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INFLUENCE OF ELECTROTHERAPY AND SALT PRIMING TO IMPROVE

GERMINATION AND VIGOUR OF WHEAT SEEDS

Arindam Mandal' and Niranjun Bala®

ABSTRACT

T this enrvent study seeds of wheat { Frifcum gestivieam) primed with salos solution (11

(vivy of 0.05% KNO, and 0.05% Ca(NO )| and an eléciric stimulus (BC 300V & 400mA ) was
passed for 6 minutes (EC6) and 11 minutes (EC11) between twio electrodes in o horizontsl
easting cantainer eantaining the same salt mixtuore, Effeers of these seed priming Treatments on
germination %o, speed of germination, TR values, shoot length, root length, vigoor index, mass
acewmulation, electrical conductivity, peroxidase and aipha-omylase activities were measored
and compared with non-primed control seeds, Electrotherapy (ECO) for six minutes on pre-
sown soaked seeds enhanced the physiological and biochemical parameters by establishing a
vigorpus seedling within a stipulated time, Salt prinving also established o vigorous seedling but
significantly lnwer than treatments ECé and ECLL bt §t was significantly enhaneed all
parameters studicd when compared with control and water treatments, Electric stimulus and
salt priming may be soitable for betler germination and vigoour of whest seeds for roin fed
cultivation.

(Key words, Electrotherapy, Trivicam  gestivem, germination. vigoor, agriculivre,

nlpha-wmylasc)

INTRODUCTION

The consciousness of the significance of hetter
crop zrowth and ity expression in prodoctivity wias
happening from the pre-historical eri. Unoil today, various
aspects of better producrivity of erops and their proper
utifization were studied worldwide in different crops, Chiatity
seed plays o vital role in this feature which is not to he
copsidered ns o crop growth plinning due to ils
umaviilability. To compensate {or the demand for quality
seed in addition 1o soil nnd environmental constraints, crop
arowth can he adapted in different ways of which sead
treatment is one of them

Wheat { Friticum aestivam) 1% considered a
fundamental food tem next to nee. 1t contributes teea large
extent to national food satety by providing above 50% of
the total colories to the people who generally depend om it
Starchy endosperm in cereal grain acts as o reservoir of
storage compounds mebilized dunng germination to provide
nutrients for the growth of germinating secdlings (Fincher,
1989), Mobilization of these storage compounds depends
on the secretion and synthesis of hydrolytic enzymes from
the aleurone kayer and scuteilum under the control of zrowth-
promoting hormoenes { Dominguez and Francisca, [995).

In West Bengal, the productivity of wheal und
quitdity of seed 15 limited due (o short wanter spells and
delayed sowing, particulirty in rainfed which is recoversd
through upgrading the crop growth behaviour {Mukherjee,

200 2y Presently, whear cultivation occuples 3 large arco ol
more than 27 million hectares. Brewl wheat contribules
approximately 95% w ol production while another 4%
comes from Dueese wheat and Dicoccem share in wheat
production remains only 1%, For cultivanon in relation to
gguan ity aned quality, the ditferences relatsd to constrints
can be thrushed by selecting anappropriate echnigque undes
the seed treatment foute. The inclusion of the rechngoe
win be optimizad for the coliivation practice, especially in
rainfed varieties which 18 more practical in West Bengal due
tovthie exploitation af soil water and saving of underground
waker level.

After Green Revolunon, India has incredibly
advanced in wheat cultivation where the productivity and
production increased to the tune of 523%, 460%, 559%,
Gl and THOG respectively by the year 2000001, 2005-06,
00011, 2005-16 and 2020-21 ax compared 1o [965-6h
{Amenymeus, 20215, The success story behind the Bloom
of wheat production mamly depends on the irrigation
schedule. The wheat production is not stabilized during
00001 to 200808 depicting @ growth rate of 1,77 due o
untuvourable weather conditions, Henee, the emphises must
be wiven to limited irvigation and rainfed or gecurate
management of imgation by consumption of appropriee
technigques (Singh and Komar, 2022 AL present, the
pricductivity of wheat is 35 g ha'' in India though the
cultivated high-yielding varieties haved strength of s much
a4 55=00 ¢ ha''. The claim projection of wheat for 2025 has
been anticipaed 10 be about 1089 million jons (Anonymous,
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20007}, At present, thie productivity of whear is 35 ¢ ha”in
Iniddia though the cultivated high-vielding varieties have a
strength of as mueh as 55-60 g ha''. The elaim projection of
wheat for 2023 has been anticipated ro he about 1M million
tons { Anonymous, 2007), Population bloom will push the
price of essential tood items beyond the purchasing power
of 696 millian people below the poverty line (Anonymous,
20215, I the fluctuaeng production inclinalion continues,
then achicving the target of whicat by 2025 will remain a
difficult task, Different attempt has been made in ditferent
seed reptments in which clectrotherapy oo pre-sowing seed
gre one of theém to surmuount these orises. In the produection
of rainfed high-yielding wheat varietics, the establishinent
of seedlings is vital i@ short duration which is very mugh
compatible with the West Bengal situation due o late
planting. The delayed establishment or powr establishment
of a ¢rop can ereate a configuration of low harvest index
and vigld, The establishment of poorand undersized seed
shows an immiediate etfect and low stornbility, viobilityand
vigour a8 o future effect for the coming season when il is
utthized as seed materiol. The establishment of a good crop
at the initdal level inereases the photosyntheric ability
specitically depending on flag leaves and their effective
tilker number (Fabre ef af,, 2016), Many countres aee enguped
in seienfific research relating tonew vanieties of plants-and
methods of their cultivation like penetic engineenng, muli-
gegsonal seleciion, the protection of vields with the uwse of
special planis and insects. bio-stimulation using external
specirums such as inlra-red, vlira-vielel, laser ravs,
ultrasounds, electric, magnetic and electromagnenic falds
(Borisiuk e, 2019 Blomnel etal,, 2006; Dorchester, 1935,
Laser and magnetic feld sumulation seem 1o be especially
promismng. This method does nol cause any environmental
changes. so il 15 desiruble [or ecological reusons [Mandal
and Maity, 201 3 Alagdjadiivan, 2007). Research work on the
elfect of magnetic fields on plant development and vielding
has started 1o the last century, Blectro-culture or
electrotherapy s the use of slectric current o promote the
erowth of plants, This cultucal 1echaigue 15 known 1oday
but the idea is dated back 1o the 17 century. De Von
Maimbray of Edinburgh, Scotland observed for the first
turmte that the rapid growthof myvriles tree was induced by an
clectrical field { Barman and Bharacharya, 2016). Bose {1902)
ebserved plant responses 1 electric cument lreatment, yel.
so Lar it has not been [ully explosted lor commercial purposes.
Electrcal stimulus (electrotherapy) 1o pre-sowing seed is
dn innovitive dreaol rescarch and emerged #s g magic wol
that irmproves the vield of crops inan unprecedented manner
which has not been achieved by any other technologies.
Althoupgh this technology was [irst applied in
cucurbitaceous plants o mmprove vield, now it hus been
eitended to other crops like vepetables, cereils, pulses,
vilsceds, ele. (Berd and Maity, 2004; Bera ¢t al., 2006; Pati,
2007}, Electric current (EC) treatment may initinte
phyvsiological and biochemical changes which reflect srowth
and development processes in plants and ultimately the
vield {Wahah ¢1 al,, 1980). Several workers reported vield

improvement in various ¢rops by application of this
technology (Rahman and Yasmin, 1994; Zang and
Hashinaga, 1997), It has been evident that cell prolifération
including the synthesis of DNA and RNA also induced by
the application of an electiromagneiic field { Roediger, 3004),
The application of electrical impulse decréases the time of
dormancy and has shown significant improvement in seed
germination and seedling growth (Gandhare and Samir, 20145
Zadeh e of 2004 Aguilara er el 2015),

The ¢ffect of electrotherapy on high-yielding
Wheat variety (Genolype C-3067 has been attempled o
study in detail. Forther clectric corrent-mediated changes
in germination protile, séedling growth parameters and seed
bivchemistry have been eritically analveed w develop early
erup establishment for optimum production as well as s
production of supefior seeds [or maintaining to achicye the
projected production curve, The effect ol electmotherapy
on pre-sowing seeds of wheat was observed i wive for
checking the seedling quality to predict their futune aspects.

MATERIALS AND METHODS

Seed samples

The experiment was conducted during (he
period from November to March of 20018-19 in the
subtropecal region of West Bengal. For the experiment high
vielding varietes of Triticwm aestivien having o genorype
of C-306 collected from Bidhan Chanda Krishi
Viswavidyalnyi, Kalyani, India were used. Untreated self-
pollinated sir-dried seeds were used os control. Seeds soaked
i distilled water for 4 howrs were considered as water
ireatment. For sall treaimen! seeds were initially soaked in
distilled water for 4 hours and then plsced e maxture of the
elecrrolyte solution of 0.05% KNO| and 0.05% CaiNO,),
{100y To the water-soaked seeds an electrical stmulus
containang DC 300V anid 4000 mA was passed for 6 minutes
berween two electrodex in o horizontil casting continer
containing the same salt mixture was teated as ECH.
Treatments for EC'1 [ were thie same as EC'6 but the elecirical
stimmulus was passed lor 1] minutes. For experimental
purpases, all the treated seeds were air-dned properly. As
there was no or minimum infestation of pests and disease.
no planl prolection measures were fuken.

Experimental design

The experiment was laid out in & completely
randomized design (CRD) having (ive ireatments viz., water,
sall, and electric theyapy [or 6 minutes (EC6H} and electric
therapy for 11 minutes (EC1 11 with one control (untréated
seeds and replicated four times, The surface sterilized ghiss
plate method was fallowed for the evaluation of seediing
purirpeters, Seed treatments wers done following o standard
protocol (Chakeaborty, 1998), The whole setup was then
pluced in the germinator at 27-320 "C. Stonstical analvsis was
performed in the CRD fashion as suggested by Kreywinski
and Aldtman (200141
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Seedling yuality parameters

Twenty-five (25) seeds were randomly, selected
from each sced sample. Sced quality parameters were
analyzed n laboatory conditions acconding o standard
methodds (Dahiya erad, 1997): Germination percentage (%)
wits caleulated on the 107 day by the formiely, Germination
= MNumber of seeds germinated leading wo normial seedling/
Total number of seeds used in the experiment £ 100 (Hatzade
ef el 2022, The speed of germination was calculated with
the help of the formuliSpeed of Germination = O (nft),
Where, n= Number of seeds germimated, 1= Time {diays)
from sowing, The first count was caleolated by counting
the number of germinated seeds (leading 1o normal
seedlings) 3 dayvs alter placing them [or 2ermination est.
On the 1™ day, the sversge length ol the oo and shoot of
the normul seedlings were medsured and expressed in
centimeter (em), Vigour Index was caleulated with the help
of the formulae V1=5L % G, where, V1 =Vigour Index, SL=
Seedling Length (root length + shoot lengtht, and G =
Stundard Germunation Percentage (Abdul-Baki and
Anderson, [973).

Electrical Condoctivity (EC)

Eleetrical Conductivity was measured from water
containing leachate of seeds soaked in delonized water at
25°C for 24 howrs in o beaker, EC of the water containing
leachates of different reatments was measared from a direct
reading of the conductivity meter (Model No. Systronics-
306Y with dip cell having a cell constant of 1.0) and was
compargd with a control set without any seeds {detonized
water ) ( Humphreys ef al,, 2004, Electrice] Conductivity ix
expressed by micro-Siemen (i8 See. ')
Estimation of peroxidase activity

Peroxidase activity was measured according 1o
Nakano and Asada (1981) using o-dianisidine as the
substrte, Absorbance was recorded a1 430 o m Sysironics-
1045 Spectrophotometer, Peroxidase activity = AA min. '
of imnbibed seed. Where AA = difference in absorbance (0
min, a1 min.)

Estimation of 4-amylse

Extraction of - amylase and the estimation of
efzyme activities were done as per method suppested by
Bemfield ( 1955), The enzyme activity was axpressed agmeg
tieropram) of maliose formed min. "o of fresh welght

RESULTS AND DISCUSSION
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I immedintely harvested seeds germination % was
non-significant. But it was maximum in reatments ECH
(electrical stimulus of DC 300V and 4000 mA was applicd for
& minutes in water-sonked seeds), ECI (same electrical
stimiuus was applicd for 11 minwtes), Sali (seeds were souked
in 1] mixture of (.05% KNG, and 0.03% Ca{NO.), Y and
water (seeds were soaked for 4 hours in water) over eontrol
{unireated ). Alter | month of slorsge. o significant difference
in germination was found between treatments salt, EC6 and

EC11 as compared to the control (‘Fable 1}, The highest
germination % was obsérved in freatments EC6 and EC1 1
follewed by salt. Afrer 4 months and & months of storage
same patterns of permiration was ohserved as ohserved in
| month harvested seeds treatment, Trestment ECH anributed
A promising germination in all storage conditions and the
next bést was treatmient EC 11 followed by sali treatiment.
The germination % was gradually declined in different
storage period, but electrotherapy inproved the gernanation
% which was highest in treatment EC6 followed by
tréatments ECH 1 and salt, Electrie stimulus and salt priming
mediated signilficant enhancemient In germigation was
previously supported by the work of Wabab et al, (1980
and Feghhenabi ¢f of, {20200,

Speed of germination tn treatments ECH, ECH and
sali enhunced sipnilicantly over control in albstorage periods
{Table 2). In the case of immediate harvesy, highest vilue
observed in weatment EC6 which wis non-significant to
treatment BCT. A L-mionth storage condition, there was
no significant difference between salt and EC 11 treatments
bt ECH treatmen always mainiined asignifican diflerence
with the others representing the highest states. In the 4%
month of stormge period. there was a significant increasein
speed of germunation in treatment ECG over all treatmenis.
There was no significant difference between treanments BTG,
EC and salr which was significantly higher than centrol
anil water, Significant increase in-speed of germination was
observed in treammient ECoonly over controds afier 6 months
of storage. The significant enhancement i first count %
(TR valug) was observed in freshly harvested seeds treated
withtrearment ECH (T2.32%) over other treatments except
for the treaement BCHE (TLA0% ) (Table 3). The treamment
ECT also mumintins o sienificant increased values over
cantral, where as other treatments were indivated non-
signnficant results. One month after storage agan teatinent
ECH showed the highest results which was significuntly
superior over treabment water and control, Atter 4 months
of storage, an non-stenificant difference was found among
the treatnients salt, BEC6, and ECTT bur, these reaiments
were significuntly higher than the reatments of wuter and
control, The same rend was observed for different
treatments in 6 months of sorage, whire treaiment 1206 was
showed their significance over all other treatments. Salt
priming and electric current dogs a better job in the
enhancement of TR value (Feghhenahl o al., 2020: Bern
andd Maity, 2004} The different isozymes and other assumed
defense engymes viz, endochilingse, exochilinase, profeise,
lecting, etc. are dlso found in seedsand may work together
as 0 multi-component defense system (o profect seeds
during imbibition and germination (Ly ef o, 2016),

Immediately afrer harvest, no significant
difterences in the root lengih was observed ‘among
treamments BECo, EC11 and Salt ('Table 4). Treaiment ECH
recorded signiticantly higher root length followed by
treatments salt and ECT 1 over control, After | month and 4
months of storage, only the treatinent water showed the
signiticantly lowest toot length in companson to othes
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treatments. In 6 months of storage condition eatments
ECH, saltand EC1 indicated signilicantly more root length
over control dind walet treatment, bul the highest vitlue wiis
maintained by treatment ECH

There was no significam difference berween all
rearments in freshly harvested seeds for shoot length, bt
the highest performanee was refleeted by treatment ECG
fillowed by treatments BCT 1 and salt (Table 3) After T month
and 6 months of storage, significantly more shoot length
was ohserved in ireatments EC6, EC1Fand salr over control
and witer treatment. In 4" month of storage, there was no
significant difference among all treatments, but reatiment
ECH showed the highest shoot length followed by treatments
ECTT and salt respectively.

The vigour index of the freshly harvested seeds
increased significantly in oll reatmients over control and
the highest value was observed in treatment ECGH tollowad
by treatments EC 1, salt and warer (Tahle 6). Ater | and 4
manths of storage, ithe trestmient ECO created o significant
and maximum outecome where an insignilteant diverzence
wits found between treatments salt and BEC1 1. The vigour
index was very low in 6" month of the storage period where
shgmificant diversity was found snong ol treatments but,
the highest value was muintained by treatment ECH. Salt

Table 1. Evaluation of germination % after

0

priming with electrie stimulus and falt priming alone
enhanced root length, shoot length which resulted superior
vigour { Bera mid Maity, 2004 Bera ez af., 2006),

Significant enhancement in fresh weight of all
ireatments were observed over control except witer, whereas
treatment ECH showed the highest results in immediately
harvested seeds (Table 7, There was no sienificant
ditference found between the treatments and the control
bur the highest fresh weight was achieved by treatment
ECH after | month of storage, After 4 and 6 months of storage
period, significantly maximum fresh weight was observed
intreatment BOCO over water and control treatments, The dry
weight of immediately harvested seeds showed non-
significant refationship with the contral where sali
tepresented the highest [resh weight followed by trestments
ECH and EC114{ Table 81, Significant enhancement in fresh
weight of all iremments were observed over control excep
witter, where treatment ECH showed the highest [resh weight
after one month of storage, Doring the 4 months of storage,
dry weight of trestments EC6 and BECI1 incrensed
stgnificantly over other trestments awnd poticeably treatment
ECO showed highest value, After 6 months of stornge &
significanr array for all the weatments over control was
observed excepl water ireatment. whereas tremtment ECo
showed the utmost mutcome,

Table 2. Evaluation of speed of germination

harvest afler harvest
Treatments  Immedigte 1 month 4 momh 6 month Treatments . Immediate. | month 4 month 6 month
Conirol B304 7013 57.26 47.01 Conerol 182 271 .50 217
Water 4345 .35 57,34 3106 Wter .02 262 147 220
Salt B4, 7573 #2723 5107 Sali 325 203 X558 22
ECH 55,05 14,76 60,33 56,18 EC X33 34 L6ty .27
EC LI 4520 1573 618 54.65 EC I 329 148 6l 226
Mean 4471 736 5942 52.00) Mizin 314 285 256 2.2
SE Inild %3 136 .38 R SEimi+ 1 i 1] 2
CD af 5% 2,74 4.07 .13 299 D ot 55 N.055 1.059 .28 (s

Table 3. Evaluntion of first count %% after

Table 4. Evaluation of avevige Tength of rool (cni) after

harvest harvest
Treatimens Trurnnliate | miwonth 4 nooty f il Treatments Immediaie | month < memth - month
Cantrol Lt M i Fo.5u LI 5433 Control 14.47 12.33 W ¥ 7.4
Waiter 11 39.12 S, B0 25,52 Winler |43 I 0,33 723
Sall 5.2 A8 5409 A6 Sl 1533 12,63 12,03 RAKy
EC 6 LN B f4.53 3964 3935 ECH Bith ) 123 1213 K23
B L 140 6326 Suii3 55.05 EC 1] |5.37 (25 1197 8.03
Mean Y66 ER B 5842 anl Mian 15.21 1213 167 779
SE(m)x .47 (.83 L) (.40 SE(mix o (.15 019 ALY
CD ul 5% Jan 245 1.749 .18 Chat 5% .29 .44 1156 (L2126




Table 5, Evaluation of average length of shoot

Table 6. Evaluation of vigour index after

{cm) after harvest harvesi

Treatments Inmedinte | month 4 month 6 month Treatments Immediate | month 4 momth 6 month
Comtral | § 127 957 373 Control 2554 236025 1530625 (ElE]
Water 11.63 1.6 847 55 Waler 1647.25 241475 1356.5 7615
Sall L9 [3.13 10 6.43 Sall 2705 24265 1652325 b1 EH
ECH 1247 13.20 11 A6 EC 752 2847, 75 174825 ([RRH
EC 1] 1243 1317 DR3 64T EC 11 273475 24305 1RR3S 9585
Méan 12083 12.27 957 f13 Meun 2680.6 241595 158535 8AL6
Sk imizx 0}.32 0,20 23 il SEimix 2571 370 2041 18.29
CE 1t 5% 195 154 LHE ] a2 CIY o 5% TaRT [ 1.0 fil i Sd.nu

Table 7. Evaluation of resh weight of seedling

Table 8. Evaluation of dry weight of seedling

after harvest after harvest

Treatments Imedipte 1 month 4 month 6 month Treatments  Immediate | month 4 month 6 moeath
Contral 1.35 1,30 I.14 LT3 Conerod 2605 357 2125 161
Water .35 12 112 0.7 Waater 254 IRE 212 1595
Salt 148 |25 121 82 Salr 258 24 21435 173
ECH 151 13 1,21 0,54 EC & 2665 266.5 22425 176.2
EC 11 |40 .3 119 .52 EC 11 6425 L B 2215 B 5]
Meun a4 1,28 L7 (7 Muan RN 61, 216,95 1689
SEimix 003 oz i th SEi{mi+ 119 l.19 157 24649
CD» ut 35 0.089 .059 LIS 029 CIY mt 3% 9,54 3.36 4,54 H.iM

Table %, Evaluation of electric conductivity

after harvest

Table 10. Estimation of peroxidase activity in
seed after harvest

Treatments  Immiedinie | month 4 month & monih Treatments  lmmedate | month 4 month 6 mond)
Control 234,25 25035 330,33 5] Control (.70 (4 136 (k2%
Waler 23125 255 27343 L ] Water 0.7z (.52 035 .29
Sall E e 2046775 277a Sale 0.2 (e 1145 (L34
ECH (Rh 221 24953 265 ELMh 077 (163 (045 k34
EC 11 194 25T 262,75 i EC 11 (.75 (.61 (43 {36
Meémn 2135 1605 27656 287 Menn 0.7 {156 (41 (A%
SE (m)z 77 N7 074 L1 SE (mt (.00 0011 1.0y (IR
CLY w55 2,30 1.4 2356 350 D wt 3% e noaz 1.026 0,008

Table 11. Estimation of 4- amylase activity in

Table 12. Estimation of - amylase activity in

seed after 24 hours after harvest seed after 72 hours after harvest
Treatments:  Immediste  Tmonth 4 month 6month  Tregimenss Immediate | month 4 month & month
Control 16472 140.51 122.3% 12T Control IhL 3K 30841 28132 257326
Waier 1691 156,56 139,90 131.81 Water a2y 419 2520 Ind 65
Salt 178.21 IS_&.% 140,24 134.49 Soli LT .A0 I3085 0035 28134
BLo e S B M07 39981 ATTA0 32657
EC 11 205.13 185023 18035 15589
EC L1 41182 IBEE 225401 4w
Mian 188.70 16572 153.21 13946 Me 10573 :.f;-' 35 31380 JRR2T
SE (m)t 113 016 (.11 0.11 bz i i il
CDat 5% 1378 0478 D328 0328 SEimix il L35 11.1% 0,14
CIyor 5% (132 (NS 3343 (29
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g to miintaining the normal storoge condition
in all cases, the seeds existed in equal micro-atmospheric
conditions. Therefore, the studies on various seedhing
parameters are now crucial and mainly Hoked with the
seedling qualily for early establishment of the crop and
crop-guality liable for grain flling. Most of the treatments
showed o significant effect (Table 1-8) on germination
parameters, root=shoot length, vigour index; fresh weight
and dry weight under diflerent trestments over control. The
same inclination was observed in treatments ECo, BC1 1T and
salt for seedling growth and in mass accumulation.
Significant superior value was always reflected by clectric
stimulus though the $altdind wiler were ilso maintaining i
significant distimction over control in most cases. Stmetimes
the fower dose and water spray are nol showing a significant
tendency. The effect of both eleciric and salt treatments
retained likeness in most cases where water showed a
significant downward outcome, particutarly with the
treatment HC6, Therefore. a eritical obseryation of
biochemical activity wis very essential, particularly on
rainted whedt penotypes.

Significamly decrease in electric eonductivity was
observed in treatments ECO, EC1 1 and salt over control and
water ireatments in immediately hurvested seads (Tuble 0y
In the 1 and 4 months of storage, the EC, showed same
rend 1. control mamnined a significant ditference with
respect o other treatments though water treptment showed
the highest resuleafter 1 omonth. The lowest result was
displayed in treatment ECG. The treatments of water, sall
and BC 1T were indicating an insignificant differénce among
them hut thiy were significantly supetion fo trearment BCG
and inferior to the control after & months of storage. The
estimation of Eleetrieal Conductivily (E.C.) of stored seed
was the casiest method for evaluation of seed gualivy, Seeds
of fower vigour |gach out o greater quantity of solutes and
it wisttld show a higher value of E.C The increasing E.C.
due ro dging showed a significant negative correlation with
vigour index and germination (Thakur ergl,, 2005; Zhang or
al. 2021),

In immediately harvesied seed. treatment BECH
significnntly increased peroxidase aenvity over control
followed by treatments EC1LL salt and warer respectively
{Table 10} This pattern was same in one month and 4 months
of seed storage, where electne stimulus and salt treatments
maintained a non-significant divergence within them but
significant with the other treaments: It was observed that
peroxidase activily in the seed was much higherin tresiments
ECH thun ECL1 followed by salt treatment, Although ufter 6
months peroxidase acrivity enhanced significantly in
treatment ECH over all other treatments. Among the different
storage petiods, peroxidase activity slowly declined but 1t
wias always higher in treatment ECH irrespective o storage

periods of se¢ed, The biochemical nature ie. peroxidase
activity was inereqased by electric stimulug corroboriies the
work of Pati e al (2007 which has an indispensable role in
preventing the accumulation of H.O, in addition o the
buildup the twlerance against stress,

A significant incréase in §-Amylase activity a1 24
hours was observed in all treatments over control for
mmmedinte harvested seeds {Table 1), The highest place
wits ichieved by treatment ECH followed by treatinents
EC11, salt, water and control, This trend of ﬁrﬁmtht
activitics was followed by seeds alter one, 4 and 6 months
of storage, where most of the treatments maintained a clear
significant difference. The electiric treatments always
showedl a higher result and the control maintained the lowest
vilue,

Treatment ECH enbanced d-Amylase acrivity
significantly at 72 hours for immediately harvested seeds
over all treamments (Table 12). After | month of storage
treatment BECH maintained o significantly increased value
folluwed by treatments EC 11, salt respectively over contiol,
Seeds stored for 4 months were exhubited significant increase
in 4-Amylase activity at 72 hours in treatment ECH over all
uther tredtiments, There was no significunt differcnce found
between control, water and salt tréatments. In the 6 months
of storage significantly lnghest §-Amylase activity was
ohserved in reaiment ECH followed by trearments ECLT,
sl and water leatments over contrel. The activity of 8-
amylase incréased with the progress of germination. The
eguivalenl scenarin was observed in the present
investigation where the highest result was forind in
Electrotherapy in gvery stage of storage. Actuully, the
application of electic potentinl increased the glucose 6
phosphate dehydrogenase (G-6-PD1activiry in the shoot
apex-of the spinach plant (Montavon e al., 1987

Priming is the {oremost influencing treatment of
seed Tor better crop prowth under normal und stressiul
sttuitions, particalorly ander ramfed conditions. From the
abuve study it can be inferred that, electrotherapy especially
rreatment BCG followed by ECT 1 and salt priming treatment
un pre-sown sodaked seed significantly enhanced the
germination and biochemical pasameters by establishing o
vigoruus seedling within a stipulated tme and finally in
mass accimuolanon, Cellular protein denaturation and loss
of membrne integrity are the major factors responsible for
dehydranion injury to planis under water deficit. The gain
of healthy seedlings ar the initial stage and their proper
establishment 15 one of the key factors playing 2 significant
rode in the prodoction system. Hence, seed treated with an
electric stimulus and salt priming for & predetermined time
influenced the role of physiological and biochemical
activities that leads 10 enhanced growth of seedlings,
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Abstract

Wiy ¥n, Fe;0), frrrite nanoparticles were synihesized by high-energy ball-milling using binary oxide precursors, followed
by a subssquent heatl treatment at comparatively lower tempéaratuce (500 °C for | h) o promote the tedisicibution of the
cations to their equilibrium positions. Although, several arucles are available on Ni—Zn ferrite nanoparticles, the magnetic
data of ball-milled sample has hardly been analysed based on existing theoretical models to extract useful information, The
samples were characterized by X-ray diffraction, scanning electron microseopy and de magnetization study. The average
civstallite sizes estimated from the structural data (using Scherrer equation) are found to be around 14.4 nm. The temperatuse
and figld variation of magretic data suggests a superparamagnetic nature with a distribution of particle sizes. The zero field
cooled and fizld covled magnetzation dzta are analysed based on a theoretical model of superparamagnelic particles with a
log-nocmal distribution, resoliing in an average particle size of 24.4 nm {width paramersr of 0.23), The Langevin function
adeguarely describes the field vaniation of magnetization (M-A) data at room temperature, in-addition to 2 paramagnetic
contribution. suggesting the existence of significant spin disorder. The above fit vields an average magnelic morent of 7860

tig. The resulis of the magnetic study correborate well with the stsuctural and morphological characieristics,

Keywords Ferrites - Magnetic nanoparticle - Superparamagnetism - Zero fizld cooled and field cooled magnetization

1 Introduction

Magnetic materials such as wransition metal corides, ferrites,
rixed-valence manganites and their composites have been
the focus of attention of researchers for many decades due
to the variery of imieresting physical phenomena exhibited
by them and the possibility of expleitng these for vseful
device-applications [1-3]. The advenl of nang science and
techmology in the early part of this century has added a new
dimension to the research on magnetic materials, Nowadays,
magnetic nanopariicles are of great mterest for their applica-
tions in memmory storage, biomedicine, MRI, sensors, activi-
tors ete. | b, 71,

The ferrites are most versatile magnetic materials for
generdl use, Among different Territes the Ni-Zn ferrites are
important due o their wide range of potential applications

Sk Mohammad Yasin
yasin@hnmyv.ac.in; yasmisET @ gmail.com

! Department of Physios, Bejoy Narayan Mahavidyalaya,

The University of Burdwan, Itachuna, Honghly,
Wesr Bengal 712147, India

Published gnlme; (4 Seplember 2023

such a5 high-density informiation storage devices, microwave
devices, transformer cores, NEM/MEMs, magnetic (Juids.
etc, [4]. The Ni—Zn ferrites exhibit low magnetic cosrciv-
ity and high electrical resistivity which greatly reduce eddy
current losges at high [requencies. The elecromagnetic
propecties of Ni-Zn ferrite are dependent on their cation
disribunons [8, 9). The struciure, morphology and the size
distribution of the complex oxides and ferrites nanoparticies
have great inlluence on theit elecironic and magoelic prop-
erties [10-18]. Mainly, they exhibit supsrparamagnetism,
weak ferromaagnetism, spin canting, surface spin cifects etg.
[10-14].

Itis widely believed that the physical properties are very
sengitive (o the method of synthesis: Various synthesis meth-
ods have been used to Torm nano-sized Ni—Zn fermtes (or
simitar kind of ferrites) and other oodde films. These include,
hydrothermal [19, 20], chemical co-precipitation [11, 15,
211, sol=gel [22], reverse micelle [23], ball-milling and
raechanochemical synthesiz [16, 24-27], spin coaling [28]
mnd electrochemical deposition [29] ete, Several reports are
available on the methods of synthesis and characterizabion of
nickel-zine ferrite nanoparticles’ [10, 11, 15, 20, 2224, 27,

@ Springe:
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HIGHLIGHTS GRAPHICAL ABSTRACT

= Nanoparticles {zixe ~ 6 mm) of Lip 2sZ-
Ty 3 C0g g sFen 30 are prepared by sol gel
method in 2 purs phase_

= Presence of ruperparamagnetc nano-
pardcles iz confiimed in =smaller nano-
particles (zice ~ 6 - 12 nm).

s High samratonl magnedzation with
enhaneed anizotopy iz obeerved
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= Nanoparticies: exlubit sigmificant mag- ATk LFCann
netic indotbon heating eficiency. 4 ; Iy | L0100
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switching the external ac magnetic feld

ABRTIELE INFD ABSTRACT

Koywords: Five different batches of Liy -c7ny 5Cog 3 sFeq 50, (LZC) manoparticles were prepared by zol-gel method. Of theze

x'ﬂl"’iﬁ"‘_ﬂi“ five harches, one has a veryamall mean size of ~6.0 mm and the otherz have mean sizes of ~11.9, 47.3_ 114 znd

Hmm"?: 138 pm. The phase formation of the naneparticles iz confivmed by anzalysing the Xray diffraction (XRD) patterns
> . i uzing the Fierveld method To enmure phase formation, further sruetural analvees, namely ranomiszion elecron

A = i ; micToscopy, Raman spectroscopy and x-ray photoemizssion spertroscopy messurements are. performead. Before

znalyzing the magnetic properde: of the prepared nanopartcles, Mossbauer spectra are recorded both at room
temperamre and ai 77 K o determine the magnetic nanme and hyperfine behavionr of the nanoparticles. The
regsence of magneteally blocked states iz ssumated by recording the dynamic histeresis loope and then to gain
inzight into the magnetc properties of thiz particular [i-Fn-Co-ferrite stoichiomerry, state M — H loops and feld
eooled and zaro field coeled M-T cumves are exmactsd w=ing a vibracng sample magnetometsr. Finally, che
applicability of prepared nanopartcles a5 3 heat mediamor in magnete inducbon heating iz stodied in an externz]
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1. Iniroduction

Iron omdez hsve proved to be potenfal ecandidstes m vanows
emergmng felds of nanomatenials for decades. Thi= group of msgnenc
nanoparticles namely Fe- 0y and MFeo0y (where M = Zn. Mo, Co, Ni, Li
or combinahon of thess) 13 sppheabls m & wade srea of ressarch which
mchudes biomedica]l apphcations, targeted drug delivery, magnetic in-
duction hestme (MIH), snods matensl m hthmmaon and sodivm:ion
batteres, armenic removal, antbacterial actvities, moerowsve absorp-
tion efficiency snd many others [1-2]. In order to Improve the proper-
tizz of these nanomatenizls modifieshon of eostmg synthems
procedures. or sometimes new preparation methodologies are mitro-
dueced [5-12]. Various well-lmown methods to prepare nanoparticles
michide co-precipitaiion, sol-gel, hydrothermal bell milbng, otc. In
choosing a preparation techmaque emphasis should be pleced on the
urmformity of the prepared nasnopsrficles and a cost effective way to
prepare them Among vanous preparafion technigues, sol-gel method
with itz other mherent advantages serves all the requerements to prepare
nanoparticles in a large sesle within & very short period of tme. In
additbon, the zol-zel method 1z cost effective compared wath the hy-
drothermsl method. Morcover, biocompatible orgamic moleciales iz,
criric moid are used m the sol-gel method by forming & costing on the
nenoparticles and hmits the tmmecsssary growth of the nenoparticles
and maker them soitable for biomedical applicstons by formmng 2
carboxylate group with the Fe—OH molecules present on the nano-
particle surface [12]. Not only the shteranon m prepemtion techmgues
but also the vanabon of cations and their proporion m MFPeOy can
modify the magnetic properties 22 well as the megnefic amzotropy of
this: group of nanomatensl: [14-17]. Specifieally, when  Zn stoms
replace a part of Fe in terabedral A-site of (Fed) [Fea0s]g, enhanced
magnetization iz obzerved due to reduetion of the antiferromagnetically
coupled Fex! by Zn" " doping (2094} while Co iz known to enhance the
magneiic anizotropy of the system [18.19]. For example, when Zn iz
mitrodueed in LiFez0y, which already has high satorsfion magnetization.
bigh permeshihty, high Curie temperstore {Tc), magnetization iz fother
mproved [20] and the mbmoduchion of Co ensurez enhaneement of
amizatropy: Hence the chotce of LI 7n and Co eattons conld be conzid-
ered to have mmproved magnetic properiies which are smiable for MIH
applicabions. Moreover, when the mze of MPes0, nanoparticlez, which
has 5 spinel stuetore, 10 contralled below a esrtain imit. a very nber-
esting magnetic beliavicur 1= obeerved, known as supsrparamagnetizm.
Superpsramagnetic [SPM) nsnoparbicles are mmportent because these
have = hugh zstwraton maznebzaton (M) with neglieshle ‘coerersaty
{H-). When SPM nanoperticles are subjected to & low frequency extemal
magnetic field, they undergo Brownian or Nesl spin relaxations. Broaw-
nian relaxabion 15 the rotabiom of magnetie nsmoparticles caused by
Brownizn moton and in case of Meel spin relaxstion, the magneoc
momernts fiip from one casy 230s to another, Hoveever, in both cases heat
15 generated snd can be vsed m meny apphicstions, moluding domestic
cooking sppliances [21]. One such recent applications of MIH 1= mag-
neie fhnd hyperthermis (MFH) oreatment where a forroflnd 1z used az
a heat medisfor 11 a low-frequency s¢ magnetie Geid [20-24] MIH is
alzo nsed m magnetic nduetion swing adsorpton (MISA)} process to
control greenhouse gas emiznons from mdnstries and power plantz [25,
34]. Megnetic nanoparticles with enbhsneed heating espamiy and high
Tr are used 8z a susceptor ‘addifive for processing thermoplastic and
thermoeet polvmer ‘mstenialz [27]. MIH 1= sometmes mvolved mn the
synthesis process of nenostroctures and heat ssnisted catalviic reactions

2231 The main parsmeter determining the suitability of 3 matenial in
WIH applications 1= Itz spenific shsorption rate (SAR), defined as the
energy amount comveri=d mio hest per umit tme per unit mass. The
SAR= of some spinel ferrites, MPeo 0, (M = Co. Mo, L1, ete.) are already
reported viz; SBAR of MnFeo0, 151 12.18 W/e at 5 ficld of 90 Oe and 70
LHz, SAR of cobalt ferrite nanoperticles 1z 133 Wog at field of 510 O
and 101 kHz [24,32.33]. Esrlier, we have reported SAR of two compo-
-miions of [1i-Tn-Co fermte, where we heve obtaimed & maormmm SAR of

[&]
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166 W Eremise for the composition Lip 3=Fng 3500 0=Fez 204 (1 mig/mL]
at a field of 335 O¢ and 200 kH:z [34] and 379 W/gsops for the
composition Liy 2a7ng 5qCog 1 oFes 504 (2 mg/ml) at 2 feld of 420 Oe
and 300 EHz [35]. It 1= investizgated that SAR increases when the per-
centage of Co iz mereszed but this pereentsge could not be inereas=d
mdefmit=ly becanze Co adds tooaetty to the prepared nanopartielss and
it-zhould be mamtained below 3% [36]. Otherwize, Lithaum ferrite and
me fernte are npon-tome [37,38], so bthiom: @ine cobalt ferate wath a
cobalt pereentags below 5 % ecould be conzidered non-foodic and can be
nzed in biomedical applications aleo.

In thiz paper, the MIH afficiency of Lic 2=7ng =Coq 1sFez 204 (LIC]
nanoparticles 1= discuszed and how the zize of the nanoparhcles alters
thiz efficiency 1z slso anslyzed Before diseussing MIH, phase formstion
of the prepared samples 1z analysed  For this purpose, X-ray diffrachion
[(XBD} patterns are apalyvsed using the Rietveld method and vanous
structarsl perameters sre desved from this analyee. Informsbon from
transmiezion electrom microscopy (TEM) and Bamsan spectroscopy 1=
extracted to support the stroctural venfications. Mosshauer spectra are
recorded to determine whether the nenoparticles are in magneticsfly
Blocked or relaxed state. The amount of magnehization and the am=ot-
ropy constants are caleuisted from the M — H loops recorded at vanous

2. Experimental detsils
21. Nonoparticle: synthests

Nanopeariicles of LipzsZng 0o 5Fez 20y sre prepared by sol-gel
method. Hizh purdty nitrate powders of LiNG, (SEL, 9998), In
(N3} 6H20 (Merck, Germany, 99.5%), Co[NOyla-6H.0 (Merck, Ger-
many, 958%) snd Fa(N04)-9H0 (Merclk, Germany, 98%). sre talen a=
precursor materials. Required mitrste salts are taken m proper stol-
chiometric ratio and a clear agueons solution s prepared ina bealer &t
RT using a magnetic sirrer. In another besker, agueous solution of
egquimolar citric acid iz prepared at BT using the magnetic stirver and
this solution iz then added slowly to the mitrate solution under vigorous
shvring: Stming iz continued for ~14 h at 80 °C untl gel i= formed and
upon gel formaton, beaker 1= tansferred soom to a fumace snd kept
there for ~4 b where tempersture iz mamtaimed st 100 "C By this,
porous chunks of the sample are formeed which 1z fether heated =t
200 °C for removal of additionsl mitrates, Fmally, the chunks are mor-
tered to get powdered samples and lsheled sz [ZC200. Then it i=
armeszted st 500, 600, 700 and 800 *C for 5 b eachin sir atmesphere and
the comresponding samples ars labeled as LECS00, LEZC600, LECT00 and
L=Cso0, respechvely.

2.2  Characterizanon techmiques

XRD patbernz sre recorded by a powder X-ray diffractometer: Model
BRUKER D8 Advence with da Vine, usmg Cull radianon (A = 1.3405
E.]. KRD patterns are snalysed by the Riztveld method using the MAUD
program. A ngh resohibon transmsssion electron microscope. FEIL
Tecnai G° F30-5T, operating at 300 kV iz used fo record the micrographs
and the selected ares diffraction (SAED) pettern of the samples. The
sams Tmerossope squipped with & seennmmg wnit, 8 high-angle anouilar
dark field (HAADF| detector for scanning tranomission slectron micro-
scopy (STEAM-HAADF} and energy dispersive X-ray spectrozcopy {EDK),
13 u=sed o perform elementsl anstyses. The Raman spectrom of the
zample LECOD, 1= recorded in HORIBA using = Nd:YAG laser of an
excitation wavelsngth of 532 mm and power of 4 mW. The X-ray
photosnmssion specirozcopy (XPS) mzasurements are carned out using
an Omueron electron spectrometer, equipped with 3 Scients omicron
sphera anslyzer and Al KT monochromate sonrees with an snergy reso-
lubon of 0.5 V. Mosshauer spectra of samples; LEC200, L2CS00 and
LECTO0 sre recorded st e different temperatures 1nsing a bath crvostst
ina transmission mode with & constant acceleration duving unit usmga
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TCo/Rh y-beam source. & stendard Fe foil &5 used to calibrate the
spectrometer and the izomer shift (15} vahies sre given relative to that of
the standsrd Fe fool at 300 K. Dyvnamic magnetc loops are recorded at
300 K uzing a digiisl hysteress loop tracer supplied by Mets In-
struments end Equpments NV, Belgium at a frequeney of 50 Hz. The
static hysterens loops of the samples, LZCI00 and LZCE00 ars recordsd
using & vibratng sample magnetometer (VEM) at 8 maxmmum applisd
field of 5T, Pmally, the MIH = performed wamg Feradsy Power Systems
where 3 1.5 ml. microcentnfoge tube &= kept at the centre of the coil
having 5 em diameter with 4 tirns without touching the eoil. 1, 5and 10
mg of the zamplez were suspendsd in 1 mL of desonized water which was
then hested uzing & magnetic field of 335 Oe snd 290 kHz frequency.
The rize in tempersture is recorded using an opiical tempersture senzor
(model: Photon ControlPalmSense2) with accurscy of +0.01 "C:

3. Resulis and dizcussion
3.1 Souctral and TRcrostrucioe properties

3.1.1. XRD and Rretveld aralyes

The structurzl and microstruchore propertiezs of the samples are
mvesagsted by anslvemg the XRD patterns using Reetveld method and
the MAUD ftted pettemns are shown in Fiz. 1. Crystallographic peakzare
appesred at 20 2 30.15", 35,40, 37167, 43.16%, 53.38", 57.06", 62.59°,
71.32" and 73.95" which correspond to the Fd 3 m cubic phase of Li-Tn
ferrite =r menboned in JCPDE file no 71-1268. In addition to these
distinect peaks of spinel femite, & small peak attnbuted to rhombohedral
(R 3 cj @-FeoOy hemante (JCPDS fle no. 59-0599) appears at 20 =
33.167 in all samples except 1ZC200. This smsll pesk points to the
segregation of i-Fea(z phaze which iz 2 very common oocurrence during

15 20 25 75 oan
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Fig. 1. Experimental XRD patterns and WAUD fitted specoa (dark linas).
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the combustion of oo ocodes In air [25,40]. However, the small per-
centege of this mmpurty phasze can be neglected in the present shody.
Stroctural and microstracturs] parsmeters derived from Rietveld anal-
vuiz are presemted m Tebls 1. A shrinksge of the lather strocture is
noticed with increasing stmealing temperatiure 1.0 the Iattice parameter
of the sample, LZC200 &= £.3212 (+0.0009) A, that of LZC500 is 8.3829
(£0.0004) A and those of the rest are 2.3500 [(-£0.0002) .FL This
shrinkage mav be dur to the pozsible presenee or formstion of Fe™ ! at

lower temperatures which decreases with mmeressing anmesling tem-

perature [41]: In sddition, lsthee strain becomes negligible with the
formatiom of larger cryetallites at higher annesbne temperstures. The
zmallest crystellite size (derys:) among the prepared samples iz 8.7 (0.1
nm which would be very Interesting fo marmfest the SPM behaviour.
Crystallite sizes are caleulated u=me Willizmson-Hall method [4244]
alzo to remove the effect of strain and the caleulated valoes of d—.; are
6.0(+1.2), 119 (+1.8), 473 (+10.0}, 114 (+18) and 130 {437} nm for
zamplez, [ZC200, LZCSO0, LZC600, LZCT00 and LZCRO0, respectvely:
The values of d_pqe derived from the Fietveld anslyais are inagreement
with thore calenlsted using Willismeon-Hall eqristion. In zpinel fermtes,
diztmbobon of cabions m tetrahedral {A)Y and ocishedral (B} sibes plays
an Tmportant role in determining the misgnetizm of the samples: Rietveld
enalysiz n this direction revesls that the ocoupancy of Zn! doms
Agite increases with the meresse of dopy, (Tahle 1) winch confirms the
behaviour of ' ioms when approaching nanoscale [45]. However,
Li'! and Co®' ioms with comparatively larger fonic radii (0068 and 0.75
A, respectively) ocoupy Bsite [£5,47] because the void of zit= B (0,81 &)
iz larzer than that of A-site (0,52 A). A better fitting (GOF ~ 1] is ach-
ieved wath this diztdbution of cations only and with this arrsngement of
cabons; they-perameter remaims almost corztant st a3 value of ~0.3701m
&ll zamples:

312 TEM analss

Particle size distribution of four samples, LZC200, LEC500, LECS00
end 1ZC700 are displaved in Fiz 2 where the corresponding TEM
micrograps &re shoown m inset of the figures. Nanoparticles are mainly
zpherical in shape and due to their magnetic atiracizon properties, they
are highly arziomersted. Nanoparticles have s lognoymal sze dizhs-
butiom {shown by solid linesinFig. 2} with anaversge diameter {dop) of
~10.2 {(4:0.7), 20.0 (+5.9), 37.2 (+1.1) and 75 (41.0) nm_ respectvely
which are in sgresment with the values of d.pr 25 devived from the
Fietveld anslysiz (8.7, 15.0, 58.5, 110 onm) or the Williameon-Hall
equation {5.0. 119, 473, 114 nm}. Such a fair sgreement mdicates
that the nanpparbecles appeared m mmerographs are in fact the nano-
cryztalbites of the correzponding samples. Appearance of concentric
rings in the SAFD pattern indicates that the samples are polyverystalline
m nature and that the different dizmeters correspond to different orye-
tallographic planes. Thess crystallographic planes are marked InFiz 3a:
they eorresponid exsetly to the crvsksllographic planse mentioned in the
XRD patterns (Fiz 1) Thi= confivms the spinel fernte phaze formation in

Table ¥
Result= of Rierveld analbysiz.
Sample LTC300 L==00 1ZCend LECROG Lzceon
=0F 500 101 101 105 Los
Rip 5,45 555 250 0.7 E0:04
R:m o.43 43 9.44 056 S.57
Ranes 7.5l a7 743 T.E5 T.ER
Larice 2351 £.333 2320 5330 £.3E53
pm.m:n: 1H0.10000 N0} Al DOOZ) (DOE00L] 0.0001 %
A¥eran
rms Iarrics 142 x 137 x 3,92 « 211 = B854 «
strain e 15 ® o w* 107
Crysallite gize BT &0l 1504 3554 11042 12 & 6
) 0.z i}
IZn oocupency Q01T 013 2.13 0.6 0.27
n A-site
I-parameTer Q370 0370 3371 D369 0365
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Flg. 3. (a) SAED partemn. (b)) STEM-HAADF image, () EDX specoum from area 1 in (b)) of zample 12000
the prepared nanopsrieles. 2.71.3, Romon analVos

STEM-HAADF-EDX analyziz iz performed oo one ares of the zample,
LEC200 (Fiz. 2b) to determune the chemical comnpomitions of the sampls
and the rezult 15 displayed m Fiz. e Elementsl snalyss confirms the
presence of Fe, Zn, Co and O, but no trace of [ 1= detected becgase it 1z
Eght clement and cannot be easily evideneed by EDX analyziz [42].
Acditional pesks of Cand Co come from the grid 25 2 C-coated Cu grid
used in this stmdy.

Another relisble method for structurs! venfication 1= Raman spee-
trozcopy. Spinel ferrites are cheractenized by five Baman acbve modssin
the 200800 om * wave number rangze; they sre penerally denoted az
Age B 'I"ig_. 1*§, end 'l“it Amrng these five modes, the Ay, mode has the
highest frequency and :J:;cT.f.a mode hss the lowsst frequency. Howeser,
gll these Raman acOve vibration modes are associsted with specific
atomic mobons. Atomic structiwe of the sample 17C200. 2= denved
fromn the Ristveld analyziz 1z presented m Pz 43 where the A- zmd B-
zites are shown distinetly. The primmitive cell of spinel ferrite 15 composed
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Flg. 4. Sample- LTCH (3] Aromic soacmre; (b)) Primitive cell; () Nommal vibrations of the Raman acove modes; (d) Raman specomm.

of two AQY fetrahedral unite snd one Bs unit &5 cthown in Fiz 4b and
contains fourtesn stoms. Bach - znion 12 bonded to three octshedrsl {B)
cations end a single tefrahedral (A) cation: The B- eations are most often
considered to be at restand the vibrabonal modes are sssigned only to
movements imvolving the A0 uvmits However, st higher frequencies the
vibrattonsl modes strongly depend on the nsture of the B- eabons.
Origin of these five Ramsn acave modes 12 explained in Fiz. —'r_‘I'th;!
mode iz aszigned to the complete translation of the A0 Lmil;th:T;‘;
minde 1z assizned {o the transiation slong ones direction: of the latiice
where the eaton and the ©- anions move mnppmm:chrcchncm: EI:L:TE!
mode iz szmigned to the ssypmmeiric bresthing mode of the AOQ umt, or
to- am asymmetric bending of the O- anions bonded to the A-cation; the E;
mode 12 ammigned to the symmetnic bendmg of the O- amons in the AQy
urmt the Axg mode 1= asagned to the svmmetric reathimg mods of the
ADg unit where the O- amons move away from the A-cstion along the
directions of the bonds [42]. In normal spinel ferrite {e.g. ZnFea0y), the
A-rite iz oceapied by MY ions and the B- =ite 1= occupiad by Fe? ! ion=.
There iz only one tvpe of ceton at the A-zite and snother different but
urigue type of cation at the B- site In thiz normal spinel femmte only five
Reman achve modez are generally observed [50]. o ooverse spmel
ferrite (e g, NiFes0y), the A-mite iz ocoupied by Fe* ' ions and the B-site
iz equsily shared by 37! and Fe®' ions. Due to this change in the
oetahedral environment: - a sphtting of the high freéguency vabrational
modes 1= observed [51]. There 1= 2lzo another type of spinel ferite,
called mrced ferrte, which has some degres of inversion. Depending on
the nature of cabionz and the degree of Imversion, more than five achve
Raman modes sre visible m some ceses [52]. The Raman spectrum-of the
sample, LEC200 1= shown In Fiz. 4d where the vibrational modes are
aszgned accordingly. All modes are =split exeept for the lovwest frequency
T‘E_amudLThm:xpﬁthngscmﬂdb:atnibimm&:dﬁtrﬂmﬁunuf
cations at the A- and B- siter as discussed in the Ristveld analvsiz. Four
additional peake appear ar 284, 400, 501 and 616 cm * (marked by red
colorinFiz. 4d1which counld be assigned to the Raman modes of B-Fea0rs
[55]: Thus, the prezence of the @-Fe 05 phase in the LEC200 sample i=
indicated by the Raman snalysiz-which iz not derivable from the XRD
patterns; however, the peak of @-Fe20- 15 seen m the XRD patterns of all
other zamples snnealed at higher temperatres (Fiz. 1)

3.1.4 XOF analyas
For further verificston of the composifional anafvaiz and to get the

4]

trace of L1, an XPS analy=is of the ssmple [ZC200 was performed. Fiz. 52
shows that the binding energy relabed to Li 15 iz 535.9 =V which agrees
the earber reported valoe [547] and estsblishes: the presence of L in the
prepared ssmple. The Fn 2pg - and 2p, - pesks are centred -at 1021.4
snd 1044 6 £V, respectively (Fiz 5h) wihach i conmistent with the earlier
results of Zn ferrite [35]. The spectrum-of Co 2p [Fiz 5S¢ shows two
spin-orbit doublets chavacteristics of Co 2py - and Co 2py - &nd two
satellite peaks [56]. The peals st 782.4 and 796.3 ¢V correspond io the
Cp 2p - and Co 2py — for Co” ' state confirming that the valence state of
Cois 2 [57]. The two peaks at 71008 and 725.1 €V {Fie 5d) represent the
F= Ip. ~ and Fe Ip, - for the Fe* ' state confirming the valenes state of
Fe to be 3. The O 1z zpectuom shows two peaks located at 529.8 and
531.2 ¥ wimch can be assigned to Isthes oxygens and native defects of
07 vacaneies [55]L

3.2 Hyperfine befummowr

A-zelection of the ¥ Pe Mosshauer specira obtzined at 77 and 300 K
for different samples iz presented in Fiz 6. Their hyperfine structures
conzist of magnetic sextets with broad and azymmetnes] knez and a
ceniral ‘guadrupolar doublet for some of themn. They are examined by
fitting the Mostbeuer spectra with the MOSFIT prosrem where the
magnehc and/or guadropolar components are deseribed by elementsry
sextets and for doublets composed of Lorentzian linez while the refined
wvaloes of the hyperfine parameters are listed m Teble 2. Tt iz important to
note that firstof all the presenee of these sextets or doublets iz related 1o
the messurement time (Tg} window of ¥ Fe Masshauer spectrometry and
the SPM relaxation ome {T) of the nanoparticles. T iz soverned by the
Larmor precession fime of the ¥ Fe nuclens winch 1z sbout 10 ns and
1:=T._-,-:::|1(E"i_) 55]. When T 12 lez= than 15, the magnetic momesnt= fip
randoraly from one ey axs to another producing & zero me aversged
hyperfine fizld at the nuclear site snd conzequently, a doublet or-a
smglet appears dependimg on whether the elechne field gradient 1= pre-
zent at the ¥ Fe nuclesr site or not When T iz grester than T;, sextet
pattern appesrz due to the Zeeman sphitting of the ="Fe miclens in
presence of &n miemal masnetic field. But usually, 1t remams 3 very
delicate taszk to prepare nanoparticies of uniform zize and-shape, and
thost of the time thers iz g particle size distibutionwhile their chape i=
not homogeneous (Fig 23 I there - are particles whose sizes are
distributed m such = way that both of the sbove conditions are zatishied.
then = muxture of goadrupolar doublet and magnetc sextet patiern &=
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Fig. 6. Mozshaner specoa of (2) LEC200 reeorded at 77 K; (b} LZCE0) recorded
at 77 ¥ (e} LECT00 vecorded ac 77 K {d) LECTO0 recorded ar 300 £

“fonmd which iz ealled relexation sextet [5C,60]. The Mossbauer specirs
of the LZC200, LECS0C and LZCF00 samples [Fiz §) exhibit complex
bvperfme strchiwes st the values of isomer shaft are vnembignoushy
consistent with the presence of only one valency state, e only Be?!
species: in addition, the values are In agreement with previons results on
Li-Zn-Co-termites [50-51]. Az 77 K. the magnebec component of the
spectrumeof the zample LEC200, can be well deseribed withiat Teast five

attrmbuted to wltrafine nanoparticles with ultrafast SPM relsxaton phe-
nomens [62]. This mdicstes that LZC200 nanoparticles with a very
zmall <deyets ~6 nmbut having a distribution of zize are likely to bein
SPM zt=te at BT (consistent with the hyperfine structure compozed of a
quadrupolar doublet [35%) =and 2 magnehe hyperfine field (346 T:
65%) niot zhown here). The 77 K spectnim of the LECS00 sampie 1=
deseribed by the same fithng model but the proporton of gquadrpolar
doublet reduces to sbout 3% while the 300 K spectnom yesults m 2
magnenc sextet with strongly broedened hnes and a small quadropolar
doublat {not shown here}. These results are consizbent with an mereasing
size of the nanoparticles {d.x; ~ 12 nm]. The spectrum of the sample,
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LEC700 recorded at 77 Kz fitted with two distinet magnetic sextets: the
larger ane i= clearly atinbuted to the magnetically blocked state of the
larger fermite nanoparticles (d.m ~ 115 nm] while the smaller one 12
mnambigoously abintboted to the presence of hematite (0-Fe O) wath 2
well erystallize state, according to the present parameters. At 300 1 the
spectrurn of zampls LZC700 = also fitbed wath fero distmet sextets bot
now the relaxation phenomens are present mn the spectruam, suggesiing
the prezence of & zmsll frechon of SPM nanoparticles m this zample.
Tz the «Mossbauer blockons temperasture » could be conmdered as
well sbose RT. Finslly, the srcond minor magnetic component {green
component m Fiz & e, d) iz unsmbigpously due ko the presence of
@-FeaOz phase, In sgreement wiath the 77 K spectrum amnd X-rav
diffraction results, 258 mentioned abowe: thizs phase resulting from the
thermal treatment could be neglected when considermz the magnehe
and MIH properties of this sample.

3.3 Magnetic analysis

3.3 1. Dynomic mognete behmagrr

For & preliminary study of the magnetic properties of the prepared
samples. dynamic hysteresis loops (Fiz. 7a) are recorded at BT for =
manmmum apphed Held of ~400 O af 50 Hz. None of the loops are
zaturated at thiz low wvalue of externz]l field but a2 trend towwards
mereasnE mEnmom magnetiraton (Bn) 1= mobced with meoreasing
<yt The By, values are 17,8, 224, 32.0, 37.6 and 40.7 en/g for
the zamples; L2C200, LZ2C500, IZC600. LZC700 and LZCE00, respee-
tively. In the mset of Fiz. 7a, H. iz plotted a2 a function of do; which
shows thet H, attaims a8 mesamum at 47 nmeand bevond thar He falls with
mieressing <d o> We have previously reported the same type of
behavioor for Lo 17, 2Cog 1 Fes <0y nanoparticles [25] but than we ob-
tamed & maxirmam He of ~20 Oc which 1= a little lower than the
maxamum H. [(~86 Oe] for the cwrrent composibion, Lig-oF-
Tip 7 00g 15Fey 70y, This ineresse m H. 1= quobe ‘obvipus &= we have
micrezzed the percentage of Co winch 1= known fo enhanice the magne-
tocryetalhne am=otropy: causmye an neresee m He However, the cabesl
size (D} for the wansiton from a smegle domam to a2 mulbdomam
behaviour ncresses with increasing Co percentage. Now, D iz ~47 nm
{(for Lis o=7ng =Con 15Fez 304} whitch was in the previous cass ~23 om
{for Lo =Znp aCog 1Fez 30 ) [35]. Thos up to 47 nm, surfscs amsotropy i=
not the eause of H., but miher 1t comes from msgnetocrvstafhne
ameotropy [63]. The remnant msgnetizatons: (B} of the zsmples,
Lzczo0, LECS00, LEC600, LEC700 and LECR00 are 2.2, 4.8, 8.8, 108
and 9.0 emu/s, respectively. Az discussed carlier, BAR 15 the mam
deterrmiming factor of 2 material for the MIH spplications and SAR could
be calculsted from the loop area using the following releafion: SAR =
Ares x freguency [64]. The caleulated values of SAR arc 11.4, 2532,
301, 291 and 337 Wikgroms for the samples, LZC200, LECS00,
LECS00, LZC700 and LECS00, respectively where ~130 mg of each of
the powdered samples are used when recording the dynamic hysteresis
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loops. Thus, for the samples with <d—> up to D. the magneto-
cryetallme anizotrapy playve an importsnt role m determimng the MIH
properies of ‘2 materizl and beyvond thes bt the surfsce smisotropy
reduces the SAR of the material

3.3.2 Stone magnene behmaor

For = detaled analysiz of the magnetic behsviowr of Ligo=Z-
Tig 5C0g 1 5Fe; 20y, the M — H loops of two semples, LECI00 and LTCA00
are recorded st different temperstires for & manmum applied feld of 5
T(Fiz. 8 2a—c}. Asit can be seen from the graphs. the natore of the M — H
loops for the LZC200 and LZCB00 s=mplas 1z different: The loops for the
zample LZC300 saturaie at 2 field of ~1.5 T, but for the loops of the
zample LZC200, no saturation iz found even at field of 5T. This fact
clearly calls for the presenee of SPM natiwe m the 6.0 om nanoparticles
of the sample, LZC200 which 1z blocked m the 139 nm nanoparticles of
the zample, 17C800. The H, vahie of sample LZCS00 15 lowwer than thatof
the zample LZCH00 st 3]l temperatures. The variation of Ho with tem-
perature 15 shown In Fiz. 5d. Althowgh the [ZC500 zample has a lower He
at low temaperstures, it i= comparsble to thet of the LZC200 sample =f
300 K. _As dizeissed m the previons sechon, the lovwer valoe of H_ sug-
gests the presenes of domein boundaries in the LZC200 sample wiale the
LEZC200 nanoparbcles sre smgle domsm namoparbeles. Thus, the m-
crease Inmagnshe moment with merezsing field st higher external fields
m the case of the LZC200 zample sz well azits H, valus confirms that the
LEC200 nanoparticles are smgle domain SPM nanoparteles. M of the
LZC200 sample 15 calenlated by Ottng el megnetizshon curves nang
the modified Langevin fumchon expressed-as, M = M, looth(aH (kg T) -
(kaT /uH}| -+ yH, where the yH represenis the paramagnetic contribn-
tion. The veriaton of M, with ternpersturedz shownin Fig. 84 At 300K
M; of nanoparticles (~6.0 o) of Lip 2:Zns 1005 15Fes 204 (408 emu/g)
iz decressed compared to nanoparticles (~5.8 nm) of Lo =Zng Cog 5.
Feo 20y (44 4 et /g] whiale He of Lig 257ng 2Cop 12Fe 204 (7827 O] 12
much higher compared to Lip 3Fnp 3Cog 1Fexa04d (28.4 O} [35]. These
chenges in M; and He could be atimibuted to the change in stoichiometry
of i, Co and Zn m the two casez. The magnetic properiies of Lag s=Z-
fig 3Cog :5Fe2 301 are compared with the ather ferrites in Tabi- 3. Again
the meoyesze m He confirms the merezse in magnetoorystalbine anisot-
ropy of LipzeZngaCogisFe;a0y compared to LgsZogsCop FezaCs
which iz due to the incressed percentsge of Co in the former. Alter-
nately, the pet mesmebzston per formula 1mit of 8 spine]l fermte 1=
usually- caleulatsd by M = My — My, where M, and Mg are magneti-
zahions at A- and B-mtes, respechvely [60] According to the cabon
distribution of LZC200 derived from Fistveld anslysis viz (Tng 11 Fenas)
[Lip ocZng 1500 12Fey 4110y, net magnetization of LEC200 calculated in
this way iz ~3.08 g which is forther corverted to M; nnng the formmuala
M, = 2585 ;D;:m';#___ l= ==t 0 By il It 15765 emns for the
zample LZC300. A large difference n this value of M; from the experi-
mentsl value (M, = 50.4 emu/e af 100 K demved wsing Langevm Stong)
could be explzined as follows: the formmmlza, M = Mp— Mg, 1z an
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Magnetic moments in 3 formmila it

Table 2
Summary of magnede properties of other relevant previcusly reported ferrite
nanoparticles:

Pexrio= Siz= AL H Rafarmnrs
{mm) (emu’g) [Del number

NP0 17 325 41 [341

Nig ;T 4Coy ;Pe;0, 1 B4 [&aT

Egy white rrear=d CoPe 0, X 31 470 a5

Apple didsr vinsgar weared ) == w039 [ssf
CoPeCu

B o Zn o FeOy 0 7 168 71

CoFeqlye 3 63 500 33l

CofesCa 3L 65 B [i==]

Co; 1o PEVa ns 0y = al 51 gen 551

AilgFezils 10-40 4 53 =

Ti. jPe. 0 30 61 55 33F

iz 2a T 3000 3 5Py 20 L3 AL TE3 This aricle

oversimpiified formula where many parameters viz.; surface spans, spin
cantmg, band theory of ferrmagnetizm ete., are not corisidered . Such
mizmsateh in the theoreties] and sxperimental velues of A i=-found m
most . eases [70,71]. However, if canted zpin  model
(M = My cof e — Ma ) 1z introduced, the Yafet-Fittel angle (o) for the
zample LZC200 hecomes 24.6". The corresponding vahies of 3L M; and
Oy for the zemple LZCE00 ave 465 |, 1167 emufg and 233.7%
rezpechively. To debermme the magnetocrvstalhne anisotropy, the Geld
cooled (FC) and zero field cooled (ZFC) magnetizsnons of the sample,
LZCI00 are recorded in a tempersture range of 10-300 K at an externsl
field of S000 0= With meressing tempersture, ZFC magmetzation in-
oreasts up to Ty = 63 K and after that magneazation starts to decrease
with firther ineresse 1n temperatare. T indicates the sverage blocking
temperature at which the fhppmg of the magnetic moments of a
maxinmam mumber of parbicles 15 blocked However, for the entire tem-
perature range, FC magnehzsbon decresses with mereasing tempera-
ture. The difference in FC and ZFC magnefizations s fitted using the
equation,  AM = ;-g—q!' {1— u'IE!'-T L) %I . where Tgy=

Ty explv/Zags) and x —JT;?E . The error funetion is mtroduced as [T

e Bdt = (X [Z)erfc{T), where erfe(T) = 1 — &f {T). The observed dif-
ference, AM 1= fitted by systematically varvimg different parameters viz
Tat. Ko, ds- and the fiited curve 1=z shown n the mnset of Fiz. B The ks
walue so derived for an external field of S000 Oc is 4.14 » 107 ergiem”.
Prevnously, kax of Lo 370y 5000 1Feg 204 was calcnlated for an externsl
firld of 100 Oc which was 4.8 = 10% ergvom’ [35]. Thus, the masne-
tDCE}-?EaHJIb: aniautmpj.r of Ll-q,:E,zﬂugcﬂu 15FC2_3_G‘£ iz cnhanced
compered to that of Lg3Zng 2Cop 1Fez 204, This enhancement - amisot-
ropy 15 reflected m the loop erea of the zamples; The M — H loop area of
the LZCO00 and LZCE00 samples at 300 K iz 14.55 and 2129 J/kg
rezpectively which iz-much larger than that of Lo 37ng 3Co0 1Fez =04 for
the rame soneshing temperabores {0021 and 144 J/'ks, respectvely). All
these resulte mdicate that Lipzs7ng Copi=Fer 20y nanoparticles are
sumtable for MIH = 1Oms.

34 MH properties

The MIH efficiency of the samplez, LECS00 (dope ~ 119 nm),
LECE00 {dy: ~ 47.3 nm) and LZC700 (dape ~ 114 nm) is stodied by
recording ithe tme dependent tempersture curves st three different
concentrations of 1, 5 and 10 me/ml m an applied ac magnetic field of
335 Or 2t 200 kHz: These three samples are chosen in partieular because
n thiz size remge, 11.9-114 nm. the transition from a single domain to
mulb-domam occurs. Domsin boundanes start o appesr from
“days>> 47.3 nm. Thus; the effect of the domain boundariez on the
MIH properties of the material eould be studied on these three zamples.
At a concentration of 10 me/ml., the t=mperature ineresses charply and
reaches 60 “C within 60 = {Fiz 28). Using these high trmperature gra-
dients, the esloulated BAR values of the samples, LZCS00, LZC600 and
LECTFO0 are 164, 187 -and 213 W,/ Bransie, respectively. At a concentration
of 10 mg‘ml. the SAR mcoresses with mneresemy <d o> At thiz con-
u:uhaﬁon,tb:damm'nvm]]xd.umthmtmuchcﬁctmﬁﬁ&ﬂ.ﬂta]mw
concentration of 3 megsml, the SAR of thess three ssmples, LECS00.
LZCE00 and LZC700 are 166, 207 and 145 W gpgriz,. respectively. Up to
D, the SAR incveases with increasing <d_, > and then the SAR starte
to decresse with further merease of </d q > Thus, at low concentrsbon,
the domain walls play = sigmbicant role in determimng the MIH =ff-
cicncy of 2 material Heat generation inthe samples with <d = < Dy
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Flg. 9. (g} Tims dependent temperamre graphs and (b} Plot of SAR a= @ function of cxyetailite mize at different concentrations.

15 due to Browmsn snd Neel spin relaxsion:s while that in the samples
having <deye> > Dy Is mainly duc to hysteresis losses beeanse for L
In-Co fermte having high reszstivity, the losses due to eddy currents
cam be igmored [72]. Power loss due to Browman or Neel relavation 3=
P = (mHar)® /|20TpV(1 + w* %)), where m iz the magnetic moment of
the nanoparnicles, H is the strength of the apphed acmagnetc ficld (335
Oc}. 15 apgular frequency of the spplied ac magnetic feld (f = 200
EH=), T iz the relswation time, k = the Boltomenn consiant. T 1z the
temperature - 1= the density of the sample. and V13 the nanoparbiele
volume [72]. According to Debve, P 1=z maximal when the condioon e =
1 1= zatizfied and thiz could be used to caleulats the value of pariicle mze
for the maxmum power losz due to Neel relexation (dusat) [73)
Considering Hor = 4.14 » 107 crgrom™. o = 1822 = 107 = ¥ {f = 200
kHz) and T = 300 K the cstimated valne of dygq iz less than 1 nm Farf =
200 kHz. the estimated hydrodynamic particle size for the mesamum
power losz due to Browrian relaysfion (deymws] 12 ~11 mm [72]. Since 211
the zamples considered here have <d ;> larger than dz snd depr.
m thess cazes the oripn of hesfing Jsmsm]» hyzteremn= losa. Puribher.
more, the variation of SAR with dopy [Tz 28] 13- smmlar to that preva-
ously derived from the dymamic _h}'shu':a's loops, viz. the SAR of
Lzcson, LZCe00 and LICT00 ars 252 301 and 3001 Wik
respectively. The SAR values calculated from the dymamic hvsteresiz
loops and time-temperatore plotz differ agnificantly because there iz s
large difference between the requency of the =xternal felds considerad
i the two cazes (30 Hz =nd 200 kHz, respectively). Thu= to obtam
mmormom - hesting efficlency; an optimal size of the nanoparficles iz
reguired which should be comparable to D, The same trend 1= followed
for much lower concentration as well For a8 concentration of 1 mg/ml.
the SAR of the samples, LECS00, LECS00 and LZC700 = 134, 212 and
168 Wigco i respechively. Comseguently. the SAR- of laigoZ-
Tig apCop 12Fes 20y (212 W/ grrs:) 8t 3 concentration of 1 meg ml and
for ac maznetic feld perameters (3335 Oe 290 kH:) iz muach higher then
Lig.z=Frn=aConnsFez =0 (166 W/ Brarin) [54] recorded vath the zame
conceniraiion and ac magnetc ficld parameters althoush both have
comparshle <dom> (473 and 41.0 nm, respectivelyl Agam the
micrezsed GAR of [ZCS00 compared to other zamples of sams compo-
sition esisblizhes the fact that domain walls play an important rols m
determiming the MIH efficiency of a sample. Laree zingle domain mag-
netic nenopartcle: with enhanced snisotropy are more favowrable for
MIH spplications. TEM micrographs shosww that the nanopariicles are
mainly agglomerated die to a strong dipolar mmteraction betwween them
and thus affects the MIH cfficency by lowering the power losses dus to
Nezl and Brownisn relaxations. To svoid asglomershon and achisve
colloidal stebility, the nanoparticles are often costed by = natoral
polvmer such as chitosan (2 polymer composed of glucossmume and
M-acetyl-o-ghicozamine] [74]. However; here the MIH efficiency of the
‘bare nanoparbelss only, iz estimated . To compere the resuliz obtamed
biere with the presicusly reporied valoes, 3 summary of relevant SAR

determination for ferrite nanoparticles 1= given n Tabls 4. iz mportant
to mention here thatiron oodes nanoparticles of the zame zizr have s
higher magnetization (70.8 emmu/g) [75] than thet of LZC200 nano-
particles (40,8 s /g). but despite thiz fact, L0200 nenoparticles have
& superionty n MIH applhication becsuse the squareness ratio (0497 and
the effectve snisotropy constsnt (4.14 = 108 ergfom3} of LEC200 are
much shove the squarenesz yeho [(0.04) and efective smisotropy con-
skant {7.53 ® 103 ergfom3) of won oxide nancparticles [75]. Basically,
the mesnetocrvetalline smsotropy present i = sy=tem could be esii-
mated from sguarenssz ratio and at higher values of squareness ratic
higher order trrms of magnetocryztalhne ameotropy start contribatng
[76]. Moreover, snizobropy 1z the central parsmeter opbmuzing of
magnehe hyperthermis a: 1t determes the mexamum achievable SAR
aznd conirols the miluence of the size distmbution of nanoparticlez on
SAR [77]. Some previous work on the MIH properties of iron ocoode
nanoparticies canbe zren-in Tzhic 4, smong the results ron oxide
nanoparticles coated with grephens mode exhibit comparstively a mo-
perior result but sraphenes cade 12 @ very expensive matenal

Additonsily, st 8 concentretion of ]| mg/ml. these zampies show
antther important and interesting behaviour. In Fiz, Do, the temperature
of 42 “C iz marked by a dotted Iine. This tempersture iz very important in
the context of cancer trestment and 15 kmown as the hyperthermia
temperstnre [72 7E]. At ~42 “C, a pathohiclogical effect ocoms o
which the normsl strociore of profeins, mucleie arids, and phospholipsds
iz altered, remuliing detericration of the cell structurs integrity and thus
caumng damage to the cancer cells. For the three zamples considered
here, the hyperthenmis termperatore 1= resched within 6 min sfter
applying the external feld. Therefors, & very small conceniration of the
prepared nanoparticles can have a great conmtmbirbon to the cancer
treatment.

4. Gonclusion

Five different sizes {6-139 nm) of Lip o=7ng 5pCog 1=Fes 505 mano-
perticies are prepared by zol-gel method. Cubic Fd 2 m phase formstion
of spinel ferrites iz confirmed by XRD analyeis. The cation disobution iz
esomated from the Ristveld analyveis and it iz seen that the oocupancy of
Zn™! ionz in A-site incresses with inereasing £dipas while 134! and
Co” ! jonz oocupy Besite. The phase formation iz forther confirmed by
TEM and Ramsn anslysez where the clementsl snalysiz confirms the

pres=nee of the consttusnt elements. XPS analveis confirms the presencs
of all chozen elements slong with thew valenes states: Méschauer spectra
of the samples confirm the presence of SPM nanoparticles in samplez
with <doue>—~6.0 snd 11.9 nm at BT, For the ssmples with & larger
e A ~114.5 nm, the nanoparticles are mamly ferromagnetic with
BE;SETatE[H]KTh:pt:amc:nfSFMrdmﬁnnsinth:maﬂu
nanoparticles 1= slso confirmeed by the dynamic snd stafic hysteresis
Ioops. For an external =c field of 400 Oe at 50 Hz bequency, the SAR of
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Table 4
Summary of zelevant SAR determination of previously reported ferrite nanoparticles.
Ferric= Comosmation (myg,'ml} Coating H T f =) SAR (W gren=) Faference mumber
hinPe. D, Li B 2] PNIPAm-co-GA a0 70 B+ [24]
MfgFazily I 335 265 257 [79]
M. Pa. Faill, 0 Parer acid 251 300 30 fan]
Mg zephifng o3Pzl 16 Lipad 140 100 e b =]
Cofe.0, 510 101 133 37
14 Fe_ 0, 14 &770 1% =1
Pia iZnp 2 Con o Pl ¥ 335 80 200 e
L ooy ooCon o7 50, z 42 B e i=5]
Cuae 2 Co g Pmats 3 mig [povider) 364 340 oz [a2]
Nlzgnetite 5 CFaminopropyljmiethoryilane 204 =2 672 E=3]
Alagmerine 10 334 265 364 [=4]
415 Foly-sthalans ghooal 263
6UES Oleic acid 335
Tron Cadde 0167 Graphens Thide 40 400 500 [as]
T S o o 1 335 290 713 Thiz article
= (Wigh
the five zamples with <d.p > ~6.0, 11.0, 47.3, 114.5and 130 Znm are References

11.4, 25:2, 39.1, 39.1 and 33.7 WrkErarie, respectively. This type of
SAR dependency on <d > sugeesis that manoparbicle: wvath & size
comparable to the evities] size of single domain sheuld be chosen for
MIH sppheafions: In sddiion, nanopsrticles vwith optimum megnsto-
crystailine anizoropy are more preferabie for MIH spphcations. The k.
valoe obtained in this sody is 4.14 = 107 crpfem and the SAR vahues
obtained from tme deprndent tempersture curves for | me/mL con-
centrations of semples with <d_ > ~11.0, 47.53 and 1145 nm are 134,
212 and 168 W S rorrae rcs'pctti;:n:l}'. At thiz =misll concentration of the
samples, the hypertherma temperature 35.alsp reached m & very short
time {withm 6 min only)-after spplyving the externzl ac magnetie ficld,
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Abstract

Nanoparticles of LijZn,,Co, Fe, O, are prepared by sol-gel method
using nitrate salts as precursor materials, Two different sizes (16.9 and 38.9 nm)
am obtained by annealing the sample ar 500 and 600 "C, respectively. X-ray
diffraction (XRD) patterns of the two samples exhibit only the desired peaks of
cubic Fd3m space group which confirms the pure spinel ferrite phase formation
in the samples. Size and root mean square {rm.s.} lattice strains are obained by
Williamson-Hall method. The nms. lattice strains of the two samples are 1.25
x 10* and 1.15 x 10, respectively which confirms that the prepared samples are
free from appreciable defects. The diclectric constants of the two samples are
studied as functions of temperature and frequency. Dielectric behavior of the
samples is explained by the electronic exchange between ferrous and ferric ions.
"Thermal variation of the dielectric constant shows thar there is a phase transition
from ferroelectric 1o paraclectric phase for both the samples ar - 320 K. Diclectric
constant decreases with the increase of frequency which is since beyond a certain
frequency of the extemally applied electric field, the electronic exchange between
the Fe* and Fe'* ions fail 1o follow the applied clectric field.

Keywords

Ferrite, Sol-gel method, X-ray diffraction, Williamson-Hall method, Dielee-
iric constant

Introduction

Polycrystalline spinel ferrites are widely knvwn for their imporant structural,
magnetic, and dielectric behaviors and intercstingly, these properties could be
tuned by proper choice of metal cations and by varying the average crysmallite size
l:-cd >). Spinel ferrites have formula unir described by A{}B Cl where A- and
B- 311‘ two lattice voids surrounded by foor and six oxygen anlur}s, respoctively.
Meta! cations occupy these voids and depending on the metal cations structural,
magnetic, and dieleciric behaviors change.

Fri:qu.eq'!c}r dependence of diclectric constant of lithium ferrite is studied by
Teixeira et al. [1] and the dielectric behavior of substituted lithium ferrites is
studied by many rescarchers which include nickel [2], cobalt [3, 4], cadmium
[ 5], mangincse [6] substimted lithium ferrites. Earlier studies indicate that the
substituting metals sipnificantly affect the diclectric behavior of the lithium fer-
rite. In this paper, the frequoncy dependence and temperature dependence of
lithium-zinc-cobalt ferrite is included.

Experimentation

Diatal ez al
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Sample preparation

Polyerystalline ferrite samples of prneral formula I..EMZIIE
JCDMFELIO‘ are prepared by sol-gel method where LiND],
Zn(NOL)6H O, Co(NO ) 6H O and FE{NDJ}I‘}HID are
used as precursor materials. Nitrate salts are taken in the cho-
sen stoichiometric ratie and dissolved in deionized warer by
employing a magnetic stirer. Aqueous solution of equimolar
citric acid is added to the aqueous nitrate solution while stir-
ring is maintined, Stiring is continued further until a gel is
formed and on gel formation the beaker is shifted to an oven
to burn the excess nitrates. The product is then powdered and
annealed at two different temperatures (500 and 600 "C) and
the samples are named as LZC5 and LACE, respectively,
Characterizations

XRD patterns of [JJCE and LZC6 samples are record-
ed in powder X- ray diffractometer, Model BRUKER D8
Advance with da Vinei, using CuKe mdiation (1=1 54054).
Dielectric measurements of LZCS and LZC6-samples are re-
corded by HIOKI 3532-50 LCR HiTESTER over the fre-
quency mnge of 100 Hz o 5 MHz at different temperatures
(300 to 450 K), For dielectric measurement, LZC5 and L.7C6
powder samples are pressed into the oylindrical shaped pellets
(thickness ~0.05 cm and diameter ~0.8 cm) using hydraulic
press and cleciredes are formed on the two flar faces of these
pellets using silver coating;

Results and Discussion

XRD study

XRD patterns of the samples LECS and LZC6E are dis-
played in figure 1. Diff raction peaks corresponding to the cobic
Fd3m space group only are appeared in the XRD patterns of
both the samples which confirm pure phase formation in the
prepared samples. Williamson-Hall method is employed to
derive <d__» and rnm.s. lattice straim. For this purpose, ob-
ained XRD patterns ws fittod with: multiple (six). peaks of
Gauss type and the Beos8 vs 45in8 graphs are plotted with
the B (full width at half maximum) and 8 (peak angle) derived
from multiple peaks ftting. Linear fitting is performed on
these Willismson-Hall plots (Bcos vs 4sinB) and «d > and
r.ms. lattice strmins are calculated from the slope and i.litva'cepi
of the fitted straight line. The obtained values of {dm> and
r.mus Jattice strain of LZCS and LZC6 samples are 16.9, 389
nm and 1.25 x 104, 1.15 x 107, respectively which agree with
those derived using Rietveld method [7].
Dielectric properties
Variation of dielectric constant with frequency

Dielectric polarization in ferrites occurs through the ex-
change of electrons between Fe®* and Fe® ions. Electron ex-
changes between the Fe?* — TFe' results in local displacement
of charges which is responsibie for polarization in ferrites [3].
In polyeryztalline ferrires; the grin boundaries restrict this lo-

cal displacement of charges and results in high resistivity. Vari-
ation of dielectric constant () of LZC5 and LLC6 samples as
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Figure 1: Williamson-Hall plot for the stmples L7005 and LECE.

% F.

a tunction of frequency at different temperatures is displayed
in figure 2, Dielectric constant of both the samples decreases
with increase of frequency which indicates towards the pres-
ence of rlaxation in both the samples. Bot the relaxation de-
viates from the ideal nature of Debye relaxation and can be
explained by Cole-Cole relaxation. According to Cole-Cole
relaxation, the diclectric constant is described by equation 1.

s )

5 :

1+2-fcarlI_“ sin[%JJr{mr']mw:'

Where  is the angular frequency, As = £,—5_ I the dielec—
tric relaxation strength, £, and = _ are low frequency and high
frequency permittivity limits, m&pecﬁw_ly 1 is the relamtion
time mrresp&mhnfr 10 the maximum loss and a is the shape
parameter [Bl. e = ghres the Debye form of refaxation while
non-zero values of o denotes the deviation from Debye form.

(1)

E'{ﬁi}: -

In the low frequency region, " increases rapidly with the
decrease of frequency and has very high value ~3000. The vari-
ation of £' in the low frequency region is dominated by the
interfacial polarization effect, which follows the Koop's phe-
nomenological theory and known as the Muoowell-Wagner
polarization |4]. Nanoparticles consist of conductive grains
bounded by resistive walls which eause to develop polariza-
tion at the interface of grain boundaries. At low frequency,
this polarization follows the clectric field but at high frequen-
cies the polurization can't follow the electric held and causes
4 sharp drop in the value of 2% Thes, 1 aveid the interfacial
polarization, the data recorded above the frequency of ~10°
Hz 15 considered while fitting by Cole-Cole equation (Equa-

Figure 2: Frequency varistion of dislectric constant.
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Table 1: Remults of Cole-Cole fiting. A i i T =TT
s 5o, + ki £ i
Sample | T(K) | & | € | AE=g-g | Txlis | « Ba et i
300 | 165 | 49 116 BIR | 034 5 r,f |
; | W
: 35 |30 | @ Fiil 675 | D26 ) Y
FEHIEEE: 4 300 | 035 | ;
375 | 63 | 48 15 163 | 033 H oy
300 | 236 | 43 193 096 [ 056 =
the wa) i ke . =] il
A 606 534 | 067 TR T
350 | 233 | 34 198 556 0.64 Figure 3; Temperpure variation of diclectric constmt
3 [ [ 191 036 | 070 4

tion 1) and fitted parameters are listed in table 1. The dielectric
strength (As) of LACa is higher than that of LZCS which is
because LZC6 having larger <d__» (= 38.9 nm} compared to
LZC5 (16.9 nm} and therefore has kirger grain boundaries,
i.e. mome interfacial polarizations. The shape parameter mnges
from (0.26 - 0.70 in the temperature mnge 300 - 375 K. Above
373 K, £ becomes very small, so Cole-Cole firting is avoided
above 375 K. High frequency permittivity and relaxarion time
is relatively higher in LZCS than LZCé.

Variation of diclectric constant with temperature

Temperature variation of " of LACS and 1.ZC6 samples
recorded at frequencies 1, 10 and 100 kI iz is shown in figune
3. At 10 and 100 kHz frequencies, =" remains independent of
temperature but at a frequency of 1 kHz, £ increases up toa
cortain temperature and then decreases abruptly with further
increase of temperature. Thus, a transition from ferroelectric to
paraelectric phase occors at this temperature (T ), The value of
T for LZCS and L.7Ca samples are 319 and 327 K, respec-
I::'r\lziy. Such empersure variation of £’ can also be explained
by the presence of grin boundaries in polyerystalline ferrites.
At higher temperanres grain boundaries start to disappear,
thereby cansing a drop in interfaclal polarization which in tumn
results in @ drop of =% Larger <duF> of 1LZCE causes a]:u‘ger
T, in this sample.

Vartation of loss tangent with frequency

Effect of frequency on the loss angent {tand} of LYCS
and LZCa samples at different tomperatures is shown in fig-
ore.4. The sample, 1.ZC5 has very smmll value of tand com-
pared to LZC6E sample, however in both the samples tand
decreases with the increase of frequency, tand represent the
energy loss per cycle which comes from two components, one
from the polarization part and other from the leakage part.
As discussed earlier, the interfacial polarization decresses at
high fregoencies, thus tand decreases at high frequencies. The
loss curves at temperamres 300 - 350 K are different from
thosc ar other temperatures. None of the curves exhibit a loss
peak excepr for thar of LZCS sample ar 325 K. Generally; a
loss peak i.e. the maximum value of 1and occurs at a frequency
when the hopping frequency becomes equal 10 frequency of
the applied field. At tempertures above 350 K, tné drops
abruptly at higher frequency which is due to the disappearance
of Maxwell-Wagner polarization above this temperaiure,
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Figure 4: Frequency varistion of diclectric Ioss tangent.
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Figare 5: 7' - 7 plot at ditferent temwpersmimes.

Variation of complex impodances ar different temperaturcs

il plot of LZC5 and LZCs samples are shown in
figure 5. The plots display some depressed semi-circles with
their cenires bolow the real axis, thereby suggesting a non-De-
bye type relaxation. It is clear from the plots that both the
samples have high grain boundary resistance which is a pri-
mary requirement for pood dielectrics. Additionally, the slope
of - 77 plot of the sample 1LZC6 is greater than that of
LZC5 sample which could be artributed to the drastic change
in nanoparticles sizes inchiding the non-uniformity of grain
boundaries of the former.

Conclusion

Polyerystalline nanoparticles of 1. m’fmu{:ﬂmrﬂuﬂ are
prepared by sol-gel method and their structural and dielectric
properties are studied. Nano-crystallites of sizes 16.9 and
38.9 nm show very small values of r.m.s. lattice strains 1.25
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x 10" and 1.15 x 167, respectively which confirm minimized  References

crystul defecis in the prepared samples. Diclectric constant
of both the samples decreases at higher frequency and high
diclectric constant at lower frequency is due to the Maxwell-
Wagner type interfacial polarization. At higher temperatures,
this polarization decreases abruptly, and loss tangents take a
constant value at high temperatures as well as high frequencies.
“The dielectric strength of LZCE sample (38.2 nm) at 325 Kis
maximum (606), so the break down voltage for this sample will
be maximum. Hence, nanoparticlés of Li Zn, Co, Fe, 0,
with <d__ > of 38.9 nm could be considered as u potential
diclectric candidate when dielectric strength will be main
concern. But when overall performance is 2 concern, then
considering  higher value of in:l.ped.am_:r, high frequency
permittivity, and relmation time a]uug‘ with lower diclectric
loss LZC5 will be a potential dielecrric for applicarion cases.
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PATTERNS OF SEED DEVELOPMENT IN PEA (Pisum sativim 1..)
Arindam Mandal', Prabir Chakraborti* and Niranjan Bala®

ABSTRACT

The experiment was conducted to evaluate the performance of the developmental
pattern of the seed considering the morphologicnl, physiological and biochemical changes.
The pen seeds (Piston saffvam L) cv AP-3 wag collected from every 3 replications nnder RED
fushion in University (RCEV) farms comsidering consecutive two years (20018-19 and 2019-
20). A sufficient mumber of flowers was tagged on n specific day beginning from the 10 day
after anthesis (DAA) (0 the 45% DAA allowing lor 5 days interval. The eolleeted seeds were
examined for seed developmental programmes considering seed length, width, fresh and
dry secd weight, chlorophyll content, and alpha-amylase activity of the seed. Seed leagith
and width were increased up to 353 DAA. Enrichment of seed dry weight was noted up to 35%
DAA though the seed dry weight was increased up to the lnst stage of maturity. The chlorophyll
content dnil alpha-amylage scetivity were highest in 200 DAA and 30 DAA. rispectively aml
declined afterwards. In concern of physiological maturity, the second Iast stage (400 DAAY
muy be the suitable stage for mainrity becaose waximom dry maier acoumlated in the
seed at this stage (40" DAA ), Hence, this stage may be suitable for seed maturity, From the
stuily, it can be inferred that, the perfect harvesting time of pea pod [B saivam (L) ov ADP-3]
was 40" dags afier anthesis.

(Key words: Development, pea seed, physiological maturity, seed morphology,

Pivume sofivii |

INTRODUCTION 2015: Mandal er al,, 2017). In the first stage of reed
development or embryogenesis, e embryo is differentiated

Field pea (Piswn sativum L) is one of the world’s /W0 Vanous fypes like glabular ' fieart and torpedo that can
sgsential and ancient cultivated vegstables. Tt is rabi season h‘iie”.m‘?m'j atthe coryledon stage, alike somaric embryos
pulse vegeables widely cultivaied for their green pods ~ (Yerdier et al, 2013). Numerous studics have shown that
worldsvide (Kumar er al., 2014; Kindie ez o, 2019), Thecrop 1€ T for opnimum harvest matunty depends on the
is A major source of protein (21% - 25%) with high levelgof  3ccwinlation of maximum dry mattes in seed or physiological
arnino acids, lysine and tryptophan that have high ~0amny for obtaining good quality seed (Mandal er af..
nmtritional value (Bhateral, 2013; Gregory and Hans, 2021, 201 7)- Morcover, the environment plays a vital role in the
Sunday and Asabar, 2018), Tt contains a great amount of ruzupr.atluu pracsss in ad_dmun to the time taken h:rrl a
carbohydrates, a litle quantity of fibe and containg 6% o PArticular crop harvest that adjusts the inal seed quality
§7% total digestible nutrients creating the crop also an  (Vveerasekaragfal, 3021), The physiological maturity stage
outstanding Tivestock feed. India is the second largess  foF pod and seed may be modified by the diverse nature of
producer of peas after China. Higher production with  (he environment, genotypic attitude as well as soil
enriched nutritional values of pess can be achieved by ~ condiians (Lieral, 2017, Raveneau et al, 2011). Generally,
various agriculiural management practices t accompligh ~ £00d quality is characterized by storability, percentage of

the peas demand of the world (Kumar eral, 2022; Lal eral, germination, seedling vigour, stable appearancs in
2002, wnitormity and establishment of seedlings, Improved
tolerance w environmental hazards and more constant

The initial stages of seed expansion are calegonised R il Lot 17 Bilho. 30151
by the advanced accumulanon of taazss, tirough cell divizion, IRRIEILY: DY e S Qvardal eral.. 201 E1RG, 3013).

elongaton, natrient accumulation, and water uptake (At In the present situation. the seed development and
etal, 20133, Tt is a very difficult task, to conirol the quantiry ~ "02Mration study are appropriate and imaportant as the seed
and quality of seed simultancously seeing different food  S0lestion may he perfect to escape ageing and to obtain
reserves within the seed (Jones et al, 2010; Aghamirzaieer 0 OPAmum quality that kept the standard viability. vigour
al., 2013). The developmenal process is usually alienated 20 ultimate field perfonuance, The physiological mamuriry
into three stages i.e. embryogenesis, expansion, and M1ON& With the specific paitern of seed development
maturation according to adjustments in seed weight (Ocharg considering morphological, phyeiclogical and biochemical

1. Asstt, Professor of Botany, Bejoy Narayan Mahavidyalaya, Hooghly, 712147, WH, India
2. Assoc, Professor of Seed Science and Technology, BCKY, Nadia-741252, WB, Indin
3. Asstt Professor of Botany, Sreszopal Baneres College, Hooghly, 712148, WE, India
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geed lraits miay be helptul for succeeding in the seed
production of pes.

MATERIALS AND METHODS

The observations were continued on vanous seed
waits like length and width of seed, fresh and dry seed
weight, seed chloraphyll content, alpha-amylase actvity at
24 hrs. of seed imbimton congidering the crop Pea {Piswm
satviem L.j cv. AP 3. The seeds were collected during seed
growth arspecific intervals from replicated field plots under
AB block Seed Farm, Kalyani, BCKV (Agriculture
University), West Bengal considering two consecutive years
(20| 8-19 and 2019-20). A sofficient number of flowers was
tagged on a particular day of anthesis under a specific plot
o abserve the phenology during seed growth. Developing
seeds were collected at eight various phases heginning from
the 10" day after anthesis (DAA! 1o the 452 DAA allowing
for 3 days interval. D . 1D, D, D, D D D, and D, refers 10
DIAA; 152 TAA, 205 DAM, 255 DIAA IR DAA, 355 TIAA,
A0 DAA and 45" DAA respectively, Observations were
recorded on 30 seeds of each replication, Chlorophyll was
estirpated by following the protocol of Amon (1949} and
alpha-amylase activity at 24 hys, of umbibition (Cui er al.,
2002} Seed length, sced width, fresh weight dry weighe
moisture content, chlorophyl]l content and alpha amylase
contents were measuced after |0% DAA w 45" DAA aran
interval of 5 days following protocols of the International
Seed Testing Association (Anonymous. 1976, Statistigal
analysis wags done considering the factorial anaiysis of 2
factiors nnder CRD fashion (Krzywinski and Aloman. 2014},

RESULTS AND DISCUSSION

The ohzervationz on aced development
progressed in significani differentiation with fome
exeepions at theend. During seed growth, the seed length
ghowed progression (Table 1) up to D, (35" DAA) fallowed
by 2 zmall deeline 4t the Tast two slages of maturity (30%
DAA md 45DAA). Similarly, the width of the seed followed
a similar pattem considering the value of subzequent years
wherc significant enhancement was sustained up to D! {30
DAA) followed by a significant lessening in seed growth.
The fresh and dry weight of pea sceds shovwed valuable
mdications rogarding seed maturity. The increasing trond
was observed up Lo Ds (352 DAA) for fresh weight, while
the mclination on dry welght was followed up Lo maturity.
The dry matter accumulation evidently mdicated irg
advanced depositon particularly at the last two stages ie.

D, (40*DAA) and D, (45" DAA) though a non-significant
obzervation was followed in between them. During seed
development and maturation, the ditferentiation in dry mater
decumulation: was recorded over lhe years of
experimemations indicating it varying respongs fowards
differential chmaticconditions over the years.An increasing
tendency in development was recorded up to stage D (407
DaA) for both the years. Among varicus phases as
weatmend, D (35" DAA) exposed the highest etfect in fresh
weight of séed developroent with a significan mianner that
was abruptly declined, it might be due (o reduction of seed
moisture, A decreasing propensity was followed in seed
mgisture content favourable tor boosting seed maturation.
A reduction was determined in every siep up to D, (45%
DAA)Y though the rate was advanced in laler stages with
the highest at the ending L.e. D, (40"DAA) o D, (43" DAA),
The dry matter in the geed was slowly added with the
progression of seed maturation as the elimination of moisture
was supportive (o endurethe suitable maturation. However,
relgtive humidity may infloence seed mamrity, The
chlorophyll content of the seed was mensored carefully as
its quantity was dropped after I, (30" DAM) o the end. The
enzyme alpha-amviaze may have a role in gead germination
throwgh the utilization of seed depusition. In the geed
developmental stages, it showed differential serion of alpha-
amiylase where significant variation was obzerved between
advanced stages ol seed maturity, The alpha-amylase
aclivity was incregsed with the progression ol sesd
development after D, (30°DAA). Tt was dropped rapidity at
lhe last stages. The important variation was noted in mean
valu=s of development phases in coniiniation of its marked
superiority upto D, (307 DAA) or D, (35" DAA) thotgh all
parpmeters were aot lealy followed, A sharp deereaded was
observed in the last slage ie. D, (45" DAA) lor both the
vears. There was a sipnificant variation bepween ¥, (st
year i.¢. 2018-19) and Y, (2nd year i, 2019-20) for all
charaeters excepl in seed length and widih (Table 2.

The association among varkous morphologeeal and
bicchemical parameters of pea seeds was vbserved through
gortelation (Table 3. The morphological characters such as
seed length (-0.599), seed width (-0.621), fregh weight of
seed (-0.512}, dry weight {-0.880) with the morgmre content
of geed showed a negative correlation but g significant
positive gssociation wes observed with aloha-amylase
{01508 and chloraphyll coment (0,314} indicating moistiee
favonrs their actions. Seed length showed a positive
correlation with seed wadth (0.960), fresh weight (0.936) and
dry weight of seed (0.808) but the corcelation with
chlorophvll content wag not-significant.
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Table 1. Study on various qualitative parameters of seed during seed developmental stages

Characters D (10® D(15%  D,20" D25" DJ30" D35 D" Dds* SEm LED
DAcA) DAAY DAY DAAL  DAA) DAAY  DAA) DAA) [z} 0.01
Seed Length (mnz) 4420 56100 9710 D830 10470 11040 11,060 0640 0012 351
Seed Width (mm) 2583 3358 5415 7.537 9163 9778 9112 8722 097 571
Fresh weight of seed (g) D049 0236 1606 3005 AT02 4597 3o 2548 0.041 0,120
Dry weight of seed (g) 0.003 o3 03 000 LOIT LY26 LOBRT 2115 03 0.038
Muisture content Ba.47 8548  BIDE o088 TR 6245 4772 1648 0510 1,480
Chloraplyll content
{myg -9 040 0.56 097 2 g6z 054 043 0.37 0014 0
- amylase (ug ' m') 995 133.7 181 2108 257 1963 1317 63.0 ITAT £z.91

Table 2. Study on various gualitative parameters of different seed growth stages (average
throughout the development) considering two years and its interaction effects

Year Seed Seed Fresh Dry Matstore Chlorophyll  d- amylase
Length Width weight of  weight of combent content (pg gtm )
{mm) {mm) seed (mg) seed (mg) {mg g1
Y, (2018-19) o104 6217 2485 0.962 674 0558 1490
Y, (2019-20) 3_9'?9 .06 2.314 1,085 G647 0 it_;: 12,8
SEni (=) D06l (099 (o2l 0007 026 [o07 644
LSy 0.01 — = = LA B 074 0020 1269
Y
SEm (£} 0171 079 0.059 (010 G975 ERVEL) 18,26
LSI D1 - - 017 0054 il F 0.057 —
Table 3, Correlation of different seed parameters through seed development
Seed Seed Fresh Mpaoigture  Chlorophyll f- amylase
Eingth Width wiight content content (g 2 'm)
() {mm) of seed (Mgl (mg gt
Seed Width (nam) 0.560"
Fresh weight of seed (mg) 0.038™ nee7T"
Muoisture content R G52l 05127
Chlorophyll content {mg g') 0108 (L0950 Q58N 0.514%
d- amyluse (pg g'm') 0,325 03210 0387 (395" 0,508
Dry weight of seed (mg) 0.808" 0.855* 0.815" L0880 446™ 0113

R yalue=0310: * Significans st P> 005, ** P> 0.001, NS- Not significant

Seed width showed a pogitive correlation with fregh
weight of seed (0.967) and dry weight of seed (0.855). The
observation wias supportve through the action of alpha-
amylase which indicated a strong positive correiaton with
fresh wespht (0.387), and chlorophyll content (0.508)

In seed formation, various parameters are crugial
for the progress of seed in different aspects viz,
morphological. physiclogical, biochormcal cie. considering
the physiological seed mamration, These can be smdicd
through various modifications that were inter-connected in
some morphelogical and physiclogical charactesistics,
precisely seed lengtl:, width, moisture content, and accrued
dry mass content (Filho, 2015} Tn seed expanszion, the
content of water plays a vital role and was primazily involved
in the way of cell division and enlargement {Bareke, 2018).
In seed growth, the number and size of cells can alzo be
regulated by ceil division and enlargerpent (Dante er al.,

2014}, Therefors, the seeds are confined t0-3 major part of
fiesh mass at the imtianon of growih, due to the huge amount
of water mgde the eells thar will promoets formation of
varions ragerves such as carboiydrates, proteins, lipids
and mineralg (Carvalho ef al., 2016}, In addinon, waler playzs
4 vital role m photosynthesis for the development of
photogyathates that will be the portion of geed cells or will
be deposited as a reserve. In the exitiing study, the resulls
indicated that the seeds were matured for physiological
maturity after D, (35" DAA) as the higher values were non-
significant or declining ot Tader stages 10 moist cases. The
enzyme exhibited rising measure up to D, (30" DAAS, and
then downward dreive tll o the seed maturnity, 24 its role roay
be related o the releaze of the deposited biomolecules for
eell activity during cell division and expansion of seed,
Alphg-amylase plave & vital role in the hydrolysis of starch
during seed germination and maintenimes of water potential,
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by providing soluble sugars during seed development
{Murtaza and Asghar, 2012} The enzymg alpha-amylase is
miogh compaonly recopnized with the early ootbreak of starch
granufes (Tle ez al, 20197 After enfering its peakai I, (30"
DAA), the activity was reduced up o the seed mamrity as
the food reserve was in a stable position. The correlation
studies on alpha-amylase indicated a strong positive
asgociation with all characiers except dry weight as the
reduced activity of the enzyie stabilises the reserves and
quality of the seed. This study on various seed characters
may be the indicaior of vanous precize stndies on a particulas
set uf characiers.

From the above study it is swred that, the
development and mangation of seed through the signal of
physiological, morphological and biochemical characters
probable physiological matwraton of pea seed was atr 40%
DAA considering dependable character seed dry weight
with different configuration varizhle parameters essential
o growing good quality seed, Hence, the oplimom dry
matler depositing stage at D (407 DAA) can be ideal to
confirm physialogcal materity 10 conirast 1o exirems rae
moisture reduction with signalling on total chlorophyll
cantent in a declining trend.
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Naming of “BHARATA™: Through the Ages
Dr. Bani Patua

Abstrat

“Siurx” = 3 Sanskrit term foend o seriprures from around 2.000 vears ago. On 18"
Seprmsiver [20%. dhe Coosttzent Assembly deliberated upon various names for the, yet to
Rors EnSEam TJD:: - ‘Bhamobessha’. “Jambudwip®. *Hindustan’, *Bharatbhumi® *Hind’.
Whe e 15 e most cormmenly wsed name for the country, it is often called ‘Bharat’ and
m “Hmcosan” by Indian officials and the public. Adopting a cultural history
perspernTe. G5S foner considers some of the inherited discourses on “Bharat” both 10 and at
S oo of w offcnl squatcn with *India” in the Constitution. India has so many names,
dnese &z Mol Temike Aryadesha. All-Hind, Jambudwip, India, Bharat, Republic of
EnSi Bapram Hoadmsthan etc. In this armicle. I will diseuss about what are the various name
of Bopmmmiarsiae [ will also discuss about what sicnificance did the name of Bharatbarsha
e = e socne-reitzons and Ristarical centext? This paper examines the significance of the

chomrrg cemrings of the camine of Indiz and the reasons for its gradual disuse.

Reywaores: Meinls Tenmpke Aryadesha, All-Hind, Jambudwip, India, Bharat, Republic of
Enre BEorss Hiodesthon Bhoratbhoen

INTRODUCTION

Or Befowzd mociesiznd Bhamstversh' is one of the oldest countries in the world. This holy
i & cersoered = anctent Imzrenme Ramayena, Mahabharata and various Puranas. India
fus Sesr Sreges for its fch culnral heritage since ancient times. In the history of India,
=nry -‘*1:::'":‘::- Ezve estzblished thetr supremacy on this plot in different periods, in such
oty B35 beso kmown by differeot names in different perieds. In ancient imes,
e Ia:“:..-:':r_ﬁ,u 1o Arvevorizsnd mom India o being called Hindustan, the history of this

(I L]
&l
L]
..

e coumr—y B very mzerestins and full of surprises. Like the cultural heritage of India, there is a

sl Basnors Bidden befimd the nzming of this country. The preamble to the English version of
i corsoTomen starts Wiin the words ~We, the people of India ..." and then in Part one of the
dommmenr i siztss “l=dis thet is Bharat shall be a Union of SEEIES £

Zssisizcs Professor. Deparmment of History, Bejoy Narayan Mahavidyalaya, Itachuna,

Hooghly, The Usiversicy of Bardwan, West Bengal, India

E-carl: boroesr= | 910G axmail com
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Impact of evolution of structural defects on the ferromagnetic and electrical
properties of laser deposited Indium-doped SnQ- thin films

Shvamsundar Ghosh

Deparemsre of Plyysi=, Boioy Nommyon Mohaoidyelmyn, The Driversity of Burdwar, 0 -Bocnms, Hooohly, 712147, Indin

ARTICLE INED

ABSTRACT

Commmuricared by Szha Bivas

Impact of non-magneic cabonic-Fubstitution oo the evolution of stroemrzl defects and correlated ferromagnese
and elecrical properoes are investgated n zeries of pulzed lazer depoziied 5o, In 0 (0.0 < x < 0.12} thin fims.
Beyond the nominal doping concentration of 2 at%o (ie x > 002}, Indium (nj-doped 5n0y Abm switthes to
exhibit from n-vpe to p-ovps elecmical conductivity and dmulsneon:zly the magnetization (A5} a= well a= the
Curie temperature (T} of the lms increasze sgnificantdy. Esomated values of ‘Mz’ and T:" are found o achieve
as large az 1521 emn/om” and 540 K respectively sthen In-doping eoncentration approaches towards x = 0.08
2nd zfterwards tend o decrezse abrupiy. Vanous speetroscopic techmiques including Positon Anmihiaizfion
Lifetime Spectrazcopy (PALS) have detected the existence of Sn vacancy (Vi) defects within 5oy .In. Do flms
arize az the effect of In-Enbsdmbion at 5o =it (.} mnder C-rich atmosphers, The estimated positton lifetimes
and the increase of line-zhape 5-parameter confirm the rze of Vo, defects which serve as the major source of
Mmagnstie moments in non-magnetic host 5oy Besides In  defects introduce excess holes within Sn0; lamiee
and thereby the magnede spin-spin BEEY interacnon between near-by Vi, defeco are mediated ferTomagencslly
through the loealized holes. For x > 0,08, st=bilization of various donor-type defeets such az 5o intevstinal {Sn,
indium interzofal (Br) aciually compensatez the zaceeprors that fead: w reduce the effecdve hole densiny
consequently diminishing the smrength of ferromegnetism within Sn0,. Henee, moming of such ferromagnete and
semiconductng properties thromgh non-magnete cadonic sobsfimton in Tansparent ecndostng doddes can be
Very promising in the fi=ld of next-generanon spiniromnics.

1. Introducton

In recent years, explorabion of defect-mduced magnetizm (DIMV] m
low-dimensional (10720} ctherwize non-megnetc transparent seom-
canducting oxdes (TCOs) has been drawn mmenss research attention
due to the possibality of mirinsic spm polanzstion i optzeslly schve
sermiconducting host materials for the pext-generation spmirome and
opto-spuntromie devices [1-3]. Inm search of room-temperstore (BT
difute megnebe semmeonductors {DMSs), oxides like Zn0, TiDL SnO=
ete. have been zhadied extenzively with doping of Few percentages of
ransitiom-metsl {TM) or rare-carth (RE) elementz. However, the mag-
mefc propertics remains eontroversisl [2 4] and the possibility of exis-
femes of magnetie impuonty hss mpossd greatest chellenge to the
zeientizts to justify mitrmeie natare of the ferromagnetz=m (FM) [Z-5].
On the other hand, exstence of DIM m severa! lovedimen=sional om-
de-besed mancetruchores [1.2.2-11] peved an sltermsfive way for
imtroducing FM, zenerally known as d° FM, without doping with any
magnetic slement The name 4 zppears beeauze the masnstic moment
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ariz=s without presence of localiced d-zhell elecirons. structural defects
are generally found to play important role forsuch robust FAL However,
proper control and mampulston of defects within the host material
have been quite challenging so far. In many casez, oxvgen vacaney [(Vg)
defects have been atimbuted to be responsible for such FM [12,13] in
oxides. Om the other hand, zeveral theorefical reportz [14-18] al=o
suggested that cation vacaney defects can miroduce larger magnebe
momenit 10 oxides which mamby snses from 2p orbatel electrons of ox-
ygen surroimding the cation vacancy site. However, proper defect en-
ginesrmg 15 ezsentsl to imdsrstand - siahilize and control DIV wathin
osdes nanomatrnals and thin films

En0. haz been one of the importsnt TCO materis]l m the feld of
elsrivonics; optics and potentisl devices [17]. Earher, Ogsle etal [5]
reported RTFM with glani megnefc moment -1n transshon-mmetal
Co-doped 8n0:5_4 thim films. Later Barls ek 8l [7] reported that Co-34
clectrons ave not drectly responsible for the oberrved ferromagnetizm:
In fact, even in our previcus work [B] alze, bulk Co-doped SnO.
exhbited onby parsmssnete behaviowr, wherszs' FM sppears onby in
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case of nenostructures. This signifies struchiral defects may play anim-
portsnt role 1n mduemg FM mn 800, nanostrutres: Unlike Znd, DIM m
lowr-dimensiomal Sn0.-based nanomaterislz has not been exploved very
conmistently in literatore, Although several factors ke ooygen vacancies
[18,19], bound msgnetic polaron [20], So interstialz [21]; =te, have
been reported for the origin of FV 10 800, nenostrchaes and thin films,
zall the exact ongin 1= not properly understood. naddinon, the frst
prmeiple esculabon by Wang et 8l [22] and density hincbon theory
(DFT) celeniations by Behmsn et &l [73] suggested tn-vacaney (Veo|
defects can mduee large magnetic moment within Sn0- and 1t i= guite
poezible to stabilize caner-mediated ferromesnebsm excesding the
threshold concentraton of Ve defects: However, the expermmentsl evi-
dence of Ven vacanev-indiced magnetism for Snid; iz very rare. In
addibon, Rahman et al, [23] also sugsested that the gant magneic
moment obesrved by Ogale ot al. [6] maght be due to formation of z1g-
mfeant smount Ve, defeets. Howerver due to itz high formation energy,
stablizabion of sigmficant amount of caton-vacaney defects 2re gumte
challenmng in pristine ooades [24]. Theonteslly, it has been predicted
[24] that the formation energy of castion-vacancy msy decresse during
the growth under oxygen-rich stmosphere In addition. Bouzerar et al
[25] recommended that substitntion of few percentaze of lower valenice
non-magnetic element at csgon site can also reduce the formeton en-
ergy of cation-vacancy defects sigmficantly.

In iz backdrop, we have depomited pristine =nd non-magnetc In-
divmm {In)-substitnted S0 thin-film= onder oxygen-nich atmosphere
umng pulsed lazer deposhion (PLD} techmgue. Indnmm is trivalent and
thus the submitution of In” | &t tetravalent Snostic i cxpected fo ntrodues
boles within Sn0- lethee In adition O-rich stmosphere withim FLD
chamber may trigger the formation of cabon: vacaney defects within
doped Sn0y films rather oxyeen vacancy. Thus evolunon of stuctural
defects upon In-substitution has been snalyzed dusing various spectro-
scopic techmiques moluding positron smmhilation hfebme spectroscopy
(PALS} and correlation the phenomena of &° FM of the In-substitutad
§n0z films.

2. Experimental detsils

High purse Sn0s and IOy powders (9999 %) are moxed with
aparopriste ratio and grmded properly to prepare 2 umiform precursor.
Then precursor mixiore iz snnssled st high temperatires (800 “C) for
ghrs under O--rich atmesphere. Then 1t iz converted mitc & pallet which
iz used as the soures materisl in pulsed lazer d=pesition (PLD) chamber
to fabricate of the seriez of In-doped S0 thin flm= on c-=x= [0001)
sapphire {AlLOZ) subsirate At fret, the PILD chamber evacoated down to
frezzure of 2 % 10 © mbar and i= filled with pure cxygen gas of partial
preszure 10 mbar. Thereather, different Sny o 0. (0.0 < x < 0,12} thm
film= are fabricated with varving In-doping concentraion (x) under Oo-
rich aimosphere. Dunng preparabon of the films, Kr—F sxcimer lazerhas
been operated: with leser power density ~1.41 J/em” and the palee
yepetition yafe of 5 Hz. All the pure and In-doped Sn(s films are
deposited for 30 min keeping the substrate temperature Gxed st 600 “C
After completon of deposition process, each flm 1= armesled at 600 *C
for 10 mon at the zsme afmosphere and then cooled naturally at BT

The films are charscterized by Grazing Incidencs X-ray Difftaction
[GIXRD, X'Pert Pro, Panalvtical), Field Emismem Scsmmomg Eleciron
hMicrozcopy (FESEM, FEI Helios Nanolsb-600), Transmieson eleciron
noeroscopy (TEM) and associated Energy dispersive spectrum [EDS)
Magnetic properbes are ansivsed usng superconduchng guanium
mterference devices (SOUMDs), megnete force mieroscopy (MFAM} and
atomic force microzcopy (AFAM). Dhvnamics of defects wathim the host
materialz sre probed using X-ray photoclectron spectroscopy (XPS, PHI
5000 Versaprobe I Scanming XPS microprobe, ULVAC-PHI, USA) with =
monochromsatic Al-E, radiafion; Ramsn spectroscopy (LABRAM HE
from Horba Jobin Yvon) and FPhotoluminescence (PL) spectroscopy
(Honba Jobain ¥von, Fluorolos-3) having Xe lamp sowee under the
excitation wavelength of 330 om. For electrzcal charactsnzation, Hall-

[&]
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effect experimental set up and four-probe methods are emploved.
Fmezlly, to understand the dynamies of defects more m depth, Positron
Anmbil=tion Lifetime Spectrozcopy (PALS) messurement sre performed
usinig the zource meterials (pallets] In power form Redicactive = Na
{~10 pCi in strength] deposited on a thin [~2 mg em %) nicke] fodl i=
us=ed a5 souree posiivons. The samples along with the f2oures 1= keptunder
vacuum throughout the sxperiment and covered the source to ensure
full papture and snmibilation of the postrons from the soures vathon the
zample 1teelf Uzing & slow-fest comeidenor spectrometer, the y revs are
detected with tme resclufion 170 pr obtsined as full width at half-
maxamum of the *°Co yray colncidence spectrum. Under =ach posi-
tron lifetirne =pectrum sbowt 1.5 million counts were collected having
pesk bo backeround ratio better than 1000001, High pure getmsnium
(HPGe) detectors of resolubon 1.27 and 1.33 at 511 ke'V are used for
CDBS measurement. In order to &void any kind of magnetic contam-
nation of the films, extreme precavhions are sdopied in every step duming
performing experiments mchdmg the zample fabrication. I fact, non-
magnehc tweeners, non-magnetic contamers cicare used to hendie
the samples durmg the entire course of experiments.

3. Resulte and disrussions
3.1. Sournoal properiies

Fig. | shows XRD patterns of the Sny..In,05 (0.0 < x < 0.12) films
that mdicabng tetragonsl rofle covsial =ouchore (2 = b # e} of S0
without any evidence of zecondary phases within the detechon bomt of
the mstrument. As 2 conssguence of In-doping, the lsthce volume of
tetragonal unit cell imtially mereszes up to In-doping concentration
around & at-% and thereafier decreases gradualiy as shown n Fis 1b.
Such merease of latics volume can be explamed due to substitubon of
larger size In®' ions (0.80 A) replacing S0° ' 1ons (0.60 A) in tetragonal
Sn0z umt cell [25], On higher doping level Indmm atoms might prefer
to oceupy latbee interztitisl mtes. thereby resulbing & decrease in lsthics
volume of the cell. In addition, the XRD pesks are-alzo found to broaden
significantly afier doping. Such brosdening may sugzest a decresss in
erystaliine quahty of the films. The crystallite mizes () are ssiimated
from the Gcherrer equation using (110} & (101} diffraction peaks after
sabbracting the nstruments] broadening using laBe stand=rd sz shown
m Ez. e It has been formd the aversge values of cxystalhite size imbally
decrzazes on increasing In-concentration and then mereases slowly on
further doping. Surface morphelogy of the films are identified u=ing
FESEM =nd ‘representative FESEM mmases for Sng ozlng ge0- and undo-
ped 5n0- are shown in Fig. 25 and b respectvely while the mset of the
rezspective figures exhubet the correspondmsz TEM mucrogreph. Using
TEM nucrograph, the average pariicle size {d) the flm= are erbimated for
zach film Fiz 2d shows-the paroicle size distnbution for Sng golng peO-
film and average value of "d" is found o be —~35.2 mm Estimated vahues
of average particle zize (d} = found to decresse graduslly wath meresse
of In-doping eoncentration 2= shown 1o Fig 2= The veanation of partcle
size (d) iz quite similer to the crystallite size (£} &= obtained from carlier
¥RD ansivzis [Fiz. 1c). Chemseal composibons of the Glme =5 obtzined
from EDX sssocated with TEM are summmarized m Table | and a
representative ED spectriomn for Sno:gsIng oe0s ate shown Fig 2o

Chemies] composibon of the Blms 12 al=o analyzed usmg XPS tech-
nigues (Tahis 1] and are found to be i good agreement with earhier EDX
analysiz. Bz 3a shows the core-level XPS spectra for In 3d-cbutals: that
exiithit two distinet peaks 2t 445.5 and 453.2 ¢V aszigned to In 3d: - and
In 3d; - respechvely within Snp goIng o0 filmm Thiz confirms that in-
divm ionz within Sn0k Iattice are inn® | oxidation state. Core-level XPS
specira for Olz-orbital as shown m Fiz. 3b cxdnbits a strong peak at
530.9 £V confirms the presence of oxvgen (0° ) fons [57,28] along with
extended tml showldered at higher lindme energy of 532 &V which may
be due to structural defects or oxygen deficiency [27.28]. The asym-
metric character snd broad shoulder towsrds higher binding energy of
Sn 3d core-level XPS spectra, In Fig Je, can be well deconwoluted indo
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Flg, L. (3} and (b} FESEM tmage of Sng.¢2Ingq:0z and undoped 5ok thin fiims while the ineet shows the earesponding TEM fmage of the filme (e} EDX spectra of
80y ol ;0. reflecting the chemical composition of the fibm {d) perticle size distributdion of Sog ol 0= () Variation of particle size with In-doping {at )

estimated froem TEM.

‘two sets of pealz. First set of peaks towards the higher bmding energy i
e. 486.8 and 4953 £V comespond to 3dz - and 3d; - orbitals respee-
tively arizez dus to Sn' ' jons at lattice gite [25,79] while the second set
of peaks, 1.e. 486.1 and 4894.6 £V arise dus to presence of lower valenoe
Sn or metalhe En wathain the lattce [29,20] due to In-dopmeg.

3.2 Magnetic and elecerical properties

ATl the Sny Tn O thinfilms films exhibit ferromaznetc behaviour s£
RT as well as low temperture. Fiz 4a shows the representaive magne-
bzshon curve, M (H) a3 2 fimehon of external magnete ficld (H) for
Snp 5aIng pO thinfilm 2t 300 K 2nd SE. Further, it iz interesting to nots
thiat the undoped Sn0- film alzo exdubit weak ferromasnetic bebaviour
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Table 1
Estimated values of oryziallite size {¢), parnels zsize () and chemical composition (at.Ge) for Sng Jo O {000 < x < 0.12) fun flms.
Eamplas Average Crystallite size. # (nm)) from XRD Commposition {arvh} Perticle size, o (mom] from TERE
FI¥X =nabyss PS5 anabywmis
3n 0 = En o E
Undoped o0y 30.2 70.13 29.87 69,38 3002 748
Sazpelng mOs 323 D24 3?3 D42 53,91 2956 053 BB.7
R 5.4 E9ET 3912 11 BAET 912 1.20 503
Sng pelng gaDs 8.0 68591 prot -1 341 TO.OS 2706 2.69 549
S 150 6747 6 537 67.24 27D 516 &g
SnagaTneoeDs 123 66.62 2556 =78 85.85 2681 T4 as.2
Sog g0 133 &7T7 2334 == 55.21 323 ESL JE.2
S i, 0 142 6535 2 5.5 63,32 2401 967 205
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Flo. 3. {a) Core-level XPS spectra for (2} In-3d {b) O-1:and (£} 5n-3d orbitals of
undoped Sn0; and Snggolne o000 flme

but the corresponding bulk En0y i= diamagnetic az shown m Fiz. 4b. In
ord=r to el=rnate the doubtz of any ferromasnee Immehe:, magnene
mezsorement of both sapphhive substrate and InOy powder are per-
formed. Both exdubit dismagnetie nature as shown o Fiz 4b. Hence it is
clear that the FM sppeared here in serez of 500 thinfilms 1z quite
mirmsic and the magneoc moment 1= found to enhance sigraficantly
after In-doping. It can be seen from Fiz. 4c that sabwstion mesnebc
moment (M) for the SnyJn0; thinfilms gradually increases up to 2
ceriain In-concentrabon (~8 at%) and then decreasss on further
doping. In order o confivm the ferromagnetic nature of the Hlms,
temperature-dependent Zero-field cooled [(ZFC) and field-cooled (FC)

magnebzaton messuements are also performed &nd & representative FC-
ZFC magnetzston curve for Sng gslng o0 fimizshownin Fig 4d. High
temperatre magnetization B (T messurements for Snggrng pe0s
thinfilm =z shown in Fiz 4e mdicates the exiztence of the Coire tem-
peratore (7] ~ 540K It i= nobeeable that vahies of esttmated T for all
&njIn0, films are found o be well sbove BT, On mncressng of In-
doping concentrstion, Similar to M:, T of the Sny,In, 05 films also m-
cresees mmbially s depicted In Fiz 4f and then decresces on higher
doping level. Hence, 1t &= evadent that doping of non-magnetic mdium
has defimte role in mducmg RTPM 10 such low dimension Sn0- Ghmes.

Temperaiire-dependent remshvity messorements of the Sny_In 0y
film= af shown mm Fip 4g confirns the typical semuconducting behavionr
of the 8nj In. 0 flms. On incressing In-dopng concentration {x), re-
sistivity (i) of the filmz are found to enhance gradually up to & at 3 of In-
doping, cosequently cernier density decresses as shown in Fig 4h
However, the reverse behavionr sre observed when doping consntrsfion
excends the level of 8 &% For lower doping {x = 008} In®' ions
senerally substifute the Sn* ' fons s cvident from carlier XP5 and XRD
emalymis, thereby form acceptor-type In-suhstitutionsl defects (s}
within lsttics Az g conssquent: it rizes the p-tvpe conduetvity of the
film. Besides that, stsbihzration of acceptor:- rpe Snvacaney (Vs defects
may aleo morease ptvpe conductvity of the Hlm. For higher hoping (x
> 0.08), the decrease of film rezsistivity msv be due to formation of
donor-type Bn mierskitis! {5n;) deferts whick can arfuslly compensate
the acceptor-tvpe I, and Ve, defects. Hall-effect measurements reveal
n-type conductivity for undoped Sn0- and alss Sng oging o0 films.
Interestingly, when x = 0.02, In-doped Sn0; film= syatches o exhibit p-
tvpe conductivity rather n-type. It 1= worthy to note, 3z soon as the flms
switchez to p-type conduchvity, ferromagnetic property; of the ‘Sng.
J8.0 flms has been found to boost mignficantly. Therefore, prezence of
p-type eonductivity smzes due to mivoduetion of holes within Sn,.
05 flme mught stimmilate the ferromssnetic interaction within Snd..
Fig Saand d represent APM imsges of St o-Ing o0y and 1moped Sn0:
recpectively. The seale provided with the picture indieates that the
surface of 8ng glng ge0s more rouzgh compared to the undoped Snds;
film=. The corrensponding MFM images of Sng goIng pa0; films 2z shown
m Fiz. Sband e, clesrly mdicating some porsse gramhbe strachores
where the bright and d=rf: mrains represent the pomove ‘and negetive
magnehe poles respectvely vathm the matevial The high conesntration
of such bright and darks graims mdicates stronger ferromaznetic
ordering for the Snpgzlnp a0z film sz comparsd to the undoped Sn0z
film= (Fiz_ S and T). Semlar behaviours are observed for other In-doped
EnD, Hlms sl=o.

3.3 Phowhmminesence spectroscopy shufles

In order to understand the ongin of such ferromagnetizm i Sng.
O thinfilms, it 1c ssse=nbsl to study the svoloton of defects withon
the material. PLspeciroscopy 1= known to be promising tool to probe the
various defects of wathin nanosbuctured: matenale. PL zpectra for
various Sny.In.0; fiims a=z shown in Fiz Ga, can be deconvoluted into
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Flg. 4. Magneozation M {(H} curve for (3) Snp gyIng 0 thinfilm at 300 K and 5K {b) So0, thinfilm bolk Sn0. poswder, Ing 0. povder along with sapphire subsirate.
()} Estimated =atiraton magnetzation (e} a= foneton of In-doping concentration {(d} Field-cooled (FC) and Zero-fickd-eooled (ZFC) magnetzafion curve for
Sng.galng 20z filme confirming the inminsic ferromagnetizm of the film (=} Temperanire-dependent magnetizston M (T) curve for Sng gzing 0 thinfiim indicadng
the exzence of Cuire Temperaturs. {f) Cufre temperature (1) for different Sn, In 0 dunfitme {g) Besigvity a5 3 fmetion of temperatire for 5oy In 0, thinfihms fior
x = [L08 and 0.06 shows typical zemiconducting behavicur of the filme {inset change In resizigvity 2= 4 fimcoon of In-doping concentration) and (h] Estomated

rarrier concentration and Hall eoeffirient of the different Sn, I 0. thinfiims.

fonar different emission bands around wavelsngth of 366, 385, 4560 and
500 nm (Fig 6b). UV emission around 366 nm generally opginates-dus
to the elecironic transition closs to the band edge thus can be directly
proporaonal to the band zap energy {E;). As & result of In-doping, the
cemfre of UV smizsion band shific towards the higher wavelength mmrdi-
cafing & decreasze of energy band gap. Thiz decredze in E; may be due to
crezbion of more In-substtohonal {fre; ) scceptor-states wathon band g=p
of En0z. In addibion, the miensity of blue ermizcion bend centred arommd
460 nm 1z found to enhance gradually up to In-doping of & at3¥-and
thereafter decreases on fiwther doping. In order to Iwveshigate the ongm
of blue emizsion Sng gaIng 0o O-film: are annesled m Oy atmosphere for
2h and PL spectra of the annealed Sog g-Ing o0 film iz shownn Fis. 62
{eurve £). It 1z very mnfereshing to noke thist sfter aonealmz the miensity
of blue emaznion band {460 pm) has enhanced sigrificantly while the
veliow-orange . emussion at 300 mm vamishes. After high-temperste
anneslmg in O atmosphere, it iz cxpected thet concentrstion of Vg
defects should decreg=e rasuliing & senificant decreazes of vellow-orange
ennszion at 390 mm [21,32]. Thus, it can be understood thar
veliow-orange emussion m PL zpecira anses for Vo defects [31.37

within Sn(y lattice. On the other hand, blue emiszion st 460 nm can be
asmgned to Vi, defects. This 1z because annealing in O are found to he
very effertive to formathon of Ve, defects withm Sn0; [31.33]. More-
over, theorstical enslysiz by Golovanov et &l [54] al=o suggested that
formation ensrgy of cabon vacency defects within metal oxide decresses
through catiomic zubsbtuton under C-nch atmosphere snd thereby fa-
vours the stabilizstion of cation vacancy defects. Thus, bere In our caszs,
the caticnic substition using In” ' favowr the formstion of Ve, defects
within SnCz. Ven defects within Sa0; create a3 deep level acceptor-band
above the valence band and the slectrontc transtbion assonated with
conduction band snd Ve, acceptor band can give rise o blue emizzion
having energy ~2.76 &V [32,25]. Henee, blue emizsion in Sn0k carmesa
mgnature of formation Vi, defects within Iatitce. Az the intensity of blue

21.3

ommzzton (e 5d) = foumd to be strongest for Sngoglngge0- flm,
therefore it possesses Inghest concentration of Ve, defrete smmong: all
other samples.

3.4 Roman spectroscopy shudles

Raman speciroscopy = another mportamt tool to identify cxystal
sl:m:h:::s:sld-:fcctswiﬂ:ﬁath:rsm&tcﬁai& In genersl Snls has
tetragonal rutils unit cell which belongs to D (Pis s Spece Zroup
that possesses the following vibrational modes a=

G{Rule)=Ay Az, +Ap, +By 4By + 28, + E +3E,

It can be seen that By Ayg, By snd Br, sre Ramsn-active, By -and Ay
mwode are IR active but A;; and 8, are neither Raman active nor infra-red
{IR] actve [35]. Fig 7a shows Baman speckra for undoped and
Sy I 05 thinfibms. Rmnsnz;u:c!:‘anf.h:mdop:dfﬂﬂz:ﬂﬁb:ts four
d;ﬁ:r::atmd:ssuchasEu Lo (354 cm 3, E; (474 cm ],Auzfm

%) and Az (690 cm Y] mode:s that corresponds b:th: tetragomnal
mnl:crjstalshmm:cnfﬁnm [35.36]; Egmud:at4?4n:u. arses due
to sabration of oxygen in 8n-0 bond, whereas the Ay mode origmates
do=to Lhcumtsnﬁnnandcxpaﬂmbnufﬂn—ﬂborbdtﬁthinﬁnﬂzhtﬁm
Beside that a wesker Ay, mode iz also found to appear 22 574 cm Land
the mten=ity found to meresse gradusily on increasme In-doping: con-
centvation. On the other hand, A, mode becomes flatter and shifted
toivards the lower wavenumber as shown o Fiz 7h. This oceurs due to
gradudl lowerning of crystalhite sios ar gram size after Tn-doping, (2=
svident from both XRD and TEM analves) conseguently for enhanced of
surfses to volume ratio of the films. Thos, on mereazmg the doping
concentration, In-doped Sn0; films are tend to possess more and more
surfzaee defeets leading to the local 1attice disarder which can change the
bond lengths mgnificantly and resoliing 1 reduction of spses symmetry
DY [35] of 5005 lattice. In fact, the doping of trivalent In® ' ions modify
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Flg. 5. AFM images fior (3} S0; oI 05 (d) undoped Sn0 (Scale bar iz provided for wndersEnding of surface topography of the filme}. The correzponding MFM
mages (b, o} for Sng erlng o0y and (e, §) for undoped 5507 thin flmz rezvesling the magnedc domain soacmre

the local snvirenment porrounding Sn site and canredoce the formation
energy of Ve, thus helps to stabilize more Ve, defiects [24]. Such zenous
Iattice distortion ran ransform some Baman mactive modes ke Azy and
Ez mode into Baman active mode and thus appeared 82 574 cm * and
354 em © respectively [37] here in our ezse. The mze of ratio of In-
tenmities Azp/Alp mode, 3z shown'm of Fig. 7o, thus sigmfies the gradual
enhancement of concentration of Vep defects with ncreaning In-doping
level upto 8 at. % and theresfier dummzhes on ligher dopmg level.

3.5, Posron anralulotion Lfetime spectroscopy shedies

PALS iz generally kmown to be very effective to identify the nega-
fively charged catiom wacancy defects within the nanomsterials where
the positvons can be tarpped for sufficient tome. Fiz 2a represenis the
reprezenitative normalized positron Ifetime specira for undoped Sn0:
and Snoceeinp ez sample:. The nstore of the zZpectra depicts =n
enhancement in the positron lifetimes i S0s geing pa@s =2 compared to
wmdoped 5n0z. Using the programme PALSSHE [358]), three Hifetime com-
ponents sueh sz T;, Ty, Ty and thewr respective relative mtenshes I,
and T are calenlated The shortest lifetime () for Soy . In Oy zamples, as
shiwn i Fie Sb. are found to be shehtly greater than the reported
posttron bulk Lifetime of 167 ps n-Sn0s [32]. Az the zmzgle oxvzen va-
‘cancy cannot trep posttrons, henee, T; might be the sversge of postiron
hifetime 1n-bulk ‘and szmall vacaneies hke S0 monovescaneies (Vo) or
divacancies. Om the other hand, the longer lifetime components 1 and 2
can anize from positron anmbilation wathin the vacancy chusters and
anmhilation of ortho-positroninm atoms in the regions between the
crystallites [40]. The variation of longer hifetime components - ry and
thetr respechve mmtensines f- and s sre shown m Fig Se-f respechively.
With imcrease of dopmg concentration, the values of posiron hifetme

components 7 and 1o gredually incresses while 1z decresses sharply.
The mesns=ity I; contimies bo morease up to [n-domng of & st % and
afterword decreases that sigmfies the enhancement of vacancy-chisters.
With meresss of In-doping mitially up to 5 st %, the formstion of Sn
monovacsneies {Veg) or Sn vacancy clusters such a5 Vie + Fisn, Ven 4 o
cte. effectvely leadsto the merease positron rappng cenres: However,
beyond the doping level of 8 at%, the In ' fons start to cccupy the
latbee mtersnhiale sites (s} which ezn sbruptly block the free diffosion
of positron: and thus effectively reduces the posifron trapping m defects:
Hence, the intensity I; suddenty fallz snd the major contribution to the
hifetime T &t thiz stage arizes to those gethng annthilated to the oxvs-
tallite srfaces. However, the other hfetme component Tz and 1= m-
tenzity I3 eximbit systemstic vanston with In-doping concentrafon
muech significance is not credited as the concemed mbersity I is really
zmaall I:-tl.-.lEI I!-’E-:I.

The CDBS messurements are performed Hret by recording the spectra
of energies of anmbilstion gammma rays moving 1o the opposite 'di-
rectons usimg high pure germaminm detectors. A two-parameter spec-
trum 1z thereby generated wath the siom and difference of the enermies
the X- and ¥-gxes snd the ttme comrelsted events m the Z-ans [41]. The
distbubon of eveniz parailel to the v-eoos with sum mnberval 022 + 2.4
keW 22 8 doppler brosdened pomitron ammihilstion gamma ray spectrom
which iz free of the detector resolution function and nuclear background
effects. Henes, 1t presents a true reflection of the electron momentim
distribubon withm the material Az the changes in electron momentim
diztribution are too small to differentate, the spectra so0 obtained are
generally divided by an identical spectriom obtsined for a pure defect
fres references sample in order to magnify mch small differences. Here,
&5 the reference, we have used single crystalline Al zample with pursty
00 000 % and was anncaled =t 508 "C for 2 b in veemum hefore
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Fig, 7. {a} Raman spectra of Sny.,In, O thinfiims () Shift of Raman A, mode with In-Goping (a2 96) and ﬂc]ﬂaﬁncﬁiﬁm&iﬁmufﬁq’fﬂh mode for differernt 5oy

2n.Cry thinfiima,

performmyg the measurement The specira thus obtaimed are Imown as
quotient spectra or rabo curves az shown 1 Fiz. 83 The disonet peskis
‘found to be pr =94 x 10 # mge where, m; being the clectron rest-mass
of electron and e being veloeity of light in free space: Thes iz doe to the
elemenital oxveen environment sorrounding the cation vacanciss where
the pomitrons gete strongly trapped. A less promiment pesk at oy =
(31-347 » 102 mpc whose amplitode iz found to incresse and the

micrezze of In-dopmz level It iz understandsble as doe to mereasing
number of I ionz whereas a definite shift of the peak towards higher
electron moments that indicates that excess In® ! fons segregating over
defects and mrfaces and postirons getting imeressed proximsty fo
imterarct and get armihaisted with the electrons of Indium 1ons.
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and [z 2= funcion of In-doping concentragon.

parameters for better understanding of the svolution of defectz. 5 and We
‘parametershave been devived from the projected one-dimensionsl CDB
specira sccording to the relations

iﬁ?{aiﬁﬂ‘i
S=-"_'5i|‘
¥ NAAE)
]
and
i 12
¥, N{AE} +% N;(AE)
A i A ..
¥, N{aE)
&0

where N; {AE) iz mumber of countz and 7= 0 corresponds to AE = 0 and
all chamnels were calibrated for 200 £V, S-peramecter represenisthe
normalized commtz very near to electron rest-mEss energy (511 + 0B
keV), thus it indicates the fraction of pomtrons are-snmibalsted with the
low momentom electrons 1 e In vecancy sites or vouds within the zam-
ple. On the other h=nd. W- parameters represents the fracbhon of posi-
tronz are stmihilated with high mementom electronz. The relabve vahe
of thess fractions (S and W) provides the charactenstics of the defectz. A
strmght-line behasiowr (Fiz. 9¢) mmdicstes that there sre probably two
major positron anmihilstion sibes a5 bolk snd vacanoy-type defeciz.
Beesuse of Coulomb s repulsion, positrons cannot get brapped into single
oxveen vacancies ( Va), ot 1t can be trapped within negatively charged
Vep defects within Sny o Iny Oy Therefore, the neresze of § -parameter az

thown in Fig. &b, generslly indicater hizher snnihilation probability of
positronz with the lowsr momennm valsnes electrons which ocours
during incresse of Ven vacancy concentretions m the matenal There-
fore, Snoeelng oeDs film possesses the highest coneentration of Ve de-
fecis among all other In-doped films. Bevond dopmye concentretion of 8
at. 3, the caleulated values of S-parameter found to decrease sigrofi-
cznily due todecrease of Vo defect concentration withim the Snp In 04
films=.

3.6, Origin of feromagnetizm witin the In-doped Sn0- films

‘Correlsting all sarher expenments! results; it can be umderstond that
the catiomc substitubon of non-magnetie indivm haz menificant role to
stabihize Vi defectz within Sn0; lathee In addificr, e defects also
mtroduce localized holes that help to promote p-type conductvity
within 8n0z Tt hes been found that under O-rich condition, Ve defocts
are the predominant vacsney-type defects which eertzindy have zignif-
icant role on determimng the magnehe properties of Sny.In, 0, Slms.
Earher, theonticel litersires [22 23] have soggested thae Vep 15 & mag-
netic defect and 1t's magnetic moment arnzes from the spin-polanzed
2p-electrons -of coygen rons adjunct to the veveancy zibe. With the n-
creasze of In-doping concentration m Snl, it has been found that con-
ceniration of Vo, defects alzo inereaszes, consequently, the mteryaeaney
dizstance reduess significantly. When concentration of Ve, vacancy ex-
ceeds a threshold valoe, Buderman-Kittel-Essuya-Yomsds (RERY)-type
ferromsgnetic itersction betwsen of the nesrby Vo, defects can he
meadiated through the localized holes armize due to Ing, defects. The
strength of such ferromagnete mterschon depends mainly on two fae-
tors; one 1= the concentration of Vi defects and other 15 the density of



3 Ghosk

Salid Bt Commmmicctions $92.(2024] 115658

2‘.25] P - - = 0,560
E=0 W k=11 =4
2200 &) W= s 10% & k900 (7
2 " . ! 0.558 A e S
& 4 75 .l--'-. i j_‘ a
E -+ o L . "y 1 S
= 1.50 oA -, F ¥ m:ﬂ.aﬂﬁ
: Fiagrenl preitedogd B
:1.25‘ -‘l I;.‘-.:‘i; " - i " d
%t ’ 3 i , 0554 i
2 1.00 . ¥
¢ E L i '
= | =
D.75 - r T 0.552 y T
0 5 10 i5 20 25 30 35 i} 2 4 L1 B 10 12
pd'l!:l'] m,s} I (aL%)
0.282
| =)
0290+ .~
E ozme S
E S,
= s
'\\.H‘
0,286 ~,
N,
L
a
0.284 ; : ; i
0552 0 554 0.556 0.558
5/5
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chrage carrers (Leo holez) wathin Sp0s flm As =arkier experimentsl
analvsiz revealed that both the concentration of Ve, defects and holes
incresses gradusily with inereasmg In-content in Sa0z Az s result
ferromagnetie mteraction betvwesn nearby Ve, defects becomes stronger;
Irading to the eohancement of M 2z well a2 T of Smy . Ing0s films.
Howesver, when doping exeeeds a certsmm level stabilizshion of different
mierziibial defects such a5 I snd S defects efferbvely staris o
compenzate the acceptor-type Ing, defects: This the effectove density of
holes within the filme reduces and conseguently, the strength of ferr-
magnetic mterachion decreszes. Thus 1t can be understood that more
In-doping may oot be helptnl to trigger sbonger ferromagnebic inter-
achion rather an optimum In-conceniration {~& at % here) 1s eszentsal to
achieve large ferromagnene moment as well ashigh Cines termperature.
Henee our shody demonstrates that proper defect-engineermez are al-
ways very effective to stabilize Vo defects induced hole-mediseed
ferromagnetism exceeding ca threshold vacancy concenbrsbon n
In-doped Sn0- film= which can zerve to goal of spintromes m fofure.

4, Conclozions

The ztudy successfully demonstrates . the mmpact of non-maznehc
Indiwm substitobion om eveluton of stuctural defecs, eorrelated
ferromagnetic and electrical properties of S0y, 0= (0 < x < 0012)
thinfilm= prepared by PLD fechnigue Under copeen-nich atmosphere,
the substtutions of In®' fons at 56 sites are found to become very
effechve to stabalize of conmderable amoumt of Vo, defectz vnthin Sn0.
thinfilm Exidnece of the formation of Ve, defects are confirmed from
various spectroscopic techmgues such as XPS, PL, PALS and Raman
spectroscopy. For low doping, the substituition of In°! repacng So*!
10nE creztes aceptor-type Ins, defects band within energy band-gap of
Sn0z that miroduces holez mto the svstem It has been found a= zoon az

the doped Sn0. film swatche:z from n-type to pfype behaviour (1e
bevond 2 at 54, ferromagnetic properties of the fkm intensified sgmf-
icantly. remlting large magnetic moment {~15.2} emmifee} az well as
higher Ciire Tenperastore (~540K). A= crigin of soch enshanced FAlin
S0y . In0,0; fim_ we attnbute to BEEY-type Vep -induced hole-mediated
FM mterachon where the magnetic moment of Vo defects armisez dus
to the spin-polariraton of 2p-electrons of oxvpen 1om= near to the va-
cancy ‘mte, With the mrreasze of In-doping level, the sirensth of FA
contimues to enhaners and becomes masximum at nominz! In-doping level
of 8 at % For higher dopmg. con the stabilizebhion of denor-type defects
such as Iy and Sni defects starts to compensste the acceptor-tvpe s,
defects, thereby diminizhing the effectve hole density and conssgoenty
the strength of FAl m Sna5IngDs films. Therefore, such Ven -induced
hole-medisted BRTFM m Sn0--bazed oxides materials can open up new
opporiumities in the ficld of DAIS and spintromics in future.
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of groundwater microplastics  are
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= Microplastie contamiration paten i
different fior inland and coastal aguifers.
= hlajor sources include run off, agricul-
ture, induserial effinent and landill site.
= Aguifer phvsicochemical properties and
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MEeropizetes {(MP:} have already been detected W various environmental matrices fike zail, sediment, and
suxface water, and recenty in groundwater also. The occurrence of MPr in groindwarer depends up on the
transpertation through recharge and may conmolled by souree amd ocal hydrogeclogy, and party on the proeses
of surface water-groundwater interacton (SW-GW). Bazed on the avaitable smdies, we mrended o eszblish 2
hypothetical overview on the source and process-dependent pecurrence of MP: in grouncwater across terrastrial
and coastal aguifers. Groumdwager rechargs from agricoltural stagnant water, lozing soeams near domping sites
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Surface-disorder and cationic-site defect-induced ferromagnetism and
correlated Raman vibrational modes in Sng o Ing 10> nanocrystalline

thin-films
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Exploration -of magmetism in otherwizse nonmagnetic wide-band ooddes throngh defect-enginesring has besn
become a3 new challenge o achieve the goal of room-temperatmre ferromagnete semiconduemoy for potential
applicarions in spintronics. In this backdrop, we report surface-disorder and cztionic-zite defect-induced FAI in
zeries of SngpcIng O manoerystalline thin filme prepared wsing pulsed laser deposition different Argon (Ar)
pressure. With dhe increaze of deposinon pressure, Furface mogphology of Soo oIng 1O nanocrysmiline thin-flms
changes a5 nanoclusters, nancfibres, nanoflakes and ranowires respectvely, erveiallite size decresses and surface
disorder increases gradually. Raman X-ray photoelectron and Photofmminescence spectioscopic 2nalyziz confirm
the formation tin-varaney (Vs and aszociated combinational defeets that significantly increase the ferromag-
nefc signal n In-doped SnOy thin-fllms. The substitation of mivalent In*t in So zite also cause serions lamice
diseortion which transform the Raman inactive modet A;, and E, modes into Raman active modes and thue
appeared at 574 cm ' and 354 cm-* respecvely. The nanoswites of Sng ;In. .0y are found e possess highss
toncentration of Ve defects and therefore it exhibits srongest ferremagnetic mement (Mz) ~ 111 emyem® and
highest Curie temperarme (Teh ~ 572 K The gradual decreass in camier concentration with the increasing
deposition pressure suggests sablizadoon of hole-medisted Vo -mduced room emperanurs FA in zeres of In-

doped En0, nanocrzmiline thin-flms

1. Introduction

Defect-anduced ferromasnetizm (FAM] m low-dimensionsl (1D,/20)
otherwize ponmagnetic wide-band - semuconducting ooode mano-
siruchures has been recently drawn prime resesrch attenfion due to
potential sppheations In spintromes; magneto-optical snd magneto-
electncal devices [1-3]. Durmg growth of oode-bazed 1D or 2D nano-
tructures ar thinz-films in diverse atmosphere, many structral defects
ke cabion vacsmeies; oxveen vacanmies (Vg), misrsihals and anh=te
defects end dislocations can stabilize within lathes. Among them some
type of defeets can indoce locsl magnetic moment wathin host zeom-
conduetors {4, 5] In fact there ave sigmficsnt reports on the evidence of
room-temperaturs FAl in Zn0 and Ti0; based-modes associated exther
with fansihon-mets] doping or oxyeen vecaney defects [6-12]. On the
pther hend, many theoretes] stodies [13-16] have sugsested that the
formation of cabtion-vecancy defectz rather than Vg defects o similar
omides can be more effective to stabithze carmsr-mediated room--
temperature FVL Density fimetional theory (DFTY by Elfimov =t 2l [12]
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and Pemmaraju ot al [14], and later Osorio-Gullen et-al [13] has
predicted that wide-band C=0 thin-film can behave a5 pure forromagnet
with 3% Ca vacancies. Later, Thang =t sl [15] has shown expenmentally
that the Nb incorporation can help to stabilize T vecancy defectz in
piilsed-lazed deposited Wb-doped TiO- thin film Although they do not
observed FM du= to very low concentration of Ti vacanci=s and fres
carrier denzity. After that Fn-vecsncy mmduced FM iz observed in
diffrrent nommagnetic clement doped ZnD thin flms [5,17], Znorcla
nianorcds [1 5] and also m our previous work on Zn0:K nanowires [0].

In thiz backdrop, tin dicoode (Sn0:] is-an mmportsnt fransparsnt
conductng coade (TO0) which finds potential applications many feld of
zeiemice such  az semzors; solar panel displays’and other: trensparent
electromic devices [19-21 1. Unlike Zn0 or TiO<, tihas been Iess explored
az-fa1 &= defect-modified magnetic behavicurs are coneern. DFT ealon-
Iatiomz by Gol Rahman ot &l [22] have explamed tin-vancacy [Ve ) with
proper defect-enginnering can generate largs magnetic moment m S0,
Thiey have gl=o sugeested that obzervation of unexpected Taint masnetic
mament (7.5 4 0.5] 5o m Co-doped En0; flms by Ogale et al [23],
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may be due to formation of Ve, defecis in doped Sn0-. However, sta-
bihi=ation of significant cabion vecancy defects iz guite difficult in such
omdes sspecially m otz prizhne form rather needs the proper
defect-rngimnering [15]. Bouzerar ef 2l [24] have sugpested stabiliza-
Hion of such cation vacancies sre possible throngh the catiomie subst-
fitom ef nonmagnetie group-I elements m- HO; or Zr0s After that
expenmentally indeed, cation vacancy-induced FAM has beenreported
LiFnD [6], KZn0 [8] and GeTiO; thin fhm [25]. Here, we have
fabricated zenes of Indum (Inj-doped Sn0; nenocryetalline thin-flms
under Argon stmosphere nzmg PLD techniqus. Here, = nommal 10 af
3% rvalent Indium are used az dopant at tetravalent Sn zite 1 order to
mirodues sigmficant amount of boles m Sn0- lattice. The morphology of
Sng glng 107 nancerystalline thin flms are varied by changing Ar pres-
sure of PLD chamber. The role of cabome-site defects on the ferromag-
nritc properiiez of SnggIng 0> nanocrystalline thin-films are
mveshgeied m detmils. The stody depicts that nesnostructore
morpholosy, film-thiclmiesz and surface disorder also play erucisl role to
stabilize and nme carper-mediated defect-controlled FM an Sn0s
nanocrystalline thin films.

2. Experimental detsils
2.]. Synthesis and chorectEnzation of dhin-filmsz

High purity En0; and In,;0: powders (99,9936 are mixed properhy
with appropriate rato Sn: Im = 1) and grindad for 1 b in order to
prepars = imitorm precursor maxhre: Then the precursor material iz
transformed m the form of a pellet of 1 mch dismeter and has been
mmtered at 300 “C m oxygen for 2h. The pallet 13 then mounted on the
pulzed lazer deposibon (PLD) chamber for fabrication of In-doped Sn0-
nanocrystallime thin fims on c-axes (0001) zapphire (Al.O-} substrate:
After that PLD chamber which iz evecusted down to atmesphene
pressurs of 2 % 10 © mbar end i fillad with pure argen (Ar) ge=. Now,
different In-doped Sn0z z=smples sne prepared at different Ar prezsure
mach 3z 007 (zample 51, 0.1 (zample 52), 1 (z=mple £3} and 10 (zample
54) mbar and the pristine Sp0z fibm {sample 507 at 10.mbar. The PLD
wunit iz operated with & ¥r—F excimer laser with laser power denmity
~1.41 Jiem?, the pulse repetition rate of 5 Hz and subetrate temperature
of 600 ~C. All pure and doped Sn0s films are deposited for 30 mun. All
the samples are sannesled for 10 mm in the same stmozphers ' m depo-
aiion ehamber snd then cooled nsturslly st room tempershre. After-
wards, the zample 54 has been annealed m O; at 500 “C for' 2 b and
marned as zample 55, Some detsils of zample preparation are-also zum-
marsedin Table 1.

Identification of Phaze and stroctoral characterization of the zemples
are performed using Graring Incidence X-ray Diffrschon (GIEAD, X'Pett
Pro. Panalyiieal)) while morpholozy and grosvih of the nanosmuetured
film= are obeserved by Field Emission Scammmg Electron Microscopy
{FESEM, FEI Helice MNanolah-600}, Grain size and elementz] composi-
fiori= of the Ghms sre snalyzed wamg Transmizsion eleciron mitroscopy
(TEM} and energy dispersive spectrum (EDS) assoriated wath TEWM. X-
ray photoclectron spectroscopi (XFS, PHI 5000 Vemaprobe IT Scanming
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KPS mucroprobe, ULVAC-PHI, USA) with a monochromatic Al-E; radi-
shon 12 emploved to analysiz the valence state of the host and doped
ions. Magnetic messurementz are performed by superconduchng
quanbn interference devices (B0UIDE) both n room: trmperatore and
lowe temperature. In order to understand the dynamics of defects withon
Isttire. Raman speciroscopy messrements are carned oot pming s
nuerg-Raman specirometer [LABRAS HR from Horba Jobin Yvon) and
Photolummescence (PL) zpectroscopy wzme 2 spectroflucrometer
{Honba Jobin Yvon, Flucroloz-3) 2 Xe lsmp source under the excitstion
wavelength of 330 nm Remsbvity msasurements are caried out using
Hazll sxperment z=t-up measurements and four-probe method. In order
to avold any magnedc contamination, extremes precautons ars sdopted
in every step of the varions experiments ineluding zsmple fabncstion
process: Nonmaznetic hweezers, nonmagnehe contsiners eto.are used o
handle the samples durnng the enbire expenments.

3. Resuli and discussions

The film morpholozy 22 cbzerved from FESEM msges are showm i
Fiz. 1{a-d) It 1= quuie mteresiing thet the morphology of the thin flms
changes =7 pnamocryztals, nenofibres, panoflakes and napowires  for
zample 51, 52, 53 and 54 respectively. The thecknesses of the films: are
found to be of the order of 183 nm (zample 51}, 126 nm {zample-52),
104 nm {zample £3), 87 om [sammle E4) and 04 pm (sample S0). It 1=
quite mtrreshing to observe that 8z the depoaition prezsure mereases the
thickness of flm decreases gpraduslly. X-oray diffeschon petterns as
shown m Fiz 1= indicates the tetrasonal rafke erysmal strochore (3 =b £
¢} for undoped and In-doped SnD- without smy evidence sccondary
phases It 15 nobiesshle that on increasing deposiion pressure the
diffrartion pesks are found to brosden sraduslly which indicates the
decreaze of crystallite sizes of the flmes. The sverage crystalhte sizes ()
for each film are estimated using Scherrer squstion uzing (1107 & {101)
diffraction peske after subtracting the mnstromentzsl broadening n=ing
LaBe standard. It iz found that sversge crvstallite size of In-doped Sn0:
films decreases gradualiy a= depicted m Fig. 1£and changes from saroamd
14.1 nm for sample 5] to around 3.4 nm for semple 54, Fiz Za snd ©
shows the representative TEM imsges for zample 51 {nenocry=talz) and
&4 [mamowires) respectively and the -comresponding HRTEM images
shown m Fiz. 2b and d rezspectvely. Axerage grain size or particle size
for esch film: are esbimated by employing TEM (meet of Fiz. Zb and d}
end sre summensed in Tabl= 2 The meet of HRTEM micrographs shovws
the respeciive selected ares electron diffraction (SAED) patiem winch
mdicates the polyerystalline nature of the films. The gr=in sizez sst-
mated from TEM are found 1o be higher rom the crystallite size sz ob-
tined from XRD which alzo mdicates the polycrvstailine natore of the
film= Finzl clementsl compoaition of the samples are anzlyzed by EDX
spectra attached to TEM and are summaarnzed m Tehi= 2 Fiz. Zeshowsa
reprezentative EDX specirom for ssmple 54 which shows the presence of
Sn In O and Cu elements: The exdstence of copper (Cu) m the zample
axses due to uss of copper grid for TEM characterizshon

Fiz. 3a shows the Geld-d=pendent magnetization M (H) curve for
undoped and In-doped SnO. thin films . sfier neceszary substrate

T=blel
Detailed experimental specifications weed for the fabrication of pristine and In-doped Sn0: thin-films wsing polsed lased depocinon.

Eubarate FLD Specification Depodfion Sme Earpl= Dreposited undsr Ar Presruss ESzmpls
Lazer poveer densicy (T Pules Substrate Tets) Ak : m
ot} repatition Temperaiun=

Rate (H2] ro

Sapphire 1AL 5 &0 0 Sngging 0y 001 31
{ak0:] [ 52
1 33
10 54
Samyple 54 annealed n O 25

externally
SnD= I =0

[&]
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Flg. 1, FESEM micrographs of Snng Ing 10z thin fitms deposied undsr Ar pressure (Pao) of (2) 0.01 ) 0L (e} 1 and {d) 10 mbar indicating their surface mor-
pirologies ae nanaclusters, nanofibres, nanofizkes and nanowires respectively. (g) XRD pattern 2nd (f) estimated crystallite sizes and fim-thickness of In-doped 5002

d

Fig. 2. TEM image {z and c}and corrasponding HRTEM images (& and &} of Snp5Ing : Oy nanoorystals (zample 51} and nanpwires {zample 54} respectively while the
inzets of b and d show SAED and partcle dismibution for the corresponding film (e Representative EDX spectra for Sop o0, 1 O- nanowires (zample 547 while the inset
showe the corrésponding elemental composition of the Alm

Table 2

Typical estimnared parameters for the priztne and 504 s¢ Ing a0z nanocrystalline thin-fitm= deposited under differens Ar preszore:
.'Emple Hhrp]'m;nﬂ- Arverage Cl.FuﬂEne Craim sz Hibm Elemieral ‘Compeosrtom Sarurapan Cune Carzper Rraztvicy
m Bize from ¥RD imm):  from TEM thicknes (=z.34) from EOX Eament Gemm Temp. (K. :L:n::il:jn (Koo}

() = = = o {fem®)

51 Nmmocryemls B4 169 153 2 23l 69.24  EE 47g 3 = 1019 4 2102
L Henefibraz o0 157 126 1337, B93 ETE 73 516 5 = I0° 3w 10F
553 Manofizkes 5B 18.% 104 2269 BES GBES6 BE 534 8 x 10" 51 » 10°
5% Manowires 48 73 87 438 873 6689 ILO4 572 2 107 1.1 = 10°
55 Merovires 54 11.3 o1 2438 B73 6659 ILET 576 1.9 « 10*% 1.2 x I0F
50 Nanoopmls 284 433 54 3921 079 0.8 405 & = 107 9.1 « 10*

correction. The magnetizabion curve of the sapphire substrate 15 pro- form exhibits FA af room-temperature end the ferromagnetic moment of
waded at the ins=t of Fiz_ 35 which indicates typical diamagnetic naturs; Sn0; 15 further enhanced (almost 4.75 hmes) on In-doping forzample 51
It iz guite interesting to obeerve that manostruehred Sn0; in pristine depogited ynder 001 mbar Ar presmure. This mdicates that doping of
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Fg. 3{a). Field-dependent Magnedzanon, M {H) curve {Inzet for sapphire subsoate) (b} Vardaton of different ferromagnerc paramsters of 5oy pIng o 0, Alms with
change in deposidon pressure (¢} Fepresentatve temperature-dependent magnedzation, B (T} corve for zample 51 and zample 54, (d) Cune =mperanwe (1}

estimated for different Sng plms 107 nanoseoenmred thin-flmes.

non-magnetic iIndium defimitely -have erueial rule to enheanes FM m In-
doped Sn0; filme In addition =z the deposibon pressmee (Ar) is
further increazed morphology of nanostructures. changes and the
ferromagnetic moment also found to mmerease sraduslly. The nenowires
of In-doped 500 thin film (zample 547 exhabit the highest sahwation
magnetization [(Mx) as shown m Fi= 3bh 8s compared to other mor-
‘phologies. Siemliar to magnetic moment, obher ferromagnetic parameters
bke coereivity (He) end remnant magnetizstion (Mgl also found to
follow sumler tvend 2z depicted m Fiz. 3b. Tempersture-dependent
magnehzation, M [T) curves as shown an Fiz. Se mdicsfes the para-
maznetic Curie ternperanme {1 12 well bevond the room temperstire.
Fiz 3d chows the vanstion of T for different the morphologics and In-
doped En(); nanowires (sample 54 are found to have highest T ~— 572
K Though zuch unexpected FM was obeerved 10 eaze of Sn0; nano:
strochures earlier [20-32], stoll here the ofipn seems 0 be quute
differ=nt The wndoped Sn0; thin film {Sample 507, depozited 1mder 10
mbar Ar presmure mbar exhibits relatveely poor ferromagnetc behsviour
as compered to doped samples which illustrates that the In-doping might
have plaved 2 crucis] role to stebilize snd enhance FM n Sn0,. Not only
that, the ferromagnebc moment also varies mgmficantly with nano-
stracture morphology and film thicknesz and found to be strongest for
the In-doped Sn0,; nanowires [zample 4}, having the mmallest crystal-
e size. As the crystelbies sz nevesses 52 3 consequent surfaes to
volume ratio should decrease gradually for the other morphologies like
Manoflakes, Nanofibres and Nanooryetals. Soch kand of surfsce modifi-
cations can generally affect the presenece and dynamics of varions defects
‘mainly on the surfare of the nanosbuctores. In addibon, foromeagnetic
moment of the nanewires {zanmple 847} mve found to be almostymehanized
rven after armealing In O (sample 55) in 500 *C for 2h. Fiz. 4 shows the
reprezentabve Zero-feld-cocled [ZFC) and field-cooled [(FC) curves for
zample 5] (nanocrystalsl and &4 (napowires) which sgsin confrm
typical ferromagnstic behaviour, Henee moorder to understand the
origin of FM in the'series of In-doped Sn0s nanostructired thin films, 1t
15 very necessary o probe the defects withim nanomaterialz with proper
charackerization techmgues.

Fig 5 exbobits the core-level XPE speetrs for Sn3d, O0ls and In 34
orbitals after proper calibretiom with standard Carbon (C) for undoped

15
fa)
10 - : _FC 51
% L\'.
5 2FC" ~ J
- -—u._\_\_\_\__\____‘_ g
0- D

Magnetization, M (emufcm’)

T T T
100 1580
Temparatura, T (K}

T T
254 300
Fig. 4. Zero-Field-Cooled {ZFC) and Field-Cooled (FC) corve with H = 500 Oe
for Sng ¢Ing 1O nanoeryrials (zample 510 and nanowires (zample 540,

Sn0-, In-doped 800~ samples. XP5 spectrs for Sn-3d orbitals for bulk Sn
and Sn0; sre alze provided for reference in Fiz Sa: Analyeiz of XPS
revealed that the presence of 74.2 st % Snoin bulk S0 winle the
nanowires (sample 54} of Snpglng 10z contains lesser smount of 8o
[~67.56 at-%6) which might be snindication fer formation of Yoy defects.
In addibion; the peak pesttion for Sn 34 orbital m In-doped SnOz thin
film= are formd shaft to towards lowwer binding energy 2= compared o the
undoped Sn0-. In fact the ssyvmmetric nature snd broad shoulder to-
wardz higher binding energy indicates that 5n 3d core-level can be well
deconvelhited mbo two seiz of pesks as eident from Fiz. Sb. Pealz
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Filg. 5. Core-level XPS specra of (23 50 3d and (t) O 1z orbicl for bolk Sn, S0y, In-doped 500, nanoflakes (zample 52} and nanowires (sample 543 (h) Decon-
voduton of Sn-3d XPS specta {d) represeniztive XPS specoa of In 3d orbitalz for S, plo- . O nanowires (sampie 547 and In Oy

towards higher binding energy st 486.8 and 4953 eV correspond to 3dz,
7 2nd 3dz - orbitals respectively for 5n°! ione af lathes zite [26.07]. In
the other hand, the pesks with lower binding enevey 5t 4586.1 and 4946
£V arize due fo presence of lower valenee Snoor metallic Sn wathin the
lattiee [26,27] due to In-doping. Fiz 2d shews the coreleve]l XPS
spectum of In 3d orbitsl within In-doped 5005 nanowires {zampls 54)
which exhibite two disbinct pesks at 4455 and 4532 &V corresponding
to In 3ds 7 and 3d;- orbitals respectively. In: companszon with the
priztime InaC, 1t has been found that pesk positon for In-3d orbitals m
In-doped Sn0; fibm are found to be shifted towsrds ligher bindmg =n-
ergy due to substitution of In in 5n°' site [26.27]. The O 1= core-level
spectrumm m Fig, 2o exhibit s strong pesk st 3309 =V confivms - the
Presence axygen (O- | ions [26,20] within In-doped Sn0z lattice.
Baman spectroscopy 35 one of the effective techmigques to probe
vanous orvstal defects within such nanomaterzals. The tetragonal rutile
it cell of Sn0 lathes contans two Sn tons and four cxygen ions and
belongs to the zpace group DI (Pizeos). Group theory snalysiz [33]
showed thet the ranle S0, senerslly posses= 15 wibrational modes

G| Rurile) = Ay, + Ay, +An + By, + 8, + 28, + E, +3E,

where A5, By Ezslsm:l E are Faman active vibrational mode, whereas
Azn and Fy mipde are IR active and Az; and 28; modes are neither Raman
active nor IR active Fiz. ta shows the Baman spectre for sll the In-doped
En0z nemostrocturad thin-Glmes with slong vath the substrate as. well a=
the precursor nused for semple preperation. In-doped Sn0; nanocrystals
{zample 51) prepared under Ar pressure of 0.01° mbear exhibited E: LD
mode 2t 354 cm B mode at 474 em ¥ and A3y mode 643 cm T and

As, mode at 690 cm 1. The appesrence of these pesks indicates the
tetraponal rotile ervetsl shoctioe of Sn0. which 1= 1o agreement with
XRD anabysiz [33 34]. In comparison with Ramen specira of the pre-
curszor, an additionsl mode ot around 500 cm 1 is found to sppear which
15 due to unreactsd In Oy mn precursor material [35]. However, ths
mode remams abeent m In-doped SnO. films: which mmdicating no
unreacted IO 1= prezent there. Baman B, mode st 474 cm ! arizes due
to vibration of oxyzen in 8n-0 bond, whereas the A,; mode origmates
dus to contracion and expansion of Sn-0 bond with latoee. It 1z quite
mteresting to observe that =s morphology of the In-doped Sn0; films
dm@:slﬂi:namﬂ}ﬂals,nsmﬁbm, nanoflakes and nanosvires, 8 new
peak ar 574 em it found to appear gradualiv whiles the mten=ty Ay
maode decreszes (Fiz. 6b) comtimoously. In addition, the Reman Aj; mode
has been shufted gradually toverds the lower wavermmber and al=o the
corresponding full widih at helf mexams {PWHB) moreasss graduaily, a=
depicted m Fiz Gc Thiz csn be cxplained by consmiderng the nano-zize
effect Az the cryetallite size and grain size (27 confirmed through XED
and TEM) decresses, as & consequent surface fo volume ratio incresses;
then In-doped Snl: nanoerystalhme fimes are tend to possesz more and
maore surizce defects ke Vi or local Isttee disorder which can change
the bond length =mrnificantly and thus resulis the reducbion of zpace
svmmetry DI [33]. In fact the doping of trivalent In® ' modifies the loeal
enviromment sorrgunding Sn site and can reduce the formation energy of
Vi thus helps to stabihze Vo, defects [24]. Henee: such serons lsthee
distortion can transform some Baman mschve modes like Az end E,
mede into Bamsan active mode-and thus sppeared 2t 574 cm ¥ and 354
em ? respechively [26] here moour samples. The nanowirez of In-doped
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Sn0; (zample 84} having lowest cryetallite sze (~5-7 nm} showed the
micnze Az mode along with very weak, broader and red-shifted Ay,
mode and that indicates it possezses highest concentration of V., defects.
The origin of such Raman A;; mode is further confirmed from the Raman
specira of the In-doped Snl- nanowires after annealing in oxvgen at-
mosphere at 500 “C for 2 b The exiztence of Ay, mode even after the
high-temperaturs armezlme m oxyeen (for sampls 55} mdicates the V.
defects or Vi associated defect complex are mamly responzible for this
mode, rather than oxygen vacancy (Vo) defects that are supposed to
decense or even wined out after such srmesling process [37]. On the
pther hand, A Janott and C. G. Van d= Walle [37] showed that the
formation enstgy of Vo defects decresse significsntly duning srmesling
m the O-rich condition, thersfore stshilization of V; defects are most
preferable here m the In-doped Sn0 films:

FL zpectrozcopy is snothier promizing snd widelhrused teehmigue to
probe various cryvstalline defects and defect frapping states vithin the
nanomatenals. Fiz 7 shows the room temperatare PL specirs of Sa0s
and 51y glng 1 0: nanoervstalline thin Glms. The undoped Sn0; thin-flm
exhibits stromg UV emmiszsion =t 366 nm (pesk 17 wavelength ammomsted
wath the near band edge {NBE)} transition from conducton band mini-
moum (CBM] to valence bend mawimum (VBM] and mod band defeet-
related Blue emmssion at 460 nm {pezk 3) and vellow-crange emssion
at 580 om [peak 4). UV-cmizsion pesk in Sng olng 3 Oy semples are formd
to. shift towards lower wavelength which mdicates the Increase of band-
gap emergy. This increass o band gap enersy may be sssociated o
decreaze of grain mize n nemoscals regmme =5 evident from TERL Por
&0 5 Ing 102 thin films, 3 distinct peak 1= fornd to sppear =2 385 nm
(peak. 2} alomg with other cmussion bands which are sigroficantly
mitensifed  Indnom substinbonsl defects (Fao.) 2t Sn site: can foem &
zhallow acceptor-tvpe band near to the valance band and the electrome

transition between CBM snd this scceptor-type defect siates cen give riss
to lummesecence st 385 nm [Peak 7). Az undoped and -doped S0
thin-flms are deposited under Sn and O-deficient atmosphers, 1t is quits
expected that samples may possess Vo -and Vi, defects [48]. Vg defeets
may cost m different jonized states such as newntral cxygen vacancy
V2], single-ionized oxyeen veesney (V1) =nd doubly-ionized (V1)
oxyeen vacaney [35] V3 dafeet in 800 acts sz very shalloar donor whils
single-jonized oxveen vacency [Va) create & deep level donor bends at
~ 2§ W [35]. Henee, the onjgin of emizsion peak 4 {~590 om) here 1=
dus the sl=ctronic trensifion from deep level axvzen vacaney (V) defeet
states and VBM [22-40] while the blue smizzion ~ 460 nm (Pesk 3] i=
aszocmstad with the existenes of Vi defects. Golovenov et al [41] have
shown that the formation snersy of =olated Vi, 1= quote high m purs
5005 but the non-masnetc snbstinition at cation site, hlke Indinm bere
in our cass. can reduce the formabion energy of Vo, defect and thas
poszible to stabalize constderable Vo, defects [21]. Such Ve, defectzcan
form acceptor states within SnO; band-gzep and ars responsible for the
blue-homnescence st 460 om [~2.76 eV} [40]. It 2= evadent fom the PL
zpecira {Fiz 7a), 2ll the In-doped 5n0; namostroctured films showed
stronger blus-liuminescenes compared to weak vellow-orange hmines-
cence, 1z mtsrerfing to motice {for ourve £) that velloww-oranges homm-
nescence (pesk 4) disappears after ennesling the sample 54 In oxygen
while the blue smmiz=ion {peak 3} z0ll exizts. This certainiy conbrms that
vellow-orange emizsion {peak 47 12 srsoristed with Vo defects which sre
reduced considerably after anpesbmz  ©o. On the other hand, Vi
defects may =hll exats even after ammesime m O and thiz exhibibed the
blus emiszion (Peak 3} at 460 nm. The nanowirez of In-doped Sn0-
{zample 54} exhibits the strongest blue omoszion band {curve ) sug-
gesting the presence of maximum concentrahon of Ve, defeets m 3t

Fiz. Za zhows the temperatore-dependent resiztivity curees for
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cryvzialline thin-fAlmns (b} Reprezentatve peak Adng of the experimental dats a=
obtained from PL spectra.

B plng 1 05 thin films that ndicate typical semiconductor behaviour for
all the films. Hall-effect messurement exhibit= n-tvpe semiconducting
behaviour of pure 8005 and Sng glng 10 thin-films. The electron carrier
concentration (n) of the nanceryetalline thin-fims are found to decreaze
gredually, consequently the resistivity () increases vath incresse of
deposition pressure d=-shown 1 Fiz 8b. The decresase in electron con-
centration (n) with higher deposition pressure can be explained dus to
seabilizafion of more and mare acceptor-type defects such az g, defects
and Vi deferts sz evident from: the esrher analvsiz. The meresss of
resiztvity of the films can also be sssociated with decreasze of grain size
as condurbon mterruptz st gram boundaries of different coystalhibes.
Thus nanowires of In-doped Snly (zample 54} baving lowest grain size
exhibit the highest resistivity ~ 8.3 = 107 Ohm-em =nd consequently
lewrest carrier conecentration ~ 2 » 10°F per em”® due to stebilization of
sigraficant amouni of acceptor-type Vi defects along with fng, defects.

After correlatimg the earbier expermmental results, here, we demon-
strate cation-vacancy defect-induced carrier-mediated room-tempera-
ture FM In Snpging : 05 nanocrystalline thin films. The substitufion of
mdnmm replacing Sn atom m SnOs lethee can reduce the formathon en-
gy of Voo defects and thus favours fo stabilize more Vi, defeciz m

Salid Bz Comsmumicctions 571 (2023] 115367

different nanostructure morphologies and also miroduces holes n SnD-
Isttice [24]. Theoretical stodies 15,22 25] have shown that Vi defocts
cen introduee 2 local magnetie moment ~ 4.00 |ig per defect In Sn0s and
if the concentration of such Ve, defects excesds the threshold lmit the
ferromasnetic interaction bebween the nearby Vi defects ean be
mediated through the locsh=ad holes m the lathee In addihon, fne.
defects at 8o site can slzo introduce local megnetc moment ~ 1) per
defect winch ean further inerease the ferromsgnetic moment m nano-
siructored Sn0- thin fims [24]. In the case of nencsouctures, the
morphology also plays crucisl role to stshilize soch kond of defects
depending on the surface to volume ratio and the gram zize associated
with that specific morphology. It has been observed 2= the deposibon
{Ar) pressure mereases. the marphology of ranostructres changes,
crystathie mize snd film thickneszs decresses, consequently’ surface dis-
order of the films imcresses and thus the samplez become prone to
possess sigmficant amowont of defects or 1on vacancies. Esrlier spectro-
scopic evidencss al=o confirm the inerease of formation Ve, defectsin the
Snpglng 10y films depomiterd under mercasmg Ar pressure, - hence
resulting stronger ferromsgnetic interacton between the msgnetic
moment of Vg, defects m prezenee of localized holes anises due to Ing,
defects. As the nanowires of Sng glng 0= deposited tmder 10 mbar Ar
pressure poszess mghest concentretion of Ve defscts and thersbore 1t
edubits stroneest ferromagnetic moment with highest Cune tempera-
ture up to 572 E. The pemsistenees of fSromasnetic moment even sfter
annealing m Oy {Le Sample 557 clearly zives the mdicstion that mainly
Voo, defects yather Vg defects are rezponmble for such FM mn In-doped
5005 flms. The gradusl decrease m electron concentration {n) with
increaszing deposition  pressure  alse suggests  stabilization  of
hole-medisted Ve, defect-induced FM in series of In-doped Sn0s nano-

4. Gonclusionz

Snp pIng 1 0- nanoctruchwed thin-films with tonable morphaologies
such a5 nanocrystals, nanofbres; nanoflakes and nanowires are fabri-
cated by PLD method using different Ar prezsure The origin of observed
room-temperature FM iz mreestigated by employmg various spectro-
zcopic techmigques which confivm the presenes of Ve defecks are
rezponzible for stebilizing FM in Sng glng .05 nanostroctured thin-films.
Ontygen-deficient atminsphers [Ar) and substimtion of In® ! 2t Sn sit=
favour to stahilize more Ve defects within SniDy [athee along witha
loeslized hole which helps to mediate the ferromagnetic mteraction
between the moment= of the neighbonnng Vip defects. When
Snp plng 10 thin-filmis deposited mmder higher Ar pressure, the crysisl-
lite zize and film thicknesz decresse sigmificantly thereby mcreaszes the
surfzcs-disorder of the film thet alsn favours the formation of mors and
muore Voo defects within Sn0y; lethes. Thus, among =1l the nanostructure
marphologies, the nanowires of In-doped Sn0- thin-films having greater
muface-dizorder 3z evident from Reman spectrs exhibits strongest
ferromasnetic moment (A5} with Cune temperatare {(T-) up to S72 K
doe to the presenes of large concentration of Vi defects withm it
Therefore, tngpening the formation of estion vacsney defects through
the non-megnetic catiomic subsatution:along with appropriate depost-
ton condifion ean be very prommamz to achieve demred room-
temperastnre ode-based magnethe semiconductor for spintromic and
opto-spintrardc spplications:
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Revision of Schizomeris (Chlorophyta) with Special Reference
to its Sexual Reproduction

Malay Ghosh, Asit Baran De!
Department of Botany, Bejoy Narayan Mahawidyataya, Hooohly, ‘Department of Microbioloay, University of Burdwan, Bardhaman, West Bengal_ india

Objective: Detail microscopic study of morphology and reproduction of Schizweeris feildeinil Kitnng. Materials and Methods:
Filaments of this preen algae was collected pericdically from the underside of the leaves of some living N yegplioc stellati Willdenow
plants growing in a lank and were preserved in 4% formaldehyde along with a portion of the substrate. Zoospores and gamete
formation could be readily induced when the freshly collected specimens were cultured by vitee in sterilized water of the natural habitat.
tesmits: Many new findings have been revealed, such as the sccasional development of branch functioning as accessory holdfast with
i lobed lower portion, vegetative reproduction by degeneration of one or more intercalary cells in the region of constriction breaking
the filament into two frapments, and sopamous sexnal reproduction, which tikes place by fusion of nonmotile gametes within the
gametangium. Formition of new filament parthenogenetically by germination of unfused igopametes has been reported. Conclusion:

N feibleinit s homothalhe and s life cycle is haplontic.

Keywords: Aflagellate isopametes, isoganvy, Sohizomeris leibleini Kitzing

INTRODUCTION

We collected u Olamentous algy from Burdwan, West
Bengal, India in 20092020, 1t was identitied as Schizomeriy
Peibleinii Kiitrng, This ulea was necorded for the Grst time
i Indiu from the state of Punjab, growiog on the stem of
waler plunts mu tumk wl Bodal, district Hostarpur!' Luter,
it has been recorded (rom nine mone states ol Indig B4
Besides India. Schizomerid hax been ncorded from
Myunmar® Mew Zealand ! Pakistun ® Portugal 7 Brail,
England, Germuny, South Africa, USAM lran™ et
Thuy, Schizemeris exhibits both tropicul snd lemperate
distribution.

8. leibdeinii was deseribed by Kiatzmg '™ Later Fritsch and
Rich!"! described u second species Schizomeris irregulariy
FEFntsch and M.E Rich. In addiion, Uronema
indicnm 8L, Ghose. described [rom Lahore, Pakisian,

ax i new species of the genus Uromeme Lagerheim M was:

transferred (o the genus Sehizomeris Kiitzing by Fritsch
and Rich"M as Schizomeris indiceem {Ghose) Frtsch and
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Rich. Henee, three species of the genus Schizomeriy werng
mecorded worldwide. However, mecent moleculdr analyses
of collections rom widespread locations: have revealed
that 8. indicum and 8 drregularis are actually synonyms
of & feibleinii, und Schizomeris 15, therclfore, 1 monotypic
eenustin the (umily Schizomendacese (Chuctophorales;
Chlorophyta).

Wi have studied in detadl the specimens collected
by us [rom India and compured them with all the
published descniptions. and muany pew findings bhawe
been revealed that were not reported before. Besides, in
the present mvestigation, we have revealed the process
of sexnal meproduction based on the preseat Indian
collections. It may be mentioned here that slthough the
sexunl reproduction and lilfe cycle of 8 leibleini wore
reported™ more than 80 years ago, those have not been
mentioned inany subseqoent literature; instead, its sexual
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Abwtract. The cellulor peculianitics and histochemical nature
of the stomach in the freshwaler culfish Clupisomo gorae
{Hamillon} were explored with light microseopic analysis, The
pouich shaped moscular siomach wiss distingiiished ints the
anierinr cardize and posterior pylocic regions. istologioally,
thie wall of stomnach consisted of four distinel layes of e
mceesa, subymocoss, mscubirds, and very thin semocs. The
mucesa oontained two kinds of cpithelia- e sopedicid
epithelinm lined with colomnar epithellal cells amd  the
plandulor epithelivm ecrowded with numemus pasine plands
thal upen through gasine pits. The vaseolonimed submugosa
was made up of logse connective esues thal extended i
the mucosa foeming lamins propria. The well-disvelogped
muscilar layer was eompised of an inner thick layer of
cirmular muscle and an outer layer of longitudinal musele
hands. The deteetion and fovalization ol
mucopolysaccharides, gleogen, protcin, and tryplophan in
the various cells bounded in the stomach wene deseribed with
the feeding behavior of the fish concermed

Keywords: Garua bachcha, stomach, histomicroscopy,
hisstochemisiry

& K Ghesh JL<1]
Departmient of Yoilogy, Hejoy Naroyan Mahavidyalaga,
hachuna. Hooghly — 712 147, West Bengal, India

Introduction

The structure of the digestive tract, particularly the
stomach varies among Oshes and is usually adapted
to food and feeding habits. Morphological siructures
and the shape of the stomach are variahle in the dil-
ferent species of fishes and are related to capacity in
the body cavity (Fandey and Shukla Z019). The
stomach is not differentiated externally from the
esophagus but can be compared morphologically by
dissimilarities in the mucosal lining, which is thin in
the esophagus but sturdy and wavy in the stnmach.
The structural organization and function of the slom-
ach in fishes has been reported upon earlier
(Saadatlar et al. 20010, Naguibetal 2011, Musa et al.
2013, Ghosh and Chakmbarti 2015, Moawad et al.
2017, De Felice et al. 2021). The gross anatomy and
size of the stomach differs markedly among fshes in
relation to the nature of the fuod they consume. The
stomach ix usually large and pouch-like with thick
walls in predatory camivorous fishes like Wallage
atiu (Bloch & Schneider), Sperata aor (Hamillon),
and Chitala chitala (Hamillon) that [eed on large
prey (Khanna 20019). The stomachs of omnivorows
and planktivorous fishes are shorter than those of
carnivores. In Tennalosa ilisha (Hamilton), Gedusia
chapra (Homilton), and mullets the siomach is

® Copyright by National Intand Fisheries Research Institute, Poland.
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smaller in size but highly stiffened into a givard-like
structure to trturate [ood ftems (Khayyami et al
2001 5). Not all telensix have a true stomach, and it is
ahsent in several fishes. Among cyprinids, the ante-
rior portion of the inlestine just behind the esopha-
gus is modified into a sac-like structure, and this
intestinal bulb serves for the temporary storage ol
food (Hofer 2006). The stomach is lacking in Hippo-
campus, Scomberesox and - Xenentodon  cancila
(Hamilion} (IFinge and Grove 197Y). lacunae stll
exist in some aspects of studies relating 1o structural

adaptations of the stomach in Indian teleost fishes

correlated with feeding habits. With this view, the
impaortant food fish Clupisoma garna (Hamilton) was
selected for the present study.

C. paroa {Siluriformes; Ailiidse) is a demersal,
predaceous rver catfish that feeds on mollosks,
aquittic insects, crustaceans, small fshes, and decay-
ing algal matter (Gupta and Banerjee 2016, Bhakta
and Sonia 202()), An attempt was in the present in-
vestigutinn to describe the microstructure and func-
tion of the stomach of € garua by applving
histological and histochemical technigues. This oi-
rroscopic survey of the stomach will provide infor-
mation about the detailed composition and chemical
nature of vanous cells in relation (o digestion.

Materials and methods

Sample collection

Sexually mature specimens of C. garua {(ranging from
10.56 10 21.42 cm standard length) were procured
live from the Bhagirathi-Hooghly River near areas
surrcunding Kalyani in West Bengal osing tradi-
tional fishing gear. They were identified following
a key to the classification of fshes by Jayaram
(Z010). The specimens were anesthetized deeply
with Benzocaine (4 mg I''), and the abdominal cavity
of the fish was opened with scissors. The stomach
part was removed, cut into small samples and pro-

cesged with the relevani techniques.

Histological analysis

Small pieces ol stomach were immedistely fixed in
agqueous Bowin's solution [or 24 b Alter focition, the
sumples were washed well in 70% ethanol, dehy-
drated through graded sedes of (530 100%) ethanol,
and cleared with xylene. The tissues were infiltrated
with paraffin wax at 56-58°C for 1.5 h, and embed-
ded in paraffin blocks. Serial sections were cul at
4 pm thickness using a rotary microiome (Weswox
MT-10504A) and stained with Delafield's
Haematoxylin-Phloxin  (HF), Delafield’s Haema-
toxylin-Eosin  (HE) (Fischer el al 2008), and
Mallory's ‘I'tiple (M1} stain (Mallory 1936) for Light
microscopic nhservition.

Histochemical analysis

Small fragmenis of stomach were kept in 1% neu-
tral formalin for 18 h. After the routine procedure,
the tissues were embedded in parmffin wax at
52-54°C and sectioned at an 8 pm thickness, The
parffin sections were subjected v the following
histochemical investigations: periodic acid-Schiff's
(PAS) reaction in combination with Alcian Blue (A3}
(PAS-AL) for the detection of neutral and acid mu-
cins (Yamabayashi 1987); Best's Carmine (BC)
method for the detection of glycogen (Horobin and
Murgatroyd 1971}); the Mercuric Bromophenol Blue
(MBBE) method for detecting basic protein (Mazia et
al. 1953); and the Dimethylaminobenmldehyde
(DMAD)-nitrite methed for typtophan  (Adams
1957). The stuined slides were examined and photo-
graphed wsing an Ulympus-Tokye PM-6 compound
microscope at different magnifications.

Resulis

Histology

The stomach of C. garea was a pouch-shaped muscu-
lar structure with cardiac and pyloric regions. ‘The wall
of the stomach was comprised of four basic
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A :
l"'gurr. L Mmq:hqlugraphs of the transverse- sections through
the stomach of O goroa showing cellular architecture simined

with Delalicld’s  lematosylin-Phloxin - (1IF). Delaficld’s
Iarmatmeylin-Eosin (L 1E) and Mallory's iripke (M) siain. (A) The
rardiar siomach shows mucoza (M) with numcerons folds (sclid
arrows) provided with codumnar epithelizl cells (CECand gastric
glands (G0), submucosa (SM), thicker circular muscle layer
(UM}, thinner longitudinal musicle lnyer (LM) and thin serosa (S
Solid armows indicate thin tep plate over CEC (TP < 45} (1) Mo-
enaa (M) shows dusters of tobolar G0 and sobrmeeosa with blood
forming lamina propaa (L), Broken armow marks the opening of
GG o the gastric it (TIE x 15X (C) Mucesa (M) containing CEC
with prominend nuclei (W) and basal gastric plands (GU) distin-
giished from the submnomes (SM) by the bassment membrane
(1), Note the prosence of scattered mmoons cels (M) and Jym-
phocytes (1) in mucosa and cosinophilic granoler codls (solid or-
rows) in SM. Arrow heads specify muocns Tlme over the apical
surface of CEC and broken arrow marks the gastdc pit (TP «
40X). (1) Magnificd mucosa (M) exhibits eompactly armnged
CEC and G bounded by eonnective Gssue septn (salid aneows)
arising from submuocosa (SM). Arrow heads indicale moein Gim
orver muocnsal sudace (MT = 45K

histological layers: mucosa, submuensa, muscularis,
and serosa (Fig. 1A). The mucosa was usually simpler
than that in higher vertebrstes and expanded by thick
longitudinal folds, the rugae, the surface of which

were carpeled with tiny depressions, the gastric pits,
The cardisc stomach consisted of two types of
epitheli: luminal epithelium with a monolayer of
simple colummar epithelial cells and the glandular ep-
tthelium containing numenus gastric glands (Figs. 10
and D). The columnar epithelial cells were tall and el-
liptical in shape and tapered at the hase. They had
centrally or basally placed oval nuclei and their apical
lining contained a prominent top plate of mucos: Mu-
cous cells were scattered on the superficial epitheliom
(Kig. 1C). The glandular epithelium was packed with
a cluster of gastric glands that were rounded or tubu-
lar in shape and present at the basal portion of the mu-
cosa (Figs. 18, C, and D). The gasiric glands were
compased of rhomboidal shaped pranular cells with
middling munded nuclei distributed around a lumen.
They usually opened inio the lumen of the stomach
trough the gastrc pits (Fegs. 18 and ), The gasiric
glands were firmly bordered by thin strips of connec-
tive tissues of lamina propria (Fig. 1D). Few lympho-
cytes were distingnished in the deeper laver ol mucosa
by their darkly staining conspicuous nocled (Fig. 10).
There were no gastric glands in the pyloric stomach.

The submucosa was separated from mucosa by
a bhasement membrane (Mg, 1C) made up of
collagenous fibers, connective tissues, nerve fbers,
and blood capillaries that protruded into the muoeoeal
foldings forming laming propria. (Fig. 108). A few
emsinophilic granular cells were also observed in the
submuensa (Fige. 18 and (7)), which was thick in the
pyloric sttmach. The muscularis layer of the cardine
stomach was thinner than that in the pyloric stom-
ach. It contained an mtedor circular and outward
longitudinal muscalar layer (Fig. 1A). The [ormer
laver was thicker than the latter. The outermost
serosi layer was exveedingly thin and rarely impaled
by blood vessels.

Histochemistry

Mucopolysaccharides

Combined periodic acid-Schiff's reaction and Alcian
Blue {PAS-AB) showed a purple-bluish color of
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Figure 2. Fhotrmicroscopy of the section of stomach displaying
perindic acid-Schill's (FAS) reactinn conjaintly with Alcian fine
(Al {(A) Localizmtion of neotral mucopolysaccharide in the on-
lnmner cpithclial colls (CEC) and beth acid and neotral
mucopotysaccharides in gastric glands (GO) of mucosa (M), (Gas-
trii: pils {arrows) show hright blue color from the acenmulation of
acid mucopolysaccharides. The basement membrane (BM), sub-
mmenzs {(3M), moscularis (ML), and sermeas (S) bayers exhibit pogi-
tive rerponse (PAS-AH « 10X} (B) Intense PAS reaction in CEC
along with luminal barder of the mucosa Garmows). Note posiiive
reaction in ymphoeytes (L) and GG {PAS- AD = 400,

varied magnitude conforming to the neatral and acid
mucopolysaccharides of the different layers coating
the stomach. The columnar epithelial cells of gastric
mucosa were & hright purple color from PAS, while
the gasiric ghmds of glandolar epitheliom  werse
a purple-bluish color becanse of the localization of
both neutral and acid mucopolysaccharides (Figs. 2A
and B). The pgastric pits contoined acid
mucopolysaccharides. The secreted lominal mucin
over the apical portion of the columnar epithelial
cells were an intense purple color marking the

presence of ample neutral mucin (Fig. 213). The base-
ment membrane between the mocosa and
submueosa together with Gbrous connective tissues
exhihited a distinctive bluish-purple color. The lym-
phocytes of the mucosa and the musculars and
serosa layer expressed positive reactions with this
camhined test (Fig. 2A).

Glycogen

The resultz of Best's cormine test showed a deep red
color in the columnar epithelial cells together with
the gastric glands of the mucosa because of the
marked amount of glycogen (Figs. 3A and B). The
blood capillades i the submucosa contained differ-
ent shades of staining deposition of glycogen but the
connective tissues exhibiled s weak reaction. The
subtle reaction of glycogen was discermible in the
muscularis and serosa layer (Fig. 3A),

Proiein

The mercuric bromophenol blue reaction revealed
a dark blue color of diversified magnitudes in har-
many with the localization of basic protein in various
regions of the stomach. Mucous cells and columnar
epithelial cells with coarse granules in the apical mu-
coxa showed strong reactivity (Figs 4A and B). Cas-
tric glinds exhibited their profein incdusions as
darkly stained fine grains dissipated homogeneously
in the cytoplasm. The blood capillaries and connec-
tive tissues in the submucnsa showed a positive reac-
tion (Fig. 4A). The muscularis layer showed an
mtense reacton.

Tryptophan

The mucosa layer of stomach displayed 1 deep blue
calor considered a positive reaction for trvptophan
(Fig. BA). The zymogen granules of the gastric glands
in the glandular epithelium showed the masxdmom
intensity of the tryptophan reaction (Fig. 513). The co-
lummar epithelium cells of the superficial mucosa
also furnished positive reactions for tryptophan
though comparatively less than that of the gastric
glands. The submucosa, the muscularis layer, and



Figure . Microphotographs of the section of stomach exhibiting
Best’s Carmine (BC) reaction for the detection of glyengen. (A)
Showing ghycogen content in the colummar epithelial colls (CEC)
and gastric plands (GL) of mucnsa (M), Note moderate reactinn I
blnod capiflares (1) of somucosa (SM) and musonlas e
(ML (B = 100 (B) Inicnse localizatinn of glycogen inCEC and
G afmucoss. BC in Sk display 2 moderate rescion (50 400

the serosa were colorless and exhibited negative re-
sponses o this test (Fig, BA).

L*"'

Figure 4. Tmmmmmufmurud'l show Mercoric
Bromaphenol Blee (M) reaction. (A} Localization of protein in
eolummnar cpithelial colls (CFC) and gastrie glands (GO} of mo-
eosa (M) Note the positive réaction in the mosorlsns laver (ML),
conmeciiee tissnes (armn heads), and blood capiilarics (solid ar-
rows) of the solmucesa (S8} (MBE = 10X} (D) Indusion of pro-
win in CEC, (3, and mucous cell of the mucesa layver (MBO =
HIX)

Discussion

The digestive system of teleosts exhibits much varia-
Gon in struciure and function and is adapted for par-
toular foods. The anatomy of the siomach is
distinetly variable in size and organization in relation
to the gqoantity of [bod consumed by the species
(Ostramder 20000). In C. garua, the stomach was
pouch-like and thick walled since the fish is preda-
tory in nature. The walls of the stomach were usually



152 Saraj Kumar Ghosh

v e . TI' = a -
Figore 5. Microphotographs of the: section of stomasch O gere
showing the lenliwnion of trypotophen (DAMAT). (A) Mocnsa (M)
with columnar cpithefial cells (CEC) and gastric glands (GC)
show g posifive yplophan reaction. The sulrmocosa (SM),
= 10X). (B} Strong indensity of tryplophan reaction in GG and
CEC (DMALS = 40X)

folded and can expand. Histologically, the stomach
of C. garna had four layers and is related to other
teleost fishes (Arellano et al. 2001, Khayvami et al.
201 5). The cardiac stomach was formed by two types
of epithelia - surface epithelinm and glandular epi-
theliom. The surface epitheliom was composed of
columnar epithelial cells with & notahle wp plate of
mucin and scanty mucous cells. Barrington (1957)
reporied that the colummar epithelial cells of the su-
perficial epithelinum secreted gastric mucin  that

protecited the stomach surfice from mechanical
damage. The columnar epithelial cells of the superfi-
cial epithelium are described as absorptive in fune-
ton by some researchers (Grau etal. 1992, Arellano
et al. 2001). From the present study, il can be as-
sumed that columnar epitheliul cells of the mucosa
served o doal purpose of the secretion of murus and
the ahsarption of digested [ood suffs. Very few mu-
cous cells were ohserved in the gastric mocosa of C
garua. Their lubricant secretions safeguard the gas-
tric epithelium from the chemical and physical de-
struction that could pcour (Mescher 2016). The
ymphocyies in the mucosa layer ol the stomach
might have been engaged in protecting the fsh
against various pathogens (Park and Kim 2001,
Muoawad et al 20017).

The gastric glands of the cardiac stomach were
primitive in nature and not distinguished into oxgmtic
and peptic tvpes. They opened into the lumen
through the gastric pits and secreted pepsinogen and
hydrochloric acid. The gasiric histology of teleosts is
usually simpler than higher vertebrmates as the gastric
glunds bear a single type of cell that secretes both
pepsinogen and hydrochloric acid (Rebaolledo and
Vial 1979, Albrecht et al. 2001). € garua, a carnivo-
rous catfish, needs the active secretion of digestive
enzymes o adequately digest ils proteinaceous
foods, and. accordingly, profuse bunched gastric
glinds developed. The proteolytic enzyme pepsin
orginated in the gastric juice that was secreted by the
granular cells of the gastric glands.

The presence of collagenous fibers and connec-
tive tissues in the laming propria of the stomach
might provide a protective, stilfened coat in addition
to keeping the gasiric gland in the perfect lpcation
(Albrecht et al. 20011). The muscular layer of the
siomach was comparatively thick and formed by the
usual inner wide circular layver and oater longitudi-
nal layer of muscle fibers connecied with the thin
serosa. This organization of muscle layers probably
helped 1o keep the enlargement of the wall of cardiac
stomach within bounds. The greater development of
the circular muscle Liver presumably assisted in de-
cisive contractions for comminuting sermi-digested
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foods. Murray et al (1994) and Khayyami et al
(2015} also report similar features.

PAS reactions in the columnar epithelial cells
along with the apical border were indicated by the
purple color from the presence of neutral mucin,
whereas the bluish-purple color of the gasiric glands
illustrated the subsistence of both acid and neutral
mucing. The mucoid nature of the gastric epithelium

ix reported by several researchers in muny eleasts:

{Murray et al. 1994, Scocco et al 1996, Raji and
Norouzi 20010, Okuthe and Bhomela 200200, The api-
cal border of the columnar epithelivm produced
a strong PAS reaction becanse of the presence of mu-
cous cells. The surfuce epithelium possibly secreted
mucus for the lubrication and propulsion of [bod
stulls toward the pyloric portion and also (o neatral-
ize the acid secreted by the gastric glinds. The mucin
secreted also shielded the gastric epithelium from
mechanicil abrasion and stoped autodigestion
(Petrinec etal. 2005).

The Best’s carmine response in the columnar ep-
ithelial cells ol the stnmach was conceivahly associ-
ated with the symihesis of neutral mucin that needed
energy, and the deposited glycogen provided it The
glycogen reaction in the gastric glands of O gorna
was concomilant with the synthesis of zymogen gran-
ules and ergastic matiers for the secretion of
pepsinogen and HCL Anwar and Mahmoud (1975)
report the presence of ailing glycogen content in dif-
ferent layers of the intestines of Lgyptian lards used
as an inception of energy but not accumulated.

The presence ol hasic protein in the mucosa,

submucosa, and muscularis layers of the stomach is:

required [or various metabolic and physiological ac-
tivities. Arellano et al. (2001) report there are pro-
teins rich in lysine, arginine, cysieine, and cystine in
the columnar epithelial cells, pastric glands, lamina
proprii, and muscular lavers of the siomach of Selea
senegalensis Kaup. The gastric glands of the mucosa
layer were firmly positive 1o mercury-bromophennl
blue staining because of the existence of enzymatic
precursors like pepsinogen or other gastrointestinal
enzymes {Gutiérrez et al. 1986, Gisbert et al. 1999).
The existence of a diversified proportion of protein
and tryptophan in the columnar epithelial cells of €

garua might have been related o the metabolic
processes of the cell. The presence of tryptophan res-
idues in the gasiric glands stemmed [om the con-
densation of gquantities of zymogen a% a harbinger of
pepsinogen. Medeiros et-al. (1970) recorded the
aming acids tryplophan, tyrosine, and arginine in the
glandular cells of the siomach in Pimelodis
maculatus Lacepéde [or the synthesis of pepsinogen
by the gastric glands.

In conclusion, the stomach of C. garua had a vari-
ety of cells that performed specific specialized func-
tinns. The glandular epithelium was characterized hy
hydrochloric acid and pepsin producing  gastnic
glands, the principal site for gastric digestion. The
present study provides informaton about the cellular
features ol the stomach that will help 1o further elud-
date the nutritional physiology of this fish species.
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The histochemistry of the saccus vasculosus in red-bellied Piranha, Pygocentrus nattereri
Kner, 1858
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Abstract: The presence of mucopolysaccharides, glveogen. protein, and lipid compenent in the
cellular constitments of saccus vaseulosns of Prgocentras nattereri Bner, 1855 were demonstrated
mstochenneally using hght mocroscopy. The saccus vasculosus was mchly vaseulanzed and
comprized of & number of loculi enclosed by blood sinuselds. The locub contained predominant
coronet colls and supponing cells. Plenty of secretory materials were observed in the lumen. Periodic
actil Sehiffs reaciion n combinanon with Alozn blue for mucopalysaccharides was posttive for the
ameal protberanees of coronet cells and seeretory: mallers in the lumen, Significan amounts of
glveopen and protein were localized in coronet cells aud blood cells, The coronet cells aleng with
liminar protrosion contaned an appreciable amount of DNA and BNA. Lipid is notably detected
through Suden black reaction m globular protruson of coroner cells. The silver resction Wwas
emploved to investignte the presepee and distibution of newrons within the epithetial lining ae well
as other regume of the sacene vascubosus These histochermeal tects revesled thar the saccus
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vascnlosos served dnally as both 3 secretory and sensory orsan.

Introduction

The succus vasculosus, a reddish sac-like structure
situated on the ventral wall of the diencephalon
leleosts. Is immediately  behind  the
pituitary glund. The size of this speciulized ependymal
orean varies considerably among various species of
chondrichthves and osteichthyes, mnging from well-
developed structures to rudimentary forms, and in
some species, 1L may be absent (Lanzing. 1970). The
structure and function ol saccus vasculosus in Nshes
have been described by many workers ( Yanez, 1997;
Sueiro et al.. 2007 Nakune et al.. 2013; Ghosh and
Chakrabart. 2014: Maeda, 2013: Chakrabarti and
Khatum., 2017}, The epithelial linng of the saccus
vasculosus exhibits diverse characteristics, presenting
as cither a single-layered or mulu-layered structure.
Within this lining, two distinct cell types coexist: the

positioned

distunctive coronet cells, also known as crown cells,
andl the supporting cells which are referred to as glial
cells. Anatomically. the saccus vasculosus reveals a
close and mtncate relationship between neural tssue

‘Comespoodency: Sarof Kumar Ghosh
E-mail sampfisheryish@ gmail com

and blood vessels (Cid et al., 20135).

A review of the literatore reveals that there is
considerable  difference of opinion regardig  the
function of saccus vasculosus. A comprehensive
review of the literature underscores the substantial
variance in viewpoints concerning the function of the
succus vasculosus, Certain researchers have proposed
thiat the saccus vasculosus primurily serves i secretory
function {Guler and Billenstien. 1972: Bhatnagar et
al.. 1978: Suksenn, 1989; Gupta, 20007y others have
mentioned that saccus vasenlosus may be involved in
the transport of low molecular substimees (Junsen.
1975: Joy and Sathyanesan, 1979). However, recent
studies hive shed new light on this matter, suggesting
that the coronet cells, connected 10 liquor-contacting
newrons, are predominantly sensory in nature (Byvoha
and  Keiji, 2001; Chakrabarti and Ghosh, 2009:
Rodriguez-Moldes and Anadon, 2010; Nakane et al.,
201 3: Khatun and Chakarabarti, 2016).

In the present investigation, an attempt has been
made to elucidate the chemical composition and

DL hpsidol o VO 22034 jab.y 115 2040
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functional significance ol the saccus vasculosus o
understand the potential physiological roles ol the
cells mvolved. Taking this perspective, camivorous
redbelly pirhn. Pygocentriy natterert
(Characiformes: Serrasalmidae: Serrasalminae) has
been chosen for this study.

Materials and Methods
Specimen collection: Adult specimens ol . nattereri
(42+2.06 cm in total length: n= 12) were collected
from the freshwater ponds of Itachuna (23.029°N,
88.176"E). Hooghly district of West Bengal. The fish
were  euthuanized with an overdose of  tricaine
methanesulfonue  (MS 2220 Sigma-Aldrich
Chemical). The brain together with saccus vasculosus
was disclosed from the head's ventral side and fixed in
situ with 10% neutral formalin.
Histochemical analysis: The saccus vasculosus along
with the base of the brain was cautiously detached
from the cranium and submerged m 10% neutral
formalin for 18-20 h, The fixed tissues were washed
thoroughly in 70% ethanol and dehvdred o an
ascending series of ethanol. The tissues were cleured
in benzene und embedded in paratfin wax of 32-34°C
{(CDH Fine Chemical ).

Serial sections of 8-10 um thickness was cut using
a rotary microtome  (Weswox MT-1090A) and
prepared for the histochemical tests o examine tie
chemical nature of cells lining the saccus vasculosus
at the light microscopical level, The huistochemical
tests include (1) Periodic Actd Schiff's (PAS) reaction
in combination with Alcian Blue (AB) (PAS-AB) for
the detecuon of neutral and  acd  mucins
(Yamabayashi, 1987), (2) Best's Carmine (BC)
reaction [or the detection of glycogen (Horobin and
Murgzatroyd, 1971), (3) Mercuric Bromphenol Blue
(MBB) method for the detection of basic protein
{Mazia et al., 1953). (4) Methyl Green Pyronin Y
{(MGP) method for the detection of nucleic acid
(Unna, 1902). (5) Sudan Black B (SB) method lor the
detection of bound lipid (Berenbaum. 1958). and (6)
Silver Impregnation (S1) method (or the detection of
neurons (Marsland et al., 1954). All the slides were
examined and microphotographed using a Leica EC3

light microscope at different magnifications,

Results

In P. nanereri, the saccus vasculosus s well-
developed and highly vasculinzed, located on the
ventril side of the diencephalon, near the third
ventricle of the bruin (Fig. 2A). It is composed of an
enormous number of loculi having irregular shapes
und sizes encircled by blood vessels. The saccus
epithehium contains two types of cells: specialized
coronet cells and hasal supporting cells (Figs. 1B, 2B,
3B, 4B. and 3B). The loculi are either simple or
brunched patterns and the lumen appears as un
intercommunicating arrangement of channels which
ramify considerably, The distal branches are linked
together 1o form a collecting channegl which opens in
the diocoel (Fig. S3A).

Periodic acid Schiff's reaction in combination with
Alcian blue: Periodic Acid Schifl's (PAS) reaction in
combination with Alcian Blue (AB) (PAS-AB) 15 used
for assessment  of  high  molecular  weight
glycoproteins, mucins. This combined analysis shows
d purple eolour us a result of the PAS reaction for
neutral mucin and blue colour by cianse of AB reaction
for acid mucin (Fig. 1A} The cytoplasm of coronet
cells lining saccus epithelivm impart light purple
colour whereas the blood vessels exhibit bluish colour,
The apical protrusion and globules of coronet cells are
deep bluish-purple colour due to the presence of both
eidic and neutral mucopolysacchandes (Fig. 1B),
However, the luminal border lined with coronet cells
and supporting  of saccus vasculosus have PAS
positive deposition make a brush border looks. The
basement membrane exhibits intense blue colour.
PAS-AB positive coagulum is observed in the lumen
of the loculi.

Best's carmine  reaction:
mvestization  shows  different shades of glycogen
deposition in the coronet cells according to their
physiological activity (Figs. 2A-C). The cvtoplasmic
content and edged protrusion of coronet cells exhibit
abundant glycogen content (Fig. 2B). Supporting cells
are packed with litle glycogen. The bright red
coloured basement membrane and blood sinusoids

Best's  carmune
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Fizure 1. Phowmicropraphs of the sections of <accus vasculesus of Pygscontrus nartersn showips Perdodic Acid Schuff's (FAS) reacton in
comination with Alcizn Blos (AR (A) Coconet cells g the loculi | Ly show purple cobour for neutral mucopolyssecherides. Blood vessels (BY)
display blue colour because of sodic mucopolysacchandes | 1(??\']. B} Apical protrusion of the comonel cells Famow hegds) and basement membome
(BN exhibit ntense purple coloar. PAS-AB reaction ls-also-discernible in the BY and coaguhun (solid arcews) of the loculi (L) (40X,

surrounding the loculi also display intense carmine
stating,

Mercuric bromphenol blue reaction: The succus
vasculosus 15 deeply stained with acidic mercuric
bromphenol Blue due o its proteinaceous nature (Fig.
3A). This acidic dye responds to basic groups of

protein and furnishes blue colour. The cytoplasm and
apical  secretion of coronet  cells  display  acute
reactions for protein (Figs, 3A-B). A dignified amount
of protein is discernible in the blood vessels encircling
the loculi. The basal supporting cells and Juminzl
secretion of coronet cells exhibit positive reactions for
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Figure 2. Section of saecus spithelinm of Pygocentrus matterers displaymg Best's Cadmine (BU) reaction. (A) Saccus vasculosns (8V) having
numerens lovul (1) loeated om (the ventral side of the diencephabom (T, near the thed venimele farmew | of bran (48X, (B Showmy differens shades
of alveopen [n coronet cells farmow heads) and blood cells (BC (LOX ) (C) Intense slveosen reaction in the-apical protrusicn of coronat cells-(armow
heads ), blood calls (BC) and bacemant membrane (BM), Note moderste reaction in-supporting celis (solid arrows) (40X,

protetn.

Methyl green pyronin Y reaction: This classical
staining technique employing two basic dyes is used
for localization and differentiation of DNA and RNA
content in the various cells lining the saccus
vasculosus., The combmed test affords bluish-green
colour for methyl green specifically hinds to DNA

whereas red colour for pyronin which binds o RNA
(Fig. 4A). Strong reaction of DNA is observed in the
nueleus of coronet cells while the evtoplasmic content
and upical protrusion of coronet cells exhibit purple
colour due to appreciable amount of RNA (Fig. 4B8).
Collowds 1 the loculi are bluish-purple coloured
confirming the mixture of DNA and RNA., The
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Figure 3. Section of ssocus vasculosus of Proocenmmus narrererd showing Mercunie Bromphend] Blue rescton. (A1 Strong profein reacion 10 comol
cellz farrow heads) and blood vezzels (BY) of saccus vasculosus { 10X, {B) Skowine intense protein reccion o the apical processes of covonet cells
(arrow heads) and BY encrrchng the locul (1) Note poanive reaction e sopporting cells (solid arrows ) and Juminal secrenons of cpromee cells
(broken armowes) (40X,

maximum reaction of pyronin for RNA huas been Sudan black reaction: Different shades of lipid
notced in the eytoplasm of blood cells. content are observed i closely wranged coronet cells
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Frgiiee 4, Section of saeous vasenlosus of Pygocentrer nasterert showme Methyl Green Pyrotim Y regction (A) The eellular Homg of loeuli (L) and
bigod vessels (BY) of saecus vasculosus show DINA and BNA content (E0X), (B} Strong mettvl 2reen reaction in the muclel (W) of coranet calls
wheraas cvtoplazmic proceésses {arrow heads) show pyromin reaction. Note maximum pyronin reaction in BV and lumingl secretions (20lid ammows]
digplay mixmire of DNA and RNA content (40X,

and underlying blood vessels (Fig. 5A). The apical the loculi (Fig. 5B). Supporting cells are weak in lipid
globular protrusion of coronet cells vields an intense reaction. Varying degrées of sudanophilic droplets in
reaction of Sudan hlack. However, the highest lipid the loculi show lipid in nature.

reaction 1% detected in the blood vessels surrounding Silver reaction: The silver reaction is discernible in
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Floure 5. Section of sarous vasmulosus of Preacentiis nanereri showing Sudan Black reaction { A Showing sudanophilic matenals o coronet cetls
farrow heads) of focal (L) mermingled with blood vessels (BV): Selid arrew marks the connecting channel in berween the saceus vaseulogus {SV)
gnd dincoel of bran (B (10087, (B Tmense Lipid reaction mthe apieal protmsion Garmow heads) of comonet cells gnd BY, Note the presanoe of
sudlanoplilic materials (broken srrovws ) in T, Sold-amows mark basal cells (40K),

the neural part ol saccus vasculosus (Fig. 6A).
Enormous silver stain is observed in the ciliary
structures on the apical part of coronet cells as well as
neurosecretory fibres attached to the basal portion of
coronet cells intermingled with blood vessels (Fig.
GB). Some axome extensions eoter and encompass the

blood wvessels of saccus vasculosus also display
positive reaction. Nerve fibres on the outer surface of
saceus epithelivm are marked with silver stains.

Discussions
The saccus  wvasculosus  Is recognieed as  oa
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Fipnre 6. Seenon of sascus vasculosns of Pygocenmmmis matterem shivaing silver redction (A ) Showing silver reathon an coronet oells (OO}
mtzrmingled with blood vessels {BV ). Note:intense reaction in nerve fibres (amows) on outer coating of saccus vasculesus { 10X, (B Maanified
pouTion of sacous vasculosns shows silver reaction in the apical eibary strucnire (arrow heads) and basal newrosecretory fibres of CC connecied with

BV, (40X
circumventracular orean, housing specialized coronet
i contact with the venneular cerebrospinal fluid 1n the
iabsence of a  blood-brain
1972). In P. nattereri. the well-
developed saccus vasculosus is situated on the ventral

barrier (Altner and

Zimmerman,

side of the brain and serves g doal  purpose,

encompassing both sensory and secretory functions.

tad

The saccus vasculosus consists of a vast number of

loculi having distinctive cornet cells and supporting
cells, which are enveloped by a network of blood
sinusoids,

The rich vascularizition of the saccus

vasculosus likely serves to supply nutritive substances
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1o the various cells lining the epithelium of the saccus.
Scharrer (1948) sugeested that the blood sinusoids
play an important role in the secretion of fluid from
the blood stueam into the lumen ol the succus
vusculosus and they also contribute to adjusting the
violume of this fluid. This process helps o equalize
dilferences in intracranial pressure, panticularly during
vertical movement.

A PAS-positive reacuon i the coronet cells
signifies the exstence of a vanely of chemical
compounds, including neutral mucopolysaccharides,
glvcoproteins,  mucoproteins,  and  glyveolipids.
However, the PAS-AB reaction varies in the different
parts of the saccus vasculosus, The apical protrusions
of coronet cells and the accumulated material in the
locult  Tumen  are rich o acid  and  neutral
mucopolysacchandes  strongly  indicaung  therr
secretory function. Similar types of findings were also
reported in other lshes (Galer and Billenstien, 1972;
Bhutnagar et al., 1978; Kulkami and Sathyanesan,
1982; Ghosh and Chakrabarti, 2014). Lanzing and
Leanep (2005) showed the presence of  acid
mucopolysucecharides in the apical protrusions of
corongt cells in teleosts, These mucopolysaccharides
are imtially stored in globules and subsequently
secrated into the bram's ventricle.

The presence of glveogen in the coronet cells of the
succos epithelium m P narrereri likely serves both
metabolic and physiological functions. Sundarara) and
Prasad (1964) noted that coronet cells  exlubit
secretory functions and the stored glycogen within
their apical protrusions 1s thought to be released m the
form of glucose mto the cerebrospinal fluid. Saksena
(1989 suggested that the saccus vasculosus serves as
a storage site for carbohydrates intended [or the brain,
Coronet cells are implicated in glycogen metabolism
by  converting  glyveogen  mto acid  muco-
polysaccharides. Strong clycogen reactions in the
blood vessels and busement membrane could generate
energy during the transport of various chemicals and
the transmission of impulses through the membrane,

The eyloplasmic contents and terminal protrusions
of coronet cells are proteindceous in nuture. Protein

reaction observed in the coagulum of the |umen

strongly implies an extensive secretion o neutral
glycoproteins from the coronet cells ol the saccus
Kulkarni  and  Sathyanesan  (1982)
documented  an acute  protein  reaction,  [urther
confirming the substantial secretion of glyeoproteins

vilsculosus.

from the coromet cells of Mysrus virrarus, In contrast,
the supporting cells present alongside the coronet cells
do not exhibit any signs of secretory activity.

The acute response of DNA within the nuelel of
coronet cells i the saccus epithelium may be hnked
to the hiochemical differentiation of various stages of
coronet cell development. Notably. the eytoplasm of
coronet cells displays a strong reaction for RNA,
indicating its relutively higher presence. This suggests
its essential role i cellular metabolism and  the
synthesis of proteins which are crucial for augmenting
the secretion of products [rom coronet cells into the
lumen. The abundant RNA content in the cytoplasm
of coronet cells indicates & significant role in the
physiological  trapsformation  of  elecuon-dense
materials during the formation ol secretory products.
Bhatnagar et al. (1978) proposed that the RNA and
cystine content in the cytoplasm of coronet cells may
initiute the production of acid mucopolysacehardes
within the coronet cells themselves m the succus
vasculosus of Cyprinion macrostomus.

Observations  have  shown  vanatons  of
sudanophilic materials among the corenet cells. It is
probable that the energy required for the physiological
gctivities and the secretion of the products [rom the
coronet  cells  primarily  originates  from  the
accumulated  lipid matenals  within  these  cells.
Sundararaj and Prasad (1964) documented  the
localization of phospholipids in the apical protrusions
and globuoles of coronet cells withm the saccus
vasculosus of Nempterus chitala, This observation
underscores the potential involvement of the saccus
vasculosus in fluid secretion and the extrosion of low
molecular  weight  organic  substances  into  the
ventricular system.

The coronet cells in the saccus vasculosus of
P. natrereri make contact with nerve  terminals,
indicating a credible sensory role for this neural
element, In a study on Cyvprinas carpie, Ryohi and
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Keiji (2001) observed the synaptic vesicles within the
lermunals on the coronet cells and proposed that the
function of these cells in metabplizing cerebrospinal
fluid is controlled by cholinergic nerves. Furthenmore,
(1974). in
emphasized thmt the coronet cells are the mos
prominent feature of the saccus vasculosus und have
direct contact with the cerebrospinal fluid. Therefore,
it is  plausible  that  coronet  cells  serve  as

Benjamin Gasterostens  actileatus.

chemoreceptors and play @ role in mamtaming the
composition of the cerebrospinal fluid.
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Abstract:

An intense attempt of exploration on this paper has chiefly been made into the depiction of socio moral
realitv in Javanat Mahapatra' s, a wide acclaimed poem Hunger written in postmodern Indian context.
For a convenient and perceptive discourse, Mahapatra’ s masterpiece "Hunger’ has been selected, where
the three major characters——poet-speaker, father-fisherman and an adolescent girl of fifieen vears, get
fully drvulged with a piercing message at the end. The term “hunger’ which iz basically related with
instinctive pursuit of any living being, gets profound discourse from various implications, mcluding
phvsical, culiural, economical, spirttual and social in the context of postmodern Indian scenano. The
ethical symbolism and depiction of umagery,. its gendered stereotvpes are vividly discussed in the
relevant means of representation between haves and have-nots, power and powerless etc. and more
emphatically analyzed with respect to a larger aspect of socio-moral relations and identities. On literary
aspect, the basic concepis of postmodermism are explicated with reference to three characters hailed
from two different realms on respective quests of life. Use of graphic narrative 1s guiie obvious on the
questions of gender 1ssue in one hand and virginity on the other. A deconstructive endeavour to explore
the psycho-analytical constructs of the characters, urespective of ther familial and customary relations,
1s attempted for discussion on a larger concept of “obvious truth” over “obvious lie” in postmodem Indian
culture.

Key Words: Social morality, hunger, ethical, familial and customary relations. postmodern, identities.

The post-modemust Jayanta Mahapatra (1928-2023) 15 one of the luminous poets in the welkin
of Indian literature in English. constantly shining on the rich heritage of Indian cubture, tradition, mvth,
folklore, rites etc. by the prolificacy of his poetic inventrveness. While commenting on poetic acumen
of Jayanta Mahapatra, specifically in realm of Indo-Anglican poetry, Dr. 5. Chellia’s thoughtful
asseveration "Modern Indian Poetry in English has. indeed. come its own’™. 1s ever striking and
evocative. Bemng a social realist, his poetic cluster is based on “a true incident’ in troe sense. Naturally,
his masterpiece, Hunger, taken from his towr de force A Rain of Rites. 1s a very touchingly poignant and
highly moving poem which stands unique in Indian English poetry for the authenticity of experience A
physicist by profession and a poet by vocation, Mahapatra seeks to highlight the ills of society and
shameful social reality of the deprivation. humiliation, degradation, and suffering of the poor Indian
women. Resembling partly with his another poem “The Whore House in a Calcurta Street’, the poem
centers on the theme of unwelcome prostitution, the greatest concern of post-modem Indian English
poetry.

The term “postmodermism’ as expostulated by the theonst and critic Jean-Francois Lyotard after
the end of the Second World War, 15 in league with the Expressionism where the meaminglessness of
human existence is guestioned and where the established ideological modes matter the most. As a
reaction agamnst the New Criticism, this practice remains challenging in regard to the autonomy of a
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Eoywords: The mini review foctses on the work carried our in our Isboratory over the lase two and a half decades to mnravel
Fluoresrence quenching varitmz facets of photoindnesd proceszes, viz. phomindueed slsrmon mansfer (PET), excited sate prooon mransfer;
TRANES energy mansfer efe., uEmy fluorescence spectroscopy and maging. We have demonstratad that PET iz manifezted
Fhaoreaence mimw by formation of exciplex znd that its parent spin state s anthensicared by obeerving steady-state fluorescence in
- e prezence of magnete fisld, which iz quite 3 non-conventonal zet-up. It iz cbzamed that dielecric cons@nt of the

medivm governs the magnete feld effect We have synthesized and explored fluorophores which act as gensorz
for hydrogen bond: and progic media Our group has smdied the protonston equilibrium of Acridine. which iz 2
good duorophore in various confined media and obeerved the permurbaton of thiz equiibrivm In presence of
DMNA bases using steady-state and tme-resolved fuorescence technigques. Excimer formation of 9-Aminoacridine
Hydrochloride Hydrate (3AA); another srong fluorophore, has been investigated io several solvent matrices and
photoindoced interactions of 94A with amines and viologens are studied Purther, we have utlized fucrescence
upcornversion technigue o segregate direct and diffusion-controlled elecoron mansfer within picosecond-
ferntozecond tme domsin Then attermnprs have been made o smdy DNA-Lgand and prosin-ligand -
teracfion: comprehensively, unlizing different techmigues of fluorescence spectrozcopy. Furthermore, we have
synthesized fuprascent carbon dotz and have made an endeaver o fnd their friidul biclegieal mgnificance. We
h=ve alzo symthesized rboflavin (Ff}-gold neno-zssemblies (RESEARNPs) by covalently amzching thiolared Bf o
gold nanopardeles (AuNFs) and have obearved that these RS AuNDs aceumulate in the nuelens of cancer celis,
Izading to plasma membrans blebbing and binucleared apoprote bodies, consizent with activation of apepross.
Finzlly, zome very recent sxamples az well as the Armre prospect of fluorescence spectroscopy have besn
discus=zad.

1. Introdustion

Fluorescence 1= one of the spectroscopic phenomena thae has versa-
tile applications m photo seleness for itz ooy, high sensitivity and
urigue specificity for the microenvironment. With the advent of leser, it
has become a powerhal devace to study the shieture and dynamice of the:
chermical reasctions imvolving a wide range of moleculss starting from
ample orgamic and morgemic molecules to bio mecromolecuoles or
nanocomposntes hosted Inmatiers and living systems. Sinee the mmmber
of molecules which pozssss chardcterizie fluorsscence is gmie zmall the
rescarch on developing new flucrophores iz gomg on to use this tech-
mique m the f=lds of apphied chermetry, ochermiztry, medieal sclenes,
et The present-day fluoreseence micrescope with enheneced sensbsaty

prrmifz. detection even st smgle moleenlar level which feads 4o
remarkable progress in bictechnology, pharmacy &nd metenal selence
b1

The primary reachions in-moest of the photochemesl-and photobio-
logical processezs are electrom transfer (ET) [3], proton transfer or
hydrogen sbetrachon [4.5] =od bond eleavage [6]. The photomduced
elactron fransisr [PE'I‘j between an electrem donor {6 and an scesptor
[A) leads to the fluorescencs guenching of the corresponding excited
donor or acceptor. Howewver, the Stern-Volmer analysiz cammot be 2

full-proot swndence of FET wia evaliation of diffesion-controfied bimo-

lecular quenching constant of the order of 10° — 107 Bter mal 2= &,
paracularly mosoluton phese [1,2]. PET 15 jusofied only by the forms-
tion of Huorescent exciplex, the charge transfer complex formed - the
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exrited state or by the detection of radical 1ons wsing transient absorp-
tion techmgue [7]. Addihonally, the Stokes shift of the oterplex Hue-
rescenee with the meresse m sobvent polarity [E] and the snhancement
of the luminescence in presence of 2n extermnel megnetic field (MF) of the
order of 0.01 — 002 tesla [9,10] sre the relisble observations to jusbfy
the phenomenon.

Hydrogen bond plays & pivotal role 1n the micracton betweesn a
byvdrogen donor and s hvdrogen acceptor to recopmze the ote-specific
phenomenon In molecular level particutarly wathin water, proteins
and DNA mabrices. I the dipole moment of a8 fluorophore 1= gmte
different 1n itz groamd =md excited states - then the Pranck-Condon
excited stake of the moleculs becomes further stabibized by reorgsniza-
tion of the solvent moleenles swroundimg it according to their polanty
and hydrogen bondmg capacity. Ohvwing to this solvabon, the fluores-
cence maxmmm 1s red shifted with the meressing polanty and hydrogen
bond donor espacity of the zolvent. Thers are zome molecules which ean
donate or accept proton nboth the ground and =xoted states: however,
their acidity or basicity constants differ moticsbly in the respective
electromic stetes. A=z a result their proton donsting or sccephng capacity
will change on photorxoitstion. The excsted state proton transfer [ESPT)
can be comtrolied not only by the pH of the homogeneous agueous zo-
lnton but sleo by the pH at the inkeriace of the heterogeneons meellar
media. In zome of the cases, where both the hydrogen donor and
acceptor molecules are presemt m the mediom, ESPT 15 facilitsted
through hydrogen bonding between those two properly onented mole-
cules. ESPT rescbion and dynamics are well shahed by probmg the
fluorescence mtensity and lifetime of the deprotonated and protonated
molecules with varving pH or ineressing concentration of the hvdrogen
donor/acceptor molscules {4 5],

In this mim review, we revisit the shudies thet we have been canving
out i oour laborstory since almost last bwo and & helf decsdes nsing
steady-state and Gme-resolved (within nanosecond and sub-pcoz=cond
fime resime} flnorescence techniques to explore PET, ESPT and energy
transferanvolving simple organic molecules, morganic metsl complesxes,
protens, DNA and carbon nanodots. We have also made endeavor o
ublize facrophores a= hydrogen bonds zenzors. Although most of the
drog-protein and - drus-DNA mterachons wers earmed out om v,
however the fuorescence images of the micracnon between the syn-
themzed carbon dots snd therspeobcsily mmporiznt molecules were
taken m vive within Hela cells using fluorescence microscopes. Amsl-
gamation of our observatons would provide sdeguate ‘mmdelines to
shmnlate predictive meght into hiclogiesl reschons and throw zome
Bbight 10 the unewplored svenns: of photoinduced phenomena mvolving
macromsicenles bearing biological significance.

2. Experimental techniques

Steady-stste fhiorescenee was recorded by conventions]l Floores-
penee Spectrophotometers. To study the MF affect on exciplex fluores-
cence, & pair of Helmboliz coll wes placed surroundmg the sample
chamber that can produes vansbie s e MF. A hommemads fll-wsive
phaze-senzrtive detechon systemn was weed to mmprove the signal to
nolse ratio (1000:1 ). The ome-rezolved fuorescence was studied using a
flucmescence kinehe spectrometer based on tme-correlated-single
photon: covnting technigoes with picosecond diode laser snd MCP-PMT
detector and a femtosscond flporescencs upconverzicn syztem [FOG-
100, COP Corporstion} wath &8 mode-locked Ti-sapphire lazer [Mai Tai,
Spectra Phyeics) pumped by 2 5 W AMilienmis (Speetra Phyv=ies) o excibe
the sample waing ifs second harmonic. The microscopie Images: were
collected from & Mikon mverted confocsl mecroscope with an A1R+
confocal scammer head mounted on an Eclipze T1-E mucroscopes usmg 2
100 = objecinve.

[&]
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3. Discussion
2.1. PET mofeseed by exeplex formanon ard probed by MF effect

FET resctionz between electron rich D¥ and electron deficient A
mrolecules (either of which 1z m the photosseited state) Iead to the for-
mabon of two paomes products, viz, contect 1on pair {CIF) or exciplex
and zolvent s=psrated 10m par {S5IF). The solvetion 1z greater in S5IF,
wheress electromie coupling 1= much better m CIP. The mmterconverszion
between 55IF and CIP n sohition i=s mamly controlled by the polarity, 1
&, dielectric constant (£} of the medim. With the decresse m e winch
mcreases the potential enersy barmer betwern SSIP and COIP, the for-
mation of CIP or exciplex formation iz favoured and thiz csn be mon-
tored by itz brosad fHuorescence himp that sppesrs m the longer
wavelength compared to the fluorophore (erther D or A) The fluores-
eenice menamomm of exeiplex 15 blue shified with mereanng mtensity 2s ¢
of the meditm decrssz== [11.12].

The carbazole and 1tz denvatives are well kmown fhoorophores and
esn =ct as potenfial electron D or A depending on the nehwre of the
counter molecules. Aich and Basu have observed the exerplex formstion
between photo-exctted N-cthyl carbazole (ECZ) and 1 4-dicvanobenzene
[DCB) which act az D and A respectovely and found out the diffusion —
controlled bimolecnlar fuorescence quenching constant from the cor-
rezponding  Stern-Volmer plots uming both stesdy-state and ome-
recolved fluorescence techmques [11]. To confirm the formation of
radicsl 2on pair [RIP), the stesdy-stste Huorescence expernments sre
carried out In presence of an external e MF that can be varied within
0.0 — 0.08 tesia corroborsted with = phase-locked detection system
[11-14]. ifthe ET oceurs wath singlet fluorophores, the spim correlation of
unpaired electron in the primary RIP encapsulated within s solvent cage
iz zinglet (D'@ 1. @A) During diffusion inside the cage the
miter-radical distance becomes a5 such where sxchanges interaction be-
tweren the radical electrons 1z neghgible snd medmmm mtersystem
erozzing [IEC) ocours producing corresponding triplet RIP (D' @ {18
A ) throuzh the hyperfine interactions (HFI) present in the syztem. In
presence of en externs] MF of the crder of HFL the triplet states become
non-degenerate (Toand T4} due to Zesman splittme and ISC weouald be
reduced by almost 243, since § <= T, 15 prolubited due to energy dif-
ference; hener =mglet vield, 1o, exoplex hmmeseenes will meresse
[9-13]. In thiz case, the mavnmm increass In excipdey lommesscencs at
500 i 1z ebteimed {~— 1.37%4) in presenee of MF of the order of 00012
tezla, whereas the fluorescenes of BCZ remains unchanged. The polanty,
ie.. £ of the medivm playe 2 major rols iIn controlbng the optimum
separation distznce befween the radical 1ons, winch generste maximum
I5C, henee mandmmam MF eff=ct. Here, £ value sround 9.0 is good snough
to have masamum MFP effect, whersas the previously smdied sxoplex
svstems (Pyrene (Pv) — M. W-dimethvlaniline [DMA), etc]) show
meimum MF effect within the £ range 14.0 - 18.0 in aprooc solvent
[15]. Using lappert-Matags plot [11,12] 2t iz foumnd that extent of charge
transfer for BCZ-DCE exciplex 12 0015, whereas for Py-DMVIA 1t 15 cloze o
1.0. Therefore, difference of potential snergy between CIF and SSIP =
smaller for BCZ-DCB relatire to Py-DAMA, which facilitstes SSIP — CIP
mtercomversion at the lower diclectnie Later, 1t 15 found by studyving
different derrvabives of rarbazole — DCB systems=. [15], Py — dumethyl
terephthalate syectemes m comperison with Py-DMA [ 1 7] aswell a5 O-cva-
nophenianthrene — derivabives of methyl indole syetems [18] that not
only the extent of charer transfer it alzo the exciplex enevey and the
steric bulk of donor and acceptor play the major role in deciding opii-
mum separation distance betvveen the radicalons. Henee, 1 MF
effect would be obtammed: at an opoimal £ of the medivm. Furtiher, the
importancs of extent of charge transfer 15 again established by studving
all-s-tran=-1_6-diphenyvlbexa-1.3.5-triene {DPH) and DCR exviplex svs-
termn, where the field effect 15 memized st £ ~ 100, whereas for
DPH-DMA exciplex it = achieved st £ = 13 [18]. DPH is one of the
members of the zroup contaimng Bot-diphenyd polvenes. Thas 1z one of
the popular fluworophores wsed m the hophyzical ressarch I
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flucrescence polarization property 15 widely used to messure the mter-
nal viscomty of the bidever membranez. Further, the wavelength
dependence of MF effect idenhfies the formston of 1:1 and 1:2 com-
plexes with increasing concentration of TiCB keeping DPH conconirasion
fixed. The unigue featnre of the complexes 1= that they show anisoropic
MF efiect when the =oritation hght 1= polenzed parallel or perpendieniar
ta the MF [19]. The formation of both 171 and 1:2 complex i3 onee more
observed with Py - 4 4hisf dimethylaming jdiphenylmethans {DMVTPM],
whers DMDPA contains fwo potential donor sites [20],

The Bz value, that iz half the feld at which the MF effect iz zatn-
rated com he mathematically eypressed az [(Bf + BZ) /2(B: + B2]] ae-
cording to Weller, henee 1t becomes an ezsy ool to messure the HEL
present m the totsl system [21]. However, with i ing concentra-
tion= of D the walue inereases due to hopping of electron from one U to
another. Therefore, lifetime of the mdivndpal radical 1on decreases
which broadens the energy of the zpin levels and exeess feld 15 required
to overcome the HFT [12,19].

Smmlar work on monttormg MF effect on excrplex fluorescence has
been carried out by other researchers. Pann et 2] have found that at
least bwo types of Pr-DMA excrplexes are formed at different locabions
within the HoO/AOT /n-heptane reverse macelles (RMz) mterface [22].
Ome of the exciplees iz centered ‘at 430 rom while the otherst 500 nome
The magnetic field sensmibvity of the exerplex centered 2t 300 Am con-
firms itz location at the mobile zone of the interface of the RM and the
dielectnic constant of the emronment is suitable for observation of MF
eHect while the one centered at 430 nm possibly resides at the immobile
tterfece. Further, Daz et gl have found that two types of Py-DAA
=) z are formed @I non-aguecus AOT RM which reside at
different locations [23]. In thiz case, only the exeiples which smmt at
longer wavelength are found to be magnetic feld sensitive, somilar to
H-0/A0T/n-heptane AM medium. Larger MF effert and shorter lifetime
of the &xeiplex in non-agoeous BM compered to that of agueois BM have
been justified on the bazs of hydrogen bondims and dipolar mieraction
between the zelvent and the polar head group of the RM Later, Diaz and
Math have studied Py-DMA exeiplex in D=0/A0T/n-heptane RM and
found that BMF effect on exeiplex fluoreseence is spprecizbly larger
compared to HaO ADT reheptane BM [24], In fact, the fnorescence
Efeimes of the exciplexes have besn found o be zreater m
D.0/A0T n-heptane than that m Ho0/ADT n-heptane medinm These
differeniial behsvior ' DLOCAOT/p-heptans RM  compared to
H-O/AOT /m-heptane RM 1= rationalized in the light of stronger
hvdrogen bond strength in D20 compared to HyO. Further, Roy and
co-workers have stodied ME effect on Pv-DRA exerplex fluorescence m
THF-DMF binary sobreni= and have detected the formation of a single
type of exciplex at lower wvelue of dicleetric constant However,
wavelength-resobved MF effect. and hfetime studies have shown the
presence of two tyvpes of exciplexes at higher value of diclectnic constant

25]. Ivanov and co-workers heve made thearetics] attempt= to- explore
MF effect on exciplew fluorescence using Imbesral Enconmter Theory
[at-24].

3.2 Flusrophore acting as-o sersor for proae mednom

Dibenzofa c]phenazine (DBPZ} has a planar and ngid stuchure
contatng fueed rngs which restriet confisnretional and conforma-
tional relsxation proceszes. However, 1t allows solvent relaxstion pro-
pess i the excited state. The stesdv-state snd time-resolved floorescence
ziudies reveal that DBPZ does not show any change 1nits fluoreseence
properiies with the variation of the polanty of the solvent, if the solvent
iz sprofic in nature. However, In proge smronment itz floorescencs
peak shifts towards Ionger wavelength (420 mm and 462 nm m sccto-
mitrile and methanol respectively) snd the respective flucrescence
quentum vield (0.0089 and 0.0204] s well az hfetime {too =mall to'he
messured 1n scetomirile and 070 ns (98%) and 3,69 (2340 m methanol
at 420 nm) mereases due to the formation of hydrogen bonded complex
with the protom donsting solvent Fiz. | depicts the steady-state
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Flg. 1. Sreadv-iare finorescence spectra of DEPZ (1 = 1005 30 (i, =350 )
in M=CW with increasing amount of MeQH (v/v]): 055 {- - 5, 23%,; S804, 58%,
73%, and 100%. [Adapted with permizsion from Ref [50]. Copyright 2007
American Chemiesl Society].

fAunorezcence spectrs of DBPZ in acctomitnle with increasing amoant of
MeOH. The structurs of DBPZ 13 such that the mirrschon of the aprobic
solvents with the lone pairs of electrons oo phenamne mirogen atoms 1=
mbibited due to the steric hindrance provided by the correspondmng
procemate hydrogen atoms in its first and =ighth positions respectively.
Only the protons of the protic zolvent even within aprotic environment
are able to mirrdct with the lone pair of eleckrons on mtrogen stoms
Thiz umique featurs of DBPZ, whichiz sheent ever in 1ts parent molecule.
phenanne 1= also well supporied by the theorstiesl calculabons that
confirm the meresse of the dipole moment of the molecule m the exeited
state compared to that T ity pround stafe [20]. DBPZ cannot act s3'a
polanity probe, but can zenss solvents wath varving hydrogen-bond
donor ability.

Gheosh ez gl have synthesized different derivatives of 1-keto-1,2,3.4
tetrahydrocsbazale (KTC), eg, 6,7-dmethoxy-9-methy]l-2.3 4 9-iciva-
hydro-1H-rerbazol-1-one (DMTCO} [31]. 6-hydroxy-1-keto-1.2,3 4-tet-
rahvdrocarbazole fao]. 53,6,7.2-tetrahydro-[1.3]dioxolo[4.5-h]
carbazol-B-gne [33]. ebe, which are fluprescent m nature. The mopor-
tanee of KTC &= that 1t 1s one of the significant intermediates for naterally
ocowmring carbazole alkaloids. The Bucrescent properoes of these de-
nivatves have been studied 1n different solvents, nonpolar and polar
protic as well =5 aprobe and binary solvent muorhares nemg steady-siate
and time-rezolved flucrescence. One of the zabent features of the
expenimenital observations 1=z that the relstive fluorescence guanium
vield of the compound 1= enhenced with inerease mn polarity of the sol-
vent {0.036 in benzene and 0.129 I acctonitrle for DMTCO [317%
However, the flucrescenee maximum 15 shifted towards longer wave-
length mors m prote solvent compared to that m a polar aprobe sofvent
with similar dizleciric constemt (402 nm 1n benzene, 4153 nm I aceto-
nitrile 2nd 461 mm 1 methanol for DMTCO[31]). Using Lippert -Matsga
analyziz it 15 fonnd that the dipole moment of such derivatves m exerted
stafs 1z mmoch greater than m ground state @ polar zolvent (545 Diin
aprofic solvent and 7.24 D m probie madivm [317). The wavelensth 2t
which flnorescence wicld is the highest iz zraphically correlated with
empirics] polarity parameter ET {380}, H-bond domor acidity a, H-bond
aceepior bameity f snd polanzsbihty of different zolvents to - evalate
thewr zpecific contribubions towards the fluorophore using Kamlet-Taft
solvatochrommic comparizon method. | 1z found that the photophvaics
of such compounds = mamly controlled by H-bond domor acidity a,
which becomes prominent in protic solvents. Similarly, the fluorescence
lifetime of the compound 33 omeh longer m prooe zolvent duoe to
hydrogen bonding than the correzponding aprofic one (0212 n= in
benzene, 1.374 oz in acetonutrile and 3.015 nzm ethancl [31])L Among
different protic solvents the fluorescencs hifetime becomes maximum in
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ethanol Howsver, with increasing hydrophobic cham length of the al-
cohols the Brsxponsntial flucrescence decay profiles indicate more than
one hfetime {0257 nz and 3.092 n= m hexsno! [51]]), the shorter one 1=
close to that In sprobc solvent and the longer one supports the mrobc
environment

Esrangi et al h=ve synthesized snother H-bond zensitive probe,
S-mcthony-1-leto-1,2,3 4-tetrahvdro  carbazole (MTC) to -study itz
bvdrogen bonding ahlity with heteropeneous AQT /HoO/n-heptane BMz
and binary muxtores of water and scetomiinle as well a= water and
glechol wsing steady-staie and tme-resolved fluorescence techniques
[34]. The Pucrescence of MTC 1z too zmall to be messnred 1 sprobic
sobvent with low dielectric bike heptsne and benzene. Howeever, with
polar aprotic zolvent hike scctomtrile and protic zolvents hlke alechals
and water itz fluorescence gquantom yield mereases. Moreover, the large
Stoke"s shift observed m protic binery solvent mixivres {407 mm m
acetonitrile 1s shifted towards 460 nm in ethanol and 510 in water) a=
well 58 m BM:= (407 mm with wy = 1; 455 mm wath wy = 10} with
moreasmy concentrafon of water signafies the sensitvity of the mole-
cule towards hydmgen bonding with the zolvent The simmiltanecus
existenee of MTCY and eoerezponding H-bonded MTC® 1= confirmed
from the Time-Resclved Emission Spectrs [TRES) and Time-Resolved
Area Normahzed Ermuesion Spectra [TRANES) analvzes The photo-
phvzies of MTC helpe to =xplore the netuve of hydrogzen bonding made
PMs and chisters formed in bimsry mxtores with nercasing water
concentration [34]. Fiz 2 illustrates fAnoreseence smission decayz and
TRANES of MTC i 0.1 M AOT/ HoO/n heptans HMs=.

3.3 Prooonenon egeabbrmom of photoexcited acredine {Acr) m reverse

Acr and 15 derivaiyves have considerable pharmaceutical vses and
their intersctions with DNA have already been extenaively studied Our
group was inchned to study the photophyeics and photocherm strv of Acr
and s derivatives nong venons spectroscopic technigoes.

The protonation squilibriom of Aer (Aer<acrH '} 4= stadiad withm
ADT/HzO/n-heptane H.Mx- usmg steady-state and tmeresolved fluo-
rescenee technigues [35]. It iz found that protonation takes place at the
Stern-layer of RMs With inereasing water pool zize. the formation of
AcrH'" increases with decrease in the concentration: of Aer® winch
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prefers to remain in the orgamic phase. The protonation equilibnum iz
weell supported by TRES and corresponding TRANES anslyzes (the ime
of evolution iz O to 0.5ns) &2 shown m Fiz 3. The floorescence of Acr® at
425nm 15 guenched 1n presenee of DMA a5 shown in Fis. 44 The Inear
Stern-Volmer plot (depicted in Fiz. 4B} signifies that the phenomenon as
pursly a diffu=ion controlled brmolecular quenching. Hoveever, with
albphatic micthylamne (TEA), the non-Inear Storn-Volmer plot sigmifies
the formstion of &8 water mediated sromnd state complex between Acr
and the sliphatic smine which facilitstes ESPT particularly in large-nized
RMz [25]. On the other hand, in the SD5 micellar medium, ESPT iz solely
rerponzible for fluorescence gquenching of AcrH'* 2t 475 nm by TEA
within hyvdrophilic sguepus medinm produnng linesr Stern-Vobmer
plot, but non-knearity arises when DMA interscts with Acr™ undergo-
ing both ET and ESPT with Acr® and AcrH '™ at the interface of the me-
celles [36].

The water-zssicted protonstion equilibriom between Acr and AcrH!
in excited state 15 pertorbed by pyrimidimes DNA bases hke Cytosme (C),
Uraril {7} and Thymme (T} which haz been studied 1in 8D mucellar
medivm using steady-state and time-resolved fluoreseence techmgues.
All the bazes quench the Aubreseences mitennity and hifetome of Aoy '™,
however C Inoressez the formaton of Acr”. Actuslly, fluorescence
gquenching of Acrf '™ ooours due to PET from all the bases to the Aer®,
however, with C simultanecus cecrrenee of ESPT from Acrt] | medizted
by water molecules csnpses an mereaze morelstive yvield of Ac™ The
proton affimity of C {227 kesl/maol} is- greater then T {21005 keal ‘mol}
end T £208.6 keal /mol} due to the oxo form of € which 1= sheent m Tand
U cauzed by keto-enol tautomerizm. The ESPT reduces the ET efficiency
of C compared to T and U, Moreover, the rate of ET is greater for T
compared to U due to methyl substituent a2 T that enhances the slectron
density within pyrmidme nng [37]. Sumlarly, the exfent of ESPT be-
tween Adenine and AcrH '* iz more compered to thet with Adenozine,
which highlights the effictency of 2'-decay suzsr moiety I regnlating
the deprotonsiion kinetics of the bases that mereaszes the stability of
DMA under UV radistion [35].

3.4. Sody of phomophysics of 9-Aminoarridme hvdrochloride hvdrare
{944} excmer formation and per/espe with methyl viologen and omines

QAA 1z an acndine dermvatve which 1= .2 well-known DNA

S aoom o .

Time in ns

(a)

18000 20000 22000 24000 26000 28000

Wavenumber cm’!

(b)

Flg. 2. {3} Fluorescenree emizson decays of MTC i 0.1 M AOT HoO/n-heptane RMs wy, = 6 at 300, 420, 440, 460, 480, 500, 520, and 540 mm, recpectvely. (b}
TRANES of MTC (10 pbi) in 0.1 M AOQT,/H.0/n-heptane BMs wi; = 6 berveen time 0.1 and 1 nz. The arroww indicates an inereass in time interval of 0.1 ns: [Adapted

with permeznon fom Ref. [54]. Copyrghs 2013 Amenran Chemical Sociery].
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Fig. 3. {3} Fluorescence decayz of Acr (0.1 mhi} in AME wy = 5 ar different emizzion wavelengths with i= =377 nm. The wavelangths range from 3B0-500 nm with
mterval of 10 nm. (&) Peak normatized TRES of Acr (L1 mM) in Bz witiwy = & berween fime 1 .and 0.5 ne. The arrow indicaies the Inerease In oms with interval
0.1 mz. {e) TRAMES of Acr (0.1 mbD) in RME with wy; = 5 between tme 0 and 0.5 n=. The armow indicates the inerease in tme with interval 0.1 ns. [Adapred with

permizzion from Ref [35]. Copyright 2011 American Chemical Society].
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Flg. 4. (A} The fluorescencs quenching of Acr (0.1 mhi) with different concentranons of DMA (2) Oml (6} 075 mbL {21 1.50 mbl, {d} 225 mid (=¥ 3.00 mML, ()
3.76 mi m FME with wn = 5 (A = 355 mm and A = 478 nm. (B) Stem-Volmer plots for RMy withwg = 2.5 (Il 5 (), 7.5 (al and 10 {w] with Ezy vales 444.7,
447, 2901 and 2042 M * respectively. [Adapted with permission from Ref [55]. Copyright 2011 American Chemica! Socieny].

mirrealztor. Apart from monomer fluorezeenes at 460 nm, JAA shows
an exoimer fuorescence, which 1z red zhotted with respect o the
monomer fluorescence, with Increasing conceniration In varicus solvent
matnices ke water {at 345 nm), CTAB micelle {at 535 nm), Triton- X
maeells (=t 545 nm}, B-cvelodednn (CO) (st 550 rem), -CD {at 565 nm}
and crown ether {at 543 nm). Fiz 5 zhows the fluorescence spectra of
OAA with vanstion in concentration mm CTAB, erown sther, Trton-X
#-cvelodexirm, pevleodextrm as well a: water depichng the emer-
geneoe of 2 nev pesk owimg to the foemation of excmmoer. Fluorescenes
bfeome study of 944 In various media alzo confirms the presence of the
sxcamer spemes; The TRANES profile of 944 in CTAB medinm between
0 =20 n= 1dentifies &0 isormizsive point &t 504 pm that mdicstes the
equilibrinm between monomer and sxoimer. Somilsr TRANES profiles of
OAA are foumd for aqueons and other confined media Theoretes]
smdies sopport the formation of excimer through the hydrogen bond
formabon among the amine-H and mmno-N of the monomer: m the
photoexerted  siate [320]. Further, steadyv-state and time-resolved fuo-
rezcence along with flash photoly=iz technique in conjunction with a3 MF
have shown that 9AA ondergoes PET snd ESPT with methy] violgen in
agueous mednom; however, In CTAB mucellar medium only PET pre-
dommnates [40]. Sirmilar zpectroscopie. technigoes have been uzed to
study the interaction of 9AAwith DMA snd TEA mm homogeneonus as well
as heterogeneous media [4]]. The differentisl occupational zmbes of
meutral and protonated forms of 9AA and the orgsmic smimes in CTAB
mmcelles result 1n sinlangly different chesyvations I comparizon to
homogensons mediom. Daztnbution of the neutral snd protonsted forms

of QA iz feclitated by the difference in pH of the hydrophobic and
mterfacis]l aress of CTAB mueells Dafferent modes of fluorescence
quenching of 9A4A with DMA and TEA corroborated with sbeorpton
ztudies disulge ther difference in the mechamsm of mterachons. ESPT
and PET are prevelent m 9AA-DMA svztem while m 9AA-TEA system
sround-state complex formation, grovnd- stats proton transfer and PET
are found to teke place.

3.5. Segrepmitng direct gnd diffusion-controlled electron fransfer widim
femtosecond — pieosecond (fe-pz) tone regime usmg ome-resolved
florescence LOOOMYErsion:

The probability of formaiion of CIP and SSIP throush dircet or
diffusion-controlled PET depends on the polarity, vizeozity or hetero-
geneity of the solvent Within nenosscond Hme resime the diffusion-
controlled ET prevailzs over the direct E]. However, In shorter time
arale that iz wathin fz-ps tims scals, direct ET could be momitored over
the diffusion [42]. Proflssan (PF} i another acnidine denvative winch 1=
= DMA mtercalstor and = ' model photosensitizer 1n photodymamic ther-
apyv. Chakraborty et al have previously stadied thoroughiy the dy-
narmies ‘of PET with PF-DMA and PF - TEA systems in various solvents
having different polarty and viseczity within nanosecond time zeale
where diffumion 15 the rate determming step [43 24]. In alecholie sol-
venis it 15 found that on gradusl additiom of DMA the rate constant of
PET decreases with inereasng chan length of the sleohols. Morsover,
the mmitisl addition of TEA mmcreaszes the fluoreseence hfetime of PF from
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Fig, 5. Fluoregcence spectra of SAA with variafion In concentration in CTAB, crown ether; Triton-X, a-cyclodextring freyicodextrin, and water (i- = 200 nm).
[Adapted with permiz=ion from Ref [39]. Copyright 2013 American Chemical Socisty].

4.6 nz to 50z in cthanol. The rate constants of PET betvween PF and DMA
and TEA evaluated mndivaduslly within f=-ps tme range zhow compa-
rable decreamng trend o all the slechols vz, methanol  ethanol and
n-butanol, wnplying that the rate constants become viscosity mdepen-
dent and that becomes an mdex of dirert ET: To explore the effect of the
heterogeneityof the medium on the ET dyvnamics within fz-pz time scale,
aniome D5 end esbonic CTAB micelles ar= chosen sz the solvent
matnces. Do additton of TEA, the shorter £z ifetime of PP decresses
mstead of increazing due to the formeton of ground siate complex as
observed previously. Thiz mdicstes the oeowrence of direct ET m
TEA-bound FF in the hydrophific region of the micelles. The contra-
dictory result iz obtained in case of DMA o SDS micelles containing PF:
Om addition of mitial 6.25 mbl of DMA the f=-pe lifetime of PF increases
but 1t decyesses again on further sddition of DMA  In 505, PF and DA1A
are compartmentalized m polar end hydrophobic region respecizvely
that hinders DMA to reduce the hifetime of PF through ET. Moreover, FF
1= confined within g struchoed environment formed by DUIA wiath the
bvdrophobic chams of 505 micelles-and that increases 1ts fleoreseence
Lifetime. In catiomic CTAB micelles, PE 1z repelled by the polar hesd
groups of the micell=z; therefore the ineresse in fe lifehme of PF i=
obeerved enly with higher conceniration of DMA. as shown m Fiz. &
Almost similar observafions are obtsined with RBiboflavm [(Rf) and TEA
m water [45]. Although the flucrescence of Rf 13 quenched in presence of
TEA, vet itz floorescenes hfshmes obtained from the hiexponential de-
cavs in nenosecond tme seale remain sbmost unchanged madicatme the
formation of ground state complex. However, within f5-ps time rezala-
tion the o1 exponentizl decay profile of R generates thres lifetmes
which decrezse with incresming concentration of TEA mdicstmg that
within thiz ultrafazt ome regime direct ET prevsils over diffusion
controlled ene.

L (F lrvbspaity)
-

L &

Flg. 6. Femtopecond-resolved Ooorescence decay races of proflavine (0.5 mhvI}
in CTAB (50 mhl} with varying concentrations of DAMA [Reproduced from
Ref [51] with permizzion from the Boyal Socery of Chemisoy].

3.6, Unk=ofon of fuorezcence spectroscany m probe DINGA-Tizard
z i

DNA-ligand binding iz most often monitored by nsmng fluorescence
spectroscopy [46-451. The mode of hinding of ligands o DNA can be
detected by flooresernees speciroscopy. Floorescence amzotropy and
fluorezcence resonsnce energy transfer vicld information regarding the
onentation of fucrophoric hgands and their closenesz to the DNA bas=
pawrs rezpecthvely. The mulbple applications of transibion metz]l com-
plexes n biology, like in photodynamc therapy, treatment for cancer,
DNA foot printing, slectron and energy transfer through DNA cfc . made
the study of their interactions with DNA significant. Holey Seth and
co-workers have synthesized methyl group - substituted prridine (Col?
and Cul?} and prrrole (Col? and Cal®) {as shown In Fiz. 7) Copper
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Fg. 7. Smuemres of Col’, Col™*, Cof® and Cul®

Schiff-basze ‘eomplexes and have stodied their interactions with Calf
thyrmus DNA m triz-HCL NaCl buffer zolution. In genersl the copper
complexes are very much usefn] I DNA binding or cleavage studies. The
above-mentioned complexes are almost nondhiorezcent. Therefore,
thetr binding properfies -are well studied vsng sbeorpbon methods.
However, Koley Seth et al. have made an attempt fo compsre the binding
constenits obtained from sheorption studiez wath those evaluated by an
mdirect competitive bmdmg method with 5 stendard miercalator
ethidiom bromide (EB) usng steady-sizte fluorescenee techmquoe. Sines
EB iz 3 good fluorophore, the fluorescence intensity of EB-bound DNA
which mesarmzes atﬁ&ljnm, gquenches with addihon of the complexe=.
The quenching constantz are calrulsbed from mear Stern-Volmer plot
wiich helped to calenlate the binding consteniz uzing doubls loganthm
plot: The binding constant ebtained from abeorption (K- 245 = 10%) &=
werw close to that obtained from fluorescence (Ke 2.45 » 10%) for Cult.
However, with addition of methyl group the binding consteniz cslen-
Iated from floorescence quenching become smaller compared o those
ohtained from ahsorption for Cul® (K 1.69 » 107 and K 1.27 » 10°)
and Cul® (Ks- 233 = 10% and Br 396 = 10%). The prominent meon-
sizteney hatween the binding constants for Cul® is due to PET from DNA
to the complex, which 3= favoured by the presence of pyreole mowsty; a
competent alectron acceptor and the methyl groupe which mamtam the
separation distance betwween the donor and the accepior reguured for an
effiment ET through parfos!l mtercalstion The cecwrrence of PET 1=
further confirmed from transient absorption snd MF effect studies {50].

Sengupta etal have momtored the binding of Calf Thyvmus DNA with
Acr.az well sz zome of 1tz denvaiives ez PP, acndine ywelow {AYT and
aeridime orengs (AQ]) to-explore the nature of inf=raction over mberca-
lation using sheadv-state and tme-resolved fluorsscence within ns and
fz-pe time regime [51]. Experimentsl results depict that the fluorescencs
of Aer 12 guenched m presence of DA withowt =y chift in 18 mesomum

275 400 426 4BD 476 S0C 636 650 676 GO0 B35 6RO
wavolengihinm

Flg. 3. Fluoresrensce specira of 2cridine (0,01 mMj in sbeence and prasence of

varying concentrafion of CT DA in tri-boffer (A, =343 nm). [Reproduced

from Bef. [51] with permizsion from the Roval Soclery of Chemistry].

sround 430 nm sigmifyving iz total mterealstion within DNA (as e
trated In Fiz E). However, with two other devivatives AY snd PF, the
fluorescence maxima are slightly blue shifted (504 nm — 502 nm and
506 nm — 503 nm. respectively) along with regulsr goenching. Sar-
prsnghe, with AQ which confains two N, N - dimethyl aming sroupe 8=
subsiituents, - Huorescenee mHensity neresses. metead of guenching,
without any shift in the maxymum around 505 nm vath gradusl sddition
of BNA, whiich mdicates that the nooradisbve channels become imsciome
during mieracton. Similer festures sre reflected 1n fme-resoboed stodies
within nanozecond domain The fAuorezeence lifetime of Aoy (849 ns)
doe=s not ehange with the addibon of DNA, whereas m czse of AY and PF
monoexponental decsy profile become: bicxponential The shorter
libetemne (1.3 5s and 0.72 ns for AY and PP respechwely) decreaszes wath
imereasing contribution whereas the longer hifehme (4.55 nsl remams
unaltered with decrsasing conmybuton on: gradual addibon of TNA
These obezervations signify the oomerrenes of PET from DNA to Acr de-

tvatves throush dweet ET wathind sncountsr complex  and
diffusion-controlled ET through the formation of S5IF respectively. In
contrast, the bifetime of AD {1.71 n=) 1= rezolved into bwo components,
1.69 n= =nd 5.07 n= with inifizl addition of 8.6 0 DNA, with chengein
contnibution from 100%6 to 24.1 5% of the zhorter timee compornent and
from 16709 to 75:85% of the lomger fime component on forther
addition of DNA (0 — 103.6 0. The longer component sigmifics mter-
calation; however to understand the dynamies of shorter component. the
sxpeTiments sre cared out mofs-pe fme regime and 1t iz found that
lifetme of this component increases with DNA concentration. It sigmifies
the conmbotion of crdered water enviromment mroundme the mter:
calator near DNA winech mereasss jke-radistive hfstime by decrezsing
non-radiative decays. Incase of AD, where N, N- dimethyvl ammeo groups
act == potential electron donor like DNA | the mole of wakter dynamics for
malecular recosnibion prevails over ET.

3.7. Unbzomon of fuorescence spectroscopy o probe profein-lisamnd
x L

Fluoresce speciyoseopy = extenavely utlized to shody intersctions of
protein with Bzends. Our group has been engaged In comprehenzive
ztiudy of mberactions of model proteins, contsinmy Bypotophen (Trp)
armmo scid residues, with various Hgands. The advantage of prezence of
Trp-residue 1z its mnivinsie fluorezcence armmd 350 nm, which 1= often
monitored to mvestigate the binding of the proteins to heand moleenles.
We have made attempis to stody the Interactions of Human Serom: Al-
burmn (HSA), Bovine Serum Albumin (BSA), Hen Ezg White Lysozyme
[HEWL), Human Hemoglobin A {(HbA} and f-Lectoglobulm [BLG) with
wvarious small organic molecules a5 well 3z metal Schiff base complexes.

HEA and BSA sre two populsr transport proteins: HSA iz the most
abundant carrier protein present in buman blood which 1= composed of
585 smino arid residues. Subdomains ITA snd A of HEA are Inown to
bind ligends. He and Carter reporied that the two halves of HSA form a
creviee that hooses the sole Trp-residue (Trp 214 of the protein [52].
BSA 1z made up of three homelogons domains (I, T and O and each
domamn may be claszfied into two subdomams, A snd B. Thiz protein
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contains two Trpresidues {Trp 134, 212}, one 1= located i the hydro-
phobie binding pockst ITA while the other on the surface of the albumm
m domain B, The prime hinding sit=s of BSA are located in domams T4
and M4 [55]. HEWL conteins mix Trp-renducs (Trp 238 62, 63, 108, 111
and 123} Thres out of the zix Trprezidues are located at the ligand
binding nites, tveo m the Evdrophobie matoy box, winle one 1= detached
from the others: Trp 62 and 108 prmanly contnbute to the minnne
fluorescence of the protein and are boused near the hgsnd bmdme aite
[34]. Tetrameric HbA 1= the major protein component of ervthrocytes
and contsms six Trpresidues, wiz . tvo Trp @14, two Trp 115 and two
Tep 837 [55]. LG has two Trpresiduss in varied microenvironments
[Trp 19 and 61 [56].

The binding perameters 22 well a5 the thermodynamic perameters n
drugz-protein mterachon are determmed by morstornng the guenching of
mirinzic floorescence of the protem i presence of vaned concentration
of the higands at various temperatires. Stern-Violmer ansly=siz of the
quenching of steady-state snd me-resolved fuorescence of the protein
15 belpful to explore the nature of guendung Bmding constant and
mumber of hinding sitez are evalusted by wsing various equations hike
Scatehsrd = plot, Hill plot and doubls loganithm equation as epplicable
to the syztem. Further, van't Hoff and Gibb's-Helmholtz equations are
uzed to determume the thermodynanmme parameters. In fact, the signs of
the thermodynamee psyameters help to explore the nabwe of forees
mvolved i the protein-ligend binding intersction [37]. Tebl= | depicts =
tabular representation of binding and thermodynemoe parameters of
wvarous protemn-beand systems studied by our sroup. The posnilsliy of
Forster resomance energy transfer from the photoexcited Trp-moiety of
the protem to. the ligand molecules = cxplored in these systems and
anthentieated by reduchon m hifetime of the donor 10 presence of the
accepior Tnoiety.

Construction of TRES and TRANES for a protein-ligand system is
often Informative snd specifically TRANES can determine the number of
emizsive species present m the excited state of the svstem. Interaction of
AD with three model  proteins are. comprehensively explored using
TRES/TRANES {55 50]. While studying the mteracton of AD with H5A
[cotitaining one Trp-residue), 2 zingle isocmissive pomt n the TRANES
[80] 1= obemyved, mdicatme the parficipation of 5 single Trp-in mier-
acton with AD; whereas, while sxplonng the interscton of AD with BSA
{contaiming two Trpresidues in veried envirormments | TRAMES contains
fwen 1zoemicave polfiisemergng at differsnt tme intervals {az depicted
m Fig. ¥} [55], whach 1z stnbuted to the parbicipation of both the
Trp-remdues of BEA m mntersetion wath AD. Purther, whele investigating
the interschon of AD wath ALG [55], the sppearsnes of 2 single iso-
ermissrve point in the TRANES mmphes that only one Trp-residues of fiLG
divectly interactz with the acridine demvative, although the proten
containe two Trp-residoes m vensd snvironments and s concluded
from the tme-resolved fluorescence study, the mteracong Trp-residue iz
probably Trp-19. Thus, TRANES helps in deciphering the mode of
bindimg of the hgands to the protems.

Fluorezeenes amzotropy serves 25 2n mdex of rgdicy of the neigh-
bouwnng enviromenent of the floorophore. Steady-siate and fme-resobved
fluorescence anisotropy messursments are carned oot o probe the -
gidity of the vicimity of the hgand (flucrophore in thiz cass) apped m
the protemn pockets. Increasze m concentrabon of HEWL resuliz m in-
cresse I steady-state antsotropy of MC 540 because of the formabion of
protein-ligand complex Ssturation of the smzotropy valoe tzattamed
after & particnlay concentration of HEWL which 13 sufficeent to hind
almost 2ll MC 5340 molecules wathin ity hydrophobic region [66].
Smmiarly, steadv-state smsotropy of MCS40 Ineresses steadhly m pres:
rnce of serum albumims [65]. While studying the interaction of AD with
three model protemng [58-60] using ome-resolved fuorescence ameot-
top, for a solution contaming only AD the anisotrvopy decay curve fits to
a single exponential fimctbon with rotabonal correlation tme of aboot
0235 However, o presence of probens the apisotropy decay curve of
AD appears to be l-exponentisl with tweo correldtion bmes — a shorter
component and lomger component, mdicating the ocowrenes of two
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dynamic processes n diffeyent tme scales. An atiempt haz been made to
explain =uch a behzmor nsing wobblingm:cons model. Fig: 10 shows the
tims-resolved anisoropy decay curves for s solifion contaimmg AD In
presenees and sbeence of BEA

Fliorescence opoonversion techmigne 1= employed to. nnderstand
BEA-AT interaction by fluorescence Iifetime (In sub-pico second tme
domsin) measvrernent of AD m abeence and presenes of the protein
[59]. AD zhows a double exponentizl floorezcenes decay pattern in
sub-picosscond tme regime. Upon gradusl addifion of BSA, thiz fluo-
rezcence deesy pattern doez not change further, but the ifetme com-
ponents gt reduced, which- may possibly: be' atibuted to ET from
Trp-residues of BSA to AD, which has further been inmveshigated nemg
Iaser flash photelvsiz {LFP) fechnigue

It 1z peronent to mention here, that slthongh the imdicaton of
cecurrence of photoinduced phenomens like PET, proton transfer or
hydrogen sbotraction m protein-ligand svetem has besn obtemed from
fluorescence spectroscopy, but thelr prevaleners 12 confirmed by LEP
techmique eowpled with s weak ME.
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Fig. 9. {A)TRES of AD {125 phT} 4 BSA (5 phI} in phosphats buffer zolution betweeen time 0 1o 50 ns. (B} TRANES of AD (125 M)} 4 BSA (5 pl) in phosphate huffer
soluton benvesn dme 0 to 4ns. () TRANES of AD (12.5 pbD} + BSA (5 ph in phosphare buffer solution betwesn dme 10 to 50 0z, [Reproduced from Ref. [50] with
permiz=ion from the cemter Nadonal de Ia Recherche Scientifigue {CWRS) and the Roval Society of Chemiztry].
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Fig. 10, Time-resolved anitotopy decay eurves for (A 3 solution of 6 pM AD and (B 2 solution containing 6 gl AD + 20 M BSA: J_ =577 omand 1., =420 om.
[Feprodiced from Ref [57] with permizzion from the cencer Mational de 13 Recherche Srientifigue (CNES) and the Boval Soctety of Chemizmy].

3.8 Chermedlly enzineered fluorescere dote ond ther applications o
Inology

Fluorezcent carbon dots (CDs) are known to have a wide range of
applicanons in hicimaging, vet a foll onderstanding of their stroctones
and chemistty remains: uneertain becanee of their complex nano-
stroctured framewortc Our zroup has chemically ensineered nontoxic,
brecompatible highly fluorescent CD= and addressed their molecnlar
stracthurs and the mirmsic mechanismes sovermng excitzbon dependent
photoluminescence [PL} [70]. The “excitation-dependent™ PL of Ru
doped CD=, has been modified by cthylenedizmine [EDAY, to produce
“exoitation-independent” highly fuoreseent nanodots, Bu:CNDEDA: 5=
tHlustrated 1m Fiz. 11. 15 observed that in the presence of MO {2 model
antitumewr drug acting as electron sceeptor), the PL of BuCNDEDAs iz
quenched remarkably (3= demicied 10 Fiz. 17) owing tocthe formston of
a covalent adduct followed by PET [70.71]. S8su et al. have exploited thiz
PET-dependent quenching by developing a chemical sensing platform to
gquentify tooge and carcmogenic gumons devvetives m hve eells, which
can be uzed for drog sorerning. Experiments in Hels cells suggest that
theze photoluminescent CDs are nternalized wa an endosomal patheesy
The Bu-CNDEDA: further exhibit distance-dependent rapid ET with MO
by improving the linker length throush chemics] engineeving with
homocysiein thiolactone (HCTL) in phvsiological eonditon that forms
FRuCNDEDAHCTL: [71]. The enersy mumimmzation struchure calenla-
tions show that the ation distance betwern donor- acceptor 1n R
CNDEBA=-MO 15 6.3 A which 15 lesser than the opimmom velue for ET
[7Z], whereaz m case of Ru:CNDEDAHCTL=-MQ. the distance iz
improved to 13.2 A and it i= optimal for efficient ET. The ocourrence of
ET iz confirmed by steadv-state fluorescence guenchimg of the Chs m
presenees of 210 as well as reduction m hifetime of the CD2 in pressnee of

the electron acceptor (as shown mn Fig. 12). LFP In conmpumction with MF
authenficates the prevalencs of the phenomenon of ET.

Further, Sea and co-workers have synthenzed fluorsscent pelvmer:
ke material {pCDY by wmng ruthenium doped €Dz The unfamihar
spectral profilez of pDs with double-homped penodic excitstion
dependent photolhimmescenecs, snd the regulsr changes in the edrre-
sponding average fluorescence hifetime mdicate the formation of high
energy donot states and fow smergy aggregated states due to the overdap
of moleeulzar crbitals thremghont the chermically switchable F-netivork of
CD: on polvimenization. To probe the electromic distribubon of pChs, Sau
et sl have made attempt to stady itz occurrenice of PET with 30 [73]

Rf{aisn Enown &= vitsmm B2 1= widely distabuted m humen tizsues
m free or comugated forms and plavs: an mportant role 1m the redox
funchons of nomerows fdsvo-enzymes. The B receptor iz 2 tomor
biomsarker, a5 it 1z overexpreszed m the nocleus of mahegnant cells foomd
m human-breast and prostate cancers. Bfiz a DINA mntercalazor and the
fluorezcence from itz planer 1zealloxazin moicty i= strongly enhanesd
upom imtereslation It is propossd thet the overexpressad RE receptors i
cancer cells could concentrate Bf in the mocleus. and hence, promots
DNA mecrcalstion, leading to DNA strand breske To deliver a large
number of Bf molecale st 2 tme mito moclens, Szuand coworkers syn-
thezsized nboflavin-geld nano-sszemblics {RES[EAuNPz) by covelenily
attaching thiolaied Rf to zold nenoparticles (AuNPe) faz dlustrated 1n
Fiz. 13} [74]. The sttached AuNFPs promote greater miercalation relative
to Bf alone. San and coworkers have obzerved that these REFEA0NP:
sccomolate inthe mucleus of cancer cellz, lzading to plasma membrane
blebbing and bmucleated apoptobc bodies; consiztent wath actrvation of
apoptoeis. These are evident frorm real tme confoeal mages as depicted
m Fig. 14, In addition, BfSEAUNP: merease the concentration of the
DA desmage marker y-H2AY (phosphoryiated histone H2AY), which
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nrreasing concenoations of M. 1-4pM (i, =375 nm]. [Adapted with permission from Ref. [71]. Copyright 2016 American Chemical Society].

forms in response to dsDMNA breals Microarrsy gene expression dats for
RES{ZAUNP-fredted Hela cells show significant perturbations to vital
brological pathways peceszary for cell survival On ntegrating these
findingz, Sau et al have zugeested = mechanizm of DNA damsge in-
duction followed by apoptasis in the caneer eells npon drog treatment,
which mught find new applications In tomor diagnosis and cancer
therapentics.

3.9 Some recent exomples and funire progpects of fluorescence
spectroscop)

In the eforementioned sectons, we have been focussimg on the work
carried out 1n oour Isberatory over the last two and a half decades.
However, many other research groups have been achiely engaged m
using fluorescence spectrescopy since a long time. In thiz secoon we will
discusz spme recent examples of utilizshon of fluorescence by other
rezearchers.

10

Fliorezcence upcomversion techmigue iz guits popular smong pho-
tochermm=ts nowsdavs becanse it provides an msight mito the formative
stagez of the fluorescent state and these earliest events inchide wibra-
tional cooling, solvent relsxation and uwlirafast cheree transfer ete. In
Eeetionz 3.5, 3.6 and 3.7 it has already been diccussad that our group has
used this technigoe to segregate direct snd diffusion-comtrolied ET
within prcosecond-femtosecond tme domsam and also to shedy DNA-
Lgend and protem-ligend mieractons. Gustavsson and. co-workers
have utihzed this technique to stody the miloence of eoviromment on
the miramolecalar charge transfer procesz, and the necezsity fo anakyze
time-rezolved dsts i detsil when zolvation and ICT teke place st the
szme time [75]. They have camied out 2 tme-resolved fhworescence
ziudy of a tmphenylamme-bithiophene-naphibahmide “push-pull” dye
in four solvents of verving polarity by means of this technique. Knutson
et gl have studied the ultrafast zolvetion dynamies of reduced nicotin-
amude adenine dinucleotide (NADH) free in solubon u=ing & femio-
secomd upconversion spectroflucrometer [75]. MADH i solution
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Fig. 14. Beal tme conforsl images of 0.5 ob RES@AuNPs weated Hela cell
capnred ar (AY 6 H (8] 12 H (D 18 H (D) 24 H (100X obiective: Scale Bar
reprezents 20 pm} and (B3 6 H (F) 12 H (G I8 H (H) 24 H for RiFAnNP=s
reated Hela cellz (Seale Bar repregens 20 pm) (1) Relative green fluorescente
Intensity of RISH: BEZAuNPs; RS@AuNPs; Bf fluorescence in the Hela ou-
clens after 12H freament. (J, K L} Feal-time images of cancer cells (Hala} ar
manmun dme point (24 H} afier omeatment of (3 CAulNP () Only Bf (L} enly
Ri5H (Scale Bar represents 20 pm}; Panel: ML N, O, P, () are the represantative
tme-lapse images of a2 Hela cell treated with 0.5 nb RESEARNPs undergoing
membrans biebbing and Wnucleated (indicated by @row) cell formaton. (The
scale bar iz 10pm ] [Adapred with petrnission from Ref. [74]. Copyright 2018
Amertean Chemmical Society].

exhibits two types of zolvation charscteristics. Scolvent relaxstion for
“bull waber™ has = Iifetme of 1.4 ps and the zecond zolvabion process
with a hfetime of 27 ps indicstes thers may be a slower “bioclogical
water” behavicr of MADH. Hazra et al. have probed exeited ztate double
proton transfey dynemics (ESIDPT) of 2,2 -bipyridyl-3,3-diol molecnles
m & pontoxic, bocompebble sugar  sudfactant aszembly,
oetyl-fo-gluconde (OBG) micelle wath the help of fuorescence
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upconversion techmique [77]. The resuits show that the ESIDPT dy-
namies m 0BG micsllar epironment takes place 1 13 pe ime-deormain.

In S=chom 3.6 we have ymvadly dizrussed how we hawve unhzed
fuorescence to study DNA-Bzend mteracton In fact, use of floorecence
upcomversion technigue has made our shudy mitvigumeg. It iz pertment to
menition that many other seientists resort to fluorescence spectroscopy
i explore DNA-ligand mierscbons. One of the pionesnng work by
Zewsil amd co-workers 1= highly relevant 1o this context They have
explored the dynemics of hydration at the DNA surfzce of known local
shruetore and with & hgand posiboned m the minor groove with
femineecond reschofion [78]. Eundu =t &l have myesbhzated the
binding mmtersction of DEDP, & pyrazole derivative wath DNA nsing
steady-state fimorescence quenching, steadyv-state fiorescence amizot-
ropy and bmeresobved decay measurements. In fact, they have uzed
fluoromeine competitive displacement assay to confirm that DEDP 1za
groove binder [73]. Binding of 2 f-carboline anslogue AODIC, = po-
tentisl nervous =vatemn stimmlant with DNA has also been explored uzing
various fluorometne measurements [60]. The alteration 1n the photo-
phyzmicz of the fluorescent molecule has besn wvhlized to stody
DMNA-Iigand mberaction and the mode of linding i this case hes al=n
been found to be sroove-binding. Thermodynamic -and binding param-
eters mvodved m DNA-hzand miteraction m both the cazes are deter-
mined flucrometneally. Panl et al have foumnd out the mberealative
mode of intrraction of hermane, 2 potential cancer ozl photosensitizer
with DNA  Apart from determiming the thermodiynamic and binding
parameters, they have studied the tme-resobved flucrescenee smsotropy
of the higand m DNA to explore the modulstion of rotationsl relexston
dynamics of hstmane within the biomscromelecule and they have
validated their obeervations i the Ezht of ovo-ztep mmd wobblmg-in-cone
model [E1]. Very recently Gupta et 8l have tned to explore DNA
condensation using chemically diverse condensing agent like protamine,
sperminsm_ cohex and Ni©' using fluoresesnes spectroceopy. They have
attempted to find out the role of ligand binding mode In DNA conden-
sations [32].

Investigation of protein-bgand mirracton wsme model proteins
contaiming Trp-resdues have 2l=0 been reported by 3 number of other
rezearchers [E22-85]. They have maimly uhliced the imfrmsie finores-
cenee of Trpresidus, smilar to our work, to study the mteracton of
various heends with model proteins. Survey of hieratore shows that
binding wath proteine devoid of typtophian residus hasalzo been carried
out with fuorescence spectroscopy by a number of researchers. For
sxample. Sahoo et sl studied the binding mteraschon of dise-
etyloureumin with Ribormiclezse A & protein m which tryptophsn res-
idue iz abzent In this case, Inirinsie flnorescence of fyrosme residus 1=
monmtored to-explore the bindng mieraction [57]. The flavin enzymes
are mieresting mode=] syetems for involving ultrafast ET reachons talong
place m the chromophore’s bindmg pockets. When the photorxcited
flavin chromophore 1= in the coodized form, i acts az.a sivong electron
seceptor. Thus, if such aromatic residues a5 tryptophan and / or tyrosine
{winch sre electron domors) are m the wiomity of the flavin strong
fluorezcence guenching via ET tskes place on-zn ultrafast ome scsls
[0 Y10 ™z} As disewesed in SecHon 3.7 we have nied fhorescencs
upronversion techigue to stody protein-hzand mterscton in pe-f= time
domam. Ulirafast fuorescence upronversion techmique has simlarly
been applisd to vanons ‘nonfluorescent’ favoproteins by & number of
resesvchers [553-917.

Survey of hiteratire sugeests that fluorescence spectroscopy has al=o
been vhilized to stody host-guest interactons [92-94], metal 1on sen=mg
[25-97] and nanomateisls [28-100]. Thus, i 15 evident from: s dis-
cussion that flucrescence spectroscopy 12 used m diverse ficlds. Tt has
been mntenssly emploved as a powerful spectroscopac tool for quantits-
tive analyziz, guality conirol and chearactenzshon ' vanous domsains
zuch =z inorgemc, orgamc, biolozical phermacentces! and bomedical,
food, and emaronmental analyzes It seems that future research m mo-
leonlar Auorespene will contmue o be beawily mstnmment- or
computer-oriented, winch may be accompamed by use of several
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combinations of chemical methodologies. Thus, miormation gathered
by performing several expeniments now can poszibly be obisined from a
smgle sxpenment in the nesr fyture.

4. Coneclo=ion

In this mm review we have mghhghted our Sndines sccomplizhed
over the lasttwo and a half decades vsang stesdy-stete and tme-resolved
{pz-pe-f= Ome regime ) fuorescenes techmiques. In the beginning we have
searched for the movel exciplex svstems between electron domorz and
accepiors which wers nop-conventional at that tme snd have also
explored the correrponding mechamism that imvolves the spin dyvnamics
of mbslly formed RIP: by applving an a ¢ MF of the erder o 0.1 —0.2
tesla and & phase sensihve detechion system which i1mproves the sgnsl to
nolse raho & 1000]. The exoplex systems winch are formed from
different derivatives of carbazoles snd eyanobenzencz highlight the
importance of the correlation smong the polarnty of the mediom, exel-
plex enersy and steric bolk that mummmzes the achvation barrier be-
tween the two pnmary products, CIP and G5IF and famlitstez zpm
dynamees Tesulhng m an enhancement of exoiplex fhorescence. Later,
we have extended our work =g other sxciple systemns hike DPH-DCB,
Py-DMDPM, ete. We have synthenzed some of the derivatives of 1-keto-
1.2.3 4-trrahydrocsbazole which zhow prominent hydrogen bonding
ability with profie solvents over the sprotic solventz wath similsr di-
electrics az well as with BMe. Thess fluorophores resemble our previous
syztern DBPZ except that DBPT can seneze only the polar probe solvents
and not the non-polar one. The protonstion equbibrivnm m excited state
iz well studied with scndine m heterogensous mecellar and reverse
‘micellzr media vwath vaned water pool size with meressing proton donor
abihty. The correspondmz TRANES profiles help to azzesz the time of
evoluton of the protonation egmbbnum Sirmlsrdy,: the monomer-
excimer equilibriim of QAN In various solvent matrices iz estahlished
from TRANES. The competiion between ESPT and PET is reported be-
bween acridine and DMA, TEA and DNA bases == well sz betwern 244
and methyl viologen and organie emines.. The occurrence of PET In
bomogensons medis i= 5 diffusion-controlled phenomenon 2= obeerved
with: sarbiey exciplex stztems nemy nanozscond fme-resolved foores-
cence. However, experiments within pe-fz time<regime help vz to iden-
tify the direct ET over the diffusion controlled one in heterogencons 505
and CTAB muecsllsr media with PF and DMA/TEA systems: Stmakarly, the
water dynamics surroundmg DNA during nteraction wath the mier-
calstors becormes significant within ps-fz Gme domsin. The scridine and
it=demivatves, AY and PF, sre well known DNA intercalators. Moreoirer,
theze molecisies tndergo efficient PET with DNA bases. On the contrary;
A0 doez not undergo PET with DNA since it contsins electron-rich NN
dimethyvlamino groups: Therefore, AD hasz been proved to be an efficient
probe to study the water-dynsmics through itz encapeulation within the
water cage that further inereases iz hifrbme in pressnees of DNA. We
have stndied DNA-Ligend and protein-lizgand mterachons compreben-
sively, by ubhzmg different techmques of fluorescence speciroscopy. In
fact, for profein: conisining more than one Trp-residues, TRANES
anslveis has helped us to explore the pomber of Trp-residues howsed mo
the model protems which have directly mmteracted with the mmconmng
Yigands Furthermeore, tme-resolved fucreseenee anizotropy meazure-
mentz of the acndne dermvatives I presence of vanous model proteins
have yielded interesting obzervabonz which have been misrpreted m
terms of wobbling-m-cone model. We have synthesized highly flzorescent
excitation-dependent carbon nano dots that become excitston mde-
pendent on further ammabon Thi: Fu-CNDEDA undergoes efficient
miramoleculsr PET with MO only when the latter = Imked with 1t
through a HCTL linker that makes their separation distance greater than
1000 A, which 1z the optomum distance required for an efficient PET a=
well 55 magneto dynamics: This system has been used to eshimates excesz
gunone prezent n the Hela cells wsing conforal muieroscopy. Riboflavin-
zold nsno-assemblics were synthezsized by covzlently sttachmg thio-
lated Rf to gold nanoparticles and have observed that these RES{@AUNP:

Chemsies] Phrysics rpece & £2024) 100638

accormalate n the myclens of cancer celis, leading to plesms membrane
blebbing and brmuclested apoptotic bodies; consistent with activation of
spoptosis. Finally, some very recent examples sz well sz the frture
prospect of fluorescence spectrozcopy have been disen=sed. It may be
mentioned here thet sfthongh fluorescence iz an exhanstive techmgue
which esn be nzed to study syebems varving from simple small organie
molecules to compheated biological macromolecules, invitro azswell az
1 vivo, however we have employed IFP m conjunchon with MP along
with fluorescence spectroscopy to gam a decper nmight Theoredcal
calenlations heve been performed #o substanfist= our experimental
findimgs. Nevertheless, flucrescencs messurement 1= despening our un-
derstanding of vanous simple snd complex molecular systems and wall
contirme to-do zo for some more while vet
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The review foruses on phosindoeed clecron ransfer (PET) reactions betvween :mall molecnles and varions kinds
of chemical! and hiclogical sy=tems osing a weak exemal magnede field (MF). Laser flash phomolyeis i a
competent ol o characterize the inermediates which are formed due o PET. A weak MF, very close wo the
Iyperfine interacton of the gystem. has the potential to inhibit or enhanes reaction channsls for smgiet and
miplet states, which evenmoally effects' the product dismbuticn. At frst well-dommmented examples. of PET
imvolving small moleriles like derivative: of phenazines, carbazotes and acridines with claszical electron donors
in varving homogenecous and heterogenecus media have been dizrussed and the inflnence of 2 weak MF on the
dyvnamics of PET iz highlighted. Secondly, udlization of magnetic feld effzct (MFE) to probe PET in peotzin
pocketz has been deseribed. Thirdly, an extencive discussion on FET inveolving nuclecbases, nucleostides, ma-
eleotides and nucleit acids and subzequent MFE on mich reacdons has besn reported Next MFE has besn
exploited 1o 2ondy PET invelving nanomaterials. Finslly, some very recent studies of MFE have been discuzzed.
Thus, thiz reviewr i= o atternpt to unravel various azpects of PET in a large number of systems of verying di-
mensions by means of several facets of MFE like B; 4 parameter, it= capahiliny to authenticate the ininal spin state

and distance dependence property.

Introdustion

FPhotoindueed slectron transfer (PET) becomes one of the fmportant
avemues for most of the photochermeal snd photobiclogical reactions.
Literature shows that it playvz a pivotal role in determiming the fate of
many complicated biological phenomena bke photosymthens, respiva-
tion. radiation induced DNA damagze ete. [1 ] However, the ocowrence
of PET betwersn electron donor =nd acceptor molecules cammot be
aszured only from flnorezcence guenching studies, where either donor or
aceeptor 13°3 floorophore and the other oty &= & flunrescence quencher.
The identfication of the radicsl 1ons iz the foremost eriteria to =stablizh
PET and that iz possible by means: of lager flash photolyais (LFF), a
tranzient sbhsorpiion technique.

An alternate way to confirm the cocurrence of PET 15 magnetc feld
effece (MFE} on exoplex hmminescence or formstion of radicsl ions
[2-5]. Over the past few decades, MFE has been extensively utilized to
smdy pnmery photochemical processes, viz | the electron ransfer {(ET}.
bydrogen atom transfer (HAT) and bond cleavage. However, onlv a few

veports of MFE have been published on the biochemieally mportant
processes. PET or H-atom abstraction produces a radical 1on pair (RIP} or
radicsl pair (RF) where the conversion between singlet (5} and triplet
(Ty..To) statez tales place by electron-muclesr byperfine interachon
[HFI). If an external magnetic Held (MF) has been allied, it removes the
degeneraey of the T vath & az well as Ty {asillustrated inFiz. 1) thereby
reducing the mntersvstem croszang (ISCY The cverall effect 1= the incresse
1 the popuistion of the 1nitizl =pin ztate

The BIPs, the primary products of PET, underge a compebtive pro-
cezz of charge recombination to ongmal states or follow charge zepa-
rated states. In non-polsr medium, Tike evelohexsne the mots] radical
on pair surrounded by solvent molecules 1z termed 25 contact 1on pair
{(CIF} or exciplex. On mereasing solvent polanty, the formation of sol-
vent separated 1on pair (55IF ), where the mmtially formed radical 1oms
are zeparated by somhe intervening zolvent molecoles maide a common
solvent cage predomumates gver CIP. The S5IP rmight be converted to CIP
if the inberveming solvent molscoles are squeered oot and that happens of
the diclectne of the mednmn 1= reduced On the other hand, with
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mcreasing dieleciric of the medinom S5IP will generate free lons, which
are stabihzed mdisiduslly by surroundmg zolvent molecnles [5]. EPET
occurs m singlet siate the BIP: prefer to tnderso back ET with the for-
mation of recombmation products rather then free 1ons Informaston
about divect ET with the formstion of CIPz or 55IPs can be obtsined from
the fluorescence decay kinetics 1n the femtozecond fime r=mime, whereas
ET a= a diffusion-controlled phenomenon can be predicted from bimo-
leenlar quenchmg constant cbimined from flucrescenes decay knebiz m
abzenee and presence of guencher m the nenosecond tme regime.
However, of PET oecurs in triplet state. the formation of free ioms pre-
domimates over recombination products. The non-fluorescent radical or
radical 1on trensients can be identified by transient abeorption spec-
trozcopy. The formation of geminste RIPs with the identificstion of it=
mitiz] spin state czn be sscertmmed from the MFE: The spin correlation
of the unpaired electrons of radical 1ons would be 5 or T depending on
the imtisl spin state of the excited scceptor er donar, whers PET ocenrs,
Dunng diffusmon within the zolvent cage, the mter-radical distance of
SEIP can mummmze the exchange mmterachon energy, which decreasss
exponentially with the sepsration distsncs, and facilitstes 5 — T mier-
conversion. Here, the extent of I8C depends on' the HFI present in the
mvetem. The Zeemen splitting of triplet states mduced by an external MF
of the order of 0.0] — D.02 T 15 sufficient to overcome the HFI and r=-
duices the § < T intercanversion. Henee, the singlet vield, 1.0, exoplex
humoneseence or triplet vield, i | free jon formaton will mcrease if
matial PET occurs n singlet or triplet state respechvely. Memmum MFE
1= obtamed when the separation distsnce betwween the radical 1oms of
SEIP 15 sufficient to make exchange Interacton energy neghigible [7- 100
For homogencous enviromment the optimmzaton of the inber-radical
separation distancs can-be achisved simoly by controlling dislectric
cOnstamt Or moreasing hydrogen bonding ability of the solvent The
change in vizeosity or temperatore can ale=o serve the purpose. However,
the use of organized assemblies, eg., micelles, reverse mocelles and
vesicles; which mimic biolomcal cell membrane, 1= mostly preferred not
only for optirmzation of scparanon distances just by trapping radiesl ions
mn their hydrophobie, hydrophibic or mterfacial ‘zones, but also- for
mereszing the hifetimes of the transients from nenossfcond to mhero-
second. Henee, LFP becomes the most convement tool to study MFE in
such beterogeneons envirooment. In some of the drug-protem or
drog-DNA interacting svstems, the protein or DNA itz=lf provides the
suitable heteropenecus  environment  Smmilarly,  nancomsteriale
comprising of cerbon, gold or rom are =lso able to comirol the
miter-radical distance by encompassmg the drog molemules or being
bnked with them directly or through spacer. The schisvement of
reaching the targeted distance 1= fawther confirmed from ome of the
feainres of MFE, i By - the ficld st which half the sstiration of MFE =

Jounsl of Photoehersivery and Plaombiclaey 21 (2024) 10235

reached. Although By - i5 & measure of HFI present in the system,
however, the compsrizen between its experimental and ealeulsted
valoes highlighes the presence of hopping of free eleactrons from one site
to snother or costences of super-exchenge due to closer prosomity of the
spin-correlated ions than the optimized one, by incressed or reduced
expermental valnes respecively.

I thaz review, we make an attempt to highlight the above-mentionsd
zahent feshures of MPFE on PET between some of the therspeutically
important molecoles snd fuorophores ‘proteins /DNA ‘manodots @ ho-
mageneous and heterogeneoys media Ik 32 to be mentioned thst most of
the zvztems elaborsted m thiz review are studied i our Iaborstory:

Nanozecond flash photolyaiz set-op (Applied Photophvsics] con-
taimmg Nd'YAG (Lab series, Model Lab 150, Spectra Phyzics) lsser was
uhlized for obtsiming the tran=ient absorption spectra. The samples were
excited at 355 nm (FWHDB == 8 ns) laser light and the transients were
momtored through sbeorphon of hght fram = pulsed Xe lamp (250 W
MFE on transient spechra was detected by passing direet exorent through
& peir of electromagnetic colls placed mzide the sample chamber. The
LFP srt-up along with the sample howsmg 1o shown 1o Fg. &

Dhiscus=ion

PET rmvohing small oremme molecudes i homegeneouis and heterogeneos
media probed by MFE

Fhenazine and iz derivatives

Fhenazine (PZ) molecules underge PET both in singlet and triplet
states with sromstic amnes Lo, N N-diethylamline {DEA), N N-dims=-
thylanthne [(D3TA} and 4.4- bufdimsthylamine idiphenyimethans
{DMDPEM) [11.12]. The triplef state of PZ i well-studied rather than its
singlet state becanse of itz rapid ISC from lowest excited singlet siate, 1By
{nE*) to the conresponding triplet state, By (10%) [13]. However, Dutta
Choudhury and Basu have reported the formation of the Buorescent
exciplex through PET between PZ and the sromatic amines m the exeited
singlet state (147, A broad homp appears with the meomom (oot
aroond 578 nm. 582 nm and 612 nm along with the fluorescence peakof
PZ sround 452 mm on addition of DAA, DEA and DMDPM respectivelyin
cyelohexane If the exciplex forme through PET, then its energy (o, =
I - E + coulomb atirachion energy) should mereasze wath the difference
betvween fonization potentizl (I} and electron sffinity (E) or rather
oudation and reduction potentizls of the electron domor and scceptor
molecnles, which are aminez snd PZ respectively in thiz case The

MF=0,/~0

energy

— I5C

”

MF+0,J=0
e T
1SC T._-,

Flg. 1. Energy levels of ainglet (5} and triplet (T} smees with exchange interacnon ensrgy J &= 0 In the absence and presence of ME; an illnsoaton of Zeeman offect
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ondstion poteniials of DMA and DEA are .72 ev and 076 eV 11350
Sines DMDFPL contains two DMA umits its coodation potentis] should be
lower than the =ngle DMA or DEA. Therefore, the observed bath-
ochrome zhift of excpley msomum of PZ-DAMA, PZ-DEA =nd
PZ-DMDFM, where PE 1= the common electron acceptor, confirms the
formation of mdividusl exoplex through PET. IFP expenment m
acctonitrile mednim identfies the presence of non-flocrescent catiomic
smine radicalz [16]. Interestingly, the transient absorbance of
DMDPM'* around 470 nm iz much grester than thet of DMA'® around
455 mm. Purther, the goenching of trplet PZ at 440 mm oo addibion of
D314 and DMDEM shows that both the DMA wnits of DMDFM participate
m the gquenching process as a tweezer by caging & singls PZ molecule,
whereas 171 charpe transfer ocours with PZ and DMA Moreover, the
ahzorption marmum of DMA " 1z red shifted in moderstely polar protic
sobrent, ez butanol and ethanol and the sxtent of preferental solvabon
depends on the hydrogen bonding ability of the zaid solvent=. However,
cage-lilke soocture of PZ-DMDPM, where charge 1= distmbuted among PZ
and two DMA omits, dess pot réspond @ such preferentizl sobveton
through hydrogen bonding.

A convemuent method of confirming the oorurrence of PET 12 MFE on
exciplex hmmnescencs or fovmation of radical 1ons-[17-25] as discoszed
m the liroducbon. For PZ-smine svetems MFPE iz not observed at all
either m cyclohexane or acetonuirile, because both the solvents =1l to
maintam the opomum sepsration distanee of the radicsl ions of SSIP
winch facilitstes recombmation or free 10n formation after spin fhipmng
[16]. Later, Dutts Choudiury and Basa [26] have tried to use different
organized aszemblics. eg, micelles, reverse mmcellez and zmall una-
lamellar veseles (SUVs), whers donor and acesptors probably be m
different zones, hvdrophobic, hydrophilic or interface that quabiatively
serves g5 & linked svebem to achieve ophmum zeparabion distance be-
tweeen the mmlinked domor and acceptor [27-311. Within orgsmzed az-
semblies the formabion of radical catiorns of the sminez 1= detected
arc-und 46{] 480 mm umng transient sbsorphon techmique, 1= LFP
[32-24]. The porcentsze increaze m the vield of DMA', DEA'® and
Df!nm.?\{"i:nprcm of .04 T magnebc field 1= 59,86 and 12
respectively st 5 iz delay after Iaser flash when the coneentrations of FZ
and individusl amines are 1 % 10 * M and 8 x 10 ® M in 10 % SDE
mce]lar medivm. The inerease of the vield of fres iomnes in prezence of MF
mdicates the cccwrrence of PET In triplet state m the mecellar medinme.
The bisxponentisl decsy rate conzstants of radics] ions i miceilar solu-
tion can be evaluated from the expression A(t) = I epi-kr ) + I ok
tl. where At} is the change in abzorbance with time and i and k; ane the
rate constents for fhe $ast and slow components of the decsy profiles for

caged gnd exesped radical 1ons, respectively [35]. In presence of MF,_ the
kp values deeresse, which mesns the hf:l:lm:s c:er radics] 1ons Increase
The effect of appheabion of 2 weak MF on the tranzient sbecrpton
spectrum of PZin presence of DMA DEA. DMDPM and TEA mn 10 % 2D5
mucellsr medium 1= depected - Frz. 3.

If the changes in the absorbance of ions are plotted agamst spplised
ME, the B, - value can be caleulated [35 22]_ For PZ-DMA, PZ.DEA and
FZ-DMDFPM the By 5 values are found to be 0015 T, 0.017 Tand 0:28 T
respectively. According to the expreszion obtained from the model of
Weller and co-workers based on hyperfine Imteractons only, the eslen-
lated By - values for PZ-DRMA 12 0.005 T. The experimental By - vahse 1=
greater than the calrulated one due to chortening of hifetme of radical
1ons through re-encovmt=r which brosdens the enerzy levelz-of the spm
states [39]. Therefore, ecess MF 12 required to overcome the energy
level broademng.

Simlsr experiments are done wme twoe brpez of reverse mcelles,
aniomc sodivm bisl 2-ethylbeo] salfesnceinate (A0T) {AOT hepeanes)
and cabionic benmyidimethyvihexsdeerlammonium  chlcride (BHDC)
{water” BHDC benzene ). However, the transient sheorption peaks of all
the radical cations are distinet m AOT, but not m BHDC. The hydro-
phobic PZ remamns m bulk organic zolvent or near the tsil regions of the
micelles, whereas sminez =re distmbuted In orgame, agocous and
mucellar regions. The cationic smines will be stabihzed by amonic head
groups of AQT, but not by the cationne headeroups of BHDC. As stated
ecarlier, DMDPM'"* radical cations. sre not zenzifive towsards selvent
characteristics due to itc large nize, here alzo itz trensient sbeorpbon
peaks are prominent both in ACT and BHDC. However, the overall MFE
1z moch smaller m yeverse mcelles comparsd to nmcell=s beraueze of the
partnomng of the moleculss between mucellar and organic phasez in
reverse micelles. The MFE m reverse micellss:can be opomised by
varying water pool size, 2Wa A where Wy = [H-0] / [A0T] 140]. When
the walue of Wy 1= vaned from 5, 10, 20 to 40, the mexgmm MFE i=
obtmined arovmd W, = 10. Thesimphes that this water pool zize provides
optimum separation distence between radical 1ons for spin fhpping
without being zpin correlabion and subsequent free 1on formatbon

The MFE sxpeniments are carred out in SUVs of D I-dimyrstovl-R-
phosphatidylcholine [DAIPC) in 2queous soliution. Although the tran-
zient absorphion peaks of catomns sre distmet. however the vields are
poor owing to lack of caging of the donor snd accepior molecules, sines
ethanolic sohstions of the ammes are added to make the SUVE that deaves
the amines towards aqueous remion. However, DMDPM due to 3ts greater
hydrophobioity 15 encapsulated near the hydrophobic zones and shows
promunent MFE in spite of itz lowwer concentrabion eompared bo DMA and
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D

Flo. 3. Effact of an external magnetic 8eld 0 T {u}, 0.02 T (™, and .04 T (4} on the transient absorption spectra of (A1 FZ (1 = 10 WO-DMA {8 = 10310, (BI PE
(1% 10°* MF-DEA (B « 10 *M), (O PZ (1 = 10 A0-DMDPM I8 = 10 2 M), and (D) P41 x 10 4 M}-TEA (8 » 10 = M} ac 0.5 = after the laser flash in 109 505
solntion with excitation wavelength 355 nm [Adaptad with permizzion fom Raf: [26] Copyright 2005 American Chemical Sociaty].

DEA.

In general the organized =ssemblies are comvemient medis for
geming sforesaid opimized separation distance between radical iome of
58P requured for measuring MFE az well &5 for incressimg hifetime of the
shori-lived transientswhich are to be messared in the microzecond tSme
seals umng this technique: Morsover, orgamined s=ssemblies which are
structurally quite different fFom esch other, help to 1denbfy the mucro
envircnment of the donor and aceeptor, whers they are confined In SDS
muceller media, PZ == well 2z DMA, DEA and DMDPM remain mside
bvdrophobic rezion of micell=z, where sutficient =pace is-available for
diffusion 1o make sxchange intersction negligble followed by spin-
fhippmg, recembmation o fres 1on formston. In reverse nucclles
although the moleculez ave dispersed m organic phase, however the size
of the reverse micelles can be modulated by varying W, that helns to
study distance-dependent MFE. In SUVz, all the molecules remain o the
zmall hydrophobic region; but their mumber iz very few. The Importanes
of struectural szpects of different orgam=ed szzemblizz can be mdivectiy
verified by using ficthyl amine (TEA), instead of aromatic amines. TEA
i quite soluble o water, therefors except SDS micelles, where TEA
Yermisin near interface of hvdrophobae and agueous region, other orga-
mized aszemblies sre not smitable to study MFE. In reverse tmeelles and
SUVs, TEA and PT are confined in totally separate zonez, hydrophobic
and aiqueous, unshle to mamtsin spm-correlation bebween the germmate
radical 1ons. On the other hand, DMDPM. which = biz and well trapped
inzide hydrophobic regions, exhibit prominent MFE m zll these het-

Swprizngly, Dey et al have later found that one of the denvatives of
P d;‘bmm[a,c]p]:mmr: {DAPZ). shovwes MEE with DAEA, DMDPM and
TEA in homogensons seetomitrile medium m presence of small amount
iof wabser, which iz really = rave experimental observation [41]. DBFZ m
excited state makes charge transfer complex with all the amines showing
transient absorption around 460480 nm for DMA ' and DMDPM ' * and
around 380 nm for TEA'* [15.42]. Here transient sheorption of radical
amon, DBPZ * iz observed st 560 nm. When the water conesnireton
bereomez 0] M in acetomitrle, 9.5 %, 15 9% and B:4 % MFE 1= observed
for DEFZ-DMA  DBEPZ-DRDPM =znd DEPZ-TEA systems respectively.
‘With incressing water concentration MFE decreases. Some of the char-
acterizhies  features of DBPZ are responsible for soch  unosusl

observatons: DBPZ has planar stractare. Moreover, spectroscopic and
theoretical studies confirm that it can form hydrogen bond with protie
hydrogen bond donating solvents very efficienthy [42]. Inthis case water
molecules mmtervene betvween radicsl 1ons of cherge transfer complex
and maintsin the ophmum separstion distance between them with
proper spin correlation required for MEPE through mmter-radics] bvdrogen
bond (2= shown m Fiz 4] In sbsence of water molecules, MFE = sup-
pressed due to pommum mtercradical separation: and svxchsnge mber-
scton predonunates over zpin fippng. In presence of excess water, the

Fig. 4. Waier molecules infervene benween radics] ions of charge ransfer
complexthe mumber of water molecnies may be more than one. [Adapted with
permizzion from Ref [41] Copyright 2007 Amernican Chemical Society].
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pin correlafion i= lost in SSIP: and fres ioms are formed. Thizs phe-
nomenon iz well supported by the comparizon betwween experimental
and calmlsted By » valnes for these three systemz. The sxpernimental
By - values for DBFZ-DMA. DEPZ-DMDPM znd DBEPZ-TEA (zhown i
Fizg 5] are 0.0081 T, 0-00589 T and 0.0098 T and celculated walues are
00040 T, 0.0010 T and 0144 T respectively. Since DMA iz smaller m
Zze compared to DMDPA, the re-encounter of DMVA " * with neutral D14
which remains m itz oty shortens it lifebme and brosdens the en-
erey levels: Henee, experimentsl By - 1= greater than the eslenlated one
for DBPZ-DMA_ On the other hand DRMDPM due to itz large size resbricks
re-encounter with other spproachng DMDPM molecules; therefors, the
competinon betwesn hyperfine mteraciion and Zeeman mteraction be-
comes the only opersting mechani=m which reduces deviation between
expermmental snd ecaloulated By s values [44,45]. However, m ease of
DBFZ-TEA, TEA'® due to it= solubibhty m water 1z able to approach
DBPZ * reducing inter-radieal distance thet neressez exchange inter-
action. Therefore, madequate spm fipping mekes experomental By -
lezzer than the caleulated one. This follows & couple of reports propozed
earlier, one by Schulien besed on his theoretical studies on stencally
nogid mmtrsmolecular system end the other by Petrov bom his expen-
mentzs] obzervetions of the effect of ;uch exchange narrowing on By -

[45.47].

Dermvanves of carbazole

The formation of exciplex in non-polar medivm i very common
between aromabe conjugsted hydrocarbons, ez, anthracene (An},
pyrene (Py), S-cvenophenanthrene (CNF); ete., and sromatic smines,
DMA =nd DEA [45-54]. Aich and Basn mitiated their studiez on iden-
fification of exciplex formation through PET by MFE usmng N-ethyl
carbazole (ECZ) &nd 1,4.5,8.9-pentamethylearbazole (PMC), which are
aromatic conjugsted svstems conteining nitrogen hetero-atom and can
act as efficient electrom donors 1 presencs of & coupls of umiversal
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eleciron acceptors, ],4-dicvanobenzens (DCB) and 1,2 4, 5-trtracyanc-
benizene (TCNEB); on photosxcitation [55-57]. In benzene, the fluore:-
cenoe peaks of BECE {3530-370 nm) decr=aze on addifton of DCE with
bimnlecular quenching constant of the order of 107 dm® mal "=z * ob-
tmined from the Sterm-Volmer plot A broed hump appesr= wath
manmom armmd 450-460 nm with an isoemmenve pommt at 425 om:
Moreover, the maximum of broad band 1z red-shifted with mereazimg
polarity of the sohvent confirming the sxciplex formebon through PET.
Similar behaviour 1z oheerved with PMC-DCB, however, here the exm-
plex 15 not murch prominent like ECZ-DiCH. FPinally, the exriplex forma-
tion through PET with the excited singlet fluorophore (BECZ/PMC) 12
sicertained by MFE In presence of MF (0.05 T) the msomum
enhancement of exciplex lominescenee iz obtamed shout 1.37 % and
0.025 % wath By 7 vehoez 020032 T and 0:0043 T mn THF-DMF muxture
with dielectric (gqzy} 9.0 and 12.0 for ECZ-DCE and PRC-DCB respec-
tvely. Previously for most of the excmlex systems, eg, Py-DRA,
CNP-tronz-Ansthole, ste., meamum MFE was obtamed @ withim the
range of diclectric constant 14 < €420 > 18, where the optimum sepa-
ration between radicsl ions of 55IPs iz-obtained without perturbing the
mufial snglet corvelation =nd mawmmoom spin Hppmg followsd by
recombination octurs to form enhenced CIP fexoiplex in presence of MF
[12,20,53]. From Lippert-Mataga plot 1t 1= gbeerved that vath respect to
An-DEA the extent of charge-transter {5} 12 1 0-=nd 0_15 for Py-DAIA and
ECZ-DCE systems respectively [55]. Therefore, with increase 1o polaniy
of the solvent, the potentisl energy barrier between SSIP and CIP re-
divers mmoch Ester faebitating mtereonvernon between SSIP and CIP for
ECZ-DCB compared to Py-DMA according to their § veloes. Henee, MFE
manmizes at lower diclectrie for ECZ-DCB than Py-DMA. Similerly, the
&valie of PAIC-DCB 12 0.7 for which £ _; i sround 12 and that 1zin
between those for ECZ-DCB and Py-DMA [57
of MF on the decay of triplet curves of ECZ m presence of DEB mn SDS
medium 15 shown 1m Fig. 6. Detdtled tmresti getion wath other devivatives
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Fig. 5. The difference of shsorbanee with variation of MF for (2] DBPE (5 » 10 ° MD-DMA (25 % 10 = M) at 450 nm, (b] DEPZ (5 » 10 M)-DMOPM (125 = 1072
WD} ar 460 nm, and {c) DBFZ {5« 10 M}FTEA (25 x 102 M ar 220 mm in MeCN,D1 M H,0 mixtore ar a delay of 0.6 = after the lazer flash The dotred lines depict

eaturanon of the MFE. [Adapred with permission from Ref. [41] Copynght 2007 American Chemicz]l Socisry]-
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Flg. 6. Decay of mipler curves of ECZ (1.3 x mol dm =) 2nd DCB 2 x mol dm ¥} in 10 % 5DE micellar meditm measured ar 430 nm (peak of DCB § in the (2}
Zbzence and (b} presence of a3 magnetic feld of 0.05 T: Each chamnel represent: § o= [Reproduced fom ref [55] with permbstion from The Royal Sociegy

of Themistry].

of earbazole — DCB systems [S2 59], Py-DMA In comparison with Py —
dimethy]l terephthalate [50) as well az CNP - dervatives of methyl
mdole [61] mdicate that £mgy depends net only on & values but alzo on
exriplex enerpy and stenic bull of donor and sceeptor. Later, to shudy
MFE with exoiplex systems with one or both the periners fived on ogid
backbone, Nvinyl carbazole {(WCZ) 13 grafted on cellalose acetate (CA)
using conanuons Co-60 yradianon. The VOIZ moleculs 1z attached on CA
matnix covelenily by openmg up it= double bond, hence behaves Iike
ECT [52]. The fuoresesnce amszobropy measurement sopports the
restricted rotsbonsl motion of ‘grafted VCZ (GVCZ). With GVCZ-DCB
system, menmum MFE 15 obtained af £zo; = 5.0 oven: lower than
ECT-DCH. In GVICE the carbazole moiety 1= attached vath -0- atom of CA
which reduces electron density on the grafied donor moiety and reduces
effectvely the § value m GVEE-DCB- complex compsred to ECZ-DCB
=

Inztead of DCB when TCNE 1= used a5 eleciron acceptor, exoplex
hmymescence 13 not detected dt sl even m benzene, However, the
signature of PET iz obtamed from the formetion of TENE® radical ions
with tranment absorpbon at 430 nm and 4553 nm for ECZ-TCNE and
PMC-TCHB rezpectively m 10 %6 SDS micelles uzing LFP. Here inter-
syEieT CroEsInE rate 12 very fast dus to presencs of four -CN groups and it
poours pror to PET with excited singlet fluorophors. The prospect af
PET betveren triplet ECT or FMC and TCNE 1=z-establizhed by MFE where
ahzorbanee of TCNBE®  was enhanced by 0.2 and 0.4 in prezence of 0.05
Tmagnetic field in presence of ECZ and PMC respectively. Morsover, the
decay constant of the tran=ient decresse from 2.25 % 10%: ‘o125 %
10°2 ‘end from 195 % 102 Yt0131 %10 YforECZ (5= 10"
M)-TCNB (4% 10 ‘M) and PMC {1 = 10 SM-TCNB {4 = 10 *M}m
10 % SDS miceilsr media respeetively. The incresse in Lifetime of radical
1on 1 presence of MFE confivms the occurrence of PET in- triple state

Acridine and its dervatives

A comprehenzive study of the ocowrrences of PET betweeen acndine
{Acr) end 1tz derreatives with small organie molecules m varous ho-
moeeneous and heterogeneous media (ke micelles or reverse Ticelles)
haz been camied out by our group. The aforeszid small organie mole-
calez may be classicsl electvon donor hie DMA, DNMDPM, TEA or
acceptor lile methviviclgen (VY

Several previous reports suggest that there exsts fhe followms
equilibrinm [64] in the exeited state wath varyving hydronivm jon con-
cenbration: Aer®™ 4 H3IDI = AcrH'*_ An attempt har been made by
Sarang’ end coswvorkers to mmvesbgate the behaviour of Aer m
ADT/H-0/n-heptane RMs [65] =nd it 1= observed that Acr can detect
two different types of water molecules {bound and free) sszociated with
Bz through changes i zpectral signatures, The protonated form of Acr

chooses to reside nesr the stern-layer while the deprotonated formbaz =2
fondness for the organic phese of RM:. The nature of SV plot obtaimed for
fluorescenes quenching of AcH '™ by DMA suzgests diffusion controlled
bimolecular quenching between the two species. DAMA has a tendeney to
remam in the stemn lsver of BMs while ActH ' * resides in the stern layer
tteelf, thus facilitabing essy sceess to cach other. The advent of charae-
teristic spectral signatures of perhinent radica] 1on pars suthentcats the
ocomrence of PET from DMA to AccH ' . Purther itz observed that ESPT
takes from 2AcrH ' to TEA as evident from speciral changes Unsxpect-
ediy, LFP m conjuncnon with MF helps to prove that latent PET ocours
between TEA and AcH ' [55]. However, ar the pool zsize of the RMs
mereases PET 15 dimimzhed becsuse of incressed separsbon distance
betvoeen the premonste RPs/RIPs mdueced by faster water dymamics in
larger Rz, In this caze the use of MF 1=z highly sigmificant a= otherwize
the latent PET wonld have gonc unnobesd.

While studying the interaction of proflavin (FF') with TEA [67),
both PET ground siste complex formation -are detected by Chalorshorty
and Bama, The nature of the solvent matry decides the dormmant phe-
nomenon in czs: of PF'-TEA system. In SDS micellar medim, TEA iz
known to reside in the hydrophilic region nesr the headgroup and FF' iz
aliog present nesr the pegabnvely chareed headsroup owing toits postive
charge. Thus, interacton betweer TEA end FF' in SDS medium iz
zirmler 't that i homogeneous medim, 12 they are m elose vicmty,
However, in CTAB medivm PF' 1z far swav from the hrdrophilic head
group of the mucelles due to elecirostatic repulsion. Thus, In CTAB me-
divim TEA and PF' are distant from esch other. Conzequently; in ho-
maogeneons and 505 media sround state complex formetion domnates
over PET which iz & distance dependent phenomenon while in CTAB
medinum, PET 1= dominant The cemmrence of PET iz detected by LFP
techmgque and MFE helps to mnfer that the PET takes place i the singlet
statr in 0S8 medinm whereas in CTAB medium the precursors of PET aze
triplet borm. Thiz stody shows the mportance of ‘Zolvent matny m
detsrpmning the mechamsm and spin dynarmes of PET reaction Another
study mmvolving the interscton of PF ' vath DMA and DMDPAM lnghhehts
the sigmficance of bulk of the electron donor i determmning the
mechanizm and spin dypamies of FET [65]. The ocearrence of PET in
PF'-DAIA and FF ' -DMDPL syztems are confirmed by detecting DMA® ',
DMDPA"" and PP at characteristic wavelsngths using [FF techmgue.
DADFPM potentially induces Intersystem crossing of proflavin due to it
bullz which results tn PET 1o triplet stste and on the contrary, in case of
PF'-DMA system PET occurs in zinglet state sz inferred from MFE. In
FF '-DMIA zystem essy access to the close vicinity of the acceptor mol-
ecules iz posmible by the donor moleciles through diffission wheress in
FF '-DMDPM zvztemn the donor molety cannot =azily reach the scoeptor
moiety due to its bulk thuz memtainng a proper separation distance.
Thus, in PF' -DMDPM system, the geminats pairs m S5IPs are stable and



8 Chafooborty exal

their spms contimie to be correlated for a longer tme period In com-
parizon to PF'-DMA system Subsequently, the transients in cese of
PF'-DMA system are obtamed significently sround 0.4-0.6 f= while
thoze of PF'-DMDPM system are found at 8 lonzer delay time of 1-1.5
ji=. Borther, an attempt has been made to decipher PET in PE'-DMA snd
FF'-TEA svstems In picos=cond-femtorecond time domem ueing flun-
rescenes upconversion techmigue [69] by Semgupts ot al.. In case of
bomsreeneous alcoholic media, formation of contact 1on pair 2= well as
direct ET are the csuses of fastest decsy components and dielectric
constant of the mediom governz PET while in heterogeneous micellsr
media comparmmentalizstnon of the donor and sceceptor species control
the dynesmics of PET. Fiz 7 shows femiosrcond-rezolved fluorescence
decay traces of proflavine n prezsenece of TEA in SBS medium

S-amicnoscridine hydrochloride hydrate (QAA) 1= found to behive
both as electron acceptor and electron donor 1 PET reactions mn both
bhomogensons and heterogencon: media Imiteally, the monomer-dimer
equilibrivm of DAA in the exmied state hss been explored by Mtra
and co-workers I vanous solvent matnices using spectroccopic and
theoreticz]l bechnigues [70]. Later, 1t iz fornd thet DAA can behave az-an
electron acceptor whils reacting with classical electron doner Tike DAIA
and TEA m water/scetormiale sand CTAB media [71]. In SAA-DNA
svstem there 1z simultsnecus ESFT and PET while m 3AA-TEA svstem
grovmd state complexabion sround stste proton transfer snd PET are
prevalent LEP helps to detect PET as well 25 ESFT while MFE cleariy
resolves the two processes sinice the mtermediabes of PET are susceptble
to MF whereas the products of BEPT are not a3 they do not mvolve the
formation of spin correlsted electron pairs. Interestingly, when 944
interacts with dimethyliclogen (MVE), which iz & popular electron
acceptar, PET 1z found to ocour and SAA playve the role of sleciron donor
[72]. Appearance of transient absorpbion peaks in the region 390400
nm and 600-610 nm are the Sgnatures of MV*', which iz cheerved In
QAA-MV"! zyztem thus confirming the oocirrencs of PET and MFE has
confirmed that PET occurs in the triplet state. The hopping mechanizm
of ET iz cstablished from the disagreement of experinentally obeetved
and caloulated values of By 7.

Chelrsberty and Bam have detected PET while studying the inter-
action of DAMA, DMDPAL diethyizniline (DEA} and TEA with two other
acridine derivatives Acridine Yellow (AY) and Actidone {AD) using LFP
in confunchion with MP by detecting the radical ions formed during the
ET redcticn [73,74]. Althongh MFE 1= comventionally cheerved m
oresmized media ke micelles and reverse micelles; sz discussed 1o the
aforementioned zeetions, however in csze of AY-smmne snd AD-smmnes
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systems, MFE iz obtsmed m homoerneous medivm of ethanol in un-
linked deoncr-secepior systems: Such an wmasnal observation of MFE m
homogenesous medium has bern obtained by Dev et al pressonshe (4171,
I caze of AY-amine and AD-amines systems. this observation ix atinb-
uted to the snstence of water molerules as impunities: in ctheanol me-
diom which l=sds to the formston of m siw Imked donor—seceptor
gystem formation via misr-radical 1on hydrogen bond. Thus, optmum
distance of separation 1= mamtsined between the acceptor and donor
radicsl lons =0 that proper spm-correlation s preserved while the ex-
change i= mimmized, thus fscilitating sigmficant MFE.

PET immvobng small orgarae molecules fropoed i procein pocket: probed
by MFE

ET m proteins has bern studied extensively sand has drawn the
athention of 3 number of researchers singe early days [75-78]. However,
zmall probe moleenles when trapped in the nendcavibes of protems can
participate m FET with the protemn molecules [79,50]. Cur group has
reported &8 mumber of cases of proteim-hgand binding [5]-92] whers
BEA, HSA. HEWL and .G have been used == the protein moieby. The
choice of protein molecules is hased on the fact that all these model
protems contamm one or mose yptophan (Trp) residoe wiich has an
mimnsic Huorescence st 350 pm [03] that makes the shady of
proiein-figand mirracton tnoomplicated. Apart from having mtrinsie
fuorescence, Trp residoe can also sct as 3 potential electron donor,
which has beenreported presviously [24 ] This mfeermstbon compelled us
to mvestigete whether Trp residuss inprotemn molecules can engage
1tzelf in PET with small orgamc molecules rapped in the nano-pocketz of
profeins. Although stesdy-state snd time-rezolved fluorescence tech-
nmigues have been used o study the protein-ligand binding and to gamman
mdication regarding the ocourrenee of PET. we have resorted to LFP
technique in conjuncton with 8 weak externsl MF to authenticate PET
and the parental spin-ztate of the precursors of ET in all these cases.

Interaction of several acridine dervenves (PF', AY, AD and 944)
with B5A, H5A and JILG have been studied. In fact, to 2scertain the role
of Trp == an electron domor, Seth et 2l have studied the mbterachon of
bare Trp with PF' [2357 in abeence of eny protein. PET iz found to tals
place from bars Trpto PE' in AOT reverse micellsr medivum. In this caze,
PET 1= solely monitored by LFP technigue and prominent MFE was
obzerved 2= optmal separstion iz mamtaimed m the said solvent maoe
betweeen electron donor and acceptor. While studving the iterachion of
PF' and AY with HEA [£5], the use of LFF confirmed that accurrence of

.-}'h';.m-,e.li,#.mn-,

Fig. 7. Feminsecond-resolved flnorescence decay maces of proflavine (0.5 mbl) in 505 {100 mh} with varymg concenapons of TEA. [Reproduced from ref {651

with permeznon fom The Roval Soctety of Chemisoy].



& Chdfrobory el

PET from the sole Trp residue of the protein to PE' as well as AY via the
appesrance of charactenstic pesks correspondmg to radicsl jon pairs
formed m the dus courze of PET. Survey of litersture suggests that
tranmient sheorption pesks of TrpH™' are obtained at 350 nm [91] a=
well a5 560 nm [55] and thet of Trp® 12 at 520 nm [57]. In our esrtier
works,; we have charsetenzed the spectrs]l signafures of the radical 1ons
generated from the two acridme derpratives [67,62,73] to be at 400 nme
Moreover, apprecizhle MFE it ohtsined in both AV-HSA =nd PP'-HZA
gvstems which confirms that the parentsl spin state of the precorsorz of
PET iz triplet. Thuz, the mtegration of sl these observations slong with
fluorescence sudies helps to decipher the reaction mechamizm az well a=
1o estabkch the ocourrencs of PET. Addinonally, the stereo-view of the
docked conformations ilhustrates that the separstion betwern the Trp
residue in the protein and AY iz 123 nm while that betwesn Trp and PF!
15 1.29 mm_ which 1= responmible for showimg MFPE as 1t 1= known that an
optimum spacing of 1.0 to 2.0 om 15 reqinred for obeervng MFE
Similarly, PET iz found to be prevalent in 0AA-HSA and DAA-BSA
svstems [56]which has bern confirmued by LFP and the fact that the
precursors of PET are triplet-bom 15 further proved wsing a wesk MF.
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The redox potential values of 9AA and Trp moieties are —~0.78] V and
—1.015 V which vabdate their roles as cleciron seceptor snd donor
respectively.

Intersction of AD has been studied with model proteins BSA. HSA
and LG [21-83] proteins. The uniqueness in the chemicsl structire of
AD 1z that it eomfams a keto foncbonal group, which has a potential to
denature proteins 28] Circular dichroizm spectrozcopy reveals that the
secondary strortures of =il these proteins are appreciably pertirbed by
AD. A smking difference brbtwern the strocture of H5A and BSA 1= that
the former contains 2 smgle Trp residue (Trp 214 while the Istter has
two such residuez {Trp 212 and Trp 134). Interastingly, Trp 214 of HSA
and Trp 212 of BSA are both located within the hydrophobic domsin of
the rezpective proteins and they are pesitionsd in & similar emvironment
which iz entively different from the hydrophilic environmment of Tep 134
of BEA. FET i= momitored using LFP techmique m both ADFHSA and
AD-BSA systems. Although marked MFE 1= oheerved in AD-HSA svstem
but no such effect 1= detected in AD-BSA systern. Such a difference
observabon 15 due to the differential modes of bindmg of AD with the
Trp residues located inside the two different proteine. AD attaches te=1f
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with the sole Trp 214 residue in H54 and 1= trapped in the cleft of the
byvdrophobic domain of HSA, stratezically mamtarmng the optimal
distanes (1.35 nm) from Trp 214 required for observing MFE. On the
contrery, m AD-BSA system, AD mitislly binds to Trp 212 of BSA and
later it fries to perturh the figid stuetore of the protein to gain accesz to
Trp 124, Thi= propomtion is clearly supported by TRANES study. Owing
to this dynemic neture of AD within BSA. the optimal dizstance between
the radical iom pars 1= pot properly retamned. which leads to sbasence of
BIFE. Fiz. & shows that applicston of = weak MF to 2 soluttom of 2 =
10 (M) AD +3 = 10 ¥ (M) HSA results i enhancement in shzorbance
at 510 and 560 nm which has been attnbuted to the inereased vield of
AD® and TrpH™' respectively, this confirming the oceurrence of PET iIn
AD-HSA svstern. Purther, when we have attempted to imeestigate the
misraction of AD with LG, contsimmg two Trp residues (Trp 19 and Trp
61), it 35 foumd that AD exchasively interacts with Trp 12 and hydrogen
abstrachion supported by hydrogen bonding is prevalent in eas= of
AD-PLG svstern &= evident from LFP studv. Meoreover, MFE iz not
obeerved on the radical pairs which are detected by LFP 1n thus system
wiich iz attributed due to the dynamic natire of Trp 19 thet undergoss
rotetion to sicld 1= rotsmers and thus gpemvmate pairs 15 not siable
enough to exhibit MEE.

The tmporismce of retention of optimum distance bebween the
radical 1ons 1n the gemmate czge mn MFE myvolving drug-protem mier-
acbhon her beem lnghhishted by our group I zeversl other cases
Although PET haz been found to teke placs from HEWL to menadions on
photoezoistion, but oo MPE 1= observed poenibly becsuze of the close
vicinity of the accepior snd donor moieties (0,279 om) [91]1, where
exchange interachon is not nsgmficant, thus hindsring #pin conver-
o A zimilay case of sheence of MF effect i alzo obtamed by our group
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attributed to ET in DNA

In our aftempt to study the mteraction of small molecules wath
mucleic amds, imitially the mteractions of the small molecules with
nucicobases, miclecsides and mucleotides have been expiored . Senznpta
et al. have reporied MFE on ET and H-stom sbetraction between 2-
deoxvadenonne (ADS) and 8 gumone drug mensdions (MO}, where H
atom transfer 1z compebtive with ET [103]. The dependence of the na-
tuire of Imterschon on solvent maters 1 MO-ADS systemn 1= detecked with
the aid of MFE. It 1s-observed that m polar snd homogeneous medis, ET
takes place while H atom transfer iz evident only within 505 micelle

Bose et 2l heve shyhed the interachon of MO and 0,1 O-anthrago-
nones [AQ) with the mocleobazes (A T,C.GU), theirr mucleosides (dA,
dT, dc, 4G, dU) and nuclectides [AMP, TMP, CMFP, GMP, UMP) in ho-
mogeneons orgarnc solvent af scetomtnle (ACN]S water muxhue and
heterogeneous SDS micellar medinmm to explore the competibion be-
twesn ET and hydrogen abstraction (HA) using LFP in conjuncton with
MP [104-111]. A brief cuthne of the mode of Interaction of the qgomones
with the bases, nucleofides and mackeosides in different solvent matyix i=
shown'm Table | [112]. A few key points of this study are highlighted
belowe:

(1} the mucl=otides of 21l the basez have been found much reluctant to
transfer electrons to gqumones, which have been atimbuted

Table 1
An outline of modes of interardons .of 21l the nucleobases. their nuclepsides and
nucleotdes with AQ and M} in ACNH,0 and 5005 media

. ; wce of MF e zals . ADTACNHLOY AQEEDS) MQOCHHO) MR DY
winle stodving the interaction of 4-1'I.1-.II‘DC!_I.1.'I.1:I.D].1.'EU:-]_-G:]dt £_41${I:"ﬂ] a:u.d & = FT 1 HA o ETiHA
]-£E‘liﬂ|r1..as I:|:|.: dom:u:—a—c::pmr separabion iz a'l:ruu't_ﬂ.!il om [20]; which da i ETiHA ET EL|Ha
mbnbits sprn conversion snongh to show substential MFE. AMP Ha Ha HA Ha

Scheme | delimeates a generalized mechanistic pathway o describe
PET between small drug-like molecules and the typiophan residues m ET ff_\l Ha fLI;'Hﬁ' Er;m g' H
mode] proteins for drog-protein systems-showing HEE. nE Ha Ha Ha s
PET muwohing small organte mofsciler and mecleobabses,” rucleostdes £ c ET(Ha ETiHA ETtHA =T (Ha
Inotrdans e i bed by MFE dc ET 1 Ha Ha ETiHA ET | mor= HA
; WP Ha Ha Ha Ha
DMA molecules sre capable of tramsporang electrons over a long e Ha ETiHA Ha ‘Ha
distames and many researchers have extensively stodied electron [cd ET+HA ET{HA ET+HA ET (HA
transfer in DNA [99-102]. Thishas led to the estsblishment of a number afy; B HE BT HA HE
of mechamsme of charge trmsfﬂplﬂpuﬂ:db}'dj&ﬂrmtms:amhas.ﬂ & BT | soeme HA Ha T Ha Ha
was propozed that both holes =nd electrons migrate through the dr e FIN Ha it TEA Hy
DNA helbix over long distence. Electron hopping mechamisms a=z well a= 1P Ha Ha Ha Ha
tmnelling were quis populsr’ among the mechamsms that were
i PIT [ — .
Drug® + TrpH —3 40rg—TipH| — g ss TrpH™)
he 1514
s encounter comphex \\3
B MIF [ Lrug™ = TrpH™
free radical ions [escape produis}
. PET —
“Orug® + TrpH —» '|Brog—TrpH] —— & YDy 0 TrpH™) —— YDrig™ Teph™)s
i ENCOUNTEr comples tenip P
1LY
S5IP = solvent separated ion pair
CIP = contact ion pair
Prig 3 = godvent molecules "Orug + “TrpH
idamdination prodisct

Scheme 1. A generalized reacdon pathway o describe PET between small molecules and oypiophan residue of protems as probed by MFE

@
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mamly to a semi-circular conformation m homogeneous medium
and a rapid spin exchangs micrachon among the partners of a
radical pair m SDE meadim
(11} In case of pyrimidines, the nucleonides have shown & very weak

ET than the frec bases. Tt has been attobuted to a fathwe m
sttainmg aromaticity by virtue of keto-enol tantomerism . How-
ever, cybdine among the three promudine nucleozides, offers
better ET probahility which has been sttrbuted to its higher
clectron denstty

{111} In eaze of purine baszes adenine and goanine, the sparing zofubi-
Iity of puzmine n the prezsnt reachon mediom has been found o
echipss ET zlmost totslly from guamine. However, the corre-
sponding nucleosid=s have undergone both ET and HA DMare-
over; a switch over m mednm from homogeneous ACN/H:0 to
SD& haz always favoured HA to be the dormmant mode.

Dey et al. have reported ET reactions imvolving DNA and copper
complexss 1N agquecus mediom and heteropeneous  reverse meelles
[113]. Initially, they have studied the ET reactions taking place between
DNA snd [Cofphen);®! [phen = 1.10-phensnthroline] complex on
photo-excitation wsng LFP and MFE. The occwrrence of FET from
CT-DNA to the photo-sxoted Cu-complex 1z rationah=ed by the forma-
ton of a smsll hump =t 370 om on sddibon of CT-DNA to the
copper-phenanthrobne complex It i well-known thet suamne base iz
the most sasily omdizable component of DNA {1 14] and thus, the peak
at 370 nm may onginate rom the goamne radical caton Prominment
MFE 1z found for the triplet bormn radicsls m the mteraction of [Cu
{pheni:]®' with DNA even in homoseneous aquecuz medium, whichisa
rare phenomenon: {28 lostrated 0 %} Although the
above-mentioned complex i3 not covalently Imked with DNA, but the
copper complex-DNA syvstem behave az & virtually inkesd svstem owing
to mtercalation. The phenomencn of mtevcalation i= facilitated by the
electrostatic force of attvaction between negatively charged backbone of
DA and positively charged complex 2= well a= hydrophobic interacton
bebwesn DNA base perrs and phenanthroline ning. It 15 to be noted that
the partial intercalation in the present case helpe to maintain the proper
dizstance between the RIPz and consequently:l=ads to obzservebon of
substantal MFE

Among the four armno arid= with an sromatic aide cham (= phenyl
alsmine. tyrosine, trvptophan, and hisbdime), phenyl alampe primaniy
contributes to the stabilizston of proteins’ through- hydrophobic in-
teractions, while tryptophan has an electron nch mdole rimg that baz =n
exrellent X electron donsbme sbihity. Histdme =nd tyromne have

e
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efficient meta] binding sites, Dey et al. have extended their sindies with
ternary metsl complexes [115] comprizing sromsbic smuno scids, £:8,
tyrosine and tryptophan; and & szcond heend thet contmine an aromste
ring, such &5.2 2 bipyridyl or 1,10- phensnthroline, [Cu{phen}{Htvrl]
Cloy and [Cafphen}{Hivpi]C10, (Hor 1- tyrosinsto and Hirpe Hrypto-
phanato) to tnderstand the ET reacbons with ealf thymus DNA
{CT-DMA). 1t has been observed that m both complexes on photoeo-
tation mirsmolecular ET ocoarred from aming acids to phen. However,
m the presence of CT-DNA intermolecular ET occurs between DNA and
complexes: CQuenching of DNA bound ethidium bromide fluorescence by
complexes sngpests that the complexes can dizplace ethidium brosmde
from DMNA backbones The parnal intercalstion of the complexes wathin
DA helps in meintaiming the proper inter-radical distaniee n the radical
1on pairs generated throngh PET, =0 that spin correlation exists between
them snd MFE could be observed. When crgamized assemblies, viz,
reverss micelles are wsed mstead of water, as reschon mednm,. MFE 1z
obzsrved. howsver 1t is not very much prominent doe to large distance of
separation between the radicals of the germnate on pairs.

Schiff base having M/0/S donor atoms i a popular biclogieslly
asctive ligand cwing to its good site-sperific sod highly segntive DNA
struchoral probimg &nd clesving properties. Seth et 2l have studied the
mnteraction of pynidine- snd pyrrole- subsitnted Cu-Schaff baze com-
plexes havimg Ni donor ==t with CT-DNA i tnplet state [115]. The two
pyridine-subesituted Co-complexes have very weely charscternztic tran-
zient absorption peakz, whick are not much affected n presence of
CT-DNA. On the other hand, the pirrole-subshbated Co-complexes (A
and B az zshown m Fig. 10) exhubst prominent characteristic transient
shzorption pesks and addition of CT-DXA leads to alterations in the
spectra zlong with the formaton of isochestic pomts that mmplies the
exstenes of some Intrracions bebween the Cu-complex and CT-DNA 1n
the triplet state In fact, isosheshic points indicste that the presenes of
equilibrum betwesn the free Co-complexes znd CT-DMNA bomnd
Cu-complexes: All the DNA bases are known to be efficient electron
doners snd guanine iz known to be the most potent electron donor
=mong the four bases. The pesks are formed at 370, 420, and 480-500
nm for the formation of DMNA radics]l cdatons. of gusnine, adenine
thyrmne and cyvtosine respectively: All these peaks are detected when
CT-DNA are added to 2 soluton of complex B implying the conmbuotion
of all the fours DMNA bases 2= electron donors to the phiotoexcited copper
complex This-is'in contrsst o our previous report [113] where-only
guanine scts a3 the electron donor. However; coniribution of gusmne as
electron doncr 12 more while CT-DNA misractz with complex 4 More-
over, the tremsient shecephion spectra of the complexez A and B in
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Flg. 9. Transient sbsorption spectra of the copper complex (40 pbI) — DNA (120 phd) n buffer in absence (M) 2nd presence (o) of 0,08 T MF ata delay of 0.0 = after

thee Jaser fiach Inset shows the decay profile of the transient ar 380 om n absence { +] and in presence (a) of MF. [Adapted with permizzion from Ref. [1
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Flg. 10. Souctures of complex A and complex B.

presence of CT-DNA show sppreciable incresse m sbsorbanes =t 340,
370 and 550 nm m presence of & weak external MF, implyme that PET
takes place between the complexes and CT-DINA mn the taplet state. In-
crease inabsorbance at 340 and 370 nm can be attmbuted to the mereasze
m vield of the DNA radical esbon while that at 350 nm 1= due to the
meresse 10 vield of Schoff base radies] amion m pressnee of MF._ Tiis to be
noted that the extent of PET and MFE iz more pronounced m caze of
sysiemn contammg complex B in compenzon to complex A, which may be
due to the stroctira] differenes betveen the too complexes that leads to
a variabion In the exient of proxomty of the complex towards CT-DINA
Methyl substituted complex B 1= dimensionally: larger. compared to
complex A, which favours mmtercalstion of complex A m the DNA
Further, it 1z found that complex A hes 8 higher DNA clesvage potentisl
that complex B. Thus, owing to smaller dimension complex A effectively
mtcercalates and come: cozer to CT-DNA and ako meoresses the
randomness of the svebem by DNA cleavage. Thiz cloze vieimty of the
complex A snd CT-DMA reduces the donor-accspior distance leading to
Jow WFE: On the contrary, the bulkier structore of complex B creates a
stevic londrance and inhihits eloser approach of complex B and CT-DNA,
winch helns In mamtaimmg the optimum donor-acceptor distance be-
tween the RIPs, thus sxhibiting apprectable MFE

On comparing the B; - values of the two copper complexes-DNA
svstems, 1t 15 found that system contaiming dimensionally smaller com-
plex A haz-a higher By - value compared to that containing complex B.
The ‘through-space” hole hopping 15 similar for mitrestrand and inter-
sirand DNA bazes. However, the superexchanze intersction iz more
dommunant for mmtrastrand baze paivs, which decreases the rate of hole
bopping on incressmg the si=e of the nuclecbases bndsge [117]. As
mentoned earkier, complex A has s higher DNA cleavage achwnty
compared to complex B. Therefors, in complex B-DNA system leszer
cleavage of DNA strands renilis in prevalenees of both hole-hopping as
well a7 super-cxchange, while n complex A-DNA system, hole-hopming
iz preferred. Lowening in B; - vehoe in caze of complex B-DXA svstem
compared to complex ADNA system iz dus to the negative effect
mdueed by superexchange which lowers the sfferiive HFI present m the
syseem. In fact, Schulten soggested that stenecally fxed mirsmclecular
svetern may exhibit the lowering of effective HET sven by 500% owing to
the presence of superexchangs compared to mbsrmolecnlar one [446].

FPET rovobingamall orgome molerules vmd nanomatenialz probed By MFE

There are several reporis on the divect intersctions of therapeutically
mmportant molecules with different kands of nano parbicles. Sengupts
et al. have imveshigated ET between smsll {3-5 mm) gold nenoparticles
[AuNPs) with two acridine derivatives AY and 9AA [1158]. It has been
obzerved thet 9AA wndergoes better extent of ET due to proper orien-
tmbon to the attschment of AuNPz m both nanosecond and meosscond
fime regmme. Moreover, presence of electron donatng methyl (-CHy l and
amine (-NH;} fimetonal groops m AY males it bulloy and lezz feasible to
take part in ET reaction with AulNFs,

11

An interesting ohservation regsrding MFE on the mtsraction be-
tween sanpinnanne {Sgr), another important sntcencer drog [119],
with iron nanopartcle (FeNFP) (FeaOy)an scctomtrile mednm has re-
ported by Das Chakvaborty ot al [120]. A ground state complex iz
formed between Sgr and FeNP whers the quaternary smrmomom sroup
of Sgr binds with the free acid group on the srface of FeXP eapped with
tricodivm otrate. LFP idenbfics the tnplet ransientz of Sz which
rapidly meresse in presence of an exbernal MF of the erder of (.08 T.
Ususlly, smgiet to tnplet electronic state transiiions ave faclitated by
spim-orbit [L-8} coupling whick iz influenced by an external MF of the
order of few tesla [121]. However, here 1t happens only In presenee of
very small MF only due to the presence of FeNP. FeNP 1= a fermmagnetic
material that in prezence of MF becomes supsrperamsgnenc where a
siremg internal magnetizabion iz developed through exchanze coupling
of electrons -and henes =imglet to triplet transibon of Sgr 1= mncreazed
radicslly. However, in absence of MF the supermagnetic FeNFP cannot
hold ifs magnstization capabibity. Therefore, such matensls are useful
for switching ON—OFF of MFE It i5 essential to point oot that m the
presenee of diamapnetic AuNP, mstead of FeNP, the singlet-triplet
transition of Sgr 1= not affected atall I the presenee of low MF. On
the other hand, in agoecows mednmm the intramolecular hydrogen
shetracton between the cifrate 10n and Sgr produces smglet semmate
radical pair [[Szr-Hee[OOC—Cyt)] on the same FelNPe aunfacs whach 1=
further stabalized by surrounding water molecules through bvdrogen
bondmg. Obviouzly, the vizld of smglet spin-correlzted radical peir m-
cregzes mnopresence of MF becsuse of suppression of mitersystem
crozzing. Henes, the sbsorbance and lifstime of H-abstracted Sgr.
(Szr-H]" 2t 410 nm [1 27] decreases a= depicted by fash photolvas decay
profiles.

The appiications of carbon dots {CD) are popular in different areas of
biotechnolosy a5 well az mn produchon of heht emmittng devices [123].
However, their highly complex structure makes themn an excitstion
dependent fluorophore, hinders the prosression of the mvestization of
thewr phyzical, dhiermcal, snd stuetursl properfies using spectrozcopy.
Saw et gl [124] have successhully prepared. an excitafion-mdependent
fluarophore, 1o, Bu doped sthylens dizmine cepped carbon nanodots
[Ru-CHNDEDA=]. which contams free electrons oo their surface To stody
their competenice i PET, MO is chermically engineered with Ru-CNDE-
DAz direetly and thraugh homoeysten thiolactone (HECTL) (Fu-CNDE-
DAHCTLz) in phyziological condition. Both Buwi{NDEDAs and Ru
CNDEDAHCT1= undergoes FET in pressnice of MO, however efficieney of
ET 15 greater with Ru-CNDEDAHCTL: rather than Ru:CNDEDA= a= foamd
from their flucrescence gquenching studizs using steady-state and
fime-reznlved techmgues. Moreover, formabhon of free radhieal 1onz, [Bax
CNDEDA:"™ "]/ [Far CNDEDAHCTL: '] and [MQ" ' ] i3 more In the HCTL
hinked syvstem as detected by LFP. The diztance betwesn eleciron donor
&nd scceptor motetics 15 Brsessed HNSINE enerey Mummised conformabon.
It 1= found that inter-redieal jon diztences 12 0.65 nm and 1.32 om sven
when 30 iz Hnked with Ruw'CNDEDAs and RuCNDEDAHCTL: respec-
ovely. The former does not favewur an efficent ET becsuse of
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predommance of back ET; however, the latter favours ET due to the
gresber mber-radies] 1on distanes more than 1.0 nm [125]. The resulis
alzo tally well with the observed MFE. In RirCNDEDAHCTL: — MO
svstem the inter-radicel ion zeparstion distance 1= enough to minmize J
and generste maviomrm spin fipping. In presencs of MF (~0.08T) the
ton formation mereaszes that slzo supports the ocowrence of FET m
inplet siates of the coresponding CDs. Here, the experimental B 1=
mmich higher than the caloulsted one mught be due to electron hopping
through conmzated T-electron cloud associzted with mitrogen atoms on
the RurCNDEDAHCTL: surface. The effect of MF on the transient ab-
sorphon spectra of R:CNDEDAHCTLs i the presence of MO 15 2hups-
dated m Fiz | 1. Simulsr observations sre obtained with = flvorescent
polymer-like material (pCD} where ruthenivm doped carbon dotz {CDs)
act a2 bmldmg blocks [125]. The expernmental resnlis sre further well
supparted by moleculer and computational modelling. The ngh energy
donor states and low energy aggresated statrs are formed due to the
overlap of molecnlar crbitals throughout the chemically switchable
E-network of CDs on polymenzabon

It has been already mentioned I the previous section that MO
preferably undergoe: ET and HAT with mucleobase adenine (ADN) or
mocleozide sdenozsine in polsr scctonitrile and SDE micellsr media
rezpectively. Recently, Behers et 2l [127] have reported that even when
both M =nd ADNM are confined wathin micellar mediizm they can un-
dergo ET mstesd of hydrogen shetraction in presenes of FeNP. However,
the incorporation of AuNP instead of FeNP within mmeslles enhances
bydrogen abstracton. LFP sssocisted wath MF [0.08 T) shows the
enhancement of transient abzoeption and lifetime of MG *-around 380
nm azwell az 520 nm snd MJH" around 420 nm i presence of FeNFP and
AuNP supporting PET and brdrogen abstraction betsveen MO and ADN
rezpectively within 5 % DS micellar media. Table 2 depicts the change
in lifetime of radicals at 350, 420 and 520 nm in sheenee and presence of
MF. The effect of MF on the transient shzorption spectra of MOQ-ADN,
“EMO-ADN and FSMO-ADN iz zhovm in Fiz. 12 0t iz hypothesized that
the eontradictory behawviour of FeNP and AuNP anszss due to the pref
erential sheorption of MO end ADN towards the respective mano-
particles. MO intexacts preferentialiv with FeNP through coyeen (527 0
atorm, therefore ADN donates mix lone pair of electrons on -NHz sponta-
neously to MO, On the contrary, insiead of MO, ADN prefers to be
aszociated with AuNP through itz -NH. (=0° N-atom) sroup [ 1257 which
reduces 1fs ahlity o donste electron enhaneing hyvdrogsn sheracton
ability: of WL

The incorporstion of (I, which is amonic m nsture, can slso modify
the resction pathwseve. Although the hydrogen shetraction ability of WD
within amonic 506 1= not hampered In presence of negatneely charged
CBz; however, Behera et al [125] have foumd out from their LFP and
MFE studizs that when cetionsc CTAB micellar mediom 1z used mst=ad of
D5, the formation of MD™ iz enhaneed in presence of CDs. A= the polar
bead groups on the surfser of CTAB micelles sre positively cherged they
can attract the nezabively charged CD= which lesds to boosting of ET
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between MY and CDs. The ET product radical MOQ™ shows a charae-
teristic signature peak st 360 nm slong with & small hump sround
470520 nm_ On the other hand, HAT result= mn formaton of & s=mm-
quinone MOH™ radical, which has sheorption at ~360 oo and & small
hump at ~410wn. The offect of MF on the tranzient ahzorption spectrs
of (T} in presence of M) in wster, 8DS and CTAE are depicted n Fig 13
Although both HAT and ET between (D amd M are plswmsble for CTAB
and 505 miceller mn shsence of MF, a more preferred ET 1z cbeerved for
CTAB, while an rnhancement of HAT m SD& 15 noted 1m0 the presence of
MP (Schems= 2

Some recent examples of MFE on the precursors of FET

Till now, we have been focussing om the work carmied out in our
Ishoratory over the lazt bwo and 2 half decades. Hoswever, many other
rezearch groups have been engaged in studying MFE since = long time. In
this section we will discuss some recent examples of MFE stadied by
other researchers.

Recently, Wakssa et al. have reported low held effect (LFE) on PET
reaction between benzophenone (BP) and 1 4-diszabicyvelo]2.2:2] oc-
tanes (DABCO} m an lome boud of NN N-tmethyl-N-propylammomom
bis{tnfluoromethane -sulfony] Jammde {TMPA TFSA). The co-cffcient of
vizcoaity of the ome hgmd iz vared from 39 P o 1935 oF slong with
variation m temperature. At a low MF (~2 mT) comparabie with the
hyperfine: conphng m DABCO caton, zo-cslled LFEs, whose =ffect 1=
opposite to the MFE caused by the hyperfine coupling mechamem, iz
obzerved on the yield of the benzophenone amon radicsl. The magm-
tude-of LFE 3= found to inoresce Hinesrly with merrease m the hfstimes of
the radiczl par while the MF for LFE maxmum 1z unaltered. However,
zimple degenerate model 15 not sufficent to explam thiz observabon
{1201,

Yamada snd co-workers have myvestigated the photoinduced intra-
malecular ET reaction and subsequent MFE in higand complex {FuP-Co )
a:s 8 gemu-mEpid inked svstem o two solventzs, viz, toluene and o-
dichlorobenzenes [131]. The transient abeorption spectra mdicates that
the mtramolecnlar ET reaction iz observed only i o-dichlorobenzens
The decay rate constants. (kg for the bwadicel 1z reduced sharply at
lgwer MF (< 0.06 T) and rapudly recovered at 0.08 T. The ki value 1=
observed to decresse graduslly shove 0.2 T. The MFE=z strongly mmply
the formation of the singlet-born biradical for BuP—Cgp. The dip in the
MFE st .06 T haz been atinhited to the 5T level crozamg mechamem.
The MFEz shove 0.2 T can be elucidated by 2 spm—repin relsxation
mechamsm dus o the snisotropic Zesman mberaction bemg related o
the exchange nterachon

Katiniz and co-workers have been workmg with MFE on exciplex-
formung syvstems simee = long tme [132]. In fact, they have mvesh-
gated the outeome of preferentis] zolvation in microheterogensous =ol-
vent ymxturez on the radical pair dypammcs of the system O
10-dmmethvianthracene (flucrophore} DMA by m=mg time-resohred

tal (sl e =
= RUENDERAL — * MGENDEEAR® - " CNEIRDAL
- , afaron
i MoCRDOA+ M A RustNDEEAs ¢ W0
1N Caan A T i
. - il IR CRrmas | - M NnEoAs | L |
[=] = = =3 L3
;Do i DR = :
o i ¥} N - ? ; . .
Ll *.:\,_\\H Lt poo IRUENBEDAS ] T & UM — ]
| F a
by | : ; 1 !
ki Sl e adie W CAREDAS wacr{ P
e YRR TR I

o dn W0 @0 7o 80 060
Vikvetenigthnim)

Magnetic fieldiT

Hg, 11. Trznsient sbeorption spectoa of {3} Ru:CNDEDAHCTL: in the presence of M() in absence {red line) and in presence (black ina) of MF (Inser Growth profiie
of the transjent of Ri:CNDEDAHCTLs =t 600 nm in abzence (biack Enej and in presence {red line} of MF (0.08 T in FBS buffer) (b} The difference of shzorbance
with variation of MF for Ro:CODEDABCTLs -MOQ (1.5 mM} sysem monitored at 400 pm. (e} Schematic repressntation of BinCNDEDAHCTLs ¥ and MOQ-— radieal
generafion (black vertical arronws reprezent the gpin correlation between the geminate free electons, either miplet (3) or smglet (1), [Adapted with permizsion from

Ref 7124 Copynght 2016 Amerncan Chernieal Soriety].
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Table 2

The lifetime of ranzient species {1 in pe) obizined at their respectve wavelengths has been calculated im the presence and abzence of a 1L08T MF. The parenthesiz
reprezents the amplimde of the wansiens obtained fom te Aming (equation-2). The experiments] emror in the above measnrements is less than 10 % [Reprinted with
permiz=ion from Ref [127]. Copyright 2020 Springer MNanore Limited].

A MO-ADN AERI-ATIN FEMADN

Tifzgmedc field (T o oos a o.os o L L 0 0.08

350 mm. T Li2 LEL &0} 1.75 {38} 107 (61) 111 {74} 246 F1] 143735} 2140473
T .40 307 0320 (62) oOT {38 0.0 £25) G40 230 0.3E (65) 032 33
L7 Li2 L&6B 1.50 20z oo 253 o7 1EB7

420 mom T L50 206 F2) 220 {550 256 (76) 310 7 5.5 (200 3.09 215 1)
T 0.54 (28} 0.08 {453 .20 020 (21} 015 B 1L79{490
=T 150 141 213 150 305 522 2.05 138

S350 = T 133 156 [28]) 123 {15} 3140200 177 (35) 183 {94}
T 056 [72) 0.30 {BEZ) 070 (B0 143 (65) 1.08. (63
L 133 183 17 188 11 178

(b) I(c)

0.034 ff}.

0.004

300 400 500 800 700 300 400 500 600 700 300 400 500 60O 700
Wavelength (nm) Wavelangth (nm) Wavelength (nm)
Fig, 12, Tramsient shsorption spectra of (33 MQADN, (bF **MQ-ADN and, (3 FMO-ADN rezpectively gensrated between the pump and probe pulze delay from 0.5

4.0 pz ome delay after the lazer flash in the abeence of ME and their respectve specourn in the prezence of MF iz shown in {d}, {2); {f). [Reprnted with permizsion
from Ref [127]. Copyright 2020 Springer Namire Limited].

MFE {TR-MFE] meazurements, wheren the exciples emission 15 noted number of ressarchers, especially because ervptochrome, a blue-hight
the -zbzence and the presenee of an externsl MF using ime-correlated photereceptor - protein, plavs & pivotsl role in animsl mazneto-
smgle photon countmg [133]. It 2= found that mm microheteroseneons receptiom [134-136]. Cryptochromes lerys} ave thought to govern avian
environments, the MFE of the exciplex emizsion ocours:on & faster fimne magnetoreception., whoch help the rmeratory birds to detect the divec-
seale compared to that in izo-disleciric hamogensous solvent=. TR-MFE tiom of Earth’s magnetic ficld for the porpose of navigation. Trvs contsin
studies: show that the quenching resction divectly vielding the radweal & non-covalently boamd Havin sd=mine dinuclectids (FAD) cofactor and
1om palr 1= prefemred m o microheterogeneous environments. The MFE = Trp tnad which functions az.an ET chamm Upon bloe-light activabon,
periinent to this study 15 5 consequence of the radics] peir mechanizme PET between the FAD cofactor and Trp residves leads to the formation of
Of 1ate they have synthesized a bndged intramolecular exeiplex svstem & smn-correlated radical pair, which iz sensibise to externs]l MP. Tommel
where the radicals cannot separate freely and mieresting MFE 1= ex- and co-workers have developed @ novel detectiom zchemne for imvest-
peeted to be observed [0 Such 2 mew elass of exciplex-forming gating MFE: in flavin-based svstems [137]. This techmigues enshles
donor—accepior systems 1= Oompethyvlanthracens  (MAng}— detecnon of MPE for sample=s contmining favins and crvptochromes i
{CH:i—0—-CH;~CHy-DMA, which feature chain-bnked MAnt and nanomzolar range. Thiz method involves monitoring MP-dependent
DMA fern = 6, 8, 10 and 16. The chamn length and solvent polanty chemzez mn the prompt fluorezcence of a contimuously  photoexoted
dependenee of the MFEs 1z explored 1n homogrnous binsry solvent svetem, which iz-zhown to reflect the magnetosensitvity of the radical
mixtares of propyl acetate =nd botyromitrile with varying dielectric pair and Timmel =t al have apphed this detecton method to messure
conisiantz m the range from & to 24.7 (a3t 205 ¥; f = (.58 cP). MFE: are MFE m crvptochrome. Hore and coswworkers have designed 8 seriez of
explained m terms of the hyperfine and 5/ T4+ level crossing mechanizms, maodel proteins called mequettes; which contsin a single Trp residoe &t
m which the MP affects the 5T converzion within the RIP by altering different distences from = covalently bound Havin [138,130]_ It iz found
the snerey gap of singlet and taplet states. 15 observed thst the MFPE= that thess maquettes exhibet a strone MFE. Thiz work has been done with
merease with inereaszing cham length. MFE 1z mutially found to morsase the miention to understand the biophysical properbies required of 2
with mereasing polanty of the solvent, reaches a8 maomum st £ = 25, protein-bassd magnetoreceptor. The same group of resesrchers has
and finally decreases for larper solvent polanty. observed MFE on PET reactions in purified eryptochrome from

MFE on flsvin-bassd radical pair svstem is-of grest Imberest tos Drosophilo melanogester. An smalsgamston of transient absorption and
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Flg. 13. The de-convolution graph of the TA specoa of CDz in the presence of MO (1 mb) in {3, d) water, (b, €] 5D5, and {c. £} CTAB respectively withour {upper
pansi-a b, ¢l and with MF Qower panel- 4, & 1), The convoluted spectrmm of three mdependent Gaussian fimrbons iz represented in cvan, magena, and dark vellow
ralors. [Adaptad with permission from Ref [129] Copyrght 2021 Amsriean Chemies] Socisty].
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Scheme 2, Probable mechanistic charge mansfer pathways and MFE involving MQ) and CD in 505 and CTAB micelles. [Aﬂapmdtﬁlilpeunissiimfmmﬂe{ [129]

Copyright 2021 American Chemiral Society].

broadband cavity—enhanced abserption spectroscopy have been uzed to
explore MFE 1n thiz czse and the msgnebe senmitivity of Drosopinla
crsptochrome are Interpreted in terms of the radical pair méchanizm
[140]. Although mellitesla MFE on punfied Drosophla cryptochromes has
been obesrved m vitro, the msgnetic sensiitvity of ‘3 protein iz -not 2

rufficient evidencs for magneiic senzimg 1 the whole organism In fact,
very recently Hore #tal have earmied out test of 108,609 Drosophila
from different ztrains over a fime period of six vesrs and after an
extensive statisteal anslvees they have concluded that Drosophila hess no
preference for or sgainst: s MF and Drosophilo negative geotzoos 35 not
affected by external MF [142 ] It iz alzo found that CRY4 from the might
Tuigratory Europesn robin appears to be fit for purpose as 2 magnetc
senzor, and that i 15 more magnetically sensiinve than CRY4 brom the

4

non-nugratcry pigeon and chicken under zame condions mrvitra 142
In fart. B, - values for Cry4s protemn from migratory Eoropean ruhu:l,
pigeon and chicken have been megsured {1431, By o 1z found to be larger
than expected on the bazsiz of hyperfine interachons snd 1t nereasez with
the delay between. pump and probe laser pulzes. Semiclasseal zpm dy-
namies simulstons indieste that this behavior can be explained by
zmglet-triplet dephasme relsxshon mechanizm

Conclusion
If = weak MF can alter the reaction channels for 5 and T zpin states of

& zystem then MFE on the product distibubion iz likely to take place
Although the miterachon of a very low MF {<° 1 mT} wath an electron
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zpin 15 lezs then a mollionth of the therms! energy at room temperatre
{ksT), 1t st2ll can heve an appreciable effect on the guantum sields of
radical pair reachons. In thiz review artcle we have forssed on MFE
due to hyperfine coupling mechamsm as this mechsnism 13 operative at
lowe field, which iz relevant to the exsmples disevssed. Here, we have
moefly revisited our earher woorks related oo MFE on PETanvolving small
orgamic molecules m vanoons homogeneous and mocellar sobrent
matnices, protem pocket. DNA and nenomatenials In order to brosden
the zcope othe review we have briefly descrbed some contemporsry
examples of MFE reported by other research groups. We have msde sn
attempt to zhowesse the unhzabon of varnous sspectz MFE [Biz
paremeter, itz capability to anthenticate the mihisl spin state and dis-
tznee dependence property) to decipher PET. We hope that fohwe work
will mwvolve MFE on PET m relsbvely more complex molecular and
byvbrid maolecule nano-parocle systems and emphasis 15 laid oo more
appliczHon-oriented areas.
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Electromagnetic Shielding: Effect of Ni and Li substitution
in Co substituted Zn-ferrite

Madhumita Dalal®
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q’Carre.spaﬂd'mg authar: dalal madhumita@ email.com

Abstract

Ferntes are the most commonly known mametc materisls while multi-walled carbon nanotubes (MWCNTz) are Inmown
for zupenior conducting capability. Nanoparticles of fermtes mtegrated m MWCNTs exhibit excellent elecromagnetic
(EM) wave abzorphion efficiency. Main mechanizem mvolved here i3 the matchne between magnetic and diglectric losz.
A thm laver of Ni-Zn-Co fermte WMWCNT nenocompeosite of thickness ~ | mm can absorb ~ 99.4 % (=22 dB) of the
meident EM wave at a frequency of 13.24 GHz while Li-Zn-Co fermte MWIONT nanocomposites exhibatz 99.1 %o (—2003
dB) abzorption of meident EM wave at 13.27 GHz. These femite MWCENT nanocomposites could be hnghly beneficial for
shielding barminl EM waves at high frequencies.

INTRODUCTION

We are living 10 a world where smart phone became an inescapable gadget In earlier years of invention it was
mainly nsed for communication But, now a day it serves multitude of ntilities which ineludes education. bosimess,
entertanment. bill pavment different kinds of online bockings and many more important works. Before pandemic
zome of nz were aware of various harmnl effacts of vsing smart phone and fried to avoid excessive nze of it. But in
the pandemic situation everything poez online and we started spending most of the hours on :mart phone. Wow we
became habituated in attending online meetings. seminars, conferences, workshop: oa our amart phone. Even we are
consulting our doctorz through andio-visuval conversation on zmart phone. Studentz are now spending hour after
hours on smart phone as it became a3 teaching-learning gadget in the pandemic situation. Extencive use of smart
phone badly affects ones mental health Not omly that, smart phone comtimuously emit: electromagnetic {(EM)
radiation which has worse impact on our physical health. Frequent use of smart phone may lead to the harmful
effects on biclogical systems like, structural rearrangement of protein due to non-thermal mucrowave (MW effects,
increaze in heart-beat rate, indecing deoxyribo mucleic acid (DNA) strand breaks. weakening of immune responses
and the possibility of cancer. EM radiation from smart phone and cell tower not only affects human beings bot
alsoaffects the birds, anivhals, plant and environment These problems caused by electromagnetic interference
{EMI) may be eliminated by MW absorbers having the capability of absorbing nnwanted EM signals: Thus, efficient
MW zhielding materislz are very much demanding in prezent situation to rédoce the MW hazards significantly. In
this regard the composite state of magnetic nanoparticles and multi wall carbon nanotbes (MWENTz) are highly
suitable for MW zbzorption. MW absorption efficienciez of two potential candidatez namely, Wi-Zn-Co ferrite and
Li-Zn-Co ferrtte in MWCNT matnix iz discossed in this arficle:

SAMPLE PREPARATION AND CHARACTERIZATION TECHNIQUES

WNanoparticles of Wig:FnpCopFe;0s are prepared by co-precipitation method nsing WiCL*6H;0., ZnCl.
CoCly»6H:0 and FeCls 8 precurzor materialz. The chloride zdlfz are taken in a ratic of 0.3:0.4:03:2 and dizsolved
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in deionized water by oltrasonication Sodium hydroxide (NaOH) solution is added drop wize to the homogenecuns
zalt solution while ultrazonication 1z maintamed and continned for farfher two hours. The precipitate is filtered and
washed several times to nentralize pH and also to remove unwanted ions. Finally the product is dried. powdered and
annealed at 800 *C. The nanoparticles (designated as NZCT) prepared in this way are integrated in MWCNT matrix
in & ratic of 9:1 by means of ultrazonication where xvlene iz used as mediator. The powdered prodoct is designated
az NEZCFMWCENT.

Nanoparticles of Lip;Zng;CopiFerz0: are prepared by sol-gel method uwsing LiNQj3; Za(NO;h=sH:0,
Co(NO1)*6H,0 and Fe{NO;):*9H,0 as precursor materials. The nitrate salts are taken in a ratic of 0.3:0.3:0.1:2.3
and diszolved in deionized water by magnetic stirring. Equimolar citric acid 18 dissolved in deionized water
separately and the agueons citric acid solution 13 added drop wise to the agueous nitrates solution under magnetic
stirring. As soon a3 a gel is formed it is shifted to an oven at 200 °C. Finally the product is powdered and annealed at
300 “C. The nanoparticles (designated as LZCF) prepared in thiz way are mtegrated in MWCNT matrix in the
previons manner and dezignated as LZCEAWICNT.

X-ray diffraction (XRD) patterns of the samples are recorded by means of 2 powder X-ray diffractometer, Model
BRUEER Df Advance with da Vinchi, using Co Ko radiation (3=15405). High resolution transmission £lsactron
microscopy (HRTEM) micrographs are recorded vsing JEOL JEM 2100 HETEM operating at 200 EV. Scanning
electron microscopy (SEM) micropraph is recorded using ZEISS SUPRA40 field emiszion gun SEM. Scattering
parameters, 511 and 521, of the EM waves in X- and K bands of microwave region were measured psitg an
Agilent ES3638 vector network analyzer.

RESULTS AND DISCUSSION

XRD pattern (Fig. la) confirms pure phasze formation of NZCF nanoparticles with an average crystallite size,
“doye™ of ~ 17 nm [1]. A pure cubic Fd3m phase (Fig. Ib) is confirmed in LZCF nanoparticles also with Loy ~
19 nm [2]. Absence of any extra peak rules out the formation of impuritiez in the prepared samplez. The XED
patterns are fitted using Rietveld method and several structural parameters are derived from fitting The lathice
parameters obtained from the fitting for the two samples are § 382 and 8370 A_ respectively. Both the samples may
be considered not to have any kind of defects as the r.m s lattice strains derived for the two samples are very small
which are about 2.37 * 107 and 0.16 = 107, respectively.
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FIGURE 1. MAUD fitted XRD patterns of (2} NZCF and (b) LEZCT nanoparticles

HETEM micrographs are shown in Fig. 2z and b which shows that nancparticles are mamly sphencal m nature: The size of s
particle as zeen in the micrograph 1ssbout 16 mm for the WZCF sample and sboat 11 nm for the T ZCF sample The parbicles sizes
are very closete the average crystallite dimensions obtained fom Fistveld anslyziz This fact supgpests that the nanoparticles
gppeared i the micregraphs are nothing but the manccrystallites of the zamples. The SEM mucrograph of the szample
LECEMWCNT iz displaved in Fig. 2. The nanoparticle: are well mtegrated m the MWCNT matrix. Though onby 10 %
MWCNT: are faken but shll MWCNT: are filling almost the entire micrograph becanse MWCNTs are very light compared to
fernite nanoparticles. Az could be seen from the SEM micropraph. the fermte nanoparticles are mostly agglomerated which 1z a
signature of strong magnetic mteraction ameng the fernte nanoparticles.

B; profile of the namocomposttes 1z displaved in Fig. 3a. The valoe of R; for | mm thick layer of

NEICEMWCNT 1z — 22 dB at 1524 (GHz, which correzponds to 994 % abzorption of mcident MW, While, the
valpe of By for 1 mm thick layer of LZCFMWCENT iz — 205 dB at 1527 GHz which comesponds to 901 2%
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abzorption. Obviously, NZCE/MWCNT exhibits greater shielding effect. Now, it is inteaded to explain the origin of
MW abzorption in ferrite MWENT nanocomposites zo that the shielding effect could be improved forther

FIGURE 2. HRTEM micrographz of (a) WZCF and (b) LZCF nanoparticles; (¢} SEM micrograph of LZCFAMWENT
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FIGURE 1. {z) Reflection lose profile of two nanocomposites in the frequency rangef — 1§ GHz. (b} Eddy current coefficient of
NEZCEMWCNT plotted as a function of frequency

MW abszorption by a composite material 15 a combined effect of two kinds of loss phenomena, namely dielectric
loss and magnetic loss. Reflection loss (Ro) 43 a measure of MW absorption and R: of an absorbing layer of the
nanocomposite terminated by a conductor 12 expreszed by the formnia [3]:

R;(dB) = 20logyp|{2;y —1)/(2:n + 1) (1)
where, Z,, |[:-tau.h (vt (2

Here.y =a +jf —1{21_,1",1’::'}1.";:,&, e £ —&", o and £ are attenuation constant and phase
constant: respectively, 715 the fequency of the MW, ¢ iz the speed of light in free space, uy is the complex
permeability. &, 1z the complex permittivity, Z;, is the m:rrma]iz&d mput impedance at the absorbent surface and 1 is
the thickness of the layer {1 mm). When MW falls on the surface of an absorbing laver, it iz partially tranzmitted and
partially reflected. The partially transmitted wave is reflected for the second time upon itncidence on the surface of
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the conductive plate, thereby peneratine multiple internal reflections. These internal reflections produce mmltiple
waves that emerge flom fthe abzorber snrface at 180° out of phaze. At the matching frequency and matching
thickness the condition becomes 2o that the sum of the emerging waves cancel out the reflected EM wave at the air-
interface on the surface of the abzorbing laver and thus zero reflection ocenrs. Z;, 131 at zero reflection and denctes
the condition for maximum absorption. Thiz can be achieved when the condition |g-| = |g7| 12 satizfied. Henee, to
get maximum sbzorption, perfect matching between magnetic and dielectric loszes iz the eszsential criterion Im case
of ferrite WMIWCNT: nanocomposites, the magnetic loss arizes from ferrites and dielectric loss-arizez from the
WMWCNTs.

When ferrite NWCNT: nanocomposites are fradiated by MW, magnetic flux 12 flipped by the external field.
The flux change produces a current which flows throvph the conducting path of MW CNTz: According to Lenz’s law
this-current opposes ifs capse Le the change i flux density. Thus a strong loss of mcident MWz anses in
ferrite MW CNT s nanocomposites. As both the fecrites are incorporated in MWCNT matrix, so the contribution from
MWOCNT could be considered same for both the nanocompossies. However, <dq> of NZCF 15 smaller than that of
LZCF, so incorporation would be better for NZCF nanoparticles. Thus more number of interfaces will be formied in
NZCEMWCNT nanocomposite which will act as space charge polanzafion sites and this will lead to a preater
dielectric lozs in NZCF MWCNT nanocomposite.

On the gther hand, the major contributing terms in magnetic lo3s are domain wall motion, Eddy current loss,
natural and exchange rezonances. In multi domain nanoparticles pinning sifes present at grain boundaries. prevent
domain wall motion and extra energy iz reguired to keep domain walls moving acrosz the grain boundaries which
capses magnetic loss in multi domain nanoparticles. The single domain critical sizes for NZCF and LZCE are ~ 42
and 23 nm_respectively [1-2]. So: the nancparticles conzidered here (17 and 19 om_respectively) are mainly sinsle
domain, though a fraction of particles may be multi-domain because the size of nanoparticles couldn’t be uniform
and in single domain nancparticles, magnetic loss is due to superparamagnetic (SPM) relaxation. However. domain
loss contribution 15 significant only in MHz freguency range. The Eddy current lozs depends on the condvctivity of
the composite and itz thickness. In ferrites magnetic loss arizing from Eddy corrent loss can be ignored becapse
ferrites have high resistivity. Again if magnetic lozs anse: only from Eddy cument loss, then the Eddy corrent
coefficient i (u 7> f~ should remain constant with the frequency variation becanse the Eddy current effect can be
expressed by the equation [4]:

u" s 2mpg(u)lot’f /3 (3)
where, u; i the permeability of free space and ¢ iz the conductivity. But from Fig 3b, 1t 1= seen that Fddy current
coefficiant varies with frequency in the considered range. Thus at MW frequencies. natural and exchange resonances
also contribute significantly-in the magnetic loss.

CONCLUSION

In this report. ferrite \TWCNT nanocompozites are revealed as an effective MW shielding material over a wide
range of frequency. It 1z seen that with a proper choice of the magnetic nanoparticles, — 90.4 % ahsorption of the
incident MW i possible at a very high frequency (~ 15 24 GHz) m K-band. Mechanizm behind the MW absorption
of zuch nanccomposite: iz explained in detail with the finding that Wi substitution tn Co substituted Zn ferrite iz
more effective for MW shielding purpoze. Also, the technigues followed to prepare the nanoparticles and az well as
the nanoparticlesWMWCNT compositer are very simple and cost effective. So theze nanocompeosites could be
prepared in large scale and in near future. these nanocomposites will surely protect us from EM hazards:
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Anomalous Electrical Resistivity Behaviourin Co-Ga Near
Magnetic Instability
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Abztract.The temperatare varztion of elecirical resistivity, p(T) measurements of Co,Gay fx = 30, 34, 57 and
600alloyvshas beencamied out between 2-300 K. The compositions x = 30-37 show ancmalouzbehaviourcommenly not
associatednaththe crystallinemtermetsllic compounds. The of T} curve of the weaklymagnehicequiatomic composition
resemblezsemiconductor-like nature, winle a Kondp-like featmre iz near percolations threshold The magnefic field
dependent 5(T) indicates the prezerce of strong spin-disorder scattermeor epin fuctustions which iz aleo Tesponsible for
kigh residual reststivity.The ferromapnetic compesition {x =60) shows conventionzl Fenmi liguid behaviour. Band
-structure caleolshonson thezecompositionscorroboratewellwithexpenmentalresultsprezentedhere.

INTRODUCTION

In pon-crystalline material, extended electromic statez close to the Fermi energy, Ef can become partially
localized if E- happens to fall near a pseudo-gap or deep minimum in density of states {(DOS). In such sitmations one
can observe a high resistivity () with temperature dependence similar to that of tunnelling or hoppins conducticn
and these processes are not limited to noa-crystalline materials. In recent past there has been considerable interest in
the electronde properties ofsuch materials due to theiranomalous but vsefil mapnetic and electric propertiesfl,
2].Thiz prompted w= to iovestizate the electrical transport behaviowr of CopGapp.alloys nezr eguiatomic
composition {x =30). The B2 phasze in CoyFay., allovspersists over awideCo concentration range (44 at%% to 63
at % of Co). The antisitedefactzare responsible for the existence of magnetic moments in off-stoichiometricallovsfor
Co concentration more than30 at % [3]. Theband stroctore calculation on equiatomic Co-Ga revealed the presence
of deep pseudo-gap in the density of states near Fermi energyv4]. Although earlier authors observed anomaliesin the
temperatore variation of resistivity [4,5].1t i2 not clear whether such anomalies-are due to the variations in the DOS
or prezence of magnetic defects. On the other hand the magnetic long orderedstateevolves through mtermediate
cluster spm glass state [3, 6, 7]. We believe that the local inhomogeneities might be extremely impertant to
vpnderstand the resistivity behaviour of these alloys. Therefore, from the mapgnetic phase diagram we purposefilly
zelected three compositions: x =30, 54 and 60of Co/Gajpeaving different magnetic states (paramagnetic, closter
apin glas: and ferromapnstic) and x = 57, close to percolation threshold composition to camry out the temperature
dependent resistivity to varavel the guesticns on the transport anomalies Further. elementary DOS calculations on
equatomic and nearby compozitions weres performed to support the analysiz of the experimental data.

EXPERIMENTAL

The CofGapey (x = 30, 34, 57 and 60) alloyswerepreparedfrom high purityvelements Co(99.99%) and Ga(92.999%)
by arc-meltingunder argon atmosphere. As preparedingotsweresealed in evacuated quartz ampuoles and annelaed at
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ABSTRACT:

The major changes in Mughal India was migration. These moves
were organised to take advantage of more plentiful
employment opportunities. The immigrants to india brought
their families and their traditions with them. Iranian and Turani
immigrants settled in various parts of the Mughal Empire after
coming to India. Their manner of life, social customs, and values
were influenced by Indian society's traditions and customs,
They made a substantial contribution to the growth of Indo-
Mughal civilization and were absorbed into Indian culture. They
significantly influenced the architecture, music, literature,
painting, and other arts of Mughal India. In this article, social
developments of Mughal India with spedal reference to
maobiiity problems has been discussed.

Keywords: Social, Developments, Mughal, Mobility, Problems,
India.

INTRODUCTION:

Persia and Central Asia are the ancestral homes of Iranians and
Turks, Their culture was different from Indian culture in terms of
language and sociopolitical practises, But after they arrived in
India, Indian culture had an impact on them, which was vicible in a
variety of aspects of their social life; including food, clothes, caurt
ceremanies, jewellery, etc

SOCIAL MINGLINGINGS OF THE MIGRANTS (IRANIS AND
TURANIS) AND LOCAL INHABITANTS:
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The Rohingya crisis s one ofthe most important 1sswes in current intermatonol politics. The tmpact of this
long-standing ethric problem in Myanmar has not only affected Myanmar's internal politics, but also the
politics of South and South East Asia. The Rohingya refugee crisis 15 one example of how homific
xenophobic permsecution can be when it is govemment-sponsored. Hundreds of thousands of mpocent
Rohingyas have been displaced from their homeland and mken refuge in Bangladesh, India, Indonesin etc in
Scouth and South - Enst Asian countries amid the conflict between the Rohingya extremist organizations and
the radical notionakist Burmese people and the Myanmar army and forced to Bve m extreme poverty,
starvation, malnutrtion and unhealthy environment. As a result, the Rohingya problem has transformed from
an mternal problem of Myanmar to an intemantonal problem and continues to influence the politics, society,
culture and economy of South and Souatheast Asinn comtries,

index word: Rohingya, Myanmar, Rakhine, Bangladesh, India, Indonesia, Malaysia United Nations.

The Rohmngya are o minonty group in Myanmar. Hasically, they ive m Rakhine (North Arskan)
province on the eastem border of Myanmar, Most of the Rohingyas are Muslims, but some are Hindus, The
Rohimgyas are Hengali speaking and the Hengali language of Chittagong is similar to them. According to
linguists, the word Rohingya comes from the word *Rabm' (Rahamat). The Burmese complain that they ane
pot residents of Myanmar, but illegal immigmnis from Bangladesh, However, if we review the history, it can
be seen that the Rohingyas arnved in the 8th century AD. Al this time, Amkan was one of the centres of the
hoge international tmde that ok place in the Bay of Benpal sheltering Bengal, Due 1o this sea trade, Arab
Mushm tmders armved in Amkan and under therr miluence, o part of the local people converted 1o Islam
This population of Amb ongin preferred (o live i the suburbs of Mk U ond Kayukia near Chitingong in
Bengal.

In the fifleenth century, many Muslims from the Mughal Empire mfiltmied Rokhine. At this time,
King Nars Mekhaly, an ally of the Mughals, encourged immugration by employing Bengalis in vanous jobs.
Nurmekhla converted to lslam and ruled the state in Islamic style. The number of Bengalis m the Amkan
royal court comtinued o inerease and the area of Bengali settlements expanded. This trend increased during
the reign of Emperor Aumngeeb, On the onders of the emperor, Subedar Shaists Khan of Bengul defeanted the
Amkmnese und annexed the Moghal Empire in North Amkan. And encoumged Muslims 1o settle in these
newly conguened temitones. Later, the Buddhist dynssty took over the ruling power of Amkan, but kept the
Mughal govermance structure intact, As o resull, Bengal settlements continued to spread in Arban 2But the
sitiation chonged when the Burmese occupied Arakan i | 785 From this time. when the Buddhist Burmese
attempted Lo liberate the Muslims in Amban, conflict began, About 35,000 displaced Rohingyas have been
forced 1o take shelter i British India due to this conflier,

In | K26, the Brtish occupied Arakan through the First Anglo-Burmese War. The British govemment
encouraged the settlement of Bengali farmerns in the newly conguered arcas with the sim of expanding
agriculture, As o vesull, the number of Mislims i Amkan mereased According to the census of 1891, the

number of Muslims in Amkon was 58,255, which increased to | 75,647 in 19 ] ,'@

The settlement of Targe numbers of peasants from Brtsh India provoked strong reactions among Buddhists
in Rukhine and sowed the seads of ethnie tension. 4 Although migrition is a problem throughour Myanmar,
the problem is most pronounced in Rokhine. In 1939, the British government fommed a commission led by

[ l;m}




o and sachal Stlenoe

;"Hi “1ls

NT AN

, AND 1 it

BENGAp | EALTW. N e o
: 'EST-

" AINABLE DE
i"'“l"“' BLE DEVELOp My

|I I.“giﬁ“"“ Professor, l‘h:mm:'“' 500Ny MATH
wchuna, Hooaklv ent ol E e ;
oghly, The L]Iﬁ"“‘fﬁi:;:mrrn' By Har
of Burdwan, w
« W

L—"'hl- ﬁr"h“ 17111} 11T (L LRI I,“'nr“
I. £ -
ri -

WY .'v'l.u‘.u.-.vuly Ay
; SLLIE |
U Benpa, Indii

#.,4,-,.;;1-,!;- D"—'t‘-'ﬂlTPm-:nf‘- a relevant tem §
110 nol only with the in 1““3"
o Present but als Ew
I : al
a0 of the country cannot be neglected ﬂ:ﬂ the futiire gencration, O
: ..d,;n-uiupmem along with food, educati Overlooked und as such con b '-1:;:”1“ hand healih” of e
i von-and standard ; an be thought of neac
of Hyvimg winErpie

ol Thin g
uspeut ung is '
sies of developms
PrRC

ling ui:'npusr health facilities and medical ass)

(s en or State. . S5EEn e ' .

__I-: ; ! fﬂmd when more than half B 1.’:1::. peaple is a prionity for any gove
Her of chronic disenses and il : alf of the population are poverty-ridd Y govemiment

¥ Ty ness for whic ‘erty-ridden and vitlnerabl
mes a grave matter of N the burden of medics b

concern % ical ENPENSES hec -

e or country so Health along \'-'iu:i;:j the government. For sustainable dl:tclepm:r Ef“: t:"-:ﬁ‘_-'-l_"é'“:-

equate food, appropriste edueition and pl..:'l'luum\-fl:ft::‘;::i

, hecome S0 important.

object of my paper is to see a ector inth of Subtainable
, see the prospeets and ehallengesi g

: { : ENOES N H'..‘-'-'-hh 5 =g 'S

elopment with special reference to West Bengal. S A

a very relevant term in Today's warld. Tius aspect and issues of
ith the present but also the future generition. On the other hand
cted or overlooked and as such can be thought of

d standard of living.

§TRODUCTION

gstainable Development-
ﬂclnpmcnt is concerned nat only w
fealth” of the people of the country cannol be negle
4 counterpart with development slong with food, education an

HEALTH
rance to the people is a prionty for any Central ot State
\nerable o a numbet

NABLE DEVELOPMENT AND
erty-ridden and vu
hearable 1

d medical assis

GUSTAI
lyan half of the population are pov

viding health facilitics an

fro
[_rov:mmem. And when more
of chronic diseases and iliness: for which the burden of medical expenses become un
er of concern for the government. Thus for Sustainable Development of a sia!
ducation has become so much important.

hecomes & grave matl
or country health along with adequate food and proper ¢

4 10 as the idea that human beings should sustain tyy meed

that the future generation
here living conditions
the integrity and 8

s are able to meet their basic ne
sed 1o conti
stem, Sustal

evelopment is referre
le also making sure
a state of gociely W
out yndermining

Now Qustainable D
fheir basic needs, whi

The desired result 18
yman needs with

and resources arc

ility of the patural sy

| meeth

uly - December 2023

Vol 84, No.2 (3,4
Group )

(UGC-CARE List




