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Some characterizations of timelike rectifying curves in de sitter 3-space

Mahmut MAK
Kirsehir Ahi Evran University, The Faculty of Arts and Sciences, Department of Mathematics, Kirsehir / TURKEY

Abstract Article info

De Sitter space is a non-flat Lorentzian space form with positive constant curvature which History:

plays an important role in the theory of relativity. In this paper, we define the notions of Received:08.02.2020

timelike rectifying curve and timelike conical surface in De Sitter 3-space as Lorentzian Accepted:26.05.2020

viewpoint. Moreover, we give some nice characterizations and results of a timelike rectifying Keywords

curves with respect to curve-hypersurface frame in De Sitter 3-space which is a three Rectifying curve,

dimensional pseudo-sphere in Minkowski 4-space. Conical surface,
Geodesic, Extremal
curve.

1. Introduction

In Euclidean 3-space R®, let x:1 cR—R® be a unit speed regular curve with Frenet-Serret apparatus
{T,N,B,x,7} where nonzero curvature x and torsion = of the curve. At each point of the curve, the planes
spanned by {T, N} , {T, B} and {N , B} are known as the osculating plane, the rectifying plane, and the normal
plane, respectively. In R®, it is well-known that a curve lies in a plane if its position vector lies in its osculating

plane at each point; and it lies on a sphere if its position vector lies in its normal plane at each point. In view of

these basic facts, in R®, the notion of rectifying curve which is a space curve whose position vector always lie
in its rectifying plane, is firstly introduced by Bang-Yen Chen [1]. Thus, the position vector x(s) of a rectifying

curve satisfies the equation
X(8) = P =c,(s)T(s) +C,(s)B(S) 1)
such that the fixed point for some differentiable functions c, and c, in arc length parameter s [1,2]. It is known

that a non-planar (twisted) curve in R® is a generalized helix if and only if the ratio 7/« is a nonzero constant
on the curve. However, Chen shows that for any given regular curve in R?® is satisfied 7/ x =c,;s+c, for some
constants ¢, =0 and c, in arc length parameter s iff the curve is congruent to a rectifying curve [1]. Centrode is

the path of the instantaneous center of rotation. It plays an important role in mechanics and kinematics. In R®,
Darboux vector of a regular curve with a nonzero curvature is defined by D =7T +xB. However, the position
vector of a rectifying curve is always in the direction of the Darboux vector which corresponds the instantaneous
axis of rotation. Therefore, there is a hard relationship between the centrode and the rectifying curve. In this
sense, Chen and Dillen give a relationship between rectifying curves and centrodes of space curves in [3]. They
study also rectifying curve as extremal curves and give a classification of curves with nonzero constant curvature
and linear torsion in terms of spiral type rectifying curves in [3]. After Chen's articles [1,3], rectifying curves and
their characterizations are studied by many authors in different ambient spaces from various viewpoints. In this
concept, some remarkable papers are [4,5,6-8]. Moreover, the eg. (1) means that "the straight line that passing
through x(s) and the fixed point p, is orthogonal to the principal normal line that starting at point x(s) with the

direction of N(s)". In this sense, Lucas and Yagiies give the concept of rectifying curves in three dimensional
spherical and hyperbolic space from the viewpoint of Riemannian Space Forms by using this idea in [9,10].

It is well known that De Sitter space is a non-flat Lorentzian space form with positive constant curvature. Also,
De Sitter 3-space is called a three-dimensional pseudo-sphere in Minkowski 4-space as a semi-Riemannian

*Corresponding author. Email address: mmak@ahievran.edu.tr
http://dergipark.gov.tr/csj  ©2020 Faculty of Science, Sivas Cumhuriyet University
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hypersurface. Especially, De Sitter space is one of the vacuum solutions of the Einstein equations, so it plays an
important role in the theory of relativity.

In this study, as inspiration from [9,10], we introduce the notions of timelike rectifying curve with respect to
curve-hypersurface frame and timelike conical surface in De Sitter 3-space as non-flat Lorentzian space form
viewpoint. After, we give relationship between timelike rectifying curve and geodesic of timelike conical surface
in De Sitter 3-space. Moreover, we obtain a nice characterization with respect to the ratio of geodesic torsion and
geodesic curvature for timelike rectifying curves in De Sitter 3-space. However, we have a characterization which
determines all timelike rectifying curve in De Sitter 3-space. Finally, in viewpoint of extremal curves, we give a
corollary that a timelike curve in De Sitter 3-space, which has non-zero constant geodesic curvature and linear
geodesic torsion, congruent to a timelike rectifying curve, which is generated by a spiral type unit speed timelike
curve with certain geodesic curvature in 2-dimensional pseudo-sphere, and vice versa.

2. Preliminary

We give the fundamental notions for motivation to differential geometry of timelike curves and timelike surface
in De Sitter 3-space and Minkowski 4-space. For more detail and background, see [11-14].
Let R* be a 4-dimensional real vector space and a scalar product in R* be defined by

(X, Y> ==X Y1 XY, XY + X, Yy,

for any vectors X=(X,X,,X;,%,), Y = (Y1, Y5, Va: Ys) € R*. Then the pair (R4<>) is called Minkowski 4-space

(four-dimensional semi Euclidean space with index one), which is denoted by R,'. We say that a nonzero vector
xeR! is called spacelike, timelike and null if (x,x)>0, (x,x)<0 and (x,x)=0, respectively. The norm of

xR} is defined by |x| =/, %)| . The signature of a vector X is defined by sign(x) =1, 0 or —1 while X is
spacelike, null or timelike, respectively.

The De Sitter 3-space is defined by
S} ={xeR'|(x,x)=1},

which is a three-dimensional unit pseudo-sphere (or a non-flat Lorentzian space form with positive constant
curvature one) in R;'.

The wedge product of any vectors x = (X, X,, X5, X,) s ¥ =(Y,, ¥z, Y= Ya) s 2=(2,,2,,25,2,) € R is given by
- e, € e,

X X, X
XX YXZ= X 2 3 4,

Vi Y2 Ys Vs

Z, 1, 1 1,
where {e,,e,,e;,e,} is the standard pseudo-orthonormal basis of Rf . Also, it is clear that
(W, xxyxz)y=det(w,X,Y,2), 2
for any weR;'. Hence, xxyxz is pseudo-orthogonal to each of the vectors x,y and z. In the tangent space
T, S? atany point g e S, we can give a cross product is denoted by "A" which is induced from the wedge product

"x" in R, Let u,v be tangent vectors (as considered column vectors of R;') in Tqu — R". Then the cross product
UAV in T S} is given by

UAV=(gxUXV. 3
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By using (2) and (3), it is easy to see that
(w,u Av)=—det(q,u,v,w), ()

for every weT,S; R'. Hence, we see that the orientations of a basis {u,v,w} in T,S; and a basis {a,u,v,w}
in R, are opposite.
Let M =®(U) be regular surface which is identified by a immersion ®:U < R* — S’ < R" where U is open

subset of R?. Then, M is called spacelike or timelike surface in S;, if the tangent plane T,M atany point pe M

is a spacelike subspace (it contains only spacelike vectors) or timelike subspace (i.e. it contains timelike, spacelike
or null vectors) in R;', respectively.

Let M =®(U) be non-degenerate (spacelike or timelike) surface in S, and & be unit normal vector field of M
such that (&,£)=¢ =+1. Then, for any differentiable vector fields X,Y € X(M) < X(S;) , Gauss formulas of M
are given by

VoY =V, Y =(X,Y)o, (5)
VY =V, Y +(S(X),Y)E, (6)
and the Weingarten map (or shape operator) is the map S:X(M) — X(M) defined by

S(X)=-V,¢& (7

where Levi-Civita connections of Rf , Sf’ and M are denoted by V®, Vand V, respectively.

Remark 2.1. Let T" be spacelike (or timelike) three dimensional hyperplane that passing through the origin in
R/, then the surface I S is congruent to unit sphere S* ( or unit pseudo-sphere S ), which is a spacelike

(or timelike) totally geodesic surface in S;’. Moreover, let TT be spacelike (or timelike) plane that passing through
the origin in R/, then the curve TT N S? is congruent to unit circle S* (or part of unit pseudo-circle S; ), which
is a spacelike (or timelike) geodesic in S. .

Let p and q be distinct non-antipodal S, and f=T1NS; be a geodesic that passing through the points p and q
in S°, where IT=Sp{p,q} . Then, for a vector @=q—(p,q)p <R/, the parametrization of S=}(t) is given by
@i |If <p,q> >1 (i.e. the angle 6&(p,q) =arccosh(< p,q))), then TII is a timelike plane and
@
2l

(i) If -1<(p,a)<l (i.e. the angle e(p,q):arccos(<p,q>)), then II is a spacelike plane and

S(t) = cosh(t) p +sinh(t) (i.e a part of pseudo-circle) such that sign(w) =-1,

o
]

(iii) If (p,q)=1, then TT isa null plane and B(t)= p+tw (i.e a straight line) such that sign(w) =0,

S(t) =cos(t) p+sin(t) (i.e acircle) such that sign(w) =1,

(iv) If (p,d)<-1, then there exists no geodesic joining p and g.

Now, we consider the differential geometry of timelike regular curves in S;’. Let a:1 — S be a regular curve
where | is an open interval in R. Then, the Gauss formula with respect to « is given by

X'=ViX =V, X-(a' X)a, (8)
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for any differentiable vector field X € X(a(1)) = X(S;’) along the curve « . We say that the regular curve « is
spacelike, null or timelike if «'(t) =dea / dt is a spacelike vector, a null vector or a timelike vector, respectively,

forany t el . The regular curve « is said to be a non-null curve if o is a spacelike or a timelike curve. If « is
a non-null curve, a can be expressed with an arc length parametrization s =s(t).

Now, we assume that « = a(s) is a unit speed timelike curve in S’ . Then the timelike unit tangent vector of «
isgiven by T (s) =¢'(s) . We assume that the assumption T, (s) —a(s) =0, then the spacelike principal normal
Vo, 1a(S)
V7. 0T. )]

spacelike binormal vector field of « is given by B, (s)=T,(s) AN_(s) which is pseudo-orthogonal «(s),T,(s)

vector of o is given by N, (s)= , Which is pseudo-orthogonal to a(s) and T, (s). Also, the

and N_(s). Thus, {Ta (s),N,(s),B, (s)} is called (intrinsic) Frenet frame of non-geodesic timelike curve « in
Ta(s)
we have pseudo-orthonormal frame {a(s),T,(s),N_(s),B,(s)} of R along a . The frame is also called the

curve- hypersurface frame of unit speed timelike curve « on S}. By using Gauss formula (8), under the

S; along the curve « . Also, from the equations (3) and (4), we see that B, (s) = a(s)xT,(s)x N, (s) and so

assumptions T (s) —a(s) = 0, the Frenet equations of « in S; is given by
V. T,=x,N,, ViN,=xT,+7,B, VB =—,N, 9)

where the geodesic curvature x, and the geodesic torsion 7, of « is given by

K (8) = Ve, o T. )| =T () — ()], (10)
= det(cx(s),a’(s),a"(s),a"(s))
75(8)=(Vy ()N, (). B, (5)) = . (12)
g < T, (s) > (Kg (S))Z
By using Gauss formula (8), Frenet equations of « is also given by
ViT,=a+x,N,, ViN,=xT, +7,B, ViB,=-—7N,,. (12)

with respect to Levi-Civita connection of R .

A non-degenerate curve in S is a geodesic iff its geodesic curvature K, is zero at all points. By using (8) and
(10), we see that the assumption T . (s) —a(s) =0 (or equivalently <" (s),a"(s) >#1) corresponds to the curve
« is not a geodesic (i.e. &, #0). A non-degenerate curve in S? is a planar curve iff it lies in a non-degenerate

two-dimensional totally geodesic surface (i.e. geodesic torsion 7, is zero at all point) in S;. By Remark 2.1, we

say that timelike planar curve in S}, lies fully in two-dimensional unit pseudo-sphere S? —'S;.

Remark 2.2. Let M =®(U) be non-degenerate surface in S, with the unit normal vector field &, and T, be
the unit tangent vector field of a non-degenerate unit speed curve £ which lies on the surface M. Then, f isa
geodesic of M iff VTﬁTﬁ =0. By using (6), we conclude that ?TﬂTﬂ is parallel to & . Namely, ?TﬁTﬂ is orthogonal
to the surface M.

Let peS; and weT, S’ . The exponential map exp, :T S} —S’at pe S; is defined by exp,(w) = £, (1) where
B, :[0,0) — S is the constant speed geodesic starting from p with the initial velocity A/ (0)=w. Also, the
property exp,(tw) = B, (1) = B, (t) is satisfied for any teR. In that case, for any point a(s) in the timelike

curve «a , the spacelike principal normal geodesic in S; starting at «(s) is defined by the geodesic curve
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eXp,,() (tN,, () = cos(u)(s) +sin(u)N,, (s),

forevery teR.

Let's remind an important property of the parallel transport. A vector field which is pseudo-orthogonal to tangent
vector of a geodesic S, (t) =exp, (tw) in S;, is invariant under parallel transport P along the geodesic. Thus,

the parallel transport P from «(s) to exp,, (tN,(s)) along the spacelike principal normal geodesic satisfies the
following statements:

P(N, (s)) =—sin(u)a(s) + cos(u)N_ (s),
and

P(T,(s)) =T,(s),P(B,(s)) = B, (5).

3. Timelike Rectifying Curves in de Sitter 3-Space

In this section, we give the notions of timelike rectifying curve and timelike conical surface S, . After, we obtain
some characterizations for timelike rectifying curves in S;.

Definition 3.1. Let o = a(s) be a timelike non-geodesic unit speed curve in S and p be a fixed point in S such
that {i p} ¢ Im(a) . Then « is called a timelike rectifying curve in S} iff the geodesics in S? that passing through
p and «(s) are pseudo-orthogonal to the spacelike principal normal geodesics at «(s) for every s.

From the Definition 3.1, the geodesics that passing through p and «(s) are tangent to the timelike rectifying
planes span({T,(s),B,(s)}) of @ in T, S? —R;. Namely, %,BS (t) espan({T,(s), B, (s)}) . and so it is easily

seen that rectifying condition is given by
d

—B.(t),N (s))=0, teR,
(SAON©)-0 e

where f.(t) is a geodesic that passing through p and «(s) such that
B (t) =exp, (ta(s)) =cos(t) p +sin(t)a(s), teR.

Remark 3.1. The principal normal vector field of any non-degenerate planar curve in S, is tangent to S?  S;

or S® < S? since its geodesic torsion is zero at all points. So, the tangent vector of geodesic connecting the planar
curve with any point which is not element to the curve's image is orthogonal to principal normal vector field of
the planar curve (see [9]). Hence, we say that every non-degenerate planar curve in S} is a rectifying curve. From

now on, we will assume that the curve « is a timelike non-geodesic (i.e. x, >0) and non-planar curve (i.e.

7, #0)in S’.

Definition 3.2. Let M =®(U) be a timelike regular surface in S, via timelike immersion ®:U — ®U) c Sf’
such that open subset U < R®. Then M is called a timelike conical surface in S if and only if M is constructed

by the union of all the geodesics that pass through a fixed point (the apex) p €S, and any point of some regular

timelike curve (the directrix) that does not contain the apex. Also, each of those geodesics is called a generatrix
of the surface.

Let the fixed point peS; be apex of M and » be the directrix of M, which is a unit speed timelike curve in
S? chSf — R!. Then the parametrization of timelike conical surface M is given by
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®(u,v) =exp, (vy(u)) =cos(v) p +sin(v)y(u), O<v. (13)

Let P be the parallel transport along the geodesic £, (t) =exp , (ty(u)) =®(u,t) that passing through p and (u)

. Also, it is known that a vector field which is pseudo-orthogonal to %ﬁu (t), is invariant under parallel transport

P along the geodesic g, . Then the timelike tangent plane of M is spanned by the timelike vectors @, (u,v) and
spacelike vector @, (u,v) is given by

@, (u,v) =sin(v)y'(u) =sin(v)P(y'(u)) (14)
@, (u,v) =-sin(v) p +cos(v)y(u) = P(y(u)). (15)
Coefficients of the first fundamental form of M is

E=(®,®,)=-sin’(v), F=(d,,®,)=0, G=(d,d,)=L1. (16)

The spacelike unit normal vector field £(u,v) of M is given by

O, AD, (uv)= sin(v)

N TN i ==y

(P(7' (W) AP(y(u)))=—-P(N, (u))=-N, (u), (17)

where N (u) = y(u) A y'(u) is a spacelike unit vector field tangent to S? =T S/.

Let S:X(M)—X(M) be the Weingarten map of M, and «, =det(y,’,»", p) be the geodesic curvature of the
unit speed timelike curve y with respect to Sabban frame (curve-surface frame) {7/,T7 =7 N, =7//\Ty} in
Sf =T,S; such that

\ =x N ,
o (18)
VTV Ny = KyTy.
Then, we obtain following equations
@) =7, £=%. N.w="Wg
u @, T, Ty Sln(V) u?

S(@®,) =V, £=-V5 £=0.
by using (7), (14), (17) and (18). Thus, the Gaussian curvature K and the mean curvature H of M is

x, (U)
2sin(v)

K=K, +det(S)=1 H :%tr(S) -

where K, is extrinsic Gaussian curvature of M. Moreover, we obtain the following equations

Vy, @, =sin(v)cos(V)®D, —x, (u)sin(v)<, (19)
Vo, ®, =V, @, =cot(v)d,, (20)
Vo, ®@, =0, (21)

by using (5), (14) and (15).

Now, we give the relationship between timelike rectifying curves and timelike conical surface in S, .
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Theorem 3.1. Let o = a(s) be aunitspeed timelike curvein S’ ,and p €S be afixed point such that p ¢ Im(cx)
. Then, « is atimelike rectifying curve if and only if « is a geodesic of the timelike conical surface M with apex
p and timelike director curve » which is a unit speed timelike curve in 2-dimensional pseudo-sphere S/ chsf

Proof. Let « =a(s) be a unit speed timelike rectifying curve in S, and peS’ be a fixed point such that
p & Im() . Then, the parametrization of & can be given by a(s)=exp,(v(s)y(u(s))) for some functions u(s)
and v(s) such that a unit speed timelike curve y =y(u) in S} =T S;. By using (13), a(s)=®(u(s),v(s)) is a
timelike curve on timelike conical surface M which is determined by the apex p and the directrix y . Hence, the
spacelike geodesic that passing through p and «(s) is given by g, (t) =®(u(s),t), and also we get the rectifying
condition

(T, ()N, () =0, (22)

where T, is the spacelike unit tangent vector of 3 . So, the timelike tangent plane at point c(s) of M consists
of tangent vectors to the generatrix including the point e(s) of M. Namely, T, (M ={T, (v(s)),T,(s)}. Then,
by using (22), we obtain that N_(s) is orthogonal to M. Thus, ?TaTa is parallel unit normal vector field of M by

using (9), and so « is ageodesic of M by Remark 2.2. On the other hand, let « be a unit speed timelike geodesic
of the timelike conical surface M with apex p, and its parametrization be given by «(s) =®(u(s),v(s)) with arc

length parameter s. Then the spacelike principal normal vector N_(s) of « is orthogonal to timelike surface M.
From here, N_(s) is also orthogonal to g, which is the unit speed spacelike generatrix that passing through
p=/£.(0) and a(s) =B, (v(s)). Thus, we get that the rectifying condition (22), and so « is a timelike rectifying
curve.

Now, we give a characterization with respect to the ratio of geodesic torsion and geodesic curvature for timelike
rectifying curves in S .

Let a:l > M c Sf’, a(s) =d(u(s),v(s)) be a unit speed timelike curve in a timelike conical surface which is
given by the parametrization (13) such that some differentiable functions u=u(s) and v=v(s). By using (14)
and (15), we obtain that

-1=(T,,T,)=—(u)?sin*(v) + (v')%. (23)
Moreover, from (5), we write V, T, =V° T, —® for T, € X(M). Thus, we have the following equation

V. T, = (U"+2uV' cot(V)) D, + (V" + (u')?sin(v) cos(v)) @, — (u')?x, (u)sin(V)<, (24)
by using (16), (19), (20) and (21).

Let o be a geodesic in timelike conical surface M (namely, a timelike rectifying curve in S}). Then, it is easily
seen that spacelike principal normal N, of « is parallel to spacelike unit normal vector field £ of M from
Theorem 3.1, and so we obtain the following differential equation system

u”+2u'v'cot(v) =0, (25)
V" + (u")?V'sin(v) cos(v) =0, (26)
—(u')’ &, (U)sin(v) =, >0. (27)

with respect to functions u(s) and v(s).
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If we take f(s)=cos(v(s)), then we get the following differential equation

f"(s)-f(s)=0,

by using (23) and (26). Therefore, the solution is given by

f(s) = A, sinh(s+5s,) + 4, cosh(s +5s,), (28)
and so
v(s) =arccos(4, sinh(s +s,) + 4, cosh(s +s,)), (29)

where some constants 4,4, and s;. Since N_(s) is parallel to £(u(s),v(s)), In without loss of generality, we
can write that

B, (8) = A(s)®, (u(8),V(s)) + 1(s)@, (u(s), v(s)),

<B,,®, > Vv’ <B,, D, >
=— and ;u:a—
E sin(v) G

where 1= =-u'sin(v) . After straightforward calculation, we get that

Vi B, =A®, + 4D, +(A)V,, O, +(AV + i)V, D,

By using (9), (19) and (20), we obtain that the geodesic torsion which is given by
T, =UV'x, (U).

From the last equation and (27), we get that

!

Tg \V

K_g T U'sin(v)’ (30)

Now, by using (25), we obtain

u”sin’(v) + 2u'v'sin(v) cos(v) =0,

and after changing of variable, we have

u'sin’(v) =c, (31)

for a nonzero constant c. If we consider together the equations (23), (28), (29) and (31), then we get the relation

c? =A% - A7+, (32)

for the constants 4,4, and c . Finally, after required calculations by using (29), (30) and (31), we obtain that

;—g(s) — 14,Sin(+8,) + 1, COSh(S + 3,), (33)
9

for some constants 14 :%, My =% and s, such that z,” — z4° <1.

On the other hand, let a = a(s) be a unit speed timelike curve in Sf whose geodesic curvatures satisfying the

equation (33) for some constants z, and g, such that yzz - yf <1. Let ¢ be anonzero constant such that

cz——1
-2 2 !
=y +1

and define two constants 4, =—u,c and A, =—zc. Let the function v(s) be defined by (29) and the function
u(s) be a solution of (31), which is given by
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u(s) = tanh™ (% + [%Jtanh(s + so)}

Now, let M be the timelike conical surface with apex p & Im(a)c'S; and timelike director curve » which is a
unit speed timelike curve in Sf chsf such that geodesic curvature «, of y is given by (27). Then, we consider
a unit speed timelike curve a(s)=exp,(v(s)y(u(s))) = @(u(s),v(s)) in M, which is given by the parametrization
(13) for some differentiable functions u=u(s) and v=v(s). It is easily seen that & is a geodesic of M, whose
geodesic curvatures are the same with geodesic curvatures of the curve « , and so « is congruent to a geodesic

in a timelike conical surface. Thus, we show that the equation (33) determines the timelike curves in Sf that are
geodesics in a timelike conical surface whose parametrization is ®(u(s),v(s)). As a result, we say that « is

congruent to a timelike rectifying curve in Sf by Theorem 3.1.

Consequently, we obtain the following characterization for timelike rectifying curves in Sf’ with respect to the
ratio of the geodesic curvatures.

Theorem 3.2. Let a =a(s) be a unit speed timelike curve in S} with geodesic curvature Kk, and geodesic

torsion 7,. Then « is congruent to a timelike rectifying curve iff the ratio of geodesic torsion and geodesic
curvature of the timelike curve is given by

T—g(s) = s, Sinh(s+5s,) + 4, cosh(s +5,),
K
g

for some constants g4, 1, and S, such that z,” — > <1.
Now, we give some characterizations for timelike rectifying curves in S, .

Theorem 3.3. Let o =a(s) be a unit speed timelike curve in S} and p be the fixed point in S’ such that
p ¢ Im(«x) . Then the following statements are equivalent:

(i) « isatimelike rectifying curve.

(ii) p* isthe component of p which is orthogonal to T, in S such that
<p,T,(s)>=n;sinh(s+s,)+n,cosh(s+5s,), (34)
|p* [P =n?, (35)
for some constants n,,n,,n and s,, with n>—n+n*=1.

(iii) <p,N,(s)>=0.

(iv) < p,B,(S)>=0c for some constant o .

(v) < p,a(s)>=msinh(s+s,)+m,cosh(s+s,) for some constants m;,m, and s, such that m,” —m?* <1,

(vi) Distance function in S between p and a(s), 7(s)=d(p,a(s)) , satisfies

cos((s)) =k sinh (s +s,)+k, cosh(s +s,),

for some constants k;,k, and s, such that k,” —k* <1.

Proof. Firstly, let the statement (i) is valid. From Teorem 3.1, we say that a:1 —M S}, a(s) = ®(u(s),v(s))
be a geodesic in timelike conical surface M which is given by the parametrization (13) such that some
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differentiable functions u=u(s) and v=v(s) which are satisfying (25)-(27). Then, we obtain
< p,a(s) >=cos(v(s)) and we get statement (v) by using (29) and (32).

Now, let the statement (v) be valid. By using (12) and take into consideration hypothesis, then we obtain
Kg (S)< pl Na (S)> +< p! a(s)> = < pl v'(I)'w (S)Ta (S)> = rnlSInh(S + SO) + m2 COSh(S + SO) = < p! a(s)>

From this equation, it must be <p, N, (s)) =0, since &, #0. Thus, we obtain the statement (iii).

Now, let the statement (iii) be valid. Let g, (t) be the spacelike geodesic that passing through p=£,(0) and
a(s) = B (v(s)) for some function v(s). From definition of spacelike geodesic in S2, we can write
Bt =T (t)p+g®)als),

for some differentiable functions f(t) and g(t) which satisfy the condition f(t)>+ g(t)> =1. Taking into

account that hypothesis and <a, Na(s)> =0 by curve-hypersurface frame of «, then we obtain the rectifying
condition

(B(v(s).N, (5)) =0.

Namely, the statement (i) is obtained. Thus, we say that statements (i), (iii) and (v) are equivalent.

Now, let us show that the statements (iii) and (iv) are equivalent. We suppose that the statement (iii) is valid.
After using (12) and hypothesis, we get

d

—(p,B,(8)) =-7,(s)(P,N,(s)) =0. (36)
ds

then the statement (iv) is obtained. Conversely, let the statement (iv) is valid. if we take into consideration that
hypothesis and 7, # 0, it has easily seen that by using (36). Hence, we see that (iii) < (iv) .

Now, let us show that the statements (v) and (vi) are equivalent. Since the position vector of «(s) and the point

pe Sf are spacelike, in without lost of generality, we may write < p,a(s)) =c0s(7(s)) for some function 7(s) .
Thus, it is easily seen that (v) < (vi).

Finally, let us show that the statements (i) and (ii) are equivalent. Now, let the statement (i) be valid. In this case,
we say that the statements (iii), (iv) and (v) are hold from the previous results. If we take derivative in (v), we get

(p,T,(s)) =m, cosh(s +Sy) +m, sinh(s +5;),

and so the equation (34) is obtained. Moreover, we have
2 2

| p* |2=<p, Na> +< P, Ba> -,

where p* e Sp{Na, Ba} by using the statements (iii) and (iv). Also, taking into account that T, is timelike, it is
easily seen that

1=(p,p)=(p.a)’ ~(p.T,)" +(p.B,)" =m? -m? + o7,

for some constants m;, =n,, m, =n, and o =n. Thus the equation (35) is obtained. Namely, we see that (i) = (ii)
. Conversely, let the statement (ii) is valid. After integrating the equation (34), we have

< p,a(s) >=n,cosh(s+s,)+n,sinh(s+sy)+c,, (37)

for some constant c,. Moreover, we have
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2

n?-n?=(p,a)’ —(p,T,) =1-n?. (38)

by using the equation (35). By considering together the equations (34), (37) and (38), then it is easily seen that
¢, = 0. Hence, the statement (v) is obtained and so (v) = (i) . Consequently, we show that (i) < (ii).The proof

is complete.

Now, we give the following theorem which characterizes all timelike rectifying curve in Sf’ .

Theorem 3.4. Let o be atimelike non-planar curve in 813. Then, « is a timelike rectifying curve if and only if,
up to reparametrization, it is given by

a(t) =exp, (7(t)y (1)) = cos(r7(t)) p +sin(n(t)) y (t), (39)

where p is the fixed point in Sf such that peIm(a), y = y(t) is a unit speed timelike curve in S? chSf, and
n(t) =arctan(asech(t +t,)) for some constants a=0 and t,.

Proof. Let pe Sf be a fixed point, 77 =7(t) be a positive function and y = y(t) be an unit speed timelike curve
in Sf chSf. If we take as a(t) = expp(n(t)y(t)) where p & Im(«) , then the timelike unit tangent vector field
T, of a is

T @ _-nsin(m) D+ n’COS(n)erSIn(n) (40)
el el | ||

where

a'=-1'sin(n) p+n'cos(n)y +sin(n)y’,

and

|| =sin?(@m) - (7)? > 0. (41)

Moreover, let s=s(t) be the arc length parameter of « such that |lo'|(t)=s'(t). Then we have

[” ” J(t) (xgN,)(s) by using (12). It means that N, is parallel to the spacelike vector field {" " ]

However, let {y,5",N, | be Sabban frame (curve-surface frame) of the unit speed timelike curve y in S? =TS}

where geodesic curvature of » is defined by «, =det(7/,7/’,y”, p). Then, by using (18) and Gauss formula, we
have

}/”=]/+KyN7 (42)

where spacelike principal normal N, =y A" is tangent to SZ, but normal to p and 5 . We get

1 !
<Pyt — sin(n) | + cos(7).
CIT II(II o j
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by using (40) and (42). According to the Theorem 3.3, « is a timelike rectifying curve in 813 if and only if
<p,N, >=0. Thus, it must be ﬁ(”"—,”sin(n)J +cos(r7) =0. After basic calculations, we reach to the
o [24

differential equation

sin(7)n" —2cos(n)(n7')” +cos(17)sin® (17) =0, (43)

. . 1 . ) . .
since N, is parallel to (HTQ,—aJ. Now, we consider a differentiable function h=h(t) such that
(24

n(t) =arctan(h(t)) for solving the equation (43). In that case, we reach to the equation

1

——(hh"=2(h")? +h?)=0.
Ty (=20 )
The nontrivial solutions of this differential equation are given by the function h(t) =asech(t +t,) for some

constants a=0 and t,. Thus, we have that a(t)=exp,(n(t)y(t)) is a timelike rectifying curve in S} iff
7(t) = tan " (asech(t +t,)) for some constants a=0 and ty -

Chen and Dillen give some characterizations for rectifying curves with the viewpoint of extremal curves in
Euclidean 3-space [3]. Riemannian viewpoint of this idea is introduced by Lucas and Yagiies in Minkowski

model of hyperbolic 3-space as Riemannian space form with negative constant curvature [10].
Now, we give some characterizations for Lorentzian version of timelike rectifying curves from the viewpoint of

extremal curves in 813 which is Lorentzian space form with positive constant curvature one.

Definition 3.3. Let « be a timelike curve in S2, is given by «a(t) =exp, (7(t)y(t)) where pe S?, n(t) =0 isan

arbitrary function and y(t) is a timelike curve lying in S? chsf . Then y is called the timelike pseudo-spherical
projection of « .

The following characterization means that a timelike rectifying curve in Sf is actually an extremal curve which

e 2
al|l K

assumes the the minimum value of the function "”2—(§ at each point among the curves with the same timelike
sin“(n

pseudo-spherical projection.

Theorem 3.5. Let p be a fixed point in Sf and y = y(t) be a unit speed timelike curve with geodesic curvature

K, in S? chSf. Then, for any nonzero function #(t), the geodesic curvature x

) of a timelike regular curve

g
a in Sf which is given by a(t) =exp,(7(t)y(t)), and «, satisfy the inequality

L (44)
with the equality sign holding identically if and only if « is a timelike rectifying curve in S;.

Proof. Let » be a nonzero function and « be a timelike regular curve in S} which is given by
a(t):expp(n(t)y(t)),where y isaunit speed timelike curve in Sf chSf. If we consider together the equation
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(40) with definition the map exp,, and taking account that N, is a spacelike vector orthogonal to timelike

subspace span{p,;/,y'} , and so we find that N is orthogonal to both « and T,. Then, we have
N, =y Ay’ =cos(@)N, +sin(d)B, (45)

such that 8 = 4(t) is a arbitrary function. By differentiating of (45) with respect to t, in addition to applying (12)
and (42), we obtain

K,y = (||| x, COS(O))T,, + (6" +| |74 )(—Sin(O)N,, +cos(6)B,) (46)
where ||or'| satisfies the eq. (41). Since (y',»")=-1 and (T,,T,)=-1, we have

Kf = (||0/||Kg cos(8))> — (&' +||a'||z'g)2. 47)
Now, we will give the point p with respect to the curve-hypersurface frame {a,Ta, N,, Ba} of . By using (39),
we get

< p, a> =cos(n), (48)
and after differentiating of (48),

'sin
< D,Ta> __n ,(77)
]
by using (40). Now, suppose that
y' =0T, +0,(-sin(@)N, +cos(6)B,)

(49)

such that

:||a’||1<g cos(6) i 20'+||a’||z'g
K, ' K,

1

by using (46). Since (p,7')=0 and <p, Ny>=0, we obtain linear equation system depending on (p,N, ) and
< P, Ba> by using (45) and (49) and so its solution is given by

(p, Na>=ﬁisin(e)sin(n), (50)
o, e
(p,B,)= _9L N os(0)siny). (51)
o e

From the equations (48)-(51), we get

w'sinGr) ;. o'sin(@)sin(y)
(2 - o, ||

o' cos(8)sin(n)

, B
o]

p = cos(y)a - N, -

o

Then,

’ 2 2
— e
2

and so it must be
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' 2 2
[LJ (ﬁj 1l
1) (\ e
Also, if we put o, and o, in this equaiton, we reach to the equation
0/ ' 2 _ (77')2 ’ 9 2 2
0 +]a|7)* =—=——= (|’ x, cos(0))". (52)
e+ )
After putting (52) in (47), and also considering the equation (41), we get
|a'||4 K’ cos’ ()
sin®()
which implies inequality (44). It is clear, equality situation of (44), it must be sin(¢)=0. Also, take into
consideration the equation (45), we get N, =¥N, . Itmeans that N, and N, are parallel. Then, by Theorem 3.1,

:_|
? =

(53)

a is a geodesic in timelike conical surface M which is given by the parametrization (13) and so it is a timelike
rectifying curve. Therefore, o is a timelike rectifying curve in S;’ iff equality situation of (44) is satisfied.

Now, we show that a timelike curve in De Sitter 3-space, which has non-zero constant geodesic curvature and
linear geodesic torsion, congruent to a timelike rectifying curve, which is generated by a spiral type unit speed
timelike curve with certain geodesic curvature in 2-dimensional pseudo-sphere, and vice versa. Namely, the

following corollary is a construction method for timelike spiral type rectifying curves in S;.

Corollary 3.1. A timelike regular curve o is given by a(s)=exp,(r7(s)y(s)) in Sf with nonzero constant
geodesic curvature i, and linear geodesic torsion

7,(s)=¢;sinh(s+5y)+c,cosh(s+s;)

such that c,” —c,” —x,” <0 for some constants ¢, ,c, and s, iff « is congruent to a timelike rectifying curve
which is generated by a unit speed timelike spiral type curve y(t) in S? chsf with geodesic curvature

K, (t) =b(cosh?(t +t,) +a*)** for some constants a=0,b+0 and t,.

Proof. Let a:expp(n;/) be a timelike regular curve in Sf with nonzero constant geodesic curvature x, and

geodesic torsion 7, (s) =c,sinh(s+s,) + ¢, cosh(s+5,) in arc length parameter s where ¢, —¢% -« <0 for

some constants ¢, ,c, and s,. Then, « is a timelike rectifying curve by Theorem 3.2. Hence, by using Theorem
3.4, we take 7(t) =arctan(asech(t +t,)) for some constants a=0 and t,. Also, taking account of Theorem 3.5,

we obtain that ., (t) =b(cosh?(t +1,) +a2) ¥ for nonzero constant b =a(l+a*)x;.

On the other hand, let a=exp,(77) be a timelike rectifying curve in Sf which is generated by a unit speed
timelike curve y =y(t) which is lying in S? =T, S’ with geodesic curvature «, (t) =b(cosh?(t +t,) +a*)™?
such that b=0. Then, by using Theorem 3.4, we get function 7(t) =arctan(asech(t +t,)) for some constants
a=0 and t,, and so, we have

" a@+a?y
sin?()  (a% +cosh?(t+t,))*

Since « is a timelike rectifying curve, in accordance with Theorem 3.5,

340



Mak / Cumhuriyet Sci. J., 41(2) (2020) 327-343

4 2
2 _ || =
K, =—F—-—

7osin?(n)
Thus, we obtain that the nonzero constant
2 b’

K, =—F—.
g a2(1+a2)2

Finally, if we take into account Theorem 3.2, the proof is complete.

Remark 3.2. We obtain also characterizations for spacelike rectifying curves in Sf by using similar methods
which is given in Section 3.

4. Some Examples of Non-Degenerate Rectifying Curves

Now, we give some examples for timelike or spacelike rectifying curve in Sf :

Example 4.1. Let « be a timelike rectifying curve in S, with geodesic curvature Kk4(s)=10 and geodesic
torsion 7, (s) = 2sinh(s) +2cosh(s) . Then, we obtain stereographic projection in Minkowski 3-space which is
congruent to a by using numeric methods in Mathematica (see Figure 1)

Example 4.2. Let a timelike pseudo-spherical projection curve be given by
15 25 9 25 . 9 .

t) =| —cos(17t),0,—cos(9t )+ —cos(25t),—sin(9t)——sin(25t) |,

1) =[S eos(a7), 0.2 cos(ot) s cos(25t), Zsin(or) - & in251)

in S7 chsf (see Figure 2). Then, the parametrization of timelike rectifying curve « is

B sech(t) 16 . o
oc(t)_—16 m(30cos(17t)sech(t),—Sech(t),25cos(9t)+9cos(25t),255|n(9t) 9sm(25t)j

where the point p =(0,1,0,0) € S; and the function 7(t) =arctan(sech(t)) (see Figure 3).
Example 4.3. Let a spacelike pseudo-spherical projection curve be given by
. t t t, .
t) =| sinh(—), cosh(—) cos(t), cosh(—)sin(t),0 |,
y(t) ( (15) (15) (t) (15) (t) j
in S? chSf (see Figure 4). Then, the parametrization of spacelike rectifying curve « is

alt) = sec(t)sinh(lt—S), cosh(lt—S), cosh(lt—S) tan(t),lj

pel
1+sec?(t)
where the point p =(0,0,0,1) € S? and the function 7(t) =arctan(sec(t)) (see Figure 5).
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Figure 1. Stereographic projection in Minkowski 3-space of timelike rectifying curve « .

\
Figure 2. Timelike pseudo-spherical projection curve Figure 3. Stereographic projection in Minkowski
#(t) in 512 of timelike rectifying curve o 3-space of timelike rectifying curve o

Figure 4. Spacelike pseudo-spherigal projectic;h curve Figure 5. Stereographic projection in Minkowski 3-space
#(t) in SZ of spacelike rectifying curve a of spacelike rectifying curve
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Abstract

Modelling studies on some Ex"Box Cyclophanes were performed at HF/6-31G(d) level.
Structural properties are examined in detail. Density of state (DOS) spectrum and molecular
orbital energy diagram of related compounds at ground state were calculated and contour plots
of significant molecular orbitals were investigated in detail. Some quantum chemical
descriptors were calculated in the gas phase to examine the non-linear optical properties.
Finally, UV-VIS spectrum of the mentioned compounds was calculated and examined in gas
phase, toluene, chloroform, ethanol, methanol, 1,2-ethanediol, water and n-methylformamide-
mixture. As a result, EX>2Box** was found as the best candidate to NLO applications.

1. Introduction

Referred [1] to as Ex"Box*" compounds, tetracationic
cyclophanes is produced by reacting rigid bipyridyl-
based linkers, in which n is the number of p-phenylene
spacers having been employed toward various
chemistry [2,3]. The recent advent of extended
viologen boxes, EX"Box** has given rise to the
opportunity to construct mechanomolecules out of ever
larger recognition units due to the longer dimensions
of their cavities. EXBox** has an extraordinary ability
to recognize polycyclic aromatic hydrocarbons
(PAHSs). Even larger EX"Boxes possessing viologen
extensions are likely to construct, such as p-
tertphenylene-hexamethylated for the sake of
solubility, dramatically reducing its affinity for guests-
as well as bis-p-phenylene-ethylene spacers, resulting
in high-yielding preparation of the corresponding host,
EX%2Box*". Tetracationic cyclophanes are often used
due to the favorable electronic, optizal and redox
properties and diverse binding ability. These
macrocyclic compounds generrally possess a two 7-
deficient cavity on the extended planes and two
aromatic linkers [4]. These compounds have been used
in the development of axially chiral system, liquid
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crystal and nonlinear optical properties [5,6]. The
cyclophanes also exhibit optical properties that are
influenced by a nonconventional internal charge
transfer process, stemming from the strained
cyclobutane core. In this project, the attempt is made
to investigate CBPQT* (BlueBox*"), EXBox*,
EX?Box*, EX%°®Box* and EX*?Box** as
computationaly tecniques were those who synthesized
BlueBox**, EXBox*, EX?Box**, EX°®Box** and
EX%?Box*", respectively [7-10]. Schematic structures
of these compounds are displayed in Scheme 1.

Scheme 1. Structuréslof BIuééox“*, E\X/’Box“*, EX?Box*,
EX%8Box** and EX?2Box**.
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Quantum chemical analyses of these structures are
completed at HF/6-31G(d) level in vacuum. Initially,
these structures are optimized at the same level of
theory. To investigate the non-linear optical (NLO)
properties, their molecular orbital energy diagrams are
plotted by selecting the degeneracy threshold as 0.01
a.u. Significant molecular orbitals are determined and
their contour diagrams are calculated and examined in
detail. Density of state (DOS) spectrum of related
compounds is calculated and examined. UV-VIS
spectrum of mentioned molecules are calculated at the
same level of theory in each area and the wavelength
of main band is examined. Finally, some quantum
chemical descriptors are calculated in gas phase,
toluene, chloroform, ethanol, methanol, 1,2-
ethanediol, water and n-methylformamide-mixture.

2. Methods

Theoretical calculations of some Ex"Box Cyclophanes
were performed at HF method with 6-31G(d) basis set
in vacuum. Gaussian 5.0.8 [11], Gaussian09 AS64L-
GO9RevD.01 [12], Chem-Bio Office [13] and
GaussSum [14] were used in the whole analyses and
structural  properties of BlueBox*, EXBox*,
EX?Box**, EX%8Box** and EX?2Box** were examined.
Ultraviolet-Visible (UV-VIS) spectrum of mentioned
molecules was calculated in different eight phases
which are gas phase (e=1), toluene (£=2.3741),
chloroform (e=4.7113), ethanol (¢=24.852), methanol
(e=32.613), 1,2-ethanediol  (e=40.245), water
(e=78.3553) and n-methylformamide-mixture
(e=181.56). In these calculations, the time-dependent
(TD) method was taken into consideration. As for the
solvent model, CPCM method was used in solvent
calculations. In the determination of NLO properties,
urea was selected as a reference material. Some
quantum chemical descriptors (QCDs) were used to
determine the NLO activity and calculated by using

Eq. (1) - (15):

I'=~Eiomo @
A=-Euo 2)
EGAP = ELUMO - EHOMO 3)
— I-A — ELUMO — EHOMO 4
=" > 4
1
o== )
n
1
Oy =—- (6)
Ecrr

|| + A| _ |_EHOMO - ELUMO|

= 7
X 5 5 ()
CP=—x )
CP
AN = =— 9)
n
= C—PZ (10)
2n
No L (11)
(2]
H= (13)
a=2(a, +a, +a,) (14)
1 2
Aazﬁ[(axx _ayy)z +(ayy _azz)2 +(azz _axx) + (15)
6a,’ +6a,’ +6a,’ "
B=Bos + By + Br) + By + By + B)’ (16)
+ (ﬂZZZ + Xzz + ﬂyZZ)z]ll2
where  Koopmans theorem was taken into

consideration in the obtaining of the ionization energy
and electron affinities [15]. Calculated in each solvent
for studied compounds were related quantum chemical
parameters.

3. Results and Discussion

3.1. Molecular structure

BlueBox**, EXBox*', EX?Box**, EX°®Box*" and
EX%?Box*" are optimized at HF/6-31G(d) level in
vacuum. Optimized structures of mentioned Ex"Boxes
are represented in Fig. 1.

Given the optimized structure of studied molecules, the
whole compounds are quite tense. There are a lot of &
electrons. Molecular planarity is distorted in each
compound. Especially, benzene rings on both sides are
nearly perpendicular to other benzene rings. IR
spectrum of each studied Ex"Boxes was calculated and
no imaginary frequency was observed in the results.
Bond lengths, represented in BlueBox** are calculated
as 111°, 112°, 116°, 116° and 115° for BlueBox*,
EXBox*, EX?Box*, EX%8Box* and EX%*2Box*,
respectively. These angles imply the structural tension.
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9

EX?*Box*"
Fig. 1. Ground state structure of studied of some Ex"Box Cyclophanes.

BlueBox*"

EXBox*"

EX*Box*"

Fig. 2. The molecular orbital energy diagram of mentioned compounds.
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3.2. Molecular orbital energy diagram
(MOED), contour diagram and density of state
(DOS) spectrum

Energy diagram of molecular orbitals (MOEDSs) are
important to detect the electron fluidity and indirectly
to understand the optical property. The lower energy
gap means the more electron mobility. Electrons can
transfer from ground state to excited state. However,
the determination of related molecular orbitals is
important. In this stage, MOEDs are calculated by
defining the degeneracy threshold as 0.01 a.u,
represented in Fig. 2.

Frontier molecular orbitals, the highest occupied
molecular orbital (HOMO) and the lowest unoccupied
molecular orbitals are important in the determination
of electronic properties of compounds. In addition to
these molecular orbitals, degenerate molecular orbitals
are important in the determination of electronic
properties of chemicals, too. Significant molecular
orbitals can be seen easily from Fig. 2. For instance,
LUMO+1 (150. MO), LUMO (149. MO), HOMO
(148. MO), HOMO-1 (147. MO), HOMO-2 (146. MO)
and HOMO-3 (145. MO) are important for BlueBox**.
Contour plots of selected molecular orbitals in
BlueBox** are showed in Fig. 3 and selected molecular
orbitals in each box are represented in Supplemental
Material.

J-)J “‘4
sm; m&
b2
g#“’,g 9# #"‘
‘JJQ

ﬁz“h b
*‘@oﬂ 9..#*‘

Fig. 3. Contour dlagrams of selected MOs in BlueBox**.

According to Fig. 2 and Fig. 3, there are red and green
loops in contour plots. In occupied molecular orbitals,
these loops imply the electron delocalization region.
As for the unoccupied molecular orbital, if related
compound accepts electron(s), this electron will be
delocalized on mentioned loops. There are two
electrons in HOMO and these electrons are delocalized
on benzene rings where both side on molecule
structure. In the determination of optical properties,
contour plots of occupied molecular orbitals are more
important than those of unoccupied molecular orbitals.
Because the optical property is directly proportional to
electron mobility. The more the electron mobility, the
greater the optical property is expected. Additionally,

the electron mobility is expected to be on the entire
molecular surface for the increase of optical property.
In BlueBox**, electron mobility occurs only both sides
on molecule and it is negative advantage for optical
properties. As for the other compounds, electrons in
occupied molecular orbital are generally delocalized
on the entire molecular surface. Therefore, it is
supposed that optical properties of EXBox*,
EX?Box**, EX%8Box** and EX%*?Box** are better than
that of BlueBox**. DOS spectrum is calculated for
studied Ex"Boxes as represented in Fig. 4.

|

m——l T it TN

EXBox*"

[
i

BlueBox*"

fJII M|

energy )
EX’Box*"

] T 7 T

EX" "Box4

JIHL ] ;,I 1

EXz zBox

Fig. 4. DOS spectrum of studied of Ex"Box Cyclophanes

According to Fig. 4, molecular orbitals in the range of
(-20.0) — (+20.0) eV are taken into consideration.
While green peaks represent the occupied molecular
orbitals, red peaks represent the unoccupied molecular
orbitals. The more peak number in occupied and
unoccupied molecular orbitals means that electrons
can be easily transferred from ground state to excited
state. In this range, there no more occupied molecular
orbitals in BlueBox*" and EXBox**. Therefore, it is
expected that optical properties of EX2Box*,
EX%8Box* and EX?*?Box*" outperforms than the
others.

3.3. Simulated UV-Vis spectrum

UV-VIS spectrum gives significant results about
conjugation degree, aromaticity and electronic
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transitions. A band in the UV-VIS spectrum consists of
many electronic transitions. A lot of bands or shoulder
in UV-VIS spectrum means a lot of electronic
transitions. Additionally, bigger wavelength value
means the lower energy to electronic transitions. UV-

VIS spectrum of mentioned Ex"Boxes is calculated in
gas phase, toluene, chloroform, ethanol, methanol, 1,2-
ethanediol, water and n-methylformamide-mixture.
The wavelengths of main bands are given in Table 1.

Table 1. Calculated wavelength (nm) of main band of studied Ex"Boxes in each solvent area

Area BlueBox** EXBox*  EX%Box* EX%®Box* EX??Box*
Gas Phase 161 171 163 162 279
Toluene 164 172 167 164 171
Chloroform 164 172 167 163 171
Ethanol 163 171 166 163 171
Methanol 163 171 166 162 170
1,2-ethandiol 163 171 166 163 170
Water 163 170 166 162 170
N-Methylformamide-Mixture ~ 163 171 166 163 170

The increasing of the wavelength of main band means
the less required energy for electronic transition.
According to Table 1, the wavelength of main bands
are generally similar to each other in each studied
compound except EX?2Box** for the whole solvents.
So, the wavelength was unchanged depending on the
solvent. These results affect the optical properties and
these properties are similar in each solvent. However,
the biggest change occurs in EX?*?Box*. The
wavelength of main band is calculated as 279 nm in gas
phase and nearly 170 nm in the other solvent areas. The
wavelength of main band is decreased by the
increasing of dielectric constant of solvents. Therefore,

used as an optical material in solvent while EX??Box**
is the best candidate for NLO application in gas phase.

3.4. Quantum chemical descriptors for NLO
properties

Optical properties can be proposed by using quantum
chemical descriptors or parameters. The effect of
guantum chemical parameters on the NLO activity has
been identified in detail in many published theoretical
papers [16-19]. Calculated QCDs in gas phase are
given in Table 2 while the other results in toluene,
chloroform, ethanol, methanol, 1,2-ethanediol, water

the optical property of EX?*?Box** decreases in and n-methylformamide-mixture are given in
solvents. As a results, EXBox** and EX22Box** can be ~ Supplemental Material.
Table 2. Calculated quantum chemical descriptors for urea and studied Ex"Boxes in gas phase
Compounds Enomo®  ELumo® 12 A? Ecar? n? o° coP e
BlueBox**  -18.221 -9.163 18.221 9.163 9.058 4.529 0.221 0.110 13.692
EXBox* -15.638 -7.156 15.638 7.156 8.482 4.241 0.236 0.118 11.397
EX?Box** -5.167 3.718 5.167 -3.718 8.884 4.442 0.225 0.113 0.725
EX%8Box** -4.633  2.434 4.633 -2.434  7.068 3.534 0.283 0.141 1.099
EX?2Box**  -4.320 1.606 4.320 -1.606  5.926 2.963 0.338 0.169 1.357
Urea -10.988 5.465 10.988 -5.465 16.453 8.227 0.122 0.061 2.761
Compounds CP? w? NP ANpax  p° od Aad pe
BlueBox*  -13.692 20.696 0.048 3.023  0.093 45466  114.2771 3.70x10%
EXBox** -11.397 15.314 0.065 2.687  0.000 76.696  185.8248 1.38x10°%
EX?Box** -0.725  0.059 16.925 0.163  0.000 50.704  111.5649 5.46x10°%
EX%®Box*  -1.099 0.171 5.847 0.311 0.000 91.900 216.5514 2.51x10%
EX??Box* -1.357 0.311 3.219  0.458  0.000 158.607 396.4361 1.45x10°%
Urea -2.761 0.463 2.158 0.336 1.810 1.898 8.082826 3.81x1028
2ineV,
bin eV,
¢in Debye,
4in A3,
¢ cmd/esu
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According to Table 4, NLO activity ranking should be
as follow for mentioned descriptors:

For HOMO:
EX?*?Box* > EX%®Box** > EX°Box* > Urea >
EXBox** > BlueBox*

For LUMO:
BlueBox** > EXBox*" > EX?*?Box** > EX*®Box**
EX?Box** > Urea

\Y

For Ecar:
EX%2Box** > EX%8Box** > EXBox* > EX?Box*
BlueBox** > Urea

\

For 1, o and oo:
EX%2Box*" > EX%8Box* > EXBox*" > EX?Box*
BlueBox** > Urea

\

For yx and CP:
EX?Box** > EX°®Box*
EXBox** > BlueBox*

> EX??Box** > Urea >

For ® and N:
EX?Box** > EX°®Box*
EXBox*" > BlueBox*

> EX??Box** > Urea >

For ANmax:
BlueBox** > EXBox* > EX?*?Box** > Urea >
EX%8Box*" > EX?Box*

For p:
Urea > BlueBox** > EX?2Box** = EX%8Box* =
EX?Box** = Urea = EXBox**

For a:
EX?2Box*" > EX%®Box*" > EXBox*" > EX?Box** >
BlueBox** > Urea

For Aa:
EX22Box** > EX%8Box** > EXBox** > BlueBox*
EX2Box** > Urea

\Y

For B:
Urea > BlueBox* > EX%Box* > EX%2Box**
EXBox* > EX?Box**

\Y

According to above rankings, the general activity
ranking is given as follow:

EX22Box** > EX%8Box* > EXBox*" > EX?Box** >
BlueBox** > Urea

In gas phase, EX?2Box*" is determined as the best
candidate for NLO applications. Additionally, the
same analyses are performed in each area and
EX%?Box*" is determined as the best material for NLO
application, too. As the final word, the results in
quantum chemcial parameters are in agreement with
contour plots, DOS spectrum, UV-VIS spectrum. It
can be said that, EX*?Box*" is the best material respect
to all analyzes in this article.

4. Conclusions

We presented the computational investigations of
some Ex"Box Cyclophanes performed at HF/6-31G(d)
level in different solvents. Structural and electronic
properties of the mentioned compounds underwent
scrutiny in detail. The energy diagram of molecular
orbitals and contour plots of significant molecular
orbitals and counter plots of significant molecular
orbitals are calculated and examined. Additionally,
density of state (DOS) spectrum was calculated and
according to DOS spectrum, electronic mobility in
EX22Box** and EX®®Box** is more than the other. UV-
VIS spectrum and some quantum chemical descriptors
are calculated and EX??Box*" is found as the best
material to NLO applications.
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In this paper, we focus on Kenmotsu manifolds. Firstly, we investigate almost quasi Ricci  History:
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soliton. We find that if the soliton field V of the Yamabe soliton is orthogonal to the Accepted:12.06.2020
characteristic vector field &, then it is Killing and the manifold has constant scalar curvature, Keywords:

. . . . . . . Kenmotsu manifold,
Also, we deal with a Kenmotsu manifold which admits a quasi-Yamabe soliton. Finally, we

. - . Einstein manifold,
give an example which verify our results. almost quasi Ricci

symmetric manifold,
quasi-yamabe soliton.

1. Introduction

Considering the recent stage of the developments in contact geometry, there is an impression that the geometers
are focused on problems in almost contact metric geometry. Many different classes of almost contact structures
are defined in the literature such as Sasakian [1], Kenmotsu [2], almost cosymplectic [3], trans-Sasakian [4] and
others.

In 1969, Tanno classified connected almost contact metric manifolds whose automorphism groups possess the
maximum dimension [5]. For such manifolds, the sectional curvature of plane sections containing & is a constant
¢ and it was proved that they can be divided into three classes: i) Homogenous contact Riemannian manifolds
with ¢ > 0. ii) Global Riemannian products of a line or a circle with a Kaehler manifold of constant holomorphic
sectional curvature if ¢ =0. iii) A warped product space Rx, C if ¢ <0. In 1972, Kenmotsu investigated the
differential geometric properties of the manifolds of class iii) and obtained structure is now as known Kenmotsu
structure [2]. After this work, such manifolds have been studied extensively by many mathematicians.

The notion of Yamabe soliton in Riemannian geometry was introduced by Hamilton at the same time as the Ricci
flow in 1988 [6]. This notion corresponds to the self-similar solution of Hamilton's Yamabe flow. In dimension
n=2 the Yamabe flow is equivalent to to the Ricci flow. However, In dimension n> 2 the Yamabe and the

Ricci flows do not agree, since the Yamabe flow conserve the conformal class of metric the metric but the Ricci
flow does not in general. Yamabe soliton is a special solution of the Yamabe flow that moves by one parameter

family of diffeomorphisms ¢, generated by a fixed vector field V on a Riemannian manifold M. Also, Yamabe

flow is natural geometric deformation to metrics of constant scalar curvature. Therefore, Yamabe solitons have
been studied intensively in mathematics as well as physics. For the recent studies on Yamabe solitons, we refer

to ([7]-[11]).
A Riemannian manifold (M , g) is called a Yamabe soliton if there exists a real number A and a vector field
V eI'(TM) such that

(L)(X.¥)=(2-r)g(X.Y), (1)
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where T"(TM ) denotes the set of differentiable vector fieldson M, L, g denotes the Lie-derivative of the metric
tensor g along vector field V', r is the scalar curvature of M and X,Y are arbitrary vector fieldson M . Also,
a vector field V as in the definition is called a soliton field for (M , g). A Yamabe soliton which satisfies (1) is

denoted by (M , g,V,/I). If L, g = p9, then the soliton field V is said to be conformal Killing, where p isa

function. If p vanishes identically, then V is said to be Killing. Moreover, if V is zero or Killing in (1), then
the Yamabe soliton reduces to a manifold of constant scalar curvature. In addition, a Yamabe soliton is called a
gradient if the soliton field V is the gradient of a potential function f (i.e., V =Vf ) and is called shrinking,

steady or expanding dependingon A <0, A =0 or 4> 0, respectively.

On the other hand, in 2018, Chen and Deshmukh defined the notion of quasi-Yamabe soliton as a generalization
of Yamabe solitons on a Riemannian manifold (M , g) as follows [12]:

(Lg)(X.Y)=(2=r)g(X,Y)+ V" (X)V'(Y), @)

where V" stands for the dual 1—form of VV, A is a constant and x is a smooth function on M. The vector
field V is also called soliton field for the quasi-Yamabe soliton. A quasi-Yamabe soliton is denoted by
(M,g,V,2).

Motivated by the above studies, we concentrate on Yamabe and quasi-Yamabe solitons on Kenmotsu manifolds.
Also, we study almost quasi Ricci symmetric Kenmotsu manifolds.
The paper is organized as follows:

Section 1 is devoted to the introduction. In section 2, we give some basic notions which are going to be needed.
In section 3, we consider almost quasi Ricci symmetric Kenmotsu manifolds. Then, we study Kenmotsu manifold
admitting a Yamabe soliton. Also, we discuss quasi-Yamabe soliton on such a manifold and give some important
characterizations. Finally, we give an example to support our results.

2. Preliminaries

In this section, we recall some notions of almost contact metric manifolds from [2], [13] and [14].

A (2n +1)—dimensi0na| smooth manifold M is an almost contact metric manifold equipped with an almost
contact metric structure (¢, &, ) such that ¢ is a tensor field of type (1,1), & is a vector field (called the

characteristic vector field) of type (1,0), 1—form 7 is a tensor field of type (0,1) on M and the Riemannian
metric g satisfies the following relations:

¢*X ==X +1(X)¢, (3)
n(&)=1 4)
@& =0, ®)
nep=0 (6)
and

g(@X, Y )=g(X,Y)=n(X)n(Y), (7)
g(X,0¥)=-g(pX.Y), t)
n(X)=9(X,$) ©)
forany X,Y eI'(TM).
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If the following condition is satisfied for an almost contact metric manifold (M 0, &, g) then it is called a
Kenmotsu manifold

(Vxo)Y =9(oX,Y)E-n(Y )X,

where V is the Levi-Civita connection on M . For a Kenmotsu manifold we also have

Vi =X-n(X)s, (10)
R(X,Y)E=n(X)Y -n(Y)X, (12)
R(X,&)Y =g(X,Y)E-n(Y)X, (12)
S(X,&)=-2np(X), (13)
S(¢,&)=-2n, (14)
Q& =-2ng, (15)

where S and R are the Ricci tensor and Riemann curvature tensor of M, respectively and Q is the Ricci
operator defined by S(X,Y)=g(QX.,Y).

On the other hand, a Riemannian manifold (M , g) is called 77— Einstein if there exists two smooth functions a
and b such that its Ricci tensor S satisfies

S(X,Y)=ag(X.Y)+by(X)n(Y) (16)

for any X,Y eF(TM). If the function b vanishes identically in (16), then the manifold M becomes an
Einstein.

Also, a non-flat semi-Riemannian manifold (M i g) (n > 1) is called almost quasi Ricci symmetric manifold
if its Ricci tensor field S satisfies [15]

(ViS)(Y.Z)=[ A(X)+B(X)][S(Y.Z)=A(Y)S(X,Z)-A(Z)S(X.Y) (17)

forany X,Y,Z eF(TM ), where A and B are non-zero 1—forms. If A=B in (17),then M becomes a quasi
Ricci symmetric manifold.

3. Main Results

3.1. Almost quasi Ricci symmetric manifold

In this section, we deal with almost quasi Ricci symmetric Kenmotsu manifold. We begin to this section with the
following:

Theorem 1: If M is an almost quasi Ricci symmetric Kenmotsu manifold, then it becomes a quasi Ricci
symmetric manifold.

Proof: Let us consider that M is an almost quasi Ricci symmetric Kenmotsu manifold. Putting Z =¢& in (17),
we have

(V,S)(Y. &) =[ ACX)+ B(X)]S (Y, )~ A(Y)S(X. )~ A(&)S(X.Y) i

such that
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(ViS)(Y.&)=V,S(Y,&)=S(V,Y.E)-S(Y, V&) (19)
forany X,Y eI’(TM). From (9), (10), (13) and (19), we derive

(VS)(Y,&)=-S(X,Y)—2ng(X,Y). (20)
Using the equality (13) in the right side of (18), then the equation (18) becomes

(Vi S)(Y.&)=-2n A(X X) ] (Y)+2nm(X)A(Y)-A(£)S(X,Y). (21)
Therefore, by combining (20) and (21) we get

=S(X,Y)=2ng(X,Y)==2n[ A(X)+B(X)]n(Y)+2n7(X)A(Y)-A(£)S(X.Y). (22)
Taking Y = & in (22) and making use of (4), (13) gives

0=-2n[ A(X)+B(X)]+4np(X)A(&)

which is equivalent to

A(X)+B(X)=21(X)A(&). (23)
Replacing X by & in (23) yields

B(&)=A(&). (24)
Again taking X =& in (22) and by virtue of (4), (13) and (24) we find that

0=—2m(Y)A(&)+2nA(Y),

namely

A(Y)=A(E)n(Y). (25)
From (23) and (25), we obtain

A(X)=B(X)=A()n(X).

This completes the proof of the theorem.

As a result of the Theorem 1, we can give the following corollary.

Corollary 1: If M is an almost quasi Ricci symmetric Kenmotsu manifold satisfying A(f) #1, then it is an
17— Einstein manifold.

Proof: From (22) and (25), we have
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—S(X,Y)=2ng(X,Y)==2nA(E)n(X)n(Y)=A(£)S(X,Y).

If we rearrange the last equation, we get

g (x.¥)- 22D () (v)

S(X,Y)= A1

A(§)—1
which implies that the manifold M is an 77— Einstein. Therefore, the proof is completed.

3.2. Quasi-Yamabe solitons on Kenmotsu manifold

In this section, we study quasi-Yamabe solitons on a Kenmotsu manifold and give an important characterization.
The first result of this section is the following:

Proposition 1: Let M be a Kenmotsu manifold admitting a Yamabe soliton as its soliton field V. If the vector
field V is orthogonal to &, then V is Killingon M and the manifold M has constant scalar curvature.

Proof: Since M admits a Yamabe soliton, from (1) we write

g(VyV,Y)+g(V,V,X)=(A-r)g(X,Y) (27)
forany X,Y e(TM). Subsituting X =Y =¢ in (27) gives

29(V.V,&)=(A-r). (28)
On the other hand, it is easy to see that ¢ (ng,f) =V, (g (V,é)). Using this equality in (28), we have
Vf(g(v,f)):(i—r). (29)
Now, we assume that the vector field V is orthogonal to £. Then, from (29) we get

r=21 (30)

which implies that M is a manifold of constant scalar curvature. Furthermore, using (30) in (27) we obtain
(LO)(X.Y)=g(V,V,Y)+g(V,V,X)=0. (31)
This means that the vector field V is Killing on M. Thus, the proof of the proposition is completed.

Theorem 2: Let M bea (2n +1)—dimensional Kenmotsu manifold satisfying the condition RQ =0. If M
admits a Yamabe soliton as its soliton field &, then the Yamabe soliton is shrinking.

Proof: Let us consider a Kenmotsu manifold M satisfies the condition (R(X ,Y).Q)Z =0, thatis,

R(X,Y)QZ-Q(R(X,Y)Z)=0 (32)
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forany X,Y,Z eI’(TM),where R is the Riemannian curvature of M and Q is the Ricci operator defined by
S(X,Y)=9g(QX,Y). Replacing Y by ¢ in (32), we have

R(X,£)QZ-Q(R(X,£)Z)=0. (33)
With the help of (12), (13), (15) and (33), we derive

S(X,Z)&+2m(Z)X +2ng(X,Z)E+n(Z)QX =0. (34)
Taking the inner product of (34) with & and using (4), (13), we obtain

S(X,z)=-2ng(X,2). (35)
Contracting over X,Z in (35), we get

r=-2n(2n+1). (36)
On the other hand, from (1) and (10) one has

29(X,Y)=27(X)n(Y)=(A-r)g(X.Y). (37)

By setting X =Y =¢& in (37) and from (36), we deduce that A = —2n(2n +1). This implies that the Yamabe
soliton is shrinking. This is the desired result.

Now, we are ready to give the main theorem of this section.

Theorem 3: Let M be a Kenmotsu manifold. If M admits a quasi-Yamabe soliton as its soliton field &, then
M is a manifold of constant scalar curvature.

Proof: Since 7 is the dual 1—form of the characteristic vector field &, the equation (2) becomes
(Leg)(X.Y)=(A=r)g(X.Y)+un(X)n(Y) (38)

forany X,Y eI’(TM). Also, it follows from the definition of the Lie-derivative and from (10), one has

(Lég)(X,Y)=g(fo,Y)-i-g(VYf,X)

(39)
=29(X,Y)=27(X)n(Y).
By combining (38) and (39) we have
29(X.Y)=27(X)(Y)=(A=r)g (X,Y)+un(X)n(Y). (40)
If we put X =Y =& in equation (40), then we get
A—t+u=0. (41)
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On the other hand, let {el,ez,...,e2n+l = cf} be an orthonormal basis of the tangent space T M, at each point
p e M. By setting X =Y =g, in (40) and taking summation over i (i =12,...,2n +1), we deduce
dn=(A-r)(2n+1)+ s (42)
Using the equalities (41) and (42), we obtain

u=-2. (43)

Therefore, from (41) and (43) we have r=A4—2which means that the manifold M has constant scalar
curvature. Thus, we get the requested result.

Example 1: [16] We consider the three-dimensional Riemannian manifold
M :{(x, y,2)eR®, (xy,2)= (0,0,0)},

and the linearly independent vector fields

0 0 0
e=z—, e,=2—, e =—-2—,
OX oy 0z

where (x, Y, z) are the Cartesian coordinates in R®. Let g be the Riemannian metric defined by

g( i i)

e,e
9(ee;)

and is given by

=1
=0, I # ]

g :iz{dx®dx+dy®dy+dz®dz}.
z

Also, let 77, ¢ be the 1—form and (1,1)—tensor field, respectively defined by

n(Z.&)=1 o¢(e)=—€, ¢(e,)=e, ¢(&)=0

for any ZeI'(TM). Therefore, (M,p,&,77,9) becomes an almost contact metric manifold with the
characteristic vector field &.

On the other hand, by direct calculations we have

[el,ez]zo, [el’e3]:e1’ [ez’es]:ez- (44)
Using Koszul’s formula for the Riemannian metric ¢, we get:

Vele3 =e, VEZe3 =6,, V%e3 =0, Velel :V%e2 =—6,, Vele2 =V82el =V%el =V%e2 =0. (45)
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Thus, (M,gp, &n, g) is a three-dimensional Kenmotsu manifold. Using the equations (44) and (45), we obtain

R(e,.e)e =—¢,, R(e,e)e=—e, R(e,e)e;=—e, R(e,e)e, =,
R(e.e,)e,=—€, R(eye,)e,=—e;, R(e,e)e, =0, R(e,e,)e;=0, R(e,e)e,=0

which yields
S(e,e)=-2 S(e,e,)=—-2 S(e,8)=-2 S(ei,ej)=0

forall i, j=1,2,3 (i j). Hence, we have

r=S(e.e)+S(e, e, )+S(e,e)=-6.

In this case, the manifold M is a quasi-Yamabe soliton with the soliton field e, = & which satisfies the equation
(2) for A=—4 and u =-2. This result verifies the Theorem 3.

Also, the manifold M is a Yamabe soliton with the soliton field €, or e, which satisfies the equation (1) for
A =-6 and this result verifies the Proposition 1.
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Through this paper, we shall obtain common properties of local function and set operator v History:
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1. Introduction

The study of ideals on topological spaces was first introduced by K. Kuratowski [1]. The authors, Al-Omari and
Noiri [2,3], Modak [4,5,6], Modak and Islam [7,8,9,10], Ekici and Elmali [11], Modak and Mistry [12], Khan

and Noiri [13], Csaszar [14], O zbakir and Yildirim [15] have introduced the study of ideals on the generalized
topological space. We know from [1] that, a subcollection Z of (X), the powerset of X , is called an ideal

on X if (i) for ABc X and AcBeZ, AeZ (hereditary) and (ii) for ABc X and A BeZ,
AUBeZ (finite additivity). Hayashi [16] introduced localization properties of ideal topological space (an
ideal Z on a topological space (X,7) is called an ideal topological space and it is denoted as (X,7,Z)). For
a subset A of X, the local function of A in the ideal topological space (X,z,Z), is denoted as A" and
defined as:

A ={xeX:U nAgZ,U_er(x)}, where 7(X) is collection of all open sets of (X,7) containing X .

In regards of local function, Natkaniec [17] had defined the y operator. For an ideal topological space
(X,7,7), the w operator is defined as follows:

w(A) = XN\ (X N\ A), forevery Ac X .

Again for its equivalent definition, see [18] and [19].

In this paper, our intension is to study the properties of local function and y operator in which topological
space, generalized topological space [20], m -space [2], minimal space [21] and supra-topological space [22]
etc. are not an essential part. That means we study the properties which hold in any subcollecton of (X) . We

also characterize the Newcomb's idea A= B[modZ], r -boundary [23] and Njastad's compatibility [24].
Secondly, we introduce and study the approximations of local function and the operator . Finally we have
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considered the expansion of above two operators. However A. Pavlovic[25] have studied “local function versus
local closure function in ideal topological spaces”.

2. Common Properties

In this section, we shall consider the properties of local function and operator y which are not dependent on
topology, generalized topology, minimal structure etc.

Let X beaset, A< @(X) and Z be anideal on X , thenwe call (X,.A,Z) aspace.

Definition 2.1. Let (X,A,Z) be a space. A set operator () :g(X) — @(X), called the common-local
function of T on X with respect to A, is defined as:
(A (A, T)={xe X :UnAgTZ,foreveryU e A(X)}, where A(X)={U e A:xeU}.

This is simply called ¢*-local function and denoted as A", for Ac X .
Following is the example of a ¢* -local function of a set:

Example 2.2. Let X ={a,b,c}, A = {{a}.{b}.{a,c}} = @(X)and Z ={¢,{a}} . Take B ={b,c}. Then
B ={b,c}.

Theorem 2.3. Let (X,.4,Z) be aspace. Then following hold:
1. (@) =@.

2.1f AcBc X, A =B,

3.1fl eZ, then (1) =,

4.1f Ac X and | € Z,then (AN 1) = (AU = AT,
5. Foranideal H on X with H< Z, (A)(Z) < (A (H).
6. Foranideal 7 on X, A“(ZnJ)=A"(Z)UB®(J).
Proof. 1. Obvious from the fact that D e 7 .

2. Let xe A”. Then for all U € A(X), UNAgZ. Thus UBgZ, otherwise U NAeZ. Hence the
result.

3. It follows from the fact that, forany U e A, U Nl €Z ,since | e Z .
4. Claim: A” < (AN ).

Let x e (A)*. Then for all U € A(X), AnU ¢ Z. If possible, suppose that U N(AN 1) e Z . Then for
some JeZ,Un (AN 1)=J.Then U AN I =J,and hence U A=1UJ e, acontradiction.

Claim: (AU)® < A”.
Let xe (AU 1) . Then forall U, e A(X),U, N"(AUI) & Z . If possible, suppose that AnU, € Z .

Then forsome JeZ, AnU, =J.Notethat U n(Aul)=U,nAvU, NI)=JuU,nI). Since
U nlcl, then U n(Aul)e T, acontradiction.

5. It follows from the fact that every member of H is also a member of Z .

361



Selim et al./Cumhuriyet Sci. J., 41(2) (2020) 360-368

6. From (5), A(D)UA" () A (INnJ). Let xeA“(InJ). Then for all U e A(x),
UNAgZnJ.Thus UNAeZ or UNAgJ. Thisimplies that x e A“(Z) or xe A”(J), and hence
xe A(T)U A ().

Lemma 2.4. Let (X,.A,Z) beaspace. Then ANZ ={} ifand only if X =X°".

Proof. Suppose ANZ ={&}. It is obvious that X < X . For reverse inclusion, let X e X . If possible

suppose that X & X . Then there exists U, €. A(X) such that U X e Z. This implies that U, € Z, a
contradiction.

Conversely, suppose that X = X holds. If possible, suppose that U e ANZ, where XeU . Then
U X e, by hereditary property. Thus X ¢ X, a contradiction.

If an ideal Z satisfies the property A NZ ={}, then the ideal Z is called A -codense ideal.

This property is similar to Dontchev, Ganster and Rose's [26] ‘codense’ ideal. An ideal Z in an ideal
topological space is called codense ideal if Z N7 ={J}. Newcomb [23], Hamlett and Jankovic[18] called

such ideal as ‘7z -boundary’ whereas Dontchev [27] called such spaces as ‘Hayashi-Samuel’ spaces. In fact
such ideals play a very important role in the study of ideals (see: [6,19,28,29,30]).

We define an operator similar to Natkaniec's y -operator [17]:

Definition 2.5. Let (X,.A4,Z) be a space. An operator i, : (X) — (X) is defined as follows: for every
Ae p(X), w . (A)={xe X :there exists aU € A(x) such thatU \ AeZ}.

Equivalently w_(A) = X \ (X \ A)"".

Proof. Let X e X \_(X \_A)". Then x & (X \_A)*", and thus there exists U € .A(X) such that
UN(XN\A)eZ.SoUN AeZ.Hence xey, (A).

Let X € . (A). Then from definition, there exists U € A(X) such that U \ A€ T . This implies that
UN(X N\ A)eZ.Thus xe (X \ A", and hence x e X \ (X \ A)*.

Here we find out the value of /. of a set in a space.

Example 2.6.Let X ={a,b,c}, A={¢{a,b}{a,c}}and Z ={¢{b}}. Take B ={a,b}. Then
. (B)= X N\ (X \ B)” = X\ {c}" =X \{c}={a,b}-

Theorem 2.7. Let (X,.A,7) be aspace.

1.1f Ac B, then v (A) cw.(B).

2.1fU e A, then U cy (U).

3.If A/ Begp(X),then v (A) vy, (B)cw.(AUB).

4.1F Ac X, then w_(A) =y, (w.(A)) ifand only if (X \ A)* = (X \ A))".
5.1F I e Z,then w (1) =X\ X°.

6.1f Ac X, 1 €T, then y (AUl) =y (A).
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7.1f (AN B)U(B\ A)e T, then . (A)=w.(B).
Proof. 1. Obvious from Theorem 2.3 (2).
2. Let xeU . Then xg X\ U and U N(X\U)=BeZ.Thus xe (X \U)*.Hence xey, (U).

3. Obvious from monotonicity of .

4. Suppose ¥, (A) =, (¥, (A)). Then X N\ (X N\ A" =y [X (X \_A)*], and hence
XNCXNCA)T =[X N\ (X N\ A)T]. This implies that (X \_A) = (X N\ A)*)%.

5. Obvious from Theorem 2.3 (4).

6. Obvious from 5.

7. Giventhat (AN B)U(B\ A)eZ ,andlet (AN B)=1, (BN A)=J.Notethatthat I,J € Z by
heredity. Also observe that B = (AN 1)UJ . Thus i (B) =y [(AN D UI]=yw.(AN 1) =y (A).

If we take reverse implication of the above relations, then we get the converse part.

Corollary 2.8. Let (X,.A,7) be a space, then the following properties
are equivalent:

1. ANnT ={J};

2. ¥ (D)=9;

.IfleZ theny (1)=9.

Proof. 1 implies 2:

w (D)= X\ X" =T, since ANL =D.

2 implies 3:

w (1) = XXX\ D =X\ X, since | eZ.Thus . (1)=9.
3 implies 1:

w.(1)= gives X =X . Thus ANZ ={J}.

Definition 2.9. Let (X,.4,7) be aspace. We say the A -structure A4 is A -compatible with the ideal Z ,
denoted A ~ 7 , if the following property holds: for every Ac X , if for every X € A there exists U € A(X)
suchthat U "AeZ , then AeZ.

Lemma 2.10. Let (X,.A,Z) be aspace. Then A ~Z ifandonly if w,(A)\ AeZ ,forevery Ac X.
Proof. Suppose .A ~ Z holds. Then for U\ Ae T, . (A)n (U \ A) € Z . This implies that

Un(y. (ANAeZ, thenfrom A~T, y (AN AcL.

Conversely suppose that . (A) \ Ae Z , forevery Ac X . Let x € A. Also there is U, € A(X) such that
U, "AeZ forevery xe A. Then x¢ A, and hence x e X \_ A" Thus Ac X \_A”". Note that

W (XN AN N A) = DX OO OOV ADTTNXNA) = (XA N (XN A) = (XN AT) N A
. Therefore y_ (X N\ A)NU(X N\ A) = (X N\ A")NA=A (as Ac X\ A”). Since y (A)\ AeZ for
every Ac X , thus Ae Z . Therefore, A~ 1.
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Following example supports the Lemma 2.10.

Example 2.11. Let X ={a,b}, A ={{a},{b}}and Z ={¢,{b}}. Then ¢ =¢,{a}" ={a} {b}*" =¢ and
X ={a}. Theny, (4) = X \ X =¢, w,({a}) = X \{o¥ =X, v, ({b}) = X \ {a}* ={b} and
w.(X) =X\ ¢ =X . Then we seethat . (§) \ ¢ =0T, v, ({a})\{a}={b}eZ,

v () \{b}=de Tand y (X)\ X =g and A~T.

Corollary 2.12. Let (X,.A,Z) be aspace with A~Z.Then v (v .(A) cy.(A), forevery Ac X .

Proof. From above theorem, forany Ac X, w . (A)\ AeZ .Then . (A)c AU , forsome | € Z . Then
v, (. (A) Sy (AU1) = (A) (from Theorem 2.7 (6)).

We shall give an example against the Corollary 2.12.

Example 2.13. Consider the spsce (X,.A,Z), where X ={a,b}, A ={{a},{b}} and Z ={¢,{b}} . Then
A~ T, by Example 2.11.Now ¢° = ¢,{a}* ={a},{b}" =¢ and X ={a}andy, (¢) = X \ X =4,
w.({a}) = X \{} =X, v ({b}) = X \{af ={b} and  (X) = X \ ¢ = X . Then

v (. (@) =9=v.(9), v.(v.({a}) =X =y .({a}) , . (v.({0})) ={b} = w.({b}) and

Yo (. (X)) =X =y (X).

Newcomb has defined A= B[mod Z] [23] if (AN B)U(B\ A)eZ.

Definition 2.14. Let (X,.4,Z) be aspace. A subset B of X is called a Baire set with respectto A and 7,
denoted Ae B, (X,.A,T), if there existsa Ae A such that B = Al[mod Z].

Following example is the existence of Baire set.

Example 2.15. Let X =R, set of real numbers, A ={J,R,QuU{i}, R\ Q}, and Z = (Q), where Q is
the set of rational numbers and i e R\ Q. Consider A={i}. Then for B =Q U{i},
(AN B)U(B\NA)=0u(Qu{it {i}=QeZ.Thus A isaBairesetin (X,A,7).

Theorem 2.16. Let (X,.A,7) be aspace with A~Z.1f U,V e A and w,(U) =y, (V), then
U =V[mod Z].
Proof. Since U € .4, we have U c y_(U) (from Theorem 2.7 (2)), and hence

UNVcy UV =y (V)\V eZ (by Lemma 2.10). Similarly V \ U € Z . Now
UNV)uU(V\U)eZ (by finite additivity). Hence U =V[mod Z].

It is obvious that A= B[mod Z] is an equivalence relation.
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Theorem 2.17. Let (X,.A,Z) be aspace with A~Z.If A, BeB,(X,A,Z),and . (A) =w.(B), then
A=B[mod Z].
Proof. Let U,V € A suchthat A=U[mod Z] and B =V[mod Z]. Now y_(A) =y.(B) and

w.(B)=w. (V) (by Theorem 2.7 (7)). Since . (A) =y, (U) implies that  (U) =y (V) , hence
U =V[mod Z] (by Theorem 2.16). Hence A= B[mod Z] by transitivity.

Theorem 2.18. Let (X,.A,7) be a space.

1.1f BeB,(X,A,7)\ 7, then there exists Ae A\ {J} such that B=A[mod Z].

2. Suppose ANZ ={J}, then BeB, (X, A,Z)\ Z ifand only if there exist Ae A\ {J} such that

B = Almod Z].

Proof. 1. Let Be B, (X, A,Z)\ Z . Then BeB,(X,.A,Z). If there does not exist A A\ {} such that
B = Amod Z], we have B =<[mod Z]. This implies that B € Z , which is a contradiction.

2. Here we prove converse part only. Let Ae A\ {J} such that B=Almod Z]. Then A=(B\ J)ul,
where J=B\ A I=ANBeZ. If BeZ, then AcZ by heredity and additivity, which contradicts
ANT ={}.

3. Approximation

Approximation is a part of analysis, but in this section, we introduce a method for approximation of local
function and set operator y with the help of generalized open sets of topological space.

We shall denote ‘Int” and ‘Cl’as the ‘interior’ and ‘closure’ operator respectively of topological spaces.

Definition 3.1. Let (X,7) be a topological space. A subset A of X is called semi-open [31] (resp. preopen
[32], semi-preopen [33] (= £ open [34]), b -open [35]) set, if A< CI(Int(A)) (resp. Ac Int(CI(A)),
A c CI(Int(CI(A))), A< Cl(Int(A)) U Int(CI(A))).

The collection of all semi-open (resp. preopen, semi-preopen, b -open) in a topological space (X, 7) is
denoted as SO(X,7) (resp. PO(X,7), BO(X,7), BO(X,7)).

Further SO(X, x) (resp. PO(X,x), BO(X,Xx), BO(X,Xx)) is the collection of all semi-open (resp.
preopen, semi-preopen, b -open) sets containing x in a topological space (X,7).

From definition, for a topological space (X,7), we have 7 < SO(X,7) < fO(X,7) < BO(X,7), and
7 < PO(X,7)c BO(X,7) < BO(X,7).

Definition 3.2. Let (X,7,Z) be an ideal topological space. For a subset A of X , we define the following
operator: AP (resp. A%, A” A®)={xe X :AnU, ¢Z foreveryU, e PO(X,x) (resp. SO(X,Xx),
BO(X,X),BO(X,X)).
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Theorem 3.3. Let (X,7,Z) be an ideal topological space. Then
1Lfor AcX, APc AP cA°c A,
2.for Ac X, APc AP AP A"

Let (X,7) be atopological space. Then for A< X , we define SCI(A) (resp. pCI(A), SCI(A), bCI(A))
=(MF 2 A: X\ F € SO(X,7) (resp. PO(X, 7), BO(X, ), BO(X, 7))}

Proposition 3.4. Let (X, 7) be a topological space. Then forany Ac X ,
(1) bCI(A) = BCI(A) = sCI(A) = CI(A),
(2) bCI(A) = BCI(A) = pCI(A) = CI(A).

Definition 3.5. Let (X,7,Z) be an ideal topological space. For a subset A of X , we define the following
operator: 7,(A) [3] (1esp. 7y, (A), 7 (A), 7 (A). 74 (A)) ={x € X : ANCI(U,) (resp. An pCl(U,),
AnsCIU,), AnSCIU,), AnbCIU,)) ¢ Z for everyU e 7(x)}, where 7(x) ={U er:xeU}.

Theorem 3.6. Let (X, 7,Z) be an ideal topological space. Then forany Ac X,
LA 7 (A 7o (A) 7 (A) S 7o (A,
2. Ay () S 70 (A) 75 (A) 70 (A

Next we consider following operators:
W, (A) (resp., i, (A), 17, (A), w, (A) = X (XN A (resp., (X NA)P (XN A7 (XNA)T).

Theorem 3.7. Let (X,7,Z) be an ideal topological space. Then

Lfor Ac X, w(A) cw (A cy,(A) cy,(A).

2.for Ac X, y(A) cy, (A cy, (A cy,(A).

Definition 3.8. Let (X,7,Z) be an ideal topological space. For a subset A of X , we define the following
operator: I';(A) (resp. T (A), T (A), T4 (A), Ty (A)) = X N7 (XN A) (resp. 7, (X N A),

Ve (XNA) 75 (XN A) 75 (XN A)).

Theorem 3.9. Let (X,7,Z) be an ideal topological space. Then forany Ac X ,

Expansion of local function and set operator i have been shown by the following corollaries:
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Corollary 3.10. Let (X,7,Z) be an ideal topological space. Then
Lfor AcX, AP AP c A® C A" 1 (A) S 7 (A) S 74 (A) S 7 (A).
2.for Ac X, AP AP C AP S A C 7 (A) 7 (A) S 74 (A) S 7 (A

Corollary 3.11. Let (X,7,Z) be an ideal topological space. Then
Lfor Ac X, T (AT (AT (AT (A cyw(A)cy (A cy,(A)cy,(A.
2.for Ac X, Iy (A) =T 5 (A) =T (A) =T (A cw(A) c v (A c s (A) c iy (A) .

4. Conclusion

Anyone can introduce a new type of generalized open set in the topological space and if this collection lies in
between the collection of semi-open sets and semi-preopen sets (resp. preopen sets and semi-pre open sets),

then we get an another local function whose value lies in between () and ()™ (resp. () and ()*). Similarly

and I';, and I'; and

C

we can split the values of y; and v, v, and w5, 7. and y,., 7, and y ., Iy

r
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Abstract Article info

There has been a growing interest in using observational studies to estimate treatment effects Hlsto_ry:

on outcomes where treatment selection is often influenced by covariates. Recently, propensity Received: 20.01.2020
score matching (PSM) method has increasingly being used to reduce bias in estimated “\ccepted: 28.05.2020
treatment effect for observational studies. Greedy Matching (GM), one of the PSM methods,  Ke€ywords:

is widely preferred in many studies because of the calculation simplicity of the method. Bias reduction, Greedy
However, GM is still open to be evaluated in terms of bias reduction and classification Maiching methods,
performances. For this purpose, data including cigarette usage of 17242 individuals in Turkey ~Standardized bias,
were used for the comparison of nearest neighbor, caliper, stratification, Mahalanobis metric, Cl9arette usage

and combined propensity score and Mahalanobis metric matching methods in terms of average

standardized bias, bias reduction, and accuracy rate. The stratification-matching method

should be preferred for not only low standardized bias and high bias reduction, but also high

accuracy rate.

1. Introduction

The aim of randomized study is to eliminate the effects of confounding and treatment selection bias
when using observational data ensuring groups are comparable. However, observational studies cause
treatment selection bias. Therefore, propensity score matching (PSM) is a statistical approach to reduce
bias in estimated treatment effects. Opposed to randomized study, a subject’s probability of receiving a
treatment is not known; however, it depends on observed and unobserved covariates in nonrandomized
study. The propensity score was first proposed by [1] as a conditional probability of receiving a
treatment given that subject’s observed covariates [2]. The studies including large data sets are generally
observational rather than experimental. Thus, PSM is sensible and more reliable to try to estimate the
effects of treatments from such large data sets [3].Adjustment was indicated based on PSM which can
change results if age, sex, education, and income are used as predictors on smoking status [4].

Greedy matching (GM) methods are the most commonly used PSM methods for observational studies
due to the application easiness of the methods. Propensity score calculations on cigarette using have
been utilized in individual health from different point of views in literature for the observational studies.
The effect of in-patient smoking cessation counselling on mortality in patients hospitalized with a heart
attack was estimated by [5]. Association between smoking cessation and change in mental health before
and after PSM was examined by [6]. The effect of maternal smoking during pregnancy on offspring's
initial reactions to cigarettes and alcohol usage was studied by [7]. Multiple potential risk factors for
non-smoking related lung cancer among Asian ethnic groups using PSM was investigated by [8].
Smoking's independent contribution to the risk of short-term complication after total joint arthroplasty
was studied by [9]. Association of cigarette smoking to cerebral atherosclerosis along with other risk
factors was studied by [10].

This study first aims to assess the association of cigarette usage with gender, age group, education level,
marital status, employment, income level, chronic disease, Body Mass Index (BMI), tobacco exposure,
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and alcohol usage in Turkey. In addition, the study compares performances of the greedy matching
methods in terms of average standardized bias, bias reduction, and accuracy rate. It is the largest study
on cigarette usage of individuals in Turkey up to now that propensity score matching has been applied
to reduce bias of the covariates using GM methods.

2. Propensity Matching Method

The propensity score is defined as the conditional probability of assigning a subject to a particular
treatment situation when the observed covariates are considered [1, 5]. The propensity score e(x;) is
given in Eq. (1) which can be obtained by using the probit model, discriminant and cluster analysis in
addition to the logistic regression model [11].

e(x;) = P(z; = 1|x;), 0<e(x)<1 (1)

where z; is the treatment (1) and control (0) groups, respectively and x; is the observed covariates vector
for ith subject. The propensity score when more than two treatment groups (z,...,z,) exist for
covariates vector (xy, ..., x,) as in Eq.(2).

P(le ---;anxl, ...,xn) = IiV=1 e(xl.)zi(l _ e(xi))l_zi (2)

Binary logistic regression is the most commonly used method to estimate the propensity score. The
dependent variable is the probability of receiving a particular treatment using logit link function
considering all covariates in the propensity score model as independent variables. Then, a propensity
score for each subject in the study can be calculated by using the fitted model to estimate the probability
of receiving the treatment given that subject’s covariates. Once a propensity score for each subject has
been estimated, subjects are matched using the propensity scores to create a balanced sample. Logistic
regression model considering logit link function is given in Eqg. (3).

In (ﬂ)z In (M) = By + By + - + ByXy ©)

1—-e(x;) 1-P(z;=1|x})
The propensity scores of ith subject can be calculated by using as in Eq. (4):

(x;) = ePotBrxpttByxy 1
e(x;) = 1+eﬁ0+ﬁ1x1+-..+ﬂNxN - 1+e_(30+31x1+'"+ﬂNxN)

(4)

2.1. Greedy matching methods

In this section, nearest neighbor, caliper, stratification, Mahalanobis, and combined propensity score
and Mahalanobis metric matching methods are explained.

2.1.1. Nearest neighbor matching

The control and treatment units are randomly ordered in this method. Then, the smallest absolute value
of the difference between the propensity score of the first treatment unit and the control unit are matched
[12]. This process is continuous until all units in the treatment group have been generally matched as
1: N, N:1 and N: N. Nearest neighbor matching was considered as 1:1 in this study. Having more units
in the control group than treatment group allows better predictions [13]. In general, matching is
described as follow:

C(P;) = min|P; - P;| ®)
where C (P;) is the smallest absolute difference between ith treatment group unit matching the jth control

group unit. P; and P; are the calculated propensity scores for ith treatment and jth control groups,
respectively.
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2.1.2. Caliper matching

In this method, units of the control and treatment groups are matched according to the absolute value of
the difference between propensity scores and a standard error between predetermined interval values
which is often 0.25 as first quantile. Then, the values outside of this range are removed. The fewer the
standard error is, the fewer matching units will be [14]. Caliper matching method is as follow:

|P,—P| <e (6)
where e is the predetermined standard error.

2.1.3. Stratification matching

This method separates the units of treatment and control groups according to their propensity scores and
calculates the effect within each interval by taking into account the mean difference between the groups.
Within each propensity score stratum, treatment and control units will have roughly similar values of
the propensity score [1]. One of the most important problems with this method is to specify number of
strata. [15] showed that five strata are often sufficient since it is often enough to reduce 95% of the bias
associated with one single covariate.

2.1.4. Mahalanobis metric matching

This method is based on the Mahalanobis metric distance which calculates a multi-dimensional space
distances [16]. Mahalanobis metric distance between the treatment and control group units is calculated
by starting from the first treatment group unit. Mahalanobis metric distance is shown in Eqg. (7):

Dij = (Xl' - Xj)TS_l(Xi - X]) (7)

where S~ is the inverse of the covariance matrix for the control units. X, and X ; are covariate matrices

of ith treatment and jth control group subjects. The treatment and control units are matched according
to the smallest Mahalanobis metric distance. This process continues until the treatment group matches
and unmatched control units are removed from the study [17].

2.1.5. Combined propensity score and Mahalanobis metric matching (Mah-Ps)

This method combines the propensity score and Mahalanobis metric distance for matching [17]. After
propensity scores are calculated for all units, these scores are added to the data. Then, units in the
treatment group are randomly ordered and Mahalanobis metric distances of the control and treatment
groups are calculated by using the combination of covariates and propensity scores [16]. Matching is
conducted according to the calculated distance of new Mahalanobis metric.

2.2. Evaluation of matching methods

Inferences from bias reduction (BR) performance of GM methods are calculated to give information on
the degree of bias. Percent standardized bias (SB)) comparing the distribution of each of the variables
is defined as in Eq.(8) kth continuous variable.

Xj
x 100 8)

Xi
SBk =

where x; and X; are the sample means in the treatment and control groups, respectively, and s? and sj2

are the corresponding sample variances. In addition, percent SBy, is defined as in Eq.(9) for each
dichotomous variable.
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~

pPi—Dj
\/ﬁi(l—ﬁi)“‘ﬁj(l—ﬁj)

SB, = X 100 9)

2
where p; and p; denote the prevalence of the dichotomous variable in the treatment and control groups,

respectively. [18] mentioned SB;, with more than 10% of a covariate is substantial. The percent BR;, on
the kth covariate to evaluate the effectiveness of matching was also calculated as in Eq.(10):

B - |-|B ,
BRk — | k,beforematchmg| | k,aftermatchmg| % 100 (10)

‘Bk,beforematching

where By, = x; — x;. The percent BR value with more than 80% is acceptable to evaluate effectiveness
of GM methods on the covariates [19].

3. Case Study

Turkey Health Survey 2016 administered by TurkStat [20] many indicators on health which have been
periodically conducted by TurkStat since 2008 for every two years. Thus, this data set was obtained
from TurkStat by special permission. Health Survey 2016 was carried out with 23606 individuals aged
75 and younger. The study was restricted on cigarette using of individuals; thus, the children, who are
aged between 0-14, was out of the study. The remained sample included 17242 individuals ignoring
children. Gender, age group, education level, marital status, employment, income level, chronic disease,
BMI, tobacco exposure, and alcohol usage were specified as the covariates that may related with
cigarette using. MASS, Matching, Matchlt, optmatch packages in RStudio were used for data analyses.
Individuals are specified as control and treatment groups, respectively as no (hon-smokers including
never and quit smoking individuals) and yes (smokers including every day and sometimes smoking
individuals). Baseline characteristics before matching of the two groups were given in Tablel.
Categorical variables were explained with the frequencies and percentages whereas BMI was given with
mean and standard deviation.

Table 1: Baseline characteristics between control and treatment groups before matching

Cigarette using |SB; | (%)
Variables No Yes p-value
(N=12167) (N=5075)

Female 7797 (64.0) 1777 (35.0) 0.001* 60.8
>45 year 5964 (49.0) 1923 (37.9) 0.001* 22.6
Higher Education 1749 (14.4) 815 (16.1) 0.001* 4.7
Married 8255 (67.9) 3657 (72.1) 0.001* 9.2
Working 3667 (30.1) 2790 (55.0) 0.001* 51.9
>2541TL 3953 (32.5) 1759 (34.7) 0.536 4.6
Chronic Disease 6165 (50.7) 2294 (45.2) 0.018* 11.0
Tobacco Exposure 812 (6.7) 1095 (21.6) 0.001* 43.8
Alcohol 2008 (16.5) 2209 (43.7) 0.001* 62.1
BMI 26.7+53 25.8+4.7 0.001* 18.0

|SB; | is the absolute average standardized bias of k-th covariate. Paranthes indicates percentage of related
baseline characteristic. *shows the significant covariate comparing with p-value=0.05.
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As can be seen in Tablel, 12167 (71%) individuals are not smokers including 64% female, 49% older
than 45 years, 30.1% working, 50.7% having chronic disease, 43.8% being exposed tobacco, and 16.5
% using alcohol. The percent |SBy| values are also higher than 10% for gender, age, working status,
chronic disease, tobacco exposure, alcohol usage, and BMI. According to the binary logistic regression
analysis results, only income level is not significant before matching (p-value =0.536).

The baseline characteristics between the control and treatment groups after matching are given in Table
2. According to the results, the percent |SB, | decreases after matching for all methods. However, nearest
(1:1), Mahalanobis, and Mah-Ps matchings cause more than 10% |SBy| for some of the covariates. On
the other hand, caliper and stratified matchings provide |SBy | less than 10%. Caliper matching method
provides the least |SB;| for gender, marital status, chronic disease, tobacco exposure, and BMI whereas
stratified matching generally method reveals the least |SBy| for age group, working status, alcohol
usage. Meantime, Mah-Ps has the least |SBy,| for income level. Stratified and Mahalanobis matching are
the lowest for education level with the same |SB,|.

In addition, the percent |SB| results with the average percent BR is shown Table 3. The average
standardized bias before matching is 28.9%. The average standardized bias of all matching methods less
than 10% whereas caliper (3.2%) and stratified (4.0%) matching methods have the least values.
According to the percent BR, caliper and stratified matching methods have the highest value (81.0% and
76.8%) among the other methods. On the other hand, Nearest matching have the lowest average percent
BR (56.5%) with 7.8% average percent SB.

The data set was splitted as 70% training and 30% test data to evaluate classification performances of
the matching methods. Confusion matrix of binary classification is a two by two table formed by
counting of the number of the true positive, false positive, true negative, and false negative of a binary
classification method. The most common validation measurements are accuracy, sensitivity, and
specificity deriving from the confusion matrix. Accuracy indicates the correctly classification rate of the
methods, while sensitivity and specificity assess the accuracy rate. The method can be very specific
without being sensitive, or it can be very sensitive without being specific. The accuracy, sensitivity, and
specificity rates of the methods are shown in Table 4.

As can be seen, accuracy rate of before matching is almost similar with the rate of stratified matching.
Caliper matching has the least accuracy rate among matching methods. Meantime, sensitivity and
specificity rates of before matching and stratified matching are high among the other method.
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Table 2: Baseline characteristics between control and treatment groups after matching

Methods Nearest Matching (1:1) Caliper Matching Stratified Matching Mahalanobis Matching Mah-Ps Matching
Cigarette using [SBy| Cigarette using |SBy| Cigarette using |SBy| Cigarette using |SBy| Cigarette using |SBy|
Variables % % % % %
No Yes *) No Yes (%) No Yes () No Yes () No Yes (*)
(N=5075)  (N=5075) (N=4436)  (N=4436) (N=12164)  (N=5075) (N=5075)  (N=5075) (N=5075)  (N=5075)

Female 1984 1777 8.5 1808 1733 35 7794 1777 3.7 2207 1777 174 2201 1777 17.2
(39.1) (35.0) (40.8) (39.1) (64.0) (35.0) (43.5) (35.0) (43.4) (35.0)

>45 year 2078 1923 6.3 1810 1741 3.2 5961 1923 1.0 2044 1923 4.9 2008 1923 3.4
(40.9) (37.9) (40.8) (39.2) (49.0) (37.9) (40.3) (37.9) (39.6) (37.9)

Higher 938 815 6.4 789 742 2.8 1749 815 0.1 817 815 0.1 822 815 0.4

Education (155 (16.1) (17.8) (16.7) (14.4) (16.1) (16.1) (16.1) (16.2) (16.1)

Married 3704 3657 2.1 3159 3178 1.0 8254 3657 1.9 3628 3657 1.3 3621 3657 1.6
(73.3) (72.1) (71.2) (71.6) (67.9) (72.1) (71.5) (72.1) (71.3) (72.1)

Working 2541 2790 9.8 2173 2250 35 3667 2790 15 2517 2790 10.8 2427 2790 14.4
(50.1) (55.0) (49.0) (50.7) (30.2) (55.0) (49.6) (55.0) (47.8) (55.0)

>2541TL 1852 1759 3.8 1590 1549 1.9 3952 1759 3.3 1792 1759 1.4 1791 1759 1.3
(36.5) (34.7) (35.8) (34.9) (32.5) (34.7) (35.3) (34.7) (35.3) (34.7)

Chronic 2346 2294 2.1 2028 2031 0.1 6162 2294 1.4 2304 2294 0.4 2269 2294 1.0

Disease (46.2) (45.2) (45.7) (45.8) (50.7) (45.2) (45.4) (45.2) (44.7) (45.2)

Tobacco 746 1095 17.9 608 725 7.4 812 1095 8.6 811 1095 14.4 785 1095 15.8

Exposure (14.7) (21.6) (13.7) (16.3) 6.7) (21.6) (16.0) (21.6) (15.5) (21.6)

Alcohol 1857 2209 14.6 1592 1679 4.1 2008 2219 0.3 1725 2219 20.1 1694 2219 21.4
(36.6) (43.7) (35.9) (37.8) (16.5) (43.7) (34.0) (43.7) (33.4) (43.7)

BMI 26.1+4.7 25.8+4.7 6.4 25.8+4.8 26.0+4.7 4.0 26.6 +5.3 25.8+4.8 18.0 26.2+4.8 25.844.7 8.4 26.0+4.7 25.8+4.7 4.3

|SBy| presents absolute average standardized bias of k-th covariate. Parenthesis indicates percentage of related baseline characteristic.
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Table 3: Average percent standardized bias and bias reduction results

Methods |SB| BR
Before Matching 28.9 -
Nearest Matching (1:1) 7.8 56.5

Caliper Matching 3.2 81.0
Stratified Matching 4.0 76.8
Mahalanobis Matching 7.9 76.0
Mah-Ps Matching 8.1 76.3

Table 4: Classification performances of methods

Methods Accuracy (%) Sensitivity (%) Specificity (%)
Before Matching 75.3 77.9 65.7
Nearest Matching (1:1) 58.3 55.8 64.8
Caliper Matching 52.3 51.6 54.7
Stratified Matching 75.5 77.6 64.8
Mahalanobis Matching 58.3 55.8 64.9
Mah-Ps Matching 58.3 55.8 64.8
4. Discussion

Observational studies have been widely using to estimate treatment effects on outcomes to reduce bias.
Greedy Matching methods have generally preferred in many fields because of the calculation simplicity.
In this study, nearest, caliper, stratified, and combined propensity score and Mahalanobis metric
matching methods are investigated in terms of bias reduction and classification performances on
cigarette usage of individuals in Turkey. Results indicated that gender, age group, education level,
marital status, working status, chronic disease, body mass index, tobacco exposure, and alcohol usage
of individuals are significant on cigarette usage in Turkey. For this reason, sociological and medical
effects of these variables should be discussed for future studies in terms of cigarette usage. On the other
hand, income levels of individuals do not significantly effect on cigarette usage. It means that individuals
in Turkey tend to smoke regardless of their income.

When it comes to the comparison of greedy matching methods, Caliper matching method has the lowest
average standardized bias. It also provides the highest average bias reduction. Besides, stratified
matching method reveals the second lowest average standardized bias and provides the second highest
average bias reduction. It can be mentioned that Caliper method is slightly superior to stratified matching
according to the average standardized bias and bias reduction. On the other hand, stratified matching
gives the highest accuracy rate whereas caliper matching has low accuracy rate.

Even though before matching provides high accuracy rate, it still produces high average standardized
bias. Thus, the necessity and importance of the greedy matching methods is clear in terms of the average
standardized bias. Briefly, caliper and stratified matching methods should be preferred if the researchers
consider bias reduction whereas stratified matching method should be used in classification studies.
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Abstract

Three different composites (5, 10, and 20 wt. %) were prepared using purified PVC and POH-
g-N3PTMS-g-Fes0a, Firstly, 3-azidopropyltrimethoxysilane was synthesized under reflux
from 3-chlorotrimethoxysilane and sodium azide. Then, magnetic nanoparticle was bonded
with the silane group of 3-azidopropyltrimethoxysilane. After that the 3-
azidopropyltrimethoxysilane bearing magnetic nanoparticle undergo click reaction with
propargyl alcohol, and then the composites were prepared. Some characterization, including
FT-IR spectroscopy, SEM, Differential scanning calorimetry (DSC), vibrating sample
magnetometer (VSM), and EDX images was performed to the composites. The DSC
measurements showed that the click reaction of the 3-azidopropyltrimethoxysilane graft
magnetic nanoparticles (NsPTMS-g-Fes04) reduced the glass transition temperature (Tg).
Click reaction reduced the thermal stability of Ns3PTMS-g-Fe3O4. The thermal stabilities of the
composites increased by increasing the compositional rate. It was found that the 10% PVC
/POH-g-N3sPTMS-g-Fe304 reached saturation magnetization (Ms) at 5.12 emu/g. The dielectric
constant (¢”) and dielectric loss (&”) of POH-g-N3PTMS-g-FesO. rapidly decreased with
increasing applied frequency and then remain more or less constant. Also, the AC conductivity
(oac) increased sharply with increasing the applied frequency. While the ¢ decreased slightly
for the composites by increasing the applied frequency and the oxcincrease dramatically with
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an increase in applied frequency at room temperature.

1. Introduction

The unique electrical, thermal, optical, electronic, and
mechanical characteristics properties of metal
nanoparticles and nanocomposites make them the
subject of extensive researches. Polymers, as ideal host
matrices, are good candidates for composite materials
[1]. Materials having magnetic properties are of great
interest to many possible applications. Amid the
number of magnetic nanomaterials, Fe3;0a
nanoparticles attracted far attention owed to their
unique properties [2]. Recently, inorganic-polymer
composite has been studied deeply due to their specific
use and properties [3], e.g., magnetite/polymer
nanocomposite is one of the attractive nanocomposites
[4]. Due to its wide applications, poly(vinyl chloride)
(PVC) is picked as the host polymer matrix. PVC is a
polymer that has lots of characteristics suitable for
industrial applications, such as good mechanical
properties, good processability, fire retardancy, and
good resistance to acidic and basic environments.

Additionaly, PVC has a desirable properties, including
low cost of production, biocompatibility, and chemical
stability [5]. PVC thermal and mechanical properties
can be improved by additives addition such as clay,
wood fibers and flour, and calcium carbonate [5]. The
electrical properties of PVC can be enhanced through
incorporating zinc oxide nanorods [6], conjugated
polymers (such as polyaniline and polypyrrole) [7],
SiO; nanoparticle [8], and carbon black [9] enbeded in
the PVVC matrix. The simultaneous presence of Fe;O.
nanoparticles, and graphene serve as a nanofiller in the
PVC matrix which increases the young’s modulus,
tensile strength, and conductivity compared to that of
pure PVC [10]. These improvements are linked to the
synergistic effect of the host polymer and nanometer
dimensional dispersion of inorganic nanoparticles.
Furthermore, thermal stability studies and dielectric
properties of various important polymers and their
composites have been studied. Magnetic nanoparticles
bonded to PVC with the help of click reaction showed
an increase in thermal stability and dielectric constant
compared to pure PVC. The saturation magnetization
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value revealed that the product is a superparamagnetic
[11]. Magnetic nanocomposite prepared by FesOa
nanoparticles and polystyrene can be used for
microelectromechanical systems, since it shows good
electrical conductivity [3]. The influence of magnetic
nanoparticles was studied for chitin/cashew
biopolymer composites, and the results revealed that
an increase in thermal stability and the dielectric
properties was improved due to the interaction with
FesOs nanoparticles  [12].  Likewise, Fes0q
nanoparticles/polymer composite was studied for
polyvinyl  butyral/magnetite  (PVB/Fe;0,) and
polymethylmethacrylate/magnetite  (PMMA/Fe30.)
composites [13], pectin-magnetite nanocomposite
[14], superparamagnetic iron oxide nanoparticles,
graphene oxide, chitosan, and poly(vinyl alcohol)
biocompatible polymers [15].

In this study, the 3-chloropropyltrimethoxysilane was
reacted with sodium azide in the presence of
tetraethylammonium  bromide to  form  3-
azidopropyltrimethoxysilane. This is bounded to Fe;04
nanoparticles. The modified magnetic nanoparticle
formed undergoes click reaction with propargyl
alcohol to form FesOs nanoparticles bearing 1,2,3-
triazole ring and then, three composites of PVC were
prepared by embeding the modified Fe3O4
nanoparticles with various concentrations. FT-IR
spectroscopy and SEM/EDX were used for structural
characterization. DSC and TGA techniques were used
for glass transition temperature and thermal stability of
the composites. The magnetic property of 10%
composite was investigated using vibrating sample
magnetometry (VSM). And lastly, dielectric and AC
conductivity properties of the modified Fes;0s
nanoparticles and composites were studied.

2. Materials and Methods
2.1. Apparatus

T Perkin-Elmer Spectrum one FT-IR spectrometer was
used to record Infrared spectra. Morphology studies
were performed with the Zeis EVO MA10 scanning
electron microscope (SEM). Calorimetric
measurements were accomplished using PerkinElmer
instruments Sapphire DSC at a heating rate of 20
°C/min under N2 flow. Thermal stability were recorded
using PerkinElmer instruments Pyris Diamond TGA
under N flow at a heating rate of 10 °C/min. Dielectric
measurements were carried out using QuadTech 7600
precision LCR meter. Magnetic properties was
investigated using Quantum Design PPMS-9T.

2.2. Synthesis of 3-azidopropyltrimethoxysilane
(N3PTMS)

NaNs (2.14 g, 33.2 mmol), 3-
chloropropyltrimethoxysilane (CITMS) (3.30 ¢, 16.6
mmol), and tetraethylammonium bromide (TEABT)
(0.84 g, 4 mmol) were passed into a single neck round
bottom flask stocked with reflux condenser containing
50 mL acetonitrile, under argon atmosphere. The
reaction continued under reflux for 18 h. The solvent
was evaporated after completion, the crude like
mixture acquired was diluted in dry hexane and
filtered. The solvent was evaporated and the colorless
liquid formed is 3-azidopropyltrimethoxysilane [16].

2.3. Bonding of magnetic nanoparticle (Fe;Os) to 3-
azidopropyltrimethoxysilane (NsPTMS)

Fes;04 nanoparticles (2.00 g) was homogenized for 30
min in 75 mL absolute ethanol. NsPTMS (2.00 g) was
added and Argon was injected for about 15 min, and
the process continued at ambient temperature for 6 h,
then under reflux for 48 h. Fe3Os-g-NsPTMS was
separated magnetically, then washed with alcohol, and
dried at room temperature followed by vacuum for 24
h at 50 °C.

2.4. Click reaction of N3PTMS-g-FesO4
propargyl alcohol (POH)

In a flask, N3;PTMS-g-FesOs (1.00 g) was
homogenized for 30 min in 15 mL dimethylformamide
(DMF). Then propargyl alcohol (POH) (1.33 g) was
added to the solution. After that Cu(l)Br 0.07 g (0.48
mmol) and 5,5 -dimethyl-2,2 -dipyridyl 0.22 g (0.48
mmol) were dissolved in 5 mL DMF in a beaker and
poured to the previous solution. Argon was passed for
15 min and continued at 30 °C for 24 h. The product
was washed under a magnet with dichloromethane and
dried at room temperature for 24 h followed by vacuum
at 50 °C for 24 h.

2.5. Preparation of composite of PVC with POH-g-
N3PT|V|S-Q-F€304

Firstly, 10 mL tetrahydrofuran (THF) was used to
dissolve PVC (0.50 g). 5% (0.025 g) POH-g-
N3PTMS-g-FesO4 was added to the mixture and
sonicated for 45 min. The solution was
precipitated in ethanol, filtered, dried at room
temperature, and then vacuum for 24 h at 45 °C.
The procedure abovementioned was used to
prepare 10% (0.05 g) and 20% (0.10 Q)
composites.

and

3. Results and Discussion

3.1. FTIR and SEM characterization
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3-azidopropyltrimethoxysilane was formed by a
nucleophilic substitution reaction of 3-
chloropropyltrimethoxy -silane and sodium azide
(Scheme 1).

OCH3 QCHs

NaNg, acetonitrile

H3CO—Si N
18h, reflux : |\/\/ :

HsCO—Si_~_Cl
| OCHj

OCHs

3-chloropropyltrimethoxysilane 3-azidopropyltrimethoxysilane

V# o <7S|\/\/N3

Ethanol

oc»-c3

H3CO—SI\/\/N3

3-azidopropyltrimethoxysilane-g-MNP
O—S|
0( o
OH

Scheme 1. Reaction pathways in the synthesis of POH-g-
N3PTMS-9-F€304

The FT-IR spectrum of 3-
azidopropyltrimethoxysilane (Figure 1a) shows an
absorption band at 2101 cm™ which is distinctive
and characteristic stretching vibration for —N-
N=N group. The signal confirms the formation of
3-azidopropyltrimethoxysilane. Other absorption
bands are 2843-2944 cm™ (C-H stretching from
aliphatic -CH>) and 1087 cm™ (Si-O). The FT-IR
spectrum (Figure 1b) of N3PTMS-g-Fe304 formed
by grafting of Fes04 to 3-
azidopropyltrimethoxysilane shows the
characteristic band at 586 cm® (Fe-O which
indicates the bonding of Fe30.) and 3435 cm™ (O-
H stretch from FesO4 particle surface). 2923 and
2099 cm™ bands are for aliphatic C-H and —N-
N=N stretching vibrations respectively. The
product carrying FesO4 undergoes click reaction
with propargyl alcohol (Scheme 1). The FT-IR
spectrum (Figure 1c) shows the bands formed
from the product of click reaction. 1598 and 1467

m! represent absorption bands respectively for
C=C and C-N stretching vibrations from the 1,2,3-
triazole ring.

3-azidopropyltrimethoxysilane

0,
—O0—Sio~N; * ~0H
O/

3-azidopropyltrimethoxysilane-g-MNP POH

Cu(l)Br/ mbpy
30°C, 24h

[V

Transmittance (%)

©

4000 3500 3000 2500 2000 1500 1000 500

Temperature (°C)
Figure 1. FT-IR spectra of (a) NsPTMS (b) NsPTMS-g-
FesO4and (c) POH-g-NsPTMS-g-Fes;0.

Figure 2a and Figure 3a depict (SEM) images of
N3sPTMS-g-FesOs  and  POH-N3PTMS-g-Fes;04
respectively. The surface morphology of the modified
magnetic nanoparticle and composites was examined
at 10,000 magnification. It can be deduced that the
FesOs magnetic nanoparticle (Figure 2a) dominate in
the sample and shows good uniformity. After click
reaction with propargyl alcohol, the cubic structure of
FesOs magnetic nanoparticle (Figure 3a) becomes
more prominent due to the formation of the 1,2,3-
triazole ring. The compositional ratio and the type of
constituents was determined using the EDX analysis
for the samples shown in Figure 2b and 3b. Fe, C, O,
N, Si, and CI are present in both the samples with
different percentages. SEM images of 5 and 20% POH-
N3sPTMS-g-FesO4/PVC composite are respectively
depicted in Figures 4a and Figure 5a. The composite
showed that most of the POH-N3;PTMS-g-Fe;O4 are
dispersed well within the PVC matrix with good
uniformity and minor irregularities that are more
visible on a 20% composite image at the lower part of
the sample which is probably due to higher
concentration of POH-N3PTMS-g-FesOs in the
composite. EDX image in Figures 4b and Figure 5b
reveal the presence of Fe, C, Cl, O, N, and Si in both
composite samples.
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Figure 5. (a) SEM and (b) EDX images of PVC / 20% POH-
N3PTMS-g-FesO4 composite
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3.2. Magnetic investigation

The magnetic property of PVC/10% POH-N3TMS-g-
Fes04 composite was studied using a vibrating sample
magnetometer (VSM) at 300K. From Figure 6, it can
be seen that the magnetization curve has s-shaped over
the applied magnetic field and the sample, 10% PVC-
g-POH-N3;TMS-g-Fe;04 composite showed saturation
magnetization (M;) around 5.12 emu/g which is far
lower than Ms values of pure FezOs nanoparticle
reported in literature. The FesO4 nanoparticle bonded
to PVC with the help of click reaction showed M; of
41.5 emu/g [11]. The M; value from the VSM plot is
essential evidence of the presence of FesO, magnetic
nanoparticles within the composite.

M emu/g)

M {emu/g)
F ¥
£

»

H (Oe)

-60000 -40000 -20000 20000 40000 60000

*8 4 sb et B @

.
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Figure 6. VSM plot of 10% PVC / POH-g-NsPTMS-g-
Fes04 composite

3.3. Thermal investigation

DSC curves of NsPTMS-g-Fes0. and POH-NsPTMS-
g-Fes04 are depicted in Figure 7. The glass transition
temperatures  (Ty) determined based on the
intermediate of the glass transition region and listed in
Table 1. The T4 of 61 °C was recorded before click
reaction with propargyl alcohol and the T4 0f 57 °C was
recorded after click reaction. The T, was decreased by
increasing the chain flexibility of the POH-NsPTMS-
g-Fes04 as a result of click reaction. TGA curves of
N3PTMS-g-FesOs and POH-NsPTMS-g-FesO. are
depicted in Figure 8. The initial decomposition
temperatures (T;) of NsPTMS-g-Fe;Os and POH-
N3PTMS-g-FesO4 are respectively 226 and 217 °C. The
decrease in thermal stability of POH-N3PTMS-g-Fez04
related to NsPTMS-g-FesO4 is attributed to the
formation of the 1,2,3-triazole ring. It can be observed
that at 400 °C, the % mass loss of NsPTMS-g-FesOsis
4.6% which is lower than 7.0% for POH-N3sPTMS-g-
Fes04. The friction of mass loss inconsistent also with
the formation of the triazole ring through click

reaction. For different temperature readings, the
percentage can also be determined. For instance, the
residues percent at 800 °C are recorded as 92.4 and
88.5, respectively. The reason for the higher mass loss
(%) at 400 °C and a lower % residue at 800 °C for POH-
N3sPTMS-g-FesO4 is probably the click reaction. This
is because click reaction increases the linearity of the
POH-N3PTMS-g-FesOs which increases the free
volume (decrease in Tg). The increase in free volume
makes the POH-N3;PTMS-g-Fe;04 susceptible to rapid
% mass loss at 400 °C.

Figure 9 depicts the DSC curves of 5, 10, and 20%
PVC-g-POH-N3sPTMS-g-Fes04 composites. When the
amount of PVC increased from 5% to 10%, the T,
value increased from 60 to 72 °C. This is because when
the PVC percentage is used more than 5%, the distance
between the chains does not change much, i.e., when
the ratio is exceeded 10%, the distance between the
chains decreases, and hence, decreases the free volume
in the polymer. The Ty value for 20% composite is 73
°C which was very close to that of 10% composite even
though the 20% composite has POH-N3PTMS-g-Fes;04
contents as twice as the composite contains 10% PVC.
In other words, the POH-NsPTMS-g-Fes04 added has
not considerably affected their Ty temperatures. A
worth mentioning outcome from Table 2 is the increase
in the Ty temperature of the composites as the POH-
N3sPTMS-g-FesOs percentage increases in each
composite. This result implies that the presence of
POH-N3PTMS-g-FesOs  within  the PVC matrix
decreases the free volume of the composite which leads
to an increase in the glass transition temperature (Tg)
of the composite. TGA curves of 5, 10, and 20%
PVC/POH-N3PTMS-g-Fe3z04 composites are shown in
Figure 10. The initial decomposition temperatures (Ti)
of 5, 10, and 20 % composites are respectively 203,
210, and 217 °C. It can be seen that there is an increase
in the thermal stability of the composites due to the
increase in POH-N3sPTMS-g-Fes04 contents within the
PVC matrix which is in line with the T, observed from
the DSC curves. Also, the TGA curve at 300 °C shows
that the % mass loss is 57 for the 5% composite. The
% mass loss increases to 79 for the 10% composite,
while this value for 20% composite reaches 44. This
implies that the rate of thermal decomposition of the
composites is independent of the percentages of POH-
N3sPTMS-g-FesO4 used in the composite preparation.
For composites containing 5%, 10%, and 20% PVC,
the residue at 450 °C were observed to be 3.2, 7.7, and
11.4, respectively. The observed residue is obviously
as a result of the high amount of POH-NsPTMS-g-
Fes0ain the 20 % composite compared to 5% and 10%
composites.
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Figure 10. TGA curves of 5%, 10% and 20% PVC-g-POH-
N3sPTMS-g-Fes;O4 composites

Table 1. Thermal investigation of modified Fe3O4
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Figure 9. DSC curves of composites containing 5% PVC,
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Modified Ty Ti % Mass % Residue

Fes04 (°C) (°C) Lossat at 800 °C
400 °C

N3PTMS-g- 61 226 4.6 924

Fe304

POH- 57 217  35.0 43

N3PTMS-g-

Fes04

Table 2. Thermal investigation of PVC-g-POH-g-NsPTMS-
g-Fes04 composites

Composites T T % Mass % Residue
(Oé) (0(':) Lossat  at450°C
300 °C
0,

5% . 60 203 57 3.2
composite

0,
10% . 72 210 79 7.7
composite

0,
20% 73 27 44 28
composite

3.4. Electrical investigation

The concept of permeability, which is the ratio of
dielectric permeability to vacuum permeability, refers
to the ability of a material to be polarized. In order for
the dielectric constant to be great, the polarization
developed by the material in an applied field must be
great. Some times, polar polymers need to align the
dipoles. At very high frequencies, the dipoles do not
have enough time to align before the field direction
changes, but at low frequencies they have sufficient
time. In the intermediate frequencies, although the
dipoles move, they have completed their movements
before the field direction changes [11]. Impedance
analyzer is a well-known technique used for
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characterizing the dielectric properties of the POH-
N3sPTMS-g-Fes0O4 and its 5, 10, and 20% composites.
The dielectric constant (&), dielectric loss (¢”) and AC
conductivity (ouc) are used to characterize the electrical
response of a polymer, copolymer, and composite
material. They were measured within the same
frequency range at room temperature except for the ¢”
of the composites. Even though mobilization of the
dipoles rests on the softness of a material, the dipoles
in a polymeric material display a trend to orient in the
direction of an applied field [17]. For POH-NsPTMS-
0-Fes0a, ¢, ", and oy are depicted in Figure 11. The
variation of dielectric constant (¢") with frequency at
room temperature is almost the same as that of
dielectric loss (¢”). At higher frequency, a rapid
decrease was observed to a frequency of around 900
Hz, very slowly to a frequency of 5000 Hz, and then
continue more or less constant. For the AC
conductivity (o) at a higher frequency, it increased
rapidly to a frequency of 900 Hz, the increment
becomes very slow up to an approximate frequency of
5000 Hz and then continuous more or less linearly with
an increase in applied frequency. The inset graphs in
Figure 12a depicts the variation of &€ of composites
with frequency at room temperature. From the graph,
it was observed that the €” of the composites increases
with increasing POH-N3sPTMS-g-Fe;04. The £’values
of 5, 10, and 20% composites are 2.2, 3.0, and 3.9
respectively compared to that of pure POH-NsPTMS-
g-Fes04 which is 6.0. The main cause in this increase
in composites ¢ seems to be the sequential addition of
POH-N3sPTMS-g-Fe;0,4 into the composite. In this
context, effective interaction depends on enhancing the
compatibility between POH-N3;PTMS-g-Fe;O4and the
PVC matrix through dispersion process which reduces
the cohesive forces in the PVC chain leading to an
increase in segmental mobility in the composite and
hence, more dipoles are developed. The variation of
dielectric loss of the composites (Figure 12b) shows an
anomalous behavior as the applied frequency is
increased at room temperature. Figure 12c
demonstrates the variation of o in composites as a
function of frequency. The ouc increases with
increasing the applied frequency. Its also observed that
the conductivity of the composite increases with an
increase in the amount of POH-g-NsPTMS-g-Fes0.
within the composite.
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Figure 11. Variation of (a) dielectric constant (b) dielectric
loss and (c) AC conductivity of POH-N3sPTMS-g-Fe;O. with
frequency at room temperature.
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4. Conclusions

The effect on the structure, thermal, and dielectric
properties of POH-NsPTMS-g-Fes;04 obtained by click
reaction on 5, 10, and 20% PVC composites were
investigated. FT-IR spectroscopy and SEM-EDX
techniques were used in the characterization process.
The saturation magnetization value (M) of the
composite was calculated as 5.12 emu/g from the
magnetization curve. Thermal analysis of NsPTMS-g-

Fe30s, POH-N3sPTMS-g-FesO4, and the PVC/POH-
N3sPTMS-g-FesOs composites were carried out to
investigate the influence of the amount POH-N3sPTMS-
g-Fes04 on the thermal behavior of the composites. It
was observed that the glass transition temperature (Tg)
value of NsPTMS-g-Fe;0; is higher than that of POH-
N3PTMS-g-FesO4 due to the formation of the 1,2,3-
triazole ring. Likewise, the Ty of the composites
increases as the amount of POH-N3;PTMS-g-Fes0; is
increased. The result implies that the presence of POH-
N3PTMS-g-Fe304within the PVC matrix decreases the
free volume, and thus, the T, of the composites
increases. Initial decomposition temperature (Ti) was
found to be 226 °C and 217 °C for NsPTMS-g-Fes04
and POH-N3PTMS-g-FesO, respectively. For the
composites, it was observed that the thermal stability
of the composites increases with increasing the friction
of POH-N3PTMS-g-FesO4. Initial decomposition
temperature (Ti) were 203 °C for 5%, 210 °C for 10%,
and 217 °C for 20% PVC-g-POH-N3PTMS-g-Fe;0.
composites. An increase in the thermal stability of the
composites was due to the increase in the amount of
POH-N3sPTMS-g-Fe;04 within the PVC matrix, and
hence, it conform the Tyresults observed from the DSC
curves. Also, the residue of NsPTMS-g-FesOs was
92.4% in Table 1, while the residue of POH-NzPTMS-
g-Fes04due to the decomposition of both NsPTMS and
POH organic groups in the structure was found to be
43%. The dielectric constant (¢’) and dielectric loss
factor (¢") for POH-NsPTMS-g- Fe30,4 decreased with
an increase in applied frequency and for the AC
conductivity (o), it increased rapidly with an increase
in applied frequency. For the composites prepared, it
was observed that the dielectric constant, dielectric loss
factor, and AC conductivity increased as the POH-
N3sPTMS-g-FesOs percentage increased within the
PVC matrix. The ¢” values of 5, 10, and 20%
composites were 2.2, 3.0, and 3.9 respectively.
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Abstract

In this study, polyhedral oligomeric silsesquioxane-N-acetylcysteine (POSS-NAC) conjugate
as a potential antioxidant molecule was synthesized from N-acetylcysteine (NAC) and amino-
functional POSS structure by click chemistry. The chemical structures and thermal properties
of the synthesised POSS-NAC conjugate was characterized by spectroscopic and thermal
analysis techniques. The antioxidant capacity of the POSS-NAC conjugate was also
determined by the 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical
scavenging activity and reducing power methods. According to the reducing power method,
POSS-NAC structure has lower reducing activity than standard ascorbic acid and trolox
(p<0.001). It was found from the ABTS radical scavenging activity results that the synthesized
POSS-NAC conjugate had a significantly higher radical scavenging effect than the standards
(p <0.001). Biocompatibility properties of the POSS-NAC structure were detected in vitro cell
culture system with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) test
on L-929 mouse fibroblast cells. The synthesized POSS-NAC conjugate exhibits high
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1. Introduction

Polyhedral  oligomeric  silsesquioxanes (POSS)
carrying eight functional R groups such as alkyl, aryl
or epoxide unit are essential structures for modern
material design and synthesis studies [1-4]. The R
groups connected to the Si atoms in the POSS lattice
structure, with the empirical formula RSiOs, are
suitable for different modifications in advance
technological applications [7-19]. It is suitable for use
in many fields such as POSS, low dielectric materials,
drug delivery system, biosensors, dental composites,
tissue engineering, biomedical materials due to its
smooth and controllable morphology, functionality
with different groups, biocompatible structure,
chemical and thermal stability [15-19]. Many POSS
compounds have been synthesized in recent years due
to these advantageous properties. In particular, the
development of molecules with increased activity by
binding catalysts, drugs or enzymes on eight functional

groups of the POSS structure is of great importance
[20].

N-acetyl-L-cysteine (N-acetylcysteine or NAC) as a
natural important amino acid is the N-acetylated
derivative of L-cysteine [21]. NAC is an antioxidant
containing thiol and has been used for a long time in
clinical treatments [22-24]. In addition, NAC is a
powerful free radical scavenger thanks to its
nucleophilic reactions with ROS [25]. Therefore, the
development of new antioxidant structures connected
to the NAC unit is of great importance in clinical and
biomedical fields.

In this study, NAC containing POSS-NAC conjugate
was synthesized by click chemistry. Click chemistry is
particularly important in preparative methods. There is
great interest in click chemistry in terms of high yields,
short reaction times, selectivities and many functional
group tolerances [26-28]. Chemical structure, thermal
behaviors and surface morphology of the POSS-NAC
conjugate were characterized with nuclear magnetic
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resonance spectroscopy (NMR), fourier transform
infrared spectroscopy (FTIR), thermal analysis,
scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDX) techniques. In
addition the radical scavenging activity of synthesised
conjugate structure was determined by ABTS and
reducing power methods. The antioxidan activity
results were compared with ascorbic acid and trolox
standard substances. Biocompatibility of the POSS-
NAC structure was investigated on L-929 mouse
fibroblast cells with in vitro cell culture system by
MTT test.

2. Materials and Methods
2.1. Materials

Chemicals used in the synthesis of POSS-NAC
structure and dimethyl sulfoxide (DMSO) suitable for
cell culture study were obtained from the Sigma-
Aldrich Chemical Company. Disodium hydrogen
phosphate (Na;HPO.), sodium hydrogen phosphate
dihydrate (NaH.PO..2H,0) and trichloroacetic acid
(TCA) used for determination of antioxidant activity
were purchased from Merck Chemicals. Fetal Bovine
Serum (FBS) was obtained from Biowest. 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was purchased from AppliChem.
Penicillin-Streptomycin was supplied from PAN
Biotech. Dulbecco’s Modified Eagle Medium
(DMEM) was purchased from Capricorn Scientific.
Mouse fibroblast cell line (L-929) Mus musculus
mouse fibroblast cell line were sub cultured from a
stock culture obtained from the Hacettepe University
Faculty of Science. Other chemicals used in cell
culture and antioxidan activity studies were obtained
from Sigma-Aldrich Chemical Company.

2.2. Instrumentation

Infrared spectrum of the POSS, NAC and POSS-NAC
conjugate were recorded in the range 4000-650 cm*
with ATR accessory on Perkin Elmer 283 model
Fourier transform-infrared spectrometer (FTIR).
Verification of the POSS-NAC chemical structure was
performed by NMR spectroscopy technique. *H-NMR
spectrum POSS, NAC and POSS-NAC structures were
recorded on Bruker 300 MHz NMR spectrometer and
scanned from -0.5 to 13 ppm. DMSO-ds was used as a
solvent in 'H-NMR measurements. Surface structure
and elemental mapping of obtained amino-functional
POSS, POSS-NAC conjugate and NAC molecule were
performed via a LEO-EVO 40 model scanning electron
microscope and energy dispersive X-ray spectroscopy

(Bruker-125 eV). EDX spectrum measurements were
performed in the range of 0.3 13 keV and ZAF
correction was used in these analyzes. In the study, the
thermal properties and thermal stability of the obtained
POSS-NAC conjugate were determined by thermal
analysis methods and compared with the pure NAC
and amino-functional POSS structure. As thermal
analysis, differential scanning calorimetry (DSC),
differential ~ thermal  analysis (DTA), and
thermogravimetry analysis (TGA) were performed.
DTA thermograms were recorded with Shimadzu
DTA-50 device at an heating rate of 10 °C/min in air
atmosphere. All DTA measurements were performed
with 10 mg sample and Al,O3 reference at 20 - 800 ° C
temperature range. In the thermogravimetric analyses,
Shimadzu TGA-50 model thermal analyser was used.
The TGA studies were performed at a heating rate of
10 °C/min at temperature range from 20 to 800 °C
using 10 mg sample in air atmosphere. DSC analysis
of amino-functional POSS, NAC and POSS-NAC
structure was performed at 5 °C/min heating rate and
under 25 mL/min dynamic nitrogen atmosphere. DSC
analyses were carried with 5 mg sample from room
temperature to 300 °C. For the determination of
antioxidant activity of synthesised POSS-NAC
conjugates, BioScan Eon brand 96-well plate
microplate reader was used. The inverted microscope
systems (Olympus) are used for observing living cells.
IKA brand rotary evaporator was used to remove the
solvents used in the syntheses.

2.3. Synthesis of the octa(3-
aminopropyl)octasilsesquioxane (POSS-NH)

For amino-functional POSS (POSS-NH,) synthesis, 3-
aminopropyltriethoxysilane (APS) was used. Firstly,
20 mL of APS was dissolved in 150 mL of methanol.
To this solution was added 28 mL of concentrated HCI.
The reaction mixture was maintained at 50 °C for 8
hours. PtCl, (0.5% by weight) as catalyst was added in
this solution an argon atmosphere. Reaction took place
in the thermostat at 50 °C and a crystalline precipitate
formed after one day. The product was filtered and
washed with cold methanol. Then obtained POSS-NH,
precipitate was dried in a vacuum oven at 30 °C. The
white product was neutralized by successively washing
with 1M NaOH solution (3 x 200 mL), water (6 x 200
mL) and methanol (6 x 200 mL) [29].

2.4. Synthesis of POSS-NAC conjugate
In this study, 1,3-dipolar cycloaddition click reaction

between an alkyne and an azide groups, was used.
POSS-NAC conjugate was synthesed from azide-
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functional POSS structure and alkyne group containing
NAC  molecules by azide-alkyne  Huisgen
cycloaddition reaction. These type reactions are of
great interest in terms of high yields, short reaction
times, selectivities and tolerance of many functional
groups [27-28]. These reactions widely used in the
synthesis of polymers with many compositions and
topologies, from linear to non-linear macromolecular
structures [27-28, 30]. POSS-NAC conjugate synthesis
was shown in Figure 1 and was carried out in three
steps.

Step 1. The azide functional POSS (POSS-Ns)
structure was prepared from sodium azide (NaNs) and
octa(3-aminopropyl)octasilsesquioxane with the 1/8
(POSS/ NaN3) molar ratio. 1 mmol of amino-
functional POSS was dissolved in 10 mL of DMSO. 8
mmol NaNsz was added this solution. After obtaining
the appropriate solubility, 0.01 g NH4CIl was added.
The reaction mixture was refluxed for 2 hours at 60 °C.
The reaction was continued for 18 hours at room
temperature. The active product was obtained by
precipitation from the obtained yellow-orange liquid.
The product was characterized by FTIR and H-NMR
spectroscopic techniques after being washed and
removed from its impurities. Thus, the azide-
functional POSS structure given in Figure 1 has been
obtained.

Step 2. In order to connect NAC groups with the azide-
functional POSS structure, the NAC molecule was
activated with propargyl bromide. For this reaction, 8
mmol NAC and 8 mmol propargyl bromide were
refluxed in 20 mL DMF for 1 h at 100 °C. The reaction
was then continued at room temperature for 15 hours.
Then, the solvent in reaction mixture was removed
from product by rotary evaporator. The product was
structurally characterized after being removed from its
impurities by washing.

Step 3. In the third step; the products obtained in the
first and second steps were allowed to react with each
other at room temperature for 24 hours. The POSS-
NAC conjugate was obtained as a product according to
synthesis scheme in Figure 1. The product was washed
to remove impurities and then characterized by
different instriimentation techniques.
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Figure 1. Synthesis scheme of POSS-NAC conjugate with
click reaction.

2.5. Antioxidant activity of POSS-NAC conjugate
Radical scavenging activities of antioxidant structures
were determined by the widely used ABTS and
reduction power methods. The results were compared
with ascorbic acid and trolox standard substances.
Determination of antioxidant activity by ABTS
method and reduction power method was determined
respectively in accordance with the methods of Re et
al. and Hwang [31-32].

ABTS Method

ABTS was produced by reacting 7.4 mM ABTS with
2.6 mM potassium persulfate in phosphate buffered
saline (pH 7.4) and stored at dark for 18 h, and then
ABTS was diluted with distilled water to an
absorbance of 0.700 at 734 nm. For the experiment, 50
uL of standart and sample solutions were added to the
ABTS and incubated for 30 min at dark. Then,
absorbance were measured at 734 nm. Finally, ABTS
activity was calculated using the equation below. As a
standard ascorbic acid and trolox solutions were used
(25, 50, 100, 200, 400, 800 and 1000 uM). Polymer
samples were adjusted the optimum concentration for
linear absorbance graphic and compared with the
standarts as the same concentrations.

% free radical scavencing activity=
Asample)/Acontrol] x 100

[(Acontrol‘

Reducing Power

In order to determine the ferric-reducing power of
polymer samples, first, 0.2 M and 2.5 ml of phosphate
buffer and 2.5 mL and 1% potassium ferricyanide were
added to 1 mL of standard and sample solutions. Then,
they were incubated in a water bath at 50 °C for 20 min
followed by adding 2.5 ml 10% of TCA for stopping
the reaction. The mixtures were centrifuged at 10000
rpm for 10 min and 2.5 ml of supernatant were taken
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and mixed with 3 ml of %0.017 ferric chloride
(FeCls.6H,0). Tubes were mixed for 5 min and the
absorbance was measured at 700 nm.

2.6. In vitro evaluation of cell viability of POSS-
NAC conjugate

In this study, the cytotoxicity values of the synthesized

POSS-NAC conjugate, amino-functional POSS
structure and pure NAC molecule were determined
spectrophotometrically by MTT (thiazole blue
tetrazolium bromide) test [33-34]. Mus musculus type
mouse fibroblast cells (L-929) were used in the cell
viability study. Firstly, the samples were sterilized
under UV light for 1 hour by washing with sterile PBS
(pH 7.4). Different concentrations of the sample (200,
100, 50, 25, 10 uM) were prepared diluted with
DMEM medium and prepared samples were incubated
with DMEM medium in an oven containing 5% CO2
at 37 ° C for 72 hours. The L-929 cell line was
proliferated in the DMEM medium for the experiment
until it became 80% confluent under the same
conditions, then the cells were removed from flasks
with a 0.25% trypsin-EDTA solution. Cells taken by
centrifugation at 2000 rpm for 5 minutes were then
added to 96-well plates as 10* cells / well and incubated
for 24 hours in an oven containing 5% CO; at 37 °C.
At the end of the incubation, the samples were exposed
to the samples and the medium was incubated for an
additional 24 hours under the same conditions. Then,
90 uL of fresh medium was added to the plates by
removing the medium from the cells. 10 uL of 5 mg/
mL MTT solution prepared in PBS was added and
incubated for 4 hours in the same conditions in the
dark. Absorbances were measured in the Elisa
microplate reader at 540 nm of purple color. The wells
that were left in the incubator for 72 hours were added
to the control wells and these wells were considered as
100% alive. % Cell viability of the samples compared
to the control on L-929 cells was calculated and cell
morphologies were determined by JuliFL cell analyzer
and% confluent ratios were given. Living cell
percentages were obtained based on the absorbance
results.

2.7. Statistical analysis

Statistical analyses in antioxidant activity tests of
POSS-NH;, NAC and POSS-NAC conjugate were
carried out using Graphpad Prism 5 software.
Antioxidant activity test results were presented as
mean values + standart deviation.

3. Results and Discussion

3.1. Structural characterization of NAC, POSS-
NH,and POSS-NAC conjugate

Synthesised amino-functional POSS, POSS-NAC
conjugate and pure NAC structure were characterized
by FTIR and 'H-NMR spectroscopy techniques. In
addition, the thermal, structural and surface properties
of these molecules were examined with TGA, DTA,
DSC, SEM and EDX techniques. Figure 2 shows FTIR
spectra of pure NAC, amino-functional POSS and

POSS-NAC conjugate.
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Figure 2. FTIR spectra of POSS-NH;, NAC and POSS-
NAC.

POSS-NAC conjugate as a potential antioxidant
molecule was synthesized using amino-functional
POSS and NAC structure as antioxidant. The
synthesized POSS-NAC molecule structure was
interpreted by comparing the FTIR spectra of pure
NAC and POSS-NH; structures. In Figure 2; In the
FTIR spectrum of pure NAC structure, there are
symmetrical and asymmetric tensile vibrations of
amide, carboxylic acid and thio alcohol groups. -SH
group was seen as a wide band between 3100- 3600
cm. In addition, amide I peaks at 1560 cm™ and amide
Il peaks at 1460 cm™ were detected. The carbonyl
stress vibration of these amide groups and the carbonyl
stress vibration in the carboxylic acid structure
coincided to give a wide band at 1600 cm . In the
NAC structure, aliphatic C-H tensile vibrations were
also observed in symmetrical C-H 2800 cm? and
asymmetric C-H 926 cm™. Three fundamental stress
oscillations were observed in FTIR spectra of POSS
structure. These are the NH; group CH- groups and Si-
O bonds. These are 3300 cm™ moderate N-H, 2850-
2960 cm™ aliphatic C-H tensile vibrations and 1000-
1100 cm™ respectively. Stress vibrations of both NAC
groups and POSS groups were seen in the FTIR
spectrum of the POSS-NAC structure. In particular, the
broad band of Si-O-Si groups was seen due to the
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POSS group in the structure. Amide | peak in NAC
structure was seen in 1560 cm™ and amide Il peak in
1425 cm, while carbonyl groups were found in 1604
cm? In this structure, Si-O-Si and Si-O peaks
originating from POSS structure were found at 1056
cmtand 976 cm™. Asaresult, it was proved with FTIR
spectra that the desired POSS-NAC structure was
obtained. Structural characterization of POSS-NH,
NAC, POSS-NAC conjugate was also made by H-
NMR (Figure 3, 4, 5). NAC, an important antioxidant,
was bound to the POSS structure via amino groups.
The product structure after this coupling was
confirmed by NMR spectra. In *tH-NMR spectrum, the
POSS structure yielded four basic peaks, including
NH; groups (Figure 3). There are singlet at 8.10 ppm,
multiplet at 2.80 ppm, multiplet at 1.72 ppm and
multiplet at 0.70 ppm peaks are attributed to -NH_, -
CH,-N, -CH,-CH,-CH,- and CH:-Si protons,
respectively [35]. Sharp peaks seen at 2.51 and 3.50
ppm are stem from the solvent [35]. In H-NMR
spectrum of pure NAC structure, -SH peak at 2.44
ppm, H-C-N proton signal at 4.41 ppm, methyl group
C-H peak at 1.98 ppm and CH: group C-H multiplet
proton peaks at 2.82 ppm are seen (Figure 4). In the
NMR spectrum of the POSS-NAC structure, proton
peaks arising from the -CH,-CH,-CH,-, NAC structure
and 1,2,3-triazole ring groups are seen. First of all, it is
understood from the C-H proton in the ring structure of
1,2,3-triazole at 7,68 ppm that the POSS and NAC
groups are connected [36]. POSS peaks in the structure
of POSS-NAC obtained by a click reaction were
observed in 2.51, 1.84 and 0.90. 0.90 ppm (Si-CH),
1.84 ppm (CH:-CH2-CH2) and 2.51 ppm (CH2-N)
peaks in the NMR spectrum of the POSS-NAC
structure are seen due to POSS functional groups [35].
The NMR spectrum of POSS-NAC in Figure 5 shows
4.20 ppm (H-C-N), 1.26 ppm (CH2-S), 2.15 ppm (-
CH,-) and 1.85 ppm (-CHs) peaks due to the NAC
structure. Besides these peaks, SH peak at 1.15 ppm
proves that NAC group is added to the structure [37].
As a result, acetyl group of NAC at about 1.85 ppm
was observed in POSS-NAC, which indicates that
NAC was successfully conjugated to the POSS
structure [38].
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Figure 3. 'H-NMR spectrum of POSS-NH.
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Figure 5. 'H-NMR spectrum of POSS-NAC conjugate.

3.2. Thermal analysis of POSS-NH,;, NAC and
POSS-NAC conjugate

TGA thermograms of amino-functional POSS, NAC
and POSS-NAC are given in Figure 6. When these
thermograms are examined, it is clearly seen in the
thermogram of POSS-NH; that the moisture in the
structure is removed in the range of 30-100 °C.
Structurally, POSS-NH; molecule has two basic
organic groups as aliphatic CH, groups and NH;
structure. In the thermogram structure, the
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decomposition intervals of these two groups are at 105-
410 °C and 410-560 °C. Since the NAC structure is a
small aliphatic molecule, its thermal stability is low.
Although the NAC structure decays to a great extent
between 180-225 °C, it can be said that the structure is
completely degraded after 225 °C. POSS-NAC
structure has gained much more thermal resistance
than pure NAC structure. The structure begins to
degrade at 285 °C. After this temperature, it is
decomposed in two steps by firstly the bound NAC and
then aliphatic CH> groups. The DTA thermograms of
pure NAC, POSS-NH; and POSS-NAC are shown in
Figure 7.
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Figure 6. TGA thermograms of POSS-NH;, NAC and
POSS-NAC.
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Figure 7. The DTA thermograms of POSS-NH;, NAC and
POSS-NAC.
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These thermograms appear to be consistent with TGA
results. While POSS-NH. structure has a two-stage
decomposition band, NAC structure has a melting peak
and then thermal decomposition peak. In the POSS-
NAC structure, three basic degradation bands are
observed. The first band is between 198-300 °C and is
caused by a low thermal resistance triazole ring. The
second band results from the degradation of NAC
groups between 300-390 °C. The final mass loss is the
thermal degradation of organic groups due to POSS
structure and was observed in the temperature range of
390-580 °C. The DSC thermograms of pure NAC,

POSS-NH; and POSS-NAC are shown in Figure 8. In
these thermograms there is a band in POSS-NAC
structure caused by the removal of moisture in the
structure around 100 °C in the range of 30—400 °C,
while the degradation of organic side groups around
300 °C is observed. The thermogram of the NAC
structure shows a sharp melting peak at 117 °C. In the
POSS-NAC structure, the whole thermogram is
different. There is no significant melting peak. In
addition, the decomposition temperature of the
molecule increased and went above 400 °C. These
results prove that the desired POSS-NAC structure is
obtained thermally stable.
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Figure 8. The DSC thermograms of POSS-NH,, NAC and
POSS-NAC.
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3.3. Surface analysis of POSS-NH;, NAC and
POSS-NAC conjugate

The surface analysis results of the amino-functional
POSS, NAC and POSS-NAC structure were given in
Figure 9. Examining Figure 9, we can see that the SEM
images of the synthesised POSS-NAC conjugate are
different from the initial structures and are more
crystalline and planar. POSS-NH structure has
morphology in the form of small sharp pieces. The
NAC structure shows particulate morphology. The
resulting product is different and homogeneous from
these structures. The differentiation in the structure
proves the formation of a new structure, but
homogeneous appearance shows the purity of the
product. Figure 10 shows the elemental maps and EDX
spectra of pure NAC, amino-functional POSS and
POSS-NAC structure. In the POSS amino structure, C,
N, O and Si elements originate from the parent
structure, while the peaks of the chlorine element are
the opposite anions bound to the amines in the end
group. In Figure 10(b), in the EDX spectrum of pure
NAC structure, C peaks at 0,270 keV, N at 0,290 keV,
O at 0,523 keV and S at 0,149 keV and 2,307 keV.
These peaks are also evident in POSS-NAC structure.
In the POSS-NAC structure, we see the peaks of C
element at 0.271 keV, N at 0.290 keV, O at 0.124 keV,
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Sat0.130 keV and 2.307 keV, and Si element at 0.090
keV and 1,741 keV due to the POSS structure. This
result proves the desired structure. In the EDX
mapping images of the conjugate, a quite different
surface image was obtained compared to the starting
materials. This shows us the formation of a new
molecule and the proof of the purity of the structure
obtained by the homogeneous distribution of the
elements.

POSS-NH: NAC
(a,b) (e, d) (e,

POSS-NAC

Figure 9. SEM images at different magnification rates for
POSS-NHz, NAC and POSS-NAC.

Figure 10. EDX-element mapping images for POSS-NH;
(a), NAC (b) and POSS-NAC (c).

3.4. Antioxidant activity properties of POSS-NH,
NAC and POSS-NAC conjugate

Antioxidant activity results were given in Table 1. In
ABTS radical scavenging experiment, IC50 values of
conjugate and NAC were calculated by using %
inhibition graphic and were compared with standart
antioxidants such as ascorbic acid and trolox. NAC and
POSS-NAC conjugate exhibited very similar 1C50
values and these vaules were lower than standard
antioxidants. According to the reducing power results,
POSS-NAC structures showed more reducing power
than amino functional POSS. Wherease, their activities
were lower than standard actioxidants. As a result,
NAC-functionalized POSS has high antioxidant
properties in the compared with amino functional
POSS due to conjugation of POSS with NAC.

3.5. Cytotoxicity properties of POSS-NH, NAC and
POSS-NAC conjugate

The % cell viability values and cell images of
cytotoxicity test performed in L-929 fibroblast cells
were shown in figures 11 and 12 respectively. We
observed that the cell viability was 50% at the
concentration of 200 pM of the amino functional POSS
structure, while the cell viability of POSS-NAC
conjugates was approximately 100% in the whole
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working range. Therefore, the POSS-NAC structure
exhibited biocompatible properties. In the POSS-NAC
conjugate, cell viability was 100%. Thus, the cell

viability level of the amino functional POSS structure
was parallel with POSS-NAC.

Table 1. ABTS radical scavenging activity and reducing power for POSS-NH,, NAC and POSS-NAC.

ABTS Reducing Power
IC50 (uM) Abs/mM sample
POSS-NH; >5000 0.007+0.001
POSS-NAC 295.46+3.00 0.160+0.002
NAC 306.20+9.06 0.32740.004
Ascorbic acid 622.05+12.57 0.474+0.002
Trolox 1070.78+0.03 0.610+0.014
accuracy of the synthesis was checked with FTIR, *H-
1507 NMR, SEM / EDX and thermal analysis (DTA / TGA
. / DSC) techniques. Spectrum interpretations for amino
= 100- . POSSNHD functional POSS and NAC are consistent with the
g = POSS.NAG literature [39-41]. We understand that POSS-NAC
= - NAC conjugate has been successfully synthesized in the
g 501 study from the suitable of the characterization results.
° No articles related to NAC binding to octa(3-
o aminopropyl)octasilsesquioxane have been found.
0 50 100 150 200 250 Navath et al; Dendrimer-NAC conjugates were

Concentration (uM)

Figure 11. % Cell viability values of POSS-NH;, POSS-
NAC and NAC.

CONTROL POSS-NH,

POSS-NAC NAC

Figure 12. Microscope images of L-929 fibroblast cells
incubated for 24 h with 200 uM POSS-NH,, POSS-NAC
and NAC.

4. Conclusions

In the study, POSS-NAC conjugate as a potential
antioxidant molecule was synthesized using click
chemistry from amino functional POSS and NAC. The

synthesized using NAM with PAMAM dendrimer poly
(amidoamine) dendrimer [42]. Desai et al. Supported
chemoprevention in head and neck cancers by
encapsulating NAC into poly (DL-lactic-co-glycolic
acid) PLGA in their studies [43]. Cheng and colleagues
have shown that NAC, an important antioxidant
containing thiol, reduces poly (methylmethacrylate)
PMMA toxicity [44]. Within the scope of the study,
antioxidative activity was gained by NAC binding to
amino functional POSS structure. Biocompatibility is
very important in assessing the toxicity or irritation
potential of the synthesized materials.
Biocompatibility of the POSS structure is one of the
factors that makes it widely used in various biomedical
(drug delivery systems, dental composites, biosensors,
biomedical device and tissue engineering) applications
[45]. In vitro use of cells is common in assessing
biocompatibility. For example; Kim and colleagues
have demonstrated the biocompatibility of modified
POSS constructs in mouse fibroblast cell (L-929) cells
[46]. Punshona et al; mercaptopropyl isobutyl and
octahydroxypropyl studied the biocompatibility of
POSS constructs in human lens epithelial cells [47].
Skaria et al. performed cell toxicology studies of
octaanhydried functional POSS molecule in myoblast
(C2CI2) and human osteoblast cells (MG63) cells and
showed no toxicity [48]. In our study, we observed the
high biocompatibility of the POSS-NAC conjugate in
vitro in L-929 mouse fibroblast cells. As a result, it is
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thought that the synthesized POSS-NAC conjugate
with biocompatibility and antioxidative properties has

a very high potential for use

in many areas

(biomaterials, drug delivery systems, biosensors, etc.).
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Abstract

This study investigates the effect of the process involving a combination of sodium-based
reagent-assisted mechanochemical conversion (NaOH-MC) and leaching, which was
developed to provide highly efficient nickel recovery, on the amount of dissolved manganese
during nickel recovery. For this purpose, firstly laterite was treated with NaOH as a reagent
and then leaching performed in sulphuric acid medium. Response Surface Methodology
(RSM) was successfully used as a statistical approach to determine the effect of parameters
for both processes and to optimize processes conditions in terms of dissolved manganese. In
optimum conditions determined as 0.5 M H2SO4, 55 mL/g liquid to solid ratio, 75 °C and 30
min; dissolution amount of manganese from NaOH-MC treated laterite was achieved as
97.54% £ 1.06 (N = 2) with standard deviation. In addition, the dissolution behavior of
manganese was defined by a control mechanism, a combination of chemical reaction and
diffusion based on the shrinking core kinetic model. The activation energy of manganese
dissolution was found as 35.42 kJ/mol. According to the results, the mechanochemistry
contributed positively to the dissolution of manganese due to the increased leachability of
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laterite at low temperature and in a short time with low acid consumption.

1. Introduction

Manganese is a strategically important non-ferrous
element used in a wide range of industrial production
fields such as steel, ferromanganese, non-ferrous
alloys, batteries, fertilizers, food additives, dyestuffs,
and other chemicals. Manganese is produced by the
electrolysis of manganese sulfate obtained from
leaching in sulfuric acid of manganese ore, which is
mainly in the form of MnCO3; and MnO; in nature [1].

Manganese is found as an impurity in many
hydrometallurgical processes. The manganese-
containing industrial waste effluents batteries,

catalysts, steel scraps, and mud and slag from could be
potentially important manganese sources [2]. The
effluents downstream obtained after processing nickel
laterite ore and zinc sphalerite ore are also potential
manganese sources due to the contains a significant
amount of manganese. On the other hand, it has been
reported in many studies that manganese can be
obtained from these low manganese-containing ores by
using leaching with ferrous iron, sulfur dioxide,

cuprous copper, hydrogen peroxide, nitrous acid,
organic reductants, and bio- and electro-reductions [3].
In recent years, the increasing nickel demand in the
world has created the need to develop new processes
for the processing of nickel laterite ores. The
applications of mechanochemical processes are
innovative procedures that improve the efficiency of
mineral processing due to the easy applicable, being
economic and eco-friendly process compared to many
technologies various technologies such as mechanical
activation, alkali roasting, reduction process,
microwave irradiation, and ultrasonic assistance. In
recently, many researchers aim to obtain high
efficiency by improving the leaching process in the
field of hydrometallurgy by applying
mechanochemical processes [4]. Mechanochemical
processes that considerably affect the physical and
chemical properties such as calcination temperature,
melting point, dissolution rate, etc. of treated materials
lead to favorable contributions to reaction kinetics as a
result of this are useful technologies for improving the
reactivity of minerals [5,6].
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Determining the effects of the main processing
parameters on the response is important to improve the
performance of the method and thus make the method
economically viable. In this study, RSM preferred for
the development of processes is a multivariable
optimization technique that includes main steps such
as experimental matrix design, model development and
validation, and optimization of parameters of
processes. It is also possible to describe the complete
influence of the parameters in the process combination
of mathematical and statistical procedures with this
approach. Moreover, RSM does not only evaluate the
combined interactions between the independent
variables but also providing more information in a
short time, and economical [7].

In this study, the dissolution kinetics of manganese
with acid leaching (AL) from high iron grade laterite
ore which treated by NaOH assisted-mechanochemical
process (NaOH-MC) was investigated. Response
Surface Methodology (RSM), as a statistical approach
was used to improve the process by determining the
significance of process parameters in both AL and
NaOH-MC, and also to determine the optimum
processes conditions for achieving high removal
efficiency. Furthermore, the Kkinetic data were
evaluated by the shrinking core model (SCM) to
identify the wvelocity mechanism affecting the
manganese dissolution reaction (Figure 1).

»
Figure 1. Flow chart for AL process following NaOH-MC

2. Materials and Methods
2.1. Laterite

The laterite ore collected from Kayseri/Uzunpinar
region of Turkey was used in this study. The ore
samples were crushed to below 3.35 mm and ground to
—100 pm to be used in experiments. The ore was
characterized as a high-grade iron ore of limonitic type
by X-ray diffraction (XRD) and multi-element analysis
by Flame Atomic Absorption Spectrometer (FAAS) in
our previous study. In our previous study, it was stated
that laterite consists of main phases such as clinochlore
((Mg,Fe)s(Si,Al)s010(OH)s) and quartz (Si0O,), as well
as hematite (Fe,Os) and goethite ((Fe,Ni)O.OH), and
contains 32.1% Fe, 1.40% Ni, 0.56% Mn, 3.2% Mg,
11.0% CaO and 30.2% SiO, as wt% [8].

In our previous study, the changes and transformations
that occurred during mechanochemical conversion in
ore mineralogy and the effect of adding NaOH as a

reagent in mechanochemical conversion were
demonstrated by analyses such as X-ray diffractometer
(XRD, Rigaku Ultima-1V with a Cu-targeted X-ray
tube by 20 scanning), Fourier transform infrared
spectroscopy (FTIR, Perkin Elmer 400/Bruker IFS
66/S), scanning electron microscopy (SEM, Quanta
400 F with 1.2 nm resolution) and simultaneously
thermogravimetric analysis (TGA, Perkin Elmer/Pyris
1) and differential scanning calorimeter (DSC, Perkin
Elmer/Diamond) [9]. The results of XRD analysis for
NaOH-MC treated laterite samples obtained from
optimum mechanochemical conversion conditions
indicated that mechanochemical processes caused
amorphization, dehydration and crystal lattice defects
as well as the reduction in particle size. In addition,
TGA-DSC analysis showed that the dehydroxylation
temperature of goethite to hematite had been found
lower for NaOH-MC treated samples than other MC
treated samples. This situation was explained by the
increasing agglomeration power due to the NaOH
participation in the formation of structural water
produced by OH" and H* ions which are broken down
from the  mineral  structure  (hydroxides,
oxyhydroxides, clays, etc.) [9].

2.2. Response surface methodology (RSM)

All parameters of both NaOH-MC and leaching
processes affecting the leaching kinetics of manganese
was determined by using RSM as the statistical design
of experiment (DOE) technique. Central composite
design (CCD) was employed to optimize the
parameters of both NaOH-MC and AL processes and
to develop the quadratic mathematical models for
processes.

CCD design matrix, widely used for modeling two or
more factors, involves of a 2 factorial (coded to the
usual £1 notation) augmented by 2k axial points (+a,
0, 0), (0, +a, 0), (0, 0, =a) and Co central points (0, 0,
0). The number of experiments required for CCD is
defined by the expression N = 2+ 2k + Co [9,10]. The
value of « for rotatability depends on the number of
points in the factorial portion of the design which is
givenin Eq.1.

o= (Ny) /A )

where N is the number of points in the cube portion of
the design (N = 2k, k is the number of factors).

Experiments were carried out according to CCD
experimental design, which aims to reduce the number
of experiments and organize the experiments with
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various combinations of independent variables.
Minitab statistical tool (Version 16) was used to design
the experiment matrix for each process and all the
detailed experimental data analysis, modeling and
plotting graphics in the visualization of the model.
Each obtained response from the design used to
develop an empirical model that correlated the
response to the parameters of the process using a
second-degree polynomial equation given in Eq. 2:

y =B+ T B+ BBt + DiagByxi +e (2)
where; Xi, Xp, ....Xc are input variables that are
effective on response (y); fo, is intercept, gi (i= 1, 2,
...., k), are coefficients of independent process
variables, giiand B (i= 1, 2, ..., k; j= 1, 2, ...., k) are
interaction coefficients, ¢ is random error [11].

The performance of the model is evaluated based on a
statistical analysis of the obtained data by analysis of
variance (ANOVA). While the determination
coefficient (R?), adjusted determination coefficient (R?
(adj)) and predicted determination coefficient (R?
(pred)) were used to evaluate the reliability of the
model, the student F test and probability value (P-
value) were used to evaluate the statistical significance
of both the regression model and each term for the

model. Then later, the selection of the most suitable
factor levels for process optimization was carried out
by Derringer's desirability approach [9].

2.3. NaOH-assisted mechanochemical conversion

NaOH-MC process was performed in the planetary ball
mill (Pulverisette 6 model, Fritsch, Germany) using a
250 mL zirconium oxide grinding jar and 10 mm-
diameter zirconium oxide balls. The sodium hydroxide
used as a reagent was of analytical grade from MERCK
(pellets EMPLURA®, MW: 40.00 g/mol). For NaOH-
MC experiments, the design matrix consisted of total
31 experimental runs which include 16 factorial points,
8 axial points and 7 replicates at the center points
(Table 1). The o value was 2.00 (rotatable). The
amount of manganese taken into solution was the
experimental response. NaOH-MC treated laterite
samples obtained from each experiments were
subjected to AL under constant conditions (initial acid
concentration (Co) = 0.5 M, liquid to solid ratio (L/S)
=100 mL/g, at room temperature, for leaching time (t)
= 30 min).

Table 1. The experimental factors and levels in CCD matrix for NaOH-MC process

Factor levels

Factors Symbol

—a (—2.00) -1 0 +1 +a (+2.00)

rotational time (RT, min) X1 30 83 135 188 240
ball to ore ratio (B/O ratio) X2 5 10 15 20 25
rotational speed (RS, rpm) X3 200 313 425 538 650
ore to reagent ratio (O/R ratio) X4 5 10 15 20 25

Coded levels of factors Actual levels of factors
Run X1 X2 X3 Xa RT (min) B/O ratio RS (rpm) O/R ratio

1 -1 -1 -1 -1 83 10 313 10

2 +1 -1 -1 -1 188 10 313 10

3 -1 +1 -1 -1 83 20 313 10

4 +1 +1 -1 -1 188 20 313 10

5 -1 -1 +1 -1 83 10 538 10

6 +1 -1 +1 -1 188 10 538 10

7 -1 +1 +1 -1 83 20 538 10

8 +1 +1 +1 -1 188 20 538 10

9 -1 -1 -1 +1 83 10 313 20

10 +1 -1 -1 +1 188 10 313 20

11 -1 +1 -1 +1 83 20 313 20

12 +1 +1 -1 +1 188 20 313 20

13 -1 -1 +1 +1 83 10 538 20

14 +1 -1 +1 +1 188 10 538 20

15 -1 +1 +1 +1 83 20 538 20

16 +1 +1 +1 +1 188 20 538 20

17 -2.00 0 0 0 30 15 425 15

18 +2.00 0 0 0 240 15 425 15

19 0 -2.00 0 0 135 5 425 15

20 0 +2.00 0 0 135 25 425 15

21 0 0 -2.00 0 135 15 200 15

22 0 0 +2.00 0 135 15 650 15

23 0 0 0 -2.00 135 15 425 5

24 0 0 0 +2.00 135 15 425 25

25-31 0 0 0 0 135 15 425 15
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2.4. Atmospheric leaching

The manganese dissolution behavior of NaOH-MC
treated laterite samples was investigated by
atmospheric leaching in sulphuric acid medium
(H2S0., 95-98% (w/w) extra pure, Merck). CCD was
performed to enhance the dissolution of manganese by
optimizing process conditions for leaching of NaOH-
MC treated laterite. The statistical experimental design
produced by CCD was applied to study the combined
effect of parameters as initial acid concentration, liquid
to solid ratio and temperature on manganese
dissolution. The experiments were performed in

accordance with the full factorial CCD matrix included
eight factorial points (+ 1), six axial points (a==*1.682)
and six central points (0) (Table 2). The experimental
leaching procedure was similar to our previous study
[12]. The experiments were carried out in a
temperature controlled water bath by mechanically
mixing ore and acid solution in a 600 mL beaker with
a Teflon mixer at 200 rpm. The reflux system was
connected to prevent evaporation at high temperatures.
After the leaching time (30 min), the leachate was
filtered using a syringe filter (0.45 pm) and analyzed
for Mn(I1) using FAAS (PerkinEImer/AAnalyst 800).

Table 2. The experimental factors and levels in CCD matrix for the leaching process

Factor levels

Factors Symbol

—a (—1.682) -1 0 +1 +a (+1.682)
acid concentration (Co, M) X1 0.5 0.8 1.25 1.70 2.00
liquid to solid ratio (L/S, mL/g) X2 10 28 55 82 100
temperature (T, °C) X3 25 39 60 81 95
Coded levels Actual levels
Run X1 X2 X3 Co (M) L/S ratio (mL/g) T (°C)
1 -1 -1 -1 0.80 28 39
2 +1 -1 -1 1.70 28 39
3 -1 +1 -1 0.80 82 39
4 +1 +1 -1 1.70 82 39
5 -1 -1 +1 0.80 28 81
6 +1 -1 +1 1.70 28 81
7 -1 +1 +1 0.80 82 81
8 +1 +1 +1 1.70 82 81
9 -1.68 0 0 0.50 55 60
10 +1.68 0 0 2.00 55 60
11 0 -1.68 0 1.25 10 60
12 0 +1.68 0 125 100 60
13 0 0 -1.68 125 55 25
14 0 0 +1.68 1.25 55 95
15-20 0 0 0 1.25 55 60

2.5. Kinetic evaluation of leaching process

The shrinking core model (SCM) has been applying for
determining the rate-limiting mechanism of the laterite
leaching process. This model assumes that the solid
particle that maintains the bulk size gradually shrinks
during the reaction that leads to the formation of a
porous layer on the surface of the unreacted core [13].
SCM considers that the reaction mechanism of consists
of three rate-determining steps as film diffusion
control, ash layer diffusion control, and surface
chemical reaction control [14]. The following
equations of the shrinking core model are used to
describe the dissolution Kinetics:

If the reaction is controlled by a chemical reaction on
the surface,

1-(1-0)P=k,.t 3

If the reaction is controlled by diffusion through a
liquid film or through a liquid-solid layer,

1- (1 - @)= ket 4
1-2/3a-(1- 0 = kgt (5)

If the reaction is controlled by a combination of both
chemical and diffusion,

| 2/3
1-2(1-a) 3+ (1 -a) =kt (6)

where a is the fraction of reacted, t is the reaction time,
and ks, ks, Kqir and km are the rate constants.

Evaluations regarding the explanation of kinetic data
by SCM models were made according to the
correlation coefficients of fitting curves obtained by
applying the data to model equations. The reaction rate
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constants predicted by the models are determined from
the slopes of curves (ks, ks, kair and km) [14].

The activation energy (Ea, kJ/mol) for the reaction is
determined based on Arrhenius relation (Eg. 7) with
using the rate constant. The fact that the Ea is lower
than 20 kJ/mol defines diffusion-controlled processes
while Ea is higher than 40 kJ/mol for chemical reaction
controlled processes [13].

Ink=InA- — 7
where k is the rate constant (1/min), A is the frequency
factor (1/min), R (8.314 J/K mol) is the ideal gas

constant and T (K) is temperature. Ea is calculated
from the slope of the Arrhenius plot (In k vs 1/T).

3. Results and Discussion
3.1. Optimization of NaOH-MC conditions

ANOVA results for NaOH-MC based on manganese
recovery with AL were summarized in Table 3. The
effects of terms such as Xs*Xs (P-value: 0.273) of
square interaction and X:*X> (P-value: 0.183), X1*X4
(P-value: 0.050), Xo*X4 (P-value: 0.250) and Xs*X4 (P-
value: 0.246) of 2-Way interaction, were found not be
statistically significant on the amount of manganese
taken into solution due to higher P-values than 0.05.

Table 3. ANOVA results based on manganese recovery for NaOH-MC with AL

Source DF Adj SS Adj MS F-Value P-Value VIF

Model 14 13051.5 932.25 31.89 0.000

Linear 4 8533.4 2133.34 72.97 0.000
Xu: rotational time (RT, min) 1 340.7 340.69 11.65 0.001 1.00
Xz: ball/ore ratio (B/O ratio) 1 2207.0 2207.03 75.49 0.000 1.00
Xs: rotational speed (RS, rpm) 1 5449.0 5448.97 186.37 0.000 1.00
Xa: ore/reagent ratio (O/R ratio) 1 536.7 536.67 18.36 0.000 1.00

Square 4 2385.1 596.26 20.39 0.000
X1*X1 1 626.1 626.13 21.42 0.000 1.03
X2*Xa2 1 719.2 719.25 24.60 0.000 1.03
X3*Xs3 1 1502.6 1502.55 51.39 0.000 1.03
Xa*Xq 1 36.0 35.98 1.23 0.273 1.03

2-Way Interaction 6 21331 355.52 12.16 0.000
X1*Xa2 1 53.5 53.46 1.83 0.183 1.00
X1*Xs3 1 486.1 486.10 16.63 0.000 1.00
X1*X4 1 118.1 118.12 4.04 0.050 1.00
X2*Xs 1 1395.5 1395.50 47.73 0.000 1.00
X2*Xa 1 39.6 39.61 1.35 0.250 1.00
X3*Xa 1 40.3 40.32 1.38 0.246 1.00

Error 47 1374.2 29.24

Lack-of-Fit 10 1233.8 123.38 32.53 0.000

Pure Error 37 140.3 3.79

Total 61 14425.7

Model Summary :S$=541 R?=90.47% R? (adj) = 87.64% R? (pred) = 81.19%
Reduced Model Summary: S = 1.52 R2=99.11% R? (adj) = 98.92% R? (pred) = 98.60%

The surface and contour plots presented in Figures 2
and 3, respectively, show the effects of factors on the
NaOH-MC process based on the amount of manganese
taken into solution by AL. It was seen that manganese
dissolution was almost unchanged with increasing O/R
ratio for changing levels of B/O ratio and RS. The
dissolution rate of manganese increased with
increasing B/O ratio and RS but it remained stable after
certain levels of factors (B/O ratio = 16 and RS = 425
rpm). While increasing the B/O ratio causes a
continuous increase in manganese dissolution, it was
determined that the model predicts high B/O ratios for
the best recovery. Because, the increase in B/O ratio
during the mechanochemical process leads to cause

amorphization and structural disordering in laterite, as
well as the decrease in particle size [15]. In addition, it
indicated that the dissolution rate of manganese
increased by increased rotational time up to 135 min,
but it decreased by increased rotational time above 135
min.
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Figure 2. Response surface plots for NaOH-MC based on
manganese recovery with AL. (Hold values: RT = 135 min,
B/O ratio = 15, RS = 425 rpm and O/R ratio = 15)
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Figure 3. Contour plots for NaOH-MC based on manganese
recovery with AL. (Hold values: RT = 135 min, B/O ratio =
15, RS = 425 rpm and O/R ratio = 15)

The optimum conditions determined for high-
efficiency nickel recovery considering the amount of
nickel dissolution were RT = 135 min, B/O ratio = 15,
RS = 425 rpm and O/R ratio = 18 for NaOH-MC
process. In these conditions, the predicted and the
experimental manganese recoveries with standard
deviations were found as 80.27% + 1.52 (N = 2) and
82.30% £ 0.93 (N = 2), respectively.

3.2. Optimization of AL conditions

ANOVA results for AL following NaOH-MC were
evaluated based on the amount of manganese taken
into solution (see Table 4). The terms which have
statistically insignificant effects on the amount of
manganese taken into solution were neglected in the
model due to high P-values. The reduced model
equation was obtained by gradually neglecting the
terms (P-value: 0.697 for X;*X1). The model equation
indicated that temperature (F-value: 101.51 and P-
value: 0.000) was the most effective factor for the
amount of manganese taken into solution.

Table 4. ANOVA results for manganese recovery with AL following NaOH-MC

Source DF Adj SS Adj MS F-Value P-Value VIF
Model 9 2841.77 315.75 21.63 0.000
Linear 3 1803.10 601.03 41.17 0.000
Xa:acid concentration (Co, M) 1 93.27 93.27 6.39 0.017 1.00
Xz: liquid to Solid ratio (L/S, mL/g) 1 228.07 228.07 15.62 0.000 1.00
Xa: temperature (T, °C) 1 1481.76 1481.76 101.51 0.000 1.00
Square 3 880.08 293.36 20.10 0.000
X1*X1 1 2.26 2.26 0.15 0.697 1.02
X2*Xa 1 830.54 830.54 56.90 0.000 1.02
X3*Xs 1 91.80 91.80 6.29 0.018 1.02
2-Way Interaction 3 158.59 52.86 3.62 0.024
X1*Xa2 1 22.29 22.29 1.53 0.226
X1*Xs 1 15.74 15.74 1.08 0.307
X2*Xs 1 120.56 120.56 8.26 0.007
Error 30 437.92 14.60
Lack-of-Fit 5 354.80 70.96 21.34 0.000
Pure Error 25 83.12 3.32
Total 39 3279.68
Model Summary :5=3.82 R?=86.65% R? (adj) = 82.64% R? (pred) = 72.96%
Reduced Model Summary: S = 0.27 R?=99.92% R? (adj) = 99.90% R? (pred) = 99.88%
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The surface and contour plots for manganese recovery
with AL following NaOH-MC were given in Figures 4
and 5, respectively. Figure 4a clearly showed that the
leaching rate of manganese increases initially with
increases of the L/S ratio, then the leaching rate
decreases with increasing the L/S ratio. The optimum
manganese recovery was achieved with an efficiency
of over 95% at the L/S of 55 mL/g.

In addition, it was seen that the effect of Co was
insignificant, the leaching rate of manganese remained
almost stable with increasing Co. While the difference
in obtained manganese dissolution for the levels of Co
ranging from 0.50 to 2.00 M at constant L/S ratio (55
mL/g) was only 3% for the temperature was 70 °C and
above, it was 15% for the temperature below 70 °C.
Figures 4b and 4c indicated that the leaching of
manganese increased with increasing temperature.
While the temperature was changing from 25 to 95 °C,
the amount of manganese taken into solution increased
from 53.02% to 87.72% for 10 mL/g, increased from
84.95% to 88.59% for L/S ratio of 100 mL/g at
constant Co (0.50 M). The optimum leaching
conditions following NaOH-MC were determined as
Co=0.50 M, L/Sratio=55mL/gand T = 75°C. Under
these conditions, the predicted and the experimental
manganese recoveries with standard deviations were
found as 98.03% + 0.27 (N = 2) and 97.54% + 1.06 (N
= 2), respectively.

(a) (b)

©@

Mn (%) = 95.53 + 1.848 X1 + 2.890 Xz + 7.365 X3 — 5.340 X2?
—1.757 Xg? + 1.180 X1*X2 — 0.992 X1*X3— 2.745 X2*X3

Figure 4. Response surface plots for manganese recovery
with AL following NaOH-MC (Hold values: Co = 1.25 M
H2SOg, L/S ratio =55 mL/g and T = 60 °C)
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Figure 5. Contour plots for manganese recovery with AL
following NaOH-MC (Hold values: Co = 1.25 M HSOs,
L/S ratio =55 mL/g and T = 60 °C)

3.3. Kinetic analysis of leaching

The rate-limiting control mechanism of manganese
dissolution reactions was investigated based on SCM
assumptions. The graphs obtained by fitting the data to
SCM model equations were also given in Figure 6.
Significant model constants calculated using these
graphs were summarized in Table 5.

The Eg. 4 related to the combination of chemical
reaction and diffusion mechanisms had the best
correlation with experimental data. The model with
high R? value indicates that the manganese dissolution
reaction rate was affected by both the chemical
reaction on the surface and the diffusion throughout the
product layer [16,17]. The reaction rate constants
calculated from the model clearly showed that the
dissolution rate of manganese increased with the
increase in  temperature. The reaction was
approximately ten times faster when the temperature
was raised from 25 °C to 95 °C. In addition, the
activation energy of manganese dissolution from
NaOH-MC treated laterite was calculated as 35.42
kJ/mol based on the Arrhenius equation (Figure 7).
Generally, it is known that the diffusion-controlled
reaction has a typical activation energy of less than 20
kJ/mol whereas it has over 40 kJ/mol for the chemical
controlled reaction [18]. The calculated activation
value in this range confirmed the control mechanism.
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Figure 6. Fitting curves of SCM kinetic models
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Table 5. Correlation coefficients (R?) and reaction rate constants of the kinetic models in different

temperatures for manganese dissolution

T (°C
Mechanisms of SCM Constants ()
25 40 60 80 95
Surface reaction ks (1/min) 0.0007 0.0004 0.0020 0.0019 0.0027
(1-¢\113
1-(1-0) R? 0.96 0.95 0.89 0.91 0.95
Film diffusion ks (1/min) 0.0009 0.0005 0.0021 0.0011 0.0012
(1. ~)2/3
1-(1- ) R? 0.96 0.95 0.90 0.86 0.90
Diffusion from product layer kg (1/min) 0.0003 0.0002 0.0010 0.0008 0.0009
_ C(1-)2/3
1-2130 - (1-0) R? 0.96 0.96 0.89 0.88 0.92
Combination of chemical Km (1/min) 0.0004 0.0003 0.0020 0.0030 0.0040
reaction and diffusion
1-2(1-0)3+(1-0)?3 R? 0.97 0.96 0.88 0.92 0.97
554 W
6.0 m
i n
-6.5—
x5 7.0 .
= ]
754 )
E tandar rror L
-8.0 4 Intercept :j‘é: s ;s:f
] Slope -4.260 0938
Residual Sum of Squares 0.713
-8.54 Pearson's r -0.934
Adj. R-Square 0831
270 285 3.00 315 330 345
1T (K)

Figure 7. Determination of activation energy for manganese dissolution (Hold values: Co = 0.5 M H,SO4and L/S ratio = 55

mL/qg)
4. Conclusions

In this study, the effect of the process developed to
provide high-efficiency nickel recovery, which is a
combination of a sodium-based reagent-assisted
mechanochemical conversion and leaching, on the
amount of manganese dissolved during nickel recovery
was investigated. The results obtained from the studies
were presented below:

e The optimum conditions of both NaOH-MC and
AL were determined by CCD and the
manganese recovery was obtained over 95%
with the proposed method.

e High determination coefficients above 95%
showed that RSM models can be used as a
reliable method for predicting responses in both
mechanochemical conversion and leaching
processes conditions.

e Manganese recovery obtained from raw ore at 4
h leaching time (3.08 M H2SO4, 27.9 mL/g of

405

L/S ratio, 95 °C) was achieved from NaOH-MC
treated laterite at only 30 min (0.50 M H2SOs4,
55 mL/g of L/S ratio, 75 °C) following NaOH-
MC. This is an obvious result of the positive
effect of mechanochemical processes on the
leachability of minerals.

Moreover, the results indicated that the
quantitative manganese recovery achieves with
less acid consumption at lower temperatures and
shorter times due to easier mass transfer. That is,
NaOH-MC processes contributed to the
leachability of laterite by facilitating the
dissolution reaction of both laterite and
manganese as a result of caused deformations,
phase transformations and increase of new
reactive surfaces.

The mineralogical and structural
transformations occurring through as a result of
mechanochemical processes identified by the
characterization of NaOH-MC treated laterites



Cetintas, Bingsl | Cumhuriyet Sci. J., 41(2) (2020) 397-406

supported the positive effect of NaOH-MC on
the leachability of laterite ore and indirectly on
the dissolution of manganese.

e The results of leaching kinetics evaluations
indicated that the mechanism of manganese
dissolution reaction rate for AL following
NaOH-MC was controlled by a combination of
chemical and diffusion reactions based on SCM.

Consequently, the results indicate that the proposed
method for achieving high-efficiency nickel recovery
can also improve the dissolution of manganese. The
high amount of manganese above 95% achieved with
less acid consumption at low temperatures and short
times, due to the increased leachability of laterite.
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Abstract

In this study, a new imine compound (M) was prepared from the reaction of o-vanillin and 4-
isopropylaniline. The structure of the compound was characterized by the spectroscopic and
analytical methods. Single crystals of the compound were grown and solid-state structure of
the compound was further characterized by X-ray diffraction study. The UV-Vis absorption
and emission properties of the compound were studied in different solvents. Moreover, DNA
binding ability of the compound was investigated and compared with the standard DNA
binding agents. The compound showed similar binding constant (4 x 10° M) to those

spermine and ethidiumbromide.

1. Introduction

Imine compounds also called as Schiff bases contain a
characteristic C=N double bond. They are prepared
from the reaction of primary amines with an aldehyde
or a ketone [1]. Imine compounds are the nitrogen
analogue of an aldehyde or ketone in which the
carbonyl group has been replaced by an imine group.
They are widely used as organic compounds and their
chemistry attracts great attention due to their ability to
form complexes with metal ions and have a wide
variety of applications in many fields such as
analytical, biological and inorganic chemistry. Some
of them have pharmacological properties including
toxicity against bacterial/fungal growth, anticancer and
antitumor activity [2-5].

DNA chains are composed of units called genes that
are responsible for synthesizing specific proteins.
DNA is an important biomolecule and has crucial roles
in biological process such as long-term storage of
information, identification of hereditary
characteristics, and reproduction of  genetic
information [6].

The linking and interaction of newly synthesized small
molecules with DNA is also important in the design of
new drugs as well as in the development of DNA
detection methods [7]. The interaction of DNA with
drug molecules is particularly important to determine
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the interaction with drug molecules with
anticarcinogenic properties of a specific molecule [8].

2. Method
2.1. General

Starting materials (4-isopropylaniline and o-vanillin)
and solvents were purchased from Sigma Aldrich and
used as received. FT-IR spectra were measured on a
Perkin Elmer Spectrum 100 FT-IR. The electronic
spectra were taken on a Perkin Elmer Lambda 45
spectrophotometer. The fluorescence spectra were
obtained on a Perkin Elmer LS55 luminescence
spectrometer.

2.2. Synthesis of the compound (M)

4-isopropylaniline (1 mmol) and o-vanillin (1 mmol)
were mixed in ethanol (40 mL). The resulting red-clear
solution was refluxed for two hours. The completion of
the reaction was followed by T.L.C. and the volume of
the solution was reduced 20 mL on a rotary evaporator.
The red-coloured crystals were obtained from slow
evaporation in a few days.

M: C17H19NO3: Yield: 82 %, color: red, melting point:
52 °C. Elemental Analysis (%): Found (Calcd.): C,
75.62 (75.81%); H, 6.81 (7.11%); N, 5.03(5.20). H-
NMR (ppm; CDCl3): 13.25 (b, 1H, OH), 8.44 (s, 1H,
CH=N), 6.87-7.55 (m, 7H, Ar-H), 3.83 (s, 3H, OCHj3),

*Corresponding author. Email address: muhammetkose@ksu.edu.tr, muhammetkose0146@gmail.com

http://dergipark.gov.tr/csj

©2020 Faculty of Science, Sivas Cumhuriyet University


http://dx.doi.org/10.17776/csj.558821
https://orcid.org/0000-0001-5448-9102
https://orcid.org/0000-0001-9736-7981
https://orcid.org/0000-0001-9097-6485
https://orcid.org/0000-0002-4597-0858

Giingor et al. | Cumhuriyet Sci. J., 41(2) (2020) 407-412

2.72 (septet, 1H, CHisopropyl), 1.25 (d, 6H,
CHsisopropyl), ¥*C-NMR (d, ppm; CDCls): 160.11 (-
C=N), 115-150 (Ar-C), 58.73 (OCHs), 34.2 and 22.2
(Cisoropyl). FT-IR (ATR): 2958-2866, 1616, 1593,
1461, 1443, 1410, 1359, 1273, 1249, 1200, 1178, 1075,
968, 851, 778, 735, 563 cm™.

2.3. X-ray structure solution and refinement for the
compound

Single crystals for X-ray diffraction study were
grown by recrystallization of a chloroform solution of
the compound. A single crystal of dimensions 0.26 x
0.25 x 0.10 mm?® was mounted on the diffractometer.
Data were collected at 293(2) K on a Bruker Apexl|
CCD diffractometer using Mo-Ka radiation (I=
0.71073 A). The structure was solved by direct
methods and refined on F? using all the reflections [9,
10]. All the non-hydrogen atoms were refined using
anisotropic atomic displacement parameters and
hydrogen atoms bonded to carbon atoms were inserted
at calculated positions using a riding model.
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Figure 1. Synthesis of the compound (M).
3. Results and Discussion

In the course of this work, a new imine compound was
prepared and its DNA binding ability was determined
by spectroscopic method. The compound (Figure 1)
was prepared by Schiff base condensation reaction of
one equivalent o-vanillin and one equivalent 4-
isopropylaniline in ethanol. The compound was
characterized by the spectroscopic and analytical
methods. FT-IR spectrum of the compound is shown in
Figure 2. The characteristic v(C=N) bond stretching
was observed as a sharp peak at 1616 cm™ confirming
the formation of the compound. The stretching’s in the
range of 2866-2926 cm™ are due to the v(C-H)
stretching’s.

Single crystals of the compound were obtained
from slow evaporation of ethanol solution of the
compound. Thus, structure of the compound was
determined by X-ray diffraction study. X-ray
crystallographic data for the compound is listed in
Table 1. Bond lengths and angles are given in Table 2
and Table 3. X-ray structure of the compound is shown
in Figure 3.

Figure 2. FT-IR sbectrum of compound.
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Figure 3 X-ray structure of the compound.
X-ray crystallographic data revealed that the
asymmetric unit contain a molecule with no
crystallographically imposed symmetry. In the
structure of the compound, the N1-C8 bond distance is
1.277(5) A and within the range of C=N bond distance.
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This confirms that the compound favours the enol-
imine tautomeric form in the solid state. In the structure
of the compound, as expected, a phenol-imine
intramolecular hydrogen bond (O2----N1) was
observed. The phenyl and phenol rings are located in
trans conformation with respect to the imine bond. The
intermolecular contacts which stabilise crystal
structure of the compound were investigated by using
Hirshfeld surface analysis. The 2D fingerprints plot of
the compound showing the different intermolecular
contacts are shown in Figure 4. The fingerprint plot
showed high intensities for di and de values between
1.2 and 1.8 A. The main contribution comes from
H---*H contacts followed by C----H/H----C and
O:----H/H----O contacts. The O----H/H----O contacts
were observed as red-spots in the dn surface of the
compound (Figure 5).

Table 1. Crystallographic data for the compound.

Identification code M
Empirical formula C17H1NO:
Crystal size/mm?3 0.12x0.11x0.09
Formule weight 269.33
Crystal system Monoclinic
Space group P2i/n

Unit cell a/A 13.5624(13)
b/A 7.5355(7)
c/A 14.6976(13)
a/° 90

/e 90.426(5)
v/° 90
Volume/A3 1502.0(2)

z 4

Abs. Coeff. (mm™) 0.078

Refl. collected 25987

R1, WR2 [I>=2c (])] 0.0990, 0.1756
R1, WR2 [all data] 0.1579, 0.2011
Largest diff. peak/hole/eA 0.20/-0.26
CCDC number 1905445

Table 2 Bond lengths for compound
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Bond Length/A Bond Length/A
0(1)-C(1) 1.422(5) C(6)-C(8) 1.445(5)
0O(1)-C(2) 1.365(4) C(9)-C(10)  1.385(5)
0O(2)-C(7) 1.349(4) C(9)-C(14) 1.376(5)
N(1)-C(8) 1.277(5) C(10)-C(11) 1.370(5)
N(1)-C(9) 1.413(5) C(11)-C(12) 1.382(5)
C(2)-C(3) 1.374(5) C(12)-C(13) 1.391(5)
C(2)-C(7) 1.391(5) C(12)-C(15) 1.513(6)
C(3)-C(4) 1.380(6) C(13)-C(14) 1.374(5)
C(4)-C(5) 1.363(6) C(15)-C(16) 1.463(7)
C(5)-C(6) 1.401(5) C(15)-C(17) 1.487(6)
C(6)-C(7) 1.398(5)

Table 3 Bond angles for compound.

Bond Angle/® Bond Angle/®
C(2)-0O(1)-C(1) 116.8(3) N(1)-C(8)-C(6)  123.2(3)
C(8)-N(1)-C(9) 121.1(3) C(10)-C(9)-N(1) 124.1(4)
0(1)-C(2)-C(3) 124.6(4) C(14)-C(9)-N(1) 117.8(3)
0(1)-C(2)-C(7) 115.6(3) C(14)-C(9)-C(10) 118.1(4)
C(3)-C(2)-C(7) 119.8(4) C(11)-C(10)-C(9) 120.6(4)
C(2)-C(3)-C(4) 120.5(4) C(10)-C(11)-C(12) 122.0(4)
C(5)-C(4)-C(3) 120.4(4) C(11)-C(12)-C(13) 117.0(4)
C(4)-C(5)-C(6) 120.6(4) C(11)-C(12)-C(15) 121.6(4)
C(5)-C(6)-C(8) 120.0(