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Abstract

Objectives. To study the transition of electrons in 1,2-phenyl(4’-carboxy)benzylidene Schiff base ligand and transition metal ions,
optical properties, as well as the surface chemistry of supported transition metals using diffuse reflectance spectroscopy (DRS); to study
the roughness and morphology of the Schiff base ligand and its complexes using atomic force microscopy (AFM).

Methods. DRS, AFM, and Fourier-transform infrared spectroscopy instruments were used to identify electron transitions, optical
properties, and surface morphology in Schiff base ligands and their complexes.

Results. The DRS revealed the d—d transitions and charge transfer shifts of all compounds, and helped identify the structure of the ligand.
One of the optical properties studied was the energy gap calculation of the ligand and its complexes. The copper complex exhibited more
semiconducting behavior with surface morphology properties such as surface roughness parameters lower than those of the ligand and
the cobalt complex. This can be attributed to the smaller size of the copper atom, as well as lower electron transitions compared to the
cobalt complex and the square planar bonding shape.

Conclusions. In Schiff base ligands, the reflectance spectrum bands reveal three electron transitions: n—n*, t—n*, and c—o* transitions.
In cobalt complexes, four transitions are indicated: 4A,(F)—4T,(F), 4A,(F)—4T (P), charge transfer bands, and tetrahedral geometry.
Copper complexes exhibit three transitions: 2B, g—2A g, 2B,g—2Eg, and charge transfer bands, with a square planar geometry for their
structure. The energy gap calculations were 2.42, 2.29, and 2.30 ¢V, respectively. In the case of the SH ligands, copper complexes, and
cobalt complexes, all compounds exhibited semiconductor properties. However, the complexes displayed increased conductivity due to
the influence of the metal and coordination structure.
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AHHOTaUuA

Hesmn. M3yunTh nepexom aeKTpoHOB B 1,2-heHnn(4’-kapOokcH )0eH3WIHICHOBOM Jnranie ocHoBauus [1Indda u B HOHAX MEPEXOIHBIX
METaJJIOB, ONTHYECKUE CBOWCTBA, @ TAKIKE XMMHUYESCKUI COCTaB IIOBEPXHOCTH HAHECEHHBIX MEPEXOAHBIX METAIIOB C TOMOIIBIO CIIEK-
Tpockonun muddysHoro orpaxenus (C10); U3yuuTh MIEpPOXOBATOCTH U MOpQoIOruio uranaa Ha 6ase ocHosanus Lludda n komriek-
COB Ha €ro OCHOBE C MCIOJIb30BaHUEM aTOMHO-CHJIOBOI MUKpockonuu (ACM).

Mertoasl. [l naeHTUGUKANNK SIEKTPOHHBIX MEPEX0/I0B, aHAIN3a ONTHYECKUX CBOWCTB M MOP(OJIOTHH IOBEPXHOCTH JIMTAH/IOB Ha
6a3ze ocnoBanuii [llndda n ux xomrurekco O6buH rcnonbs3oBansl CO, ACM u nHdpakpacHast CHEKTPOCKONHS C IPeoOpa3oBaHUEM
Dypse.

Pesyabrarsl. C/10 BoriBrIa d—d mepexoss! ¥ CABUTH B IIEPEHOCE 3apsia BO BCEX COSANHEHHIX U TOMOIIIA HACHTU(DUIINPOBATE CTPYK-
Typy juranaa. OHUM U3 H3Yy9EeHHBIX ONTHYECKUX CBOMCTB OBUI pacdeT SHepreTHUeCKOH MM JINTaH/a U ero KOMITIeKkcoB. Kommrekce
MeJH TToKa3an Goiee sPKo BBIPaKEHHBIE MOTYIIPOBOIHUKOBEIE CBOMCTBA, B TO BpeMsl Kak MOP(OJIOTNIECKHE CBOHCTBA IIOBEPXHOCTH,
TaKHe Kak [MIepOXOBaTOCTbh, Y KOMIUIEKCAa Mei OBUTH HIDKE, YeM Yy JIUTaH/Aa M KOMIIeKca Kobaibra. DTO MOXKHO OOBSICHUTh MEHBIINM
pa3MepoM aToMa MeaH, 6oJiee HU3KUMH AIEKTPOHHBIMH IIEPEX0IaMH 10 CPAaBHEHHIO C KOMIIIEKCOM Ko0albTa, a TakKe II0CKOKBa Ipar-
HOU reoMeTpHei.

BruiBoabl. B nurangax Ha 6a3e ocHoBanmid LlIudda momaocer cnekrpa oTpakeHus 00HAPYKUBAIOT TPH NEKTPOHHBIX MEpexoaa: n—m*,
n—1* 1 6—0c*. B kommekcax xobanbTa BeisiBIeHHI epexonbl 4A2(F)—4T1(F), 4A2(F)—4T1(P), momock! mepeHoca 3apsaa u TeTpa-
anpudeckas reoMeTpust. KoMIuiekesl Meau IeMOHCTpHPYIOT mepexonsl 2B1g—2Alg, 2B1g—2Eg u monocel nepenoca 3apsijaa, npu
9TOM CTPYKTypa KOMIUIEKCOB MEIN MMEET IUIOCKOKBAIPAaTHYIO TeOMETPHI0. PacdeTsl sHEpreTHdeckoro 3a3opa cocraBmiu 2.42, 2.29
u 2.30 5B coorBeTcTBeHHO. B cnydae nurannoB SH, KOMIIEKCOB MeAM W KOOAbTa BCE COCAWHEHNUS MPOSBIISUIN TTOMYTTPOBOIHUKOBBIC
cBoiicTBa. OJJHAKO KOMIUIEKCHI MEIM U KOOAJIbTa IPOSIBIISUIH MOBBILICHHYIO IIPOBOMMOCTD M3-3a HAJMYHUS METallla U KOOPANHAIMOHHOM

CTPYKTYPHI.
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INTRODUCTION

Understanding the chemical complexes of transition
metal ions is crucial in identifying and quantifying their
coordination. Diffuse reflectance spectroscopy (DRS)
is the technique used to measure the light reflection of
powdered samples in various regions of the ultraviolet,
visible, and near-infrared (NIR) spectra. DRS is used
to gather information about the outer-shell electrons of
atoms and can be applied to detect both d—d and charge
transfer transitions. DRS technology is suitable for
on-site conditions. However, a disadvantage of DRS
is the potential for band overlap, which can make the
technique technically challenging. In a DRS spectrum,
light scattered from the surface of a thick layer is
measured as a function of wavelength [1].

Schiff base compounds, first developed by Hugo
Schiff, are organic compounds. The functional group
of these compounds is the imine group which forms
through the condensation reaction of primary aromatic
or aliphatic amines with carbonyl compounds (ketones
or aldehydes) through nucleophilic addition [2].
Schiff bases have applications in a variety of fields,
including biology, where they serve as ligands in
inorganic and analytical chemistry [3]. They are an
important class of coordination chemistry, involving
the coordination between metal ions and azomethine
nitrogen bonds [4].

Due to their wide range of applications and unique
electronic properties, Schiff base ligands are extensively
studied in coordination chemistry. They have garnered
significant attention for their roles in organic synthesis,
metal refining, metallurgy, analytical chemistry,
photography, and electroplating [5]. Moreover,
they are extensively employed in materials science,
playing roles in supramolecular chemistry, catalysts,
photocatalysts, antioxidants, anticancer agents,

Abs. ethanol

Water out

Water in
Reﬂexed for 4 hours
Ligand + Metal salt
09

Scheme 1. Steps of copper complex preparation

antimicrobial agents, DNA binding, electrochemistry,
and energy materials [6-20].

In this study, we investigated the surface morphology
properties, including roughness and 3D surface images,
of the Schiff base ligand and its complexes (copper
and cobalt complexes). We also studied their optical
properties, such as energy band gaps, indicating
semiconductor properties, and their reflectance of light
through DRS. The DRS data revealed d—d and charge
transfer transitions of the metal ions.

EXPERIMENTAL

1,2-phenyl(4’-carboxy)benzylidene Schiff base ligand
and its cobalt complexes were prepared as previously
reported, and their structures were confirmed [21]. The
copper complex was also synthesized in a 1:1 molar
ratio (metal : ligand) by adding 12.98 g (0.01 mol) of
copper chloride anhydrous salt to a solution of 0.46 g
(0.01 mol) of Schiff base ligand in 15 mL of absolute
ethanol (Scheme 1). The mixture was then refluxed for
4 h. A dark brown precipitate of the Cu complex formed.
It was then filtered, recrystallized with ethanol, and dried
in an oven at 60°C. Attenuated total reflection infrared
(ATR-IR) spectroscopy was performed, in order to
identify the complex (Scheme 2).

The following instruments of diffuse reflectance
spectroscopy (DRS) were used for identifying
electron transitions, optical properties, and surface
morphology in Schiff base ligands and their complexes:
(AvaLight-DH-S-BAL-2048 UV-Vis,  Avantes,
Netherlands) in a wavelength range of 230-1100 nm,
atomic force microscope (AFM) (AA2000, Angstrom
Advanced Inc., USA, contact mode, atmospheric
conditions), and Fourier-transform infrared spectrometer
(FTIR) (Bruker ALPHA, USA) in the transmission range
400 to 4000 cm ™!

After 4-h filtration of ppt

Recrystallization of ppt

>

Dry complexes
at room temperature

I
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Scheme 2. Structure of copper complex

RESULT AND DISCUSSION
IR analysis

The ATR-IR spectra of both the ligand and the cobalt
complex were identified as previously reported [21].
In the case of the copper complex, it was observed
that the complex formed with the following linkage:
Cu (ligand) [22-25]. Complications arose between the
copper metal and the nitrogen atom in the imine, as well
as the oxygen atom in the hydroxyl group. This resulted
in the disappearance of certain bands and shifts in others.
Specifically, the imine band shifted from 1583 cm™!
in the ligands to 1533 c¢cm™!' in the Cu complexes.
Additionally, there was a shift in the carbonyl band
from 1661 cm™! in the ligand to 1799 cm™! in the Cu
complexes. Table 1 displays some important IR spectra
bands of the SH ligand and CuL, complex, affected and
shifted as a result of the complex formation.

Table 1. IR spectra bands (cm™!) of SH ligand and CuL, complex

Functional SH ligand bands, | CuL, complexes bands,
groups cm! cm!
v O-H 3320 -
v C-HAr 3066 3063
v C=0 1661 1799
v C=N 1583 1533
vC-0 1451 1433

Optical properties

The photophysical properties of the SH ligand, copper
complexes, and cobalt complexes were measured
using DRS (AvaLight-DH-S-BAL-2048 UV-Vis) in

R

/O

O\Cu
N/ \N
N/

Copper chloride anhydrous

+HCI

the wavelength range of 238-1000 nm, covering the
ultraviolet, visible, and NIR regions. DRS spectroscopy
is a valuable analytical tool for obtaining information
about outer-shell electrons. It is particularly useful in
determining d—d transition and charge transfer spectra in
inorganic complexes [1]. Figure 1 depicts the reflectance
of light from the surface, while Table 2 presents the DRS
data for the ligand, copper complex, and cobalt complex
in terms of wavelength and wavenumber. In the Schiff
base ligand, the reflectance spectrum shows absorption
wave numbers at 11682.24, 13986.01, 20449.90, and
26455.03 cm™!, respectively. These wave numbers may
be assigned to n—n*, n—n*, and c—c* transitions.
The positions of these bands can be utilized, in order
to calculate shifts in the corresponding positions in the
spectra of the metal complexes [26, 27].

The reflectance spectrum of the cobalt complexes
displays absorption wave numbers at 10810.81,
17574.69, 26455.03, and 37593.98 cm™!, respectively.
They can be attributed to transitions 4A,(F)—4T (F),
4A,(F)—4T,(P), and charge transfer bands. Active 1:
Researchers have assigned several transitions in the
cobalt(Il) complexes to the tetrahedral geometry of cobalt
complexes, with a coordination number of four [28-30].

Absorption wave numbers at 37735.85,26455.03, and
14771.05 cm™! were observed in the reflectance spectrum
of the copper complexes. The various transitions in the
copper(Il) complexes indicate a square planar structure
geometry with a coordination number of four [31-34].

In addition, reflectance describes the amount of light
reflected from a surface. As shown in Fig. 2, the surface
morphology and structure of the compound affect the
reflectance. The ligand reflects more light compared to
its complexes, indicating higher reflectance and some
absorption. The reflectance of the ligand is higher when
compared to its complexes, indicating that more light is
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reflected and some is absorbed. In the cobalt complex,
a higher percentage of light is absorbed in the visible
range, while more light is reflected in the NIR range,
possibly due to the transition 4A,(F)—4T,(F).

200 ——SH Ligand
180 ——Cu complex
160 ——Co complex

238 338 438 538 638 738 838 938
Wavelength, nm

Fig. 1. DRS spectra of SH ligand, copper complex, and cobalt
complex

Another optical property which was studied involved
determining the energy gap. This was calculated using
the DRS data through the application of the Kubelka—
Munk theory [35, 36].

F(R)=(1-R, /2R, (1)
whv = Cy(hv — E)'?,

a=F(R),

[F(R,) hv]?> = Cy(hv — E), )

where F'is the Kubelka—Munk function; R__ is the sample
reflection coefficient; a is the absorption coefficient; £
is the energy gap; iv (photon energy) = 1240/\; h is the
Plank constant; A is the absorption wavelength; C; is a
frequency-independent proportionality constant that
includes a matrix element of transition from the valence
band to the conduction band; C, = Clz.

Figure 2 shows the plots of [F(R )-hv]> against
photon energy (Av) for the SH ligand, copper complexes,
and cobalt complexes. The intersection point on these
plots corresponds to the band gap values. The energy

Table 2. DRS data of ligand, copper complex, and cobalt complex

gap calculations were 2.42, 2.29, and 2.30 eV for the
SH ligand, copper complexes, and cobalt complexes,
respectively. All of these compounds exhibited
semiconductor properties, but the complexes displayed
higher conductivity due to the influence of the metal and
coordination structure.

300 —— Co complexes

200

(F-hv)?

100

Cu complexes
114

76

(F- )

38

—— Ligand
1.89

1.26

(F-hv)?

0.63

0
2.0 22 2.4 2.6 2.8 3.0

hv, eV

‘ Fig. 2. Energy gap of compounds

Surface morphology study

Surface morphology properties were assessed using
AFM. The surface morphology of the Schiff base ligand
and its complexes (copper and cobalt) was examined
by analyzing 2D and 3D AFM images, changes in
surface roughness, cross-sectional profiles, and particle
diameters.

Figure 3 presents both 2D and 3D AFM images.
The ligand exhibited a rough surface, likely due to its
inherent structural features and length, which manifested
as contiguous clusters on the surface. In the copper
complex, the surface distribution appeared nonuniform.

Ligand Copper complex Cobalt complex
Wavelength, Wavenumber, Wavelength, Wavenumber, Wavelength, Wavenumber,
nm cm ! nm cm ! nm cm!
378 26455.03 265 37735.85 266 37593.98
489 20449.90 378 26455.03 378 26455.03
715 13986.01 677 14771.05 569 17574.69
856 11682.24 - - 925 10810.81

456
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This was possibly due to the stereochemistry of the
structure and structural rotations of the complex, as
a result of which certain areas appeared as simple
particle assemblies. Conversely, in the cobalt complex,
the surface was rougher and exhibited heterogeneous
distribution, which can likely be attributed to the larger
size of cobalt atoms when compared to copper.

Figure 4 indicates the grain distribution on the surface
and the histogram of particle diameters. The average
diameter was 87.91, 93.87, and 86.02 nm for the ligand,
Cu complex, and Co complex, respectively.

Figure 5 also presents cross-sections which reveal
both smooth and rough surfaces. In the ligand, the rough
surface is evident as a wider peak on the chart, whereas

Ligand
3000 nm 23.9867 nm 23.99 nm
20.0000 nm
2500 nm 15.0000 nm
10.0000 nm
2000 nm
5.0000 nm
1500 nm 0 nm
| ..\CSPM159.csm
1000 nm Title
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500 nm P%xels =(512,512)
Size = (3000 nm, 3000 nm)
0 nm
g £ =) g g £ =)
=) =] =] = =) =] =]
(=) (=] [ (=) (=] (=] (=3
S S S S S S
i) IS b S e S
— — N o o
Cu complex
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1000 nm § Title
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| Pixels = (512, 512)
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30.0000 nm 30.29 nm
25.0000 nm
20.0000 nm
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5.0000 nm
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Fig. 3. 2D and 3D AFM image
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in copper, the surface is less rough, resembling a sharper
peak. In contrast, the cobalt complex exhibits a rougher
surface when compared to the ligand, resulting in a wider
peak width. This can be attributed to the tetrahedral
coordination of the cobalt complex, affecting the surface
characteristics.

Values for the surface roughness are provided in
Table 2. Here it can be seen that the Cu complex has
lower roughness compared to both the ligand and the
Co complex.

Ligand

Granularity cumulative distribution chart

10.00
8.00
6.00
X
4.00
2.00
0.00
o — ) w IS
=) (= (=] (=1 (=3
= S S S S
= (=1 (= (=3
S S S S
Diameter, nm
Cu complex
Granularity cumulative distribution chart
10.00 1
8.00 1
6.00 1
X
4.00 A
2.00 -
0.00 4
(=) wn —_ — o] (38 W W
= = = % =3 % =3 %
=3 = S S S S S S
S =) o =) =) o o
(=] (=] (=] (=] (=] (=]
Diameter, nm
Co complex
Granularity cumulative distribution chart
8.00
6.00
X 4.00
2.00
0.00 -
=] —_ [ (9% N
= ) S S =)
S S S S S
(= (=] (=3 (=3
(=] (=] o o

Diameter, nm

Fig. 4. Grain and histogram distribution of particle surface
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‘ Fig. 5. Cross section of surface

Table 3. Roughness parameter data

TN Ligand Cu complex | Co complex
parameter
Average 3.07 1.43 3.31
rough
RMS 3.92 1.92 4.24
Peak 24 14.7 30.1
peaking
CONCLUSIONS

The optical and surface properties of the Schiff
base ligand complex are influenced by the choice of
metal. Cobalt is more significantly affected due to its
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tetrahedral coordination structure. This results in four
transition electrons shifting from the ground state
to the excited state. In contrast, the copper complex
forms a square planar coordination structure with only
three transition electrons, impacting the energy gap
and making copper more semiconductor-like than the
cobalt complex.

Furthermore, the surface of the copper complex
exhibits lower roughness parameters when compared
to the cobalt complex, which due to its tetrahedral
structure and the larger size of cobalt atoms has higher
values.
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