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A B S T R A C T   

The high concentration of carbon dioxide in the environment, including from the burning of fossil fuels to meet 
our energy requirements, is a pressing environmental concern that requires urgent attention. As a result, the 
development of novel materials for storing gases such as carbon dioxide and hydrogen has garnered greater 
attention in research. The current work reports the synthesis of a Schiff base derived from methyldopa and its 
metal complexes. In addition, their effectiveness as carbon dioxide storage materials were assessed. The reaction 
of methyldopa and 4-hydroxybenzaldehyde in boiling ethanol under acidic conditions for four hours gave the 
corresponding Schiff base in excellent yield. The reaction of metal (copper, cobalt, and nickel) chlorides and 
Schiff base in boiling ethanol for three hours gave the corresponding metal complexes in high yields (77–83%). 
The surface morphology and surface area of the synthesized metal complexes were evaluated. The mesoporous 
complexes have a surface area that ranges from 3.59 to 7.36 m2/g. The average pores diameter was 7.75–12.27 
nm, and the pores volume was 0.0.11–0.014 cm3/g. The carbon dioxide storage capacity of the synthesized 
mesoporous complexes was 27.4–30.6 cm3/gm. The complex containing nickel was the most efficient towards 
carbon dioxide uptake (30.6 cm3/cm) possibility due to its relatively high surface area (7.36 cm2/g) and pores 
volume (0.014 cm3/g) compared to the copper and cobalt complexes.   

Introduction 

One of the most common natural greenhouse gases is carbon dioxide 
(CO2) [1]. The gas traps heat within the atmosphere, resulting in global 
warming. The global rise in temperature has increased substantially 
since the middle of the last century [2,3]. Global warming continues to 
escalate alarmingly [4,5]. The increase in global temperature has 
resulted in significant environmental threats, such as the melting of 
Arctic ice, with the potential to cause, for example, floods and droughts 
[6]. Another effect of the rise in atmospheric CO2 concentration is the 
increased acidity of the oceans. The main reason for the rise in CO2 
emissions into the atmosphere is the increased consumption of fossil 
fuels driven by human activities [7–9]. 

The challenge is to moderate CO2 levels in the atmosphere. This can 
be achieved through different approaches. One effective strategy is to 
use renewable and green energy (e.g., nuclear power, biomass, wind 

power, and solar energy) instead of relying solely on fossil fuels [10]. 
The use of these forms of energy is appealing because of the associated 
decrease in CO2 emissions [11]. Unfortunately, these energy sources are 
currently insufficient to meet the global demand, and competition with 
the prices of fossil fuels is not in their favor [12]. Another approach to 
limiting the levels of CO2 in the atmosphere is to capture the gas and 
store it in materials that serve as storage media [13]. 

The sorption of CO2 can be controlled by varying conditions, such as 
pressure and temperature, and can occur either physically or chemically 
[14–18]. Typically, the capture of CO2 requires its separation and 
adsorption at high pressure using absorbent materials [19–22]. A lot of 
current research is dedicated to developing materials that can capture 
CO2 selectively [23–25]. Numerous adsorbent materials have been 
synthesized and utilized for CO2 storage. For practical application, these 
materials should be economical to produce, reusable, chemically stable, 
and not harmful to humans and the environment. Fundamentally, the 
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materials must possess a relatively large accessible surface area, usually 
associated with a rough surface, and appropriate pores size and volume 
[26]. Activated carbon, ionic liquids, amines, silica, metal oxides, zeo-
lites, metal–organic frameworks, cross-linked polymers, and porous 
organic polymers are the most commonly used CO2 adsorbents [27–31]. 
However, these adsorbents have various disadvantages. For example, 
the use of amines is hindered by their toxicity and volatility [32]. Metal 
oxides have a low capacity to capture CO2 [33,34], and activated car-
bons have poor selectivity [35–39]. Even though organic polymers can 
have high surface areas [40–42], the synthetic methods are not green 
[43,44]. Thus, further improvements are needed, and recently, some 
progress has been made in the use of metal complexes as storage media 
for CO2 [45–48]. 

Schiff bases are rich in heteroatoms (e.g., nitrogen and oxygen) and 
have been tested as storage media for CO2 [49]. In addition, metal 
complexes can capture CO2 [45–48]. Therefore, the exploration of metal 
complexes containing Schiff bases as CO2 storage media is appealing. 
Methyldopa is an antibiotic containing aromatic rings and heteroatoms 
(nitrogen and oxygen) [50]. Its Schiff base was selected as the organic 
moiety in organometallic complexes. Here, we now report the successful 
capture of CO2 over new metal complexes of a methyldopa Schiff base. 

Experimental section 

Materials and methods 

Methyldopa (99.5%), other chemicals, reagents, and solvents were 
obtained from different suppliers and were used as received. Melting 
points were determined using the hot-stage Gallenkamp melting point 
apparatus. The microanalyses were performed on Shimadzu’s AA-680 
atomic absorption spectrometer. The FTIR spectra were obtained on 
Bruker Alpha spectrometer. The UV spectra were recorded at 25 ◦C in 
dimethyl sulfoxide on a Shimadzu UV-1601 UV–VIS spectrophotometer 
using a 1.0 cm quartz cell. The 1H (400 MHz) and 13C NMR (100 MHz) 
spectra were acquired on a Bruker AV400 spectrometer. Isotherms were 
evaluated using the MicroActive TriStar II Plus (Version 2.03). The 
specific surface area was measured using the Brunauer-Emmett-Teller 
(BET) method. The pores size distribution (pore sizes, diameter, and 
size) was identified using the Barrett-Joyner-Halland (BJH) theory. A 
TESCAN MIRA3 LMU system at an accelerating voltage of 15 kV was 
used to capture the scanning electron microscopy (FESEM) images. A 
Veeco instrument was used to record the images of atomic force mi-
croscopy (AFM). The complexes were dried in a vacuum oven (70 ◦C, 6 
h) under a nitrogen flow. The pore volumes were determined at a rela-
tive pressure (P/P◦) 0.98. The CO2 uptake was carried out on an H-sorb 
2600 high-pressure volumetric adsorption analyzer (40 bars, 323 K). 

Synthesis of (S,E)-3-(3,4-dihydroxyphenyl)-2-((4-hydroxybenzylidene) 
amino)-2-methylpropanoic acid 

A mixture of methyldopa (4.22 g, 20 mmol) and 4-hydroxy benzal-
dehyde (2.44 g, 20 mmol) in EtOH (20 mL) containing HOAc (0.1 mL) 
was refluxed for 4 h. The mixture was cooled to room temperature, and 
the solid formed was collected by filtration, washed with EtOH, and 
dried to give the corresponding Shiff base as a white solid (85%), Mp 
232–234  ◦C. FTIR (cm− 1) 3154, 1666, 1589, 1449. 1H NMR (DMSO‑d6) 
9.76 (s, 1H, OH), 8.07 (s, 1H, CH), 7.75 (d, J = 8.5 Hz, 2H, Ar), 6.97 (d, J 
= 8.5 Hz, 2H, Ar), 6.72 (s, 2H, 2 OH), 6.83 (d, J = 8.0 Hz, 1H, Ar), 6.54 
(dd, J = 8.0 and 2.0 Hz, 1H, Ar), 6.02 (s, 1H, Ar), 2.93 (d, J = 12 Hz, 1H), 
2.72 (d, J = 12 Hz, 1H), 1.45 (s, 3H, Me). 13C NMR (DMSO‑d6) 35.2, 
42.8, 61.0, 115.8, 116.6, 118.6, 121.7, 124.0, 126.6, 128.4, 132.5, 
145.0, 145.5, 164.8, 173.9. Anal. Calcd. for C17H17NO5 (315.33): C, 
64.75; H, 5.43; N, 4.44. Found: C, 64.76; H, 5.45; N, 4.45%. 

Synthesis of metal complexes 

A stirred mixture of Schiff base (3.15 g, 10  mmol) and appropriate 
metal chloride (CoCl2, NiCl2⋅6H2O, and CuCl2⋅2H2O; 5  mmol) in EtOH 
(20 mL) was refluxed for 3 h. The solid formed was filtered, washed with 
boiling EtOH, and dried to give the corresponding metal complex in 
good yield (Table 1). 

Result and discussion 

Synthesis of metal complexes 

The reaction of equimolar quantities of methyldopa and 4-hydroxy-
benzaldehyde in boiling EtOH in the presence of glacial acetic acid 
(AcOH) as a catalyst for 4 h gave the corresponding Schiff base in 85% 
yield Scheme 1). 

The FTIR spectrum of the Schiff base showed strong absorption 
bands at 1666 and 1589 cm− 1 due to the C = O and the CH = N groups, 
respectively [51,52]. 1H NMR spectrum of the Schiff base showed a 
singlet at 8.07 ppm due to the CH = N proton. Furthermore, it revealed 
the presence of two sets of doublets, each consisting of one proton, at 
2.93 and 2.72 ppm. These doublets can be attributed to the CH2 protons. 
There was no signal detected for the carboxyl proton. The 13C NMR 
spectrum displayed a signal downfield at 173.9 ppm, which was 
attributed to the carbon of the carbonyl group. At the same time, the CH 
= N carbon appeared at 164.8 ppm. In addition, it showed three signals 
at a high field at 35.2, 42.8, and 61.0 ppm due to the methyl, methylene, 
and the N–C carbons, respectively. 

The reaction of Schiff base and metal chlorides (CoCl2, NiCl2⋅6H2O, 
and CuCl2⋅2H2O) in boiling EtOH for 3 h gave the corresponding metal 
complexes (Scheme 2) in high yields (Table 1). The reaction involves 
using excess (two-mole equivalents) Schiff base without a catalyst. 

The FTIR spectra of metal complexes showed absorption bands at 
3126–3177 cm− 1 due to the vibration of the OH group (Table 2). The CH 
= N absorption band appeared within the region of 1585–1588 cm− 1. In 
addition, the M− O absorption band appeared in the 421–508 cm− 1 re-
gion. The asymmetric (asym) and symmetric (sym) vibration bands for 
the carboxylate group appeared at 1650–1663 and 1446–1449 cm− 1 

regions, respectively. The difference (Δv) between the carboxylate 
group’s asym and sym vibration frequencies ranged from 201 to 214 
cm− 1. The calculated Δv shows an anisobidentate asymmetry, a state 
between monodentate and bidentate [53,54]. 

The UV spectral data, magnetic susceptibility (μeff.), geometry, and 
hybridization type of the metal complexes are summarized in Table 3. 
The UV spectrum of the Ni complex showed four absorption bands at 
414,938, 30,581, 23,809, and 21,008 cm− 1 due to the π → π*, n → π*, 
3A2g(F)→3T1g(P), and 3A2g(F)→3T1g(F), respectively. In contrast, the 
Cu and Co complexes showed six and five absorption bands, respec-
tively. The Co and Ni complexes have an octahedral geometry with an 
μeff 4.5 and 3.2 BM, respectively [55]. In contrast, the Cu complex has a 
distorted octahedral geometry with an μeff of 1.7 BM [55]. The Co and Ni 
complexes had a sp3d2 high spin hybridization [56]. On the other hand, 
the Cu complex has a sp3d2 hybridization. The molar conductivity of the 
metal complexes was 0 µS/cm, indicating a non-electrolyte state [46]. 

Surface morphology of metal complexes 

The surface morphology of the metal complexes was examined using 
FESEM [57]. The undistorted FESEM images indicated that the surfaces 
of the synthesized metal complexes were uneven and had pores that 
varied in shape and size (Fig. 1). The particle sizes for the Cu, Co, and Ni 
complexes were 22.3–53.6 nm, 37.2–164.8 nm, and 17.9–51.4 nm, 
respectively. 

The AFM offers accurate details on the level of porosity and rough-
ness present on the surfaces of materials [58]. In addition, it provides 
information that enables a complete understanding of the lattice 
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structure of various minerals and evaluates the three-dimensional geo-
metric characteristics of individual particles. The AFM images of the 
synthesized complexes indicated uneven surfaces and mesoporous 
structures (Fig. 2). The roughness factor for the Cu, Co, and Ni 

complexes was determined to be 250.3 nm, 265.2 nm, and 274.1 nm, 
respectively. Rough surfaces are advantageous for gas adsorption, so the 
metal complexes were anticipated to be effective in capturing CO2. 

Nitrogen gas adsorption and pore size determination of complexes 

The surfaces of the metal complexes were subjected to nitrogen gas 
adsorption at 77 K and 40 bar (Figs. 3–5). The specific surface areas of 
metal complexes were evaluated by the BET method [59]. The isotherms 
were Type III with no monolayers and showed relatively weak in-
teractions between CO2 and metal complexes [61]. A similar adsorption 
and condensation heat was observed. The CO2 uptake increased as the 
pressure increased. Table 4 summarizes the size and diameter of pores 

Table 1 
Physical properties of metal complexes.  

Complex Color Mp (◦C) Yield (%) Elemental analysis: calculated (found; %) 

C H N M 

Cu Brown 110–112 81 59.00 (59.03) 4.66 (4.68) 4.05 (4.10) 9.18 (9.21) 
Co Brown 116–118 83 59.39 (59.41) 4.69 (4.71) 4.07 (4.11) 8.57 (8.62) 
Ni Green 95–97 77 59.41 (59.44) 4.69 (4.73) 4.08 (4.14) 8.54 (8.55)  

Scheme 1. Synthesis of methyldopa Schiff base.  

Scheme 2. Synthesis of metal complexes.  

Table 2 
Selected FTIR absorption bands of metal complexes.  

Complex OH CH = N C = O M− O 

asym sym Δv (asym - sym) 

Cu 3177 1585 1654 1446 208 438 
Co 3126 1588 1663 1449 214 421 
Ni 3138 1586 1650 1449 201 508  

Table 3 
UV spectral data of metal complexes.  

Complex λ (nm) Band (cm− 1) Transition μeff, (BM) Geometry Hybridization 

Cu 206 48,544 π → π* 1.7 Distorted octahedral sp3d2 

242 41,322 
271 36,900 
336 29,762 n → π* 
457 21,882 LMCT 
552 18,116 2Eg→2T2g 

Co 205 48,780 π → π* 4.5 Octahedral sp3d2 high spin 
272 36,765 
340 29,412 n → π* 
500 20,000 4T1g(F)→4T1g(P) 
600 16,667 4T1g(F)→4T1g(P) 

Ni 241 414,938 π → π* 3.2 Octahedral sp3d2 high spin 
327 30,581 n → π* 
420 23,809 3A2g(F)→3T1g(P) 
476 21,008 3A2g(F)→3T1g(F) 

LMCT = ligand-to-metal charge transfer. 
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and the specific surface of metal complexes. 
The specific surface area and pore volume reflect the structures of 

metal complexes and are associated with their adsorption capacity [60]. 
The specific surface area is determined by the size of the pores and not 
their volume. Gas adsorption typically relies on factors such as the 
specific surface area, volume of pores, and the distribution of their sizes. 
The mesoporous structures of metal complexes had an average pore 
diameter varying from 7.75 to 11.99 nm. The Ni complex has the 
smallest pore diameter of 7.75 nm but boasts the largest specific surface 
area of 7.36 m2/g and pore volume of 0.014 cm3/g. 

Carbon dioxide storage of complexes 

The temperature, pressure, pores volume, and surface area of ad-
sorbents are the main factors affecting the uptake of CO2. The level of 
interaction between polarized bonds of absorbents and CO2 is also 
essential [62]. The pressure was varied from 1 to 40 bar. The highest 
CO2 adsorption was obtained when the pressure was set at 40 bar and 
the temperature at 323 K (Fig. 6). The metal complexes have a similar 
ability to capture CO2. The Ni complex led to the highest CO2 uptake 
(30.6 cm3/g) compared to the other two. The Ni complex has the largest 

Fig. 1. FESEM images of metal complexes.  
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surface area and pore volume. 
Table 5 shows the CO2 uptake (323 K, 40–50 bar) and surface area of 

various metal complexes containing different organic moieties. Despite 
the small surface area, the synthesized metal complexes showed a higher 
ability to adsorb CO2 than those with carvedilol. [45]. Furthermore, 
they demonstrated a similar ability to adsorb CO2 as metal complexes 
containing different organic components. CO2 is postulated to be 

adsorbed onto metal complexes through physisorption, where the 
interaction between the heteroatoms of the adsorbents and the oxygen 
of CO2 controls the adsorption process [14]. 

Conclusions 

A convenient procedure was utilized to synthesize three mesoporous 

Fig. 2. AFM images for metal complexes.  
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metal complexes in high yields. The surface of metal complexes is rough, 
a property that promotes the effective adsorption of carbon dioxide. The 
metal complexes have a relatively narrow range of surface area 
(3.59–7.36 m2/g), average pores diameter (7.75–12.27 nm), and pores 
volume (0.0.11–0.014 cm3/g). The complexes absorbed carbon dioxide, 
and their capacity was similar (27.4–30.6 cm3/gm). The nickel complex 
has the highest surface area at 7.36 cm2/g and the largest pores volume 
at 0.014 cm3/g, leading to the highest carbon dioxide uptake (30.6 cm3/ 
cm). 
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Fig. 3. The (a) N2 adsorption (ADS) and desorption (DES) isotherms and (b) pore size distribution of Cu complex.  

Fig. 4. The (a) N2 adsorption (ADS) and desorption (DES) isotherms and (b) pore size distribution of Co complex.  
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