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SINTESIS, PENCIRIAN DAN KAJIAN TEORI KE ATAS SISTEM
JAMBATAN PENDERMA-n-PENERIMA (D-n-A) KALKON FEROSENIL

BAHARU UNTUK POTENSI APLIKASI SEL SURIA

ABSTRAK

15 sebatian organometalik yang dikenali sebagai kalkon ferosenil telah direka
untuk digunakan di dalam aplikasi sel suria peka pewarna (DSSC) berdasarkan pada
binaan penderma-n-penerima (D-n-A). Sebatian-sebatian tersebut secara strategiknya
telah berjaya disintesis dengan mengenalkan penggantian yang berbeza melalui
kaedah pemewapan Claisen-Schmidt dan telah menghasilkan 5 kristal tunggal kalkon
ferosenil. Kesemua sebatian yang telah disintesis kemudiannya dicirikan dengan
menggunakan kaedah IR dan NMR. Kajian spektroskopi UV-Vis telah menunjukkan
pergeseran batokromik sehingga 500 nm dalam spektrum untuk kesemua kalkon
ferosenil yang mana nilai tersebut adalah sesuai untuk aplikasi DSSCs. Sebatian
sasaran telah dikaji dengan lebih lanjut menggunakan analisis sinar-X dan dikaji
dengan menggunakan kaedah pengkomputeran Teori Fungsi Ketumpatan (DFT) untuk
menyelidik potensi kalkon ferosenil dalam DSSC. Gantian yang berbeza di dalam lima
hablur tunggal kalkon ferosenil telah terbukti dapat menambah baik pemindahan caj
intramolekul (ICT) dengan meningkatkan kelarasan tulang belakang satah sebatian.
Padatan hablur menunjukkan sususan dari kepala ke ekor dan sisi ke sisi melalui
interaksi antara molekul C-H---O, C-H:--F, C—H:--x and &t---w. Potensi Elektrostatik
Molekul (MEP) menunjukkan kekuatan sesuatu sistem tolak-tarik bagi kesemua
sebatian yang digambarkan melalui kawasan elektrostatik positif, negatif dan neutral.
Di samping itu, semua kalkon ferosenil menunjukkan tahap tenaga HOMO yang

terletak di bawah potensi redoks elektrolit dan tahap tenaga LUMO yang berada di

Xvii



atas jalur konduksi permukaan TiO2, menandakan bahawa sabatian tersebut
mempunyai kesesuaian dan kemampuan untuk digunakan sebagai bahan peka
pewarna. Berdasarkan hasil analisis molekul dan fotofizikal, kecekapan penukaran
kuasa bagi kebolehan peka pewarna dalam DSSC telah ditingkatkan oleh sebatian
yang mempunyai konfigurasi yang lebih satah, interaksi antara molekul dalam sususan
padatan hablur dari sisi ke sisi, penyerapan spektrum yang besar dalam julat yang

kelihatan dan kesetaraan tahap tenaga HOMO-LUMO.
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SYNTHESIS, CHARACTERIZATION AND THEORETICAL STUDIES ON
A NEW DONOR-a-ACCEPTOR (D-n-A) BRIDGE SYSTEM OF
FERROCENYL CHALCONES FOR POTENTIAL SOLAR CELL

APPLICATIONS

ABSTRACT

15 organometallic compounds known as ferrocenyl chalcones were designed
for application in dye-sensitized solar cell (DSSC) based on a donor-n-acceptor (D-n-
A) architecture. The compounds were strategically synthesized using Claisen-Schmidt
condensation method by introducing different substituents and successfully yielded 5
single crystals of ferrocenyl chalcones. All synthesized compounds were further
characterized using IR and NMR methods. The UV-Vis spectroscopic study revealed
the spectrum for all ferrocenyl chalcones are bathrochromically shifted up to 500 hm
which are suitable for DSSCs application. Target compounds were further investigated
by X-ray analysis and studied computationally using Density Functional Theory
(DFT) approach to explore the potential in DSSCs. Different substituents in five
ferrocenyl chalcone single crystals have been proven in enhancing intramolecular
charge transfer (ICT) by improving the planarity of the compounds’ backbone. The
crystal packings show the head-to-tail and side by side arrangements via
intermolecular C-H---O, C-H:--F, C-H:-:w and =---m interactions. The molecular
electrostatic potential (MEP) illustrates the strength of the push-pull system by the
positive, negative, and neutral electrostatic potential sites of all compounds.
Furthermore, all HOMO-LUMO energy levels of ferrocenyl chalcones are lied below
the redox potential of electrolyte and above the conduction band of TiO: surface,

respectively, indicating the suitability of the compounds to be potentially used as

XiX



photosensitizer materials. Based on the results of molecular and photophysical
analyses, the power conversion efficiencies were enhanced by compounds with more
planar configuration, side-by-side arrangement of the molecules in the crystal packing,
large absorption spectra within the visible range and equivalent HOMO-LUMO

energy levels for reliable DSSC photosensitizers.
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CHAPTER 1

INTRODUCTION

1.1 Chalcone and Ferrocenyl Chalcone derivatives
Chalcone derivative (Ar—COCH=CH—ATr’) belongs to the aromatic ketones
family, in which two aromatic groups are associated by a carbonyl group and two a,f-

unsaturated carbon atoms (Romanelli et al., 2011) as shown in Figure 1.1.

Figure 1.1 The general schematic diagram of chalcone derivative (Romanelli et
al., 2011).

Chalcones were discovered by Kostanecki and Tampar in 1899, are abundant
in eatable plants and also an intermediate precursor of flavonoids and isoflavonoids
(Teo et al., 2017). In recent times, chalcones can be synthesized by a Claisen-Schmidt
condensation between benzaldehyde and acetophenone in the presence of sodium
hydroxide (NaOH) as a catalyst. Chalcones have interesting characteristics such as
large absorption coefficient in the UV range and good light-harvesting efficiency for
solar application (Amogne et al., 2020). Chalcone derivatives are commonly utilized
in electrochemical sensing (Delavaux-Nicot et al., 2007), optical limiting (Poornesh et
al., 2010), photo-initiated polymerization (Tehfe et al., 2014) and non-linear optics
(Teo et al., 2017).

Ferrocene was discovered in 1951 and revolutionized the views of chemists on
how metals bind to organic n-systems (Salzner, 2013). Ferrocene derivative has a

unique sandwich structure in which the ferrous ion (Fe?*) is attached to the m-orbitals



of two cyclopentadienyl (Cp) rings (Paul et al., 2019). According to Nemnes &
Nicolaev (2014), ferrocene derivative may rotate about the Cp—Fe—Cp axis with two
different configurations, which are eclipsed and staggered (Figure 1.2). In the ground

state, these configurations are existed in condensed and gas phases, respectively.

(
(

Cp ring

F'e Fe

O
(-

Eclipsed Staggered
configuration configuration

Figure 1.2 The eclipsed and staggered configurations of ferrocene (Astruc, 2017).

Ferrocene derivative has a broad absorption wavelength approximately 520 nm
(Chauhan et al., 2016), stable compound up to 400 °C (House, 2013) and has good
redox property (Astruc, 2017). Based on this information, Ding and his co-workers
(2015) have reported the used of ferrocene as part of material in battery, owing to
rapid ferrocene/ferrocenium redox reaction. Ferrocene also gives a good solubility in
most of the common organic solvents (Paul et al., 2019).

Ferrocenyl chalcone is a structure consists of ferrocene moiety and aromatic
unit terminal connected by the «-p-unsaturated carbonyl system (Figure 1.3).
Ferrocenyl chalcones are classified into Type 1 and Type 2 depending on the position
of the carbonyl group that attached to the ferrocene ring (Henry et al., 2020).
According to Trujillo et al. (2017), the synthesis of ferrocenyl chalcone derivatives by
the Claisen-Schmidt condensation method is a green synthetic approach in ambient
reaction with cheaper cost compared to the other conventional synthetic procedure

which generate low yield, high amount of waste and unwanted by-product.



Type 1 Type 2

Figure 1.3 General structure of Type 1 and Type 2 of ferrocenyl chalcone (Henry
et al., 2020).

1.2 The push-pull configuration of the n-conjugated bridge system

Chalcone derivatives as organic push-pull molecule (Figure 1.4a) are
considered to have a strong donor-acceptor intermolecular interaction (Karaca et al.,
2018) and uplift the charge transfer within the molecules. Chalcone derivatives can
easily be tuned into the desire compound by matching the suitable donor and acceptor
substituent (Kumar et al., 2012). Designing new materials with Donor(D)-n—
Acceptor(A) bridge system as shown in Figure 1.4b is important for enhancing the
physical and chemical properties of the compound (Chavan et al., 2016; Baggio et al.,

2016; Shkir et al., 2017).

ﬁ Pull Acceptor Donor
Push o Push i QCH3
ﬂ. A \C% s
R~ | IR,
= = cl OCH4
OCHj4
(@ (b
Figure 1.4 (a) The push-pull configuration of chalcone derivative (Zhuang et al.,

2018); (b) the D-n-A bridge system of chalcone (Shkir et al., 2017).

Ferrocenyl chalcone (Type 1) with D—n—A bridge system is a bulky electron
rich compound that exhibits a good electronic communication of intramolecular
charge transfer (ICT) between the ferrocene donor and substituted acceptor (Chauhan

et al., 2016). The acceptor substituent can be varied from weak to strong electron-



withdrawing groups (EWG) such as -F, -Cl, -Br, -CN and -NOz. The D-n-A
configuration of ferrocenyl chalcone acts as push-pull architecture is believed to
facilitate the movement of electron, increase photo stability and prevent dye
aggregation in DSSC application (Shalini et al., 2016; Lee et al., 2017). Furthermore,
the influence D-n-A molecular system as a dye sensitizer in organic solar cell

application has improve the solar conversion efficiency (Teo et al., 2017).

1.3  The generation of solar cell application and materials

Solar cells are generally divided into three generations (Figure 1.5) depending
on the time and classes of materials used for fabrication. The first (1%) generation of
solar cells are commonly referred to the silicon-based solar cells which employed
silicon wafer-based technology and dominate the photovoltaic market, owing to high
efficiencies (Kibria et al., 2014; Omar et al., 2020). The second (2") generation known
as thin film solar cells offer prospects for a significant reduction in material costs by
eliminating the high-cost silicon wafer.

Third (3) generation solar cells are quite different from the former
generation’s as the traditional p-n junction is not required to separate photogenerated
charge carrier. Taking into account the pros and cons of the former solar cells
technologies, researchers have proposed the quantum dot-sensitized solar cells (y =
10%), organic solar cells (y = 11%), DSSCs (n = 13%) and currently emerging hybrid
perovskite solar cells (7 = 22%) as the third generation of solar cells (Ananthakumar
et al., 2019; Omar et al., 2020). In the past few years, there have been a growing
interest in developing DSSCs as low-cost alternatives solar cells to the conventional
amorphous silicon solar cells due to the simplicity in its fabrication process under

ambient conditions (Akila et al., 2019).
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Technology (single junction, mono- (CdTe, CIGS, a-Si) (Polymer, Small molecule),
or polycrystalline silicon) DSSC
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cost trade-off
Figure 1.5 The first, second and third generation of solar cells (Organic

Photovoltaics, n.d)

In general, a typical DSSC consists of three components, specifically dye-
sensitized photoanode, counter electrode and redox electrolyte, which appears to be a

sandwich-look like structure (Figure 1.6).

FTO glass
1. Dye-sensitized {
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3. Redox = Electrolyte /

electrolyte

2. Counter
electrode
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Figure 1.6 The structure of DSSC (Bakr et al., 2016)

Dye sensitizer is the main material for the absorption and conversion efficiency
in DSSC. The properties of the dye are tunable by matching different groups of =-
donor and acceptor in the dyes’ molecule (Wu et al., 2010). An ideal dye sensitizer
should possess some distinctive characteristics such as (1) having a strong absorption
wavelength in visible range under light illumination; (2) comprising -H or =O groups
which capable to anchor on the TiO2 surface of semiconductor; (3) excellent stability

in the ground, excited and oxidized states; and (4) having suitable redox potential



which will regenerate electrons immediately thru 1713 in electrolyte (Ludin et al.,
2014; Shalini et al., 2016; Lee et al., 2017; Ung et al., 2017). In this case, DSSC
indicates a good alternative way in producing greener renewable energy with low
production cost as compared to the inorganic semiconductor-based photovoltaic
devices (Fahim et al., 2018; Khan et al., 2019).

Stability of DSSCs have been the key issue to manage since the organometallic
dyes and liquid electrolytes are unstable for a long period (Ananthakumar et al., 2019).
External factors such as the humidity from atmosphere, degradation of all DSSC
components by UV light irradiation from the sunlight especially for organic dyes and
leaking of liquid electrolyte from the device are the main challenges faced in
enhancing the stability of DSSC (Castro-Hermosa et al., 2017; Ananthakumar et al.,

2019).

1.4  Problem Statement

Dye-sensitized solar cells (DSSCs) have been intensively investigated due to
the potential for low cost and high optical absorption by organic materials (Lee et al.,
2017). Most of the reported metal-free chalcone derivatives have the low absorption
coefficient in the visible region (Anandkumar et al., 2017; Teo et al., 2017; Makhlouf
etal., 2018). Therefore, there is a prevailing need to investigate the new metal organic
material for photovoltaic conversion in order to achieve large absorption coefficient
within the UV-Vis region.

Previously, the ruthenium complexes sensitizer (N719) has achieved the
highest power conversion efficiencies which surpassing ~7% in DSSC application
(Quang et al., 2021; Althagafi & El-Metwaly, 2021). However, some limitations
raised from the ruthenium dyes such as scarcity, toxicity and expensive issues caused

significant progress in designing new organic materials with donor-n-acceptor



architectures (Mori et al., 2016). The key strategy in synthesizing donor-r-acceptor
organic structure is to allow the efficient energy transfers of electrons from the
electron-donating group to electron-withdrawing group that anchored on the TiO2
surface.

Recently, many researchers have started giving attention to the mono-based
chalcone as well as the derivatives particularly in DSSC application. Most of the
organic DSSC give a low efficiency which is less than 1% (Teo et al., 2017).
Meanwhile, the conversion efficiency of metal organic in DSSC also found to have
nearly the same efficiency (5-6%) with the inorganic material (8-10%) (Alhorani et
al., 2020). In a report by Chauhan et al. (2016), ferrocene derivatives are treated as
good photosensitive dyes in DSSCs for the photovoltaic performance. Furthermore,
ferrocene substituted chalcones have also been reported with various application due
to their well-defined redox potential (Erasmus 2011, Wu et al., 2006). However, the

use of ferrocenyl chalcone as sensitizer is less explored in term of DSSC application.

1.5  Objectives

1. To synthesis a new series of ferrocenyl chalcone derivatives featuring D-
7-A chalcones as dye sensitizer in organic photovoltaic cell.

2. To characterize the synthesized compound via several selected
spectroscopic analyses in comparison with theoretical calculation using
Density Functional Theory (DFT) method.

3. To investigate the effect of different substituent acceptor groups through
structural-property relationships as potential photosensitizer material.

4. To evaluate the suitability of the studied ferrocenyl chalcone derivatives

for potential dye-sensitized solar cells (DSSC) application.



CHAPTER 2

LITERATURE REVIEW

2.1  Synthesis of Ferrocenyl Chalcone Derivatives

Chalcone derivatives structurally consist of two aryl groups which connected
by a, p-unsaturated ketone moiety (Zhang et al., 2019). In recent times, a range of
adapted methods and schemes for the synthesis of chalcone derivatives have been
reported. Among the stated techniques, some researchers used Aldol condensation,
Claisen-Schmidt condensation, Suzuki Coupling reaction, Witting reaction, Friedel-
Crafts acylation with cinnamoyl chloride or Photo-Fries rearrangement of phenyl
cinnamates method in the preparation of chalcones (Nasir et al., 2013). Even so, the
Claisen-Schmidt condensation method is still in demand to be used as the synthesis
method due to its simplicity and convenience with minimum side effects.

Based on the previous works, most of the reported ferrocenyl chalcones were
prepared by the Clasien-Schmidt condensation method (Song et al., 2006; Chauhan et
al., 2016; Trujillo et al., 2017; Yadav et al., 2019). The reaction involves cross aldol
condensation of benzaldehyde and acetylferrocene in ethanol and the presence of
potassium hydroxide (KOH) base as catalyst. The reaction mixture is neutralized with
diluted hydrochloric acid (HCI) and crystallized using various solvent system to obtain
the corresponding ferrocenyl chalcone. The synthetic scheme for one of the reported

compounds is shown in Figure 2.1.

acetylferrocene ferrocenyl chalcones

Figure 2.1 Synthesis scheme of (2E)-1-Ferrocenyl-3-phenyl-prop-2-en-1-one
(Yadav et al., 2019).



Chauhan et al. (2016) synthesized the ferrocenyl chalcones by base-catalyzed
Claisen-Schmidt condensation between ferrocenecarbaldehyde and acetophenone in
dry ethanol and an aqueous solution of KOH as catalyst under nitrogen atmosphere.
The reaction mixture was then neutralized with diluted HCI and treated with column

chromatography. The resultant reported product was reported in deep red colour

el 1. et

Fe —_— Fe H
* HC R dil. HCI

 — _—

Figure 2.2 Synthesis scheme of ferrocenyl chalcone (Chauhan et al., 2016).

precipitate.

Based on a search of the Cambridge Structural Database (Version 5.41, last
update March 2020; Groom et al., 2016), 29 single crystals of ferrocenyl chalcones
were reported by previous studies in the past two decades. Table 2.1 shows the
statistics of reported ferrocenyl chalcones which included CCDC numbers and the

respective chemical structures.

Table 2.1 List of the reported single crystals of ferrocenyl chalcones from
previous studies.

Year cCDC Chemical Structure  Year cCDC Chemical Structure
Number Number

2003 217895 5 2005 245554



2006

2006

2007

2008

2008

2010

2012

2012

2013

257043

257154

619190

661665

702402

763129

823245

839534

935420

Table 2.2 Con'’t

2006

2006

2008

2008

2008

2010

2012

2012

2014

10

257044

608337

661664

700338

705939

786471

836352

913017

987910

OH



Table 2.3 Con'’t

2016 1407296 - ; 2016 1407297
2016 1480595 ” 2016 1480596
2016 1480597 - * 2016 1470200
2017 1485208 " 2017 1485200 0;

2017 1501138

2.2 Fourier Transform Infrared (FTIR) Vibrational Studies

Fourier Transform Infrared Analysis (FTIR) is an analytical technique
specifically for identifying the existence of functional groups in the molecule (Muller
et al., 2009). The classical potassium bromide (KBr) pellet method requires sample
preparation by pressing powder into a pellet and the spectral range of infrared region
observed in the wave number ranging from 400-4000 cm™. On the other hand,
Bukowski and Monti (2007) reported that Attenuated Total Reflection-Fourier
Transform Infrared (ATR-FTIR) Spectroscopy provides quantitative analysis of
samples without requiring complex preparations. The absorbance spectra of ATR-
FTIR are recorded in the region of 600-4000 cm™. The focus studies for ferrocenyl
chalcones primarily on the C-H stretching, C=0 and C=C stretching of enone bridge,
C=C stretching of ferrocene ring and Fe-ring (Fe-Cp) stretching. Some reported values
of the vibrational frequency FTIR for ferrocenyl chalcones are tabulated in Table 2.2.
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Table 2.2 Assignment of some characteristic vibrational frequencies of ferrocenyl

chalcone.

Stretching (v)
vibrational mode

Experimental (cm™)

Literature

3083 (Twinkle et al., 2020)
vC-H 3086-3105 (Trujillo et al., 2017)
3050-3100 (Chauhan et al., 2016)
1654 (Twinkle et al., 2020)
1628-1630 (Trujillo et al., 2017)
1639-1654 (Yadav et al., 2019)
vC=0 1646-1653 (Muller et al., 2012)
1630-1694 (Chauhan et al., 2016)
1643-1662 (Attar et al., 2011)
1646-1653 (Elizabeth Erasmus, 2018)
1588 (Twinkle et al., 2020)
1569 (Trujillo et al., 2017)
vC=C (alkene) 1562-1597 (Yadav et al., 2019)
1557-1595 (Chauhan et al., 2016)
1581-1608 (Attar et al., 2011)
1330-1377 (Delgado-Rivera et al., 2017)
vC=C (Cp) 1207-1364 (Chauhan et al., 2016)
1088-1271
481-483 (Liu et al., 2018)
vFe-Cp 483-500 (Chauhan et al., 2016)
485

Cp: cyclopentadienyl ring of ferrocene.

Based on the reported studies, most of the aliphatic C-H stretching vibrations
are found to be weak in the region of 3000-3050 cm™* for the vinyl group due to the
charge transfer from the hydrogen atom to carbon atom (Maidur et al., 2018).
Generally, these vibrations are in the expected region for chalcones indicating that the
C-H vibrations are not influenced by any substituent (Kumar et al., 2017).

As previously reported by Twinkle et al. (2020), the vibrations of a,f-
unsaturated carbonyl group (vC=C) are highly sensitive to the degree of charge transfer
between donor and acceptor groups. The attachment of electron-donor ferrocene
moiety and electron-acceptor pyrimidine moiety through the m-conjugated system
induces the lowering of the C=C stretching mode (1588 cm™) and proved that ICT

occurred within the structure (Twinkle et al., 2020).
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The wavenumber of the C=0 stretching vibrations for the enones depends
mainly on the binding force that involve the inductive (Panicker et al., 2015),
conjugative (Kumar et al., 2017), steric effects (Zainuri et al., 2018) and lone pair of
electron on oxygen atom (Naik et al., 2020). Furthermore, the presence of strong
electronegative substituent also plays a role in shifting the vibrational frequency of
C=0 mode from the normal position which result in higher wavenumber (Rawat et al.,
2021).

No significant change was observed in the stretching bands for Fe-Cp which
proved that ferrocene ring of ligand remained intactly upon complexation (Liu et al.,
2018). The spectrum of ferrocenyl chalcone bearing a methyl pyrimidine (Twinkle et

al., 2020) is shown in Figure 2.3.

100
5 F
S 80 vC-H
2wl 9
60
£ owq 958 ? i ? ¥C=0
4 / = ) ‘
= 20 ™ i
; . vC=C | vCH;
0 L] I T I T I L] l L] I T I T I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Figure 2.3 FTIR spectrum of methyl pyrimidine substituted ferrocenyl chalcone

(Twinkle et al., 2020).

According to Colthup and co-workers (1990), a significant difference can be
noted between compounds in which the C=0 and C=C have trans or cis orientation.
In s-cis, the C=0 (1687-1700 cm™) and C=C (1617-1624 cm™) bands are further apart

as compared to s-trans; C=0 (1675-1690 cm™) and C=C (1617-1644 cm™).
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2.3 Nuclear Magnetic Resonance (NMR) Studies

The synthesized chalcones can be characterized by two types of NMR
spectroscopy which are *H and *C NMR. The studies for *H NMR of ferrocenyl
chalcones primarily focus on the enone bridge and ferrocene derivative (Figure 2.4).
There are a few studies reported on the NMR analyses for the ferrocenyl chalcones as

tabulated in Table 2.3 and Table 2.4 for *H and 3C NMR, respectively.

Figure 2.4 The assignment of *H NMR of ferrocenyl chalcone.

Table 2.3 H isotropic chemical shifts (ppm)

IH NMR
Literature Cpl Cp2
Ha Hp Ha Hb Hc
(M“gg{;)t ol 700719 776787 423428 460-4.66  4.93-4.98
(D-K-Yadav 716721  7607.63 419424 457-466 4.90-4.94
etal., 2019)
(Kh;gl‘;t)a"’ 701712 775806 4.22-424  4.60-4.65  4.90-4.95

Cpl: unsubstituted; Cp2: substituted cyclopentadiene ferrocene rings.

The ethylenic protons of enone moiety (Ha and HP) exhibit two doublets at the
range of 7.01-7.21 and 7.60-8.06 ppm as tabulated in Table 2.3. Furthermore, the
typical pattern for *H NMR of ferrocenyl chalcones show three cyclopentadienyl
proton signals at 4.2, +4.6 and +4.9 ppm with the proton integral area ratio of 5:2:2.
The singlet appearing at 4.2 ppm, assigned as Ha (Figure 2.4) arises from excitation

of five equivalent aromatic protons on the unsubstituted cyclopentadienyl ring (Cpl).

14



Whereas the other two singlets at +4.6 and +4.9 ppm, appointed as Hb and Hc,
respectively are associated to the substituted cyclopentadienyl ring (Cp2), integrating
for two protons each. According to Muller et al. (2012), the *H chemical shifts of the
ferrocene derivative would not vary substantially when modifying the substituent
group on the other end of ferrocenyl chalcone (Figure 2.5a).

Based on the Table 2.3, the electronegative C=0 functional group polarizes the
electron distribution and appears at the lowest field values (191.17-193.64 ppm).
Furthermore, 10 carbon-ferrocene signals of ferrocenyl chalcones appeared as four
peaks (Cw, Cx, Cy and Cz) in the range of 68.24-81.07 ppm. Generally, an intense
carbon peak (Cw) for the Cp1 can be observed due to the overlapping of five equivalent

aromatic carbons as shown in Figure 2.5b (Khan et al., 2019).

Table 2.4 13C isotropic chemical shifts (ppm)

13C NMR

Literature _ Cpl Cp2
¢=0 Ca P Cw Cx, Cy, Cz
(D. K. 191.17- 117.80- 137.14- 69.12- 68.24-69.95
Yadavet o505 12651 141.24 7000 12487323
al., 2019) ' ' ' ' 79.83-81.05
(Khanetal., 192.74-  114.39- 139.43- 70.06- ?ggg?ggg
2017) 193.64 123.37 149.22 70.14 80.46-81.07

Cpl: unsubstituted; Cp2: substituted cyclopentadiene ferrocene rings.
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Figure 2.5  The spectrum of (a) *H NMR and (b) **C NMR (Yadav et al., 2019).

2.4  UV-Visible Spectroscopic Studies

The conductivity of material is determined by the energy band gap. This band
gap is located between valence and conduction bands (Sang-aroon et al., 2019). The
energy difference between the two bands will give the minimum energy required for
an electron to break free of its bound state (Tripathi et al., 2020). Figure 2.6 shows the
absorption spectrum of (E)-chalcone that having an absorption maximum wavelength

(Amax) at 310 nm (Jumina et al., 2019).
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Figure 2.6 Absorption spectrum of (E)-chalcone (Jumina et al., 2019).

Ferrocenyl chalcone that arise from the modification of the chalcone by
substituting the end capped with ferrocene derivative has expanded the Amax Of the
compound. The metal-to-ligand charge transfer (MLCT) characters in ferrocene
derivative pushed more electrons into the molecule, resulting larger Amax (Paul et al.,
2019). Table 2.5 shows the maximum absorbance peak and energy band gap of some

reported studies for ferrocenyl chalcones.

Table 2.5 The Amax (in Nm) and energy band gap (in eV) of ferrocenyl chalcones
from previous studies
. Maximum absorption, Energy ga
Literature Amax (M) P (eg\>//)g P
(Muller et al., 2012) 490 2.45
(Hernandez-Ortiz et al., 2020) 438, 440, 442 2.30, 2.37, 2.58
(Trujillo et al., 2017) 498 2.03
(Chauhan et al., 2016) 510 2.43

Maynadié et al. (2006) has reported UV light absorption spectra in acetonitrile
of ferrocenyl chalcone [(CsHs)Fe(CsH4aCOCH=CHCsHsNEt2); A] and the common
feature of organic derivative (CH3COCH=CHCsH4NEt2; B) as illustrated in Figure
2.7. From the figure, it revealed that A and B spectra have almost similar pattern of
absorption bands. The absorption spectrum of A shows two characteristic bands (254

and 404 nm) with an extended long-wavelength absorption tail. In B, aside from the
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first band (250 nm), it also showed an intense band forming around 385 nm. Based on
this research, 250 and 254 nm bands were assigned to the m—m" transition
characteristic of aromatic ketones, whereas the weak shoulder band (~330 nm)
observed only in A was due to the n—x" transition. Apart from that, the intense long-
wavelength band (404 nm) was attributed to charge transfer (CT) between the donor
amino group and the acceptor carbonyl group. This CT band in A was slightly red-
shifted with respect to that B, owing to its larger conjugated system. Bai (2019) stated
that as the conjugated system become larger, the absorption band wavelength tends to
shift towards longer wavelength region and the absorption band become larger. In this
case, the maximum absorption band for both compounds were appeared identical.
However, a broad low-intensity band can be observed only in A which located above
480 nm that has been assigned to d—d transition of iron in ferrocene. Hence, the broad
absorption spectrum observed in A usually showing that the compound has acceptable

sunlight harvesting capability for solar application (Maynadié et al., 2006; Hernandez-

Ortiz et al., 2020).

[4)]
)
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Extinction coefficient x 10*/ L mol'' cm™
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¢ Compound A X Compound B

Figure 2.7 Absorption spectra of compounds (Maynadié et al., 2006).
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Trujillo et al. (2017) studied the effect of five different solvents which were
diethyl ether, dichloromethane (DCM), acetone, acetonitrile (MeCN), and dimethyl
sulfoxide (DMSO) on the UV-Vis absorption spectra (Figure 2.8). The wavelength
shifts corresponding to the Amax Were tabulated in Table 2.6. The absorption spectra of
the compound showed two characteristic bands for all different solvents. The first band
in the region of ultraviolet, which in between 262—-356 nm. This band represented
n—m transition in the compound. The second band which lied in visible region was
observed between 423-513 nm in less intense peak. This band was assigned for the
d—n" of MLCT transition from the iron Fe (d) orbital to the organic moiety orbital
(n"). Based on the result, the absorption spectra were observed to shift into higher
maximum wavelength with increases in the solvent polarity (diethyl
ether<DCM<acetone<MeCN<DMSO). Solvent polarity caused red shifted of
maximum absorption due to attractive polarization forces between solvent (Anizaim
et al., 2019) and absorber associated to a decrease in ground and excited states energy

(Zainuri et al., 2018).

Table 2.6 UV-Vis absorption maximum of the compound in different solvents
(Trujillo et al., 2017).

Solvent Diethyl ether DCM Acetone MeCN DMSO

Absorption 498 nm 513nm 423 nm 510 nm 502 nm

band (1) 345 nm 350nm 262 nm 350 nm 356 nm
327 nm
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Figure 2.8 The experimental absorption spectra of 1.1 x 10* mM (E)-3-
Ferrocenyl-1-(2-hydroxy-4-methoxyphenyl)-prop-2-en-1-one in
different solvents (Trujillo et al., 2017).

Muller et al. (2012) also reported UV-Vis spectra of seven ferrocenyl
chalcones with different substituents on the para-position of the phenyl group (Fc—
CO-CH=CH-CsH4R, where R = OCHs, CHs, Ph, ‘Bu, H, Br and CF3) as shown in
Figure 2.9. The UV-Vis spectra of these ferrocenyl chalcones showed two
characteristic peaks around 380 and 490 nm with an absorption tail that extended till
+710 nm. The first peak at £380 nm for the compounds appeared more as shoulder
rather than well-defined peak which assigned for n—n" transition of the a,f—unsaturated
carbonyl conjugation with the ferrocenyl moiety. Likewise, the second broad peak at
+490 nm was attributed to the d—d transition of the Fe in the ferrocene derivative, also
referred to MLCT. The alteration of the substituent R-group to the phenyl ring in
ferrocenyl chalcones led to a change in the electronic communication of the
compounds (Erasmus, 2017). The polarity of the ferrocenyl chalcones have been
influenced by the electron-donating and -withdrawing effects of the R-groups (Nair et
al., 2018). As the electron withdrawing properties of the R-groups increases, hence the

compound turned to be more polarized and the absorption maximum (Amax) at +490
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nm will be subjected to bathochromic shift (red shift) towards higher wavelength (Sun

et al., 2019) as shown in Table 2.7.
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Figure 2.9 UV-Vis spectra of 7 ferrocenyl chalcones in acetonitrile (Muller et al.,
2012).
Table 2.7 Some characterization of different R-groups substituents in ferrocenyl
chalcones
Compound  R-group substituent Amax
(nm)
1 OCHs 487
2 CHs 487
3 Ph 495
4 ‘Bu 491
5 H 491
6 Br 497
7 CF3 501
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2.5  X-ray Diffraction Studies

2.5.1 Cis, trans, s-cis and s-trans configurations

The flexible molecules of chalcones may exist in various conformations which
include the cis, trans, s-cis and s-trans configurations (Figure 2.10). The cis or trans
configurations of chalcone are presented by the hydrogen atoms of the double bond
Co=Cs, while the s-cis or s-trans conformations are depending on the C=0 with respect
to the vinylenic double bond (C«=Cgp) due to free rotation along the single bond
between C=0 and C. (Evranos Aksoz & Ertan, 2011). Among all designed
configurations, the s-cis conformation has been identified as the most stable conformer

and appeared to be almost planar (Evranos Aks6z & Ertan, 2011).

O
=

Ca Cp
cis

s-cis s-trans trans

Figure 2.10  Different type of configurations in chalcone.

Jung et al. (2008) reported two ferrocenyl chalcones containing the anthracenyl
group, in which Fc and Anth are the notation for ferrocene and anthracene derivatives,
respectively. Based on Figure 2.11, the enone linkages possess different conformations
for Fc-Anth (s-cis) and Anth-Fc (s-trans). In both compounds, the substituted Cp rings
have been proven to be almost co-planar with enone linkages. However, the significant
deviation raised from the planar anthracenyl groups and the enone linkages caused the
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different in structure conformations within both compounds (Jung et al., 2008; Zainuri
etal., 2018). Therefore, it may be concluded that the substituted groups are responsible

or liable for the s-cis and s-trans conformations.

(b)
Figure 2.11  Molecular structures of (a) Fc-Anth and (b) Anth-Fc (Jung et al., 2008).

Likewise, Attar et al. (2011) reported the s-cis conformation of (2E)-1-(2,4-
difluorophenyl)-3-ferrocenyl-2-propen-1-one and (2E)-1-(2-furanyl)-3-ferrocenyl-2-
propen-1-one (Figure 2.12) showing a slightly planar configuration between Cp2 ring

of ferrocene derivative and also enone bridge.

c4) O
ci
BE] c2) Fh

Gren

| Clioy

C(9

Cp2

()

Figure 2.12 Molecular structure of (a) (2E)-1-(2,4-difluorophenyl)-3-ferrocenyl-
2-propen-1-one and (b) (2E)-1-(2-furanyl)-3-ferrocenyl-2-propen-1-
one (Attar et al., 2011).
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2.5.2 Crystal packing

The understanding of molecular structures and crystal packing are important in
analysing intramolecular charge transfer (ICT) of the compound. In the previously
reported structure of halogenated chalcone as shown in Figure 2.13a, the ICT
associated with an electron cloud movement through a n-conjugated framework. The
existence of intermolecular C—H---O hydrogen bond interactions in the compound
play pivotal roles for the crystal packing pattern (Kwong et al., 2018) and in generating
the photo-induced electrons to be injected into the conduction band of the TiO2
semiconductor (Lee et al., 2017). The crystal packing showed that the molecules are
joined into an infinite zig-zag chain via C—H---O interaction with side-by-side

arrangement that leads to a faster charge transfer (Figure 2.13Db).

-

x

@2
?’ i
/\/\/\/\/
| | I \
c!;'\f))/ \l/\ /\/\}5! '

(@) (b)
Figure 2.13 (@ The ORTEP diagram; (b) The crystal packing of (E)-3-(4-

bromophenyl)-1-(3,4-dimethoxyphenyl)prop-2-en-1-one (Kwong et
al., 2018).

Reporting the molecular packing of 1-(4-methoxyphenyl)-3-(4-N, N dimethyl
amino phenyl)-2-propen-1-one as shown in Figure 2.14a, Zhao et al. (2021) observed
that the molecules are stacked up in layered structures via C—H---O interaction which
further connected into head-to-head fashion (Figure 2.14b). This ensures the electronic
delocalization within the molecule which helps to possess charge injection for solar

application.
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