the essen-
tial role in redox potential mechanism and their imbalanced
ratio may be the main cause for an improved susceptibility to
oxidative damage48–50, although acute Zn depletion causes
a decrease in innate and adaptive immunity, chronic insuffi-
ciency with increased inflammation51. Contrarily, excess Cu
may be related with an inflammatory response, though it is
not clear whether copper has pro-oxidant or antioxidant like
effects. Deactivation of unbound radical as well as preven-
tion of associated damage promoted by the antioxidant prop-
erties of copper. In opposition to that, unbound radical in-
duced cellular damage may be triggered by the pro-oxidant
like behaviour of copper. This is because ceruloplasmin, as
the key copper-containing protein, has been exposed to act
both as an antioxidant and pro-oxidant in different situations52.

Maintenance of the dietary ratio of copper-zinc is very
important as higher intake of Zn can affect Cu absorption
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and the raised levels have been reported to introduce a nega-
tive impact on health status. Zinc acts as a signalling mol-
ecule to promote different types of cellular proliferation and
growth. If the Zn level decreases with the increased level of
Cu, intracellular and extracellular anti-oxidant defence mecha-
nism will be highly affected. According to a research, meta-
bolic and endocrine alterations with enhanced aging might
be an indication of “survival” reactions to genotoxic stress
that could stimulate tumorigenesis53.

Physiochemical effect of Zn on COVID-19:
Since December 2019, there was a rapid outbreak of a

virus named as severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), causing coronavirus disease-
19 (COVID-19) to almost every country of the world. But until
now there is no inhibition strategy to keep control of SARS-
CoV-2 infection due to lack of approved vaccines or pharma-
ceutical therapies. Due to the role of zinc as immune modu-
lator in infection as well as its nature like antiviral agents, it is
regarded as one of the optional treatments for COVID-19.
Inhibition of proteolytic processing of replicase polyproteins
by Zn was reported previously. In fact, it was shown that zinc
can inhibit the RNA dependent RNA polymerase (RdRp) ac-
tivity of Hepatitis E virus. Moreover, it was also shown that
zinc ionophores blocked coronavirus RdRp activity as well
as coronavirus replication54. Chloroquine (CQ) and
hydroxychloroquine (HCQ), which are generally prescribed
for the treatment of malaria and associated inflammatory
conditions, might be an alternative tactic because both of
these drugs behave like weak bases with an elevated pH
level and tend to accumulate within endosomes, lysosomes,
or golgi vesicles55. In case of SARS-CoV-2, during the repli-
cation procedure within host cell, specifically the increased
pH of lysosomes, could restrict the pH-dependent phases
like membrane fusion and viral uncoating. This elevated pH
within intracellular compartments seems to inhibit SARS-CoV-
2 replication, because it requires acidification of endosomes
for appropriate functioning. Therefore, it is assumed that an
inhibiting effect of CQ and HCQ might be important for the
treatment of SARS-CoV-2 infected patients. Earlier findings
revealed that chloroquine as a zinc ionophore, increases Zn2+

flux into the cell56. Treatment with zinc supplementation with-
out chloroquine shows some positive effects in treatment57.
Theoretically, such effectiveness of Zn with substantial lower
toxicity may also be detected by means of additional zinc

ionophore activity of quercetin and epigallocatechin-gallate58.
Targeting Zn ions in viral protein structure is another approach
for modulation of COVID-19. Zn helps in protein destabiliza-
tion of MERS-CoV and SARS-CoV59. Zn-ejecting agents (e.g.
antialcoholism drug disulfiram) may be used as potential
antiviral agents for SARS-CoV-2 treatment by ejecting
Zn2+ from the predicted target site to inhibit viral replication.
SARS-CoV-2 utilizes angiotensin-converting enzyme 2
(ACE2) for entry into host cells. So, modification of ACE2
receptor was also thought as the potential therapeutic strat-
egy in COVID-19. It is also reported the susceptibility of 100
M zinc to reduce the activity of recombinant human ACE-2
in rat lungs. The consequence of zinc on SARS-CoV-2 and
ACE2 interaction appeared to be only imaginary even though
this concentration is close to the physiological values of total
zinc60. Impaired mucociliary clearance caused by HCoV
229E, induced ciliary dyskinesia although neither HCoV 229E
nor HCoV-OC43 infection triggered a substantial reduction
in ciliary beat frequency. Improvement of length of cilia from
bronchial epithelium of Zn-deficient rats61, as well as in-
creased ciliary beat frequency was boosted by Zn supple-
mentation. We therefore postulate that zinc supplement will
enhance nCoV-2019 induced dysfunction via mucociliary
clearance.

Conclusion
There is a well-organized system within human body for

proper management and regulation of vital trace metals. But
once this system fails to operate accurately, anomalous lev-
els of trace metals can be a significant threat to human health.
Zinc as a vital trace element, performs many fundamental
activities of cellular metabolism, significant to all forms of
life. Generally, over 300 enzymes possess the essentiality
of zinc for their proper functioning. This trace metal is also
assisted with improved immune mechanism, faster wound
curing, synthesis of DNA or protein and cell division. The
antioxidant like properties of zinc may defend against faster
aging. On the other hand, copper permits many critical en-
zymes to function properly and thus achieves an important
place in metabolism. It basically maintains the firmness of
skin, blood vessels, epithelial and connective tissue all over
the body. It also takes part in the production of hemoglobin,
myelin, melanin and collagen. Copper behaves both as an
antioxidant and a pro-oxidant. Zinc acts like an intracellular
signalling molecule with an important role in cell-mediated



Mondal et al.: Zinc and copper homeostasis is crucial to maintain the cellular health and their role in viral diseases etc.

1293

immune response and oxidative stress. At the same time,
zinc deficiency is the cause of many long-term illnesses which
is needed to be altered to evade complications. Different types
of diseases can be prevented with supplements, and at the
same time certain types of medications cause disturbed Cu
and Zn concentrations which may results in onset of other
diseases. Therefore, it is very much necessary to keep a
well-maintained balance between Zn and Cu than their indi-
vidual concentration in blood serum.
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Abstract

Electrochemical communication during biofilm formation has recently been

identified. Bacteria within biofilm‐adopt different strategies for electro-

chemical communication such as direct contact via membrane‐bound mole-

cules, diffusive electron transfer via soluble redox‐active molecules, and ion

channel‐mediated long‐range electrochemical signaling. Long‐range electrical

signals are important to communicate with distant members within the bio-

film, which function through spatially propagating waves of potassium ion

(K+) that depolarizes neighboring cells. During propagation, these waves co-

ordinate between the metabolic states of interior and peripheral cells of the

biofilm. The understanding of electrochemical communication within the

biofilm may provide new strategies to control biofilm‐mediated drug re-

sistance. Here, we summarized the different mechanisms of electrochemical

communication among bacterial populations and suggested its possible role in

the development of high level of antibiotic resistance. Thus, electrochemical

signaling opens a new avenue concerning the electrophysiology of bacterial

biofilm and may help to control the biofilm‐mediated infection by developing

future antimicrobials.
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1 | INTRODUCTION

Bacteria are the unicellular organisms; they lack in-
tracellular membrane compartmentalization, but they
possess an outer cell envelope [1]. The extracellular
membrane of the bacteria plays an important role in their
overall physiology. The outer cell surface of bacteria
mediates exchange processes and adhesive properties.
Such processes involve different types of electrochemical
and immunological interactions occurring on the cell

membrane. These different types of interactions help in
cell growth, cell division, and biological communication.
The bacterial outer surface is formed by different mac-
romolecular components such as carboxylate, phosphate,
and amino group that are ionized in different environ-
mental conditions (e.g., pH) [2]. Such ionization pro-
cesses are responsible for an electrostatic interaction on
the cell periphery [1]. Bacteria are present in aqueous
nutrient environments, and therefore they must be hy-
drated outside to transport nutrient and waste particles
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[3]. Physicochemical factors of bacterial surfaces, such as
electrostatic charge, are important with respect to overall
polarity, to maintain and protect the hydrophilicity of
bacterial cell surface for essential functioning of the cell.
The net surface charge of a bacterial cell can be measured
on the basis of zeta potential [4]. Zeta potential is the
electrical potential of the common boundary between the
bacterial surface and the aqueous environment [5]. Zeta
potential can be measured by calculating cellular elec-
trophoretic movement in an electric field [1]. Recently,
Czerwińska‐Główka and Krukiewicz [6] have summar-
ized the electrochemical methods to characterize the
biofilm over conventional techniques for monitoring
their growth and development.

When bacterial cells are cultured at different physio-
logical conditions (with varying pH), the cell surface ac-
quires a net negative electrostatic charge [1], as shown in
Figure 1. Positive counterions first attach to the nega-
tively charged surface, forming a rigid layer called the
Stern layer. The surface continues to attract more positive
ions, but now these counterions experience repulsion
from other counterions in the vicinity and by the Stern
layer itself. Again, there is a competition between coun-
terion neutralization and molecular motion, and as a
result of such competition, an interfacial electrical diffuse
layer is formed. Stern layer and diffuse layer are together
called a double layer [7]. In the inner region, the Stern
layer contains the surface charge as well as electro-
statically bound counterions. The outer region extends
into the aqueous environment, which contains a more
diffuse distribution of anions and cations. This condition

of the environment with varying pH contributes to elec-
trostatic interactions between the cells and other charged
surfaces [8]. Measurement of zeta potential can provide
an approximate measure of the potential of the Stern
layer in bacteria.

The bacterial outer cell envelope consists of different
ionized phosphoryl and carboxylate molecules, which are
the cause of bacterial net electronegativity as the surface
charge. In Gram‐positive bacteria, the cell wall is formed
by peptidoglycan, which influences inner electro-
negativity, because there exist substituted phosphoryl
groups, with teichoic and teichuronic acid residues as
substituents, as well as unsubstituted carboxylate groups
[9]. In contrast, Gram‐negative bacterial peptidoglycan is
encapsulated within the periplasmic space and the outer
membrane. Therefore, these are not exposed to the ex-
tracellular environment. However, in Gram‐negative
bacteria, phosphoryl and 2‐keto‐3‐deoxyoctonate carbox-
ylate groups of lipopolysaccharide, present in the outer
membrane, serve as the negative electrostatic surface
charge, which is present in the outer region of the outer
membrane [10]. In Gram‐positive and ‐negative bacteria,
although different surface layers are found in the exterior
of the cell walls, they similarly affect cell surface charge
properties at physiological pH. Extracellular poly-
saccharides are present in the bacteria, which are natu-
rally acidic in nature and may be attached with the cell
surface as relatively compact capsules. In contrast, diffuse
slime layers, which are loosely associated with the cell
surface, consist of symmetric paracrystalline arrays,
which are visible only with the help of electron

FIGURE 1 The molecular and electrical structure of the cell wall. The molecules present in the bacterial membrane play a role
in the production of electric charge on the cell wall. A double‐layer (Stern layer and diffuse layer) structure of a bacterial cell, which
is cultured at different physiological conditions, is presented. Positive counterions first attach to the negatively charged surface and
form a rigid layer called the Stern layer. The surface continues to draw more positive ions, but these counterions experience
repulsion from other counterions in the surrounding area and by the Stern layer itself. So, there is a competition between counterion
neutralization and molecular motion; such competition results in the formation of an interfacial electrical diffuse layer
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microscopy [11]. They are formed by divalent cation‐
stabilized protein or glycoprotein subunits, which are
associated noncovalently in a lateral way on the cell wall
surface in an extensive diversity of bacteria. These
charged components of the bacterial membrane have
created the basis of electrochemical communication be-
tween the inner and outer surface [12].

Often some bacteria grow by adhering to each other,
and they also adhere to a fixed surface to form bacterial
biofilm. These adherent cells are submerged in a slime
layer. Bacteria within biofilm can communicate their
behavior through different forms of coordination [13–16].
Quorum sensing is a way for the cell‐to‐cell signaling
process in bacteria [17]. Recently, it has been established
that bacterial cell‐to‐cell communication mechanism is
dependent on ion channel‐mediated electrical signaling
[18]. This electrical signaling has enabled cell‐to‐cell
communication within a biofilm community [16,18]. It
has been observed that Bacillus subtilis biofilm can en-
ergetically communicate extracellular potassium signals,
which creates electrical waves that spread through the
biofilm and organize metabolic states, thereby accumu-
lating cooperative ability [16,18]. This K+ channel‐
mediated electrical signaling communication occurs be-
tween the interior and peripheral cells. The electrical
signal is generated by different organisms, and its at-
traction seems to be a genetic mechanism that allows
cross‐species interactions.

On the other hand, the peptidoglycan layer is broader
than Gram‐negative bacteria, whereas the lipopoly-
saccharide layer in Gram‐positive bacteria is just vice
versa. Bacteria require proton motive force for their
growth and sustainability. The proton motive force is
produced in the bacterial cell membrane during energy
generation. This proton motive force in the inner mem-
brane produces bacterial electrochemical signaling and
generates the potential charges in the membrane [19]. In
the free‐living planktonic state, bacteria have the ability
to form the biofilm, and sessile cells adhere to the sub-
strate and strengthen the biofilm [20].

However, electrical signals can control the direct
bacterial motility by changing the membrane potential.
Such long‐range electrical signaling could deliver a gen-
eric mechanism for bacterial societies and control the
motile behavior of unsociable cells.

2 | DIFFERENT PHYSIOLOGICAL
PROCESSES OF BACTERIAL
ELECTRICAL COMMUNICATION

To maintain the optimum cell function of a unicellular
organism, it is important to control the interfacial

physiology of these organisms. Ionized phosphoryl and
carboxylate substituents are present on the outer cell
envelope of macromolecules, due to which bacterial cell
surfaces have a net negative electrostatic charge. The
major electrical signaling communication in biological
systems is the action potential in neurons, which is
communicated by ion channels [21]. Several years of re-
search on ion channels have provided important insights
into the structural basis of such neuronal signaling
[22,23]. In particular, the prokaryotic K+ channels kcsA
provided the first physical information on ion discern-
ment and conductance [24]. Recently, it has been docu-
mented that bacteria have many significant classes of
other ion channels such as chloride channel, sodium
channels, ionotropic glutamate receptors, and calcium‐
gated potassium channels [25–28]. However, the inherent
role of ion channels in bacteria has mostly remained
unclear [29,30]. Different types of ion channels present in
bacteria are not only responsible for cellular processes,
but these ion channels are also responsible for electro-
chemical communication between their own environ-
ments. These ion‐specific channels of bacteria also have
unique functions like extreme acid‐resistant response and
osmoregulation [31]. It also remains indistinct that these
ion channels can maintain other unique functions in
prokaryotes. The study of the bacteria in their native
background, the biofilm community, may reveal new
signs about the function of ion channels in bacteria.
Bioelectrochemistry is a very well‐known phenomenon
in human system, but in bacteria, bioelectric currents
particularly exist in an agglomerated form in the biofilm.
During biofilm formation, bacteria are able to produce
electric field at the time of their movement and they
jump due to the amount of electric potential on the
biofilm [6].

3 | ELECTROCHEMICAL
COMMUNICATION DURING
BIOFILM FORMATION

Bacterial biofilm are prearranged communities com-
prising billions of densely crowded cells. Such commu-
nities can display an interesting macroscopic three‐
dimensional coordination [32–34]. Usually, biofilm are
formed under different environmental stress situations
including nutrient limitation [35]. In any group of mi-
croorganisms in a biofilm, cells are stuck to each other
and often to a surface. A slimy extracellular matrix is
composed of extracellular polymeric substances (EPS),
in which the adherent cells are embedded. In the bio-
film, the cells produce the EPS, which are typically
a polymeric cluster of DNA, lipids, extracellular
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polysaccharides, and proteins. When bacterial commu-
nities grow larger, due to the high growth of the per-
ipheral cells in the biofilm, the nutrient supply of the
interior cells becomes inadequate. When there is nu-
trient deficiency, the interior cells are protected by the
peripheral cells, which remain in a critical situation for
the survivability due to the presence of different external
challenges. In a bacterial community, an important
confrontation occurs between the opposing stresses for
biofilm growth and upholding the capability of pro-
tected (interior) cells. The identification of electro-
chemical communication mechanisms present in the
bacterial biofilm community is responsible for the sus-
tainability of the protected interior cells, which is
important to understand biofilm development [36].

However, it is not clear how microscopic bacteria can
successfully interconnect in large distances. To examine
this question, scientists have studied B. subtilis microbial
community, revealing that these bacteria show metabolic
oscillations activated by nutrient limitation conditions
[16]. The oscillatory dynamics results from long‐range
metabolic co‐dependence among the cells in the interior
and periphery of the biofilm [16]. Specifically, the interior
and peripheral cells of the biofilm share ammonium ions
but compete for glutamate. Therefore, biofilm growth
stops intermittently due to the increase in nutrient
availability for the protection of interior cells. Re-
markably, glutamate and ammonium ions are both
charged metabolites, which leads to cellular uptake of
these compounds, which is recognized by the proton
motive force and transmembrane electrical potential. In
bacterial motility, membrane potential plays a common
role in their communication [37,38]. Consequently, the
metabolic coordination in the biofilm community among
the interior and peripheral cells might be involved in
electrochemical signaling.

For the measure of electrical signaling, scientists
used the fluorescent cationic dye thioflavin T to quantify
the membrane potential within the bacterial biofilm
community. Within the biofilm community, thioflavin T
is used for the measurement of global alternations in
membrane potential. Thioflavin T is a highly positively
charged molecule and it is attracted to cells due to the
negative membrane potential of the bacterial cell. The
experimental result shows that thioflavin T increases
inside the cell when the cell becomes more negative,
and thus thioflavin T is inversely related to the mem-
brane potential [18]. These membrane potential oscil-
lations are highly coordinated among the most distant
areas of the biofilm. Actually, biofilm community or
bacterial cells can transfer charge particles in their
membrane, which occurs only for electrochemical
signaling communication.

4 | BACTERIAL ION CHANNEL ‐
MEDIATED ELECTRICAL
SIGNALING

The ion channels of the bacterial membrane possess
different ion‐transferring mechanisms by the electro-
chemical signal. It is evidenced that YugO (K+ channel)
in B. subtilis is important for biofilm formation [39]. This
potassium flux pump has an intracellular TrkA domain,
which is regulated by the metabolic state of the cell
[40–42]. For better understanding the hypothesis, wild‐
type and YugO‐deleted mutant strains were used, which
revealed that extracellular K+ increased for the wild‐type
strain, but not for the mutated strain. Consequently, the
metabolic limitation could form the primary trigger for
YugO activation. Specifically, the fundamental metabolic
oscillations are determined by glutamate limitation [16],
which is due to the release of K+ and the elimination of
glutamate. The neighboring cells become depolarized due
to the presence of K+ outside the cells, restraining glu-
tamate uptake, which creates additional nitrogen limita-
tion, and thus metabolic stress is generated. These cyclic
consequences occur due to cell–cell transmission of the
potassium signal. These findings hypothesized that glu-
tamate limitation can trigger potassium signal via the
YugO potassium channel [43].

In B. subtilis, YugO also has a role in the active pro-
pagation of the potassium signal. Wild‐type and YugO
mutant strains have transient bursts of external K+ con-
centration (300‐mM KCl). As can be predicted, K+ causes
short‐term membrane potential depolarization in both
strains. However, in the wild‐type strain, this primary
depolarization is naturally monitored by a protracted
hyperpolarization phase, which was not observed in the
YugO mutant strain. This period of hyperpolarization is
complemented by an increase in extracellular K+ ions.
This YugO was triggered by intracellular potassium, be-
cause when an equal concentration of sorbitol (an un-
charged solute) was used, but it did not stimulate an
equal response, producing purely osmotic effects.
Therefore, YugO seems to have a role in propagating the
extracellular potassium signal within the biofilm [18].

The K+ channel shows the electrochemical activity and
the mechanism is experimentally observed in the form of
propagating pulses of electrical activity. A temporary de-
polarization is monitored by hyperpolarization in reaction
to native proliferations in extracellular potassium con-
centration. Additionally, the model demonstrates that
long‐range proliferation of these excitations does not show
a decrease in the amplitude of membrane potential oscil-
lations. The bacterial cells release intracellular potassium
when they are in a metabolically stressed condition, and
this extracellular potassium generates more metabolic
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stress on neighboring cells. B. subtilis cotransported glu-
tamate with two protons by the GltP transporter, and this
process is influenced by the proton motive force [37].
Potassium‐mediated depolarization of the membrane po-
tential can permanently decrease the electrical module of
the proton motive force, [44] and thus lower glutamate
acceptance and intracellular ammonium retention [37,38].
Consequently, this potassium‐intermediated signaling
could proliferate metabolic stress on distant cells. With the
increase of cells in glutamine, the response to extracellular
potassium can be reduced. Glutamate and ammonium
requirement can be compensated by two main factors: an
uncharged metabolite and a favored nitrogen source [45].
Hence, potassium‐mediated ion channel of bacteria is
formed by an electrical signal that controls the metabolic
stress. In Bacillus sp., the YugO channel transfers the ion
and creates an effective electrical communication between
distant cells [26].

5 | CROSS ‐SPECIES
COMMUNICATION

Biofilm refer to the compressed relationship of micro-
organisms and their environment. The chemical signal-
ing mechanism in a bacterial communication network is
quorum sensing. Recently, it has been revealed that
electrical signaling is mediated through the ion channels
of bacterial cells. Long‐range behavior of bacteria is also
influenced by their signaling mechanism. As a result, in a
bacterial community, long‐range cross‐species commu-
nication has been possible. This considerable result has
provided a new example to examine the complex coex-
istence of biofilm societies and distant cells, with a
probable scope of application in synthetic biology.

In bacterial motility, membrane potential plays a
common role in signal communication [46]. Therefore, a
new suggestion is that the process of attraction based on
persuading alterations in membrane potential can apply
to other bacteria as well. To answer this hypothesis, sci-
entists studied the interaction of Pseudomonas aeruginosa
cells with the pre‐existing B. subtilis biofilm and de-
monstrated that the motile P. aeruginosa cells are inter-
mittently attracted to the B. subtilis biofilm during
electrical oscillations. It has been experientially proved
that a difference in the period of electrical signaling
within the biofilm is directly coordinated by the period of
P. aeruginosamagnetism to the biofilm edge. This implies
that the mechanism of electrically arbitrated attraction is
not restricted to B.subtilis cells, therefore allowing cross‐
species interaction also [43].

Bacterial ion channels generated long‐range electro-
chemical signals; for example, K+ channel generates a

rapid response in the cell motility, because any bio-
chemical synthesis or any complex signaling networks
are not required in this response. This study also pro-
poses a new hypothesis that cross‐species signaling oc-
curs in long range and is generic in nature, where no
exact receptor or signaling pathways are required. The
result of this effort leads to many motivating questions
concerning the result of the newly invented signaling
procedure over the quorum‐sensing bacterium in the
multifaceted coexistence of the biofilm communities and
neighboring cells [43,46,47].

The bacterial ion channel‐mediated signaling me-
chanism results in a quick response in cell motility of even
physically distant cells, due to its individuality on a mul-
tifaceted signaling network. Consequently, due to distant
species electrochemical signaling, bacteria from diverse
species are involved and incorporated in a pre‐existing
biofilm. Therefore, the complex coexistence of a biofilm
with its neighboring cross‐species societies has led to an
increase in many fascinating features of the signaling
mechanism in the secretive microorganism community.

6 | ELECTRICAL
COMMUNICATION DURING
INTERSPECIES ‐SPECIFIC
CROSSTALK

When an electron is moved between different species of
microbes, is known as interspecies electron transfer (IET)
mechanism. This IET mechanism has been established
on the basis of obliging behaviors and community pur-
poses. IET mechanisms depend on the circulation of
redox chemical species or direct interaction in cell ag-
gregates. Following IET, bacteria generate their mem-
brane potential and proton motive force as one of their
communicative way among bacterial communities [48].

In growing biofilm, bacteria surrender their freedom
and settle into large stationary societies. Suel and collea-
gues grew a biofilm of B. subtilis to understand the com-
munication process within the bacterial cells with the outer
cells, when to divide or relax. The biofilm of B. subtiliswere
treated with fluorescent markers that were energized by
potassium and sodium ions, and the potassium marker lit
up, as ions flowed out of starved cells. The biofilm cells also
released K+, refreshing the signal, when the ions reached
closer to them. The signal flowed outward in this way until
it reached the biofilm's edge, and in response to the signal
border, cells stopped dividing until the intramural cells
received a feed, after which they stopped releasing po-
tassium. Suel's team then created mutant bacteria without
potassium channels, and they found that the mutant cells
did not grow in the same stop–start manner of wild‐type
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cells. Like neurons, to communicate electrical signals,
bacteria evidently use K+ [18,43,47].

The significant flow of electrons through a small cable
is called an electric current. In bacteria, the pili act as
nanowires, which transfer electrons to the surrounding
environment. Flagella are the extracellular projection of
bacteria, which transfer electrons to electrodes, which are
called bacterial nanowires. Bacterial nanowire formation
was established by atomic force and transmission elec-
tron microscopy and by electrochemical techniques, and
its conductive nature was investigated. It can be observed
from analyzing marine bacteria that live in the mud at
the bottom of the sea that an electric current is propa-
gated through the layers of mud. Cyclic voltammetry
(CV) and electrochemical impendence spectroscopy
(EIS), nondestructive voltammetry techniques, suggest
that bacterial nanowires could be the source of electrons,
which may be used in various applications, for example,
microbial fuel cells, biosensors, organic solar cells, and
bioelectronic devices. Underneath the layer of mud,
bacteria generate energy, and the electrons thus released
reach the top layer, where they subsequently react with
O2. These electrons travel a distance of 12 mm, which is
10,000 times of body length of bacteria [16,43,46].

In contrast, Bacillus sp. uses a K+ channel to convert
free‐swimming cells to their static society. Remarkably,
the bacteria attract not only Bacillus sp. but also other
dissimilar species. Bacteria seem to live in diverse com-
munities, not just in monocultures. These two Bacillus
species exchange potassium signals, and two Bacillus
biofilm can “time‐share” nutrients also. In an experiment,
where two bacterial communities have been employed and
allowed to utilize glutamate, the biofilm are allowed to
ingest the desired nutrients more professionally. As a re-
sult of the sharing of two different bacterial communities,
the biofilm grew more rapidly than they could have if the
bacteria had consumed the nutrients without the inter-
ference of any other bacteria [18]. When the ion channel
was modified, they gave weaker signals in the biofilm
community and they were not properly able to coordinate
their feeding and grew more slowly. Therefore, it is clear
that the same species of different bacteria also commu-
nicate by generating electrochemical signals [44].

7 | ELECTRICAL
COMMUNICATION DURING
INTRASPECIES ‐SPECIFIC
CROSSTALK

Bacteria within biofilm communities can organize their
behavior through cell‐to‐cell signaling. However, it re-
mains uncertain if these signals can stimulate the

behavior of distant cells that are not part of the com-
munity. In B. subtilis biofilm community, there is a K+

channel‐mediated electrical signaling communication
between the interior and peripheral cells. An electro-
chemical potassium signal is generated inside the biofilm,
which alters the membrane potential of distant cells, thus
leading to their motility [16,18].

This electrical signal is generated by different organ-
isms, and the attraction seems to be a generic mechanism
that allows cross‐species interactions. B. subtilis biofilm
released the electrical signal by its ion channel and
P. aeruginosa cells became attracted to this electrical
signal. Through the long‐range electrical signaling, the
cells of the bacterial community can coordinate their own
behavior and also affect the behavior of different bacteria
at a particular distance [43,46].

The communication mechanisms between the biofilm
and distant cells occur between the evolutionarily distant
bacteria, and are therefore not restricted to cells from a
single species. In a biofilm community, the effect of ex-
tracellular K+ on membrane potential is communal
among all cells, and therefore communication is physical
in nature (Figure 2). The long‐range cross‐species sig-
naling is generic and it does not require specific receptors
or any signaling mechanism. Stimulatingly, due to cross‐
species attraction, bacteria from a different species can be
assimilated into a pre‐existing biofilm. In cross‐species
bacterial community, they have different membrane po-
tential and thus generate electrochemical signal by their
membrane ion channels. This electrochemical signal
might be their way of communication [16,18,43].

8 | ELECTROCHEMICAL
SIGNALING VIA MEMBRANE
POTENTIAL AND RESISTANCE
DEVELOPMENT

In recent years, bacterial electrophysiology has been
demonstrated to have important roles in the various
physiological processes like cellular proliferation, elec-
trochemical communication, persister cell formation, and
antibiotic resistance [49–52]. Electrochemical signaling
via K+ channels, together with resultant membrane po-
tential, which is specific for different bacterial commu-
nities, is a way of electrochemical communication in
bacterial biofilm. Biofilm formation is also stimulated by
a variety of natural products including surfactin, which
induces potassium leakage that triggers multicellularity.
Potassium leakage stimulates a membrane protein ki-
nase, KinC, which regulates the genes involved in the
biofilm formation [53]. Interestingly, surfactin possesses
antimicrobial activities, but it generates the chances for
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resistance development against itself and other anti-
microbials by induction of genes involved in biofilm
formation via potassium leakage. In addition, potassium
leakage results in depolarization of membrane potential
that might play role in resistance development against
positively charged antimicrobials. Next, bacterial biofilm
formation and cell‐to‐cell communication within biofilm
have already been reported for their role in the devel-
opment of drug resistance [47,54]. Electrochemical sig-
naling in bacterial biofilm has also demonstrated to have
a role in cell‐to‐cell communication via differences in
membrane potential [18,43]. However, a direct link be-
tween electrochemical signaling in bacterial biofilm and
its role in drug resistance development is missing.

During IET in bacterial biofilm, which is important
for cell‐to‐cell communication, a high membrane poten-
tial is generated in biofilm, which is key to biofilm matrix
production [55]. Furthermore, it has been shown that
bacterial membrane potential dynamics in biofilm facil-
itates electrical signaling in both intra‐ and intercellular
levels. This membrane potential derived from electrical
signaling is found to be proportional to cellular pro-
liferation capacity [51]. The increase in membrane po-
tential induces a higher cellular proliferation, which
helps in the development of resistance and required an-
timicrobials that are more potent. In a recent report, it
has been confirmed that K+ transport system of Staphy-
lococcus aureus plays an important role in resistance
development against aminoglycoside antibiotics and ca-
tionic antimicrobial peptides [56]. In conclusion, here we
have suggested that disruption of electrochemical sig-
naling by targeting bacterial cell membrane potential
could be a promising alternative to confront the rapid
emergence of multidrug resistance [57].

9 | CONCLUSION

Electrophysiology is a well‐known branch of neu-
rosciences. In the recent past, multiple studies have

shown that bacterial communities like biofilm utilize
electrochemical signals for communication, based on the
fundamentals of electrophysiology. K+ channels are the
major channels that help in long‐distance electro-
chemical communication in biofilm and in developing a
dynamic membrane potential across interior and per-
ipheral cells within the biofilm. This resultant dynamic
potential propagated in the form of electrical pulses be-
tween the distant cells of biofilm induces biofilm for-
mation. The electrochemical communication within
biofilm may also be involved in the measurement of
electrical resistance or development within the bacterial
communities by membrane depolarization and induction
of multicellularity. Therefore, electrochemical control of
biofilm may develop as a potential biofilm treatment
strategy and confront multidrug‐resistant biofilm‐
forming bacterial pathogens.
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Introduction
Nanoscience are the emerging field in modern technol-

ogy with numerous applications in biomedical and manufac-
turing of new smart materials1. In the last two decades’
nanotechnology integrates with the mechanical and electronic
engineering to develop micro/nano-electromechanical sys-
tems (MEMS/NEMS) devices, which have diverse applica-
tions in different fields of science and engineering. These
devices are potentially applicable for different sensing, actu-
ating as well as biomedical analysis purposes2. Recently
quantum dots have acquired much attention in biological
fields owing to its unique size, tunable light absorption and
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emission properties3. Further, biocompatible nanomaterials
have many applications in biomedical purposes such as or-
thopedic, cardiovascular, contact lenses, catheter, prosthetic
replacement, etc.4,5. Past three decades, extensive research
has been carried out to develop nanomedicine and nanosci-
ence based biomedical sensor and instruments6,7. Metallic
nanoparticles have unique optical, electrical and biological
properties, that have attracted significant attention in appli-
cations, like catalysis, ultrasensitive chemical and biological
sensors, bio-imaging, targeted drug delivery and fabrica-
tion8–15. It also comprise of large surface area to volume
ratio, unique quantum size, having excellent magnetic proper-
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ties, heat conductivity additionally to some catalytic and anti-
microbial properties16. Nanoparticles are often synthesized
via various chemical and physical routes like chemical re-
duction17–19, photochemical reduction20–24, electrochemical
reduction25,26, heat evaporation27,28, etc. A series of reduc-
ing agents like sodium or potassium borohydrate, hydrazine
and salts of tartrate, or organic ones like sodium citrate, vita-
min-C, or amino acids are used to get oxidized. Several stud-
ies have reported shape and size dependency of silver
nanoparticles formation on capping agents like dendrimer29,
chitosan30, ionic liquid31, and poly(vinylpyrrolidone) PVP32.
These capping agents control the nanoparticle growth via
reaction confinement within the matrix or through preferen-
tial adsorption on specific crystal facets. But, these ap-
proaches are costly and hazardous, with the involvement of
toxic, non-environment-friendly agents. Hence, evaluation of
the risk of these nanoparticles to human health becomes
critical. Multiple studies have shown the increase of leuko-
cytes number, neutrophils, in the lungs and bronchoalveolar
lavages during airway exposure of nanoparticles in in vivo
models of inflammation. The neutrophil counts act as
biomarkers for inflammation. Therefore, selection of a syn-
thesis route that minimizes the toxicity and increases the
stability of nanoparticle leads to enhanced biomedical appli-
cations of silver and gold nanoparticles. The development of
better experimental procedures for the synthesis of
nanoparticles employing variety of chemical compositions
and controlled polydispersity offers considerable advance-
ment33. Methods of nanoparticle fabrication through differ-
ent physical and chemical process as mentioned above have
their demerits as they produce enormous environmental con-
taminations and unsafe byproducts. Thus, there’s a neces-
sity for “green chemistry” that ensures clean, non-toxic, and
environment-friendly nanoparticles production34. Nowadays
nanomaterials are produced by industries for commercial
applications with enormous benefits. While there lies an enor-
mous potential of nanomaterials for fulfilling human require-
ments, sidewise it also correspond to potential risks to hu-
man health35.

In recent times, eco-friendly approaches have been de-
veloped to engineer stable nanoparticles with intelligible
morphology and configured constricted sizes36. Additionally,
owing to the high demand for precious metals like silver and
gold and their oxides is of great significance and interest37,38.

Bio-inspired synthesis of nanoparticles is an advanced, cost-
effective, environment-friendly approach over chemical and
physical methods, without any inclusion of high pressure,
energy, temperature, and toxic chemicals39. For example,
plant leaf extract is used for the biosynthesis of silver and
gold nanoparticles for pharmaceutical and biomedical appli-
cations, without employing any toxic chemicals in the syn-
thesis protocols40. Eco-friendly acceptable reducing and cap-
ping agents are considered to be an effective one for “green”
synthesis nanoparticles41. The fabrication process also ne-
cessitates the use of non-toxic solvents to make eco-friendly.
Generally in this technique, microwave retains a constant
temperature of the solvent systems. In conventional extrac-
tion techniques hexane, ethanol and water are used for the
collection of bioactive molecules42. But hexane and ethanol
are immensely problematic due to their instability as well as
environmental and health hazards43. To overcome this prob-
lem, researchers developed the supercritical fluid (SCF) ex-
traction technology to avoid toxic organic solvents in green
technology. SCF possesses physical properties intermedi-
ate between CO2 gas and a liquid at a temperature and pres-
sure above of its critical point. Supercritical CO2 is non-po-
lar, non-toxic, non-flammable, and has low critical tempera-
ture. In this regard, nanomaterials, including metal
nanoparticles, carbon nanotubes, quantum dots, and other
active nanomaterials can be used to develop biosensors
against a broad spectrum of microorganisms for the formu-
lation of a new generation of antimicrobial agents.  Among
noble metals, silver (Ag) and gold (Au) nanoparticles syn-
thesis via marine algae are used as a broad-spectrum anti-
microbial agent towards a variety of pathogens in the bio-
medical field44. Many microorganisms are used for the syn-
thesis of nanoparticles such as cyanobacteria, eukaryotic al-
gae, and fungi. Biosynthesis of nanoparticles by plant ex-
tracts are better source in comparison to the various biologi-
cal processes often considered as eco-friendly substitutes
of chemical and physical methods1,5. Seaweeds with rich in
organic and inorganic is used widely in agriculture, pharma-
ceutical, biomedical, and nutraceutical industries for consist-
ing high amount of vitamins and minerals45,46. Among sev-
eral genera of microalgae, Spirulina platensis is blue-green
algae of the cyanobacteria family grown in temperate water
in the whole world. A blue-green algae has served as food
with high protein content and nutritional value from ancient
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times47. The algae produce novel and potentially useful
bioactive compounds48,49. The bioactive materials have
gained significant attention in recent years and have been
used considerably in the development of new pharmaceuti-
cal products, food products, renewable bio-energy and bio-
medical applications50–52. However, antibiotic resistance is
a global issue that lowers these drugs’ effectiveness via ge-
netic mutation or gene acquisition. Therefore, new classes
of antibiotics with novel structural diversity are required to
battle this trend. Now food preservation is dealing with  se-
vere concern of microorganisms mediated spoilage along
with fall in quality and nutrition worldwide53. Recently,
nanoparticles are used in various industries like electronics,
aerospace, cosmetics, textile, and even in food. Conse-
quently, the chance of human exposure to nanoparticles is
rising, heading towards the time when nanoparticles will even-
tually be present in blood circulation interacting with immune
blood cells.

Advantages and growth of nanotechnology
Recently, research and development in nanotechnology

have seen exponential growth due to advantages in different
fields like drug delivery, cell imaging, material improvement,
medical devices for diagnosis and treatment. More powerful
computers are being designed using nonmaterial having
faster in speed and consuming very less power, long-life
batteries.

The term nanocomputers framed in several ways, using
mechanical, electronic, biochemical, or quantum nanotechno-
logy. Circuits consisting of carbon nanotubes can maintain
the computer system more advance. Carbon nanotubes are
also commercially used in sports equipment, with light weight
and high strength. Nanoparticles in fabrics improve the wa-
ter-resistance, stain resistance, and flame resistance, with-
out putting on extra weight, stiffness, or thickness of the fab-
ric54. Nanoparticles are used in medical products for dermal,
oral or inhalation applications. Tiny insize, corresponds to
higher surface area of nanomaterials offering greater strength,
stability, chemical, physical, and biological activity. The car-
bon-based nanomaterials (fullerenes and nanotubes) are
employed in thin films, coatings, and electronics. The metal-
based nanomaterials (nanosilver, nanogold) and metal ox-
ides (titanium dioxide (TiO2)) are useful for food, cosmetics,
and drug-related products. The dendrimers are nano-poly-

mers, an ideal candidate for drug delivery. Composites such
as nanoclays are formed with a combination of nanoparticle
with other particles. Many beverage bottles are made up of
plastics with nanoclays. The nanoclay reinforcement in-
creases penetration resistance to oxygen, carbon dioxide,
moisture and thus increases shelf life and thus nanoclays
are also being used in packaging. It helps to improve vehicle
fuel efficiency and corrosion resistance by using diamond-
like-nanocomposite (DLN) materials that are lighter, stron-
ger, and high chemical resistant55,56. The DLN film exhibits
biocompatibility in nature, which have potential applications
as a coating material for biomedical purpose. Few
nanoparticles are also used in water filter technology that
can remove heavy metals, kill viruses and bacteria. These
cost-effective, portable water-treatment systems are ideal for
the improvement of drinking water quality in developing coun-
tries. Now a day, most sunscreens also contain nanoparticles
for effective absorption of light including the more danger-
ous ultraviolet range and pass the other wavelengths, which
is healthy for skin. Recently, nanosensors are able to detect
a toxic chemical at very low levels, for example, single mol-
ecule detection, out of billions of molecules57,58. In medical
science, the detection of single biomolecules has tremen-
dous applications for DNA/RNA sequencing and disease
analysis. The nanobiosensors can be used to precisely iden-
tify particular cells or substances in the body for different
diagnostics purposes. Current research is focused on pre-
paring the smaller, highly sensitive and cost-efficient
biosensors. The new biosensors are updated to even detect
odors specific diseases for medical diagnosis, pollutant de-
tection, and gas leaks for environmental protection.

Nanoparticles in pharmaceutical products facilitate im-
proved absorption within the human body along with easy
delivery, often in association with medical devices. For ex-
ample, magnetite, a metal oxide has great potential applica-
tions in nanomedicine. Nanoparticles can assist targeted
delivery of chemotherapy drugs to specific cells, i.e. cancer
cells. Superparamagnetic iron oxide nanoparticles (SPIONs)
and ultra-small superparamagnetic iron oxide (USPIO) have
also proved its significance for targeted drug delivery59.
Nanoparticles can improve the water-solubility of weakly
soluble drugs. It can increase drug half-life, modify pharma-
cokinetics, perk up bioavailability, diminish drug metabolism,
assist to controlled and targeted drug delivery, and also com-
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bined drug delivery60–64. According to the data by the In-
ternational Agency for Research on Cancer (IARC), estimates
nearly 13.1 million deaths due to cancer by 2030. It is obvi-
ous that the low survival rate occurs not because of scarcity
of potent, natural, or synthetic antitumor agents but owing to
inadequate drug delivery systems. This develops the require-
ment of technology advancement to need to develop carri-
ers and delivery systems, capable of targeted and efficient
delivery of the chemotherapeutic agents without unwanted
systemic side effects65. The solid lipid nanoparticles and
nano-emulsions are the most employed lipid-based drug
delivery particles. However, nanosilver based commercial
products are capturing market.

of global nanomaterials market volume (in kilo tons) and rev-
enue (in USD Billion), which is estimated from 2014  to 2022,
is shown in Fig. 2(a). Other statistical surveys from two dif-
ferent agencies (see Fig. 2(b) and Fig. 2(c) (BCC research))
also confirmed the rapid increase of global nanotechnology
market of nanomaterials, nanotools and nanodevices,
etc.68,69. Some important key points are summarized below
about the advantages and growth of nanotechnology. The
key benefits of nanotechnology are:

(i) Reduction of size of any material, machine or equip-
ment.

(ii) Reduction of amount of energy and resource.
(iii) Helps to clean up the existing nano-pollution.
(iv) Able to secure economy once it can be fully imple-

mented.
(v) Can alter the basic of technology for human, in its

matured phase.
(vi) Early stage detection of some diseases.
(vii) Improvement of the drug therapeutic index by increas-

ing efficacy and/or reducing toxicities.
(viii) Targeted delivery of drugs in tissue-, cell- or or-

ganelle-specific manner.

Fig. 1. Technological tsunami due to nanotechnology.

The newly developed nanomaterials for theranostics are
being employed alone or in association with “classical” drugs,
e.g. cytostatic drugs, or antibiotics. Theranostics is a com-
bined term for nanomaterials with diagnostic and therapeu-
tic properties64. Fig. 1 shows Technological tsunami occurs
due to nanotechnology in the fields of energy storage, de-
fense and security, metallurgy and materials, electronics, op-
tical engineering and microelectromechanical systems
(MEMS), biomedicine and drug delivery, agriculture, food sci-
ence, cosmetics and paints, textile, etc.66. According to Zion
market research analysis in 201767, there is a rapid increase

Fig. 2. Global nanotechnology review for nanomaterials, nonotools
and nanodevices market from 2011 to 2017 (in Million USD).
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(ix) Enabling sustained or stimulus-triggered drug release.
(x) More sensitive cancer diagnosis and imaging.
(xi) Better pharmaceutical properties like stability, solu-

bility, and half-life of drug molecules.
(xii) Approaches to develop synthetic vaccines.

Limitations of nanotechnology
Nanomaterials are being employed in different industries

and everyday life. Therefore, the interplay of nanomaterials
and human surroundings is worth scientific exploration.
Nanomaterials with several benefits can be toxic in nature.
Various studies also confer with the above-mentioned effects,
indicating the potential toxicological effects on human envi-
ronment60. Different toxic and hazardous effects of
nanotechnology are briefly discussed below.

Potential routes for nanomaterials to enter into human
body:

Nanomaterials can enter into human body in various ways.
Potential routes nanomaterials entry into human body are
ingestion, inhalation and skin absorption70. Many nano-
materials are employed in drug transport or cell imaging via
intravenous entry to the human body. In the body,
nanomaterials are translocated throughout the body by blood
circulation. For the purpose, the nanoparticles must fulfill the
requirement of permeability across the barrier of blood ves-
sel wall. Absorption through the skin serves as an alternate
route of entry for nanoparticles inside a human body. The
skin is the largest organ of the human body, provides a large
surface area for interactions with the external environment.
TiO2 nanoparticles can take either route for entry i.e. the
lungs or gastrointestinal tract. Nanomaterials can enter into
the body through skin due to various reasons, such as use
of medicine, cosmetics, ointments and use of clothes con-
taining nanomaterials, occupational contact in industry etc.
Soaps, shampoos, toothpaste, hair gels, creams, and some
cosmetics containing the nanosilver, which can enter into
the body through skin. Cream or solution containing silver
nanoparticles is used for treatment of wounds, burns, etc. to
prevent infections and damaged skin and the size of
nanoparticles drive the penetrating ability in cell. The smaller
the nanoparticle, has a greater penetrating ability. The
inhaled particulate matter gets accumulate  in human respi-
ratory tract, while one major portion of those inhaled par-
ticles gets deposited in the lungs. Nanoparticles also have

the potential to travel across the placenta in pregnant women
to the fetus along with other organs i.e. brain, liver, spleen
and induce lung inflammation and heart disease70. The pul-
monary inflammation is due to the inhalation of nano-sized
urban particulate matter appear due to the oxidative stress,
imposed by these particles in the cells60,71,72. The first re-
ported nanoparticle is nano-silver, which can damage DNA
molecules. Silver nanoparticles have the most harmful ef-
fects on the most sensitive biological groups60,73–76. This
nanoparticle can penetrate into blood through the skin. Sil-
ver binds with the thiol group of some proteins. If silver com-
plexes with thiol groups are located near-skin region, it gets
readily available to get reduced either by visible or UV light
into metallic nanosilver particles. This results in immobiliza-
tion of silver nanoparticles in the skin. Further, the effect of
nano copper-induced renal proximal tubule necrosis in kid-
neys has been reported by Liao and Liu77.

Toxicity of nanomaterials:
Greater the human exposure of nanomaterials presents

in environment, greater is the harmful effect on human health.
The assessment of the cytotoxicity of nanomaterials assists
in proper elucidation of their biological activity. Gerloff et al.78

reported the cytotoxicity of various nanoparticles such as zinc
oxide (ZnO), SiO2, and TiO2 on human Caco-2 cells. Shen
et al.79 showed the human immune cells are prone to toxic-
ity due to ZnO nanoparticles80. The ZnO nanoparticles dam-
age mitochondrial and cell membranes in rat kidney ultimately
leading to nephrotoxicity80. Generally, nanomaterial toxicity
mechanism comprises reactive oxygen species formation and
genotoxicity. But as described earlier, toxicity of ZnO
nanoparticles particularly affects immune cells. Various
nanomaterials with their diverse sizes alter mitochondrial
function. For example, ZnO nanoparticles generate Zn2+ ions,
which disrupts charge balance in electron transport chain in
the mitochondria and therefore triggers reactive oxygen spe-
cies generation. Nanosilver particle has a genotoxic effect.
Nanosilver (~20 nm) has a genotoxic effect on human liver
HepG2 and colon Caco2 cells. It has also increased mito-
chondrial injury as well as loss of double-stranded DNA helix
in both cell types81. TiO2 nanoparticles inhalation, resulted
in pulmonary overload in rats and mice with inflammation82,83.
The cytotoxic and genotoxic effects of TiO2 nanoparticles on
human lung have been reported by Jugan et al.84. TiO2
nanoparticles are genotoxic and it can induce pathological
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damage of the liver, kidney, spleen, and brain. Du et al. re-
ported cardiovascular toxicity of silica nanoparticles in rats85.
The surface coating of quantum dots causes toxicity to the
skin cells including cytotoxicity and immunotoxicity86.
Nanosilver is used in wound dressings, affects both
keratinocytes and fibroblasts. Fibroblasts show higher sen-
sitivity towards nanosilver than by keratinocytes. Again, iron
oxide nanoparticles rapidly get endocytosis on cultured hu-
man fibroblasts and interrupt the function. Citrate/gold
nanoparticles have shown toxicity on human dermal fibro-
blasts87. Carbon nanotubes have high toxicity and produce
harmful effects on human. The nanoparticles can penetrate
into the lungs, then reached blood and act as barrier for the
circulation of blood into brain. They can also enter inside
other organs like bone marrow, lymph nodes, spleen, or heart.
Sometimes, nanoparticles can incite inflammation along with
oxidant and antioxidant activities, oxidative stress, and
change in mitochondrial distribution. These effects depend
on the type of nanoparticles and their concentrations69. Cop-
per nano particles (diameter 40 nm and 60 nm) have harm-
ful effect on brain cell at low concentration. It activated the
proliferation of the endothelial cells in brain capillaries. Ag
nanoparticles (25, 40, or 80 nm) influenced the blood-brain
barrier, causing a proinflammatory reaction, which might in-
duce a brain inflammation with neurotoxic effect. Smaller Ag
nanoparticles (25 nm and 40 nm diameter) can induce cyto-
toxic effect at a greater rate compared to larger nanoparticles.
Nanoparticles also have harmful effects on the brain cell of
the mouse and rat. The high concentration of nanoparticles
can affect brain blood fluxes, with consequent cerebral
edema. Pathogenic effects of Ag-nanoparticles (25, 40, and
80 nm diameter), Cu-nanoparticles (40 and 60 nm) and Au-
nanoparticles (3 and 5 nm) on the blood-brain barrier of pig
have been reported88. Silver nanoparticles (45 nm) influenced
the acetylcholine activity via nitric oxide generation; it induces
hyperactivity of rat tracheal smooth muscle89. It is also re-
ported that Ag-nanoparticles (25 nm) produced an oxidative
stress after the injection into the mouse. The nanoparticles
were aggregated in the kidneys, lungs, spleen red pulp and
in the nasal airway, with no observable morphological
changes apart from nasal cavity90.

Very few cells do not undergo morphological changes
after withstanding the air-liquid interface culture for an ex-
tended duration. Au-nanoparticles (5 nm and 15 nm diam-
eter) penetrated into the mouse fibroblasts, where they re-

mained stocked. Only the presence of 5 nm Ag-nanoparticles
disrupted cytoskeleton resulting in narrowing and contrac-
tion of cells. Many engineered nanomaterials, such as TiO2,
magnetite iron, CeO2, carbon black, SWCNTs, and MWCNTs,
also might cause different levels of inflammatory reactions,
including enhanced pro-inflammatory cytokines expression,
target inflammation-related genes, and micro-granulomas
formation91,92. The intra-tracheal administration of MWCNTs
with variable length and iron content in hypertensive rats Led
to the lung inflammation with increased blood pressure and
lesions in abdominal arteries along with accumulation in
multiple organs i.e. liver, kidneys, and spleen post 7 days
and 30 days exposure93. Maneewatttanapinyo et al. studied
acute toxicity of colloidal silver nanoparticles administered
in laboratory mice and observed neither any mortality any
acute toxicity symptoms after a limited dose of 5.000 mg/kg
post 14 days of oral administration. No differences could be
observed in among groups after hematological and biochemi-
cal assessment and the histopathological study. The instilla-
tion of silver nanoparticles at the concentration of 5.000 ppm
developed a transient eye irritation for 24 h. The application
of these nanomaterials on skin did not produce any micro or
macroscopic toxicity94. The schematic mechanism of silver
nanoparticles toxicity in human body is shown in Fig. 395.
Liver and spleen are maximum exposed organs to
nanomaterials owing to the prevalence of phagocytic cells in
the reticuloendothelial system. Also, the organs with high
blood flow such as kidneys and lungs can be affected.

Fig. 3. Mechanism of silver nanoparticles toxicity (Abbreviations:
NPs – nanoparticles; ROS – reactive oxygen species; Ag+ –
silver ions) Redrawn from95.
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Health hazards in human:
In spite of having many benefits and uses the nano-

materials may cause health hazards to humans owing to very
small size. The large absorption surface of lung, the thinner
air-blood barrier, and comparatively less inactivation of en-
zymes leads to faster entry for particles into the systemic
blood circulation at higher drug concentrations. Additionally,
intentional uptake, exposure of particles carried by the wind
from the environment, and nanoparticles released at manu-
facturing units may also cause health hazards for human.
Usually, the biological effects of nanomaterials are based on
their size, composition, shape and also on their electronic,
magnetic, optical, and mechanical properties. Presently, the
influence of nanotechnology on human health and environ-
ment is still controlled. Most of the studies assessed the out-
comes of unintentional and accidental exposure (inhalation,
medical procedures, or accidental ingestion) and focused on
local effects only66,67. Though, along with introducing
nanomaterial-based biomedical procedures, it is mandatory
to analyze their toxicity at a systemic level. Centuries be-
fore, Paracelsus said, “everything is a poison, and nothing is
a poison, it is only a matter of a dose”. For nanomaterials, it
is applicable in both the aspects of dose and particle size68.
There is a huge demand for the use of nanomaterials in vari-
ous applications, ranging from diagnostic technology, bio-
imaging, to gene/drug delivery96–98. Therefore, intended or
unintended human exposure to nanomaterials is unavoid-
able and has greater prospects of exposure in the future.
Therefore, a branch of science is developing, named
“nanotoxicology”, the study of toxicity of nanomaterials.
Nanotoxicology assess the role and safety of nanomaterials
on human health. Several anthropogenic sources like power
plants, internal combustion engines and other thermo-deg-
radation reactions also generate nanoparticles and there-
fore develop the need to assess them as well69.

Hazards in nanomedicine:
The nanomaterials represent a variety of biomedical ap-

plications, however, there is some potential risks factor re-
lated to the toxic issue. For example, cytotoxicity, genotoxicity,
oxidative stress and inflammation have been reported on in
vitro and in vivo models for testing nanoparticles. The differ-
ence in the size of nanomaterial and bulk comes with the
differences in properties and toxicity as well. Nanomaterials
are tremendously beneficial yet can be toxic. Ag, ZnO, or

CuO nanoparticles are frequently used as bactericides79. But
waste disposal in the environment can also negatively affect
non-target organisms.

Hazards in medical instrumentation:
Nanomaterials are involved in medical interventions like

prevention, diagnosis, and treatment of diseases. With de-
velopment of science and technology, more accurate and
multi functional medical diagnostic equipment are being fab-
ricated for easy and safe operation. The ‘lab-on-a-chip’ tech-
nology facilitates instantaneous point-of-care testing, enhanc-
ing the standards of medical care. Nanomaterial based thin
films on implant surfaces improve the wear and resist infec-
tion. But until now, these medical nanodevices are not 100%
hazard free due to manufacturing processes, not following
guidelines of nanotoxicity and also operating without the as-
sessment of long term effects of nanotoxicity.

Hazards in food product:
Nanotechnology is used to produce advanced food prod-

ucts and smart packaging technology99–101. In this way, the
possibility of direct exposure of nanomaterials with human
beings is enhanced and different types of long-term or short-
term toxicity may occur102,103. Nanoparticles and diamond-
like nanocomposite (DLN) thin films are used in food pack-
aging to reduce UV exposure and prolonged shelf life. Due
to very few articles being reported in this area, further re-
search is needed to fully explore the potential use of these
nanoparticles for food products and medical treatments.

Environmental nanopollution and its effect in society:
Environment conservation is a challenging task. Its vast-

ness and complexity make this even more difficult. As the
production of nanomaterials is growing multiple issues con-
cerning nanotechnology arise as environmental pollution and
industrial exposure. Nanoparticles serve as pollutants in die-
sel exhaust or welding fumes, presenting new toxicological
mechanisms104,105. It also makes us face pollution in macro,
micro, and nano-scale. New branches of electronics are also
creating new sources of occupational exposure hazard. The
circumstances produce new challenges for both classical
toxicology and nanotoxicology. Though nanotechnology is
improving the living standard, simultaneous increase in wa-
ter and air pollution has also occurred. As the origin of this
pollution lies in nanomaterials hence termed as
“nanopollution”. Nanopollution is extremely lethal to both
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underwater flora and fauna and organisms living on soil. The
pollutants can enter in human body in multiple ways. Cellu-
lar mechanisms can get affected by nanomaterial toxicity,
which mainly comprises reactive oxygen species generation
and genotoxicity105,106. The nanoparticle’s exposure on hu-
mans can occur unintentionally by environmental particles
(e.g. air pollution) and deliberately because of a diversity of
consumer products, cosmetics, and medical products con-
taining nanoparticles. The release of nanoparticles during
the manufacturing process may result in exposure on work-
ers via dermal, oral, and inhalation routes. Exposure to air
pollutants, such as ultrafine particles, is known to cause in-
flammatory air-way diseases and also cardiovascular prob-
lems in humans107. Pope et al.108 stated that even very very
low amount of ambient nanoparticle exposure, have a mo-
mentous consequence on mortality. To decrease nanopollu-
tion, scientists and researchers used nanotechnology to de-
velop nanofilters, which can eliminate almost all airborne
particles109.

Economic and social disruption due to rapid use of
nanotechnology:

As the speed of nanotechnology development is grow-
ing, as a consequence the job opportunities are decreasing,
arising the problem of unemployment in fields like industrial
sector, manufacturing, and traditional farming110. Nano-
technology-based devices and machines have replaced hu-
mans to furnish the job more rapidly and efficiently, which
has pointed out the importance of manpower in the field of
practical work. Increasing growth and instant performance
of nanotechnology have compromised the worth of commodi-
ties like diamond and oil. As an alternative technology i.e.
nanotechnology has a detrimental effect on the demand as
substitutes have more efficiency and do not need fossil fu-
els. Diamonds are losing the worth due to greater availability
from nanotechnology-based fabrication methods. Currently,
manufacturing companies are equipped for the production
of the bulk of these products at a molecular scale, followed
by disintegration to create new components.

At present, nanotechnology involves high investment
technologies; raising the cost daily. The high cost is the re-
sultant of intricate molecular structure and processing charges
of the product. The whole process makes it difficult for manu-
facturers to randomly produce dynamic products using
nanotechnology. Currently, it is an unaffordable business

owing to huge pricing of nanotechnology-based machines.
Hence, nanotechnology can also bring financial risks as
manufacturers have to invest large sum of money for setting
up nanotech plants. The manufacturers have to face a huge
loss if by any chance the manufactured products fail to sat-
isfy the customers. Alternate options such as recovery of the
original product or maintenance of the nanomaterials are also
a costly and tedious affair. Further, nanotechnology does not
leave any byproducts or residues, generally basis for the small
industries, therefore creating huge risk of extinction for small
scale industries. As an outcome, the quantity of sub-prod-
ucts of coal and petroleum is deteriorating. Another gigantic
threat (like Covid-19 pandemic situation), which is born with
the arrival of nanotechnology. It can make the easy accessi-
bility of bio-chemical weapons or nano-bio engineered bio-
logical weapons. Nanotechnology is making these weapons
more powerful and destructive. Unauthorized criminal bod-
ies or corrupt politicians can steal the formulations and may
reach these hazardous weapons easily and they can easily
destroy our civilization111.

Effect of nanotechnology on microorganisms, animals,
and plants:

Some nanomaterials are not only hazardous to human
beings but are also harmful to the existence of different mi-
croorganisms, animals, and plants. Man-made nanopollution
is very much unsafe for living microorganisms, animals, and
plants under the water or on the earth. As a result, many
microorganism’s families have completely disappeared from
the world. Recently, due to rapid application of nanotechno-
logy in the agriculture sector without proper nanotoxicological
analysis, many plants are directly exposed to nanotoxicity
and animals are indirectly exposed. Thus, in last two de-
cades, a vast number of valuable plants and animals are
completely disappeared from our world.

Key points about limitations of nanotechnology:
Some key points about limitations of nanotechnology are

summarized below:
(i) Still at its infancy stage.
(ii) More research and developmental work need to be

done.
(iii) Expensive technology till now.
(iv) Creates environmental nanopollution.
(v) Huge initial cost for implementation.
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(vi) Resistance from culture perspective, activists, jour-
nalists and even within the government.

(vii) Knowledge limitation from many industries and
misperception among many fields about its capabilities.

(viii) Nanomaterials are not regulated by the government.
(ix) Requirement of large investment and research but

yield is still a limiting factor.
(x) Some nanoparticles may be toxic to humans.
(xi) Nanotechnology  made weapons are more powerful

and more destructiveby increasing the explosion potential.
(xii) Lack of employment in the fields of traditional farm-

ing, manufacturing, and industrial sector.

Safety and security of nanotechnological developments
Nanotechnology is an extensively expanding field. Re-

searchers, scientists, and engineers are getting high suc-
cess to produce nano-materials and take the advantages of
improved properties, such as higher strength, lighter weight,
increased electrical conductivity, and chemical reactivity with
respect to their macro equivalents112. Human health con-
cerns are also growing due to nanomaterials. The attempts
of technological manipulations raise vocational risk to the
workers in case of accidental exposures. Major cases of poi-
soning occur during coatings on the products. These micro
or nano particles penetrate inside the brain, while in contact
with humans and to lungs during inhalation. So it is matter of
ethical issue. The problem can be addressed by using
nanoscale materials to overcome the negative effects of mi-
cro or nano particles coatings in industry and health sectors.
Academic and industry experts suggest that there exists
ambiguity regarding the toxic effects of releasing
nanoparticles into the environment. It is also noteworthy that,
there is a lack of knowledge of nanoparticles interactions
with humans and environment. Similar to most of the emerg-
ing technologies nanotechnology and nanochemistry indus-
tries have both benefits and challenges. To get maximum
benefits the challenges must be overcome, managed and
endured. Mesoporous silicates, alone or in combination with
other inorganic or organic counterparts have been extensively
explored for targeted drug delivery and cancer treatment.
Even though the long-term toxicity of the nanoparticles is
subjected to controversies and doubts, the use of gold and
silver nanoparticles have provided more advantages in com-
parison to other actual alternatives (cytostatics). Conse-

quently, there is a growing interest in developing in vitro as-
says for nanotoxicology study113, it is strongly encouraged
to use primary human cells as a source for in vitro study with
nanoparticles since different origins of cancerous cell lines
complicate data interpretation for human risk evaluation. Till
now, the environmental effects and the toxicity of nano-
materials to organisms are in infancy state. The evaluation
methods need to be cost-effective rapid, and quantity effi-
cient.

Current policy and regulation status
The social implications of nanotechnology comprise of

many fundamental aspects like ethics, privacy, environment,
and security. Occasionally, the negative impacts on environ-
ment are too adverse to handle that the people simply give
up. However, nanoscience researchers are still optimistic to
see light of hope on the other side of the tunnel. Environ-
mental clean-up is possible via design and manipulation of
atomic and molecular scale of materials. It would develop
cleaner energy production, energy efficiency, water treatment,
and environmental remediation. Nanoscale fluid dynamics
deciphers flow of nanoparticles in environment as a result of
interactions with biological and environmental systems. Re-
searchers are keen to understand the transportation of
nanomaterials in association with environmental contami-
nants through groundwater systems. For food authenticity,
safety, and traceability, every food company should need to
use smart labels at stronger and innovative functional light-
weight packaging. Now, each developed and developing
countries have a separate policy and regulation for the use
of nanotechnological products and applications. Explicit ini-
tiatives on nanotechnology must be needed to pledge that,
the prospects provided by nanotechnology are not misused
and research does not become bitty. The ambiguity, compli-
cation, and diversity of nanotechnology mean that any such
initiative should not be a strictly predetermined closed pro-
gram. Flexibility will be needed to stay side by side of devel-
opment as they arise.

Challenges and future trends in using nanomaterials
in humans

Nanotechnology-based production uses very little man-
power, land, maintenance and it is cost-effective, high pro-
ductivity with modest requirements of materials and energy.
The extensively growing field offers scientists and engineers
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a great opportunity to manipulate or alter the materials at
nanoscale to yield benefit of enhanced material characteris-
tics like enhanced strength, lightweight, higher electrical con-
ductivity, and chemical activity in comparison to their large-
scale counterparts. However, for biomedical applications, the
toxicity evaluation of nanomaterials should be performed.
Broadly, detailed physicochemical characterization of
nanomaterial should be performed before and during any
toxicity study. Important properties that can control
nanomaterial-induced toxicity, including size and shape of
the nanomaterials, coating, chemical composition, crystal
growth, nanomaterials purity, structure, surface area, sur-
face chemistry, surface charge, agglomeration, and solubil-
ity should also be taken care. Measurements should be per-
formed in full stable state of nanomaterials in the most rel-
evant test medium, i.e. aggregation status and ion release
from metallic nanomaterials. Various engineered materials
should be tested for their multidisciplinary tiered toxicity us-
ing diverse models and experiments114,115. Therefore, the
first step in the genotoxicity is an assessment of physico-
chemical properties of nanomaterials. The validation of the
proposed tiered approaches is still waiting for future. The
researchers are continuously trying to increase the relevant
database with an increasing number of publications (papers,
reviews, or even patents) every year116, particularly market
share of the nanotechnology products is also growing up to
thousands of billions of Euros117. Balanced use of the
nanotechnologies/nanomaterials must be arranged, to opti-
mize the opportunities/risks factors. Further research related
to the size and shape, capping agents, receptors immobili-
zation onto the metal nanoparticles are still a matter of keen
interest with high necessity. Surface plasmon resonance can
be tuned by varying sizes, shape of the nanomaterials and
different surface functionalization of both silver and gold
nanoparticles can reduce the toxicity and enhance a variety
of biomedical applications in future. For example, CNT toxic-
ity can be reduced via functionalization, surface coating, and
stimulation of the autophagic flux. The amino functionalization
decreases the CNT toxicity to the cells118, along with albu-
min coating for SWCNTs119.

Conclusions
Nanoparticles can enter and get distributed around the

human body very easily. After entering into human, it moves
within the body and creates cellular toxicity. Then it attacks

respiratory system, cardiovascular system, brain, skin, gut,
and other organs. Again, some nanomaterials kill harmful
bacteria within body and some of them kill good bacteria and
live-cell of human body. Nanoparticles with different sub-
stances are used in SIM cards of cell phones or sunscreens.
When these are used, free nanoparticles get released in the
environment (air, water or soil). Engineering fields like civil
and electronics also create new occupational health risks;
making new potentially toxic nanomaterials. The toxicity of
nanoparticles depends on their shape, size, and chemical
composition. Centuries before, Paracelsus quoted, “every-
thing is a poison, and nothing is a poison, it is only a matter
of a dose”. In regards to nanomaterials, the quotes hold value
for both dose and particle size. The new interdisciplinary in-
vestigations explore the potentially harmful effects of these
useful NPs and help in environmental preservation. Owing
to smaller size the inhalation of nanomaterials imposes harm-
ful effects on human health. The inhalation causes severe
injury to the lungs and can also become fatal. The deteriora-
tion of lungs can be observed even after 60 s of nanoparticle
inhalation. Therefore, for sustainable nanotechnology devel-
opment, it is mandatory to evaluate and spread knowledge
about the short term and long term exposure benefits and
hazards for nanomaterials. To conclude, nanotechnology has
the potential to impact society, both positively or negatively.
Its consumers, producers and dealers include all the mem-
bers of the society and all stakeholders; so we should collec-
tively raise the voice in its various growth and commercial-
ization phases. Currently, nanotechnology is in its infancy
stage with a significant lack of awareness about its effects
on humans and the environment. As civilization moves for-
ward, the vital query is: how should we manage the risks and
uncertainties of this emergent technology? Is anyhow COVID-
19 pandemic situation manmade? If not, we can face such
type of situations due to careless application of nanotechno-
logy in different fields. However, all these limitations can be
overcome itself by the rapid research on each such suspected
fields of nanotechnology.
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 Basics of Foam Science – A Brief Review 
Abstract: Wet foam is a very common example of soft matter. In wet foam, molecules are 
more structured than in liquids but more random than they are in solids. Recently, physics of 
foam has become a rapidly developing branch in science and engineering. A deeper 

understanding is crucial for many technological applications of wet foam. Hence, in this 

article, the basic structure and properties of foam are reviewed based on the literature survey 
of published research work. Some research works, available in the literature, in which 

optical probes have been used to study the structure, properties and dynamics of foam. In 

this article, wet foam is used to study the basic structure and properties of foam for better 

understanding.  Raman Spectroscopy and Diffusing wave Spectroscopy have been used on 

wet foam to establish its structure and properties are also reported.  Finally, in conclusion, 

recent scientific, technological and commercial applications and future prospects of wet 
foam are proposed to build impulse on the wet foam science more to enrich our day to day 

life with the modern concepts of nanofoam technology. Recently, due to rapid increase of 

nanotechnology, different metallic (Cu, Au, Ni, Pt, Pd etc.) or nonmetallic (C) solvent-
assisted nanofoam have modernized the structure, properties of foam science and hence 

have accelerated its day to day technological applications. 
 

Keywords: Wet foam, Rheology, Coarsening, Liquid drainage, Collapse, Raman 

Spectroscopy, Diffusing wave spectroscopy, nanofoam. 
 

INTRODUCTION: 
Imagine opening a carbonated cold drink bottle or a soda can after 

shaking it: almost instantaneously, gas bubbles rise and crowd together at the surface of the liquid forming a soft foam. 

Inside the bottle or can, carbon dioxide is dissolved in liquid at high pressure. Shaking of the container results in the 

creation of a large number of little bubbles as the agitation unbinds the carbonation from the solution. By opening the 

container, these gas bubbles rise to the liquid surface to release carbon dioxide into the surrounding air. Similar incident 

also occurs at the time of washing or shaving with soap. These are the common examples of sort lasting wet foam. the 

history of foam can be traced from the publication in 1873 titled Statique Experimentale et Theorique des Liquides 

soumis aux seules Forces Moleculaires by the Belgian physicist Joseph Antoine Ferdinand Plateau (Plateau, J.A.F. 

1873). This book summarizes the previous history of foam research and also presents author's own work, which laid the 

foundation for the future studies. Soft foam is a very common example of soft matter (a matter which is neither liquid nor 

solid, but something in between). In foam, molecules are more structured than in liquids but more random than they are 

in solids. Foam physics has become a rapidly developing branch in science. This is due to the fact that the physics of 

foam is, as yet, ill-understood. Further, a deeper understanding is crucial for many technological applications of foam. 

There are a number of models are available in the literature to simulate the bubble growth in foam in two or three 

dimensions, its bubble size distribution and most essential properties of foam (Glazier, J. A. Glazier, J. A. et al., 1990; 

Lim, K. S., & Barigou, M. 2005; Magrabi, S. A. et al., 1999; Monsalve, A., & Schechter, R. S. 1984; Lemlich, R. 1978; 

Hutzler, S., & Weaire, D. (2000; Ganan-Calvo, A. M et al., 2004; Kabla, A. et al., 2007; Gardiner, B. S. et al., 1999; 

Gardiner, B. S. et al., 2000; Sun, B. et al., 2015; & Tenneti, S. et al., 2013). There are also a lot of experiments with wet 

foam in the literature to establish its essential properties (Feitosa, K. et l 2006; Saint-Jalmes, A. et al., 2000; Barik, T. K., 

& Roy, A. 2009; Bandyopadhyay, P. et al., 2008; & Barik, T. K. et al., 2009). Recently, carbon nanofoam is one of the 

lightest solid materials known today, having a density of ~2 mg/cm
3
. It has an extremely high surface area and is a good 

electrical insulator. It is fairly transparent, quite brittle and can withstand very high temperature. Highly uniform samples 

of carbon nanofoam from hydrothermal sucrose carbonization were studied by helium ion microscopy (HIM), X-ray 

photoelectron spectroscopy (XPS), and Raman spectroscopy (Frese, N. et al., 2016). Facile synthesis of Ni nanofoam 

using aqueous solutions at room temperature is studied for flexible and low-cost non-enzymatic glucose sensing (Iwu, K. 

O. et al., 2016). Once more, hierarchical NiCo2O4 nanosheets are grown on Ni nanofoam as high‐performance electrodes 

for supercapacitors (GAO, G. et al., 2015). Cu nanofoams are also fabricated using a simple powder-metallurgy method 

which is useful for potential energy applications (Jo, H. et al., 2014). Bimetallic Pd/Pt nanostructures deposited on Cu 

nanofoam substrate by galvanic replacement are also fabricated as an effective electrocatalyst for hydrogen evolution 

reaction (Rezaei, B. et al., 2015). Gold nanofoams were synthesized in the Deep Eutectic Solvent (DES) with no 

templates, seeds, or additives (Jia, H. et al., 2015). Thus, there are many such foam with different advanced technological 

applications are reported in recent literature, but this article is focused to study the basic structure and properties of foam. 
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Basic Structure of foam: 

Foam is a two-phase cellular structure either of gas 

and liquid (liquid foam) or of gas and solid (solid 

foam). Here, in this article, we shall concentrate only on 

liquid foam. Liquid foam consists of a collection of gas 

bubbles surrounded by thin liquid films. A typical 

microscope image of wet foam (Gillette shaving foam) 

is shown in Fig. 1. 

  

 

 
Fig. 1: A typical microscope image of Gillette shaving foam. 

 

For better stability, some surface active substances 

(i.e. surfactants) are used while preparing liquid foam. 

There are mainly two types of liquid foam depending 

upon its liquid content (a) dry foam has less liquid and 

consists of thin films between bubbles. These bubbles 

take the form of polyhedral cells and have a poly-

disperse distribution and (b) wet foam, which has high 

liquid content. All bubbles in wet foam are spherical in 

shape and nearly mono-disperse at the initial state. In a 

statistical analysis of  bubble size distribution using 

Gillette shaving foam shows coarsening of bubbles and 

the change in bubble size distribution in wet foam with 

ageing. It also shows an increase in polydispersity of 

foam with aging and the growth of larger bubbles at the 

cost of the smaller bubbles, during ageing (Barik, T. K., 

& Roy, A. 2009). In a foamy network, the three liquid 

films from three nearby bubbles meet to form a 

scalloped-triangular channel, which is known as Plateau 

border. Only four Plateau borders meet at a region 

shared by four neighboring bubbles making equal 

angles and this region is known as the vertex. In foam, 

the Plateau borders and vertices form a continuous 

network. The law of Plateau defines few rules, which 

are necessary to obtain an equilibrium configuration of 

a foamy network. These rules are: 

 

 Rule 1: For dry foam, three films of three nearby 

bubbles intersect at a time with an angle of 120
o
 to 

each other. In two dimensions, this applies to the 

lines, which define the cell boundaries. 

 

 Rule 2: For dry foam, four bubbles meet and form 

a symmetric tetrahedral vertex. The angle between 

the films is called the Maraldi angle. 

 

 Rule 3: In wet foam, Plateau border joins the 

adjacent films by smooth surfaces.  

 Typical schematic diagrams of dry and wet foam 

with the construction of the corresponding Plateau 

border network are shown in Fig. 2. 

 

 
Fig. 2: Schematic representations of dry and wet foam with Plateau border network. 
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In dry foam, the polyhedral bubbles are with slightly 

curved edges and faces. Any polyhedron (whose closed 

surface is topologically equivalent to that of a sphere) in 

three dimensional space obeys Euler's theorem, U – E + 

F = 2, where, U, E and F are the number of vertices, 

edges and faces of the polyhedron, respectively. For dry 

foam bubbles, the polyhedral geometry is further 

restricted by Plateau's rules. The coordination numbers 

of Plateau's laws enforce 2E = 3U and therefore, E = 3F 

- 6 follows for any foam polyhedron. In other words, for 

polyhedra in foam any of the three quantities U, E and 

F determines the other two. The fascinating properties 

of foam arise from its topological changes via T1 and 

T2 processes. While in the T1 process, a fourfold vertex 

dissociates into a stable threefold vertex (Fig. 3(a)), a 

three-sided cell may disappear by the T2 process, as 

shown in Fig. 3(b) [26]. With this introduction to the 

basic structure of wet foam, its essential properties are 

discussed in brief below. 

 

 
Fig. 3: Schematic representations of topological changes in liquid foam via (a) T1 process and (b) T2 process (Dennin, 

M., & Knobler, C. M. 1997) 

 

Properties of foam: 

To study the properties of foam, we have chosen 

wet foam for easy undersanding. In the following 

sections of this article, the four most essential properties 

of foam: (i) Rheology, (ii) Coarsening, (iii) Liquid 

drainage and (iv) Collapse, are briefly reviewed. A 

study about the structure and dynamics of wet foam 

using optical probes are also reported in the following 

sections. 

 

Rheology: 

Foam has unique rheological properties. The 

mechanical response of liquid foam to an applied force 

is complex, exhibiting both elastic and viscous 

character (Kraynik, A. M. 1988). Under low applied 

shear stress, foam behaves like an elastic solid. 

However, with an increase in stress it becomes 

progressively plastic; beyond a certain yield stress, the 

foam flows along with topological changes. The flow is 

intermittent and mediated by non-linear rearrangement 

events in which several neighboring gas bubbles 

suddenly hop from one tightly packed configuration to 

another. Such characteristics of foamy structure 

strongly depend on the bubble size, liquid fraction, 

viscosity and interfacial tension. The schematic stress-

strain relation for the liquid foam is shown in Fig. 4. 

Both two and three dimensional foam can be accurately 

simulated using various models (Weaire, D., & Hutzler, 

S. 1999). The computer simulation results provide the 

correlation between the shear modulus and gas/liquid 

fraction in the tightly packed gas bubbles (Bolton, F., & 

Weaire, D. 1990; Feng, S. et al., 1985; Hutzler, S. et al., 

1995; Princen, H. M., & Kiss, A. D. 1986). For 

example, the model based on bubble-bubble interaction 

takes into account the pair-wise quadratic potential 

energies for connecting bubbles in the low compression 

limit. The bubble-scale model, proposed by Durian and 

his co-workers, explains the foam mechanics by solving 

the equation of motion of the individual disk (two 

dimensional projection of spheres) and assuming a 

harmonic potential for interaction between the bubbles 

(Durian, D. J. 1995; & Durian, D. J. 1997). The effect 

of liquid flow under low shear has been taken into 

account by including the viscous term. The model 

provides a connection between the complex 

macroscopic rheological behavior of foam and its 

underlying microscopic structure. Other models are also 

available in the literature, in which, the various aspects 

of the stress-strain relation have been dealt with 

(Glazier, J. A., & Weaire, D. 1992; Weaire, D., & 

McMurry, S. 1996; Khan, S. A., & Armstrong, R. C. 

1986; Jabarkhyl, S. et al., 2020; Ptaszek, P. 2013). 
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Fig. 4: A schematic diagram of the stress-strain relation for liquid foam. 

 

Coarsening: 

Foams are of broad scientific interest for their 

ability to fill space efficiently with a random packing of 

bubbles and for the coarsening of this disordered 

structure with time. Coarsening is the gradual change of 

foam structure due to gas diffusion through the films 

from smaller bubbles to larger bubbles following the 

well-known Laplace-Young law. This law relates the 

pressure difference to the mean curvature for a surface 

in equilibrium. From Laplace-Young law, the  
    

 

 
Fig 5: The mutual repulsion (disjoining pressure) between the two surfaces of a thin liquid film. 

 

Balance in pressure difference inside a bubble, ΔP, can be expressed as: ΔP =  
  

 
 ; where α is the surface tension of 

liquid film and r is the mean local radius of curvature of the film surface. r is related to the two principal curvatures r1 

and r2 as: 
 

 
 

 

  
 

 

  
. For wet foam, the bubbles are spherical and hence r1 = r2. At equilibrium, the Laplace pressure is 

balanced by the disjoining pressure of the films, which originates from the mutual repulsion between the two surfaces of 

the thin liquid film (see Fig. 5). In case of wet foam the gas diffusion takes place only through the liquid films not 

through the Plateau borders (In Ref. [20], see p. 98). The increase in the average bubble size with time can be obtained 

from the fact that the rate of change of a bubble's volume is proportional to its surface area and to its Laplace pressure 

difference with respect to a certain mean or critical bubble radius rc. 

 

 Thus, 

   

  
     (

 

  
 
 

 
)  

 

for any dimension d. for d=3, 
  

  
 (

 

  
 
 

 
)  

 

Thus, the large bubbles, r > rc, grow in size, whereas the smaller bubbles r < rc shrink. If ra be the average bubble 

radius, then we have 
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Which implies that ra (t)   
 

  . In general, the time-scale of evolution of the average bubble radius can be expressed 

as: 

   (    )
 
  

  

Where, t0 is an initial constant. For an infinite foam 

network the coarsening process has no end. Thus, one 

can identify the asymptotic scaling behavior of foam 

with ageing. In 1952, von Neumann demonstrated that 

the time evolution of bubbles in a two dimensional 

foam only depends on the number of its sides, n, rather 

than on the size or shape of the bubbles (Von Neumann, 

J. 1952). The rate of change of area, An, of the nth 

bubble is given by the von Neumann's law 

 

 
   
  

 
  

 
  (   )  

 

where,   and k are the permeability constant and 

surface tension for the liquid films. The significance of 

the above equation for n = 6, is that the area of the 

hexagonal bubbles remain constant until they encounter 

a topological change. A number of models are available 

in the literature to simulate the bubble growth in foam 

in two or three dimensions (Bolton, F., & Weaire, D. 

1990; Glazier, J. A., & Weaire, D. 1992; Patzek, T. W. 

1993; Avron, J. E., & Levine, D. 1992; & Feitosa, K. et 

al., 2006). 

 

 

Liquid drainage: 

The liquid between the bubbles can drain out in 

response to gravity or due to adjacent film rupture to 

settle into a equilibrium profile. This phenomenon is 

known as drainage. For fairly dry foams, the liquid is 

distributed in (a) the flat films that separate two 

neighboring bubbles, (b) the long Plateau borders and 

(c) the scalloped-tetrahedral vertices (Bikerman, J. J. 

1973; Prud’homme, R. K., & Khan, S. A. 1996; & 

Weaire, D. et al., 1997). During drainage, the flow of 

liquid out of foam is assumed to be confined to the 

network of Plateau borders and/or vertices and it slows 

down as equilibrium is approached. Due to the density 

mismatch between gas and liquid, the bubbles rise and 

collect at the top and the liquid accumulates at the 

bottom. The liquid also flows because of the capillary 

effect, which is related to the gradient of liquid fraction 

in a column of foam. Such a gradient of liquid fraction 

implies an existence of a pressure gradient in the liquid 

foam. Thus, a capillary flow is induced by bringing 

liquid from high liquid fraction regions to regions with 

low liquid fraction. Liquid drainage in a column of wet 

foam has been modeled by non-linear partial 

differential drainage equation, which expresses liquid 

conservation as it flows in response to gravity, 

capillarity and viscous forces (Weaire, D. et al., 1997; 

Bhakta, A., & Ruckenstein, E. 1997; & Koehler, S. A. 

et al., 1998). However, the analytical solutions of the 

nonlinear equation can only be obtained by ignoring the 

capillary term. Durian et al., designed an experiment, 

minimizing the capillary effect during drainage, to 

verify the drainage equation (Saint-Jalmes, A. et al., 

2000). A generalized drainage equation for arbitrary 

shape of the container is also available in Ref. (Saint-

Jalmes, A. et al., 2000). The complex draining action in 

a wet foam prompted many experiments in which the 

drained liquid has been measured as a function of time. 

In the experiments based on `forced drainage', a 

constant input of external liquid at the top of the foam 

column maintains a constant flow of liquid throughout 

the foam. On the other hand, for `free drainage' 

experiments, no external liquid is added on the top of 

foam surface. Free drainage is the unavoidable fate of 

aqueous foams under earth's gravity (Bikerman, J. J. 

1973; & Prud’homme, R. K., & Khan, S. A. 1996). 

Drainage of liquid in wet foam has been studied using 

various optical techniques, like absorption or 

transmission measurements. A detailed review is 

available in (Saint-Jalmes, A. 2006). Free drainage with 

slow as well as fast coarsening of gas is a coupled 

phenomenon in wet foam (Saint-Jalmes, A. 2006; & 

Patzek, T. W. 1993). In spite of a thorough endeavor to 

understand the free drainage process in wet foam, the 

problem is still not well understood (Saint-Jalmes, A. et 

al., 1999). 

 

Collapse: 

Usually, most liquid foams do not last for long, as 

the bubbles collapse by the rupture of the exposed 

liquid films. Many factors like liquid drainage, 

coarsening, evaporation, impurities and additives are 

responsible for foam collapse. The study of foam 

collapse has a great practical importance because it 

deals with the stability of the film. Topological change 

in foam structure due to the bubble growth by film 

rupturing is less studied in the literature and remains 

very poorly understood. A crucial feature of liquid foam 

is that it irreversibly evolves with time. The spherical 

bubbles in fresh foam take the form of polyhedra while 

minimizing the energy of the system. The evolution of 

the bubbles in foam with time can be described by the 

above four mutually coupled mechanisms. 
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Measurement of properties of wet foam with light: 

Structure and properties of foam have been probed 

extensively using various optical techniques. Here we 

mention some of the earlier works, where light has been 

used to measure the size, wetness, movement of bubbles 

and other properties of foam. Diffusing wave 

spectroscopy (DWS) is the most commonly used optical 

tool to study the behavior of foam (Miri, M. F., & Stark, 

H. 2004; Gittings, A. S., & Durian, D. J. 2006; Gopal, 

A. D., & Durian, D. J. 1999; & Höhler, R. et al., 2003). 

This technique is an extension of Dynamic light 

scattering technique for a strongly scattered medium, 

where the propagation of light is described by the 

diffusion approximation (Weitz, D. A. et al., 1993). The 

autocorrelation function of the multiple scattering of 

light is calculated by dividing the photons into separate 

diffusive paths. The distribution of these paths and the 

probability that the photon will follow a path of a given 

length is determined through the diffusion equation of 

light. The total correlation function is then determined 

by summing the contributions from all possible paths 

with weighted probabilities, assuming that each path is 

uncorrelated with the other path. The fluctuations of the 

transmitted scattered light result from the variation in 

total optical path length. The decay of the temporal 

autocorrelation function of the intensity of the scattered 

light, which reflects the temporal evolution of the path 

length, provides the dynamics of the medium. DWS has 

been extensively used to study bubble size and liquid 

fraction in wet foam. Using this technique the static 

transmission coefficient (T) of light through foam of a 

given thickness has been measured. Diffusion of light is 

characterized by the transport mean free path, l
*
, of the 

transmitted light. It has been shown that 

 

  
   

  
 

 

(considering the large thickness of the foam, L, and 

no absorption of light by foam). Using this relation, 

average bubble diameter da can be estimated from the 

relation    (       )   (Saint-Jalmes, A. et al., 

1999). The scaling behavior of the bubble growth, 

discussed in the above section-3, has been verified 

experimentally with the average bubble diameter 

growing in time as t
z
, with             (Durian, D. 

J. et al., 1991). It is reported that the changes in the 

packing conditions during the coarsening process give 

rise to a dynamical process that also exhibits temporal 

scaling. In Ref. (Vera, M. U. et al., 2001), Vera et al., 

used the multiple scattering of light by aqueous foam to 

study the coupling between drainage and coarsening 

mechanisms. Other than confirming the fact that the 

transport mean free path is proportional to the bubble 

diameter, authors have shown that the liquid fraction in 

foam is proportional to 
 

  
. Furthermore, DWS is a 

potential tool to study the viscoelastic behavior of foam 

(Mason, T. G. et al., 1997). The technique has also been 

applied to model foam subjected to shear stress. The 

observed data reflect the local rearrangement events in 

the foam (Earnshaw, J. C., & Wilson, M. 1995). Along 

DWS, various other optical techniques have been used 

to study the behavior of wet foam. The change in the 

degree of depolarization of a collimated, polarized 

incident light on non-absorbing foams has been studied 

by Wong et al., (2002). It is observed that the denser 

media (with a large number of bubbles) tend to 

depolarize the incident beam more. The degree of 

depolarization can be correlated to the bubble size 

distribution in wet foam. Durian and his coworkers used 

the photon channelling experiments to study the 

absorptivity and liquid fraction in foams (Gittings, A. S. 

et al., 2004). The authors added a dye to the continuous 

liquid phase for the absorption of diffuse photons in the 

aqueous foams and studied the absorption mechanisms 

under different experimental conditions. 

 

Study Wet foam by Raman scattering: 

In this thesis, we have studied the properties of the 

soft Gillette shaving foam, using a optical spectroscopic 

technique, based on Raman scattering. Raman 

spectroscopy is a powerful noninvasive tool to probe 

the structure and dynamics of a system at the molecular 

level. Our aim is to investigate, if this technique can be 

used to study the effect of ageing on molecular structure 

and to characterize the stability of wet foam. In 

addition, Raman scattering is caused by 

deformation/stretching of different vibrational bonds of 

molecules. Thus, if macroscopic and microscopic 

properties in foam are related, one expects that the 

analysis of Raman line profiles can be used to probe the 

elastic properties of wet foam, indirectly, by studying 

its molecular behavior. The main hindrance in using 

Raman spectroscopy to probe wet foam arises due to 

multiple scattering of light within the bubbles, which 

masks the Raman signal from the foamy structure, to a 

large extent. The signal to noise ratio in the spectrum is 

always poor in this case. Thus, in the literature, we do 

not find too many articles on Raman studies of wet 

foam. The most significant one is by Goutev and 

Nickolov (1996), where the authors have studied the 

microstructure of stable three-dimensional foam on the 

basis of its molecular behavior. Based on Raman 

measurements of foam, authors have shown that (a) two 

distinct phases can exist in wet foam|a lamellar phase 

(with an ordered multilayer structure of surfactant 

molecules) and an isotropic phase, (b) in fresh foam 

small bilayer lamellae are dispersed in foam films and 

with ageing they self-organize around the bubble in 

large shell-like bilayer structures. It is to be noted that 

the quantitative estimates of the structure and properties 
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of liquid foam depend on the liquid fraction and the 

chemical constituents. However, the generic features 

are expected to remain same for all. Since, the other 

groups have worked on various aspects of foam using 

Gillette shaving foam as their sample (Durian, D. J. et 

al., 1991a; Durian, D. J. et al., 1991b; Earnshaw, J. C., 

& Jaafar, A. H. (1994; Goutev, N., & Nickolov, Z. S. 

1996), it is preferable to use the same material for 

further investigation while using a new experimental 

technique. Therefore, we have chosen the Gillette foam 

in our work. The basic ingredients of Gillette shaving 

foam are triethanolamine stearate with small amount (< 

1%) of sodium lauril sulphate, polyethylene glycol 

lauril ether and emulsified liquid hydrocarbon gases. 

These ingredients are kept in an aqueous solution under 

high pressure. The foam is produced after expansion of 

the above mixture in air. It is reproducible and stable 

over the duration required for an optical measurement. 

For Raman measurements this commercial foam offers 

an extra advantage|when laser light is incident on foam 

it undergoes multiple scattering. In order to obtain the 

optimum Raman signal, the mean free path, l
*
, [ 

      average diameter of the bubbles (da)] of light 

within the foam should be comparable with the slit-

width of the spectrometer collecting the scattered light 

(Nieto, M. I. et al., 2014). The mean diameter of 

bubbles in fresh Gillette shaving foam is close to 30 µm 

and the maximum diameter, which we have studied, is 

  350  m|comparable with the slit-width of our 

spectrometer (  100  m) in order of magnitude. Below 

we discuss the basic principle of Raman scattering and 

also the instrument used by us for the Raman 

measurements. Different recent researches on wet foam 

have explained the gross properties of wet foam in light 

of its characteristic molecular structure using Raman 

spectroscopy. They have related the observed shift in 

the low frequency Raman peak position of the 

methylene rocking mode with the variation in internal 

stress in the system. The analysis of Raman data over 

the range between 1000 cm
-1

 and 1450 cm
-1

 indicates 

the gradual structural change of wet foam from all-trans 

conformation to crystalline structure with ageing 

(Kraynik, A. M. 1988). Drainage of water from wet 

foam is discussed and in addition to free water 

molecules, which drain out with ageing of foam, water 

clusters of only a few water molecules are also present 

in foam. It is also shown that the correlation between 

the internal stress and the characteristics of a vibrational 

mode in wet foam. Thus the capability of the Raman 

spectroscopy to reveal the crystallinity in foamy 

materials is established (Bandyopadhyay, P. et al., 

2008; & Barik, T. K. et al., 2009).  

 

 

 

 

 

CONCLUSION: 

In conclusion, the basic structure and properties of 

wet foam are reviewed in the light of present scientific 

literature to reveal interesting essential properties of wet 

foam. The optical probes (specially, Raman 

spectroscopy and Diffusing wave spectroscopy) used to 

study the wet foam are also briefly discussed.  There are 

huge applications of solid foam compared to wet foam 

reported in the literature. Similarly, recent researches 

suggest that wet foam has also the huge possibilities in 

different technological applications like fire 

extinguishing, food processing, commercial chemicals 

and cosmetics, agricultural fields, biomedical fields, 

environmental safety and toy-making industries etc. 

(Nieto, M. I. et al., 2014; Takahashi, M. et al., 2009; & 

Subagyono, D. J. et al., 2011). Recently, the higher 

density foams like carbon nanofoam, however, show an 

advanced graphitization degree and a stronger sp
3
-type 

electronic contribution, related to the inclusion of sp
3
 

connections in their surface network (Frese, N. et al., 

2016). Again, by employing Ni nanofoam flexible and 

highly sensitive glucose sensors have been produced on 

a plastic substrate with excellent performances (Iwu, K. 

O. et al., 2016). A high‐performance electrode for 

supercapacitors is also designed and synthesized by 

growing electroactive NiCo2O4 nanosheets on 

conductive Ni nanofoam (Gao, G. et al., 2015). 

Again,Cu nanofoams are also very much useful for 

potential energy application (Jo, H. et al., 2014). The 

gold nanofoams with no capping agents have more 

catalyst active sites and excellent catalytic efficiency 

(Jia, H. et al., 2015). The main objective of this article 

is to review the structure and properties of foam to 

attract more research attention towards foam technology 

and develop this field for more scientific, technological 

and commercial applications for our day to day life. 

Diffusing wave spectroscopy and Raman spectroscopy 

are quick and noninvasive tool to measure the strain and 

hence, the stability of a wet foam (Bandyopadhyay, P. 

et al., 2018; & Barik, T. K. et al., 2009) and hence, 

these spectroscopic techniques can act as optical probe 

to study the properties of foam. Some papers use 

Gillette shaving foam to study wet foam characteristics. 

But, the composition of commercial shaving foams (like 

Gillette foam) is quite complex and its physicochemical 

properties are ill defined; it is worth to study the wet 

foam using simple foamy materials with well controlled 

composition, specially made in a laboratory. Further 

experiments on known surfactants will also indicate if 

the observed behavior of the wet foam originates from 

the characteristics of the surfactant itself or from its 

foamy structure (Jabarkhyl, S. et al., 2020; de Moraes, 

E. G., & Colombo, P. 2014; & Zhao, J. et al., 2018). 

Furthermore, using the experimental method stated in 

(Bandyopadhyay, P. et al., 2018) at different heights of 

the column of foam, one can experimentally study the 

coupling between coarsening and drainage of liquid in 

wet foam.  
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Generally, the non-bonding interactions provide the stability to the host-guest complexes without affecting the
molecular identity of macrocyclic host and guest (probe) molecules. As a result, macrocyclic-based systems are
far more deserving candidates over the ionic systems, as the chance of chemical bleaching is suitably dodged
due to the weaker non-bonding interaction. The present article intends to highlight an unconventional and
completely innovative designing strategy to validate the operation of a highly protective opto-chemical keypad
lock driven by the macrocyclics. Herein, we have utilized the reversible photoswitching phenomenon between
two prototropic forms (cationic and neutral) of Harmine (HM) regulated by the dual macrocyclic components,
CTAB and β-CD. Most interestingly, methodology provides the choice of the selection of emission detector one
at a timebetween two available emission channels (416 and 365nm),which have been considered as the “optical
inputs”. Substantial emission intensities of the probe at the respective emission channels have been treated as the
“optical outputs”. On the basis of a cautious literature survey,we anticipate that, this kind of designing for a highly
protective opto-chemical security device driven by the macrocyclic “chemical inputs” has never explored yet.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

As representative of superior alternative of the silicon basedmodern
computing technology, numerous molecular interactions with versatile
analytes based smart molecular systems having potential to execute bi-
nary logic operations are attracting special attentions in recent times
[1–7]. Several researchers developed and utilized various small molecu-
lar systems as the multipurpose building blocks for multidimensional
digital applications like data storage [8–10] and data processing
[11–14], switches [15,16], wires [17,18], and molecular machines
[19–22]. One of the premium applications of molecular logic circuits is
its implementation for the designing of password protected molecular
security devices and specifically molecular keypad locks [23,24].

Information protections at themolecular level assisted by extremely
secure keypad locks are capable to create and process strong passwords
for separate end-users. Currently used security devices utilize silicon-
based electronic circuits that need the input of password ‘keys’ manu-
ally for protection of data against illegal information invasion. Limited
numbers of keys/digits reduce the level of security of the current

security gadgets. Compared to current silicon-based password systems
that use limited alphabets (A-Z), characters (@,%,# etc.) and numbers
(0-9) as input keys, opto-chemical molecular security devices were ex-
pected to bemore secure as they needed to be operated through optical
parameters and chemicals as input keys. These newer opto-chemical se-
curity systems are evolving as next-generation security gadgets, as
hackers require the exact information of the chemical component
(s) used in a particular device along with exact optical parameter(s).
Endless optical and chemical options and countless possibilities of
their combinations make opto-chemical security systems extremely
complex and almost impossible to crack, over the conventional
silicon-based password circuitry.

Counteracting the social stipulation, scientists engaged themselves
with enormous efforts to design keypad locks at the molecular level
based on the photo-physical responses [23–26]. These keypad locks
are generally constructed based on different optical responses received
from the interactions of probe molecules with ions/molecules. In this
context, we note that among large number of available molecular key-
pad lock reports, the use of macrocyclic component/s in molecular
logic arena are feeble [27–31]. To the best of our knowledge concern,
only one report [30] of chemical security device based on macrocyclics
as the chemical inputs is available till date.

Previously, we have studied and reported the structural switching of
the cationic and neutral forms of Harmine, HM (Scheme 1) in presence
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of CTAB and β-CD in water medium [32,33]. Our current investigation
utilizes the same probe (HM) for the construction of molecular keypad
lock by using the fluorescence responses upon interaction between
macrocyclic components with HM, individually and sequentially. For-
ward and reverse structural switching of HM upon sequential interac-
tions with CTAB followed by β-CD (macrocyclic ‘inputs’) resulted in
changes of the associated fluorescence intensities at 365 nm & 416 nm
(optical ‘outputs’). Among many possibilities, a different set of input-
output combinations have compiled to produce different sets of pass-
words. Interaction of macrocyclics with the probe molecule is assumed
non-covalent [34–36]. In comparison to the previously reportedmacro-
cyclic based keypad lock [30], we propose our lock system seems to be
more superior, appealing, and more realistic since it can generate, pro-
cess, and authenticate a series of passwords accessible for different
end-users.

2. Materials and methods

HMand β-CDwere procured from Aldrich (Missouri, USA) and used
as received. Surfactant, CTAB was procured from Lancaster (England)
andused as received. HPLC gradewaterwas used throughout the exper-
iments. Steady-state fluorescence experiments were carried out on
Hitachi F-7000 spectrofluorometer (Tokyo, Japan) keeping the slit
ratio 1 (Ex. slit = 5 nm, Em. slit = 5 nm) and PMT voltage at 500V.
For all fluorescence measurements, a cuvette of 10 mm width was
utilised. Concentration of stock HM was 0.335 mM. Pre-weighted
β-CDs were gradually added into the cuvette owing to its very low sol-
ubility in water, and sonicated for plenty times to obtain thermally
equilibrated homogeneous solutions. All other fluorescence measure-
mentswere also carried out after proper thermal equilibration of the re-
sultant solution in quartz cuvette through suitably stirred on amagnetic
stirrer. Throughout the experiments, temperature was kept constant at
300 K.

3. Results and discussion

It is well established in our previous report that addition ofmacrocy-
clic components in a proper chronology leads to switching between the
cationic and neutral forms of HM in water medium [33]. In lieu of fur-
ther detailing, to design the molecular keypad lock, in this present re-
port we have only considered the typical emission spectral changes of
HM after the sequential interactions with CTAB and β-CD. In water me-
dium, with λexc of 300 nm, pure HM exhibited a sharp single emission
band at 416 nm, accounted well for its cationic form [37]. With gradual
increase ofmacrocyclic CTABmicelles concentrations, drastic changes in
the emission properties of HM were observed. Initial intensity of the
existing 416 nm cationic band significantly decreased with simulta-
neous appearance of a new blue-shifted band close to 365 nm, through
a discrete isoemissive point. As per the existing literature, this 365 nm
band is well elucidated for the neutral form of HM [36]. Interestingly,
with further addition of another macrocyclic component, β-CD within
the micelle bound HM, the initial cationic band at 416 nm was almost
restored with the outlay of neutral band at 365 nm i.e., almost reverse
switching of spectral response was observed (Fig. 1).

In this report, our proposed opto-chemical lock operates through
manual entry of a five-digit password and its successive authentication

by the system i.e., the end-user needs to press exactly five input keys in
correct sequence for successful password authentication. To construct
and track the primary operational trajectory of a functional password,
the most important directive is one needs to press ‘D4 or D3’ key ini-
tially, and after each successive entry of chemical inputs, ‘C or B’, on
the system (Fig. 2). Therefore, according to the assigned trajectory of
this opto-chemical security device, a general format of the opto-
chemical password must follow the sequence as ‘D4 or D3’ at first,
then ‘C or B’, again ‘D4 or D3’ key, again ‘B or C’ and finally ‘D4 or D3’
again to complete and generate a unique optical pattern as the output
response. After each pressing of the optical input key, excitation light
(λexc = 300 nm) must remain “ON” for a pre-fixed time. Within this
time-window, corresponding emission must be recorded at the step-
correlated detector. Finally, corresponding to that emission intensity, a
bar would be generated at the recorder. Ultimately, after completion
of a 5-digit password entry, following the proper password trajectory
(Fig. 2), a bar pattern would be generated at the recorder.

The back-to-back entry of similar kinds of input keys i.e. optical (D3/
D4) or chemical (C/B) during the course of a password entry led to the
violation of the preset trajectory pattern embedded within the system.
For example, if the end-user does not follow the password format and
presses D4/D3 key immediately after entering D3 key or C/B key after
entering B key. It would ultimately lead to an erroneous opto-
chemical trajectory that will mismatch with the preset password

Scheme 1. Molecular structure of HMwith indicated neutral and cationic forms.

Fig. 1. Fluorescence spectral responses of HM in water upon interactions with CTAB and
β-CD sequentially; [HM] = 0.5 μM; [CTAB] = 14 mM; [β-CD] = 3.2 mM; λexc = 300 nm;
temp. = 300 K.

Fig. 2. Password trajectory of the HM system with some specific sequence of password
entry. Some typical password recognition patterns have been displayed herein.
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trajectory stored within the system. At those situations, the system
would display an “error” message, immediately after the wrong entry
and alert the administrator for an unauthorized attempt for access.
Therefore, it will be an additional advantage of this proposed opto-
chemical security device over the conventional chemical password sys-
tems [23–25,30,38] that the system could be programmed to alert the
administrator for any incorrect key pressing at any step, even before
the completion of the password entry, smartly minimizing the chances
of password hack through trials.

Ultimately, tracking the above-described guidelines for password
compositions, the dual macrocyclics tuned HM system would be able
to construct, recognize and authenticate 16 distinct passwords with re-
spective 16 unique emission intensity bar patterns (Fig. 3). These exclu-
sive passwords as the combinations of optical and chemical input keys
could be assigned to different end-users for login and other authentica-
tion purposes. Any arbitrary entry of opto-chemical input keys beyond
the pre-assigned password to a particular end-usermust fail to generate
an exclusive pattern at the recorder. Only a valid opto-chemical pass-
word entry with the correct sequence without any error at any step
would successfully operate the lock. Therefore, our proposed system is
quite flexible and robust to support and authenticate unique passwords
for different end-users on the single chemical platform.

In tune with these advantages, against the illegal invasion this
proposed macrocyclics driven opto-chemical security system would
perform a dual defence mechanism. At first, during the course of pass-
word entry the end-user requires to match/follow the preset password
trajectory or exact password sequence of the input keys and secondly it
is required to put the exact assigned opto-chemical password, in order
to open the lock. If any anomaly found at any step during the course
of password entry, the system will alert the administrator. With these

absolute advantages, our proposed macrocyclic component based
molecular security device is more promising, versatile, and highly se-
cure compared to so far reported macrocyclics driven lock [30] through
supporting a greater number of passwords formultiple users and a step-
wise monitoring feature preventing unauthorized access through
adopting trials.

In tune with our previous report [37], to illustrate the operational
principle of the proposed macrocyclic based molecular keypad lock, let
us have a look at the detailed operational mechanism. Suppose an
end-user has been assigned with a five-digit password '23452' for
login purpose. Now, the end-user needs to press the input keys of that
password in the proper sequence. Incipiently, upon pressing the “ON”
button the lock starts working. Then the end-user enters the password
'23452' on the physical PIN pad of the lock. As the first character of
the password '2' is entered, the system is so programmed that it recog-
nizes it as ‘D3’ input and the detector responsible to measure the emis-
sion of HMat 365 nmgets activated. Similarly, the next consecutive four
keys, '3', '4', '5' & '2' of the password could be assigned as 'C', 'D4', 'B' &
'D3' input keys, respectively, to the system. As the user enters these
password keys in sequence, the system performs next four sequential
and independent operations. Complete five-step operations performed
by the system could be presented as follows: Step 1) pressing of
key '2': system measures the emission intensity of pure HM at 365 nm
and at the recorder subsequent bar is generated; Step 2) pressing
of key '3': incorporationof CTABwithin theHMtakesplace; Step3)press-
ing of key '4': the system monitors the emission of HM-CTAB complex
at 416 nm and the corresponding bar is generated at the recorder;
Step 4) pressing of key '5': addition of β-CD to the HM-CTAB solution
takes place; Step 5) finally, pressing of key '2': the emission intensity of
HM-CTAB-β-CD solution is measured at 365 nm and the corresponding

Fig. 3. Derived combinational bar patterns for passwords considering output responses of HM at 365 and 416 nm and altering chemical (CTAB and β-CD) and optical (D4 and D3) inputs;
those, in turn, could authenticate the respective opto-chemical passwords.
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bar is recordedwith the sequence. After successful entry of the complete
password, a unique pattern is generated at the recorder with a set of
three bars, guided by the stepwise entry of individual and alternate
chemical and optical inputs. These unique bar patterns resulting from se-
quential chemical and optical inputs (Fig. 3) ultimately make different
distinct passwords recognized and authenticated by the system to
open the lock.

Other arbitrary entry of password keys by unauthorized users would
not be validated as the system fails to generate recognizable and au-
thenticated bar patterns at the recorder and ultimately denies the ac-
cess. Moreover, the lock would not respond if the end-user uses a
password less than five digit. Further, if the end-user enters the input
keys of the password assigned to him/her in any other arbitrary way
(say 24352); the system will immediately alert the administrator as it
would fail to meet the stipulated opto-chemical trajectory. A pictorial
layout of the above said operational mechanism is given below (Fig. 4).

Virtue of this security device lies in the fact that all possible bar pat-
terns generated following the above-prescribed guidelines are unique
and easily distinguishable against each password (Fig. 3). Beyond such
16 possible unique input-output guided bar patterns, the versatility of
the keypad lock could be enhanced farther by increasing the number
of unique passwords. If we consider the repeated additions of the
same substrate at the two addition steps then the allowed and unique
passwords should be 32. Further, considering “addition of nothing” at
each addition step as a third option, as many as 72 different and unique
passwords could be generated. Hitherto, round about all the reported
molecular keypad locks were proposed based on the interactions of a
particular molecule with a specific set of ions [23–25]. In the ionic envi-
ronment, it was observed that the structural switching of the main de-
vice molecule from one state to another was about irreversible and
the molecule more or less lose its originality after only a few cycles of
operations. Compared to such ionic components based molecular lock,

the superiority of our proposed macrocyclics driven molecular keypad
lock is that the structural switching of our devicemolecule is completely
guided by macrocyclic induced non-ionic chemical environments and
the interactions are purely non-covalent rather guided by mildly elec-
trostatic and hydrogen-bonding interactions.

4. Conclusion

A new concept to design molecular keypad lock has been demon-
strated on the dynamic switching of HM between cationic and neutral
prototropic forms in the presence of macrocyclic chemical inputs,
CTAB andβ-CD. Since, HMgenerates dual-band ratiometric emission re-
sponses during such differential interactions, the choice of a detector for
emission intensity measurement, either at 416 nm or at 365 nm, were
considered as optical inputs and designated as D4 or D3, respectively.
Finally, different set of emission intensities at the specifiedwavelengths
were considered as optical outputs. Stepwise changes in the intensity
values next to the entry of a full-course opto-chemical password were
so arranged with step sequencing that specific bar patterns were cre-
ated against each individual password. Reported macrocyclics based
opto-chemical password protection system features formidable security
characteristics in terms of non-identifiable chemical and optical ele-
ments, error detection during password entry along with reversibility,
reusability, energy efficiency, and rapid response. This report might be
sighted as a wide-ranging tactic towards the designing of molecular se-
curity devices for a category ofmolecules, specifically, othermembers of
the β-carboline family like, harmane, norharmane, proving similar opti-
cal switchability as that of HM, in course of differential interactionswith
these macrocyclic inputs.
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INTRODUCTION

A chemical industry is in need of technology having maxi-
mum activity as well as selectivity towards organic synthetic
reactions. Similarly, the requirement is also to adopt “clean”
chemical processes having minimum impact on the environ-
ment. Hydrogenation and oxidation of organic functional group
with high activity and selectivity is one of such requirement.
Heterogeneous catalysis plays an important role in wide variety
of industrial processes. The most important synthetic use of
heterogeneous catalysts are for common synthetic organic trans-
formation. The heterogeneous catalysts can be either oxides
[1-6] or metals [7-11]. Most synthetically useful catalytic proc-
esses are run over metal catalysts [10-12]. The metal catalyst
can be composed of a single metallic component or a mixture
of metals [12]. Either of these types can be supported or unsup-
ported. Metal catalysts are used primarily for hydrogenation, hydro-
genolysis, isomerization and oxidation reactions, etc. [13-16].

The catalytic activity of dispersed metals on an oxide sup-
port is influenced by a number of factors. These include size,
shape, extent of dispersion, relative amount of metals present,
chemical nature of support and strength of interaction between
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the support and metal [17]. A support can alter the behaviour
of metal in a number of ways. Several explanations have been
given to understand enhanced activity of metal doped oxide
supported catalysts [18]. They are easily prepared and can be
characterized without too many difficulties. Due to this, metal
catalysts are generally preferred for basic research. The active
catalytic species is believed to be finely dispersed metal particles
of sizes in the nano region. Lots of research works have been
done on metal-support interaction in supported metal catalysts.
Yet the exact nature of active site and the exact role of the support
in terms of metal-support interaction are less understood.

Synthetically important organic reaction: Organic synth-
esis is a key step for the preparation of fine chemicals, pharma-
ceuticals, agrochemicals, food additives, dyes and pigments.
An important factor in developing synthetic reactions is choosing
the reaction route to the final product. Catalytic routes have
been proven to be one of the most effective ways in simplifying
the reaction routes to these compounds by increasing selectivity
and reducing waste and hazardous materials handling [19-21].
Additionally, reactions should proceed under mild conditions
to reduce the costs of energy. The ultimate aim is of course to
adopt a green synthetic route for organic transformations. In
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this context, good catalyst performance can be characterized
by: (i) high activity and selectivity; (ii) little or no alteration
of activity and selectivity with time; (iii) low sensitivity of
activity and selectivity to contaminant in the feedstock; and
(iv) favourable separation properties.

Organic synthetic chemists are in search of more active,
selective and environmentally benign catalyst for their synth-
esis applications. Alkylation or arylation of aromatic or aliphatic,
dehydrogenation, dehydration, hydrogenation, selective oxid-
ation and isomerization are important organic synthesis reactions.
A number of new precious catalysts are used for this type of
synthetic reactions [22-24].

The alkylation of aromatic compounds is extensively used
in the synthesis of various intermediates, fine chemicals and
petrochemicals [25]. The necessary feature of this reaction is
the replacement of the hydrogen atom of aromatic compound
containing alkyl group derived using an alkylating agent. If
acid catalyst is used, a replacement occurs in the aromatic ring
and base catalyst replaced at side chain of the ring [26]. The
commercial alkylations are acid catalyzed [25,27,28]. These
include acidic halides such as AlCl3, BF3, acidic oxides, HF,
H2SO4 [27], H3PO4 and zeolites [28]. The intramolecular
isomeri-zation and the transfer alkyl groups between aromatic
molecules are also catalyzed by acid catalysts [29-31].

Dehydrogenation of aromatic hydrocarbons (ethylbenzene,
diethylbenzene) and alcohols are also industrially important.
The ethylbenzene dehydrogenation (EBDH) products are styrene
and H2 [32,33]. Iron oxide is mainly used as a catalyst for the
production of styrene [32]. The incorporation of V, Ce and Mo
improved the catalytic properties of iron oxide [34]. Catalytic

dehydrogenation of primary and secondary alcohols gives
corresponding aldehydes and ketones [34,35]. A large number of
solid metal oxide catalysts have been effectively used for alcohol
dehydrogenation [36,37]. Most of the oxide catalysts posses
also dehydration activity and in some of them, such as alumina,
the dehydration predominates [35]. The ratio of the dehydration
and dehydrogenation depends on catalyst preparation and its
purity. However, some exhibit only dehydrogenation activity,
such as oxides of copper, zinc, chromium, iron, etc. [36-40].
Metals are also used as dehydrogenation catalysts. Copper is
used most frequently, while silver is applied in the combined
dehydrogenation-oxidative dehydrogenation processes for
production of formaldehyde from methanol or acetaldehyde
from ethanol. Noble metals Pt, Pd, Ru, Ir can also be used as
oxidative-dehydrogenation catalysts [41-43].

Hydrogenation is the addition of H2 molecule to a multiple
bond (C=C, C≡C, C=O, C=N, C≡N, N=O, N=N, N≡N, etc.)
to reduce it to a lower bond order (Fig. 1). Catalysts are required
for the reaction to be usable as the non-catalytic hydrogenation
takes place only at very high temperatures.

Platinum, rhodium, palladium and ruthenium form various
highly active catalysts and operate at low hydrogen pressures
and low temperatures [44-46]. Moreover, inexpensive metal
catalysts, based on nickel (such as Raney nickel [47,48] and
Urushibara nickel [49]) are established as economical alter-
natives for expensive catalysts. However, they often provide slow
catalysis or operate at high temperatures. Two broad families
of catalysts, homogeneous and heterogeneous, are simultane-
ously important for catalytic hydrogenation. The rhodium based
Wilkinson’s catalyst and the iridium based Crabtree’s homo-
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geneous catalyst are exclusively used as hydrogenation catalyst
[50-53].

Heterogeneous catalysts for hydrogenation are more
common in industrial synthetic reactions. As in homogeneous
catalysts, the activity of the catalyst is adjusted through changes
in the environment around the metal, i.e. coordination sphere.
Different faces of a crystalline heterogeneous catalyst show
distinct activities. Similarly, the activity of the heterogeneous
catalysts are affected by their supports, i.e. the material on which
the heterogeneous catalyst is bound [53,54]. A number of new
precious catalysts such as Pd/C [55], Pt/C [56] and immobilized
Rh [57] catalyst have been successfully commercialized in recent
years.

Selective oxidation of functional group is another indus-
trially important catalytic reaction (Fig. 2). Catalytic oxidation
in the liquid phase is widely used in bulk chemicals manu-
facture [58] and become increasingly important in the synthesis
of fine chemicals.

A traditional process involving stoichiometric inorganic
oxidants is receiving increasing environmental pressure [59].
Generally, in the liquid phase, catalytic oxidation employs
soluble complexes or metal salts combined with inexpensive
and clean oxidants such O2, H2O2, or RO2H [20,21].

However, compared with their homogeneous counterparts,
heterogeneous catalysts present the advantage of facile recycling
and recovering. Large-scale selective oxidation is based on
heterogeneous metallic catalysts. Silver is exclusively used as
an epoxidation catalyst for the production of ethylene epoxide

from ethylene. Palladium is used as oxidative coupling catalyst
for the production of vinyl acetate from ethylene and acetic
acid. Cu, V, Mn, Ru, etc. are also used as oxidation catalysts
for the cycloalkanes, cycloalkenes, benzene and benzyl alcohol
[26,60-62].

Common organic hydrogenation reactions: The most
common use of catalysts in organic synthesis is the hydroge-
nation of functional groups. The number of books and reviews
published in this area underscores the synthetic importance of
these reactions [63-66]. Hydrogenation is commonly a chemical
reaction between molecular hydrogen (H2) and another comp-
ound or element, usually in the presence of a catalyst. Hydro-
genation of organic functional groups can be categorized into
(a) addition of hydrogen across single bonds leading to cleavage
of functional groups (hydrogenolysis), (b) addition of hydrogen
to unsaturated groups as, for example, in the hydrogenation
of ketone to alcohol and (c) removal of oxygen by hydrogen,
for example, aromatic nitro to aniline (Fig. 3). Alkenes, alkynes,
aromatics, heteroaromatics, ethers, ketones, esters, acids and
amides can all be hydrogenated to industrially or synthetically
important chemicals.

Catalytic hydrogenation can either be heterogeneous or
homogeneous. Metal salts and complexes have provided some
homogeneous hydrogenating agents [67-70]. The major disad-
vantage of the large-scale utilization of metal salts and comp-
lexes is their high cost. Due to the inefficient and stoichiometric
nature of reactions, for hydrogenation, large quantities of metals
or metal salts are required. Furthermore, separating products
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from large volumes of metal complex or salt solutions can be
inefficient and laborious. These disadvantages can be elimi-
nated by using supported or unsupported heterogeneous metal
catalysts, which leads to the easily separation of products and
catalysts from reaction mixtures.

Metal-based catalysts are the most active for heterogen-
eous transfer hydrogenation. Palladium is highly active for the
hydrogenation of alkynes or alkenes into alkanes and most
commonly used catalyst for hydrogenolyses (benzylic and allylic
C=O and C=N bonds, carbon-halogen and het=het, where het
= N,O). For the hydrogenation of double bonds (C=N, C=C,
and C=O), platinum is highly active [71,72]. When Pt is used,
hydrogenolysis does not occur [17]. Under mild conditions,
rhodium based catalysts are employed for the hydrogenation
of aromatic compounds [73]. By contrast, at high pressures
and temperatures, ruthenium usually is employed for the hydro-
genation of carbonyl functional groups and aromatic comp-
ounds. Nickel, especially Raney nickel, is suitable for the hydro-
genation of nitriles to amines and carbonyl groups (ketones
and aldehydes) [74]. Under rather harsh conditions, copper-
based catalysts are utilized in the hydrogenation of esters into
the corresponding alcohols [75].

The catalytic activity of metals depends mainly on three
factors (i) catalyst selection, (ii) reaction medium, (ii) reaction
condition [76]. The order of the influence of these factors on
selectivity is, in general, catalyst > reaction medium > reaction
conditions. Catalyst selection depends on metal selection,
chemical compassion of support, catalyst particle size, particle
morphology and oxidation state of metal. The metal influences
both the characteristic adsorption/desorption and the surface

reaction. So a right choice of metal is very important for an
efficient catalytic reaction. Supports interact with the metal,
which influences its structural (morphology and size) and elect-
ronic properties, thereby results a lot the catalytic reactions.
The rate of the hydrogenation reaction depends on metal particle
size and shape or morphology. The smaller the particles, the
larger the surface area and thus the activity increase. The
catalytic hydrogenation reactions are mainly run in liquid
solvent medium. The solvent polarity and hydrogen adsorption
capacity and acidity of the medium influence the catalytic
reactions. The activity can also depend on the reaction tempe-
rature and pressure.

Metal catalysts can be finely divided, pure bulk metal, a
skeletal or porous type (Raney Ni), nanoparticles and metals
dispersed on different supports or carriers such as inorganic
oxides (BaSO4, CaCO3, SiO2 and Al2O3), carbon (charcoal),
polymer, asbestos and zeolites. Some variations found in the
metal catalytic activity in supported and free finely divided
(blacks) forms results from various ageing treatments and prep-
aration methods. Finely divided metals forms are prone to
agglomeration, and in the long run, lose the catalytic activity.
This agglomeration can even be accelerated through substrate
action or substrate polymerization onto catalysts [77]. Metal
precipitation on the support surface is advantageous because
it results in a more uniform cluster or particle size of atoms than
unsupported metals do and because it provides a large active
surface area for the given metal mass (high specific surface
density). Metal nanoparticles supported on mesoporous silicas
[78,79], hydroxylapatites [80], porous carbons [81,82], zeolite
[83], alumina [84] and titanium oxides [85] have been reported

H2

H H

H H

H H

Catalyst surface

C
X

R
H H

X C R

H H

H
H

C R

HX

R'

O C R

H H

HO HO

C C

R' R'

R
R

O

O N Ar
H

H

O

N

H Ar
H

H

H

N Ar

+ 

+ 

+ 

H O2

Fig. 3. Catalytic hydrogenation of organic functional groups via (a) hydrogenolysis, (b) hydrogen addition and (c) oxygen removal by
hydrogen [R, R′ = alkyl group; Ar = Aryl group and X = halogen]

492  Mistri et al. Asian J. Chem.



to be highly active for various hydrogenation reactions. The
direct synthesis of nanoparticles is limited and preparatory
procedures are difficult. So supported metal catalysts are useful
for hydrogenation reactions.

Hydrogenation of molecules containing single functional
group is a common synthetic transformation. The selective
hydrogenation of one functional group in presence of other
groups is very important for the synthesis of industrially impor-
tant chemicals. But if the functional groups have relatively
similar or close activities, selectivity can sometimes be achieved
by manipulating reaction condition or using proper catalysts.
Therefore, recent research effort has been focused strongly
on maximizing the catalytic efficiency of the precious metal
catalyst by optimizing their physico-chemical properties
[86,87], forming alloy structures [72], developing new catalyst
supports [88], adding promoters [89,90] and modifying the
metal-support interactions [91]. Both heterogeneous [92] and
homogeneous metal catalysts [93] have been used in hydrogen-
ation reactions for several decades.

Common organic oxidation reaction: Like hydrogena-
tion, the oxidation of organic functional groups is an important
synthetic reaction [58,59]. Most oxidation reactions are run
using inorganic oxidants such as permanganate and chromium
oxide. The disposal of their reduction products is environmen-
tally unacceptable [20,21]. In the manufacture of bulk chemicals,
catalytic oxidation has become very important due to its low
impact on the environment. The conversions of alkenes, alkanes,
alcohols, ketones, epoxides and aromatic compounds into the
more valuable oxygen containing materials are important
synthetic reactions in industries [58-62].

Many reactions are run either in vapour phase or in liquid
phase and the reaction conditions are usually specific for the
production of specific products. Various new catalytic systems
have been developed for the oxidation in gas phase and in
liquid phase using organic peroxides, H2O2 or O2 as an oxidant
[81-83]. The catalytic oxidation reactions are run either by free
radical auto-oxidation process or by oxygen transfer process.
One-electron oxidants, e.g., Cu(II), Mn(III), Co(III), Ce(IV),
Fe(III), etc. catalyze free radical auto-oxidation processes by
promoting the decomposition of alkyl hydroperoxides into chain
initiating alkoxy and alkyl peroxy radicals in one-electron
transfer processes (Scheme-I, reactions 1 and 2). Strictly spea-
king the metal ion acts as an initiator of free radical auto-
oxidation, which proceeds further via reactions 3-5, which does
not involve the catalytic species.

ROOH + MII → MIII(OH) + RO• (1)

MIIIOH + ROOH → MII + RO2
• + H2O (2)

RO• + R′H → ROH + R′• (3)

R′• + O2 → R′O2
• (4)

R′O2
• + R′H → R′O2H + R′• (5)

Scheme-I: Mechanism of metal catalyzed auto-oxidation

Metal ions which catalyze oxygen transfer reactions with
H2O2 or RO2H can be divided into two types based on the active
intermediate: a peroxometal or an oxometal complex [92]
(Scheme-II). Peroxometal pathway is usually favoured over
early transition elements with d0 configuration, e.g. Mo(VI),
W(VI), V(V) and Ti(IV). On the other hand, over the late or
first row transition elements, e.g. Cr(VI), V(V), Mn(V), Ru(VI),
Ru(VIII) and Os(VIII), the oxometal pathway is usually followed.
Some elements, e.g. vanadium involve both oxometal and per-
oxometal pathways depending on the substrate.

MX + RCO2H

-HX

-ROH

OXOMETAL PATHWAY

PEROXOMETAL PATHWAY

M
O

R

M O

X

MOR  +  SO

MX + SO

Scheme-II: Peroxometal vs. oxometal pathways [92]

Heteroatom oxidations and olefin epoxidation are the
reactions involving peroxometal routes. By contrast, oxometal
species exhibit the broader range of activities, such as allylic
and benzylic oxidations. Peroxometal routes do not involve a
change in the metal oxidation state, i.e., activity is not restricted
to only variable valence elements and the metal behaves as a
Lewis acid. By contrast, the oxometal pathway involves a two-
electron redox reaction of metal ions. Furthermore, most metals
that catalyse oxygen transfer through oxometal or peroxometal
pathways can catalyze one-electron transfer by using peroxides.
Consequently, free radical processes frequently compete to a
lesser or greater extent with oxygen transfer. When alkyl hydro-
peroxides are employed as oxidants, heterolytic versus homo-
lytic processes are distinguished by using a suitable investi-
gated molecule [93]. The unsupported metals usually form
soluble peroxo complexes with H2O2 or peroxide so these reac-
tions, in reality, homogeneously catalyzed [94]. Separations
of the final products thus become very difficult. Supporting
the metals in inorganic oxides (such as SiO2, Al2O3) [95,96] or
zeolite [96-98] only served to facilitate the dissolution of the
metal species by dispersing the metal over the surface of the
support and making it more accessible to the peroxides.

Different types of oxide supported metal catalysts such
as Fe/MgO [99], Fe/Al2O3 [100], Co/Fe2O3 [101], Cu/Al2O3

[102], Cu/SiO2 [103], V/SiO2 [104] and Mn/Al2O3 [105] have
been reported to be efficient systems for the production of
industrially and chemically important products. These catalysts
are usually prone to deactivation before the oxidation is comp-
leted. The deactivations are thought to be caused by either
oxidation of the metals or blocking the active metal surface
by the strong adsorption of the reaction byproducts or decrease
of active metal component through metal leaching during
oxidation.

A number of procedures have been employed to minimize
this deactivation. Most of the early work in this area used large
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amount of large sized metal particles [106]. These larger metal
particles are more resistant to oxidation than the smaller particles
present on the supports [107]. In addition, the large quantity
of catalyst ensures that some active species will still be available
towards the end of the reactions. The adsorption of byproducts
can be eliminated by using more selective catalyst or changing
solvent or reaction conditions [108]. Adding another metal
particle/s significantly reduce the deactivation [109-112]. The
metal leaching can be controlled by using proper support where
metal support interaction is strong [113]. The metal leaching
is also resisted by adopting specific preparation procedure and
incorporating with other metals [114]. Association of two or
more active metals can perform well in a reaction system with
the enhanced degree of interaction of the components over a
support with new redox and acid properties [115].

Selective oxidations via heterogeneous catalysis occupy
a predominant place in both science of catalysis and synthetic
based modern industry. These processes, such as benzene to
phenol, benzyl alcohol to benzaldehyde, cyclohexane or cyclo-
hexene to corresponding alcohols and carbonyl compounds
have been extensively studied [116-119]. Ru, Pd, Mn, Fe, Co,
Ni, V and Cu supported catalysts have been extensively used
as catalyst for this type of reaction with H2O2 or tert-butyl
hydrogen peroxide (TBHP) as the oxidant [120-122]. Still there
are a large number of opportunities to develop suitable sup-
ported metal catalysts for this type of reaction.

Supported metal catalysts in organic synthetic reaction:
Catalytic reaction can be run over supported or unsupported
metal catalysts. The active sites on a heterogeneous catalyst
are found on its surface. Usually, the efficient catalysts have a
large catalytically active surface exposed to the reaction medium.
One way to maximizing the active surface of a catalyst is it
can be used as a very fine powder as unsupported catalyst. The
unsupported metals are found in variety of forms; single crystals,
colloids, powders, blacks, skeletal and nanoparticles. Single
crystals were used somewhat routinely in the early catalytic
research for developing the mechanism in vapour phase reactions
[123]. Since most of the synthetic reactions are run in liquid phase
these single crystal metal catalysts find little use in the study
of synthetic reactions. Black or powder is a metallic powder
obtained by the reduction of metal salt or condensation of metal
vapour [47]. But they are usually composed of relatively large
particles having a low surface area and poor activity [17,48].
Skeletal metals are produced by leaching out one component
of an alloy and leaving the active species behind in the form
of porous materials having a high surface area [47-49]. How-
ever, heating of unsupported catalysts usually results in sintering
or agglomeration of the small particles into larger, less efficient
entities [124]. The most common way to minimizing metal
catalyst sintering is to distribute the active component over a
porous, thermostable, inert support. The support may be inor-
ganic oxides, active carbon, polymers and zeolites.

Catalysts with a supported metal comprise 0.1-20 wt.%
metal from group 8 or 9, which is dispersed on the support
surface, usually a high-surface area oxide [125]. These catalysts
are widely used in industries and research laboratories. Because
an active metallic phase exists as extremely small particles

with a dispersion degree (i.e., the fraction of atoms exposed to
the surface) of 10-100%, these catalysts are effective. These
catalysts are widely separated from each other and firmly anch-
ored to supports. Thus, they do not readily sinter or coalesce.

The activity of the dispersed catalyst particles in these
supported catalysts is influenced by a number of factors, prim-
arily the relative amount of catalytically active materials present,
the surface area of the support, nature of the support and the
strength of support-catalyst particles interaction. Metal catalysts
with a low metal loading are generally composed of very small
crystallites widely scattered over the surface of the support.
Such crystallites generally have a high dispersion and the metal
is efficiently used as catalyst. As the metal load increases, the
crystallites become close to each other and frequently get larger
in size. Thus the crystallites are become more resistant to thermal
sintering. Obviously, if the catalyst crystallites are came in
contact to each other then thermal coalescence can be expected
to take place with a resulting loss of active surface area. The
low metals loaded highly dispersed catalysts provide a maximum
surface area per unit mass of metal. While the catalysts having
larger number of catalyst particles spread over the support
surface also provide a maximum metal surface area per volume
of catalyst.

Generally noble metal catalysts have low metal loads and
high metal dispersion, while catalysts containing the less expen-
sive base metals have higher metal loadings. The surface area
of a support is directly related to pore size, distribution and
volume. The maximum surface area for the support or catalyst
is the best possible arrangement. The surface area is not only
associated with external surface of the particles but also with
the surface of all the pores within the particles. A particle with
small diameter pores will have a higher surface area than one
with larger diameter pores having both the same total pore
volume.

In case of vapour phase reaction involving molecules,
catalyst particles having a large number of smaller pores and
higher surface areas are preferred. Reactions of larger mole-
cules are usually run in a liquid medium. For such reactions
catalysts having smaller pores are inefficient since the diffusion
restraints would severely hinder the reaction. Catalysts have
larger pores with the catalytically active sites located near the
surface of the support particles. So diffusion of the reactants
to the active sites will not be a significant factor in the reaction.

Synthetic routes to oxide supported metal catalysts:
The metal components are dispersed over the oxide support
by various methods that include impregnation, precipitation
and coprecipitation, deposition precipitation, ion-exchange,
sol-gel, incipient wetness impregnation, spray drying, freeze
drying, etc. [126,127]. However, all these processes are involved
and sometimes require special equipment and are time
consuming. Patil et al. [128,129] introduced a novel technique,
the single-step solution combustion method, which involved
the combustion of the metal salts with organic fuels, for the
preparation of different fluorite, perovskite, spinel and mixed
oxides [130,131].

Some advantages and disadvantages associated with the
conventional methods which are coprecipitation and deposition-
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precipitation are beneficial for synthesizing catalysts having
high metal loadings (e.g. >10 wt.%) and those having low metal
loadings of 0.01-5 wt.%, respectively. A limited coprecipitation
cannot be applied to SiO2 but supports Al2O3 because these
hydroxide precursors or metal oxides cannot be coprecipitated
using noble metal hydroxides. The sol-gel method can be used
instead of coprecipitation for the SiO2 support. Deposition-
precipitation can be applied to basic metal oxides having the
point of zero charge (PZC) of >5 pH. On the surfaces of supports
of acidic metal oxide having PZC of < pH 5, noble metal hydro-
xides cannot be precipitated.

Metal-support interaction in supported metal catalysts:
The concept of a metal-support interaction (MSI) is one of the
oldest in heterogeneous catalysis. Initially, it was thought that
the support material is inert and serves simply as a vehicle for
keeping the catalytically active species separated and thus,
minimizes sintering. This is accomplished because catalyst
crystallities are formed some type of chemical bond to the
support material by so they are not free to migrate across the
surface and agglomerate or coalesce with other crystallities to
form larger particles. Since, the catalyst particles are anchored
to the support through some form of bonding the support can,
potentially, also influence the activity of the catalyst [132].

This support effect can be assumed as taking place in two
distinct ways. First, the support could modify the electronic
character of the catalyst particles. This could affect the adsor-
ption and reaction characteristic of the catalytically active sites.
Another possibility is that the shape of geometry of the catalyst
particles. The electronic effect could change the activity of
the sites on the surface while geometric effect would modify
the number of active sites present. The first specific suggestion
of how the catalytic properties of a metal might be influenced
by the support came about 85 years ago by Adadurov (1935).
He proposed that metals would be polarized by the surface of
oxides containing highly charged cations [133]. The catalytic
property of the supported metal catalyst is strongly influenced
by the metal support interaction [134-136]. According to Bond’s
proposition, the metal-support interactions are of three types,
namely strong (SMSI), medium (MMSI) and weak (WMSI)
[137]. As has been discussed, the SMSI is ascribed to transition
metals supported on reducible oxides like CeO2, TiO2, BaTiO3,
etc. [138-143]. The metal-support interaction is increased with
more reducible support. The weak metal-support interaction
(WMSI) is generally associated with non-reducible oxides such
as SiO2, Al2O3, ZrO2, etc. [144-147]. But the classification is
not so straightforward. There are instances of SMSI effect in
non-reducible oxide supports [148,149]. The difference between
the two categories lies in the facts that MSI is induced under
more serve conditions and the property of the catalyst is less
pronounced in case of nonreducible oxides.

The catalytic activity of noble metals is decreased signifi-
cantly as the metal-support interaction increase with reducible
support. Several explanations are given for the deactivation
behaviour associated with SMSI [150,151]. Four models are
proposed for the origin of SMSI, namely, electron transfer,
morphological effects, alloying and decoration [152]. Even
after extensive studies, a fundamental understanding of the origin

of the SMSI effect remains unclear and it is still a subject of
current research [153].

Conclusion

From the foregoing discussion, it is suggested that there
is lot of scope towards design of effective catalytic formu-
lations. The preparation of industrially or synthetically important
active catalyst for hydrogenation and oxidation reactions has
been the constant motivation of researchers in this area of
catalysis as outlined above. Inorganic oxide supported noble
or base metal catalysts are extensively used as active catalyst
for the synthetic organic reactions. It must be kept in mind
that the sources of noble metal are limited and also the extra-
ction procedure is costly, which in turn increases the cost of
noble metals or its salts. Thus, urge is to reduce the amount of
noble metal in the catalyst. But this should not affect the catalyst
activity adversely. Conventional dispersion of metal compo-
nent as zero-valent metal gives rise to finely dispersed nano-
crystallities of size ~3-5 nm on oxide surface. Further reduction
of metal crystallities size to ~1 nm will further increase the
dispersion with lower amount of metal doping and hence the
rate of reaction will be enhanced. Whatever may be the size of
the crystallite, only the metal atoms at the surface of it takes
part in chemisorption and catalytic action. The highest possible
dispersion with highest activity can be achieved by dispersing
each metal atom at the surface, which is not possible by the
conventional methods of dispersing metals since due to metal-
metal interaction, agglomerated metal crystallites are formed
in the end. Thus the catalyst is multiphasic in nature. To make
use of each metal atom as the adsorption site, the metal atoms
should be placed at particular lattice positions. If the metals
are substituted in support lattice in the form of metal-ion by
using proper support or proper catalytic preparation methods,
then the predominant electronic interaction will be a strong
ionic interaction between metal ion and the oxide support.
This means that substitution of metal ion in the support lattice
is to be achieved forming single phase metal-ion substituted
oxide. The metal ions in its positive oxidation state can easily
be reduced by other oxidizable substances. Therefore, if the
metal is dispersed as ionic form and if one is able to keep the
oxidation state in positive state, in principle oxidation can be
carried out over such ionically dispersed catalyst. The questions
which automatically arise are: (i) How to substitute metal in
its ionic form; and (ii) whether the catalytic capability would
be the same in its oxidized state and in the zero-valent metallic
state? So it is still challenging to prepare an efficient catalyst
for synthetically important organic reactions in 21st century.
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The Rarh Bengal of India has huge potential for development of geotourism due to its diverse
landscape consisting of hills, dome shaped inselberges, tors, dams, badlands, springs, waterfall,
ravines etc. The combination of vast dense forest and diverse flora and fauna with various geo-
morphic features has created a prosperous and complex geodiversity in the Rarh region. How-
ever, the potential of geotourism in the region has not yet fully developed. The main objective
of this study is to emphasize the potential for geotourism in the Rarh region of West Bengal
and to determine the existing status and geotourism prospective of geosites in this region. In
this paper, the authors have proposed an inventory of geosites in the Rarh region and analyzed
the vast potential of geotourism among them. A comparative analysis of the selected sites has
been carried out by applying the Modified Geosite Assessment Model (M-GAM), which has ex-
posed the most suitable geosites for the development of future geotourism. The M-GAM pro-
vided the significant assessment of both Main Values and Additional Values of the sites
according to the status of each sub-indicator in the valuation model assumed by tourists. The
results of this study reveal information about the major aspects of the development of each
geosites and identify which sites need more attention and better management in future, so
that the region becomes much attractive to larger number of tourists and becomes a well-
known geotourism destination.

© 2021 Beijing Normal University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The “geotourism: approach was developed in the late 1980s after the recognition by the geologists of schools, universities and
museums in United Kingdom (Hose, Markovi, Komac, & Zorn, 2011). The term “geotourism” has been invented rather recently
and was first coined in 1995 by Thomas A Hose, Professor of Earth Science at the University of Bristol in the United Kingdom
(Antic & Tomic, 2017; Grover & Mahanta, 2018). According to Thomas A Hose (2005), the definition of geotourism is “to ensure
the value and social preservation of geological and geomorphological sites and their materials and to provide interpretative facilities and
services for the use of students, tourists and other casual recreationalists” (Hose, 2005, p 27; Hose, 1997, p 2955). This definition
clearly represents that the key focus of geotourism is on interpretation, promotion and preservation, which are all significant el-
ements for the development of geotourism. According to Newsome and Dowling (2010), geotourism is an arrangement of natural
area tourism that specially focuses on landscape and geology and their interpretation, promotion and conservation with the help
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of appreciation and education. The definition of geotourism has evolved throughout the years, and Hose and Vasiljevic gave an
updated version of definition in 2012 (Jonic, 2018). According to them “geotourism is the providing of informative and service facil-
ities for geosites and geomorphosites and their surrounding topography together through their allied in-situ and ex-situ artifacts, to
build of constituency for their conservation by making appreciation, learning and research for current and future generations” (Hose
& Vasiljevic, 2012, p 25; Jonic, 2018, p 113). The definition and the approach of geotourism (Hose, 1995) was accepted and en-
dorsed by UNESCO in its preliminary geopark documentation (Hose et al., 2011; Patzack & Eder, 1998).

Geotourism is a nature of tourism that renovates its activities (Pereira, da Cunha, & Nascimento, 2018), involving abiotic ingre-
dients (geology, landscape, geomorphic forms, climate etc.), biotic components (flora & fauna) and culture (Dowling, 2013;
Wulung & Rajoendah, 2019). Geotourism is a comparatively new phenomenon based on old ideas about tourism and belongs
to a category of special interest tourism (Antic & Tomic, 2017). In the general sense, geotourism signifies the upgrade and protec-
tion of geological heritage care of tourism through the education and interpretation (Tomic, 2016). This is a new emerging type of
tourism that environmentally innovative (Dowling, 2013). It promotes geosites into a tourist destination and preserves the
geodiversity with the understanding of earth science. It has been proposed that greater concentration should be given to environ-
mentally innovative forms of tourism, which encourage both environmental and social obligation (Paskova, 2012). Geotourists
travel individually or in groups and they may visit whether these are natural areas or built-up areas, they opt the areas that
have geological attraction for tourism.

Rarh Bengal Region is a toponym for an area in the Indian subcontinent (Faridi, 2013), which lies between the Ganges Delta on
the east and Chhotanagpur Plateau on the west. The Rarh Bengal Region is very rich in terms of geodiversity existing in numerous
forms. This province is very rich with numerous hills, dome-shaped inselbergs, tors, dams, badlands, springs, waterfall and ra-
vines, which is located in a relatively small area. Besides, this territory is well-known lateritic landscape endowed with lots of
geoarchaeological sites (Chakrabarty & Mandal, 2019). These sites are outstanding representatives of this area's geodiversity.
Geotourism sites usually consist of all geological, geomorphological and pedological values produced through the formation of
the Earth's crust (Djurovic & Mijovic, 2006). All of these values are being present in the region of Rarh Bengal in India, which
has made this territory extremely promising for the development of geotourism in the future. Therefore, we can say that the
Rarh Bengal Region is underdeveloped in agriculture and industry, if geotourism was developed here, the region may be econom-
ically dependent on the combined influence of agriculture, industry and geotourism.

The main objective of this study is to explore the potential of geotourism in the Rarh Bengal of eastern India and to identify
the most suitable geosites for the development of geotourism. This study is based on the Modified Geosite Assessment Model (M-
GAM) provided by Tomic and Bozic (2014). M-GAM is a modified version of GAM (Geosite Assessment Model) by Vujicic et al.
(2011), where incorporate the opinions of the visitors or tourists (Pal & Albert, 2018; Tomic & Bozic, 2014). M-GAM has been
used to compare the existing status of selected sites and compare their geotourism potential.

This model has been applied to eleven geosites in the Rarh Bengal of eastern India. The results of the analysis provide infor-
mation on major areas of improvement and identify which areas need more attention and better management in future so that
the region can become a recognized geotourism destination, which will be able to mesmerize a large number of tourists in the
future years to come. So keeping in view of the above discussion, this paper has given emphasis an enquiry about how the
geosites are more potential for geotourism in Rarh Bengal.

2. Materials and methods

2.1. Study area

Rarh Bengal is a major part of the physiographical divisions of West Bengal, which lies between the Chhotanagpur Plateau in
the west of India and the Ganges Delta in the east of India. The Rarh Bengal is located in the southwestern part of the Indian state
of West Bengal, bounded by latitudes of 21°39′43” N to 24°35′51”N and longitudes of 85°49′27″ E to 88°28′43″E (Fig. 1). Purulia,
Bankura, Jhargram, Birbhum, Paschim Bardhaman, Purba Bardhaman and Paschim Medinipur are located in Rarh Bengal. In addi-
tion to, promotion of geotourism can generate employment opportunities for towards pandering rural economy in these districts
of Rarh Bengal. Rarh Bengal is diversified with number of hills, dome-shaped inselberges, tor topography, undulating upland, val-
leys, erosional plain and ravines; the regions is characterized by lateritic land surface and sub-tropical monsoon type of climate
with very high day temperatures during the summer months reaching up to 47 °C (Purulia district in January 2020) (IMD, Kol-
kata). The region is not favorable for agricultural development and any capital-intensive industry due to the deficit of adequate
water. However, the area has great potentially for tourism promotion (Chakrabarty & Mandal, 2018, 2019) because of its richness
in terms of geodiversity existing in numerous forms.

The proposed geosites inventory comprises eleven geosites located throughout the Rarh Bengal in India (Fig. 1. & Table 1). In
addition to these geosites, many other sites can be included in the geotourism activities. However, priority should be given to the
eleven selected geosites at the initial stage of geotourism development in this region, as they already have some infrastructural
necessities for tourism development along with their attractiveness and accessibility.

2.2. Methodology

The methodology of this study is based on the Modified Geosite Assessment Model (M-GAM), provided by Tomic and Bozic
(2014). The M-GAM method has developed based on previous geosite assessment methods established by different authors

M.K. Mahato and N.C. Jana International Journal of Geoheritage and Parks xxx (xxxx) xxx

2



(Bruschi & Cendrero, 2005; Coratza & Giusti, 2005; Erhartic, 2010; Hose, 1997; Jonic, 2018; Pereira, Pereira, & Caetano Alves, 2007;
Pralong, 2005; Reynard, 2008; Reynard, Fontana, Kozlik, & Scapozza, 2007; Serrano & Gonzalez-Trueba, 2005; Tomic, 2011; Tomic,
Markovic Slobodan, Antic, & Tesic, 2020; Vukovic & Antic, 2019). It combines the views of both side's tourists and experts with
equal importance, in such a way, no one is favored in the evaluation process (Tomic et al., 2020; Vukovic & Antic, 2019). The
M-GAM has been efficaciously tested and applied several times for the appraisement of various geosites (Bozic, Tomic, & Pavic,
2014; Boskov et al., 2015; Antic & Tomic, 2017; Ticar et al., 2018; Vukoicic, Milosavljevic, Valjarevic, Nikolic, & Sreckovic-
Batocanin, 2018; Antic, Tomic, & Markovic, 2019).

The M-GAM contains two basic indicators: Main Values (MV) and Additional Values (AV), which are furthermore divided into
12 and 15 sub-indicators respectively and each indicator is individually denoted by a value from 0.00 to 1.00. This category is cre-
ated due to two common types of values: the Main Values - which are mostly generated by the natural properties of the geosite
and the Additional Values - these are mostly human-induced and created by modifications in its use by visitors. The Main Values
consist of three groups of sub-indicators: (i) scientific/educational values (VSE), (ii) scenic/aesthetic values (VSA) and (iii) protec-
tion (VPr). In addition, Additional Values are divided into two groups of sub- indicators: (iv) functional values (VFn) and
(v) touristic values (VTr). The structure of indicators and sub-indicators of Main Values and Additional Values are shown in
Table 2a and grades values in Table 2b.

Fig. 1. Location of proposed geotourism sites of the Rarh Bengal.

Table 1
Proposed geosites in the Rarh Bengal of eastern India.

Geosites label Geosites name Geographical location

GS1 Ajodhya Hills and forest reserve area
23°06′25.53″N to 23°21′30.46″N
85°57′22.53″E to 86°14′08.87″E

GS2 Murguma Dam and nearby Hills 23°18′54.29″N to 86°03′01.24″E
GS3 Joychandi Pahar 23°31′21.07″N to 86°40′01.08″E
GS4 Baranti Hill & Dam 23°35′20.19″N to 86°49′58.16″E
GS5 Garhpanchkot 23°37′06.65″N to 86°45′45.60″E
GS6 Susunia Hill 23°23′42.51″N to 86°59′14.76″E
GS7 Mukutmanipur Dam 22°57′50.07″N to 86°47′20.39″E
GS8 Laljal Cave 22°44′55.24″N to 86°40′43.88″E
GS9 Gangani Ravine 22°51′28.68″N to 87°20′22.96″E
GS10 Khoyai 23°41′30.43″N to 87°40′23.32″E
GS11 Mama Bhagne Pahar 23°47′06.98″N to 87°22′19.50″E
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The sum of the grades 0.00 to 1.00 of the 12 sub-indicators of Main Values and 15 sub-indicators of Additional Values are de-
fined using the following simple equation (Eq. 1):

M − GAM ¼ MV þ AV ð1Þ

Where, MV represents Main Values and AV represents Additional Values. Since the Main Values and Additional Values contain 3
and 2 groups of sub-indicators, so the values are determined by these two equation:

MV ¼ VSE þ VSAþ VPr ð2Þ

AV ¼ VFnþ VTr ð3Þ

This model is done for each sub-indicator after which the values are added up according to the M-GAM equation but this time
due to the adding of the importance factor (Im), it indicates a more objective and accurate result finally. Visitors in the same way
like the experts, determine a numerical value of this parameter for the Main Values and Additional Values of each of these

Table 2a
The structure of M-GAM.

Indicators/Sub-indicators Description

Main Values (MV)

Scientific/Educational value (VSE)
(1) Rarity Number of closest identical sites
(2) Representativeness Didactic and exemplary features of the site due to its own value and general configuration
(3) Knowledge on
geoscientific issues

Number of papers written in recognized journals, theses, exhibitions and other publications

(4) Level of interpretation
Levels of explanatory potential on Geological and geomorphological processes, phenomena, shapes and stages of scientific
knowledge

Scenic/Aesthetic values (VSA)

(5) Viewpoints
Number of viewpoints accessible by pedestrian path. Everyone must present a specific perspective and be located less than
1 km from the site.

(6) Surface Surface means the entire surface of the site. The quantitative relationship of each site with other sites is considered.
(7) Surrounding landscape
and nature

The quality of the panoramic view, the presence of water body and natural vegetation, the absence of human-induced
degradation, the vicinity of urban areas, etc.

(8) Environmental fitting of
sites

The level of contrast with nature, the contrast of color, the presence of size and shapes, and so on.

Protection (VPr)
(9) Current condition Current state of geosite
(10) Protection level State of protection by local groups, state govt., national govt., international organizations, etc.
(11) Vulnerability Vulnerability level of geosite
(12) Suitable number of
visitors

The proposed number of visitors entering the geosite at the same time according to the space, vulnerability and existing
status of the geosite.

Additional values (AV)

Functional values (VFn)
(13) Accessibility Opportunities of approaching to the site
(14) Additional natural values Number of extra natural values in the radius of 5 km (geosites are also included)
(15) Additional anthropogenic
values

Number of auxiliary anthropogenic values in the radius of 5 km

(16) Vicinity of emissive
centers

Proximity to emissive centers

(17)Vicinity of important road
network

Proximity to important road networks within a radius of 20 km

(18)Additional functional
values

Parking services and facilities, gas station, mechanical facilities etc.

Touristic values (VTr)
(19) Promotion Level and number of promotional agencies and resources
(20) Organised visits Total number of organised visits to the geosite annually
(21) Vicinity of visitors
centers

Proximity to the visitor center on the geosite

(22) Interpretative panels Interpretative features of text, graphics, size and volume of material, quality and decoration of surroundings etc.
(23) Number of visitors Number of annual visitors

(24) Tourism infrastructure
Additional infrastructural facilities for tourists (internal pathways, resting spaces, drinking water facilities, garbage cans,
toilets etc.)

(25) Tour guide service If existing, their level of skill, knowledge of local and foreign languages (speaking), explanatory skills etc.
(26) Hostelry service Hostelry service near to the geosite
(27) Restaurant service Hotel and restaurant service near to the geosite
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sub-indicators. These numeric values are marked as 0.00, 0.25, 0.50, 0.75 and 1.00. The importance factor (Im) is determined as
follows:

Im ¼
∑
K

K¼1
Ivk

K
ð4Þ

Where, Ivk is the assessment or score for each sub-indicator given by a visitor, whereas K is total number of visitors. Here the value of
Im can be any value from 0.00 to 1.00.

Finally, the equation of M-GAM is presented as follows:

M−GAM ¼ MV þ AV

Where; MV ¼
Xn

i¼1

Imi � MVi
ð5Þ

AV ¼ ∑
n

i¼1
Imi ∗ AVi ð6Þ

The M-GAM equation shows that the values of the Im of each sub-indicator determined individually by the visitors are mul-
tiplied by the values of each sub-indicator given by the experts. In this way, the value of each sub-indicator in the model is
determined.

Table 2b
Grades values of M-GAM.

Sub-indicators Grades (0.00–1.00)

0.00 0.25 0.50 0.75 1.00

1 Common Regional National International The only occurrence
2 None Low Moderate High Utmost

3 None Local publications Regional publications National publications
International
publications

4 None
Processes are moderate level,
but the detection is difficult
to interpret to non-experts

Good examples of processes,
but difficult to interpret to
non-experts

Processes are moderate
level, but easy to
interpret to the average
visitor

Good examples of
processes and easy to
interpret to the average
visitor

5 None 1 2 to 3 4 to 6 > 6
6 Small – Medium – Large
7 – Low Medium High Utmost
8 Unfitting – Neutral – Fitting
9 Completely damaged

(due to the various
activities of human)

Extremely damaged (due to
the natural processes)

Moderate level of damaged
(with necessary
geomorphological features
are preserved)

Slightly damaged No damage

10 None Local Regional National International

11
Irrevocable (with the
probability of total
loss)

High (can be damaged
simply)

Moderate (can be damaged by
any of the natural processes
or human activity)

Less (can only be harmed
by human activity)

None

12 0 1 to 10 11 to 20 21 to 50 > 50

13 Unreachable
Low (walking with special
equipment through expert
tourist guide)

Moderate (via bicycles and
other means of transport that
uses muscle power)

High (by car)
Utmost (by bus, train,
helicopter, etc.)

14 None 1 2 to 3 4 to 6 > 6
15 None 1 2 to 3 4 to 6 > 6
16 > 100 km 100 to 50 km 50 to 25 km 25 to 5 km < 5 km
17 None Local Regional National International
18 None Low Medium High Utmost
19 None Local Regional National International
20 None < 12 per year 12 to 24 per year 24 to 48 per year > 48 per year
21 > 50 km 50 to 20 km 20 to 5 km 5 to 1 km < 1 km
22 None Low quality Medium quality High quality Utmost quality
23 None Low (< 5000) Medium (5001 to 10,000) High (10,001 to 100,000) Utmost (> 100,000)
24 None Low Medium High Utmost
25 None Low Medium High Utmost
26 >50 km 25 to 50 km 10 to 25 km 5 to 10 km < 5 km
27 >25 km 10 to 25 km 5 to 10 km 1 to 5 km < 1 km
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Survey was conducted in March 2019 to study various geotourist sites and calculated the importance factor (Im) for each sub-
indicator in this model. The questionnaire contained 27 sub-indicators or questions and every visitor was questioned to rate the
importance of all sub-indicator on a five-point Likert scale (ranging from 0.00 to 1.00), it was done in the same way as the experts
did. A total of 164 visitors completed the questionnaire. However, the main fact is that all the geosites of Rarh Bengal have not yet
become such a popular tourist destination and the analyzed Baranti hill and dam, Khoyai and Laljal cave are not visited by more
than 500 visitors every year. Thus, it can be said that the size of the sample is sufficient for judgment and decision-making.

3. Results and discussion

For this study, previously described eleven geosites of the Rarh Bengal were evaluated by applying the M-GAM method. The
final results of this assessment are shown in Tables 3 and 4 as well as in Fig. 2. The comprehensive analysis of the results is com-
prised the assessment of the Main Values and Additional Values of the geosites. The Main Values contain 12 sub-indicators of
geosites associated with scientific/educational values (VSE), scenic/aesthetic values (VSA) and protection (VPr). The Additional
Values contain 15 sub-indicators of geosites related to functional values (VFn) and tourist values (VTr).

Table 4 and Fig. 2 show that the Main Values of Ajodhya Hills and forest reserve area is highest, which is 9.21, followed by
Garhpanchkot is 9.00, Mukutmanipur Dam is 9.00 and Gangani Ravine is 8.65 respectively. All these geosites have extremely
high scientific/educational values (VSE) and scenic/aesthetic values (VSA), especially in case of rarity (SIMV1), representativeness
(SIMV2), level of interpretation (SIMV4), viewpoints (SIMV5), surrounding landscape and nature (SIMV7) and environmental fitting
of sites (SIMV8); while SIMV2 and SMIV5 at Mukutmanipur Dam, SIMV4 at Garhpanchkot and SIMV5 at Gangani Ravine are slightly
lower. These four geosites have the highest Main Values due to the high values of the importance factor (Im) for these sub-
indicators. Although the Susunia Hill has the best in representativeness (SIMV2), environmental fitting of sites (SIMV8), accessibil-
ity (SIAV1), annual number of organised visits (SIAV8) and tourism infrastructure (SIAV12), it is at a lower end of scale in
geotourism development due to its lower Main Values. The main reason for this is the very low scenic/aesthetic values (VSA), es-
pecially the surface (SIMV6) is very low, the surrounding landscape and nature (SIMV7) is moderate and there are no separate
viewpoints except a temple and a spring in the hill. Similarly, the main reason for the lesser Main Values (6.00) in Laljal Cave
is resulted from the lower scenic/aesthetic values (VSA) (1.31). Khoyai also has very low scenic/aesthetic (VSA) (1.73) and protec-
tion (VPr) (1.60) values, so its Main Value is very low (5.95). Moreover, for Murguma Dam and nearby Hills Joychandi Pahar,
Baranti Hill & Dam and Mama Bhagne Pahar, the values of all the main indicators present a consistent level in terms of its differ-
ent values i.e., scientific/educational values (VSE), scenic/aesthetic values (VSA) and protection (VPr).

The geosites with the lowest Main Values are Susunia Hill (5.67), Khoyai (5.95) and Laljal Cave (6.00). The values of the sub-
indicators underlying to Main Values of these geosites, such as surface (SIMV6), knowledge on geo-scientific issues (SIMV3), view-
points (SIMV5) and surrounding landscape and nature (SIMV7) are very low, although knowledge on geo-scientific issues (SIMV3)
is much higher in the Laljal Cave due to its geological significance. The main reason why visitors visit these geosites is that these
are located on the way to other important geosites in the area. The sites like Susunia Hill, Joychandi Pahar, Baranti Hill & Dam and
Garhpanchkot are located side by side, so tourists visit all the sites together. Tourists visit Khoyai as it is located near important
cultural center like the Santiniketan.

In terms of protection values (VPr), these four geosites i.e., Ajodhya Hills and forest reserve area, Murguma Dam and nearby
Hills, Garhpanchkot and Mukutmanipur Dam have the highest protection values (VPr), each of which has the equal value
(2.51). These four are followed by Joychandi Pahar (2.36), Gangani Ravine (2.36), Baranti Hill & Dam (2.34), Mama Bhagne
Pahar (2.29) and Susunia Hill (2.12) etc. respectively. The four geosites with the highest protection values are protected on a na-
tional level, and they are located in rural environment far away from the urban center, so they do not suffer any damage. Khoyai
is the site with the lowest protection values (VPr), which is 1.60. Even though it is under national level of protection, the values of
current condition (SIMV9) and vulnerability (SIMV11) are much lower due to the presence of excessive erosion prone lateritic soil.

In terms of Additional Values, the highest value is seen in the Ajodhya Hills and forest reserve area (8.17), which is followed
by Joychandi Pahar (7.57), Mukutmanipur Dam (7.02),

Garhpanchkot (6.64), Gangani Ravine (6.22) etc. respectively. Although the functional values (VFn) of these sites are almost
the same, the greater disparity in tourist values (VTr) has led to diversity among them. In addition, Laljal Cave and Baranti Hill
& Dam are located in very remote areas, so the value of their all sub-indicators in the Additional Values (AV) is much lower.

In case of functional values (VFn), Garhpanchkot, Khoyai, Ajodhya Hills and forest reserve area, Gangani Ravine, Joychandi
Pahar and Mama Bhagne Pahar have highest values, which are 3.35, 3.03, 3.00, 2.94, 2.90 and 2.85 respectively. There are
ample facilities to reach these six sites, they are connected to the important road network of national highways and state high-
ways and the location away from the big urban centers has increased their functional values (VFn). Therefore, their values of ac-
cessibility (SIAV1), vicinity of important road network (SIAV5) and vicinity of emissive centers (SIAV4) are at the utmost or greatest
level on the five-point Likert scale. Moreover, the score of additional functional values (SIAV6) of these sites ranges from high to
the utmost. To reach the three sites of Laljal Cave, Baranti Hill & Dam and Murguma Dam and nearby Hills, visitors has to take
private car on rural roads, which are inaccessible to big buses; again during the rainy season no visitors can go due to the bad
condition of the road, so their functional values is lowest.

Lastly, from the point of view of tourist values (VTr), it can be seen that its values is the lowest in Laljal cave (0.58), which is
followed by Baranti Hill & Dam (1.83), Khoyai (1.93), Mama Bhagne Pahar (2.08), Susunia Hill (2.45) and Murguma Dam and
nearby Hills (2.51) etc. respectively. Although promotion (SIAV7), annual number of organised visits (SIAV8) and annual number
of visitors (SIAV11) are present in lower range at Laljal cave, but others sub-indicators of tourist values (VTr) are completely
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Table 3
Sub-indicators values given by experts for each analyzed geosite.

Main indicators/sub-indicators Values given by experts (0 to 1) Im Total value

GS1 GS2 GS3 GS4 GS5 GS6 GS7 GS8 GS9 GS10 GS11 GS1 GS2 GS3 GS4 GS5 GS6 GS7 GS8 GS9 GS10 GS11

Main values

(I) Scientific/Educational values (VSE)
1. Rarity (SIMV1) 1.00 0.50 1.00 0.75 1.00 0.50 1.00 1.00 1.00 0.75 1.00 0.95 0.95 0.48 0.95 0.71 0.95 0.48 0.95 0.95 0.95 0.71 0.95
2. Representativeness (SIMV2) 1.00 1.00 0.75 1.00 1.00 0.75 1.00 1.00 1.00 0.50 0.50 0.79 0.79 0.79 0.59 0.79 0.79 0.79 0.59 0.79 0.79 0.40 0.40
3. Knowledge on geo-scientific issues (SIMV3) 1.00 0.50 1.00 0.75 1.00 0.50 1.00 0.75 1.00 1.00 0.50 0.66 0.66 0.33 0.66 0.50 0.66 0.33 0.66 0.50 0.66 0.66 0.33
4. Level of interpretation (SIMV4) 1.00 1.00 1.00 0.50 0.75 0.50 1.00 0.50 1.00 1.00 1.00 0.85 0.85 0.85 0.85 0.43 0.64 0.43 0.85 0.43 0.85 0.85 0.85

(II) Scenic/aesthetic values (VSA)
5. Viewpoints (SIMV5) 1.00 0.50 0.50 0.50 1.00 0.50 0.75 0.50 0.50 0.25 0.50 0.83 0.83 0.42 0.42 0.42 0.83 0.42 0.62 0.42 0.42 0.21 0.42
6. Surface (SIMV6) 1.00 0.75 0.50 0.50 1.00 0.00 1.00 0.00 1.00 0.50 0.50 0.84 0.84 0.63 0.42 0.42 0.84 0.00 0.84 0.00 0.84 0.42 0.42
7. Surrounding landscape and nature (SIMV7) 1.00 1.00 0.75 1.00 1.00 0.50 1.00 0.50 1.00 0.25 0.50 0.91 0.91 0.91 0.68 0.91 0.91 0.46 0.91 0.46 0.91 0.23 0.46
8. Environmental fitting of sites (SIMV8) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.50 1.00 1.00 1.00 0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.44 0.87 0.87 0.87

(III) Protection (VPr)
9. Current condition (SIMV9) 1.00 1.00 1.00 1.00 1.00 0.75 1.00 1.00 1.00 0.50 0.75 0.89 0.89 0.89 0.89 0.89 0.89 0.67 0.89 0.89 0.89 0.45 0.67
10. Protection level (SIMV10) 0.75 0.75 0.75 0.75 0.75 0.75 0.75 0.50 0.75 0.75 0.75 0.67 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.34 0.50 0.50 0.50
11. Vulnerability (SIMV11) 0.75 0.75 0.50 0.75 0.75 0.75 0.75 0.50 0.50 0.25 0.75 0.58 0.44 0.44 0.29 0.44 0.44 0.44 0.44 0.29 0.29 0.15 0.44
12. Suitable number of visitors (SIMV12) 1.00 1.00 1.00 0.75 1.00 0.75 1.00 0.75 1.00 0.75 1.00 0.68 0.68 0.68 0.68 0.51 0.68 0.51 0.68 0.51 0.68 0.51 0.68

Additional values

(I) Functional values (VFn)
13. Accessibility (SIAV1) 1.00 0.75 1.00 0.75 1.00 1.00 1.00 0.75 1.00 1.00 1.00 0.87 0.87 0.65 0.87 0.65 0.87 0.87 0.87 0.65 0.87 0.87 0.87
14. Additional natural values (SIAV2) 1.00 0.50 0.50 0.50 1.00 0.50 0.75 0.50 0.75 0.25 0.50 0.67 0.67 0.34 0.34 0.34 0.67 0.34 0.50 0.34 0.50 0.17 0.34
15. Additional anthropogenic values (SIAV3) 1.00 1.00 0.75 0.50 1.00 1.00 0.75 0.25 0.50 1.00 0.50 0.48 0.48 0.48 0.36 0.24 0.48 0.48 0.36 0.12 0.24 0.48 0.24
16. Vicinity of emissive centers (SIAV4) 0.00 0.00 0.50 0.25 0.50 0.25 0.00 0.25 0.50 0.75 0.75 0.71 0.00 0.00 0.36 0.18 0.36 0.18 0.00 0.18 0.36 0.53 0.53
17. Vicinity of important road network (SIAV5) 0.75 0.75 0.75 0.50 0.75 0.50 0.75 0.50 0.75 0.75 0.75 0.74 0.56 0.56 0.56 0.37 0.56 0.37 0.56 0.37 0.56 0.56 0.56
18. Additional functional values (SIAV6) 1.00 0.50 1.00 0.50 1.00 1.00 1.00 0.25 1.00 1.00 0.75 0.42 0.42 0.21 0.42 0.21 0.42 0.42 0.42 0.11 0.42 0.42 0.32

(II) Tourist values (VTr)
19. Promotion (SIAV7) 0.75 0.75 1.00 0.50 0.75 0.50 0.75 0.50 1.00 0.75 0.75 0.56 0.42 0.42 0.56 0.28 0.42 0.28 0.42 0.28 0.56 0.42 0.42
20. Annual number of organised visits (SIAV8) 1.00 0.50 1.00 0.25 0.75 1.00 0.75 0.25 1.00 0.50 0.50 0.62 0.62 0.31 0.62 0.16 0.47 0.62 0.47 0.16 0.62 0.31 0.31
21. Vicinity of visitors centres (SIAV9) 1.00 0.50 0.25 0.00 0.25 0.25 0.00 0.00 0.25 0.00 0.00 0.81 0.81 0.41 0.20 0.00 0.20 0.20 0.00 0.00 0.20 0.00 0.00
22. Interpretive panels (SIAV10) 1.00 0.00 0.75 0.00 0.50 0.25 1.00 0.00 0.75 0.25 0.50 0.76 0.76 0.00 0.57 0.00 0.38 0.19 0.76 0.00 0.57 0.19 0.38
23. Annual number of visitors (SIAV11) 1.00 0.50 0.75 0.25 1.00 0.50 0.75 0.25 0.75 0.50 0.75 0.58 0.58 0.29 0.44 0.15 0.58 0.29 0.44 0.15 0.44 0.29 0.44
24. Tourism infrastructure (SIAV12) 0.75 0.00 1.00 0.50 0.75 0.75 1.00 0.00 0.50 0.25 0.25 0.70 0.53 0.00 0.70 0.35 0.53 0.53 0.70 0.00 0.35 0.18 0.18
25. Tour guide service (SIAV13) 0.00 0.00 0.50 0.00 0.00 0.25 1.00 0.00 0.00 0.00 0.00 0.63 0.00 0.00 0.32 0.00 0.00 0.16 0.63 0.00 0.00 0.00 0.00
26. Hostelry service (SIAV14) 1.00 0.50 1.00 0.25 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.73 0.73 0.37 0.73 0.18 0.00 0.00 0.18 0.00 0.00 0.00 0.00
27. Restaurant service (SIAV15) 1.00 1.00 0.75 1.00 1.00 0.25 1.00 0.00 0.75 0.75 0.50 0.72 0.72 0.72 0.54 0.72 0.72 0.18 0.72 0.00 0.54 0.54 0.36

GS1 - Ajodhya Hills and forest reserve area, GS2 - Murguma Dam and nearby Hills, GS3 - Joychandi Pahar, GS4 - Baranti Hill & Dam, GS5 – Garhpanchkot, GS6 - Susunia Hill, GS7 - Mukutmanipur Dam, GS8 - Laljal Cave, GS9 -
Gangani Ravine, GS10 – Khoyai, GS11 – Mama Bhagne Pahar.
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absent. On one hand, there are not any tourist guide, hostelry service, interpretive panels and such tourism infrastructure. On the
other hand, the sites with higher tourist values (VTr) are Ajodhya Hills and forest reserve area (5.17), Joychandi Pahar (4.67),
Mukutmanipur Dam (4.31), Garhpanchkot (3.29) and Gangani Ravine (3.28). These sites attract a large number of tourists and
organizations every year in the autumn, winter and spring seasons as they have high quality restaurants service including govern-
ment youth hostels and also have promotions from national to international level. Tourist guides of different languages are avail-
able in Joychandi Pahar and Mukutmanipur Dam, but they are inexperienced in foreign languages.

Based on the Main Values and Additional Values, all the sites of Rarh Bengal have been divided into three groups of sites with
the help of M-GAM matrix (Fig. 2). The first group has the highest Main Values and moderate Additional Values, it includes
Ajodhya Hills and forest reserve area, Mukutmanipur Dam, Gangani Ravine, and Garhpanchkot, all positioned in the Z32 field of
the matrix. The second group comprises sites with moderate Main Values and lowest Additional Values, which is located in the
Z21 field of the matrix in Fig.2. These sites are Murguma Dam and nearby Hills, Baranti Hill & Dam, Mama Bhagne Pahar, Khoyai
and Laljal Cave. The third group has the moderate Main Values and moderate Additional Values, it includes Joychandi Pahar and
Susunia Hill and is located in the Z22 field of the matrix in Fig.2.

Table 4
Overall position of the analyzed geosites by using M-GAM.

Geosites label Geosites name Main Values Additional Values Field

VSE + VSA + VPr ∑ VFn + VTr ∑

GS1 Ajodhya Hills and forest reserve area 3.25 + 3.45 + 2.51 9.21 3.00 + 5.17 8.17 Z32
GS2 Murguma Dam and nearby Hills 2.45 + 2.83 + 2.51 7.79 2.23 + 2.51 4.74 Z21
GS3 Joychandi Pahar 3.05 + 2.39 + 2.36 7.80 2.90 + 4.67 7.57 Z22
GS4 Baranti Hill & Dam 2.42 + 2.62 + 2.34 7.38 1.99 + 1.83 3.82 Z21
GS5 Garhpanchkot 3.04 + 3.45 + 2.51 9.00 3.35 + 3.29 6.64 Z32
GS6 Susunia Hill 1.82 + 1.74 + 2.12 5.67 2.65 + 2.45 5.1 Z22
GS7 Mukutmanipur Dam 3.25 + 3.24 + 2.51 9.00 2.71 + 4.31 7.02 Z32
GS8 Laljal Cave 2.66 + 1.31 + 2.03 6.00 1.76 + 0.58 2.34 Z21
GS9 Gangani Ravine 3.25 + 3.04 + 2.36 8.65 2.94 + 3.28 6.22 Z32
GS10 Khoyai 2.62 + 1.73 + 1.60 5.95 3.03 + 1.93 4.96 Z21
GS11 Mama Bhagne Pahar 2.53 + 2.16 + 2.29 6.98 2.85 + 2.08 4.93 Z21

Fig. 2. Position of the analyzed geosites in the M-GAM matrix.
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The key feature of M-GAM matrix is that sites with higher Main Values and higher Additional Values are suitable sites for the
successful development of geotourism. Again, the sites with lower Main Values and lower Additional Values are not suitable sites
for the development of geotourism. On the other hand, the sites that have lower Additional Values but the Main Values especially
the scientific/educational values (VSE) and scenic/aesthetic values (VSA) of which are higher, can also have the possibility to de-
velop geotourism by improving other necessary sub-indicators through further more investment (Bozic et al., 2014; Bozic &
Tomic, 2015; Jonic, 2018; Tomic et al., 2020; Vukovic & Antic, 2019).

Based on the M-GAM matrix, it can be said that the first group sites located in the Z32 fields have great potential for the de-
velopment of geotourism. It is seen that out of these, the Ajodhya Hills and forest reserve area has highest probability for the de-
velopment of geotourism, as it has vast area based on hilly and forested environment with more view points, improved
transportation and communication facilities, government hostelry service, restaurant service etc. Looking at the overall results,
it can be concluded that all the sites located in Z32 can attract a larger number of tourists through the improvement of promo-
tional activities, basic tourism infrastructure, visitor centers and tourist guide services etc. Located under Z22 field but at the
edge of Z32 field, the Joychandi Pahar has potentiality of geotourism like the first group sites. In the Z21 field, the Main Values
of Murguma Dam and nearby Hills and Baranti Hill & Dam are greater than 7.00, so it is possible for these sites to develop
geotourism by improving the values of sub-indicators of these sites.

4. Conclusion

In the view of above discussion, it can be concluded that Rarh Bengal in eastern India has many notable geosites with a lot of
potential for the development of geotourism. The sites in this region already have all the natural elements required for the devel-
opment of geotourism, but most of the sites lack tourist facilities. The M-GAM method evaluates the assessment of both Main
Values and Additional Values of each site according to their importance for tourists and the ultimate results has revealed that
there is plenty of room for geotourism improvement in these sites, especially in terms of the tourist values. It explicitly refers
to the investment for the improvement of tourism infrastructure based on the development of tourism as well as the enhance-
ment of management and planning. In addition, with all those enhancement as well as embodying the promotional activities,
these geosites could attract more visitors every year, which can benefit local community by creating new jobs and incomes to-
wards strengthening the local economy. However, the geotourim development at these sites needs to strictly adhere to the prin-
ciples of sustainable development as they belong to hilly and forested environments.
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Spectroscopic investigation of complex nuclear excitations in 66Ga

U. S. Ghosh,1 S. Rai,1,* B. Mukherjee ,1,† A. Biswas,1 A. K. Mondal,1 K. Mandal,1 A. Chakraborty,1 S. Chakraborty ,2,‡

G. Mukherjee ,3 A. Sharma ,4 I. Bala,5 S. Muralithar ,5 and R. P. Singh 5

1Department of Physics, Siksha-Bhavana, Visva-Bharati, Santiniketan, West Bengal 731235, India
2Department of Physics, Institute of Science, Banaras Hindu University, Varanasi 221005, India

3Variable Energy Cyclotron Centre, 1/AF Bidhannagar, Kolkata 700064, India
4Department of Physics, Himachal Pradesh University, Shimla 171005, India

5Inter University Accelerator Centre (IUAC), Aruna Asaf Ali Marg, New Delhi 110067, India

(Received 23 November 2019; revised 5 July 2020; accepted 29 July 2020; published 24 August 2020)

In-beam spectroscopic technique using the fusion evaporation reaction 52Cr(18O, 1p3n), at a beam energy of
72.5 MeV, was employed to explore the structural phenomena in 66Ga, mainly at intermediate and high spins.
The experimental setup involved an array of 14 Compton suppressed Ge clover detectors, placed around the
target position to detect emitted γ rays from excited states. A new level scheme has been proposed, which is
enriched with more than 20 new transitions and is extended up to an excitation energy ≈12 MeV. A few observed
intermediate spin states of 66Ga are discussed in the framework of coupling of single-particle configurations with
the vibrational core of 64Zn. Shell model calculations have also been performed with two different interactions,
viz., jj44bpn and jun45pn, for the interpretation of the observed level structure in 66Ga.

DOI: 10.1103/PhysRevC.102.024328

I. INTRODUCTION

Complex excitations, including single-particle and collec-
tive ones, have been observed in Zn [1–8], Ga [9–12], and
Ge [13,14] isotopes, manifesting various shapes, which are
explained by simple theoretical models like the shell model,
the interacting Boson model, and cranked Nilsson Strutinsky
calculations. Nuclear level structures in 65,67Ga are explained
in the framework of the interacting boson-fermion plus broken
pair model (IBFBPM), where low and medium spin nega-
tive parity yrast states are explained as originating from the
coupling of one quasiproton of the negative parity 1 f or
2p orbital with the multiphonon vibrational states of 64Zn
and 66Zn, respectively. High spin states in the former two
nuclei are mainly of three-quasiparticle nature, originating
from coupling of one proton with a broken neutron pair
excitations. A similar study on 63Ga and 65Ga by Weiszflog
et al. [9] revealed rotational-like structures built on 9/2+
and 19/2(−) states in both nuclei. Angular momenta of the
rotational states, built on the 9/2+ states, were reported to be
generated from the alignment of a neutron pair in the g9/2

orbital. As the g9/2 orbital is occupied by a single proton,
proton crossing is blocked by the Pauli exclusion principle.
All the observations in 63,65,67Ga suggest that a large vari-
ety of phenomena emerge out of the competition between
single-particle and collective excitations, consisting of both

*Presently at Department of Physics, Salesian College, Siliguri
Campus, Siliguri 734001, India.

†buddhadev.mukherjee@visva-bharati.ac.in
‡Presently at IUAC, New Delhi, India.

vibrational and rotational degrees of freedom. Interestingly, in
68Ga, high spin states, viz., 9+, 11+, 13+, were compared re-
spectively with 9/2+, 13/2+, 17/2+ energy states of 67Ga by
Singh et al. [12]. Configurations of these states in 67Ga were
stated to be built predominantly from one πg9/2 quasiproton
plus phonon configuration coming from the vibrational core
of 66Zn. Alternatively, it can be understood that 11+ and 13+
states of 68Ga originate from the couplings of 9+ (πg9/2 ⊗
νg9/2) state of 68Ga with multiphonon vibrational states
of 66Zn.

In order to understand how this coupling of phonons with
single particles qualifies to yield the measured energy val-
ues, we have compared some already existing data with the
coupling configurations. Intermediate spin states of 63,65,67Ga,
viz., 13/2+, 17/2+ and 21/2+ [9,11], are compared with
2+

1 ⊗ 9/2+, 4+
1 ⊗ 9/2+ and 6+

1 ⊗ 9/2+ coupled states,
respectively, in Fig. 1. As is evident from the figure, observed
states 13/2+, 17/2+, and 21/2+ of 63Ga are very close in
energy respectively to those states originating from couplings
of 2+

1 , 4+
1 , and 6+

1 core states of 62Zn [4] with the 9/2+ state
of 63Ga. Similarly, in the case of 65Ga and 67Ga, core states
are the multiphonon vibrational states of 64Zn [7] and 66Zn
[15], respectively. In the case of 65Ga, good agreement is
observed for 13/2+ and 17/2+ states but some discrepancy
appears at 21/2+, whereas in 67Ga only the 13/2+ state is in
close proximity to the core-coupled state. This could be due
to the significant contribution arising from residual interaction
between the core and the particle with increasing spin and
mass number.

So, situated in between 65Ga and 67Ga, 66Ga is expected
to have a similar kind of systematics and intermediate spin
states will have complex structures, with contributions from
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FIG. 1. (a) Energy values of the observed 13/2+, 17/2+ and 21/2+ states in 63Ga (data taken from Ref. [9]) are compared with the sum
energy values of 9/2+ state (of 63Ga) coupled to, respectively, 2+

1 , 4+
1 , and 6+

1 vibrational states of 62Zn [4] forming, respectively, coupled states
13/2+, 17/2+, and 21/2+ in 63Ga. Here, energy values are quoted in keV. (b) Same as panel (a) but for 65Ga, which has core states originating
from 64Zn [7] and 9/2+, 13/2+, 17/2+ and 21/2+ states from 65Ga [9,11]. (c) Same as panel (a) but for 67Ga, which has core states originating
from 66Zn [15] and 9/2+, 13/2+, 17/2+ and 21/2+ states of 67Ga [11]. Please see text for details.

both single-particle and collective excitations. This kind of
investigation on observed levels in 66,68Ga has been performed
and is described later in detail in the discussion section.

Earlier studies on 66Ga were done with modest de-
tector setups using electron-capture decay and reactions
like 64Zn(α, pnγ ), 63Cu(α, nγ ), 64Zn(α, d ), 66Zn(p, nγ ),
66Zn(3He, t ), and 56Fe(13C, p2nγ ), which were used to ex-
plore only low and medium spin states [16–23]. The most
recent study by Bhattacharjee et al., [10] was performed
using 15 Compton suppressed Ge clover detectors; the level
scheme was extended up to 21(+). Two bandlike structures
were observed, with the positive and negative parity bands
being described to have originated from ν(g9/2)3( f5/2)2 ⊗
π (g9/2)1( f5/2)2 and ν(g9/2)2( f5/2)1 ⊗ π (g9/2)1( f5/2)2 config-
urations, respectively. As in 63,65Ga and 65Zn, the role of the
g9/2 neutron pair appears to be very significant in 66Ga, as
its alignment along the rotational axis generates the angular
momenta of the high spin states in the bands. Here, we report
on an experimental investigation on medium and high spin
excitations of 66Ga as well as its shell model description
mainly at low and intermediate spin values.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

In the fusion-evaporation reaction, an 18O beam at 72.5
MeV was obtained from the 15-UD pelletron accelerator
[24] at the Inter University Accelerator Centre (IUAC), New
Delhi. An isotope of 52Cr of thickness 1 mg/cm2 (isotopic
abundance ≈99%), backed by 7 mg/cm2 gold, was used
as target. The emitted γ rays were detected in coincidence
with 14 Compton suppressed high-purity germanium (HPGe)
clover detectors of the Indian National Gamma Array (INGA)
[25]. Detectors were placed at three different angles, viz.,
123◦, 148◦, and 90◦ with respect to the beam direction. Time-
stamped data were collected in list mode with the help of the
computer-aided measurement and control (CAMAC) based
data acquisition software CANDLE [26]. Different symmetric
and angle dependent Eγ -Eγ matrices from coincidence data
were constructed using analysis packages, viz., RADWARE [27]
and INGASORT [28]. More details about the target, experi-
mental setup, and data analysis procedure can be found in
Refs. [5,29]. Multipolarity of a transition was determined
from the DCO ratio (RDCO) [30], which in the present INGA

geometry is defined as

RDCO = Iγ1 at 148◦ gated by γ2 at 90◦

Iγ1 at 90◦ gated by γ2 at 148◦ ,

where Iγ1 is the measured intensity of γ1 when the gating
transition is γ2. The expected RDCO values for the stretched
quadrupole and the dipole transitions are ≈1.0 (2.0) and
≈0.5 (1.0), for pure quadrupole (dipole) gates respectively.
In this work, RDCO values are measured by using stretched
E2 gates of 1189 (9+

1 → 7+
1 ), 1268 (9+

2 → 7+
2 ), 947 (13+

1 →
11+

1 ), 1058 (15+ → 13+
2 ), and 1002 keV (14−

1 → 12−
3 ) of

66Ga. Electric or magnetic nature of γ -ray transitions was
determined from the polarization measurement [31,32], which
was analyzed by constructing two asymmetric matrices, one
with perpendicular and the other with parallel scattered events
(i.e., the events with γ rays scattered perpendicular or parallel
to the emission plane) of 90◦ detectors in one axis and
corresponding γ rays detected at all angles on another axis.
The asymmetry parameter was calculated as

�asym = a(Eγ )N⊥ − N‖
a(Eγ )N⊥ + N‖

,

where a(Eγ ) represents the experimental asymmetry correc-
tion factor for clover detectors at 90◦ of the present INGA
setup and was determined from the ratio of the parallel (N‖)
and the perpendicular (N⊥) scattered events obtained from an
unpolarized source. It is defined as

a(Eγ ) = N‖(unpolarized)

N⊥(unpolarized)
.

The value of the asymmetry correction factor for the present
detector setup is found to be ≈1.03(2) in the energy range
≈0.1–1.5 MeV using the standard 152Eu radioactive source.
Electric (magnetic) type transitions will have positive (nega-
tive) polarization asymmetry (�asym) value, while a near zero
value of �asym indicates that there is a strong admixture.
Figures 2 and 3 represent, respectively, the plots of RDCO

and polarization asymmetry values for different transitions be-
longing to 66Ga, which were observed in the measurements.
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FIG. 2. RDCO values for different transitions of 66Ga (gated by
different E2 transitions as mentioned in the text and in Table I) along
with those of selected transitions having definite multipolarities, viz.,
of 63Cu (Eγ = 365 and 1650 keV respectively, for 7/2− → 5/2−

and 13/2+ → 9/2+ transitions) and 63Zn (Eγ = 640 and 1179 keV
respectively, for 9/2+ → 7/2− and 17/2+ → 13/2+ transitions),
populated in the fusion evaporation reaction. The latter four transi-
tions are used to fix the reference values in the current analysis and
to validate the same. For 63Cu and 63Zn the gating transitions are 342
(17/2+ → 13/2+) and 882 keV (13/2+ → 9/2+) stretched E2 type,
respectively.

III. RESULTS AND DISCUSSION

A new level scheme of 66Ga (Fig. 4) has been proposed
in the present work, which is based on the coincidence rela-
tionship, relative intensity balance, angular correlation, and
polarization measurements of the emitted γ rays. Almost
all the transitions reported previously are observed in this
measurement. New transitions are marked with asterisks in
the level scheme. A total of 21 new transitions and 20 new

FIG. 3. Polarization asymmetry values (�asym) for different tran-
sitions in 66Ga, measured in the present experiment. Here, the asym-
metry values of 1013 keV (7/2− → 5/2−) and 882 keV (13/2+ →
9/2+) transitions of 63Zn and 899 (7/2− → 5/2−) and 1327 keV
(7/2− → 3/2−) transitions of 63Cu are also plotted for the same
purpose as in the DCO plot (Fig. 2).

levels have been placed in the level scheme. Transitions which
are in coincidence are shown in the typical gated spectra
(Fig. 5). Here, the gated spectra are generated through a
“logical AND” of the two single gates, which is a feature
available in RADWARE.

The 44 (1+ → 0+) and 22 keV (2+ → 1+) γ -ray transi-
tions, which decay respectively from the 44 (Iπ = 1+) and
66 keV (Iπ = 2+) states, as were reported previously [16,17],
are not observed in the present work as the energies are below
the measured energy threshold of the γ -ray spectrometer, we
used. So, the ground 0+ state is not shown in the new level
scheme. Najam et al. [20] argue, in part, for a spin of 2 for
the state at 66 keV based on the absence of feeding from a
0+ parent in electron-capture decay, as noted by de Boer et al.
[33]. Morand et al. [17] subsequently considered the argument
strengthened somewhat based on lifetime measurements made
in other works that suggested that the 22 and 44 keV γ rays are
M1 in nature, and thus that the 2+ assignment is firm. There
is a conflict between those authors and Evaluated Nuclear
Structure Data File (ENSDF) evaluators regarding this firm
2+ spin-parity assignment. However, lifetimes likely do not
adequately distinguish between 1+ → 1+ and 2+ → 1+ M1
transitions. So, these are probably considered to be weak
arguments by ENSDF evaluators and they also continue to
show the state at 66 keV as (2)+. To keep things simple in this
work, we have followed the assignment of Refs. [20] and [17],
and multipolarities of the higher spin states are determined
based on this assignment.

In this work the DCO ratios of many transitions are de-
termined using 1189 keV (9+ → 7+) E2 gate. Multipolarity
of the 1189 keV γ ray is adopted from the literature [10].
Determination of multipolarity of all the transitions (as given
in Table I) was not possible using a single gate, so other
transitions, which are stretched quadrupole in the 1189 keV
E2 gate, are used for this purpose.

Here, the states with energies 863, 414, and 162 keV decay
in cascade respectively by strong 448, 253, and 96 keV γ

rays to the 2+ state at 66 keV. The measured value of the
DCO ratio (RDCO) of 96 keV, and also the measured RDCO

and polarization asymmetry (�asym) of 253 and 448 keV γ

rays suggest 3+, 4+, and 5+ spin-parity assignments for 162,
414, and 863 keV states respectively. Measured RDCO and
�asym of 834 and 935 keV transitions suggest a 5+ spin-parity
assignment for the 1350 keV state.

Figure 5(a) indicates that the height of the 834 keV peak
is about one third of that of 935 keV peak. These transitions
decay from the 1350 keV level and have been found to be
present in the spectrum gated on 1189 and 1540 keV tran-
sitions that feed the 1350 keV level. However, the measured
intensity of the 935 keV transition indicates that the size of
this transition is significantly larger in the table than is seen
in the figure. This anomaly in branching is suggestive of the
possible presence of a weak doublet 834 keV transition which
could neither be properly identified nor be placed in the level
scheme due to the lack of sufficient statistics.

The state at 516 keV is assigned with a spin-parity 4+,
depending upon the measured RDCO and �asym of the depopu-
lating 354 keV γ ray. The state at 1463 keV decays to that at
863 keV (5+) by a strong 601 keV γ -ray transition. Measured
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FIG. 4. Proposed level scheme of 66Ga. Widths of the arrows are proportional to the relative intensity of the respective transition observed
in the present experiment. New transitions are marked with asterisks. The energies in the figure are in keV.

RDCO and �asym of the 601 keV transition suggest quadrupole
nature of this γ ray, so a spin-parity 7+ is assigned to the 1463
keV state. This state at 1463 keV is fed by a strong 1189 keV
γ -ray transition depopulating the state at 2652 keV. Previous
observations predicted E2 nature for the 1189 keV transition,
so the state at 2652 keV is assigned with a 9+ spin-parity
value. The state at 3042 keV is depopulated by 390, 531,
1268, and 1579 keV γ rays to states at 2652 (9+), 2511, 1774,
and 1463 keV (7+), respectively. Measured RDCO and �asym

of the 1048 keV γ ray suggest 8+ spin-parity for the state at
2511 keV, so measured values of those for 531 and 1579 keV
transitions suggest a spin-parity value of 9+ for the state at
3042 keV. As a result, the 390 keV (9+ → 9+) transition could
be assumed to be dipole in nature, though it has RDCO ≈ 1.0.
This is possible, as the �I = 0 transition will have the same
angular correlation as that of a quadrupole one.

A negative polarization asymmetry value has been ob-
tained for the 390 keV γ ray that decays from the 3042
keV level. Combining the measured values of polarization
asymmetry and the corresponding DCO ratio, the �I = 0, 390
keV transition can be characterized as a magnetic dipole type
with the probable presence of a very small admixture of E2

component. Hence, the assignment of M1(+E2) multipolarity
has been made for the 390 keV transition. The measured RDCO

and �asym values of 1268 and 262 keV γ rays suggest 7+ and
6+ spin-parities for 1774 and 1512 keV states, respectively.

We would also like to mention here that the peak height
of 1268 keV transition as can be seen from Figs. 5(c)–5(e)
is not in accordance with that of the 1579 keV γ ray as
far as the measured intensities of the two transitions are
concerned (see Table I). Both the transitions decay from
3042 keV level and the measured intensities suggest that the
height of the 1268 keV peak should be more than that of
the 1579 keV peak in the gated spectra of Figs. 5(c)–5(e)
obtained with the gating transitions that feed the 3042 keV
level. It is worthwhile mentioning that the quoted intensities
of Table I for the 1268 and 1579 keV branches have been
obtained from the gated spectrum of the 253 keV γ -ray
lying below the 3042 keV level. The analysis of the gated
spectrum provides clear indication of a larger peak area of
the 1268 keV transition in comparison to that of the 1579
keV transition. The anomalies in the peak count for 1268
and 1579 keV transitions between the top gated and bottom
gated coincidence spectra may possibly reflect a missing
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FIG. 5. Background subtracted γ -γ coincidence spectra for 66Ga in the sum gates of (a) 1189 (9+ → 7+) and 1540 keV (10− → 9+),
(b) 1189 (9+ → 7+) and 390 keV (9+ → 9+), (c) 1067 (10+ → 9+) and 1338 keV (12(+) → 10+), (d) 1285 (13+ → 12+) and 1058 keV
(15+ → 13+), and (e) 1058 (15+ → 13+) and 1163 keV (17+ → 15+) γ rays. New transitions are marked by asterisks (∗). The inset of (e)
contains the portion of 1058 + 1163 keV gated spectrum (from 1600 to 1800 keV in energy in the x axis, and 0 to 800 in counts in the y
axis), which is expanded to show the presence of newly observed (weak) 1624 and 1706 keV γ rays. A few strong peaks are marked with “#”
symbols indicating contaminant γ rays or ones which could not be placed in the level scheme.

1268 keV doublet transition. This missing weak doublet tran-
sition is probably in coincidence with the 253 keV γ ray
and not in coincidence with either the cascade transitions of
1285, 1058, and 1163 keV or the cascade transitions of 1067
and 1338 keV. However, the doublet nature of the 1268 keV
transition could not be confirmed from the present analysis.

Spin-parities of both 1141 and 721 keV states are assigned
to be 4+ and 3+, depending upon the measured RDCO of
372 and 420 keV γ rays. Here, the measured RDCO and
�asym of 372 keV suggest E2 nature for this transition. No
information regarding the spin-parity of the 1141 keV state
was given by previous work. Also, the state at 721 keV was
assigned with a tentative spin 3 but definite positive parity
[i.e., (3)+] in Ref. [10], but, as mentioned, we assign definite
spin-parity to this state, from the derived multipolarity nature
of 372 (E2) and 420 keV (M1/E2) transitions. The 44 and
234 keV states are reported to be 1+ and 2+ by previous
observations [10,16,17,20,23]. Due to weak intensities of 190

and 487 keV γ rays, measurement of RDCO and �asym of
these two transitions, depopulating the 234 and 721 keV states
respectively, was not possible.

Measured RDCO and �asym of 1363 keV transition predicts
its dipole nature to be of electric type, therefore a 10− spin-
parity is assigned to the state at 4015 keV. Following the
measured RDCO and �asym of the 1540 keV γ ray and a
previous assignment [10], a 10− spin-parity value is confirmed
for the state at 4192 keV.

Here, a notable fact is that the 935 keV γ -ray transition
depopulating the 1350 keV (5+) state is visible in the spectrum
gated by 1189 and 1540 keV γ rays [panel (a), Fig. 5], while
601 keV γ - ray depopulating the 1463 keV (7+) state is not.
However, this 601 keV transition is also in coincidence with
the 1189 and 1540 keV γ rays and has a strong peak area with
sufficient statistics. This 7+ state is an isomeric state with a
half-life of 57 ns. If the coincidence time window used during
the experiment was small compared to the 57 ns half-life then
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TABLE I. Values of the level energy (Ei) in keV, γ -ray energy (Eγ ) in keV, initial spin-parity (Iπ
i ) → final (Iπ

f ), intensity (Iγ ), DCO ratio
(RDCO), polarization asymmetry (�asym) and multipolarity assignment of the γ -ray transitions, as obtained in 66Ga.

Level energya Gamma-ray energy Initial→final spin-parity Relative intensity DCO ratio Polarization asymmetry
Ei (keV) Eγ (keV) Iπ

i → Iπ
f Iγ RDCO �asym Assignment

161.5(4) 95.9(3) 3+ → (2)+ 100 0.62(7)b (M1 + E2)
234.02(23) 190.21(23) 2+ → 1+ 0.21(7)
414.4(4) 252.93(24) 4+ → 3+ 87.76(95) 0.42(4)b −0.09(1) M1 + E2

348.61(23)h 4+ → (2)+

515.5(4) 353.83(18) 4+ → 3+ 2.50(27) 0.43(7)b −0.09(1) M1 + E2
450.36(12) 4+ → (2)+ 3.04(29)

720.8(3) 486.74(20)h 3+ → 2+

655.37(18) 3+ → (2)+ 0.20(4)
862.6(4) 347.39(28) 5+ → 4+ 0.53(19) 0.70(25)b M1 + E2

448.22(19) 5+ → 4+ 29.82(53) 0.41(5)b −0.11(2) M1 + E2
701.1(3) 5+ → 3+ 0.68(12)

1140.8(4) 419.7(4) 4+ → 3+ 0.21(7) 0.60(28)c M1 + E2
726.40(19) 4+ → 4+ 2.75(22)

1349.5(4) 208.62(10) 5+ → 4+ 0.71(13)
486.94(15) 5+ → 5+ 3.88(24) 0.96(29)b −0.03(2) (M1 + E2)
834.13(13) 5+ → 4+ 3.29(38) 0.52(7)b ≈0 (M1 + E2)
934.89(16) 5+ → 4+ 40.96(68) 0.45(5)b −0.08(3) M1

1463.3(4) 113.70(24) 7+ → 5+ 12.33(34) 0.98(7)b Q
600.67(10) 7+ → 5+ 18.21(94) 0.85(8)b +0.05(1) E2

1512.2(4) 162.5(3) 6+ → 5+ 1.93(27) 0.54(13)c (D)
371.69(30) 6+ → 4+ 1.17(18) 0.86(32)c +0.10(3) E2
649.52(13) 6+ → 5+ 5.02(37) 0.77(27)c ≈0 M1 + E2

1773.9(4) 261.68(16) 7+ → 6+ 3.45(22) 0.65(7)c −0.34(16) M1 + E2
2511.3(4) 1047.90(11) 8+ → 7+ 4.41(32) 1.28(24)d −0.03(2) M1 + E2
2651.9(4) 1188.64(12) 9+ → 7+ 11.83(33) 1.06(10)d +0.08(3) E2
2790.7(5) 1327.36(22) 0.35(10)
3042.1(4) 390.24(12) 9+ → 9+ 6.06(26) 1.08(8)b −0.10(1) M1(+E2)

530.72(17) 9+ → 8+ 2.25(21) 0.53(7)d −0.03(1) M1
1268.20(16) 9+ → 7+ 4.88(25) 0.92(14)d +0.22(7) E2
1578.87(15) 9+ → 7+ 3.26(21) 1.12(13)d +0.03(2) E2

3181.7(5) 670.40(17) 0.90(14)
3249.1(7) 1899.6(5)h

3362.8(5) 710.92(24) (9+) → 9+ 0.72(16) 1.11(26)b −0.06(5) (M1 + E2)
3503.0(6) 851.1(4) (9+) → 9+ 0.31(11) 1.12(44)b (M1 + E2)
4015.2(4) 1363.41(10) 10− → 9+ 0.40(8) 0.54(8)b +0.03(2) E1

1503.79(18) 10− → 8+ 0.23(8) 1.07(60)f (Q)
4073.8(4) 1562.48(13) 0.60(8)
4109.0(4) 1066.81(14) 10+ → 9+ 1.16(14) 0.37(7)b +0.09(7) M1 + E2
4160.7(4) 1118.70(16) 11+ → 9+ 10.66(29) 1.05(10)b +0.11(2) E2
4192.0(4) 1540.08(14) 10− → 9+ 0.53(8) 0.69(9)e +0.10(2) E1g

4495.3(5) 1132.5(3) (11+) → (9+) 0.66(7) 1.07(36)b (Q)
4577.5(5) 1925.58(17) 10− → 9+ 0.49(8) 0.56(13)b E1g

4916.2(5) 755.58(12) 12+ → 11+ 0.95(10)
5000.0(5) 808.08(24) 12(−) → 10− 0.87(18) 0.83(14)b Q
5107.5(5) 946.75(12) 13+ → 11+ 5.90(22) 0.92(8)b +0.11(2) E2
5446.9(5) 1337.75(18) (12+) → 10+ 0.88(12) 0.85(27)b (Q)
5686.5(5) 1525.80(22)h 12− → 11+

5703.0(5) 595.45(13) (12+) → 13+ 3.56(50) 0.60(11)d −0.41(9) M1 + E2
5785.3(4) 1593.28(15) 12− → 10− 0.32(9) 0.93(30)b E2g

1770.04(12) 12− → 10− 0.87(25) 1.29(68)f E2
5844.0(5) 1770.22(25)h

6201.8(4) 498.77(19) 13+ → (12+) 2.17(29) 0.59(7)d −0.06(4) M1 + E2
754.81(18) 13+ → 12(+) 0.57(7)
1094.4(4)h 13+ → 13+

1201.85(17) 13+ → 12(−) 0.59(10) 0.57(15)b (D + Q)
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TABLE I. (Continued).

Level energya Gamma-ray energy Initial→final spin-parity Relative intensity DCO ratio Polarization asymmetry
Ei (keV) Eγ (keV) Iπ

i → Iπ
f Iγ RDCO �asym Assignment

1285.69(17) 13+ → 12+ 1.10(3) 0.57(16)b −0.11(5) M1 + E2
1624.34(23) 13+ → 10− 0.55(10)

1706.5(3) 13+ → (11+) 0.20(7)
6449.9(5) 746.87(22)h

6487.7(5) 1380.23(23)h

6787.7(5) 1002.41(16) 14− → 12− 1.89(22) 1.16(19)b +0.10(8) E2
6884.9(5) 1777.39(23)h

7132(3) 1445.8(26) 0.35(10)
7181.5(11) 2074h,i 14(−) → 13+

7186.5(11) 2079h,i

7259.7(5) 1057.87(12) 15+ → 13+ 5.05(30) 1.00(10)b +0.04(1) E2
8038.4(5) 1250.67(19) 16− → 14− 0.57(14) 0.82(17)f Q
8422.6(6) 1162.9(4) 17+ → 15+ 4.05(20) 0.88(9)b +0.07(2) E2
9578.4(11) 1540h,i

9861.6(7) 1438.95(20) 19(+) → 17+ 0.72(11) 1.03(10)e Q
11264.9(12) 1686.44(11) 0.34(9)
11659.3(7) 1797.7(3) 21(+) → 19(+) 0.67(11) 0.90(26)e Q

aLevel energies are obtained from least-squares fit to the γ energies using the GTOL code [22].
bGate on E2, 1189 keV.
cGate on E2, 1268 keV.
dGate on E2, 947 keV.
eGate on E2, 1058 keV.
fGate on E2, 1002 keV.
gCorroborated also with Ref. [10].
hIntensity measurement was not possible due to low statistics.
iγ -energy error of 1 keV was assumed to get least-squares fit level energy.

some of that coincidence intensity would be lost, but it was
≈250 ns. So, coincidence time window is probably not the
reason behind this. The reason for the disappearance of the
601 keV transition in the sum gate of 1189 and 1540 keV γ

rays is not confirmed in this work.
A positive parity band was observed by the authors of

Ref. [10], and was reported to be built on the 11+ state,
consisting of 947, 1058, 1163, 1439, and 1799 keV γ rays
depopulating, respectively, states at 5108 (13+), 6167 (15+),
7330(17+), 8769 (19(+)), and 10568 keV (21(+)). Now, it is
evident in the gated spectra (Fig. 5) that 1058, 1163, and
1439 keV γ rays are in coincidence with 1338 and 1067 keV
transitions. So, a new linking transition of 755 keV (6202
→ 5447 keV) has been placed connecting former transitions
with 1338 and 1067 keV transitions depopulating the states at
5447 and 4109 keV, respectively. As a result, the previously
reported positive parity yrast band has been modified and
the energy values of the states depopulated by 1058, 1163,
1439, and 1798 keV γ rays have been changed to 7260
(15+), 8423 (17+), 9862 (19(+)), and 11 659 keV (21(+))
respectively. The state at 5108 keV decays to the 9+ (3042
keV) state via two strong 947 and 1119 keV γ rays in cascade.
The measured values of RDCO and �asym of the former two
transitions suggest 13+ and 11+ spin-parity values for states
at 5108 and 4161 keV, respectively.

The state at 6202 keV, which is newly observed in this
work, decays mainly by fragmented γ rays of 755, 499, 1094,
1285, 1202, 1624, and 1706 keV energy to the states at 5447,

5703, 5108, 4916, 5000, 4578, and 4495 keV, respectively.
The fragmented decay pattern of the former state suggests that
the wave function corresponding to this state is of complex
nature. This state decays to that at 5108 keV (13+) via the cas-
cade of two newly observed 499 and 595 keV γ rays as well
as by the direct 1094 keV transition. Measured values of the
DCO ratio of newly observed 1202 and 808 keV transitions
suggest a spin value of 13 for the state at 6202 keV, while the
measured values of DCO ratio and polarization asymmetry
of 499 and 595 keV transitions confirm positive parity for
this state. The state at 5703 keV is assigned with a tentative
spin-parity 12+, based on the assigned spin-parities of the
states at 6202 and 5108 keV, and further it is confirmed by
the measured DCO ratio and polarization asymmetry values
of 499 and 595 keV transitions.

Measured values of DCO ratio and polarization asymmetry
of 595 keV γ ray do suggest a 14+ spin-parity value for the
state at 5703 keV. But in that case measured values of DCO
ratio and polarization asymmetry of 499 keV transition would
suggest 15+ spin-parity for the 6202 keV state. As a result,
many of the γ -ray transitions depopulating this 6202 keV state
would have ambiguous multipolarities; for example, the 755
keV γ ray would be M3 in nature and the 1624 keV one would
be E5 in nature. So, a tentative 12+ spin-parity is assigned to
the 5703 keV state.

The state at 6202 keV also decays to that at 4161 keV
via the cascade of 1285 and 756 keV γ rays, and the mea-
sured values of DCO ratio and polarization asymmetry of the
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1285 keV γ ray predict a spin-parity of 12+ for the state at
4916 keV. Interestingly, the state at 6202 keV decays to that
at 4578 keV via a 1624 keV E3 type γ ray. The E3 type
transition is observed for the first time in this nucleus in the
present work, but, due to very low intensity of this γ ray,
measurements of RDCO and �asym were not possible.

Here, an important fact is that the 499 and 595 keV
transitions should have similar peak areas when gated from
above, but the 595 keV γ ray appears with a nearly double
peak area compared to the 499 keV γ -ray as is evident from
gated spectrum (e) of Fig. 5. This could be due to the presence
of a 595 keV doublet or could reflect missing transitions,
which is not confirmed by the present observation.

The spin-parities of the states at 8423 and 7260 keV are
estimated to be 17+ and 15+, respectively, from the observed
stretched electric quadrupole nature of both the depopulating
1163 and 1058 keV γ rays. The measured RDCO value of
the 1439 keV γ ray suggests stretched quadrupole nature
of this transition but, as polarization measurement was not
possible due to low intensity of this transition, a tentative
positive parity is assigned to the state at 9862 keV. The state at
11 659 keV is assigned 21(+) spin-parity value, based on the
measured RDCO value of the 1798 keV transition.

Placement of the state at 5447 keV was tentative in pre-
vious work [10], but its presence is confirmed in the present
experiment, as we could detect the depopulating 1338 keV γ

ray in strong coincidence with the 1067 keV transition and
other strong and weak transitions in cascade, as shown in the
gated spectra (Fig. 5).

The 5446 keV level decays through a single branch of the
1338 keV transition. The level is found to be populated very
weakly in the present experiment. Hence, the extracted DCO
value of the 1338 keV transition is associated with a large
uncertainty and a tentative (12+) assignment has been made
for the 5446 keV level.

The state at 3363 keV is assigned with a tentative spin-
parity of (9+) based on the measured values of RDCO and
�asym of the 711 keV transition decaying from the 3363 keV
level. Previously, it was assigned as 10+ [10]. The measured
values of RDCO and �asym for the 711 keV transition suggest
that the state at 3363 keV could perhaps be assigned with
a spin-parity value of 11−, but in that case the 711 keV γ

ray would be of M2 multipolarity which is supposed to be
less probable. Here, the measured uncertainty in RDCO also
suggests that the 711 keV transition may have considerable
mixing, so a tentative (M1 + E2) multipolarity is assigned to
this γ ray and the state at 3363 keV is assigned tentatively
with (9+) spin-parity. Following the same assumption, the
state at 3503 keV is also assigned tentatively with 9+ spin-
parity, though it is depopulated by the 851 keV γ ray which
has RDCO ≈ 1.0. The state at 3363 keV is connected to that
at 6202 keV via two newly observed γ rays in cascade, i.e.,
1133 and 1706 keV. The new state at 4495 keV is assigned
with a tentative spin-parity 11+, on the basis of the measured
value of DCO ratio of the 1133 keV γ ray transition. The
negative parity state at 8038 keV decays to that at 4192 keV by
1251, 1002, and 1593 keV γ rays in cascade. Measured RDCO

and �asym predict stretched quadrupole nature of electric type
for the 1002 keV γ ray and the measured RDCO for 1251

and 1593 keV transitions suggest quadrupole nature. The
negative-parity band has been extended up to an excitation
energy ≈11 MeV by placing two new transitions, viz., of 1540
and 1686 keV, in cascade above the state at 8038 keV.

The 9+ state of 66Ga at 2652 keV has a single-particle
origin from contributions of both the 1g9/2 proton and 1g9/2

neutron. So, the coupling of the 9+ state with the 2+, 3+,
4+, 6+, and 8+ states of 64Zn, which has one proton and
one neutron less than 66Ga, can produce, respectively, 11+,
12+, 13+, 15+, and 17+ states of 66Ga. In order to search for
the possibility of such coupling, we have compared (Fig. 6)
the observed energy states with 11+, 12+, 13+, 15+, and
17+ spin-parity values of 66Ga with those originating from
coupling of 9+ state (at 2652 keV) of 66Ga with 2+, 3+,
4+, 6+, and 8+ states of 64Zn [7,22]. In Fig. 6, a similar
comparison is made in 68Ga, for standardization purpose. In
68Ga, the energies of 9+, 11+, 13+, 15+, and 17+ states are
taken from Ref. [12] and the National Nuclear Data Center
(NNDC) [34]. In the case of 68Ga, coupled states are coming
from the coupling of the 9+ state of 68Ga at 2894 keV with
2+

1 , 2+
2 , 4+

1 , 6+
1 , and 8+

1 states of 66Zn [15]. As is evident from
Fig. 6, the observed states are in close proximity in energy
with the coupled states in the case of 68Ga, compared to 66Ga.
Variation in energy with spin for the observed states follows
the same pattern as that of the coupled states, in the case of
68Ga, but does not follow the pattern in the case of 66Ga. The
energy states at 12+ and 17+ are lower in energy with respect
to 9+ ⊗ 3+

1 and 9+ ⊗ 8+
1 coupled states, respectively,

whereas the energy values of yrast 11+, 13+, and 15+ states
are higher than those of 9+ ⊗ 2+

1 , 9+ ⊗ 4+
1 , and 9+ ⊗ 6+

1
coupled states, respectively. All the observed states are lower
in energy values compared to the coupled states, in the case
of 68Ga. The reason behind this behavior could be due to the
complex interaction nature between the core and particles in
the case of 66Ga compared to 68Ga. As far as the residual
interactions between the core and particles are concerned, we
may infer from this observation that 66Zn is behaving more as
a pure core than 64Zn. This nature of the vibrating core, in the
case of 68Ga, gives rise to a platform for more simple kinds of
excitations at intermediate and high spins, compared to 66Ga.
Therefore, a complex nature of excitations in 66Ga draws
special attention to explore the fundamental single-particle
configurations related to its structure.

IV. SHELL MODEL CALCULATIONS

In order to understand the observed nuclear structure
in 66Ga, shell model calculations have been performed
in the present work using two different interactions, viz.,
jun45pn [35] and jj44bpn [36]. The shell model code
NUSHELLX@MSU [37] was used for this purpose. With the
56Ni core, the valence space for the calculation consists of
2p3/2, 1 f5/2, 2p1/2, and 1g9/2 proton and neutron orbitals. The
effective Hamiltonian jun45pn [35] has been obtained from
a realistic interaction based on the Bonn-C potential, with a
total of 133 two-body matrix elements and four single-particle
energies modified empirically so as to fit 400 experimental
energy values of 69 nuclei with mass numbers A = 63–96.
In the derivation of this effective Hamiltonian, experimental
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FIG. 6. A comparison of observed states with coupled states in 66,68Ga. Panel a: Observed energy states of 11+
1 and 11+

2 in 66Ga obtained
from the present experiment. Panel b: Calculated sum energy of the 9+

1 state of 66Ga (2652 keV, observed in the present experiment) plus 2+
1 ,

2+
2 of 64Zn [7,22], producing coupled states 11+

1 and 11+
2 of 66Ga. Similarly, panels (c and d), (e and f), (g and h), and (i and j) for different

mentioned states in 66Ga. Here, the observed states compared are 11+, 12+, 13+, 15+, and 17+ of 66Ga. Panel k: Observed energy states of
11+

1 and 11+
2 in 68Ga [12]. Panel l: Calculated sum energy of 9+ state of 68Ga [12] plus 2+

1 , 2+
2 of 66Zn [15], producing coupled states 11+

1 and
11+

2 of 68Ga. Similarly, panels (m and n), (o and p), and (q and r) for different mentioned states in 68Ga. Here, the observed states compared
are 11+, 13+, 15+, and 17+ of 68Ga. Each arrow represents the energy difference between the observed and coupled states (true for all pairs >

100 keV apart, for visualization purpose). See text for details.

data are not taken from N = Z nuclei, specifically the Ni and
Cu isotopes, because the model space may not be sufficient to
describe the collectivity expected in these nuclei. The single-
particle energies for this Hamiltonian are −9.8280, −8.7087,
−7.8388, and −6.261 MeV, respectively for the 2p3/2, 1 f5/2,
2p1/2, and 1g9/2 orbitals. The effective Hamiltonian jj44bpn,
due to Brown and Lesitskiy [36], is a realistic interaction
based on the Bonn-C potential, which has been obtained by
fitting binding energies and excitation energies in the Ni, Cu,
and Zn isotopes and nuclei close to N = 50. The single-
particle energies are taken to be −9.6566, −9.2859, −8.2695,
and −5.8944 MeV for the 2p3/2, 1 f5/2, 2p1/2, and 1g9/2

orbitals, respectively. Previous calculations for 63Zn [5], 63Cu
[29], and 60,62,64,66Zn [38] with similar interaction and model
space have produced very good agreements.

Observed levels in the present experiment, which are as-
signed with definite or tentative spin-parities, are compared
with shell model calculations in Fig. 7. Those observed levels
which are not assigned with spin-parities are not compared
with calculated levels. The dominant particle configurations,
constituting the wave functions of the levels, are represented
in Tables II and III.

We have calculated occupation probabilities of protons
and neutrons for two different interactions, and the results
of these calculations are presented in Figs. 8–13. The wave
function of a shell model state is the superposition of dif-
ferent orbitals included in the valence space, and occupation
probability corresponding to an orbital indicates the fraction
of the total number of valence nucleons (either protons or
neutrons) occupying that particular orbital. So, an occupation
probability gives the strength of individual contributions of
different orbitals (2p3/2, 1 f5/2, 2p1/2, and 1g9/2 orbitals in the
present calculation) of both the protons and neutrons in the
total wave function.

Shell model calculations with jj44bpn interaction predict
the first 1+ state at just 27 keV higher in energy value with

respect to the observed value, but it is 142 keV higher in
energy value as obtained by using the jun45pn interaction.
So, the jj44bpn interaction produces the energy of the 1+ state
better than the jun45pn interaction. The energy of the first
excited 3+ state is better predicted by the jun45pn interaction
than by the jj44bpn interaction but both fail to produce
the energy value of the second excited 3+ state, giving a
result ≈350 keV lower in energy than the experimental
value. The configuration of the first excited 3+ state is
predicted to be [(π (p3/2)3] jp=3/2 ⊗ [ν( f5/2)3(p3/2)4] jν=5/2

(probability ≈13%) by jun45pn (Table III). Energies
of the first and the second excited 5+ states are well
predicted by the jun45pn interaction, while they are
overpredicted by the jj44bpn interaction. The predicted
configurations by the jun45pn interaction for these states are
[π ( f5/2)1(p3/2)2] jp=5/2 ⊗ [ν( f5/2)3(p3/2)4] jν=5/2 (probability
≈15%) and [π (p3/2)3] jp=3/2 ⊗ [ν( f5/2)3(p3/2)4] jν=9/2

(probability ≈11%), respectively. Neither interaction could
produce the energy values of the first and the second excited
7+ states, and shell model calculated values are far above the
observed values. It is evident from the occupation number
plots (Figs. 8 and 9) that significant contributions are coming
from the g9/2 proton and neutron orbitals in the case of the first
7+ state, as calculated by the jj44bpn interaction. From the
configuration tables of wave functions (Tables II and III), it is
clear that the configurations with the highest probability for
the first excited 7+ states are [π (p3/2)1(p1/2)1(g9/2)1] jp=5/2 ⊗
[ν( f5/2)2(p3/2)4(g9/2)1] jν=9/2 (probability ≈2%) and
[π ( f5/2)1(p3/2)2] jp=5/2 ⊗ [ν( f5/2)3(p3/2)4] jν=9/2 (probability
≈11%) as predicted by jj44bpn and jun45pn interactions,
respectively. Both interactions predict a full alignment of
angular momenta contributed by both types of nucleons, i.e.,
proton and neutron, in forming the 7+

1 state. No particular
configuration appears to be dominant in forming the wave
function for the first 7+ state; rather, there is large competition
between different configurations.
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FIG. 7. Comparison of the observed levels of 66Ga with shell model calculations using jj44bpn [36] and jun45pn [35] interactions. Newly
observed levels in this experiment are identified with asterisks (∗). The energies in the figure are in keV.

The first 2+ excited state is predicted by both interactions
to be at 0 keV, whereas the experimental energy value
is 66 keV. The second excited 2+ state is overpredicted
by the jj44bpn interaction and is underpredicted by the
jun45pn interaction. Energy values of the three 4+ states,
as calculated using the jj44bpn interaction, are in moderate

agreement with the observed values, whereas the jun45pn
interaction predicts the proper value of 415 keV for the first
excited 4+ state, and the second and the third excited 4+
states are also well predicted by the jun45pn interaction
in comparison with jj44bpn. Configurations corresponding
to these 4+ states, as given by calculations using jun45pn

FIG. 8. Calculated occupation probabilities of the f5/2, p3/2, p1/2, and g9/2 orbitals for the positive parity states for protons in 66Ga. The
occupation probabilities are calculated from the shell model using the jj44bpn interaction. Please see text for details.
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TABLE II. Configurations with the highest probabilities of different states in 66Ga, calculated by the shell model using f5/2 pg9/2 model
space with jj44bpn interaction.

Spin-parity( jπ ) Configuration Probability

Positive parity
1+ π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)1(g9/2)0 9.03

2+ π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 3.59

3+
1 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)1(g9/2)0 3.44

3+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)4(p3/2)3(p1/2)0(g9/2)0 4.23

4+
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 4.32

4+
2 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 5.44

4+
3 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 1.56

5+
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 9.33

5+
2 π ( f5/2)0(p3/2)2(p1/2)1(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 4.92

6+ π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)4(p3/2)3(p1/2)0(g9/2)0 5.17

7+
1 π ( f5/2)0(p3/2)1(p1/2)1(g9/2)1 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 1.93

7+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 6.87

8+ π ( f5/2)2(p3/2)1(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)3(p1/2)0(g9/2)2 2.45

9+
1 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 4.13

9+
2 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)3(p1/2)1(g9/2)1 4.24

9+
3 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)3(p1/2)0(g9/2)2 5.63

9+
4 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)2(p1/2)1(g9/2)2 2.78

10+ π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 4.10

11+
1 π ( f5/2)2(p3/2)0(p1/2)0(g9/2)1 ⊗ ν( f5/2)4(p3/2)2(p1/2)0(g9/2)1 3.15

11+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 3.73

12+
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 8.48

12+
2 π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 4.88

12+
3 π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 2.11

13+
1 π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 5.07

13+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)1(p3/2)4(p1/2)0(g9/2)2 6.29

15+ π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 10.58

17+ π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)3(p1/2)1(g9/2)1 16.62

Negative parity

10−
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 2.76

10−
2 π ( f5/2)1(p3/2)1(p1/2)1(g9/2)0 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 3.61

10−
3 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 8.99

12−
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 5.51

12−
2 π ( f5/2)1(p3/2)1(p1/2)1(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 6.43

14−
1 π ( f5/2)2(p3/2)0(p1/2)0(g9/2)1 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 11.78

14−
2 π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)2(p1/2)1(g9/2)2 12.58

16− π ( f5/2)1(p3/2)0(p1/2)1(g9/2)1 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 9.19

interaction, are [π (p3/2)3] jp=3/2 ⊗ [ν( f5/2)3(p3/2)4] jν=5/2

(probability ≈20%), [π ( f5/2)1(p3/2)2] jp=5/2 ⊗
[ν( f5/2)3(p3/2)4] jν=5/2 (probability ≈13%) and
[π (p3/2)3] jp=3/2 ⊗ [ν( f5/2)2(p3/2)4(p1/2)1] jν=7/2 (probability
≈6%). It is evident that first excited 4+ state originates
from the maximum alignment of proton and neutron angular
momenta, whereas the other two 4+ states arise from the
partial alignment. The 6+ excited state is overpredicted in
energy value by both interactions. Here, both occupation
number plots (Figs. 8–11) and configurations of wave

functions (Tables II and III), show that the 6+ state arises
mainly due to the occupation of protons and neutrons in f5/2

and p3/2 orbitals.
With ten valence particles and with large model space,

many possible configurations arise for a given total angular
momentum, as there are many different ways to distribute
valence particles among the f5/2, p3/2, p1/2, and g9/2 orbitals
which add up to the same spin value. So, a large number of
configurations to compete with each other for the construction
of the wave function for a particular state, and it is evident
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TABLE III. Configurations with the highest probabilities of different states in 66Ga, calculated by the shell model using f5/2 pg9/2 model
space with jun45pn interaction.

Spin-parity( jπ ) Configuration Probability

Positive parity
1+ π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 12.27

2+ π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 15.02

3+
1 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 12.59

3+
2 π ( f5/2)0(p3/2)2(p1/2)1(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 12.91

4+
1 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 20.43

4+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 12.53

4+
3 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)1(g9/2)0 6.32

5+
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 15.20

5+
2 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 10.86

6+ π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)1(g9/2)0 9.90

7+
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 11.22

7+
2 π ( f5/2)0(p3/2)3(p1/2)0(g9/2)0 ⊗ ν( f5/2)4(p3/2)3(p1/2)0(g9/2)0 20.98

8+ π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)1(g9/2)0 10.52

9+
1 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)4(p3/2)2(p1/2)0(g9/2)1 8.06

9+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)4(p1/2)0(g9/2)0 18.88

9+
3 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)3(p1/2)1(g9/2)1 5.38

9+
4 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 2.35

and

π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)3(p1/2)0(g9/2)2 2.35

10+ π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)3(p1/2)0(g9/2)2 6.65

11+
1 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)4(p3/2)2(p1/2)0(g9/2)1 5.05

11+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 5.74

12+
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 12.30

12+
2 π ( f5/2)2(p3/2)1(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 4.12

12+
3 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 6.90

13+
1 π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)4(p3/2)2(p1/2)0(g9/2)1 5.36

13+
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 9.39

15+ π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)4(p3/2)2(p1/2)0(g9/2)1 6.19

17+ π ( f5/2)1(p3/2)1(p1/2)0(g9/2)1 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 15.28

Negative parity

10−
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 9.55

10−
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 7.72

10−
3 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)3(p1/2)1(g9/2)1 9.51

12−
1 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)3(p1/2)1(g9/2)1 14.64

12−
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)2(p3/2)4(p1/2)0(g9/2)1 8.40

14−
1 π ( f5/2)0(p3/2)2(p1/2)0(g9/2)1 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 9.04

14−
2 π ( f5/2)1(p3/2)2(p1/2)0(g9/2)0 ⊗ ν( f5/2)3(p3/2)3(p1/2)0(g9/2)1 12.95

16− π ( f5/2)1(p3/2)0(p1/2)1(g9/2)1 ⊗ ν( f5/2)3(p3/2)2(p1/2)0(g9/2)2 8.12

that, for almost all the lower excited states up to 9+
3 and 6+,

as calculated respectively by jun45pn and jj44bpn interactions
in 66Ga, the dominant contributions come from the f p shell.
It is evident from the wave function tables (Tables II and III)
that, up to the 6+ spin state, the probability of a particular
dominant configuration is significantly larger when calculated
using the jun45pn interaction compared to that using jj44bpn.

The energy values of 3+
1 , 4+

1 , 4+
2 , 4+

3 , 5+
1 , and 5+

2 states,
as calculated using the jun45pn interaction, are in better
agreement with the experimental values, whereas only that of
the 2+

2 state calculated using the jj44bpn interaction is in good
agreement with the observation. So, as far as the lower excited
states are concerned, the jun45pn interaction is more efficient
than the jj44bpn interaction in producing the level structure.
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FIG. 9. Calculated occupation probabilities of the f5/2, p3/2, p1/2, and g9/2 orbitals for the positive parity states for neutrons in 66Ga. The
occupation probabilities are calculated from the shell model using the jj44bpn interaction. Please see text for details.

The first excited 9+ state is well reproduced by the
jj44bpn interaction but the other three 9+ states are
overpredicted by the same interaction. Here, all the
9+ excited states are overpredicted by the jun45pn
interaction. Among the different 11+, 12+, 13+, and
15+ states, the energies of the second 11+, second 12+,
and first 13+ states, respectively, with configurations
[π ( f5/2)1(p3/2)2] jp=5/2 ⊗ [ν( f5/2)3(p3/2)2(g9/2)2] jν=17/2

(probability ≈4%), [π ( f5/2)1(p3/2)1(g9/2)1] jp=15/2 ⊗
[ν( f5/2)2(p3/2)4(g9/2)1] jν=9/2 (probability
≈5%), and [π ( f5/2)1(p3/2)1(g9/2)1] jp=17/2 ⊗
[ν( f5/2)2(p3/2)4(g9/2)1] jν=9/2 (probability ≈5%) are, as
predicted by the jj44bpn interaction, in good agreement with
the experimental values, whereas only the energy state of
15+ with the configuration [π ( f5/2)1(p3/2)1(g9/2)1] jp=17/2 ⊗
[ν( f5/2)4(p3/2)2(g9/2)1] jν=13/2 (probability ≈6%) is well
reproduced by jun45pn interaction. As far as intermediate and
high spin positive parity states are concerned, energy values
calculated by both the interactions are in moderate agreement
with the observed values but, compared to jun45pn, the
jj44bpn interaction is more able to reproduce the intermediate
and high spin structure within the given f5/2 pg9/2 model
space. In all the intermediate and high spin states in 66Ga,
contributions to the wave functions are mainly dominated

by the f5/2, p3/2, and g9/2 proton and neutron orbitals, as is
obvious from the occupation probability plots and from the
tables of configurations.

Higher spin states like 19+ and above, for which the energy
values as calculated by both interactions are greater than 1
MeV compared to the observed values, are not shown in
configuration tables or occupation plots. So, it could be argued
that a new mode of excitations is appearing at such high spin,
which is different from single-particle nature. Large mixing of
various orbitals at higher spins, predicted by the shell model
calculations, also confirms the nature of a typical onset of
collective behavior. A significant contribution, coming from
g9/2 proton and g9/2 neutron orbitals, is very prominent, as
reflected in the occupation number plots.

Three 10− negative parity states are underpredicted in
energy by both interactions, and the configurations for
these states are mainly contributed from the protons in
f5/2 and p3/2 orbitals and the neutrons in f5/2, p3/2,
and g9/2 orbitals. The second and the third 12− excited
states, as calculated by the jj44bpn interaction, are in good
agreement, whereas the first 12− excited state is overpre-
dicted by the same interaction. Here, all the 12− states
are underpredicted by the jun45pn interaction. The sec-
ond excited 14− state is well predicted by the jun45pn

FIG. 10. Calculated occupation probabilities of the f5/2, p3/2, p1/2, and g9/2 orbitals for the positive parity states for protons in 66Ga. The
occupation probabilities are calculated from the shell model using the jun45pn interaction. Please see text for details.
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FIG. 11. Calculated occupation probabilities of the f5/2, p3/2, p1/2, and g9/2 orbitals for the positive parity states for neutrons in 66Ga. The
occupation probabilities are calculated from the shell model using the jun45pn interaction. Please see text for details.

interaction, whereas the first 14− state is underpredicted by
271 keV in energy. The main configuration of the first ex-
cited 14− state, as predicted by the jun45pn interaction, is
[π (p3/2)2(g9/2)1] jp=9/2 ⊗ [ν( f5/2)3(p3/2)2(g9/2)2] jν=19/2 and
that of second excited 14− state is [π ( f5/2)1(p3/2)2] jp=9/2 ⊗
[ν( f5/2)3(p3/2)3(g9/2)1] jν=19/2. So, for the first excited 14−
state, contributions of g9/2 orbitals for both protons and neu-
trons are significantly large with respect to the second 14−
state, and this is also obvious from the occupation number
(calculated using the jun45pn interaction) plot (Fig. 13). The
energy of the 16− state is in moderate agreement with the
jj44bpn calculation but is well underpredicted by jun45pn.
The configuration of this state is mainly originating from
protons and neutrons in the f5/2, p3/2, and g9/2 orbitals. The
occupation number plots (Figs. 8–13) also suggest that, for
both kinds of interaction, the contributions coming from both
protons and neutrons in the g9/2 orbitals are significantly large
for high spin positive and negative parity states. Hence, a
variety of structural effects are expected due to the occupancy
of the shape driving g9/2 orbitals. The low spin positive parity
states up to 4+ are mainly due to the occupation of protons
in the p3/2 orbital, and those above are due to protons in the
f5/2 and p3/2 orbitals up to spin value ≈8h̄, as obtained from
the calculations using the jun45pn interaction. Significant
contributions in wave functions for low spin positive parity
states up to 8+ originate from neutrons occupying the f5/2

and p3/2 orbitals. For high spin positive (13+ to 17+) and
negative (14− and 16−) parity states, angular momenta are
mainly generated by the (π f5/2 p3/2g9/2)3 ⊗ (ν f5/2 p3/2g9/2)7

configuration, as predicted by both interactions. It is also

evident from the calculations with both interactions that the
participation of the p1/2 orbital for the generation of both low
and high angular momentum states is insignificant.

V. CONCLUSION

A new level scheme of 66Ga has been proposed in this
present work, which is enriched with 21 new transitions and
20 new levels. Some of the previously observed states, without
any definite spin-parities, are assigned with definite or tenta-
tive values in this work, from the measured values of DCO
ratio and polarization asymmetry of depopulating transitions.
Multipolarities of many new transitions are determined from
the measurements. The level scheme has been extended up to
≈11.6 MeV in energy. Some intermediate spin states of 66Ga
are explained in the framework of coupling of single-particle
configurations with the vibrational core. Shell model calcula-
tions have also been performed in f5/2 pg9/2 model space using
two different interactions, viz., jj44bpn and jun45pn. Compar-
ative study shows that the jun45pn interaction is more efficient
in explaining the lower excitations than jj44bpn. Both inter-
actions are in moderate agreement in explaining intermediate
spin states. With an improved set of the two-body matrix ele-
ments and incorporating the full f pg9/2 model space, i.e., in-
cluding the 1 f7/2 orbital for calculations, a more accurate de-
scription may be obtained. High spin states above 15+ are ob-
served to be different from the single-particle nature, and it is
probably the collective degrees of freedom that come into play
at such high spin. More experimental investigation is required
to confirm the nature of the collectivity at such high spin.

FIG. 12. Calculated occupation probabilities of the f5/2, p3/2, p1/2, and g9/2 orbitals for the negative parity states for protons and neutrons
in 66Ga. The occupation probabilities are calculated from the shell model using the jj44bpn interaction. Please see text for details.
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FIG. 13. Calculated occupation probabilities of the f5/2, p3/2, p1/2, and g9/2 orbitals for the negative parity states for protons and neutrons
in 66Ga. The occupation probabilities are calculated from the shell model using the jun45pn interaction. Please see text for details.
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Excited states in 66Zn were investigated through the in-beam γ -ray spectroscopic techniques using the
52Cr(18O, 2p2n) fusion-evaporation reaction at a beam energy of 72.5 MeV. The γ -rays emitted by the de-
exciting nuclei were recorded in coincidence mode using the 14 Compton suppressed Ge clover detectors of
the Indian National Gamma Array. With 14 new transitions being identified, the level scheme of 66Zn has been
extended up to the excitation energy ≈12.3 MeV and spin ≈17 h̄. A rotational band, associated with the two
quasineutrons from the 1g9/2 orbital, has been found to exhibit a band crossing with the ground-state band at
a spin of 6h̄. The evolution of the collectivity and shape transition in this nucleus have been discussed in the
framework of the total Routhian surface calculations and in comparison with the neighboring 68,70Ge nuclei.

DOI: 10.1103/PhysRevC.102.064313

I. INTRODUCTION

Nuclei in the mass region A ≈ 60–70 having its Fermi
surfaces lying in between that of the N = Z = 28 doubly
magic 56Ni and the semi-magic N = 40 subshell gap are
known to exhibit a complex interplay of the single-particle
and the collective modes of excitation. While the single par-
ticle excitation involves the valence nucleons outside the 56Ni
core, the collective excitation has been attributed to the gaps
observed in the Nilsson energy diagram at N = Z = 34, 36
for the oblate deformation and N = Z = 38 for the prolate
deformation. In this mass region, the high- j unique parity
1g9/2 orbital is found to play a major role in the configuration
of high spin states and it has been attributed in producing
several exciting high spin phenomena [1–8]. Collective struc-
tures arising out of the different quasiparticle configurations
based on the π1g9/2 and/or ν1g9/2 orbitals have been found
to give rise to the different kinds of shape evolution with the
increasing spin. In this mass region, the octupole correlations
are also expected due to the presence of orbitals satisfying
�L = �J = 3 criterion, arising out of the 2p3/2 (L = 1) and
the 1g9/2(L = 4) orbitals around the Fermi surface.

Lying in the transitional region encompassing the dou-
bly magic spherical 56Ni and the strongly deformed Sr, Kr
isotopes, 66Zn is an interesting candidate for studying the
phenomena of shape transitions from the spectroscopic point
of view. In the neighboring nuclei, the alignment of the neu-
trons and protons in the 1g9/2 orbitals have been observed

*Present address: Forensic Science Laboratory, 37/1/2 Belgachia
Road, Kolkata-700037, India.

†buddhadev.mukherjee@visva-bharati.ac.in
‡Present address: Inter University Accelerator Centre, New Delhi.

leading to the band crossing between the collective structures
of different configurations [9–14]. Several superdeformed and
terminating bands have been reported in the lighter Zn and
other slightly heavier even-even 68,70Ge isotopes [3,4,9–12].
These observations have motivated us for studying the nuclear
structure in 66Zn, the latest studies of which date back to the
1970s. Furthermore, most of the previously reported level-
structure investigations were performed using the β-decays
[15,16], transfer reactions [17] or light-ion induced reactions
[18–22] with modest experimental setups. Moreover, Morand
et al. [23] have measured the lifetimes of a few yrast states
in 66Zn via the Doppler shift attenuation method (DSAM),
while Cleemann et al. [21] have measured lifetimes of some
of the negative parity levels using the recoil Doppler method
(RDM).

In this article, we report for the first time on the high spin
states in 66Zn populated using a heavy-ion induced reaction.
The emitted γ -rays were detected with a high resolution and
efficient array of high-purity germanium (HPGe) clover de-
tectors. The level scheme of 66Zn has been revisited using
the γ -γ coincidence technique and extended significantly
in the present work. A collective band based on two 1g9/2

quasineutrons has been found to exhibit a band crossing with
the ground-state band at a spin of 6h̄. The evolution of the
collectivity and shape transition in this nucleus have been dis-
cussed in the framework of the total Routhian surface (TRS)
calculation and compared with the neighboring 68,70Ge nuclei,
which have similar kind of collective features.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The fusion evaporation reaction 52Cr(18O, 2p2n) at a beam
energy of Elab = 72.5 MeV was used to populate the high
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spin states in 66Zn. The 18O beam was delivered by the
tandem accelerator of Inter University Accelerator Center
(IUAC), New Delhi [24]. The isotopic 52Cr target of thick-
ness ≈1.0 mg cm−2 was prepared by evaporation on a 197Au
backing of thickness ≈8 mg cm−2. The γ -rays emitted by
the de-exciting nuclei were recorded in coincidence mode
(two- or higher-fold of γ transitions) by the 14 Compton
suppressed HPGe Clover detectors of the Indian National
Gamma Array (INGA) [25] at IUAC. A total of about 2 × 109

events, in which at least two clover detectors have fired in
coincidence, were collected in a list-mode format using the
CANDLE [26] data acquisition software. Further analysis of
the coincidence data were performed using the INGAsort [27]
and the RADWARE [28] suites of program. The multipolarity
of the observed transitions were determined from an angular
correlation analysis using the method of directional correla-
tion from oriented states (DCO) [29]. To determine the electric
or the magnetic nature of the γ -ray transitions from the co-
incidence data, the polarization asymmetry of the Compton
scattered photons was measured [30,31]. More details of the
experimental set up and the procedure of data analysis can be
found in Refs. [32–34].

III. RESULTS AND LEVEL SCHEME

Based on the known ground-state spin-parity, γ -γ coin-
cidence arguments, intensities of γ -rays, angular correlation
and the polarization analysis, we have proposed a new level
scheme of 66Zn, which is shown in the Fig. 1. The new
transitions found in this work are marked with the asterisks
(*) and the tentative spin-parity assignments are given in the
parentheses. Table I summarizes the experimental information
on the level structure of 66Zn, obtained in this work. The
level scheme has been extended up to an excitation energy
of ≈12.3 MeV and spin ≈ (17+)h̄. Fourteen new γ -ray tran-
sitions have been identified and placed in the level scheme
of 66Zn, apart from confirming the tentatively assigned spin-
parity of the established levels reported in the previous studies
[19–21].

The previously established [19–21] 4+, 6+, and 8+ levels
of the ground-state band at the 2450, 4179, and 5205 keV,
respectively, have been confirmed in this work following the
coincidence relationship, intensity arguments, RDCO and the
polarization asymmetry values of the 1411, 1729, and 1026
keV γ -ray transitions. Above the 8+ level, two levels have
been reported to decay by a cascade of 1086 and 1226 keV γ -
ray transitions, spin-parity of which were assigned tentatively
in the previous investigation [20]. The angular correlation
and polarization measurements of these transitions confirm
the tentatively assigned spin-parity of the 10+ to the 6291
keV level and 12+ to the 7517 keV level. Above the 12+
state, several new levels have been identified and placed in
the level scheme on the basis of γ -γ coincidence analysis. A
new state has been identified at 9304 keV which decays by a
1787 keV γ -ray transition to the 12+ level. The multipolarity
of this transition has been found to be quadrupole in nature,
evident from the DCO ratio with the gates on the quadrupole
transitions of 66Zn. This state is also found to decay to the 10+
level via an intermediate (12+) level at 7918 keV by a cascade

FIG. 1. Proposed level scheme for 66Zn as deduced from the
present investigation. All the transitions have been placed based
on the γ -γ coincidence relationships and the width of the arrows
corresponds to the relative γ -ray intensity. The level energies and
the γ -ray energies are given in the units of keV. The newly identi-
fied transitions are marked with the asterisks(*) and the tentatively
assigned spin-parities are given in parentheses. See text and Table I
for more details.

of the 1386 and 1627 keV γ -ray transitions. Above the 9304
keV level, a new state has been identified at 9823 keV, which
decays to the 9304 keV level by a 519 keV transition. Though
the polarization asymmetry value could not be determined for
this transition, considering its RDCO and the intensity value,
the 9823 keV state is assigned with a spin-parity of (15+).
The level at 9304 keV is fed by a cascade of the 1576 and
1398 keV γ -ray transitions. A tentative value of spin-parity
(16+) has been assigned for the 10 880 keV level, whereas no
assignment could be made for the 12 278 keV level. The latter
level decays to the 9823 keV state via a cascade of the 1091
and 1364 keV γ -ray transitions. Three background subtracted
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TABLE I. Values of the level energies (Ei) in keV, γ -ray energies (Eγ ) in keV, initial (Iπ
i ) → final (Iπ

f ) spin-parity, relative intensities (Iγ ),
DCO ratio (RDCO), and polarization asymmetry (�asym) of the γ -ray transitions as obtained in this work for 66Zn.

Level energy Gamma-ray energy Initial → Final spin-parity Relative Intensitya DCO ratio Polarization asymmetry
Ei(keV) Eγ (keV) Iπ

i → Iπ
f Iγ RDCO �asym Assignment

1039 1038.91(13) 2+ → 0+ 100(3) 1.01(9)c 0.14(4) E2
1872 833.19(19) 2+ → 2+ 25.72(92) 0.88(8)b −0.16(6) M1(+E2)
2450 1411.14(15) 4+ → 2+ 62 < Iγ < 69 1.03(13)f 0.12(4) E2
2764 891.91(19) 4(+) → 2+ 3.77(26) 1.32(27)b (E2)
2826 1787.32(13)d 3(−) → 2+ <3
3077 627.20(18) (4+) → 4+ 8.00(38) 0.86(26)b (M1)

1205.21(14) (4+) → 2+ 2.13(21) 1.01(20)b (E2)
3746 668.80(21) 5− → (4+) 10.96(47) 0.77(13)b (E1)

920.34(17) 5− → 3(−) 2.81(23) 1.28(30)b (E2)
981.72(15) 5− → 4(+) 2.80(23) 0.46(20)b (E1)
1296.34(11) 5− → 4+ 40.15(140) 0.57(4)b 0.12(7) E1

4074 328.40(17) 6− → 5− 24.80(89) 0.70(5)b 0.11(9) M1 + E2
4179 1728.67(18) 6+ → 4+ 13.57(55) 1.09(13)b 0.13(8) E2
4250 176.34(14) 7− → 6− 11.97(50) 0.76(6)b M1 + E2

504.45(15) 7− → 5− 23.38(85) 1.05(9)b 0.08(5) E2
4812 738.45(15) (7−) → 6− 2.33(21) 0.83(27)b (M1 + E2)
5110 860.13(18)e 8(−) → 7− 1.30(18)

1035.90(17) 8(−) → 6− 4.20(27) 1.09(22)b (E2)
5205 1026.46(18) 8+ → 6+ 11.25(48) 1.06(14)b 0.04(2) E2

954.42(21) 8+ → 7− 15.23(60) 0.47(5)b E1
5463 1213.22(14) 9− → 7− 17.63(67) 1.13(13)b 0.08(1) E2
6075 1262.89(15) (9−) → (7−) 2.83(14) 1.20(27)b (E2)
6291 1085.65(10) 10+ → 8+ 19.75(74) 1.00(10)b 0.06(4) E2

827.80(13) 10+ → 9− 3.70(26) 0.45(10)c E1
6418 1308.15(23) → 8(−) 1.03(18)
6874 1411.11(13) 11− → 9− <4 1.10(18)c 0.05(1) E2
7517 1225.56(16) 12+ → 10+ 13.39(55) 1.06(16)b E2

642.77(16) 12+ → 11− 2.64(22)
7613 1537.97(19) → (9−) 0.65(11)
7918 1627.30(24) (12+) → 10+ 2.08(10) 0.78(20)f (E2)
8675 1800.63(31)e (13−) → 11− <1
8889 1371.75(22)e → 12+ <1
9304 1787.13(19) 14+ → 12+ <10 1.15(28)c (E2)

1385.58(18) 14+ → (12+) 0.77(17)
9823 518.74(19) (15+) → 14+ 5.90(32) 0.64(16)b M1 + E2
10880 1575.62(30) (16+) → 14+ 1.60(19) 0.83(14)c (E2)
11187 1364.41(21) (17+) → (15+) 0.72(17) 1.05(66)f (E2)
12278 1090.65(18)e → (17+) <1

1398.41(24)e → (16+) <1

aThe quoted error includes the fitting error plus an additional error of 3% taken due to the uncertainties in efficiency, background subtraction,
etc.
bGate on E2, 1039 keV.
cGate on E2, 1411 keV.
dMeasurement of RDCO and Intensity were not possible due to the presence of overlapping γ -energies.
eMeasurement of RDCO or Intensity were not possible due to the weak statistics.
fGate on E2, 1086 keV.

γ -γ coincidence spectra gated by the 1039, 1411 and 519 keV
transitions of 66Zn are shown, respectively, in Figs. 2(a)–2(c),
wherein most of the new transitions reported in the present
work can be seen.

Apart from the ground-state band structure, the positive
parity structures have also been established [19–21], which
are weakly populated in the present work. The 1872 keV level

decaying to the yrast 2+ level by the 833 keV γ -ray transition,
has been observed in conformity with the earlier spin-parity
assignment 2+. This state is fed by a 1205 keV transition
and a relatively intense 892 keV transition, both having the
quadrupole nature as evident from their DCO ratios. The (4+)
level at 3077 keV is fed by a 669 keV transition of E1 nature
from the strongly populated 5− state at 3746 keV. It decays
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FIG. 2. Background subtracted γ -γ coincidence spectra for 66Zn gated on (a) 1039 keV (2+ → 0+), (b) 1411 keV (4+ → 2+), which also
contains the contribution from the 1411 keV(11− → 9−) transition. The inset shows the newly identified 1801 keV transition along with the
1729 keV and the 1787 keV transitions, and (c) 519 keV ((15+) → 14+) transition. The inset shows the newly identified 1091 keV transition
along with the 1089 keV transition. Here, y-axis represents counts per 1.0 keV. New transitions are marked by the asterisks (*). Strong peaks
which are marked with the “#” indicate contaminant γ -rays and those marked by the “&” represent transitions which may belong to 66Zn but
could not be placed in the level scheme due to the insufficient coincidence statistics. Here, the contaminant γ -rays are appearing from the
61,62Cu and 67Ga nuclei which are also populated in the same fusion evaporation reaction.

via the 627 keV γ -ray transition to the yrast 4+ level at the
2450 keV and to the 1872 keV level via the 1205 keV γ -ray
transition.

The lowest negative parity state at 2826 keV which was
previously established as the 3− from angular correlation of
the de-exciting 1787 keV transition [19], is weakly populated
in the present reaction. Due to the presence of an overlapping
1787 keV transition, a firm spin-parity assignment to this state
could not be done. This state is fed by a weak 920 keV
transition from the 3746 keV level. The 3746 keV level is
strongly populated which decays dominantly to the 4+

1 state.
The RDCO and the polarization asymmetry values of the 1296
keV transition feeding the 2450 keV level confirm the 5−
spin-parity assignment to 3746 keV state. Above this level,
three strongly populated negative parity states, viz, the 6− at
4074 keV, 7− at 4250 keV and the 9− at 5463 keV, which
have been previously established, are confirmed as evident
from the electromagnetic nature of the 328, 504, and the 1213
keV transitions, respectively. This sequence is extended by
two new levels, one at 6874 keV with the spin-parity 11−
and the other at 8675 keV for which no spin-parity could
be assigned due to its weak intensity. The three members of
the negative parity sequence i.e, the 7−, 9−, and 11− states
are found to be connected to the yrast positive parity states,
namely 8+, 10+, and 12+, respectively, by the 955, 828, and
643 keV transitions. A negative parity sequence built on the
6−, 4074 keV state has been extended with the addition of
two new levels at 6075 and 7613 keV. Another cascade of
the 1036 and 1308 keV transitions feeding the 6− level is

observed in accordance with the previous work [20], however
spin-parity assignment could not be done for the 6418 keV
state due to the weak intensity of the transition decaying from
the state. A background subtracted γ -γ coincidence spectrum
gated by the newly identified 519 keV transition of 66Zn is
shown in Fig. 2(c), wherein most of the transitions reported in
the present work can be observed.

IV. DISCUSSION

66Zn has two protons and eight neutrons outside the doubly
magic core, 56Ni. In the valence configurations, the active
orbitals are those of the N = 3, 2p3/2, 1 f5/2, and 2p1/2 sub-
shells and the N = 4, 1g9/2 intruder subshell. 66Zn, being
transitional nucleus, displays a complex spectrum and the
description of its level structure from the viewpoint of a
single model is difficult. Various theoretical approaches such
as the spherical shell-model [35], crude shell model [17],
deformed configuration mixing shell-model [36], Hartree-
Fock-Bogoliubov calculation [37] and the two-proton cluster
vibrator model [21,38] calculations have been used earlier to
understand the positive parity and the negative parity level
structures in 66Zn.

Using the deformed configuration mixing shell model in
the p3/2 f5/2 p1/2g9/2 model space, Ahalpara et al. have in-
terpreted fairly well the positive parity high spin states in
66Zn in terms of various configurations [36]. The observation
of the sudden dip in the B(E2) value of the 8+ → 6+
transition has been attributed to the band crossing between
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FIG. 3. Comparison of the yrast band and the negative parity
level structure of 66Zn (present work) and 68Ge [9]. Numbers along
the right side of the levels denote the level energies in keV and that
in the left denote the spin(in h̄)-parity.

the ground-state band and the deformed excited state band
arising from the two particle-hole (2p-2h) excitation to the
1g9/2 orbital [36]. The ground-state band comprising of the
Jπ = 0+, 2+, 4+, 6+ states, has been assigned with the
configuration πν(p3/2 f5/2 p1/2)10 and the excited state band
comprising of the 8+, 10+, 12+, 14+ states to the 2p-2h
(p3/2 f5/2 p1/2)8(g9/2)2 configuration. Assuming a configura-
tion of [π (p3/2)2ν( f5/2 p1/2)6]6+ ⊗ [ν(g9/2)2]8+ , a maximum
spin of 14h̄ can be obtained and the corresponding (terminat-
ing) state has been observed in our work. Beyond this state,
a change in the structure or shape transition can be expected
which could be predicted by the theoretical calculations. In-
terestingly, in their calculations, Ahalpara et al. predicted the
yrast 14+ level (unobserved experimentally at that time) to
lie at ≈9.4 MeV, which is very close to the experimentally
observed 9.3 MeV level in the present work. In the present
investigation, this band is also extended by the placement of
the three new connecting γ -ray transitions of 1787, 519 and
1364 keV.

In terms of the level energy, intensity, and decay pat-
tern, a great similarity of the level structure of 66Zn with
the neighboring 68Ge isotope is observed. A comparison of
the yrast and few negative parity level structure of 66Zn
with the isotonic 68Ge is shown in Fig. 3. This kind of

FIG. 4. Variation of the experimentally deduced kinematic mo-
ment of inertia as a function of the rotational frequency (h̄ω) for the
yrast positive parity band in 66Zn (present work). The corresponding
values of the neighboring 68,70Ge [9–11,14] isotopes are also shown
for comparison.

comparison is useful in building the level structure system-
atics of nuclei in this mass region and in assigning the wave
function configurations to the analogous quantum states. In
68,70Ge, above the 6+ state of the ground-state band, two
8+ states appear leading to the forking of the ground-state
band into two quadrupole excited bands [9–11,39]. Theoret-
ical studies [40–42] have suggested this forking phenomena
as the band-crossing of the ground-state band with the two
excited deformed bands having the two-neutron (ν1g2

9/2) and
the two-proton (π1g2

9/2) quasiparticle configurations, respec-
tively. Interestingly in 70Ge, the simultaneous band crossing
of the two-neutron aligned configuration and the γ band have
been reported leading to the forking of the ground-state band
[10].

FIG. 5. Experimental alignments of the yrast positive parity band
as a function of the rotational frequency for 66Zn (present work) and
68,70Ge [9–11]. The reference rotor, which was subtracted, is based
on the Harris parameters, J0 = 6.0h̄2/MeV and J1 = 3.5h̄4/MeV3.
Please see text for details.
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FIG. 6. Calculated quasiparticle Routhians for protons in 66Zn
as a function of the rotational frequency h̄ω obtained from TRS
calculation [44] for β2 = 0.34 and γ = −4.7◦. Green and blue
lines denote the positive parity, positive signature and positive parity,
negative signature, respectively, whereas the red and magenta lines
denote the negative parity, positive signature and the negative parity,
negative signature respectively. Please see text for more details.

Figures 4 and 5 show the variation of the experimentally
deduced kinematic moment of inertia and alignment, respec-
tively, as a function of the rotational energy for 66Zn for
the observed yrast positive parity band consisting of 0+, 2+,
4+, 6+, 8+, 10+, 12+, and 14+ states. Here, the kinematic
moment of inertia and the alignment are defined, respectively,
as J (1) = ix/ω and i = ix − iref. It is to be noted here, that ix
is the x component (rotational component) of the total angular
momentum and iref corresponds to the value of a reference
rotor. The expressions for ix and iref are, respectively,

ix =
√

I (I + 1) − K2

and
iref = (J0 + ω2J1)ω,

where K refers to the projection of the total angular momen-
tum on the symmetry axis. J0 and J1 represent the Harris
parameters. Here, the values of Harris parameters as accepted
in this mass region are taken from the Refs. [10,11].

In both figures, the corresponding quantities for the nearby
68,70Ge [9–11] isotopes are also shown for comparison. It is
evident that the variation of the kinematic moment of inertia
and the alignment as a function of the rotational frequency
(h̄ω) in 66Zn follow the same trend as that in 68,70Ge, which
in turn indicates a similar intrinsic structure of the observed
bands in these three nuclei. The observed backbending in
68,70Ge have been understood to be due to the alignment

FIG. 7. Same as the Fig. 6 but for the neutrons. Please see text
for details.

of a pair of neutrons in the 1g9/2 orbital [9,10]. As evident
from the plots in the Figs. 4 and 5, the first alignment of a
pair of neutrons in the 1g9/2 orbital in 68,70Ge occurs at the
frequencies of ≈ 0.60 MeV and ≈ 0.5 MeV, respectively.

The alignment plot for 66Zn indicates that there is a total
gain in the alignment of ≈8h̄ at a frequency of ≈0.6 MeV. To
understand the observed alignment, quasiparticle Routhians
for both the protons and neutrons have been calculated and
are plotted, respectively, in the Figs. 6 and 7. The quasi-

FIG. 8. Excitation energy vs. spin plot for the yrast bands of
66Zn. Reduced transition probabilities B(E2) of the corresponding γ -
transitions, which are taken from the literature [43], are also plotted.
The dashed lines represent the extrapolation of the bands through the
second-order polynomial fitting.
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FIG. 9. Contour plots of the TRS calculations in 66Zn for the zero
quasiparticle (vacuum) at the rotational frequency(h̄ω) 0.100 MeV.
The energy separation between the two consecutive surface contours
is 250 keV.

particle Routhians are calculated using TRS codes based on
the Hartree-Fock-Bogoliuobov formalism [44], which is dis-
cussed later in this manuscript. These plots show that the first
crossing of a neutron pair is possible at h̄ω ≈ 0.55 MeV,
while that for a pair of protons is feasible at h̄ω > 0.70 MeV.
So, the band built on the 8+ (5205 keV) state extending to the
14+ can be understood to be due to the alignment of a pair of
neutrons in the 1g9/2 orbital.

Band crossing has also been reported in the lighter 65Zn
isotope, where the two-proton alignment has been found to
be responsible for the observed band crossing at a rotational
frequency ∼0.6 MeV [12] with the neutron alignment being
blocked. The TRS calculations of 65Zn have predicted that
it undergoes a shape transition from a near oblate at lower
spin to triaxial at intermediate spin [12]. In 66Zn, the band

FIG. 10. Same as the Fig. 9 but for the 2-ν quasiparticle band
(positive parity, positive signature) at h̄ω = 0.5 MeV in 66Zn.

FIG. 11. Contour plots of the TRS calculations for the con-
figuration π ( f5/2)2 ⊗ ν( f5/2)3(p3/2)4(g9/2)1 of the negative parity
quadrupole band like structure consisting of the 7− (4250 keV),
9− (5463 keV), and 11− (6874 keV) states in 66Zn at a rotational
frequency(h̄ω) 0.40 MeV. Here, the energy separation between the
two consecutive surface contours is 250 keV.

crossing of the ground-state band and the two-quasiparticle
band occurs at 6+, which is evident from the sudden drop
in the B(E2) value (<2.9 W.u.) for the 8+ → 6+, 1026 keV
transition [43]. The band crossing is also apparent from the
excitation energy vs spin plot for the yrast band illustrated
in Fig. 8. The reduced transition probability [B(E2)] values
for the transitions (J → J-2) de-exciting along the yrast line,
which are taken from the literature [23,43] are also given in
the plot. The bands are extrapolated by using a second order
polynomial fitting and are given by dashed lines in the plot.
The configuration of the two-quasiparticle band is certainly of
a two-neutron character, i.e., (νg9/2)2, as the proton alignment
is known to occur at the higher frequencies and one can expect
it to undergo a similar shape transition as 65Zn [12] along
the positive parity yrast band. However, the two-quasiproton
aligned band could not be observed in this nucleus. This may
be because of its light nature (Z = 30, N = 36), compared to
the 68,70Ge, leading to the unavailability of the π1g9/2 orbital
near the proton Fermi surface. The two-neutron quasiparticle
structure is well connected to the negative parity states (7−,
9−, 11−), respectively, by the 955, 828, and the 643 keV
transitions as seen from the level scheme. This may suggest
the fact that these negative parity states also have the similar
configurations as the positive parity band.

The TRS calculations for 66Zn have been performed to un-
derstand the possible shape evolution using the Woods-Saxon
potential. The Hartree-Fock-Bogoliuobov code of Nazarewicz
et al. [44] has been used for the calculations. Equilibrium
shapes were calculated in the β2-γ plane with the minimiza-
tion on the β4 at different values of h̄ω. Shell corrections
have been taken into account and as a residual interaction, the
mono pole pairing force has been taken with the strength from
Ref. [44]. Figures 9 and 10 show, respectively, the contour
plots for the zero quasiparticle and the positive parity, positive
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FIG. 12. Same as the Fig. 11 at the rotational frequency (h̄ω)
0.45 MeV.

signature two neutron quasiparticle sequence in 66Zn. The
calculation predicts a collective oblate shape of β2 � 0.20 at
the lower frequencies up to h̄ω = 0.25 MeV albeit the flatness
of the γ plane indicates a possible triaxial shape as shown in
the Fig. 9. With the further increase of the rotational frequency
the nucleus becomes more γ soft in nature, which means
that the nucleus is triaxial in shape at intermediate spin. At a
higher frequency of h̄ω = 0.50 MeV, it assumes a collective
prolate shape having deformation β2 = 0.34 (γ � −4◦) as
evident from the plot in Fig. 10. These values of β2 = 0.34
and γ � −4◦ have been used to calculate the quasiparticle
Routhians (Figs. 6 and 7) from which the crossing frequen-
cies are estimated. The TRS calculations thus predict that
the alignment of a neutron pair drives the 66Zn nucleus from
a collective oblate shape at the ground state via the triaxial
shape at the intermediate spin to a collective prolate shape at
the high spin.

FIG. 13. Same as the Fig. 11 at the rotational frequency(h̄ω) 0.55
MeV.

The configuration of the negative parity band consisting of
the 7− (4250 keV), 9− (5463 keV), and 11− (6874 keV) states
is assumed to be of π ( f5/2)2 ⊗ ν( f5/2)3(p3/2)4(g9/2)1. This
configuration can generate a maximum angular momentum
value of 13h̄ which is consistent with the observed highest
spin state of the band. Figures 11, 12, and 13 represent the
TRS plots for this configuration. As is evident from the plots,
the TRS calculations for the negative parity band predict an
evolution of shape from a moderately deformed (β2 ≈ 0.20,
γ ≈ 23◦) triaxial at h̄ω = 0.40 MeV to well deformed (β2 ≈
0.37, γ ≈ 3◦) prolate at h̄ω = 0.55 MeV.

V. CONCLUSION

Excited states of 66Zn have been studied following their
population in a heavy-ion induced fusion-evaporation reaction
and using an array of the 14 Compton suppressed clover
detectors. Combining the measurement of the energy, angu-
lar correlation, linear polarization, intensity and coincidence
relationship of the emitted γ -rays, the level scheme of 66Zn
has been constructed. With 14 new transitions being identi-
fied, the level scheme of this nucleus has been extended up
to the excitation energy ≈12.3 MeV and a tentative spin of
(17+)h̄. Further, the positive parity [π (p3/2)2ν( f5/2 p1/2)6] ⊗
[ν(g9/2)2] yrast band and the negative parity band correspond-
ing to the π ( f5/2)2 ⊗ ν( f5/2)3(p3/2)4(g9/2)1 configuration
have been identified up to their terminating states. A quali-
tative discussion of the observed band crossing phenomenon
and the structure of other levels were presented in the light
of various quasiparticle configurations which are based on
the existing theoretical studies for this nucleus and the other
neighboring nuclei (viz. 68,70Ge). TRS calculations predict a
shape transition of this nucleus from a collective oblate at
h̄ω = 0.10 MeV to a collective prolate at h̄ω = 0.55 MeV via
triaxial shapes at the intermediate spins along the positive par-
ity yrast band. This shape transition has been attributed to the
alignment of a pair of neutron in the 1g9/2 orbital. Similar TRS
calculations corresponding to the negative parity quadrupole
band predict an evolution of the shape from the triaxial with a
moderate deformation to the prolate with a higher deformation
value. Thus, the present study points towards the established
fact that the unique parity 1g9/2 orbital unequivocally plays
a major role in the underlying structure of this nucleus as is
observed in this work.
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