CHAPTER 2 Yv
LITERATURE REVIEW | s J

Y'

The macrocyclic ligand is defined as a cyclic molecule three or more
potential donor atoms. The heteroatom ring must cons Ytle'ast nine atoms.
Referring to the donor type, macrocyclic ligands are catégorized inWown ether
for oxygen donor atoms, azacrown ether for nitro nor atom |f1i@onor
atoms. The most diverse and highlighted classgi cr(\' red.@%urtls in
1960’s (Chandraet al., 2005). Ligand conta rogen has endené‘predomlnantly
to form a coordination bond with trans cmal ions (Bowman- J@% 2006). Besides,

nitrogen may interact with manyt f rgan\onM @Id inorganic complex

anions easily. The S|gn|f|can traaz ma ocyclzs%i)gand has been studied

thoroughly by focusing on %Iele rds a N>?ety of metal ions (Prakash et
al., 2014). This is beca% za m'a‘ ocy Lgb s high selectivity properties, has

strong possibility t applled|| rea 0 e treatment to remove toxic metals

(Yusuf et al., 2 , ntin cal imaging (Clough et al., 2019) and as

i
anti-cancer (EI- 0 y € aI 2 5)’ (JC')
N
n utral fe acro&llc ligand was introduced by Curtis, their metal

co have been prepare@’metal template reaction under refluxed conditions.
L emarkable discovery of the same ligand but in a protonated form showing the
& group at a diagonal position of the tetraaza group prepared by the non-template
ethod (Yamin et al., 2012). Figure 2.1 compares the molecular structure between

neutral and protonated tetraaza macrocyclic ligand. Further investigation was conducted
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on protonated tetraaza macrocyclic ligand with bromide, chloride, perchlorate, nitrate,
hexafluorophosphate counter anions and their biological activities (S. F. M. th
al., 2013). From the experiment, macrocyclic bromide and macrocyclic per@salts
were more effective against gram- positive E. Faecalis and gram-nega oli.

The attachment between the metal ion and its ligand is due toMfewis acid-base
interaction forming a macrocyclic compound (Hosmane, 2017 .MI metal ion acts
as Lewis acid often accepting lone pairs from Lewis base Y

the ligand to form a

dative bond. A metal ion is located at the centre of t acro ch and the

@
combination of them is known as the macrocyclic@*. ’ -\c}‘r
The discovery of protonated tetraaza ¢ saltd’ ed using a novel
non-template method has enabled the detai)@fm‘w Cc plexa.@:zr;action with
various transition metal ions such as @ickel, and"zi co@%xes were carried

out (S. F. M. Yusoff, 2015). Differ ﬁsthe metwat rg@cl‘ion, the non-template
)'}9 N

method synthesizes the ligandafirstythen c%mbl dt \@Rransition metal ion and

transforms it into a comple@mdj e the é@y crystallography, the central
metal ion formed coor% onds} the :J‘r'n'n@en atoms, exhibits square planar
&

geometry as in Fig I% Th \m argg.the complex was balanced with anion
from the macroq@and. i

e dep(é%ﬁation of the azomethine group produces

acid/base ¢ G@vith he metal élt@ e biological studies gave significant results
"%

N
where licc }shows&:]reater antibacterial activity than their respective

Y-
free@s. N
{
%\rhe success of non-template synthesis macrocyclic compound allows this study
0

Q pand the complexation reaction of protonated tetraaza macrocyclic ligand with
econd-row of a transition metal which is Pd (Il) through computational approach.

Compared to the organic species, the square-planar metal complexes have excellent
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electron-donating ability which is expected to demonstrate non-linear optical behaviour

(Fackler, 1999). Thus, motivation for this theoretical study is to predict the st?ﬂl

geometry, understand metal-ligand interaction at ground state, and explor@tical

properties of Pd(ll) tetraaza macrocylic complex at excite state in sol rounding

for future optoelectronic application. ?

NH N ¥ | J )
4
Y NS
Figure 2.1: Neutral (left) and Protonate M4-M Tet Macrocyclic

L <

% °ow' 0
Y.\ Source: Yusoff et al. (2015)
NV
F .2: Molecular structtre’of cation Cu(ll) tetraaza macrocyclic complex with
M counter anion drawn at 50% probability ellipsoids (reprinted from reference
with permission from authors)



2.1  Structural and Electronic Properties of Tetraaza Macrocyclic Ligand
2.1.1 Geometry Optimization
To date, there have been many studies on synthesizing tetraaza @yclic
ligand with different first-row transition metals via non-template synr&Yusoff et
al., 2015). Although the binding of first-row transition metals to th%;nd has been
extensively researched, the binding of second-row transition M still relatively
X

unexplored. It has been demonstrated that the larger size of ]ransition metals

may potentially affect their binding to tetraaza macrocychig ligangs al., 2001).
‘X

Achieving optimal complementarity requires the me to contact all ﬂo@toms

of the ligand at an ideal distance. If the array of toms €r cavity'that is too

large, some donor atoms may not be in contact. Conv if the c%ﬁ too small,

the metal ion cannot contact the don%@ optimal ce.@ concept of size-
matching the ligand cavity to th(;'s of the Ti @s been an important
% . S

consideration in past and prese design. 9

To further illustrate Q;ﬁtepl eoratical @ was conducted to figure out
the interaction betweer% and tetraaza aéro@l ic manganese complexes (Costa

g b 4 &
etal., 2016). The Wmonf ol ese-téfcaaza[l4]annulene (MnTAA) structure
singwth
[

was performed e 'ybriEJ ctional and LanL2TZ basis set. The

)

optimized s sf@ of MnN4 on{pl%gs achieved stability with minimal potential
% N
energy % ed sQuar ‘[anar g%metry. The angle between nitrogen atoms and

e ion is 180° confirr@that Mn was presented in the nitrogen atoms plane

o§\mplexes.
q Besides, the DFT study on Pd(Il) complexes by using PBE functional in gas
hase determines the value of Pd-N bond length were approximately 1.9 — 2.1 A and

bond angles 80 — 100 ° (Bandyopadhyay et al., 2016). The sum of each angle around
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the Pd central approximately 360° indicates the geometry of oxime based ligand with
Pd(I1) complex is square planar with dsp? hybridisation. YV

The crystal structure of C14H24NgPd2 was investigated by Kwang H@Ol?),
revealing a cationic Pd(11) complex [Pd(cyclam)]?* and an aniomc?& complex
[PA(CN)4]>". Each Pd(l1) ion was found to be coordinated by either toms from the
tetradentate cyclam ligand or C atoms from four CN— ligands rmvely, in slightly
distorted square-planar environments. The bond lengths YK a'qd Pd—C were
found to be almost equal, measuring (Pd—N) = 2.0447-2:0459 A an — 1 9955—
2.007 A, respectively. The cationic and anion mplexes rel I@d by
intermolecular N—H---N4(cyanido) hydrogen ; f@ ree\dgﬁensmnal

{\T

ts Qé‘how the metal ion

network. 0\

complexes. Therefore, this res%
confirm how the larger sueﬁf
binds to the new strt%) the p “r
synthesized using templa‘te \l'ho é.}
7\ &
3N | C,)(J
2.1.2 Natﬁmd bi nﬁysej
\
% the! ‘appll jons of DFT is estimating the occupancies of

Ioca&;&entre orbitals and ai @,si ng all the possible interactions between delocalized

'\@catlonlc and anionic

H

o
n
e
D
e,
=h
O
=
<
—+
=
D
o
o
=
=
<)
=

e and natural bond type orbitals (NBO).

Q NBO is the calculated localized bonding orbitals that have a maximum quantity
f

electron density in a molecular system. There are three classes of NBO orbitals:
e Lewis-type orbital, L consist of o and = bonding or lone pair
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e Non Lewis-type orbital, NL which is unoccupied antibonding

e Rydberg orbital, R that is located outside the atomic valence shell. Y'

The NBO population analysis of 1-Azanapthalene-8-ol was c:ﬁ%@d by
Rubarani and the team to observe intermolecular interaction in terms o e transfer
and orbital occupancy (Gangadharan, 2014). The calculated natural OR.aIsshowed that
n(C9-011) bonding is formed from the hybridization of sp3,an oXygen (mixture of
24.21% s, 75.60% p and 0.18% d). The occupancy of %ﬂ)‘bond is 1.9922

followed by o(O11-H18) bond occupancy 1.9909 indic these or .ha\{?_the

maximum electron density distribution. Hence m@ctlons fc nlm:hi?xygen

and hydrogen groups may occur contributing to b||| ngth bf\rnolecules

Furthermore, the second-order di w theo appll 0 examine the
interactions among electron donor orm acceptor to d@mlne the value of
stabilization energy, E® value (K @ of E@ indicates that
there is more interaction be donor cept e'1ec and a higher extent of
conjugation in the system. ase tf 1-Aza aptr@ﬂe -8-0l , the transition of lone

pair from LP(1)C10 aw-cg) antibonding Q/ ed in an energy of stabilization,

83.18 kJ/mol, leadi g e coﬁf
n ter etal comp ,’ Lt'@re L= 2-allyliminomethyl phenolate was
synthesize in stlga theyst ctuz&and electronic properties (Guelai et al, 2018).
lysis rev (entr etal ion coordinates to the ligands because of

eI nation from lone p?;tfi?on nitrogen and oxygen atoms to palladium orbitals

) Therefore, calculated stabilization energy during the transition of (2s2p)N —

Qz—yz)Pd : 72.37 kcal/mol and (2s2p)N — (s)Pd : 38.93 kcal /mol is very high.
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Besides, another significant found during transitions of mc=c — n"c=cand LP(0) — n'c.
c for the formation of aromatic rings of the ligands. Y'

From the literature, NBO analysis successfully showed electron tﬁys rom
donor group of natural compound very helpful in stabilizing the nafﬁ&mpound
Hence, this analysis should be conducted on protonated tetraaza macrw: compound
and its complex to identify their hybridization orbitals and Whic@ roups will give

more stabilization to the molecules.

2.1.3 Molecular Electrostatic Potential Surface
The molecular electrostatic potenti \ is &raphical

representation of the electrostatic potentia ! Istri urfaceéh molecule. It
is a useful tool in computational cheM

isua@%on of regions of
high and low electron density on th cular su

$d
(..)
reactivity of a molecule by i g electrop lie arlfl&rucleophlllc regions. The
MEPS is calculated using @Vv m’c nical metheds, such as density functional
theory (DFT), and it pr%l portan inf hcﬂ&out the electronic properties and
&

/sa:n\be used to predict the

behaviour of a mol &IR(Shellfhl 5 2014):
The eI ?f a@%%cule is influenced by the electronic
O
distribution

wfﬁc@ in turn determined by the atoms' charges and

positio ive ﬂeﬁu) tic ntlal regions in a molecule are caused by an
attra&of protons towards entrated electron density, such as lone pairs and =
bo his negative potential region is suitable for nucleophilic attacks (Joshi et al.,
). The positive electrostatic potential regions in a molecule, on the other hand,
esult from a lack of electrons in a particular area, making it more attractive to electrons.

This region is suitable for electrophilic attacks.
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In molecular electrostatic potential surface (MEPS), the red colour represents
the region with the most negative electrostatic potential, the blue colour repres?v&
region with the most positive electrostatic potential, and the green colo@ents
regions with zero or neutral electrostatic potential. The value of elect ic potential
is different on the surface represented by different colours in the ordef from electron-
rich to electron-deficient: red < orange < yellow < green < b@;ﬁjr (Drissi et al.,

l

The effect of ligand modification on the str e of teWcrocyclic
L

Yw

complexes Au(l1l) has been investigated using MEP ysis (Kryu oia,.@l). In

a mono-protonated complex, [Au(C14H23N4)]?* t egdfi entia@%ﬁions are
Y.

localized on the N and C atoms. Howevw twoﬁH S ar ed to the di-

2019).

protonated complex, [Au(CmHmN@]a@on of the pleé%ome completely

blue because shielded by positive p@q&al. \T ,<\
>9 N

In another investigation%nic ? @Io-pyridine derivatives,

specifically (3,5-dimethy%tr01\ - ,4,7,8% hyddrodipyrazolopyridine),
were studied as a pote% sion inhibi r}dsi@theoretical approach (Dohare et

4
al., 2019). The mol &Qeleciﬁ”po

information about the“elect iti 'pote@f distribution of the natural compounds,

entigf%ice (MEPS) analysis provided clear

¢

where the n region is_c ceftraé,g?)rimarily over the N atoms of the pyrazolo-
\
kd

pyridin%
sty

the and, showed a dee@é region all over the ring, indicating a low electron

the oup o&ue benzene ring. The protonated compound, on

:g\'hion and a decreased tendency for electron donation.

Q Based on previous studies, it can be inferred that the protonation and
eprotonation of a molecule can influence the nitrogen group's ability to donate and

accept electrons. Therefore, conducting MEPS analysis on the protonated
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tetraazamacrocylic ligand and its metal complex can provide insights into the effect of

electropositive potential during complexation with Pd(I1) ion. Yv
2.2  Optical Properties of Tetraaza Macrocyclic Ligand A
2.2.1 Frontier Molecular Orbital Study ?

Frontier molecular orbital, FMO theory is used to detegem energy change

in molecular orbitals. Two types of molecular orbitals that'are,in Ive'i are the highest

occupied molecular orbital, HOMO and the lowest cupi ar orbital,
Ly

LUMO. FMO explained the charge transferred @ energy diff e‘cg\@meen

HOMO and LUMO termed as an energy gap, 4 \/‘T

Egap = ELumo®™EHo

\ <
o

eng@ﬁd stabilization of
transition metal complexes and col@snerateg \(Mg Vo (Griffith et al., 1935). The

=

The Egap between these two orbitals can predict

N,

smallest energy gap of orbitalx%o hig% reactivity @onnsequently lowers the
stabilization of the compou %t all, ] §

Gokhan and cz% studi; yl\‘/lb‘sb macrocyclic compound, Pyr-2-
m rated

Bt-PdCl; and its HOMO-LUM igure 2.3 (Dikmen, 2019). HOMO

exhibit © bonding as electr 'vvhil ‘éHMO as acceptor exhibit «” antibonding

¢
characteristi %@ner g tvﬁaer(;g ground state and the excited state, LUMO,
&kv N
h

is 1L%

The ition of the lone pair@rogen atoms near the pyridine ring from the HOMO
toé\UMO orbitals, towards the Pd and Cl atoms, increases the stability of the
0

cule. Consequently, it can be concluded that the active site for a reaction is located

repfe t’he ené‘l& needed for an electron to move to higher states.

n the vicinity of the pyridine rings, owing to the presence of electron donors.
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Figure 2.3: Frontier molecular orbit@/r-z-B Pd I _\q
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<

The atomic arrangement may affect% as rﬂp y SP@& teams (Sen

et al., 2013). Firstly, they synthesize e:H rhg tetraa roc@'& 2-Amino-N-[3-

[(2-aminobenzoilamino)propil] ben@%e havi \Jap?l 5£V~. Upon dissolution in
E x N
diethyl malonate, the Okso48®ien-ﬂ4 un en<</ closure, resulting in a

smaller energy gap of 0.136 eV. This rT ergy orresponds to the minimum
e

excitation energy require e transfer of, Iebtmb arge in the ligand.
's ¢ &
ucte by'

in 20 é_r,eported that the tetraaza macrocyclic
ligand with porphyrifygro ibrted naig}&k’\/e energy gap of HOMO and LUMO
!

N0
ONONO]

/.

The study ¢

orbitals, indic tability of t p&)d@ I-Gammal et al., 2018). The nitrogen donor

. N .
groups % ntified as }erred&ﬁs for nucleophilic attack. The large energy gap
of Z&V suggested high excu%k" ion energies and good stability of the ligand, while a
N

S Nnergy gap suggested higher reactivity and likelihood of charge transfer.

: The previous study suggests that a small energy gap of Pd(Il) complexes is 1.04

while energy gap of tetraaza macrocyclic ligand between 2.586-0.136 eV as

summarize in Table 2.1. In line with this, the current research aims to conduct frontier
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molecular orbital analysis on tetraaza macrocyclic ligand and its complex to identify a
small energy gap that is suitable for optoelectronic technology. This analyVﬂl
provide insights into the electronic properties and potential applications of plex

in various fields such as solar cells, sensors, and electronic devices. A

X. &
N N ) 0.136 (Sen, 2013)
H H '
NH HN




2.586 (EI-Gam aw
0
<&

\%
A

o

2.2.2 UV-VIS Spectroscopy

>F

UV-VIS spectroscopy is an effewilytk\a

to st the optical

tec}@ﬁe measures the

@d optical range. When

N
ene@evel (usually a bonding

&
orbital) to a higher energy Vmﬁouall ondi@wbital). This transition leads
to the formation of an @ ate molgzﬁ/ith &ﬁer energy than the ground state
e

properties of substances such as | & o’ solid.

transmittance, reflection and absorp@sf light
alo

an electron absorbs energy, it frof

in

2

molecule. The eneIKrequir \m\

wavelength of @hic %bser %'as an absorption peak in the UV-Vis
¢
absorption s %

i
of the mol ul{(SCe?kAew, 2014) as in Figure 2.4. The UV-visible

'3
trgyansition corresponds to a specific

. ; N : .
absorpt% trumgdisplays t e.@brbance which measures the amount of light

absarbed, versus wavelength ight (Clark, 2016). We can determine which
&

%ogths of light are being absorbed by the molecule and identify the molecule
b

on the characteristic wavelengths at which the transition of electrons occurs. The

ngher the value of absorbance at a specific wavelength, the more light is being absorbed
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by the molecule at that wavelength, indicating a stronger absorption of light and a higher

probability of electronic transitions occurring at that energy level. T

g

These are normally empty

7'y ¥ [ g ¥ [anti-bonding)

Y ¥ 'y TE* [anti-bonding)

N (non-bonding) | These contain lone pairs

T (bonding) These contain normal

bonding pairs of electrons

0 (bonding)

energy

- AS
Figure 2.4: The Possible Electron Tramsiti om Full tal tzlén\pty Orbital

According to (Ahmad et al,, ), the ntate L@nd exhibits a simulated

electronic absorption witham m wavelengt 327.0m; which is attributed to the

A

n-n* electronic transition imine ¢ opho%\This transition involves the
) (
ndi

/)

>

movement of electrons e non- or italy’n, to the anti-bonding orbital, *.

Upon complexatio M Pd(l') hhe maél{um absorption peak shifts to a higher

wavelength of n ue‘t eal&@'g of the C=N bond, as the lone pair of
4
electrons op"nitrogen is donated to th @g(u) atom during the metal-ligand interaction.
, a sirfﬁl cited s@study on Pd(I1) complex with tetramethyl Schiff
- s A o . . .
ba\ identified a weak beﬁa at 447 nm corresponding to the ligand-ligand charge
[ attribute (Brahim, 2019). The weak bond shows that transition in the complex
oes not involve d-metal orbitals because of the lack of charge transfer characteristic.

However, in another study Pd(ll) complex with different Schiff base ligand (2-

allyliminomethyl-4-methyl phenolate) exhibit metal-ligand interaction where a

18



transition is observed around 280 nm assigned from dpg and mphenolate tO Tt phenolate OTbital

(Guelai et al., 2018). Y'

In separate study, di-nuclear Pd(Il) complex with 1,4,8,11@&3 (2-p-
toluenesulfonamidoethyl)-1,4,8,11-tetraazacyclotetradecane, [Pd2(®, was
synthesized and characterized by UV-vis spectroscopies to analyse the complex's

electronic properties (Wada et al., 2008). The spectrum shov%ng band at 230
nm, which may indicate charge-transfer transitions, along Id
nm. Additionally, broad absorptions were observed aro 415)an m, which
Y
could be associated with d-d transitions. These spec aturesfare s‘stﬁwvith a
square-planar Pd(Il) ion surrounded by N4 d m{ r uncieg;tand the
N . . o
electronic transitions responsible for the observed JV-Vis spectsa, TD calculations
were performed using the Gaussian p\huite. The ulat@%ansitions at 487,

416, and 330 nm were found to co‘eﬁnd Well\fhge
% e =

ers at 266 and 330

-3

4

rimental bands at 443,

415, and 330 nm, respectively. itions at 281 and 259 nm

er, the calculated
were assigned to the experi \shc]l r bands at nm. Overall, the calculated

values showedagener%w lance } the B_e'rima'tal spectra, providing insight into

N .
Pd(l@&nplex with macrocyclic ligand.
&)

Another&,fascifatin ? S@eevani synthesized and characterized

¢

complexes mnid group C!(IIQ;?r(III), Nd(I1), Sm(I11), Gd(111), and Eu(lll)
N

with an ophenyl diami r:ont ng nitrogen donor [N4] macrocyclic ligand with

a 14-Abered backbone (S@érwar et al., 2015). The electronic spectra of these

coE\&es were recorded in DMSO, and the data indicates that the intense charge
a

the electronic prop of the l;il

Q fer bands were observed in all the complexes, and most of the absorption arising
rom weak f-f transition. The complexes exhibited two transitions in the range of 350-
380 nm due to charge transfer transition and 400-430 nm due to f-f transition.
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Macrocyclic ligands with N4 donor atoms have been found to be highly selective for
binding with larger metal ions, such as lanthanides, due to their size and charge TU
The ligand can effectively encapsulate the metal ion within its cavity, provi@ighly
stable and coordinated complex.

The solute-solvent interaction shows a significant solvent effégt on the optical

absorption spectra of AuisLs®* as per conducted by Machadq:m B3LYP hybrid
el

functional, LANL2DZ basis set and C-PCM implicit solva (I'/Iachado, 2019).

The absorption spectra of AuisLs>* exhibit similar tren ithah omic shift
‘X

observed around 200-300 nm with an increase in sol@olarity ro sto @r. On

the other hand, a progressive bathochromic shi bserved d 4@)0 nm of

AuisLg®" as the solvent polarity increased fr&lw solvents Iik%‘e:gne, toluene,

and THF to polar solvents like DCM, Wi}nd water. é
Therefore, the structural genﬁﬁy of the \ndyn t,(c&)mplex, as well as the
% ':' y N

polarity of the solvent, can affe orptﬁn speetra of <tQ stem. When a transition
metal is present, it can prq%teﬁhe T ity of ele@, leading to changes in the
absorption spectra. On% hand, the

4
absorption spectra No\the dir

2.2.3 Non-Linear Optica

p zigi'ty'ebhe solvent can cause shifts in the

els ﬁoNation of the system.
&
é:l;? to understand the interaction of the intense
N
in response to the applied optical source. The NLO
phemﬁon occurs when a (g\’ﬁiintensity beam of light, such as a laser, strikes a
iumr and induces a dipole moment per unit volume, which is known as electric
olarization. At this time, the relationship between electric field, E, and polarization, P

no longer linear, the non-linear effect takes place and its parameters such as phase,

frequency, amplitude or polarization are changed. It was first discovered by Franken
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through second harmonic generation, SHG when he observed the frequency of
transmitted light in the ultraviolet region was twice the frequency of the incidew,
and the wavelength was half that of the incident light (Franken et al., @As in
Figure 2.5, a single photon is converted into two photons with twic ergy and
half the wavelength (i.e., twice the frequency) of the original photonWs a result of
the interaction between the incident light and the electrons in t MI, which causes
the electrons to oscillate at twice the frequency of the i ’—Y

li h' producing the

second harmonic. The two photons produced by the SH ocessjare Iy emitted
| ]

at an angle to the original photon, which allows theméwasny separ 4n@cted
<
\ g

characterize SHG;pr ce T el@ortant parameters are (Asselberghs et al., 2006):

X ) : Second- order @%&Plnear susceptibility
\ B@: First hyper-polarizability

QE e w: Dipole moment
Liu and his team investigated the second-order nonlinear properties of Schiff-

base M(II) (M=Ni,Pd,Pt) complexes (Liu, 2006). Schiff-base is a compound with
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general structure R,C=NR' (R' # H) used as the ligand to form coordination complexes

with metal ions. The research study explores a series of mono Schiff-bas )
complexes where M can be Ni, Pd, or Pt. The complexes were invest smg
donor/acceptor exchange, metal substitution, and NH3c-ancillary as th (Figure
2.6). ?
A U
Ry \ la: Ri=—N(C;Hs),, R2='_CHQC(CN):', M-=Ni.
:'NQRZ 1b: Rj=—CH.C (CN) 2, R;=—N(C;Hs);, M=Ni.
Oy ..}
l—>z 'M..-\'N 2a: Rj=—N(C»Hs),, R;=—CH:C(CN), M=Pd.
' g 2b: Ry=—CHC (CN)z, R;=—N(C;Hs);, M=Pd.

3a: Rj=—N(C;Hs),, R,=—CH:C (CN), M=Pt.

(A)D— 1! —A(D)

3b: Rj=—CH.C (CN) 2y R)=—N(C,Hs),, M=Pt

\‘ \ { L%ource Liu (2006)

Figure 2.6: Structural Form CTJ}A Base @) (M = Ni, Pd, Pt)
Table 2.2: The First Hyp T?-zabgles (@u) and ole Moments (Debye) of All

o
Bxxx xyy \UEXX mzyy Bzzz ﬁtot |ll|

la -402.5 & 1527 5 -21556 -102.3  28119.2 278889 156
L

1b -166: \ 1{4}" 786  -58167.0 579632 136
2a -4 83’ i@h; %3393  -91.5  29947.8 29529.6  15.3

76’1 ) 1:)8 3 \J 7.7 87.6  -56104.9 56040.7 13.8
J61.8 ‘,1081 e{‘ -272.5 -57.3  29878.9 29560.1 15.2
z{‘.’é -197.1 949  -53863.7 53990.1 13.8

L

Source: Liu (2006)

QE The B and p were estimated at B3LYP/LanL2DZ method using field frequency

0f 0.0010 a.u. Brot for all metal complexes can be calculated from § components by using

the equation:
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Bro= [ (Broc+ Bryy + Braz)*+ (Byyy + Byox + Byzz )+ (Bazz+ Broct Bayy)* 12

From the data in Table 2.2, it can be concluded that the ex&g of

donor/acceptor influences the values of dipole moments in all metal ¢ pIe}s The

structures of 1a, 2a, and 3a display large dipole moments, but small S (Wang et
al,. 2019). The large dipole moments of ground state molecules disadvantages

to the generation of NLO response. It can be testified that havmg the largest
and smallest x exhibit high response on NLO activity! e s ruWw a great

NLO material. The theoretical investigation show%ctromc truc ra’ dl‘@‘ nces

are reflected in the different second-order NL spons;s royide th%\possmle
N’

thiazolidine-zA-

nthroline) has been

application of photo-catalyst activity.

Besides, a novel [Mn(tda) %compl

dicarboxylic acid; Mn= Mangante'SI), p T)
synthesized and characterized t@ tudy. The ults @v u=12376 Dand B =

41.699x10*esu which are hlg?Nhan i ma-t&lals (Altiirk et al, 2015). The
significant properties (m corple S ﬂ@e presence of carboxylic acid

groups (negative eI ctrostatic Z\'en‘.‘@ at the}bposne sides of the thiazole ring

followed by a sm O L p (2. @ ) make the complex more reactive and
easily polarl
er stuﬁy aI@mas conducted on tetraaza macrocyclic ligand,

14,7, Etet azacyclotetradecaezjy 14-dione using DFT method (Remiya et al.,

he key finding of the study is that tetraaza macrocyclic ligand has a significant
nitude of nonlinear optical properties, specifically on the first-order molecular

Operpolarizability. The computed data showed that the dipole moment of tetraaza

macrocyclic ligand (3.4037 D) is much higher than that of urea (1.3732 D). The static
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polarizability (23.0626x1072* esu) and total polarizability (6.5351x102* esu) of tetraaza
macrocyclic ligand were also calculated and found to be relatively high. Thw
showed that the NLO property of the compound increased with increasirﬂ's rder
hyperpolarizability, static polarizability and total polarizability. The ted first-
order molecular hyperpolarizability of tetraaza macrocyclic Iigand¥T56x10'30 esu
was found to be significantly higher than that of standard_urea“9.3728x10% esu.
Overall, the study suggests that the presence of Xi;a lgroups in the

tetraazamacrocyclic system leads to a sizable NLO resp

: ‘\d‘ -
Since the early 20’s there are consistent %@n optical pf:rt.ié—\pf the
organic compounds containing nitrogen gron?g e%' mod@sing the
f

om\dw eNLC%?ﬂY\jity strongly
influenced by polarity of the solve ith )roper str al @n (pi-conjugated

system) can lead to a large range (ﬁ;serpolarl\m(xva 8 | orozzi et al., 2009).
A N

theoretical approach. Significant discovery W

For example, merocyanine co ith 79—con ated &@m has been investigated
under various solvation envi ts (didxane, HCé’ SO) using IEFPCM model
'c ound shows average absorption

(Corozzi et al., 2009) e analysis, ‘g
¢ &
energies during'@on 21ro .00-2.é€./ev for all solvents. While the
Hities

hyperpolarizabw\ 30¢ irocyqﬁéé compound in different solvent portrays
¢
significant ;'geawhe digx e—;4E€,J HCls= 721 and DMSO= 1029.

N
organometalli ?ateriagalso exhibit the same behaviour in solvation

mo@e optical properties@‘lhiophene acetylide Ru(Il) complexes calculated by

@ approach using self-consistent isodensity model (SCI-PCM) give the energy
q e transition HOMO to LUMO state around 2.40-2.48 eV in different surrounding
edia (choloroform, acetone, and methanol) (Mendes et al., 2010). The
hyperpolarizibility values (10° esu) increase as the polarity of the solvent increase
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where choloroform= 229.30, acetone=290.30, and methanol=298.81. This implies the
presence of metal ion in the organic compound and solvent surrounding may iT’e

the NLO activity. All the findings are concluded in Table 2.3. (q\

Table 2.3: Summary of Finding on NLO Value of Various %pund

A
Compound Medium Brot \References
mono Schiff-base Pd(II) Gas
Mn(tda)(phen) complex Gas al, 2%?)
Tetraazacyclotetradecane Gas aet al,»2021)
Urea Gas l \C—)
Merocyanine compound Sioxane -y
with T—conjugated system CHCls; rozzi GET., 2009)

Thiophene acetylide Ru(Il) Choloroform ( es, 2010)
complexes Acetone N 290130
Metha@ 1 q X
Based on literature, the 14ﬁ§bered @f&i tetr, macrocyclic ligand
synthesized via non-template meth gained inc qasin§ earch attention. Studies
have focused on the use of d{ t ligandksalt meﬁ@a ts for complexation, and
biological activity against Yy’a. This research q@to investigate the structural,
s of Rd(ll) etiaazbmacrocyclic complex through a

‘f'OrD-DFT, and IEFPCM analysis can
give a better unde a}hg of structural tota s%rgy, stabilization energy, metal-ligand

interaction, exiw nergy,
¢

electronic, and optica

ie
theoretical approach,. The imple of

s

&
N
S
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CHAPTER 3 Yv
RESEARCH METHODOLOGY . s J

Computational modelling is a mathematical model t e behaviour of
CS

complex systems such as static and dynamic syste mq computational

simulation. Computational chemistry approach can be diwided t th methods
: Y‘
molecular mechanics, semi-empirical and quantum .\
Molecular mechanics employs force b ed’ ssw&l‘ﬁnechanlc

principles to investigate the behaviour ofa S dm ecu (Koll@het al., 1997).

This is accomplished by utilizing am rce fleld h r@%ents the potential

energy as a function of atomic p@sws, and \yu% Q@Iar properties while
'}' y N

disregarding electron moveme% resské:g composed of classical

equations, including the ha X

: sula I equation Kﬁescribe the energy related to
bond stretching, angle% 4 bon(} tatign, ﬁnmermolecular forces. The typical

=

2
parameter sets are k molef e flegﬁ(MMFFM) molecular mechanics 2
(MM2) and mo uIa | Mi)_/&w electrons are not explicitly considered
for in the cl a ole uI cffanlej arge systems consist of thousands atoms or
more S teing, ?d ems&nes can be simulated to estimate conformational
flex and relative St&blll@itel’ molecular mechanics methods are extended to

r dynamics to simulate the nuclear motion within a molecule at various time

G ositions by adopting quantum mechanics approximation.
The semi-empirical method is an approach based on quantum mechanics that
eliminates electronic integration and incorporates exchange correlation effects and
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empirical parameters to minimize errors in approximations. It simplifies mathematical
equations by combining quantum mechanics techniques with real lab dataw'l!r
1996). Semi-empirical method is limited to the study of valence electron @u
they interact more readily with other molecules. The calculation orbitals
involves adding empirical data obtained from experiments. This methed is suitable for
studying the behaviour of molecules in a solvent and can calculate molecules with up
to 1000 atoms. The semi-empirical method employs three Ya.

melterS' The Austin

model 1 (AM1) predicts heat of formation, the parametri d ) is well-

o - X,
suited for organic systems, and the intermediate negle differentia a&ﬁny hods

(INDO). \
Quantum mechanics can be classmﬁ\t?;wo hlch@;‘artree Fock

method and density functional theory e simple ve f@‘non method is the
Hartree-Fock (HF), in which negl the Co gel @Trepulsmn explicitly,
hence taking the average eff It| g'ectr wav ctlon using mean field
approximation to calculate t ﬁ?’m le (Chuvylkin et al., 2005).
The common basis se typ or{)ltsband Gaussian type orbitals. The

lack of electron %ﬁtlon a\‘j‘y @inetic barriers and description of
intramolecular ferces Such dlsﬁﬁm force. Later, the improved quality of
HF methods_i ! ced rg | t&d@b sis sets such as coupled cluster theory (CC)

and co n inte P (CI)@at include electron correlation. However, the

e calculatlon of post- ethods is considerably computationally costly, and
ater approximation makes them more suitable for large systems.

Q Density functional theory (DFT), in which the total energy is expressed in terms

f the total electron density, leads to effective approximations using a Hamiltonian

model (Baerends et al., 1997). In general, to study the properties of solid materials,

27



microscopy investigations must be conducted on atoms by analysing electron
behaviour. Knowing the position of electrons can describe energy changes in th?m
In quantum mechanics, researchers face difficulties in calculating each e@n an
atom due to the high number of interaction between particles. Thus, th plausible

way to analyse electrons is by using the density of particles in a part Qar region. The

common parameter sets used to estimate electron de |t local density
approximation (LDA), generalized gradient approximati ), d hyper-GGA.
DFT calculations give very good qualitative results can reasmgly
accurate quantitative results in small systems consis f approxi I)l 1&9—; oms.
The main methods of computational chemistry |z&i le %‘T

°\

Table 3.1: Classification M tational |str>®§lhods
P a 4
Method scription . . N Size of system
Molecular Uses classical meehanics force fi 13in a &ﬁerpret Up to 100,
mechanics the of atéms and.molecules, 000 atoms
Semi- A quantum meghanigs-based ap.p.roach at mm@s equations  Up to 1000
empirical e Use of e arame__ atoms
Quantum The total expfssed in t ms of £he, total electron Up to 100
mechanics ? dens atoms
The Kohn- berg ap ha the backbones of DFT development
in 1960s (Koh 199 mat tlcal theorems are proven to solve the

many-body Ei%ws su ce f y(ShQ‘J?t al., 2009). Initially, Kohn and Hohenberg

functi }elecm:% density could represent the ground state energy

obtq‘g& rom the Schrodlng@mlon (Sholl, 2009). Essentially, the ground state

aII properties such as energy and wavefunction. However, the theory lacks a

postula

rehensive explanation of the function and requires further elaboration Later,
ohenberg and Kohn developed the idea that the total energy of a system can be

minimized by using the exact electron density. (Sholl, 2009). This provided a method
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for determining the relevant electron density once the actual functional form was
established. The functional must be varied until the electron density reacw
minimum energy level, and the true functional is then formed. To expres@rrect
electron density, Kohn and Sham proposed that the solution of the equations

should be included, where each equation in the set accounts for agsingle electron

(Kohanoff, 2006). \/

eahi(r) = V24 V() + V() + Ve ()] z | 3)

N
g; 1s the energy of the i-th molecular orbital, is the wavef c‘io}\qgae i-
th molecular orbital. h is Planck’s constant, m_is thermass ©6f_an ectro\ﬁ;'v2 is the
Laplacian operator, V/(r) is the potential enezk;f;".el r\'e to its'interaction with
the nuclei, VH(r) is the Hartree poten@y of th ron 6&0 its interaction

with all other electrons, and Vxc(r) S the exch r?la tential energy of the
L _ _ N
electron due to its interaction w, r 8lectr th tem.

er élec
The DFT approach hasm ac wﬁzc@l and electronic studies since
it solves the exact %@er e Tatio uslinq‘b%xchange-correlation functional.

o

:

However, the selectwt ﬁ set @change correlation are very crucial

to determine the accuracy b apps@eh acquires high computational hardware

@

and plenty of% is at‘ter I%e&cﬁher discussed in next subtopic.

N
:4?: 4 v): )
3.1 c ange-CorreIation\Q/Y.

he development of accurate functional to represent the complete functional

s

stay, as the main topic in the most crucial fields of scientific research. The origin of
ergy functional emerge by local density approximation (LDA) that assumes the

density is the same everywhere hence the calculation becomes simple but not accurate
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(Sholl, 2009). To overcome this problem, a generalized gradient approximation (GGA)
IS constructed that used both the local electron density and the local gradienw
electron density. Later in 1990, rapid theoretical progress produce hybri@ional
with the mixture of Hartree-Fock (HF) exchange correlation. The remoo*by hybrid
functional improves the estimation of atomic energy, bond length, vibgation frequency
and others. The application of hybrid functional can be seen Wseveral methods
such as Becke, three-parameters, Lee-Yang-Parr (B3LYP) &n-esita 06 (M06-2X)
exchange correlation functional. The hybrid function hich 'sWhas been

@

recognized as the most popular method for DF Iculatigns abs.e\% less

gh% re \Aer; close to
ddeD\app ch ha%h‘hz:marized the

DFT functional according to the metaw;f)erdew an mi@omes, 2013). As

moving from LDA to GGA, metaG@,jnd hy%go I ,ﬁéaccuracy of the DFT
N

calculation increases, but at the reater com tio&ﬁ/@omplexity and decreased

simplicity. \ Q\
3.2  Basis Set \ l \: "C/Q

In computational m \ND ba '§dnction or basis set is a set of functions
used to rep@e ele ro@ﬁ function in DFT or HF codes, in order to convert

"
partial differential eqd: Pto alga%raic equations for efficient implementation on a

approximation on metal complex compound

experimental results (Becke, 2014). The J

[<})

Y.
comﬂAThe minimal basis\c%s’ offered by the Gaussian program is the STO-3G

CE of slater-type and Gaussian-type atomic orbitals (Hehre et al., 1969). Since
a

6 ce orbitals of atoms are more affected by forming a bond than the inner (core)
rbitals, split-valence basis sets were introduced to represent more basis functions to

describe valence orbitals. Later, more basis functions are assigned to describe
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polarization and diffusion functions of the whole molecule such as Pople’s basis sets.

The main basis sets are 3-211+G(d,p), 6-31++G(d,p), and 6-311++G(d,p) wide

to describe the structural, electronic and optical properties of organic comp@kthi
etal., 2017). A

For transition metals in third to higher row elements, effectiué core potential
(ECP) approaches are used to treat inner orbitals electrons as \W potential rather
than actual particles (Wadt et al., 1985). This pseudopotent ?:arf very important

in describing heavy atoms accurately while saving com iona efw common

‘A%
| Labarato 2ld@-zeta
tio@ i qu@, and the

1

Based on previous research Pw sis sets a CP @oaches are more

reliable in treating metal complex{-%hsis et \2030). ,b'gf‘efore, this study will
'}' y N

conduct preliminary study on s%asis s%ts toi entil‘xgcach functional producing
the most stable optimized s@wit I

enitly.
e

aso with the dissolved solute, which leads

basis sets for transition metals is Los Alamos Na

(LANL2DZ) that consist of double zeta (two

overall combination of ECP effect (Dunnin

3.3 Polarizat)F&Si{tinuurr
is thevi

Solvati inte
ST,

to thestabili§ n of the solute eées{r;ae solution. The physical interaction between

solute %

spe d other properties o@te (Jelle et al., 2018). Therefore, researchers built a

- \ - -
ent whrs&s electrostatic force influences the structure,

S \an model when modelling reaction to estimate the solvent effects on the

3 viours of solute in a realistic environment.
To the present day, the major approaches in computational chemistry regarding

solvent effects are:
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I- Explicit model: consider molecular details of each solvent molecule
ii- Implicit model: treat solvents as a continuum medium (Zhanww

2017) (,}
ii- Hybrid model: apply quantum and classical calculation ﬁ;@rent parts
of a single molecule Y'

The implicit solvation model has been frequently used aver théwears to calculate
molecular free energy and describes a thermodynamic pro O&:c is the dielectric
constant of solution accurately with affordable computatien cos (w 2019)
The solvation process begins with the creation of a ca hen, turns dltp‘eQ}h and
repulsion forces and finally turning on electr es" Iute@ecule IS
embedded in a cavity surrounded by a tinuous ed| whe@'he solvent is

modelled as a continuous mass rather as screte pa i

Among the continuum m the po g '[\wum model (PCM)
formulated by (Miertus$ et al is on'e of theumo abllshed approaches to
describe molecular solute gra m of polarizable continuum

J of I\9I

model (IEFPCM) is t% Versio ‘. ccountlng for the effect of the

outlying charge an ads ﬂi‘:ﬁc rrect |on potential inside the solute cavity

(Mennucci, 2012). IEF hod be specified in software package with

accounting ffecto Ie@vent Table 3.2 summarize the solvents used in

the self-con sgﬁf,eactl n fie Sethj?lethod and the dielectric constant value for
ht 169] ab
thi A h. )Z \/Y.
iS sesearc
S
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Table 3.2: Solvents list and dielectric constant value, €

Solvent Dielectric value, £

(Frisch et al., 2016)

Water 78.3553

Acetonitrile 35.688 (q
Methanol 32.613

Chloroform 47113

Toluene 2.37
Hexane 1.8819 ? v

3.4  Hardware Y~

The computer used in this simulation is hp mo

Processor (3.6 GHz base frequency, up to 3.9 GHz teI rbo ost
! \

Technology, 8.25 MB cache, 4 cores), with inst of 16.0 nd@ bit of
<

e E-22233

o’

¥
TP

Windows operating system.

S

3.5  Software
3 A
a ocycllc complex are

Theoretical S|mulat|ons

conducted using DFT and it m&‘&nted by the Gaussian 16

package. Gaussian input f ill b' cre usi aussV|ew 6 as a graphical
l

interface. The field of eorgtical c i Hasq}ade numerous contributions to the

O

understanding of ole r ph‘nome a thro@tomputational models and algorithms

used by acade ic industria tvl/ar kages Density functional theory has been
nies

translated um j
ckage

Gaussi
& Gaussian 16 is an ?I?tronlc structure program used to investigate chemical

%ns with a wide range of complexity using modest computer software. Generally,

prutatlonal time increases with the accuracy of the calculation, size of the system,

and hardware specifications. The level of accuracy also depends on the level of

ﬁdlmg by many software platforms, such as the
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exchange-correlation and basis sets used. Therefore, it is crucial to find a balance

between the method and equipment to achieve a reasonable level of accuracy

stipulated time frames. (o}
3.6 Ground State Calculation ?

This section shows the geometry optimization and energy calCulation of tetraaza
macrocyclic ligand and Pd(Il) tetraaza macrocyclic com DF'i method in gas

phase. The calculated bond parameters, MEPS, an BO analysisf provide an

Y
explanation for the structural and electronic pr@f the [tetr a[ng@yclic
? 4
<

ligand and its complex. The steps are: \
1. Protonated tetraaza macrocyclici EX:C tructed usin%hgt:ssView.
2. The structure is optimized@ing ‘Opt ’ jo@&)e in order to get
lowest energy surface pl@s zero i \naw fr q.:@rcy.

N,

3. The computational % are sum med&?""ﬁble 3.3 and the input is
saved as gjf file. \ Ay \A

4. Once calcu%stompl;id, C .\‘érgeEe is achieved, the results of bond

parameters,is saved ' and&PS visualization is saved in chk file.
5. Nex% e 1s sel t%ﬂ and keyword ‘pop=nbo’ is added on
‘ ot
1zed stricture tl(e I@ to observe the NBO analysis. The result is
"
aved in I file/, v‘g\
Steps 1-5 are repe teﬁ)\for Pd(11) complex structure to complete the ground

%\ state calculation.
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Table 3.3: Gaussian16 Input of Tetraaza Macrocylic Ligand and Its Complex

Compound Method Functional Basis set Charg?
Ligand DFT/Ground state B3LYP STO-3G
3211G ++** \
6-311G ++** 0)
Pd(11) complex DFT/Ground state B3LYP LanL2DZ ; +2

.97

Construct structural compound

y -l

5| Select job type= opt+freq and insert variables in Table 3.3
< ] —=\
No \/‘T
\ %\\_{_
' O

Convergence

A

. ﬁ
Calculation completed

A’

Analyse bond parameter and MEPS visualization

4 ;2
L I I
Select job type=energy and insert variables

C—-\\ K

Calculation completed

X 1

SN )
Interpret NBO analysis

4
D :
S

Figure 3.1: Flowchart of the Ground State Calculation
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3.7  Excited State Calculation

This section shows the optimization, frequency and energy calculation o )
tetraaza macrocyclic complex by TD-DFT method in gas phase. From the @lons
the frontier molecular orbital, UV-Vis spectrum, and NLO properties e e optical

properties of the Pd(I1) complex. The steps are: Q

1. Pd(Il) complex is constructed using GaussView.

2. The structure is optimized by applying ‘Opt’ job Z or r to get lowest
energy surface plot at excited state.
¢

3. The computational variables are summarized ble 3.4 and the In@ save

RS

ed méb ile

olao‘l\added to observe
&
N

Once calculation is corr%ﬁ O'brope ies is in log file.
Next, job type ‘Ene \elec'e o gét UV- % pectrum. The result is saved
in log file. Z S

\ "C}Q

Tab}@aussia‘ﬂG Input of P@ Complex At Excited State
£

e N N
Compound ethod | ¢ ‘Runctional Basis set Charge
Pd(I1) compl TD-SCFIDFT¢ ., “B3LYP LanL2DZ +2

as gjf file. T
4. Once calculation is completed, FMW zatmv IS
5. Next, job type ‘Frequency’ is K%nd keywo

NLO activity. ?

o

~
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Construct structural compound

NJ

v

)

— Select job type=opt and insert variables in Table 3.4

]

No

Convergence

| N
9
l'\d.

Yes \ ? L}T
Calculation completed Y‘i\
v
o~ o7 N

Analyse frontier molecular orbital

Y T

Select job type=frequency and insert variables

NI S

Calculation completed

D 4 L 4 .
A w . 4 = N
Interpret NLO activity

S

N

L

Select job type= energy and insert variables

NG

vﬁ:'(,ﬁ

Calculation completed

i %

g

.

Visualize UV-vis spectrum

Figure 3.2: Flowchart of the Excited State Calculation
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3.8  Solvation Model Calculation

This section presents the optimization, frequency, and energy calculaﬂon?ﬂe
Pd(Il) tetraaza macrocyclic complex using the TD-DFT method |0§Dlvent
environment. The calculations provide insights into the optical propenﬁ&he Pd(1l)
complex, including its frontier molecular orbital, UV-Vis spem and NLO

properties. The steps are: \,

1. Pd(Il) complex is constructed using GaussVie z '

2. The structure is optimized by applying ‘Opt pe ‘c}dnget lowest
[
_ o _ \Y'
energy surface plot in acetonitrile environ in ground e.l K

3. The computational variables are su ized iQ andjg input is

save as gjf file. \, é
4. Steps 1-3 are repeated for (Kr']%olvent whielare @ﬁanol and water.

5. The structure is optlmlz%applym W —\n order to get lowest

N
energy surface plot itril enV| }v cited state.
6. The computatl va bIT n Table 3.5 and the input is
saved as gj '
i , 's $ &

7. Oncec &@on ISf \'e&e , FM suallzatlon is saved in chk file

y’ 1s€§écted and keyword ‘polar’ is added to

'S
calcilati ‘scon@ed NLO properties is saved in log file.

ANext job type El@’ is selected to get UV-vis spectrum. The result is

Z
[y
g
e
%
T

E saved in log file.
0 11. Steps 1-7 are repeated for different solvent which are hexane, chloroform,

methanol and water.
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Table 3.5: Gaussian16 Input of Pd(Il) Complex in Solvent Phase

Compound Method Functional Basis set Charge  Model T
Pd(l1) DFT/ B3LYP LanL2DZ +2 IEF-PCM
complex Ground state
Pd(IT) TD- B3LYP LanL2DZ

+2 IEF-P
complex SCF/DFT s
START i

Construct structural compound

v z\_vl'r

Select job type=opt and insert variables in Table 3.5

Convergence

Calculation completed

PR AN 2 <N

Analyse frontier molecular orbital

N " Al 2

Select job type=frequency and insert variables

Y A ¢ IFETIRN

Calculation completed
{\ N g
Interpret NLO activity

S - o o

Select job type= energy and insert variables

v = 1
5 Calculation completed

N 7

‘% Visualize UV-vis spectrum
S "
END

Figure 3.3: Flowchart of the Solvation Model Calculation
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