CHAPTER 4

\Y"
RESULTS i')
Yv

From the theoretical assessment using DFT, the structural and electronic
behaviour of the Pd(Il) tetraaza macrocyclic complex w. a sedl The optimized
structures were analyzed through geometrical parameter h as ow and bond

@
macrocycli c‘)r@ was

ur% ita%WEaO) and

. ddin’:ﬁna the op@;roperties of
the Pd(Il) tetraaza macrocyclic compl&ﬁ)xcited statepwere L?‘mined using TD-

DFT calculations. The structure Wa(mSmized nhg P aﬁ,’g\a’nd important outputs
*:: y N

such as HOMO-LUMO, ener%hypeﬁpolar abilit&‘?d dipole moment were

extracted. Finally, the opti es nsj' (1 g‘éaza macrocyclic complex in

e
various solvents (hexa% e, ch'l‘ ofo }fnaaml, acetonitrile, and water) was

analysed by appl)%lz-PC@ %
&)

N
NN O
41  Str @nd lectr icér(@s ties at Ground State
N
%wa'nam' e pre&nary screening was conducted using different
. X~

asi;Awhich are STO-3G\G§41G (++, dp), and 6-311G (++, dp) to identify the

angle. The metal-ligand interaction of the Pd(ll) te

examined through electronic properties suc

molecular electrostatic potential surface (M

ble structures of tetraaza macrocylic ligand. Based on the optimization and

& ency calculations, the lowest structural energy of tetraaza macrocylic ligand was

btained from the hybrid functional B3LYP method and 6-311G (++, dp). The absolute

energy (Hartree) of the structures was summarized in Table 4.1. The minimum energy
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obtained from the calculation was -848.607 Hartrees (-2.22x10° ki/mol) for the tetraaza

macrocylic ligand. YV

Table 4.1: Total Molecular Energy (Hartree) Using Different &&et

Molecules STO-3G 3-211G (++, dp) 11G (++, dp)
Tetraaza macrocyclic ligand -838.468 -844.062 N -848.607

The selected bond parameters were compare ithysingle crystal x-ray

crystallography data from Bohari’s research group as in le 4.2, Thecrystal structure
| ]

of tetraaza macrocyclic ligand sal, C16H34N42+.2(%Na3 synthesized }JS@;O”'
template method (Ismail et al., 2012). Based qn_the ‘€alculatéd. data’ the\b/Rﬁd length
obtained for the basis set 6-311G (++, dp) serCat bond le observed in
the crystal data. The coefficient of det@n (R?) Iineééqression analysis
is approximately 1, indicating a stro@%rrelati % g{&culated and observed
N
28

bond lengths. The C-Nimine bond.di e ofl. sigr@ntly shorter than the C-

&
Namine bond length. This is tMe nds h@ more electrons and strong
e

attractive force on the fu the tw@ elenfients q@slng atoms closer together which

's 2
decreases the Iengthwe ong: re, @her calculations in this chapter use
the basis set 6-@+, i ex){rﬁm the lowest total molecular energy and
!
matches the e ental dat (j)
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Table 4.2: Selected Bond Lengths (A)

Tetraaza macrocyclic ligand

Bond Crystal data Calculation data
(Ismail, 2012) STO-3G 3-211G (++, dp)
C5-N10 1.518 1.549 1.551
C11-N10 1.489 1.502 1.503
C12-N13 1.457 1.465 1.464
C14=N13 1.265 1.283 1.285
C36-N31 1.486 1.502 1.504 ?
C29-N31 1.525 1.550 1.551 R
C43=N40 1.260 1.283 1.285
C39-N40 1.459 1.464 1.462 T gy
R? - 0.993 1

Based on the benchmark evaluation, the molec gebmet of teQaaza
LL N
macrocyclic ligand has been confirmed by the ab of imaginary #réq n&‘g?using

4
B3LYP and 6-311G (++, dp) calculation as in ﬂvv4.1. %Q tant fee.‘tzu:e of this

N

tetraaza macrocyclic ligand synthesized E mplae od i t each pair of
oms

protonated amines and azomethine nim locat iagon@y opposite to each

other with total charge of 2+. c')
? &
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@,

N3 -3
&r’search’h erfain Ii?u ations concerning time and hardware resources.

Ins ses, the LANL2DZ \fset proves to be beneficial as it is not only reliable

N cost-efficient, making it a suitable choice for accurately treating all atoms,

ng the Pd atom (Liu, 2006). The result can provide a benchmark for future
Qearch on Pd(Il) complex. The minimum energy obtained from the calculation was -
74.16 Hartrees (-2.55x10® kJ/mol) for the Pd(Il) tetraaza macrocylic ligand as in

Figure 4.2. The important feature of this tetraaza macrocyclic ligand, synthesized by a

v ol ™
i
Figure Lyw\ M Ie&%ﬂbme&l}s of the Tetraaza Macrocyclic Ligand
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non-template method, is that each pair of protonated amines and azomethine nitrogen
atoms is located diagonally opposite to each other, resulting in a total charge of?.,

F|g eM ecu?ric@‘fes of Pd(Il) Tetraaza Macrocyclic Ligand

e selected bond r{%{neters of the tetraaza macrocyclic ligand were

c d with the single crystal X-ray crystallography data of the square planar

Q ture, C22HzeNgS4Pdo, as shown in Table 4.3. Based on these bond parameters, the
m

of the four angles around the Pd atom is approximately 361°, which is a

consequence of the coordination bonds formed between the Pd atom and the azomethine
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and imine nitrogen atoms, resulting in the formation of a macrocyclic compound. The

structural data obtained from density functional theory (DFT) calculations also?m

good correlation with the crystal data of the Pd(I1) complex. (q\

Bond Calculation data
6-311G (++, dp)
C5-N10 1.55
C11-N10 1.50
C12-N13 1.46
C14=N13 1.30
C36-N31 1.50
C29-N31 1.55
C43=N40 1.28
C39-N40 1.46
Pd-N13
Pd-N31
Pd-N40
Pd-N10
N31-Pd-N40
N40-Pd-N10
N13-Pd-N10
N13-Pd-N31
R? i

The electron population’in the I|g‘wd a Pp(@nplex was explained by natural
bond orbital (NBO) ana y51 y perf the mp—nbo keyword in Gaussian’s job
tab. The NBO an& splayfd t aliz distribution of electron density from

the Lewis type bondli one orbitals to unoccupied non-Lewis (anti-
bonding) or \ a m6|e sysﬁ@n It is very helpful to understand the
intermole intramole tion between molecules. The occupancies and
percen f ybrlo"a rb| f most interacting NBO for ligand are listed in

=
N
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Table 4.4: Occupancy and Hybrids of Tetraaza Macrocyclic Ligand

Lewis-type orbital Non-Lewis type orbital
Bonding  Occupancies Hybrid AO(%) Bonding  Occupancies Hybrid )
oN10- c*N10-
C11 1.99046 sp®1N10 $(27.73)p(72.24) c11 0.02621 Sp2PIN1 S(27.13)p(72.24)
sp*® C11 $(20.81)p(79.05) sp>&0 20.81)p(79.05)
oN13- o*N13-
Cl14 1.98942 spt#N13 s(42.88)p(57.05) Cl4 0.02161 spt $(42.88)p(57.05)
sp?®C14 5(32.81)p(67.11) sp?% 5(32.81)p(67.11)
nN13- n*N13-
Cl4 1.96191 spt®N13 5(00.00)p(99.89) Cl4 0.11625 s 13 s(00.00)p(99.89)
spt®C14 $(00.00)p(99.75) spt®C14  5(00.00)p(99.75)
oN31- o*N31-
C36 1.99046 sp?®tN31 $(27.72)p(72.25) C36 0.0262 sp?&t '31 $(27.72)p(72.25)
sp* C36 $(20.80)p(79.06) sp 36 (27.72)p(72.25)
oN40- c*N40-
C43 1.9894 spt*#N40 s(42.87)p( 57.05) C43 0.02162 spt3 3(22.@'57.05)
sp?%C43 s(32.81)p (67.11) sp?2 l s(@p (67.11)
nN40- n*
C43 1.9619 spt% N40 $(00.00)p(99.89) C43 0.1162? sp2¥'N40 WD.OO)p(99.89)

spt®C43  5(00.00)p(99.75) Y. \ sp1'°°c43v.\§(00.00)p(99-75)
LPN13 1.86592 - $(28.10)p(71.87)

LPN40 1.86587 - s(28.10)p(71.8%w \Q\

All Lewis-type orbitals containing nitr \don r@ps exhibit the highest

occupancies within the rang 658711.99 TF@::bbservation aligns with

Is%act i occ@ies due to the accumulation

expectations, as these orbit i
of electron density in %&en atolw/ region! G@ersely, all anti-bonding orbitals

s

:
display the lowest o%nu@q rom$ 62-0.11628, owing to their unfilled
nature. & &

bRl
Regar he lone pai ata'ms(y and N40, no hybridization orbitals were

% . " .
detected% bsenge dieates thagfhese atoms do not share valence electrons with
other_atams. Consequently, I\@Janalysis was performed on the Pd(Il) complex to

stigate potential interactions between these lone pair atoms and the central metal

uring complexation. The aim is to fulfill the orbital vacancy, as detailed in Table
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Table 4.5: Occupancy and Hybrids of Pd(I1) Complex

Lewis-type orbital

Non-Lewis type orbital

onding ccupancies ybri 0 onding ccupancies ybrid o 0
Bonding O i Hybrid AO(%) Bonding O ies  Hybrid AQ(%)
oN10- o*N10-
c11 197971 sp*®N10 $(33.77)p(66.23) Cll 002597  sp>®N10 5(28.70)p(71.30)
sp*?t C11 $(19.19)p(80.81) sp™ $(21.25)p(78.75)
oN10- 6*N10-
Pd52 190133  sp*®N3L 5(16.62)p(83.38) Pd52 029819  sp* $(16.62)p(83.38)
sp0.16 d0.87 Sp0.16
Pd52 $(49.09)p(7.97)d(42.95) Pd52 $(49.09)p(7.97)d(42.95)
oN13- o*N13-
C14 198744  sp*¥N13 5(43.11)p(56.89) Cl4 003041  sp™&13 $(43.11)p(56.89)
sp>1 C14 $(31.68)p(68.32) p** Cl4 5(31.68)p(68.32)
7N13- n*N13-
c14 196334  sp®%N13 5(0.01)p(99.99) c14 0. pose V\'13 $(0.01)p(99.99)
spt® C14 5(0.01)p(99.99) spt®.C14 5(0.01)p(99.99)
oN13- o*N13-
Pd52 185692  sp*®N13 $(24.27)p(75.53) Pd5 01743  [sp* %(243?7;:(75.53)
sz.57 gLst X \
Pd52  5(19.67)p(50.60)d(29.73) ls(lg!&m(SO.GO)d(ZQ.R)
oN31- -
C36 1.98475 sp253N31 5(28.37)p(71.63) c3 0.0259" : \Zﬁzss?)p(n.es)
sp*™ C36 5(21.25)p(78.75) \ pi C36_ W 5(21.25)p(78.75)
oN31- 31- Q .
Pd52 190131  sp*®N31 5(16.62)p(83.38 52 . sp52 5(16.62)p(83.38)
Sp0.16 d0.87 Sp0.16 7
Pd52 $(49.09)p(7.99)d #sz $(49.09)p(7.99)d(42.92)
oN40- 6*N40- Q
c43 198744 sp'?N40 5(43.11)p(56. c43 041 N40 5(43.11)p(56.89)
sp216 C43 $(31.68)p(68.32) \ -\spuﬁ c43 $(31.68)p(68.32)
nN40- *N40- &
c43 196334  sp®*N40 s(00u)p(99'99) o c43 0.1@ PP N40 $(0.01)p(99.99)
spt® C43 01)p(99.99 4 Q’ spt® C43 5(0.01)p(99.99)
oN40- 40- Q/
Pd52 185689 sp*®N40 27)p(#5 Pd52 %.1743 sp3% N4O $(24.27)p(75.53)
Sp2.54 d1.49 \ Sp2.54 d1.49
P 9.91)p(50.48)d(29.60) & Pd52  5(19.91)p(50.49)d(29.60)
E i ’ QO
From the i \mo bet ‘ea nitrogen atoms with Pd(I1) ion and

a w t
&obse

¢

carbon atoms h

U
\::;'hig

is because the on

groups

o

nsit aﬁwoetje‘aually distributed among the nitrogen donor

% omple ture.@hlle the hybrid orbital shows the electronic

pancies around 1.85692-1.90131. This

configuration of spd on N-Pd ‘(%ehce which indicates a coordination bond is formed
N

mplexation (Glendening et al., 2012).

In addition, the population analysis al

so displays the significant interactions

Qﬁween filled donor and empty acceptor orbitals and their stabilization energy

estimated by second-order perturbation theory. The donor (i), acceptor(j), the
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stabilization energy, E2, and F(i,j) is the Fock matrix element between i and j NBO

orbitals of ligand are summarized in Table 4.6. The higher the value of E?, thev!r

the opportunity for electron donors to interact with acceptors in the mole(%\tem.

(Murugavel et al., 2017).

Yw

Table 4.6: Second Order Perturbation Theory Analysis on Tetra acrocyclic
Ligand T
E2 F(i.J)
Donor (i) Acceptor (j) kcal/ E )&'}a.# au
cC12-N13 c*C3-Cl4 4,66 . # 0.065-
cC12- H28 o*N10-C11 4. 5
cC15-H17 c*N13-C14 8
cC15-H24 n*N13-C14
cC32-H52 c*C29-N31 5.33 \\ 0.74 O
cC39-N40 c*C1-C43 4. 65’“\
& C44-H46 *N40- C 778
LP N13 c*Cl14- c 12. 44 (@79 0.091
LP N13 o*N3 \&Q(? -\ 0.69 0.114
LP N40 c*N81-H4 2’ ,\ 0.69 0.114
LP N40 ;12.44 (3.'. 0.79 0.091
' >y
The electron dona rom o (C IH@O 6*(N13-C14), shows less
stabilization of 4.58 kcal/;) Th s d'B{QJQxeractlon has been calculated in the

o—bonding of Cl]% 12- LS, C39- @because of low electron density. While
\

the intra- mol@Mte ction. i n

the lone pairs of nitrogen atom N13 to

*(N3 N 40/to og*(N31- ), leading to the high stabilization energy of

23.00 d .02 kcal/mol re‘;pgc){,mly Therefore, multiple lone pair orbitals in the

t a macrocycllc ligand pl\ay a crucial role in determining the stability of the
cture



Table 4.7: Second Order Perturbation Theory Analysis on Pd(I1) Complex

E? E()-E() (i) Y-
Donor (i) Acceptor (j) kcal/mol a.u a.u
. i

oC1-C43 5*C39-N40 8.34 0.89 0.
oC-C14 6*C12-N13 8.34 0.89 77
oN13-Pd52 6*C14-C15 10.74 0.86 0.
oN13-Pd52 6*N40-Pd52 18.62 0.62 v 7
oN31-Pd52 6*N13-Pd52 9.84 0.59 069
oN40-Pd52 6*N13-Pd52 18.72 0.62\/ 0.097
oN40-Pd52 c*C43-Ca4 10.63 0. 0.088
LPN10 LP*Pd52 27.96 | 0.127
LPN10 5*N31-Pd52 41.36 44 L' 0.
5*N31-Pd52 RY*Pd52 10.76 .51' 5094 X
5*N31-Pd52 6*N13-Pd52 57.22 N

6*N31-Pd52 5*N40-Pd52 58.

Fo g
T \ \/Y'
In the Pd(Il) complex, non-bondiw cti more,ébx.ributions to

structure stabilization of 58.47 kcal/mwi d for &

This is also supported by the lone ;ﬁky nitroge\hoWin st{%i’lization of 27.96 and
j 'y N
% elentronspto L@& and o*(N31-Pd52)

-Pd %O o*(N40-Pd52).
&

41.36 kcal/mol when donati

AN
respectively. Besides, the nY\We ozc argesifrom onding (N13-Pd52 and N40-
{
Pd52) to o*-bonding ( 2 and‘N 3-P. ‘2) @ moderate energy of about 18.62-
18.72 kcal/mol. H &,ﬁ‘can tie coneluded t e interaction between the ligand and

the central me M 0 triPu pifi&%@y to the energy required to maintain the
tq 4
th

stabilizatio

d(11) compl as@idated in Table 4.7.
4@) eculz!'r w&ta@mntial surface (MEPS) predicts the reactivity

N

of Q\A macrocyclic Iigand&ﬁd Pd(I1) complex based on electron density surface.

% ue of electrostatic potential is different on the surface represented by different
Oours, which are red for electron-rich area and blue for electron-deficient area. Figure
4.3 shows the blue region possesses high electrostatic potential on protonated tetraaza

macrocyclic ligand and cationic Pd(Il) complex. The presence of H* ions in the tetraaza
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macrocyclic ligand, along with the 2+ charge of the Pd(Il) tetraaza macrocyclic
complex, leads to the complete blue coloration of these species. This blue col

result of the accumulation of positive potential within the complex. Conseq@when
protonated, tetraaza macrocycles readily dissolve in polar solvents as water,

methanol, and acetonitrile during complexation in non-template reactm. M. Yusoff

et al., 2018) . Furthermore, according to the information pro MEPS, the blue
color observed in the cationic Pd(I1) complex indicates I’ISt'CS such as low
electron distribution, a low tendency for electron dona and | y These
properties contribute to the stability and behaviour o omplex. .\0}
\vs <
‘\\ A V’

Figure 4.3: Elect ic Pot t| trlbut n Protonated Tetraaza Macrocyclic
an (le t|0n| (11) Complex (right)

Bas str tu I ele@ynlc analysis, it is evident that the protonated
tetraaz cllcoTl Eiays u0|al role in complexation by offering electron
pair rm coordination b@? with Pd(Il) atoms. The stability of the tetraaza
m cI|c ligand primarily arises from its lone pair orbitals, while the stability of the

d(1m) complex is enhanced by metal-ligand interactions. Furthermore, the electrostatic
otential surface map reveals that both the tetraaza macrocyclic ligand and the Pd(1l)
complex have high positive potential. The high positive potential exhibited by both the
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tetraaza macrocyclic ligand and the Pd(11) complex enhances their reactivity with polar
solvents. This positive potential facilitates their interaction with the solvent mowlx,

promoting dissolution and enabling them to readily dissolve in polar solve(t;}

4.2  Optical Properties at Excited State in Gas Phase Y-
The optical properties of Pd(ll) complex were calcw through time-

dependent density functional theory (TD-DFT) with hybri ncRnal B3LYP using the
IS

LANL2DZ basis set. The presence of transition met d@l) io tetraaza
macrocylic ligand provides empty orbitals that facthitate efficient el tr‘orlrfﬁ) arge
transfer processes. These empty orbitals can intéract with elec on-i/cg-species,
allowing for enhanced charge transfer wi% \plex.gq%'over, metal
complexes, in general, exhibitawider cited ith %se characteristics
itions between different

N
energy levels or orbitals within the complex sch@et al., 2021). Hence, the

" &

excitation calculations were con d T t 40 \st}{es of Pd(11) complex tetraaza

macrocylic ligand. z vj ( Q,
S ved{ the UV-vis spectra has been analysed

The nature of the transiti
gure presents the calculated spectra of the

based on the opM ge ry.

\ | O

Pd(1l) compl@j sp € T rysultgﬁe in agreement with the structure of Pd(II)
tetraden@ff base ch%l

nm md, 2020). A maximu@guavelength, Amax OF 275 nm is assigned to electronic

meta

and excitation energies. These excited states a "eiQ tr

(2]

O
zl@\gPd where Amax was found at range of 200-400
T

t \wn of the C=N chromophore where there is a shift of electrons from the bonding
m Owbital, to the anti-bonding orbital, n". Besides, a band of n—d transition is observed,
dicating the presence of a transition metal bonded with nitrogen atoms (Pd-N) at 389

nm. This actively demonstrates the weakening of C=N bonding when the lone pair of
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electrons on nitrogen is donated to the Pd(Il) atom during metal-ligand interaction

(Ahmad, 2020). Y-:
)

UV-Vis spectrum of Pd(Il) complex

10000 .
9000 T
8000
7000
6000
5000
4000
3000 =
2000
1000 n>d

epsilon (M1 cm™)

100 150 200 250 300 350 400 450 500

wavelength (nm)

| (« :
Figure 4.4: Absorption SpN d(II) Comglex in @ Phase

A
NP

The characters, wavelengt cillator strengths energies of the Pd(Il)
complex are reported in Tabl the u iolet regiony an intense band at 283 nm

was observed, attributed t ansﬂtyn 0 M LUMO-2 (H-> L+2), which

exhibits a strong oscnl% h of f=0.1496. 'T@eak band observed at 389.36 nm
tio @) {@HOMO 1 (H-12 -> H-1), with an

can be assigned to %
oscillator strengt f=0%0052 nthe |S|ble

Table48 data o ﬁ)jHOMO(H -12), LUMO (L), LUMO-1(L+1),
LU 2), ( +3 MO-6(L+6) Molecular Orbitals of Pd(ll)
Iex in Gas Phase

Acter of transitions melength,x Oscillator strength, f  Energy, E (eV)

(nm)

H->L 495.47 0.0011 2.5023
H->L+1 442.76 0.0000 2.8002
H->L+1 419.48 0.0000 2.9557

H-12 -> H-1 389.36 0.0052 3.1843
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H->L+2 297.54 0.0009 4.1670

H->L+3 291.19 0.0000 4.2578
H-> L+2 286.06 0.0164 4.33'4 z
H->L+6 286.06 0.0164
H->L+2 283.14 0.1496
Next, the optical properties of the Pd(I1) tetraaza macrocyelic ligand have been

observed from frontier molecular orbital (FMO) analysis. I% FMO describes the

highest occupied molecular orbital (HOMO) and | ccupied_orbitall (LUMO)

interaction. The FMO theory is based on the asm that bands ior?@)&y a
=\

flow of electrons from the HOMO to the LUMO. OMO‘.L MQ'gap oanown as
NV

the energy band gap, Eq (EHomo-ELumo) as visual%d in re<.5. Pd¢ll).complex has

266 molecular orbitals which 85 ar 0% an

dﬁih? cqmplex has the potential
A
icalymateri (Sum@al., 2020). Besides, the

“« Q-
gatj&&y' region are almost equally

e unotQupied molecular

-0.29158 eV

AE =0.13091 eV

-0.42249 eV
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The optical properties of Pd(11) tetraaza macrocyclic ligand have been examined
from non-linear optical properties calculation by using polar keyword. No r
optical phenomena occur in a single harmonic generation where two@s of
identical frequency interact at the metal complex to generate lig uble the
frequency. This is also known as ‘frequency doubling’. During the process, the

relationship between the polarization, P, and electric field, E i Mr linear causing
Ko

its optical parameters (frequency, amplitude, wavelength) ct]ange. The mean

first order hyperpolarizability is defined as:

4

,% S
-

B [ B B+ B+ (B B + B ) Bz B B FEY™ (1)

Table 4.9: Summarized All Import -Linear Opti ro@{es of the Pd(l1)

v

4 calculated values \I/hyperpolarizability components are listed in Table
4.9\ calculated values of all hyperpolarizability components quantify the nonlinear
dlcal response of a material. Hyperpolarizability measures the material's ability to
exhibit optical nonlinearity, where its response to an electric field is not proportional to

the field itself. By calculating these values, one can evaluate the magnitude and
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directionality of the material's nonlinear optical response. Based on the calculation, the
mean value of dipole moment, u of the Pd(1l) tetraaza macrocyclic ligand is O.YLVS
D, and its mean first hyperpolarizability, Bt is found to be 14.19x107% es@ less
than urea, CHaN20 (Bt = 3728x1074 esu). Urea is the prototypical m‘o%e used as
standard NLO material because of its unique features; has non-centrosymmetric crystal
packing and good capacity for intramolecular charge transfe Mv et al., 2017).
Meanwhile, the Pd(Il) complex as non-conjugated syst r?lw

ov'er capacity for

intramolecular charge transfer. Therefore, optical properties, stu ie;\ar&%giucﬁg in

different solvation media to observe how solve@

larity could
properties. \,

T
4.3  Optical Properties of Pd(II) Corﬁw xcited State in SE&nt Phase

X |
conducted through time-

N
i ro'/e NLO

3

The optical properties of the

-~
dependent density functional the %-DF'I@\%SN' functional B3LYP using
N,
é 0 e,
C

LANL2DZ basis set. The diele\ onstant.value r'éac@vent are water (78.3553),

K\

acetonitrile (35.688), metha .613), chloroform 113) and hexane (1.88).
N
v

43.1 Electroni@a l 4«/%
d

The ca e of t e\Pd 1) complex in various solvents which
N / :f fie Pd(11) comp

-VIS
are hexaneQIue , chl rof7m met@l, acetonitrile, and water are summarized in
E I

Figure I non-rﬁl [vent oroform, hexane, toluene), the Amax of 270 nm
AN i transn of o, In the visi
00\ to electronic tranSi&Bn of m>7". In the visible wavelength spectrum, the

énce of bands at 670 nm may be assigned to d- d transition. In polar solvents

Gter, acetonitrile and methanol), the maximum wavelength, Amax of 263 nm

contributed by the C=N chromophore where there is electronic transition of n>n".In the
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visible wavelength spectrum, the appearance of bands at 570 nm with comparatively
lower molecular extinction coefficient (2000 M cm™) may be assigned t?d
transition (Palit et al., 2018). In this transition, the dipole-dipole interactio \polar
solvent increases the energy of the excited state, requiring more energy‘f&g electron
to undergo the transition. As a result, when the polarity of the solventS changes from
non-polar (such as hexane, chloroform, and toluene) to polar ‘Selvents (such as
methanol, acetonitrile, and water), the maximum wavel &;

S owards shorter

wavelengths (higher energy). This phenomenon is known'as a hy oWshift The

study conducted by Machado on AuisLs®" exhibits r trends, a‘p @sswe
hypsochromic shift observed around 400-600 n SO veﬁt ty m&ses from
non-polar solvents such as hexane, toluen , solve@uch as DCM,

ethanol, and water (Machado, 2019). T\ , the solve wr@‘ént did effects the

absorption peaks of Pd(I1) tetraaza @gscycllc c g &
<> E
\ \j A

Pd(ll) complex in different solvent
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0 Figure 4.6: Absorption Spectra of Pd(11) Complex In Different Solvent
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The characters, wavelengths, oscillator strengths and energies of the Pd(Il)
complex in methanol, acetonitrile and water are reported in Tables 4.10, 4.11, aw
respectively. In the methanol, the intense band was observed at 263 nm due% ition
of H -> L+2 with a strong oscillator strength, f = 0.1765. The weak served at

548 nm can be assigned to transition H+4 -> H+1 (f=0.0175) in the viSible region.

Y
YU.Mﬁ (L), LUMO-

Table 4.10: TD-DFT data of HOMO-2(H+2), HOMO-4
1(L+1), LUMO-2(L+2), LUMO-3(L+3) Molec

Wavelength, A Oscillator Energy, \Y'
(nm) strength, f D)
H+4 -> H+1 548.88
H->L 508.61
H->L+1 455.75
H+2-> L 301.73
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Table 4.11: TD-DFT data of HOMO-2(H+2), LUMO (L), LUMO-1(L+1), LUMO-
2(L+2), LUMO-5(L+5) in Acetonitrile

Wavelength, A Oscillator Energy, E Wavelength Nz
)

(nm) strength, f (eV) (nm ) %
H>L 508.85 0.0031 2.4

H-> L+l 454.61 0.0000 73

H-> L+ 446.28 0.0000 2,781

H+2-> L+1 296.06 0.0000 \Ms

H+2 -> L+1 288.48 0.0000

H->L+2 280.46 0.0053

H->L+2 262.93 0.1779 '
H->L+5 256.16 0.0 ’ 4.6583 \T
H->L+5 245.15 00 , 760 o~

Wit@ strong oscillator

@ around 508-537 nm

strengths, f which are 0.1779 and O.%The WehSo
o 5
£ 3

can be assigned to transition H 1 an .%)1728%'l)the visible region.

Table 4.12: TD-DFT dat @] ,LUM §L+2), LUMO-3(L+3), and
LUMO-4( i?

Wavelength, A Os h&oﬁ\ Er@\}, E (eV) Wavelength, A
(nm) \ st'eng _\_,

(nm)

H-&& W ,@ 0.0172 2.3070
>

- I ¢ 50 .g;' (,)V 0.0036 2.4319

> |- ! y) 4/ .2'10&_/ 0.0000 2.7600

WL+l P T'"/! 446.88: 0.0000 2.7748

A > L42 263, 0.1759 5.5551

H->L+3 95921 0.0263 4.7832

é\ H->L+4 245.86 0.0665 5.0430

H->L+4 245.24 0.0064 5.0556

0 H->L+4 243.11 0.1134 5.0999
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The characters, wavelengths, oscillator strengths and energies of the Pd(ll)
complex in chloroform, toluene and hexane are reported in Tables 4.13, 4.14, a '
respectively. In chloroform, the intense band was observed at 270.15%\& to
transition of H -> L+1 with a strong oscillator strength, f = 0.1012.4Neak band
observed at 670.36 nm can be assigned to transition H -> L+1 (f:O.OWI the visible
region. In the toluene, the intense band was observed at 273.8 rN to transition of

X:b nd observed at

H+1 -> L with a strong oscillator strength, f = 0.1020.

671.52 nm can be assigned to transition H -> L (f=0.010W),in the iwon. In the

'YX
hexane, the intense band was observed at 270.28 % transition H}3 _&g with
a strong oscillator strength, f = 0.0111. The wv o% 71.@% can be
assigned to transition H+1 -> L+1 (f:O.IOOW visi:b‘le région. g

Table 4.13: TD-DFT data of HOM %5 0-4(H+4), LUMO-
lorof

b ST Vo 1
Wavelength, A Energy, SQ/{'Wavelength, A
(nm) (eV)J\ (nm)
H+2 > L : o.o@ 5.0873
¥
H+3 -> L % P 0215 2.3802
H-> L\ (01012 4.9968
H J& & 0.0012 2.7796
§& 0.0048 5.6278
H- 0.0001 4.8375
< : k> L+ 0.0279 5.0324
.\. H o> L+l 0.0059 2.7121
H+4 > L 0.1098 2.2514
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Table 4.14: TD-DFT data of HOMO-1(H+1), HOMO-2(H+2), LUMO-1(L+1), and LUMO-
2(L+2) in Toluene

Wavelength, A Oscillator Energy, E Wavelength,\z
)

(nm) strength, f (eVv) (nm

H->L+1 264.07 0.0421 2
H+l-> L 273.82 0.1020 41913
H->L+2 278.81 0.0397 xs.
H+2 -> L+1 283.86 yzm
H-> L 671.52
H+2 -> L+2 677.49
H+l-> L+1 683.39
H-> L+l 689.25

Table 4.15: TD-DFT data of HOMO-1(H+
1(L+1), and LUMO-

Wavelength, A Oscillator
(nm) strengthl” f A-\ (nm)
’ Ty

H+2 -> L 319’ o™ 0.0005 c,} 1.0343
H-> L+1 0105

H->L 24907 0.02 @ 0.0213
H->L+1 zzg.ﬁ ( @% 3.0701
H+1> L 536:66% s éjwzoo 21234

H+3->&\ 8702 %

4.3.2 r Molecular
N

\ frontier molecularmital (FMO) describes the highest occupied molecular

(HOMO) and lowest occupied orbital (LUMO) interaction. The FMO theory is

ed on the assumption that bonds are formed by a flow of electrons from the HOMO
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to the LUMO. The HOMO-LUMO gap or known as energy band gap, Eg (EHomo-
ELumo).

The FMO of Pd(ll) tetraaza macrocyclic ligand in all solvents @/n in
Figure 4.7. There is significant change in energy gaps of all solvent#&ases from

hexane (Eg = 0.15765 eV) to water (Eg=0.12831 eV). As predi&d, energy gap

decreases because of the polarity of the solvents increases. As th Eo ty increases, the
C

presence of a higher dielectric constant and dipole-dipole i ns (lan influence the

l.,2 1Wan lead to
L

a slight stabilization of both the HOMO and LU ergy leve reﬁu@' in a

solvation and stabilization of charged species (Yoosefia

reduction of the HOMO-LUMO gap. As a res

OMO'a M%}Frgies are

g bet\vTen orbigudicates high

shifted closer to each other. The lower en
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4.3.3 Non-Linear Optical Properties

The optical properties of Pd(I1) tetraaza macrocyclic ligand has been ex?ﬁ!d
from non-linear optical properties calculation by using polar keyword. @19 to
Mendes previous work on the optical properties of thiophene ide Ru(ll)
complexes using SCI-PCM model, the hyperpolarizability vaR.significantly
influenced by polarity of solvents (Mendes, 2010). The hype (Mility values are
chloroform= 229.30, acetone= 290.30, and methanol= &T.his‘implies solute-

solvent interaction improve the NLO activity. ‘\d

X
Based on the result shown in Table 4.16 a ble 417, i“g@ipole

se% on-@ér optical
are s@ggout or how

moments, the higher first hyperpolarizability

material. The dipole moment of a molecu

some parts of the molecule are more positive @r negative:When @Iecule has a high

dipole moment, it means there is a bi ration Kpo i@and negative charges,
N

showing that it is highly polar. i polgrity WS (@s to move around easily

an ectri% d is applied. Because of this,

and for the electron density Me\:r
the molecule can sh% er n‘g -lin

&
hyperpolarizabilities; akingj::} atergof non-linear optical applications.
In this k, Owerall ggef;@@ Pd(ll) tetraaza macrocyclic complex in
PN 1 e SU &
different so S have bette O’act'Q/'i,t es compared to gas medium. The Bo values
N

increas S (Be' ?(10"3%‘@1) to methanol (Bo = 192.22 x103* esu) when

r“ bpﬁa effects and have higher first

solvdﬁ&ffects are accounte@}r’. The involvement of the electronic transfers from
H to LUMO with a small energy gap improves the o values.

Q However, NLO properties of Pd(Il) complex in all solvents is lower than
standard NLO material which is presented by urea with larger Bo value, 3.728 x107!

esu. This is because Pd(Il) complex has a non-conjugated system which is a low
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capacity for intramolecular charge transfer (Remiya, 2021). As a result, the charge

transfers and electron density redistribution in non-conjugated systems arev'!s

efficient as in conjugated systems. The restricted mobility of electr@non-

conjugated systems hinders their ability to respond strongly to an exter tric field,

leading to lower NLO properties. ?
o;izal'ility in Polar

Table 4.16: The Dipole Moment and values of First H
Solvents

Properties methanol

Dipole moment, p
(x10°D)
First
hyperpolarisability,
B (x10- esu)

: L
N
Byxx i N -
Byzz ?-0.57 | 3 / Q%.sg -0.09
Bz -14.36 1 N 129 -0.66
B -11,63" s, 1.68 -2.28
Bz .\ - A 089 -1.76
Bo ‘\ _ 19222 Y o 55.17 14.81
v NY
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Table 4.17: The Dipole Moment and values of First Hyperpolarizability in Non-Polar
Solvents

Pd(11) complex

Properties hexane toluene chlorof
Dipole moment, p 0.42 0.19 &’,
(x10° D)
First

hyperpolarisability,
B (x10 esu)

Bx

By

Be

Bxxx
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