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Number of Some Standard Graphs

ShekinahHenry B.
Department of Mathematics, Holy Cross College (Autonomous), Nagercoil - 629 004
Affiliated to Manonmaniam Sundaranar University, Tirunelveli - 627 012

ABSTRACT
This paper explores the signed product domination number and signed total product
domination number of various standard graphs. The paper provides explicit computations
and proofs for these domination numbers across different graph classes including paths,
cycles, complete graphs, and bipartite graphs.
Keywords: Signed Product Domination Number, Signed Total Product Domination
Number

1. Introduction

Graph theory is a vital branch in combinatorial mathematics, offering critical insights
into the structural properties of networks, paths, and cycles. Domination in graphs,
particularly through signed and product functions, has emerged as a significant area of study
due to its applications in network theory, optimization, and algorithm design. This paper
focuses on two specialized domination parameters: the signed product domination number
¥s+(G) and the signed total product domination number y+(G). By a graph we mean a
finite, undirected, connected graph without loops or multiple edges. Terms not defined here
are used in the sense of [1].
Dunbar introduced the concept of signed dominating function. Let G = (V, E) be a graph. A
function f:V(G) - {—1,1} is a signed dominating function if f(N[v]) = ¥ enpvf(u) = 1 for
all veV(G). For a real valued function f the weight of f is w(f) = Yev f(v) [2]. The
minimum weight w(f) = f(V(G)) = Yxev(c) f(x) taken over all signed dominating functions
is the signed domination number of G. It is denoted by y, (G). A function f:V(G) - {—1,1}
is a signed total dominating function if f((V)) = Xyene) f(w) = 1 for all v e V(G) [3]. The
minimum weight w(f) = f(V(G)) = Xxev(c) f(x) taken over all signed total dominating
functions is the signed domination number of G. It is denoted by y,; (G). Signed domination

number of complete multipartite graph and some standard graphs are found in [4, 5]. In this
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paper signed product dominating function and signed total product dominating function are
introduced. Also signed product domination number and signed total product domination
number of paths, cycle, complete and bipartite graphs are found.

2. Main Results

Definition 2.1. Let G = (V,E) be a graph. A function f: V(G) = {-1,1}is a
signed product dominating function if f is a signed dominating function and
[If(NWD = [Muenp) f(w) = 1for all v € V (G).

Definition 2.2. The minimum weight w(f) = f(V(G)) = Zxev(c) f (x) taken over
all signed product dominating functions is the signed product domination number of G.
It is denoted by y¢(G).

Definition 2.3. Let G = (V,E) be a graph. A function f: V (G) —» {-1,1}isa
signed total product dominating function if f is a signed total dominating function and
[Tf(N®)) = Muenwy f(w) = 1for all v € V (6.

Definition 2.4. The minimum weight w(f) = f(V(G)) = Xxev(s) f (x) taken over
all signed total product dominating functions is the signed total product domi- nation
number of G. It is denoted by y 54y (G).

Theorem 2.5. For a path P,y (P,) = n.

Proof. Let f: V (P,) — {—1,1} be a signed product dominating function.
Then f (v) = +1Vv € V (P,) otherwise [[ ey f(w) = —1for some v € V (Py,).
Hence ys(P,) = n.

Theorem 2.6. For a cycle Cy, ys+(Cp) = n.

Proof. Let f: V(C,,) — {—1,1}be asigned product dominating function.
Then f (v) = +1Vv € V (C,) otherwise [[ ey f(w) = —1for some v €V (Cy,),

since every vertex of C,, has degree 2.
Hence y¢(C,) = n.
Theorem 2.7. Let G be a complete graph. Then the signed product domination

number of G is

. . n—1

((1if nis odd and —— even
. . n

2if nis even and S~ 1 even

Vs (G) = 1 _
’ 3if nis odd and nTl odd

\ 4 if nis even and g—lodd

Proof. Let f: V(G) —» {—1,1} be a signed product dominating function
withw(f ) = y¢(G). Then
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Yvenp) f(V) 2 1 and [lyenp) f(v) = 1.
Let A={veV(G)|f(v) =1}, B={v eV (G)|f(v) = —1}. Since G is a complete
graph, Ypenp) f(V) = fF (V) = w(f).
Al —|B] =1
|A] =1+ |B]
|Al + |B] =n
This impliesthatn — |[B| = 1 + |B|

|B|<n_1
S—

- —1 .
Case 1: n is odd and nT is even

Since nT_l iseven, [Tyenpg f(v) =1if |B| = ”T_l

n+1 n

Hence (f)———%=1.

Case 2: n is odd and nT_l is odd.

SincenT_1 is odd and |B| SnT_l NN venpg f(v) = —1i0f |B] :”T—l
Hence |[B| =22t —1 =222

2 2
This implies w(f)—n—+3—n—_3=3

2

Case 3: n even and E — 1 is even.
—1
We have |B| < ™—.
- - —1 . -
Also, since n is even nT Is not an integer.

Hence |B| < lnT_lJ =§— 1.

n

Now if [B] = = — 1,then [[yenpgf(v) =1

n+2 n—2

Thu51v(f)—-————“j;—=:2.

Case 4: n even and %— 1 is odd.

- - —1 . -
Since n Is even n_ IS not an Integer.

Hence |B| < ln—lj 1.
Now if [B] = n/2 — 1, then [[yenpg f(v) = —1
Thus w(f) _ﬂ—"—‘z= 2.

2

which implies that f is not a signed product dominating function.

Thus |B|=§—1—1="T‘4.
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Therefore w(f) = "TM— nT_‘L =4

Theorem 2.8. For a complete bipartite graph K, ,,p < q,vs (Kpq) = p + 4.
Proof. Let V; and V; be the partite sets with Vi={v,; |1 < j < p},Vo={v,;
|11 <) < q}

Let f be a signed product dominating function with minimum weight.

Then f [N [vi]] = £ (v))+ FIV/Vil= 1i = 1,1 <j < p,

i =21<j<qand
nf(N[vi,j]) = nui,jEN[vi,j]f(ui'j) = f (vy;) X nf v/ vil= 1,

i=121<j<p<q.

Thus, iff (vi'j) = _1, then Hf [V/ Vl] = —1.
Also, if f (v;;) = 1,then[[f [V/ V] = 1.
LetA = {v e VK, )If W) = 1}, B = {v € VK, )If (v) = —1}

Claim: Either v; € B orv;; ¢ B for all v;; € V;.
Suppose V; is not contained in B.
Then there is a vertex v; ; € V;such that f (v, ;) = 1
Thus[If[V/Vi]=1
Assume that v; ; € B for some v; ; € V;, then f (v;;) = —1.
[ [flveh = Fap < | [rviva=—1,
This implies f is not a signed product dominating function.
Hence v;; € B for allv;; €V;
Claim: B = 0
Suppose B # @, then there is a vertex vi; € B. Then by claim 1, V; < B for at least
onei,i = 1,2. Thus for Vkj € Vi, kK # L,k = 1,2,
f N i) = f ) + FIV/V] < 1,since f[V/V,] = f[V] < 0.
This implies f is not a signed product dominating function, which is a contradiction.

Thus B = 0.
Hence  ys (Kpq) =w(f) =|4l— Bl = p + q.
Theorem 2.9. For a complete tripartite graphkKy, ,, »., the signed product domination
number is Yo« (Kn,n,m, ) = Mg + Ny + na.
Proof. Let G = Knp nyn,

V() = {v|l1l =j =<n}i =123
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Also let f be a signed product dominating function with w(f) = y(G).
Thenforl < i < 3,1 <j <ny
f WNglvi;D = f ) + fIV/ViI[ =1
and
[1f (Ne[vis]) = f i) <1 f [V/Vi] = 1.
Claim 1: Either V; € B orv;; € B forall v; ; € V;.
Suppose V; is not contained in B.
Then there is a vertex v; ; € V; such that £ (v;;) = 1
Thus [1f [V/ V;] = 1,since [1f (Ng[vi;]) = 1.
If there is another element v;;,, € B forsome v;;, € V;, then f (v;;) = —1
Thisimplies [Tf(N[vi;]) = F (i) < [IF [V/Vi] = — 1,
This implies f is not a signed product dominating function.
Thusv;; ¢ B for allv;; ¢V,.
Claim 2:
IfV; € B, thereexistak,k = 1,2,3andi # k such thatV, < B.
Let V; € B,

Thenbyclaim1 f (v;;) = —1forall v;; € V;. Since [1f (N¢g[vi;]) = 1,
[fv/vil=-1

Then there exists at least one vertex v, ; € Vj suchthat f (v, ;) = —1.
Again, by claim 1 f (v, ;) = —1forallvy,; € V.

Hence V, € B.

Claim3: B = ¢

Suppose B # @, then there is a vertex v;; € B. Then by claim land 2, V; < B for
at least two i's,i = 1,2.

Consider the partite set k for which ;. not contained in B.

Thus forv,; € Vi, k # i,k = 1,2,3

f (N [vie;D = f ) + fIV/Vi]l < 1,since f[V/Vi] = f[Vi] < O.

This implies f is not a signed product dominating function, which is a contradiction.
Thus B = 0.
Hence ys(Knnym, ) = N1 + Ny + na.

Theorem 2.10. For a path P,y (st)*(P) = 1.
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Proof. Let f : V (B,) — {—1,1} be a signed total product dominating function. Then
f (W) = +1Vv € V (B,) otherwise [[yenw) f(w) = —1forsome v € V (B,).
Hence y (st (F) = n.

Theorem 2.11. For a cycle Cn, y(s)*(Cy) = n.

Proof. Let f: V(C,,) — {—1,1}be asigned total product dominating function.
Then f (v) = +1Vv € V (C;,) otherwise [[yew) f(u) = —1for some v €V (C,),
since every vertex of C,, has degree 2.

Hence y (s (Cn) = n.

Theorem 2.12. For a complete graph G of order n, y (- (G) = n.

Proof. Let f: V (G) — {—1,1} be a signed total product dominating function
withw(f ) = v+ (G).Then

Yven f(¥) =1 and [Jyen) f(v) = 1.

LetA= {v e V(O|f w) = 1},B = {v e V(OI|f (v) = —1}
Claim: B = 0

Suppose B # @

Then there exist at least one v € V (G) such that f (v) = —1.

Since [[yena) f(v) = 1, for all u € V (G) there must be another vertex u €

V (G), suchthat f (u) = —1.

Then [[yen@) f(v) = —1. where u € B, which is a contradiction. Thus

B = @.

ThisimpliesV (G) < A.

Hence y - (G) = n.

Theorem 2.13. Let K,, , ,p < q be a complete bipartite graph with p even andg— 1

even, then

(3 if qis odd and qT_l even
4if qis even and %— 1 even
5if q is odd and *== odd

\ 6if q is even and g—lodd

Vst (Kpg) =

Proof. Let P be a partite set with p vertices and Q be a partite set with g vertices. Let
f:(V(Kpq)) — {—1,1} be asigned total product dominating function with minimum
weight.

AndA = {v € V (K,,)|f (v) = 1}and
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B={weVElf v) = -1}

Alsolet Pt = (v e V(P)|f W) =1}, P~ ={v € V (P)|f (v) = —1}
QT = eV@If W) =1}and Q" ={v eV (QIf (v) = —1}.

Now | P~| < %— 1, since p is even.

Also, since g — 1 is even [Tyenq f(v) = 1foru € Q.

Hence | P~ | =§—1and | P*| =§+1.

Case 1: q is odd and q%l even.

Since gisodd| Q7| < qT_l.

Also, since qT_l is even [[yenw) f(w) = 1forv € P.

Now |B| = |[P7|+ [Q|
p q—1 p+q-3
=——1 =
2 + 2 2

+q-3 +q+3
|A|=p+q—[p;’ ]=p ==

Yoo (Kpg) = w(f) = 14l + |B| = 3.
Case 2: q is even and %— 1 even.
Since giseven| Q7| < %_ 1.

Also, since - — 1 is even [Tyenw) f(w) = 1for v € P.

Now |B] = |P7| + |Q7|
P q p+q—4
2 1+2 1= 2

Al =p +q —

p+q—41 pt+tqt+4
[ 2 ]_ 2

Yo (Kpq) = w(f) = |A| + |B| = 4.

Case 3: q is odd and qT_l odd.

Since g isodd| Q7| < qT_l.

Also, since "7‘1 is 0dd [Tyenw) f(w) = —1if | Q| = "7‘1 forv € P.
Thus | Q—| = ‘%1—1
Now |Bl = [P7|+ |Q|

D q—1 _ p+q-—5

) 1+ 2 1= 2
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+q—5 +q+5
|A|=p+q—[p‘27 ]=p =

Y(st)*(Kp,q) =w(f) = |A| + |B| = 5.
Case 4: q is even and %— 1 odd.

Since g iseven| Q7| < %— 1.

Also, since g— 1is 0dd [Tuenew) f(W) = —1if | Q7| = g— 1 forv e P.
Thus | Q~| = %—2
Now 1Bl = |P7|+ |Q7|

P q p+q—6

) 1+2 2= 2

Y(st)*(Kp,q) =w(f) = |A| + |B| = 6.
Hence
(3if q is odd and qT_l even

4if qis even and %— 1 even

']/ *K’ =< _
o (Kna) 5 if q is odd and 2> odd

L 6 if q is even and %— 1 odd
3. Conclusion
In this paper, we investigated the signed product domination number y . (G) and

the signed total product domination number y s+ (G) for various standard graph classes,

including paths, cycles, complete graphs, bipartite graphs, and multipartite graphs. The

findings contribute to the broader field of domination in graph theory by extending

traditional domination concepts to signed and product-based variations. These results can

serve as a foundation for future research into more complex graph structures.
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ABSTRACT

Let G = (V,E) be a graph and L(G) be the line graph of G. A subset D of V(G) is
said to be a chromatic restrained dominating set (or crd-set) of G if D is a restrained
dominating set of G and y(< D >) = x(G). The minimum cardinality taken over all minimal
chromatic restrained dominating sets is called the chromatic restrained domination number
of G and is denoted by ¥, (G). In this paper, we compute the chromatic restrained domination
number for the line graph of some standard graphs.
Keywords: Domination, Restrained Domination, Chromatic Number, Line Graphs
AMS Subiject Classification: 05C15, 05C69

1. Introduction

All the graphs G = (V, E) = (n,m) considered here are simple, finite and undirected,
with neither loops nor multiple edges. For D < V, the subgraph induced by D is denoted
by (D). The degree of a vertex v in a graph G, denoted by deg(v) is the number of edges
incident with v. A k —vertex coloring of a graph, or simply a k —coloring, is an assignment
of k —colors to its vertices. The coloring is proper if no two adjacent vertices are assigned the
same color. A coloring in which k — colors are used is a k —coloring. A graph is
k —colorable if it has a proper k —coloring. The minimum k for which a graph G is
k —colorable is called its chromatic number and denoted by x(G). Graph Theory
terminologies which are not defined here can be seen in [1] and [2].

A set D € IV of vertices in a graph G is called a dominating set if every vertex u € V
is either an element of D or is adjacent to an element of D. The minimum cardinality taken
over all minimal dominating sets is called the domination number of G and is denoted by
v(G). A set D €V is a restrained dominating set if every vertex in V — D is adjacent to a
vertex in D and another vertex in V — D [3]. The minimal cardinality taken over all minimal
restrained dominating sets is called the restrained domination number of G and is denoted by

v-(G). Aset D isay, —setif D is a restrained dominating set of cardinalities y,-(G).

Corresponding Author: angeljebitha@holycrossngl.edu.in 9
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For a graph G with edges, the line graph L(G) is the graph whose vertices correspond
to the edges (lines) of G, and two vertices in L(G) are adjacent if and only if the
corresponding edges in G are adjacent (that is, are incident with a common vertex). In 2018,
E. Murugan and J. Paulraj Joseph determined the bounds on the sum of the domination
number of a graph and its line graph. They also characterised upper and lower bounds on the
domination number of line graphs [4]. The bistar graph B, s is the graph obtained by joining
the center vertices of two-star graphs K; , and K 5,7, s = 2.

A set D € V is a chromatic preserving set or a cp-set if x(< D >) = x(G) and the
minimum cardinality taken over all cp-set in G is called the chromatic preserving number or
cp-number of G, denoted by cpn(G). This new concept was introduced by T. N. Janakiraman
and M. Poobalaranjani [5]. They also defined the concept of a dom-chromatic set of a graph.
A subset D of V is said to be a dom-chromatic set (or dc-set) if D is a dominating set and
x(< D >) = x(G). The minimum cardinality taken over all minimal dom-chromatic sets in G
is called the dom-chromatic number and is denoted by y.,(G). In [6], they determined dom-
chromatic numbers for several classes of graphs and established key results in this area.
Based on this, S. Balamurugan et al [7], [8], [9], [10] introduced and studied the concepts of
chromatic strong domination, chromatic total domination, chromatic connected domination,
chromatic weak domination and so on. Additionally, J. Joseline Manora et al [11], [12]
explored connected majority dom-chromatic number of a graph and majority dom-chromatic
set of a graph. Similar to these works, several authors have explored various types of dom-
chromatic sets. In this paper, we study a new domination parameter, the chromatic restrained
domination number of line graphs.

2. Chromatic Restrained Domination Number for Line Graphs

In this section, we obtained the chromatic restrained domination number for the line

graph of some standard graphs.
Definition 2.1 Let G = (V, E) be a graph and L(G) be the line graph of G. A subset D of V is
said to be a chromatic restrained dominating set (or crd-set) if D is a restrained dominating
set and x(< D >) = x(G). The minimum cardinality taken over all minimal chromatic
restrained dominating sets is called chromatic restrained domination number and is denoted

by y¢ (G). Throughout this paper, we denote the chromatic restrained domination number of

line graphs by v¢(L(G)).
Theorem 2.2 Let G = K,, be the complete graph on n vertices. Then
nm-1 .. ddn>E
VL)) =]~ 2 2 misoddnz
n—1 if niseven,n > 4

10
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Proof: Let V(K,) = {v{,v3,v3,...,v,} and E(Kn) ={m;j/1<i<nl<j<nm;=
m;;i # j }. Then V(L(K,)) = E(K,) with cardinality 2= 1) . Also x(K,,) = n.

Case (i): n is odd
Then x(L(K,)) = n. Consider D = {m;4+1)/1 <i <n—2,iis odd} and D is independent.

Then D is a restrained dominating set of L(K,) with cardinality EJ Since any minimal

restrained dominating set is independent, x((D)) = 1 # x(L(Ky)). Therefore, D is not a
chromatic restrained dominating set. Let S = V(L(Kn)) — {my,, my3}. Then S is a restrained

dominating set and )(((S))=n=)((L(Kn)). Therefore, S is a chromatic restrained

n(n 1) Tl(Tl 1)

dominating set with cardinality —— — 2 and yr(L(Kn)) < ——=—2.Weshow that S is a

minimal chromatic restrained domlnatlng set of L(K,). Suppose not, then there exists a
chromatic restrained dominating set S’ such that S’ < S. Then there exists a vertex x € S and

x &S'. Thus y((S')< )((L(Kn)), which is a contradiction. Therefore, S is a minimal

n(n 1)

chromatic restrained dominating set of L(K,), so that y¢(L(K,)) ==—-—— 2. Hence,

n(n 1)

YE(L(Kp) = — 2, where n is odd.

Case (ii): n is even

Then x(L(K,)) =n—1.Let D = {m;;41)/1 <i<n,iiseven}. Then D is a restrained
dominating set of L(K,,) with cardinality g Since D is independent, y({D)) =1 # )((L(Kn)).
Therefore, D is not a chromatic restrained dominating set of L(K,). Consider D; =
{mij/1<j<n,i#j} Then D are the subsets of V(L(K,)) with same cardinality and
x({D;)) =n—1. Also D;* are restrained dominating sets of L(K,). Since (D;) is complete,
then for any D; — {ml-j},l < i < n, the chromatic number is less than n — 1. Therefore,

D,,D,,...,D, are the only sets of L(K,) with chromatic number n—1 and minimum
cardinality. Therefore D/ are the chromatic restrained dominating sets of L(K,) and

Y$(L(Kn)) =n-1
Observation 2.3: y¢(L(K,)) = {

Observation 2.4:
(1) For any path P,,

lifn=2
3ifn=3

rn—1
3 +2 if n=1(mod 3)
n—1
Vf(L(Pn))=yﬁ(Pn_1)=<[ - ]+z if n = 2(mod 3)
141 ifn=0(mod
k[ 3 ]+ if n = 0(mod 3)

11
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(2) For any cycle C,,

(i)  ifnisodd, then y¢(L(Cp) = ¥(Cp) = 7
(i)  ifniseven, then
n
[§] if n=1(mod 3)
n
rE(LC) =vE(C) = 1|3 +1 if n=2(mod3)

g+2 if n = 0(mod 3)

Theorem 2.5: Forn > 3, y¢ (L(K1,n—1)) =n-—1.

Proof: Let V(Kl,n—l) = {vg, V1, V3, ..., Vp_1} Where deg(vy) =n—1 and vy, v,,...,Vp_q
are the vertices of degree one. Then E(Ki,_1)={mi/1<i<n-1m;=v; €
E(Kin-1)} = V(L(Kl,n_l)). Also )((L(Kl’n_l)) =n—1. Any singleton set D is a
restrained dominating set of L(Ky,_,),n>3. Clearly, y({D))=1= X(L(K1,n-1))-
Therefore, D is not a chromatic restrained dominating set of L(Kl,n_l). Since
)((L(Kl,n_l)) =n—1,8={my,my,,...,m,_4} is the minimal set with respect to the
property that the induced subgraph has chromatic number n — 1, as (S) is a complete graph
on n—1 vertices. Also S is a restrained dominating set of L(Ky,_,). Therefore, S is a
chromatic restrained dominating set of L(K;,—,) with cardinality |S| = |V(L(Ky.-1))| =
n — 1. Therefore, ¢ (L(Kl,n—l)) =n-—1.

Theorem 2.6: Forn > 4,y¢(L(W,)) =n — 1.

Proof: Let V(W,) = {vy,vi,Vy,...,Vp—1} With n—1 outer vertices and E(W,) =
{mi,mj(jﬂ),ml(n_l)/mi =y, 1<i<n-11<j<n-— 2} = V(L(Wn)). Also,
deg(vo) =n—1 and x(L(W,)) = n— 1. Since v, is a vertex of maximum degree in W,
the induced subgraph of L(W,) formed from the edges incident with v, has chromatic
number n — 1. Also D = {m;/1 <i <n — 1} is a restrained dominating set of L(I#;,) with
cardinality |D| = n — 1. Therefore, D is the only chromatic restrained dominating set of

L(W,,) with minimum cardinality. Hence. y£(L(W,)) = n — 1.
Theorem 2.7: For any complete bipartite graph K, ¢, v (L(Kr,s)) = max{r, s}.
Proof: Let V(K,5) =V, UV, where V; = {vy,v,,...,v,} and V, = {uy,uy,..., us}. Also

E(KT,S) = {mu/mu = viuj,l <i<nl S] < S, my; * m]l} = V(L(KT,S)) and

12
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)((L(Km)) = max{r, s}. Let r <s. Any set D containing all the edges incident with any
vertex in V, of K, ; is a restrained dominating set of L(K,.;) with |[D| = r and ¥, (L(Kr,s)) <

r. Since y (L(KT’S)) =17 (L(KT,S)) > r.Therefore, y, (L(Km)) =r. Since (D) is a
complete graph on r vertices, y((D)) =r. If r=s, then x((D)) =7 = x(L(K,s)).
Therefore, D is a chromatic restrained dominating set of L(K,.;). Let r # s. Then y({D)) #
)((L(Kr,s)) and D is not a chromatic restrained dominating set of L(Kr,s). Consider S =
{my1, My, My3,...,mys} Where my,, my,, my3,..., my are the edges incident with v, € ;.
Then S is a restrained dominating set of L(K,.5) and x({S)) = s = max({r, s} = x(L(K,s)),
since (S) is a complete graph on s vertices. Therefore, S is a chromatic restrained dominating
set of L(K.») and ¥ (L(K.s))<ISI=s. Since x(L(K.0))=s¥(L(Ks))2s.
Therefore, y* (L(KT,S)) = s = max{r, s}.

Theorem 2.8: For any bistar graph B, ¢,y (L(Bm)) = max{r,s} + 1.

Proof: Let V(Br,s) = {V0, Ug, V1, Vgy oo oy Upy U1y Upgzy oo oy Upyg ) = {vo,uo, v,u/1<i <
r,r+1<j <1+ s} where v, and u, are the center vertices of K; , and K, s and |V (B,.s)| =
r+s+2. Then E(Br,s) = {mo,mi,m]-/mO = VU, M; = VoV, M = U, 1L ST <17+

1<j<r+s}=V (L(BT,S)). Let u, be a vertex of maximum degree in B, g and A(B,.s) =
s+ 1. Also X(L(Bm)) = s + 1. Consider D = {m,}. Then D is a restrained dominating set

of L(B,s) and y, (L(Bm)) =1. Also y((D)) =1+ )((L(Bm)). Therefore, D is not a
chromatic restrained dominating set of L(Bm). Let S = {my, Myy1,Myya,...,Mpig}. Clearly,

S is a restrained dominating set of L(Br,s). Since (S) is a complete graph on s + 1 vertices,

x{(S) =s+1 =)((L(Br,s)). Therefore, S is a chromatic restrained dominating set of

L(B,,) and ¥¢ (L(Bm)) < s+ 1. Since {mg, My11, Mys, ..., My} is the minimal set with
respect to the property that the induced subgraph has chromatic number s+ 1,
v (L(Br,s)) > s + 1. Therefore, y£ (L(Br,s)) =5+ 1 =max{r,s} + 1.

Theorem 2.9: For any friendship graph E,,m > 2, y¢(L(E,)) = 3m.

Proof: Let |V(E,)| =2m+ 1and V(E,) = {vy, V1, V2, V3, Vs, -+, Vam—1, Vam} Where v is
the vertex of maximum degree in F,. Then E(E,) = {mi,mj(jﬂ)/l <i<2m1<j<

2m —1,j is odd} = V(L(Fy)). Also, x(L(Fy)) = 2m. Let D=

13
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{m12, M34, Ms6, Mg, ..., Mzm-1y2m) }- Then D is a restrained dominating set of L(F,) and
cardinality of D is m. Therefore, y,(L(E,)) <m. Since y(L(F,)) = m,¥-(L(F,)) = m.
Therefore, yr(L(Fm)) = m. Since D is independent, y({(D)) = 1 # 2m. Therefore, D is not a
chromatic restrained dominating set of L(F,,). Consider D; = {m;/1 < i < 2m}. Then D, is
the minimal set whose induced subgraph has chromatic number 2m. But D, is not a
restrained dominating set of L(F,,), since V(L(F,))\D; is an independent set. Therefore,
D, is not a chromatic restrained dominating set of L(F,,). Thus, for any proper subset S =
V(L(Ey) — {m;} and V(L(E,)) — {mj¢j+1)}, either x({S)) < 2m or S is not a restrained
dominating set. Therefore, V(L(FE,)) is the only chromatic restrained dominating set of
L(Ey,) and ¥<(L(F) = IV(L(ED)| = 3m.

Observation 2.10: For any line graph L(G) of G, 1 < y£(L(G)) < "("T_l) - 2.

Theorem 2.11: If G is a graph, then y¢(L(G)) = 1 if and only if G = K,.

Proof: Assume that ¥(L(G)) = 1. Then x(L(G)) = 1 and L(G) = nK; is the only possible
line graph with x(L(G)) = 1. But y£(nK,) = n, for n > 1.Therefore, L(G) = K;. Then, G is
a graph with an edge, which is K,. Therefore, G = K,. The converse is trivial.

3. Conclusion

In this paper, we have determined the chromatic restrained domination number for the
line graph of certain standard graphs and observed that 1 < y,?(L(G)) < #— 2. An

encouraging direction for future research is to analyse the extremal graphs that represent the

upper limits of the chromatic restrained domination number in line graphs.
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ABSTRACT

A subset S of V is said to be dominating set in G if every vertex in V — S is adjacent to
at least one vertex in S. A set S € V is said to be relatively prime dominating set if it is a
dominating set with at least two elements and for every pair of vertices u and v in S such that
(d(u),d(v)) =1 where d is the degree of the vertex. The minimum cardinality of a
relatively prime dominating set is called relatively prime domination number and it is
denoted by y,,4(G). If there is no such pair exist, then y,.,,(G) = 0. This article focuses on
exploring the relatively prime domination number within the context of the power of the
coconut tree graph, denoted as CT(mm,n). The discussion reveals that for the coconut tree
graph CT(m,n), the relatively prime domination number, denoted as y,,q(CT(m,n)),

assumes values of 0, 2, or 3. Additionally, the article describes the computation of the
relatively prime domination number for the power of coconut tree graph using the Python
programming language.

Keywords: Dominating Set, Domination Number, Relatively Prime Dominating Set,
Relatively Prime Domination Number

1 Introduction

By a graph G = (V, E) we mean a finite undirected graph without loops and multiple
edges. The order and size of G are denoted by p and q respectively. For graph theoretical
terms, we refer to Harary [1] and for terms related to domination we refer to Haynes [2]. A
subset S of V is said to be a dominating set in G if every vertex in V- S is adjacent to at least
one vertex in S. The domination number y(G) is the minimum cardinality of a dominating set
in G. Berge [3] and Ore [4] formulated the concept of domination in graphs. It was further
extended to define many other dominations related parameters in graphs. In 2017, C.
Jayasekaran and A. Jancy Vini [5] have introduced the concept of relatively prime
domination number in graph theory. Let G be a non — trivial graph. A set S <V is said to be
a relatively prime dominating set if it is a dominating set and for every pair of vertices u and
v in S such that (d(u), d(v)) = 1. The minimum cardinality of a relatively prime dominating
set is called the relatively prime domination number and it is denoted by vy _,(G). A Coconut

*Corresponding Author: _anatjaslin@holycrossngl.edu.in, 16
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Tree CT (m, n) is the graph obtained from the path P, by appending m new pendent edges at
an end vertex of P,. The k™ power G* of an undirected graph G is a graph that has the same
set of vertices, but in which two vertices are adjacent when their distance in G is at most k. In
this paper we determine the relatively prime domination number for power of coconut tree
graph when m = 2,3. In order to find the relatively prime domination number, we must
know the degree of each vertex in the graph. The following results exhibit the degree of
vertices in the coconut tree graph and power of coconut tree graph.
2 Distribution of Degree of Vertices
2.1 Coconut Tree Graph

We shall now discuss the distribution of degree of vertices in the Coconut Tree graph.
Here, we give name to the end vertex of pendent edges as v,, v, ...., 1,,, and the vertices of
the path as uy, u,, ...., u,. All the end vertices vy, v,, ...., v, U, have degree one, the vertex
u, which is adjacent to all m vertices and u,, so that u,have degree (m + 1) and all other
vertices u,, us, ..., u,_, have degree two.

For example, consider the coconut tree graph given below

%1
7]
L 4 s 4 L L 4 @ 4
ul uz u3 U,4 u5 u6 u7
VU3
2
Figure 1

Here, vy,v,,v3,v4,u; have degree one, u;,; have degree five, and all other vertices
u,, us, ..., Ug have degree two.
2.2 Power of Coconut Tree Graph

The power of the Coconut Tree graph follows a different distribution of degrees.
Now, let us assume the power of the Coconut Tree be p. The vertices v,,v,,...., v, have
degree m +p — 1 since each vertex v, is adjacent to all other v,,_; vertices and also
adjacent to p vertices of P,. When n > 2p, the vertex u, is adjacent to each v,, vertices and
to p vertices of P, so that the degree of u, is m + p. Similar to u, the vertex u, is adjacent to
m + p vertices and also to u,. Therefore, the degree of u, ism + p + 1. Proceeding like this
till u, we have deg(u;) =m+p+ (i —1)wherel <i <p.

When n = p + 1, the vertices uy, u,, ..., u, have the same degree m + p. Each vertex

u; where i=1,2,....p is adjacent to every other vertices of the path since the distance between

17
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them is at most p. The remaining vertex u,, have degree p since it is adjacent to p vertices to
the left.

Whenn =p +i where 2 <i < p — 1, the vertices u;, u;,4, ..., u, have same degree
m+p + (i — 1) for the graph with n = p + i since the number of vertices to the right of
each vertex is decreasing by 1 when i increasing. The vertex u, is adjacent to each v,
vertices and to p vertices of B, so that the degree of u, is m + p. Similar to u,, the vertex u,
is adjacent to m + p vertices and also to u,. Therefore, the degree of u, is m+p +
1. Proceeding like this till u;_, we have deg(u;) =m+p+ (j — 1) where 1 < j < (i — 1).

These conditions follow until u, because the vertices v, v,, ...., vy, are adjacent to
uf,h vertex of B,. And the remaining vertices of the graph with n = 2p, up4q, Upy2, o) Un—p
have degree 2p since each vertex covers p vertices on each side of it in the path B,. For the
graph with n=p+1 and n=p +1i, where 2<i<p—1 have no vertices of degree
2p, since n < 2p and the remaining vertices u, where n—p+1 <k <n has deg(u;) =
2p—lwhere1 <[ <p.

Theorem 2.1. For any CT (m, n) graph y,,4 (CT(m,n)?) = 0if 2 <n < p where p > 2.
Proof: Let G be a CT(m,n)P graph. As the power of G is a complete graph, the degree of
each vertex is the same.

i.e.) Degree of each vertex is m+n-1. Hence a relatively prime dominating set does not exist.
 Yrpa((CT(m,m))P) = 0if 2 <n <p.

3 Relatively Prime Domination Number on Power of Coconut Tree Graph when m = 2

This section covers the relatively prime domination number on power of coconut tree
graphs when the number of pendant edges is 2. The relatively prime domination number for
such graphs will be 2 or 3 or 0.

Theorem 3.1. For any Coconut Tree CT(2,n) graph,

Vrpa((CT(2,m))") = 2if p+1<n <4p+1wherep > 2.
Proof: Let G be a Coconut Tree (CT(Z, n))p graph. We shall prove this by two cases.
Casel: p+1<n<2pwherep =2

As the graph G has p + i + 2 vertices and u, has degree p + i + 1 where 1 < i < p,
the vertex u,, covers all the vertices of G. Since the relatively prime dominating set contains

at least two vertices. We proceed by two cases,
Subcase1.l:n=p+1

We choose two vertices u, and v; where i = 1 or 2.
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~{uy,, v;} is a dominating set of G.

Since (d(up), d(vi)) = (p +2,p + 1) = 1, the relatively prime dominating set is {u,, v;}

and hence y,pa ((CT(2,1))7) = 2.
Subcase1.2:p+2<n<2p
We choose two vertices u,, and u,_; where i=p-1, p-2, .....,2,1 for the graph with

n=p+2,p+3,....2p respectively.
~{up, u,_;} is a dominating set of G.

Since (d(up),d(up_i)) =(+1+j,p+j)=1 where 2 <j <p, the relatively prime

dominating set is {u,, u,_;} and hence y,,q ((CT(2,n))") = 2
Case2:2p+1<n<4p+1
As the graph (CT(2,n))P has n + 2 vertices and the vertex u,, has degree 2p + 1, the

VertexX u,, COVErs vy, Uy, Uy, Uy, wuv) Up—1, Ups1, v, Ugp. SINCE N = 2p + i Where 1 <1< 2p +
1, the graph has i vertices remaining and the vertex u,_, has degree 2p. The vertex u,_,
covers all the remaining i vertices.

~{uy, uy_p} is a dominating set of G.
Since (d(up),d(un_p)) = ((2p + 1), (2p)) = 1, the relatively prime dominating set is
{u,, un_p} and hence y,,4((CT(2,1))") = 2.
Theorem 3.2. For any CT(2,n) graph, yrpd((CT(Z,n))p) =3if4p+2<n<é6p+1

wherep > 2.
Proof: As the graph (CT(2,n))P has n + 2 vertices and the vertex u,, has degree 2p + 1, the

VerteX up COVEIS Uy, Uy, Uy, Uy, wov, Up—1, Upt1, - Ugp. SINCE = 2p + i Where 2p +2 < i <
4p + 1, the graph has i vertices remaining and the vertex us,,, has degree 2p. The vertex
Usp41 COVEIS Uppyyq, ey Usp, Usptns ey Uapi1. SINCE M = 4p + 1+ j, where 1 < j < 2p, the
graph has remaining j vertices and the vertex u,,_,, has degree 2p — 1. The vertex u,_,1
covers the remaining vertices j.

{Up, Usp41, Un—p+1} IS @ dOminating set.
since (d(u), d(n—ps1)) = (2P +1),@p - 1) = 1,
(d(wp), d(uzps1)) = (@p + D, @p)) = 1, (d(tgpsr), d(ttn-ps1) ) = (@P), 2p — 1)) =
1, (d(up), d(uzps1), d(un_p+1)) = 1, the relatively prime dominating set is
{upr U3p+1s un—p+1}-

p
~¥rpa((CT(2,0))") = 3.

Theorem 3.3. For any CT(2, 1) graph, ¥,pq((CT(2,n))") = 0if n > 6p + 2 where p > 2.
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Proof: Let G be a (CT(2,n))" graph. By theorem 3.2, 6p + 1 vertices are covered using
Up, Usp+1, Un—p+1 VErtices. But to cover the remaining vertices, we have to choose a vertex u;
of degree 2p where 3p+2 <i<n—p. Then, (d(usp+1),d(u;)) = (2p), (2p)) # 1.
Relatively prime dominating set does not exist.
yrpd((CT(Z,n))p) =0ifn>6p+ 2.
4 Relatively Prime Domination Number on Power of Coconut Tree Graph when m = 3
This section covers the relatively prime domination number on power of coconut tree
graphs when the number of pendant edges is 3. The relatively prime domination number for
such graphs will be 2 or 3 or 0.
Theorem 4.1. For any Coconut Tree CT(3,n) graph, y,,q4((CT(3,m))’) =2ifp+1<n <
4p where p > 2.
Proof: Let G be the (CT(3,n))" graph. We shall prove this by two cases.
Casel:p+1<n<2pwherep > 2
As the graph G has p + i + 3 vertices and u,, has degree p + i + 2 where 1 <i < p,

the vertex up covers all the vertices of G. Since the relatively prime dominating set contains
at least two vertices. We proceed by two cases,
Subcase1.l:n=p+1

We choose two vertices u, and v; where i = 1,2, 3.

~{u,, v;} is a dominating set of G.
Since (d(up), d(vi)) = (p + 3,p + 2) = 1, the relatively prime dominating set is {u,, v;}

and hence ¥,pq ((CT(3,1))7) = 2.
Subcase1.2:p+2<n<2p
We choose two vertices u,, and u,,_; where i=p-1, p-2, .....,2,1 for the graph with
n=p+2,p+3,....2p respectively.
~{uy, u,_;} is a dominating set of G.

Since (d(up),d(up_i)) =(+j+2,p+j+1)=1 where 2 <j <p, the relatively prime

dominating set is {u,, u,_;} and hence y,,q((CT(3,n))") = 2
Case2:2p+1<n<4pwherep > 2
As the graph G has 2p + i + 3 vertices where 1 < i < 2p and the vertex u,_; has

degree 2p + 1, the vertex u,_; COVErS vy, Uy, U3, Uy, Uy, v, Up—2, Up, «vn v, Ugp—1. SINCE T =
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2p +j — 1 where 2 < j < 2p + 1, the graph has j vertices remaining and the vertex u,,_,, has
degree 2p. The vertex u,_,, covers all the remaining j vertices.

“ {Up—_1, Un_p} is the dominating set of G.
Since (d(up_l),d(un_p)) = ((2p + 1), (2p)) = 1, the relatively prime dominating set is

{up—lfun—p}'
 Vrpa((CTB,M)’) = 21if 2p+1 < n < 4p where p > 2
Theorem 4.2. For any CT(3,n) graph, ¥,,q((CT(3,n))") = 3 if 4p + 1 < n < 6p where
p =2
Proof: Let G be a (CT(B,n))p graph. As the graph G has 4p + i + 3 verticeswhere 1 < i <

2p and the wvertex wu, ; has degree 2p+1, the wvertex w,_; covers
V1, Vg, V3, Ug, Uz, weeey Up_2, Up, woe, Upp—q. SINCE = 2p +j — 1 Where 2 < j < 2p + 1, the
graph has j vertices remaining and the vertex usz, has degree 2p. The vertex us, covers
Upp) Upp+1s -+ » Usp—1) Uspt1s s Uap + OINCE = 4p + k Where 1 < k < 2p, the graph has k
vertices remaining and the vertex u,_,,, has degree 2p — 1.

“ Un_p+1 COVer all the remaining k vertices.

Hence, {u,_1, Uzp, Un—p+1} IS @ dominating set.
since (d(up-1), d(tn_ps1)) = (@p+1),2p - D) =1,
(d(up-1),d(uzp)) = (@p +1),2p)) = 1, (d(usp), d(tn—p+1) ) = (2p), (20 — 1) = 1
(d(up+1), d(usp), d(un_p+1)) =1, the relatively prime dominating set s
{up-1, Uzp, Un—p+1}-

 Vrpa((CT(,m)’) = 3if 4p + 1 < n < 6p where p = 2.
Theorem 4.3. For any CT(3,1) graph, ¥,pq((CT(3,n))") = 0if n > 6p + 1 where p > 2.

Proof: Let G be a (CT(3, n))p graph. By theorem 4.2, 6p vertices are covered using
Up, Uzp+1, Un—p+1 VErtices. But to cover the remaining vertices, we have to choose a vertex u;

of degree 2p, where3p+2 <i <n-—p.

Then, (d(uszp+1), d(w;) ) = ((2p), (2p))) # 1. Hence relatively prime dominating set does
14

not exist. - y,,a((CT(3,m))") = 0ifn = 6p + 1.
5 Python Program to Determine the Relatively Prime Domination Number on Power of
Coconut Tree Graph

Based on the theorems in the previous sections, here is the python program to find the

relatively prime domination number in power of coconut tree graph and to draw the graph.
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The function CT(m,n,p) takes three value m, n, p which denotes number of pendent edges,
number of vertices of the path and power of the graph(like 2,....).
Function Input
import math
import networkx as nx
import matplotlib.pyplot as plt
def CT(m,n,p):
#to draw the graph
G = nx.star_graph(m)
P = nx.path_graph(n-1)
CT=nx.disjoint_union(G,P)
CT.add_edge(0,m+1)
#get the power of CT
power_CT=nx.power(CT,p)
F=power_CT
nx.draw_spring(power_CT,with_labels=True)
plt.show()
#to find the relatively prime domination number from the theorems
if p>1:
if m==2:
if ((p+1)<=n<=((4*p)+1)):
print("Relatively prime domination number of the resultant graph is 2")
elif (((4*p)+2)<=n<=((6*p)+1)):
print("Relatively prime domination number of the resultant graph is 3")
else:
print("Relatively prime domination number of the resultant graph is 0")
elif m==3:
if ((p+1)<=n<=4*p):
print("Relatively prime domination number of the resultant graph is 2")
elif (((4*p)+1)<=n<=6*p):
print("Relatively prime domination number of the resultant graph is 3")
else:

print("Relatively prime domination number of the resultant graph is 0")
else:

print("Give another graph with m = 2 or 3")
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else:
print("Give another value for p (p>1) to find the relatively prime domination number")
Output of few graphs
1. For the graph (CT(2,4)) 2
Input: CT(2,4,2)
Output:

Relatively prime domination number of the resultant graph is 2
2. For the graph (CT(3,29))”
Input: CT(3,29,7)

Output:

Relatively prime domination number of the resultant graph is 3
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ABSTRACT
Let H be a 3-uniform T, Hypergraph of order n > 5. The adjacency matrix of the 3-
|{Dk €D: (xi,xj) c Dk| if x; # x;
0 otherwise '
The adjacency energy of a
3-uniform T, Hypergraph is the sum of the absolute eigenvalues of its adjacency matrix.

InH, AE(H) > 4% + 62 + %+ %, equality holds only if n = 11 in H.

Keywords: T, Hypergraph, 3-uniform T, Hypergraph, adjacency matrix, adjacency energy.
Subject Classification: 05C65

uniform T, Hypergraph is defined by A(H) = {

1 Introduction

The basic definitions and terminologies of a hypergraph are not given here; we refer it [1] and
[2]. The concept of a Hypergraph was introduced by Berge in 1967. Later, different authors studied
the same concept in [3] and [4]. Seena V and Raji Pilakkat were introduced to Hausdorff Hypergraph,
T, Hypergraph and T, Hypergraph. Based on [5], [6] and [7] we introduced a new class of
Hypergraph namely T, Hypergraph, 3-uniform T, Hypergraph and the parameter adjacency energy is
studied for the same. Throughout this article, H is a simple connected 3-uniform T, Hypergraph with
order n and size m. Here the order and size are the minimum numbers of vertices and edges used to
define a 3-uniform T, Hypergraph. In A(H), 1, is the largest eigenvalue and A, is the smallest
eigenvalue. The following definitions and theorems are used in the sequel.
Definition 1.1. [5] A hypergraph H = (X, D) is said to be a Hausdorff hypergraph if for any two
distinct vertices u, v of X there exists hypergraph D; and D, such thatu € D,,v € D, and D; N D,
= Q.
Definition 1.2. [6] A hypergraph H = (X, D) is said to be a T, Hypergraph if for any two distinct
vertices u, v of X there exists a hyperedge containing one of them but not the other.
Definition 1.3. [7] A hypergraph H = (X, D) is said to be a T4 Hypergraph if for any two distinct
vertices u, v of X there exists a hyperedge containing u but not v and another hyperedge containing v

but not u.
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Definition 1.4. [8] The adjacency matrix is the square matrix in which rows and columns are indexed
by the vertices of H and where forallu,ve X, u#v,ay, =|{d € D/u,v € D }| and ay, =0.
Definition 1.5. [8] The adjacency energy of a hypergraph is the sum of the eigenvalues of its
adjacency matrix.

Definition 1.6. [9] A hypergraph H = (X, D) is said to be a T, Hypergraph if for any three distinct
vertices u, v and w in X there exists a hyperedge containing u and v but not w and another hyperedge
containing w but not u and v.

Definition 1.7. A T, Hypergraph H = (X, D) is said to be a 3-uniform T, Hypergraph if every
hyperedge contains exactly three vertices.

2 Adjacency matrix and energy of a 3-uniform T, Hypergraph

In this section, we find the energy of a 3-uniform T, Hypergraph H, using adjacency matrix. Consider

a 3-uniform T, Hypergraph H given in Figure 1 with 8 vertices and 7 edges.

Figure 1: 3-uniform T, Hypergraph

The corresponding adjacency matrix of H is given by

01 0 0 01 2 2

1 011 0 0 0 1

01 0 3 1 0 0 1

/01 3 01 0 0 1
AM=0 01 10110

10 0 01 0 2 0

2 0 0 01 2 01

2 1 11 0 0 1 0

The adjacency eigenvalues of A (H) are A =5.42, 3.31, 1.43, — 1.408, -2.298, — 2.588, — 3.

Therefore, the adjacency energy AE(H) = 20.314.
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Result 2.1. Let H be a 3-uniform T, Hypergraph with n > 6. Then the adjacency energy AE(H) >

A2+ 82 + <+

)
p;

3-uniform T, hypergraph for its order for n > 6.

equality holds for n = 11. The below table 1, shows the adjacency energy of a

: 1 3
Number of Vertices | AE(H) PRI St
6 10.28 4.32
7 15.2 13.55
8 20.314 13.55
9 23.51 20.32
10 26.04 25.44
11 34.32 34.32
L s
n A2+ 8+ —+
A A

Table 1: Adjacency energy of a 3-uniform T, Hypergraph
Clearly from Table 1, we can identify that, AE(H) > A2 + 6% + %+ % forn > 6.

Result 2.2. Let H be a 3-uniform T, Hypergraph with n > 5. Then [1,] = A + &. From the following

Table 2, we can easily verify the result.

Number of Vertices M [1,] A+§
5 5.78 6 6
6 4.09 4 4
7 4.87 5 5
8 5.42 6 6
9 6.15 6 6
10 6.68 7 7
11 8.27 8 8
n A+4

Table 2: Valuesof A+ 6

Result 2.3. Let H be a 3-uniform T, Hypergraph with n > 5. Then [4,] > |Vn + k|, equality

holds for
n=6and?7.
Number of Vertices | 1, Vn +k (211 [Vn + k|

5 5.77 5.23 6 5

6 4.09 5.45 5 5

7 4.87 5.65 5 5

8 5.42 5.83 6 5

9 6.15 6 7 6

10 6.68 6.16 7 6

11 8.21 6.32 9 6

n IV + K
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- + py
Result 2.4. Let H be a 3-uniform T, Hypergraph with n = 5. Then [(detA(H))% = n—‘ﬁ

T 1 1
Number of Vertices (det A(H))n [(detA(H))i] - \E net ﬂ
% k
5 115 2 112 2
6 1.59 2 1.55 2
7 1.87 2 1.66 2
8 1.92 2 1.75 2
9 1.86 2 1.84 2
10 1.96 2 1.93 2
11 2.62 3 2.02 3
n n+ \/g
k

1
Table 4: Values of (detA(H))»

Theorem 2.5. Let H be a 3- uniform T> hypergraph with n> 5. Then AE(H) < n(a+8)"

n+ |5
k

—_—
N| &
—_—

Proof. We have, [1;]> [(detAE (H ))%] - n+k \E

1
) Zialtil > |(detAB (D) iyl = | |22 | Zialad

Since, []=A+6>|A4|Vi=23..,n.

k
+ —_
Therefore, n[A,]2 = n(A + §)? > nT‘/; AE(H)

n(A+6)>?

12
"

Hence, AE(H) <

=

k

28



ISSN 0976-5417 Cross Res.: December 2024 Vol. 15 No. 2

Illustration 2.6. Consider a 3-uniform T> hypergraph with n = 8. From the Table 1, Table 2

k
+ —_
and Table 4, AE (H) = 2031, A+ =6, "k\ﬁ 2. Here, AE(H) = 20.31 < 144

_ n(A+8)% _ 8x36

- a0

k

Theorem 2.7. Let H be a 3- uniform T2 hypergraph with n > 5. Then
(-1 (Vn+k))?

E
Proof. InH, [1,12 [V + k| > | (detaB ()] - |ﬁ

k
n+ |-
[Vn + k| 2|2 > kﬁ il

AE(H) <[A,] +

Since - >|A4|Vi=23,..,n

(n- 1)(| /"tﬂ )> | "ZJ; (AE(H) - [44])

> | ’”,(J; (AE(H) - [2,])

(m-1)(| \/—+k

[,H

Ilustration 2.8. Consider a 3- unlform T2 hypergraph with n = 8. From the Table 1, Table 3

Hence, AE(H) < [4] + —F———

k
n+ |-
and Table 4, AE (H) = 20.31, [Vn + k| = 5,|2, = 6], k\/; = 2. Here, AE(H) = 20.31 <

7X25

925= + 5. Hence the above theorem is verified.
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3 Conclusion
In this article, we studied the adjacency matrix and its energy for a 3-uniform T»

hypergraph. Also, we established the bounds of the adjacency energy of the 3-uniform T»

hypergraph using various graph parameters.
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ABSTRACT

The study on Domination in Edge Product Cluster Hypergraph aims for a balance
between the concepts of Domination and Edge Product in Cluster Hypergraphs. The cluster
hypergraph H = (Vy, E) is said to be an Edge Product Cluster Hypergraph if there exists an
edge function f: E — I such that the edge function f and the corresponding edge product
function F of f on Vy have the following conditions are F(v) € I for every v € Vy and if
f(er) X f(ey) X...X f(e;)) € 1 for some edges ey, e,,... e, € E(H) then the edges
ei, €,,... e; are all adjacent to some vertex set Vy. This article explores the concept of
Domination in Edge Product Cluster Hypergraphs. Also, some theorems related to the
concept of Domination in Edge product Cluster Hypergraphs have been discussed and
demonstrated in this article.
Keywords: cluster hypergraph, edge product cluster hypergraph, unit edge product
cluster hypergraph AMS Subject Classification: 05C65.

1 Introduction

The concept of domination in graphs originated with the Queens Problem in 1850.
The idea of domination in graphs was introduced by G Claude Berge and Oystein Ore in
1962 [1], [2]. The notation of domination in hypergraphs was introduced by B.D. Acharya in
2007 and further studied by many authors. The domination in edge product hypergraphs was
introduced by Kishor F Pawar and Megha M. Jadhav in 2021[3]. Several properties and
results regarding an edge product hypergraph and unit edge product hypergraph have been
studied. Some upper bound relations are derived. Also, the concept Domination in Edge
Product Cluster Hypergraphs has been extended to prove some results.
The main results are proved by using the following theorems:
Theorem 1.1. [5] Let H = (V, E))be a unit edge product cluster hypergraph with an edge € E
. Then f(e) = 1if and only if e must be adjacent to all the edges in H.
Theorem 1.2. [7] Suppose H = (Vx, E) be a unit edge product cluster hypergraph with a

unitedge. Then y(H) < |e| — k, k represents the count of pendant vertices in e.
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Theorem 1.3. [7] Consider the unit edge product cluster hypergraph H = (Vg, E) with a
unit edge e containing k pendant vertices. Suppose ey, e,,...,e,—1 be the non-unit
edgesin H.If e,ne;=¢@inH—eforall1<i#j<m-—1,theny(H) = |e| — k.
Theorem 1.4. [7] If H = (Vy, E) is a unit edge product cluster hypergraph with a unit
edge e, then e serves as a dominating set for H .
Theorem 1.5. [7] Consider the unit edge product cluster hypergraph H = (Vx, E) with a unit
edge e. Then any two distinct non-unit edges are non-adjacent if and only if y(H) = m —
1.
2 Preliminaries
Definition 2.1 [4] Let X be a nonempty set and let VVy be a subset of P(X) such that
Vy #= @ and X c Vx. Now E be a multi-set that includes elements from P(P (X))
such that (i) E =+ @ (ii) considering each element e € E, there is at least one
element v € Vy such that v € e.
Then H = (Vx, E) is called a Cluster Hypergraph, Vy is said to be awaexset and E
iIs known as a multi-hyper edge set.
Definition 2.2 The vertex degree dy (x) of x is the number of vertices adjacent to
the vertex in the cluster hypergraphs H. The maximum vertex degree of a cluster
hypergraph is denoted by A(H) and the minimum vertex degree of cluster
hypergraph is denoted by &6 (H).
Definition 2.3 A vertex v in a cluster hypergraph H = (Vy, E), the set N[v] =
{fu € Vx(H) : uis adjacent to v} U {v} is called the Closed Neighbourhood of v in
H.
Definition 2.4 [5] Let H = (Vy, E) be a cluster hypergraph with vertex set Vy (H) and
edge set E(H). Let I be the set of positive integers such that |E| = |I|. Then any
bijection f: E — I is called an Edge Function of the cluster hypergraph H.
Definition 2.5 [5] The function F(v) = [[{f(e); edge e incident to the vertex
v} on Vy (H) issaid to be an Edge product Function of the edge function f.
Definition 2.6 [5] The cluster hypergraph H = (V, E) is called an Edge Product
Cluster Hypergraph if there is an edge function f: E — [ such that the edge function
f and the corresponding edge product function F of f on Vyx(H) have the following
two conditions:
(1) F(v) €I forevery v € Vyx(H)

32



ISSN 0976-5417 Cross Res.: December 2024 Vol. 15 No. 2

() if f(e) X f(ey) X...X f(e;) €1 for some edges e,, e,,... e; € E(H), then the
edges e;, e,,... e; are all incident to some vertex v € Vy(H).
Definition 2.7 [5] Let H = (Vy, E) be an edge product cluster hypergraph. Then H is
said to be a Unit Edge Product Cluster Hypergraph if there exists an edge function
f:E —>1Isuchthatl e I.
Definition 2.8 [6] Let H be a cluster hypergraph. The minimum cardinality of a maximal
strongly independent set in H is called the independent domination number and is denoted by
i(H).
3. Main Results
Definition 3.1[7] Let H = (Vx, E) is an edge product cluster hypergraph. A Dominating
Set of H is a collection of vertices S € Vy(H) so that for each vertex x € Vy(H) — S there
isanedge e € E(H) forwhichx €e,en S # @.
ie, for each vertex x € Vy(H) — S is adjacent to a vertex in S.
Example 3.1 Consider H = (Vyx,E) is an edge product cluster hypergraph
where Vy (H)={v;, v,, V3, V4, Us,...,v1g}and E(H) = {e;,e,,... eg}. The edges of H is
defined as e; = {vs,v,, Vg, V12, Vigh e; ={vy, 13} , e3={vy,v3}, e,=
{v4, V5,6, V7, ..., V11}, €5 = {Vg, V9, V10, V11}, €6 = {V12, V13, V14, V15), €7 =
{vie, V17, V18}, eg = {v19,V20}. NOw the edge function f:E — I is determined by
fler) =1, f(e) =7, f(es) = 11,f(es) =2,f(es) =3, f(es) =6, f(e;) =77
,f(eg) = 3. The edge product function F of f is defined by F(v,) =7,F(v,) =
11,F(v3) = 77,F(vy) = 2,F(vs) = F(vg) = F(v;) = 2,F(vg) = F(vo) =
F(vy0) = F(v11) = F(v12) = F(v13) = F(v14) = F(v35) = 6,
F(vi6) = F(v17) = F (v1g) = 77, F(v19) = F(v20)=3.
Here v; dominates {v,, v,}, v, dominates { vs,vq,vy,.., 11}, V12 dOminates
{ V13, V14, V15}, V1 dominates { v,,, Vg, V15}and v, dominates v,,.
Therefore, S = {vs, V4, V15, V16, V1o} With cardinality 5 dominates H. Hence,
y(H) = 5.
Theorem 3.2 Let H = (Vy, E) represents a unit edge product cluster hypergraph with a unit
edge e containing k pendant vertices. If the set of edges e, e,, ..., e;,_1 Serve as the non-unit
edgesin H. Theny(H) = |e| —kiffe; Leiforalll1<i# j<m-—-1inH —e.
Proof Let H = (Vy, E) represents a unit edge product cluster hypergraph with a unit edge e
containing k pendant vertices. Let e, e,, ..., e,_1 Serves as the non- unit edges in H.
First assume that e; € e; forall 1<i# j< m—1 in H —e. Lete,' = ¢ —e

ande;" = e; —e. Thenclearly,e;’ €e; forall1<i# j< m-1 inH.
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Ife; Ne; =@ inH-e, theny(H) = |e| —k (3).

Suppose e; Ne; = @. If e = @, then e; N e; contains only the vertices in e. The
vertices in e dominates the vertices in e; and e;. In e the vertices vy, v,,..., V1 Must
dominate all the other vertices contained in the edges ey, e,, ..., e,_1. Clearly, the the non-
pendant vertices in‘e is dominated by pendant vertices in e. So, there are minimum |e| —k
number of vertices required to dominate the unit edge product cluster hypergraphs H. So
Y(H) = |e| — k. Thus, by Theorem 1.2, it is concluded that y (H) = |e| — k.

Similarly, to prove for e;" = @. Assume that, e;" = @ and e;" # @. Since e;" & e;' for
all 1<i# j< m-—1 all the vertices in ¢;" is not dominated by the vertices ine;" . To
dominate the vertices in e;" choose the vertex v; . choose the vertex v;, to dominate the
vertices in e;’ for all i # j. Therefore, there exists at least |e| — k vertices in H in order to
dominate all the vertices in H, and so y(H) = |e| — k. By Theorem 1.2, it can be concluded
thaty(H) = |e| — k.

Conversely, suppose that y(H) = |e|] — k. Let uq, u,,...,u; be the collection of all
pendant vertices in H. Let S = e — {uy,u,,...,u,} dominates H. Let e; and e; be any two
non-unit distinct edges in H. To prove e; € ¢; for all 1 <i# j < m— 1. Suppose there
exists p, L with 1 <p <[ < m — 1such that e, S e;. Then, the intersection of e,, and e, is
e .

Letx € e, Ne. Since H serves as a unit edge product cluster hypergraph for every
e; € E, choosing a vertex x ee;ne for 1 <i <m — 1. The vertices inside the cluster
vertices are dominated by the cluster vertices. Obviously, these vertices must be in the
intersection of e; and the unit edge e. If xq, x5, ..., x5 be the distinct vertices incident with the
edges e;, e,,...,e,—q and different from the pendant vertices uq, u,,..., u; together with x
forms a dominating set H with cardinality s + 1 is equal to |e] —k — 1 < |e| — k which
leads to a contradiction. Thus, our assumption is wrong. Hence, e; € e; for all non-unit
edgeswith1 <i# j < m—1.

Theorem 3.3 Let H = (Vy, E) represents a unit edge product cluster hypergraph. Then any
minimum dominating set of H must contain vertices from the unit edge.

Proof. Let H = (Vy, E) represents a unit edge product cluster hypergraph with a unit edge e.
Let S dominates H. Since H serves a unit edge product cluster hypergraph, by the Theorem

1.1, there exists at least one edge other than e which is adjacent only to e.
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Let m be the edge in H which is adjacent to e. Then, there is a vertex y € S such that
x is adjacent to y, for any x € e. Therefore, y belongs to either the intersection of e and m or
the pendant vertex in e. Hence, S must contain a vertex from the unit edge e.
Theorem 3.4 Let H = (V, E) represents a unit edge product cluster hypergraph with
y(H) + A(H) = |Vx (H)| and consider x as a vertex of maximum degree in H. Then, the
unit edge e contains at least |[H — N[x]| number of vertices.
Proof. Let H = (Vy, E) represents a unit edge product cluster hypergraph with y(H) +
A(H) = |V (H)|. Consider x be a vertex of maximum degree in H and e be a unit edge in H.
It is to be verified that, e contains at least [H — N[x]| number of vertices. Suppose m be an
edge that includes the vertex y € H — N[x]. Since H serves as a unit edge product cluster
hypergraph, m cannot be a unit edge in H. By the Theorem 1.4, m must be adjacent to e in
H. Thus, there is a vertex u € e such that u is adjacent to y, which belongs to the intersection
of the unit edge and the edge containing the vertex y, for every vertex y € H — N[x]. To
show that, |e|] = |H — N[x]|. Suppose on contrary, assume that |e| < |H — N[x]|. This
shows that there doesn’t exist a unique vertex u € e with y € H — N|[x].

Let x;,x, € H— N[x] there exists a single vertex u € e with § = {{x,u}u (V —
[ N[x]U (N(uw) n (V — N[x])))]} dominates H with cardinality 2 + |Vyx (H)| —A(H) — 1 —
2=|Vy(H)|—-A(H)—1. It follows that y(H)+ A(H)=|Vx (H)|—1, which is a
contradiction. Hence, the unit edge e contains at least |H — N[x]| number of vertices.
Theorem 3.5. Let H = (Vx, E) represents a unit edge product cluster hypergraph with
i(H)+ A(H) = |Vx (H)| and consider x as a vertex of maximum degree in H. Then H
contains at least |Vy (H) — N[x]| number of non-unit edges in H.
Proof. Let H = (Vy,E) be a unit edge product cluster hypergraph with i(H) + A(H) =
|[Vx (H)| and let x be a vertex of maximum degree in H. Let e be a unit edge in H. Suppose
H contains at most |Vy (H) — N[x]| — 1 number of non-unit edges in H. Since H is a unit
edge product cluster hypergraph, any edge containing the vertex y € Vy (H) — N[x] is
adjacent to the edge e. Clearly, there exists two vertices u and v in Vyx (H) — N[x] with u and
v are adjacent. Therefore, the magnitude of any strongly independent dominating set of
Vyx (H) — N[x] isat most |Vy (H) — N[x] — 1].

Thus, i(H) < |Vx (H) —N[x]| -1+ |x| = |Vyx (H)| —A(H) — 1. That is, i(H) +
A(H) < |Vx (H)| — 1 implies that i(H) + A(H) < |Vx (H)|, which is a contradiction. Hence
our assumption is wrong. Therefore, H contains minimum |Vyx (H) — N[x]| number of non-

unit edges in H.

35



ISSN 0976-5417 Cross Res.: December 2024 Vol. 15 No. 2

Theorem 3.6 Let H = (Vy, E) represents a unit edge product cluster hypergraph with a unit
edge e containing at least one pendant vertex. If y(H) = m — 1, then each dominating set
contains at least one vertex form e.

Proof. Let H = (Vx, E) represents a unit edge product cluster hypergraph with a unit edge e
containing at least one pendant vertex. Assume y(H) = m — 1. Let S be any dominating set
in H. To prove S contains at least one vertex e. Suppose S contains no elements from e. Since
y(H) = m—1, § contains at most m — 1 number of vertices. Since H contains m edges and
each non-unit edges are adjacent to e and S contains no vertex from e, so that S must contain
vertices from the non-unit edges. To dominate the pendant vertex in e and the non-unit
vertices in H, there must be any two non-unit edges are adjacent as itis |S| < m—1. By a
Theorem 1.5, y(H) # m — 1, this results in a contradiction. So, our assumption is incorrect.
Therefore, S contains at least one vertex from the unit edge e.
Theorem 3.7 Let H = (Vy, E) represents a unit edge product cluster hypergraph of size m >
3. If e is a unit edge of H then,

2<yH)+yH)<|e| +1.

(i) 1 <y(H).y(H) <|el.

Proof. For any unit edge product cluster hypergraph H is a cluster hypergraph. Then y(H) >
1. Also H is connected, the complement H is also a cluster hypergraph and y(H ) > 1. This
suggests that y(H) + y(H) = 2 and y(H).y(H ) = 1. Thus, it proves the lower bound.

In order to prove for the upper bound, consider that H is a cluster hypergraph, then
the unit edge forms a dominating set in H. Therefore, y(H) < |e|. Every maximal edge in H
is adjacent only to e. Let m be the edge in H, which is adjacent only to e. Let f be any edge
in H. So, the edges m and f are two independent edges in H. Consider the vertex x €
Vy (H)/m U f, then for any other vertex y € Vy (H) such that the vertex x is adjacentto y in
H.Thusy(H) < 1.Hence, it follows that y(H) + y(H) < |e| + 1and y(H).y(H) < |e|.
4. Conclusion
In this article, the concept Domination in Edge Product Cluster Hypergraph
and Unit Edge Product Cluster Hypergraph has been applied and also, the same
concept is extended to prove some theorems related to the Domination Number in
Edge Product Cluster Hypergraph, Unit Edge Product Cluster Hypergraph.
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ABSTRACT

The pH-dependent structural transformations of L-Alanine, specifically in cationic,
zwitterionic, and anionic forms, hold significant relevance for applications across
biochemistry and materials science. At different pH levels, L-Alanine exhibits distinct
configurations: cationic at pH 1, zwitterionic at pH 6, and anionic at pH 13. These forms
influence intermolecular interactions, solubility, and bonding, crucial for crystal growth and
metal ion interactions. This study investigates the solubility, crystallographic parameters,
Fourier Transform Infrared (FTIR) spectral analysis, and UV-Visible spectroscopy of
copper-doped L-Alanine crystals, analyzing their structural and optical properties at varying
copper concentrations.
Keywords: Copper, crystal growth, L-Alanine, organometallic, Solubility

1. Introduction

Conventional crystal growth techniques often enhance specific empirical properties,
leading to optimized product quality, greater application efficiency, cost-effectiveness, and
improved usability. Among the essential characteristics for developing high-grade crystals
are physicochemical and Nonlinear Optical (NLO) properties, which are crucial for use in
devices such as light emitters, dosimeters, photonics, electro-optical components, and
semiconductors [1]. Current research focuses on producing nonlinear photonic crystals with
properties like a lower UV cutoff, broader transmittance range, greater nonlinearity, higher
damage threshold, and suitable thermal and mechanical properties. To achieve these, pure
organic and inorganic materials have been combined, with recent emphasis on organic
crystals due to their lower cost, faster nonlinear response across frequencies, and higher
optical damage threshold [2, 3]. However, organic crystals are limited by volatility, low
thermal stability, and weak mechanical properties [4]. To address these limitations,
organometallic crystals, introduced in the 1960s for optoelectronic applications, combine the
advantages of organic and inorganic crystals. These materials are created by integrating

inorganic distorted polyhedrons with asymmetric organic molecules [1]. This design imparts
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high optical nonlinearity, mechanical flexibility, temporal and thermal stability, and enhanced
transmittance compared to purely organic or inorganic crystals. Additionally, organometallic
materials offer unique metal-ligand and intra-ligand charge transfer, making them highly
suitable for NLO applications [5].

Synthesis and characterization of amino acid crystal was found in the report with
different solvents such as methanol and ethanol and the synthesis process of slow cooling
method. In this paper we report the growth of copper doped L-Alanine single crystal at the
room temperature and analyzed the structural and optical behavior. It provides the method of
the synthesis, properties, growth parameters, and significant characteristics of copper doped
amino acid crystals, emphasis on their NLO attributes.

2. Experimental Details
2.1. Synthesis of Copper doped L-Alanine single crystal

The organometallic copper admixed L-Alanine amino acid crystals were grown in
variable stoichiometric compositions by the method of slow evaporation crystal growth
technique. Generally, the crystal growth techniques consist of a two steps process in which
the first step is the synthesis and second step is the growth process. For the synthesis process
of copper doped L-Alanine crystal, copper acetate and L-Alanine solutes and deionized water
are utilized as a solvent. One molar quantity of L-Alanine was completely dissolved in a 20
ml of deionized water. Then 0.2, 0.4 and 0.6 molar percentages of copper acetate solutes were
dissolved separately into the one molar solution of the L-Alanine. The complete mixture
solution is heated at a constant temperature of 40°C until the phase transition from the liquid
solution to the solid mixture. After heating the same quantity of solvent was added and
completely stirred well for about three hours to obtain the saturated solution.

The growth process involves the filtration of the saturated solution with the filter
paper. The resultant solution was taken in a beaker and covered with a plastic cover. The
cover consists of fine holes and placed in an atmosphere free from the dust. Thus, the solution
was allowed for the solvent evaporation as a result nuclei of crystal after the ninth day and
good quality of copper doped L-alanine single crystals were harvested within the period of a
month.

2.2. Characterization

Parameters like pH and solubility affect the growth of the crystals. As prepared
copper doped L-Alanine single crystals of dimension 10x5x4 mm3 were subjected to the
characterization such as single crystal X-ray Diffraction (XRD), linear and non-linear optical

studies and Fourier Transform Infrared (FTIR) studies. Single crystal X-ray diffraction
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analysis was carried out using a Bruker AXS diffractometer with MoKo (A=0.7170 A)
radiation to identify the lattice parameters. The optical absorbance spectrum of the copper
doped L-Alanine crystal was recorded in the spectral range between 200-1200 nm using the
ELICO model UV spectrophotometer.
3. Results and Discussion
3.1. pH Analysis

The amino acid L-Alanine exhibits different structure depending on the pH.
Understanding the influence of pH and their interactions is necessary for different
applications including material science and biochemistry. GenerallyL-Alanine forms the solid
structure at three different forms namely cationic form at the pH of 1, secondly zwitterionic
form at pH 6 and anionic form of pH 13. At high acidic nature, L-Alanine is in the cationic
form [CH3CH(NH)3*COOH], whereas the intermolecular hydrogen bonds lead to the
dimmer’s formation. In zwitterionic form at neutral pH, L-Alanine experiences zwitterionic
form [CH3CH(NH)3**COOQ], the inter hydrogen bond between NH3* and COO- dominates. In
the anionic form at higher acidic environments, L-Alanine experiences [CH3CH(NH2) COO],
there is a strong interaction between and metal ions [6]. Since deionized water is used as a
solvent for the growth process, neutral pH has been considered as a best value, in which the
zwitterionic form of L-Alanine decreased the affinity of the copper metal due to strong NH3*
--COO intermolecular hydrogen bond that prevail over the interaction with copper.
3.2 Solubility Analysis

The crystal growth rate is influenced by solubility and temperature, making it
essential to test the compound’s solubility in various solvents to optimize growth parameters
[2, 3]. To assess the solubility of the L-Alanine with total mass was dissolved in a fixed
volume of distilled water. This solution was placed in a 250 ml glass beaker equipped with a
temperature probe and a glass stirrer. The solution was stirred and heated to 35 °C above the
temperature for thorough mixing, once equilibrium was achieved, liquid samples were drawn
using a 10 ml plastic syringe. Approximately 5 ml of each solution was filtered through a
0.20 um syringe filter and transferred to an empty vial. This vial was then weighed and dried
at 40 °C in an oven. Finally, the solute amount was calculated by subtracting the initial
weight of the vial from the weight after drying. The evaporated water amount was determined
by comparing the vial’s weight before and after evaporation. Three samples were collected at
each saturation temperature to ensure reproducibility, and the gravimetric method was used to

measure solute concentration in the solution tabulated in table 1.
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Table 1. Solubility of L-Alanine

Temperature (°C) Concentration of solute
(gm/10ml of water)
35 6
40 11
50 16
55 18
60 21

3.3 Structural Analysis

Single crystal X-Ray diffraction studies had been carried out for the copper doped L-
Alanine crystal. The cell parameters and crystal structure of the crystals were determined.
Mostly, the single crystal XRD was used to evaluate the parameters like crystal structure,
space group, unit cell parameters and cell volume (V). Table 2 summarizes the
crystallographic parameters for copper doped L-Alanine crystal. The reported unit cell
parameters vary slightly between different dopends for the same compound. The single
crystal X-Ray diffraction studies confirm the orthorhombic crystal system with the space
group of P212,2 the same was identified in the literature by Rathnakumar et.al [7]. Using the
single crystal XRD data, the miller indices values are generate using the index software
package, tabulated in table 3.

Table 2. Unit Cell parameters of copper doped L-Alanine single crystal

Crystal Lattice Crystallographic axes | Volume (A)?
parameters (A) | (degree)

0.2 mole % copper doped L- a= 5.83, b=6.04, | 0=90, =90, y=90 434
Alanine c=12.33

0.4 mole % Copper doped L- a= 5.89, b=6.35, | 0=90, =90, y=90 467
Alanine c=12.53

0.6 mole % Copper doped L- a=5.95, b=6.46, | =90, f=90,y=90 493
Alanine c=12.89

Table 3. Miller Indices for the copper acetate doped L- Alanine crystal

d-spacin 0 d-spacin 0
h k I P J h k I P :

A) (degree) A) (degree)
2 3 0 1.6566 12.362 3 4 1 1.1868 7.387
2 3 1 1.6419 12.475 4 3 0 1.1806 17.481
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2 3 2 1.5999 12.808 2 4 5 1.1779 17.522
2 3 3 1.5365 13.345 4 3 1 1.1752 17.564
2 3 4 1.4592 14.066 3 4 2 1.1707 17.635
3 3 0 1.3982 14.693 4 3 2 1.1595 17.810
3 3 1 1.3893 14.789 3 4 3 1.1451 18.041
2 3 5 1.3751 14.946 4 3 3 1.1347 18.213
3 3 2 1.3636 15.075 2 5 0 1.1160 18.530
2 4 0 1.3408 15.338 3 4 4 1.1121 18.597
2 4 1 1.3329 15.430 2 5 1 1.1114 18.608
3 3 3 1.3237 15.540 4 3 4 1.1025 18.764
2 4 2 1.3102 15.705 2 5 2 1.0981 18.842
2 4 3 1.2747 16.154 2 5 3 1.0770 19.226
3 3 4 1.2734 16.172 3 4 5 1.0735 19.292
2 4 4 1.2295 16.765 4 3 5 1.0649 19.454
3 3 5 1.2163 16.952 2 5 4 1.0493 19.754
3 3 5 1.2163 16.952 4 4 0 1.0487 19.767
3 4 0 1.1924 17.304 4 4 1 1.0449 20.841

3.4 Fourier transforms infrared spectral analysis

Fourier Transform Infrared (FTIR) spectroscopy is a key analytical technique used to

identify functional groups, ligand coordination, and quantify bending and stretching vibration

modes of molecules. In this process, IR radiation passes through the sample, and the

absorption and transmission spectra create a unique molecular fingerprint of the sample.

FTIR analysis was performed on powdered crystals of copper doped L-Alanine to verify the

presence of functional groups. The spectra were recorded across the 400 to 4000 cm™ range.

The FTIR spectra of 0.2, 0.4 and 0.6 mole% of copper doped L-Alanine crystals were

depicted in the fig. 1-3 and the band assignments are tabulated in the table 4.
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Fig. 1. FTIR Spectra of 0.2 mole % copper doped L-Alanine




ISSN 0976-5417 Cross Res.: December 2024 Vol. 15 No. 2

L-A+CuAc(0.4) |
100

80

60 -

Transmittance(%)
648.08

848.68

40 4

1111.00
1012.63

20

540.07
40891

1303.88

o+ ¥ ¥—FF
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Fig. 2. FTIR Spectra of 0.4 mole % copper doped L-Alanine
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Fig. 3. FTIR spectra of 0.6 mole % copper doped L-Alanine
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Table 4. Bond Assignments of copper doped L-Alanine crystal

L-Alanine + L-Alanine + L-Alanine + Band Assignments

0.2 mol % CuAc | 0.4 mol % CuAc | 0.6 mol % CuAc
3084.4 3088.03 3086.11 O-H Stretching mode
2814.14 2814.14 2814.14 N-H stretching
2781.35 2753.13 - C-N stretching
2601.97 2601.97 2601.97 C-N stretching
2507.46 2507.46 2507.46 C-N stretching
2112.05 2112.05 - C-N stretching
1512.19 1595.13 1593.20 C-N bending
1620.21 1614.32 - CH3z asymmetric
1361.74 1361.74 1303.88 CHs asymmetric

1074 1012 1031 CHz Rocking

Numerous studies reported that the OH stretching vibration in FTIR spectrum of L-
Alanine doped copper acetate often lies around 3400 cm™ is assigned to the symmetric
stretching mode of water molecules but in copper acetate doped L-Alanine the broad band
observed at 3084.4, 3088.03 and 3086.11cm™ in the 0.2, 0.4 and 0.6 mole percentage of
copper. N-H stretching vibrations lies due to the small peak identified around 2900 cm, this
bond arises due to the NH2 group present in the amino acids [8]. The narrow peaks between
the wavelength 2100-2800 cm™ reveals the CN bond stretching. Additional peaks located
near 1593.20 cm-! is assigned for C-N bending. Strong absorption in the range between 1300
to 1700 cm are assigned as a CH3 asymmetric vibration of L-Alanine molecule and rocking
vibrations are identified around 1000 cm* [9]. Other weak absorption peaks at 1040 cm™ are
attributed to C=C stretching, between 900 and 950 cm™ are due to the C=C stretching
vibration [10]. Sharp absorption near 600 and 500 cm™ are successively assigned as OCO
symmetric bending and NH3 torsional vibration of L-Alanine copper acetate respectively.

3.5 UV Visible Spectroscopy

UV-Visible Spectroscopy measures the optical absorption of light in the UV and
visible regions when it passes through the prepared copper acetate doped L-Alanine crystal
and the absorbance spectra is shown in graph fig.4 to 6. The ultraviolet light absorbed by the
crystal gives information about the transparency, reflectance band gap windows which are

very essential in many optical electronic applications.
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Fig. 4. Absorbance of 0.2 mole % copper doped L-Alanine crystal
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Fig. 5. Absorbance of 0.4 mole % copper doped L-Alanine crystal
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Fig. 6. Absorbance 0.6 mole % of copper doped L-Alanine crystal

The graph shows 0.2 mole % of copper doped L-Alanine exhibits maximum peaks at 210 nm,
0.4 exhibits maximum peak at 214 nm and 0.6 exhibits maximum peak at 208 nm.
Reflectance is a measure of the amount of light reflected after it passes through the copper
doped L-Alanine crystal in ultraviolet and visible wavelengths. The reflectance spectrum of

copper doped L-Alanine crystal is depicted in fig.7 to 9.
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Fig. 7. Reflectance of 0.2 mole % copper doped L-Alanine
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Fig. 8. Reflectance of 0.4 mole % copper doped L-Alanine
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Fig. 9. Reflectance of 0.6 mole % copper doped L-Alanine
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Photon energy is the energy carried by a single Photon is calculated using the relation; where

h is the Planck’s constant, c is the velocity of light, E is photon energy, A is the photons

wavelength. The calculated optical parameters are tabulated in table 5.

Eg=hc/A
Table 5. Optical data
Crystal Maximum Maximum Maximum Photon
Absorbance Transmittance | Reflectance | Energy(eV)
(%) (%)

0.2 mole % of copper L- 0.4699 99.05 57.58

Alanine single crystal >
0.4 mole % of copper L- 0.374 99.11 130.68 5 04
Alanine single crystal

0.6 mole % of copper L- 0.6553 99.12 131.138 5 a1
Alanine single crystal

The UV cutoff wavelength of all the three prepared crystals occurs at 250 nm and showed
nearly 99% in the entire visible region, it was concluded that the crystals are effective for the
NLO application [11]. However, the optical band energy suggested that the copper doped L-
Alanine crystal belongs to the semiconductor nature suitable for the optical window.
4. Conclusion

This work details the behavior and structural changes of L-Alanine with respect to
pH, highlighting its solid states as a cation, zwitterion, and anion. Experimental solubility
testing in water provided insights into optimal growth conditions at varying temperatures.
Crystallographic data, obtained via single crystal X-Ray diffraction, confirm an orthorhombic
structure in copper-doped L-Alanine, while FTIR spectroscopy reveals functional group
vibrations and bonding specifics in the doped crystals. UV-Visible spectroscopy indicates
light absorbance characteristics of the crystals, which vary with copper concentration. These
findings underscore the critical role of pH and copper doping in modifying the structural and
optical properties of L-Alanine, with implications for its applications in optical electronics
and material science.
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ABSTRACT

As environmental concerns grow, natural plant fibers are becoming popular
alternatives to synthetic fibers. Among these, Luffa fibers are notable for their widespread
availability. These fibers have unique ligno-cellulosic properties, making them desirable.
One key advantage of natural fibers is their light weight and non-toxic impact on the
environment. Luffa fibers are especially valued for their elasticity. Being biodegradable, they
are highly recommended for sustainable uses. This study focuses on understanding the
structural, thermal, and physical properties of Luffa fibers. Basic properties like fiber
diameter and density were carefully measured. The fibers were treated with alkali and
sodium acetate at room temperature.
Keywords: FTIR, SEM, XRD

1. Introduction

As global environmental consciousness continues to ascend, natural plant fibers are
increasingly recognized as noble alternatives to synthetic counterparts. With their inherent
sustainability, biodegradability, and favorable properties, these fibers are poised to supplant
synthetic fibers across diverse applications [1]. The esteemed virtues of plant fibers —
spanning environmental, economic, and functional domains — have garnered them growing
acclaim across industries, from textiles to advanced composite materials of natural plant
fibers as reinforcement in composite materials has garnered significant interest among
researchers and industry leaders alike. These fibers may be deftly incorporated into various
matrices, such as polymers, to forge eco-friendly, lightweight, and often economically
advantageous composite structures [2]. Distinct their lower density in comparison to synthetic
fibers such as glass or carbon, plant fiber composites deliver a lighter composition. This
attribute proves particularly advantageous in sectors such as automotive and aerospace, where
weight reduction aligns with greater fuel efficiency. Further enhancing their appeal, many

plant fibers offer high tensile strength and commendable flexibility. As industries pivot
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towards materials that align with ecological priorities, these natural fibers are emerging as
worthy successors to conventional structural materials, including glass and carbon fiber
composites [3]. Their application spans sectors of paramount importance, including
automotive, construction, aerospace, and renewable energy, affirming their place in the noble
pursuit of a sustainable future [4].
2. Materials and Methods

Luffa fibers have a unique, spongy texture and are known for being environmentally
friendly. To prepare the fibers, start by harvesting mature Luffa fruits. Let them dry, then
separate the fibers and clean them to remove impurities. Gather the amount of fiber needed,
and dry it for 10 days. After drying, soak the fibers in a 0.1 M alkali solution for 20 minutes,
then allow them to dry again in the shade for 5 days. Fig 1 shows the entire chemical

processing of Luffa fibre.

Fig. 1. Sodium acetate treatment of Luffa fibre
3. Results and Discussion
3.1. PXRD Analysis
The fibers are finely ground into a powder and analyzed with an X-ray diffractometer
using monochromatic Cu Ko radiation at a wavelength of 1.5406 A. The Percentage
Crystallinity (% Cr), Crystallinity Index (CI), and Crystalline Size (CS) of the natural fibers

are then calculated using specific equations.
Crystallinity % = 2222 x 100
200

Crystallinity Index = 20 ~'amp

200
where, l200 and lamp are the crystalline and amorphous peaks at 26 scale.

KA
BCos6

where, K=0.9, A = 1.54060 x 10°m; p = %OXFWHM, 0-Bragg's angle.

Crystallinity Size =

X-ray diffraction analysis is used to study the diffraction angles (20) of crystalline and
amorphous peaks in treated Luffa fiber [5]. Fig 2 shows the PXRD pattern of chemically
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processed luffa fibre. Using the formula, the percentage crystallinity of treated Luffa fiber is
found to be 65.45%.

2000

Treated Luffa ﬁhre]

1500

1000 -

Intensity (Counts)
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o 10 20 30 40 50
2 Theta

Fig. 2. PXRD Pattern of treated Luffa fibre
3.2. SEM Analysis
SEM images of treated fibers reveal irregular white spots on the surface. Sodium
acetate treatment reduces hemicellulose and removes wax, creating a rougher fiber surface.
This enhances bonding at the fiber-matrix interface, improving interfacial adhesion and the
fiber’s ability to connect. Thinner fibers are preferred in composites for added strength and

stiffness. Fig 3 shows the scanning electron microscope images of luffa fibre for different
magnifications.

V/ s

X100 100pm 0094 1454 SEI

@, /
[

20kV X1,000 10pm 0094 1554 SEI K 0094 1554 SEI

Fig. 3. SEM images of treated Luffa fibre with magnifications (a) x100 (b)x500
(c) x1000 (d) x1500 (e) x3000
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3.3. EDAX Analysis
EDAX analysis measures the elemental composition on the surface of treated Luffa
fiber. Table 1 shows the elements detected, with their atomic and weight percentages. The
main peaks are for carbon and oxygen, and the table provides details on each element’s
atomic weight and percentage. Fig 4 shows the EDAX Spectrum of treated Luffa fibre.
Table 1. Weight % and Atomic % of various elements present in treated Luffa fibre

Element Weight % Atomic %
C 55.27 62.21
O 44.73 37.79
Total 100 100

The O/C ratio, determined through EDAX analysis, measures the oxygen-to-carbon
ratio in natural fibers. A high carbon content indicates more lignin, while a high O/C ratio
suggests lower lignin content. This ratio helps explain the different properties of natural

fibers.

Fig. 4. EDAX Spectrum of treated Luffa fibre

3.4. Thermo-gravimetric (TGA) Analysis

Thermal analysis is a widely used method to study the decomposition of solid
materials, with heat degradation occurring in two or three stages based on the fibers’
chemical composition. A TG plot shows temperature (x-axis) against weight loss percentage
(y-axis). Table 2 presents the mass loss for treated fibers, with degradation occurring below
340°C. The main mass loss (35-45%) happens above 290°C due to crystalline cellulose
breakdown. Fig 5 (a) and (b) shows the TG and DTG curve of treated Luffa fibre.
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Table 2. Thermal study of sodium acetate treated Luffa fibre

Fibre Type Temperature during Mass Loss Residual mass at
mass loss (°C) 700°C (%)
0-140 13%
Treated Luffa Fibre 140 - 290 20% 0.38%
290 - 340 40%

The DTG curve identifies the peak of fiber deterioration, aligning with the peak
values on the TG curve, confirming the fiber's thermal stability. Table 3 shows the mass loss
at Tmax for treated Luffa fibers, while Fig. 5 (c) presents DSC profiles. An exothermic peak at
490°C indicates the release of the lignified component in treated Luffa fiber.

Table 3. Mass loss at Tmax of treated Luffa fibre

Total mass loss (%0) Max. T (50%0)
Sample First Second Third Temperature (°O)
stage stage stage Limit (°C)
Treated
luffa fibre 13% 20% 40% 340 320
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Fig. 5. (&) TG Curve (b) DTG Curve and (c) DSC Curve of sodium acetate treated
Luffa Fibre
3.5. FTIR Analysis
Fourier Transform Infrared (FTIR) analysis identifies the functional groups in treated
Luffa fiber, with IR spectra measured between 4000 and 400 cm™. Each material shows

unique IR absorption frequencies based on the atomic masses in each bond. Key wave
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numbers include 3424 cm™ for O-H stretching (a-hemicellulose), 2921 cm™ for C-H
stretching (a-cellulose), and 1635 cm™ for C-O carboxyl stretching (hemicellulose).
Additional peaks, such as 1383 cm™ and 1241 cm™, correspond to COC and C-O stretching
in lignin and hemicellulose, shows in Fig 6.
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Fig. 6. FTIR Spectrum of sodium acetate treated Luffa Fibre
3.6. Physical analysis
3.6.1. Density
Low density is a key feature of natural fibers, distinguishing them from synthetic
fibers as reinforcements in lightweight applications. Fiber density is crucial when assessing
suitability for composite materials. Figure 7 shows a pycnometer, with toluene as the

immersion liquid.

Fig. 7. Density of the fibre using Pycnometer

The density of the treated luffa fibre can be calculated by using the formula,

(my-mq) Pt
(m3z—my)— (My—m3)

Density of the fibre, p =

Where,

mz - mass of dry empty pycnometer (g)
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m3 - mass of pycnometer + fibre (g)
mz - mass of pycnometer + Toluene ()
m4 - mass of pycnometer + Toluene +fibre (g)
pt - density of toluene (0.867g/cm?3)
Table 4. Density Measurement using Pycnometer
Sample Mass () Density of Density of
Toluene pt fibre p
m1 (9) m2(g) | ms(g) | ma(g) (g/cmd) (g/cm?®)
Treated 13.77 15.192 22.733 | 23.226 0.867 1.346
Luffa
Fibre

Lower density values of 1.346 g/cc are recorded for the Luffa fibres. Lower density
gives a wide scope for the firers to be employed as reinforcement while making composites.
Table 4 shows the density measurements using a pycnometer.

3.6.2. Diameter of the Fibre

The diameter of a natural fiber, measured through its center, impacts the fabric’s
performance and texture. For sodium acetate-treated Luffa cylindrica samples, the average
fiber diameter is 0.0453 cm.

4. Conclusion

Modified Luffa fiber, analyzed using PXRD, SEM-EDAX, TGDTA, FTIR, and
density methods, shows high crystallinity (65.45%), strong mechanical strength, and a rough
surface, ideal for composite matrices. High carbon content enhances its thermal stability,
while thermal and FTIR studies identify its functional properties. These qualities make
treated Luffa fiber an eco-friendly reinforcement option for biocomposites in industries like
furniture, automotive, and construction.
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ABSTRACT
Modified CuO-0QW2X DQGHWXXDDQRFRPSRVLWHV ZHUH V\Q

ultrasonication-assisted co-precipitation method. The method combines the high reactivity of
co-precipitation with sonication capability to produce homogeneously dispersed
nanoparticles with enhanced surface properties. The structural characteristics of the
nanocomposites were examined using X-ray diffraction (XRD), confirming the successful
formation of CuO-OQW2X DQOHWZXR SKDWHYV spec8dcopy and
Photoluminescence (PL) analysis were used to investigate the optical properties of the
synthesized nanocomposites, offering valuable information about their electronic structures
and band gaps, which are essential for improving sensitivity in sensor applications.
Keywords: Nanocomposites, Oxide, PXRD, Absorption

1. Introduction

In recent years, nanoscale structures have garnered significant interest from the
research community due to their remarkable physical, chemical, mechanical, and electrical
properties. [1,2]. Nanocomposites are a fascinating application of nanoscience. They are
materials composed of a matrix embedded with nanoparticles or nanostructures. The
inclusion of these nanomaterials can greatly improve the properties of composite materials
[3,4]. Copper oxide (CuQO) nanostructures are particularly intriguing due to their unique
properties and potential applications in batteries, supercapacitors, solar cells, gas sensors,
biosensors, nanofluids, catalysis, photodetectors, energetic materials, field emission,
superhydrophobic surfaces, and the removal of arsenic and organic pollutants from
wastewater. When combined with Mn.Os and Fe.Os, CuO-based nanocomposites can further
enhance these properties [5-6].
2. Materials and Methods

In this project work, high quality CuO-Mn,03 and CuO-Fe,O3 nanocomposites are

synthesized by ultrasonication assisted co-precipitation method. Cupric sulphate (7.490 Q)
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was dissolved in 100 ml of distilled water and stirred for 60 minutes using a magnetic stirrer.
Separately, manganese acetate (7.3527 g) was dissolved in 100 ml of distilled water and
stirred thoroughly. Both the cupric sulphate and manganese acetate solutions were then
combined. Next, Sodium hydroxide was dissolved in 100 ml of distilled water and stirred
well. The sodium hydroxide solution was added drop by drop to the mixed solution while
maintaining a pH of 10. The resulting precipitate was placed in an ultrasonicator (Powersonic
405S) and washed five times with double-distilled water, followed by two washes with
ethanol and double-distilled water. The precipitate was then dried in a hot air oven at 100°C.
The resulting sample was brown in color. After grinding, the sample was heated in a muffle
furnace at 400°C for two hours, yielding a black CuO-Mn.Os nanopowder. A similar
procedure was followed for the synthesis of CuO-Fe.Os nanocomposites, using cupric
sulphate and ferric chloride as precursors.
3. Results and Discussion
PXRD analysis

The structural characterization of the CuO-Mn;0O3; and CuO-Fe,O3 nanocomposites
were analyzed by recording the powder X-ray diffraction (PXRD) spectra using an X-ray
diffractometer. The crystal grain size can be quantitatively estimated using the Scherrer
equation and the diffraction peak broadening in the XRD curves.

_ 092
~ PBcosd

Where A is the wavelength of the Cu- K, radiation [1.54060 A], B is the full width

half maximum of the diffraction line and 6 is the angle of diffraction. Figure 1 displays the

PXRD pattern of the synthesized CuO-Mn.Os nanocomposites, with peaks observed at
(222), (431), (521), and (026) corresponding to 28 values of 32.95°, 49.35°, 53.29°, and
62.37°, respectively. The CuO peaks are observed at (002), (111), (022), and (004),
corresponding to 20 values of 35.39°, 38.29°, 64.98°, and 75.01°, respectively. The Mn.Os
peak, corresponding to (002), exhibits a high relative intensity. The average grain size, D, is
21.39 nm. The 20 values obtained from the PXRD data for Mn2Os in the CuO-Mn20s
nanocomposites closely match those of the JCPDS File No. 65-1798, and its structure is
determined to be cubic. The CuO structure in the synthesized CuO-Mn20s nanocomposites
is monoclinic. Figure 2 shows the PXRD pattern of the CuO-Fe.Os nanocomposites. The
peaks for Fe.Os are observed at (011), (013), (201), (211), (114), (214), and (330) with 26
values of 13.75°, 30.15°, 36.504°, 37.95°, 43.50°, 53.94°, and 63.23°, respectively. The CuO
peaks are observed at (004) and (202), corresponding to 26 values of 58.16° and 75.01°. The
CuO peak at (201) exhibits the highest relative intensity. The 20 values for iron oxide in the
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CuO-Fe20s nanocomposites match well with the JCPDS File No. 89-7047, and the structure
is determined to be orthorhombic. The structure of CuO was monoclinic in the synthesized

CuO-Fe>03 nanocomposites. The average grain size D is 20.554389 nm [7].
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Fig. 1. PXRD pattern of CuO — Mn;03 Fig. 2. PXRD pattern of CuO-Fe,O3
Nanocomposites Nanocomposites
Photoluminescence (PL) analysis

Photoluminescence (PL) studies for the synthesized CuO- Mn,Osand CuO- Fe,O3
nanocomposites were carried out using a photoluminescence spectrophotometer and the
emission spectra were recorded at a scan rate of 600 nm/min using the excitation wavelength
of 320 nm. The PL emission spectra of CuO-Mn.Os and CuO- Fe,O3 nanocomposites exhibit
a prominent peak at 358 nm, which corresponds to blue emission, likely due to the radiative
recombination of charge carriers or defect states involving Mn** or Mn** ions. The smaller
peaks at 388 nm and 406 nm are attributed to blue-green emissions, which are associated with
defect states or surface defects, possibly linked to oxygen vacancies in the material. The peak
at 489 nm corresponds to green emission, likely arising from electron-hole recombination or
shallow defects, while the 570 nm peak is a yellow emission, which is typically related to
deep-level trap states or significant defects, such as oxygen vacancies. For the CuO-Fe.Os
nanocomposites, the primary peak at 358 nm also corresponds to blue emission, and the
smaller peaks at 387 nm and 406 nm indicate blue-green emissions due to similar defect-

related phenomena involving oxygen vacancies or point defects in the CuO-Fe.Os matrix [8].
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Fig. 3. PL spectra of CuO- Mn20s Fig. 4. PL emission spectra of CuO-Fe>O3
Nanocomposites Nanocomposites
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UV- Visible analysis

Figure 5 displays the optical absorbance spectra of CuO-Fe.Os nanocomposites,
showing a maximum peak at 352 nm with significantly absorbance. Similarly, Figure 6
presents the optical absorbance spectra of CuO-Fe>0s nanocomposites, also exhibiting a peak
at 352 nm. The UV peaks observed in the blue region for both CuO-Mn20s and CuO-Fe20s
nanocomposites confirm the nanoscale nature of the synthesized materials [9].

The optical band gap is calculated by using the relation

ahv = A (hv-Eg)"

where, A is a characteristic parameter independent of photon energy, h is Planck's
constant, v is the frequency of light, Eq is the optical energy band gap, and n defines the type
of electronic transition. For direct allowed transitions, n = 2 and for indirect allowed
transitions n=1/2. The Tauc plot method is commonly used to determine (Eg) by plotting
(ahv)? against hv (photon energy). The optical band gap is estimated by identifying the linear
region of the plot and extrapolating it to intersect the energy axis (x-axis) at zero. Using this
method, the optical band gap was determined to be Eg=4.2¢V for CuO-Mn.Os
nanocomposites (Fig. 7) and Eg=3.7eV for CuO-Fe.0:; nanocomposites (Fig. 8). These
differences in bandgap values highlight the distinct electronic properties of the
nanocomposites, crucial for optimizing their optoelectronic performance in specific

applications.
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Fig. 5. Optical absorbance spectra of Fig. 6. Optical absorbance spectra of CuO-
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Fig. 7. Optical Energy band gap of CuO-Mn;03 Fig. 8. Optical Energy band gap of
CuO- Nanocomposites Fe>O3 nanocomposites
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4. Conclusion

The CuO-Mn:0; and CuO-Fe.Os nanocomposites synthesized by ultrasonication-
assisted co-precipitation have demonstrated excellent optical and electronic properties for
heavy metal sensing. UV-Vis spectroscopy confirmed strong light absorption in the visible
range, while photoluminescence studies provided valuable insights into charge carrier
dynamics, essential for achieving high sensor sensitivity and selectivity. The enhanced
optical properties, combined with high surface area and effective electron transfer, contribute
to the nanocomposites' remarkable sensitivity and low detection limits for Pb*", Cd**, and

Hg?** ions. These findings highlight the potential of CuO-Mn.Os and CuO-Fe.0s

nanocomposites as efficient, cost-effective sensors for monitoring toxic metal ions in

environmental applications.
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ABSTRACT

Hydrothermal synthesis offers an efficient and eco-friendly route to fabricate
nanostructures with enhanced properties for solar cell applications. In this study, pure zinc
oxide (ZnO) and zinc oxide-magnesium oxide (ZnO-MgO) nanostructures were synthesized
by hydrothermal method and characterized to explore their potential as photoanode
materials in solar cells. The structural analysis using PXRD revealed high crystallinity and
phase purity, while photoluminescence (PL) analysis highlighted reduced recombination
rates due to MgO doping. Optical characterization using UV-Vis spectroscopy showed
improved light absorption for ZnO-MgO nanostructures with a widened bandgap. These
enhancements are critical for improving the efficiency of solar cells. The results demonstrate
the promise of hydrothermally synthesized ZnO-MgO nanostructures for next-generation
photovoltaic applications.
Keywords: nanocomposites, metal oxide, PXRD, photocatalytic

1. Introduction

Nanocomposites comprise various systems, for instance, multidimensional (1D, 2D, 3D)
and amorphous materials, which are made of several different components with varied
characteristics, with the dimension less than 100 nm. The incorporation of these materials
serves to enhance the properties of the nanomaterials to function more effectively for the
intended applications [1-3]. ZnO has a wide band gap (~3.37 eV), which makes it transparent
to visible light, allowing more light to pass through to the active layers of solar cells. Its high
electron mobility promotes efficient charge transport, reducing energy loss and enhancing
solar cell efficiency. [4-6]. To further enhance its effectiveness, ZnO is often combined with
other materials to form nanocomposites. Among these, magnesium oxide MgO emerges as a
promising candidate due to its renowned stability and bandgap engineering properties. The
hydrothermal synthesis method, recognized for its ability to produce high purity, defect-free
nanostructure, offers a controlled and efficient method for fabricating ZnO-MgO
nanocomposites. The formation of ZnO-MgO nanocomposites through hydrothermal
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synthesis produces stable, defect-free, and uniform structures that are well-suited for
absorbing sunlight and sustaining efficient photovoltaic performance [7-9]. This technique
enables the creation of nanomaterials with enhanced functional characteristics, making them
suitable for advanced solar cell application.
2. Materials and Methods

In this project work, high-quality pure ZnO and ZnO-MgO nanostructures are
synthesized by the hydrothermal method. The materials used for preparing the nanomaterials
consist of zinc acetate, manganese acetate, magnesium acetate, double distilled water and
hydroxide. 0.1 M of zinc acetate dihydrate and 0.1 M of MgCl. are separately dissolved in
100 ml of distilled water and then it is mixed together and the solution is under vigorous
stirring for 10 minutes. Then, 3M of NaOH, dissolved in 100 ml of distilled water is slowly
added to the solution in order to maintain the pH value 10 which results in the formation of
white precipitate. Then the solution is stirred for 5 minutes and transferred into the autoclave
and closed at 160 °C for 12 hrs and cooled at room temperature. The resultant colourless
products are cleaned and rinsed with distilled water and ethanol for 3 times and placed in the
hot air oven for drying and then, it is kept in the muffle furnace for 500° C and finally, the
ZnO-MgO nanopowder obtained appears white in colour. ZnO nanopowder is also
synthesized using the same method as mentioned above.
3. Results and Discussion
3.1 PXRD analysis

The structural properties of the pure ZnO nanoparticles and ZnO-MgO
nanocomposites are analyzed by recording the powder X-ray diffraction (PXRD) spectra
using X-ray diffractometer. The average grain size can be quantitatively estimated using the
Scherrer equation and the diffraction peak broadening in the XRD curves.

D= 092
PBcosb

where A is the wavelength of the Cu-K, radiation [1.54060 A], B is the full width half
maximum of the diffraction line and 6 is the angle of diffraction. Fig.1 depicts the PXRD
pattern of the synthesized Pure ZnO nanoparticles. The peaks of ZnO are observed at (100),
(002), (101), (102), (110), (103), (112) and (201) corresponding to 20 = 31.6834°, 20 =
34.3185° and 20 = 36.2542°, 20 = 47.5045°, 20 = 56.5110°, 26 = 62.8222°, 20 = 67.8745°, 20
=69.0411°,20 = 72.4610° and 20 = 76.9071° respectively. The average grain size D is 30.20
nm using Scherrer equation. Fig.4.2 shows the PXRD pattern of the synthesized zinc oxide

(ZnO) — magnesium (MgO) nanocomposites. The peaks of ZnO are observed at (100), (002),
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(102), (110), (200), (112), (201), and (202) corresponding to 26 = 31.6617°, 20 = 34.3215°,
20 = 47.4385°, 20 = 56.4840°, 20 = 66.2877°, 20 = 67.8421°,20 = 68.9600° and 20 = 76.9280°
respectively and the peaks of MgO are observed at (111), (200) and (220) corresponding to
20 = 36.1469° 26 = 42.6428° and 20 = 62.7546° respectively. The MgO peak corresponding
to (111) is of high relative intensity. The average grain size D is calculated as 44.22 nm using

Scherrer equation [10].

160

(101)

Zno “ZnO-MgO|

(11)

1400

800| 1200

‘(100)

1000

Intensity (arb.units)
Intensity (arb.Units)

)
(220)
“(200)
(112)
201)
i:n

2 30 a0 50 G0 70 30 40 50 60 70 80

20 (degree) 20 (degree)
Fig. 1. PXRD pattern of pure Fig. 2. PXRD pattern of ZnO-MgO
ZnO nanoparticles nanocomposites

3.2 Photoluminescence (PL) analysis
Photoluminescence (PL) studies of the synthesized pure ZnO and ZnO-MgO

nanocomposites were conducted using a photoluminescence spectrophotometer. The
emission spectra were recorded at a scan rate of 600 nm/minutes employing an excitation
wavelength of 320 nm. The PL emission spectrum of pure ZnO nanoparticles, presented in
Fig. 3 exhibits prominent peaks at 358 nm, 392 nm, 408 nm, 436 nm, 490 nm, 521 nm, and
594 nm, each corresponding to distinct energy levels.In comparison, the PL emission
spectrum of ZnO-MgO nanocomposites, shown in Fig. 4 reveals peaks at 359 nm, 390 nm,
406 nm, 491 nm, 519 nm, 540 nm, 571 nm, and 596 nm, each associated with specific energy
levels. The PL emission peaks in the blue and green regions for both ZnO and ZnO-MgO
nanocomposites indicate the nanoscale nature of the synthesized materials [10].
3.3 UV-Visible analysis

The absorbance of the synthesized pure ZnO nanoparticles is shown in Fig.5 which
exhibits a maximum peak at 357 nm with absorbance 1.2 (a.u.). The absorbance of the
synthesized ZnO-MgO nanocomposites is shown in Fig.6 which exhibits a maximum peak at
363 nm with absorbance 0.75 (a.u.) [11]. The optical band gap is calculated by using the
relation

ahv =A (hv-Eg)"

where, A is a characteristic parameter independent of photon energy, h is Planck’s constant,
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v is the frequency of light, E, is the optical energy band gap, and n defines the type of

electronic transition. For direct allowed transition, n = 2 and for indirect allowed transition n

=1/2. The

Tauc plot method is a commonly used to determine (E,) by plotting (ahv)? against hv (photon

energy). The optical band gap is estimated by identifying the linear region of the plot and

extrapolating it to intersect the energy axis (X-axis) at zero. Using this method, the optical

band gap was determined to be Eg= 3.06eV for ZnO nanoparticles and ZnO-MgO

nanocomposites (Fig. 7 & 8). These differences in bandgap values highlight the distinct

electronic properties of the nanoparticles and nanocomposite, crucial for optimizing their

optoelectronic performance in specific application.
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3. Conclusion
The study successfully synthesized and characterized pure ZnO nanoparticles and

ZnO-MgO nanocomposites using the hydrothermal method. PXRD confirmed well-defined

crystalline structures with average grain sizes of 30.20 nm for ZnO and 44.22 nm for ZnO-

MgO. The addition of MgO enhanced absorption and shifted diffraction peaks, indicating

successful composite formation. PL and UV-Vis studies revealed emission peaks in the blue

and green regions and a band gap of 3.06 eV for both materials, highlighting their nanoscale
nature and improved optical properties. These findings demonstrate the potential of ZnO-

MgO nanocomposites for applications in solar cells and other photoactive devices.
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ABSTRACT

The work is a thorough study of pure and lithium nitrate doped GSN single crystals.
These crystals were meticulously grown through the slow evaporation method, and a series of
precise characterization techniques were meticulously applied to unravel their intrinsic
qualities. To unveil the structural composition of the crystals, a Powder X-ray Diffraction
analysis was meticulously conducted. Moreover, the identification of specific functional
groups was facilitated through detailed Fourier Transform Infrared Spectral (FTIR) studies.
Additionally, an exploration of the crystals' optical properties was carried out through
comprehensive UV-Vis spectral studies, aided in revealing a lower cut off wavelength of 230
nm, shedding light on their NLO efficiency and behavior under various wavelengths of light.
Keywords: GSN, semi organic crystals, Nonlinear optics, Slow evaporation

1. Introduction

Crystals have piqued man's curiosity for centuries due to their beauty and scarcity.
Crystals were employed for both development and ornamentation during the middle Ages.
However, with the introduction of crystallography, all solids with distinct geometrical shapes
were classified as crystalline solids. There are three major categories of solids: Crystalline,
amorphous, and quasicrystalline [1]. A crystalline state is defined by the orderly arrangement
of component molecules or ions into a definite pattern known as a lattice. The arrangement is
irregular when the material is amorphous. When crystals form slowly, the atoms or
component particles occupy certain locations during the process. These component particles
settle down in places where their potential energy is lowest. As a result, an ordered
arrangement of component particles emerges, repeating itself in all three directions. When
there is long-range organisation in a solid, it is known as a crystalline solid. If the
development process is rapid, these component particles do not reach the configuration of

minimal energy. This produces long-range order, in which perfect periodicity is maintained at
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far greater distances than lattice periodicity. However, there is still a short-range order in
which order exists in small locations.

Amorphous solids are defined by their short-range organisation. Quasicrystals, a third
type of solids, are crystals that contain atoms in ordered arrays but whose patterns shift
somewhat at regular intervals. Such patterns are referred to as quasi periodic. When heated,
some organic crystals change into a state somewhere between solid and liquid [2]. This
condition is known as the mesomorphic state or liquid crystal. Crystals can range in size from
a fraction of a millimetre to tens of centimetres or even meters. There are three types of
crystals: macro, micro, and nano. Macro crystals are visible (bulk single crystals) and range
in size from a few millimetres to 10 -3 meters. Micro crystals are crystals that are extremely
tiny. Nano crystals are crystals with size of 10-7 m or larger. The variation in crystal forms
and sizes is controlled by two factors: the crystal's internal symmetry and the relative growth
rate, which changes with the direction of crystal growth [3]. Single crystals have symmetrical
periodicity throughout the material, and there are no inner borders. Twinned crystals are
formed when two crystals are joined together, whereas multiplex crystals are formed when
two or more crystals are attached together. They are often described as being polycrystalline
in nature. Crystals have acute melting points, are stiff, and incompressible. Many of the key
physical characteristics of crystals are due to their perfect ordering, including
ferromagnetism, ferroelectricity, piezoelectricity, and birefringence [4].

Slow evaporation has emerged as a highly effective technique for crystal growth,
having facilitated the successful growth of a wide array of compounds utilizing this method.
By employing slow evaporation, a single solvent or a combination of two solvents is
dissolved, and the resulting solution is left to evaporate gradually. This process can be carried
out either under normal atmospheric conditions or within an inert atmosphere. The gradual
evaporation method in crystal growth has proven to be particularly advantageous due to its
ability to yield high-quality crystals with a high degree of purity. Not only does this technique
promote crystal growth efficiency, but it also allows for a controlled and precise formation
process, resulting in crystals exhibiting superior structural integrity. Additionally, the slow
evaporation process offers researchers a versatile approach to growing crystals with varying
properties and characteristics. This method has significantly broadened the scope of crystal
growth possibilities, enabling the synthesis of crystals that may have been challenging to
produce using other methods. Therefore, slow evaporation stands as a fundamental technique
in the realm of crystal growth, offering researchers a reliable and versatile approach to

achieving crystalline structures of varying complexities and compositions.

71



ISSN 0976-5417 Cross Res.: December 2024 Vol. 15 No. 2

2. Materials and Methods
Growth of pure GSN

Single crystals of glycine sodium nitrate (GSN), a semi-organic nonlinear optical
material, have been produced from solution via slow evaporation at room temperature. GSN's
solubility has been determined in water. The amount of solute required to get supersaturated
solution can be obtained using the formula [9],
M = [MxXxV] +1000
Where, M-Molecular weight of the solute, X-Supersaturated concentration in molar unit, V-
Volume of the solution. The aqueous solution was evaporated under slow evaporation at
room temperature.
Growth of 1 mole of Lithium Nitrate doped GSN

Single crystals of pure and lithium nitrate doped glycine sodium nitrate were grown
from aqueous solution by slow evaporation technique. Glycine and sodium nitrate of high
purity were dissolved in water in the ratio 1:1 to get a saturated solution. A Magnetic stirrer
was used to obtain a homogeneous solution. The solution was then filtered and covered with
a porous cover and kept undisturbed in a dust free environment. The amount of dopant
required in grams is obtained using the formula,

M’ = [MxVxPxX] +100

where, M’-Molecular Weight of the dopant, VV-Volume of the solution, X- Supersaturated
concentration in molar unit. The solution is transferred to a beaker and kept in a dust free
atmosphere to facilitate growth by slow evaporation at room temperature. A colorless crystal
of GSN doped with 1 mole of lithium nitrate is produced using the slow evaporation
approach.
Characterizations
X-Ray Diffraction studies

Power XRD patterns of the grown crystals were recorded using an automated X-ray
power diffractometer (PANalytical XPERT-PRO MPD). This is a fully computerized X-ray
diffractometer which was employed for X-ray diffraction studies. This is a versatile, sensitive
and high-resolution X-ray diffractometer. The intensity of the diffracted beam was recorded
against 20in the range 1070° with CuKa radiation. Using the observed 26 (Bragg angle) and
d (interplanar spacing), all the reflection of the powder XRD pattern for pure and impurity
added GSN crystal has been indexed.
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UV-Vis spectral measurements

In the present study, the UV — Vis — NIR transmission spectra were recorded for the pure and

impurity doped Lithium nitrate single crystals of 2 mm thickness. Perkin — EImer Lambda 35

UV — Visible spectrometer in the range 190 — 1100.

Fourier Transform Infrared analysis

The FTIR spectra of pure and semi organic GSN crystals doped with impurity (0.2,0.4,0.6,0.8
and mole%), have been recorded in the in the range of 400-4000 cm -1 using Perkin Elmer
Fourier transform infrared spectrometer (Model: Spectrum RXI) using KBr pellet method.
The spectra were used to analyse the presence of different constituents and their bonding
properties qualitatively.

3. Results and Discussion

XRD analysis

The diffraction pattern for the pure and doped GSN crystals was analysed using X’ Pert Pro —
P Analytic in the 20 range from 10 o — 70 0 with Copper (Ko) radiation (A= 1.5406 A)
operating at a voltage of 40 kV and a current of 30 mA. The obtained XRD patterns are
shown in the fig 1a,1b. The lattice parameters reveal the crystal belongs to the monoclinic
system. The cell parameters a = 14.41904 A, b = 5. 00504 A, ¢ = 9.27421 A, B = 119.1078
and cell volumeV = 584.7714 A 3, respectively were found using UNIT CELL software. The
cell parameters for LiNO3; doped GSN was found to be a = 14.72713 A b = 5.38668 A, ¢ =
9.08003 A, B =118.58167 and cell volume V = 632.5410 A 3 respectively. The XRD pattern
of the doped GSN crystal shows slight variations from the pure form of GSN crystals
revealing the inclusion of the dopant into the lattice system [10], also the sharp peaks found

in the diffraction pattern indicates the crystalline nature of the material [11].
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Fig. 2: XRD pattern of pure GSN
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Fig. 3: XRD pattern of LiNO3; doped GSN
UV- Vis Spectral Analysis

In the present work, UV-Vis-NIR spectra were recorded in the wavelength range of
190 nm — 1100 nm for the solutions of pure and Lithium nitrate doped GSN crystals using U-
2900 spectrophotometer.

The ratio of absorbance and transmittance is particularly significant in the case of
Nonlinear optical crystal applications as higher transmission efficiency of NLO crystals are a
necessity [12]. The UV-Vis spectra for both the pure and doped crystals of GSN indicate
greater transmittance percentage [13] and lower cut off wavelength of 230 nm, hence
indicating greater NLO capability. The transmittance spectra for pure and doped GSN are
shown in Figures 4 and 5. The absorbance spectra of pure GSN and lithium doped GSN are
shown in figures 6 and 7, respectively.
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Fig. 4: UV — Vis transmittance spectrum of pure GSN
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Fig. 5: UV — Vis transmittance spectrum of LiNOz doped GSN
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Fig. 7: Absorption spectrum of LiNO3 doped GSN
FTIR Analysis

The peaks at 3257 cm™ and 3260 cm™ correspond to NH3s* Asymmetric stretching.

CH2 Asymmetric stretching is observed at the peaks at 2885 cm™ and 2875 cm™! respectively.
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NH3z* symmetric stretching and NHs* symmetric in plane bending is evident from the peaks at
2403 cm™ and 1505 cm™. The presence of NOs  out of plane bending and NOs in plane
bending can be observed by peaks at 819 cm™ and 673 cm™. Peaks at 1593 cm™ and 505 cm™*
indicate the presence of COO- asymmetric bending and COO- rocking. The presence of C-N
stretching is evident from peaks at 1023 cm™ and 1028 cm™. Peaks at 2016 and 2019
represent a combination of torsional oscillation and asymmetric bending of NHz*. The
presence of NHs* Rocking and CH2 Rocking is proven by the peaks at 1126 cm* and 913 cm-
[14].

The slight variations in the FTIR peaks of LiINO3z doped GSN, indicates the inclusion of the
dopant into the Glycine lattice [15]. The peak allotment of pure and doped samples of
Glycine is given in Table 1. The corresponding FTIR graphs are provided in fig 8 and 9
respectively.

Table 1: FTIR spectral analysis of pure and doped Glycine

Wavenumber (cm™?)
Pure GSN LiNO3 doped Band assignment
GSN
3257 3260 NHs* Asymmetric stretching
2885 2875 CHz Asymmetric stretching
2717 2711 Overtones/combinations
2629 2618 Overtones/combinations
2403 2411 NHs* symmetric stretching
2016 2019 Combination of torsional oscillation and asymmetric
bending of NHz*
1593 1598 COO asymmetric bending
1505 1505 NHs* symmetric in plane bending
1381 1377 NOz™ asymmetric stretching
1126 1120 NHs* Rocking
1023 1028 C-N stretching
913 907 CH2 Rocking
819 828 NOs" out of plane bending
673 678 NOs" in plane bending
505 507 COO" rocking, ONa* stretching
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Fig. 8: FTIR spectra of pure GSN
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Fig. 9: FTIR spectra of LiNO3s doped GSN
4. Conclusion
Single crystals of LINO3 doped Glycine Sodium Nitrate crystals were grown

employing slow evaporation technique. The XRD patterns of the doped GSN crystal differ
somewhat from the pure form of GSN crystals, indicating the presence of the dopant into the
lattice system.The sharp peaks found in the diffraction pattern indicates the crystalline nature
of the material. The functional groups of grown crystals were confirmed by FTIRstudies. The
UV-Vis spectra of GSN pure and doped crystals show a higher transmittance percentage and
a lower cut off wavelength of 230 nm, this indicates greater NLO efficiency of these crystals.
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ABSTRACT

This work investigates the environmentally friendly generation of Zinc oxide
nanoparticles (ZnO NPs) by employing plant extract from Moringa oleifera [MO] as a
stabilizing and reducing agent. The synthesized NPs were characterized using various
techniques, including XRD, FT-IR, and UV-Vis. The XRD study confirms the hexagonal
wurtzite-structured ZnO nanoparticles. This study highlights the use of MO extract in
environmentally friendly manufacturing of ZnO nanoparticles, contributing to the
development of nanomaterials.
Keywords: Coprecipitation method, green synthesis, Moringa oleifera, Sodium hydroxide,
Zinc Oxide (Zn0O).

1. Introduction

Metal oxide nanoparticles, particularly ZnO NPs, have garnered significant attention [1].
Traditionally, the manufacture of these NPs employs chemical methods, which often involve
harmful reagents and energy-intensive processes. In response to the need for sustainable
practices, researchers have been developing green synthesis methods, which utilize natural
substances to produce nanoparticles without compromising the environment [2,3]. Using
natural extracts eliminates toxic chemicals, reduces production costs, and provides an
effective route to creating nanoparticles with enhanced biological activity [2,4]. The appeal of
plant-mediated synthesis lies in its simplicity and compatibility with numerous applications.
Moringa oleifera (MO), commonly called the drumstick tree or miracle tree is a fast-growing
tree found predominantly in tropical regions [5]. These compounds are linked to a range of
health benefits, including anti-inflammatory, antioxidant, anticancer, and immuno
modulatory effects, making MO an excellent candidate for green synthesis [6]. In the
manufacture of NPs, the bioactive chemicals in MO work as natural reducing agents,

streamlining the manufacturing process. These phytochemicals not only facilitate the ZnO
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NPs formation but also enhance their functional properties. In biomedicine, they exhibit
potential in cancer therapy, and wound healing [5,7]. The adaptability of ZnO NPs makes
them a crucial focus for researchers seeking to improve their synthesis and functionality
through green methods. When used in green synthesis, MO contributes additional biological
activity to the resulting ZnO NPs, making them more effective in various biomedical and
environmental applications [8]. Using MO leaf extract for environmentally friendly ZnO NP
generation provides multiple advantages. It gets rid of the use of hazardous chemicals,
supports low-cost production, and enhances the nanoparticle's biological activity [3].
However, ongoing research is focused on optimizing green synthesis parameters to improve
reproducibility and efficiency [9]. Future research may explore hybrid methods and
combinations with other biocompatible materials to enhance the functional properties of
Moringa oleifera ZnO NPs (MO-ZnO NPs) [10,11]. The outcome of this research contributes
to the application of MO-ZnO NPs in biomedicine, environmental protection, and cosmetics,
supporting an eco-friendly approach to advancing nanotechnology. This green synthesis
method represents a step toward sustainable nanoparticle production, with potential benefits
across various scientific and industrial fields.

2. Materials and methods

2.1 Synthesis of ZnO NPs

Synthesis procedure, 0.2 M of Zinc acetate dihydrate is mixed in double distilled
water and stirred in a magnetic stirrer continuously until the Zinc precursor is fully dissolved,
creating a homogeneous solution. Slowly add a solution of Sodium hydroxide (NaOH) to the
Zinc solution. The pH of this solution was adjusted to 10 using NaOH and continuously
stirred for 1h to make a homogeneous mixture. Then being dried at 100 °C in a hot air oven.
The dried ZnO powder underwent calcination at 350 °C for 2h in a muffle furnace. After
cooling, a light white ZnO nano-powder was obtained.

2.1 Green synthesis of Moringa oleifera-Zinc Oxide Nanoparticles (MO-ZnO NPs)

In a typical MO-ZnO NPs synthesis process, Fresh MO leaves were dried for 10 days.
Following that, the leaves were mashed into a fine powder. 5 grams of MO powder was
mixed in distilled water and stirred continuously at a temperature of 60°C. After heating, the
mixed solution was permitted to cool to ambient temperature and then filtered to obtain a
clear MO leaf extract. A 0.2 M solution of Zinc precursor was prepared by dissolving it in
distilled water. The filtered MO extract was added to the Zinc acetate dihydrate solution in a
1:1 volume ratio while stirred continuously. The pH of this solution was adjusted to 10 using

NaOH and continuously stirred for 1h to make a homogeneous mixture. They were dried at
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100 °C in a hot air oven. The dried MO-ZnO powder underwent calcination at 350 °C for 2h
in a muffle furnace. After cooling, a MO-ZnO nano-powder was obtained.
3. Results and Discussion
3.1 X-Ray Diffraction

The ZnO NPs and ZnO NPs with MO leaf extract and the structure of hexagonal-
wurtzite was verified using X-ray diffraction. For pure ZnO NPs, the main diffraction peak
appeared at 20 angles of 31.25°, 34.87°, 36.62°, 47.89°, 56.22°, 62.90°, 66.24°, 67.54°, and
68.34°, corresponding to the (100), (002), (101), (102), (110),(103), (200), (112), (201)
planes, for the green-synthesized ZnO NPs the prominent peaks observed at angles of 31.18°,
34.53°, 36.37°, 47.07°, 56.44°,62.98°, 66.40°, 67.58°and 68.87°correspond to the same plane
(100), (002), (101), (102), (110), (103), (200), (112), (201). In green synthesis ZnO one extra
peak due to the plane (001) was obtained at 20 value at 27.82°, organic compounds or
biomolecules from the MO leave extract could also contribute to the extra peak [4,7]. The
pure ZnO NPs and green-synthesized ZnO NPs correspond to the hexagonal-wurtzite phase
which is the common phase of ZnO [11].
By using the Scherrer equation the mean crystallite size was calculated

D=KA/Bcosb

Where:

D - average crystallite size (nm)

K - Scherrer constant (typically taken as 0.9)

A - X-ray wavelength

B - full width at half maximum (FWHM) of the peak in radians

0 - diffraction angle
The mean crystalline size for pure ZnO NPs is 25 nm and the crystalline size for
biosynthesized ZnO NPs is 24 nm. The smaller crystalline size in leaf extract produced by
ZnO NPs is by their natural capping agent [12] such as polyphenols, flavonoids, proteins, and
carbohydrates [8] that act as reducing agents during the nanoparticle formation process.
These capping agents stabilize the nanoparticles by preventing their agglomeration and
controlling their growth during synthesis [3,9]. This results in smaller crystallites. In
chemical synthesis, the growth of nanoparticles is usually driven by chemical precursors and
physical conditions like pH, and reaction time, and the lack of natural capping agents like
those in green synthesis might result in larger crystalline sizes [5,12,13].
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Fig. 1. XRD pattern of the synthesized ZnO NPs and MO leaf extract with ZnO NPs

3.2 Fourier Transform Infrared Spectroscopy (FT-IR)
Utilizing FT-IR spectroscopy the functional group was identified on their surface and

identified how the ZnO NPs and the green-synthesized ZnO NPs were formed. However, the
ZnO NPs and MO extract ZnO NPs were recorded in the 4000 cm™ to 400 cm™ regions.
Fig.2. compares the ZnO NPs FT-IR spectrum with that of green-produced ZnO NPs and
tabulated in Table 1.
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Fig. 2. FT-IR spectrum of synthesized ZnO NPs and Moringa oleifera leaf extract with
ZnO NPs
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Table. 1. shows the Peak position and functional group of synthesized ZnO NPs and
Extract with ZnO NPs

Peak Position (cm™?)

Functional Groups

ZnO NPs Extract with ZnO NPs
3439 3421 O-H Stretching
2927 2933 C-H Stretching
2843 2832 C-H Stretching
1648 1641 C=0 Stretching
1526 1540 C-H Bending
1423 1426 C-H Bending
1106 1109 C-O Stretching
475 478 Zn-0 Stretching

The environmentally friendly ZnO NPs FT-IR spectra displayed a minor shift marginally

altered in peaks, indicating that the extract's main biomolecules had bound toZnO NPs

surface [13].

3.3 UV-Visible Spectroscopy (UV-Vis)
UV-Vis Analysis of ZnO and MO extract synthesized ZnO NPs are illustrated in Fig.

3, the produced ZnO NPs absorption spectrum shows that the peak is 370 nm, and the

absorption spectrum of the produced green-synthesized ZnO NPs with the absorption peak is

374 nm. Higher UV absorption of green-synthesized ZnO NPs than the ZnO NPs is primarily

due to their smaller crystalline size, the increased surface area-to-volume ratio [14],

and surface interactions with biomolecules [15], all of which contribute to the enhanced light

absorption in the U

Absorbance (a.u)

V region.
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Fig. 3. UV-Visible analysis of synthesized ZnO NPs and MO leaf extract-ZnO NPs
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4. Conclusion
ZnO NPs' environmentally friendly production employing MO leaf extract
demonstrates a sustainable approach to nanoparticle production. The green synthesised MO-

ZnO NPs show higher absorption. The use of MO leaf extract not only underscores the green

synthesis methods but also promotes natural resources, reducing the reliance on harmful

chemical processes. Future research could focus on optimizing the synthesis parameters of

MO-ZnO NPs further and exploring their efficacy in specific applications, thereby advancing

the development of environmentally friendly nanomaterials.
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ABSTRACT
Cubic spinel ferrites are essential magnetic metal oxide materials with applications in
data storage, adsorption, sensors, and innovative technologies. Among them, nano zinc
ferrite is particularly valuable owing to its strong photo-induced catalytic activity, low
saturation magnetization, increased resistivity, and consistent properties. In this study,
&EX)HW2Y QDQRSDUWLFOHYV ZHUH SURGXFHG E\ PHDQV RI D
with egg white as a bio-template fuel. The produced nanoparticles were evaluated for their
structural and electrical properties. XRD analysis confirmed the development of copper
ferrite with reduced crystallite size, while FTIR spectroscopy identified the chemical bonds
within the nanomaterial. Dielectric analysis was conducted to assess the electrical
characteristics by measuring dielectric permittivity and loss over a broad frequency range.
This analysis is crucial for understanding polarization processes, conductivity, relaxation
mechanisms, and molecular dynamics. Electrical characterization techniques are widely
applied in electronics, material science, and research for comprehensive material evaluation.
Keywords: conductivity, dielectric, ferrite, FTIR, XRD

1. Introduction

Magnetic nanoparticles are small particles, typically on the nanoscale (1-100 nanometers
in size), that exhibit magnetic properties. They have been extensively researched for their
unique magnetic, electrical, optical properties [1] and potential applications such as
biomedical Imaging [2], Drug Delivery [3], cancer therapy [3], environmental remediation
[4], catalyst [5], and biotechnology [6]. They are frequently made from materials like iron,
nickel, cobalt, or their alloys. Spinel ferrite nanoparticles hold significant importance in the
realm of magnetic nanoparticles due to their distinct characteristics and versatile applications.
Spinel ferrite is a specific class of ferrite materials that have a crystal structure known as
spinel. This structure is characterized by an arrangement of metal cations (ions with a
positive charge) in a pattern where they reside at specific locations within the crystal lattice.
The typical chemical formula for a spinel ferrite is represented as M*Fez**Os where M*
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represents a divalent metal cation such as zinc (Zn), copper (Cu), or magnesium (Mg). Fe**
denotes two trivalent metal cations denoting two trivalent metal cations. O4 stands for four
oxide ions that complete the crystal structure. The M* and Fe™* cations will be dispersed
among the tetrahedral and octahedral crystal sites of the spinal structure [7]. In our work
CuFe204 is produced by combining egg white (albumen) with the nitrates of iron and copper.
Being magnetic materials, copper ferrite nanoparticles can display superparamagnetic
behavior, rendering them useful for various applications like targeted drug delivery and
magnetic resonance imaging (MRI). These nanoparticles find use in various fields, including
electronics, materials science, medicine, and environmental science, showcasing their
versatility.

After a thorough analysis of solid-state reactions, this approach was selected. Nanoparticle
synthesis employs a range of techniques, including chemical reduction, sol-gel processes,
precipitation, and physical means such as laser ablation or milling. These methods are
utilized to create particles with specific properties, sizes, and shapes, catering to diverse
applications in fields like medicine, electronics, catalysis, and more. Green synthesis offers
numerous advantages compared to traditional synthesis methods. It is more environmental
friendly and operates at a low reaction temperature, reducing the use of toxic chemicals,
energy, and generating less waste. This approach aims to reduce the aid of harmful chemicals
and energy in the mixture process, making it more eco-friendly. It's gaining attention due to
its reduced environmental impact and potential for diverse applications in various industries.
It often utilizes natural, renewable materials like plant extracts, animal byproducts,
microorganisms such as fungi and bacteria, or other sustainable resources [8]. Santi Maensiri
et al. initially documented the albumen-enriched egg white for the synthesis of ferrites
substituted for transition metal [9]. The ultimate goal of the present work is to examine the
physical, chemical and electrical characteristics of copper ferrite.

2. Experimental details

Copper ferrite nanoparticles were prepared using highly pure ferric nitrate
nonahydrate, cupric nitrate hexahydrate, and freshly processed egg white. Egg white is noted
for its foaming and emulsification capabilities and being water-soluble, making it easy to
interact with metal ions [9,10]. Egg white is also a binding agent and gel for material
shaping.

In the synthesis process, 45 mL of egg white was mixed with 5 mL of distilled water
and stirred thoroughly using a magnetic stirrer for approximately 30 minutes. Copper nitrate

and ferric nitrate are mixed in a stoichiometric ratio of 1:2 with distilled water to prepare a 50
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ml solution. This mixture is stirred using a magnetic stirrer until a clear solution is achieved.
After preparing the metal nitrate solution, it is added dropwise to the egg white solution while
stirring continuously until froth forms, ensuring proper binding. The combined solution is
then heated on a hot plate, which ignites a spark and initiates combustion, resulting in a fluffy
product. Finally, the obtained product is calcined in a muffle furnace at 600°C for about 3.5
hours to achieve the desired material. Further, the synthesised material is subjected to various

studies such as powder XRD, FTIR and dielectric studies.

R / A0 i
K &> Cu 6.94g Fe-20.19g

Started

Both are mixed and heating

stirred for 30 minutes

Egg white + water Cu + Fe+ water
Stirred for 30minutes Stirred for 30 minutes

Calcinated at 600°C
for 3hours powder using mortar
and pestle

Copper Ferrite nanomaterial Made as a fine

Fig. 1. Schematic representation of synthesis of copper ferrite nanoparticles

3. Results and Discussion
3.1. XRD Analysis

The synthesized copper ferrite nanoparticle was calcinated at 600°C for three hours and
subjected to XRD analysis. The PXRD pattern of the prepared particles is shown in the
figure. They exhibit typical reflection planes (22 0), (311),(400), (51 1), and (4 4 0) that
are indicators of the presence of cubic spinel structure [11]. These diffraction planes serve as
clear evidence of the formation of copper ferrite nanoparticles. All the diffraction peaks align
closely with the expected values. (JCPDS file No: 25-0283). The mean particle size of
CuFe204 nanoparticle is found to be 50.17631 nm using Scherrer equation. D= KA/Bcos(0),
where: D is the crystallite size, K is shape factor (typically around 0.9), 8 is the FWHM of the
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peak in radians, A is the X-ray wavelength and 0 is the Bragg angle. The lattice parameter of

CuFe,04 nanoparticle is calculated to be 8.4009A using the below formula [12, 13]
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Fig. 2. XRD pattern of CuFe.O4nanoparticle

3.2. FTIR Analysis

The FTIR bands of copper ferrite nanoparticles were analysed in two ranges of the
absorption bands, 4000 - 1000 cm™ and 1000-400 cm™ and shown in Figure. In the range of
4000 - 1000 cm™, vibrations of CO, NO and moisture were observed. The intense broad band
around 3436 cm™' and the less intense band near 1617 cm™ are attributed to O-H stretching
vibrations interacting through hydrogen bonds. The v (C=0) stretching vibration of the
carboxylate group (CO:) appears around 1383 cm™', while the band at approximately 1096

cm™' corresponds to traces of nitrate ions [14-16].
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Fig. 3. FTIR spectra of CuFe,O4 nanoparticle

3.3. Dielectric Analysis
The dielectric constant (er) of CuFe204 was determined through dielectric analysis.
The capacitance of a parallel plate capacitor, formed by electrodes with the sample as the

dielectric medium, was measured. The capacitance variation was observed across a frequency
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range of 100 Hz - 1 MHz at temperatures between 40°C and 150°C. The dielectric constant
(g,) of the material was calculated at diverse temperatures using the measured capacitance
values. It was determined using the following equation. [17]
tC.
£, = ——
Agg
Here, t represents the thickness of the sample, C; is the measured capacitance, Qis the
permittivity of free space, and A denotes the sample's area. The variation of the dielectric
constant with frequency at different temperatures for CuFe.O4 nanoparticles is illustrated in
Fig. 4. It is evident from Fig. 4 that the dielectric constant decreases as the temperature

increases. [18-20]
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Fig. 4. log f Vs Dielectric constant
The AC Conductivity is calculated using the given relation.
Oqc = WEYE'tand

Where, o,. is the AC Conductivity, g, is the permittivity of free space, w is the
angular frequency and 6 is the loss factor. The plot depicting the discrepancy of AC
conductivity with frequency is shown in Fig 5. It is detected that the AC conductivity
increases with both the applied frequency and temperature [21]. The rise in AC conductivity
can be ascribed to enhanced polarization effects, which is due to the increased mobility of

free charges as the temperature increases.
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The plot illustrating the discrepancy of dielectric loss versus frequency is presented in

Fig. 6. The dielectric loss declines as the frequency increases; however, it shows an

cumulative trend with a rise in temperature [22,23].
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4. Conclusion

The present work focuses on the synthesis of Copper Ferrite nanoparticles in green
synthesis route using egg white as an eco-friendly precursor. The egg white protein albumen
served as a fuel in the auto combustion method. Characterization techniques such as PXRD,
FTIR, and dielectric measurements were conducted to investigate the structural, elemental,
and dielectric properties of the materials. PXRD analysis confirmed the formation of copper
ferrite (CuFe204) nanoparticles with a cubic spinel structure and an average particle size of
50.176 nm. The FTIR spectra displayed absorption peaks at 466 cm™ and 567 cm™,
indicative of metal-oxygen vibrations. Dielectric studies revealed that both the dielectric
constant and dielectric loss decrease with increasing frequency of the applied signal, while
the AC conductivity increases with frequency. These synthesized copper ferrite nanoparticles

exhibit potential applications in electronics and energy storage.
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ABSTRACT
The electronic band structure, density of states and the behaviour of conduction and
valence bands in body-centered cubic rubidium and cesium, particularly under varying
SUHVVXUH FRQGLWLRQV 7KH UHVHDUFK H[DPLQHYV
and pressure change with reduced volume, providing insights into its structural properties.
Furthermore, the distribution of electron energy levels is analysed through the density of
states across different energy regions. In the Brillouin zone, the conduction and valence band
widths are mapped across important symmetry sites and computed in relation to the Fermi
level.
Keywords: Alkali metals, Band Structure, Density of States

1. Introduction

Rubidium (Rb) and cesium (Cs) are alkali metals with comparable chemical
characteristics, including low ionization potentials and strong reactivity. Both elements have
unique electronic structures that significantly impact their behaviour under various
conditions. Understanding their conductive characteristics and how they react to changes in
pressure requires knowledge of their electronic band structures and density of states
(DOS).This study focuses on the electronic band structure and DOS of cesium and rubidium,
using the Full-Potential Linear Muffin-Tin Orbital (FP-LMTO) method to explore their
behaviour under different pressures.
2. Band Structure

An illustration of the energy levels that electrons in a material can inhabit is provided
by the electronic band structure. Cesium, being a metal, exhibits overlapping conduction and
valence bands, which is characteristic of metallic elements. This overlap allows for the free
movement of electrons, contributing to its high conductivity. Rubidium, while similar in
behavior to cesium, exhibits slight differences in the overlap of its conduction and valence
bands, based on the FP-LMTO computations.

For both cesium and rubidium, the band structures were calculated along key
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symmetry directions in the Brillouin zone: I'-H-N-I'-P-N.The metallic character of the
conduction and valence bands was confirmed by the Fermi level, which was situated between
them.According to the band structure data for cesium, the 6s orbital is the primary source of
the conduction band, where rubidium's conduction band also features contributions from the

5s orbital, but the overlap with the valence band is somewhat less pronounced than in cesium.
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Graphs of the band structures for cesium and rubidium show that, as pressure
increases and the reduced volume decreases, the bands shift accordingly. This shift in the
band structure is a reflection of how the material’s lattice constants and reaction to external
forces have changed.

3. Density of States

The quantity of electronic states that can be occupied at each energy level is measured
by the density of states (DOS). For cesium and rubidium, the DOS was calculated across
various energy levels, disclosing important comprehension into their electronic structures.
Both metals show significant peaks in the DOS near the Fermi level, providing evidence of a

high density of states at the energy levels most likely to be occupied by electrons.
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The DOS for cesium is characterized by a broad distribution, with significant
contributions from the 6s orbital, while rubidium’s DOS has a more localized distribution,
primarily stemming from its 5s and 4d orbitals. The increased electron density at the Fermi
level in cesium suggests stronger metallic behavior compared to rubidium.

For both cesium and rubidium, the DOS shows a pronounced shift in the peak
positions as pressure is applied, reflecting the changes in their electronic environments under
different volume conditions.

4. Ground State and Its Properties

The total energy as a function of decreased volume (V/V0) was used to study the ground state
characteristics of cesium and rubidium, using the Murnaghan equation of state. The results
showed that as the reduced volume decreases, the total energy increases for both metals,
indicating an increase in internal pressure.

For cesium, the equilibrium lattice constant is 11.427 A at normal pressure. As the
pressure increased, the lattice constant decreased, confirming the typical behavior of alkali

metals under pressure. The pressure values at various reduced volumes were also computed,
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and it was observed that asthe lattice constant increases, the pressure decreases.

Rubidium’s ground state properties showed similar trends, however the particular
numbers for lattice constant and pressure were somewhat lower than those for cesium,
reflecting differences in their atomic radii and bonding characteristics.

5. Conclusion

This study provides a detailed analysis of the electronic band structure and density of
states of cesium and rubidium, with a focus on how these properties evolve under pressure.
The findings confirm that both cesium and rubidium exhibit metallic behaviour, with
overlapping conduction and valence bands. Cesium has a larger density of states around the
Fermi level, indicating stronger metallic properties than rubidium. The ground state study
indicated typical alkali metal behavior, with decreasing lattice constant and increasing
pressure as volume is lowered. These findings contribute to the understanding of cesium and
rubidium’s electronic structures and provide a foundation for future studies on these metals
under varying pressure conditions.
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ABSTRACT

The present investigation concentrates the antioxidant potentials of two
benzimidazole derivatives synthesised from o-phenylenediamine, 3-nitrobenzaldehyde and 3-
fluorobenzaldehyde using Phyllanthus emblica fruit extract. Benzimidazoles synthesised from
Phyllanthus emblica extract are confirmed from the spectral studies. Antioxidant property of
benzimidazole derivatives is identified from DPPH assay process. The I1Cso of control
ascorbic acid and benzimidazoles synthesised from o-phenylenediamine and 3-
nitrobenzaldehyde and ortho-phenylenediamine and 3-fluorobenzaldehyde are 97.12, 80.23
DQG J P/ 7KH UHVXOWYV VXJIJHVWHG WKDW WKH WZR "
show very good antioxidant activities. Thus, the green synthesised benzimidazole derivatives
make a path for future research in clinical diagnosis as antioxidants and therapeutic agents.
Keywords: Antioxidant activity, Benzimidazole. Green synthesis, Phyllanthus emblica extract

1. Introduction

Chemical reactions carried out without solvents enhance efficiency, selectivity,
manipulation ease, and often avoid toxic and volatile solvents. For the increasing economic
and environmental concerns in recent years, it is now essential for chemists to search for as
many environmentally benign methods as possible. The edible plants, fruits, roots and leaf
extracts can be used in biocatalytic transformation for organic reactions [1,2]. Benzimidazole
is a heterocyclic aromatic organic compound, beneficial pharmacophore and a prerogative
structure in medicinal chemistry. Benzimidazole and its derivatives act as therapeutic agents
and its shows various biological activities viz antiulcer, antihypertensive, analgesic, anti-
inflammatory, anti-viral, antifungal, anticancer, and antihistaminic agents [3-5].

Nowadays, fruit and plant extracts have been recognised as viable organic solvent for
synthesizing compounds of pharmaceutical interest [6]. It is used as solvent and catalyst in
numerous reactions [7]. The broad application of various fruit extracts is attributed to its

harmless, cost-effective, and environmentally friendly properties. Additionally, bioactive
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compounds isolated from the waste of fruits and vegetables play a substantial role in organic
synthesis [8].

According to the review of literature, the present study concentrates on the natural
acid catalysed solvent free synthesis of benzimidazole derivatives from o-phenylenediamine,
3-nitrobenzaldehyde and 3-fluorobenzaldehyde using Phyllanthus emblica fruit extract.
Phyllanthus emblica often known as Indian gooseberry has become extremely important in
indigenous traditional medical systems. The fruit of Phyllanthus emblica contains various
phytochemicals, fatty acids, glycosides and phosphatides. This extract is used as the reagent
for benzimidazole derivatives synthesis. The synthesised benzimidazole derivatives are
confirmed by spectral analysis (absorption and FT-IR). The benzimidazole derivatives show
good antioxidant potentials.

2. Materials and Methods

Fresh and ripened Phyllanthus emblica fruit was purchased from the market. The
chemicals o-phenylenediamine, 3-nitrobenzaldehyde and 3-fluorobenzaldehyde were
procured from Merck.

2.1. Preparation of Phyllanthus emblica extract

About 50 g of ripened Phyllanthus emblica fruit was washed thoroughly by water and
cut into small pieces. The pieces were grinded by a mixer grinder and filtered via Whatman
filter paper. The collected filtrate was centrifuged around 15 min. The collected centrifugate
was then used for synthesis of benzimidazole derivatives.

2.2 Synthesis of Benzimidazole Derivatives from Phyllanthus emblica extract

Equal quantities of o-phenylenediamine, 3-nitrobenzaldehyde and 5 mL of the extract
were placed in a mortar and grinded well for 1 h using a pestle. The corresponding
benzimidazole product was separated out as a pale orange paste (Scheme 1). The product
was washed by ice water and purified by recrystallization with a minimum amount of
ethanol. Similarly, benzimidazole from o-phenylenediamine and 3-fluorobenzaldehyde was

also synthesised (Scheme 2).

NO, NO>
NH, N
- OI {{_‘_ _I'.l_'_.. .'...:.'|.'.I'..'||'; amolica l.‘\'.l:';
/
NH, N

Scheme 1. Synthesis of benzimidazole from o-phenylenediamine and 3-

nitrobenzaldehyde
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N
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NH, N

Scheme 2. Synthesis of benzimidazole from o-phenylenediamine and 3-
fluorobenzaldehyde

2.3 Characterization Methods

The UV-Visible spectra of benzimidazoles were taken from the Shimadzu UV-1800
spectrophotometer. FT-IR spectrum of the samples was analysed by Shimadzu IR Affinity
spectrophotometer using KBr pellet method.
2.4 Antioxidant Activity

Antioxidant efficiency of benzimidazole derivatives was assessed by the DPPH assay
method. Antioxidant properties of benzimidazole derivatives at different concentrations (10 -
500 pg/mL) were determined and the results are compared with the control ascorbic acid.

% of Inhibition = [(Abs of control - Abs of test)/Abs of control] x 100

A plot of % inhibition vs concentration was drawn and the 1Csp value was calculated from the
plot.
3. Results and Discussion

The role of Phyllanthus emblica extract for the synthesis of benzimidazoles from o-
phenylenediamine and  3-nitrobenzaldehyde and  o-phenylenediamine and  3-
fluorobenzaldehyde is analysed. The benzimidazole derivatives are characterized by
absorption and IR spectral methods. Phyllanthus emblica extract contains citric acid and
ascorbic acid, the acids present in the extract catalysed the preparation of benzimidazole
derivatives.
3.1 Absorption Spectral Studies

The synthesized benzimidazoles from Phyllanthus emblica extract is first analyzed by
absorption spectral studies. The UV-Visible spectrum of benzimidazoles is carried out in
ethanol. The benzimidazole synthesised from o-phenylenediamine and 3-nitrobenzaldehyde
displays bands at 255.5, 262, 268.5 and 285 nm (Figure 1) whereas the benzimidazole
synthesised from o-phenylenediamine and 3-fluorobenzaldehyde displays bands at 262,

264.5, 268 and 305 nm due to n-7* and n-n* transitions (Figure 2).
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Figure 1. UV spectrum of benzimidazole from o-phenylenediamine and 3-

nitrobenzaldehyde
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Figure 2. UV spectrum of benzimidazole from o-phenylenediamine and 3-
fluorobenzaldehyde

3.2 FT-IR Spectral Studies

The FT-IR spectrum of benzimidazole derivative synthesised from o-
phenylenediamine and 3-nitrobenzaldehyde using Phyllanthus emblica extract displays bands
in the region 3402, 2980, 2899, 2378, 1924, 1651, 1396, 1328, 1263, 1051, 881, 659 cm
respectively (Figure 3). The broad band occurs at 3402 cm™ indicates N-H stretching of
secondary amine. The band at 2980 cm indicates aromatic C-H stretching. The band forms
at 1651 cm™ demonstrates C=N stretching of benzimidazole ring. The band at 1328 cm!
represents C-N stretching of the benzimidazole ring. The band at 1396 cm™ indicates NO-
stretching of an asymmetric ring. The band at 1263 cm™ represents NO- stretching of the
symmetric ring. The band at 659 cm™ indicates N-H stretching. The formation of
benzimidazole derivatives from o-phenylenediamine and 3-nitrobenzaldehyde is thus
confirmed from the FT-IR spectral information.

FT-IR spectrum of benzimidazole derivative synthesised from o-
phenylenediamine and 3-fluorobenzaldehyde using Phyllanthus emblica extract displays
bands at 3466, 3194, 2526, 2382, 1687, 1627, 1589, 1517, 1346, 1220, 1132, 1082, 974, 910,
738, 696, 553 cm™! respectively (Figure 4). The broad band occurring at 3466 cm™ represents
N-H stretching of the imidazole ring (N-H). The band formed at 3194 cm indicates C-H
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stretching of the aromatic ring. The bands arise at 1687 and 1627 cm™ demonstrates C=N
stretching of benzimidazole ring. The bands at 1589 and 1517 cm* indicates aromatic C=C
stretching. The bands occur at 1346 and 1220 cm represent aromatic C-N stretching of the
ring. The band at 1132 cm indicates C-F stretching. The band at 1080 cm™ represents
aromatic C-H in-plane bending. The bands occur at 974 and 910 cm indicate aromatic C-H
out-plane bending. The bands at 738 and 696 cm represent aromatic ring vibration. The
band occurs at 553 cm™ indicates C-N bending. The formation of benzimidazole derivatives
from o-phenylenediamine and 3-fluorobenzaldehyde is thus confirmed from the FT-IR

spectral information.

Transmittance (%)
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Figure 3. FT-IR spectrum of benzimidazole from o-phenylenediamine and 3-

nitrobenzaldehyde

nee (%)

nsmitta

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm")

Figure 4. FT-IR spectrum of benzimidazole from o-phenylenediamine and 3-
fluorobenzaldehyde
3.3 Antioxidant Potential of Benzimidazoles
Antioxidant potentials of benzimidazoles at various concentrations are presented in
Tables 1 and 2. The synthesized benzimidazoles derivatives shows good antioxidant activity
compared to that of ascorbic acid. The 1Cso of ascorbic acid and benzimidazoles synthesised

from o-phenylenediamine and 3-nitrobenzaldehyde and o-phenylenediamine and 3-
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fluorobenzaldehyde are 97.12, 80.23 and 92.23 ug/mL. The antioxidant potential of
benzimidazole derivatives mainly depends on the substituents present in the compounds.
Thus, the present study confirms the antioxidant efficacy of two benzimidazole derivatives
and these compounds can be used as good free radical scavengers.

Table 1. Percentage inhibition of benzimidazole from o-phenylenediamine and 3-

Table 2. Percentage inhibition of benzimidazole from o-phenylenediamine and 3-

nitrobenzaldehyde

Concentration (ug/mL) | Percentage of Inhibition (%)
Ascorbic acid 97.12
500 67.9489
250 60.7174
100 50.4621
50 47.5975
10 32.5338
I1Cso 80.23 pg/mL

fluorobenzaldehyde

Concentration (ng/mL) | Percentage of Inhibition (%0)
Ascorbic acid 97.12
500 729722
250 68.3493
100 59.1348
50 51.178
10 43.5401
I1Cso 92.23 pg/mL

4. Conclusion

The antioxidant activities of two benzimidazole derivatives synthesised from o-
phenylenediamine, 3-nitrobenzaldehyde and 3-fluorobenzaldehyde using the extract of
Phyllanthus emblica has been investigated by DPPH assay method. The structure of the
synthesised benzimidazole derivatives is confirmed from UV-Visible and FT-IR spectral
techniques. The synthesised benzimidazoles show very good antioxidant activities when
compared to ascorbic acid. This solvent-free method is eco-friendly and avoids the usage of
harmful materials, making it a greener method for synthesizing benzimidazoles. The
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antioxidant properties of benzimidazole derivatives are expected to stimulate further interest

in biomedical applications.
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ABSTRACT

The green synthesis approach utilizes natural plant extracts or biological sources,
reducing the reliance on harmful chemicals and making it a more sustainable method for
nanoparticle production. This method often involves readily available, low-cost plant
materials, making it a more economical alternative to traditional chemical synthesis
techniques. Nanoparticles which are synthesized using green methods exhibit enhanced
biocompatibility, making them more suitable in pharmaceuticals and environmental
remediation. The present investigation describes the synthesis of ZnO nanoparticles using
Solanum procumbens leaf extract as the reducing agent. The synthesized ZnO nanoparticles
were characterized by XRD, UV-Visible spectroscopy and FTIR techniques. The XRD pattern
of the synthesized nanoparticles exhibited a wurtzite hexagonal structure of grain size 62 nm.
The UV-Vis spectrum showed an absorption peak around 374 nm. By applying the Tauc
method, the band gap energy of the ZnO nanoparticle was 3.30 eV. The anti-inflammatory
activity of ZnO nanoparticles was determined using the Bovine serum albumin (BSA)
denaturation assay at different concentrations of ZnO NPs, which showed inflammatory
activity with the% of inhibition value of 92.72 pg/mL at 250 mL concentration.
Keywords: zinc oxide nanoparticles, green approach, anti-inflammatory, Solanum
procumbens.

1. Introduction

In the past decade, the rapid advancement of nanotechnology across fields such as
science, medicine, chemistry and biotechnology has led to the reduction of bulk materials to
the nanoscale [1-4]. This miniaturization alters their structure and enhances their physico-
chemical, optical properties [5]. Nanomaterials have found numerous applications, including
drug delivery, bio-imaging, diagnostics, gene therapy, nanomedicine, bio-sensing, catalysis,
photocatalysis, magnetic resonance imaging, cancer cell treatment, pharmaceuticals, and
memory storage devices [6-8]. As the demand for nanoparticles with varying shapes and

sizes grows, they can be synthesized through various methods, including irradiation, physical
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techniques, chemical processes, and biological methods [9]. Common physical synthesis
methods include microwave processing [10], solvo-thermal [11], and ultrasonic processing
[12], while chemical methods like hydrothermal, sol-gel synthesis, laser ablation, and
lithography are also widely used [13-17]. However, nanoparticles produced through chemical
or physical means can pose risks in certain applications [18]. In contrast, nanoparticles
synthesized using green methods are more eco-friendly, cost-effective, and biocompatible,
making them suitable for large-scale production. Plant parts such as roots, stems, leaves,
flowers, and fruits, which contain various phytochemicals, serve as stabilizing and reducing
agents in the green synthesis of nanoparticles [19].

Among various metal nanoparticles, Zinc Oxide (ZnQO) stands out for its significant
applications in medicine and sensor technology. Zinc is known for its strong interaction with
electromagnetism and its unique electronic properties. It serves as a cofactor in numerous
catalytic and structural processes. ZnO nanoparticles are characterized by high electron
mobility, a large exciton binding energy, a broad band gap, and excellent optical
transmittance [20-21]. In the medical field, ZnO nanoparticles are widely used in products like
sunscreen lotions, as well as for their therapeutic properties, including anti-inflammatory,
wound-healing, anti-cancer, anti-fungal, antioxidant, and antibacterial effects [22-23].

In this work, the leaf extract of Solanum procumbens is used as a reducing agent for
synthesizing ZnO nanoparticles. Solanum procumbens, a member of the Solanaceae family,
has been utilized in traditional medicine for treating conditions like colds, coughs, asthma,
and thyroid disorders. It is commonly used at home for relieving cold and cough symptoms.
This plant is known for its anti-inflammatory, antioxidant, antipyretic, anticancer, anti-
asthma, and antibacterial properties [24]. The liquid extract of Solanum procumbens has been
found to contain a variety of bioactive compounds including flavonoids, steroids, coumarins and
glycoalkaloids, triterpenoids, sugars, amino acids, saponins, phenolic compounds, and
anthraquinones. Additionally, important chemical constituents such as sobatum, solanine,
solasodine, and diosgenin are present [25].

2. Materials and Methods
Zinc acetate dihydrate and sodium hydroxide were obtained from Sigma—Aldrich, India.
Fresh leaves of Solanum procumbens were harvested from Marthandam in Kanyakumari
district.
2.1 Preparation of Solanum procumbens extract
Medicinal leaves of Solanum procumbens were collected from Kanyakumari District.

The leaves were carefully washed, shade-dried, and ground into a fine powder. Ten grams of
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the powdered leaves were mixed with distilled water (100 mL) and heated on a magnetic
stirrer at 70°C for 30 min. The resulting solution was filtered, cooled and utilized for the
synthesis of ZnO nanoparticles.
2.2 Synthesis of ZnO nanoparticles using Solanum procumbens leaf extract
About 25 mL of Solanum procumbens extract was mixed with zinc acetate and
sodium hydroxide (1:2 molar ratio). The resulting yellow solution was stirred for 3 h and then
left to stand undisturbed for 24 h. The resulting precipitate was washed with deionized water,
and dried in a hot air oven at 250°C for 2 h. The synthesized zinc oxide nanoparticles were
ground into a fine powder using a mortar for subsequent characterization.
2.3 Instrumentation
The particle size of the synthesized nanoparticles was determined from the XRD
using a powder X-ray diffractometer with Cu Ko radiation, covering a 28 range of 10° to 80°.
The optical absorption spectrum of the nanoparticles was measured using a UV-visible
spectrophotometer. FTIR spectroscopy was used to examine the functional groups present in
the ZnO nanoparticles, using a PerkinElmer FTIR spectrometer. The anti-inflammatory
efficacy of ZnO nanoparticles was evaluated through Bovine serum albumin (BSA)
denaturation assay.
3. Results and Discussion
3.1 Structural studies of ZnO nanoparticles using Solanum procumbens
Structure and phase purity of ZnO nanoparticles using Solanum procumbens leaf
extract are shown in Fig. 1. From the diffraction patterns, it is very well understood that it has
a hexagonal phase (wurtzite structure) by comparison with the data from JCPDS card No. 89-
1397[26], and no indication of a secondary phase or impurity peaks. The XRD pattern
indicates the crystalline nature of the nanoparticles. The sharp, intense diffraction peaks
appearing at 31.29°, 33.95°, 36.04 °, 47.05°, 56.09°, 62.38°, 65.90°, 67.45°, 68.60°, 72.03°,
and 76.48 ° correspond with those from (100), (002), (101), (102), (110), (103), (200), (112),
(201), (004) and (202) orientations, respectively. The synthesized nanoparticles show a

particle size of 62 nm which was calculated using Scherer’s equation [27].
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Figure 1XRD pattern of synthesized ZnO sample using Solanum procumbens
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3.2 Optical studies of synthesized ZnO nanoparticles using Solanum procumbens extract

UV-Vis spectroscopy was also conducted to confirm the formation of ZnO
nanoparticles. In the absorption spectrum of synthesized nanoparticles (Figure-2), the peak
was observed at 374 nm, which attributes to the intrinsic band-gap of ZnO absorption [28].
This absorption is associated with the intrinsic band-gap transition of ZnO, specifically the
excitation of electrons. The observed peak at 374 nm corresponds to the characteristic UV
absorption for ZnO, which has a wide band-gap typically ranging from 3.2 eV to 3.4 eV,
depending on the size of the particle and synthesis conditions. This peak is indicative of the
formation of ZnO nanoparticles and confirms their optical properties, with the specific
wavelength being consistent with ZnO's well-known electronic structure. The position and
peak intensity can also provide insights into the size and morphology of the ZnO
nanoparticles, as quantum size effects often shift the absorption towards shorter wavelengths
in smaller particles. The band gap of a material, which refers to the energy difference
between the excitation bands, can be estimated using a Tauc Plot [29] and is 3.3 eV (Figure
3).
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Figure 2. UV-Vis absorption spectrum of ZnO nanoparticles using Solanum procumbens

leaf extract
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Figure 3. Tauc plots of ZnO nanoparticles using Solanum procumbens leaf extract
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3.3 FTIR Analysis of ZnO nanoparticles using Solanum procumbens leaf extract

FTIR was performed in order to study and determine the functional groups of
synthesized ZnOnanoparticles using Solanum procumbens leaf extract. Figure 4 shows the
FTIR spectrum of synthesized ZnO nanoparticles that were obtained from the green synthesis
procedure. FTIR spectrum was observed at 414 cm™! that is attributed to Zn-O stretching
vibration. It is a characteristic absorption for ZnO, confirming the presence of zinc oxide in
the sample [30]. The peaks at 1339 cm~*and 1556 cm™ are due to symmetric and asymmetric
O-C-O stretching vibration of adsorbed carbonate anions respectively. The presence of
carbonate suggests that the ZnO nanoparticles may have carbonate groups adsorbed on their
surface, which could be a result of the interaction with the leaf extract during the green
synthesis process. Meanwhile, the peaks at 1047 cm™ indicate the O-H bending. This peak
corresponds to the lattice vibration of carbonate, which further supports the idea of carbonate
being present in the synthesized ZnO nanoparticles [31]. The carbonate could also play a role
in stabilizing the nanoparticles or influencing their morphology. Overall, the FTIR spectrum
confirms the successful synthesis of ZnO NPs and suggests the presence of functional groups

from the leaf extract, which may assist in the stabilization and formation of the nanoparticles.
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Figure 4. FTIR spectrum of ZnO nanoparticles using Solanum procumbens leaf extract

3.4 Anti-inflammatory activity of ZnO nanoparticles using Solanum procumbens leaf
extract

Anti-inflammatory property was examined using Bovine serum albumin (BSA)
denaturation assay. The inhibition of protein denaturation (%) was determined using the
following formula: Inhibition of denaturation (%) = (A control A sample / control X100, Where,

A controi= Absorbance of the control; A sample= Absorbance of the tested compounds.
The anti-inflammatory activity is exhibited in Fig.5.As the sample concentration increases
from 50 pg/mL to 250 pg/mL the inhibition percentage also increases. At the lowest
concentration (50 pg/mL, the inhibition is 72.45%, indicating moderate anti-inflammatory
activity. The highest concentration tested (250 pg/mL shows the strongest inhibition at

92.72%, indicating the sample exhibits significant anti-inflammatory effects at higher
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concentrations. A high percentage of inhibition indicates that the sample may have strong
anti-inflammatory effects, which is applicable for treating inflammatory diseases such as
arthritis, allergies, or inflammatory bowel disease. This suggests that the sample might act
similarly to anti-inflammatory drugs, either by blocking the production of pro-inflammatory
mediators (such as cytokines or prostaglandins) or by interfering with inflammatory cell

activity. This effect would be desirable in the development of anti-inflammatory therapies.

20
20
FO

% of inhibition
"}
Q

S0 100 150 zoo z250
Comncentration! e/ mi)

Fig. 5 Anti-inflammatory activity of ZnO nanoparticles using Solanum procumbens leaf extract
4. Conclusion
This work introduces a simple, cost-effective, safe and environmentally friendly
method for the large-scale synthesis of ZnO nanoparticles using Solanum procumbens via a
green route. XRD analysis confirmed the crystalline nature of the biosynthesized ZnO
nanoparticles. Evidence of ZnO nanoparticle formation was confirmed by a noticeable colour
change and a peak around 374 nm in the UV-Vis spectrum. FTIR analysis identified several
vibrational functional groups corresponding to the components present in the leaf extract and
ZnO nanoparticles. Additionally, the green synthesized ZnO nanoparticles showed significant
inflammatory activity, with the percentage of inhibition value of 92.72 pug/mL at 250
concentration. Moreover, the method employed for synthesizing stable ZnO nanoparticles
using Solanum procumbens offers a safer and more economical alternative to traditional
methods, highlighting its potential applications in biomedical research, arthritis, allergic
reactions and autoimmune diseases.
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ABSTRACT
The geometry and structural features of the inclusion complex of +3. F\FORGH[WULZC

+ 3-CD) with the stigmasterol are studied by molecular modeling method. Cyclodextrins
are effective host compounds in molecular recognition. To evaluate the complexation role of
+ 3:CD toward stigmasterol in an attempt to assess their potential as new formulation
additives for more efficient drug formulation and delivery is the aim of this study.
Cyclodextrin complex was prepared by solvent evaporation method and the formation of
inclusion complex was confirmed by NMR spectroscopy. Docking studies generated the most
stable complex, demonstrating the aliphatic tail of the guestenters LQVLGH WKH FDYLW\ F
CD and the aromatic rings are outside the cavity. The binding energies were essentially due
WR K\GURJHQ ERQGHG waNalipKaid\thkain lvVihel gpestR Oh¥ biididized
structures and conformations of + 3:CD and its inclusion compound showed acceptable
general agreement with NMR studies. Stoichiometry in the complex formation is 1:1.
Keywords: Hydroxypropyl Cyclodextrin, Stigmasterol, inclusion complex, molecular
modelling, NMR spectroscopy

1. Introduction

Cyclodextrins are widely utilized as complexing agents to enhance the solubility of
poorly water-soluble drugs, to increase their bioavailability and stability, to prevent
gastrointestinal or ocular irritation, to eliminate the unpleasant smells or tastes and to prevent
drug-drug or drug-additive interactions [1]. Cyclodextrins present a three-dimensional shape
similar to a hollow torus and present different polarities in their interior and exterior surfaces.
Their primary and secondary hydroxyl groups are placed on the narrow and the wider rim,
respectively. Due to this particular structure, CDs can encapsulate guest molecules leading to
the formation of inclusion complexes. Computational chemistry paves the way to understand
the mode of interaction between the guest and the host. It also provides the possible
orientation of the guest molecule into the cavity of the host molecule. Molecular modelling is
a method which predicts the preferred orientation of one molecule to a second when bound to
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each other to form a stable complex [2]. Knowledge of the preferred orientation is used to
predict the strength of association or binding affinity between two molecules using scoring
functions. Hence molecular modelling plays an important role in the rational design of drugs
[3]. The aim of molecular modelling is to achieve an optimized confirmation for both the host
and the guest, so that the free energy of the overall system is minimized. This research
focuses on the inclusion complexation between hydroxypropyl alpha cyclodextrin (HPa-CD)
and stigmasterol, lead compound for the formulation of cervical cancer drugs. HPa-CD
behaves as host and stigmasterol as guest molecule.
2. Materials and Methods

The molecular modelling of the host-guest interaction was performed as follows:
Molecules required (stigmasterol, HPa-CD) for the molecular docking studies were retrieved
in the pubchem database and drawn using chem sketch [4]. Before the analysis, molecules
were prepared and hydrogen atoms were added by chimera software. Then it was converted
as pdb format to molecular docking and inclusion. Initially, the Patchdock server was utilized
to process the docking and reveal the grid values (25x25x25). Further, Autodock vina was
used to study the host-guest interaction. The grid values were adjusted and executed for
molecular docking between stigmasterol and HPa-cyclodextrin. Complex files were analyzed
and modeled for major forces by PyMOL and chimera tools. Solid inclusion complex was
synthesized by solvent evaporation method [5]. 'H NMR spectroscopy studies of the solid
inclusion complex were recorded in Bruker 400MHz FT-NMR spectrometer. CDClz was
used as solvent and Tetramethylsilane (TMS) as internal reference. The chemical shifts ()
were reported in ppm relative to TMS at 298 K.
3. Results and Discussions
3.1 Molecular Docking Studies

Docking study has been utilized to perform virtual screening of compounds and
propose structural hypotheses of how the drug binds with the cyclodextrin for lead
optimization. Stigmasterol is docked with HPa-CD after optimizing their structures. The
optimized structures of both HPa-CD and stigmasterol are shown in figure la and 1b

respectively.

Fig. (1a) Optimised structure of stigmasterol (1b) Optimised structure of HPa-CD
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From the figures la and 1b it is clear that the aliphatic hydrocarbon tail of
stigmasterol has entered through the wider rim of the HPa-CD cavity and the stigmasterol is
bound to HPa-CD. The steroid moiety of stigmasterol protrudes on the wider rim of the HPa-
CD cavity, which is supported experimentally by NMR studies. Docking studies support the
data obtained experimentally. The best binding affinity score of stigmasterol and HPa-CD is -
2.36Kcal. Hydrophobic effect is predominant in the HP a-CD inclusion complex, as indicated
by green doted bonds in the figure 2a and 2b. As the spectroscopic data obtained
experimentally confirm the formation of inclusion, docking studies also serve as anevidence.

Thus, HP a-CD form stable inclusion complex with Stigmasterol.

-2.36 Kcal/mol -2.26 Kcal/mol
Fig. 2 The most stable optimized geometry of the inclusion complex (stigmasterol: HPa-

CD) at different positions
3.2 Nuclear Magnetic Resonance (NMR) Spectroscopic Studies
Chemical shift assignments of *H NMR spectrum of stigmasterol, HP a-CD and
stigmasterol: HPa-CD is listed in tables. 1. From the chemical shift values, it is clear that in
the presence of HPa-CD, aliphatic hydrocarbon tail of stigmasterol undergoes changes in
their chemical shift indicating the complex formation between HPa-CD and stigmasterol.

Table 1: Chemical shifts of a-CD and the HPa-CD:S inclusion complex

H OHP o-CD OHP 0-CD'S -~ Ad
1 ' 5.360 5.360 0
2 3.80 3.78 -0.02
3 3.35 3.23 -0.13
4 3.97 3.99 0.02
5 3.70 3.61 -0.09
6 5.027 5.027 0
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The unaltered *H chemical shift due to cyclic hydrocarbons after complex formation
demonstrates that cyclic rings are not incorporated into the cavity of HP o-CD. This is
because in the cyclodextrin complexes, the mode of binding involves the insertion of the less
polar part of the guest into the CD cavity, while the more polar groups remain with the bulk
solvent outside [6]. The aliphatic chain would be expected to enter into the cavity due to their
hydrophobic nature. Internal protons of HP a-CD are shielded and experience an upfield
shift, indicating the presence of electron releasing groups such as the aliphatic end of
stigmasterol within the CD cavity. Since the upfield shift of H3(-0.13) is greater in magnitude
than that of Hs(-0.09) the inclusion is partial. Thus, NMR spectra serve as good evidence for
the formation of an inclusion complex between HPa-CD and stigmasterol.

4. Conclusion

The inclusion complex of stigmasterol with HPa-CD is synthesized by solvent
evaporation method. The stoichiometry of the inclusion complexes is determined to be 1:1.
Stigmasterol forms a more stable complex with HPa-CD. This may be due to the presence of
substituent hydroxypropyl groups in HPa-CD which reduces the interactions of stigmasterol
with the aqueous region and enlarges the hydrophobic environment. This enhances the
binding of stigmasterol via hydrophobic effect which is confirmed by molecular modelling.
The best binding affinity score of stigmasterol and HPa-CD is -2.36 Kcal. The preferred
orientation is energetically favorable. *H-NMR studies serve as supporting evidence for the
formation of an inclusion complex. The formation of strong inclusion could increase
solubility and hence, facilitate the delivery of stigmasterol preventing the undesired
properties of stigmasterol.
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ABSTRACT

Interest in the biosynthesis of nanoparticles has significantly increased due to their
potential applications in medicine, environmental science, and technology. This study
demonstrates an economical, sustainable, and a green synthesis approach for silver
nanoparticles (AgNPs) utilizing leaf extract of Sansevieria zeylanica. The biosynthetic
process is rapid and straightforward, monitored through visual color changes and
ultraviolet-visible (UV-Vis) spectroscopy. The synthesized AgNPs were characterized using
X-ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), and scanning
electron microscopy (SEM). UV-Vis spectra revealed specific Surface Plasmon Resonance
(SPR) absorption peaks at 555 nm, confirming the formation of AgNPs. XRD analysis
indicated the crystalline structure of AgNPs, while FTIR spectra showed interactions between
plant bioactive compounds and the nanoparticles. SEM analysis revealed spherical
nanoparticles with uniform morphology. Phytochemical screening of Sansevieria zeylanica
leaf extract indicated the presence of alkaloids, flavonoids, tannins, proteins, saponins,
carbohydrates, and phenols, which facilitated the capping and stabilization of AgNPs.
Keywords: Silver nanoparticles; Biosynthesis; Sansevieria zeylanica extract

1. Introduction

In recent years, biological methods for nanoparticle synthesis have attracted
considerable interest due to their advantages [1]. Utilizing plant extracts as natural reducing
and stabilizing agents for nanoparticle synthesis has emerged as a promising approach [2].
Sansevieria zeylanica, commonly known as snake plant or mother-in-law’s tongue, is a
perennial herbaceous plant with medicinal properties, hardiness and air-purifying properties
Somashekara [3]. The phytochemical composition of Sansevieria zeylanica includes various
secondary metabolites such as flavonoids, phenolics, and alkaloids, which possess reducing
and stabilizing properties [4]. This makes Sansevieria zeylanica an attractive candidate for
the green synthesis of nanoparticles. Have gained considerable attention due to their
distinctive physicochemical characteristics, such as a high surface area-to-volume ratio,

excellent antimicrobial activity and catalytic properties [5].
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