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ABSTRACT 

 

An investigation was carried out during two different seasons i.e., monsoon 

and winter to quantify the dust fall in ten different sites of Purulia Town of 

West Bengal, India. Enhancement (at 5% level of significance) in dust fall 

level was observed in all sample collection sites during winter than that of 

monsoon excluding the Bongabari area where no significant difference was 

recorded in dust deposition in between monsoon and winter. During 

monsoon highest dust fall was noticed in Bongabari area, whereas in winter 

period Zilla School More was found as maximum dust fall site. 

 

INTRODUCTION 

 

Air quality is becoming the most burning issue in present day situation. With rapid advancement of industrial 

operations, extension of agro fields as well as agricultural activities, expansion of roads, transportation, extension 

of urban areas, exploration of mining areas, industrial expansion and construction related activities are 

continuously causing severe degradation of air quality. Dust is one among various factors responsible for air quality 

deterioration. Dusts, particulate matters are generated due to not only by anthropogenic activities but also due to 

natural incidences like spread of pollen grains, emission of volcanic ashes and sandstorms. Profuse dust particles 

are felt in Indian atmosphere. The major sources of dust particles include suspension from land, agricultural 

activities, paved and unpaved roads; automobile emission, power plants emissions, activities related to 

construction, cements factories, brick furnace, mining area, stone crushing sites etc. Seasonal variation of Dust fall 

stream having the order winter>summer>monsoon was noticed by Gupta et al [1]. Dust may cause undesirable 

effects on human health, vegetation as well as other sectors of environment. Present study was conducted with an 

aim to measure quantitatively the dust fall, mostly along the paved road sides in certain areas of Purulia town. 

Kamble carried out a work to estimate dust fall in the Chandrapur industrial belt during winter period. He noticed 

that dust fall rate was comparatively higher in industrial cluster than that of the residential belts [2]. Giunta et al, 

estimated dust quantity generated during the period of a motorway construction; he noticed that PM10 was emitted 

mainly from the rupture of trucks on unpaved roads [3]. Road dusts become airborne from the abrasion of tires 

moving on dust burdened paved roads and unpaved dirt roads [4]. A work was undertaken by Naddafi et al to 

quantify dust fall as well as its relation with climate in Yazd. There was abundant amount of dust and particles in 
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the atmosphere of Yazd city due to industrial activities besides sandstorms [5]. Pillai et al, collected dust fall at 

Pune and at rural area Sinhagad and he found comparatively higher quantity of dust at Pune [6]. 

 

MATERIALS AND METHODS 

 

In present dissertation work, investigation was carried out on quantification of the dust fall in ten different places, 

in most of the cases along paved road sides during two different seasons of Purulia town of W.B., India. Dust 

samples were collected during the month of September, 2019 (monsoon) and January of 2020 (winter). Purulia is 

situated in the central west of West Bengal and normally known as the drought prone area. Sub-tropical type of 

climate of Purulia is characterized by high level of evaporation with little precipitation. It is placed just north of the 

Kasai River [7]. DMS longitude and latitude of Purulia Town area are 23° 20' 32.1252'' N and 86° 21' 46.2204'' E 

respectively. The sample collection sites in Purulia town were Nistarini College premises, Deshbandhu Road near 

Raghabpur More, Station para (near Maheswari lodge), Railway station and surrounding areas; Bus stand to Taxi 

stand, Goshala More, Bhatbandh, Gopal More, Zilla School More, Bongabari (near Bharat Super Cement factory and 

Purulia Metal Casting). To measure dust fall rate, Whatman 42 filter papers were used. Filter papers were initially 

dried then after cooling at desiccator, initial weight was taken, and then these were set on thick layer of card 

boards using pin. After that, these filter papers were placed in the balcony of road side houses or shops or waiting 

room for buses, in sampling sites in such a way so that trouble from birds were minimum and least rainfall might 

come. All the filter papers set up were collected when the observation period was over, then these were brought 

into laboratory and filter papers were further dried, cooled at dessicator and then weight was taken using digital 

balance and dust fall was quantified. 

 

RESULT AND DISCUSSION 

 

Atmospheric temperature in Purulia generally observed as maximum 30°C and minimum 23°C in the 

month of September while maximum 25°C and minimum 12°C temperatures are commonly observed in the month 

of January (Table 1). 

 

Table 1:  Meteorological Information of Purulia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Analytical results are represented by the respective Figure 1 and Tables 2 and 3. From Graph 1 it is obtained that 

highest dust fall rate was recorded from Bongabari followed by Nistarini College Campus, Bhatbandh, Goshala More 

and other sites in monsoon. Picture was slightly different in winter when highest dust fall rate was found in Zilla 

School More followed by Deshbandhu Road near Raghabpur More, Bongabari, Railway Station Area, Goshala More 

and other spots. Results obtained after quantification of dust during monsoon were compared with the results of 

winter and it is clearly revealed that (Graph 1) dust fall rates were higher at every sample collection spots during 

Meteorological Parameters  

  

Months  

September 2019 January 2020 

Average rainfall (mm) 495.4 16.6 

Total rain days 28 07 

Maximum Temperature (°C) 29 25 

Minimum Temperature (°C) 23 17 

Average Temperature (°C) 27 22 

Humidity (%) 81 46 

Cloud (%) 48 18 

Maximum Wind Speed (kmph) 15.8 12.5 

Average Wind Speed (kmph) 11.9 8.4 
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winter season than that of monsoon period excluding the Bongabari area where the reverse incidence was 

observed but analyzing the t-test results (Table 1) it is finally found that there was no significant difference in dust 

fall rate between two different sample collection periods in Bongabari area; whereas higher (at 5% level of 

significance) dust fall rates were noticed in D.B. Road near Raghabpur More, Station para near Maheswari Lodge, 

Railway Station surrounding area, Bhatbandh, Gopal More, Zilla School More and Goshala More during winter in 

comparison to the monsoon. Dusts pose serious threat to human health, produce significant adverse impact on 

plant health. Nazari et al, revealed that dust can produce negative impact on human health and causes a number 

of diseases like respiratory, cardiovascular, cerebral vascular, fever; allergies etc. Moreover, DNA of skin and lung 

cells gradually becomes damaged [8]. The higher rate of dust emission increases dust fall on vegetation, soil, 

structures, buildings etc. Supe et al, observed that effects of dust pollution on the plants and land can differ 

depending upon the density of falling dusts. Reduction in the plant leaves pigments, enhancement in stresses and 

reduction in plant productivity, decline in soil fertility occur while dust particles accumulate on green leaves and fall 

on land respectively [9]. Dust fall and its accumulation on leaves also may interact with crop yield. Regular 

monitoring to measure the level of dust fall especially in the human settlement areas must be performed. 

Appropriate strategies can be adopted to prevent dust fall related ill effects on human health and environment. 

Biological, chemical, mechanical methods or water sprays can be used to control dust storm. Among all, biological 

methods are the best one and this can be accomplished by creating road side vegetation cover, or ecological 

barriers like green belts surrounding urban areas [8]. 

 

Table 2:  |t| test result (Dust fall Rate) between monsoon and winter 

 

 

Table 3:  Dust fall rate in monsoon and winter 

 

Sample collection s ites  |t| test result (Dust fall Rate)  Comments  

Within the Nistarini College premises |t|6=0.410, |t|0.05,6=2.447, |t|0.01,6=3.707 No significant difference 

Deshbandhu Road near Raghabpurmore |t|9=3.07, |t|0.05,9=2.262*, |t|0.01,9=3.250 Significant difference* 

Station Para (Near Maheshwari Lodge) |t|8=2.90, |t|0.05,8=2.306*, |t|0.01,8=3.355 Significant difference* 

Railway Station |t|7=3.02, |t|0.05,7=2.365*, |t|0.01,7=3.499 Significant difference* 

Bus Stand to Taxi Stand |t|7=0.94, |t|0.05,7=2.365, |t|0.01,7=3.499 No significant difference 

Bhatbhandh  |t|7=2.44, |t|0.05,7=2.365*, |t|0.01,7=3.499 Significant difference* 

Gopal More  |t|9=2.14, |t|0.05,9=2.262*, |t|0.01,9=3.250 Significant difference* 

Zilla School More |t|9=3.14, |t|0.05,9=2.262*, |t|0.01,9=3.250 Significant difference* 

Goshala More |t|6=2.64, |t|0.05,6=2.447*, |t|0.01,6=3.707 Significant difference* 

Bongabari |t|12=1.11, |t|0.05,12=2.179, |t|0.01,12=3.055 No significant difference 

Sample collection s ite Winter SD winter Monsoon SD Monsoon 

Within the Nistarini college premises 0.230 0.092 0.201 0.108 

Deshbandhu Road near Raghabpur More 0.405 0.240 0.103 0.038 

Station Para (Near Maheshwari Lodge) 0.221 0.082 0.102 0.040 

Railway Station 0.294 0.101 0.111 0.075 

Bus stand to Taxi Stand 0.258 0.101 0.111 0.187 

Bhatbhandh 0.258 0.101 0.127 0.036 

Gopal More 0.245 0.095 0.131 0.079 

Zilla School More 0.421 0.205 0.089 0.036 

Goshala More 0.276 0.106 0.128 0.037 

Bongabari 0.368 0.282 0.791 0.967 



Research and Reviews Journal of Agriculture and Allied Sciences 
 
 
 
 

4 
 
 

e-ISSN: E 2347-226X 
p-ISSN: 2319-9857 

RRJAAS | Volume 10 | Issue 3 October, 2021 

 

Figure 1:  Dust fall rate in monsoon and winter 

 

CONCLUSION 

 

Dust fall in a particular area may depend on meteorological conditions, sandstorm as well as presence of other 

anthropogenic sources of that site. Present survey reveals that during monsoon higher level of dust deposition was 

observed in Bongabari, Nistarini College premises, Goshala More, Bhatbandh, Gopal More while in winter period, 

Zilla School More, Bongabari, Deshbandhu Road near Raghabpur More, Goshala More were found as highly dust 

fall areas. Naturally, vegetation cover can resist the spread of dust particles in atmosphere. Besides, other 

strategies like chemical, mechanical methods can be adopted. Personal protection should also be taken to 

minimise the generation of ill health due to inhalation of dust particles. 
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A survey was undertaken to evaluate the biochemical parameters like chlorophyll, carbohydrate,
ascorbic acid, APTI of Neem (Azadirachta indica) and Sajina (Moringa oleifera) plants and sample
leaves were collected during two different seasons like monsoon of 2019 and winter of 2020, from
ten different sites of Purulia town like Nistarini College premises, Deshbandhu Road near Raghabpur
more, Station para (near Maheswari lodge), Railway station and surrounding areas, Bus stand to
Taxi stand, Gopal More, Zilla School More, Bhatbandh, Goshala More, Bongabari. All of these areas
are either in the vicinity of heavily vehicle burdened roads or railway station. Neem (Azadirachta
indica) and Sajina (Moringa oleifera) plants were selected as these plants are very commonly found
in this area. Carbohydrate in Neem leaves were significantly higher during monsoon at all sites
excluding Station Para, Gopal More and Bhatbandh where no significant differences were noticed.
Carbohydrate levels were reduced during winter in Nistarini College Premises, Railway Station, Bus
Stand to Taxi Stand, Bhatbandh and Goshala More but reverse results were observed during winter
in leaves samples collected from Station Para and Zilla School More. Air Pollution Tolerance Index
(APTI) indicates the tolerance capacity of plants species to air pollution and can be calculated to
categorize sensitive, intermediate and tolerant species. Lowest and highest APTI value for Neem
leaves during monsoon were recorded from Gopal More (13.88) and Goshala More (17.84) respectively
while during winter season lowest APTI value of same species was observed in Deshbandhu Road
(5.96) but highest value was experienced from Zilla School More (20.56). In case of Sajina leaves,
during monsoon, maximum APTI was noticed in Nistarini College premises (15.97) and minimum
value was recorded from Goshala More (12.72). In winter season lowest APTI was noticed in Bus
stand to Taxi stand area (10.12) and highest value was from Station para near Maheswari Lodge
(16.59).

Key words: APTI, Air Pollution, Green belt, Carbohydrate

1. Introduction

Air pollution now-a-days is one of the major global
problems producing huge stress to health and en-
vironment [1]. Urbanization, increasing mining
activities, expansion of agro-fields, road extension
as well as transportation, construction activities,
booming industrialisation and related other an-
thropogenic activities poses serious threat to air
quality. Around 80% population residing in ur-
ban air quality is being exposed to emissions which
exceed the standards guided by WHO [2]. A grad-

∗Corresponding author Email id:
sinhanayek@gmail.com

ual increase in the global population in the mod-
ern decades have been observed from 7.4 billion
in 2016 to 7.7 billion in 2019, 7.8 billion in 2020
to 7.9 billion in 2021. The world population is
predicted to reach 9.9 billion by 2050 [3]. 800000
annual deaths as a result of urban air pollution
have been reported by Researchers [4]. The grad-
ual degradation of air quality urgently requires
suitable techniques or policies to curb air pollu-
tion [5]. Vegetation covers or plants can be used
as natural, cost effective way to reduce the prob-
lem of air pollution. Plants are susceptible to
air pollutants. Deposition of pollutant particu-
lates on soil indirectly affects plant growth. Au-

DOI: https://doi.org/10.54280/21/13 © 2021 Sidho-Kanho-Birsha University J. Sci. Enq., 2021, 1(1) 103
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tomobile based pollutants deposit on leaves, block
the stomata and eventually affect transpiration.
These depositions obstruct absorption and eventu-
ally decrease photosynthesis and affect the growth
of plants and their productivity [3]. Air Pollution
Tolerance Index indicates the tolerance capacity
of plant species to air pollution and APTI can
be estimated by using the data of pH, ascorbic
acid, total chlorophyll and relative water content.
APTI of plants can be evaluated to identify sen-
sitive, intermediate and tolerant species. Plants
having APTI value ≤ 11 are considered as sensi-
tive while plants having APTI value which falls in
the range 12–16 is classified as intermediate plant
while APTI value ≥ 17 is known as tolerant plant.
The sensitive plant species can be used as bio in-
dicator to detect the level of air pollution while
tolerant species can be widely used to create green
belt to combat with the difficulties of air pollution
[6]. Panda et al., 2018 observed that air pollu-
tion tolerance index is a natural feature of trees
to reduce air pollution nuisance. The trees having
higher APTI values are tolerant towards air pol-
lution and these plants can be used to reduce the
burden of air pollution whereas the trees having
low APTI values can be used to detect the rate and
intensity of air pollution [7]. Plants of Perumal-
malai Hill situated at Salem district were surveyed
to recognize the tolerance level to air pollution in
the month of Feb, 2013. Nerium oleander was
identified as intermediate tolerant species (APTI
value 16.65) while ficus benghalensis, Psidium gua-
java, Skothodea campanulata, Opunitaficus indica
(APTI 15.92, 15.41, 9.92, 9.74 respectively) was
recognized as sensitive species [8]. APTI value of
69 plant species of herbs, shrubs, trees of urban in-
dustrial belt Lahartara of Varanasi were analysed
and it was found that C. roseus etc. were observed
as tolerant and D. sissoo, L. chinensis, C. caran-
dus and C. rottleri were observed as sensitive to air
pollution [9]. Present study was conducted with
an aim to assess biochemical parameters like pH,
RWC, ascorbic acid, carbohydrate and chlorophyll
content as well as Air Pollution Tolerance Index
(APTI) of Neem (Azadirachta indica) and Sajina
(Moringa oleifera) leaves collected from ten differ-
ent places of Purulia town of W.B., India.

2. Materials and Methods

Purulia is situated in the central-west of West
Bengal and normally known as the drought prone
area. Sub-tropical type of climate of Purulia is
characterized by high level of evaporation with lit-
tle precipitation. It is placed just north of the

Kasai River [10]. DMS longitude and latitude
of Purulia Town area are 23◦20′32.1252′′ N and
86◦21′46.2204′′ E respectively. The sample col-
lection sites in Purulia town were Nistarini Col-
lege premises, Deshbandhu Road near Raghabpur
more, Station para (near Maheswari lodge), Rail-
way Station and surrounding areas; Bus Stand to
Taxi Stand, Gopal More, Goshala More, Bhat-
bandh, Zilla School More, Bongabari (in between
Bharat Super Cement Factory and Metallurgical
Factory). All of these areas are either in the vicin-
ity of heavily vehicle burdened roads or railway
station. Neem (Azadirachta indica) and Sajina
(Moringa oleifera) plants were selected as these
plants are very commonly found in this area. Af-
ter collecting the leaves of Neem (Azadirachta in-
dica) and Sajina (Moringa oleifera) plants from
the sampling sites, these were brought into the
laboratory and then pH [11], RWC [12], chloro-
phyll [13], carbohydrate [14] and ascorbic acid [15]
were estimated as early as possible. Chlorophyll,
carbohydrate and ascorbic acid were estimated
from the plant materials using centrifuge machine
and spectrophotometer. Data of analytical results
of biochemical parameters and statistical calcula-
tions i.e., t-tests (SPSS 13) are presented by the
respective graphs and tables. Air Pollution Tol-
erance Index (APTI) indicates the tolerance ca-
pacity of plants species to air pollution and can
be calculated to categorize sensitive, intermediate
and tolerant species and can be calculated as fol-
lows [16]:

APTI = [A(T + P )] +R/10

A = Ascorbic acid content of leaf (mg/g), T =
Total chlorophyll content of leaf (mg/g), P = Leaf
Extract pH, R = % Relative Water Content

3. Results and Discussion
Analytical results of biochemical parameters of
Neem (Azadirachta indica) as well as Sajina
(Moringa oleifera) are presented by the Fig. 1
to 5 and Fig. 6 to 10 respectively. No signifi-
cant differences in pH level in Neem leaves were
observed at Zilla School more and Bongabari in
between two seasons. pH level of leaves samples
collected from Nistarini College campus as well
as Bongabari area were significantly higher dur-
ing monsoon whereas pH level of same were sig-
nificantly enhanced during winter in remaining
six spots (Fig. 1). No significant differences in
RWC of Neem leaves between two seasons were
observed in case of samples collected from Station
Para and Railway Station but significant reduc-
tion in RWC were observed during winter in the

104 J. Sci. Enq., 2021, 1(1)
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spots like Nistarini College Premises, D. B. Road,
Bus Stand to Taxi Stand, Gopal More, Goshala
More, Bhatbandh and Bongabari while RWC in-
creased during winter in case of Zilla School More
only (Fig. 2). Chlorophyll levels in Neem leaves
were significantly higher during monsoon period
in most of the sample collection sites except Rail-
way Station, Bhatbandh and Goshala More where
no significant differences were observed (Fig. 3).

Carbohydrate in Neem leaves were significantly
higher during monsoon at all sites excluding Sta-
tion Para, Gopal More and Bhatbandh where
no significant differences were noticed (Fig. 4).
Ascorbic acid level in Neem leaves were signifi-
cantly elevated in winter season at the spots like
Railway Station, Gopal More, Zilla School More,
Bhatbandh and Bongabari (Fig. 5).

Fig. 1. pH of Neem leaves in monsoon and winter

Fig. 2. RWC of Neem leaves in monsoon and winter

J. Sci. Enq., 2021, 1(1) 105
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Fig. 3. Chlorophyll of Neem leaves in monsoon and winter

Fig. 4. Carbohydrate of Neem leaves in monsoon and winter

106 J. Sci. Enq., 2021, 1(1)
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Fig. 5. Ascorbic acid of Neem leaves in monsoon and winter

Fig. 6. pH of Sajina leaves in monsoon and winter

pH of Sajina leaves were significantly reduced in
winter in the Nistarini College campus as well
as in Bhatbandh area but elevated level of pH
was observed in winter in Sajina leaves samples

collected from other spots except the bus stand
to taxi stand area only, where no significant
differences were noticed in between two seasons
(Fig. 6). No significant differences were found
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in RWC level in Sajina leaves between two sea-
sons in the places like Nistarini College Cam-
pus and Station para (surrounding area of Ma-
heswari Lodge). RWC increased during winter in
the samples collected from Zilla School More and
Goshala More whereas samples collected from the
rest of the sites showed increased level of RWC
in monsoon time (Fig. 7). Chlorophyll level of
Sajina leaves were significantly reduced in winter
in the areas like Bus Stand to Taxi Stand, Gopal
More, Bhatbandh, Goshala More and Bongabari
(Fig. 8). Carbohydrate levels were reduced dur-

ing winter in Nistarini College Premises, Railway
Station, Bus Stand to Taxi Stand, Bhatbandh and
Goshala More but reverse results were observed
during winter in leaves samples collected from Sta-
tion Para and Zilla School More (Fig. 9). Signifi-
cant increases in Ascorbic acid level were noticed
in Sajina leaves during winter in Station Para near
Maheswari Lodge, Bus Stand to Taxi Stand, Zilla
School More and Bhatbandh (Fig. 10). Air pol-
lutants for instance O3 and NOx, influence the
metabolic activity of plant leaves and hamper net
carbon fixation by the plant shade. Air pollutants

Fig. 7. RWC of Sajina leaves in monsoon and winter

Fig. 8. Chlorophyll of Sajina leaves in monsoon and winter
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Fig. 9. Carbohydrate of Sajina leaves in monsoon and winter

Fig. 10. Ascorbic acid of Sajina leaves in monsoon and winter

such as heavy metals deposited on the soil affect
the performance of roots and hinder soil resource
capture by the plant. This decline in resource
capture will influence plant growth [17]. Plants
when become incessantly exposed to pollutants,
build up pollution incorporation capacity in to
their own system and as a result of certain changes

leaves turn out to be more sensitive towards pollu-
tion. During monsoon, accumulated dust particles
are generally washed out from leaves while during
winter and summer accumulation of dust is more.
These dusts come into contact with cell sap and
increase the pH level of plant leaves [18]. Chloro-
phyll is an index of productivity of plant which
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indicates its photosynthetic activity as well as the
growth. Jyothi and Jaya (2010) had the view that
high levels of automobile emission lessen chloro-
phyll content in roadside plants [19]. Ascorbic
acid acts as a strong reductant and helps to build
up defence mechanisms in plants. It’s reducing
activity become more at increased pH levels. The
efficacy of conversion of hexose form of sugar to
ascorbic acid and the ability to tolerate the pollu-
tion may increase at high pH [20]. RWC of leaves
helps in retaining the physiological balance under
stressed circumstances. RWC level is reduced in
plant species due to the effect of pollutants on
rate of transpiration in leaves [21]. Bhattacharya
et al. (2013) noticed higher level of Relative Wa-
ter Content during monsoon [22]. Das and Prasad
(2010) also found high RWC value in rainy season,
low in winter and least in summer [23]. Analysis
of biochemical parameters of leaves assess this al-
teration and also facilitates to estimate the APTI
values [24]. Manjunath and Reddy, (2019) ob-
served from their survey work that APTI level of
plants in polluted area was ranged from 9.42 to

25.87 while APTI of plants in non-polluted area
was ranged from 8.77 to 19.21. Lowest APTI value
was estimated from O. sanctum both from both
polluted and non-polluted area at 9.42 and 8.77,
respectively. This plant is sensitive to air pollu-
tion [25]. Agbaire and Esiefarienrhe, (2009) ex-
perienced that plants in comparatively polluted
environment have higher APTI value than that
of the less polluted environment [11]. Lohe et al.,
(2015) also observed higher level of APTI of plants
in polluted sites than that of non-polluted sites
[26].

3.1 APTI of Neem (Azadirachta indica)
in monsoon in sample collection sites
(Fig. 11)

Goshala More > Zilla School More > Bhat-
bandh > Station para (near Maheswari lodge) >
Bongabari > Nistarini College premises > Bus
stand to Taxi stand > Deshbandhu Road near
Raghabpur more > Railway station and surround-
ing areas > Gopal More.

Fig. 11. APTI of Neem and Sajina plants in monsoon and winter

3.2 APTI of Neem (Azadirachta indica)
in winter in sample collection sites
(Fig. 11)

Zilla School More > Station para (near Maheswari
lodge) > Goshala More > Bhatbandh > Rail-
way station and surrounding areas > Bongabari
> Bus stand to Taxi stand > Gopal More >
Nistarini College premises > Deshbandhu Road
near Raghabpur more.

3.3 APTI of Sajina (Moringa oleifera) in
monsoon in sample collection sites
(Fig. 11)

Nistarini College premises > Bus stand to Taxi
stand > Deshbandhu Road near Raghabpur more
> Bongabari > Zilla School More > Station
para (near Maheswari lodge) > Bhatbandh Gopal
More > Railway station and surrounding areas >
Goshala More.
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Table 1: |t| test Result (biochemical parameters of Azadirachta indica) between Monsoon
and Winter

Sample Collection Sites pH RWC Chlorophyll Carbohydrate Ascorbic
Acid

Within the Nistarini College
Premises 4.24∗ 27.44∗∗ 7.74∗∗ 3.26∗ 2.50NSD

Deshbandhu Road upto
Raghabpur More 6.36∗∗ 27.02∗∗ 6.84∗∗ 3.70∗ 2.73NSD

Station Para
(Near Maheshwari Lodge) 11.31∗∗ 1.61NSD 9.94∗∗ 2.33NSD 0.95NSD

Railway Station 5.43∗∗ 2.69NSD 0.80NSD 3.43∗ 6.76∗∗
Bus Stand to Taxi Stand 6.36∗∗ 10.52∗∗ 5.29∗∗ 5.15∗∗ 2.39NSD

Gopal More 6.26∗∗ 10.48∗∗ 5.27∗∗ 1.84NSD 4.27∗
Zilla School More 0.27NSD 13.37∗∗ 5.12∗∗ 5.49∗∗ 3.11∗
Bhatbhandh 3.50∗ 8.88∗∗ 0.56NSD 1.24NSD 2.85∗
Goshala More 3.13∗ 6.51∗∗ 1.20NSD 7.53∗∗ 1.07NSD

Bongabari 2.45NSD 17.01∗∗ 9.20∗∗ 4.36∗ 6.23∗∗

|t|0.05,4 = 2.776∗; |t|0.01,4 = 4.604∗∗; NSD-no significant difference
SD∗-Significant Difference 95% level of confidence; SD∗∗-Significant Difference 99% level of confidence

Table 2: |t| test Result (biochemical parameters of Moringa oleifera) between Monsoon and
Winter

Sample Collection Sites pH RWC Chlorophyll Carbohydrate Ascorbic
Acid

Within the Nistarini college
premises 3.50∗ 1.39NSD 0.06NSD 4.19∗ 2.53NSD

Deshbandhu Road upto
Raghabpur More 6.12∗∗ 10.51∗∗ 1.67NSD 1.88NSD 0.34NSD

Station Para
(Near Maheshwari Lodge) 10.12∗∗ 0.51NSD 0.20NSD 6.22∗∗ 3.38∗
Railway Station 38.18∗∗ 11.95∗∗ 2.23NSD 3.63∗ 1.48NSD

Bus stand to Taxi Stand 1.34NSD 63.46∗∗ 3.69∗ 23.25∗∗ 3.08∗
Gopal More 49.50∗∗ 13.21∗∗ 3.64∗ 0.08NSD 2.58NSD

Zilla School More 8.05∗∗ 3.02∗ 0.25NSD 21.57∗∗ 4.88∗∗
Bhatbhandh 7.07∗∗ 24.08∗∗ 8.78∗∗ 30.44∗∗ 5.51∗∗
Goshala More 4.24∗ 2.86∗ 2.95∗ 30.87∗∗ 1.80NSD

Bongabari 4.24∗ 13.01∗∗ 6.42∗∗ 0.60NSD 0.02NSD

|t|0.05,4 = 2.776∗; |t|0.01,4 = 4.604∗∗; NSD-no significant difference
SD∗-Significant Difference 95% level of confidence; SD∗∗-Significant Difference 99% level of confidence

3.4 APTI of Sajina (Moringa oleifera) in
winter in sample collection sites
(Fig. 11)

Station para (near Maheswari lodge) > Nistarini
College premises > Zilla School More > Railway
station and surrounding areas > Goshala More
> Bongabari > Gopal More > Deshbandhu Road
near Raghabpur more > Bhatbandh > Bus stand
to Taxi stand.

4. Conclusion

APTI estimation are of important use as with
rapid increase of industries, factories, mining ac-
tivities, construction activities, road extension,
automobile emission, urban expansion and as a
result of that deforestation enhance the danger
of air pollution. With the help of APTI value,
natural control method like green belt can be
created especially in the threatened areas to re-
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duce the ill effect of air pollution. The status
of air quality of different sites of Purulia town
was observed with the help of APTI level of
Neem (Azadirachta indica) and Sajina (Moringa
oleifera) plants and it was clearly established that
Goshala More, Nistarini College premises were in
comparatively stressed condition during monsoon
while Zilla School More and Station para (near
Maheswari lodge) were in worst air quality condi-
tion during winter.
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Abstract 

Present study has been attempted to establish the effects of air pollutants on four  dominant plant species i.e., Plant 

species Mangifera indica (Aam), Tagetes erecta (Marigold), Ocimum sanctum (Tulsi), and Azadiracta indica (Neem)  

growing at Santaldih area under Para community Development Block, Purulia district, West Bengal (India)  

encompassing Dharmasthan para, i.e., Commercial area), Korgali (Residential area), Nabagram (control area, 

which is situated far away from the industries) and Washery (very near to cement industry) in 2019-20. The impact 

of air pollutants on the biochemical characters of the selected plant species from industrial and urban areas was 

studied by calculating ascorbic acid, total chlorophyll, leaf extract pH and relative water content from leaf tissues. 

From calculated APTI, it may be concluded that here all species at all locations are belonging to “intermediate 

species” group.   

Keywords: Air pollution, Mangifera indica, Tagetes erecta, Ocimum sanctum, Azadiracta indica, biochemical 

characteristics, APTI. 

 

INTRODUCTION 

In recent times pollution has become the prime menace for the survival of the biological species. 

There are various kinds of pollution e.g., air, water, soil, sound and mental pollution. Most of the 

countries including India, the environment has reached its carrying capacity in terms of air 

pollutants. In recent times, in almost all cities, medium and small towns in India; there has been 

significant development activity in terms of industrialization and urbanization. Plants provide an 

enormous leaf area for impingement, absorption and accumulation of air pollutants to reduce the 

pollutants level in the environment, with a various extent (Lui and Ding, 2008). Plants can be 

effectively used as bio indicators of air pollutants, although their sensitivities could vary across the 

plant community with tolerant species showing no or minimal symptoms while sensitive ones 

showing symptoms even if the air pollutants increase in small amounts (Singh, 2003). Singh and 

Verma (2007) reported that, plants sensitivity and tolerance to air pollutants varies with change in 

Leaf extract pH, Relative water contents (RWC), ascorbic acid (AA) content and Total Chlorophyll 

content.  

 

MATERIALS AND METHODS 

Santaldih area is located at 23.36°N 86.28°E.  Leaves were collected in triplicate for analysis from 

mailto:sabyasachi.envs@gmail.com
https://tools.wmflabs.org/geohack/geohack.php?pagename=Purulia_City&params=23.33_N_86.37_E_
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Dharmasthan para, i.e., Commercial area), Korgali (Residential area), Nabagram (control area, which 

is situated far away from the industries) and Washery (very near to cement industry). Plant species 

Mangifera indica (Aam), Tagetes erecta (Marigold), Ocimum sanctum (Tulsi), and Azadiracta indica 

(Neem) were studied. Samples were collected in early morning and brought to laboratory in 

polythene bag kept in ice box to nullify the adverse effect of high light intensity and temperature. 

The collected leaf samples were analyzed for the following biochemical estimations namely pH of 

leaf extract (Singh and Rao, 1983), Total chlorophyll (Yoshida et al., 1971), Ascorbic acid (Bajaj and 

Kaur,1981) and Relative water content (Singh and Rao,1983).The air pollution tolerance index 

(APTI) has been determined to find the tolerance levels of trees against the air pollutants. The APTI 

is calculated by the formula, APTI = (A (T=P)+R/10 (Singh and Rao, 1983) where, A= Ascorbic acid 

(mg/ g), T=Total chlorophyll (mg/g), P = pH of leaf extract and R=Relative water content of leaf 

extract. 

 

RESULTS AND DISCUSSION 

Table.1: Status of biochemical parameters of Mangifera indica 

Sampling sites 

Mangifera indica (Aam) 

pH 
Chlorophyll 

(mg/g) 

Ascorbic acid 

(mg/g) 

Relative Water Content 

(%) 
APTI 

Dharmasthan para 6.22 2.43 6.73 83.64 14.19 

Korgali 6.45 2.38 6.71 79.65 13.89 

Nabagram 6.59 2.49 6.42 88.12 14.64 

Washery 6.19 2.25 6.89 71.32 12.95 

 

Table.2: Status of biochemical parameters of Azadiracta indica 

Sampling sites 

Azadiracta indica (Neem) 

pH 
Chlorophyll 

(mg/g) 

Ascorbic acid 

(mg/g) 

Relative Water Content 

(%) 
APTI 

Dharmasthan para 6.93 2.86 5.93 70.33 12.84 

Korgali 6.87 4.16 6.87 79.54 12.81 

Nabagram 6.96 3.90 5.76 72.36 13.49 

Washery 6.31 3.91 6.04 68.57 13.03 

 

Table.3: Status of biochemical parameters of Tagetes erecta 

Sampling sites 

Tagetes erecta (Marigold) 

pH 
Chlorophyll 

(mg/g) 

Ascorbic acid 

(mg/g) 

Relative Water Content 

(%) 
APTI 

Dharmasthan para 7.12 3.48 5.73 83.64 14.44 

Korgali 5.47 2.31 6.73 72.65 12.50 

Nabagram 7.59 4.39 5.48 88.12 15.38 

Washery 5.38 2.08 6.80 73.32 12.40 

 

Table.4: Status of biochemical parameters of Ocimum sanctum 

Sampling sites 

Ocimum sanctum (Tulsi) 

pH 
Chlorophyll 

(mg/g) 

Ascorbic acid 

(mg/g) 

Relative Water Content 

(%) 
APTI 

Dharmasthan para 6.93 2.17 4.93 73.36 11.82 

Korgali 6.06 4.19 5.81 69.54 12.91 
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Nabagram 6.23 3.96 5.77 79.36 13.82 

Washery 6.28 3.91 6.04 67.57 12.91 

 

pH of Mangifera indica (Aam) ranges between 6.19 and 6.59. pH of Azadiracta indica (Neem) ranges 

between 6.31 and 6.96. The pH of Tagetes erecta, and Ocimum sanctum leaves ranges between 5.38 

and 7.59; and 6.06 and 6.93 respectively.  Chlorophyll contents of leaves gradually decreased in both 

species from control to more polluted zones; minimum of Aam at Washery (2.25 mg/l), maximum at 

Nabagram (2.49 mg/l); whereas range of chlorophyll of Neem recorded between 2.86 and 4.16 mg/l. 

Chlorophyll contents of Tagetes erecta, and Ocimum sanctum leaves ranges from 2.08-4.39, and 2.17-

4.19 respectively. Total chlorophyll (TCH) is related to Ascorbic Acid productivity and Ascorbic acid 

is concentrated mainly in chloroplast. Ascorbic acid content of all species was higher at industrial 

areas, moderate at commercial, and low at control area. Relative Water Content of all species found 

maximum at control zone and minimum at industrial area. So, here all species at all locations are 

belonging to “intermediate species” group.   

 

CONCLUSION 

These specieses are in stress condition. These are acting as indicator species in this area. Pollution 

status should be checked. Tolerant species should be planted. 
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The Village as a Representative of the Real 
India : A Comparative Study of Bibhutibhusan 

Bandyopadhyay's "Pather Panchali' and 
Anita Desai's "The Village by the Sea' 

Indrajit Mukherjee 

Many wters have shown that the true spirit of our motherland lies in its 

villages and small towns. Though Gandhiji praises the role of colonial Indian 

villages in the frecdom struggle, Nehru deseribes postcolonial Indian villages 

as a kind of "naked, starving, crushed, and utterly miserable" entity (quoted 

in Misra I103). In this paper, I try to draw a striking contrast between 

Bibhutibhusan Bandyopadhyay's Pather Panchali (1929) and Anita Desai's 

The Village by the Sca (1982) to bring out "an original and authentic picture 

of India" (Gooptu l41). Though these Iwo books appear to have little in 

common with one another at first glance, a close reading reveals close afini-

ties between them, regarding the social and cconomic condition of rural life 
and the graphic pen picture of nature. Both novels provide a space where the 

novelists skilfully intertwine childhood hopes and fears with a powerful sense 
of place and a lush green arcadian landscape. Geoflirey Kain shows this kind 

of fictions creates a contrast between the country and city life in Indian 

Iiterary oeuvre: 

They ..] foreground the fundamental connection of the villager to the 
natural world, and that tends to place them in contrast to their inverse depic-

tion of the presumed darker uspects of urban lite, most notably |.] alien-
ation from nature, and a survival1st sophistication thal expresses itself in 

deceit and exploitation. (Kain 179) 

The graphic pen pictures of rural milieu ihat both novelists draw for the 

reader are rich with the elements of serenity, intimacy and homelines. We 

have gone via these novels to the villages of Nischindipur and Thul-- space 
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Abstract 

We can always look upon the intersection of history and events as an exciting façade, full of deceptions, 
half-baked truths, and awkward reconciliations in the framework of cultural studies. The Mexican author 

Valeria Luiselli's Tell Me How t Ends (2017) attempts to trace the evolution of a set of social. political, and 
cultural circumstances that are pregnant with significance in the traumatic past of millions of Latin -American 

children refugees in the United States. First, the article will unpack how Luiselli's impalpable domain tries to 
connect the unresolved experiences of the violent wounds of those children's deportation and dislocation 
from Guatemala, Honduras, and Mexico with their unfortunate encounters in the foreign land. Second, it 

will attempt to dismantle, disrupt, and deconstruct the construction of America as a heteroglossic space 

around the challenges of those displaced children by displaying some questions addressed to them at the 
immigrant court. Finally, the proposed paper will critically scrutinise how this non-fictional work follows the 
creeping imperialist approaches of the United States through the hazes of childhood recollections, making 
a heartelt appeal to everyone to halt discriminaton, racial hatred, and poisonous 'gnorance. Applying 

Agamben's idea of the homo sacer, such a study will bring to the fore the dialectics of postcoloniality in the 

United States, where undocumented children's claims to identity formation and self-determination 
processes would be at odds with the more comprehensive national identity in contemporary times. 

Keywords: History. Refugees, Heteroglossic, Imperialist Homo Sacer. Identity. 

Tell Me How It Ends (2017) talks about the writer's experiences as an interpreter for Central 
American child refugees, exploring one of the most complex and unequal cross-border relations 
in light of the rise of Donald Trump to the throne of power in 2016 (Raul Hinojosa-Ojeda and 

Edward Telles, 2021, p. 21). The genesis of the book traces back to the writer's problems as a 
Mexican lady in the United States, illustrating that the problematics of citizenship right in America 

iS based 'on the notion of being a serving citizen, rather than one who deserves rights" (Rudrappa, 

2008, p. 308). The narrative demonstrates the politics of "the still ongoing refugee and migration 

crisis" (Nedoh, 2017, p. 1) through the microcosmic presentation of one of contemporary 
This Open ACcess article is published under a Creative Commons Attribution Non-Commercial 4.0 

International License (http://creativecommons.org/likenses/by-nc/4.0/. which permits non 
commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For 

citation use the DOI. For commercial re-use, please contact editor@rupkatha.com. 
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a b s t r a c t

A flexible, 2-fold interpenetrated 3D supramolecular structure [Cu(ndc2−)(1,10-phen)]n (where ndc2− =

2,6-napthalenedicarboxylate and 1,10-phen = 1,10-phenanthroline) comprising neutral 2D metal–
organic layers as the basic building block was prepared. Structural study reveals that metal ions are
bridged by ndc2− ligands to form 2D coordination layers and the coordinated 1,10-phen moieties
are hanging from the layers in the interlamellar spaces. The gliding motion of π · · · π stacked layers
through 1,10-phen moieties was found to be responsible for the flexibility of MOF and the consequent
extended conjugation also rendered semiconducting behaviour in the material. Thermal stability
studies revealed that the framework was pretty stable below 260◦C. Additionally, the MOF was
characterized by performing BET adsorption and photoluminescence studies. Further, the MOF was
calcinated at 650◦C to prepare well defined, nearly uniform and spherical shaped CuO nanoparticles
(CuO-NPs) with an average size of ∼25 nm. Interestingly, CuO-NPs showed around 16 times more
conductivity (4.8 × 10−2 S/cm) in relative to the parent MOF (3 x 10−3 S/cm). CuO-NPs induced
cross-coupling reactions of alcohols and thiols with arylhalides have been reported. A simple, general,
ligand-free and solvent-free procedure for the efficient synthesis of the cross-coupled products in high
yield was successfully demonstrated.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

In last three decades, metal–organic frameworks (MOFs) are
appeared as one of the most promising functional material due
to their inherent porous structure and modular behaviour [1].
Initially, the inception was that the implication of inert metal
ions and insulating bridging ligands makes MOFs weakly conduct-
ing or insulating in nature [2]. But, from last decade, design of
conducting MOFs has gained much attention due to their several
applications in energy storage, sensing, electrocatalysis, etc. [3].
Researchers have developed two different types of conductive
MOFs: (a) intrinsically conductive MOFs: electrically conducting

∗ Corresponding authors.
E-mail addresses: meikapnitd@yahoo.com (A.K. Meikap),

uroccu@gmail.com (U.K. Roy), sbpb2012@gmail.com (S. Bhattacharjee),
rajat.saha@knu.ac.in (R. Saha).
1 Both have equal contributions.

organic building blocks, such as 2,3-pyrazinedithiolate [4], dihy-
droxybenzoquinone [5] etc. have been used to induce conductiv-
ity in the designed framework, and (b) extrinsically conductive
MOFs: electrically conducting guests, both neutral I2, [6] (TCNQ)
[7], and charged (BF4−) [8], are incorporated in the void space
of MOFs to enhance conductivity. Intrinsically conducting MOFs
have gained much attention over its extrinsic counterpart due to
low cost production and easy synthesis [2a], [9]. Several types
of design principles have been adopted by scientists to build
intrinsically conducting MOFs: (a) use of metal ions and bridging
ligands having equivalent band structure which will help to trans-
port electrons through the framework [10], (b) use of radical gen-
erating ligands that will boost the conductivity of the designed
framework [5c,10b] (c), use of extended π . . . π conjugation be-
tween 2D coordination polymer [5b], [11]. In organic electronics,
π-interaction is used to develop conducting materials [12] and, in
similar way, several research groups have developed conducting
MOFs based on extended π . . . π conjugation using different

https://doi.org/10.1016/j.nanoso.2021.100756
2352-507X/© 2021 Elsevier B.V. All rights reserved.
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organic ligands e.g. napthalenediimide, [9b] tetrathiofulvalene
[13], anthracene [14], etc. Formation of continuous π-conjugation
throughout the framework is the primary condition to design
such materials. Herein, we have used 1,10-phen, highly potential
to participate in π . . . π interaction, as the building block to
develop conducting material and found that the synthesized 3D
supramolecular framework showed semiconducting behaviour.

Recently, syntheses of various nano-materials using MOFs as
sacrificial scaffolds are of great interest [15]. The regular periodic
arrangement of metal nodes within the MOF architecture pro-
vides an excellent platform to design nano-particles of uniform
size distribution as well as their intriguing porosity. The struc-
ture, composition, phase and size of the nano-particles can be
controlled by optimizing the synthetic conditions: chemical en-
vironment (O2, N2 etc.), temperature and synthetic methods [16].
Several research groups have synthesized metal, [16a] metal–
oxide, [16b,16c,16d,16e,16f,16g] mixed metal–oxide, [16h] metal
carbide [16i] NPs, etc, and explored their enormous applications
in gas adsorption, [16j] catalysis, [16b] and so on. Besides, these
MOF derived NPs have been used for several types of electronic
applications like electrocatalysis, [17] battery, [18] etc. based on
their versatile conducting properties from insulating to metallic
behaviour [17–19]. In this work, we have used our synthesized
semiconductive MOF to develop NPs and interestingly found that
the MOF-derived NPs showed higher conductivity than the parent
MOF.

C–O and C–S bonds are prevalent in numerous compounds
that are of biological, pharmaceutical, and material interest [20].
Specially, a large variety of aryl sulfides are in use for diverse clin-
ical applications [21]. One of the most common synthetic meth-
ods for their preparation is the copper-assisted classic Ullmann
reaction. However, these reactions often require harsh conditions
such as high temperature (>200 ◦C), stoichiometrically higher
amount of copper reagent and thus produce a lot of wastes [22].
Currently, to follow strict environmental laws, chemical based
industries are desperate in reducing various harmful chemical
wastes by designing intelligent catalysts those perform in mild or
environment benign conditions with high yield, large selectivity
and good efficacy [23]. Palladium and copper complexes con-
taining electron-rich ligands have been studied considerably for
the cross-couplings of oxygen and sulphur nucleophiles with aryl
halides [24]. Subsequently, few studies have focused on the use of
iron and nickel-based catalytic systems for this purpose also [25].
Unlike homogeneous catalyst, use of heterogeneous catalyst is
much more advantageous in terms of their easy separation, recy-
clability, high thermal stability and longer lifetime. In this respect,
we have focused on CuO-NPs induced heterogeneous C(aryl)-S
and C(aryl)-O hetero-coupling reactions with the following ad-
vantages: (a) the reaction proceeds under solvent free condition,
(b) easy separation of catalysts and products from the reaction
mixture after completion, (c) high selectivity of the catalysts for
the substrate, (d) high catalysis rate and e) re-usability.

In this endeavour, we have synthesized a 2-fold interpen-
etrated, flexible, 3D supramolecular framework: [Cu(2,6-ndc)
(1,10-phen)]n, by solvothermal method and characterized by
SCXRD analysis. Structural analysis revealed that each Cu centres
are connected by 2,6-ndc ligands to form 2D coordination lay-
ers with hanging coordinated 1,10-phen moieties and these 2D
metal–organic coordination layers are assembled by 1,10-phen
mediated π . . . π interactions to form the overall 3D supramolec-
ular structure. The presence of π . . . π interactions help to: (i)
induce flexibility and (ii) create electronic conducting pathway
within the framework. The resultant flexible framework showed
semiconducting nature in association with micro-porosity. TGA
analysis revealed that the framework decomposes at 350 ◦C. The
MOF was decomposed by heating at 650 ◦C to produce CuO-NPs

which were characterized by PXRD, SEM and EDAX analyses. Four
probe electrical conductivity experiments revealed that the syn-
thesized CuO-NPs have 16 times higher conductivity than parent
MOF. Further, we have successfully demonstrated solvent free C–
S and C–O heterocouplings in excellent yields in bulk utilizing
the CuO-NPs. Product analysis revealed exclusive formation of the
desired products with minimum amounts of wastes; hence, we
would be able to make the process green and highly applicable
for industrial scale synthesis.

2. Experimental section

Materials and Methods: Copper (II) nitrate, monohydrate; 2,6-
napthalene dicarboxylic acid and 1,10-phenanthroline were pur-
chased from Merck chemical company. All other chemicals used
were AR grade. Elemental analysis (C, H, N) was carried out using
a Perkin-Elmer 240C elemental analyzer. The thermal analysis
was carried out using a Mettler Toledo TG-DTA 85 thermal an-
alyzer under a flow of N2 (30 ml/min). The sample was heated
at a rate of 10 ◦C/min with inert alumina as a reference. IR
spectroscopy was measured on Nicolet Impact 410 spectrome-
ter between 400 and 4000 cm−1, using the KBr pellet method.
Photoluminescence spectra were collected on a Shimadzu RF-
5301PC spectrophotometer. Powder XRD patterns were recorded
by using Cu-Kα radiation (Bruker D8; 40 kV, 40 mA). The ele-
mental analysis for CuO-NPs was performed by BRUKER energy
dispersive X-ray spectrometer (EDS) attached with the FEI, IN-
SPECT F50 field emission scanning electron microscope (FESEM).
1H-NMR studies were carried out by using 300 MHz Bruker NMR
spectrometer. The XPS measurements of the sample was carried
out in an ultrahigh vacuum (UHV) multiprobe setup (Omicron
Nanotechnology) at a base pressure of ∼2.0 × 10−9 mbar, which
was equipped with an EA125 hemispherical energy analyzer and
an X-ray source [26]. For the XPS measurements, monochromatic
Al Kα X-ray of 1486.6 eV photon energy was used as a source
and the corresponding spectrometer energy resolution was ∼ 0.8
eV. C 1s level (binding energy of 284.8 eV) was chosen as the
reference level to calibrate the other core-level spectra.
Synthesis of Complex 1 {[Cu(O-phen)(ndc)]n: A mixture of
Cu(NO3)2 (0.5 mmol, 0.1214 g), ndc (0.5 mmol, 0.1092 g), 1,10-
phen (0.25 mmol, 0.0502 g) and 1 mL Et3N in 6 mL DMF was
stirred for 15 min. Then the mixture was transferred into a 15 ml
Teflon-lined stainless-steel vessel and heated for 24 h at 120 ◦C.
Afterwards, it was cooled to room temperature for another 24
h. After 48 h, green coloured single crystals (Figure S1) suitable
for X-ray structure determination were isolated by filtration.
Yield: 70%. Anal. Calcd. for C24H14CuN2O4 indicates C: 62.85%
(62.88% theo), H: 3.10% (3.12% theo) and N: 6.10 (6.08% theo). IR
(KBr pellet, cm−1): 1606(s), 1560(s), 1544(w), 1426(w), 1394(s),
1357(s), 1221(w) and 1191(w) (Figure S2).
Electrical conductivity measurement: The resistance of the sam-
ple is measured by means of a four terminal direct current tech-
nique with resolution of δR/R = 10−5 using a pressed pellet
(10 ton pressure) of the samples. The four terminal connections
are made using fine copper wire with pure silver paste. As a
confirmatory test towards ensuring good electrical contact using
silver paste, the continuity of the samples was checked before
placing it within the sample holder. Contribution of conductivity
of silver of the paste is ignored as it is used for all cases. All these
measurements were performed by the following equipments, (i)
A constant current source (KEITHLEY INSTRUMENT, Model 220),
(ii) A nanovoltmeter (KEITHLEY INSTRUMENT, Model 181), (iii)
Hewlett Packard 3458 A, 81/2 digit multi-metre.
General Procedure for C-X (X = S and O) Hetero-coupling
Reactions: The catalytic reactions were carried out in a glass
batch reactor. To a stirred solution of the phenol or thiophenol

2



M. Patra, S.K. Dubey, B. Mondal et al. Nano-Structures & Nano-Objects 26 (2021) 100756

(25 mmol), aryl halide (5 mmol), KOH (5 mmol) and CuO (2.5
mol%) were added, and the reaction mixture was stirred at 100 ◦C
for 17 h under inert atmosphere and monitored continuously by
TLC (hexane/ethyl acetate = 9:1 v/v). After completion of the C–O
or C–S cross-coupling of phenol/thiophenol with aryl halide, (i.e.
after complete consumption of the aryl iodide which takes near
about 17 h), the reaction mixture was treated with diethyl ether.
The solution was centrifuged and then catalyst was isolated,
washed water and ether. After complete drying, the catalyst can
be reused for the next cycle. The remaining mixture was diluted
with water and extracted with diethyl ether thrice. The combined
organic layer was dried over anhydrous Na2SO4, filtered, and
concentrated to afford the crude material. The crude material was
then purified by column chromatography (silica 100–200 mesh,
ethyl acetate-hexane 5%–10%) to afford the desired C–O or C–S
cross coupling product (yield = 95%–99%).
Crystallographic Data Collection and Refinement: Suitable sin-
gle crystal of the complex was mounted on a Bruker SMART
diffractometer equipped with a graphite monochromator and
Mo-Kα(λ = 0.71073 Ǻ) radiation. Unit cell parameters were
determined by using the APEX2 [27] program. Data reduction was
carried out by the SAINT [27] program and correction or absorp-
tion was performed using the SADABS [27] program. The struc-
ture was solved using Patterson method by using the SHELXS-
2018/3 [28] embedded in WINGX software package [29]. Subse-
quent difference Fourier synthesis and least-square refinement
revealed the positions of the remaining non hydrogen atoms.
Non-hydrogen atoms were refined with independent anisotropic
displacement parameters. Hydrogen atoms were placed in ideal-
ized positions and their displacement parameters were fixed to be
1.2 times larger than those of the attached non-hydrogen atom.
All Figures were drawn by using PLATON [30] and ORTEP [31].
Data collection and structure refinement parameters and crystal-
lographic data for complex 1 are given in Table S1. The structure
was previously reported in literature [32] and, herein, we have
described from a different perspective. Some selected coordi-
nation bond lengths, bond angles and non-covalent interaction
parameters are summarized in Table S2-S3.
Indexing of the PXRD data: The indexing of the XRPD pattern
was carried out using NTREOR and McMaille programs of EXPO
2009. Indexing reveals that the complex is still crystalline with
a monoclinic system with a = 13.5426 Å, b = 13.9326 Å, c =

12.0862 Å, β = 100.1023◦ and V = 2245.11 Å3. The space group
was obtained from statistical analysis of the powder pattern
with the help of find space module of the EXPO 2009 soft-
ware package. Statistical analysis shows that the most probable
space group is P21/n. For this unit cell and space group, full
pattern decompositions were performed using Le Bail method
giving good fit between calculated and experimental powder X-
ray patterns. This result was corroborated from the indexing and
Pawley refinement of the PXRD pattern of the complex by the
reflex module of the Material studio program. Unit cell, peak pro-
files, zero-shift, background were refined simultaneously. Peak
profiles were refined by the Pseudo-Voight function with Berar–
Baldinozzi asymmetry correction parameters. The background
was refined using a 4th order polynomial.

3. Result and discussions

Structural description of Complex 1: X-ray crystal structure
analysis revealed 1 as a neutral 3D supramolecular framework
(formula [C24H14CuN2O4]n). The asymmetric unit contains one
Cu(II) ion, two halves two ndc2− ligands and one 1,10-phen
(Figure S3). Each Cu(II) atom shows distorted square pyramidal
geometry (τ = 0·07) with CuN2O3 chromophore (Figure S4).

ndc2− ligands show two different types of bridging modes: µ4-
bis-bridging and µ2-bis-bridging. Coordination of two different
types of ndc2− with the Cu2+ ions forms 2D coordination sheet in
the bc-plane with 1,10-phen ligands hanging into the interlamel-
lar spaces from the metal centres, Figure S5. These 1,10-phen
moieties between two 2D layers are connected through are in-
teracted by π . . . π interactions between aromatic rings present
within the 1,10-phen molecules. Such π . . . π interactions further
assemble these 2D layers along a-axis to generate a spongy 3D
supramolecular framework, as shown in Fig. 1a. The dimensions
of all π . . . π interactions are listed in Table S4. It is to be
noted that 1D channel of dimension 12.071 × 13.294 Å is formed
along a-axis (Figure S6). The channel is filled by two-fold self
impregnation in order to achieve an efficient packing (Fig. 1b and
S7).
Framework Stability and PXRD: Thermo-gravimetric analysis of
the compound was performed in the temperature range of 25–
500 ◦C under N2 atmosphere (Fig. 2). The TG analysis indicated
that complex 1 is stable up to 260 ◦C and undergoes decompo-
sition in two consecutive steps above this temperature. In the
first step, 1,10-phen moieties undergo dissociation within 260
and 300 ◦C and above this temperature it degrades in another
step at about ∼325 ◦C.

To know about framework flexibility, the PXRD analyses with
complex 1 were done at room temperature and at 150 ◦C tem-
perature. The PXRD pattern of the as synthesized complex 1 is
matched very well with the simulated pattern which indicated
the phase purity of the sample. The PXRD (Fig. 3) pattern at higher
temperature has peaks at slightly lower angle. The indexing of
the PXRD pattern was carried out using NTREOR and McMaille
programs of EXPO 2009 (supporting information, Figure S8). This
reveals that the complex is still crystalline with monoclinic sys-
tem (a = 13.5426, b = 13.9326, c = 12.0862 Å, β = 100.1073◦

with a larger cell volume of 2245.11 Å3, Table S4). So, the length
of the a-axis, along which 2D layers are stacked through π . . . π

interactions, increases in large amount compared to b- and c-axes
and this corresponds to the expansion of layer gap assisted by
the gliding motion of the π-stacked layers [33], which is feasible
for 1,10-phen ligand. So, both the increase in bond length and
expansion of layer gap along a-axis contribute to the overall 15%
increase in the overall cell volume. Upon cooling to room tem-
perature, the PXRD pattern reverts back to the original pattern.
This proves the π-induced flexibility of the framework.
Adsorption study: Though PLATON study indicates the non-
porous nature the framework at ambient condition but the vari-
able temperature PXRD study showed that there is a chance to
create porous channel along crystallographic c-axis by thermally
stimulated π-induced flexibility — and thus we have attempted
to analyse sorption behaviour of the sample. N2 adsorption study
at 77 K revealed the non-porosity of the material while the
solvent sorption studies at 298 K indicated micro-porosity. Water
adsorption isotherm (at 298 K) of complex showed type III
behaviour. The volume uptake of water is 15.6 cm3/g (Fig. 4).
Complex 1 also adsorbs 12.9 cm3/g methanol and 6.24 cm3/g
ethanol (Fig. 4). Small amount of adsorption may be interpreted
as that due to interpenetration very narrow channels were cre-
ated within the framework or surface adsorption [34]. Desorption
curve does not coincide with the adsorption curve in all cases,
showing a hysteresis loop and incomplete desorption. A very
little amount of water, methanol and ethanol remains within the
framework. Small hysteresis in the water adsorption isotherm is
probably because of trapping by the coordinatively unsaturated
metal sites.
Photoluminescence: Photoluminescence property of complex 1
was performed at room temperature in solid state. The emission
spectra of both 1,10-phen ligand and complex 1 are shown in

3



M. Patra, S.K. Dubey, B. Mondal et al. Nano-Structures & Nano-Objects 26 (2021) 100756

Fig. 1. π . . . π (magenta) conjugated 3D supramolecular structure (a) and 2-fold interpenetration (b) of complex 1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. The thermal plot of complex 1.

Figure S9. The luminescence spectra of 1,10-phen ligand show

two peaks at 412 nm and 434 nm with a shoulder at 461 nm. The

spectra arise due to π-π* transition. The luminescence spectra of

complex 1 show similar pattern — the spectra contain two peaks

at 414 nm and 434 nm with three different shoulders at 458 nm,

464 nm and 468 nm. The spectra arise due to both intra-ligand π-
π* transition and M-L charge transfer transition. So due to metal
complex formation, a small red shift occurs.
Synthesis and Characterization of CuO-NPs: Nano-particles are
highly interesting as their properties are critically dependent
on synthetic condition, size distribution, morphology and shape.
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Fig. 3. Variable temperature PXRD pattern of complex 1.

Fig. 4. Gas and solvent sorption behaviour of complex 1.

CuO-NPs have great potential for their applications in electro-
chemical cells, magnetic storage media, photovoltaic cells, etc.
Here, the 2D-MOF is used as a template to synthesize CuO-NPs
by calcinations. The bulk material of the MOF was heated at 650
◦C for 4 h at normal condition. Upon heating, the green coloured
compound turned in black powder, which was characterized by
PXRD, EDS, IR, TEM and SEM analyses. IR spectra of the CuO-
Nps are presented in Figure S10. The PXRD pattern matches

with the reported PXRD pattern of CuO with JCPDS No. 08-0234
(Fig. 5a). The TEMmicrograph indicated the spherical morphology
of the synthesized NPs (Fig. 5b) with average size of ∼25 nm
and this corroborates with the PXRD data. EDS study indicated
the presence of characteristic peaks for the constituents (Cu and
O) (Figure S11). The Cu 2p3/2 core-level spectra (Fig. 6) have
been studied to know the oxidation state of Cu present in the
copper oxide nanoparticles. The binding energy position of the
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Fig. 5. PXRD pattern (a) and TEM image (b) of the synthesized CuO-NPs.

main peak in the spectra was observed at around 933.7 eV that
informs about the presence of Cu2+ species, which was observed
previously by many people [35]. The strong shake-up satellite
observed in these spectra is also an indication of the presence
of Cu2+ species that was mentioned by many authors previously
[35]. So, the Cu 2p3/2 core-level spectra confirm that the Cu
present in this copper nanoparticles sample is mostly in the Cu2+

oxidation state.
Green Catalytic C-X Hetero-coupling Reactions: In the present
work, the synthesized spherical shaped CuO-NPs are used for
the catalytic cross-coupling (C–O and C–S) reactions of alcohols

and thiols with arylhalides. Generally, for such C–O and C–S
cross-coupling reactions, high boiling solvents like DMSO, DMF,
NMP, etc. are required in both homogeneous and heterogeneous
conditions. And consequently, separation of products from these
solvents becomes very difficult and tedious. Here, we are going
to report a solvent free, neat reaction protocol for such hetero-
coupling reactions of phenol, thiophenol, alcohol, and thiols with
aryl halides.

Literature review indicates that in previous studies of copper-
catalyzed hetero-coupling reactions, N-methylpyrrolidinone
(NMP), dimethylformamide (DMF), dimethylsulfoxide (DMSO)
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Fig. 6. XPS data of CuO-NPs reveals the presence of only Cu2+ ions.

etc. are used as solvent with KOH and K2CO3 as base [36] and,
thus here, we have also followed the same protocol initially.
Punniyamurthi et al. have carried out the C-X (X = S, N and
O) hetero-coupling catalytic reactions using CuO-NPs in DMSO
[36d]. Here, catalytic activity of the synthesized CuO-NPs was first
investigated for the cross-coupling of iodobenzene with phenol
and latter with thiophenol. The reactions of chlorobenzene, bro-
mobenzene, phenyltosylate, and phenylboronic acid are studied,
but those are found to be inferior to that of aryl iodides. Cat-
alytic tests were also performed with CuCl, CuBr and CuI, freshly
prepared before use, provided the same results as obtained with
synthesized CuO-NPs. Other Cu(II) salts tested (CuBr2, CuSO4·

5H2O, CuCl2) were found to be less efficient catalysts (yields
55%–69%) than the CuO-NPs. A low amount of 2.5 mol % of CuO-
NPs was employed in these initial standardization reactions. Our
first goal was to optimize reaction conditions and to achieve
information about the role of additives and solvent polarity. It
appeared that, by applying KOH as base in DMF, diphenylether
was obtained in quantitative yield in presence of 20 mol% CuO-
NPs catalyst without the use of added ligands. Solvent polarity
has significant impact on the yield of the reactions (Table S5) –
high polarity solvents like DMF, DMA and NMP show better yield
than toluene (entries 3–5). It is noteworthy that very low yield
(40%) was obtained for using water as solvent (Table S5, entry 6).
Now, difficulty in separation of these solvents from the product
prompted us to choose the neat reaction conditions (Table S5,
entry 7). And interestingly, we have found that the yield of neat
reaction conditions are similar to that in DMF, DMA and NMP and
then we decided to go further with the neat reaction conditions.

Similarly, a series of bases were also screened. Among inor-
ganic bases, KOH gave almost quantitative results for the coupling
reaction to diphenylethers (Table S6), while, among organic bases,
triethylamine and Hunig’s base (DIPEA) gave also good results
(Table S6, entries 2 and 3) in heterogeneous reaction mixture.
Notably, in our case the required amount for the base is only
one equiv. (based on the aryl halide), while in common reports
this is usually in between 1.5 and 2.5 equiv. Further experiments
were performed to find the optimal reaction temperature and
reaction time. Both Tables S5 and S6 refer to around 17 h reaction
with temperature of 100 ◦C. It was noted that a small decrease
in temperature of only 10 ◦C caused a significant decrease in

Table 1
Reaction of Aryl Iodides with Phenol and Thiophenol (conditions: phenol or
thiophenol (25 mmol), aryl iodide (5 mmol), KOH (5 mmol), CuO (2.5 mol%),
100 ◦C, 17 h.
Entry Aryl iodide Alcohol or thiol Product Yield (%)

1 PhI PhOH Ph-O-Ph 99
2 PhI PhSH Ph-S-Ph 99
3 PhI PhCH2OH PhCH2-O-Ph 95
4 PhI PhCH2SH PhCH2-S-Ph 95

diaryl thioether yield (85%). Lowering the time of the reaction
in the present conditions also decreases the yield of the desired
products. Accordingly, at 100 ◦C, the reaction of iodobenzene with
phenol is relatively fast (65 and 95% after 2 and 6 h, respectively).
It also appeared that fluoro-, chloro-, and bromobenzene are very
less reactive under the optimized conditions, giving extremely
lower yields (4%–55%) of the C–O coupling products (Table S7).
Aryltosylate and boronic acids are also very less effective com-
pared to that of iodide (Table S7, entries 5 & 6). Finally, the
effect of the copper catalyst and its loading amount was evalu-
ated. As discussed earlier and shown in Table S8, Cu(II) catalysts
performed badly (Table S8, entries 1–4, yields 55%–69%). Only a
minor difference in yields were observed when catalytic activity
of CuO-NPs was compared with Cu(I) salts (Table S8, entries
5–8). The desired products are purified by column chromatogra-
phy, identified by NMR spectra and then the isolated yield was
calculated.

To determine the scope of the catalytic system, the present
protocol was further applied to reactions of a variety of commer-
cially available aryl iodides and phenols or thiophenols (Table 1).
As shown in Table 1, the coupling of phenol and thiophenol with
iodobenzene was successful, leading to the desired products in
good yields. The protocol is equally efficient for aromatic and
aliphatic phenols and thiophenols. The catalyst system is highly
efficient providing the corresponding diaryl ethers and thioethers
in good to excellent yields. Iodobenzene was maintained as ary-
lating substrate. The present optimized catalytic process provides
the arylation of phenols and thiophenols with aryl iodides, in the
presence of KOH as a base under neat conditions. To the best of
our knowledge, this is the first report about aryl-sulphur and aryl-
oxygen bond formation in which a MOF derived CuO-NPs catalyst

7
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Fig. 7. Variable temperature electrical conductivity and corresponding I–V curve of the both complex 1 and MOF derived NPs.

is used without addition of any ligand and solvent. In the present
study diphenylether and diphenylthioether was formed in 99%
yield in the reaction of iodobenzene with phenol and thiophenol
in solvent free neat conditions.

The CuO nanoparticles are recyclable upto 5th cycle without
loss of significant reactivity (Table S9). After completion of the
C–O cross-coupling of phenol with iodobenzene, the reaction
mixture was treated with diethyl ether. Then, the overall mix-
ture was centrifuged to isolate the catalyst. After isolation, it
was washed with water and ether repeatedly and then dried
for further use (Figure S13). The reusability tests indicate high
yield. A comparative study with the bulk CuO synthesized by
precipitation method was also studied – a lower amount of yield
(∼40%–55%) was obtained for CuO bulk.

The catalytic activity of our synthesized CuO-NPs was in-
vestigated for the cross-coupling of iodobenzene with phenol
and compared with similar heterogeneous catalysts (Table S10).
Unlike homogeneous catalyst, use of heterogeneous catalyst is
much more advantageous in terms of their easy separation, re-
cyclability, high thermal stability and longer lifetime. In this
respect, based on literature and availability of the heterogeneous
catalysts, the reactivity of ZnO, SnO, SnO2, CuO, Cu2O and CuO
NPs/SiO2 [37] has been judged and compared with respect to C–
O coupling reaction of phenol and iodobenzene. Our synthesized
CuO is found to be most effective with respect to yield of the
desired coupling product. Heterogeneous catalysts other than
CuO and Cu2O found to be completely ineffective giving no yield
of the desired C–O coupling product (entries 1–3).

A suitable mechanistic pathway for the above-mentioned
catalysis reactions was proposed (Scheme S1). These results sug-
gest that the reaction may occur by oxidative addition followed
by reductive elimination. The oxidative addition of the aryl halide
with catalyst can give intermediate A, which can undergo reaction
with an alcohol or thiol to afford intermediate B. Intermediate B
can provide the C–O or C–S cross coupling product by reductive
elimination. According to Sambiagio et al. the mechanism of such
reactions is still unclear and it is considered that the mechanism
actually varies depending on the substrate, ligand and reaction
conditions [22b]. It is believed that the most active catalyst is
Cu(I)-species which may form from the initial copper source.
Electrical Conductivity of MOF and MOF derived CuO-NPs:
In complex 1, the coordination between the metal centres and
ndc2− ligands forms 2D coordination layers and coordinated

1,10-phen moieties are hanging from the layers to connect next
to neighbouring layers through π . . .π interaction to form 3D
supramolecular structure. Due to the presence of extended π

. . . π conjugation within the structure of 1, we hope that the
framework may show electrical conductivity. Bulk electrical con-
ductivity of complex 1 has been measured by four probe contact
using Ag wire on the pressed pellets. The conductivity of complex
1 is 3 x 10−3 S/cm at 312 K with Ohomic behaviour within the
range of ± 40 V, Fig. 7(a and b). Variable temperature conduc-
tivity measurement within the temperature range of 312 K to
423 K indicates that with increasing temperature, conductivity of
the framework increases — the framework is semiconducting in
nature. The conductivity value is 4.2 × 10−3 S/cm at 423 K. With
increasing temperature, delocalization of π-electrons increases
and this may be a reason behind the linear rise in conductivity
value electrical conductivity. The calculated activation energy of
the framework is 0.077 eV.

Koo et al. have reported a semiconductive metal–organic
framework having 2,5,8-tri(4-pyridyl)1,3-diazaphenalene as the
π-conjugated ligand. Single crystal electrical conductivity mea-
surement gives a value of ∼1 x 10−6 S/cm [12a]. Kuang et al.
have reported single crystal conductivity value of ∼1.2 × 10−5

S/cm of a framework having napthalenediimide [12b]. Haider
et al. have measured conductivity on the single crystal of a
framework containing 1,4,5,8-naphthalenetetracarboxylate and
the framework shows conductivity of ∼10−4 S/cm [12c]. Chen
et al. have reported the semiconducting behaviour of mixed
metal MOF in which 4,4′-(anthracene-9,10-diylbis(ethyne-2,1-
diyl))dibenzoate is used to induce π . . . π interaction within
the framework at separation distance of 3.4 Å [12d]. Electrical
conductivity measurement on single crystals gives a conductivity
value of 1.3 × 10−3 S/cm. Qu et al. have measured electrical
conductivity of a metal–organic framework containing N,N′-di(4-
pyridyl)-1,4,5,8-naphthalenetetracarbox-diimide on both single
crystal and pressed pellets [12e]. Single crystal conductivity mea-
surement showed 103 times higher conductivity (3.3 × 10−3

S/cm) than measured on the pressed pellets (7.6 × 10−6 S/cm). In
our case, four probe electrical conductivity measurement on the
pressed pellet of complex 1 gives a value of 3 x 10−3 S/cm at 312
K.

We have also studied the electrical conductivity of the MOF
derived CuO-NPs in a similar manner. CuO is a p-type semi-
conductor but the bandgap and electrical conductivity vary with
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the size and morphology of the nano-particles [38]. In most
cases, the bandgap of CuO-NPs varies in the range of 1.2 to 2.0
eV and, based on its narrow bandgap, CuO-NPs have significant
applications in electronic and opto-electronics. The conductivity
of the MOF derived CuO-NPs is 4.85 × 10−2 S/cm with similar
Ohomic behaviour at 312 K and this conductivity value is 16
times higher than the parent MOF, Fig. 7a and b. Combustion of
the organic moieties within the MOF leads to the occurrence of
charge transfer interaction between the copper and oxygen atoms
within the framework and this may be the reason behind this
enhanced conductivity. The variable temperature conductivity of
the NPs is measured within the range of 312 to 588 K and the
CuO-NPs also show semiconducting behaviour. The conductivity
value rises smoothly up to 430 K (11 x 10−2 S/cm) and afterwards
increases very rapidly to 1.11 S/cm at 588 K. A plot of ln(σ ) vs.
1000/T for CuO-NPs shows two linear portions intersecting each
other (Figure S14). This indicates the presence of two activation
energy of CuO and values are 73 and 370 meV respectively,
with a crossover at 430 K. The comparatively small activation
energy indicates that Cu(I) and Cu(0) in association with oxygen
vacancies may be present in CuO-Nps [16a]. Change of activation
energy with temperature may be due to the presence of any
metastable state in the sample.

4. Conclusions

Single crystal X-ray analysis of complex 1 revealed two types
of binding modes (µ2- and µ4-) of ndc2− ligands to the central
Cu(II) ions, which, in turn, resulted in the formation of 2D coor-
dination sheet. While the hanging 1,10-phenanthroline ligands in
the interlamellar space assembled together by π-π interactions,
which led to the formation of spongy 3D supramolecular metal–
organic framework (MOF). Careful analysis of the MOF, which was
stable up to 260 ◦C, depicted the presence of interpenetrated net-
work topology. Reversible structural transformation of the frame-
work by gliding motion of π-π stacked 1,10-phenanthroline lig-
ands along the crystallographic a-axis and hence reversible ex-
pansion and contraction among the layer gap of 2D coordination
sheets was confirmed by variable temperature PXRD measure-
ments. Adsorption studies of the MOF with water, methanol
and ethanol depicted a hysteresis loop in adsorption/desorption
cycle. After thorough characterization of the MOF, it was calci-
nated at 650 ◦C for 4 h to fabricate CuO-NPs. The PXRD patterns
confirmed the formation of CuO-NPs. While microscopic images
showed formation of nearly uniform CuO-NPs with an average
size of ∼25 nm. Electrical conductivity measurements of the MOF
and MOF derived CuO-NPs suggested both of them are semicon-
ducting nature. However, CuO-NPs were found to be far more
conducting compared to the parent MOF. Further, selective and
efficient CuO-NPs catalyzed C–O and C–S bond-forming reaction
of aryl iodides and various thiophenols is developed. This catalytic
procedure offers general applicability and simplicity, avoiding the
expensive and time-consuming preparation of suitable ligands
and activated substrates. Based on controlled experiments and
green chemistry rules, we proposed a solvent free, neat reac-
tion conditions. Because of these advantages, we strongly believe
that the protocol demonstrated in this work could find large
application. And, we hope that such MOF derived nano-particle
synthesis technique may be used for the synthesis of different
types of metal–oxide nano-materials like ZnO, Cr2O3, VO2, rare
earth oxides.
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Photo-responsive Schottky diode behavior of a
donor–acceptor co-crystal with violet blue light
emission†
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Arabinda Mallick, e Sanjay Kumar *a and Rajat Saha *ae

Herein, we report the crystal structure, supramolecular structure, electronic transport properties and

optoelectronic behaviour of a co-crystal made of tetrabromoterephthalic acid (TBTA) and quinoxaline

(QUIN) (1 : 1). The sample has been characterized using thermogravimetric analysis and spectral techniques.

Moreover, theoretical analyses of noncovalent interactions, optical properties and the band structure of the

co-crystal have been performed. The co-crystal has been crystallized in an orthorhombic system with the

Pnma space group and the constituent molecules assemble in the solid state by using O–H⋯N hydrogen

bonding, π⋯π, Br⋯π and Br⋯O interactions. The ground state geometry optimization over the hydrogen

bonded dimer by DFT method indicates that TBTA acts as the donor and QUIN as the acceptor within the

self-assembled co-crystal. According to UV-vis spectroscopic study the bandgap of the co-crystal is ∼3.18

eV. In the solid state it exhibits a broad emission band with a maximum at 405 nm while in aqueous

medium its photoluminescence emission peaks are obtained at 350 and 403 nm. The values of the average

fluorescence lifetime of the sample in aqueous medium are 3.38 ns at 352 nm and 4.94 ns at 403 nm.

Under UV-irradiation, the co-crystal emits violet-blue light. The emission spectrum in solution phase shows

a relative quantum yield of 0.018. Band structure calculation indicates that the co-crystal is a p-type

semiconductor with a bandgap of 2.835 eV. Due to its semiconducting character, the ITO/co-crystal/Al

sandwiched structured device acts as a Schottky barrier diode with rectification ratio, ideality factor, barrier

height and series resistance of 41, 1.36, 0.70 eV, and 26.97 kΩ, respectively. The current through the device

increases substantially under visible light exposure. Upon visible light illumination the values of electrical

conductivity, mobility and carrier concentration increase by 35 (±0.5), 54 (±0.5) and 6 (±0.5)%, respectively,

with respect to dark conditions. It has been shown that π⋯π and hydrogen bonding interactions can play a

crucial role in producing the donor–acceptor (D–A) type co-crystal, semiconducting behaviour can be

incorporated in the organic co-crystal utilizing π⋯π and hydrogen bonding interactions and weak

intermolecular π⋯π, Br⋯π and Br⋯O interactions can act as the pathway for electrical conduction.

Introduction

In recent times, photo-responsive organic semiconductors1

have attracted enormous attention because of their significant
application potential in photodetectors,2 optical switches,3

LED4 and photovoltaic cells.5 In this context, donor–acceptor
molecular co-crystals connected by charge transfer and weak
intermolecular interactions like hydrogen bonding6 and
π-interactions7 which also have success in crystal engineering
have emerged as the most promising material of this
category.8–11 The physicochemical properties of co-crystals are
poles apart from the sum of their components. These
properties can be tuned rationally by altering intermolecular
interactions through judicious selection of the constituents.
Recently, study of the semiconducting and optoelectronic
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behaviour of organic co-crystals/salts has attracted paramount
attention due to their enormous application possibilities in
next generation environment friendly electronic and
optoelectronic devices in place of the Si-based devices used
nowadays.12–36 However, very few co-crystals exhibit photo-
responsive properties.15–36 Thorough investigation of the
electronic and optoelectronic properties of a number of
organic co-crystal based devices fabricated in laboratory
conditions yielded very promising results in respect to their
application possibilities in the area of light emitting diodes,17

light emitting transistors,18,19 lasers,20 photoconductors,21,22

and photovoltaic cells.23

Tsutsumi et al., have reported the photovoltaic behaviour
of a device fabricated by using DBTTF–TCNQ
(dibenzotetrathiofulvalene–tetracyanoquinodimethane) co-
crystal with narrow bandgap (0.7 eV).24 The thin film solar
cell made of tetracene-doped anthracene co-crystal exhibits
an optical efficiency of 23.72%.25 The highest power
conversion efficiency achieved in fullerene and squarine co-
crystal based heterojunction solar cells is 10%.26 The organic
p–n junction photovoltaic cell made from contorted
hexabenzocoronene (donor) and spherical fullerene
(acceptor) exhibits a good response but large scale
production of the device has not yet been taken up due to
lack of proper structural characterization of the co-crystal
used.27 W. Hu and co-workers have assessed the
optoelectronic performance of several D–A type charge
transfer co-crystals.28–32 They have examined morphology
dependant photo-responsive behaviour of two different co-
crystals of perylene (P) and TCNQ (T) and shown that the on–
off photocurrent ratios of the devices made of 1 : 1 and 3 : 1
P–T co-crystals under visible light illumination are 5.4 and
4.4, respectively.30 In another article, they have shown that
the bipyridylethylene (BPE)–1,2,4,5-tetracyanobenzene (TCNB)
co-crystal can be used as an optical waveguide.31 They have
also designed photonic logic gate properties of an organic co-
crystal composed of 4-(1-naphthylvinyl)pyridine and 1,2,4,5-
tetracyanobenzene.32 The field effect transistor (FET)
fabricated by using the co-crystal of C60 and 5,10,15,20-
tetrakis(3,5-dimethoxyphenyl)porphyrin (3,5-TPP) responds to
NIR radiation.33 The heterojunction device made from the
acridine–trimesic acid co-crystal exhibits an ultrahigh on–off
photocurrent ratio of the order of 104.34 The electrical
conductivity of co-crystal of 1,3,6,8-pyrenetetrasulfonic acid
tetrasodium salt as donor and 1,1′-bibutyl-4,4′-bipyridinium
dibromide as acceptor increases upon illumination with laser
beam of wavelength 405 nm.35 However, this co-crystal has
low conductivity.35

Earlier we have reported the role of weak intermolecular
interactions (like hydrogen bonding, π–π, Br⋯π and Br⋯O
interactions) in the electrical response of
tetrabromoterephthalic acid (TBTA) based multi-component
semiconducting co-crystals through formation of Schottky
barriers.36 Recently, we have reported the photo-responsive
behaviour of some organic co-crystal/salts based Schottky
barrier diodes.15 It is noteworthy that the weak intermolecular

interactions between the donor and acceptor molecules of co-
crystals can be utilized for generation of photocarriers.1,5,15–23

Thus, from a fundamental view point of crystal engineering it
appears that the possibility of forming a co-crystal utilizing
charge transfer/π⋯π stacking between TBTA and quinoxaline
(QUIN) molecules and having the supramolecular network
formed by weak hydrogen bonding, π–π, Br⋯π and Br⋯O
interactions can be explored in order to examine the role of
such weak noncovalent interactions in the electronic transport
properties and optoelectronic behaviour through a
comprehensive study of the photo-responsive properties of a
TBTA–QUIN based Schottky barrier diode.

Herein, we have designed a semiconducting-luminescent
co-crystal of the poly-bromo organic molecule TBTA as donor
and QUIN as acceptor (Fig. S1†) using the solvent evaporation
method, characterized it using single crystal X-ray diffraction
(SCXRD), UV-vis, luminescence lifetime measurements and
fluorescence microscopic imaging techniques. Its photo-
responsive properties have also been examined. Structural
study reveals that this TBTA–QUIN co-crystal has been
formed by the self-assembly of its constituents TBTA and
QUIN through hydrogen bonding and π–π interactions and it
has assembled in the solid state through supramolecular O–
H⋯N hydrogen bonding, Br⋯O, Br⋯π and π–π interactions.
Theoretical inspection of the energy levels of frontier
molecular orbitals of the hydrogen bonded dimer shows that
TBTA acts as donor while QUIN acts as acceptor. Band
structure calculations show that the bandgap of the co-crystal
is 2.835 eV and this value agrees well with the optical
bandgap (3.18 eV) obtained from solid state UV-vis spectra.
Under UV-irradiation the co-crystal emits violet-blue light. To
examine the electrical response, thin film of the co-crystal is
fabricated on an ITO surface and the ITO/co-crystal/Al
sandwich structure exhibits “Schottky diode” behaviour with
a rectification ratio of 45 in dark conditions. The conductivity
of the co-crystal made device increases by 35 (±0.5)% upon
visible light exposure and it exhibits “Schottky diode”
behaviour with a rectification ratio of ∼56.

Experimental section

This study includes the solvent evaporation synthesis of
TBTA–QUIN co-crystal, X-ray single crystal structural
characterization, density functional theory (DFT) based
calculation of the binding energy and non-covalent
interactions within the components, Hirshfeld surface
analysis, spectroscopic study and its theoretical verification
by DFT and periodic DFT calculations (details are provided in
the ESI†). The I–V measurements in dark and under visible
light illumination have been performed on an Al/co-crystal/
ITO sandwich structure fabricated by using an SCU 2700 spin
coating system. Aluminium (Al) electrode is deposited on the
active thin film by a vacuum coating unit (12A4D of
HINDHIVAC) using a shadow mask. The I–V characteristics,
in dark and under visible light irradiation, of the co-crystal
have been recorded using the two probe method using a
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Keithley 2400 sourcemeter interfaced with a PC at applied
bias voltage in the range of −2 to +2 V. The I–V measurements
have been carried out in a dark box. The photo-responsive
behaviour of the device has been investigated under AM 1.5
G photo-irradiation. Details of the I–V measurements are
provided in the ESI.†

Results and discussion
Molecular and supramolecular structure of the co-crystal

Upon mixing equimolar ethanolic solutions of TBTA and QUIN
(Fig. 1) the co-crystal was grown via the solvent evaporation
method. Rhombohedral shaped (Fig. S1†) colourless single
crystals were collected and characterized using the single
crystal X-ray crystallographic technique (ESI†). Structural
analysis reveals that the co-crystal crystallizes in the
orthorhombic system with Pnma space group (Tables 1 and
S1†). The asymmetric unit of the co-crystal contains half of
each of the TBTA and QUIN molecules (Fig. S2†). In the
molecule of TBTA, the carboxylic groups are almost
perpendicular (angle between the plane of the phenyl ring and
the plane of carboxylic acid group is 87.23°, Fig. S3†) to the
plane of the phenyl ring. The C–O bond lengths (O1–C5 =
1.302(3) Å, O2–C5 = 1.192(3) Å) confirm the presence of the
carboxylic acid group. The QUIN moiety is completely planar
and is co-planar to the phenyl ring of the TBTA moiety.

Interestingly, the TBTA and QUIN molecules are connected
by O–H⋯N hydrogen bonds to form the 1D supramolecular
chains along the b-axis (Fig. 2, S4 and Table S2†). Two parallel
1D chains are connected by π⋯π interactions (Fig. S5 and
Table S3†) between the TBTA and QUIN molecules to form a
double layer which is further connected by Br⋯O interactions
(Fig. S6 and Table S4†) to form a 2D supramolecular structure
within the ab-plane (Fig. 2). These 2D sheets are further
bridged by Br⋯π interactions (Table S5†) to form a 3D
supramolecular network (Fig. S7†).

PXRD, thermal and IR analyses

The phase purity of the bulk material was characterized by
PXRD analysis (Fig. S8†). Thermal analysis reveals two-step
degradation of the co-crystal. The sample is stable up to 140
°C, and then for the 1st step of decomposition within the
temperature range 140–220 °C the weight loss of the sample
is nearly 24.5% indicating the removal of the QUIN moiety
from the structure. In the next step the remaining part of the
sample gets completely degraded in the temperature interval

of 270–360 °C (Fig. S9†). The vibrational spectra recorded in
ATR mode (Fig. S10†) show shifts in the frequency band
positions corresponding to CO and O–H vibrations in the
co-crystal with respect to TBTA towards lower frequencies.
This may be attributed to the weakening of CO and O–H
vibrations due to intermolecular hydrogen bonding
interactions between TBTA and QUIN in the co-crystal.

Inspection of noncovalent
interactions within the co-crystal
Hirshfeld surface analysis

The Hirshfeld surface analysis provides more detailed
information regarding the intermolecular interactions and
the 2D fingerprint plot quantifies these interactions within
the crystal structure (details are provided in the ESI†). The
Hirshfeld surfaces were calculated over TBTA molecules
(Fig. 3) and the 2D fingerprint plots (Fig. S11†) were analysed
accordingly. The dnorm surface of TBTA was mapped over the
fixed colour scale of −0.751 to 1.417 Å. It displays some bright
circular red spots, which correspond to the short
intermolecular O⋯H and N⋯H interactions. The light red
spots correspond to the long intermolecular Br⋯O, Br⋯π,
C⋯H and H⋯H interactions. The 2D fingerprint plots reveal
that the O⋯H interactions comprise 17.0% of the total
Hirshfeld surface and appear as a blunt spike with the lowest
contact distance di ≈ 1.5 Å and de ≈ 1.3 Å. The N⋯H

Fig. 1 Molecular structures of co-crystallizing components.

Table 1 Crystallographic data of the TBTA–QUIN co-crystal

Structure Crystal form

System Orthorhombic
Space group Pnma
a (Å) 9.4972(18)
b (Å) 14.745(3)
c (Å) 13.181(2)
α (°) 90
V (Å3) 1845.8(6)
Z, density 4, 2.202
CCDC no. 1841621

Fig. 2 2D supramolecular structure formed by hydrogen bonds
(green), halogen bonds (cyan) and π⋯π interactions (magenta).
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interactions cover 4.3% of the total surface and emerge as a
sharp spike with contact distance di ≈ 0.6 Å and de ≈ 1.0 Å.
The Br⋯C interaction corresponding to Br⋯π comprises
13.5% of the surface and appears as two spikes with average
contact distance de + di ≈ 3.4 Å. The C⋯H, Br⋯O, H⋯H and
Br⋯H interactions are found in the 2D fingerprint plot with
relative surface areas 2.3%, 18.4%, 7.1% and 27.4%,
respectively as shown in Fig. S10.†

Intermolecular interaction energies

The quantitative view of the topology of the distribution of
overall interaction energies sustaining the molecular
components within the crystal structure have been calculated
by two ways. Firstly on the basis of pair-wise interaction
energies by summing up four energy components viz.,
electrostatic (Eel), polarization (Epol), dispersion (Edis) and
exchange repulsion (Erep) on a structure-cluster mapped
within 6 Å in the neighbourhood of each component (TBTA
and QUIN) of the co-crystal to include long-range
interactions. Secondly the binding energies of the four kinds
of self-assembled dimeric model geometries focussing

different kinds of intermolecular interactions (Fig. 4) were
calculated from the difference of the energy of the system
and the sum of individual components in the framework of
DFT with counterpoise correction.

For a cluster of molecules within the 2 × 2 × 2 unit cell,
graphical representation of the individual energy components
has been simulated in the energy framework and is depicted
in Fig. S12.† The interactions for different kinds of
orientations of the component molecules within the crystals
have been explored in the energy framework and are
presented in Fig. S13–S15.† The electrostatic and dispersion
energies coexisting together provide the total interaction
energy for the self-assembly of the co-crystal. Signatures of
electrostatic force due to the strong O–H⋯N hydrogen
bonded arrays and dispersion force due to π-stacking
interactions, Br⋯O halogen bonding with Br⋯π and C–H⋯π

interactions within the constituents of the heterodimers have
been detected in the interaction energy plots (Fig. S13 and
S14†). The Br⋯O halogen bonding interactions between the
TBTA homodimer have been detected to form a 2D-planar
geometry made of a R2

2(10) network between the TBTA
molecules (Fig. S15†).

On the other hand Fig. 4(a) describes the binding energy
of the first model dimer considering only the O–H⋯N
hydrogen bonding interactions, the second model (Fig. 4(b))
gives the binding energy of the weakly interacting π stacked
dimer, the third and fourth models diagnose the
intermolecular interactions between the homo-dimers, Br⋯O
and Br⋯π interactions between two TBTA moieties (Fig. 4(c))
and C–H⋯π interactions between two QUIN moieties
(Fig. 4(d)). The calculated values of these interactions as
listed in Table 2 show comparable results.

Fig. 3 Hirshfeld dnorm, shape index and curvedness surfaces of TBTA–
QUIN around TBTA.

Fig. 4 Theoretical model geometries with the synthon energies describing (a) O−H⋯N hydrogen bonding interaction, (b) π⋯π interaction for the
TBTA-QUIN hetero-dimer model structures, (c) Br⋯O and Br⋯π interactions within the TBTA homo-dimer and (d) C–H⋯π interactions between
the QUIN homo-dimer model structure.
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QTAIM and NCI plot analysis

A qualitative analysis of the topological properties of the
noncovalent interactions prevailing within the dimer geometries
based on the electron density has been performed using the
quantum theory of atoms in molecules (QTAIM). In the QTAIM
distribution of critical points (CPs) and bond paths each
noncovalent interaction is characterized by a bond CP (yellow
sphere) and bond path interconnecting the atoms of two
different molecular units and to visualize the nature of the non-
covalent interactions (NCI), the reduced density gradient (RDG)
has been represented by iso-density surfaces over the interacting
dimers (Fig. 5). The nature of the interaction between the
molecules within the dimer can be traced through a red–blue–
green colour scheme on the calculated iso-surface where blue
colour usually highlights strong attractive interaction whereas
red points towards strong repulsive interaction. Weak
interactions (attractive) are indicated by green colour.

Fig. 5(a) shows the QTAIM representation of the
heterodimer, where the O–H⋯N hydrogen bond is portrayed
by the bond critical point (BCP) represented by a yellow
sphere and the bond path shown by a pink line
interconnecting the H and N atoms. The small blue iso-
surface located between the H and N atoms shows the NCI
plot representation which confirms the presence of strong O–
H⋯N hydrogen bonding interactions. Fig. 5(b) displays
several BCPs connecting the π-systems of both the QUIN

rings and the TBTA molecule, characterizing the π-stacking
interaction. The extended green iso-surface between the
π-stacked hetero-dimers indicates the weakly attractive nature
of the interactions between the participating residues.

It can be observed that for the self-assembled homo-dimer
(Fig. 5(c)) the distribution of bond critical points (CPs) and
bond paths reveals two different types of interaction, one
corresponds to the XB, where the Br and O atoms are
interconnected by a bond CP and bond path and the other
contact can be defined as a Br⋯π interaction that is
characterized by a bond CP and bond path connecting the Br
atom to one C-atom of the π-aromatic ring. The natures of
weakly interacting Br⋯O and Br⋯π interactions are
characterized by three separate green iso-surfaces between
them. On the other hand Fig. 5(d) presents the similar
distribution of bond critical points (CPs) and bond paths,
revealing the C–H⋯π short contacts by a bond CP and bond
path interconnecting the H atom to one C-atom of the π ring
of QUIN. The strength of the interaction can be observed by
four discrete green iso-surfaces between the QUIN homo-
dimer and was found to be weak in nature.

Optical, electronic and electrical
transport properties
Spectroscopic and light emitting behaviour

The optical properties of the co-crystal have been examined
in both solid state and aqueous medium (Fig. 6). The solid
state absorption spectrum of the co-crystal shows a broad
band in the UV region while in the aqueous medium
multiple peaks appear (Fig. 6(a)). The peaks obtained at lower
wavelength can be attributed to π–π* transition while higher
wavelength peaks are due to inter-ligand charge transfer
(ILCT) between different moieties of the co-crystal. Usually,
in the UV-vis reflectance spectra the band for the co-crystal
formed by the charge transfer (CT) interaction appears at
lower energy with respect to its individual components.12

However, in the present case no such shifting of the band for
the co-crystal has been observed, which discards the
possibility of the presence of CT interaction between TBTA
and QUIN moieties in the co-crystal (Fig. S16(a)†). The
absorption spectra of the co-crystal in both solid state and
solution phase show two major bands. The solution phase
spectrum is blue shifted with respect to the solid state
spectrum. The peaks in solution phase absorption spectrum
are clearly resolved whereas for the solid state spectrum the

Table 2 Comparison between interaction energies calculated from the energy framework and binding energies from DFT computation

Pair Interaction Interaction energy Binding energy

TBTA–QUIN heterodimer O–H⋯N hydrogen bonding interactions −50.5 kJ mol−1 −9.52 kcal mol−1

π⋯ stacking interactions −36.5 kJ mol−1 −4.71 kcal mol−1

TBTA homodimer Br⋯O halogen bonding with Br⋯π −31.4 kJ mol−1 −8.40 kcal mol−1

QUIN homodimer C–H⋯π interactions −11.6 kJ mol−1 −3.44 kcal mol−1

TBTA homodimers with R2
2(10)

network forming a 2D-planar geometry
Br⋯O halogen bonding interaction between
the TBTA homodimers

−19.0 kJ mol−1

Fig. 5 AIM distribution of bond and ring critical points (yellow and tan
spheres respectively), bond paths (magenta lines) and the nature of
non-covalent interactions for the model dimeric geometries revealing
(a) O–H⋯N strong H-bonding interaction, (b) π-stacking interaction, (c)
Br⋯O and Br⋯π interactions and (d) C–H⋯π short contacts.

CrystEngCommPaper

Pu
bl

is
he

d 
on

 1
0 

M
ar

ch
 2

02
1.

 D
ow

nl
oa

de
d 

by
 J

ad
av

pu
r 

U
ni

ve
rs

ity
 o

n 
8/

31
/2

02
1 

9:
27

:1
2 

A
M

. 
View Article Online

https://doi.org/10.1039/d1ce00020a


CrystEngComm, 2021, 23, 3510–3523 | 3515This journal is © The Royal Society of Chemistry 2021

band nature can be observed, which mainly arises due to the
aggregation effect. Fig. S16(b)† depicts the absorption
behaviour of the sample and its components in solution
phase. By correlating the experimental and simulated
absorption spectra of the sample in solution phase it has
been shown that the co-crystal retains its supramolecular
assembly in the aqueous medium (see ESI†).

The solid state emission spectrum of the co-crystal shows
a broad band with a maximum at 405 nm while in aqueous
medium it has two peaks with maxima at 350 nm and 403
nm (Fig. 6(b)). Such behaviour is due to the solid state
aggregation effect within the multi-component material.
Concentration dependent absorption and emission spectra of
the sample have also been studied in solution phase (Fig.
S17(a) and (b)†). With increasing concentration, the intensity
of the peaks in the absorption spectra increases
continuously; while in the emission spectra, the intensity of
the peak at 350 nm decreases and it increases for the peak at
403 nm. Most probably self-assembled aggregation is
responsible for the decrement and the incessant increase in
the propensity of the inter-ligand charge transfer interaction

with increasing concentration causes the significant
enhancement in the intensity of the second peak.

Fluorescence lifetime is a very effective tool for probing
the local environment around a fluorescent molecule and
excited state interactions. The decay profiles of the sample
recorded in aqueous environment have been fitted with a
double-exponent (Fig. 6(c)) and the respective lifetime values
τ1 and τ2 are provided in Table 3. The average lifetime values
of the material in aqueous medium for those emission
maxima were determined from the results of the time-
resolved fluorescence spectroscopy using the equation: 〈τav〉 =
(a1τ1

2 + a2τ2
2)/(a1τ1 + a2τ2), where a1, a2 are the percentage

contributions for these two lifetime values and are presented
in Table 3.

The relative quantum yield (ΦF) calculation from the
luminescence measurement carried out in solution phase
(considering only the area under the emission spectrum with
maximum at 403 nm) using quinine sulfate (QS) in 0.1 M
H2SO4 as the standard reference shows that the sample is
minimally radiative with ΦF = 0.018. The consequential
radiative and non-radiative transition rate constants for this

Fig. 6 (a) UV-vis absorption spectra of the sample in both solid state and aqueous medium, (b) steady state emission spectra of the sample in both
solid state and aqueous medium (λex = 313 nm, conc. = 10−4 mol l−1), (c) lifetime profile of the sample in solution phase and (d) fluorescence image
of the co-crystal. The spectra of the sample in solid state and in solution phase as shown in Fig. 6(a) and (b) are normalized to illustrate their
differences.

CrystEngComm Paper

Pu
bl

is
he

d 
on

 1
0 

M
ar

ch
 2

02
1.

 D
ow

nl
oa

de
d 

by
 J

ad
av

pu
r 

U
ni

ve
rs

ity
 o

n 
8/

31
/2

02
1 

9:
27

:1
2 

A
M

. 
View Article Online

https://doi.org/10.1039/d1ce00020a


3516 | CrystEngComm, 2021, 23, 3510–3523 This journal is © The Royal Society of Chemistry 2021

emission peak were extracted from the relations kr = φF/τav
and kir = (1 − φF)/τav, respectively, and these values are found
to be kr = 3.64 × 106 s−1 and kir = 9.96 × 108 s−1. The
fluorescence microscopic image of the co-crystal under UV
irradiation has been recorded (Fig. 6(d)). The co-crystal shows
violet-blue emission from its edges as expected from the
coordinate (0.151, 0.056) of the CIE chromaticity diagram
((Fig. S18(c)†) drawn from the solid state PL spectra.

Ground state structural and electronic properties

The molecular structure of the co-crystal has been optimized
in the electronic ground state (S0) in both the gaseous phase
and in water medium employing the DFT method with the
6-311++G(d,p) basis set. The gas phase and solution phase
optimized geometries of the co-crystal are presented in Fig.
S18† and the coordinates are reported in Tables S6 and S7.†
As the present sample is not a CT type co-crystal and the
hydrogen bonding interaction is the strongest interaction
between the components of the co-crystal, the hydrogen
bonded heterodimer was chosen as the molecular unit of the
co-crystal for all molecular level calculations. In the starting
solid state geometry derived from the crystal structure a
molecular unit of the co-crystal contains a TBTA and a QUIN
moiety where the carboxylic groups of TBTA are
perpendicular to the aromatic ring of TBTA and the aromatic
ring of TBTA is coplanar with the QUIN ring. The relative
orientations of the different fragments of the optimized
geometry in the aqueous phase is almost the same as the
solid state molecular structure. The slight difference between
these conformations is because of the presence of solvent
interactions in the aqueous phase. On the other hand, for
the optimized geometry in the gaseous phase the aromatic
ring of the TBTA molecule becomes perpendicular with
respect to the QUIN moiety and the carboxylic groups turn
coplanar with the QUIN moiety. Due to the absence of
crystalline packing force the optimized geometry of the
molecule in the gaseous phase exhibits such a substantially
different conformation from the solid state molecular
geometry. Except for the bonds with H atoms all the
optimized bond lengths are within the appreciable limit of
∼0.02 Å. In the solution phase optimized geometry the
increment of the O–H bond dimension is more than the
gaseous phase optimized geometry. Some of the selected
bond lengths of the co-crystal are listed in Table S8.†

The isodensity surface plots (isodensity = 0.02 e Bohr−3) of
some of the selected frontier molecular orbitals (FMO) of

both the optimized structures of the co-crystal along with
their orbital energies are depicted in Fig. 7. For the FMOs the
contributions coming from different parts of the co-crystal in
terms of atomic contribution are obtained by the fragment
analysis method, and energies of the FMOs along with the
HOMO–LUMO energy differences are provided in Table S9.†
It can be clearly seen that the FMOs for the geometries
optimized in the gaseous phase and in water medium have
different energies and the electron density distributions of
the FMOs (Fig. 7) show different distribution of the
isodensities over different parts of the molecules.

In the hydrogen bonded dimer the HOMO e-density is
found over TBTA and the LUMO e-density is on QUIN for both
the phases. Therefore for the ground state of the TBTA–QUIN
self-assembly, TBTA will act as donor, whereas QUIN will act as
acceptor. This observation is further supported by the
calculation of the Mulliken charges over the atoms of the
hydrogen bonded dimer geometry (Tables S10 and S11†). It
may be noted that for both the phases all virtual orbitals
subsequent to the LUMO are composed of contributions from
a single entity. For both the phases, LUMO+1 to LUMO+3 are
composed of the contribution from the TBTA moiety and
LUMO+4 is composed of the sole contribution from the QUIN
moiety. The HOMO−2 and HOMO−4 orbitals in the gaseous
phase optimized structure and the HOMO−1 orbital in the
aqueous medium optimized geometry are composed of sole
contributions from the QUIN moiety. For all other occupied
orbitals both the TBTA and QUIN moieties contribute in
different ratios. All the % contributions are listed in Table S9.†

Singlet excited states and calculated absorption spectra

We have computed the theoretical UV-vis spectra of the co-
crystal in both the gaseous state and aqueous medium using
the ground state optimized geometries in the respective phases,
with the help of the non-equilibrium approach of the time
dependent density functional (TD-DFT) method. The energy of
each excited state (Sn) represents the vertical excitation energy
in electron volts (eV) from the ground state (S0).

The theoretically (both in the gaseous and solution phases)
and experimentally obtained UV-vis spectra of the co-crystal in
aqueous medium are presented in Fig. 8. The absorption
spectra of the co-crystal show multiple transitions and these
excitations are primarily attributed to charge transfer transition
between different moieties within the molecular unit of the co-
crystals. The peaks in the experimental spectrum have been
assigned by visual inspection. The values of theoretically
calculated excitation wavelengths matching with experimental
result, excitation energies, oscillator strengths and CI
coefficients along with the corresponding most relevant
transitions involved are presented in Tables S12 and S13.† Both
the experimental and calculated spectral features of the co-
crystal are more or less similar and lie in the UV region of the
spectrum, except the fact that in the theoretical spectra there is
a slight bathochromic shift relative to the experimental
spectrum in the lower wavelength region.

Table 3 Lifetime values of the sample in aqueous environment

Monitoring wavelength (λem) a1 τ1 (ns) a2 τ2 (ns) 〈τav〉 (ns)

352 0.17 0.04 0.83 3.39 3.38
403 0.59 0.75 0.41 5.73 4.94

a1, a2: percentage contributions for lifetime values; τ1, τ2: lifetime;
and 〈τav〉: average lifetime.
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The natural transition orbital (NTO) analysis based on the
calculated transition density matrices allows us to identify
and visualize the electronic transitions in terms of excitation
from hole to electron of the singlet excitons. Further, the
transition orbitals provide a graphical real-space
representation of the transition densities associated with the
molecular electronic excitations computed within the

framework of TD-DFT. The NTOs of the co-crystal for the
gaseous phase and water medium excitations are depicted in
Fig. S19 and S20.† The experimental transition wavelength,
most appropriate theoretical transitions and corresponding
hole and electron NTOs involved along with the weights of
the respective configuration λ (λ ≤ 1, where the parameter λ

actually refers to the fraction of the NTO pair contribution to
a given electronic excitation) have been pictorially provided
in Fig. S19 and S20.† These calculated NTOs corresponding
to the main absorption band clearly indicate the π–π*
character of these transitions. Both the hole and electron
orbitals are spread over the different parts of the co-crystal,
establishing a generalised characteristic π (for holes) and π*
(for electrons) nature of orbitals.

In Fig. S19† the lowest energy transition observed around
315 nm is found at ca. 308.49 nm (4.02 eV, f = 0.0349), which
can be described by one set of NTOs (each with λ = 0.98) and
is exclusively attributed to the π (QUIN) → π* (QUIN) ILCT
transition. The next UV transition observed near 294 nm is
computed at 282.18 nm (4.39 eV, f = 0.0861) and can be
ascribed to π (QUIN) → π* (QUIN) ILCT transition. The most
intense transition obtained ∼237 nm is calculated at 232.75
nm (5.33 eV, f = 0.2717). This transition is due to n(N-QUIN)
+ π (TBTA) → π* (TBTA) ILCT transition in association with a
slight LLCT nature. The most appropriate calculated
transition near the experimentally observed transition at 225
nm is found at 218.82 nm (5.67 eV, f = 0.2295). This
transition has both LLCT and ILCT characters and can be

Fig. 8 Experimental absorption spectrum in aqueous medium along
with the calculated absorption spectra in gaseous phase and water
medium for the co-crystal at room temperature.

Fig. 7 Schematic representations of the selective FMOs of the co-crystal (a) in gaseous phase and (b) water medium.
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represented by π (TBTA + QUIN) → π* (TBTA) LLCT/ILCT
transition. The experimentally observed UV-vis transitions of
the co-crystal in water medium are theoretically interpreted
in a similar manner and the results are summarized in Fig.
S20.† So, the TD-DFT with NTO analysis establishes the
excitations occurring due to inter/intra-molecular charge
transfer interactions between TBTA and QUIN.

Electronic band structure and comparison with optical bandgap

The calculated band structure of the co-crystal along the high
symmetry points of the 1st Brillouin zone is represented in
Fig. 9(a) (and S21†). It shows that the bandgap of the co-
crystal is 2.835 eV, which is close to the value of the optical
bandgap (∼3.179 eV) calculated from the absorption band
edge of the solid state UV-vis spectra (Fig. 9(b)). The
dispersions in the valence and conduction bands are clearly
described in Fig. 9(a). The parameters corresponding to the
band structure are given in Table S14.† The lowest energy
(2.835 eV) of the CBs is located at the G point (CBM),
whereas, the highest energy (0.000 eV) of the VBs is localized
at the Z point (VBM). This indicates that this co-crystal is an
indirect bandgap semiconductor. The calculated band gap
shows a slightly smaller value compared to the experimental
optical bandgap which is again a general flaw of DFT
calculations with the GGA functional. So it can be said
without ambiguity that the co-crystal is an indirect band
p-type semiconductor with a wide bandgap.

Now, the bands can be assigned according to total and
partial densities of states (DOS) as depicted in Fig. S22.† The
resonance of C-2s, O-2s, N-2s and Br-4s states in conjunction
with a partial amount of H-1s, C-2p, N-2p and O-2p states
construct the VB located in the range −24.2 eV to −10.5 eV. The
bottom portion of the VB is mainly dominated by the

contribution from O-2p (21.4 electrons per eV) and N-2p (7.8
electrons per eV) orbitals. The next region above it is formed by
C-2s (18.27 electrons per eV) and Br-4s (12.5 electrons per eV)
orbitals. The top of the VB just below the Fermi level between
the energy range −10.2 eV to the Fermi level (0.0 eV) are formed
by the superposition of C-2p (35.8 electrons per eV) and Br-4p
(30.70 electrons per eV) states in association with a considerable
amount of contribution from N-2p (8.90 electrons per eV), O-2p
(24.90 electrons per eV) and H-1s states. The topmost level of
the VB (VBM ∼ −1.02 eV ∼ 0 eV) is formed due to the resonance
of C-2p, N-2p and Br-4p orbitals. The conduction band (CB) just
above the Fermi level ranging from 2.83 eV to 5.7 eV is formed
due to the superposition of C-2p, N-2p and Br-4p orbitals
mixing with a slight amount of O-2p orbitals where the states
C-2p (8.35 electrons per eV) and N-2p (6.87 electrons per eV)
dominate the bottom of the CB. The states C-2p and Br-4s
mixing with a small amount of C-2s and H-1s have created the
region ranging from 5.8 eV to 18.9 eV in the CB.

The partial density of state (PDOS) contribution of the two
molecular units TBTA and QUIN in the total density of states
for the co-crystal is depicted in Fig. S23.† In the PDOS, some
peaks appearing at the same energy level (hybridization) for
different atomic orbitals (Fig. S22†) and for different
molecular fragments (Fig. S23†) clearly show the evidence of
strong intermolecular interactions between the moieties of
the co-crystal and intramolecular interactions within the
moieties. The N-2p orbits hybridize with H-1s due to the
resonance in peak positions from −13.5 eV to 0 eV implying
partial charge transfer from H atoms to N atoms. So, the
presence of strong H bonds between H atoms and N atoms is
ensured. Again, a strong resonance is observed between the
O-2p and Br-4p peaks within the range −7.9 eV to 0.0 eV. This
can be argued to be the evidence of the presence of strong
Br⋯O halogen interaction between the non-bonded atoms.

Fig. 9 (a) Calculated band structure zoomed in over the top of the VBs and bottom of CBs and (b) solid state UV-DRS spectrum of the co-crystal
in the wavelength range 200 to 420 nm.
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Optical properties from the electronic band structure

The electronic band structure calculation can provide insight
regarding the optical response. The salient features of the
parameters: real (ε′(ω)) and imaginary (ε″(ω)) parts of
dielectric permittivity, reflectivity (R(ω)), refractive index
(n(ω)), extinction coefficient (k(ω)), optical conductivity (σ(ω)),
absorption coefficient (α(ω)) and energy-loss function (L(ω))
as a function of frequency of the incident photon are
displayed in Fig. 10 in the energy range 0–45 eV.

The plots of ε″(ω) and ε′(ω) against photon energy are shown
in Fig. 10(a). The characteristic spectra for the ε″(ω) of the co-
crystal comprise mainly four sharp peaks at 2.97, 7.12, 11.61
and 14.26 eV together with some shoulder peaks near 17.40 eV
and beyond. At low frequency, the imaginary part ε″(ω) is zero
and the threshold energy for the ε″(ω) is consistent with the
bandgap of the material at equilibrium. At higher frequency
(>35 eV), the ε″(ω) approaches to zero. The value of the static
dielectric constant (εs = ε′(0)) is 2.98. The ε′(ω) fluctuates with
increasing frequency and shows four peaks at 2.37, 6.11, 10.76
and 13.16 eV and afterward it starts decreasing, becoming
negative in the energy range 19.20–24.32 eV which may be due
to the metallic character of the sample in this energy range. At

higher energy, the value of ε′(ω) again turns positive and is
almost independent of energy (ε′(∞) ∼ 0.80).

The reflectivity spectrum of the sample as displayed in
Fig. 10(b) shows two distinct peaks: one sharp and strong
peak at 6.92 eV and another weak peak at 2.46 eV. A broad
band appears in the energy range 9 to 29 eV due to the
superposition of several peaks located at 11.66, 14.78, 19.74
and 23.42 eV (accompanied by a shoulder). The reflectivity of
the material approaches to zero when the frequency reaches
near 45 eV. The zero energy value of reflectivity (i.e., R(0)) is
7% and up to 4.83 eV the value of the reflectivity remains
within 8.8%. Due to such a low value of reflectivity, the
compound is nearly transparent in the infrared and visible
energy range. Now, materials with a low refractive index are
suitable for application in optoelectronic devices such as
LEDs and solar cells. In the entire frequency range, the
calculated value of the reflectivity of the co-crystal is lower
than that in inorganic compounds like the metal oxides and
thus it can be used for fabricating optoelectronic devices.
The highest value of reflectivity (21.08%) is observed at 23.42
eV. It has been observed that the reflectivity value attains
maximum when the value of ε′(ω) becomes negative
(Fig. 10(a) and (b)).

Fig. 10 The plot for (a) dielectric permittivity ε(ω); (b) reflectivity R(ω); (c) refractive index n(ω) and extinction coefficient k(ω); (d) optical
conductivity σ(ω); (e) energy loss function L(ω) and (f) absorption coefficient α(ω) of the co-crystal as a function of photon energy.
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The co-crystal shows a non-zero value of refractive index
n(ω) up to 45 eV (Fig. 10(c)). The value of ε′(ω) at zero energy
(ε′(0) = 2.98) could be used to estimate the refractive index
n(ω) at zero energy using the relationship n(0) = [ε′(0)]1/2 and
the estimated value of the static refractive index n(0) for the
co-crystal is found to be 1.73. From its zero energy value, the
refractive index increases with frequency, reaching the
maximum value of 2.17 at 6.23 eV. A value for the refractive
index of more than one signifies that when the photons
traverse through the material they get slowed down due to
their interactions with the electrons. The extinction
coefficient k(ω) (the imaginary part of the complex refractive
index) shows two sharp peaks at 3.02 and 7.42 eV and
satellite peaks at 11.84, 14.76, 17.94 and 19.13 eV to form a
broad band. The ε″(ω) and k(ω) spectra display similar trends
(Fig. 10(a) and (c)). The optical conductivity σ(ω) spectrum of
the co-crystal is shown in Fig. 10(d). The real part of the
complex conductivity exhibits peaks at 3.06, 7.24, 11.70 and
14.46 eV along with shallow shoulders located in the high
energy region (∼17.60 eV). The maximum value of the
conductivity of the co-crystal was achieved at 14.46 eV with a
magnitude of 4.32 1/fs.

The energy-loss function L(ω) (Fig. 10(e)) is an important
optical parameter describing the energy loss of a fast moving
photon traversing through a material. The peaks in the L(ω)
spectrum represent the characteristics associated with the
plasma resonance and the corresponding frequency is called
the plasma frequency above which the material is a dielectric
insulator [ε′(ω) > 0] and below which the material behaves as
a metal [ε′(ω) < 0]. For this material the resonant energy loss
is manifested by a strong band situated in the energy region
22 to 28 eV composed of peaks located at 20.84 (low
intensity), 25.86 (intense peak) and 26.83 eV (shoulder). This
region of plasma resonance corresponds to the region in
which ε′(ω) is negative. Again, the peak for the plasma
resonance associated with the L(ω) spectrum coincides with
the trailing edges in the reflectivity spectra. The α(ω) and
R(ω) spectra are similar in the energy range 2.84 to 45 eV
(Fig. 10(f)). In the low energy region distinct sharp peaks are
observed at 3.10 and 7.55 eV followed by a strong broad band
in the high energy region consisting of peaks located at 11.93
and 15.07 eV with the largest peak at 19.38 eV accompanied
by two shoulder peaks at about 18.16 and 21.94 eV.

Electrical transport properties

According to UV-vis spectroscopic study and band structure
calculation the co-crystal is a p-type semiconductor. So, to
assess the electrical transport properties of the sample we have
measured the current–voltage (I–V) characteristics of a device
made of an ITO/co-crystal/Al sandwich structure (Fig. 11(a)) at
room temperature. The I–V measurements have been
performed in the applied bias voltage range from −2 to +2 V
using the two-probe technique with the help of a Keithley 2400
source meter. The SEM micrograph of the active thin film of
the co-crystal cast on the ITO surface is shown in Fig. 11(b).

The I–V characteristic curves of the device in the dark and
under visible light illumination are presented in Fig. 11(c). The
forward current of the device rises rapidly in a nonlinear
fashion while it is very low and remains almost constant in the
reversed bias region. The device is displaying rectifying
behaviour with on/off ratios of 41 and 56 at ±2 V in the dark
and under visible light exposure, respectively. Thus, it is acting
like a Schottky barrier diode due to the presence of the
semiconducting co-crystal between the electrodes. Further, in
the voltage range 0 to 0.8 V (region I) the I–V curves of the
device under dark conditions and visible light illumination
obey the equation I = C1 exp(−C2)[exp(C3V) − 1], where C1, C2

and C3 are constants that depend on different parameters of
the device, portraying the thermionic emission behaviour of a
Schottky barrier diode whereas in the voltage range 0.8 to 2 V
(region II) they follow the power law behaviour (I ∝ Vn, with n =
2), manifesting that the space charge limited current (SCLC)
controls the electrical transport mechanism of the device in
this region (Fig. S25†). This clearly indicates that the device is a
Schottky barrier diode.36 Accordingly, we have analyzed region
I using thermionic emission theory to determine the different
parameters of the device while in region II, SCLC theory has
been employed to estimate the electrical transport parameters
of the device.

The values of the ideality factor (η), series resistance (Rs)
and barrier height (ϕb) of the device have been calculated by
analyzing the I–V curve of the device in region I in the
framework of the model proposed by S. K. Cheung and N. W.
Cheung37 following the methodology reported earlier (details
are provided in the ESI†). The effective charge carrier
mobility (μeff), transit time (τ) and carrier concentration (n) of
the device have been estimated using the Mott–Gurney law in
the SCLC region (region II) following the standard approach
described in the literature (details are provided in the ESI†)
and utilizing the capacitance versus frequency plot of the
device (Fig. S26†).38–40 The values of all the parameters of the
device are listed in Table 4. The value of η deviates from its
ideal value of unity due to the presence of the series
resistance, existence of the interface states and the barrier
inhomogeneities.41,42 Under light exposure, the values of μeff
and n are increased by 54 (±0.5)% and 6 (±0.5)%, respectively,
compared to those under dark conditions.

In dark conditions the value of electrical conductivity of
the device is found to be 0.56 × 10−5 S m−1 and it increases to
0.76 × 10−5 S m−1 under light illumination (Table 4). The
photo-responsive behaviour of the device has been verified by
measuring the transient photocurrent of the device at 2 V
under an illumination of 100 mW cm−2. Fig. 11(d) represents
the photocurrent (dark currents subtracted) versus time graph
of the device. The device shows fast and reproducible photo-
switching behaviour with light on and off (Fig. 11(d)).
Photosensitivity (S) is an important parameter of
photosensitive electronic devices and it is calculated with the
help of the relationship, S = (IL − ID)/ID (ref. 43) where ID and
IL are the dark current and photocurrent at +2 V, respectively.
The value of S is calculated as 0.45.
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To the best of our knowledge, this is a unique report of a
donor–acceptor co-crystal based photo-responsive Schottky
barrier diode. The co-crystal acts as a semiconductor because
of the presence of weak intermolecular interactions, more
specifically π–π interactions, between the donor and acceptor
molecules of the co-crystal, which helps in generation of
carriers. It may be noted that the conductivity, mobility and
carrier concentration of the device increase substantially
under visible light illumination compared to the dark
condition. This indicates that the co-crystal responds toward
the visible light by generating photo carriers.

Theoretical investigation of the ground state energy levels
of the frontier molecular orbitals of the hydrogen bonded
dimer geometry of the co-crystal reveals that in the self-
assembled co-crystal TBTA acts as donor whereas QUIN acts
as acceptor when they interact through hydrogen bonding
interactions. The Mulliken charge distribution analysis of the
hydrogen bonded dimer (Table S11†) clearly indicates that an
appreciable amount of charge has been transferred from
donor TBTA to acceptor QUIN. Moreover, the MEP analysis
has revealed that in the co-crystal the aromatic ring of the
QUIN molecule is electron rich (π-e) while the aromatic ring

Fig. 11 (a) Schematic representation of the device, (b) SEM micrograph of the semiconducting layer, (c) photoconductive behaviour of the co-
crystal, (d) on–off characteristics of the device.

Table 4 Important electrical and charge transport parameters of the Al/co-crystal/ITO device

Condition On/off S η

Rs (kΩ) Φb

(eV)
σ × 10−5

(s m−1)
μeff × 10−7

(m2 V−1 S−1)
τ ×
10−7 (S)

n × 1020

(eV m−3)dV/dln I vs. I H(I) vs. I

Dark 41 0.45 1.36 26.97 26.50 0.70 0.56 4.44 3.9 3.57
Light 56 1.19 19.72 18.77 0.65 0.76 6.86 2.7 3.79

S: photosensitivity, η: ideality factor, Rs: series resistance, Φb: barrier height, σ: conductivity, μeff: mobility, τ: transit time, n: carrier
concentration.
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of TBTA is positively charged and acts as an electron deficient
π-hole (π-h) (Fig. S24†). Thus, in the solid state, holes are
created in the VB and the co-crystal acts as a p-type
semiconductor as the concentration of holes in the VB is
greater than the concentration of electrons in the CB. It may
therefore be concluded that the π⋯π and hydrogen bonding
interactions together play the key role in assembling the co-
crystal and introducing the semiconducting behaviour in it.
The weak intermolecular π–π, Br⋯π and Br⋯O interactions
provide the pathway for electrical conduction.

Optoelectronic behaviour of a material can be understood
by correlating the results of optical property analysis and the
study of the electrical transport properties under light
illumination. The absorption coefficient versus photon energy
plot indicates the wavelengths prone to photon absorption
whereas the optical conductivity versus photon energy plot
provides the information regarding the change in conductivity
due to photon absorption. From the theoretical calculations it
has been found that when the co-crystal is exposed to a photon
beam, the real part of the complex conductivity exhibits a peak
at 3.06 eV and an absorption peak has been observed at 3.10
eV. Further the optical bandgap of the co-crystal is 3.17 eV and
the calculated electronic bandgap is 2.835 eV. All these results
together indicate that when the co-crystal is exposed to visible
light it absorbs photons with energy ∼3 eV (the blue-violet
region of visible light) and its conductivity increases in
consequence of the photon absorption. It may be inferred that
the bandgap energy is appropriate for transferring the electrons
from the valence band to conduction band by absorbing the
photons in the blue-violet region of the visible beam of light.
Thus, holes are generated in the valence band and electron
concentration in the conduction band increases. Therefore
while performing the I–V measurements under visible light
illumination, carriers have been generated due to the photo-
responsive behaviour of the co-crystal. This leads to an increase
in carrier concentration and subsequently the conductivity of
the sample. Further NTO analysis reveals the presence of
excitons in the sample. Thus there is another possibility that
under visible light illumination the excitons in the co-crystal
absorb energy from the incident photon beam and it breaks
into electrons and holes and as a result the carrier
concentration increases.

Conclusion

We have thoroughly examined the crystal structure,
supramolecular structure, noncovalent interactions, band
structure, optical properties, electronic transport mechanism
and photo-responsive behaviour of a donor–acceptor co-
crystal assembled by mainly π⋯π stacking and hydrogen
bonding interactions along with minute contribution from
halogen interactions. In conclusion, it has been shown that
(i) apart from CT interaction, π⋯π and hydrogen bonding
interactions can play a crucial role in formation of D–A type
co-crystals, (ii) the co-crystal emits blue light under UV
irradiation, (iii) a device fabricated with the co-crystal

exhibits Schottky barrier diode behaviour and photo-
responsive properties, (iv) the conductivity, mobility and
carrier concentration of the co-crystal increase significantly
upon visible light illumination, (v) π⋯π and hydrogen
bonding interactions together can incorporate
semiconducting behaviour, (vi) weak intermolecular π⋯π,
Br⋯π and Br⋯O interactions provide the pathway for
electrical conduction and (vii) in this sample carriers have
been generated by transfer of electrons from the valence
band to the conduction band or formation of electron/hole
pairs by disintegration of excitons upon photon absorption.
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Message of Indian Philosophy to the World Today 

By Anita Shaw, Asst. Professor, Dept. of Philosophy, Nistarini College, Purulia. 

 

Indian civilization is more than five thousand years old.   During this long period, it produced a unique type 

of highly advanced and variegated culture.  In spite of the innumerable regional, social and linguistic 

diversities of the country, there has always been a basic unity in Indian culture.  Moreover, this culture 

maintained unbroken continuity from Vedic times to the present day, in spite of countless wars within the 

country, invasions from outside and two centuries of subjugation by the British.  This indestructible unity 

and unbroken continuity of Indian culture are derived from its deep spiritual foundations.  
 

Swami Vivekananda has pointed out that every civilization or culture has a particular life-centre, a dominant 

characteristic or trend.  According to him the life-centre of Indian culture is spirituality.  By spirituality is 

meant a way of life oriented to the ultimate purpose or goal of life which is the realization of the Supreme 

Spirit or God. Indian spirituality is deeply rooted in the ancient philosophical and religious traditions of the 

land.  Philosophy arose in India as an enquiry into the mystery of life and existence.  A parallel situation 

arose in ancient Greece also.  But, as Swami Vivekananda pointed out, the Greek philosophers confined 

their enquiries to the external world, and the method they employed was only speculation, whereas in India 

philosophical enquiries were carried out in the inner world.  Indian sages, called Rishis or ‘seers’, developed 

special techniques of transcending the senses and the ordinary mind, collectively called Yoga.  With the 

help of these techniques they dived deep into the depths of consciousness and discovered important truths 

about the true nature of man and the universe. 
 

The sages found that man’s true nature is not the body or the mind, which are ever changing and perishable, 

but the spirit which is unchanging, immortal, pure consciousness.  They called it the Atman.  The Atman is 

man’s true Self, the true knower, the true source of man’s knowledge, happiness and power.  The Rishis 

further found that all individual selves are parts of infinite Consciousness which they called 

Brahman.  Brahman is the ultimate Reality, the ultimate cause of the universe.  Ignorance of man’s true 

nature is the main cause of human suffering and bondage.  By gaining correct knowledge of Jivatman and 

Brahman it is possible to become free from suffering and bondage and attain a state of immortality, 

everlasting peace and fulfilment known as Mukti or liberation. Religion in ancient India meant a way of life 

which enabled man to realize his true nature and attain Mukti. 
 

Thus, philosophy provided a correct view of Reality, while religion showed the correct way of life; 

philosophy provided the vision, while religion brought about the fulfilment; philosophy was the theory, and 

religion was the practice.  Thus, in ancient India, philosophy and religion complemented each other.  In fact, 

they together constituted a single endeavour, an integral discipline.  This integral religious philosophy or 

philosophical religion was called Vedanta.  The term Vedanta comes from the fact that its basic principles 

constitute the last part or culmination of the ancient scriptures known as the Vedas.  The Vedas are the 

oldest and most authoritative scriptures of Hinduism.  All other scriptures are subordinate to them.  They 

were not composed by anybody but were ‘revealed’ to the Rishis; hence they are also called ‘Shruti’, ‘that 

which is heard’.  The earlier part of the Vedas may have been composed between 2000 B.C. and 1000 

B.C.  There are four Vedas: Rig-veda, Yajur-veda, Sama-veda and Atharva-veda.  Each of these has four 

divisions: Samhita, Brahmana, Aranyaka and Upanishads. Samhita is the collection of hymns addressed to 

various deities.  Many of these hymns have deep mystical significance. Brahmana deals with various rituals 

and also with moral principles. Aranyaka contains various meditations.  Some of these meditations are 

mental recreations of external rituals. Upanishads are the records of the transcendental experiences gained 

by Rishis by following different contemplative techniques.  These experiences are actually revelations about 

Atman, Brahman and other eternal, universal truths regarding the ultimate Reality. These eternal truths and 

principles of the spiritual world, lying scattered in the Upanishads, were brought together and codified by 

Badarayana in the form of sutras or aphorisms in the 5th century B.C.  These sutras known 

as Brahmasutras form the foundation of the system of philosophy known as Vedanta-Darshana. 

 

In this connection it should be pointed out that five more systems of philosophy arose in India in the early 

centuries of the Christian era.  These are: 
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1)    Sankhya, founded by Kapila  

2)     Yoga, founded by Patanjali  

3)     Nyaya, founded by Gautama 

4)     Vaisheshika, founded by Kanada 

5)     Mimamsa, founded by Jaimini 

 

Vedanta alone remained the main philosophy of India from the Vedic period, and Vedanta alone got 

identified with the religion of the land. Vedanta is understood as both philosophy and religion.  This 

combined religious and philosophical tradition of India came to be called Sanatana Dharma, “Eternal 

Religion” and, still later, as Hinduism. 

  

Although the Upanishads constitute the original and most authoritative source of Vedanta, they are not the 

only scripture of Vedanta.  Several other books also came to be accepted as authoritative.  Among these, the 

most important one is Bhagavad-Gita.  It introduced several new concepts into Vedanta such as God 

incarnating Himself as the Avatara age after age, devotion to personal God as means to Mukti, discharging 

one’s duties of life in a spirit of selflessness and self-surrender to God as a spiritual path, and so on.  Over 

the centuries great teachers like Shankara, Ramanuja, and great saints of medieval period enriched Vedanta 

with philosophical concepts and devotional songs. 

 

The Indian sages of antiquity believed that philosophy was an essential and practical element necessary to 

lead an optimised life. Therefore, philosophy had to be explained in terms of how it served the purpose of 

living. At the same time, Indian philosophy applies enormous analytical rigour to solving metaphysical 

problems, and goes into details regarding the function of the human mind and its relationship with ‘reality’. 

These analyses were also tempered by the underlying belief that there was a fundamental and unitary order 

in the universe—all pervasive and omniscient. Most of the Indian philosophical schools concentrated on 

explaining the existence of such an order and the extraordinary entity at the centre of it that was the sole 

source that created the universe. 
 

The Indian approach to philosophy illustrates an inherent dichotomy in the overall socio-religious system 

that was has been prevalent in the country from Vedic times. This system, while being reorganized through 

social experiments in modern India, still holds firm in the Indian psyche, manifesting itself in myriad subtle 

and not so subtle ways in the daily life of the modern nation. On the one hand, the Indian social structure is 

essentially communal with the society subsuming the individual as part of a group, the basic unity of the 

system being the joint family. The joint family system was designed to ensure that the weak and incompetent 

members, including the sick and the aged, were looked after and therefore inherently favored the weak. The 

corollary was that it hindered the strong from forging ahead since any chain is only as strong as its weakest 

link. This situation inhibited adventurous Endeavour and brought about a gradual acceptance and subsequent 

entrenchment of mediocrity across all levels of society. Even the much-maligned caste system was an off-

shoot of this group dynamics. On the other hand, Indian philosophy is highly individualistic and deals 

mainly with the growth of an individual’s personality towards inner perfection. Philosophy provided the 

outlet to a person for free thinking and development of ideas, essentially the freedom to believe. In a 

paradoxical manner this process was also required to confirm to the societal norms, although the more 

renowned thinkers, mainly sages and seers, broke free of these restrictive chains. The third phase of Vedanta 

was inaugurated by Sri Ramakrishna and Swami Vivekananda in the 19th century.  During this period 

Vedanta was transformed from an ethnic religious philosophy into a universal philosophy of life.  

 

Sri Ramakrishna is the real link between ancient India and modern India.  Through stupendous spiritual 

efforts Sri Ramakrishna revealed the entire range of spiritual experiences of the sages and saints of the past 

from Vedic times to his times.  He thereby re-established the truths of Vedanta.  He traversed the paths of 

Vedic, Shaiva, Shakta and Vaishnava traditions, including obscure and forgotten paths.  He brought about 

the purification of spiritual life by emphasizing its moral foundation, and rejecting occultism, mysticism and 

miracle-mongering.  He made God realization possible for all even in the midst of the distractions of the 

modern world.  He imparted tremendous encouragement to the efforts to realize God.  All this has resulted in 

a thorough rejuvenation of Vedanta in modern times.  
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Another modern sage, Swami Vivekananda’s great work was to make ancient Vedantic concepts acceptable 

to modern minds by interpreting the eternal truths in the light of modern rational thought and science.  This 

modernized version is what most of the present-day educated Hindus understand by Vedanta. Vedanta had 

split into different schools in the Middle Ages.  Swami Vivekananda brought about the reintegration of these 

schools. He did this by stressing the common ground of different schools, especially the principle of Atman, 

and by showing that the different schools represent different stages of realization of the ultimate Reality.  

 

Sri Ramakrishna taught, from his realization, that all spiritual paths lead to the same ultimate goal, Yato 

mat tato path. “As many views, so many paths to God”.  This principle, which forms the basis of his 

doctrine of dharma-samanvaya or Harmony of Religions, came to be applied within Hinduism itself in 

due course.  This has given rise to a sense of unity among Hindu sects in modern times, in spite of many 

differences in customs and traditions. Till the eleventh century A.D. the only challenges Vedanta had to 

face were internal; these came mainly from Buddhism and Jainism and from dissensions of different 

schools of Vedanta and sects of Hinduism each of which claimed superiority over the others.   From the 

thirteenth century Islam began to exert its influence on Indian society in a big way.  Many great saints then 

arose in different parts of India and responded to the Islamic challenge by spreading the ideas of oneness 

of God, brotherhood of man and social equality among the common people.  

However, the greatest challenge Indian society ever faced came from Western culture in the eighteenth 

and nineteenth centuries.  Western culture brought three major challenges to Indian society, which were: 

(1) modern rational thought and science puzzled the Indian culture, (2) an open society which values 

freedom and social justice, and (3) the idea of a saviour God who identifies himself with the poor, the sick 

and the fallen.    

 

Sri Ramakrishna and Swami Vivekananda met these Western challenges by revitalizing Vedantic 

spirituality, by interpreting the eternal truths of Vedanta, discovered by the ancient sages, in the light of 

modern rational thought, and by introducing a new gospel of social service based on the practical 

application of Vedantic principles in day-to-day life. By “Practical Vedanta” is meant the practical 

application of the basic principles of Vedanta in solving the problems of day-to-day life.  For centuries 

Vedantic principles were intended only to help people to attain Mukti or liberation.  Swami Vivekananda, 

however, showed that the highest principles of Vedanta can be applied even in ordinary life to solve the 

day-to-day problems of life.  Vedantic principles can be applied not only in individual life but also in 

social life.  In fact, Swamiji held that India’s downfall took place mainly because the eternal spiritual 

principles were not applied in collective life. 

 

For many centuries the essential, basic truths of Vedanta remained bound up with innumerable beliefs, 

myths, customs, castes, etc.  Moreover, the higher truths of Vedanta were available only to a small group 

of privileged people, and it was believed that to follow the principles of Vedanta one had to be born in a 

certain Hindu caste.  Sri Ramakrishna and Swami Vivekananda separated the essential truths of Vedanta 

from the non-essentials.  Swamiji showed that the essential truths of Vedanta constitute the eternal, 

universal truths of the spiritual world which form the rationale and basis of all the religions of the 

world.  As a matter of fact, the eternal principles of Vedanta themselves constitute the Universal Religion 

of all mankind, and the different religions of the world are only manifestations of this Universal Religion 

in different places and times.  Furthermore, through his lectures and books and through the Vedanta 

Centres which he founded, Swamiji made the life-giving principles of Vedanta available to all people 

without any distinction of caste, creed or race. 

 

In this way, through the pioneering efforts of Swami Vivekananda, Vedanta has crossed the boundaries of 

India and has now become the common property of all mankind.  The work started by Swamiji is now being 

carried on by many teachers and organizations around the world 

Swami Vivekananda that, “Education is the manifestation of perfection already in man”. He said that 

education which does not enable a person to stand on his own feet, does not teach him self-confidence and 

self-respect, is useless. Education should be man-making, life giving and character-building. He also said 

that children should be given “positive education”, i.e they should be encouraged to learn new things till they 

gain self-confidence and self-respect. Since a country’s future depends on the character of its people, 

Vivekananda stressed on character building education, he called it “man-making”. According to 

Vivekananda, Jiva is Shiva or every man is potentially Divine. To become divine (or great), man must give 
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up suspicion, jealousy, conceit and learn to work unitedly for the common good. Courage, faith in oneself 

and in God, patience and steady work, according to Swami Vivekananda, is the way to success. He told that 

purity, patience and perseverance overcome all obstacles. 

 Swami Vivekananda said that since the atman (soul) has neither sex nor caste, it is wrong to discriminate 

between sexes. He suggested not thinking of people as men and women, but as human beings. According to 

Vivekananda, there is no chance for welfare in the world unless the condition of woman is improved. He felt 

that it was impossible to get back India’s lost pride and honour unless the condition of women was 

improved. According to Vivekananda, the ideal of womanhood in India is motherhood and that Sita was the 

ideal of Indian womanhood. Vivekananda lived at a time when India was quite backward and that many 

improvements have taken place since that time. Let us now look at what has changed and how much has 

changed in Indiain society. Consider the following statistics of the present-day: 

Education: -- It is estimated that, 60 million children out of around 200 million children in the 6-14 years 

age group, in India, are not in school, and that, even of those children enrolled in school, only 47 out of 100 

children enrolled in class I reach class VIII, putting the dropout rate at 52.78%. The figures for female 

literacy, male literacy, youth literacy and adult literacy are respectively, 65.46%, 82.14%, 82%, 74.04%. The 

stated figures are only for Primary Education (10th Std. and below), with the figures for Senior Secondary 

Education, Degree Education and higher being much worse (in single digits!). State wise, Kerala is the most 

literate state in India (almost 100% literacy), while Bihar is the least literate (63%). 

Health: -- India’s fares quite poorly in Health, by world standards. Indian children make up one-third of the 

world’s malnourished children. 75% of Indian women suffer from Anaemia. Every year, HIV/AIDS, 

Malaria, TB, Polio, Diarrhoea, Respiratory infections, Pneumonia and other diseases claim thousands of 

lives. Infant mortality, maternal health and issues related to child protection, including trafficking and child 

labour are other serious health concerns. 

Water crisis: -- As per the 2010 UN estimates, 626 million people in India (>60%) has practice of open 

defecation which leads to a very high risk of microbial contamination (bacteria, viruses, amoeba) of water 

that cause water-borne diseases. India has one of the highest numbers of people in the world without 

continuous access to water. According to Water Aid, an international NGO, by 2015, 29% of the rural 

population or 244 million people, and 23% of the urban population or 90 million people, would lack access 

to adequate safe, sustainable water. Even major cities and urban areas face shortage of continuous water 

supply. It is said that 13% of Delhi’s citizens do not get water supply every day and 40% of households in 

Madhya Pradesh are not supplied even 40 litres per person per day. 

Corruption: -- Corruption, in the form of bribes, evasion of tax, embezzlement, need of paying bribe or 

peddling influence to get a job done in a public office, is widespread in India. India is ranked 95 out of 179 

countries in Transparency International’s Corruption survey. 

Violence: -- Women and children in India today leave under deplorable conditions. Trust Law, a news 

service run by Thomson Reuters, has ranked India as the worst G20 country in which to be a woman. Female 

foeticide, domestic violence, sexual harassment, emotional abuse, inadequate healthcare, inequality, dowry 

deaths, rape and other forms of gender-based violence constitute the reality of most girls’ and women’s lives 

in India. Rape is one of the most common crimes against women and is seen as a “national problem” in 

India. With more than 24,000 reported cases in 2011 alone, the number of rape cases in India has doubled 

between 1990 and 2008. Deep-rooted social attitudes, deeply entrenched patriarchy, widespread misogyny 

and a strong preference for sons over daughters are believed to be at the root of bad treatment of women in 

India.  

Although India is constitutionally a secular state, incidents of large-scale communal and caste-based 

violence occur from time to time. Major religious violent incidents include the Kashmir insurgency, Punjab 

insurgency, Delhi serial blasts and anti-Sikh riots, Ayodhya violence (1996), Bombay Riots and bombings 

(1992/1993), Gujarat violence (2002), Amarnath piligrimage massacre (2000), attacks against Christians in 

Orissa and Karnataka, Naxal violence in West Bengal, Chhatisgarh, Andhra Pradesh, violence against Dalits 

& other minorities etc. 
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What inference can we draw from above figures for our country? Let us ask ourselves: Are the problems of 

our country related only to poverty, population and inadequate natural resources? What really is our 

understanding of the core human values viz. respect for women, social equality, individual freedom and 

justice for all citizens, tolerance towards other castes and religions, basic hygiene, purpose of education? 

Have we really understood Vivekananda? How much has changed at the basic levels of society during the 

last 150 years? Are we indeed on the path of improvement? 

Let us reconsider once more the most important problems that we, as a nation, are facing. Water and 

sanitation, Literacy, Equitable distribution of food, Unemployment, Violence, slowly degrading 

Environment, Population growth, Pseudo-democracy, Corruption in most public systems, very limited 

opportunities for youth to pursue Higher Education or Research, highly inefficient or inadequate Public 

Health system, need to pay high price even for essential commodities and so on. Let us now try to develop a 

template for solving above problems based on Vivekananda’s teachings. To solve the problems, we need to 

not only look at them from the National perspective, but also consider how they have to be implemented at 

the grass-roots level i.e., what needs to happen at the level of villages if it concerns a Taluk, at the level of 

localities if it is a city, at the level of families/households, at the level of ordinary people.  

Consider a grass-roots level project such as the building of a hospital or the implementation of a modern 

curriculum for children in a remote village. Its implementation will involve the following phases:  

(1)  A satisfactory and feasible solution has to be designed considering all details. 

(2) Moral values should be included in the syllabus from the very beginning of the educational life of the 

students. 

(2) The Government must frame policies that are fair to all. Then, it must authorize the project and then, it 

must promptly dispatch money, raw material, resources and expertise to the work-spot. 

(3) The ordinary people and community involved in the project have to play their role by following 

Vivekananda’s teachings i.e., display the spirit of service, show due regard for divinity of fellow Atman, 

perform an unselfish action, etc.  

The project will be implemented if all phases proceed quickly and smoothly. Hence, it should be clear from 

the above template that any grass-roots level project can be successfully implemented if everyone thinks 

pure thoughts and plan and discharge all their duties with a pure heart. Indeed, this is what all our leaders – 

Ishwara Chandra Vidyasagar, Rabindranath Tagore, Pt. Madan Mohan Malaviya, Sarojini Naidu, Mahatma 

Gandhi, Maulana Abul Kalam Azad, Jawaharlal Nehru, Lal Bahadur Shastri, – strived to achieve. They 

worked for the eradication of caste barriers, spread of education, socioeconomic development, emancipation 

of the weak and suffering, the nurturing of public works and industries and for the building of a strong, 

vibrant nation. Why are we then a “developing nation” even today? Are all of us working selflessly and 

unitedly for the common good, performing only pure actions with the spirit of service, with compassion and 

with due regard for the divinity of fellow atmans, as taught by Swami Vivekananda? 

I said before that our country is near ruins. I’d like to conclude this essay by suggesting how things can be 

turned round. I will mention two recent examples that highlight the power of public rallies, Satyagraha and 

Social movements. Anna Hazare’s call for “Anti-corruption Satyagraha” received widespread support from 

thousands of people all across India, forcing the Government of India to table the Lokpal Bill (Anti-

corruption Bill) in Rajya Sabha. International reaction and nationwide protests demanding justice and more 

protection for women in the wake of the death of Damini, the Delhi gang-rape victim, prompted Central and 

several State Governments to immediately announce several steps to ensure more safety of women. In India 

today, Public rallies and Satyagrahas are the most effective ways of raising awareness and mobilizing 

support for social causes. Hence, more such social movements, public demonstrations and Satyagrahas are 

needed to create awakening among people on the basic issues or problems that we are facing. More and 

more Indian youth must enthusiastically organize and participate in Satyagrahas. More and more youth must 

volunteer to work in NGOs. The present time is the time for action for all Indians! In Swami Vivekananda’s 

words: “Go, all of you, wherever there is an outbreak of plague or famine, or wherever the people are in 

distress, and mitigate their sufferings…… Die you must, but have a great ideal to die for and, it is better to 

die with a great ideal in life…. On you lies the future hope of our country. Set yourselves to work – to 

work!” There is a lot of work to do and the ball is squarely in the court of India’s young men and women. If 
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all we were to follow Vivekananda’s teachings, if all were to serve the country in this time of its need, we 

will achieve the ultimate goal that is Shiva or Brahman or liberation in true sense.  

 

Bibliography 

1.  Eight Upanisads, Vol. 1, trans. Swami Gambhirananda Calcutta: Advaita Ashram, 1952. 

2.  Joshi, Kireet, The Veda and Indian Culture, New Delhi, Rashtriya Veda Vidya Pratisthan, 1992. 

3.  Krishnamurti, J, Education and the Significance of Life, San Francisco: Harper & Row, 1981. 

4.  Altekar, A.S., Education in Ancient India, New Delhi, Motilal Banarsidas Pub.1943.  

5. “Complete Works of Swami Vivekananda”, in 9 Volumes  
6. “The Legacy of Vivekananda”, Frontline February 2013 issue. 

7. Data from websites of following Organizations: UNICEF, UNESCO, WHO and Wikipedia. 

 

 

 

 

http://www.jetir.org/


© 2020 JETIR September 2020, Volume 7, Issue 9                                                      www.jetir.org (ISSN-2349-5162) 

JETIR2009453 Journal of Emerging Technologies and Innovative Research (JETIR) www.jetir.org 1155 
 

Intuition includes Experience—an explanation 

after S. Radhakrishnan 

By Dr. Anita Shaw, Asst. Professor, Dept. of Philosophy, Nistarini College, Purulia.  

Email ID – anitashaw1973@gmail.com 

 

Sarvapalli Radhakrishnan is a versatile genius, universally recognised as teacher, scholar, and 

administrator, as philosopher, statesman, and India’s cultural ambassador throughout the world. His deep 

learning and his absolute tolerance have brought him recognition not only as the greatest interpreter of 

Indian philosophy, religion, and culture, but also as an original and creative thinker of the first order. 

Radhakrishnan located his metaphysics within the Advaita (non-dual) Vedanta tradition (sampradaya). 

And like other Vedantins before him, Radhakrishnan wrote commentaries on the Prasthanatraya (that is, 

main primary texts of Vedanta): the Upanisads (1953), Brahma Sutra (1959), and 

the Bhagavadgita (1948). 

I like to focus on Radhakrishnan’s understanding of intuition and his interpretations of experience. 

It begins with a general survey of the variety of terms as well as the characteristics Radhakrishnan 

associates with intuition. For Radhakrishnan, intuition is an “integral experience”. Radhakrishnan uses the 

term “integral” in at least three ways. First, intuition is integral in the sense that it coordinates and 

synthesizes all other experiences. It integrates all other experiences into a more unified whole. Second, 

intuition is integral as it forms the basis of all other experiences. In other words, Radhakrishnan holds that 

all experiences are at beginning intuitional. Third, intuition is integral in the sense that the results of the 

experience are integrated into the life of the individual. For Radhakrishnan, intuition finds expression in the 

world of action and social relations. 

For Radhakrishnan, intuition is a distinct form of experience. Intuition is self-established 

(svataḥsiddha), self-evidencing (svāsaṃvedya), and self-luminous (svayaṃ-prakās). Intuition entails pure 

comprehension, entire significance, and complete validity. It is both truth-filled and truth-bearing. Intuition 

is its own cause and its own explanation. It is a positive feeling of calm and confidence, joy and strength 

and above all it is sovereign. For Radhakrishnan intuition is the ultimate form of experience. It is ultimate 

in the sense that intuition constitutes the fullest and therefore the most authentic realization of the Ultimate 

Reality (Brahman). According to Radhakrishnan, the ultimacy of intuition is also accounted because it is 

the ground of all other forms of experience. 

Finally, intuition, according to Radhakrishnan, is inexpressible. It escapes the limits of language 

and logic, and there is “no conception by which we can define it”. While the experience itself transcends 

expression. The provocation of expression is, for Radhakrishnan, testimony to the creative impulse of 

intuition. All creativity and indeed all progress in the various spheres of life is the inevitable result of 

intuition. 

 

1) Cognitive Experience 

According to Radhakrishnan the other forms of experiences are cognitive, psychic, aesthetic, ethical 

and religious. Radhakrishnan recognizes three categories of cognitive experience: sense experience, 

discursive reasoning, and intuitive apprehension. For Radhakrishnan all of these forms of experience 
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contribute, in varying degrees, to a knowledge of the real (Brahman), and as such have their basis in 

intuition. 

 Sense Experience 

Of the cognitive forms of knowledge, Radhakrishnan suggests that sensory knowledge is in one 

respect closest to intuition, for it is in the act of sensing that one is in “direct contact” with the object. Sense 

experience “helps us to know the outer characters of the external world. By means of it we acquire an 

acquaintance with the sensible qualities of the objects”. “Intuitions,” Radhakrishnan believes, “are 

convictions arising out of a fullness of life in a spontaneous way, more akin to sense than to imagination or 

intellect and more inevitable than either”. In this sense, sense perception may be considered intuitive, 

though Radhakrishnan does not explicitly describe it as such. 

 Discursive Reasoning 

Discursive reasoning, and the logical knowledge it produces, is subsequent to sensory experience 

(perception). Logical knowledge is obtained by the processes of analysis and synthesis. For Radhakrishnan, 

discursive reasoning and the logical systems they construct possess an element of intuition. For 

Radhakrishnan, “In any concrete act of thinking the mind’s active experience is both intuitive and 

intellectual”. 

 Intuitive Apprehension 

While logic deals with facts already known, intuition goes beyond logic to reveal previously unseen 

connections between facts. Radhakrishnan holds that, “The art of discovery is confused with the logic of 

proof and an artificial simplification of the deeper movements of thought results. We forget that we invent 

by intuition though we prove by logic”. Intuition not only clarifies the relations between facts and 

seemingly discordant systems, but lends itself to the discovery of new knowledge which then becomes an 

appropriate subject of philosophical inquiry and logical analysis. 

 Radhakrishnan offers three explanations to account for the tendency to overlook the presence of 

intuition in discursive reasoning. First, Radhakrishnan claims, intuition presupposes a rational knowledge 

of facts. “The insight does not arise if we are not familiar with the facts of the case…. The successful 

practice of intuition requires previous study and assimilation of a multitude of facts and laws. We may take 

it that great intuitions arise out of a matrix of rationality”. Second, the intuitive element is often obscured in 

discursive reasoning because facts known prior to the intuition are retained, though they are synthesized, 

and perhaps reinterpreted, in light of the intuitive insight. Finally, intuition in discursive reasoning is often 

overlooked, disguised as it is in the language of logic. In short, the intuitive is mistaken for the logical. 

“Knowledge when acquired must be thrown into logical form and we are obliged to adopt the language of 

logic since only logic has a communicable language.”  

Intuition is not the end, but part of an ever-developing and ever-dynamic process of realization. 

Cognitive intuitions “are not substitutes for thought, they are challenges to intelligence. Mere intuitions are 

blind while intellectual work is empty. All processes are partly intuitive and partly intellectual. There is no 

gulf between the two”. 

2) Psychic Experience 

Radhakrishnan accounts for psychic experiences in terms of a highly developed sensitivity to intuition. 

“The mind of man,” Radhakrishnan explains, “has the three aspects of subconscious, the conscious, and the 

superconscious, and the ‘abnormal’ psychic phenomena, called by the different names of ecstasy, genius, 

inspiration, madness, are the workings of the superconscious mind”. Such experiences are not “abnormal” 

according to Radhakrishnan, nor are they unscientific. Rather, they are the products of carefully controlled 

mental experiments. In the Indian past, “The psychic experiences, such as telepathy and clairvoyance, were 

considered to be neither abnormal nor miraculous. They are not the products of diseased minds or 
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inspiration from the gods, but powers which the human mind can exhibit under carefully ascertained 

conditions”.  

For Radhakrishnan, psychic intuitions are suprasensory: “We can see objects without the medium 

of the senses and discern relations spontaneously without building them up laboriously. In other words, we 

can discern every kind of reality directly”. In a bold declaration, Radhakrishnan believes that the “facts of 

telepathy prove that one mind can communicate with another directly”. 

3) Aesthetic Experience 

“All art,” Radhakrishnan declares, “is the expression of experience in some medium”. However, the artistic 

experience should not be confused with its expression. While the experience itself is ineffable, the 

challenge for the artist is to give the experience concrete expression. “The success of art is measured by the 

extent to which it is able to render experiences of one dimension into terms of another.”  

In Radhakrishnan’s view, without the intuitive experience, art becomes mechanical and a rehearsal 

of old themes. Such “art” is an exercise in reproduction rather than a communication of the artist’s intuitive 

encounter with reality. It is not simply a difference of quality but a “difference of kind in the source itself”. 

For Radhakrishnan, true art is an expression of the whole personality, seized as it was with the creative 

impulse of the universe. For Radhakrishnan, artistic expression is dynamic. Having the experience, the 

artist attempts to recall it. Radhakrishnan believes that, the recollection of the intuition is not a plodding 

reconstruction, nor one of dispassionate analysis. Rather, there is an emotional vibrancy: “The experience 

is recollected not in tranquillity… but in excitement”.  

4) Ethical Experience 

Not surprisingly, intuition finds a place in Radhakrishnan’s ethics. For Radhakrishnan, ethical 

experiences are profoundly transformative. By definition, moral actions are socially rooted. As such the 

effects of ethical intuitions are played out on the social stage. While the intuition itself is an individual 

achievement, Radhakrishnan’s view is that the intuition must be not only translated into positive and 

creative action but shared with others. The impulse to share the moral insight provides an opportunity to 

test the validity of the intuition against reason. The moral hero does not live by intuition alone. The 

intuitive experience, while it is the creative guiding impulse behind all moral progress, must be checked 

and tested against reason. There is a ‘scientific’ and ‘experimental’ dimension to Radhakrishnan’s 

understanding of ethical behaviour. Those whose lives are profoundly transformed and who are guided by 

the ethical experience are moral heroes. To Radhakrishnan’s mind, the moral hero, guided as he or she is 

by the ethical experience, who carves out an adventurous path is akin to the discoverer who brings order 

into the scattered elements of a science or the artist who composes a piece of music or designs buildings.  

According to Radhakrishnan “Feeling the unity of himself and the universe, the man who lives in 

spirit is no more a separate and self-centred individual but a vehicle of the universal spirit”. Like the artist, 

the moral hero does not turn his back on the world. Instead, “He throws himself on the world and lives for 

its redemption, possessed as he is with an unshakable sense of optimism and an unlimited faith in the 

powers of the soul”. The moral hero is no longer guided by external moral codes, but by an ‘inner rhythm’ 

of harmony between self and the universe revealed to him in the intuitive experience. For Radhakrishnan 

“By following his deeper nature, he may seem to be either unwise or unmoral to those of us who adopt 

conventional standards. But for him the spiritual obligation is more of a consequence than social tradition”. 
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5) Religious Experience 

For the sake of clarity, we must make a tentative distinction between religious experience on the 

one hand and integral experience on the other. Religions, for Radhakrishnan, represent the various 

interpretations of experience, while integral experience is the essence of all religions. “If experience is the 

soul of religion, expression is the body through which it fulfils its destiny. We have the spiritual facts and 

their interpretations by which they are communicated to others”. “The idea of God,” Radhakrishnan 

affirms, “is an interpretation of experience”. It follows here that religious experiences are, for 

Radhakrishnan, context relative and therefore imperfect. They are experienced through specific cultural, 

historical, linguistic and religious lenses. Because of their contextualisation and subsequent 

intellectualization, experiences in the religious sphere are limited. Radhakrishnan spends little time dealing 

with “religious experiences” as they occur in specific religious traditions. However, “religious experiences” 

have value for Radhakrishnan insofar as they offer the possibility of heightening one’s religious 

consciousness and bringing one into ever closer proximity to “religious intuition”. 

Throughout his life, Radhakrishnan interpreted the Upaniṣadic mahavakya, tattvamasi, as a 

declaration of the non-duality (advaita) of Atman and Brahman. Radhakrishnan readily appropriates his 

acceptance of the non-dual experience to his interpretation of religious intuition. Radhakrishnan not only 

claimed to find support for his views in the Upaniṣads, but believed that the ancient sages expounded his 

interpretation of religious intuition. As the ultimate realization, religious intuition must not only account for 

and bring together all other forms of experience, but must overcome the distinctions between them. 

Radhakrishnan goes so far as to claim that intuition of this sort is the essence of religion.  

With this, the present discussion of intuition and the varieties of experience has come full circle. 

Radhakrishnan identifies intuition — in all its contextual varieties — with integral experience. According 

to Radhakrishnan, the two expressions are synonymous. Integral experience coordinates and synthesizes 

the range of life’s experiences. It furnishes the individual with an ever-deepening awareness of and 

appreciation for the unity of Reality. As an intuition, integral experience is not only the basis of all 

experience but the source of all creative ingenuity, whether such innovation is philosophical, scientific, 

moral, artistic, or religious. Moreover, not only does integral experience find expression in these various 

spheres of life, but such expression, Radhakrishnan believes, quickens the intuitive and creative impulse 

among those it touches. 
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Abstract 

Prostitution is the crudest manifestation of societies where women have been driven to sell their bodies as means of 

survival. Such women are expected to satisfy the uncontainable vice of male sexuality. Prostitution has been a part 

of our society since time immemorial. The article goes back into history of prostitution in India. The paper further 

examines the meaning of the term "prostitution" and the laws that define and deal with prostitution in India. Here the 

main aim of this article is to examine the countries where prostitution is legalized and determine the actual cause of 

prostitution, types of prostitution and a moral conclusion about prostitution.    

Keywords: Prostitution, Devadasi, Legalization, Moral Responsibility, and brothels. 

1. Introduction  

The history of prostitution is perhaps as old as the male-female relationships. But it was born definitely 

along with the institution of marriage. In ancient India prostitution was firmly established as an 

institution. It had been prevalent in Buddhist and Mauryan period. The institution of Devadasi among the 
temples of south India is fairly ancient. In British period prostitution prospered in the form of glamour 
girls. 

In contemporary India the greatest cause of increase in prostitution is industrialization and consequent 

rapid urbanization. These girls are known by several names such as dancing girls, massage girls, call girls 

and the ordinary prostitutes. Now a day, while most of the call girls are rich and educated, the ordinary 
prostitutes are generally poor and uneducated. Nevertheless, the causes of this most ancient profession in 

India are not much different from those in other countries but poverty is here a more important causative 

factor. In this connection I would like to discuss a new trend about prostitution in India as well as world. 
Of late, call boys like call girls have become popular in the society.   

2. Objectives of the Study 

The objectives of the proposed study are as follows: 

1. To identify the main cause of prostitution and, 
2. To make a moral conclusion about legalization of prostitution. 

http://www.katwacollegejournal.com/


International Journal of Research on Social and Natural Sciences Vol. V Issue 2 Dec 2020 ISSN (Online) 2455-5916 

 

3. What is Moral Prostitution? 

For practical, law-enforcement purposes, the definition of prostitution has usually not been too difficult. 

A prostitute defines herself when she “agrees to have sexual intercourse with a person (not her husband) 
who offers his money for engaging in the intercourse” (Benjamin, 1964).  

In the august 1951 issue of the International Journal of Sexology, Albert Ellis wrote, “commercialized 

prostitutes would certainly be included – whether they accepted many or a chosen few paying partners. 
But also included would be girls who trade their sexual favours for food, entertainment, or other gifts and 

wives who , having no love and no sex desire for their husbands, continue to have sex relations in order to 
maintain the socio-economic benefits of marriage” (Ellis, 1951).   

4. Types of Prostitutes  

According to H. Benjamin, writing in The Prostitute in Society, the following are the important types of 
prostitutes found in modern societies:  

a) The Call Girl: while the dictionary defines the call girl as independently operating prostitute, I am 

using the term in the special way in which I know it. The call girls are the aristocrats of 

prostitution. They live in the most expensive residential sections! They dress in rich, good taste. 
b) The Streetwalker: streetwalking is probably one of the most ancient methods of prostitution. In 

the nineteenth and early twentieth century, prostitutes were sometimes permitted to work in 

bawdy houses specifically with the aim of getting them off the streets, where they would not be 
able to solicit, or even have to be seen by, ‘decent people’. Her fees have traditionally been lower 

than those received by most other types of prostitutes. 

c) Bar Prostitutes: R. E. K. Masters talked over the past 15 years with hundreds of young bar 
prostitutes in most parts of the United States. Most of them are not full-time whores, but are girls 

supplementing incomes earned as barmaids. 

d) Child Prostitutes: Child prostitution is as ancient as civilization. Temple prostitutes were 

sometimes no older than 7 years, as in Babylonia. In ancient Egypt, also, the prostitution of young 
girls was a religious practice, so that, according to Strabo, some of the most beautiful and highest 

born Egyptian were forced into prostitution, and they continued as prostitutes until their first 
menstruation.   

Apart from the above types of prostitution, there are many other types of prostitution in India which 
are not discussed here.   

5. Causes of Prostitution in India  

The social researchers made so far into the causes of prostitution in India reveal that females are drawn 

into it for a variety of reasons. A study of Kanpur prostitutes has revealed that though a majority of 

prostitutes have taken to their profession due to extreme poverty and hunger, there are many who have 

willingly adopted it after a series of love explores. Though the economic factor is quite important it is 
liable to be over-emphasized. Nevertheless, the main causes of prostitution can be classified in the 
following categories:  

i) Economic causes: Though economic compulsions constitute the major factor in the causation of 
prostitution it is by no means the only and exclusive cause of the phenomenon. It is not the cause 

that every prostitute accepts money for her services or that all prostitutes hail from indigent 

homes. There are many prostitutes who hail from well-to-do families. In India, of course, there 

are many prostitutes who are compelled to adopt prostitution to feed themselves and their 
dependants. However, poverty is not the only economic factor, there are many other factors 
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which are economic. Economic factors comprise of: (1) poverty (2) under age employment (3) 
unhealthy working conditions (4) immoral traffic in women and children.  

ii) Social causes: following are the social causes of prostitution. 

A. Family factors: a study of London prostitutes published as Women of the Street reveals 

that most of the prostitutes are connected with family troubles. Their parents were either 
living separately or their family relations were so strained that as children they were left 

to their own machinations and received no love. If the mother is of bad character and has 

to carry on with her clandestine liaisons, she rarely escapes the eager eyes of her 
daughter.  

B. Bad neighbourhood: children living near brothels become so used to seeing sex trade that 

they come to accept it as normal. The brothel keepers usually haunt these areas for their 
prey. The children who get exposed to sex business want to have these exhilarating 

experiences at the first available opportunity.  

C. Illegitimate motherhood: the women who become pregnant as a result of their liaisons 

and who cannot get abortion get exposed in society. Nobody wants to marry them but 
everybody wants to enjoy them sexually. Desperately such women prefer to become 

regular prostitutes. 

D. Psychological causes: there are some psychological factors which tend a person towards 
prostitution. A woman who is frigid becomes desperate. She tries one man after another. 

Because of frigidity she is unable to experience pleasure and becomes a prostitute by trial 

and error.  
iii) Biological factors: the persons born with defective sex organs or overactive glands may feel 

compelled to seek sex gratification in a bizarre manner. 

iv) Religious and cultural factors: In India there has been religious sanction to prostitution. In the 

south, certain selected families were supposed to offer one daughter each to the temple where 
apparently she was supposed to serve gods with total dedication. They were known as Devadasis 
– god-slaves. But in actual practice they lived a life of prostitution.  

All causes listed above contribute more or less to prostitution. Prostitution has a very long and varied 
history. As a matter of fact it is considered to be the oldest profession in the world. In modern times it is 
becoming fashionable to consider prostitution a necessary part of society.  

 

6. Prostitution and Legality in India 

According to the Indian Penal Code, certain activities related to sex are not considered illegal per se and 

contradict laws that are in place. However, activities as enumerated below if found to be true, one is 

entitled to be punished in accordance with laws of the legal arena in place: 

 Soliciting services of prostitution at public places 

 Carrying out prostitution activities in hotels 
 Being the owner of a brothel 

 Indulge in prostitution by arranging a sex worker 

 Arrangement of a sex act with a customer 

Now the situation is such that the activities mentioned above are very much real and exist alongside. So 
by outlawing them does the Indian legal system make prostitution illegal? Because in most cases, 

government officials tend to ignore this fact that illegal trafficking of women and children is the root 

cause of growing prostitution as a business.   

7. Conclusion 
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While prostitution is legal in the India, there is a lively debate as to whether this is acceptable. Prostitution 
is often viewed as morally impermissible, and therefore, wrong. However, as John Stuart Mill states in 

On Liberty, it is not clear that the government is or should be in the process of regulating morals based in 

paternalistic reasons. Something should not be regulated for someone’s ‘own good.’ Acts that are 

primarily self-regarding that do not harm or affect the interests of others should never be regulated for 
someone‘s own good. Things should only be regulated if they harm others. Whether an act is moral or 

immoral is beside the point. So, laws against prostitution, which is primarily a self-regarding action, 
which affects others only with their consent, should not be illegal.  

Further, it is not at all clear from this point that prostitution is in fact immoral. Theories that condemn it 

as wrong and impermissible tend to call upon various ideas of impropriety and unnaturalness to show 
why it is immoral. St. Thomas and socio-biologists claim that the only proper function of sex is for 

procreation, and thus prostitution is morally impermissible on this account. Similarly, Roger Scruton 

claims that the only proper function of sex is to express love because of the interpersonal nature of the act. 

However, among other issues, the primary problem with these two theories is the failure to connect the 
morally improper with a failure to fulfill the function of sex. The morally proper and the natural or proper 

function of sex are never shown to be the equivalent. Additionally, it is not at all clear that there is only a 

single function for everything. The radical feminist view that any heterosexual form of sex is immoral 
because of the power differential between men and women present in society makes it such that women 

can never properly consent to sex because women are always in a state of subjugation has many problems 

as well, not the least of which is universalization of the position of women that does not account for 
individual experiences of women. To claim that women as a group are suppressed by men as a group is a 

common feminist claim that is accepted by many. However, to claim as Pateman and other radical 

feminists that because of this every woman is therefore coerced or forced or subjugated by every man is 

simply untrue. This fails to account for an interaction between a successful woman CEO and a poor man, 
or any woman in a place of power interacting with men. To say as Pateman does that this does not matter 

that she is still a victim of subjugation, is simply unfounded. To universalize such a general claim is a 

huge fault in such a theory. These theories simply fail to provide adequate reason to suppose that an act 
such as prostitution is immoral. The theories are weak in many senses because they insist that any act that 

does not fit within the parameters of the theory, which are already on shaky ground, is morally 

impermissible. If the theories instead represented the ideal situation, there would be little problem with 
accepting one or the other as a personal preference attempting to live up to the ideal. In which case, 

failing to live up to the ideal, which is less than good, is not immoral. So, not only should prostitution not 
be illegal whether it is moral or not, it does not even appear to be immoral.  

By looking at theories of consent that are based on a concept of autonomy, one is able to understand that 

prostitution, when performed under certain parameters, is morally permissible. The idea of personal 

autonomy or sovereignty is a part of what it means to be a human. Everyone has a sense of self and self-
rule that allows for one to act and make choices based on their own decisions. When one acts is a way that 

does not infringe another‘s autonomy or significantly harm their interests, then they should be free to do 

so. If one does want to act in a way that does affect the interests of others, they are permitted to do so only 
with the permission, authorization, or consent of the other. This consent that is obtained must be valid. In 

other words, it cannot be gotten through coercion or deception. It must be gotten from a freely (unforced), 

informed consenting adult who is competent to make such a decision. If the agent is underage, under the 

influence of alcohol, or mentally deficient or disturbed, then the consent obtained is not valid. 
Additionally, if the agent is forced or coerced in any way either physically or through lying and 

withholding relevant information, then the consent is invalid and the act is wrong. However, if the 

consent is validly obtained, not only is the act allowable, but it is morally permissible. Indeed, not only 
should prostitution not be illegal based on its moral impermissibility, it is not even morally impermissible 
to begin with.  
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To conclude, prostitution, as such, is not coercive or immoral, so long as valid consent is obtained. Indeed 
any sex act that occurs between freely, informed consenting adults is morally acceptable. Prostitution is a 

combination of consenting sex and contractual exchange. Any governing set of rules or morals that 

govern prostitution are based on this dual aspect of the act. If the act is between such validly consenting 

adults, who agree to the terms of the contract and fulfill the terms, there should be no immoral issue with 
prostitution at all. 
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a b s t r a c t

A flexible, 2-fold interpenetrated 3D supramolecular structure [Cu(ndc2−)(1,10-phen)]n (where ndc2− =

2,6-napthalenedicarboxylate and 1,10-phen = 1,10-phenanthroline) comprising neutral 2D metal–
organic layers as the basic building block was prepared. Structural study reveals that metal ions are
bridged by ndc2− ligands to form 2D coordination layers and the coordinated 1,10-phen moieties
are hanging from the layers in the interlamellar spaces. The gliding motion of π · · · π stacked layers
through 1,10-phen moieties was found to be responsible for the flexibility of MOF and the consequent
extended conjugation also rendered semiconducting behaviour in the material. Thermal stability
studies revealed that the framework was pretty stable below 260◦C. Additionally, the MOF was
characterized by performing BET adsorption and photoluminescence studies. Further, the MOF was
calcinated at 650◦C to prepare well defined, nearly uniform and spherical shaped CuO nanoparticles
(CuO-NPs) with an average size of ∼25 nm. Interestingly, CuO-NPs showed around 16 times more
conductivity (4.8 × 10−2 S/cm) in relative to the parent MOF (3 x 10−3 S/cm). CuO-NPs induced
cross-coupling reactions of alcohols and thiols with arylhalides have been reported. A simple, general,
ligand-free and solvent-free procedure for the efficient synthesis of the cross-coupled products in high
yield was successfully demonstrated.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

In last three decades, metal–organic frameworks (MOFs) are
appeared as one of the most promising functional material due
to their inherent porous structure and modular behaviour [1].
Initially, the inception was that the implication of inert metal
ions and insulating bridging ligands makes MOFs weakly conduct-
ing or insulating in nature [2]. But, from last decade, design of
conducting MOFs has gained much attention due to their several
applications in energy storage, sensing, electrocatalysis, etc. [3].
Researchers have developed two different types of conductive
MOFs: (a) intrinsically conductive MOFs: electrically conducting
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organic building blocks, such as 2,3-pyrazinedithiolate [4], dihy-
droxybenzoquinone [5] etc. have been used to induce conductiv-
ity in the designed framework, and (b) extrinsically conductive
MOFs: electrically conducting guests, both neutral I2, [6] (TCNQ)
[7], and charged (BF4−) [8], are incorporated in the void space
of MOFs to enhance conductivity. Intrinsically conducting MOFs
have gained much attention over its extrinsic counterpart due to
low cost production and easy synthesis [2a], [9]. Several types
of design principles have been adopted by scientists to build
intrinsically conducting MOFs: (a) use of metal ions and bridging
ligands having equivalent band structure which will help to trans-
port electrons through the framework [10], (b) use of radical gen-
erating ligands that will boost the conductivity of the designed
framework [5c,10b] (c), use of extended π . . . π conjugation be-
tween 2D coordination polymer [5b], [11]. In organic electronics,
π-interaction is used to develop conducting materials [12] and, in
similar way, several research groups have developed conducting
MOFs based on extended π . . . π conjugation using different

https://doi.org/10.1016/j.nanoso.2021.100756
2352-507X/© 2021 Elsevier B.V. All rights reserved.

https://doi.org/10.1016/j.nanoso.2021.100756
http://www.elsevier.com/locate/nanoso
http://www.elsevier.com/locate/nanoso
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoso.2021.100756&domain=pdf
mailto:meikapnitd@yahoo.com
mailto:uroccu@gmail.com
mailto:sbpb2012@gmail.com
mailto:rajat.saha@knu.ac.in
https://doi.org/10.1016/j.nanoso.2021.100756


M. Patra, S.K. Dubey, B. Mondal et al. Nano-Structures & Nano-Objects 26 (2021) 100756

organic ligands e.g. napthalenediimide, [9b] tetrathiofulvalene
[13], anthracene [14], etc. Formation of continuous π-conjugation
throughout the framework is the primary condition to design
such materials. Herein, we have used 1,10-phen, highly potential
to participate in π . . . π interaction, as the building block to
develop conducting material and found that the synthesized 3D
supramolecular framework showed semiconducting behaviour.

Recently, syntheses of various nano-materials using MOFs as
sacrificial scaffolds are of great interest [15]. The regular periodic
arrangement of metal nodes within the MOF architecture pro-
vides an excellent platform to design nano-particles of uniform
size distribution as well as their intriguing porosity. The struc-
ture, composition, phase and size of the nano-particles can be
controlled by optimizing the synthetic conditions: chemical en-
vironment (O2, N2 etc.), temperature and synthetic methods [16].
Several research groups have synthesized metal, [16a] metal–
oxide, [16b,16c,16d,16e,16f,16g] mixed metal–oxide, [16h] metal
carbide [16i] NPs, etc, and explored their enormous applications
in gas adsorption, [16j] catalysis, [16b] and so on. Besides, these
MOF derived NPs have been used for several types of electronic
applications like electrocatalysis, [17] battery, [18] etc. based on
their versatile conducting properties from insulating to metallic
behaviour [17–19]. In this work, we have used our synthesized
semiconductive MOF to develop NPs and interestingly found that
the MOF-derived NPs showed higher conductivity than the parent
MOF.

C–O and C–S bonds are prevalent in numerous compounds
that are of biological, pharmaceutical, and material interest [20].
Specially, a large variety of aryl sulfides are in use for diverse clin-
ical applications [21]. One of the most common synthetic meth-
ods for their preparation is the copper-assisted classic Ullmann
reaction. However, these reactions often require harsh conditions
such as high temperature (>200 ◦C), stoichiometrically higher
amount of copper reagent and thus produce a lot of wastes [22].
Currently, to follow strict environmental laws, chemical based
industries are desperate in reducing various harmful chemical
wastes by designing intelligent catalysts those perform in mild or
environment benign conditions with high yield, large selectivity
and good efficacy [23]. Palladium and copper complexes con-
taining electron-rich ligands have been studied considerably for
the cross-couplings of oxygen and sulphur nucleophiles with aryl
halides [24]. Subsequently, few studies have focused on the use of
iron and nickel-based catalytic systems for this purpose also [25].
Unlike homogeneous catalyst, use of heterogeneous catalyst is
much more advantageous in terms of their easy separation, recy-
clability, high thermal stability and longer lifetime. In this respect,
we have focused on CuO-NPs induced heterogeneous C(aryl)-S
and C(aryl)-O hetero-coupling reactions with the following ad-
vantages: (a) the reaction proceeds under solvent free condition,
(b) easy separation of catalysts and products from the reaction
mixture after completion, (c) high selectivity of the catalysts for
the substrate, (d) high catalysis rate and e) re-usability.

In this endeavour, we have synthesized a 2-fold interpen-
etrated, flexible, 3D supramolecular framework: [Cu(2,6-ndc)
(1,10-phen)]n, by solvothermal method and characterized by
SCXRD analysis. Structural analysis revealed that each Cu centres
are connected by 2,6-ndc ligands to form 2D coordination lay-
ers with hanging coordinated 1,10-phen moieties and these 2D
metal–organic coordination layers are assembled by 1,10-phen
mediated π . . . π interactions to form the overall 3D supramolec-
ular structure. The presence of π . . . π interactions help to: (i)
induce flexibility and (ii) create electronic conducting pathway
within the framework. The resultant flexible framework showed
semiconducting nature in association with micro-porosity. TGA
analysis revealed that the framework decomposes at 350 ◦C. The
MOF was decomposed by heating at 650 ◦C to produce CuO-NPs

which were characterized by PXRD, SEM and EDAX analyses. Four
probe electrical conductivity experiments revealed that the syn-
thesized CuO-NPs have 16 times higher conductivity than parent
MOF. Further, we have successfully demonstrated solvent free C–
S and C–O heterocouplings in excellent yields in bulk utilizing
the CuO-NPs. Product analysis revealed exclusive formation of the
desired products with minimum amounts of wastes; hence, we
would be able to make the process green and highly applicable
for industrial scale synthesis.

2. Experimental section

Materials and Methods: Copper (II) nitrate, monohydrate; 2,6-
napthalene dicarboxylic acid and 1,10-phenanthroline were pur-
chased from Merck chemical company. All other chemicals used
were AR grade. Elemental analysis (C, H, N) was carried out using
a Perkin-Elmer 240C elemental analyzer. The thermal analysis
was carried out using a Mettler Toledo TG-DTA 85 thermal an-
alyzer under a flow of N2 (30 ml/min). The sample was heated
at a rate of 10 ◦C/min with inert alumina as a reference. IR
spectroscopy was measured on Nicolet Impact 410 spectrome-
ter between 400 and 4000 cm−1, using the KBr pellet method.
Photoluminescence spectra were collected on a Shimadzu RF-
5301PC spectrophotometer. Powder XRD patterns were recorded
by using Cu-Kα radiation (Bruker D8; 40 kV, 40 mA). The ele-
mental analysis for CuO-NPs was performed by BRUKER energy
dispersive X-ray spectrometer (EDS) attached with the FEI, IN-
SPECT F50 field emission scanning electron microscope (FESEM).
1H-NMR studies were carried out by using 300 MHz Bruker NMR
spectrometer. The XPS measurements of the sample was carried
out in an ultrahigh vacuum (UHV) multiprobe setup (Omicron
Nanotechnology) at a base pressure of ∼2.0 × 10−9 mbar, which
was equipped with an EA125 hemispherical energy analyzer and
an X-ray source [26]. For the XPS measurements, monochromatic
Al Kα X-ray of 1486.6 eV photon energy was used as a source
and the corresponding spectrometer energy resolution was ∼ 0.8
eV. C 1s level (binding energy of 284.8 eV) was chosen as the
reference level to calibrate the other core-level spectra.
Synthesis of Complex 1 {[Cu(O-phen)(ndc)]n: A mixture of
Cu(NO3)2 (0.5 mmol, 0.1214 g), ndc (0.5 mmol, 0.1092 g), 1,10-
phen (0.25 mmol, 0.0502 g) and 1 mL Et3N in 6 mL DMF was
stirred for 15 min. Then the mixture was transferred into a 15 ml
Teflon-lined stainless-steel vessel and heated for 24 h at 120 ◦C.
Afterwards, it was cooled to room temperature for another 24
h. After 48 h, green coloured single crystals (Figure S1) suitable
for X-ray structure determination were isolated by filtration.
Yield: 70%. Anal. Calcd. for C24H14CuN2O4 indicates C: 62.85%
(62.88% theo), H: 3.10% (3.12% theo) and N: 6.10 (6.08% theo). IR
(KBr pellet, cm−1): 1606(s), 1560(s), 1544(w), 1426(w), 1394(s),
1357(s), 1221(w) and 1191(w) (Figure S2).
Electrical conductivity measurement: The resistance of the sam-
ple is measured by means of a four terminal direct current tech-
nique with resolution of δR/R = 10−5 using a pressed pellet
(10 ton pressure) of the samples. The four terminal connections
are made using fine copper wire with pure silver paste. As a
confirmatory test towards ensuring good electrical contact using
silver paste, the continuity of the samples was checked before
placing it within the sample holder. Contribution of conductivity
of silver of the paste is ignored as it is used for all cases. All these
measurements were performed by the following equipments, (i)
A constant current source (KEITHLEY INSTRUMENT, Model 220),
(ii) A nanovoltmeter (KEITHLEY INSTRUMENT, Model 181), (iii)
Hewlett Packard 3458 A, 81/2 digit multi-metre.
General Procedure for C-X (X = S and O) Hetero-coupling
Reactions: The catalytic reactions were carried out in a glass
batch reactor. To a stirred solution of the phenol or thiophenol
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(25 mmol), aryl halide (5 mmol), KOH (5 mmol) and CuO (2.5
mol%) were added, and the reaction mixture was stirred at 100 ◦C
for 17 h under inert atmosphere and monitored continuously by
TLC (hexane/ethyl acetate = 9:1 v/v). After completion of the C–O
or C–S cross-coupling of phenol/thiophenol with aryl halide, (i.e.
after complete consumption of the aryl iodide which takes near
about 17 h), the reaction mixture was treated with diethyl ether.
The solution was centrifuged and then catalyst was isolated,
washed water and ether. After complete drying, the catalyst can
be reused for the next cycle. The remaining mixture was diluted
with water and extracted with diethyl ether thrice. The combined
organic layer was dried over anhydrous Na2SO4, filtered, and
concentrated to afford the crude material. The crude material was
then purified by column chromatography (silica 100–200 mesh,
ethyl acetate-hexane 5%–10%) to afford the desired C–O or C–S
cross coupling product (yield = 95%–99%).
Crystallographic Data Collection and Refinement: Suitable sin-
gle crystal of the complex was mounted on a Bruker SMART
diffractometer equipped with a graphite monochromator and
Mo-Kα(λ = 0.71073 Ǻ) radiation. Unit cell parameters were
determined by using the APEX2 [27] program. Data reduction was
carried out by the SAINT [27] program and correction or absorp-
tion was performed using the SADABS [27] program. The struc-
ture was solved using Patterson method by using the SHELXS-
2018/3 [28] embedded in WINGX software package [29]. Subse-
quent difference Fourier synthesis and least-square refinement
revealed the positions of the remaining non hydrogen atoms.
Non-hydrogen atoms were refined with independent anisotropic
displacement parameters. Hydrogen atoms were placed in ideal-
ized positions and their displacement parameters were fixed to be
1.2 times larger than those of the attached non-hydrogen atom.
All Figures were drawn by using PLATON [30] and ORTEP [31].
Data collection and structure refinement parameters and crystal-
lographic data for complex 1 are given in Table S1. The structure
was previously reported in literature [32] and, herein, we have
described from a different perspective. Some selected coordi-
nation bond lengths, bond angles and non-covalent interaction
parameters are summarized in Table S2-S3.
Indexing of the PXRD data: The indexing of the XRPD pattern
was carried out using NTREOR and McMaille programs of EXPO
2009. Indexing reveals that the complex is still crystalline with
a monoclinic system with a = 13.5426 Å, b = 13.9326 Å, c =

12.0862 Å, β = 100.1023◦ and V = 2245.11 Å3. The space group
was obtained from statistical analysis of the powder pattern
with the help of find space module of the EXPO 2009 soft-
ware package. Statistical analysis shows that the most probable
space group is P21/n. For this unit cell and space group, full
pattern decompositions were performed using Le Bail method
giving good fit between calculated and experimental powder X-
ray patterns. This result was corroborated from the indexing and
Pawley refinement of the PXRD pattern of the complex by the
reflex module of the Material studio program. Unit cell, peak pro-
files, zero-shift, background were refined simultaneously. Peak
profiles were refined by the Pseudo-Voight function with Berar–
Baldinozzi asymmetry correction parameters. The background
was refined using a 4th order polynomial.

3. Result and discussions

Structural description of Complex 1: X-ray crystal structure
analysis revealed 1 as a neutral 3D supramolecular framework
(formula [C24H14CuN2O4]n). The asymmetric unit contains one
Cu(II) ion, two halves two ndc2− ligands and one 1,10-phen
(Figure S3). Each Cu(II) atom shows distorted square pyramidal
geometry (τ = 0·07) with CuN2O3 chromophore (Figure S4).

ndc2− ligands show two different types of bridging modes: µ4-
bis-bridging and µ2-bis-bridging. Coordination of two different
types of ndc2− with the Cu2+ ions forms 2D coordination sheet in
the bc-plane with 1,10-phen ligands hanging into the interlamel-
lar spaces from the metal centres, Figure S5. These 1,10-phen
moieties between two 2D layers are connected through are in-
teracted by π . . . π interactions between aromatic rings present
within the 1,10-phen molecules. Such π . . . π interactions further
assemble these 2D layers along a-axis to generate a spongy 3D
supramolecular framework, as shown in Fig. 1a. The dimensions
of all π . . . π interactions are listed in Table S4. It is to be
noted that 1D channel of dimension 12.071 × 13.294 Å is formed
along a-axis (Figure S6). The channel is filled by two-fold self
impregnation in order to achieve an efficient packing (Fig. 1b and
S7).
Framework Stability and PXRD: Thermo-gravimetric analysis of
the compound was performed in the temperature range of 25–
500 ◦C under N2 atmosphere (Fig. 2). The TG analysis indicated
that complex 1 is stable up to 260 ◦C and undergoes decompo-
sition in two consecutive steps above this temperature. In the
first step, 1,10-phen moieties undergo dissociation within 260
and 300 ◦C and above this temperature it degrades in another
step at about ∼325 ◦C.

To know about framework flexibility, the PXRD analyses with
complex 1 were done at room temperature and at 150 ◦C tem-
perature. The PXRD pattern of the as synthesized complex 1 is
matched very well with the simulated pattern which indicated
the phase purity of the sample. The PXRD (Fig. 3) pattern at higher
temperature has peaks at slightly lower angle. The indexing of
the PXRD pattern was carried out using NTREOR and McMaille
programs of EXPO 2009 (supporting information, Figure S8). This
reveals that the complex is still crystalline with monoclinic sys-
tem (a = 13.5426, b = 13.9326, c = 12.0862 Å, β = 100.1073◦

with a larger cell volume of 2245.11 Å3, Table S4). So, the length
of the a-axis, along which 2D layers are stacked through π . . . π

interactions, increases in large amount compared to b- and c-axes
and this corresponds to the expansion of layer gap assisted by
the gliding motion of the π-stacked layers [33], which is feasible
for 1,10-phen ligand. So, both the increase in bond length and
expansion of layer gap along a-axis contribute to the overall 15%
increase in the overall cell volume. Upon cooling to room tem-
perature, the PXRD pattern reverts back to the original pattern.
This proves the π-induced flexibility of the framework.
Adsorption study: Though PLATON study indicates the non-
porous nature the framework at ambient condition but the vari-
able temperature PXRD study showed that there is a chance to
create porous channel along crystallographic c-axis by thermally
stimulated π-induced flexibility — and thus we have attempted
to analyse sorption behaviour of the sample. N2 adsorption study
at 77 K revealed the non-porosity of the material while the
solvent sorption studies at 298 K indicated micro-porosity. Water
adsorption isotherm (at 298 K) of complex showed type III
behaviour. The volume uptake of water is 15.6 cm3/g (Fig. 4).
Complex 1 also adsorbs 12.9 cm3/g methanol and 6.24 cm3/g
ethanol (Fig. 4). Small amount of adsorption may be interpreted
as that due to interpenetration very narrow channels were cre-
ated within the framework or surface adsorption [34]. Desorption
curve does not coincide with the adsorption curve in all cases,
showing a hysteresis loop and incomplete desorption. A very
little amount of water, methanol and ethanol remains within the
framework. Small hysteresis in the water adsorption isotherm is
probably because of trapping by the coordinatively unsaturated
metal sites.
Photoluminescence: Photoluminescence property of complex 1
was performed at room temperature in solid state. The emission
spectra of both 1,10-phen ligand and complex 1 are shown in
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Fig. 1. π . . . π (magenta) conjugated 3D supramolecular structure (a) and 2-fold interpenetration (b) of complex 1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. The thermal plot of complex 1.

Figure S9. The luminescence spectra of 1,10-phen ligand show

two peaks at 412 nm and 434 nm with a shoulder at 461 nm. The

spectra arise due to π-π* transition. The luminescence spectra of

complex 1 show similar pattern — the spectra contain two peaks

at 414 nm and 434 nm with three different shoulders at 458 nm,

464 nm and 468 nm. The spectra arise due to both intra-ligand π-
π* transition and M-L charge transfer transition. So due to metal
complex formation, a small red shift occurs.
Synthesis and Characterization of CuO-NPs: Nano-particles are
highly interesting as their properties are critically dependent
on synthetic condition, size distribution, morphology and shape.
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Fig. 3. Variable temperature PXRD pattern of complex 1.

Fig. 4. Gas and solvent sorption behaviour of complex 1.

CuO-NPs have great potential for their applications in electro-
chemical cells, magnetic storage media, photovoltaic cells, etc.
Here, the 2D-MOF is used as a template to synthesize CuO-NPs
by calcinations. The bulk material of the MOF was heated at 650
◦C for 4 h at normal condition. Upon heating, the green coloured
compound turned in black powder, which was characterized by
PXRD, EDS, IR, TEM and SEM analyses. IR spectra of the CuO-
Nps are presented in Figure S10. The PXRD pattern matches

with the reported PXRD pattern of CuO with JCPDS No. 08-0234
(Fig. 5a). The TEMmicrograph indicated the spherical morphology
of the synthesized NPs (Fig. 5b) with average size of ∼25 nm
and this corroborates with the PXRD data. EDS study indicated
the presence of characteristic peaks for the constituents (Cu and
O) (Figure S11). The Cu 2p3/2 core-level spectra (Fig. 6) have
been studied to know the oxidation state of Cu present in the
copper oxide nanoparticles. The binding energy position of the
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Fig. 5. PXRD pattern (a) and TEM image (b) of the synthesized CuO-NPs.

main peak in the spectra was observed at around 933.7 eV that
informs about the presence of Cu2+ species, which was observed
previously by many people [35]. The strong shake-up satellite
observed in these spectra is also an indication of the presence
of Cu2+ species that was mentioned by many authors previously
[35]. So, the Cu 2p3/2 core-level spectra confirm that the Cu
present in this copper nanoparticles sample is mostly in the Cu2+

oxidation state.
Green Catalytic C-X Hetero-coupling Reactions: In the present
work, the synthesized spherical shaped CuO-NPs are used for
the catalytic cross-coupling (C–O and C–S) reactions of alcohols

and thiols with arylhalides. Generally, for such C–O and C–S
cross-coupling reactions, high boiling solvents like DMSO, DMF,
NMP, etc. are required in both homogeneous and heterogeneous
conditions. And consequently, separation of products from these
solvents becomes very difficult and tedious. Here, we are going
to report a solvent free, neat reaction protocol for such hetero-
coupling reactions of phenol, thiophenol, alcohol, and thiols with
aryl halides.

Literature review indicates that in previous studies of copper-
catalyzed hetero-coupling reactions, N-methylpyrrolidinone
(NMP), dimethylformamide (DMF), dimethylsulfoxide (DMSO)

6
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Fig. 6. XPS data of CuO-NPs reveals the presence of only Cu2+ ions.

etc. are used as solvent with KOH and K2CO3 as base [36] and,
thus here, we have also followed the same protocol initially.
Punniyamurthi et al. have carried out the C-X (X = S, N and
O) hetero-coupling catalytic reactions using CuO-NPs in DMSO
[36d]. Here, catalytic activity of the synthesized CuO-NPs was first
investigated for the cross-coupling of iodobenzene with phenol
and latter with thiophenol. The reactions of chlorobenzene, bro-
mobenzene, phenyltosylate, and phenylboronic acid are studied,
but those are found to be inferior to that of aryl iodides. Cat-
alytic tests were also performed with CuCl, CuBr and CuI, freshly
prepared before use, provided the same results as obtained with
synthesized CuO-NPs. Other Cu(II) salts tested (CuBr2, CuSO4·

5H2O, CuCl2) were found to be less efficient catalysts (yields
55%–69%) than the CuO-NPs. A low amount of 2.5 mol % of CuO-
NPs was employed in these initial standardization reactions. Our
first goal was to optimize reaction conditions and to achieve
information about the role of additives and solvent polarity. It
appeared that, by applying KOH as base in DMF, diphenylether
was obtained in quantitative yield in presence of 20 mol% CuO-
NPs catalyst without the use of added ligands. Solvent polarity
has significant impact on the yield of the reactions (Table S5) –
high polarity solvents like DMF, DMA and NMP show better yield
than toluene (entries 3–5). It is noteworthy that very low yield
(40%) was obtained for using water as solvent (Table S5, entry 6).
Now, difficulty in separation of these solvents from the product
prompted us to choose the neat reaction conditions (Table S5,
entry 7). And interestingly, we have found that the yield of neat
reaction conditions are similar to that in DMF, DMA and NMP and
then we decided to go further with the neat reaction conditions.

Similarly, a series of bases were also screened. Among inor-
ganic bases, KOH gave almost quantitative results for the coupling
reaction to diphenylethers (Table S6), while, among organic bases,
triethylamine and Hunig’s base (DIPEA) gave also good results
(Table S6, entries 2 and 3) in heterogeneous reaction mixture.
Notably, in our case the required amount for the base is only
one equiv. (based on the aryl halide), while in common reports
this is usually in between 1.5 and 2.5 equiv. Further experiments
were performed to find the optimal reaction temperature and
reaction time. Both Tables S5 and S6 refer to around 17 h reaction
with temperature of 100 ◦C. It was noted that a small decrease
in temperature of only 10 ◦C caused a significant decrease in

Table 1
Reaction of Aryl Iodides with Phenol and Thiophenol (conditions: phenol or
thiophenol (25 mmol), aryl iodide (5 mmol), KOH (5 mmol), CuO (2.5 mol%),
100 ◦C, 17 h.
Entry Aryl iodide Alcohol or thiol Product Yield (%)

1 PhI PhOH Ph-O-Ph 99
2 PhI PhSH Ph-S-Ph 99
3 PhI PhCH2OH PhCH2-O-Ph 95
4 PhI PhCH2SH PhCH2-S-Ph 95

diaryl thioether yield (85%). Lowering the time of the reaction
in the present conditions also decreases the yield of the desired
products. Accordingly, at 100 ◦C, the reaction of iodobenzene with
phenol is relatively fast (65 and 95% after 2 and 6 h, respectively).
It also appeared that fluoro-, chloro-, and bromobenzene are very
less reactive under the optimized conditions, giving extremely
lower yields (4%–55%) of the C–O coupling products (Table S7).
Aryltosylate and boronic acids are also very less effective com-
pared to that of iodide (Table S7, entries 5 & 6). Finally, the
effect of the copper catalyst and its loading amount was evalu-
ated. As discussed earlier and shown in Table S8, Cu(II) catalysts
performed badly (Table S8, entries 1–4, yields 55%–69%). Only a
minor difference in yields were observed when catalytic activity
of CuO-NPs was compared with Cu(I) salts (Table S8, entries
5–8). The desired products are purified by column chromatogra-
phy, identified by NMR spectra and then the isolated yield was
calculated.

To determine the scope of the catalytic system, the present
protocol was further applied to reactions of a variety of commer-
cially available aryl iodides and phenols or thiophenols (Table 1).
As shown in Table 1, the coupling of phenol and thiophenol with
iodobenzene was successful, leading to the desired products in
good yields. The protocol is equally efficient for aromatic and
aliphatic phenols and thiophenols. The catalyst system is highly
efficient providing the corresponding diaryl ethers and thioethers
in good to excellent yields. Iodobenzene was maintained as ary-
lating substrate. The present optimized catalytic process provides
the arylation of phenols and thiophenols with aryl iodides, in the
presence of KOH as a base under neat conditions. To the best of
our knowledge, this is the first report about aryl-sulphur and aryl-
oxygen bond formation in which a MOF derived CuO-NPs catalyst

7



M. Patra, S.K. Dubey, B. Mondal et al. Nano-Structures & Nano-Objects 26 (2021) 100756

Fig. 7. Variable temperature electrical conductivity and corresponding I–V curve of the both complex 1 and MOF derived NPs.

is used without addition of any ligand and solvent. In the present
study diphenylether and diphenylthioether was formed in 99%
yield in the reaction of iodobenzene with phenol and thiophenol
in solvent free neat conditions.

The CuO nanoparticles are recyclable upto 5th cycle without
loss of significant reactivity (Table S9). After completion of the
C–O cross-coupling of phenol with iodobenzene, the reaction
mixture was treated with diethyl ether. Then, the overall mix-
ture was centrifuged to isolate the catalyst. After isolation, it
was washed with water and ether repeatedly and then dried
for further use (Figure S13). The reusability tests indicate high
yield. A comparative study with the bulk CuO synthesized by
precipitation method was also studied – a lower amount of yield
(∼40%–55%) was obtained for CuO bulk.

The catalytic activity of our synthesized CuO-NPs was in-
vestigated for the cross-coupling of iodobenzene with phenol
and compared with similar heterogeneous catalysts (Table S10).
Unlike homogeneous catalyst, use of heterogeneous catalyst is
much more advantageous in terms of their easy separation, re-
cyclability, high thermal stability and longer lifetime. In this
respect, based on literature and availability of the heterogeneous
catalysts, the reactivity of ZnO, SnO, SnO2, CuO, Cu2O and CuO
NPs/SiO2 [37] has been judged and compared with respect to C–
O coupling reaction of phenol and iodobenzene. Our synthesized
CuO is found to be most effective with respect to yield of the
desired coupling product. Heterogeneous catalysts other than
CuO and Cu2O found to be completely ineffective giving no yield
of the desired C–O coupling product (entries 1–3).

A suitable mechanistic pathway for the above-mentioned
catalysis reactions was proposed (Scheme S1). These results sug-
gest that the reaction may occur by oxidative addition followed
by reductive elimination. The oxidative addition of the aryl halide
with catalyst can give intermediate A, which can undergo reaction
with an alcohol or thiol to afford intermediate B. Intermediate B
can provide the C–O or C–S cross coupling product by reductive
elimination. According to Sambiagio et al. the mechanism of such
reactions is still unclear and it is considered that the mechanism
actually varies depending on the substrate, ligand and reaction
conditions [22b]. It is believed that the most active catalyst is
Cu(I)-species which may form from the initial copper source.
Electrical Conductivity of MOF and MOF derived CuO-NPs:
In complex 1, the coordination between the metal centres and
ndc2− ligands forms 2D coordination layers and coordinated

1,10-phen moieties are hanging from the layers to connect next
to neighbouring layers through π . . .π interaction to form 3D
supramolecular structure. Due to the presence of extended π

. . . π conjugation within the structure of 1, we hope that the
framework may show electrical conductivity. Bulk electrical con-
ductivity of complex 1 has been measured by four probe contact
using Ag wire on the pressed pellets. The conductivity of complex
1 is 3 x 10−3 S/cm at 312 K with Ohomic behaviour within the
range of ± 40 V, Fig. 7(a and b). Variable temperature conduc-
tivity measurement within the temperature range of 312 K to
423 K indicates that with increasing temperature, conductivity of
the framework increases — the framework is semiconducting in
nature. The conductivity value is 4.2 × 10−3 S/cm at 423 K. With
increasing temperature, delocalization of π-electrons increases
and this may be a reason behind the linear rise in conductivity
value electrical conductivity. The calculated activation energy of
the framework is 0.077 eV.

Koo et al. have reported a semiconductive metal–organic
framework having 2,5,8-tri(4-pyridyl)1,3-diazaphenalene as the
π-conjugated ligand. Single crystal electrical conductivity mea-
surement gives a value of ∼1 x 10−6 S/cm [12a]. Kuang et al.
have reported single crystal conductivity value of ∼1.2 × 10−5

S/cm of a framework having napthalenediimide [12b]. Haider
et al. have measured conductivity on the single crystal of a
framework containing 1,4,5,8-naphthalenetetracarboxylate and
the framework shows conductivity of ∼10−4 S/cm [12c]. Chen
et al. have reported the semiconducting behaviour of mixed
metal MOF in which 4,4′-(anthracene-9,10-diylbis(ethyne-2,1-
diyl))dibenzoate is used to induce π . . . π interaction within
the framework at separation distance of 3.4 Å [12d]. Electrical
conductivity measurement on single crystals gives a conductivity
value of 1.3 × 10−3 S/cm. Qu et al. have measured electrical
conductivity of a metal–organic framework containing N,N′-di(4-
pyridyl)-1,4,5,8-naphthalenetetracarbox-diimide on both single
crystal and pressed pellets [12e]. Single crystal conductivity mea-
surement showed 103 times higher conductivity (3.3 × 10−3

S/cm) than measured on the pressed pellets (7.6 × 10−6 S/cm). In
our case, four probe electrical conductivity measurement on the
pressed pellet of complex 1 gives a value of 3 x 10−3 S/cm at 312
K.

We have also studied the electrical conductivity of the MOF
derived CuO-NPs in a similar manner. CuO is a p-type semi-
conductor but the bandgap and electrical conductivity vary with
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the size and morphology of the nano-particles [38]. In most
cases, the bandgap of CuO-NPs varies in the range of 1.2 to 2.0
eV and, based on its narrow bandgap, CuO-NPs have significant
applications in electronic and opto-electronics. The conductivity
of the MOF derived CuO-NPs is 4.85 × 10−2 S/cm with similar
Ohomic behaviour at 312 K and this conductivity value is 16
times higher than the parent MOF, Fig. 7a and b. Combustion of
the organic moieties within the MOF leads to the occurrence of
charge transfer interaction between the copper and oxygen atoms
within the framework and this may be the reason behind this
enhanced conductivity. The variable temperature conductivity of
the NPs is measured within the range of 312 to 588 K and the
CuO-NPs also show semiconducting behaviour. The conductivity
value rises smoothly up to 430 K (11 x 10−2 S/cm) and afterwards
increases very rapidly to 1.11 S/cm at 588 K. A plot of ln(σ ) vs.
1000/T for CuO-NPs shows two linear portions intersecting each
other (Figure S14). This indicates the presence of two activation
energy of CuO and values are 73 and 370 meV respectively,
with a crossover at 430 K. The comparatively small activation
energy indicates that Cu(I) and Cu(0) in association with oxygen
vacancies may be present in CuO-Nps [16a]. Change of activation
energy with temperature may be due to the presence of any
metastable state in the sample.

4. Conclusions

Single crystal X-ray analysis of complex 1 revealed two types
of binding modes (µ2- and µ4-) of ndc2− ligands to the central
Cu(II) ions, which, in turn, resulted in the formation of 2D coor-
dination sheet. While the hanging 1,10-phenanthroline ligands in
the interlamellar space assembled together by π-π interactions,
which led to the formation of spongy 3D supramolecular metal–
organic framework (MOF). Careful analysis of the MOF, which was
stable up to 260 ◦C, depicted the presence of interpenetrated net-
work topology. Reversible structural transformation of the frame-
work by gliding motion of π-π stacked 1,10-phenanthroline lig-
ands along the crystallographic a-axis and hence reversible ex-
pansion and contraction among the layer gap of 2D coordination
sheets was confirmed by variable temperature PXRD measure-
ments. Adsorption studies of the MOF with water, methanol
and ethanol depicted a hysteresis loop in adsorption/desorption
cycle. After thorough characterization of the MOF, it was calci-
nated at 650 ◦C for 4 h to fabricate CuO-NPs. The PXRD patterns
confirmed the formation of CuO-NPs. While microscopic images
showed formation of nearly uniform CuO-NPs with an average
size of ∼25 nm. Electrical conductivity measurements of the MOF
and MOF derived CuO-NPs suggested both of them are semicon-
ducting nature. However, CuO-NPs were found to be far more
conducting compared to the parent MOF. Further, selective and
efficient CuO-NPs catalyzed C–O and C–S bond-forming reaction
of aryl iodides and various thiophenols is developed. This catalytic
procedure offers general applicability and simplicity, avoiding the
expensive and time-consuming preparation of suitable ligands
and activated substrates. Based on controlled experiments and
green chemistry rules, we proposed a solvent free, neat reac-
tion conditions. Because of these advantages, we strongly believe
that the protocol demonstrated in this work could find large
application. And, we hope that such MOF derived nano-particle
synthesis technique may be used for the synthesis of different
types of metal–oxide nano-materials like ZnO, Cr2O3, VO2, rare
earth oxides.
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Photo-responsive Schottky diode behavior of a
donor–acceptor co-crystal with violet blue light
emission†
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Herein, we report the crystal structure, supramolecular structure, electronic transport properties and

optoelectronic behaviour of a co-crystal made of tetrabromoterephthalic acid (TBTA) and quinoxaline

(QUIN) (1 : 1). The sample has been characterized using thermogravimetric analysis and spectral techniques.

Moreover, theoretical analyses of noncovalent interactions, optical properties and the band structure of the

co-crystal have been performed. The co-crystal has been crystallized in an orthorhombic system with the

Pnma space group and the constituent molecules assemble in the solid state by using O–H⋯N hydrogen

bonding, π⋯π, Br⋯π and Br⋯O interactions. The ground state geometry optimization over the hydrogen

bonded dimer by DFT method indicates that TBTA acts as the donor and QUIN as the acceptor within the

self-assembled co-crystal. According to UV-vis spectroscopic study the bandgap of the co-crystal is ∼3.18

eV. In the solid state it exhibits a broad emission band with a maximum at 405 nm while in aqueous

medium its photoluminescence emission peaks are obtained at 350 and 403 nm. The values of the average

fluorescence lifetime of the sample in aqueous medium are 3.38 ns at 352 nm and 4.94 ns at 403 nm.

Under UV-irradiation, the co-crystal emits violet-blue light. The emission spectrum in solution phase shows

a relative quantum yield of 0.018. Band structure calculation indicates that the co-crystal is a p-type

semiconductor with a bandgap of 2.835 eV. Due to its semiconducting character, the ITO/co-crystal/Al

sandwiched structured device acts as a Schottky barrier diode with rectification ratio, ideality factor, barrier

height and series resistance of 41, 1.36, 0.70 eV, and 26.97 kΩ, respectively. The current through the device

increases substantially under visible light exposure. Upon visible light illumination the values of electrical

conductivity, mobility and carrier concentration increase by 35 (±0.5), 54 (±0.5) and 6 (±0.5)%, respectively,

with respect to dark conditions. It has been shown that π⋯π and hydrogen bonding interactions can play a

crucial role in producing the donor–acceptor (D–A) type co-crystal, semiconducting behaviour can be

incorporated in the organic co-crystal utilizing π⋯π and hydrogen bonding interactions and weak

intermolecular π⋯π, Br⋯π and Br⋯O interactions can act as the pathway for electrical conduction.

Introduction

In recent times, photo-responsive organic semiconductors1

have attracted enormous attention because of their significant
application potential in photodetectors,2 optical switches,3

LED4 and photovoltaic cells.5 In this context, donor–acceptor
molecular co-crystals connected by charge transfer and weak
intermolecular interactions like hydrogen bonding6 and
π-interactions7 which also have success in crystal engineering
have emerged as the most promising material of this
category.8–11 The physicochemical properties of co-crystals are
poles apart from the sum of their components. These
properties can be tuned rationally by altering intermolecular
interactions through judicious selection of the constituents.
Recently, study of the semiconducting and optoelectronic
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behaviour of organic co-crystals/salts has attracted paramount
attention due to their enormous application possibilities in
next generation environment friendly electronic and
optoelectronic devices in place of the Si-based devices used
nowadays.12–36 However, very few co-crystals exhibit photo-
responsive properties.15–36 Thorough investigation of the
electronic and optoelectronic properties of a number of
organic co-crystal based devices fabricated in laboratory
conditions yielded very promising results in respect to their
application possibilities in the area of light emitting diodes,17

light emitting transistors,18,19 lasers,20 photoconductors,21,22

and photovoltaic cells.23

Tsutsumi et al., have reported the photovoltaic behaviour
of a device fabricated by using DBTTF–TCNQ
(dibenzotetrathiofulvalene–tetracyanoquinodimethane) co-
crystal with narrow bandgap (0.7 eV).24 The thin film solar
cell made of tetracene-doped anthracene co-crystal exhibits
an optical efficiency of 23.72%.25 The highest power
conversion efficiency achieved in fullerene and squarine co-
crystal based heterojunction solar cells is 10%.26 The organic
p–n junction photovoltaic cell made from contorted
hexabenzocoronene (donor) and spherical fullerene
(acceptor) exhibits a good response but large scale
production of the device has not yet been taken up due to
lack of proper structural characterization of the co-crystal
used.27 W. Hu and co-workers have assessed the
optoelectronic performance of several D–A type charge
transfer co-crystals.28–32 They have examined morphology
dependant photo-responsive behaviour of two different co-
crystals of perylene (P) and TCNQ (T) and shown that the on–
off photocurrent ratios of the devices made of 1 : 1 and 3 : 1
P–T co-crystals under visible light illumination are 5.4 and
4.4, respectively.30 In another article, they have shown that
the bipyridylethylene (BPE)–1,2,4,5-tetracyanobenzene (TCNB)
co-crystal can be used as an optical waveguide.31 They have
also designed photonic logic gate properties of an organic co-
crystal composed of 4-(1-naphthylvinyl)pyridine and 1,2,4,5-
tetracyanobenzene.32 The field effect transistor (FET)
fabricated by using the co-crystal of C60 and 5,10,15,20-
tetrakis(3,5-dimethoxyphenyl)porphyrin (3,5-TPP) responds to
NIR radiation.33 The heterojunction device made from the
acridine–trimesic acid co-crystal exhibits an ultrahigh on–off
photocurrent ratio of the order of 104.34 The electrical
conductivity of co-crystal of 1,3,6,8-pyrenetetrasulfonic acid
tetrasodium salt as donor and 1,1′-bibutyl-4,4′-bipyridinium
dibromide as acceptor increases upon illumination with laser
beam of wavelength 405 nm.35 However, this co-crystal has
low conductivity.35

Earlier we have reported the role of weak intermolecular
interactions (like hydrogen bonding, π–π, Br⋯π and Br⋯O
interactions) in the electrical response of
tetrabromoterephthalic acid (TBTA) based multi-component
semiconducting co-crystals through formation of Schottky
barriers.36 Recently, we have reported the photo-responsive
behaviour of some organic co-crystal/salts based Schottky
barrier diodes.15 It is noteworthy that the weak intermolecular

interactions between the donor and acceptor molecules of co-
crystals can be utilized for generation of photocarriers.1,5,15–23

Thus, from a fundamental view point of crystal engineering it
appears that the possibility of forming a co-crystal utilizing
charge transfer/π⋯π stacking between TBTA and quinoxaline
(QUIN) molecules and having the supramolecular network
formed by weak hydrogen bonding, π–π, Br⋯π and Br⋯O
interactions can be explored in order to examine the role of
such weak noncovalent interactions in the electronic transport
properties and optoelectronic behaviour through a
comprehensive study of the photo-responsive properties of a
TBTA–QUIN based Schottky barrier diode.

Herein, we have designed a semiconducting-luminescent
co-crystal of the poly-bromo organic molecule TBTA as donor
and QUIN as acceptor (Fig. S1†) using the solvent evaporation
method, characterized it using single crystal X-ray diffraction
(SCXRD), UV-vis, luminescence lifetime measurements and
fluorescence microscopic imaging techniques. Its photo-
responsive properties have also been examined. Structural
study reveals that this TBTA–QUIN co-crystal has been
formed by the self-assembly of its constituents TBTA and
QUIN through hydrogen bonding and π–π interactions and it
has assembled in the solid state through supramolecular O–
H⋯N hydrogen bonding, Br⋯O, Br⋯π and π–π interactions.
Theoretical inspection of the energy levels of frontier
molecular orbitals of the hydrogen bonded dimer shows that
TBTA acts as donor while QUIN acts as acceptor. Band
structure calculations show that the bandgap of the co-crystal
is 2.835 eV and this value agrees well with the optical
bandgap (3.18 eV) obtained from solid state UV-vis spectra.
Under UV-irradiation the co-crystal emits violet-blue light. To
examine the electrical response, thin film of the co-crystal is
fabricated on an ITO surface and the ITO/co-crystal/Al
sandwich structure exhibits “Schottky diode” behaviour with
a rectification ratio of 45 in dark conditions. The conductivity
of the co-crystal made device increases by 35 (±0.5)% upon
visible light exposure and it exhibits “Schottky diode”
behaviour with a rectification ratio of ∼56.

Experimental section

This study includes the solvent evaporation synthesis of
TBTA–QUIN co-crystal, X-ray single crystal structural
characterization, density functional theory (DFT) based
calculation of the binding energy and non-covalent
interactions within the components, Hirshfeld surface
analysis, spectroscopic study and its theoretical verification
by DFT and periodic DFT calculations (details are provided in
the ESI†). The I–V measurements in dark and under visible
light illumination have been performed on an Al/co-crystal/
ITO sandwich structure fabricated by using an SCU 2700 spin
coating system. Aluminium (Al) electrode is deposited on the
active thin film by a vacuum coating unit (12A4D of
HINDHIVAC) using a shadow mask. The I–V characteristics,
in dark and under visible light irradiation, of the co-crystal
have been recorded using the two probe method using a
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Keithley 2400 sourcemeter interfaced with a PC at applied
bias voltage in the range of −2 to +2 V. The I–V measurements
have been carried out in a dark box. The photo-responsive
behaviour of the device has been investigated under AM 1.5
G photo-irradiation. Details of the I–V measurements are
provided in the ESI.†

Results and discussion
Molecular and supramolecular structure of the co-crystal

Upon mixing equimolar ethanolic solutions of TBTA and QUIN
(Fig. 1) the co-crystal was grown via the solvent evaporation
method. Rhombohedral shaped (Fig. S1†) colourless single
crystals were collected and characterized using the single
crystal X-ray crystallographic technique (ESI†). Structural
analysis reveals that the co-crystal crystallizes in the
orthorhombic system with Pnma space group (Tables 1 and
S1†). The asymmetric unit of the co-crystal contains half of
each of the TBTA and QUIN molecules (Fig. S2†). In the
molecule of TBTA, the carboxylic groups are almost
perpendicular (angle between the plane of the phenyl ring and
the plane of carboxylic acid group is 87.23°, Fig. S3†) to the
plane of the phenyl ring. The C–O bond lengths (O1–C5 =
1.302(3) Å, O2–C5 = 1.192(3) Å) confirm the presence of the
carboxylic acid group. The QUIN moiety is completely planar
and is co-planar to the phenyl ring of the TBTA moiety.

Interestingly, the TBTA and QUIN molecules are connected
by O–H⋯N hydrogen bonds to form the 1D supramolecular
chains along the b-axis (Fig. 2, S4 and Table S2†). Two parallel
1D chains are connected by π⋯π interactions (Fig. S5 and
Table S3†) between the TBTA and QUIN molecules to form a
double layer which is further connected by Br⋯O interactions
(Fig. S6 and Table S4†) to form a 2D supramolecular structure
within the ab-plane (Fig. 2). These 2D sheets are further
bridged by Br⋯π interactions (Table S5†) to form a 3D
supramolecular network (Fig. S7†).

PXRD, thermal and IR analyses

The phase purity of the bulk material was characterized by
PXRD analysis (Fig. S8†). Thermal analysis reveals two-step
degradation of the co-crystal. The sample is stable up to 140
°C, and then for the 1st step of decomposition within the
temperature range 140–220 °C the weight loss of the sample
is nearly 24.5% indicating the removal of the QUIN moiety
from the structure. In the next step the remaining part of the
sample gets completely degraded in the temperature interval

of 270–360 °C (Fig. S9†). The vibrational spectra recorded in
ATR mode (Fig. S10†) show shifts in the frequency band
positions corresponding to CO and O–H vibrations in the
co-crystal with respect to TBTA towards lower frequencies.
This may be attributed to the weakening of CO and O–H
vibrations due to intermolecular hydrogen bonding
interactions between TBTA and QUIN in the co-crystal.

Inspection of noncovalent
interactions within the co-crystal
Hirshfeld surface analysis

The Hirshfeld surface analysis provides more detailed
information regarding the intermolecular interactions and
the 2D fingerprint plot quantifies these interactions within
the crystal structure (details are provided in the ESI†). The
Hirshfeld surfaces were calculated over TBTA molecules
(Fig. 3) and the 2D fingerprint plots (Fig. S11†) were analysed
accordingly. The dnorm surface of TBTA was mapped over the
fixed colour scale of −0.751 to 1.417 Å. It displays some bright
circular red spots, which correspond to the short
intermolecular O⋯H and N⋯H interactions. The light red
spots correspond to the long intermolecular Br⋯O, Br⋯π,
C⋯H and H⋯H interactions. The 2D fingerprint plots reveal
that the O⋯H interactions comprise 17.0% of the total
Hirshfeld surface and appear as a blunt spike with the lowest
contact distance di ≈ 1.5 Å and de ≈ 1.3 Å. The N⋯H

Fig. 1 Molecular structures of co-crystallizing components.

Table 1 Crystallographic data of the TBTA–QUIN co-crystal

Structure Crystal form

System Orthorhombic
Space group Pnma
a (Å) 9.4972(18)
b (Å) 14.745(3)
c (Å) 13.181(2)
α (°) 90
V (Å3) 1845.8(6)
Z, density 4, 2.202
CCDC no. 1841621

Fig. 2 2D supramolecular structure formed by hydrogen bonds
(green), halogen bonds (cyan) and π⋯π interactions (magenta).
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interactions cover 4.3% of the total surface and emerge as a
sharp spike with contact distance di ≈ 0.6 Å and de ≈ 1.0 Å.
The Br⋯C interaction corresponding to Br⋯π comprises
13.5% of the surface and appears as two spikes with average
contact distance de + di ≈ 3.4 Å. The C⋯H, Br⋯O, H⋯H and
Br⋯H interactions are found in the 2D fingerprint plot with
relative surface areas 2.3%, 18.4%, 7.1% and 27.4%,
respectively as shown in Fig. S10.†

Intermolecular interaction energies

The quantitative view of the topology of the distribution of
overall interaction energies sustaining the molecular
components within the crystal structure have been calculated
by two ways. Firstly on the basis of pair-wise interaction
energies by summing up four energy components viz.,
electrostatic (Eel), polarization (Epol), dispersion (Edis) and
exchange repulsion (Erep) on a structure-cluster mapped
within 6 Å in the neighbourhood of each component (TBTA
and QUIN) of the co-crystal to include long-range
interactions. Secondly the binding energies of the four kinds
of self-assembled dimeric model geometries focussing

different kinds of intermolecular interactions (Fig. 4) were
calculated from the difference of the energy of the system
and the sum of individual components in the framework of
DFT with counterpoise correction.

For a cluster of molecules within the 2 × 2 × 2 unit cell,
graphical representation of the individual energy components
has been simulated in the energy framework and is depicted
in Fig. S12.† The interactions for different kinds of
orientations of the component molecules within the crystals
have been explored in the energy framework and are
presented in Fig. S13–S15.† The electrostatic and dispersion
energies coexisting together provide the total interaction
energy for the self-assembly of the co-crystal. Signatures of
electrostatic force due to the strong O–H⋯N hydrogen
bonded arrays and dispersion force due to π-stacking
interactions, Br⋯O halogen bonding with Br⋯π and C–H⋯π

interactions within the constituents of the heterodimers have
been detected in the interaction energy plots (Fig. S13 and
S14†). The Br⋯O halogen bonding interactions between the
TBTA homodimer have been detected to form a 2D-planar
geometry made of a R2

2(10) network between the TBTA
molecules (Fig. S15†).

On the other hand Fig. 4(a) describes the binding energy
of the first model dimer considering only the O–H⋯N
hydrogen bonding interactions, the second model (Fig. 4(b))
gives the binding energy of the weakly interacting π stacked
dimer, the third and fourth models diagnose the
intermolecular interactions between the homo-dimers, Br⋯O
and Br⋯π interactions between two TBTA moieties (Fig. 4(c))
and C–H⋯π interactions between two QUIN moieties
(Fig. 4(d)). The calculated values of these interactions as
listed in Table 2 show comparable results.

Fig. 3 Hirshfeld dnorm, shape index and curvedness surfaces of TBTA–
QUIN around TBTA.

Fig. 4 Theoretical model geometries with the synthon energies describing (a) O−H⋯N hydrogen bonding interaction, (b) π⋯π interaction for the
TBTA-QUIN hetero-dimer model structures, (c) Br⋯O and Br⋯π interactions within the TBTA homo-dimer and (d) C–H⋯π interactions between
the QUIN homo-dimer model structure.
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QTAIM and NCI plot analysis

A qualitative analysis of the topological properties of the
noncovalent interactions prevailing within the dimer geometries
based on the electron density has been performed using the
quantum theory of atoms in molecules (QTAIM). In the QTAIM
distribution of critical points (CPs) and bond paths each
noncovalent interaction is characterized by a bond CP (yellow
sphere) and bond path interconnecting the atoms of two
different molecular units and to visualize the nature of the non-
covalent interactions (NCI), the reduced density gradient (RDG)
has been represented by iso-density surfaces over the interacting
dimers (Fig. 5). The nature of the interaction between the
molecules within the dimer can be traced through a red–blue–
green colour scheme on the calculated iso-surface where blue
colour usually highlights strong attractive interaction whereas
red points towards strong repulsive interaction. Weak
interactions (attractive) are indicated by green colour.

Fig. 5(a) shows the QTAIM representation of the
heterodimer, where the O–H⋯N hydrogen bond is portrayed
by the bond critical point (BCP) represented by a yellow
sphere and the bond path shown by a pink line
interconnecting the H and N atoms. The small blue iso-
surface located between the H and N atoms shows the NCI
plot representation which confirms the presence of strong O–
H⋯N hydrogen bonding interactions. Fig. 5(b) displays
several BCPs connecting the π-systems of both the QUIN

rings and the TBTA molecule, characterizing the π-stacking
interaction. The extended green iso-surface between the
π-stacked hetero-dimers indicates the weakly attractive nature
of the interactions between the participating residues.

It can be observed that for the self-assembled homo-dimer
(Fig. 5(c)) the distribution of bond critical points (CPs) and
bond paths reveals two different types of interaction, one
corresponds to the XB, where the Br and O atoms are
interconnected by a bond CP and bond path and the other
contact can be defined as a Br⋯π interaction that is
characterized by a bond CP and bond path connecting the Br
atom to one C-atom of the π-aromatic ring. The natures of
weakly interacting Br⋯O and Br⋯π interactions are
characterized by three separate green iso-surfaces between
them. On the other hand Fig. 5(d) presents the similar
distribution of bond critical points (CPs) and bond paths,
revealing the C–H⋯π short contacts by a bond CP and bond
path interconnecting the H atom to one C-atom of the π ring
of QUIN. The strength of the interaction can be observed by
four discrete green iso-surfaces between the QUIN homo-
dimer and was found to be weak in nature.

Optical, electronic and electrical
transport properties
Spectroscopic and light emitting behaviour

The optical properties of the co-crystal have been examined
in both solid state and aqueous medium (Fig. 6). The solid
state absorption spectrum of the co-crystal shows a broad
band in the UV region while in the aqueous medium
multiple peaks appear (Fig. 6(a)). The peaks obtained at lower
wavelength can be attributed to π–π* transition while higher
wavelength peaks are due to inter-ligand charge transfer
(ILCT) between different moieties of the co-crystal. Usually,
in the UV-vis reflectance spectra the band for the co-crystal
formed by the charge transfer (CT) interaction appears at
lower energy with respect to its individual components.12

However, in the present case no such shifting of the band for
the co-crystal has been observed, which discards the
possibility of the presence of CT interaction between TBTA
and QUIN moieties in the co-crystal (Fig. S16(a)†). The
absorption spectra of the co-crystal in both solid state and
solution phase show two major bands. The solution phase
spectrum is blue shifted with respect to the solid state
spectrum. The peaks in solution phase absorption spectrum
are clearly resolved whereas for the solid state spectrum the

Table 2 Comparison between interaction energies calculated from the energy framework and binding energies from DFT computation

Pair Interaction Interaction energy Binding energy

TBTA–QUIN heterodimer O–H⋯N hydrogen bonding interactions −50.5 kJ mol−1 −9.52 kcal mol−1

π⋯ stacking interactions −36.5 kJ mol−1 −4.71 kcal mol−1

TBTA homodimer Br⋯O halogen bonding with Br⋯π −31.4 kJ mol−1 −8.40 kcal mol−1

QUIN homodimer C–H⋯π interactions −11.6 kJ mol−1 −3.44 kcal mol−1

TBTA homodimers with R2
2(10)

network forming a 2D-planar geometry
Br⋯O halogen bonding interaction between
the TBTA homodimers

−19.0 kJ mol−1

Fig. 5 AIM distribution of bond and ring critical points (yellow and tan
spheres respectively), bond paths (magenta lines) and the nature of
non-covalent interactions for the model dimeric geometries revealing
(a) O–H⋯N strong H-bonding interaction, (b) π-stacking interaction, (c)
Br⋯O and Br⋯π interactions and (d) C–H⋯π short contacts.
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band nature can be observed, which mainly arises due to the
aggregation effect. Fig. S16(b)† depicts the absorption
behaviour of the sample and its components in solution
phase. By correlating the experimental and simulated
absorption spectra of the sample in solution phase it has
been shown that the co-crystal retains its supramolecular
assembly in the aqueous medium (see ESI†).

The solid state emission spectrum of the co-crystal shows
a broad band with a maximum at 405 nm while in aqueous
medium it has two peaks with maxima at 350 nm and 403
nm (Fig. 6(b)). Such behaviour is due to the solid state
aggregation effect within the multi-component material.
Concentration dependent absorption and emission spectra of
the sample have also been studied in solution phase (Fig.
S17(a) and (b)†). With increasing concentration, the intensity
of the peaks in the absorption spectra increases
continuously; while in the emission spectra, the intensity of
the peak at 350 nm decreases and it increases for the peak at
403 nm. Most probably self-assembled aggregation is
responsible for the decrement and the incessant increase in
the propensity of the inter-ligand charge transfer interaction

with increasing concentration causes the significant
enhancement in the intensity of the second peak.

Fluorescence lifetime is a very effective tool for probing
the local environment around a fluorescent molecule and
excited state interactions. The decay profiles of the sample
recorded in aqueous environment have been fitted with a
double-exponent (Fig. 6(c)) and the respective lifetime values
τ1 and τ2 are provided in Table 3. The average lifetime values
of the material in aqueous medium for those emission
maxima were determined from the results of the time-
resolved fluorescence spectroscopy using the equation: 〈τav〉 =
(a1τ1

2 + a2τ2
2)/(a1τ1 + a2τ2), where a1, a2 are the percentage

contributions for these two lifetime values and are presented
in Table 3.

The relative quantum yield (ΦF) calculation from the
luminescence measurement carried out in solution phase
(considering only the area under the emission spectrum with
maximum at 403 nm) using quinine sulfate (QS) in 0.1 M
H2SO4 as the standard reference shows that the sample is
minimally radiative with ΦF = 0.018. The consequential
radiative and non-radiative transition rate constants for this

Fig. 6 (a) UV-vis absorption spectra of the sample in both solid state and aqueous medium, (b) steady state emission spectra of the sample in both
solid state and aqueous medium (λex = 313 nm, conc. = 10−4 mol l−1), (c) lifetime profile of the sample in solution phase and (d) fluorescence image
of the co-crystal. The spectra of the sample in solid state and in solution phase as shown in Fig. 6(a) and (b) are normalized to illustrate their
differences.
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emission peak were extracted from the relations kr = φF/τav
and kir = (1 − φF)/τav, respectively, and these values are found
to be kr = 3.64 × 106 s−1 and kir = 9.96 × 108 s−1. The
fluorescence microscopic image of the co-crystal under UV
irradiation has been recorded (Fig. 6(d)). The co-crystal shows
violet-blue emission from its edges as expected from the
coordinate (0.151, 0.056) of the CIE chromaticity diagram
((Fig. S18(c)†) drawn from the solid state PL spectra.

Ground state structural and electronic properties

The molecular structure of the co-crystal has been optimized
in the electronic ground state (S0) in both the gaseous phase
and in water medium employing the DFT method with the
6-311++G(d,p) basis set. The gas phase and solution phase
optimized geometries of the co-crystal are presented in Fig.
S18† and the coordinates are reported in Tables S6 and S7.†
As the present sample is not a CT type co-crystal and the
hydrogen bonding interaction is the strongest interaction
between the components of the co-crystal, the hydrogen
bonded heterodimer was chosen as the molecular unit of the
co-crystal for all molecular level calculations. In the starting
solid state geometry derived from the crystal structure a
molecular unit of the co-crystal contains a TBTA and a QUIN
moiety where the carboxylic groups of TBTA are
perpendicular to the aromatic ring of TBTA and the aromatic
ring of TBTA is coplanar with the QUIN ring. The relative
orientations of the different fragments of the optimized
geometry in the aqueous phase is almost the same as the
solid state molecular structure. The slight difference between
these conformations is because of the presence of solvent
interactions in the aqueous phase. On the other hand, for
the optimized geometry in the gaseous phase the aromatic
ring of the TBTA molecule becomes perpendicular with
respect to the QUIN moiety and the carboxylic groups turn
coplanar with the QUIN moiety. Due to the absence of
crystalline packing force the optimized geometry of the
molecule in the gaseous phase exhibits such a substantially
different conformation from the solid state molecular
geometry. Except for the bonds with H atoms all the
optimized bond lengths are within the appreciable limit of
∼0.02 Å. In the solution phase optimized geometry the
increment of the O–H bond dimension is more than the
gaseous phase optimized geometry. Some of the selected
bond lengths of the co-crystal are listed in Table S8.†

The isodensity surface plots (isodensity = 0.02 e Bohr−3) of
some of the selected frontier molecular orbitals (FMO) of

both the optimized structures of the co-crystal along with
their orbital energies are depicted in Fig. 7. For the FMOs the
contributions coming from different parts of the co-crystal in
terms of atomic contribution are obtained by the fragment
analysis method, and energies of the FMOs along with the
HOMO–LUMO energy differences are provided in Table S9.†
It can be clearly seen that the FMOs for the geometries
optimized in the gaseous phase and in water medium have
different energies and the electron density distributions of
the FMOs (Fig. 7) show different distribution of the
isodensities over different parts of the molecules.

In the hydrogen bonded dimer the HOMO e-density is
found over TBTA and the LUMO e-density is on QUIN for both
the phases. Therefore for the ground state of the TBTA–QUIN
self-assembly, TBTA will act as donor, whereas QUIN will act as
acceptor. This observation is further supported by the
calculation of the Mulliken charges over the atoms of the
hydrogen bonded dimer geometry (Tables S10 and S11†). It
may be noted that for both the phases all virtual orbitals
subsequent to the LUMO are composed of contributions from
a single entity. For both the phases, LUMO+1 to LUMO+3 are
composed of the contribution from the TBTA moiety and
LUMO+4 is composed of the sole contribution from the QUIN
moiety. The HOMO−2 and HOMO−4 orbitals in the gaseous
phase optimized structure and the HOMO−1 orbital in the
aqueous medium optimized geometry are composed of sole
contributions from the QUIN moiety. For all other occupied
orbitals both the TBTA and QUIN moieties contribute in
different ratios. All the % contributions are listed in Table S9.†

Singlet excited states and calculated absorption spectra

We have computed the theoretical UV-vis spectra of the co-
crystal in both the gaseous state and aqueous medium using
the ground state optimized geometries in the respective phases,
with the help of the non-equilibrium approach of the time
dependent density functional (TD-DFT) method. The energy of
each excited state (Sn) represents the vertical excitation energy
in electron volts (eV) from the ground state (S0).

The theoretically (both in the gaseous and solution phases)
and experimentally obtained UV-vis spectra of the co-crystal in
aqueous medium are presented in Fig. 8. The absorption
spectra of the co-crystal show multiple transitions and these
excitations are primarily attributed to charge transfer transition
between different moieties within the molecular unit of the co-
crystals. The peaks in the experimental spectrum have been
assigned by visual inspection. The values of theoretically
calculated excitation wavelengths matching with experimental
result, excitation energies, oscillator strengths and CI
coefficients along with the corresponding most relevant
transitions involved are presented in Tables S12 and S13.† Both
the experimental and calculated spectral features of the co-
crystal are more or less similar and lie in the UV region of the
spectrum, except the fact that in the theoretical spectra there is
a slight bathochromic shift relative to the experimental
spectrum in the lower wavelength region.

Table 3 Lifetime values of the sample in aqueous environment

Monitoring wavelength (λem) a1 τ1 (ns) a2 τ2 (ns) 〈τav〉 (ns)

352 0.17 0.04 0.83 3.39 3.38
403 0.59 0.75 0.41 5.73 4.94

a1, a2: percentage contributions for lifetime values; τ1, τ2: lifetime;
and 〈τav〉: average lifetime.
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The natural transition orbital (NTO) analysis based on the
calculated transition density matrices allows us to identify
and visualize the electronic transitions in terms of excitation
from hole to electron of the singlet excitons. Further, the
transition orbitals provide a graphical real-space
representation of the transition densities associated with the
molecular electronic excitations computed within the

framework of TD-DFT. The NTOs of the co-crystal for the
gaseous phase and water medium excitations are depicted in
Fig. S19 and S20.† The experimental transition wavelength,
most appropriate theoretical transitions and corresponding
hole and electron NTOs involved along with the weights of
the respective configuration λ (λ ≤ 1, where the parameter λ

actually refers to the fraction of the NTO pair contribution to
a given electronic excitation) have been pictorially provided
in Fig. S19 and S20.† These calculated NTOs corresponding
to the main absorption band clearly indicate the π–π*
character of these transitions. Both the hole and electron
orbitals are spread over the different parts of the co-crystal,
establishing a generalised characteristic π (for holes) and π*
(for electrons) nature of orbitals.

In Fig. S19† the lowest energy transition observed around
315 nm is found at ca. 308.49 nm (4.02 eV, f = 0.0349), which
can be described by one set of NTOs (each with λ = 0.98) and
is exclusively attributed to the π (QUIN) → π* (QUIN) ILCT
transition. The next UV transition observed near 294 nm is
computed at 282.18 nm (4.39 eV, f = 0.0861) and can be
ascribed to π (QUIN) → π* (QUIN) ILCT transition. The most
intense transition obtained ∼237 nm is calculated at 232.75
nm (5.33 eV, f = 0.2717). This transition is due to n(N-QUIN)
+ π (TBTA) → π* (TBTA) ILCT transition in association with a
slight LLCT nature. The most appropriate calculated
transition near the experimentally observed transition at 225
nm is found at 218.82 nm (5.67 eV, f = 0.2295). This
transition has both LLCT and ILCT characters and can be

Fig. 8 Experimental absorption spectrum in aqueous medium along
with the calculated absorption spectra in gaseous phase and water
medium for the co-crystal at room temperature.

Fig. 7 Schematic representations of the selective FMOs of the co-crystal (a) in gaseous phase and (b) water medium.
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represented by π (TBTA + QUIN) → π* (TBTA) LLCT/ILCT
transition. The experimentally observed UV-vis transitions of
the co-crystal in water medium are theoretically interpreted
in a similar manner and the results are summarized in Fig.
S20.† So, the TD-DFT with NTO analysis establishes the
excitations occurring due to inter/intra-molecular charge
transfer interactions between TBTA and QUIN.

Electronic band structure and comparison with optical bandgap

The calculated band structure of the co-crystal along the high
symmetry points of the 1st Brillouin zone is represented in
Fig. 9(a) (and S21†). It shows that the bandgap of the co-
crystal is 2.835 eV, which is close to the value of the optical
bandgap (∼3.179 eV) calculated from the absorption band
edge of the solid state UV-vis spectra (Fig. 9(b)). The
dispersions in the valence and conduction bands are clearly
described in Fig. 9(a). The parameters corresponding to the
band structure are given in Table S14.† The lowest energy
(2.835 eV) of the CBs is located at the G point (CBM),
whereas, the highest energy (0.000 eV) of the VBs is localized
at the Z point (VBM). This indicates that this co-crystal is an
indirect bandgap semiconductor. The calculated band gap
shows a slightly smaller value compared to the experimental
optical bandgap which is again a general flaw of DFT
calculations with the GGA functional. So it can be said
without ambiguity that the co-crystal is an indirect band
p-type semiconductor with a wide bandgap.

Now, the bands can be assigned according to total and
partial densities of states (DOS) as depicted in Fig. S22.† The
resonance of C-2s, O-2s, N-2s and Br-4s states in conjunction
with a partial amount of H-1s, C-2p, N-2p and O-2p states
construct the VB located in the range −24.2 eV to −10.5 eV. The
bottom portion of the VB is mainly dominated by the

contribution from O-2p (21.4 electrons per eV) and N-2p (7.8
electrons per eV) orbitals. The next region above it is formed by
C-2s (18.27 electrons per eV) and Br-4s (12.5 electrons per eV)
orbitals. The top of the VB just below the Fermi level between
the energy range −10.2 eV to the Fermi level (0.0 eV) are formed
by the superposition of C-2p (35.8 electrons per eV) and Br-4p
(30.70 electrons per eV) states in association with a considerable
amount of contribution from N-2p (8.90 electrons per eV), O-2p
(24.90 electrons per eV) and H-1s states. The topmost level of
the VB (VBM ∼ −1.02 eV ∼ 0 eV) is formed due to the resonance
of C-2p, N-2p and Br-4p orbitals. The conduction band (CB) just
above the Fermi level ranging from 2.83 eV to 5.7 eV is formed
due to the superposition of C-2p, N-2p and Br-4p orbitals
mixing with a slight amount of O-2p orbitals where the states
C-2p (8.35 electrons per eV) and N-2p (6.87 electrons per eV)
dominate the bottom of the CB. The states C-2p and Br-4s
mixing with a small amount of C-2s and H-1s have created the
region ranging from 5.8 eV to 18.9 eV in the CB.

The partial density of state (PDOS) contribution of the two
molecular units TBTA and QUIN in the total density of states
for the co-crystal is depicted in Fig. S23.† In the PDOS, some
peaks appearing at the same energy level (hybridization) for
different atomic orbitals (Fig. S22†) and for different
molecular fragments (Fig. S23†) clearly show the evidence of
strong intermolecular interactions between the moieties of
the co-crystal and intramolecular interactions within the
moieties. The N-2p orbits hybridize with H-1s due to the
resonance in peak positions from −13.5 eV to 0 eV implying
partial charge transfer from H atoms to N atoms. So, the
presence of strong H bonds between H atoms and N atoms is
ensured. Again, a strong resonance is observed between the
O-2p and Br-4p peaks within the range −7.9 eV to 0.0 eV. This
can be argued to be the evidence of the presence of strong
Br⋯O halogen interaction between the non-bonded atoms.

Fig. 9 (a) Calculated band structure zoomed in over the top of the VBs and bottom of CBs and (b) solid state UV-DRS spectrum of the co-crystal
in the wavelength range 200 to 420 nm.
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Optical properties from the electronic band structure

The electronic band structure calculation can provide insight
regarding the optical response. The salient features of the
parameters: real (ε′(ω)) and imaginary (ε″(ω)) parts of
dielectric permittivity, reflectivity (R(ω)), refractive index
(n(ω)), extinction coefficient (k(ω)), optical conductivity (σ(ω)),
absorption coefficient (α(ω)) and energy-loss function (L(ω))
as a function of frequency of the incident photon are
displayed in Fig. 10 in the energy range 0–45 eV.

The plots of ε″(ω) and ε′(ω) against photon energy are shown
in Fig. 10(a). The characteristic spectra for the ε″(ω) of the co-
crystal comprise mainly four sharp peaks at 2.97, 7.12, 11.61
and 14.26 eV together with some shoulder peaks near 17.40 eV
and beyond. At low frequency, the imaginary part ε″(ω) is zero
and the threshold energy for the ε″(ω) is consistent with the
bandgap of the material at equilibrium. At higher frequency
(>35 eV), the ε″(ω) approaches to zero. The value of the static
dielectric constant (εs = ε′(0)) is 2.98. The ε′(ω) fluctuates with
increasing frequency and shows four peaks at 2.37, 6.11, 10.76
and 13.16 eV and afterward it starts decreasing, becoming
negative in the energy range 19.20–24.32 eV which may be due
to the metallic character of the sample in this energy range. At

higher energy, the value of ε′(ω) again turns positive and is
almost independent of energy (ε′(∞) ∼ 0.80).

The reflectivity spectrum of the sample as displayed in
Fig. 10(b) shows two distinct peaks: one sharp and strong
peak at 6.92 eV and another weak peak at 2.46 eV. A broad
band appears in the energy range 9 to 29 eV due to the
superposition of several peaks located at 11.66, 14.78, 19.74
and 23.42 eV (accompanied by a shoulder). The reflectivity of
the material approaches to zero when the frequency reaches
near 45 eV. The zero energy value of reflectivity (i.e., R(0)) is
7% and up to 4.83 eV the value of the reflectivity remains
within 8.8%. Due to such a low value of reflectivity, the
compound is nearly transparent in the infrared and visible
energy range. Now, materials with a low refractive index are
suitable for application in optoelectronic devices such as
LEDs and solar cells. In the entire frequency range, the
calculated value of the reflectivity of the co-crystal is lower
than that in inorganic compounds like the metal oxides and
thus it can be used for fabricating optoelectronic devices.
The highest value of reflectivity (21.08%) is observed at 23.42
eV. It has been observed that the reflectivity value attains
maximum when the value of ε′(ω) becomes negative
(Fig. 10(a) and (b)).

Fig. 10 The plot for (a) dielectric permittivity ε(ω); (b) reflectivity R(ω); (c) refractive index n(ω) and extinction coefficient k(ω); (d) optical
conductivity σ(ω); (e) energy loss function L(ω) and (f) absorption coefficient α(ω) of the co-crystal as a function of photon energy.
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The co-crystal shows a non-zero value of refractive index
n(ω) up to 45 eV (Fig. 10(c)). The value of ε′(ω) at zero energy
(ε′(0) = 2.98) could be used to estimate the refractive index
n(ω) at zero energy using the relationship n(0) = [ε′(0)]1/2 and
the estimated value of the static refractive index n(0) for the
co-crystal is found to be 1.73. From its zero energy value, the
refractive index increases with frequency, reaching the
maximum value of 2.17 at 6.23 eV. A value for the refractive
index of more than one signifies that when the photons
traverse through the material they get slowed down due to
their interactions with the electrons. The extinction
coefficient k(ω) (the imaginary part of the complex refractive
index) shows two sharp peaks at 3.02 and 7.42 eV and
satellite peaks at 11.84, 14.76, 17.94 and 19.13 eV to form a
broad band. The ε″(ω) and k(ω) spectra display similar trends
(Fig. 10(a) and (c)). The optical conductivity σ(ω) spectrum of
the co-crystal is shown in Fig. 10(d). The real part of the
complex conductivity exhibits peaks at 3.06, 7.24, 11.70 and
14.46 eV along with shallow shoulders located in the high
energy region (∼17.60 eV). The maximum value of the
conductivity of the co-crystal was achieved at 14.46 eV with a
magnitude of 4.32 1/fs.

The energy-loss function L(ω) (Fig. 10(e)) is an important
optical parameter describing the energy loss of a fast moving
photon traversing through a material. The peaks in the L(ω)
spectrum represent the characteristics associated with the
plasma resonance and the corresponding frequency is called
the plasma frequency above which the material is a dielectric
insulator [ε′(ω) > 0] and below which the material behaves as
a metal [ε′(ω) < 0]. For this material the resonant energy loss
is manifested by a strong band situated in the energy region
22 to 28 eV composed of peaks located at 20.84 (low
intensity), 25.86 (intense peak) and 26.83 eV (shoulder). This
region of plasma resonance corresponds to the region in
which ε′(ω) is negative. Again, the peak for the plasma
resonance associated with the L(ω) spectrum coincides with
the trailing edges in the reflectivity spectra. The α(ω) and
R(ω) spectra are similar in the energy range 2.84 to 45 eV
(Fig. 10(f)). In the low energy region distinct sharp peaks are
observed at 3.10 and 7.55 eV followed by a strong broad band
in the high energy region consisting of peaks located at 11.93
and 15.07 eV with the largest peak at 19.38 eV accompanied
by two shoulder peaks at about 18.16 and 21.94 eV.

Electrical transport properties

According to UV-vis spectroscopic study and band structure
calculation the co-crystal is a p-type semiconductor. So, to
assess the electrical transport properties of the sample we have
measured the current–voltage (I–V) characteristics of a device
made of an ITO/co-crystal/Al sandwich structure (Fig. 11(a)) at
room temperature. The I–V measurements have been
performed in the applied bias voltage range from −2 to +2 V
using the two-probe technique with the help of a Keithley 2400
source meter. The SEM micrograph of the active thin film of
the co-crystal cast on the ITO surface is shown in Fig. 11(b).

The I–V characteristic curves of the device in the dark and
under visible light illumination are presented in Fig. 11(c). The
forward current of the device rises rapidly in a nonlinear
fashion while it is very low and remains almost constant in the
reversed bias region. The device is displaying rectifying
behaviour with on/off ratios of 41 and 56 at ±2 V in the dark
and under visible light exposure, respectively. Thus, it is acting
like a Schottky barrier diode due to the presence of the
semiconducting co-crystal between the electrodes. Further, in
the voltage range 0 to 0.8 V (region I) the I–V curves of the
device under dark conditions and visible light illumination
obey the equation I = C1 exp(−C2)[exp(C3V) − 1], where C1, C2

and C3 are constants that depend on different parameters of
the device, portraying the thermionic emission behaviour of a
Schottky barrier diode whereas in the voltage range 0.8 to 2 V
(region II) they follow the power law behaviour (I ∝ Vn, with n =
2), manifesting that the space charge limited current (SCLC)
controls the electrical transport mechanism of the device in
this region (Fig. S25†). This clearly indicates that the device is a
Schottky barrier diode.36 Accordingly, we have analyzed region
I using thermionic emission theory to determine the different
parameters of the device while in region II, SCLC theory has
been employed to estimate the electrical transport parameters
of the device.

The values of the ideality factor (η), series resistance (Rs)
and barrier height (ϕb) of the device have been calculated by
analyzing the I–V curve of the device in region I in the
framework of the model proposed by S. K. Cheung and N. W.
Cheung37 following the methodology reported earlier (details
are provided in the ESI†). The effective charge carrier
mobility (μeff), transit time (τ) and carrier concentration (n) of
the device have been estimated using the Mott–Gurney law in
the SCLC region (region II) following the standard approach
described in the literature (details are provided in the ESI†)
and utilizing the capacitance versus frequency plot of the
device (Fig. S26†).38–40 The values of all the parameters of the
device are listed in Table 4. The value of η deviates from its
ideal value of unity due to the presence of the series
resistance, existence of the interface states and the barrier
inhomogeneities.41,42 Under light exposure, the values of μeff
and n are increased by 54 (±0.5)% and 6 (±0.5)%, respectively,
compared to those under dark conditions.

In dark conditions the value of electrical conductivity of
the device is found to be 0.56 × 10−5 S m−1 and it increases to
0.76 × 10−5 S m−1 under light illumination (Table 4). The
photo-responsive behaviour of the device has been verified by
measuring the transient photocurrent of the device at 2 V
under an illumination of 100 mW cm−2. Fig. 11(d) represents
the photocurrent (dark currents subtracted) versus time graph
of the device. The device shows fast and reproducible photo-
switching behaviour with light on and off (Fig. 11(d)).
Photosensitivity (S) is an important parameter of
photosensitive electronic devices and it is calculated with the
help of the relationship, S = (IL − ID)/ID (ref. 43) where ID and
IL are the dark current and photocurrent at +2 V, respectively.
The value of S is calculated as 0.45.
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To the best of our knowledge, this is a unique report of a
donor–acceptor co-crystal based photo-responsive Schottky
barrier diode. The co-crystal acts as a semiconductor because
of the presence of weak intermolecular interactions, more
specifically π–π interactions, between the donor and acceptor
molecules of the co-crystal, which helps in generation of
carriers. It may be noted that the conductivity, mobility and
carrier concentration of the device increase substantially
under visible light illumination compared to the dark
condition. This indicates that the co-crystal responds toward
the visible light by generating photo carriers.

Theoretical investigation of the ground state energy levels
of the frontier molecular orbitals of the hydrogen bonded
dimer geometry of the co-crystal reveals that in the self-
assembled co-crystal TBTA acts as donor whereas QUIN acts
as acceptor when they interact through hydrogen bonding
interactions. The Mulliken charge distribution analysis of the
hydrogen bonded dimer (Table S11†) clearly indicates that an
appreciable amount of charge has been transferred from
donor TBTA to acceptor QUIN. Moreover, the MEP analysis
has revealed that in the co-crystal the aromatic ring of the
QUIN molecule is electron rich (π-e) while the aromatic ring

Fig. 11 (a) Schematic representation of the device, (b) SEM micrograph of the semiconducting layer, (c) photoconductive behaviour of the co-
crystal, (d) on–off characteristics of the device.

Table 4 Important electrical and charge transport parameters of the Al/co-crystal/ITO device

Condition On/off S η

Rs (kΩ) Φb

(eV)
σ × 10−5

(s m−1)
μeff × 10−7

(m2 V−1 S−1)
τ ×
10−7 (S)

n × 1020

(eV m−3)dV/dln I vs. I H(I) vs. I

Dark 41 0.45 1.36 26.97 26.50 0.70 0.56 4.44 3.9 3.57
Light 56 1.19 19.72 18.77 0.65 0.76 6.86 2.7 3.79

S: photosensitivity, η: ideality factor, Rs: series resistance, Φb: barrier height, σ: conductivity, μeff: mobility, τ: transit time, n: carrier
concentration.
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of TBTA is positively charged and acts as an electron deficient
π-hole (π-h) (Fig. S24†). Thus, in the solid state, holes are
created in the VB and the co-crystal acts as a p-type
semiconductor as the concentration of holes in the VB is
greater than the concentration of electrons in the CB. It may
therefore be concluded that the π⋯π and hydrogen bonding
interactions together play the key role in assembling the co-
crystal and introducing the semiconducting behaviour in it.
The weak intermolecular π–π, Br⋯π and Br⋯O interactions
provide the pathway for electrical conduction.

Optoelectronic behaviour of a material can be understood
by correlating the results of optical property analysis and the
study of the electrical transport properties under light
illumination. The absorption coefficient versus photon energy
plot indicates the wavelengths prone to photon absorption
whereas the optical conductivity versus photon energy plot
provides the information regarding the change in conductivity
due to photon absorption. From the theoretical calculations it
has been found that when the co-crystal is exposed to a photon
beam, the real part of the complex conductivity exhibits a peak
at 3.06 eV and an absorption peak has been observed at 3.10
eV. Further the optical bandgap of the co-crystal is 3.17 eV and
the calculated electronic bandgap is 2.835 eV. All these results
together indicate that when the co-crystal is exposed to visible
light it absorbs photons with energy ∼3 eV (the blue-violet
region of visible light) and its conductivity increases in
consequence of the photon absorption. It may be inferred that
the bandgap energy is appropriate for transferring the electrons
from the valence band to conduction band by absorbing the
photons in the blue-violet region of the visible beam of light.
Thus, holes are generated in the valence band and electron
concentration in the conduction band increases. Therefore
while performing the I–V measurements under visible light
illumination, carriers have been generated due to the photo-
responsive behaviour of the co-crystal. This leads to an increase
in carrier concentration and subsequently the conductivity of
the sample. Further NTO analysis reveals the presence of
excitons in the sample. Thus there is another possibility that
under visible light illumination the excitons in the co-crystal
absorb energy from the incident photon beam and it breaks
into electrons and holes and as a result the carrier
concentration increases.

Conclusion

We have thoroughly examined the crystal structure,
supramolecular structure, noncovalent interactions, band
structure, optical properties, electronic transport mechanism
and photo-responsive behaviour of a donor–acceptor co-
crystal assembled by mainly π⋯π stacking and hydrogen
bonding interactions along with minute contribution from
halogen interactions. In conclusion, it has been shown that
(i) apart from CT interaction, π⋯π and hydrogen bonding
interactions can play a crucial role in formation of D–A type
co-crystals, (ii) the co-crystal emits blue light under UV
irradiation, (iii) a device fabricated with the co-crystal

exhibits Schottky barrier diode behaviour and photo-
responsive properties, (iv) the conductivity, mobility and
carrier concentration of the co-crystal increase significantly
upon visible light illumination, (v) π⋯π and hydrogen
bonding interactions together can incorporate
semiconducting behaviour, (vi) weak intermolecular π⋯π,
Br⋯π and Br⋯O interactions provide the pathway for
electrical conduction and (vii) in this sample carriers have
been generated by transfer of electrons from the valence
band to the conduction band or formation of electron/hole
pairs by disintegration of excitons upon photon absorption.
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ABSTRACT 

The purpose of the study was to compare the social anxiety between cesarean and non-cesarean school children. For 
this purpose researcher has selected One hundred (100) students of 5 schools of Purulia District, West Bengal. 
Comparative research design was adopted for the present study where comparison was drawn from cesarean and non - 
cesarean school children. Simple Random Sampling Method was used for selecting the sample from total population. 
Total Population was considering as a total number of male school going students i.e. 100 (20 from each school, 10 
cesarean and 10 non-cesarean). Social Anxiety level was measured with the help of Spence Children’s Anxiety Scale. 
The comparison between cesarean and non-cesarean children in reference to social anxiety the ‘t’ test  was applied at 
0.05 level of significance. Result shows that there is difference between means of Cesarean and Non-Cesarean school 
children’s, because the mean of Cesarean school children’s is 71.62 which is greater than Non-Cesarean school 
children’s is 55.72, and their Mean Difference is 15.9 and Standard Error is found 1.623, to see this difference is 
significant or not researcher applied ‘t’ test. After applying ‘t’ test it was found to be significant as the calculated ‘t’ 
value (9.793) which is greater than tabulated ‘t’ value (1.984) at 0.05 level of significance, which indicates or shows 
that there is significant difference in Social Anxiety between Cesarean and Non-Cesarean school children’s. 
Concluding the above study it revealed that there is difference between means of Cesarean and Non-Cesarean school 
children’s, and the Cesarean school children’s shows high level of social anxiety as compared to Non-Cesarean school 
children’s this may be attributed that during operation the mother is very stress and tense due to the worry about her 
children that what will happen by this arising situation cesarean children may face the social anxiety as compared to 
non-cesarean children. 

________________________________________________________________________________ 

Keyword: Social Anxiety, Cesarean & Non-Cesarean School Children 
 

Introduction 

Humans have evolved to give birth in a social 
and cultural context and there is evidence those 
women who are supported emotionally during 
labor today experience lower rates of medical 
intervention in the birth process. On the other 
hand, of course, there are circumstances under 
which emotional support alone is not sufficient 
for delivery of a healthy infant and other forms 
of intervention are essential. 

Now days, it has been most probably observed 
that women request cesarean section even 
when there is not a clear medical indication 
that it is necessary for a variety of reasons. In 
many of the delivery cases, a woman may 
acquiesce to cesarean section when a doctor 
suggests it, despite the fact that continuing to 
labor may have resulted in a healthy, vaginally 
delivered infant. The word ‘acquiesce’ 
addresses issues of power, self-sufficiency and 
consent, which may all be absent in a high-tech 
hospital setting. Besides, many women do not 
have the confidence to challenge or question 
their attendants. In fact, low confidence has 

been shown to be one of the most grounded 
psychological predictors for elective cesarean 
section. Consider some of the expressions that 
are utilized to describe challenges or 
difficulties to the birth process: ‘failure to 
progress’, ‘incompetent cervix’, ‘inefficient 
contractions’, and ‘uterine dysfunction’. If a 
woman who has been in labor for a long time 
and hears some of these expressions decides to 
acquiesce when surgery is suggested? 

As we know the evolution of upright walking 
in our ancestors from an ape-like quadruped 
form involved a major restructuring of the 
muscles involved in locomotion and the bones 
associated with each muscle. These anatomical 
changes for locomotion also led to significant 
restructuring which lies within the pelvic 
girdle. The birth canal in different other apes is 
different it may be elongated (like the overall 
pelvis) in the anterior posterior plane and 
maintains this shape and orientation from the 
inlet to the outlet. It is also shallow throughout. 
Today virtually all women in societies need 
help during delivery from families and 
relatives. The most probable purpose behind 
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this reason is for emotional support at a time 
when the normally gregarious female feels 
vulnerable. In evolutionary terms, the main 
reason for seeking assistance or help is for 
emotional support.  

The research scholar being a student of 
physical education has a great interest in games 
and sports. He has participated in different 
games and sports throughout all the physical 
education courses. During his participation 
throughout all the physical education courses 
he always thought that the child born through 
cesarean may be differ with non – cesarean 
with reference to the various health parameters. 

The research scholar himself born through 
cesarean so based on his personal observation, 
interest and with further consults of teachers, 
experts and supervisor decided to undertake the 
study “A comparative study of Social Anxiety 
between cesarean and non-cesarean school 
children” 

Methodology 

The purpose of the study was to compare the 
social anxiety between cesarean and non-
cesarean school children. For this purpose 
researcher has selected One hundred (100) 
students of 5 schools of Purulia District, West 
Bengal. Comparative research design was 
adopted for the present study where 
comparison was drawn from cesarean and non 
- cesarean school children. Simple Random 
Sampling Method was used for selecting the 
sample from total population. Total Population 
was considering as a total number of male 
school going students i.e. 100 (20 from each 
school, 10 cesarean and 10 non-cesarean). 

Social Anxiety Test: Social Anxiety level was 
measured with the help of Spence Children’s 
Anxiety Scale. The Spence Children’s Anxiety 
Scale contains 44 statements or questions, in 
which 38 questions indicate specific anxiety 
syndrome whereas 6 questions are positive 
items and planned to prevent orientation 
toward anxiety problem. Among 38 questions, 
6 are related to obsessive-compulsive disorder; 
six to separation anxiety; six to social phobia; 6 
to generalized anxiety; 5 deals with fear of 
physical injuries; and the remaining questions 
reflect panic with agora-phobia. With the prior 
permission from the principal, class teacher, 

and sports teacher it was distributed to the 
students and the same were collected back after 
having filled by the students. Scoring was done 
as per method describe in the manual. 

Statistical Analysis 

The comparison between cesarean and non-
cesarean children in reference to social anxiety 
the ‘t’ test  was applied at 0.05 level of 
significance. 

TABLE  

Comparison of Social Anxiety between 
Cesarean and Non-Cesarean School 

Children 

SOCIAL ANXIETY 

Children Cesarean Non-Cesarean 

Mean 71.62 55.72 

SD 5.681 9.975 

MD 15.9 

SE 1.623 

DF 98 

OT 9.793* 

TT 1.984 

*Significant at 0.05 

tabulated ‘t’ at df(98) = 1.984 

Table reveals that there is difference between 
means of Cesarean and Non-Cesarean school 
children’s, because the mean of Cesarean 
school children’s is 71.62 which is greater than 
Non-Cesarean school children’s is 55.72, and 
their Mean Difference is 15.9 and Standard 
Error is found 1.623, to see this difference is 
significant or not researcher applied ‘t’ test. 
After applying ‘t’ test it was found to be 
significant as the calculated ‘t’ value (9.793) 
which is greater than tabulated ‘t’ value (1.984) 
at 0.05 level of significance, which indicates or 
shows that there is significant difference in 
Social Anxiety between Cesarean and Non-
Cesarean school children’s.  
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Concluding the above study it revealed that 
there is difference between means of Cesarean 
and Non-Cesarean school children’s, because 
the mean of Cesarean school children’s is 
71.62 which is greater than 
school children’s is 55.72. After applying ‘t’ 
test it was found to be significant as the 
calculated ‘t’ value is greater than tabulated ‘t’ 
value , which indicates or shows that there is 
significant difference in Social Anxiety 
between Cesarean and Non
children’s. The difference may be attributed 
that during operation the mother is very stress 
and tense due to the worry about her children 
that what will happen by this arising situation 
cesarean children may face the social anxi
as compared to non
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Abstract: Negotiation of the food-ways and eating by the powerful and the 
powerless emerges as the distinguishing factor between two classes. An 

examination of the exercise of power over the act of eating reveals how power 
operates through food and the act of eating in the short stories of Mahasweta Devi 

Keywords: class, fod, oppression, power, rice, starvation 

Citing literary occurrences as instances, ranging from the Bible (the Genesis) to 
Dickens's Great Expectations and Lewis Caroll's Alice's Adventures in 
Wonderland, Mervyn Nicholson, in his article "Food and Power: Homer, Caroll, Atwood and Others" (1987), describes how food is a "power crystal" round which 
Tevolves the relationship between the divinity and the mere mortals (or the ruler and the ruled, or the powerful and the powerless) with the former allotting the latter 
Tood befiting the position of the mortal in the hierarchy of beings. Obedience to Lnese acts of apportioning marks an acceptance of one's own place in this order, Whereas disobedience to these-as in the case of Adam and Eve-becomes an arCnetypal crime punishable without mercy. Strict adherence to the rule of odlence in terms of food is of paramount importance, because food iS the derlal means of growth, where growth may be defined as gaining power (599:a threatening phenomenon for the ruler/ the powerful/ the divinity. In Mahasweta's 

1982), "Salt" CNoon", First pub. in 1978), "Fish" ("Maachh", First pub. in I9/8), 

1975) and "The Fairy Tales of Mohanpur" (Mohanpurer Rupkatha", First pub. in 

Ke Rice" ("Bhaat", First pub. in 1975), "Rice" ("Bhaat", First pub. in 

"Flood" ("Baan", First 
an, First pub. in 1968), "Birthday Party" (""Janmatithi", First pub. in 
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Abstract: 

Posthumanism takes a critical stance towards humanism and it urges humans to respect and respond to non-

human worlds and to reject the essentialist and hierarchical divisions between culture and nature. The aim of 

my article is to explore how the dogs in Nabarun Bhattacharya’s Lubdhak (2006) take part in the post-humanist 

logos and interrogate the exploitation of animals. The novel opens a new discourse regarding animal life and 

rights and situates the animals at the centre of the text. The essay aims at recognizing the power of animals to 

interrupt, surprise, and reconstitute human commonality. Its focus is on how the street dogs’ organization and 

their discourse on Human (its development, rationalism, invention, use and misuse of scientific knowledge) 

challenge and interrupt anthropocentrism. It will be argued how far the gaze of the animal breaks the hold of 

reason’s plan by admitting an “alterity” to reason within the temporal continuum. 

 

Keywords: Nabarun Bhattacharya; post-anthropocentric subject; animal gaze; empathy; alterity.  

 

In the “Foreword: The Political Animal” (2008), Chris Danta and Dimitris Vardoulakis write: “The political 

animal is neither the subject who writes each article, nor the subject matter of each contribution. Rather, it is 

that which enables both the subject of writing and writing itself to belong to the polis. As we imagine it, the act 

of writing begins with the gaze of the political animal.” (5) Nabarun Bhattacharya’s Lubdhak is a text that 

engages ‘the gaze of the political animal’. This paper intends to explore how the novel Lubdhak addresses and 

presents the dogs, principally, through the analysis of the animal gaze. Keeping Jacques Derrida, Cary Wolfe, 

who demonstrates that to adopt a posthumanist approach to animals is to address the unexamined framework of 

speciesism, Chris Danta and Dimitris Vardoulakis’s study of animals as a backdrop, I would proceed to 

evaluate how the dogs in Nabarun Bhattacharya’s Lubdhak  (2006) take part in the post-humanist logos and 

interrogate the exploitation of animals. It would be an assessment of how the said novel opens a new discourse 

http://www.ijcrt.org/
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regarding animal life and rights and situates the animals at the centre of the text. The human characters in the 

novel of Bhattacharya will be viewed from Posthumanist stance that urges humans “to respect and respond to 

non-human worlds” (Ryan 69). Adopting Chris Danta and Dimitris Vardoulakis’ “The Political Animal” 

(2008) that opines that, “the animal also becomes political, in the sense that it conditions the possibility of 

singularity and of identity” (Danta and Vardoulakis 5), I would aim at recognizing the power of animals to 

interrupt, surprise, and reconstitute human commonality. This essay’s focus is on how the street dogs’ 

organization and their discourse on Human (its development, rationalism, invention, use and misuse of 

scientific knowledge) challenge and “interrupt” anthropocentrism. It will be argued how far the gaze of the 

animal breaks the hold of reason’s plan by admitting an “alterity” to reason within the temporal continuum.  

The oppression of the non-human animals is ensured in the current conceptualization of human. What 

Derrida does in philosophy, Bhattacharya does in literature. Derrida’s speaks of the capacity of the animals to 

perceive ‘our’ existence, to acknowledge ‘our’ presence, without which, ‘I’ (the human) would not exist. In his 

foreword about the novel Lubdhak (2006), Nabarun Bhattacharya writes: “the right to the sphere of life is not 

only of man, but of all (living being)” (translation mine) (10). Both Derrida and Bhattacharya want to “move 

from ‘the ends of man’, that is the confines of man, to ‘the crossing of borders’ between man and animal.” 

(Derrida 372) In short, while Derrida’s interest is in what the animal gaze says about human consciousness, 

Bhattacharya, in some different context, continues deconstructing the established meaning of life in a language 

which is completely human (language): “by the loss of life, what do we mean? Of course, we mean human 

life” (Translation mine) (Bhattacharya 10). This is how the novel opens a new discourse regarding animal life 

and rights and situates the animals at the centre of the text.  

While describing the gradual growth of Kaan-Gojano’s (name of dog) ear, Bhattacharya comments 

that, “…the dormant power of the multidimensional life is a magical realism.” (Translation mine) (17) This 

opinion of Bhattacharya addresses Posthumanism that takes a critical stance towards humanism and urges 

humans to respect and respond to non-human worlds and to reject the essentialist and hierarchical divisions 

between culture and nature. Bhattacharya’s text is written in the Posthuman condition that, as in her The 

Posthuman (2013) Rosi Braidotti comments, “introduces a qualitative shift in our thinking about what exactly 

is the basic unit of common reference for our species, our polity and our relationship to the other inhabitants of 

this planet.” (1-2)  

Lubdhak was first published in the festive season edition of Bengali Magazine Disha, later being 

published as a stand-alone book from Abhijan Publishers on January, 2006. Set in a city, Kolkata, the novel 

thematizes on the organization and revolution of the street dogs. At the turn of the century, the city undergoes 

beautification for which the street dogs must be driven out. After a long debate on the economic feasibilities 

and other associated issues, the authority has decided to imprison the dogs within Pinjrapoles (a place for 

encaging the abandoned animals). These Pinjrapoles resemble the concentration camps. A single Pinjrapole 

can accommodate more than hundred and seventeen dead dogs the body of which would become food for the 

http://www.ijcrt.org/










ABSTRACT
The pandemic of coronavirus (COVID-19)  has directly  or indirectly affected  human civilization and has recently  
given  a tremendous challenge to humanity for  leading  a normal life. Academic and research activities of students  
have been  very much hampered during this period. Education is an important vehicle through which students can 
analyze while making life decisions. Through proper education, they  will get important knowledge, including basic 
facts, job skills, and cultural norms values. Education  prepares our students to think properly about communication, 
social interaction, ethics, environment and sustainability. Although online classes are being organized by many 
educational institutions, rural students face a lot of problems in  attending  such classes. So, to access the impact 
of COVID-19 on  the educational status of the undergraduate students, an online survey was done in the form of 
an online Google form and it was circulated to students of Bankura and Purulia district through several Facebook 
groups as well as WhatsApp and Telegram contacts with the help of college teachers. The Google form was designed 
in such a way, that students can respond only one time by using one email and it can be generated using one 
device at a time. A total of 170 students actively participated in this online survey platform. 37% of respondents 
said that their average study time decreases during these days. More than 40% of online classes missed by 21% of 
students and 20-40% of online classes missed by 38% of students due to poor network connectivity in their locality. 
The number of missed online classes increased during the afternoon and evening because of  internet connectivity 
problems. Sometimes students faced headaches and eye irritations due to the excessive use of smartphones, so few 
classes were also missed for these reasons. In view of these issues some initiatives are urgently needed to reduce 
the psychological stress of students during the COVID-19 lockdown situation.

KEY WORDS: Pandemic; on-line; Google; network; student; psychological stress.
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INTRODUCTION

Human civilization has now faced a tremendous challenge 
from the novel severe acute respiratory syndrome 
coronavirus (SARS-Cov-2) in different countries. On 
January 30, 2020, the World Health Organization (WHO) 
declared Corona Virus Disease (COVID- 19) outbreak as 
an international public health emergency.  Corona virus 
circulates in some wild animals like bats and transmitted 
to humans. It can cause severe respiratory symptoms 
along with symptoms of common cold and fever(Zhu 
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et al.,2020). The disease was first reported in China in 
December 2019 and now rapidly spread in many countries 
from Asia, Europe, and Africa(Jones,2020).The disease 
has now spread to 217countries and territories around 
the world and the total number of confirmed infected 
people is 42,055,863 people throughout the globe. In 
India, the disease was first reported on 30 January 2020 
in Kerala from a student who returned from Wuhan, 
China. Now the total number of confirmed infected 
people is 7814682 till now across India (24th October, 
2020) (WHO, COVID-19 Database). In West Bengal, many 
districts are also affected by this virus. The main problem 
of this outbreak is there are no specific treatments for 
these viruses to date. However, only one can reduce the 
chances of infection by only maintaining basic personal 
hygiene and social distancing from infected persons 
(Rubin and Wessely, 2020; Pulla, 2020).

Most of the people are  now primarily restricted to their 
homes, owing to nationwide lockdowns and home-
confinement strategies implemented in the majority of 
the COVID-19-hit countries to prevent  the spread of  the 
disease among communities (Rubin and Wessely,2020; 
Pulla,2020).This outbreak directly has  hampered the 
normal lifestyle of people; many persons  have lost their 
jobs and are facing tremendous mental stress. Due to the 
global outbreak of corona virus disease (COVID-19), the 
psychological issues have rapidly increased the public 
health burden of various persons (Totaleset al., 2020). 
Similarly, in this situation, the daily schedules of school, 
college, and university students are very much hampered 
and delays in academic activities mostly affected due to 
the closure of academic institutions (Cao et al., 2020). 
For college students, heightened levels of psychological 
distress and downstream negative academic consequences 
are prevalent under normal circumstances. During this 
adverse situation, education institutions shifted their 
classroom teaching to an online mode of teaching which 
would be expected to create academic stress for students.  
This creates a lot of problems in India because as per 
the 2017-18 national sample survey report only 24% of 
Indian household share internet facilities for education 
(Cao et al., 2020).

66% of the Indian population lives in rural areas where 
network connectivity is poor and only a little over 15% 
of rural households have access to internet services. 
In urban areas, only 42% of the population have 
access to internet services. More than 40% household 
has access to the internet in the states like Punjab, 
Kerala, Delhi, Uttarakhand and Himachal Pradesh 
whereas the proportion is less than 20% in the states 
of West Bengal, Bihar, Odisha, Assam, Andhra Pradesh, 
Jharkhand (Mukherjee and Roy,2020). During this online 
mode of teaching, students may experience reduced 
motivation toward studies, increased pressures for self-
learning, changes in daily routines, and higher rates of 
dropout occur during this pandemic situation(Grubicet 
al.,2020).

In south Bengal regions, good percentages of student 
belonging to SC/ST/OBC and minority categories and 

many of them are even first-generation learners. This 
region is economically backward and no big industries 
are established in these regions. Students of this region 
are very talented, hard-working and procure top 
positions in board examinations in different University 
examinations in comparison to other districts of West 
Bengal (Mukherjee and Roy, 2020).In this background, 
the present study was planned online to evaluate the 
consequences and impact of Covid-19 lockdown among 
undergraduate students of South Bengal, India. During 
the online survey mainly students from two districts 
namely Bankura and Purulia were targeted. Through this 
study, we tried to understand their sociological status, 
mental health condition, pros and cons of the online 
mode of teaching during the  lockdown situation. 

Material and Methods

For understanding the impact of Covid-19 lockdown 
among undergraduate students of South Bengal, India, 
an online survey was conducted from 11th August to 
24th August 2020.  The survey was done in the form of 
an online Google form and it was circulated to students 
of Bankura and Purulia district through several Facebook 
groups as well as WhatsApp and Telegram contacts 
with the help of college teachers. The Google form was 
designed in such a way, that students can respond only 
one time by using one email and it can be generated 
using one device at a time.  Due to the online mode 
of the survey, we specified our eligibility criteria (only 
students of South Bengal, India) to restrict its spread to a 
specific geography. The self-administered a questionnaire 
consisting of basic information about the students’ names, 
age, gender, and the semester of study. Similarly, other 
questions were set to evaluate the effect of lockdown on 
their study, health as well as to understand the socio-
demographic standards and psychological effects. The 
questionnaire was also included related to COVID-19 
disease, its health hygiene, and information gathering 
related to this disease during the lockdown.

Figure 1: Number of family members in each student

Results and Discussion

A total of 170 responses were obtained from undergraduate 
students in the study period through the Google form 
survey platform. The data collected from respondents 
were analyzed and presented in Figures. Among 170 
respondents, 26% of responses received from final six-
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semester students, and only 9% of responses received 
from new second-semester students. Other semester 
students moderately participated in this online survey. 
The data are shown in Figure I revealed that 57% of 
students belonged to nuclear families and only 5% of 
student have belonged from joint family. The data shown 
in Figure II revealed that the majority of the respondents 
(44%) had only one toilet in their house and only 3% 
of students had no toilet, and family members still used 
open space for the toilet (Mukherjee and Roy, 2020).

(Gupta et al., 2020).  Similarly, more than 40% of people 
faced anxiety and depression during this lockdown and 
pandemic situation (Grover et al., 2020).

Figure 2: Number of  the toilet in each student family

The data shown in Figure III revealed that the average 
time of use of smart phones increased in the majority of 
the respondent’s during the COVID-19 lockdown period.   
Out of 170 respondents, 70 students regularly used smart 
phone more than 4 hours in social media and 74 students 
used 2-4 hours in social media and it will directly affect 
the academic performance of students. Most respondents 
admitted that their study time decreased during the 
lockdown period. According to the internet and mobile 
association of India report 2019, 67% of men had 
access to the internet whereas in women it is only about 
33%.  This type of gender-wise disparity is very much 
prominent in villages areas where 72% of access done by 
men and 28% by women. But due to pandemic situation 
students are forced to attend their online classes so the 
disparity reduced from percentage proportion of men: 
women of72:28(all India level) to 58:42 (approx.) in south 
Bengal regions (Mukherjee and Roy, 2020).

The data shown in Figure IV revealed that during 
lockdown majority of the respondents (47%) received 
information related to COVID 19 and its precautions 
through social media like WhatsApp and Facebook. 
13% from television, 13% from the governmental 
announcement, and 8 % from the newspaper. According 
to Dubey et al.,(2020)social media must be used for 
good purposes to educate people about symptoms and 
transmission COVID -19 diseases during this pandemic 
situation. At the same time implementation of strict 
governmental laws and legislation is needed to stop the 
spreading of fake news, rumours, disinformation, and 
misinformation (Dubeyet al.,2020).Similarly, Guptaet al., 
(2020) documented that the sleep pattern of respondents 
was very much influenced by the lockdown. Shift to a 
later bedtime, delayed sleep onset, daytime napping 
increased are very common among many people’s 

Figure 3: Average time of Smartphone used during 
lockdown

Figure 4: Awareness creates against COVID-19

Figure 5: Types of ration card among student family

Figure 6: Bodyweight change during the lockdown
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The data shown in Figure V revealed that most of the 
respondents have RKSY types of ration card and few 
students came from economically backward family.  
Till today few families do not have any ration cards. 
So, students from economically backward suffer a lot 
to attend the online classes. Similarly, the data shown 
in Figure VI reveals that 41% respondent gains their 
body weight during lockdown period because of leading 
sedentary life. The data were shown in Figure VII revealed 
that among all, 21% of students missed more than 40% 
of online classes, 38% missed 20-40% of online classes 
due to poor network connectivity in their locality. 
The number of online classes missed increases during 
the afternoon and evening because of connectivity 
problems as well as the exhaust of net data pack due 
to spending more time with smart phones during the 
daytime by students. Another survey also supported 
that due to closure of the educational institution, loss 
of classes and restricted social connections worsened 
pre-existing mental health conditions of 83% of young 
respondents(Youngminds,2020).

Dangi and George (2020) also showed that 76.44% of 
students suffered severe anxiety and 23.66% of students 
were having moderate anxiety in this lockdown period 
in their study area (Dangi and Mathew,2020). Sometimes 
students face headaches and eye irritation due to the 
use of excess time on smart phones so few classes also 
missed due to this reason. During the lockdown period, 
students were compelled to stay at home so during leisure 
time students learn many things. Girl students learned to 
prepare many food items from the internet, some prepare 
beautiful drawings as well as stitch work. Boys also 
spend time with physical exercise and nature study of 
their surroundings by using smart phones. Few students 
actively took part in many international and national 
online webinars which allow them the opportunity to 
listen to many things from reputed resource persons 
from home during this lockdown period (Dangi and 
Mathew, 2020).

Figure 7: Missed online classes due to poor internet 
connectivity

Conclusion

In the last two decades, mankind faced five pandemics 
like SARS (2002), Swine flu (2009), MERS (2012), Ebola 
(2014), and COVID-19 (2019). COVID-19 produces long-
lasting effects on the various strata of people in society 

including students. The current pandemic situation does 
not obey the geographical boundary, race, religion, 
caste, and language. It creates psychological, social, 
economic, religious problems as well as depression 
and anxiety among people all over the world. It also 
produces immense agony among student fraternity who 
are already burdened with their semester and competitive 
exams, research and academic activities. This study 
showed that students are trying to adapt the new mode 
of online teaching but 21% of students missed more than 
40% of online classes due to poor network connectivity in 
their locality. This creates a lot of mental anxiety among 
students along with loss of study time and restricted 
social connections. So, to reduce mental weakness and 
anxiety, educational institutions should have to conduct 
motivational sessions and set up one mental health 
helpline number. Arrangement of awareness programmes 
at both personal and community levels is urgently needed 
to reduce the psychological stress of students during the 
COVID-19 lockdown situation.
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Abstract: Fish hook making is subject to health risks In the rural areas of West Bengal, a notable part of 
population is engaged in fish related activities in diverse ways either instantaneously or incidentally. The sector 
of activity of fish hook making is essentially rural and it being most haphazard, no focus has been given to the 
occupational health problems of these workers by politicians, planners, administrators and scientists. The 
objectives of our study is to  access the occupational  health hazards of fish hook makers and to give essential 
suggestions for the mitigation measures of those hazards resulting in a more desirable quality of life for the 
countryside inhabitants. A standardized structured questionnaire, with modification to suit the local context 
was used to collect the data. Data was analyzed in the form of percentage (%),mean and standard deviation. 
Out of the total 51 respondents 15 weremale and 36 were female. It revealed that in supreme number of 
cases hook workers experience hazards due tomachinery induced injury, musculo-skeletal disease, eye disease, 
skin disease due to working in unhealthy workplaces, manual handling of machines and not using personal 
protective equipments. So, fish hook makers need a notable degree of consciousness through regular safety 
training for minimizing their occupational health hazards., 
 
Keywords: Fish hook, health, countryside, inhabitants, musculo-skeletal, eye disease, safety training  
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1. INTRODUCTION 
 

Fish is used as the favourite food item of people of 
West Bengal. So a large population of the villagers is engaged 
with the fishing and fishing gear related work in rural areas. 
From ancient times, man tried out various ways for catching 
fish and using hook is one of such methods. Hook is a simple, 
easy to operate and selective fishing device.1 Excavation of a 
unique late bronze age copper fish-hook from Bet Dwarka 
Island, Gujarat, west coast of India proved that advanced 

hook fishing technology existed in ancient India.2 In hook 
fishing, partly fixed baits are offered to the fish and fish 
swallows the bait and hook attached fish can be hauled from 
the water.3 Hooks may be in different shapes, sizes, thickness 
of wires, and types of end of the shank (Figure- 1).Nowadays 
hooks that are made  well-tempered  and durable, are 
specially protected by galvanizing, bronzing, tinning, or 
enamelling to prevent corrosion. The corrosion resistance of 
different types of fishing hooks has been studied by many 
authors.4 

 
 
 
 
 
 
 
 
 
 
 
 

 

    Fig1. Different types fish hook                                         Fig 2.  Data collection from hook makers  
 

In Bankura district of West Bengal, a few villagers are 
engaged in making fish hooks. The financially backward 
sections of people, who have not much traditional education, 
are engaged in this work. They make fish hooks along with 
other household activities to support their family financially. 
They made different types of fish hooks like Ton, Ring, Boya 
according to the demand of the market. The fish hooksare 
made by rural people in their own homes and are collected 
from the workers by the businessmen. So the female 
members in the families and few men who do not have job 
security around the year or few months, are engaged in this 
type of work. They earn something for the betterment of 
their families. Thus this sector is vital and an important 
sector of rural economy in Bankura district. The workers use 
unsafe and unguarded machinery and their occupational 
environment is not hygienic. So this occupation is not devoid 
of health hazards. Various types of health related problems 
are observed among them. On the other hand, as this 
occupation is rural and being most unrecognized, no focus 
has been given to the health problems of these workers by 
plan makers, politicians, and scientists. Only very few studies 
have been carried out to document different properties of 
fishing hooks but many studies were done on the fishing 
efficiency of the hooks.5-6Socioeconomic status of individuals 
is the strongest indicator of people’s life that provides social, 
economic, cultural and political characteristics of people, 
households, community groups, and institutions.7-8In rural 
areas, the socio-economic status of individuals is divided into 
three categories namely high, middle and low. Low 
socioeconomic status and its correlates, such as lower 
education, poverty and poor health, ultimately affect our 
society as a whole.9We have chosen this topic to assess the 
socioeconomic status and occupational health hazards of fish 
hook makers and to give essential suggestions for the 
mitigation measures of those hazards resulting in a more 
desirable quality of life for the countryside inhabitants.  
 
2. MATERIALS AND METHODS 
 

Field investigations were conducted in five villages 
namely Salbedia, Kendbana, Bankanti, Ghutgoria and 

Pratappur belonging to Bankura district of West Bengal, India 
during the time span of October,2019 to February, 2020, 
where a notable mass of fish hook makers are found . In 
these villages, more than 150 hook makers are engaged in 
hook making profession. A premeditated ordered 
questionnaire, with moderation to match the local 
perspective was used to gather the data from fish hook 
makers.The data was evaluated in the shape of 
percentile(%),mean and standard deviation. Selection of 
sample and preparation of standard questionnaires are the 
fundamental part of this research. Before answering all the 
questions were thoroughly discussed with the respondents. 
.Questions were asked in their leisure hour so that they can 
get enough time for answering all the questions. The selected 
respondents were interviewed to collect information  about 
socioeconomic background of the fish hook makers relating 
to age, sex, number of family members, education, income of 
the family followed by the procedure applied by Ganguly et 
al, 2016.10 During Interview their socioeconomic status, 
educational level, daily average income, available 
governmental facility, and health hazards were also asked 
(Figure-2). 
 
3. STATISTICAL ANALYSIS 
 

Statistical analysis of the experimental data was 
performed using the computer software’s “STAT PLUS 2007 
(Trial version)”for calculation of mean and standard error to 
analyse different types of health hazards among respondents. 
“MS EXCEL 2007” is used to find out the percentage of 
various parameters like comparison of age groups among 
male and female, educational status among male and female 
respondents, family size and monthly income of hook makers 
from hook making. 
 
4. RESULT AND DISCUSSION 
 

From our study it was found that among all 
respondents, 70.58% were female and 29.41% were male. 
Majority of the respondents (41.17%) were belonging to the 
age group of 20-40 years, surprisingly they were all females. 
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This was due to males engaging in other work like 
agriculture, business. As fish hook making is a household 
profession so females prefer this profession with their daily 
household activities. This may give some kind of women 
empowerment. The number of female workers decreases 
with their old age as evident from the observation of age 
group data belonging to 60-80 years where males were 
predominant. This may reveal that when males are unable to 
do outside work they tend to do hook making rather than 
just sitting lazily at home.  Figure 3 shows that 23.52% female 
respondentsbelong to the age group 40-60 and 5.85% from 
60-80 age groups (Figure 3). This may be due to the reason 
that they are more physiologically active during the 20-40 
years of age group when they are capable of doing hook 
making with other household activities. As we know 

education transforms human from the shape of social 
backwardness to light of social amelioration, from ignorance 
to enlightenment, and a nation from under-development to 
foster social and economic development.11If we consider 
educational status of the respondents of these villages, it was 
revealed that female workers are more educated than male 
workers. Among male workers majority (11.76%) were 
belonging to standard IV-VII class whereas among female 
workers majority (29.41%) were belonging to class VIII-IX. 
Not only that but a significant portion of female respondents 
(17.64%) were belonging to class X and above (Figure-4). 
This may be due to higher educated males had chosen 
another better occupation or due to financial crisis they 
were compelled to discontinue theirstudy and search 
alternative. 

 

 
 

Fig3. Age group comparison between male and female hook maker 
 

Maximum number of respondents earnRs. 2000 to 
2500 per month. A small portion (5.88%) earn up to Rs. 1000 
per month, 29.41% earn rupees 1500-2000, 17.64% earn 
rupees 1000-1500 and 11.76% earn rupees above 2500  per 
month(Figure 6). So it may be told that if the income 
increases according to the increasing price rate of the 
commodities more people will get interested and would 
engage themselves in this work by using their leisure time 

(Figure. 4).If we take a look at the family structure, it is  
clearthat the majority of the respondents (50.01%)  are 
belonging to such a family that consists of up to 3 members 
only. Only a small fraction (7.14%) of workers belongs to a 
large family consisting of 8 members. This may reveal that 
when the number of family members increases then people 
tend to choose another occupation (Figure. 5). 

 

 
Fig4. Comparison of educational status between male and female hook maker 
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                         Fig 5. Family size of hook makers            Fig 6. Monthly income of hook makers 

 
Majority (71.42%) of the respondentshave a PHH 

type of ration card, 28.57% of the respondents possess the 
RKSY1 type of ration card. So it is evident that fish hook 
makers were generally a poorer section of society. Thus this 
section is indispensable and a significant section of economy 
in rural areas in Bankura district of West Bengal. Fish hook 
makers experienced various types of occupational health 
problems. Occupational disease occurred due to an exposure 
to risk factors arising from work activity. It was estimated 
that an average of 137 persons die from occupational disease 
in each day and an additional 17 die from injuries throughout 
the world.12  Occupational health hazards are becoming a 
serious concern of this sector also. Low back disorders are 
common, musculoskeletal injuries, particularly due to 
working in stooped postures in many people working in 
different factories.13 .Repeated exposures to vibrations and 
jarring motions while operating mechanical equipment.14-

15also create various health hazards. In aquaculture, 
musculoskeletal injuries occur due to repetitive lifting or 
hand feeding, lifting of heavy cages or bags of feed, prolonged 
non-neutral postures at workstations, and tractor use.16-17 In 
this study site majority of the male respondentsuffers from 

musculo-skeletal disease like pain in the body muscles, joints, 
neck regions, tendons, ligaments where as majority of 
females suffer from machinery induced injury due to mal 
handling and not using personal protection 
equipments.Among five villages average machinery induced 
injury in males are 1.40±1.14 , whereas average musculo-
skeletal disease among males are 1.60±1.14. A large portion 
of male workers suffer from machinery induced injury (40%), 
eye disease (0.60±0.89), and skin disease (0.60±0.56). 
Females also suffer from machinery induced injury 
(3.40±1.51), skin disease (2.80±1.30) and eye disease 
(1.80±0.83) at older age. In each village musculo-skeletal 
diseases are also common among female workwe(3.00±1.22)  
(Figure 7). Skin disease may be due to worker’s negligence 
about personal health and hygiene or they get very little time 
to maintain their proper health care. Eye disease may be due 
to working for a long time under dim light and metal 
particlesemerging during preparation of fish hook. Similar 
type of observation found among crafting communities, who 
work in poorly ventilated and inadequately lighted rooms. 
Workers have to work under unhygienic conditions leading 
to various health problems.18 

 

Table 1. Various types of health hazards among hook makers 

Types of health hazards 
Affected males 

(% ) 
Affected females  

(%) 

Machinery induced injury 1.40±1.14 3.40±1.51 

Musculoskeletal disease 1.60±1.14 3.00±1.22 

Skin disease 0.60±0.56 2.80±1.30 

Eye disease 0.60±0.89 1.80±0.83 

 
 

4.   CONCLUSION 
 

From our study,we can deduce that different types of 
occupational health hazards are regularly found among fish 
hook makers. So there is a need of notable degree of 
consciousness and sensitization through frequent safety 
training to reduce the health hazards. Under these 
circumstances, if various government sectors and NGO’s 
came forward to overcome the hazards of these fish hook 
makers then in near future many other poor people engage 
themselves in this work to raise their socio economic 
standard.  
 
5. RECOMMENDATION 
 

Elicited from the perception of the current study we 
propose following recommendation: 

1. Unsafe and unguarded manual handling of machines 
should be renewed. 

2. Conscientious handling of machines, wires, marketable 
fish hooks and proper maintaining of machinery are 
necessary to avoid dreadful injuries. 

3. Wearing PPE like protective goggles, hand gloves, jacket 
at the time of working can prevent the prevalence of 
accidents. 

4. Occupational environment should be properly 
maintained. 

5. Workers should pay attention to maintain their proper 
health and hygiene to avoid skin disease. 

6.  Workers should get systematic and consistent safety 
training to make aware of various types of protective 
measures to avoid hazards. 

7. There is urgency of more illuminative investigation in 
attention of prior detection, safeguard and management 
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of job related diseases damages amongst fish hook 
makers. 
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ABSTRACT 

In present days, growing industrialization and vehicular 

traffic are immense threat to ambient air quality in most of the 

urban areas. Few plants are sensitive and few are tolerant to air 

pollution in urban as well as in industrial habitats. Purulia have 

high emission of air pollutants mainly due to contribution of 

automobile exhaust, small industries, and domestic heating. In 

the month of February-March of 2019, impact of air pollution 

on Mango (Mangifera indica) leaves was investigated 

considering their biochemical characteristics and APTI values. 

Three samples were sampled considering control (Bongabari) 

and commercial areas (Renny Road, and Chawk Bazar) 

investigated by standard methods and APTI was calculated. 

Highest APTI was observed at control area (i.e., 18.52) 

followed by 12.79 at Renny Road and 11.54 at Chawk Bazar. It 

reveals that, between two commercial sampling points in 

Purulia town, Chawk Bazar shows more remarkable threatened 

condition.

IMPACTS OF AMBIENT AIR POLLUTION ON Mangifera indica  

GROWING AT PURULIA, PURULIA DISTRICT, W. B., INDIA 

 

 

MOUMITA SINHA1
, SABYASACHI MUKHOPADHYAY* 2 

1,2 Department of Environmental Science, Nistarini College, Purulia, W.B. (India) 



e-ISSN:2347-226X 

p-ISSN:2319-9857 
Research & Reviews: Journal of Agriculture and Allied Sciences 

14 RRJAAS| Volume 10| Issue 2 |April, 2021 

 

 

INTRODUCTION 

 
Plants are essential to balance both the nature and people's lives. Green plants, i.e., those possessing 

chlorophyll, are able to manufacture their own food and give off oxygen in the process of 

photosynthesis, in which water and carbon dioxide are combined by the energy of light. Plants are the 

ultimate source of food and metabolic energy for nearly all animals. Besides foods (e.g., grains, fruits, 

and vegetables), plant products are vital to humans include wood and wood products, fibres, drugs, 

oils, latex, pigments, and resins. Coal and petroleum are fossil substances of plant origin. Thus plants 

provide people not only sustenance but shelter, clothing, medicines, fuels, and the raw materials from 

which numerous other products are made. Pollution is now a common place term that our ears are 

attuned to. We hear about the various forms of pollution and read about it through the mass media. 

Irrespective of indoors or outside, air pollution is one such form that refers to the contamination of the 

air. A physical, biological or chemical alteration to the air in the atmosphere can be termed as pollution 

which occurs as and when any harmful gases, dust, smoke enters into the atmosphere and makes it 

difficult to survive for plants, animals and humans as the air becomes dirty. Growing industrialization 

and vehicular traffic especially in the urban areas of India is a great threat to air quality. The 

identification and categorization of plants into sensitive and tolerant groups is important because the 

former can serve as indicators and the latter as sinks for the air pollutants in urban and industrial 

habitats. Plant selection for their sensitivity or tolerance level to air pollutants is important because 

the sensitive plants can serve as bio-indicator and the tolerant plants as sink for controlling air pollution 

in urban and industrial areas. Purulia have high emission of air pollutants, which is degrading the 

ambient air quality day by day. There is now great concern that air pollutants especially sulfur dioxide, 

ozone, and oxides of nitrogen can change the physiological processes of plants, thereby affecting 

patterns of growth. Air pollutants cause damage to leaf cuticles and affect stomata conductance. They 

can also have direct impacts on photosynthetic systems, leaf longevity, and patterns of carbon 

allocation within plants. Pollutants interact with other environmental factors, and may change plant-

environment relationships on a regional scale (Winner, 1981). Various strategies exist for controlling 

atmospheric pollution, but vegetation provides one of the natural ways of cleansing the atmosphere by 

absorption of gaseous and some particulate matter through leaves (Varshney, 1985). Lots of work has 

been performed to study the response of traffic load on plants (Angold, 1997) and also the impact of 

industries on plants (Chaphekar, 1972; Dwivedi and Tripathi, 2007). The degradation of air quality is a 

major environmental issue that affects many urban and industrial areas and the surrounding regions 

worldwide. On the basis of air pollution indices like adsorption or absorption, different plant groups 

were classified into sensitive, intermediate, moderately tolerant plant groups (Singh et al., 1991). To 

screen plants for their sensitivity or tolerance level to air pollutants, large number of plants parameter 

has been used including leaf or stomatal conductance, ascorbic acid, relative water content, membrane 

permeability, peroxidase activity, chlorophyll content and leaf extract pH (Choudhary and Rao, 1977; 

Keller and Schwager, 1977; Sivakumaran and Hall, 1978; Farooq and Beg, 1980; Winner, 1981; Eckert an 

Houston, 1982; William and Christopher, 1986; Singh et al., 1991; Tripathi et al., 1991; Namita et al., 

2009). To indicate the susceptibility level of plant, pollutioninduced changes in individual parameters 

are usually quantified and correlated with the level of plant response. The combination of the 

biochemical and physiological parameters gave a more reliable result than those of individual 

parameter. Therefore, combination of parameters.  

 

MATERIALS AND METHODS 

The major sources of pollutants in Purulia town are automobile exhaust, small industries, and domestic 

heating.  Sample, i.e., Mangifera indica leaves, collected from Bongabari (S1as control zone, 3.0 km far 

from Purulia town); Renny Road (S2), and Chawk Bazar (S3) which are the heart and prime commercial 

area of the Purulia town, were investigated with respect to their biochemical characteristics and APTI 

values. For this purpose, the mature leaf samples (fifth from top) of the most common plant in the  
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region such as Mangifera indica (Mango) were collected in the month of February-March, 2019. For each 

species, five individuals were identified and each sample was taken in triplicate. Care was taken to see 

that all plants had, as far as possible, the same ecological condition with respect to light, water, soil and 

pollutant exposure. The collected samples were analyzed for ascorbic acid, chlorophyll; relative water 

content and leaf extract pH. The mean values of different parameters were used for computing the 

index. Total chlorophyll content was estimated using the method of Singh et al. (1991).  Briefly, for 

chlorophyll estimation, 200 mg of leaf material directly harvested from the plants was ground in mortar 

and pestle with a small quantity of acid washed sand in 80% acetone. The absorbance of the filtered 

extract was measured through spectrophotometer (Genesis 6, Thermo Electron) at 645 nm and 663 nm. 

Equation 1 was used to calculate total chlorophyll.  

 

                                  Total chlorophyll (mg/g) =          V (20.2×A645 + 8.02×A663)×V                                                                                            

                                                                                                    1000×W 

 

 

Where, A645 = Absorbance at 645nm; A663 = Absorbance at 663nm; V = Total volume of extract; W = 

Weight of leaf material in gram  

For Ascorbic acid, 0.5 g of fresh leaf sample was homogenized with 20 ml of extracting solution (5 g 

oxalic acid + 0.75 g EDTA in 1000 ml of distilled water). It was centrifuged for 15 min at 6000xg and the 

supernatant collected. The supernatant (1 ml) was added to 2,6dichlorophenol indophenol (DCPIP) (5ml 

of 20 μg/ml), the solution was turning pink. The optical density of the mixture was taken at 520 nm (Es). 

After taking the optical density (OD) of the mixture one drop of ascorbic acid was added to bleach the 

pink colour and again the OD was taken at the same wavelength (Et). The OD of DCPIP solution was also 

taken at 520 nm (Eo). The standard curve was prepared by using different concentration of ascorbic acid 

by following the same method. Individual leaves of different plant species were excised and weighed 

immediately. They were dipped into water in a beaker. After 8 hr the leaves were blotted and reweighed 

before being dried at 80ºC for 24 hr and reweighed. For determination of leaf pH, 5 g of leaf samples was 

well homogenized with 50 ml deionized water and pH of the suspension was measured with a digital pH 

meter (Hanna Instrument, Germany). 

 

                                                                 APTI =  [A (T + P)] + R                                                                         

                                                                                   10 

Where, A is ascorbic acid content of leaf in mg/g dry weight, T is total chlorophyll content of leaf in 

mg/g dry weight, P is leaf extract pH and R is % relative water content of leaf. The total sum is divided 

by 10 to obtained APT 

 

RESULTS AND DISCUSSION 
 

Parameter Control 
(S1) 

S2 S3 

Total chlorophyll (mg/g dry weight) 11.98 8.12 4.07 

Leaf extract pH 9.4 7.2 7.0 

Ascorbic acid (mg/g dry weight) 4.12 3. 28 3.12 

Relative water content (%) 89.78 71.35 74.06 

APTI 17.26 12.16 10.86 

 

 

Table-1: Results obtained after analysis 
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From the Table-1, it clear that in Purulia town, there was very serious impacts on plants from the air 

pollution. In Bongabari, every parameter is in good state, which depict that there was less stress on 

Mangifera indica than in case of Purulia. Between two sampling point in Purulia town, Chawk Bazar 

shows more threatened figure, which is very remarkable. APTI determinations are of importance 

because with increased industrialization, there is increasing danger of deforestation due to air 

pollution. The results of such studies are therefore handy for future planning and may be helpful to 

bring out possible control measures. It is worth noting that combining a variety of parameters gave a 

more reliable result than when based on a single biochemical parameter. 
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84 
Current Sustainable/Renewable Energy 
Reports 

Springer NA 2196-3010 View 

85 Current Traditional Medicine Bentham Science Publishers 2215-0838 2215-0846 View 

86 Current World Environment Enviro Research Publishers 0973-4929 2320-8031 View 

87 Curtis's Botanical Magazine John Wiley and Sons, Inc. NA 1467-8748 View 

88 Data Science and Engineering Springer 2364-1185 2364-1541 
Indexed in 
Scopus 

89 Defence Life Science Journal 
Defence Scientific Information and Documentation 
Centre 

2456-379X 2456-0537 View 

90 Differential Geometry- Dynamical Systems Balkan Society of Geometers, Geometry Balkan Press NA 1454-511X View 

91 
Discussiones Mathematicae- General 
Algebra and Applications 

Faculty of Mathematics Computer Science and 
Econometrics, University of Zielona Gora 

1509-9415 2084-0373 View 

92 
Ecology, Economy and Society- the INSEE 
Journal 

Indian Society of Ecological Economics 2581-6152 2581-6101 View 

93 Ecosystem Health and Sustainability Taylor and Francis 2096-4129 2332-8878 
Indexed in 
Scopus 

94 Ela Journal of Forestry and Wildlife Ela Foundation 2319-4361 NA View 

95 
Electronic Journal of Mathematical 
Analysis and Applications 

Department of Mathematics and Computer Sciences, 
Alexandria University 

NA 2090-729X View 

96 Environmental and Experimental Biology University of Latvia 1691-8088 2255-9582 View 

97 Eurasian Journal of Forest Science Eurasscience Journals NA 2147-7493 
Discontinued 
from Sept. 2019 

98 European Journal of Medicinal Plants Sciencedomain International 2231-0894 NA 
Discontinued 
from Feb. 2020 
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99 Fasciculi Mathematici 
Poznan University of Technology, Institute of 
Mathematics 

0044-4413 NA View 

100 Food Science and Human Wellness Beijing Academy of Food Sciences 2213-4530 NA 
Indexed in 
Scopus 

101 Fractional Differential Calculus Element d.o.o. 1847-9677 NA View 

102 Fungal Biology and Biotechnology BioMed Central Ltd. 2054-3085 NA View 

103 Future Journal of Pharmaceutical Sciences Springer 2314-7245 2314-7253 View 

104 Fuzzy Systems and Soft Computing Tver State University 1819-4362 NA View 

105 Ganita Bharata Ganita Parishada 0046-5402 NA View 

106 Gardens Bulletin Singapore National Parks Board, Singapore Botanic Gardens 0374-7859 2382-5812 View 

107 Genomics and Computational Biology Johannes Gutenberg University NA 2365-7154 View 

108 Geographical Review of India The Geographical Society of India 0375-6386 NA View 

109 Gravitational and Space Research American Society for Gravitational and Space Research NA 2332-7774 
Discontinued 
from Feb. 2020 

110 
Gujarat Agricultural University Research 
Journal 

Sardarkrushinagar Dantiwada Agricultural University 0250-5193 NA View 

111 Gulf Journal of Mathematics Canadian University of Dubai NA 2309-4966 View 

112 Hepatoma Research OAE Publishing Inc. 2394-5079 2454-2520 
Discontinued 
from Sept. 2019 

113 High Voltage Institution of Engineering and Technology NA 2397-7264 
Indexed in Web 
of Science 

114 Hill Geographer Geographical Society of the North-Eastern Hill Region 0970-5023 NA View 

115 Hippocratic Journal of Unani Medicine Central Council for Research in Unani Medicine 0974-1291 NA View 
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116 Horticultural Plant Journal KeAi Publishing Communications Ltd 2095-9885 2468-0141 
Indexed in 
Scopus 

117 
ICTACT Journal on Communication 
Technology 

ICT Academy 0976-0091 2229-6948 View 

118 
ICTACT Journal on Image and Video 
Processing 

ICT Academy 0976-9099 0976-9102 View 

119 ICTACT Journal on Microelectronics ICT Academy 2395-1672 2395-1680 View 

120 ICTACT Journal on Soft Computing ICT Academy 0976-6561 2229-6956 View 

121 
IET Cyber- Physical Systems: Theory and 
Applications 

Institution of Engineering and Technology NA 2398-3396 
Indexed in 
Scopus 

122 Indian Dermatology Online Journal 
Indian Association of Dermatologists, Venereologists and 
Leprologists 

2229-5178 2249-5673 View 

123 Indian Hydrobiology 
Krishnamurthy Institute of Algology, Madras Christian 
College 

0971-6548 NA View 

124 Indian Journal of Aerobiology Indian Aerobiological Society 0971-1546 NA View 

125 
Indian Journal of Allergy Asthma and 
Immunology 

Indian College of Allergy Asthma and Immunology 0972-6691 2320-4745 View 

126 Indian Journal of Animal Nutrition Animal Nutrition Society of India 0970-3209 2231-6744 
Discontinued 
from Sept. 2019 

127 
Indian Journal of Continuing Nursing 
Education 

College of Nursing, Christian Medical College 2230-7354 NA View 

128 Indian Journal of Dairy Science Indian Dairy Association 0019-5146 2454-2172 View 

129 Indian Journal of Dental Sciences Himachal Pradesh University 0976-4003 2231-2293 View 

130 
Indian Journal of Geography and 
Environment 

Department of Geography and Environment 
Management, Vidyasagar University 

0972-7388 NA View 

131 Indian Journal of Geosciences Geological Society of India 2229-3574 2582-3485 View 

132 Indian Journal of Gerontology Indian Gerontological Association 0971-4189 NA View 

133 Indian Journal of Gynecologic Oncology Springer 2363-8397 2363-8400 
Indexed in 
Scopus 
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134 Indian Journal of Hill Farming Indian Association of Hill Farming 0970-6429 NA View 

135 Indian Journal of Psychiatric Nursing Indian Society of Psychiatric Nurses 2231-1505 2666-528X View 

136 
Indian Journal of Sexually Transmitted 
Diseases and AIDS 

Indian Association for the Study of Sexually Transmitted 
Diseases 

2589-0557 2589-0565 View 

137 Indian Journal of Small Ruminants 
Indian Society for Sheep and Goat Production and 
Utilization 

0971-9857 0973-9718 View 

138 Indian Journal of Sugarcane Technology Association of Sugarcane Technologists of India 0970-3233 NA View 

139 
Indo Global Journal of Pharmaceutical 
Sciences 

Indo Global Journal of Pharmaceutical Sciences NA 2249-1023 View 

140 Indonesian Journal of Forestry Research 
Ministry of Environment and Forestry, Republic of 
Indonesia 

2355-7079 2406-8195 View 

141 Industrial Engineering Journal Indian Institution of Industrial Engineering 2581-4915 NA View 

142 INFOCOMP Journal of Computer Science 
Department of Computer Science, Federal University of 
Lavras 

NA 1982-3363 View 

143 
Information and Inference: A Journal of 
the IMA 

Oxford University Press 2049-8764 2049-8772 View 

144 Integers Colgate University and Charles University NA 1553-1732 View 

145 
International Journal of Advanced Medical 
and Health Research 

Jawaharlal Institute of Postgraduate Medical Education 
and Research 

2349-4220 2350-0298 View 

146 
International Journal of Advanced 
Pervasive and Ubiquitous Computing 

IGI Global 1937-965X 1937-9668 View 

147 
International Journal of Advances in 
Engineering Sciences and Applied 
Mathematics 

Springer 0975-0770 0975-5616 View 

148 
International Journal of Agricultural 
System 

Graduate School, Hasanuddin University 2337-9782 2580-6815 View 

149 
International Journal of Agricultural 
Technology 

Association of Agricultural Technology in Southeast Asia 2630-0613 2630-0192 
Indexed in 
Scopus 
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150 
International Journal of Applied and Basic 
Medical Research 

Basic Medical Scientists Association 2229-516X 2250-2858 View 

151 
International Journal of Applied Exercise 
Physiology 

Asian Exercise and Sports Science Association 2322-3537 NA 
Discontinued 
from Jan. 2020 

152 
International Journal of Applied Industrial 
Engineering 

IGI Global 2155-4153 2155-4161 View 

153 International Journal of Applied Logistics IGI Global 1947-9573 1947-9581 View 

154 
International Journal of Applied Nonlinear 
Science 

Inderscience Publishers 1752-2862 1752-2870 View 

155 
International Journal of Architecture, 
Engineering and Construction 

International Association for Sustainable Development 
and Management 

1911-110X 1911-1118 View 

156 
International Journal of Artificial 
Intelligence and Soft Computing 

Inderscience Publishers 1755-4950 1755-4969 View 

157 
International Journal of Biomedical and 
Clinical Engineering 

IGI Global 2161-1610 2161-1629 View 

158 
International Journal of Computational 
Intelligence Studies 

Inderscience Publishers 1755-4977 1755-4985 View 

159 
International Journal of Computer Theory 
and Engineering 

International Journal of Computer Theory and 
Engineering 

1793-8201 NA View 

160 
International Journal of Computer Vision 
and Image Processing 

IGI Global 2155-6997 2155-6989 View 

161 
International Journal of Creative 
Interfaces and Computer Graphics 

IGI Global 1947-3117 1947-3125 View 

162 
International Journal of Data Science and 
Analytics 

Springer 2364-415X 2364-4168 View 

163 
International Journal of Design 
Engineering 

Inderscience Publishers 1751-5882 1751-5874 View 
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164 International Journal of Digital Curation Digital Curation Centre, University of Edinburgh NA 1746-8256 View 

165 
International Journal of Digital Literacy 
and Digital Competence 

IGI Global 1947-3494 1947-3508 View 

166 
International Journal of Ecology and 
Environmental Sciences 

National Institute of Ecology 0377-015X 2320-5199 View 

167 
International Journal of Economic and 
Environmental Geology 

Society of Economic Geologists and Mineral 
Technologists, Department of Geology, University of 
Karachi 

NA 2223-957X 
Discontinued 
from July 2020 

168 International Journal of Electrochemistry Hindawi Limited 2090-3529 2090-3537 View 

169 
International Journal of Energy 
Optimization and Engineering 

IGI Global 2160-9500 2160-9543 View 

170 
International Journal of Geosynthetics and 
Ground Engineering 

Springer 2199-9260 2199-9279 
Indexed in 
Scopus 

171 International Journal of Green Computing IGI Global 1948-5018 1948-5026 View 

172 
International Journal of Information 
Communication Technologies and Human 
Development 

IGI Global 1935-5661 1935-567X View 

173 
International Journal of Information 
Security Science 

Department of Computer Engineering, Gazi University NA 2147-0030 View 

174 
International Journal of Information 
Technology 

Springer 2511-2104 2511-2112 View 

175 
International Journal of Information 
Technology and Electrical Engineering 

International Journal of Information Technology and 
Electrical Engineering 

NA 2306-708X View 

176 International Journal of Insect Science Sage Publications 1179-5433 1179-5433 
Discontinued 
from July 2020 
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177 
International Journal of Interdisciplinary 
Telecommunications and Networking 

IGI Global 1941-8663 1941-8671 View 

178 
International Journal of Masonry Research 
and Innovation 

Inderscience Publishers 2056-9467 2056-9459 
Indexed in 
Scopus 

179 
International Journal of Materials, 
Mechanics and Manufacturing 

International Association of Computer Science and 
Information Technology 

1793-8198 NA View 

180 
International Journal of Mathematics and 
Statistics 

Centre for Environment and Socio- Economic Research 
Publications 

0974-7117 0973-8347 View 

181 
International Journal of Monitoring and 
Surveillance Technologies Research 

IGI Global 2166-7241 2166-725X View 

182 International Journal of Nano Dimension Islamic Azad University, Tonekabon Branch 2008-8868 2228-5059 
Discontinued 
from Jan. 2020 

183 
International Journal of Next- Generation 
Computing 

Perpetual Innovation 2229-4678 0976-5034 View 

184 
International Journal of Operations 
Research 

Department of Management Sciences, TamKang 
University 

1813-713X 1813-7148 View 

185 
International Journal of Pharmaceutical 
Investigation 

Phcog.Net 2230-973X 2230-9713 View 

186 
International Journal of Pharmaceutical 
Sciences and Drug Research 

MRI Publication Pvt. Ltd. NA 0975-248X View 

187 
International Journal of Pharmaceutical 
Sciences and Nanotechnology 

Pharma Book Syndicate NA 0974-3278 View 

188 
International Journal of Quantitative 
Structure-Property Relationships 

IGI Global 2379-7487 2379-7479 View 
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189 
International Journal of Renewable Energy 
Technology 

Inderscience Publishers 1757-3971 1757-398X View 

190 
International Journal of Statistics and 
Reliability Engineering 

Indian Association for Reliability and Statistics 2350-0174 2456-2378 View 

191 International Journal of Yoga Swami Vivekananda Yoga Anusandhana Samsthana 0973-6131 2231-2714 View 

192 
International Research Journal of Plant 
Science 

International Research Journals Publishing House 2141-5447 NA View 

193 Involve: A Journal of Mathematics Mathematical Sciences Publishers 1944-4176 1944-4184 View 

194 Iranian Journal of Mathematical Chemistry University of Kashan 2226-6489 2008-9015 
Discontinued 
from Sept. 2019 

195 
IRCF Journal Reptiles and Amphibians: 
Conservation and Natural History 

The International Reptile Conservation Foundation 2330-3956 2332-4961 View 

196 
Isecure- The ISC International Journal of 
Information Security 

Iranian Society of Cryptography 2008-2045 2008-3076 View 

197 Jahan- e- Tib Central Council for Research in Unani Medicine 0974-1372 NA View 

198 Jnanabha Vijnana Parishad of India 0304-9892 2455-7463 View 

199 Journal of Advanced Mathematical Studies Fair Partners Society for the Promotion of Science 2065-3506 2065-5851 View 

200 Journal of Advanced Scientific Research Sciensage NA 0976-9595 View 

201 
Journal of Aerospace Sciences and 
Technologies 

Aeronautical Society of India 0972-950X NA View 

202 Journal of Algebra and Related Topics Faculty of Mathematical Sciences, University of Guilan 2345-3931 2382-9877 
Discontinued 
from Jan. 2020 

203 Journal of Animal Ethics University of Illinois Press 2156-5414 2160-1267 View 
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204 
Journal of Applied Biology and 
Biotechnology 

Open Science Publishers 2455-7005 2347-212X 
Discontinued 
from Sept. 2019 

205 
Journal of Applied Mathematics and 
Computational Mechanics 

Institute of Mathematics, Czestochowa University of 
Technology 

2299-9965 2353-0588 View 

206 Journal of Aquatic Biology and Fisheries 
Department of Aquatic Biology and Fisheries, University 
of Kerala 

2321-340X NA View 

207 Journal of Ayurveda National Institute of Ayurveda 2321-0435 NA View 

208 
Journal of Biologically Active Products 
from Nature 

Taylor and Francis 2231-1866 2231-1874 
Indexed in 
Scopus 

209 Journal of Bioresources 
Rajiv Gandhi University, Center with Potential for 
Excellence in Biodiversity 

2394-4315 2582-2276 View 

210 Journal of Calcutta Mathematical Society Calcutta Mathematical Society 0080-0659 NA View 

211 
Journal of Cancer Metastasis and 
Treatment 

OAE Publishing Inc. 2394-4722 2454-2857 View 

212 Journal of Cellular Immunotherapy 
Shanghai Hengrun Biomedical Technology Research 
Institute 

2352-1775 NA 
Discontinued 
from July 2020 

213 Journal of Classical Analysis Element d.o.o. 1848-5979 1848-5987 View 

214 Journal of Climate Change IOS Press 2395-7611 2395-7697 View 

215 Journal of Construction Management 
National Institute of Construction Management and 
Research 

0970-3675 NA View 

216 Journal of Dental Research and Review Dr. D. Y. Patil VIdyapeeth 2348-2915 2348-3172 View 

217 
Journal of Dental Research Dental Clinics 
Dental Prospects 

Tabriz University of Medical Sciences 2008-210X 2008-2118 View 

218 
Journal of Dermatology and Dermatologic 
Surgery 

Saudi Society of Dermatology and Dermatologic Surgery 2352-2410 2352-2429 View 

219 Journal of Diabetology Diabetes In Asia Study Group 2543-3288 2078-7685 View 
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220 
Journal of Digital Forensics, Security and 
Law 

Association of Digital Forensics, Security and Law 1558-7215 1558-7223 View 

221 
Journal of Dynamical Systems and 
Geometric Theories 

Taylor and Francis 1726-037X 2169-0057 View 

222 Journal of Epilepsy Research Korean Epilepsy Society 2233-6249 2233-6257 View 

223 
Journal of Experimental Biology and 
Agricultural Sciences 

Horizon Publisher India NA 2320-8694 
Discontinued 
from Jan. 2020 

224 
Journal of Family and Community 
Medicine 

Saudi Society of Family and Community Medicine 2230-8229 2229-340X View 

225 
Journal of Family Medicine and Primary 
Care 

Family Medicine and Primary Care Trust 2249-4863 2278-7135 View 

226 
Journal of Food, Agriculture and 
Environment 

WFL Publisher Ltd. 1459-0255 1459-0263 View 

227 Journal of Forensic Dental Sciences Indian Association of Forensic Odontology 0975-1475 0975-2137 View 

228 
Journal of Fractional Calculus and 
Applications 

Department of Mathematics and Computer Sciences, 
Alexandria University 

2090-584X 2090-5858 View 

229 Journal of Fungi MDPI NA 2309-608X 
Indexed in 
Scopus 

230 Journal of Geophysics Association of Exploration Geophysicists 0257-1412 NA View 

231 Journal of Geriatric Mental Health Indian Association for Geriatric Mental Health 2348-9995 2395-3322 View 

232 Journal of Global Resources 
Institute of Sustainable Development, Environmental and 
Scientific Research 

2395-3160 2455-2445 
Discontinued 
from Jan. 2020 

233 
Journal of Himalayan Ecology and 
Sustainable Development 

Department of Environmental Science, University of 
Kashmir 

0973-7502 NA 
Discontinued 
from Jan. 2020 
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234 Journal of Hyperstructures University of Mohaghegh Ardabili 2251-8436 2322-1666 View 

235 
Journal of Indian Association of Public 
Health Dentistry 

Indian Assiciation of Public Health Dentistry 2319-5932 2350-0484 View 

236 Journal of Indian College of Cardiology Indian College of Cardiology 1561-8811 2213-3615 View 

237 Journal of Indian Orthodontic Society Sage Publications 0301-5742 0974-9098 View 

238 Journal of Indian Water Works Association Indian Water Works Association 0970-275X NA View 

239 Journal of Insect Biodiversity Ataturk University 2147-7612 NA View 

240 
Journal of International Clinical Dental 
Research Organisation 

International Clinical Dental Research Organisation 2231-0754 2231-5357 View 

241 Journal of Laboratory Physicians The Indian Association of Laboratory Physicians 0974-2727 0974-7826 View 

242 Journal of Linear and Topological Algebra Central Tehran Branch, Islamic Azad University 2252-0201 2345-5934 View 

243 
Journal of Mahatma Gandhi Institute of 
Medical Sciences 

Mahatma Gandhi Institute of Medical sciences 0971-9903 2347-1948 View 

244 Journal of Marine Medical Society Marine Medical Society of India 0975-3605 2589-1235 View 

245 
Journal of Mathematical Computational 
Science 

SCIK Publishing Corporation 1927-5307 NA View 

246 Journal of Mathematical Extension Islamic Azad University, Shiraz Branch 1735-8299 2476-7719 View 

247 
Journal of Mathematical Research and 
Applications 

Dalian University of Technology and China Society for 
Industrial and Applied Mathematics 

2095-2651 NA View 

248 
Journal of Microbiology and Infectious 
Diseases 

Department of Microbiology, Fatih University 2146-3158 2146-9369 View 

249 Journal of Microscopy and Ultrastructure Saudi Society of Microscopes NA 2213-8803 View 

250 Journal of Mycology and Plant Pathology Indian Society of Mycology and Plant Pathology 0971-9393 0975-4180 View 

251 Journal of Nanostructure in Chemistry Springer 2008-9244 2193-8865 View 
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252 
Journal of Nonlinear Analysis and 
Optimization: Theory and Applications 

Department of Mathematics, Naresuan University 1906-9685 NA View 

253 Journal of Oilseed Brassica Society for Rapeseed- Mustard Research 0976-1454 2230-7753 View 

254 Journal of Optimization Hindawi Limited 2356-752X 0231-4648 View 

255 Journal of Oral and Maxillofacial Radiology School of Dentistry 2321-3841 2321-385X View 

256 Journal of Partial Differential Equations Global Science Press 1000-940X 2079-732X View 

257 Journal of Physics Communications Institute of Physics Publishing NA 2399-6528 View 

258 Journal of Post- Harvest Technology 
Department of Food Science and Postharvest Technology, 
Bihar Agricultural University 

NA 2348-4330 View 

259 
Journal of Radiation Research and Applied 
Sciences 

Taylor and Francis NA 1687-8507 
Indexed in 
Scopus and Web 
of Science 

260 
Journal of Rajasthan Academy of Physical 
Sciences 

Rajasthan Academy of Physical Sciences 0972-6306 NA View 

261 Journal of Scientific Research Faculty of Sciences, Rajshahi University 2070-0237 2070-0245 View 

262 Journal of Scientific Research Institute of Science, Banaras Hindu University 0447-9483 NA View 

263 Journal of Scientific Temper 
National Institute of Science Communication and 
Information Resources 

2278-2788 2278-2796 View 

264 
Journal of Self- Assembly and Molecular 
Electronics 

River Publishers 2245-4551 2245-8824 View 

265 Journal of Spices and Aromatic Crops Indian Society for Spices 0971-3328 NA View 
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266 
Journal of Statistical Distributions and 
Applications 

Springer NA 2195-5832 
Indexed in 
Scopus 

267 
Journal of Statistical Theory and 
Applications 

Atlantis Press 1538-7887 2214-1766 View 

268 
Journal of Statistics Applications and 
Probability 

Natural Sciences Publishing 2090-8423 2090-8431 
Indexed in 
Scopus 

269 
Journal of Stress Physiology and 
Biochemistry 

Siberian Institute of Plant Physiology and Biochemistry NA 1997-0838 View 

270 Journal of Sustainable Metallurgy Springer 2199-3823 2199-3831 
Indexed in 
Scopus 

271 Journal of Sustainable Mining Elsevier 2300-3960 NA 
Indexed in 
Scopus 

272 
Journal of Sustainable Water in the Built 
Environment 

American Society of Civil Engineers NA 2379-6111 
Indexed in 
Scopus 

273 Journal of Taibah University for Science Elsevier NA 1658-3655 
Indexed in Web 
of Science 

274 
Journal of the Botanical Society of Bengal 
(print only) 

Botanical Society of Bengal 0971-2976 NA View 

275 
Journal of the Chungcheong Mathematical 
Society 

The Chungcheong Mathematical Society 1226-3524 2383-6245 View 

276 Journal of the French Statistical Society Societe Francaise De Statistique NA 2102-6238 View 

277 
Journal of the Geographical Institute 
"Jovan Cvijic" SASA 

Geographical Institute “Jovan Cvijić” SASA 0350-7599 1821-2808 
Indexed in 
Scopus 

278 
Journal of the Indian Association of 
Sedimentologists 

Indian Association of Sedimentologists 0970-3268 2582-2020 View 

279 
Journal of the Indian Society of Soil 
Science 

Indian Council of Agricultural Research 0974-0228 NA 
Indexed in 
Scopus 

280 
Journal of the Indian Statistical 
Association 

Indian Statistical Association 0537-2585 NA View 
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281 
Journal of the Indonesian Mathematical 
Society 

Indonesian Mathematical Society 2086-8952 2460-0245 View 

282 
Journal of the Korean Society of 
Mathematical Education Series B: The 
Pure and Applied Mathematics 

The Korean Society of Mathematical Education 1226-0657 2287-6081 View 

283 
Journal of the Maharaja Sayajirao 
University of Baroda (print only) 

Maharaja Sayajirao University of Baroda 0025-0422 NA View 

284 
Journal of the Marine Biological 
Association of India 

The Marine Biological Association of India 0025-3146 2321-7898 View 

285 
Journal of the Numismatic Society of India 
(print only) 

Numismatic Society of India 0029-6066 NA View 

286 Journal of Traditional and Folk Practices 
Jawaharlal Nehru Tropical Botanic Garden and Research 
Institute 

2278-5906 NA View 

287 
Journal of Tropical Forestry and 
Environment 

Department of Forestry and Environmental Science, 
University of Sri Jayewardenepura 

2235-9370 2235-9362 View 

288 Journal of Tropical Life Science Universitas Brawijava 2087-5517 2527-4376 View 

289 Journal of Veterinary and Animal Sciences Kerala Veterinary and Animal Sciences University 0971-0701 2582-0605 View 

290 
Journal of Water and Environmental 
Nanotechnology 

Iran Nanotechnology Initiative Council and Iranian 
Environmental Mutagen Society 

2476-7204 2476-6615 View 

291 
Journal on Systemics, Cybernetics and 
Informatics 

International Institute of Informatics and Cybernetics 1690-4532 1690-4524 
Discontinued 
from July 2020 

292 
Karbala International Journal of Modern 
Science 

University of Karbala 2405-609X 2405-6103 
Indexed in 
Scopus 

293 Kavaka Mycological Society of India 0379-5179 NA View 
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294 Khayyam Journal of Mathematics 
Tusi Mathematical Research Group and Department of 
Pure Mathematics, Ferdowsi University of Mashhad 

NA 2423-4788 
Indexed in 
Scopus 

295 Kobe Journal of Mathematics Kobe University 0289-9051 NA View 

296 Korean Journal of Mathematics Kangwon-Kyungki Mathematical Society 1976-8605 2288-1433 View 

297 Lignocellulose 
Department of Cellulose and Paper Technology, Shahid 
Beheshti University 

2322-1577 2252-0287 
Discontinued 
from Feb. 2020 

298 Malaya Journal of Matematik University Press 2319-3786 2321-5666 View 

299 Malaysian Journal of Chemistry Institute Kimia Malaysia NA 2550-1658 View 

300 
Maritime Affairs: Journal of the National 
Maritime Foundation of India 

Taylor and Francis 0973-3159 1946-6609 View 

301 
Mathematical and Computational 
Applications 

MDPI 1300-686X 2297-8747 
Discontinued 
from Feb. 2020 

302 Mathematical Forum The Registrar, Dibrugarh University 0972-9852 NA View 

303 Mathematical Sciences Springer 2008-1359 2251-7456 View 

304 
Mathematical Sciences and Applications E- 
Notes 

Mathematical Sciences and Applications E- Notes NA 2147-6268 
Discontinued 
from Feb. 2020 

305 
Mathematics in Engineering, Science and 
Aerospace 

Cambridge Scientific Publishers 2041-3165 0204-1316 
Indexed in 
Scopus 

306 
Mechanics of Advanced Materials and 
Modern Processes 

Springer NA 2198-7874 View 

307 
Medical Journal of Dr. D. Y. Patil 
Vidyapeeth 

Dr D. Y. Patil Vidyapeeth 2589-8302 2589-8310 View 
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308 Medical Sciences MDPI NA 2076-3271 
Discontinued 
from Sept. 2019 

309 Microbiology Insights Sage Publications 1178-6361 1178-6361 View 

310 Microorganisms MDPI NA 2076-2607 
Indexed in Web 
of Science 

311 Nano Convergence Springer NA 2196-5404 
Indexed in 
Scopus and Web 
of Science 

312 Nanocomposites Taylor and Francis 2055-0324 2055-0332 
Indexed in 
Scopus 

313 Nanomaterials and Energy ICE Publishing 2045-9831 2045-984X View 

314 
Nanosystems: Physics, Chemistry, 
Mathematics 

St. Petersburg National Research University of 
Information Technologies, Mechanics and Optics 

2220-8054 2305-7971 View 

315 National Journal of Maxillofacial Surgery Maxillofacial Society of India 0975-5950 2229-3418 View 

316 Natural Products and Bioprospecting Springer 2192-2195 2192-2209 View 

317 
Nelumbo (Bulletin of Botanical Survey of 
India) 

Botanical Survey of India 0976-5069 2455-376X View 

318 Neotropical Biodiversity Taylor and Francis NA 2376-6808 
Indexed in 
Scopus 

319 New Disease Reports British Society for Plant Pathology 2044-0588 NA 
Indexed in 
Scopus 

320 New Zealand Journal of Mathematics Department of Mathematics, The University of Auckland NA 1179-4984 View 

321 New Zealand Journal of Physiotherapy Physiotherapy New Zealand 0303-7193 2230-4886 
Indexed in 
Scopus 
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322 
Nigerian Journal of Natural Products and 
Medicine 

Nigerian Society of Pharmacognosy NA 1118-6267 View 

323 Notulae Scientia Biologicae 
University of Agricultural Sciences and Veterinary 
Medicine 

2067-3205 2067-3264 View 

324 Opec Energy Review John Wiley and Sons, Inc. NA 1753-0237 View 

325 
Open Journal of Psychiatry and Allied 
Sciences 

Academy Publisher 2394-2053 2394-2061 View 

326 ORYZA- An International Journal on Rice Association of Rice Research Workers 0474-7615 2249-5266 View 

327 Palaeovertebrata 
Department of Paleontology, Institut des Sciences de l’ 
Evolution 

0031-0247 2274-0333 View 

328 Paleobios University of California 0031-0298 NA View 

329 Personalized Medicine Universe International Society of Personalized Medicine 2186-4950 NA View 

330 Philosophy, Theory and Practice in Biology Michigan Publishing 1949-0739 2475-3025 View 

331 Physics Education Indian Association of Physics Teachers NA 0970-5953 View 

332 
Proceeding in Applied Mathematics and 
Machanics 

John Wiley and Sons, Inc. NA 1617-7061 View 

333 Proceedings of the Zoological Society Springer 0373-5893 0974-6919 View 

334 
Protection and Control of Modern Power 
Systems 

Springer 2367-2617 2367-0983 
Indexed in 
Scopus 

335 Punjab University Journal of Mathematics Department of Mathematics, University of Punjab 1016-2526 NA View 

336 Radiation Protection and Environment Indian Association for Radiation Protection 0972-0464 2250-0995 View 

337 Ratio Mathematica Academy of Piceno Aprutina Dei Velati 1592-7415 2282-8214 View 

338 Record of the Zoological Survey of India Zoological Survey of India Kolkata 0375-1511 2581-8686 View 

339 Reinwardtia Research Center for Biology- LIPI 0034-365X 2337-8824 View 
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Abstract

Here we continue to characterize a recently introduced notion, le-modules RM over a com-

mutative ring R with unity [7]. This article introduces and characterizes Zariski topology on the

set Spec(M) of all prime submodule elements of M . Thus we extend many results on Zariski

topology for modules over a ring to le-modules. The topological space Spec(M) is connected if

and only if R/Ann(M) contains no idempotents other than 0 and 1. Open sets in the Zariski

topology for the quotient ring R/Ann(M) induces a base of quasi-compact open sets for the

Zariski-topology on Spec(M). Every irreducible closed subset of Spec(M) has a generic point.

Besides, we prove a number of different equivalent characterizations for Spec(M) to be spectral.

Keywords: Rings; complete lattice; le-modules; prime spectrum; Zariski topology.

AMS Subject Classifications: 54B35, 13C05, 13C99, 06F25.

1 Introduction

W. Krull [20] recognized that many properties on ideals in a commutative ring are independent on the

fact that they are composed of elements. Hence those properties can be restated considering ideals

to be an undivided entity or element of a suitable algebraic system. In the abstract ideal theory,

the ideals are considered to be elements of a multiplicative lattice, a lattice with a commutative

multiplication and satisfies some axioms. Ward and Dilworth [10], [11], [31], [32], [33], [34], [35],

contributed many significant results in abstract ideal theory via the residuation operation on a

multiplicative lattice. In [11] Dilworth redefined principal elements and obtained the Noether primary
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decomposition theorems. The multiplicative theory of ideals were continued towards dimension

theory, representations problem and many other overlaping areas by D. D. Anderson, E. W. Johnson,

J. A. Johnson, J. P. Ladiaev, K. P. Bogart, C. Jayaram and many others. For the proper references

of these articles we refer to [3]. Also we refer to [22] for more discussions on abstract ideal theory.

Success achieved in abstract ideal theory naturally motivated researchers to consider abstract

submodule theory, which today is known as the theory of lattice modules. E. W. Johnson and J. A.

Johnson [15], [18], introduced and studied Noetherian lattice modules. They also considered lattice

modules over semilocal Noetherian lattice. Whitman [36] introduced principal elements in a lattice

module and extended Nagata’s principle of idealization to lattice modules. Nakkar and Anderson

[29] studied localization in lattice modules. There are many articles devoted to lattice modules, to

mention a few [16], [17], [19], [28], [36].

This article is a continuation of our present project on le-modules, an algebraic structure moti-

vated by lattice modules over a multiplicative lattice. Our goal is to develop an “abstract submodule

theory” which will be capable to give insight about rings more directly. The system we choose is a

complete lattice M with a commutative and associative addition which is completely join distributive

and admits a module like left action of a commutative ring R with 1. Since we are taking left action

of a ring R not of the complete modular lattice of all ideals of R, we hope that influence of arithmetic

of R on M will be easier to understand. For further details and motivation for introducing le-modules

we refer to [7, 21].

In this article we introduce and study Zariski topology on the set Spec(M) of all prime submodule

elements of an le-module RM . It is well established that the Zariski topology on prime spectrum

is a very efficient tool to give geometric interpretation of the arithmetic in rings [2], [14], [26], [30],

[37] and modules [1], [5], [6], [12], [13], [23], [24], [25], [27]. Here we have extended several results on

Zariski topology in modules to le-modules.

In addition to this introduction, this article comprises six sections. In Section 2, we recall

definition of le-modules and various associated concepts from [7]. Also we discuss briefly on the

Zariski topology in rings and modules. Section 3, introduces Zariski topology τ ∗(M) on the set

Spec(M) of all prime submodule elements of an le-module RM , and proves the equivalence of a

different characterization of τ ∗(M) by the ideals of the ring R. Annihilator Ann(M) of an le-module

RM is defined so that it is an ideal of R. This induces a natural connection between Spec(M)

and Spec(R/Ann(M)). Section 4 establishes some basic properties of this natural connection. As a

consequence, we deduce that Spec(M) is connected if and only if 0 and 1 are the only idempotents
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of the ring R/Ann(M). Section 5 finds a base for the Zariski topology on Spec(M) consisting of

quasi-compact open sets. Section 6 characterizes irreducible closed subsets and generic points in

Spec(M) showing that these two notions are closely related. Section 7 proves the equivalence of a

number of different characterizations for Spec(M) to be spectral.

2 Preliminaries

Throughout the article, R stands for a commutative ring with 1. The cardinality of a set X will be

denoted by |X|.
First we recall the definition of an le-module and various associated concepts from [7]. Here by

an le-semigroup we mean (M,+,6, e) such that (M,≤) is a complete lattice, (M,+) is a commutative

monoid with the zero element 0M and for all m,mi ∈M, i ∈ I it satisfies m ≤ e and

(S) m+ (∨i∈Imi) = ∨i∈I(m+mi).

Let R be a ring and (M,+,6, e) be an le-semigroup. If there is a mapping R×M −→M which

satisfies

(M1) r(m1 +m2) = rm1 + rm2;

(M2) (r1 + r2)m 6 r1m+ r2m;

(M3) (r1r2)m = r1(r2m);

(M4) 1Rm = m; 0Rm = r0M = 0M ;

(M5) r(∨i∈Imi) = ∨i∈Irmi,

for all r, r1, r2 ∈ R and m,m1,m2,mi ∈M, i ∈ I then M is called an le-module over R. It is denoted

by RM or by M if it is not necessary to mention the ring R.

From (M5), we have,

(M5)′ m1 6 m2 ⇒ rm1 6 rm2, for all r ∈ R and m1,m2 ∈ M .

An element n of an le-module RM is said to be a submodule element if n+n, rn 6 n, for all r ∈ R.

We denote the set of all submodule elements of M by S(M). We call n ∈ S(M) proper if n 6= e.

Note that 0M = 0Rn 6 n, for every n ∈ S(M). Also for each n ∈ S(M), n+n 6 n = n+ 0M 6 n+n

shows that n + n = n, i.e., every submodule element of M is an idempotent. We define the sum of

the family {ni}i∈I of submodule elements in RM by:
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∑
i∈I ni = ∨{(ni1 + ni2 + · · ·+ nik) : k ∈ N, and i1, i2, · · · , ik ∈ I}.

Since RM is assumed to be complete,
∑

i∈I ni is well defined. It is easy to check that
∑

i∈I ni is a

submodule element of M .

If n is a submodule element in RM , then we denote

(n : e) = {r ∈ R : re 6 n}.

Then 0R ∈ (n : e) implies that (n : e) 6= ∅. One can check that (n : e) is an ideal of R. For submodule

elements n 6 l of an le-module RM , we have (n : e) ⊆ (l : e). Also if {ni}i∈I be an arbitrary family

of submodule elements in RM , then (∧i∈Ini : e) = ∩i∈I(ni : e).

We call (0M : e) the annihilator of RM . It is denoted by Ann(M). Thus

Ann(M) = {r ∈ R : re 6 0M}

= {r ∈ R : re = 0M}.

For an ideal I of R, we define

Ie = ∨{∑k
i=1 aie : k ∈ N; a1, a2, · · · , ak ∈ I}

Then Ie is a submodule element of M . Also for any two ideals I and J of R, I ⊆ J implies that

Ie 6 Je. The following result, proved in [7], is useful here.

Lemma 2.1. Let RM be an le-module and n ∈ S(M). Then for any ideal I of R, Ie 6 n if and only

if I ⊆ (n : e).

Now we recall some notions from rings and modules. An ideal P in a ring R is called prime if

for every a, b ∈ R, ab ∈ P implies that a ∈ P or b ∈ P . We denote the set of all prime ideals of a

ring R by XR or Spec(R). For every ideal I of R, we define

V R(I) = {P ∈ Spec(R) : I ⊆ P}, and

τ(R) = {XR \ V R(I) : I is an ideal of R}.

Then τ(R) is a topology on Spec(R), which is known as the Zariski topology on Spec(R). There

are many enlightening characterizations associating arithmetical properties of R and topological

properties of Spec(R) [30].

Let M be a left R-module. Then a proper submodule P of M is called a prime submodule if for

every for r ∈ R and n ∈ M , rn ∈ P implies that either n ∈ P or rM ⊆ P . We denote the set of all

prime submodules of M by Spec(M).
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For a submodule N of M , (N : M) = {r ∈ R : rM ⊆ N} is an ideal of R. There is a topology

τ(M) on Spec(M) such that the closed subsets are of the form

V (N) = {P ∈ Spec(M) : (N : M) ⊆ (P : M)}.

The topology τ(M) is called the Zariski topology on M . Associating arithmetic of a module over a

ring R with the geometry of the Zariski topology on M is an active area of research on modules [1],

[6], [12], [13], [23], [24], [25], [27].

The notion of prime submodule elements was introduced in [7], which extends prime submodules

of a module over a ring. A proper submodule element p of an le-module RM is said to be a prime

submodule element if for every r ∈ R and n ∈ M , rn 6 p implies that r ∈ (p : e) or n 6 p. The

prime spectrum of M is the set of all prime submodule elements of M and it is denoted by Spec(M)

or XM . For P ∈ Spec(R), we denote

SpecP (M) = {p ∈ Spec(M) : (p : e) = P}.

We also have the following relation between prime submodule elements of an le-module RM and

prime ideals of R.

Lemma 2.2. [7] If p is a prime submodule element of RM , then (p : e) is a prime ideal of R.

Also we refer to [4], [8] for background on commutative ring theory, to [9] for fundamentals on

topology and to [22] for details on multiplicative theory of ideals.

3 The Zariski topology on an le-module

In this section we give the definition and an alternative characterization of Zariski topology on the

prime spectrum Spec(M) of an le-module M . For any submodule element n of M , we consider two

different types of varieties V (n) and V ∗(n) defined by

V (n) = {p ∈ Spec(M) : n 6 p}; and

V ∗(n) = {p ∈ Spec(M) : (n : e) ⊆ (p : e)}.

Then V (n) ⊆ V ∗(n) for every submodule element n of M .

Proposition 3.1. Let RM be an le-module. Then

(i) V ∗(0M) = XM = V (0M);
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(ii) V ∗(e) = ∅ = V (e);

(iii) For an arbitrary family of submodule elements {ni}i∈I of M ,

(a) ∩i∈IV ∗(ni) = V ∗(
∑

i∈I(ni : e)e);

(b) ∩i∈IV (ni) = V (
∑

i∈I ni);

(iv) For any two submodule elements n and l of M ,

(a) V ∗(n) ∪ V ∗(l) = V ∗(n ∧ l);

(b) V (n) ∪ V (l) ⊆ V (n ∧ l).

Proof. (i) and (ii) are obvious. Also the proofs of (iii)(b) and (iv)(b) are similar to (iii)(a) and

(iv)(a) respectively. Hence we prove here only (iii)(a) and (iv)(a).

(iii)(a) Let p ∈ ∩i∈IV ∗(ni). Then (ni : e) ⊆ (p : e) implies that (ni : e)e 6 (p : e)e 6 p, for all i ∈ I.

Consequently
∑

i∈I(ni : e)e 6 p and so (
∑

i∈I(ni : e)e : e) ⊆ (p : e). Hence p ∈ V ∗(∑i∈I(ni : e)e)

and it follows that ∩i∈IV ∗(ni) ⊆ V ∗(
∑

i∈I(ni : e)e). Next let p ∈ V ∗(∑i∈I(ni : e)e). Then for any

j ∈ I, (nj : e) ⊆ ((nj : e)e : e) ⊆ (
∑

i∈I(ni : e)e : e) ⊆ (p : e) implies that p ∈ V ∗(nj) and so

V ∗(
∑

i∈I(ni : e)e) ⊆ ∩i∈IV ∗(ni). Thus ∩i∈IV ∗(ni) = V ∗(
∑

i∈I(ni : e)e).

(iv)(a) Now n ∧ l 6 n and n ∧ l 6 l implies that V ∗(n) ∪ V ∗(l) ⊆ V ∗(n ∧ l). Let p ∈ V ∗(n ∧ l).
Then (n ∧ l : e) ⊆ (p : e) implies that (n : e) ∩ (l : e) ⊆ (p : e). Since (p : e) is a prime

ideal, either (n : e) ⊆ (p : e) or (l : e) ⊆ (p : e). Hence p ∈ V ∗(n) ∪ V ∗(l) and it follows that

V ∗(n ∧ l) ⊆ V ∗(n) ∪ V ∗(l). Therefore V ∗(n) ∪ V ∗(l) = V ∗(n ∧ l).

Thus we see that the collection {V (n) | n is a submodule element of M} is not closed under

finite unions and hence fails to be the set of all closed subsets of any topology on XM . For any ideal

I, Ie is a submodule element of M . Now we see that the subcollection {V (Ie) | I is an ideal of R}
is closed under finite unions.

Lemma 3.2. Let RM be an le-module. Then for any ideals I and J in R,

(i) V (Ie) ∪ V (Je) = V ((I ∩ J)e) = V ((IJ)e);

(ii) V ∗(Ie) ∪ V ∗(Je) = V ∗((I ∩ J)e) = V ∗((IJ)e). In particular, V ∗(re) ∪ V ∗(se) = V ∗((rs)e) for

any r, s ∈ R.

Proof. (i) First I ∩ J ⊆ I implies that (I ∩ J)e 6 Ie and so V (Ie) ⊆ V ((I ∩ J)e). Similarly

V (Je) ⊆ V ((I ∩ J)e), and we have V (Ie) ∪ V (Je) ⊆ V ((I ∩ J)e). Also IJ ⊆ I ∩ J implies that

V ((I ∩ J)e) ⊆ V ((IJ)e). Now let p ∈ V ((IJ)e). Then (IJ)e 6 p implies that IJ ⊆ (p : e). Since
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(p : e) is a prime ideal, either I ⊆ (p : e) or J ⊆ (p : e). Then either Ie 6 (p : e)e 6 p or

Je 6 (p : e)e 6 p. Hence p ∈ V (Ie) ∪ V (Je) and it follows that V ((IJ)e) ⊆ V (Ie) ∪ V (Je). Thus

V (Ie) ∪ V (Je) ⊆ V ((I ∩ J)e) ⊆ V ((IJ)e) ⊆ V (Ie) ∪ V (Je). This completes the proof.

(ii) Similar.

We denote,

V(M) = {V (n) : n ∈ S(M)},

V∗(M) = {V ∗(n) : n ∈ S(M)},

V ′(M) = {V (Ie) : I is an ideal of R}.

From Proposition 3.1, it follows that there exists a topology, τ(M) say, on Spec(M) having V(M) as

the collection of all closed sets if and only if V(M) is closed under finite unions. In this case, we call

the topology τ(M) the quasi-Zariski topology on Spec(M). Also from Proposition 3.1, it is evident

that for any le-module RM there always exists a topology, τ ∗(M) say, on Spec(M) having V∗(M) as

the family of all closed sets. This topology τ ∗(M) is called the Zariski topology on Spec(M). In this

article we focus on the basic properties of the Zariski topology τ ∗(M). By Lemma 3.2, it follows that

V ′(M) induces a topology, τ ′(M) say, on Spec(M) for every le-module RM .

Now we study the interrelations among these three topologies τ(M), τ ∗(M) and τ ′(M).

Proposition 3.3. Let RM be an le-module and n, l ∈ S(M). If (n : e) = (l : e) then V ∗(n) = V ∗(l).

The converse is also true if both n and l are prime.

Proof. It follows from the definition of V ∗(n) that if (n : e) = (l : e) then V ∗(n) = V ∗(l).

Conversely suppose that V ∗(n) = V ∗(l) and both n and l are prime. Since n is prime, n ∈
V ∗(n) = V ∗(l) and so (l : e) ⊆ (n : e). Similarly (n : e) ⊆ (l : e) and hence (n : e) = (l : e).

Proposition 3.4. Let RM be an le-module, n be a submodule element of M and I be an ideal of R.

Then

(i) V ∗(n) = ∪P∈V R((n:e))SpecP (M);

(ii) V ∗(n) = V ∗((n : e)e) = V ((n : e)e);

(iii) V (Ie) = V ∗(Ie). In particular V (re) = V ∗(re) for every r ∈ R.

Proof. (i) Let p ∈ V ∗(n). Then (n : e) ⊆ (p : e) and so p ∈ ∪P∈V R((n:e))SpecP (M), since (p : e) itself

a prime ideal. Thus V ∗(n) ⊆ ∪P∈V R((n:e))SpecP (M). Also let p ∈ ∪P∈V R((n:e))SpecP (M). Then there
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exists a prime ideal P0 ∈ V R((n : e)) such that p ∈ SpecP0(M). This implies that (n : e) ⊆ P0 = (p :

e), i.e., p ∈ V ∗(n). Hence ∪P∈V R((n:e))SpecP (M) ⊆ V ∗(n). Therefore V ∗(n) = ∪P∈V R((n:e))SpecP (M).

(ii) Since (n : e)e 6 n, V ∗(n) ⊆ V ∗((n : e)e). Let p ∈ V ∗((n : e)e). Then ((n : e)e : e) ⊆ (p : e). Now

(n : e) ⊆ ((n : e)e : e) implies that (n : e) ⊆ (p : e) and so p ∈ V ∗(n). Thus V ∗((n : e)e) ⊆ V ∗(n)

and hence V ∗(n) = V ∗((n : e)e). Let p ∈ V ∗(n). Then (n : e) ⊆ (p : e) which implies that

(n : e)e 6 (p : e)e 6 p, i.e., p ∈ V ((n : e)e). Thus V ∗(n) ⊆ V ((n : e)e). Also let p ∈ V ((n : e)e).

Then (n : e)e 6 p implies ((n : e)e : e) ⊆ (p : e). Thus p ∈ V ∗((n : e)e) = V ∗(n) and hence

V ((n : e)e) ⊆ V ∗(n). Therefore V ∗(n) = V ((n : e)e) = V ∗((n : e)e).

(iii) The proof is omitted since it is easy to prove.

Theorem 3.5. For any le-module RM , the Zariski topology τ ∗(M) on Spec(M) is identical with

τ ′(M).

Proof. It is suffices to prove that V∗(M) = V ′(M). Let V ∗(n) be a closed set in V∗(M) for some

n ∈ S(M). Then by Proposition 3.4(ii), V ∗(n) = V ((n : e)e) = V (Ie), where (n : e) = I, an ideal

of R. Thus every closed set in V∗(M) is a closed set in V ′(M) and hence V∗(M) ⊆ V ′(M). Now let

V (Ie) be a closed set in V ′(M) for some ideal I of R. Again by Proposition 3.4(iii), V (Ie) = V ∗(Ie).

Since Ie is a submodule element of M , V (Ie) is a closed set in V∗(M). Thus V ′(M) ⊆ V∗(M).

Therefore V∗(M) = V ′(M).

An le-module M is called a top le-module if V(M) is closed under finite unions. Hence if M is

a top le-module, then τ(M) = {XM \ V (n) | n ∈ S(M)} becomes a topology on XM .

Clearly V ′(M) ⊆ V(M). Then by Theorem 3.5, V∗(M) = V ′(M) ⊆ V(M) and hence the

quasi-Zariski topology τ(M) on Spec(M) is finer than the Zariski topology τ ∗(M).

4 Relation between Spec(M) and Spec(R/Ann(M))

Let RM be an le-module. Then Ann(M) is an ideal of R, which allows us to consider the quotient ring

R = R/Ann(M). The image of every element r ∈ R and every ideal I of R such that Ann(M) ⊆ I

under the canonical epimorphism φ : R → R/Ann(M) will be denoted by r and I, respectively.

Then for every prime ideal P of R and Ann(M) ⊆ P , the ideal P is prime in R. Hence the mapping

ψ : XM → XR defined by

ψ(p) = (p : e) for every p ∈ XM
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is well defined. We call ψ the natural map on XM .

In this section we study relationship of XM and XR under the natural map. Here we are

interested in conditions under which ψ is injective, surjective, open, closed, and homeomorphic.

Proposition 4.1. For any le-module RM , the natural map ψ of XM is continuous for the Zariski

topologies; more precisely , ψ−1(V R(I)) = V (Ie) for every ideal I of R containing Ann(M).

Proof. Let I be an ideal of R containing Ann(M) and let p ∈ ψ−1(V R(I). Then there exists some

J ∈ V R(I) such that ψ(p) = J , i.e., (p : e)/Ann(M) = J/Ann(M). This implies that (p : e) = J ⊇ I

and so Ie 6 (p : e)e 6 p. Hence p ∈ V (Ie). Therefore ψ−1(V R(I)) ⊆ V (Ie). Now let q ∈ V (Ie).

Then I ⊆ (Ie : e) ⊆ (q : e) implies that I = I/Ann(M) ⊆ (q : e)/Ann(M) = (q : e). Hence

q ∈ ψ−1(V R(I)). Thus V (Ie) ⊆ ψ−1(V R(I)). Therefore ψ−1(V R(I)) = V (Ie).

Proposition 4.2. The following conditions are equivalent for any le-module RM :

(i) The natural map ψ : XM → XR is injective;

(ii) For every p, q ∈ XM , V ∗(p) = V ∗(q) implies that p = q;

(iii) |SpecP (M)| 6 1 for every P ∈ Spec(R).

Proof. (i) ⇒ (ii): Let V ∗(p) = V ∗(q). Then (p : e) = (q : e) which implies that (p : e)/Ann(M) =

(q : e)/Ann(M). Thus ψ(p) = ψ(q) and hence p = q, since ψ is injective.

(ii) ⇒ (iii): Let p, q ∈ SpecP (M), where P ∈ Spec(R). Then (p : e) = P = (q : e) which implies

that V ∗(p) = V ∗(q). Hence p = q, by (ii).

(iii)⇒ (i): Let p, q ∈ XM be such that ψ(p) = ψ(q). Then (p : e)/Ann(M) = (q : e)/Ann(M). This

implies that (p : e) = (q : e) = P , say. Thus p, q ∈ SpecP (M) and so p = q, by (iii). Therefore ψ is

injective.

Theorem 4.3. Let RM be an le-module and ψ : XM → XR be the natural map of XM . If ψ is

surjective, then ψ is both closed and open. More precisely, for every n ∈ S(M), ψ(V ∗(n)) = V R(n : e)

and ψ(XM − V ∗(n)) = XR − V R(n : e).

Proof. By the Proposition 4.1, we have ψ is a continuous map and ψ−1(V R(I)) = V (Ie), for every

ideal I of R containing Ann(M). Thus for every n ∈ S(M), ψ−1(V R(n : e)) = V ((n : e)e) = V ∗(n).

This implies that ψ(V ∗(n)) = ψoψ−1(V R(n : e)) = V R(n : e), since ψ is surjective. Similarly ψ(XM−
V ∗(n)) = ψ(ψ−1(XR) − ψ−1(V R(n : e))) = ψ(ψ−1(XR − V R(n : e))) = ψoψ−1(XR − V R(n : e)) =

XR − V R(n : e). Thus ψ is both closed and open.
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Corollary 4.4. Let RM be an le-module and ψ : XM → XR be the natural map of XM . Then ψ is

bijective if and only if ψ is homeomorphic.

A commutative ring R with 1 is said to be a quasi-local ring if it has a unique maximal ideal.

Theorem 4.5. Let RM be an le-module and ψ : XM → XR be the surjective natural map of XM .

Then the following statements are equivalent:

(i) XM = Spec(M) is connected;

(ii) XR = Spec(R) is connected;

(iii) The ring R contains no idempotent other than 0 and 1.

Consequently, if either R is a quasi-local ring or Ann(M) is a prime ideal of R, then both XM and

XR are connected.

Proof. (i)⇒ (ii): From Proposition 4.1, we have that ψ is a continuous map. Then (ii) follows from

the fact that ψ is surjective and continuous image of a connected space is connected.

(ii) ⇒ (i): Let XR be connected. If possible assume that XM is disconnected. Then XM must

contain a non-empty proper subset Y which is both open and closed. By Theorem 4.3, ψ(Y ) is a

non-empty subset of XR that is both open and closed. We assert that ψ(Y ) is a proper subset of

XR. Since Y is open, Y = XM − V ∗(n) for some submodule element n of M . Then by Theorem

4.3, ψ(Y ) = ψ(XM − V ∗(n)) = XR − V R(n : e). Therefore, if ψ(Y ) = XR, then V R(n : e) = ∅.
Now suppose that (n : e) 6= R. Then (n : e) is a proper ideal of R and so contained in a maximal

ideal, say P of R, which is also a prime ideal of R. Thus (n : e) ⊆ P and hence P ∈ V R(n : e), i.e.,

V R(n : e) 6= ∅, a contradiction. Thus (n : e) = R, i.e., n = e. This implies that Y = XM − V ∗(n) =

XM − V ∗(e) = XM , which is an absurd since Y is a proper subset of XM . Thus ψ(Y ) is a proper

subset of XR and hence XR is disconnected, a contradiction. Therefore XM = Spec(M) is connected.

The equivalence of (ii) and (iii) is well-known [8].

5 A base for the Zariski topology on Spec(M)

For any element r of a ring R, the set Dr = XR−V R(rR) is open in XR and the family {Dr : r ∈ R}
forms a base for the Zariski topology on XR. Each Dr, in particular D1 = XR is known to be

quasi-compact. In [23], Chin-Pi Lu introduced a base for the Zariski topology on Spec(M) for any

R-module M , which is similar to that on XR. In this section, we introduce a base for the Zariski

topology on XM for any le-module RM .
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For each r ∈ R we define,

Xr = XM − V ∗(re).

Then every Xr is an open set in XM . Note that X0 = ∅ and X1 = XM .

Proposition 5.1. Let RM be an le-module with the natural map ψ : XM → XR and r ∈ R. Then

(i) ψ−1(Dr) = Xr; and

(ii) ψ(Xr) ⊆ Dr; the equality holds if ψ is surjective.

Proof. (i) ψ−1(Dr) = ψ−1(XR−V R(rR)) = ψ−1(XR)−ψ−1(V R(rR)) = ψ−1(V R(0))−ψ−1(V R(rR)) =

V (0M)− V (rRe) = XM − V (re) = XM − V ∗(re) = Xr, by Proposition 4.1 and Proposition 3.4(iii).

(ii) It follows from (i).

Now we have a useful lemma which will be used in the next theorem:

Lemma 5.2. Let RM be an le-module.

(i) For every r, s ∈ R, Xrs = Xr ∩Xs.

(ii) For any ideal I in R, V ∗(Ie) = ∩a∈IV ∗(ae).

Proof. (i) Xrs = XM − V ∗((rs)e) = XM − (V ∗(re) ∪ V ∗(se)) = (XM − V ∗(re)) ∩ (XM − V ∗(se)) =

Xr ∩Xs, by Lemma 3.2(ii).

(ii) Let p ∈ V ∗(Ie). Then (Ie : e) ⊆ (p : e). Now for all a ∈ I, ae 6 Ie implies that (ae : e) ⊆ (Ie :

e) ⊆ (p : e). Thus p ∈ V ∗(ae) for all a ∈ I and so p ∈ ∩a∈IV ∗(ae). Hence V ∗(Ie) ⊆ ∩a∈IV ∗(ae).
Also let p ∈ ∩a∈IV ∗(ae). Then for all a ∈ I, p ∈ V ∗(ae) = V (ae), by Proposition 3.4, which implies

that ae 6 p. Thus for any k ∈ N and a1, a2, · · · , ak ∈ I, a1e + a2e + · · · + ake 6 p and hence

Ie 6 p. Then (Ie : e) ⊆ (p : e) and so p ∈ V ∗(Ie). Hence ∩a∈IV ∗(ae) ⊆ V ∗(Ie). Therefore

V ∗(Ie) = ∩a∈IV ∗(ae).

Theorem 5.3. Let RM be an le-module. Then the set B = {Xr : r ∈ R} forms a base for the Zariski

topology on XM which may be empty.

Proof. If XM = ∅, then B = ∅ and theorem is trivially true in this case. Let XM 6= ∅ and U be

an any open set in XM . Then U = XM − V ∗(Ie) for some ideal I of R, since V∗(M) = V ′(M) =

{V ∗(Ie) = V (Ie) : I is an ideal of R}, by Proposition 3.4. By above lemma V ∗(Ie) = ∩a∈IV ∗(ae).
Hence U = XM − V ∗(Ie) = XM − ∩a∈IV ∗(ae) = ∪a∈I(XM − V ∗(ae)) = ∪a∈IXa. Thus B is a base

for the Zariski topology on XM .
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A topological space T is called quasi-compact if every open cover of T has a finite subcover.

Every finite space is quasi-compact, and more generally every space in which there is only a finite

number of open sets is quasi-compact. A subset Y of a topological space T is said to be quasi-compact

if the subspace Y is quasi-compact. By a quasi-compact open subset of T we mean an open subset of

T which is quasi-compact. To avoid ambiguity, we would like to mention that a compact topological

space is a quasi-compact Hausdorff space. Quasi-compact spaces are of use mainly in applications

of topology to algebraic geometry and are seldom featured in other mathematical theories, where on

the contrary compact spaces play an important role in different branches of mathematics. To keep

uniformity in terminology we continue with the term quasi-compact.

Theorem 5.4. Let RM be an le-module and the natural map ψ : XM → XR is surjective. Then the

following statements hold:

(i) The open set Xr in XM for each r ∈ R is quasi-compact. In particular, the space XM is quasi-

compact.

(ii) The quasi-compact open sets of XM are closed under finite intersection and form an open base.

Proof. (i) Since B = {Xr : r ∈ R} forms a base for the zariski topology on XM by Theorem 5.3, for

any open cover of Xr, there is a family {rλ : λ ∈ Λ} of elements of R such that Xr ⊆ ∪λ∈ΛXrλ . By

Proposition 5.1(ii), Dr = ψ(Xr) ⊆ ∪λ∈Λψ(Xrλ) = ∪λ∈ΛDrλ . Since Dr is quasi-compact, there exists

a finite subset Λ′ of Λ such that Dr ⊆ ∪λ∈Λ′Drλ . Hence Xr = ψ−1(Dr) ⊆ ∪λ∈Λ′Xrλ , by Proposition

5.1(i). Thus for each r ∈ R, Xr is quasi-compact.

(ii) To prove the theorem it suffices to prove that the intersection of two quasi-compact open sets of

XM is a quasi-compact set. Let C = C1∩C2, where C1, C2 are quasi-compact open sets of XM . Since

B = {Xr : r ∈ R} is an open base for the Zariski topology on XM , each Ci, i = 1, 2, is a finite union

of members of B. Then by Lemma 5.2, it follows that C is also a finite union of members of B. Let

C = ∪ni=1Xri and let Ω be any open cover of C. Then Ω also covers each Xri which is quasi-compact

by (i). Hence each Xri has a finite subcover of Ω and so does C. Thus C is quasi-compact. The

other part of the theorem follows from the existence of the open base B.

6 Irreducible closed subsets and generic points

For each subset Y of XM , we denote the closure of Y in Zariski topology on XM by Y , and meet of

all elements of Y by =(Y ), i.e. =(Y ) = ∧p∈Y p. One can check that =(Y ) is a submodule element of
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M . For each subset Y of Spec(R), we denote the intersection ∩P∈Y P of all elements of Y by =R(Y )

Proposition 6.1. Let RM be an le-module and Y ⊆ XM . Then V ∗(=(Y )) = Y . Hence Y is closed

if and only if V ∗(=(Y )) = Y .

Proof. To prove the result it is sufficient to prove that V ∗(=(Y )) is the smallest closed subset of

XM containing Y . Now for all p ∈ Y , =(Y ) = ∧p∈Y p 6 p implies that (=(Y ) : e) ⊆ (p : e),

i.e., p ∈ V ∗(=(Y )). Hence Y ⊆ V ∗(=(Y )). Now let V ∗(n) be any closed subset of XM such that

Y ⊆ V ∗(n). Then for every p ∈ Y , (n : e) ⊆ (p : e) and so (n : e) ⊆ ∩p∈Y (p : e) = (∧p∈Y p : e) =

(=(Y ) : e). Also let q ∈ V ∗(=(Y )). Then (n : e) ⊆ (=(Y ) : e) ⊆ (q : e) implies that q ∈ V ∗(n). Thus

V ∗(=(Y )) ⊆ V ∗(n). Therefore V ∗(=(Y )) = Y .

For an le-module RM , we denote Φ = {(p : e)|p ∈ XM}. Then Φ ⊆ XR, by Lemma 2.2. We say

P is a maximal element of Φ if for any Q ∈ Φ, P ⊆ Q implies that P = Q. Recall that a topological

space is a T1-space if and only if every singleton subset is closed.

Proposition 6.2. Let RM be an le-module and p ∈ XM . Then

(i) {p} = V ∗(p);

(ii) For any q ∈ XM , q ∈ {p} if and only if (p : e) ⊆ (q : e) if and only if V ∗(q) ⊆ V ∗(p);

(iii) The set {p} is closed in XM if and only if

(a) P = (p : e) is a maximal element of Φ, and

(b) SpecP (M) = {p}, i.e., |SpecP (M)| = 1;

(iv) Spec(M) is a T1-space if and only if

(a) P = (p : e) is a maximal element of Φ for every p ∈ XM , and

(b) |SpecP (M)| 6 1 for every P ∈ Spec(R).

Proof. (i) It follows from Proposition 6.1 by taking Y = {p}.
(ii) It is an obvious result of (i).

(iii) Let {p} be closed in XM . Then by (i), {p} = V ∗(p). To show P = (p : e) is a maximal element

of Φ, let Q ∈ Φ be such that P ⊆ Q. Since Q ∈ Φ there is a prime submodule element q of XM

such that (q : e) = Q. Then (p : e) ⊆ (q : e) which implies that q ∈ V ∗(p) = {p}. Thus p = q and

so P = Q. For (ii) suppose that q be any element of SpecP (M). Then (q : e) = P = (p : e) implies

that q ∈ V ∗(p) = {p} and hence q = p.
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Conversely, we assume that the conditions (a) and (b) hold. Let q ∈ V ∗(p). Then (p : e) ⊆ (q : e)

and so P = (p : e) = (q : e), by (a). Now (b) implies that p = q, i.e., V ∗(p) ⊆ {p}. Also {p} ⊆ V ∗(p).

Thus {p} = V ∗(p), i.e., {p} is closed in XM by (i).

(iv) Note that (b) is equivalent to that |SpecP (M)| = 1 for every P ∈ Φ. Thus, by (iii), it follows

that {p} is closed in XM for every p ∈ XM . Hence XM is a T1-space.

A topological space T is called irreducible if for every pair of closed subsets T1, T2 of T ,

T = T1∪T2 implies T = T1 or T = T2. A subset Y of T is irreducible if it is irreducible as a subspace

of T . By an irreducible component of a topological space T we mean a maximal irreducible subset

of T . Also if a subset Y of a topological space T is irreducible, then its closure Y is so. Since every

singleton subset of XM is irreducible, its closure is also irreducible. Now by Proposition 6.2(i), we

have the following result:

Corollary 6.3. V ∗(p) is an irreducible closed subset of XM for every prime submodule element p of

an le-module RM .

From Proposition 6.2(i) and from the fact that XM is T0 if and only if the closures of distinct

points in XM are distinct, the following result is immediate.

Corollary 6.4. The following conditions are equivalent for any le-module RM :

(i) XM is a T0-space;

(ii) For every p, q ∈ XM , V ∗(p) = V ∗(q) implies that p = q.

It is well known that a subset Y of Spec(R) for any ring R is irreducible if and only if =R(Y )

is a prime ideal of R [8]. Let M be a left R-module. Then a subset Y of Spec(M) is irreducible if

=M(Y ) = ∩P∈Y P is a prime submodule of M , but the converse is not true in general [23]. In the

following result we show that the situation in an le-module RM is similar to the modules over a ring.

Interestingly, the converse of this result in an le-module RM is directly associated with the ring R.

Proposition 6.5. Let RM be an le-module and Y ⊆ XM . If =(Y ) is a prime submodule element of

M then Y is irreducible. Conversely, if Y is irreducible then Ψ = {(p : e)|p ∈ Y } is an irreducible

subset of Spec(R), i.e., =R(Ψ) = (=(Y ) : e) is a prime ideal of R.

Proof. Let =(Y ) be a prime submodule element of M . Then by Corollary 6.3, V ∗(=(Y )) = Y

is irreducible and hence Y is irreducible. Conversely, suppose that Y is irreducible. Since ψ is

continuous by Proposition 4.1, the image ψ(Y ) of Y under the natural map ψ of XM is an irreducible

14AC
CE

PT
ED

M
AN

US
CR

IP
TAccepted manuscript to appear in JAA

J.
 A

lg
eb

ra
 A

pp
l. 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 K
IN

G
`S

 C
O

L
L

E
G

E
 L

O
N

D
O

N
 M

A
U

G
H

A
N

 L
IB

R
A

R
Y

 &
 I

N
FO

R
M

A
T

IO
N

 S
E

R
V

IC
E

S 
C

E
N

T
R

E
 (

IS
C

) 
- 

JO
U

R
N

A
L

 S
E

R
V

IC
E

S 
on

 0
7/

22
/2

0.
 R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.



subset of XR. Hence =R(ψ(Y )) = (=(Y ) : e) is a prime ideal of XR. Thus =R(Ψ) = (=(Y ) : e) is a

prime ideal of R so that Ψ is an irreducible subset of Spec(R).

Also we have some other characterization of the irreducible subsets of XM .

Proposition 6.6. Let RM be an le-module. Then the following statements hold:

(i) If Y = {pi|i ∈ I} is a family of prime submodule elements of M which is totally ordered by

“6”, then Y is irreducible in XM .

(ii) If SpecP (M) 6= ∅ for some P ∈ Spec(R), then

(a) SpecP (M) is irreducible, and

(b) SpecP (M) is an irreducible closed subset of XM if P is a maximal ideal of R.

(iii) Let Y ⊆ XM be such that (=(Y ) : e) = P is a prime ideal of R. Then Y is irreducible if

SpecP (M) 6= ∅.

Proof. (i) It is suffices to show that =(Y ) = ∧i∈Ipi is a prime submodule element. Let r ∈ R and

n ∈ M be such that n � =(Y ) and r /∈ (=(Y ) : e) = (∧i∈Ipi : e) = ∩i∈I(pi : e). Then there exists l

and k such that n � pl and r /∈ (pk : e). Since Y is totally ordered, either pl 6 pk or pk 6 pl. Let

pl 6 pk. Then r /∈ (pl : e) and n � pl implies that rn � pl, since pl is a prime submodule element.

Thus rn � ∧i∈Ipi = =(Y ). Hence =(Y ) is a prime submodule element.

(ii) Let SpecP (M) 6= ∅ for some P ∈ Spec(R). Then =(SpecP (M)) is a proper submodule element

of M .

(a) Assume that r ∈ R and n ∈ M be such that rn 6 =(SpecP (M)) and n 
 =(SpecP (M)).

Since n 
 =(SpecP (M)), there exists p ∈ XM with (p : e) = P such that n 
 p. Now rn 6
=(SpecP (M)) 6 p and n 
 p implies that re 6 p, since p is a prime submodule element. Thus

r ∈ (p : e) = P = (=(SpecP (M)) : e). Therefore =(SpecP (M)) is a prime submodule element and

hence SpecP (M) is irreducible.

(b) We prove that SpecP (M) = V ∗(Pe) so that SpecP (M) is closed. Let q ∈ SpecP (M). Then

(q : e) = P ⊆ (Pe : e). Since P is a maximal ideal of R, (Pe : e) = P = (q : e), and so q ∈ V ∗(Pe).
Thus SpecP (M) ⊆ V ∗(Pe). Also let q ∈ V ∗(Pe). Then P ⊆ (Pe : e) ⊆ (q : e) which implies that

(q : e) = P , since P is a maximal ideal. Thus q ∈ SpecP (M) and hence V ∗(Pe) ⊆ SpecP (M).

Therefore SpecP (M) = V ∗(Pe).

(iii) Let p be any element of SpecP (M). Then (p : e) = P = (=(Y ) : e) which implies that

V ∗(p) = V ∗(=(Y )) = Y , by Proposition 6.1. Thus Y is irreducible and hence Y is irreducible.
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Let Y be a closed subset of a topological space T . An element y ∈ Y is called a generic point of

Y if Y = {y}. Proposition 6.2(i) shows that every prime submodule element p of M is a generic point

of the irreducible closed subset V ∗(p) in XM . Now we prove that every irreducible closed subset of

XM has a generic point.

Theorem 6.7. Let RM be an le-module and the natural map ψ : XM → XR be surjective. Then the

following statements hold.

(i) Then Y ⊆ XM is an irreducible closed subset of XM if and only if Y = V ∗(p) for some p ∈ XM .

Every irreducible closed subset of XM has a generic point.

(ii) The correspondence p 7→ V ∗(p) is a surjection of XM onto the set of irreducible closed subsets

of XM .

(iii) The correspondence V ∗(p) 7→ (p : e) is a bijection of the set of irreducible components of XM

onto the set of minimal prime ideals of R.

Proof. (i) Let Y be an irreducible closed subset of XM . Then Y = V ∗(n) for some submodule

element n of M . By Proposition 6.5, we have (=(V ∗(n)) : e) = (=(Y ) : e) = P is a prime ideal of R.

Then P/Ann(M) ∈ XR. Since ψ is surjective, there exists a prime submodule element p of XM such

that ψ(p) = P/Ann(M), i.e., (p : e)/Ann(M) = P/Ann(M) and hence (p : e) = P = (=(V ∗(n)) : e).

Therefore V ∗(=(V ∗(n))) = V ∗(p). Since V ∗(n) is closed, V ∗(=(V ∗(n))) = V ∗(p) implies V ∗(n) =

V ∗(p), by Proposition 6.1. Thus Y = V ∗(n) = V ∗(p).

Converse part follows from Corollary 6.3.

Now it follows from V ∗(p) = {p} that every irreducible closed subset of XM has a generic point.

(ii) Follows from (i).

(iii) First assume that V ∗(p) is an irreducible component of XM . Then V ∗(p) is maximal in the set

{V ∗(q) : q ∈ XM}. Clearly (p : e) is a prime ideal of R. To show (p : e) is minimal let P be a prime

ideal of R such that P ⊆ (p : e). Then P ⊆ (p : e). Since ψ is surjective there exists q ∈ XM such

that ψ(q) = P , i.e., (q : e) = P . Therefore (q : e) = P ⊆ (p : e) and hence V ∗(p) ⊆ V ∗(q). Since

V ∗(p) is maximal in the set {V ∗(q) : q ∈ XM}, V ∗(p) = V ∗(q). Thus (p : e) = (q : e) = P and so

P = (p : e).

Next let P be a minimal prime ideal of R. Since ψ is surjective there exists p ∈ XM such that

(p : e) = P . From Corollary 6.3, V ∗(p) is an irreducible subset of XM . Now let q ∈ XM be such

that V ∗(p) ⊆ V ∗(q). Then (q : e) ⊆ (p : e) = P which implies that (q : e) ⊆ P . Since P is minimal,
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(q : e) = P . Thus (q : e) = P = (p : e) and so V ∗(p) = V ∗(q). Therefore V ∗(p) is an irreducible

component of XM . This completes the proof.

7 XM as a spectral space

A topological space T is called spectral if it is T0, quasi-compact, the quasi-compact open subsets

of T are closed under finite intersection and form an open basis, and each irreducible closed subset

of T has a generic point. Importance of spectral topological space is that a topological space T is

homeomorphic to Spec(R) for some commutative ring R if and only if T is spectral. Any closed

subset of a spectral topological space with the induced topology is spectral.

From Theorem 5.4 and Theorem 6.7(i), it follows that XM satisfies all the conditions to be a

spectral space except being T0.

Now we have the following equivalent characterizations for XM to be spectral.

Theorem 7.1. Let RM be an le-module and the natural map ψ : XM → XR be surjective. Then the

following conditions are equivalent:

(i) XM is a spectral space;

(ii) XM is a T0-space;

(iii) For every p, q ∈ XM , V ∗(p) = V ∗(q) implies that p = q;

(iv) |SpecP (M)| 6 1 for every P ∈ Spec(R);

(v) ψ is injective;

(vi) XM is homeomorphic to XR.

Proof. Equivalence of (ii) and (iii) follows from Corollary 6.4, equivalence of (iii), (iv) and (v) follows

from Proposition 4.2 and equivalence of (v) and (vi) follows from Corollary 4.4.

(i)⇒ (ii): It follows from the definition of spectral space.

(ii)⇒ (i): This follows from Theorem 5.4 and Theorem 6.7(i).

An le-module RM is called a multiplication le-module if every submodule element n of M can

be expressed as n = Ie, for some ideal I of R. Let n be a submodule element of a multiplication

le-module RM . Then there exists an ideal I of R such that n = Ie. For each k ∈ N and ai ∈ (n : e),

we have
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a1e+ a2e+ · · ·+ ake 6 n+ n+ · · ·+ n(k times) = n

Hence (n : e)e 6 n. Also n = Ie implies I ⊆ (n : e) which implies that n = Ie 6 (n : e)e. Thus

(n : e)e = n.

Theorem 7.2. Let RM be a multiplication le-module and the natural map ψ : XM → XR be surjec-

tive. Then XM is a spectral space.

Proof. First we show that XM is T0. Let l and n be two distinct elements of XM . If possible let

V ∗(l) = V ∗(n). Then (l : e) = (n : e) which implies that l = (l : e)e = (n : e)e = n, a contradiction.

Thus {l} = V ∗(l) 6= V ∗(n) = {n}, by Proposition 6.2(i). Hence XM is T0. Thus the theorem follows

from Theorem 5.4 and Theorem 6.7(i).

Thus assuming surjectivity of the natural map ψ : XM −→ XR gives us several equivalent

characterizations for XM to be spectral. In other words, surjectivity of ψ is a very strong condition

to imply that XM is spectral. Now we prove some conditions for XM to be spectral, which do not

assume surjectivity of the natural map ψ : XM −→ XR.

Theorem 7.3. Let RM be an le-module and ψ : XM −→ XR be the natural map of XM such that the

image Im ψ of ψ is a closed subset of XR. Then XM is a spectral space if and only if ψ is injective.

Proof. Set Y = Im ψ, Since XR is a spectral space and Y is a closed subset of XR, Y is spectral

for the induced topology. Suppose that ψ is injective. Then ψ : XM → Y is a bijection and by

Proposition 4.1, ψ : XM → Y is continuous. Now we show that ψ is closed. Let V ∗(n) be a closed

subset of XM for some submodule element n of M . Then Y ′ = Y ∩ V R((n : e)) is a closed subset of

Y . Also ψ−1(Y ′) = ψ−1(Y ∩ V R((n : e))) = ψ−1(Y ) ∩ ψ−1(V R((n : e))) = XM ∩ ψ−1(V R((n : e))) =

ψ−1(V R((n : e))) = V ((n : e)e) = V ∗(n) by Proposition 4.1. Since ψ : XM → Y is surjective,

ψ(V ∗(n)) = ψ(ψ−1(Y ′)) = Y ′, a closed subset of Y . Thus ψ : XM → Y is a homeomorphism and

hence XM is a spectral space. Conversely, let XM be a spectral space. Then XM is a T0-space and

so ψ is injective by Corollary 6.4 and Proposition 4.2.

Theorem 7.4. Let RM be an le-module such that Spec(M) = XM is a non-empty finite set. Then

XM is a spectral space if and only if |SpecP (M)| 6 1 for every P ∈ Spec(R).

Proof. The finiteness of |XM | implies that XM is quasi-compact and the quasi-compact open subsets

of XM are closed under finite intersection and forms an open base. We show that every irreducible
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closed subset of XM has a generic point. Let Y = {p1, p2, · · · , pn} be an irreducible closed subset

of XM . Then Y = Y = V ∗(=(Y )) = V ∗(p1 ∧ p2 ∧ · · · ∧ pn) = V ∗(p1) ∪ V ∗(p2) ∪ · · · ∪ V ∗(pn) =

{p1} ∪ {p2} ∪ · · · ∪ {pn}. Since Y is irreducible, Y = {pi} for some i. Therefore by Hochster‘s

characterization of spectral spaces, XM is a spectral space if and only if XM is a T0-space. Hence by

Corollary 6.4 and Proposition 4.2, it follows that XM is a spectral space if and only if |SpecP (M)| 6 1

for every P ∈ Spec(R).
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Robustness analysis of machine learning classifiers in
predicting spatial gully erosion susceptibility with altered
training samples
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Information Technology, University of Technology Sydney, NSW, Australia; Department of Energy
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Department of Civil Engineering, Faculty of Engineering and Built Environment, Universiti
Kebangsaan Malaysia, UKM Bangi, Selangor, Malaysia; Department of Geology & Geophysics, College
of Science, King Saud University, Riyadh, Saudi Arabia

ABSTRACT
The present research intended to assess the robustness of three
popular machine learning models, i.e. random forest (RF), boosted
regression tree (BRT) and naïve bayes (NB) in spatial gully erosion
susceptibility modelling in Jainti River basin, India. A gully inven-
tory map of 208 gullies was prepared through field survey and
Google earth imageries. Following the 70/30 ratio, three randomly
sampled groups of altered training and validation gully sets G1,
G2 and G3 were prepared for modelling gully erosion susceptibil-
ity. Using information gain ratio and multi-collinearity analysis, 14
gully conditioning factors (GCF) were selected. The discrimination
ability and reliability of the models were measured through
Kappa coefficient, efficiency, receiver operating characteristic
curve, root-mean-square-error (RMSE) and mean-absolute-error
(MAE). The stability of the machine learning models was esti-
mated by comparing the accuracy statistics and the departure in
areal outcomes among intra-model and inter-model. RF model
was found as the most consistent. With the highest mean AUC
(0.903), efficiency (91.17), Kappa coefficient (0.835) and lowest
RMSE (0.192) and MAE (0.081), RF was found to be more consist-
ent when the training and validation data sets were altered. The
effectiveness of each input GCFs was determined using map
removal sensitivity analysis technique. This study could be sup-
portive in ascertaining model deployment for mapping gully ero-
sion and managing the land resource.
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Measuring�landslide�vulnerability�
status�of�Chukha,�Bhutan�using�
deep�learning�algorithms
Sunil�Saha1,�Raju�Sarkar2*,�Jagabandhu�Roy1,�Tusar�Kanti�Hembram3,�Saroj�Acharya4,�
Gautam�Thapa5�&�Dowchu�Drukpa6

Landslides�are�major�natural�hazards�that�have�a�wide�impact�on�human�life,�property,�and�natural�
environment.�This�study�is�intended�to�provide�an�improved�framework�for�the�assessment�of�landslide�
vulnerability�mapping�(LVM)�in�Chukha�Dzongkhags�(district)�of�Bhutan.�Both�physical�(22�nos.)�and�
social�(9�nos.)�conditioning�factors�were�considered�to�model�vulnerability�using�deep�learning�neural�
network�(DLNN),�artiƤcial�neural�network�(ANN)�and�convolution�neural�network�(CNN)�approaches.�
Selection�of�the�factors�was�conceded�by�the�collinearity�test�and�information�gain�ratio.�Using�Google�
Earth�images,�oƥcial�data,�and�Ƥeld�inquiry�a�total�of�350�(present�and�historical)�landslides�were�
recorded�and�training�and�validation�sets�were�prepared�following�the�70:30�ratio.�Nine�LVMs�were�
produced�i.e.�a�landslide�susceptibility�(LS),�one�social�vulnerability�(SV)�and�a�relative�vulnerability�
(RLV)�map�for�each�model.�The�performance�of�the�models�was�evaluated�by�area�under�curve�(AUC)�
of�receiver�operating�characteristics�(ROC),�relative�landslide�density�index�(R-index)�and�diơerent�
statistical�measures.�The�combined�vulnerability�map�of�social�and�physical�factors�using�CNN�(CNN-
RLV)�had�the�highest�goodness-of-Ƥt�and�excellent�performance�(AUC�=�0.921,�0.928)�followed�by�
DLNN�and�ANN�models.�This�approach�of�combined�physical�and�social�factors�create�an�appropriate�
and�more�accurate�LVM�that�may—support�landslide�prediction�and�management.

Among the numerous natural hazards, landslides are considered to be one of the biggest, as they can cause tre-
mendous loss of life and property as well as aČect the natural ecosystem. Now attention is being shięed towards 
the issue of landslides, as increasing developmental works in the Himalayan areas are taking  place1. će Hima-
layan region’s tectonic fragility is already illustrated, with an overabundance of literature focusing on the broad 
scale and few on the micro-scale. Being a part of this region, Bhutan has long been known as a place sensitive to 
natural disasters, such as  landslides2. ćerefore, the need for micro-scale study i.e. province-wise study in Bhutan 
can be fruitful to act locally viz. the present analysis.

In recent decades, the most suitable way to tackle this hazardous event is the spatial assessment of vulnerability 
to  landslides3,4. Assessment of geomorphological, geological, tectonic, climate, vegetation, and land practices may 
help in identifying the area susceptible and vulnerable to  landslides5,6. će occurrence of landslides is a natural 
phenomenon but man-made processes are one of the causes of vulnerability to landslides, which makes it diďcult 
to predict the spatial and temporal occurrence of  landslides7. In this connection, landslide vulnerability maps 
(LVMs) may be used as the primary method to classify the high-risk zones which are prone to landslides and 
also help in identifying the variables responsible for the occurrence of  landslides8. Presently, with the develop-
ment of various tools, hardware, and availability of data, it has become easy to produce landslide susceptibility 
and vulnerability  maps9.

In spatial landslide modelling, the terms "susceptibility" and "vulnerability" are oęen used interchangeably; 
however, "susceptibility" oęen points to causes intrinsic to physical predisposition (e.g., structural and topo-
graphical), while "vulnerability" oęen corresponds to external inĘuences along with causes intrinsic to physical 
predisposition (e.g., anthropogenic exposure)10. Most of the previous landslide studies have not considered 
the “vulnerability” aspect rather those have modelled the “susceptibility”. ćerefore, another exclusivity of the 
present work also lies in it. According to the report (May 2010) of XVIth SAARC (će South Asian Association 
of Regional Cooperation) summit hosted by the Royal Government of Bhutan, several social factors are also 
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Abstract

Landslide is a big problem in the mountainous region all over the world. Sikkim Himalayan region is also suffering from landslide
problem. This study’s main objective was to generate landslide susceptibility map (LSM) considering the hybrid ensemble of machine
learning approaches using different sample ratios. Random Forest (RF) as the base classifier an ensemble with bagging, Rotation Forest
(RTF), and Random Subspace (RS) Meta classifiers were used for spatial landslide modeling. First, collected 86 landslides locations
through field investigation and from Sikkim district disaster office were mapped as a landslide inventory. Collected landslide locations
were categorized into training and testing datasets randomly using four sample ratios (50:50, 60:40, 70:30 and 80:20). Based on the four
sampling ratios and fifteen conditioning factors, a total of sixteen LSMs were prepared using RF, Bagging-RF (B-RF), RTF-RF and RS-
RF in GIS platform. For assessing the modeling accuracy and comparison among these, the area under the receiver operating charac-
teristics (AUROC) and other statistical methods such as root-mean-square-error (RMSE), mean-absolute-error (MAE) and R-index
methods were used. The overall proficiency of RS-RF (AUC = 0.871, 0.847 of 50%:50%, AUC = 0.925, 0.931 of 60%:40%,
AUC = 0.933, 0.939 of 70%:30%; AUC = 0.927, 0.933 of 80%:20%) was found to be substantially greater than the results of RF, B-
RF, and RTF-RF. The RS-RF model and 70:30 sample ratio had the highest goodness-of-fit and accuracy as per the RMSE, MAE,
and R-index methods. Furthermore, the model based on RS-RF is a promising and acceptable way of mapping regional landslides.

2021 COSPAR. Published by Elsevier B.V. All rights reserved.

Keywords: Landslide susceptibility; GIS; Meta classifier; Ensemble machine learning; East Sikkim Himalaya

1. Introduction

Himalayan region of India is the most natural hazard
zone, affected by landslides and earthquakes. Approxi-

mately 80% of landslides in India occur in this area
(Onagh et al., 2012). Sikkim is the part of the Himalaya
where landslide is a reoccurring problem. This area is fre-
quently affected by the landslide every year due to heavy
rainfall during the monsoon time (Roy et al., 2019).
Recently, landslides have increased in this area, affecting
life and property due to much anthropogenic interferences
(Mukane, 2014; Sarkar et al., 1995).
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On irreducible pseudo-prime spectrum

of topological le-modules

Manas Kumbhakar and Anjan Kumar Bhuniya

Abstract. An le-module M over a ring R is a complete lattice ordered additive monoid having

the greatest element e together with a module like action of R. A proper submodule element n of

RM is called pseudo-prime if (n : e) = {r ∈ R : re 6 n} is a prime ideal of R. In this article we

introduce the Zariski topology on the set XM of all pseudo-prime submodule elements of M and

discuss interplay between topological properties of the Zariski topology on XM and algebraic

properties of M . If RM is pseudo-primeful, then irreducibility of XM and Spec(R/Ann(M))

are equivalent. Also there is a one-to-one correspondence between the irreducible components of

XM and the minimal pseudo-prime submodule elements in M . We show that if R is a Laskerian

ring then XM has only �nitely many irreducible components.

1. Introduction

Inspired by the theory of multiplicative lattices [1], [17], [18], [19], [20], and lattice
modules [7], [8], [9], [10], [11], [14], [21], we introduced the notion of le-modules
in [2]. An le-module is a complete lattice ordered monoid endowed with a module
like action of a commutative ring. Motivation behind introducing this new notion
is to create a new avenue similar to what we do in module theory for studying
commutative rings. In [2] and [12] we �nd several results on the interplay between
properties of an le-module M and properties of the ring R acting on M . We con-
sidered uniqueness of primary decompositions of the primary submodule elements
in a Laskerian le-module in [2].

In this article, we introduce the Zariski topology on the set XM of all pseudo-
prime submodule elements of an le-module M over a commutative ring R. Inspi-
ration comes from the enlightening interplay between the Zariski topology on the
prime spectrum Spec(R) of a commutative ring R and the ring theoretic proper-
ties of R [6], [13], [15], [16]; and interplay between the Zariski topology on the
pseudo-prime spectrum of a module A over R and the algebraic properties of RA
and R [4], [5]. Besides basic characterizations of the Zariski topology on XM , we
�nd several conditions on M under which XM may be an irreducible topological
space.

The organization of this article is as follows. This introduction is followed by

2010 Mathematics Subject Classi�cation: 54B35, 54B99, 13C05, 13C99, 06F25.

Keywords: pseudo-prime element, Zariski topology, topological le-module, irreducible space.
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a section to recap de�nition and basic properties of le-modules. Also we recall
a few notions on rings. In Section 3, we introduce the Zariski topology on XM

and characterize its basic properties. We show that XM is always T0 and it is T1
if and only if each pseudo-prime submodule element of RM is maximal in XM .
Annihilator of M is an ideal of R, which induces a natural mapping ψ from XM

into Spec(R/Ann(M)). Interplay of the properties of XM and Spec(R/Ann(M))
is re�ected prominently in the nature of this natural map ψ. Here we show
that if ψ is surjective, then connectedness of XM implies the connectedness of
Spec(R/Ann(M)). Section 4 characterizes irreducibility of XM . If ψ is surjective
then irreducibility of XM and Spec(R/Ann(M)) are equivalent. As a consequence
of the necessary and su�cient characterization of the irreducible closed subsets,
presented here, we establish a bijective correspondence between the irreducible
components of XM and the minimal pseudo-prime submodule elements of RM .
Also we prove that if a ring R is Laskerian then for every le-module RM , the
pseudo-prime spectrum XM has only �nitely many irreducible components.

2. Preliminaries

In this article, every ring R is commutative and contains 1; and N denotes the
set of all natural numbers. An le-semigroup (M,+,6, e) is such that (M,6) is
a complete lattice with the greatest element e, (M,+) is a commutative monoid
with the zero element 0M and for all m,mi ∈M, i ∈ I it satis�es

(S) m+ (∨i∈Imi) = ∨i∈I(m+mi).

Let R be a ring and (M,+,6, e) be an le-semigroup. Then M is called an
le-module over R if there is a mapping R×M −→M which satis�es

(M1) r(m1 +m2) = rm1 + rm2,

(M2) (r1 + r2)m 6 r1m+ r2m,

(M3) (r1r2)m = r1(r2m),

(M4) 1Rm = m; 0Rm = r0M = 0M ,

(M5) r(∨i∈I(mi)) = ∨i∈I(rmi),

for all r, r1, r2 ∈ R and m,m1,m2,mi ∈M , and i ∈ I.
We denote an le-module M over R by RM or by M . From (M5), we have,

(M5)′ m1 6 m2 ⇒ rm1 6 rm2, for all r ∈ R and m1,m2 ∈ M .

An element n of M is said to be a submodule element if n+ n, rn 6 n, for all
r ∈ R. We call a submodule element n proper if n 6= e. Note that 0M = 0Rn 6 n,
for every submodule element n of M . Also n + n = n, i.e., every submodule
element of M is an idempotent. Let {ni}i∈I be a family of submodule elements of
M . Then their sum is de�ned by:
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∑
i∈I ni =

∨
{(ni1 + ni2 + · · ·+ nik) : k ∈ N, and i1, i2, · · · , ik ∈ I}.

It is easy to check that
∑

i∈I ni is a submodule element of M .

For an ideal I of R, we de�ne

Ie =
∨
{
∑k

i=1 aie : k ∈ N; a1, a2, · · · , ak ∈ I}

Then Ie is a submodule element ofM . Also for any two ideals I and J of R, I ⊆ J
implies that Ie 6 Je.

Let n be a submodule element of M . We denote

(n : e) = {r ∈ R : re 6 n}.

Then (n : e) is an ideal of R. For any two submodule elements n, l of M , n 6 l
implies that (n : e) ⊆ (l : e). Also if {ni}i∈I is an arbitrary family of submodule
elements in RM , then (∧i∈Ini : e) = ∩i∈I(ni : e). For every submodule element n
of RM and ideal I of R, Ie 6 n if and only if I ⊆ (n : e). This result, proved in
[2], is useful here.

A proper submodule element n of an le-module RM is called a pseudo-prime

submodule element if (n : e) is a prime ideal of R. The pseudo-prime spectrum of

RM is the set of all pseudo-prime submodule elements of M and it is denoted by
XM . A pseudo-prime submodule element p of M is said to be maximal if for any
pseudo-prime submodule element q of M , p 6 q implies p = q. Minimal pseudo-
prime submodule elements are de�ned dually. A submodule element n ofM is said
to be pseudo-semiprime if n is a meet of some pseudo-prime submodule elements
of M . A pseudo-prime submodule element p of M is called extraordinary if for
any two pseudo-semiprime submodule elements n and l of M , n ∧ l 6 p implies
that either n 6 p or l 6 p. An le-module RM is said to be topological if XM = ∅
or every pseudo-prime submodule element of M is extraordinary.

For every submodule element n of M , we denote

V (n) = {l ∈ XM : n 6 l}.

The following result have some use in this article.

Lemma 2.1. (cf. [12]) Let RM be an le-module. Then for any ideals I and J of

R, V ((IJ)e) = V (Ie) ∪ V (Je) = V ((I ∩ J)e).

Now we recall some notions from rings. We denote the set of all prime ideals of
R by Spec(R). A topology, known as the Zariski topology is de�ned on Spec(R).
The closed sets in the Zariski topology on Spec(R) are of the form

V R(I) = {P ∈ Spec(R) : I ⊆ P}

There are many useful characterizations associating arithmetical properties of R
and topological properties of Spec(R) [13], [15], [16].
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3. Pseudo-prime spectrum of topological le-modules

Here we introduce a topology on XM analogous to the Zariski topology on the set
of all pseudo-prime submodules of a module over a ring.

Lemma 3.1. Let RM be an le-module. Then

(i) V (0M ) = XM .

(ii) V (e) = ∅.

(iii) ∩i∈IV (ni)=V (
∑

i∈I ni) for any family of submodule elements {ni}i∈I of M.

Proof. (i) and (ii) are obvious.
(iii). We have V (

∑
i∈I ni) ⊆ V (ni) for each i ∈ I, and hence V (

∑
i∈I(ni)) ⊆

∩i∈IV (ni). Now let p ∈ ∩i∈IV (ni). Then ni 6 p for all i ∈ I implies that∑
i∈I ni 6 p, and so p ∈ V (

∑
i∈I(ni)). Thus ∩i∈IV (ni) ⊆ V (

∑
i∈I ni). Conse-

quently, ∩i∈IV (ni) = V (
∑

i∈I ni).

Let us denote

VR(M) = {V (n): n is a submodule element of M}.

In general, VR(M) is not closed under �nite unions. If VR(M) is closed under �nite
unions, then the le-module RM is called a top le-module [12]. Thus an le-module

RM is a top le-module if and only if for every submodule elements n, l of M there
is a submodule element k of M such that V (n) ∪ V (l) = V (k). Also we assume
that every le-module RM such that XM = ∅ is a top le-module. Following result
shows that the classes of top and topological le-modules are same and establishes
an useful characterization of the le-modules in this class.

Theorem 3.2. The following statements are equivalent for an le-module RM .

(i) RM is a top le-module.

(ii) Every pseudo-prime submodule element of M is extraordinary.

(iii) V (n) ∪ V (l) = V (n ∧ l), for any pseudo-semiprime submodule elements n
and l of M .

Proof. If XM = ∅ then the results hold trivially. Suppose XM 6= ∅.
(i)⇒ (ii). Let p be any pseudo-prime submodule element of M and let n and l be
two pseudo-semiprime submodule elements of M such that n∧ l 6 p. Since RM is
a top le-module, there exists a submodule element k ofM such that V (n)∪V (l) =
V (k). Now n = ∧pi, for some collection of pseudo-prime submodule elements pi
of M . Then n 6 pi implies that pi ∈ V (n) ⊆ V (k) for each i ∈ I. It follows that
k 6 pi for each i ∈ I and hence k 6 n. Similarly k 6 l. Thus k 6 n ∧ l which
implies that V (n∧ l) ⊆ V (k). Now V (n)∪V (l) ⊆ V (n∧ l) ⊆ V (k) = V (n)∪V (l).
So, V (n) ∪ V (l) = V (n ∧ l). Also p ∈ V (n ∧ l) = V (n) ∪ V (l) shows that either
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p ∈ V (n) or p ∈ V (l), i.e., either n 6 p or l 6 p. Hence p is extraordinary.

(ii) ⇒ (iii). Let n and l be two pseudo-semiprime submodule elements of M .
We have V (n) ∪ V (l) ⊆ V (n ∧ l). Let p ∈ V (n ∧ l). Then p is a pseudo-prime
submodule element and n ∧ l 6 p. Since p is extraordinary, either n 6 p or l 6 p,
equivalently, either p ∈ V (n) or p ∈ V (l). Hence p ∈ V (n) ∪ V (l). Consequently,
V (n) ∪ V (l) = V (n ∧ l).
(iii) ⇒ (i). Let n and l be any two submodule elements of M . If V (n) = ∅, then
V (n) ∪ V (l) = V (l) and the result holds. Assume that both V (n) and V (l) are
nonempty. Then V (n) ∪ V (l) = V (∧p∈V (n)p) ∪ V (∧p∈V (l)p) = V ((∧p∈V (n)p) ∧
(∧p∈V (l)p)), by (iii). Thus RM is a top le-module.

From the equivalence of (i) and (ii) in the above result, we have:

Corollary 3.3. An le-module RM is a top le-module if and only if it is a topological

le-module.

Thus in view of Lemma 3.1, it follows that VR(M) satis�es the axioms of a
topological space for the closed subsets if and only if RM is topological. If RM is
a topological le-module, then this topology is said to be the Zariski topology on
XM .

Henceforth, in this article, we assume that every le-module RM is a topological
le-module.

Recall that a topological space X is T1 if and only if every singleton subset of
X is a closed subset. For each subset Y of XM , we denote the closure of Y in XM

by Y , and meet of the elements of Y by =(Y ), i.e., =(Y ) = ∧p∈Y p. If Y = ∅, then
we take =(Y ) = e.

A subset Y of a topological space X is called dense in X if Y has non-empty
intersection with every non-empty open subset of X. Equivalently, Y is dense in
X if and only if Y = X.

Proposition 3.4. Let RM be an le-module and Y ⊆ XM .

(i) Then Y = V (=(Y )). Hence Y is closed if and only if Y = V (=(Y )). In

particular, {l} = V (l), for every l ∈ XM .

(ii) If 0M ∈ Y , then Y is dense in XM .

(iii) XM is a T0-space.

(iv) XM is a T1-space if and only if each pseudo-prime submodule element of M
is a maximal element in XM .

Proof. (i). Clearly Y ⊆ V (=(Y )). Let V (n) be any closed subset of XM containing
Y . Since =(V (n)) 6 =(Y ), we have V (=(Y )) ⊆ V (=(V (n))) = V (n). Thus
V (=(Y )) is the smallest closed subset of XM containing Y . Hence, Y = V (=(Y )).

(ii). This is clear by (i).

(iii). Let n and l be two distinct elements of XM . Then by (i),
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{n} = V (n) 6= V (l) = {l}.

Now by the fact that a topological space is a T0-space if and only if the closures
of distinct elements are distinct, we conclude that XM is a T0-space.

(iv). Let XM be a T1-space and let p be a pseudo-prime submodule element of M .
Then {p} is closed, hence

{p} = {p} = V (p), by (i).

Thus p is a maximal element in XM .
Conversely, suppose p is a maximal element in XM , then by (i), we have

{p} = V (p) = {p}.

Thus {p} is closed and hence XM is a T1-space.

Let RM be an le-module. Then the ideal (0M : e) of R is called the annihilator
of M . It is denoted by Ann(M). Thus

Ann(M) = {r ∈ R : re 6 0M} = {r ∈ R : re = 0M}.

Consider the canonical epimorphism φ : R → R/Ann(M). The image of every
element r and every ideal I of R such that Ann(M) ⊆ I under φ : R→ R/Ann(M)
will be denoted by r and I respectively. It is well known in quotient rings that for
every prime ideal P of R such that Ann(M) ⊆ P , the ideal P = P/Ann(M) is
prime in R = R/Ann(M). Hence the mapping ψ : XM → Spec(R) de�ned by

ψ(p) = (p : e) for every p ∈ XM

is well de�ned. We call ψ the natural map on XM . An le-module RM is called
pseudo-primeful if eitherM = 0M orM 6= 0M and the natural map ψ is surjective.
Also RM is called pseudo-injective if the natural map ψ is injective.

Recall that if I is an ideal of a ring R, then the radical of I is de�ned by

Rad(I) = {a ∈ R : an ∈ I, for some positive integer n}

Since R is commutative Rad(I) is also an ideal of R and I ⊆ Rad(I). Also Rad(I)
is the intersection of all prime ideals P such that I ⊆ P . An ideal I of R is called
a radical ideal if I = Rad(I).

Proposition 3.5. Let RM be a nonzero pseudo-primeful le-module and I be a

radical ideal of R. Then (Ie : e) = I if and only if Ann(M) ⊆ I. In particular, Pe
is pseudo-prime submodule element of M for every prime ideal P of R containing

Ann(M).

Proof. Assume that Ann(M) ⊆ I. Since I is a radical ideal, Ann(M) ⊆ I =
∩I⊆Pi

Pi, where Pi are prime ideals of R. Since RM is a pseudo-primeful le-module
and Ann(M) ⊆ Pi, there exists a pseudo-prime submodule element pi of M such
that (pi : e) = Pi. Therefore I ⊆ (Ie : e) = ((∩I⊆Pi

Pi)e : e) ⊆ ∩I⊆Pi
(Pie : e) =

∩I⊆Pi
Pi = I. Hence (Ie : e) = I.
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It is well known that the prime spectrum Spec(R) of a ring R is connected if
and only if R contains no idempotents other than 0 and 1 [3]. Now we have the
following:

Theorem 3.6. Let RM be a pseudo-primeful le-module and the pseudo-prime

spectrum XM be connected. Then Spec(R) is connected and hence the ring R
contains no idempotents other than 0 and 1.

Proof. First we show that the natural map ψ : XM → Spec(R) is continuous. Let

I be an ideal of R such that Ann(M) ⊆ I and p ∈ ψ−1(V R(I). Then there exists

J ∈ V R(I) such that ψ(p) = J , i.e, (p : e) = J . This implies that (p : e) = J ⊇ I

and so Ie 6 (p : e)e 6 p. Hence p ∈ V (Ie). Therefore ψ−1(V R(I)) ⊆ V (Ie).
Now let q ∈ V (Ie). Then I ⊆ (Ie : e) ⊆ (q : e) implies that I ⊆ (q : e). Hence

q ∈ ψ−1(V R(I)). Thus V (Ie) ⊆ ψ−1(V R(I)). Therefore ψ−1(V R(I)) = V (Ie).
Hence ψ is continuous. Thus the theorem follows from the fact that the map ψ is
surjective and the continuous image of a connected set is connected.

4. Irreducible pseudo-prime spectrum

A topological space X is irreducible if and only if for every pair of closed subsets
Y1, Y2 of X, X = Y1 ∪ Y2 implies X = Y1 or X = Y2. A nonempty subset Y
of a topological space X is called an irreducible subset if the subspace Y of X
is irreducible. An irreducible component of a topological space X is a maximal
irreducible subset of X. A subset Y of X is irreducible if and only if its closure Y
is irreducible. Thus irreducible components of X are closed. Since every singleton
subset of XM is irreducible, its closure is also irreducible.

The following result is a direct consequence of Proposition 3.4(i) and hence we
omit the proof.

Lemma 4.1. V (l) is an irreducible closed subset of XM for every pseudo-prime

submodule element l of an le-module RM .

Theorem 4.2. Let RM be a nonzero pseudo-primeful le-module. Then the fol-

lowing statements are equivalent:

(i) XM is an irreducible space;

(ii) Spec(R) is an irreducible space;

(iii) V R(Ann(M)) is an irreducible space;

(iv) Rad(Ann(M)) is a prime ideal of R;

(v) XM = V (Ie) for some I ∈ V R(Ann(M)).
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Proof. (i) ⇒ (ii). In the proof of Theorem 3.6, we have seen that the mapping
ψ : XM → Spec(R) is continuous. Thus (ii) follows from the fact that ψ is surjec-
tive and continuous image of an irreducible space is irreducible.

(ii)⇒ (iii). Note that the mapping φ : Spec(R)→ Spec(R) de�ned by P 7→ P is
a homeomorphism. Hence V R(Ann(M)) is an irreducible space.

(iii)⇒ (iv). Obvious.

(iv) ⇒ (v). Assume that Rad(Ann(M)) is a prime ideal of R. Then by Propo-
sition 3.5, (Rad(Ann(M)))e is a pseudo-prime submodule element of M . Let
p ∈ XM . Then Rad(Ann(M)) ⊆ (p : e) which implies that (Rad(Ann(M)))e 6
(p : e)e 6 p. Thus p ∈ V ((Rad(Ann(M)))e) and hence XM = V (Ie), where
I = Rad(Ann(M)) ∈ V R(Ann(M)).

(v)⇒ (i). This is a direct consequence of the Proposition 3.5 and Lemma 4.1.

For a submodule element n of M , the pseudo-prime radical of n, denoted by
Prad(n), is the meet of all pseudo-prime submodule elements of M containing n,
that is,

Prad(n) = ∧p∈V (n)p.

If V (n) = ∅, then we set Prad(n) = e. Note that n 6 Prad(n) and that
Prad(n) = e or Prad(n) is a pseudo-semiprime submodule element of M . Also
V (n) = V (Prad(n)). A submodule element n of M is said to be a pseudo-prime

radical submodule element if n = Prad(n).
It is well-known that in a ring R, a subset Y of Spec(R) is irreducible if and

only if =(Y ) is a prime ideal of R [3]. The next theorem is a analogue of this fact
for topological le-modules.

Theorem 4.3. Let RM be an le-module and Y ⊆ XM . Then =(Y ) is a pseudo-

prime submodule element of M if and only if Y is irreducible in XM .

Proof. Let Y be irreducible, I and J be two ideals of R such that IJ ⊆ (=(Y ) : e).
Then (IJ)e 6 =(Y ). Now, we have

Y ⊆ V (=(Y )) ⊆ V ((IJ)e) = V (Ie) ∪ V (Je), by Lemma 2.1.

Since Y is irreducible, so either Y ⊆ V (Ie) or Y ⊆ V (Je). Hence, either Ie 6
(Prad(Ie)) = =(V (Ie)) 6 =(Y ) or Je 6 (Prad(Je)) = =(V (Je)) 6 =(Y ). This
implies that I ⊆ (=(Y ) : e) or J ⊆ (=(Y ) : e). Thus =(Y ) is a pseudo-prime
submodule element of M .

Conversely let =(Y ) be a pseudo-prime submodule element of M and let Y ⊆
Y1∪Y2, where Y1 and Y2 are two closed subset of XM . Then there exist submodule
elements n and l of M such that Y1 = V (n) and Y2 = V (l). Hence

Prad(n) ∧ Prad(l) = =(V (n)) ∧ =(V (l)) = =(V (n) ∪ V (l)) = =(Y1 ∪ Y2) 6 =(Y ).
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Since RM is a topological le-module, =(Y ) is an extraordinary submodule element.
Hence, We have prad(n) 6 =(Y ) or Prad(l) 6 =(Y ). Thus Y ⊆ V (=(Y )) ⊆
V (Prad(n)) = V (n) = Y1 or Y ⊆ Y2. Therefore Y is irreducible.

For every I ∈ Spec(R), we denote

XM,I = {p ∈ XM : (p : e) = I}.

Corollary 4.4. Let RM be an le-module, n be a submodule element of M and

I ∈ Spec(R). Then

(i) V (n) is irreducible in XM if and only if Prad(n) is a pseudo-prime submodule

element of M .

(ii) XM is an irreducible topological space if and only if Prad(0M ) is a pseudo-

prime submodule element of M .

(iii) If XM,I 6= ∅ then XM,I is an irreducible space.

Proof. (i). Since Prad(n) = =(V (n)), the result follows from Theorem 4.3.

(ii). This is obvious.

(iii). We have (=(XM,I) : e) = (∧p∈XM,I
p : e) = ∩p∈XM,I

(p : e) = I ∈ Spec(R)
and hence the result follows from Theorem 4.3.

Corollary 4.5. Let RM be an le- module such that 0M ∈ XM . Then XM is an

irreducible space.

Let Y be closed subset of a topological space X. An element y ∈ Y is called a
generic point of Y if Y = {y}. In Proposition 3.4, we have seen that every element
l of XM is a generic point of the irreducible closed subset V (l). The next theorem
shows that the irreducible closed subset of XM are determined completely by the
pseudo-prime submodule elements ofM . Also there is a one-to-one correspondence
between the set of minimal pseudo-prime submodule elements of M and the set
of irreducible components of XM .

Theorem 4.6. Let RM be an le-module and Y ⊆ XM .

(i) Then Y is an irreducible closed subset of XM if and only if Y = V (p) for

some p ∈ XM . Thus every irreducible closed subset of XM has a generic

point.

(ii) The correspondence V (p) 7→ p is a bijection of the set of all irreducible com-

ponents of XM onto the set of all minimal pseudo-prime submodule elements

of M .

Proof. (i). Let Y be an irreducible closed subset of XM . Then there exists a
submodule element n of M such that Y = V (n). By Theorem 4.3,
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=(Y ) = =(V (n)) = Prad(n) ∈ XM .

Hence Y = V (n) = V (Prad(n)). Converse part follows from the Lemma 4.1.

(ii). Let Y be an irreducible component of XM . Then Y is an irreducible closed
subset of XM and so by (i), we have Y = V (p) for some p ∈ XM . Since each
irreducible component is a maximal irreducible closed subset, V (p) is a maximal
irreducible closed subset of XM . Let q be a pseudo-prime submodule element of
M such that q 6 p. Then V (q) is an irreducible closed subset and V (p) ⊆ V (q)
implies that V (p) = V (q). Thus p = q. Hence p is a minimal element of XM .

Now let p be a minimal element of XM . Then by Corollary 4.1, V (p) is an
irreducible closed subset of XM . Let V (p) ⊆ V (q) for some q ∈ XM . Then

q = Prad(q) = =(V (q)) 6 =(V (p)) = Prad(p) = p,

and hence p = q. Therefore V (p) = V (q). Thus V (p) is an irreducible component
of XM .

Theorem 4.7. Let RM be a pseudo-primeful le-module. Then the mapping φ :
V (p) 7→ (p : e) is a bijection from the set of all irreducible components of XM onto

the set of all minimal prime ideals of R.

Proof. Let V (p) be an irreducible component of XM . Then by Theorem 4.6(ii),
p is a minimal pseudo-prime submodule element of M and so (p : e)/Ann(M) is
a prime ideal of R. We show that (p : e)/Ann(M) is a minimal prime ideal of R.
Let J/Ann(M) ∈ Spec(R/Ann(M)) be such that J/Ann(M) ⊆ (p : e)/Ann(M).
Then Je 6 (p : e)e 6 p. Since RM is pseudo-primeful and Je is a proper
submodule element of M , Je is a pseudo-prime submodule element of M with
(Je : e) = J , by Proposition 3.5. By the minimality of p, Je = p and hence
(p : e)/Ann(M) = J/Ann(M). Thus (p : e)/Ann(M) is a minimal prime ideal of
R. Thus φ is well-de�ned.

Now suppose that P/Ann(M) is a minimal prime ideal of R/Ann(M). Then
by Proposition 3.5, (Pe : e) = P and Pe is a pseudo-prime submodule element of
M . To show Pe is a minimal pseudo-prime submodule element of M let q 6 Pe
for some pseudo-prime submodule element q of M . Then (q : e)/Ann(M) ⊆
(Pe : e)/Ann(M) = P/Ann(M). By the minimality of P/Ann(M) we have (q :
e)/Ann(M) = P/Ann(M) and so (q : e) = P . Thus Pe = (q : e)e 6 q 6 Pe which
implies that q = Pe. Hence Pe is a minimal pseudo-prime submodule element
of M . Therefore V (Pe) is a irreducible component of XM by Theorem 4.6(ii).
Thus φ is a surjection. Now let V (p) and V (q) be two irreducible components
of XM such that (p : e) = (q : e). Then by Theorem 4.6(ii), both p and q are
minimal pseudo-prime submodule elements of M . It follows from (p : e) = (q : e)
that (p : e) = (q : e) which implies that (p : e)e 6 (q : e)e 6 q. Now by Proposition
3.5, (p : e)e is a pseudo-prime submodule element, and hence, by the minimality
of q, (p : e)e = q. Then q 6 p and so q = p. Therefore, V (p) = V (q). Hence φ is
an injection.
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A ring R is called Laskerian if every proper ideal of R has a primary decom-
position. In the following result we show that if R is a Laskerian ring then the
irreducible components of XM are precisely determined by the primary decompo-
sition of the ideal Ann(M) of R and they are �nite in numbers.

Theorem 4.8. Let RM be a nonzero pseudo-primeful le-module. Then the fol-

lowing statements hold:

(i) The set of all irreducible components of XM is of the form

T = {V (Ie) : I is a minimal element of V R(Ann(M)).

(ii) If R is a Laskerian ring then XM has only �nitely many irreducible compo-

nents.

Proof. (i). Let Y be an irreducible component of XM . Then by Theorem 4.6(i),
Y = V (n) for some n ∈ XM . Now (n : e) is a prime ideal of R containing
Ann(M) so by Proposition 3.5, (n : e)e is a pseudo-prime submodule element of
M . Also (n : e)e 6 n implies that Y = V (n) ⊆ V ((n : e)e). Since Y is irreducible
component of XM , V (n) = V ((n : e)e). Thus (n : e)e = n. We show that
(n : e) is a minimal element of V R(Ann(M)). Let J ∈ V R(Ann(M)) be such that
J ⊆ (n : e). Then J/Ann(M) ∈ Spec(R/Ann(M)). Since RM is a pseudo-primeful
le-module, there exists l ∈ XM such that (l : e) = J . Also (l : e)e is a pseudo-
prime submodule element of M , by Proposition 3.5. Then Y = V (n) ⊆ V ((l : e)e)
and so V (n) = V ((l : e)e), since Y is irreducible component. Thus n = (l : e)e 6 l
which implies that (n : e) ⊆ (l : e) = J ⊆ (n : e). Hence (n : e) = J .

Now let Y ∈ T . Then there exists a minimal element J of V R(Ann(M)) such
that Y = V (Je). Since RM is a pseudo-primeful le-module, Je is a pseudo-prime
submodule element of M and (Je : e) = J , by Proposition 3.5. Thus V (Je) is an
irreducible space, by Lemma 4.1. Let Y = V (Je) ⊆ V (l) for some l ∈ XM . Then
Je ∈ V (l) implies that l 6 Je which implies that (l : e) ⊆ (Je : e) = J . By the
minimality of J we have (l : e) = J . Thus Je = (l : e)e 6 l and so V (l) ⊆ V (Je).
Hence Y = V (Je) = V (l) and so Y is an irreducible component of XM .

(ii). Let R be a Laskerian ring then every proper ideal of R has a primary decom-
position. Let I be a minimal element of V R(Ann(M)) and Ann(M) = ∩ni=1Qi is
a minimal primary decomposition. Then there exists 1 6 i 6 n such that Qi ⊆ I
and hence by minimality of I we have I = Rad(Qi). Thus irreducible components
of XM are V (Rad(Qi)e), by (i).
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Abstract. We introduce and study a new algebraic structure, which we
call le-modules. An le-module M over a commutative ring R is a complete lat-
tice ordered monoid (M,+,�, e) with greatest element e and module like action
of R on it. Our motivation comes from abstract ideal theory and the theory of
lattice modules, and with a desire to develop an alternative abstract submod-
ule theory. An le-module M over R abstracts the set of all subsets of a module
over R and submodules are characterized as distinguished elements in M . Here we
introduce prime and primary elements in an le-module and establish two unique-
ness theorems for primary decompositions of a submodule element in a Laskerian
le-module.

1. Introduction

The observation by W. Krull [16] that many results in the ideal theory
of commutative rings [20] do not depend on the fact that the ideals are com-
posed of elements, leads to abstract ideal theory. Many researchers chose
the system, namely lattice ordered semigroups, where an element represents
an ideal of the ring as an undivided entity. There are numerous publications
dealing with lattice ordered commutative semigroups [3,5,8] and multiplica-
tive lattices [2,7,22,32–34], generalizing commutative ideal theory. Success
achieved in abstract ideal theory leads researchers to the theory of lattice
modules, introduced by E. W. Johnson and J. A. Johnson [11,14]. A lattice
module M is a complete lattice together with an action of a multiplicative
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lattice L on M similar to the action of a ring on a module. A lattice mod-
ule M abstracts the complete lattice Sub(A) of all submodules of a module A
over a ring R and the multiplicative lattice L stands for the lattice of all ide-
als of the ring R. Johnson and Johnson [11,14] studied Noetherian lattice
modules as well as lattice modules over semi-local Noetherian lattice. Lo-
calization in lattice modules was considered by Nakkar and Anderson [28].
Whitman defined principal elements in a lattice module and extended Na-
gata’s principle of idealization to lattice modules [36]. Also there are many
articles on lattice modules [1,4,11–15,23,24,26,27,35,36].

In this article we introduce a new algebraic structure, namely le-modules
over a commutative ring, with a view towards an alternative “abstract sub-
module theory”. To choose an algebraic system, suitable for our purpose,
we take care of our two goals. First is to make it possible to distinguish
submodules from an ordinary subset of a module, so that it becomes possi-
ble to generalize the features of particular types of submodules of a module.
Second is to create an avenue to study structure of rings more directly than
the existing theory of lattice modules. So we consider an le-module M as
if it stands for the lattice P (A) of all subsets of a module A over a ring R

and the action considered on M is of the ring R. Since the sum of any two
submodules of A induced by the addition in A, is their join in the lattice
Sub(A), consideration of a complete lattice order in a lattice module is suf-
ficient to hold the additive feature of A. But the situation is not similar
in the complete lattice P (A), and hence we need to consider an “addition”
on P (A) in addition to the complete lattice order ⊆, to catch the additive
feature of A. Thus the algebraic system, we choose, is a complete lattice
ordered additive monoid M together with an action of a ring R satisfying
a set of suitable axioms (see Section 2). This enables us to characterize
‘submodules’ as distinguished elements in le-modules, namely “submodule
elements”; and it becomes possible to generalize the features of particular
types of submodules of a module, such as prime submodules, semiprime sub-
modules, primary submodules etc in the framework of le-modules [17–19].
The radical of a submodule element n of RM is defined to be an ideal of the
ring R, and so associated primes of n are prime ideals of R. Thus we found
direct ways of interaction between rings and le-modules.

This article is organized as follows. In Section 2, we give the definition of
an le-module and introduce the notion of submodule elements in le-modules.
Also we prove a number of basic results characterizing submodule elements.
Section 3 is devoted to characterizing prime and primary submodule ele-
ments. We study the primary decomposition of a submodule element and
their uniqueness in Section 4.
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2. Definition and basic properties of le-modules

Throughout the article, N denotes the set of all natural numbers and R
stands for a commutative ring with 1. For results on rings and modules we
refer to [6,20,21,25,30].

An le-semigroup (M,+,�, e) is a commutative monoid with the zero el-
ement 0M which at the same time is a complete lattice with the greatest
element e that satisfies

(S) m+
(
∨

i∈I mi

)

=
∨

i∈I(m+mi), for all m,mi ∈ M , i ∈ I .

Definition 2.1. Let (M,+,�) be an le-semigroup with the zero ele-
ment 0M and R be a commutative ring. Then M is called an le-module
over R if there is a mapping R×M −→ M satisfying

(M1) r(m1 +m2) = rm1 + rm2,
(M2) (r1 + r2)m � r1m+ r2m,
(M3) (r1r2)m = r1(r2m),
(M4) 1Rm = m; 0Rm = r0M = 0M ,
(M5) r

(
∨

i∈I mi

)

=
∨

i∈I rmi, for all r, r1, r2 ∈ R and m,m1,m2,mi∈M
and i ∈ I .

We denote an le-module M over R by RM or by M , whenever possible.
From (M5), we have

(M5)′ m1 � m2 ⇒ rm1 � rm2, for all r ∈ R and m1,m2 ∈ M .
An element n of an le-module M is said to be a submodule element if

n+ n, rn � n, for all r ∈ R. We call n proper if n �= e. Observe that 0M =
0Rn � n, for every submodule element n of M . We denote (−1)n = −n.
The readers should note that −n is not additive inverse of n. In spite of
0Rm = 0M , this happens because (r1 + r2)m and r1m+ r2m are in general
not equal. For every submodule element n of M , we have n = −n, and so
−n is also a submodule element of M . Also n+ n = n, i.e. every submodule
element of M is an idempotent.

Let RM be an le-module and n be a submodule element of M . For any
element r of R we set,

(n : r) =
∨

{x ∈ M : rx � n}.

Then (n : r) is a submodule element of M . One can check that n � (n : r)
and r(n : r) � n. Also for every x ∈ M and r ∈ R, rx � n if and only if
x � (n : r).

Let RM be an le-module. If l is a submodule element of M and n ∈ M ,
we denote

(l : n) = {r ∈ R : rn � l}

Then (l : n) is an ideal of R.
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Now we have the following useful results:

Proposition 2.2. Let RM be an le-module and x ∈ M . Then for sub-

module elements k, l, n and {ni}i∈I of M ,
(i) l � n ⇒ (l : x) ⊆ (n : x) and (k : n) ⊆ (k : l);
(ii)

(
∧

i∈I ni : x
)

=
⋂

i∈I(ni : x);
(iii) ((l ∧ n) : k) = (l : k) ∩ (n : k);
(iv)(k : l + n) = (k : l) ∩ (k : n);
(v) (k : l) ∩ (k : n) = (k : l ∨ n).

Proof. (i) Let r ∈ (l : x). Then rx � l � n implies that r ∈ (n : x).
So (l : x) ⊆ (n : x). Now let r ∈ (k : n). Then rn � k and since l � n, so
rl � rn � k. Thus r ∈ (k : l). Therefore (k : n) ⊆ (k : l).

(ii) Let r ∈
(
∧

i∈I ni : x
)

. Then rx �
∧

i∈I ni � ni, for each i ∈ I , im-
plies that r ∈ (ni : x), for each i ∈ I . Thus r ∈

⋂

i∈I(ni : x). Now let
r ∈

⋂

i∈I(ni : x). Then r ∈ (ni : x), for each i ∈ I . Thus rx � ni, for each

i ∈ I , and so rx �
∧

i∈I ni. Therefore
⋂

i∈I(ni : x) ⊆
(
∧

i∈I ni : x
)

. Hence
(
∧

i∈I ni : x
)

=
⋂

i∈I(ni : x).
(iii) r ∈ ((l ∧ n) : k) if and only if rk � l ∧ n if and only if rk � l and

rk � n if and only if r ∈ (l : k) and r ∈ (n : k) if and only if r ∈ (l : k) ∩
(n : k). Thus ((l ∧ n) : k) = (l : k) ∩ (n : k).

(iv) Let r ∈ (k : l + n). Then r(l + n) � k, i.e., rl + rn = r(l+ n) � k.
Now rl = rl+0M � rl+ rn � k, (since rn is a submodule element) and rn =
0M + rn � rl + rn � k shows that r ∈ (k : l) and r ∈ (k : n). So r ∈ (k : l)
∩ (k : n). Thus (k : l+n) ⊆ (k : l)∩ (k : n). Now let r ∈ (k : l)∩ (k : n). Then
rl � k and rn � k. Thus r(l + n) = rl + rn � k + k = k,(since k is a sub-
module element), i.e., r ∈ (k : l+ n). Therefore (k : l) ∩ (k : n) ⊆ (k : l+ n).
Hence (k : l + n) = (k : l) ∩ (k : n).

(v) Let r ∈ (k : l∨n). Then rl∨ rn = r(l∨n) � k. Now rl � rl∨ rn � k
implies that r ∈ (k : l). Similarly r ∈ (k : n). Therefore r ∈ (k : l) ∩ (k : n).
Thus (k : l ∨ n) ⊆ (k : l) ∩ (k : n). Now let r ∈ (k : l) ∩ (k : n). Then rl � k

and rn � k. It follows that rl ∨ rn � k, i.e., r(l ∨ n) � k. So r ∈ (k : l ∨ n).
Thus (k : l) ∩ (k : n) ⊆ (k : l ∨ n). Hence (k : l) ∩ (k : n) = (k : l ∨ n). �

3. Prime and primary elements

In this section we introduce and characterize the prime and primary el-
ements in an le-module.

Definition 3.1. Let RM be an le-module and n be a proper submodule
element of M . Then n is called a primary element of M if for any a ∈ R

and x ∈ M , ax � n implies that either x � n or ame � n, i.e., either x � n

or am ∈ (n : e), for some m ∈ N.
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Recall that if I is an ideal of a ring R, then

Rad(I) =
{

a ∈ R : an ∈ I, for some positive integer n
}

is an ideal of R and we call Rad(I) the radical of the ideal I in R. An ideal I
of R is called a radical ideal if I = Rad(I).

Let RM be an le-module and n be a submodule element of M . Then
(n : e) is an ideal of R. Now we set

Rad(n) = Rad(n : e),

and we call Rad(n) the radical of the submodule element n. It is easy to
check that for submodule elements l and n of M , l � n ⇒ Rad(l) ⊆ Rad(n);
and Rad(Rad(n)) = Rad(n).

Proposition 3.2. Let RM be an le-module and x ∈ M . If n1, n2, . . . ,
nk are submodule elements of M , then

Rad

( k
∧

i=1

ni : x

)

= Rad(n1 : x) ∩ Rad(n2 : x) ∩ · · · ∩ Rad(nk : x).

Proof. Let a ∈ Rad
(
∧k

i=1 ni : x
)

. Then amx �
∧k

i=1 ni � ni, for some
m ∈ N. This shows that a ∈ Rad(ni : x), for each i and hence a ∈ Rad(n1 : x)

∩ Rad(n2 : x) ∩ · · · ∩ Rad(nk : x). Thus Rad
(
∧k

i=1 ni : x
)

⊆ Rad(n1 : x)
∩ Rad(n2 : x) ∩ · · · ∩ Rad(nk : x). Now let a ∈ Rad(n1 : x) ∩ Rad(n2 : x)
∩ · · · ∩ Rad(nk : x). Then am1x � n1, a

m2x � n2, . . . , a
mkx � nk, for some

m1,m2, . . . ,mk ∈ N. Let r = max{m1,m2, . . . ,mk}. Then arx � ni, for

each i, i.e., arx �
∧k

i=1 ni. Therefore a ∈ Rad
(
∧k

i=1 ni : x
)

and it follows
that

Rad(n1 : x) ∩ Rad(n2 : x) ∩ · · · ∩ Rad(nk : x) ⊆ Rad

( k
∧

i=1

ni : x

)

.

Hence

Rad

( k
∧

i=1

ni : x

)

= Rad(n1 : x) ∩ Rad(n2 : x) ∩ · · · ∩ Rad(nk : x). �

Proposition 3.3. Let q be a primary element of an le-module RM .
Then Rad(q) is a prime ideal of R.

Proof. Let a, b ∈ Rad(q). Then ame � q and bne � q, for some m,n
∈ N. So

(a− b)m+ne =
m+n
∑

k=0

(−1)k
(

m+ n

k

)

am+n−kbke � q
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since either m+ n− k � m or k � n, and q is a submodule element. Thus
a− b ∈ Rad(q). Also for any a ∈ Rad(q) and r ∈ R, (ra)me = rmame � q
shows that ra ∈ Rad(q). Hence Rad(q) is an ideal of R. Let ab ∈ Rad(q)
and b �∈ Rad(q). Then (ab)n = anbn ∈ (q : e), for some n ∈ N, i.e., anbne � q.
Since b �∈ Rad(q) so br �∈ (q : e), for every r ∈ N. In particular bn �∈ (q : e),
i.e., bne � q. But q is a primary element and so (an)ke � q, for some k ∈ N.
Thus a ∈ Rad(q) and hence Rad(q) is a prime ideal of R. �

In fact, Rad(q) is the smallest prime ideal containing (q : e). If q is a
primary element of an le-module RM and Rad(q) = P , we say that q is P -
primary. One can check that if q1, q2, . . . , qr be P -primary elements of M ,
then q1 ∧ q2 ∧ · · · ∧ qr is P -primary.

The following result characterizes primary elements of an le-module.
Also the result is needed to prove the 1st uniqueness theorem.

Theorem 3.4. Let q be a P -primary element of an le-module RM and

n ∈ M . Then the following results hold :
(i) If n � q then (q : n) = R.
(ii) If n � q then (q : n) is a P -primary ideal of R.

Proof. (i) Let n � q and r ∈ R. Then rn � rq � q implies that
r ∈ (q : n) for every r ∈ R. Therefore (q : n) = R.

(ii) We have (q : n) is an ideal of R. Let a, b ∈ R be such that ab ∈ (q : n)
and b �∈ (q : n). Then abn � q and bn � q. Since q is primary, ame � q, for
some m ∈ N. Now amn � ame � q implies that am ∈ (q : n). Thus (q : n)
is a primary ideal of R. To show Rad(q : n) = P , let a ∈ Rad(q : n). Then
amn � q, for some m ∈ N. Since q is primary and n � q, so (am)ke � q, for
some k ∈ N. Thus a ∈ Rad(q), and hence Rad(q : n) ⊆ P . Now let a ∈ P .
Then am ∈ (q : e), for some m ∈ N implies that amn � ame � q. Hence a ∈
Rad(q : n) and so P ⊆ Rad(q : n). Therefore Rad(q : n) = P . Hence (q : n)
is a P -primary ideal of R. �

Now we introduce prime submodule elements of an le-module RM .

Definition 3.5. A proper submodule element p of an le-module RM is
said to be a prime submodule element if for every r ∈ R and n ∈ M , rn � p
implies that r ∈ (p : e) or n � p.

In the following result we characterize the relationship of the prime sub-
module elements of M with the prime ideals of the ring R.

Theorem 3.6. Let p be a prime submodule element of an le-module RM
and x ∈ M . Then (p : x) is a prime ideal of R for every x ∈ M .

Proof. We have 0 ∈ (p : x) and so (p : x) �= ∅. Let a, b ∈ (p : x). Then
ax � p and bx � p implies that (a− b)x � ax+ (−b)x � p+ (−p) � p+ p
� p and so a− b ∈ (p : x). Also (ra)x = r(ax) � rp � p implies that ra ∈
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(p : x). Thus (p : x) is an ideal of R. Let a, b ∈ R be such that ab ∈ (p : x).
Then (ab)x � p, i.e. a(bx) � p. Since p is a prime submodule element, so
a ∈ (p : e) ⊆ (p : x) or bx � p, i.e. a ∈ (p : x) or b ∈ (p : x). Hence (p : x) is
a prime ideal of R. �

In particular we have:

Corollary 3.7. If p is a prime submodule element of an le-module RM ,
then (p : e) is a prime ideal of R.

The converse of the above corollary does not hold, in general. In the
next theorem we prove that if, in addition, p is assumed to be primary then
the converse holds. This result also characterizes when a primary element
becomes a prime submodule element.

Theorem 3.8. Let p be a proper submodule element of an le-module RM .
If (p : e) is a prime ideal of R and p is primary, then p is a prime submodule
element.

Proof. Let rn � p and n � p for r ∈ R and n ∈ M . Since p is primary
so rme � p, for some m ∈ N, i.e., rm ∈ (p : e). Since (p : e) is a prime ideal
of R so r ∈ (p : e). Consequently, p is a prime submodule element. �

4. Primary decomposition in Laskerian le-modules

An R-module M is called Laskerian if each submodule is a finite intersec-
tion of primary submodules. Many authors assumed Laskerian modules to
be finitely generated. For further information on Laskerian modules readers
are referred to [9,10,29,31].

Let RM be an le-module and n be a submodule element of M . Then n
is said to have a primary decomposition if there exist primary elements q1,
q2, . . . , qk of M such that

n = q1 ∧ q2 ∧ · · · ∧ qk

A primary decomposition is called reduced if:
(i) q1 ∧ q2 ∧ · · · ∧ qi−1 ∧ qi+1 ∧ · · · ∧ qk � qi, for all i = 1, 2, . . . , k.
(ii) Rad(qi) �= Rad(qj) for i �= j.
An le-module RM is said to be Laskerian if every submodule element

of RM has a primary decomposition.
Throughout the rest of the article, every le-module RM is Laskerian. It

is easy to observe that if a submodule element n of an le-module RM has a
primary decomposition then it has a reduced primary decomposition.

The following result characterizes a relationship between prime submod-
ule elements of an le-module RM and radical ideals of the ring R using
primary decomposition.
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Theorem 4.1. Let n be a proper submodule element of an le-module M
which has a reduced primary decomposition n = q1 ∧ q2 ∧ · · · ∧ qk. Then ev-
ery qi is a prime submodule element of M if and only if (n : e) is a radical
ideal of R.

Proof. First assume that each qi is a prime submodule element. We
have (n : e) ⊆ Rad(n). Now let a ∈ Rad(n). Then ame � n =

∧k
i=1 qi, for

some m ∈ N. Therefore ame � qi, for each i. Since qi is prime so ae � qi
or am−1e � qi, for each i. If ae � qi then a ∈ (qi : e). Otherwise am−1e � qi
implies ae � qi or am−2e � qi. Continuing in this way we get a ∈ (qi : e),
for each i. Thus a ∈ (q1 : e) ∩ (q2 : e) ∩ · · · ∩ (qk : e), i.e., a ∈ (n : e). Hence
Rad(n) = (n : e). Therefore, (n : e) is a radical ideal of R.

Conversely, assume that (n : e) is a radical ideal of R, i.e. Rad(n) =
(n : e). Let Rad(qi) = Pi. We claim that Rad(qi) = (qi : e). Let a ∈ Pi.

Since
⋂k

i=1 Pi is reduced, there exists b ∈ ∩Pj but b �∈ Pi in R. Now

ab ∈
k
⋂

i=1

Pi =
k
⋂

i=1

Rad(qi) = Rad(n) = (n : e) =
k
⋂

i=1

(qi : e)

implies abe � qi, for each i. Since qi is primary and b �∈ Pi, so ae � qi, i.e.,
a ∈ (qi : e). Consequently, Pi = (qi : e). Hence by Theorem 3.8, each qi is a
prime submodule element. �

Let I be an ideal of a ring R. A prime ideal P is called a minimal prime
divisor of I if it is minimal among all prime ideals containing I . If I is a
prime ideal, then I is the only minimal prime divisor of I . Thus a prime
ideal P of R is a minimal prime divisor of I if I ⊆ P and if there is no prime
ideal P ′ of R such that I ⊆ P ′ ⊂ P .

Let n be a submodule element of M . Then the minimal prime divi-
sors of (n : e) are called minimal prime divisors of n. Immediately we have
Rad(n) =

⋂

P where the intersection is over all minimal prime divisors of n.
We omit the proof since it is similar to the analogous result in the ideal
theory of rings.

Let n = q1 ∧ q2 ∧ · · · ∧ qm be a reduced primary decomposition of a sub-
module element n of RM and let Pi = Rad(qi), for i = 1,2, . . . ,m. The prime
ideals P1, P2, . . . , Pm are called prime divisors of n or associated primes
of n.

Theorem 4.2. Let n be a proper submodule element of an le-module M
which has a reduced primary decomposition n = q1 ∧ q2 ∧ · · · ∧ qk and Pi =
Rad(qi) be the associated prime ideals of n. Let P be a prime ideal of R
then (n : e) ⊆ P if and only if Pi ⊆ P for some i = 1, 2, . . . , k.

Proof. Let (n : e) ⊆ P . Then, by Proposition 2.2,
⋂k

i=1(qi : e) ⊆ P
which implies that (qi : e) ⊆ P , for some i. Now Pi is the smallest prime ideal
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containing (qi : e), hence Pi ⊆ P , for some i. Conversely suppose Pj ⊆ P ,
for some j. Then

(n : e) =
k
⋂

i=1

(qi : e) ⊆
k
⋂

i=1

Rad(qi) ⊆ Rad(qj) = Pj ⊆ P. �

Corollary 4.3. Let n be a submodule element of an le-module M . Then
every minimal prime divisor of n is a prime divisor of n and is minimal in

the set of prime divisors of n.

Theorem 4.4 (1st uniqueness theorem). Let n be a submodule element

of an le-module RM and assume that n has a reduced primary decomposition

n = q1 ∧ q2 ∧ · · · ∧ qr. Let P be a prime ideal of R. Then P = Rad(qi) for

some i if and only if (n : x) is a P -primary ideal of R for some x � n. Hence
the set of all associated primes is independent of primary decomposition of n.

Proof. Let Pi = Rad(qi), for i = 1,2, . . . ,m. Without loss of generality,
we assume that P = P1. Since the decomposition is reduced, in particular
q2 ∧ q3 ∧ · · · ∧ qm � q1. Let x = q2 ∧ q3 ∧ · · · ∧ qm. Then x � n and

(n : x) = (q1 ∧ q2 ∧ · · · ∧ qm : x) = (q1 : x) ∩ (q2 : x) ∩ · · · ∩ (qm : x).

By Theorem 3.4, (qi : x) = R, for i = 2, 3, . . . ,m and whence (n : x) =
(q1 : x). Thus (n : x) is a P -primary ideal of R, by Theorem 3.4.

Conversely suppose that (n : x) is a P -primary ideal of R, for some x � n.
We have

P = Rad(n : x) = Rad(q1 : x) ∩ Rad(q2 : x) ∩ · · · ∩ Rad(qm : x).

Now x � n implies that x � qi, for some i say x � qk; 1 � k � m. Then by
the fact that (qi : x) ⊆ Rad(qi : x) and by Theorem 3.4, we have, for each i,
Rad(qi : x) = Pi or R, and is equal to Pi for i = k. Hence P is the inter-
section of some prime ideals Pi1 , Pi2 , . . . , Pih (1 � h � m).i.e., P = Pi1 ∩ Pi2

∩ · · · ∩ Pih . Thus P = Pi, for some i. �

The following consequence is immediate.

Corollary 4.5. Let n be a submodule element of an le-module RM and

assume that n has a primary decomposition. If

n = q1 ∧ q2 ∧ · · · ∧ qr = q′1 ∧ q′2 ∧ · · · ∧ q′s

are two reduced primary decompositions of n, then r = s and the qi and q′i
can be so numbered that Rad(qi) = Rad(q′i) for i = 1, 2, . . . , r.
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Let S be a multiplicatively closed set in R and n be a submodule element
of an le-module M . We define

nS =
∨

{

x ∈ M : sx � n, for some s ∈ S
}

Note that if (n : e) ∩ S �= ∅ then nS = e. Thus if 0 ∈ S, then nS = e. If n is
a submodule element of M then nS is a submodule element of M . We call
the submodule element nS the S-component of n.

The following result gives a connection between a multiplicative closed
subset S in R and the S-component of a submodule element of M having a
primary decomposition. Also the result is very useful for the 2nd uniqueness
theorem.

Proposition 4.6. Let RM be an le-module and n be a submodule ele-

ment M having a primary decomposition n = q1 ∧ q2 ∧ · · · ∧ qm where qi are
Pi-primary. If S is a multiplicatively closed set in R such that Pi∩S = ∅, for
i = 1,2, . . . , k and Pi∩S �= ∅, for the remaining i then nS = q1∧ q2∧ · · · ∧ qk.

Proof. Let T = {x ∈ M : sx � n, for some s ∈ S}. Then nS =
∨

T .
Let x ∈ T . Then there exists s ∈ S such that sx � n =

∧m
i=1 qi � qi, for i =

1, 2, . . . ,m. Since Pi ∩ S = ∅, s �∈ Pi and hence x � qi, for i = 1, 2, . . . , k. It
follows that nS =

∨

T � q1 ∧ q2 ∧ · · · ∧ qk.
Now denote q = q1 ∧ q2 ∧ · · · ∧ qk. If k = m, then q = n ∈ T implies that

q1 ∧ q2 ∧ · · · ∧ qk = q �
∨

T = nS . Thus nS = q1 ∧ q2 ∧ · · · ∧ qk. If k �= m,
then for j = k+1, k +2, . . . ,m choose sj ∈ Pj ∩ S and so s

rj
j e � qj for some

rj ∈ N. Then for large enough r ∈ N, we have

(sk+1 · sk+2 · · · sm)re � qk+1 ∧ qk+2 ∧ · · · ∧ qm

and hence

(sk+1 · sk+2 · · · sm)rq � (sk+1 · sk+2 · · · sm)re � qk+1 ∧ qk+2 ∧ · · · ∧ qm.

Also

(sk+1 · sk+2 · · · sm)rq = (sk+1 · sk+2 · · · sm)r(q1 ∧ q2 ∧ · · · ∧ qk)

� (sk+1 ·sk+2 · · · sm)rq1 ∧ (sk+1 ·sk+2 · · · sm)rq2 ∧ · · · ∧ (sk+1 ·sk+2 · · · sm)rqk

� q1 ∧ q2 ∧ · · · ∧ qk,

since S is multiplicatively closed and qi’s are submodule elements. Thus

(sk+1 · sk+2 · · · sm)rq � q1 ∧ q2 ∧ · · · ∧ qm = n

which implies that q ∈ T and so q � nS . Therefore q1 ∧ q2 ∧ · · · ∧ qk � nS .
Hence nS = q1 ∧ q2 ∧ · · · ∧ qk. �
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Let RM be an le-module and q be a submodule element of M which
has a reduced primary decomposition q = q1∧ q2∧ · · · ∧ qn and Pi = Rad(qi),
for i = 1, 2, . . . , n. Then Pi is called an isolated prime divisor of n if Pi is
minimal in the set of all prime divisors of n, i.e., Pi does not contain properly
any Pj , (i �= j). If Pi is an isolated prime divisor of n then qi is called an
isolated component of n. In the next theorem we show that the isolated
components of n are uniquely determined by n.

Theorem 4.7. Let RM be an le-module and n a proper submodule ele-

ment of M which has a reduced primary decomposition n = q1 ∧ q2 ∧ · · · ∧ qm
and Pi = Rad(qi). Then

q′i =
∨

{x ∈ M : (n : x) � Pi}

is a submodule element of M which is contained in qi. If qi is an isolated

primary component of n then qi = q′i.

Proof. Let T = {x ∈ M : (n : x) � Pi}. Consider x, y ∈ T and r ∈ R.
Then (n : x) � Pi and (n : y) � Pi and so there exist a, b ∈ R such that
ax � n and by � n but a, b �∈ Pi. Therefore ab(x+ y) = (ab)x+ (ab)y �

bn+ an � n+ n = n implies that ab ∈ (n : x+ y). Since Pi is a prime ideal
and a, b �∈ Pi, ab �∈ Pi. Thus (n : x+ y) � Pi and hence x+ y ∈ T . Also
arx = rax � rn � n implies that a ∈ (n : rx). But a �∈ Pi and so (n : rx)
� Pi. Thus rx ∈ T . Hence

q′i + q′i =
∨

x∈T

x+
∨

y∈T

y =
∨

x,y∈T

(x+ y) � q′i

and

rq′i = r

(

∨

x∈T

x

)

=
∨

x∈T

(rx) � q′i

implies that q′i is a submodule element of M . Let x ∈ T . Then (n : x) � Pi,
and so there exists a ∈ (n : x) such that a �∈ Pi. Thus ax � n � qi which
implies that x � qi, since qi is a primary element. Hence q′i =

∨

x∈T x � qi.
If qi is an isolated primary component of n then Rad(qi) = Pi is a mini-

mal associated prime of n and so Pj � Pi for i �= j. Then there exists aj ∈ Pj

such that aj �∈ Pi. Thus a
rj
j e � qj for some rj ∈ N. Let a =

∏

j �=i a
rj
j . Then

ae �
∧

j �=i qj but a �∈ Pi, since Pi is prime ideal. Now aqi � ae �
∧

j �=i qj and

aqi � qi implies that aqi �
∧m

i=1 qi = n and hence a ∈ (n : qi). Thus (n : qi)
� Pi and so qi ∈ {x ∈ M : (n : x) � Pi}. Hence qi � q′i and it follows that
qi = q′i. �
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Let RM be an le-module and n a proper submodule element of M which
has a reduced primary decomposition n = q1 ∧ q2 ∧ · · · ∧ qm. We have

Rad(n) = Rad(q1 ∧ q2 ∧ · · · ∧ qm)

= Rad(q1) ∩ Rad(q2) ∩ · · · ∩ Rad(qm) = P1 ∩ P2 ∩ · · · ∩ Pm,

where Pi = Rad(qi) are prime divisors of n. If some Pj is not isolated then
Pi ⊆ Pj for some Pi and hence we can delete such Pj from the above. Thus
Rad(n) is the intersection of isolated prime divisors of n. As a consequence
it follows that, Rad(n) is a prime ideal of R if and only if n has a single
isolated prime divisor.

Theorem 4.8 (2nd uniqueness theorem). Let RM be an le-module and

n a submodule element of M . If {Pi1 , Pi2 , . . . , Pik} is a set of isolated prime

divisors of n then qi1 ∧ qi2 ∧ · · · ∧ qik depends only on this set and not on the

particular reduced primary decomposition of n.

Proof. Let S = R\(Pi1 ∪ Pi2 ∪ · · · ∪ Pik). Then S is a multiplicatively
closed set in R. To prove the theorem it is sufficient to show nS = qi1 ∧ qi2
∧ · · · ∧ qik . For this we only need to show that S∩Pi = ∅, for i = i1, i2, . . . , ik ,
and S ∩ Pi �= ∅, for i �= i1, i2, . . . , ik , rest will follow from the Theorem 4.6.
The former is certainly true. Let i �= i1, i2, . . . , ik. Since {Pi1 , Pi2 , . . . , Pik}
is a set of isolated prime divisors of n, we have Pi � Pij , for j = 1, 2, . . . , k,

and hence Pi �
⋃k

j=1 Pij . Thus S ∩ Pi �= ∅. �

The following consequence of the uniqueness of primary components cor-
responding to minimal prime divisors of a submodule element is immediate
from Theorem 4.6 and Theorem 4.8.

Corollary 4.9. Suppose that n is a submodule element of an le-

module M and let P be a minimal prime divisor of n. If a P -primary

element q occurs in a reduced primary decomposition of n, then q occurs

in every reduced primary decomposition of n.
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