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Abstract 

We report that ternary nickel-alumina-iron Layered Double Hydroxide (NiAlFe-LDH) is a highly 

active and stable oxygen evolution catalyst at neutral solutions. The LDHs were prepared using 

the co-precipitation method and were characterized by a field-emission scanning electron 

microscopy (FE-SEM), X-ray diffraction (XRD). According to powder X-ray diffraction and field 

emission scanning electron microscopy, NiAlFe-LDH exhibit a nanosized plate-like morphology 

with a basal space (d003) of 7.64 °A. Then amount of Al3+ at NiAlFe-LDH optimizes and the 

electrocatalytic activities of ternary-component were studied toward water oxidation in neutral 

solutions. The result compared with binary NiFe-LDH and NiAl-LDH. The obtained results show 

that the electrocatalytic activity of the ternary-component NiAlFe-LDH is much better than that of 

the binary-component NiFe-LDH and NiAl-LDH. The high electrocatalytic activity of ternary-

component LDH may be attributed to the co-existence of Al and Fe active sites.  
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Introduction  

 Increasing need to energy and environmental 

problems have motivated extensive study in 

several energy storage(Omer, 2009; Wang et 

al., 2022) . 

 In order to product energy by chemical fuels, 

water oxidation is the anodic half-reaction (in 

alkani: (4OH-       2H2O + O2 + 4e) and neutral 

or acidic solution: (2 H2O        4H+ + O2 + 

4e)) oxygen reduction reaction (ORR). The 

water oxidation is slow reaction 

(overpotential about 1.23 V need for this 

reaction) and various catalyst need to 

improve efficiency(Kubendhiran et al., 2023; 

Quang et al., 2022). For water electrolysis, 

the energy loss at the anode is significant 

because water oxidation requires four-

electron transfer(Nai et al., 2015). Therefore, 

it is highly desirable to design efficient 

oxygen evolution reaction (OER) catalysts 

and ensure their assembly into practical OER 

electrodes.  RuO2 and IrO were active catalyst 

for water oxidation but scarcity and 

expensive cost’s limited their use at water 

oxidation industry (Ping et al., 2016; Tang et 

al., 2014). So, study for achieve high yield 

with low cost in water oxidation is urgently 

required. 

Layered double hydroxides (LDHs) are 

anionic clays, which are made of layers of 

trivalent and divalent metal cations 

connected to the OH- anions, with interlayer 

anions carbonate and nitrate inserted between 

the layers (Guo et al., 2010; Wang & O’Hare, 

2012). LDH has been used in a variety of 

areas, including but not limited to catalysis, 

energy storage, drug or gene delivery, water 

treatment, etc (Alcantara et al., 2010; Fan et 

al., 2014). 

 Researches have showed that the octahedral 

MO6 layers in 2D metal oxides/hydroxides 

are suitable catalysts for Oxygen generation 

(Nayak et al., 2015).  One of 2D metal 

hydroxides is the layered double hydroxides 

(LDHs). Their chemical formula is [M2+
(1-x) 

M3+
x (OH)2 ]

q+ (An- ) q/n·yH2O, usual Z equal 

with 2 or 1 and MII and MIII are divalent and 

trivalent cations (Mahjoubi et al., 2017; Song 

et al., 2012). In order to compensating of 

positive charge at interlayer anion (An-) is 

used and x is molar ratio 

M(III)/M(III)+M(II). They have the 

octahedral MO6  layers,  which are alike to 

the metal hydroxides(Khan et al., 2017).  

 Here in, we synthesis NiFeAl/LDHs by the 

co-precipitation method and thoroughly 

characterized via X-ray diffraction (XRD), 

field-emission scanning electron microscopy 
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(FE-SEM).  Then NiFeAl/LDHs used as an 

improvably electrocatalyst for oxygen 

generation.  Via the use of Al3+ at synthesis 

of ternary NiFeAl/LDHs, we can conclude 

that doping Al (III) ions in to NiFe-LDH 

ignificantly increased their electrochemical 

activity due to high crystallity at 

NiFeAl/LDHs incompared to NiAl-LDH and 

NiFe-LDH.  

Materials and method 

 Nickel nitrate hexhydrate [Ni(NO3)2.6H2O], 

Aluminium nitrate nonahydrate 

[Al(NO3)2.9H2O] and Iron (III) nitrate 

nonahydrate [Fe(NO3)3 9H2O], the 

precursors for synthesis of ternary-

component layer double hydroxide, were 

purchased from Merck Company 

(Germany) and used as received. Other 

chemicals were utilized without further 

purification.  

 X-ray diffraction (XRD) patterns were 

achieved on a Bruker AXS model D8 

Advance diffractometer with Cu-Kα 

radiation (λ = 1.54 Å) at 40 kV. The size and 

morphology of the products were studied 

using a field-Emission scanning electron 

microscope (FE-SEM)(TE-SCAN) operating 

at 10 kV. 

Results and Discussion 

Characterisation of LDHs 

XRD analysis 

The XRD patterns of Ni2Al-LDH, Ni2Fe-

LDH and Ni2Al0.1Fe0.9-LDH (Fig.1 (a, b, c)) 

show the hydrotalcite-like distinctive 

structures (Hou et al., 2023). The peaks of 

(003), (006), (012), (015), (018) and (110) 

have R3̅m symmetry and hexagonal lattice 

structure (Ray et al., 2023).      

 The basal spacing (d003) of the LDH was 

calculated to be 0.803, 0.773 and 0.764 nm at 

2θ = 11.5° that show intercalation of CO3
2- 

anions into the layer galleries at tree sample 

(Figure 1 (a, b and c)). The basal spacing (d) 

obtained from Braggs law, nλ = 2dsin(θ) 

where n=1, λ is the wavelength of the 

incident light, and θ is the angle of incidence 

(Hunter et al., 2016; Xie & Liu, 2023). This 

show that in all three sample CO3
2- ion 

intercalated into layers galleries between 

LDHs (Bhojaraj & Rajamathi, 2023; Qiu et 

al., 2022).

https://en.wikipedia.org/wiki/Water_of_crystallization
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Figure 1. XRD spectra of (a) Ni2Al-LDH, (b) Ni2Fe-LDH and (c) Ni2Al0.1Fe0.9-LDH 

 

The field-emission scanning electron 

microscopy (FE-SEM)  

The size and morphology of the resulting 

material were characterized by FE-SEM 

image.  (Figure 2 (a, b and c)) show the FE-

SEM images of Ni2Al-LDH, Ni2Fe-LDH and 

Ni2Al0.1Fe0.9-LDH which display a plate-like 

morphology and thickness of nanosheets are 

11, 13 and 16 nm. Besides, the broad peaks at 

XRD pattern (Figure 2 (a, b and c)) confirms 

the nano structures in all tree samples and 

increased size at Ni2Al0.1Fe0.9-LDH.  
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Figure 2. (a) FE-SEM images of a) Ni2Al-LDH b) Ni2Fe-LDH and c) Ni2Al0.1Fe0.9-LDH 

 

Electrochemical WOR measurements 

Figure 3 (a) and (b) shows the linear sweep 

voltammetry (LSV) curves on a Saturated 

calomel  electrode (SCE) scale. As show at 

Figure 3 (a) Bare electrode shows very poor 

OER activity with the need of large 

overpotential of 311mV to drive 0.7 mAcm-

2. Ni2Fe-LDH exhibits excellent activity and 

only demands overpotential of 81 mV to 

approach the same current density. Ni2Al-

LDH is also active for OER but with the need 

of overpotential of 236 mV for 0.7 mAcm-2. 

In sharp contrast, Ni2Al0.1Fe0.9-LDH shows 

much superior OER activity over Ni3Fe-LDH 

and only demands much smaller 

overpotentials of 11mV to afford geometrical 

catalytic current densities of 0.7 mAcm-2. As 

show at Figure 3 (a) the Ni2Al0.1Fe0.9-LDH in 

compared to Ni2Al-LDH, Ni2Fe-LDH, 

provided the earliest onset potential. The 

https://en.wikipedia.org/wiki/Saturated_calomel_electrode
https://en.wikipedia.org/wiki/Saturated_calomel_electrode
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onset potential for Ni2Al-LDH and Ni2Fe-

LDH is 1.15, 1.03 which are 0.17 and 0.05 V 

larger than Ni2Al0.1Fe0.9-LDH. The onset 

potential of Ni2Al0.1Fe0.9-LDH is about 

0.98V and indicating the start of water 

oxidation. Despite the similar OER 

overpotentials of the three catalysts, the 

Ni2Al0.1Fe0.9-LDH can attain the highest 

current density at the same applied potential. 

This result underscores the importance of 

assembling catalytically active materials at 

the molecular level in designing high 

performing electrochemical catalysts. 

Based on results obtained from Fig. 6 (b) 

doping 0.1 mol Al3+ and synthesis 

Ni2Al0.1Fe0.9-LDH suggested because 

Ni2Al0.1Fe0.9-LDH have lowest onset 

potential and highest current density. It is 

more favorable catalyst for OER.  

 

 

Figure 3. (a) Linear sweep voltammetric tests at neutral solution and using Ni2Al –LDH, Ni2Fe –LDH and 

Ni2Al0.1Fe0.9-LDH as electrocatalyst and (b) the effect amount of Al3+ doping into Ni Al Fe-LDH at OER 

Conclusions 

In summary, the Ni2Al0.1Fe0.9-LDH which 

synthesis by co-precipitation method is applied as 

a new low-overpotential catalyst for efficiently 

electro chemical water oxidation at neutral 

solutions. Electrochemical measurements have 

demonstrated their excellent performance as 

OER electrocatalysts in neutral media. Linear 

sweep voltammetry measurements show that the 

Ni2Al0.1Fe0.9-LDH exhibited high-performance 

catalytic activity for electrochemical water 
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oxidation in neutral solution, which are superior 

or comparable to those of Ni2Al-LDH and Ni2Fe-

LDH with similar structures in terms of the onset 

potential.  
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Abstract 

In this work, FeIII salophen complexes 1-3 were prepared from the reaction of H2L1-3 (H2L1=N,N'-

bis(salicylidene)-4-chloro-1,2-phenylenediamine, H2L2=N,N'-bis(salicylidene)-4-bromo-1,2-

phenylenediamine, and H2L3=N,N'-bis(salicylene)-4-nitro-1,2-phenylenediamine) with 

FeCl3.6H2O. The structure of the complexes was investigated by spectroscopic techniques, molar 

conductivity measurements and elemental analysis. In addition, water oxidation activity of 

complexes was investigated by different electrochemical methods in alkaline solution. The results 

showed that the compounds reveal high performance for water oxidation in terms of overpotential 

and Tafel slope values. FeIII complex 3 displayed the best activity for the reaction with low 

overpotential of 485 mV at a j of 10 mA cm-2 and a suitable Tafel slope of 216 mV dec-1 among 

other complexes. This is due to larger electrochemically active surface area of 3, which leads to 

more active catalytic sites and improved water oxidation activity. Finally, the chronoamperometry 

test revealed that 3 is a stable and durable electrocatalyst for water oxidation. 

 Keywords: Iron(III) complexes, Salophen-type ligands, Electrocatalyst, Electrochemistry, Water 

oxidation 
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 Introduction 

Synthesis and design of iron(III) complexes 

with N2O2 ligands has always been an 

interesting field of research [1-6]. These 

complexes can be used as synthetic models 

for iron-containing enzymes [7-9]. They also 

can be used as catalysts for various 

asymmetric reactions [10, 11]. In addition, 

many non-heme iron metalloproteins having 

several active sites with mononuclear iron 

centers are biologically important [12, 13]. 

Iron can take various oxidation states from -

2 to +6, but the most common iron oxidation 

numbers are +2 and +3. The redox potential 

of Fe3+/Fe2+ couple depends on the type of 

ligands around it and, this facilitates the 

catalytic role of iron in biological systems 

[14]. For these reasons, the coordination 

chemistry of Fe complexes has always been 

of interest to researchers. For example, Basak 

et al. [15] reported two mononuclear iron(III) 

complexes containing N,N′-bis(3-

methoxysalicylidene)diethylenetriamine, 

N,N′-bis(3-

ethoxysalicylidene)diethylenetriamine and 

azide ligands. They also studied the band gap 

and conductivity of the complexes. The 

results showed that the complex with 

methoxy substitute is a better candidate for 

electronic device applications. Boca and 

coworkers investigated magnetic properties 

of some pentacoordinate FeIII complexes with 

bidentate Schiff-base N and O donor ligands 

[16]. They found that a distant ethoxy group 

to the methoxy residing at the phenyl ring of 

ligand influences the relaxation 

characteristics. Sharghi and coworkers 

applied the FeIII salen complex as a catalyst 

for the synthesis of benzoaxzol derivatives 

from catechols, ammonium acetate and 

aldehydes for the first time [17]. Sonmez et 

al. [18] prepared some complexes with 

polydentate Schiff-base ligands containing 

phenoxy groups with RuIII, CrIII and FeIII. 

Their findings that the FeIII complex reveals 

very efficient catalytic activity in the green 

synthesis of vitamin K3 from 2-

methylnaphthalene. Moreover, another 

important application of iron(III) complexes 

is their valuable catalytic role in the water 

splitting reaction, which have received 

special attention in recent years. Water 

splitting, which leads to the production of 

oxygen and hydrogen, is one of the most 

promising ways to storage energy [19-23]. 

For example, some iron (III) complexes with 

nitrogen and oxygen donor ligands that have 

been used  as catalysts for the oxidation of 

water are:  cis-[Fe(cyclam)Cl2]Cl (cyclam= 

1,4,8,11-tetraazacyclotetradecane) [24], 

non-heme FeIII complexes [25, 26], 

Fe(salen)-MOF composite (salen= N,N′-

bis(salicylidene)ethylenediamine, 

MOF=metal-organometallic framworke)  

[27] , Fe-TAML (TAML=tetraamido 

macrocyclic ligand) [28], six coordinate FeIII 

aqua complex, [FeIII(dpaq)(H2O)]2+ 

(dpaq= 2-[bis(pyridine-2-ylmethyl)]amino-

N-quinolin-8-yl-acetamido) [29], 

pentanuclear iron complexes, 

[Fe4
IIFeIII(3O)(Me-bpp)6](PF6)3([Fe5-

Me](PF6)3), [Fe4
IIFeIII(3O)(Br-

bpp)6](PF6)3([Fe5-Br](PF6)3) (4-substituted-

3,5-bis(pyridyl)pyrazole) [30], [FeII
4FeIII(μ-

L)6(μ-O)]·(BF4)3(H2O)n
  ( LH: 2,2′-(1H-

pyrazole-3,5-diyl)dipyridine] [31] and so on. 

Among the Schiff-base complexes of iron 

with N and O donor ligands, Fe-salophen 

complexes have attracted a lot of attention 

due to their stability, ease of preparation and 
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excellent electrochemical behavior [32-37]. 

Salophens are tetradentate N2O2 Schiff base 

ligands which are produced from the 

condensation reaction of 1,2-

phenylenediamine derivatives with two 

equivalents of salicylaldehyde derivatives. 

Although there are many reports of 

mononuclear and binuclear complexes of 

iron containing salophen type ligands, 

synthesis and study of properties of Fe-

salophen complexes and their application in 

catalytic processes are still of interest to 

researchers.  

The aim of the present study is to synthesis 

and investigate of important structural 

properties and water oxidation activity of a 

number of iron(III) complexes with salophen 

ligands containing different electron-

withdrawing substituents. Thus, in our 

continuing research on the coordination 

chemistry of salophen type ligands [19, 20, 

32, 37, 38], in this work we report 

experimental studies and water oxidation 

activity of iron(III)-salophen complexes with 

different electron-withdrawing substituents 

on the central phenyl ring of ligands. The 

results show that these compounds can 

catalyze the water oxidation reaction as 

stable and molecular electrocatalysts, and 

complex 3 shows the highest activity in terms 

of overpotential and Tafel slope values 

compared to complexes 1 and 2. 

Experimental 

 Materials and Instruments 

N2O2 Schiff-base ligands, H2L1-3, N,N'-

bis(salicylidene)-4-chloro-1,2-

phenylendiamine, N,N'-bis(salicylidene)-4-

bromo-1,2-phenylendiamine, and N,N'-

bis(salicylidene)-4-nitro-1,2-

phenylendiamine were prepared according to 

the literature [38]. FT-IR spectra of 

compounds were obtained by a FT-IR 

Spectrometer Bruker Tensor 27 with using 

KBr pellet. Electronic absorption spectra 

were recorded with T 60 UV/Vis 

Spectrometer PG Instruments Ltd. The 

elemental analyses of the complexes were 

obtained from an Elementar elx ΙΙΙ. Cyclic 

voltammograms of complexes were recorded 

using an Autolab PGSTAT204. 

General method for synthesis of FeIII 

complexes 

An ethanol solution (20 mL) of FeCl3.6H2O 

(0.189 g, 0.700 mmol) was slowly added to 

the solution of Ligands, H2L
1-3 (0.700 mmol) 

in dichloromethane (15 mL) at room 

temperature. Immediately, the color solution 

was changed and a precipitate was formed. 

The reaction was continued for 4 h (the 

reaction end was controlled by thin layer 

chromatography). Finally, the mixture 

reaction was filtered, the residue 

recrystallized by ethanol-dichloromethane 

solvents and dried. 

 FeIII complex with H2L1 (1) 

A dark brown powder was achieved (0.230 g, 

Yield: 74.91%). IR (KBr, cm-1) 3446 (br), 

1601 (s), 1573 (s), 1531(s), 1461 (m), 1439 

(m), 1373 (s), 1319 (s), 1194 (w), 1146 (w), 

1093 (m), 903 (m), 857 (m), 815 (s), 760 (s), 

603 (w), 547 (w), 497 (w), 475 (w), 432 (w). 

Elem. Anal. Calc. for C20H13FeO2N2Cl2 

(Mw= 439.74 g mol-1): C, 54.58; H, 2.96; N, 

6.36%. Found: C, 55. 09; H, 3.23; N%, 6.69. 

UV-vis in DMSO (λmax [nm] with ε [M-1cm-

1]):  263 (9800), 303 (14700), 386 (8400), 442 

(4200). 
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 FeIII complex with H2L2 (2) 

A dark brown powder was achieved (0.285 g, 

Yield: 82.84 %). IR (KBr, cm-1): 3449 (br), 

1601 (s), 1571 (s), 1533 (s), 1487 (m), 1461 

(m), 1437 (m), 1372 (s), 1311 (s), 1194 (w), 

1149, 926, 858, 761 (s), 602 (w), 545 (m), 

495 (w), 475 (w). Elem. Anal. Calc. for 

C20H14 FeO2.5N2ClBr (Mw= 492.75 g mol-1): 

C, 48.70; H, 2.84; N, 5.68%. Found: C, 

49.31; H, 2.96; N%, 5.69. UV-vis in DMSO 

(λmax [nm] with ε [M-1cm-1]):  266 (23333), 

304 (33333), 385 (20066), 440 (4200). 

FeIII complex with H2L3 (3) 

A dark brown powder was achieved (0.250 g, 

Yield: 73.52 %). IR (KBr, cm-1) 3422 (br), 

1604 (s), 1573 (s), 1522 (s), 1462 (m), 1437 

(m), 1377 (s), 1343 (s), 1310 (s), 1196 (w), 

1150 (w), 1085 (m), 914 (m), 860 (m), 803 

(m), 766 (s), 603 (w), 552 (w), 482 (w), 420 

(w). Elem. Anal. Calc. for C20H17FeO6N3Cl 

(Mw=486.25 g mol-1): C, 49.35; H, 3.49; N, 

8.64%. Found: C, 50. 10; H, 3.55; N%, 8.65. 

UV-vis in DMSO (λmax [nm] with ε [M-1cm-

1]):  271 (9033), 311(17433), 396 (10800), 

452 (6433). 

Fabrication of modified electrodes  

To produce modified electrodes with Fe 

complexes 1-3, graphite, paraffin, and Fe 

complexes 1-3 with a mass ratio of 80: 5: 15 

were thoroughly mixed and homogenized for 

at least 2 hours. Then the obtained pastes 

were placed in copper wires with a radius of 

1.1 mm. The surface of electrodes was 

washed several times with diluted water and 

completely smoothed before use. To prepare 

the unmodified electrode, paraffin and 

graphite were mixed with a mass ratio of 

20:80 and after homogenization, they were 

placed in a copper wire. All electrochemical 

experiments were carried out in a three-

electrode system containing Ag/AgCl, Pt 

wire, and unmodified or modified carbon past 

electrodes as reference, counter, and working 

electrodes in the presence of 25 mL of borate 

solution (0.5 M, pH=11). 

Results and discussions 

FeIII complexes 1-3 were prepared from the 

reaction of FeCl3.6H2O with salophen type 

ligands, H2L1-H2L3, in the mixture of 

dichloromethane-ethanol solutions at room 

temperature for 4 h (Scheme 1). The 

complexes were studied by FT-IR and UV-

vis spectroscopy, molar conductivity 

measurements, and elemental analysis. In 

addition, electrochemical properties and 

water oxidation activity of the complexes 

were investigated. 

 

 

Scheme 1: The synthetic route of the FeIII salophen complexes 1-3 
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Structural characterizations 

Some important FT-IR spectroscopy data of 

the complexes are given in Table 1. In the 

spectra of the complexes, the stretching 

vibration of –C=N- of imine groups appears 

in 1600-1604 cm-1 wavenumbers which shifts 

to the lower frequency compared to the free 

ligands [37]. This may be due to the bounding 

of the nitrogen atoms of imine groups of 

Schiff-base ligands to the FeIII ion centers 

[32, 39]. The appearance of the broad peak at 

3422-3449 cm-1 region can be assigned to the 

stretching vibration of coordinated water 

molecules. In addition, the stretching 

vibrations of Fe-O and Fe-N are observed as 

weak peaks in the range of 420-552 cm-1 [40]. 

UV-vis spectra of iron(III) complexes 1-3 are 

shown in Figure 1. In the UV-vis spectra of 

the complexes, the absorption bands 

observed at around 263-339 nm are attributed 

to the intra-ligand π→π* and n→π* 

transitions [41]. Changes in the intensity and 

position of n→π* transition in the spectra of 

the complexes compared to the free ligands  

confirm the coordination of nitrogen atoms of 

imine groups to the FeIII ion centers [32]. The 

broad absorption bands around 380-394 nm 

and shoulders at 441-450 nm are attributed to 

the charge transfer from the salophen ligand 

to the FeIII ion center [42-44]. Also, the values 

of molar conductivity of FeIII complexes 1-3 

(10-3 M in DMSO) are 0.045, 0.049 and 0.047 

cm2 -1mol-1 respectively, which indicate 

their non-electrolyte nature. This can be due 

to the deprotonation of salophen ligands 

when binding to the metal ion center [20, 22, 

32, 37].  

Table 1: FT-IR data for FeIII complexes 1-3 

Compound )1-cm(), -N C=-( ν )1-cm( O)2(H ν )1-cm( ),2ν (NO )1-cm( Cl),-ν (C )1-cm( Br),-ν (C )1-cm( N)-O),(Fe-ν (Fe 

1 1601 3446 - 857 - 432-547 

2 1601 3449 - - 761 475-545 

3 1604 3422 1343 - - 420-552 
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Figure 1: UV-Vis spectra of FeIII complexes 1-3 in DMSO (3×10-5 M). 

 Electrochemical studies 

Figure 2 shows cyclic voltammograms of 

FeIII complexes 1-3 in DMSO solution 

containing 0.1 M LiClO4 as a supporting 

electrode at room temperature and the scan 

rate of 50 mV s-1. Fe complexes 1-3 display 

one electron reversible oxidation and 

reduction process. In the voltammograms of 

the complexes, the anodic peak at the range 

of -1.28 to -1.32 are assigned to the oxidation 

of Fe(II) to Fe(III), and the cathodic peak at 

the range of -1.42 to -1.46 V are attributed to 

the reduction of Fe(III) to Fe(II) [32]. It 

should be noted that the anodic peak 

observed at about -0.65 V and the cathodic 

peak observed at about -0.75 V are related to 

the reversible oxidation and reduction of their 

respective ligands [32, 37]. Finally, the 

anodic wave observed at the range of 0.52- 

0.64 V is related to the irreversible oxidation 

of the salophen ligands [32, 37]. The 

electrochemical data are summarized in 

Table 2. 
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Figure 2: Cyclic voltammograms of FeIII complexes 1-3 in DMSO solution containing 0.1 M LiClO4 as a supporting 

electrolyte at the sweep rate of 50 mV s-1. 

Table 2: Electrochemical data for Fe complexes 1-3 in DMSO solution (10-3 M) 

Compound Epa(V) Epc(V) E1/2/V (∆Ep (mV)) 

Complex 1 -1.28 

-0.650 

0.640 

-1.42 

-0.750 

-1.35 (140) 

-0.70 (100) 
 

Complex 2 -1.30 

-0.68 

0.62 

-1.46 

-0.76 

-1.38 (160) 

-0.720 (80) 

Complex 3 -1.32 

-0.650 

0.52 

-1.43 

-0.74 

-1.375 (110) 

- 0.695 (90) 
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Water oxidation activity 

In this section, water oxidation activity of Fe 

complexes 1-3 was investigated by Linear 

sweep voltammetry (LSV), cyclic 

voltammetry (CV), and chronoamperometry 

(CA) techniques in borate solution (0.5 M, 

pH=11). Figure 3a shows the LSV plots of 

the carbon paste electrode in the absence and 

presence of Fe salophen complexes 1-3 at the 

scan rate of 50 mV s-1. As considered, bare 

carbon paste electrode (electrode without 

electrocatalysts) does not show any 

significant activity towards the water 

oxidation reaction. But, when any of the 

complexes are added to the carbon paste 

electrode, the water oxidation performance 

increases considerably. The onset potential 

for the reaction in the presence of the bare 

carbon paste electrode is greater than 1.5 V 

vs. Ag/AgCl at a current density of 10 mA 

cm-2, while this value decreases to 0.98, 1.03 

and 0.84 V in the presence of Fe complexes 

1-3, respectively under the same conditions. 

As can be seen, complex 3 needs the lowest 

onset potential to generate a current density 

of 10 mA cm-2 for water oxidation among all 

tested compounds.  Fe complex 3 needs a 

relatively low overpotential of 485 mV, while 

complexes 1 and 2 needs an overpotential 

value of 625 and 675 mV under the same 

conditions. The overpotential values at j of 5, 

10, and 20 mA cm-2 for all complexes are 

given in Figure 3b, which indicates the higher 

activity of complex 3 compared to complexes 

1 and 2. Cyclic voltammograms of carbon 

paste electrodes in the presence of 

electrocatalysts are shown in Figure 3c, 

which reveals that complex 3 has the best 

activity for water oxidation. Furthermore, all 

voltammograms shows the FeIII/FeII redox 

couple [45], which indicates that the metal 

ion centers of the complexes participate in the 

reaction as active catalytic sites.   To 

investigate the kinetics of the reaction in the 

presence of electrocatalysts, Tafel plots were 

obtained by plotting the potential versus the 

logarithm of the current density (Figure 3d). 

The slope value of these linear plots (Tafel 

slopes) is used to check the kinetics of the 

reaction, and a low Tafel slope indicate 

desirable kinetics. As shown in Figure 3d, Fe 

complex 3 has lower Tafel slope (216 mV 

dec-1) than complexes 1 and 2 (227 and 313 

mV dec-1), and the kinetics of the oxidation 

of water in the presence of this complex is 

better. The better performance of complex 3 

was proven by calculating the 

electrochemically active surface area 

(ECSA). ECSA is obtained from the 

equation: Cdl/Cs (Cdl= double layer 

capacitance and Cs=the specific capacitance 

of the electrode). Cdl is obtained from CVs 

performed at different scan rates and a plot of 

j/2 (j=ja-jc) versus scan rates in a non-

faradaic region (Figure 4a-d). Cdl has a direct 

relationship with ECSA, and a large Cdl value 

indicates a large ECSA. Also, the higher 

ECSA, the number of active catalytic sites 

increases, and as a result, the electrocatalytic 

activity of the compound improves. As 

shown in Figure 4d, the Fe complex 3 has the 

largest Cdl value (5.21 mF cm-2) compared to 

the other tested complexes (2.24 and 1.04 mF 

cm-2 for complexes 1 and 2, respectively). 

Therefore, compound 3 has more active 
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catalytic sites and shows higher 

electrocatalytic activity for water oxidation. 

 

 

Figure 3: The LSV curves of carbon paste electrode in the absence and presence of Fe complexes 1-3 in a borate 

buffer solution (pH=11, 0.5 M) at a scan rate of 50 mV s-1(a), the needed overpotential values at j of 5, 10, and 20 

mA cm-2 for water oxidation in the presence of electrocatalysts (b), CVs of modified electrodes with Fe complexes 

1-3 in a borate buffer solution (pH=11, 0.5 M) at a scan rate of 50 mV s-1(d), and Tafel curves; obtained from CVs at 

a low scan speed of 5 mV s-1 (d). 
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Figure 4: CVs of carbon paste electrodes modified by the Fe complexes 1-3 at different scan rates of 10-100 mV s-1 

in a non-faradaic region (a-c) and Cdl curves (d). 

 

For further investigations, continuous CVs 

were performed in the presence of 

electrocatalyst (see Figure 5). As observed, 

for complexes 2 and 3, the vertex current 

does not change much during successive 80 

cycles, while for complex 1, the peak current 

density increases during the first 20 cycles 

and then remains almost constant.   In 

addition, the anodic and cathodic peaks 

related to the oxidation and reduction of the 

metal ion centers in the complex structure 

become more intense with the increase in the 

number of cycles, which indicates that with 

the progress of the reaction, the number of 

FeIII ions participating in the reaction as 

catalytic active sites increases [45]. No color 

change, no solid film formation on the 

electrode surface and no further change in the 

catalytic current density especially in the case 

of complex 3 are evidences that these 

complexes probably act as molecular 

electrocatalysts and their structure during the 

water oxidation reaction does not change 

[19]. Since, the Fe complex 3 had the best 

performance for water oxidation compared to 

the other complexes, the stability and 
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durability of this complex was investigated 

by the chronoamperometry technique at a 

constant potential of 0.8 V for 6 hours. The 

results are shown in Figure 6. As seen, a 

stable current density about 2 mA cm-2 is 

obtained during almost 6 h, which indicated 

the high stability of the complex during the 

reaction. 

 

Figure 5: Continuous CVs for modified electrodes with Fe complexes 1-3 in borate buffer solution (25 ml, 0.5 M, 

and pH=11) at a scan rate of 50 mV s-1. 

 

Figure 6: CA experiment for the modified electrode with complex 3 at a constant potential of   0.8 V for 6 h. 
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Conclusion 

In the present research work, some new 

iron(III) complexes containing salophen 

ligands with different electron withdrawing 

substitutions (chlorine, bromine and nitro 

groups) were produced and characterized by 

conventional techniques.  Then, the 

synthesized complexes were used as 

electrode materials and heterogeneous 

catalysts for electrochemical water oxidation 

in borate buffer solution.  The results showed 

that all modified electrodes have high activity 

for the reaction compared to the unmodified 

electrode, and require relatively low 

overpotential to oxidize water in a constant 

current density. Complex 3 showed the best 

activity for water oxidation with 

overpotential values of 295 and 485 mV at j 

of 5 and 10 mA cm-2. Calculations showed 

that the ECSA for complex 3 is higher than 

that of complexes 1 and 2, indicating its 

higher active catalytic sites and improved 

water oxidation. This study showed that the 

Fe complexes with salophen ligands 

containing different substituents can be used 

as stable and molecular electrocatalysts for 

water oxidation. 
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Abstract 

In recent years, porous organic polymers (POPs) have received much attention due to their porous 

nature and high surface area, and have found wide applications in many fields. An important class 

of POPs are porous covalent triazine frameworks (CTFs). CTFs have several advantages including 

high thermal and chemical stability, rich nitrogen contents and tunable porosities. Their structure 

consists of light elements (C, N, H) and they consist of strong aromatic C=N linkage. These unique 

properties endow CTFs with great prospects in various applications such as separation and storage 

of gases, energy storage, adsorption of pollutants, photocatalysis and heterogeneous catalysis. A 

series of synthetic strategies have been developed, i.e., ionothermal synthesis, superacid-catalyzed 

method, phosphorus pentoxide- catalyzed method, amidine-aldehyde condensation method, 

Friedel–Crafts and Schiff-Base reaction methods. Our aim in this review is to take a short look at 

different synthetic methods of CTFs, and some of their applications. 
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Introduction 

Porous organic polymers (POPs) are new 

types of porous materials that have been 

discovered in recent years [1]. POPs have 

been used in many applications, including 

drug delivery, adsorption, separation, and 

catalysis [2-9]. Porous materials are divided 

into three classes based on the size of their 

pores by IUPAC. Microspores have a 

diameter of less than 2 nm, mesoporous 

between 2 and 50 nm, and pore sizes above 

50 nm are classified as macrospores. 

POPs can be divided into several 

representative groups, for example 

conjugated microporous polymers (CMPs), 

covalent organic frameworks (COFs), porous 

aromatic frameworks (PAFs), hyper-cross-

linked polymers (HCPs), and polymer of 

intrinsic micro polymers porosity (PIMs). 

Among these compounds, COFs are a group 

of crystalline porous materials that are made 

of molecular organic structural units 

composed of light elements and connected by 

covalent bonds. These porous solids were 

first synthesized by Yaghi et.al in 2005 [10]. 

Covalent organic frameworks are of various 

class based on the type of bond, including: 

boronate ester-linked COFs [11], covalent 

triazine-based frameworks (CTFs) [12], and 

imine and hydrazone-linked COFs [13]. 

Covalent triazine frameworks (CTFs) are an 

emerging type of porous organic polymers 

that have recently attracted much attention 

due to their unique properties. In general, 

CTFs are extensive porous frameworks 

containing triazine units connected by 

covalent bonds (C=N), which have higher 

stability compared to many COFs that 

include weak bonds such as imines, boronate 

esters, borazines, hydrazones, etc. [14]. 

In 2008, Cohen and co-workers reported for 

the first time the synthesis of CTF-1 with a 

surface area of about 1000 m2 g-1 and a 

hexagonal structure via trimerization of 1,4-

dicyanobenzene at 400 °C [15]. This 

synthesis method is performed at a high 

temperature, usually above 400 °C and in a 

sealed ampoule tube. These very harsh 

conditions do not allow large-scale synthesis. 

And since then, attempts to synthesize CTFs 

with new methods have been made by 

researchers. 

The recyclability and reusability of CTFs 

make them potential candidates for industrial 

applications such as batteries [16-18], 

supercapacitor [19, 20], catalyst and 

photocatalysts [21-23], gas separation [24, 

25], removal of pollutants [26], sensors and 

many other applications. 

In this review, we discuss recent 

developments in the synthetic methods of 

CTFs and their applications in different 

fields. 

Advantages of nitrogen-rich polymer 

 CTFs have been investigated due to their 

conjugated structure, high chemical and 

thermal stability, as well as high nitrogen 

content, along with the ability to adjust the 

structure in various fields of application. 

 

It has been found that nitrogen-rich polymers 

can be suitable for increasing CO2 gas 

adsorption and selectivity towards nitrogen 

and methane. Their selective adsorption of 

CO2 can be due to intermolecular 
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interactions, guest and polymer, through 

hydrogen bonding or dipole-quadrupole 

interactions, and the introduction of 

heteroatoms, especially nitrogen, into the 

polymer structure that provides more polar 

surfaces and increases the selectivity towards 

CO2 [27, 28]. In general, the CTFs are a 

promising prospect for sustainable and green 

development for various applications, 

including gas storage and separation, 

pollutant removal, and catalysis due to their 

high stability. 

CTFs synthesis methods 

The triazine ring is the main part of CTFs that 

contributes to the properties and diverse 

applications of CTFs. On the other hand, the 

CTF synthesis methods are classified into 

two categories based on how the triazine unit 

is introduced:  

The first method is through the synthesis of 

triazine units by the trimerization reaction 

and the second method, the synthesis of 

CTFs, directly introducing the triazine unit 

through the monomer. The structure of CTFs 

is highly dependent on the synthesis process, 

the type of monomer and the type of bond 

between monomers. Therefore, it is very 

important to use the appropriate monomer as 

well as carefully examine the conditions of 

CTFs synthesis in adjusting the structure of 

CTFs.  

Herein, we aim to explain some synthetic 

methods for synthesizing CTFs. Various 

methods have been developed for the 

synthesis of CTFs, which include 

ionothermal methods, polycondensation 

methods, and methods based on superacids. 

Synthesis of CTFs by trimerization 

reaction 

Ionothermal synthesis 

It was in 2008 that Kuhn et.al [15] 

synthesized the first CTFs using ionothermal 

synthesis. In this work CTF-1 using 1-4, 

dicyanobenzene was synthesized in the 

presence of zinc chloride as a solvent and 

catalyst in a sealed glass at 400 °C (Figure 1). 

 

Figure 1. Ionothermal synthesis of polytriazine networks b) Nitrile monomers used in the ionothermal synthesis of 

triazine frameworks [15]. 
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These synthesized triazine frameworks have 

high specific surface area, high porosity, and 

also showed excellent chemical and thermal 

stability. Temperature had a significant effect 

on the process of this reaction, because high 

temperatures cause destruction and 

carbonization of the structure of the resulting 

polymers. 

 

The reaction was reversible at a temperature 

of 400 °C, but a reaction temperature higher 

than 400 °C would cause irreversible side 

reactions, because the thermal decomposition 

of simple aromatic compounds is carried out 

through the carbonization process and C-C 

bonds are formed by activating the C-H bond 

with the successive evolution of H2. 

Also, zinc chloride used in this reaction is 

molten at temperatures between 300 and 700 

°C and boils at 730 °C. The maximum 

temperature evaluated in order to keep the 

salt in the liquid state was 700 °C. ZnCl2 at a 

temperature of 400 °C can be useful for the 

preparation of crystalline and porous 

polytriazines. First, because ZnCl2 melts at 

high temperature and the aromatic nitrile 

monomers are completely dissolved in this 

ionic melt with strong Lewis’s acid-base 

interactions and form a clear solution in this 

molten salt. 

Second, ZnCl2 is a Lewis acid, and it can play a 

catalytic role in the conversion of nitriles to 

triazines, and facilitate the trimerization reaction, 

as well as act as a porous catalyst. 

These triazine networks were found to be useful 

for H2 adsorption. For example, the 4,4′-

biphenylcarbonitrile (DCBP) network (1.55 wt% 

H2 at 1.00 bar and 77 K) is comparable to metal 

organic frameworks (MOFs), mesoporous carbon 

materials, and zeolites, and can provide high 

thermal, chemical, and mechanical stability and 

formability of a thermoset polymer material. 

Then, in 2010, the same research group 

synthesized a second member of the family of 

covalent triazine frameworks, CTF-2, by 

ionothermal condensation of 2, 6-

naphthalenedinitrileat 400 °C for 40 h (Figure 2). 

CTF-2 showed a relatively smaller surface area 

than CTF-1.    

 

Figure 2. 2,6-Dicyanonaphthalene trimerization reaction to prepare CTF-2 [29]. 
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Adsorption and desorption isotherms of CTF-

2 showed the surface area of about 90 m2 g-1 

and a pore size of microspores. Indicating 

that the bulk of micropore content cannot be 

addressed due to an eclipsed conformation of 

sheets [29]. 

Subsequently, in 2013, Thomas' and co-

workers synthesized CTF-0 using 1, 3, 5-

tricyanobenzene (TCB) monomer by 

ionothermal method (Figure 3). They found 

that the reversible trimerization of this 

monomer leads to a framework that has a 

smaller pore size than CTF-1 and CTF-2, 

that's why they named the new framework 

CTF-0 [30]. 

This framework showed a high percentage of 

nitrogen atoms (19.3% by weight) in its 

structure and showed exceptional CO2 

adsorption due to its high nitrogen content 

and high surface area. Additionally, CTF-0 

has been a suitable metal-free catalyst for the 

formation of cyclic carbonates from the 

reaction between CO2 and epoxides (Figure 

4). Investigation of the thermal stability of 

CTF-0 showed that it is even more stable than 

CTF-1 and is stable in oxygen atmosphere up 

to 600 oC. 

CTFs-0 were prepared under different 

conditions including temperature, time and 

molar ratio of Zncl2 to monomer, and their 

names were used in the same order. For 

example, CTF-0-400-40-1.5 was a 

framework that was prepared at a 

temperature of 400 ᵒC and within 40 hours 

and a molar ratio of 1.5, Zncl2 to monomers. 

The catalytic efficiency of CTFs-0 (prepared 

under different conditions) and CTF-1 in the 

preparation of cyclic carbonates using 

epoxides and carbon dioxide was 

investigated. All CTFs-0 catalyzed the 

formation of cyclic carbonates under mild 

and solvent-free conditions and increased the 

reaction efficiency compared to non-

catalyzed conditions (2.3% efficiency). So 

that CTF-0-400/600-20/20-5 increased the 

efficiency to 100% but CTF-0-400-40-1, 

CTF-0-400-40-1.5 showed less activity, 

which the authors stated that here the pore 

size is the controlling factor. 

Small micropores accommodate CO2, but 

epichlorohydrin cannot fit inside the pores 

because it is larger, and for this reason, the 

catalytic activity of CTF-0-400/600-20/20-5 

increases with the increase of the surface area 

and the size of pores increases and reaches 

100%  [30]. 

Also, various other monomers have been 

used to make triazine frameworks with the 

aim of introducing functional groups into the 

frameworks (e. g. hetercycle monomers) and 

also increasing the nitrogen content in the 

frameworks (e. g. pyridine and pyrimidine 

monomers) [31-35]. 

In general, ionothermal synthesis has some 

limitations along with its advantages. First, 

because of the high reaction temperature, the 

monomer must be stable up to at least 400 ᵒC 

in molten ZnCl2. However, aromatic nitriles 

are mostly stable at high temperatures and 

decompose above of 400 ᵒC. Second, 

increasing the reaction temperature or 

increasing the ratio of ZnCl2 to monomer 

leads to the synthesis of amorphous triazine 

polymers, because the high reaction 

temperature causes carbonization. However, 

the effect of temperature and carbonization 

has been investigated by several groups [36]. 
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Figure 3. Ionothermal trimerization of 1,3,5-tricyanobenzene [30]. 

 

Figure 4. Synthesis of cyclic carbonates in the presence of triazine organic frameworks as catalysts [30] 

 

Superacid- catalyzed synthesis 

Despite the success of the ionothermal 

method for the synthesis of CTfs, due to the 

long reaction time and high reaction 

temperature, this method has limitations for 

some applications. For example, many 

monomers are not stable under these 

temperature conditions. The formation of 

amorphous CTFs as well as the carbonization 

of materials, the enlargement of pores and the 

occurrence of some side reactions can occur 

at high temperatures and long reaction times. 

Superacids are a group of highly reactive 

media with greater potential than pure 

sulfuric acid. Trifluoromethanesulfuric acid 

(TFMS) and fluorosulfonic acid are examples 

of superacids.  The catalytic role of 

superacids in the formation of triazine 

polymers has already been stablished. In 

2012, Cooper et al. [37] used superacids as 

catalysts in the synthesis of CTFs, and the 

successful trimmization of aromatic nitriles 

was achieved with this method both in room 

temperature and under microwave conditions 

(Figure 5). 
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Figure 5. Synthesis of CTF polymers with super acid catalyst at room temperature and under microwave conditions 

[37]. 

They emphasized that the much lower 

temperature used in this method provides a 

significant advantage and prevents many 

condensations and side decomposition 

reactions. Using both of these methods, the 

infrared spectrum of these polymers showed 

a significant decrease in the intense nitrile 

carbon band, along with the appearance of 

strong triazine bands around 1500, 1360, 800 

cm-1 indicating a high degree of 

polymerization. The obtained frameworks 

were amorphous at room temperature, while 

in the microwave assisted method some 

products showed limited regular structure. 

Compared to the ionothermal ZnCl2 

catalyzed synthesis, the polymers 

synthesized via TFMS-catalyzed method 

show nitrogen contents that are closer to the 

expected values, suggesting fewer overall 

defects. The color of CTFs prepared by 

superacid catalyzed synthesis ranges from 

pale yellow to brown, and unlike ZnCl2, the 

CTFs prepared are not black. 

In general, this method is a milder method, 

without carbonization, with easy washing of 

the products and the obtained frameworks are 

free of any ZnCl2 residues. The resulting 

frameworks were evaluated for carbon 

dioxide adsorption at a pressure of 1 bar at 

273 K and the highest adsorption value (4.17 

mmol g -1) was obtained, 

In the same year, Dai's research team applied 

this approach to produce triazine-framework-

based porous membranes (TFMs) due to 

milder synthesis conditions [38]. which was 

one of the highest values obtained in the 

organic polymer network under these 

conditions. The resulting membranes also 
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showed permanent pores, which enabled 

efficient CO2/N2 separation (Figure 6). 

Using the Brønsted acid method, only a few 

semi-crystalline CTFs were produced, only 

under microwave-assisted conditions, in 

general, this method was unable to produce 

large crystalline structures. The polymers 

obtained from this method were porous, but 

lacked the long-range order required by 

crystalline frameworks. Also, the prepared 

CTFs did not have a layered structure, and 

acid-sensitive building blocks cannot be used 

in this method. 

 

In the next step, in order to prepare crystalline 

CTFs, Dai's research team used a two-step 

method in which trifluoromethane sulfonic 

acid played a catalytic role [39]. In order to 

investigate the synthesis of crystalline CTFs, 

the temperature of 250 ᵒC was chosen for the 

first stage of the reaction, which was above 

the melting temperature of terephthalonitrile 

but lower than the carbonization temperature 

of triazine frameworks. 

 

Terephthalonitrile and sulfuric acid were 

reacted after being placed inside the ampoule 

and degassing in a sealed system for 12 

hours, and after purifying the precipitates, 

orange-colored products were obtained. 

Unlike the ionothermal method, the products 

were black powder. 

 

In the second step, in order to completely 

remove the residual trifluoromethane 

sulfonic acid that was physically absorbed in 

the frame skeleton, the orange powder 

obtained in this step was subjected to heat 

treatment in an inert atmosphere at 350 ᵒC, 

CTF-1-AB obtained in the first stage had a 

small surface area (22 m2g-1), while after heat 

treatment, obtained CTF-1-AA showed a 

significant increase in surface area (646 m2g-

1). 

 

In the Paxred pattern, after heat treatment, 

two additional peaks were observed at 12.61ᵒ 

and 14. 38ᵒ.This pattern was consistent with 

the AA-stacking model and indicated that 

after the he stacking mode had changed from 

staggered AB to eclipsed AA stacking. In the 

treatment and complete removal of 

CF3SO3H, the stacking mode has changed 

from staggered AB to eclipsed AA stacking. 

 

After 2 hours it turned green. The change in 

texture characteristics after step 2 was 

complete (Figure 7). Investigations showed 

that after heat treatment, the stacking mode 

changed from stepped AB mode to radial AA 

stacking. 
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Figure 6. (A) Density functional theory (DFT)-optimized structures of the nitrile monomers used for the membrane 

synthesis. (B) Trimerization reaction of 4,4-biphenyldicarbonitrile in CF3SO3H at 100 °C. (C) Photograph of a 

directly synthesized sample of the transparent and flexible triazine-framework-based membrane TFMS [38]. 

 

  

 

Figure 7. (A) Two-step synthesis of CTF-1 (B) Structure of one triazine unit cell in CTF-1 [39]. 
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Phosphorus pentoxide-catalyzed synthesis 

 

Phosphorus pentoxide (P2O5) is one of the 

known catalysts for dehydrating amides and 

converting them to nitriles, and it is also a 

catalyst that is used for the trimerization of 

nitriles. 

 

In 2018, Beck et al. presented another 

synthetic strategy using phosphorus 

pentoxide and aromatic amides. P2O5 was 

used as a catalyst to first convert primary 

aromatic amides into nitriles and then by 

applying heat, nitriles were converted into s-

triazines rings (Figure 8) [40]. 

 

This method is more environmentally 

friendly compared to CTF synthesis using 

metal catalysts or acid method.  The CTF 

prepared by this method has high specific 

surface area, good stability and high 

crystallinity. The CTFs synthesized by 

Beck's group showed good crystallinity and 

relatively high porosity. As a result, due to 

both the high surface area (2034.1 m2g−1) and 

suitable micropores, it showed a high 

efficiency as a gas absorber. 

 

Amidine−aldehyde condensation 

 

In 2017, Kapur and Tan [41] developed a 

strategy to prepare ordered crystalline CTFs 

via in situ oxidation of alcohols followed by 

polyamidine-aldehyde, which pointed out 

that the low nucleation concentration and 

slow nucleation process cause crystallinity 

(Figure 9). 

Compared with ionothermal polymerization 

or superacid catalyst, this method enables the 

use of a wide range of monomers for the 

synthesis of CTFs, and eliminate the 

contamination of ZnCl2 present in 

ionothermal polymerization. However, the 

decomposition of frameworks cannot be 

avoided due to the high temperature. 

In this method, to reduce the rate of 

nucleation, first the alcohols are slowly 

oxidized to aldehydes in situ, then the 

subsequent polymerization starts when the 

temperature reaches 180 oC. 

 

 
 

Figure 8. Synthesis of pCTF-1 in the presence of 

P2O5 [40]. 
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Figure 9. Synthesis of CTF-HUST, based on amidine-aldehyde condensation P2O5 [41]. 

Polymerization at high temperature increases 

crystallization. Indeed, the slow production 

of aldehyde slows down the overall reaction 

rate and controls the rate of nucleation, 

enabling the formation of crystalline CTF. 

 

The CTFs prepared by this method had a 

layered structure and a high surface area (663 

to 807 m2 g-1). One of the advantages of this 

method is the mild synthesis process 

(temperature of 120 oC, and no acid) and 

CTFs can be prepared up to several grams 

using this method. These CTFs were 

promising for use in the field of energy 

storage and photocatalyst. So that the 

adsorption of CO2 for these CTFs was higher 

than other nitrogen-rich porous organic 

frameworks. 

 

The formation of CTFs in this method is the 

condensation between aldehyde and 

dihydrochloride of amidine, which was 

initially formed by Schiff base and then 

increased by Michael. And sodium carbonate 

was used as base, DMSO as solvent, and 120 

oC as the optimal condition. 

They stated that this method is scalable due 

to one-pot polymerization, low temperature, 
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reaction conditions carried out at ambient 

pressure and an open system. 

 

Synthesis of CTFs by direct triazine ring 

insertion 

In this method, monomers that have triazine 

units are used for the synthesis of triazine 

polymers. In this section, Friedel-Crafts and 

Schiff-Base reactions are discussed. 

 

Friedel–Crafts reaction 

Another method for the synthesis of CTFs is 

the Friedel-Crafts reaction. In the Friedel-

Crafts reaction, alkyl groups are attached to 

the aromatic ring. 

 

Cyanuric chloride is reacted with aromatic 

compounds to synthesis triazine frameworks 

using Frederic-Crafts method. There are two 

synthetic routes for this reaction. 

 

Cyanuric chloride is the starting material for 

the synthesis of triazine compounds. Any of 

the chlorine groups can be substituted by 

reacting cyanuric chloride with nucleophiles 

such as amines, alcohols and thiols. Also, due 

to electron deficiency, carbons can combine 

with aromatic compounds under the 

electrophilic substitution reaction and 

accordingly, cyanuric chloride is used as an 

electron-deficient monomer in the Friedel-

Crafts reaction. 

Different monomers have been used for this 

reaction (Figure10), which can be performed 

with two different methods: Methane 

sulfonic acid (CH3SO3H) or anhydrous 

aluminum chloride (AlCl3) is used as a 

catalyst in this reaction. 

 

Figure 10. Some monomers used for the synthesis of CTFs in the Friedel-Crafts method. 
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In the first method, dry aluminum chloride 

without water is used as a catalyst: In the 

method, dry aluminum chloride was used as 

a catalyst, and three triazine compounds were 

synthesized from the reaction of 2,4,6-

trichloro-1,3,5-triazine with benzene, 

biphenyl, and terphenyl in dichloromethane 

in the presence of aluminum chloride under 

reflux for 24 hours [42], respectively (Figure 

11). 

They reported that the Brunauer-Emmett-

Teller (BET) surface area of the resulting 

polymers depended on the length of the 

aromatic linker and ranged from 558 to 1266 

m2 g-1, although the BET surface area for the 

benzene-derived polymer from the N2 

adsorption isotherm at 77 K was almost zero, 

which could be because the polymer has very 

small pores in which N2 cannot diffuse. 

However, when CO2 was used at 195 K, a 

BET surface area of 558 m2 g-1 was obtained, 

which is probably due to the smaller kinetic 

diameter of CO2 (3.30 Å) than that of N2 

(3.64 Å). 

The use of these polymers in adsorption of 

gases was investigated and the results 

showed that the polymers have a high 

capacity to absorb CO2 at ambient pressure 

and temperature. 

 

 

Figure 11. Synthesis of triazine frameworks by Friedel-Crafts method with AlCl3 catalyst [42]. 
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In the second way, methane sulfonic acid is 

used as a catalyst. 

Another group of triazine polymers were 

synthesized through the Friedel-Crafts 

reaction and using CH3SO3H as a catalyst 

(Figure 12), cyanuric chloride (as the triazine 

part), triphenylamine (NOP1-NOP3) and 

triphenylsilane (NOP4-NOP6). They also 

investigated the effect of raw material 

concentration on surface area and pore size. 

To study the effect of concentration on 

porosity and surface area, NOPs (NOP-1~3, 

NOP-4~6) were prepared with different 

concentrations of CC (molL-1) (0.025, 0.050 

and 0.100 molL-1). 

The results showed that high reaction 

concentration is suitable to increase the pore 

parameters to some extent, because the 

properties of pores depend on the degree of 

polymerization. The degree of 

polymerization also depends on the 

concentration of the system (Table 1). Also, 

the resulting polymers showed a high 

adsorption capacity for CO2.  

 

Figure 12. Synthesis of triazine frameworks by Friedel-Crafts method with CH3SO3H catalyst [43]. 

Table 1. Pore parameters of NOPs [43] 

 

 

 

 

 

 

 

 

VMicro 

cm3/g 

VTotal 

cm3/g 

SALAN 

m2/g 

SABET 

m2g 

CCC 

mol/l 

Polymer 

 

0.23 0.41 978 749 0.025 NOP-1 

0.25 0.44 1055 803 0.050 NOP-2 

0.25 0.54 1198 894 0.100 NOP-3 

0.08 0.67 635 428 0.025 NOP-4 

0.12 0.71 913 613 0.050 NOP-5 

0.03 1.44 1130 720 0.100 NOP-6 
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NOPs were useful in the field of adsorption 

and storage, so that NOP-3 hydrogen storage 

(1.14% by weight) was observed at 77 K (1 

bar) and carbon dioxide adsorption 11.03 

wt% at 273 K and 6.20 wt% at 298 K (1 bar) 

which was comparable to many reported 

organic materials [43]. 

Schiff-Base reaction  

The Schiff-base reaction was discovered in 

1864 by Hugo Schiff and has been one of the 

most important reactions in organic 

chemistry ever since. The Schiff-base 

mechanism involves several reversible steps. 

The reversibility and dynamic nature of 

imine bonds can be used to create complex 

crystal structures. As a result, the Schiff-base 

reaction can be used for the synthesis of 

triazine-based polymers. In 2009, Mullen et 

al. [44] using the Schiff-base reaction, 

succeeded in synthesizing triazine-based 

polymer networks (Figure 13). 

By heating the monomers at a temperature of 

180 oC in an inert environment, Schiff-base 

networks (SNW) were obtained with 

relatively good efficiency. The resulting 

networks were stable under humidity and in 

acidic/alkaline environments, and the 

thermogravimetric analysis of these materials 

showed the high thermal stability of these 

materials (above 400 oC). 

In this method, melamine is used as an amine 

component, which, in addition to being a 

cheap industrial material, leads to the 

production of materials that contain of up to 

40% by weight nitrogen content, which has 

not been achieved before for a microporous 

material [44]. 

In a similar research work done in 2013 by 

Bu and co-workers, a series of new nitrogen-

rich aminal-linked porous organic polymers 

(APOPs) were synthesized from the 

condensation reaction between 

diaminotriazines and various benzaldehydes 

(Figure 14). They showed a surface area in 

the range of 1402-724 m2g-1. The APOPs 

exhibit good thermal stability with onset of 

decomposition above 400 oC as proven by 

thermogravimetric analysis [45]. 
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Figure 13. Synthesis route of triazine networks by Schiff-Bass reaction [44]. 

 

Figure 14. Synthesis of the APOPs [45]. 
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Subsequently, a ferrocene-based nanoporous 

organic polymer (FNOPs-1) aimed at clean 

energy applications was synthesized by 

Zhoua et.al by coupling 1,1'-ferrocene-

carboxaldehyde with melamine (Figure 15). 

FNOPs-1 had a surface area of 752.4m2g-1 

and showed good physico-chemical stability. 

Also, due to the withdrawing electron nature 

of ferrocene, it had a high capacity for gas 

adsorption [46]. 

Applications of CTFs 

Adsorption and separation of pollutants 

Due to their porous and microporous nature, 

high surface area, as well as the possibility of 

introducing different functional groups into 

their structures, CTFs have a promising 

prospect for the adsorption and separation of 

various pollutants, including metal ions [32, 

47], dyes [48, 49], organic pollutants [50] and 

especially in the field of CO2 gas adsorption 

and separation. With the increase of 

industrial life, followed by the increase in the 

production of greenhouse gases, the problem 

of global warming has become one of the 

most important challenges, and many 

researchers are looking for a solution to this 

problem. 

The synthesized FNOPs-1 was insoluble in 

any common organic solvent such as DMSO, 

N, N'-dimethylformamide (DMF), and 

tetrahydrofuran (THF), as well as in diluted 

HCl solution (~10 wt%). 

CO2 gas is one of these gases that plays a role 

in the problem of pollution and global 

warming. On the other hand, it has been 

proven that CTFs are useful in adsorption and 

separation of CO2 gas due to their rich 

nitrogen content and micro and ultra-

microporous pores. 

In 2012, Cooper's group synthesized a series 

of CTFs using Brønsted acid as a catalyst 

[37], and used it to separation of CO2 gas. 

These CTFs showed high CO2 adsorption 

capacity (up to 4.17 mmol g-1). Subsequently, 

Dai et al. used this approach to produce 

triazine framework-based porous membranes 

(TFMs) for CO2/N2 separation [38]. The 

obtained membrane showed a good CO2 

adsorption equal to 1.73 mmolg-1 at 273 K 

and 1 bar pressure, and the membrane 

showed more selectivity for separation of 

CO2 from N2. 

 

Figure 15. Synthesis of the FNOPs-1 [46]. 

 



39 

 

In 2013, Janiak et al. synthesized a series of 

adamantane-based CTFs (PCTFs) for CO2 

adsorption, both under Brønsted acid 

conditions and ionothermal conditions, and 

proved that the CTFs prepared In 2013, 

Janiak et al. synthesized a series of 

adamantane-based CTFs (PCTFs) for CO2 

adsorption, both under Brønsted acid 

conditions and ionothermal conditions, and 

proved that the CTFs prepared by the later 

method showed better adsorption due to their 

high surface area, porosity, and micropore 

volume [51]. Also, the results showed that 

CO2 adsorption increases with the increase in 

the number of cyano groups. 

On the other hand, introducing CO2-philic in 

the structure of CTFs such as oxygen, 

nitrogen and fluorine increases CO2 

adsorption due to the increase of electrostatic 

interactions. Accordingly, using the 

properties of perfluorocarbon compounds, 

Han's group synthesized a perfluorinated 

CTF (FCTF) with micro-pores for selective 

CO2 adsorption. The replacement of H atoms 

with F atoms improved the surface area and 

reduced the pore size, which was favorable 

for the separation of CO2 from N2 [52]. 

Also, recent research showed that the 

introduction of polar and ionic groups as well 

as the introduction of heteroatoms in the 

structure of CTFs improved the CO2 

adsorption in CTFs [53-56]. 

Catalytic applications 

CTFs can be used as catalysts in many 

organic reactions according to the structure 

and functional groups in the framework. 

Also, the ability to adjust the structure (using 

the synthetic method) and chemical (by 

choosing the appropriate monomers) allows 

for a more detailed investigation of the 

catalytic properties of CTFs. On the other 

hand, CTFs are suitable catalysts for the 

synthesis of cyclic carbonates due to their 

high nitrogen content and good stability in 

the synthetic conditions of these compounds 

using epoxides and carbon dioxide. 

In 2012, CTF-1 was first used as catalyst for 

the conversion of carbon dioxide and 

epoxides to cyclic carbonates, and they 

catalyzed the conversion of carbon dioxide to 

cyclic carbonates with very good efficiency 

and selectivity under solvent-free conditions 

[57].  

In 2013, Thomas' group used CTF-0 as a 

catalyst in this reaction, and the results 

showed that CTF-0 showed higher catalytic 

activity than CTF-1 [30]. Also, other CTF 

with different functional groups in the 

framework structure were synthesized and 

used for this purpose, including imidazolium-

based CTFs [58, 59], carbazole-decorated-

CTF [60] and pyridine-rich cationic CTFs 

[61].  

Of course, the catalytic role of CTFs is not 

only limited to cycloaddition reactions, and it 

can play a good catalytic role in various 

reactions such as Novenagle reaction [62], 

oxidation of alcohols [63], also as a 

photocatalyst [64] in many other reactions 

[65]. 

Conclusions 

CTFs can be synthesized by various methods, 

either through trimerization reactions or 

direct use of monomers containing triazine 

rings. Many advances have been made in the 

field of CTFs synthesis. But the synthesis of 
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CTFs under milder conditions and high 

scales, as well as the synthesis of CTFs with 

high crystallinity, is still the goal of many 

research works. 

CTFs can be used in in a broad spectrum of 

applications including highly efficient and 

selective adsorption of pollutant, adsorption 

and storage of gases, metal-free catalysts and 

photocatalyst, etc. due to structural design 

capability, high porosity, high nitrogen 

content, high physicochemical stability and 

the ability to introduce functional groups into 

the structure of these compounds.  
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Abstract 

Graphene quantum dots (GQDs) are tiny segments of graphene whose electron mobility is confined 

in all three dimensions. Graphene is a 0-bandgap semiconductor possessing an infinite exciton Bohr 

diameter. Therefore, quantum confinement is evident in all graphene fragments. The GQDs are 

usually under 20 nm in dimensions. We report a facile hydrothermal method for synthesis of graphene 

quantum dots contains nitrogen atoms (N-GQDs). This study shows interaction between citric acid 

(CA) and N',2-dihydroxyethanimidamide (DHAA) in which N-doped graphene quantum dots were 

synthesized. Due to use of DHAA that has two active sites, synthesized N-GQDs have special 

morphology, fluorescence and viscosity. Compared with other nitrogen compounds that is necessary 

for N-GQDs synthesis, DHAA is much more suitable due to low toxicity and stability. Synthesized 

N-GQDs were identified by FT-IR, XRD, TGA and fluorescence. 

Keywords: N',2-dihydroxyethanimidamide, Nitrogen doped, Graphene quantum dot, One- pot 

synthesis 
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Introduction 

graphene quantum dots (GQDs) that 

consist of nanometer-scaled graphene 

particles with sp2-sp2 carbon bonds are 

expected to show specific properties like 

size dependent general quantum dots 

(QDs) ]1, 2[ or chemically modified 

quantum dots with sp2-sp2 carbon bonds. 

In contrast to graphene, most 

applications of GQDs have been focused 

on the photoluminescence (PL)-related 

fields since GQDs show a PL. Recent 

studies clear that, additional properties 

of GQDs such as high transparency and 

high surface area have been discussed 

for energy and display applications ]3[. 

Carbon quantum dots (C-QDs), have 

received many attentions for exceptional 

advantages such as low toxicity ]4, 5[, 

high chemical stability ]6[, excellent 

biocompatibility ]7-9[, high-

fluorescence ]10[. Considering these 

unique physical-chemical 

characteristics, C-QDs have been 

applied broadly in fields of catalysis 

]11[, printing ink ]12[, biological 

sensors ]13-15[, bioimaging ]16[ and 

drug delivery ]17[. Since 2006, Sun et al. 

found a new fluorescent nanoparticle 

named as carbon dots, many approaches 

have been found to prepare C-QDs ]18 [. 

Up to now, several methods for 

obtaining carbon-based materials have 

been developed, such as chemical 

oxidation method ]19[, ultrasonic 

method ]20[, hydrothermal synthesis ]9, 

21-23[, solvothermal method ]24[, 

microwave method ]25[ and laser 

ablation method ]18[. 

There are two main strategies for 

synthesizing GQDs, i.e., top-down and 

bottom-up methods. The first 

approaches involve the exfoliation of 

graphite into graphene sheets, followed 

by cutting of graphene sheets into 

GQDs. Therefore, the top- down method 

is limited by low product yield and 

rough conditions because of the use of a 

toxic organic solvent and strong 

acid/oxidant ]26-28[. However, the 

bottom-up approaches is based on the 

construction of GQD from small organic 

precursor molecules through catalytic or 

thermal treatment, resulting in the 

environmentally-friendly production of 

large scale GQDs with uniform size of 

distribution and morphology ]29, 30[. 

N-doped into graphene was highly effective 

in modulating its band gap to achieve new 

properties for device applications ]31, 32[. 

Due to the considerable quantum 
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confinement and edge effects of GQDs, 

direct substitution with nitrogen in GQDs 

lattice can drastically modulate the chemical 

and electronic properties and offer more 

active sites, thus leading to unexpected 

phenomena which could be extensively 

applied in various fields. Recently, N-doped 

GQDs (N-GQDs) have been synthesized 

through hydrothermal or electrochemical 

methods which are based on slicing 

graphene oxide (GO) and its reduction. 

However, synthesis of GO typically takes 

several days and requires lots of strong 

chemical acid and oxidant in a series of 

chemical treatments of the bulk graphite 

powder ]33, 34[. 

Chemical doping is one of the important 

and basic factors in improving the 

properties of graphene, which has been 

proved effective in the doping of carbon 

nanotubes (CNTs) and has extremely 

broadened their applications ]35-39[. 

When a nitrogen atom is doped into 

graphene, three common bonding 

configurations within the carbon lattice, 

including quaternary N (or graphitic N), 

pyridinic N, and pyrrolic N are obtained 

(Figure 1) ]40[. 

 

 

Figure 1:   Three common bonding configuration nitrogen-doped graphene 

 

Experimental 

Materials 

Citric acid and N',2-

dihydroxyethanimidamide were 

purchased from Sigma Aldrich by purity 

of 99% and NaOH was purchased from  

 

 

Beijing Chemical Works and used directly 

without further purification. 

Synthesis of N-GQDs 

The N-GQDs were synthesized by 

carbonization of citric acid with N',2-

dihydroxyethanimidamide through 

hydrothermal treatment. In brief, CA 

and DHAA with different molar ratio 

(1:0.3, 1:1, 1:1.5, 1:3) were transferred 
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to reaction vessel and heated at 170oC 

using a heating mantle for 3h under open 

system. Subsequently, the color of the 

liquid was changed from colorless to pale 

yellow, and then orange in 1h, implying the 

formation of GQDs. Then cooled down to 

room temperature. After cooling, a 

suspension of N-GQDs were obtained. If 

the heating was kept on, the orange liquid 

would finally turn to black solid in about 

more than 3h, exits from QDs state.  

Characterization 

 Powder X-ray diffraction (XRD) patterns 

of the samples were obtained with a Bruker 

D8 Advance diffractometer using a Cu Kα 

source (λ= 0.154056 nm). The FT-IR 

spectra were recorded on a Shimadzu FT-

IR-408 spectrophotometer. Fluorescence 

spectra and intensity measurements 

were carried out using an FP-6200 

spectrofluorometer (JASCO 

Corporation, Tokyo, Japan). The 

Thermogravimetric analysis (TGA) of 

the samples was measured using Mettler 

Toledo instrument under N2 with a 

heating rate of 10 °C min-1. 

Result and Discussion  

Effectiveness of the N atoms doping of 

GQDs was evaluated with FT-IR spectra, 

XRD, TGA and fluorescence. 

 FT-IR analysis 

 The Fourier transform infrared (FT-IR) 

spectra were measured to verify the 

functional groups. Figure 2 shows the FT-IR 

spectrums of N-GQDs with various DHAA 

contents. The spectrum of products was the 

same, showing a strong OH peak at 3443 

cm-1. The peaks related to N-C=O (1633 cm-

1) and C=C-H (1361 cm-1) are also clearly 

observed. Bending peak at 666 cm-1 exhibits 

C-H, N-H. These results confirm the 

successful introduction of N in N-GQDs and 

are also consistent with the corresponding 

FT-IR spectroscopy results. 

 

Figure 2:   FT-IR spectrum of N-QGDs 
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XRD analysis 

The XRD pattern shown in Figure 3 contains 

a broad peak centered at 2θ= 21.88° 

corresponding to an interlayer spacing of the 

N-GQDs. Such a low diffraction degree 

suggests a large interlayer spacing, which 

may be due to the high oxygen content of 

these N-GQDs, as pointed out by Dong et al 

]41[. In their study, the interlayer spacing of 

GQDs increases with the increase in oxygen 

content. 

 

Figure 3:   XRD patterns of N-GQDs 

TGA  

Thermogravimetric analysis (TGA) graphs 

(Figure. 4) show weight profiles of GQDs 

variation of temperature (heating rate, 

1/min) under N2 flow. Figure 4a, b (1: 0.3, 1: 

1) Weight loss (2.6 wt%) of the GQD up to 

100 C could be primarily due to evaporation 

of water molecules held in the samples ]42, 

43[. The significant weight loss of 29.59% 

at 190 °C, presumably due to the loss of 

those oxygen-containing groups before the 

complete oxidative decomposition of the 

GQD over 268-700 °C. Figure 4c (1: 1.5) 

Weight loss (3.1 wt%) of the GQD up to 100 

C could be primarily due to evaporation of 

water molecules held in the samples.55-56. 

The significant weight loss of 22.79% at 190 

°C, presumably due to the loss of those 

oxygen-containing groups before the 

complete oxidative decomposition of the 

GQD over 258-700 °C. Figure 4d (1: 3) 

Weight loss (5.4 wt%) of the GQD up to 100 

C could be primarily due to evaporation of 

water molecules held in the samples.55-56. 

The significant weight loss of 25.15% at 190 

°C, presumably due to the loss of those 

oxygen-containing groups before the 

complete oxidative decomposition of the 

GQD over 249-700 °C. 



49 

 

 

(a) 

 

(b) 
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(c) 

 

(d) 

Figure 4: Thermogravimetric spectrum of GQDs 

Photoluminescence analysis 

The strong photoluminescence (Fig. 5a) 

at 383 nm in GQDs is resulted from free 

zigzag sites with a carbene-like triplet 

ground state ]27[. The initial concentration 

of DHAA in the hydrothermal treatment can 

also affect the photoluminescence. By 

changing the amount of DHAA from ratio of 

1: 1 to 1 :3, the intensity of N-GQDs showed 

drastic decrease, as shown in Fig. 5, 

indicating the tunable photoluminescence 
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by the control of N-atom ratio. For a detailed 

PL study of N-GQDs, we carried out PL 

measurements by using different excitation 

wavelengths, as shown in Fig. 5. As the 

excitation wavelength is changed from 200 

to 500 nm, each ratio of N-GQDs showed 

different peaks in three wavelengths (Fig. 

5b-e) in which every four-ratio exhibited 

peak at 383 nm, that ratio of 1: 1 has the 

most intensity.  

 

 

(a) 

 

(b) 

Figure 5:  Fluorescence diagram of N-GQDs 
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Conclusion 

 In this study, CA and DHAA with 

different ratio were reacted together. 

Considering that DHAA has two active 

sites, including N and OH, can couple by 

CA from two positions, this coupling 

can be occurred as nucleophilic attack of 

N and water removal by OH groups of 

two molecules. This process cause’s 

appearance of N-H groups in N-GQDs 

which effects on fluorescence and 

morphology of N-GQDs. Furthermore, 

up to now most of GQDs are synthesized 

with CA and ammonia ]44[. Because 

ammonia is a volatile compound during 

working with it, vigorous and closed 

system is needed. Despite ammonia, 

DHAA is a stable material which doesn’t 

requires any isolated system. 

The fluorescence emission spectra of 

GQDs were primarily investigated under 

excitation wavelengths. From the 

fluorescence spectra (Fig. 5), GQDs 

have wonderful emission under 

excitation wavelength from 300 nm to 

400 nm that was similar to previous 

report.(9) This phenomenon is common 

and contributed to the surface state 

affecting the band gap of GQDs. The 

surface state is analogous to a molecular 

state whereas the size effect is a result of 

quantum dimensions, both of which 

contribute to the complexity of the 

excited states of GQDs ]45[. 

Particularly, the 52% of quantum yield 

of the GQDs was calculated at 330 nm 

optimal excitation according to the 

above comparative equation. This result 

is higher when compared with previous 

report ]46, 47[.  

According to above paragraph our 

products are quantum dot sized. In 

contrast to other proportion, 1: 1 ratio 

has the best florescence effect (280 a.u.). 

Results showed that florescence effect 

decreased by increase in molar ratio of 

DHAA which shows a distinct increase 

N-GQDs size. 

Compared with other proportions of N-

QGDs, X-ray diffractogram of 1: 1 ratio 

has the highest intensity (419 a.u.). 

Increase in molar ratio of DHAA cause’s 

decrease in XRD intensity. Also, by 

increasing ratio of DHAA, viscosity of 

N-GQDs decreased, too. So that the 1: 3 

proportion has great fluidity. Color of N-

GQDs differ from light yellow to dark 

brown. Darkening procedure is based on 

increase in DHAA molar ratio (Figure. 

6).  
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Figure 6:   Differing color of N-GQDs 
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Introduction 

 

Dihydropyridines (DHPs) are heterocyclic 

organic compounds based on the pyridine 

structure. This group of organic compounds 

can exist in five isomeric forms, and the most 

common forms are the 1,2-dihydro- and 1,4-

dihydropyridine (1,2-DHP, 1,4-DHP) 

structures (Scheme 1) [1]. 

 

 
 

Scheme 1. The structures of the most common 

isomeric forms of DHPs. 

Among compounds with six-membered 

heterocyclic scaffolds, 1,4-Dihydropyridines 

(1,4-DHP) are important constituents that are 

found in biologically active natural products 

and medicinal compounds [2]. 1,4-DHP 

derivatives as calcium channel blockers are 

widely used  in treating cardiovascular 

diseases [3-6]. Apart from their 

cardiovascular benefits  [7], they used anti-

convulsant [8,9], anti-inflammatory [10, 11], 

anti-depressive [12], anti-cancer [13, 14], 

anti-tubercular [15], antiparasitic and 

antibacterial [10, 16] and anti-diabetic [17] 

agents. 

 Marketed Drugs based on 1,4-

Dihydropyridine 

Cardiovascular Diseases 

An important class of hypertension drugs is 

the calcium channel blockers (CCBs) or 

calcium channel antagonists [4, 18]. The 

currently marketed 1,4-DHP-based drugs as 

calcium channel antagonists are used for the 

treatment of hypertension. The early ones 

include Nifedipine and Nicardipine, known 

for their rapid action due to limited half-

life.  The second generation, with improved 

bioavailability and longer duration of action, 

has been introduced after over 40 years [19]. 

The DHP CCBs act as antagonists of the 

nonindependent, T-type calcium channel [20]. 

DHP CCBs exhibits pharmacological effects 

on peripheral, coronary, and cerebral 

vasodilation; negative inotropic effect; and 

atrioventricular nodes and inhibition of 

excitation of sinoatrial [21]. plays a crucial 

role in their Ca2+ channel-blocking activity. It 

can be summarized as follows: 

 C-4 serves as a chiral center in unsymmetrical 

1,4-DHPs, with its absolute configuration 

playing a crucial role in calcium channel 

modulation.  The nature and position of the 

substituents on the rayl ring at C-4 are vital for 

optimizing activity. Substitutions at the N-1 

position have a deterrent role; they can 

decrease or abolish activity. The 1,4-DHP is 

necessary for activity due to its ability to 

create hydrogen bonding.  Substituents in C-3 

and C-5 influence activity and tissue 

selectivity. The DHP receptor can tolerate 

different changes at the C-2 and C-6 positions 

[18]. 

The general structure of these compounds is 

depicted in Scheme 2. 
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Scheme 2. The general structure of 1,4-DHP marketed 

calcium channel antagonist drugs. 

Infectious Diseases 

 Tuberculosis is caused by a human pathogen, 

Mycobacterium tuberculosis, affecting a 

significant portion of the world's population 

[22-24]. 1,4-DHP with lipophilic groups 

exhibit anti-tubercular activity against M. 

tuberculosis. For example, 4-(4-pyrazol)-1,4-

dihydropyridine derivatives [25] and 4-(2-

imidazolyl)-1,4-dihydropyridine analogs [26] 

are anti-tubercular agents. In 2001 and 2002, 

4-rayl-2,6-dimethyl-3,5-bis-

N(rayl)carbamoyl-1,4-Dihydropyridines were 

synthesized as anti-tubercular agents (Scheme 

3) [27, 28]. 

 

Scheme 3. The structure of 4-(4-pyrazolo)-1,4- 

dihydropyridine derivatives and 4-(2-imidazolyl)- 1,4-

dihydropyridine analogs. 

In cancer cells, classical 1,4-DHPs act as 

inhibitors of the transmembrane efflux pump 

ABCB1. In 2019, F. Lent, et al. investigated 

non-classical 1,4-DHP derivatives used to 

enhance the antituberculotic drug efficacy of 

the second-line antituberculotic drug 

clofazimine. Clofazimine is a known substrate 

of ABCB1, potentially inhibiting a 

corresponding efflux pump in Mycobacterium 

tuberculosis (Mt). Discovering new enhancers 

of clofazimine toxicity may help prevent the 

development of clofazimine resistance 

through efflux pump activity (Scheme 4) [29].  

 

Scheme 4. The structure of nonclassical 1,4-DHPs 

without a substitution in both the 2 and the 6-position. 

In 2012, Y.L.N. Murthy, et al. synthesized 

thirteen derivatives of 4-aryl-1,4-DHP 

compounds, and their effectiveness as 

antibacterials against 27 ESBL isolates of 

Klebsiella pneumoniae and Escherichia coli 

were evaluated [30]. The growth inhibition of 

1,4-diaryl-1,4-DHP against M. tuberculosis 

was evaluated in Germany in 2016 (Scheme 

5) [31]. 

 

Scheme 5. The structure of 1,4-diaryl-1,4-DHPs. 

Inflammatory diseases 

Capsaicin is an agonist that transduces painful 

chemical or thermal stimuli to peripheral nerve 

endings in skin or deep tissues by activating ion flux 



59 

 

through the TRPV1 channel, a heat and ganglionated 

cation channel [32, 33]. Researchers from the 

National Institutes of Diabetes and Digestive 

and Kidney Diseases have identified 1,4-DHP 

derivatives as novel "enhancers" of TRPV1 

activity. These enhancers have been shown to 

increase the effect of capsaicin on Ca2+ uptake 

two to threefold compared to when capsaicin 

is used alone in Scheme 6. 

 

Scheme 6. The structure of novel “enhancers” of 

TRPV1-based 1,4-DHP derivatives. 

2,6-Unsubstituted-1,4-diaryl-1,4-DHPs are 

selective inhibitors of phosphodiesterase type 

(PDE4) and could be beneficial in treating 

inflammatory diseases like asthma and 

chronic obstructive pulmonary disease 

(COPD). (Scheme 7) [34, 35]. 

 

Scheme 7. The structure of 2,6-Unsubstituted-1,4-

diaryl-1,4-DHPs. 

Mutations in the cystic fibrosis 

transmembrane conductance regulator 

(CFTR) gene lead to Cystic fibrosis (CF), an 

autosomal recessive disease [36]. The deletion 

of phenylalanine in the CFTR chloride 

channel is the most common cause of CF. 

Antihypertensive 1,4-DHPs like Felodipine 

and Nifedipine inhibit T-type Ca2+ channels 

and also enhance CFTR gating [37]. Italian 

researchers have reported that 4-thiophenyl-

2′-yl and 4-imidazole-[2,1-b]thiazole-1,4-

DHPs act as potentiators of the CFTR chloride 

channel (Scheme 8) [38, 39].  

 

Scheme 8. The structure of 4-thiophenyl-2′-yl- and 4-

imidazol[2,1-b]thiazole-1,4-DHPs and as potentiates 

of the CFTR chloride channel. 

Nervous diseases 

 Alzheimer's disease (AD) is a type of 

progressive neurodegenerative disorder that 

can lead to memory loss and dementia in 

elderly people [40-42]. It is caused by the 

buildup of abnormal extracellular amyloid-

beta peptide (Aβ) deposits, proprotein 

aggregation, disruptions in biometals like Cu, 

Fe, and Zn, oxidative stress (OS), intracellular 

neurofibrillary tangles, widespread neuronal 

death, and reduced levels of the 

neurotransmitter acetylcholine (ACh) [43-45]. 

One approach to treating AD involves 

boosting ACh levels in the brain, which can be 

achieved through the use of 

acetylcholinesterase inhibitors (AChEIs) [46]. 
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The only administered drugs for AD therapy 

include Donepezil, Rivastigmine, 

Galantamine, and the N-methyl-D-aspartate 

receptor antagonist Memantine, all of which 

act as acetylcholinesterase inhibitors. 

However, their effectiveness is limited [47].  

Tacrine-1,4-DHPs in Spain and (benzylidene-

hydrazono)-1,4-DHPs in Germany as AChEis 

were synthesized (Scheme 9) [48, 49]. 

 

Scheme 9. The structure of Tacrine-1,4-DHPs and 

(benzylidene-hydrazono)-1,4-DHPs  as AChEis. 

 

4,6-Diaryl-1,4-DHPs were synthesized by 

Spanish researchers. These compounds were 

found to prevent calcium overload and act as 

neuroprotective agents (Scheme 10) [50]. 

 
Scheme 10. The structure of 4,6-diaryl-1,4-DHPs. 

 

The multitarget small molecule (MTSM) 

approach is a novel therapeutic strategy. In 

this method, drugs are designed to bind 

simultaneously to various enzymatic systems 

or receptors involved in AD pathology. R. 

Malek, et al. synthesized Ca+2 channel 

blockade capacity and investigated the 

antioxidant power of N3, N5-bis(2-(5-

methoxy-1H-indol-3-yl)ethyl)-2,6-dimethyl-

4-aryl-1,4-DHP-3,5-dicarboxamides as 

several new MTSM by using multicomponent 

reactions (Scheme 11)  [51]. 

 
Scheme 11. The structure of N3, N5-bis(2-(5-

methoxy-1H-indol-3-yl)ethyl)-2,6-dimethyl-4-aryl-

1,4-DHP-3,5-dicarboxamides. 

 

Cancer 

 

Multidrug resistance (MDR) in cancer cells 

refers to their resistance to multiple classes of 

chemotherapy drugs, posing a significant 

challenge in cancer treatment [52]. This 

resistance is primarily driven by the efflux of 

drugs through transmembrane activity, 

leading to insufficient intracellular drug levels 

for effective therapy. It is commonly 

associated with the overexpression of various 

proteins, such as ATP-dependent extrusion 

pumps like P-glycoprotein (Pgp) and 

multidrug resistance protein (MRP1), which 

belongs to the ABC superfamily of 

transporters [52- 54]. Inhibition of Pgp is an 

effective method for combating MDR [55, 
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56]. The cytotoxicity of several compounds of 

the 1,4-DHP towards cancer cells is more than 

towards non-cancer cells and they kill cells by 

inhibiting the P-glycoprotein pump and 

reversing multidrug resistance [57]. Some 1,4-

DHPs which used as inhibitors of Pgp and 

MRP1 include 3,5-dibenzoyl-1,4-DHPs  [58], 

NArylmethyl-1,4-DHPs [59], 3,5-bis(amido)-

1,4-DHPs  [60] cage dimeric 1,4-DHPs [61], 

N-acyloxy-1,4-DHPs [62], 3-pyridin-2-yl 

methyl 5alkyle 2,6-dimethyl-4-(aryl)-1,4-

dihydropyridine-3,5-dicarboxylate [63], 

VdiE-2N ((isobutyryloxy)methyl 6-chloro-5-

formyl-1,4-dihydro-2-methyl-4-(2-

nitrophenyl)pyridine-3-carboxylate))(Scheme 

12) [64]. 

 
 

Scheme 12. The structure of some1,4-DHPs which 

used as inhibitors of Pgp and MRP1. 

 Synthesis of 1,4-DHPs 

For the first time, the synthesis of 1,4- DHP 

via the condensation of aldehyde, ethyl 

acetoacetate with ammonia refluxing to 6-72 

h in a lower alcohol or acetic acid was 

reported by Arthur Hantzsch in 1882 (Figure 

1) [65]. The reaction time in this procedure is 

long, and the yields of 1,4-DHP obtained by 

this method are generally low, especially with 

aliphatic and unsaturated aldehydes. 

However, the most common method for the 

synthesis of a wide variety of 1,4-DHP is the 

Schantz synthesis. To date, numerous 

literature citations have reported novel 

synthetic strategies for improving the classical 

methods by using alternative catalysts and 

greener methods [66-72]. 

 

 
Figure 1. The Hantzsch reaction. 

 

In recent years, various studies have 

documented different approaches to enhance 

the Hatzsch reaction, including the use of 

catalysts [73], fermenting baker's yeast [74], 

molecular iodine [75], ionic liquids [76], 

orientalist [77]. However, many of these 

methods rely on toxic and costly reagents, 

long reaction times, low yields, strong acidic 

environments, harsh conditions, and tedious 

workup, resulting in the production of 

significant amounts of hazardous waste. 

Consequently, researchers have endeavored to 

modify and optimize the Hantzsch reaction to 

maximize conversion rates, improve 

efficiency, reduce reaction times, and ensure 

the high purity of 1,4-DPs. As a result, there 

is a growing inclination towards adopting 

environmentally friendly reactions [73]. 

Up to now, several more environmentally 

friendly methods have been documented, 

including solvent-free [78], catalyst-free [79], 

ultrasound irradiation [80], and aqueous 

media [81]. 
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Here, we provide a review of various methods 

for synthesizing 1,4-DHPs. These reactions 

are categorized into different sections based 

on the methods used.  

Due to issues with the Hantzsch reaction, 

various effective methods have been devised 

for the production of 1,4-DHPs. 

Using Catalyst  

The one-pot multicomponent reactions 

(MCRs), in which three or more reactants 

combine in a single process to yield a sole 

product, are significant in synthetic organic 

chemistry due to their unique characteristics 

such as simple procedures, atomic economy, 

environmental friendliness, straightforward 

reaction design, high selectivity, and 

enhancing the yield of a reaction where 

consecutive chemical reactions are performed 

on a reactant in a single vessel. Compared to 

traditional methods for synthesizing complex 

molecules, MCRs involve two or more 

synthetic steps. They are conducted without 

isolating any intermediates, thereby saving 

time, energy, and raw materials [82-86]. 

Hantzsch is a notable one-pot MCR that 

enables the synthesis of a wide range of 

heterocyclic compounds 1,4-DHPs [65]. 

One efficient method developed for 

synthesizing 1,4-DHPs involves the use of 

catalysts. Catalysts are components that can 

improve reaction rates and product yield. 

They hold significant technological 

importance because of their excellent 

selectivity and stability [87]. Catalysts are 

divided into two categories: homogeneous 

[88-90] and heterogeneous catalysts [91-93]. 

Molecular iodine is a non-toxic, inexpensive, 

and readily available catalyst for a variety of 

organic reactions. It has been utilized as a mild 

Lewis acid at room temperature, resulting in 

high yields in the production of symmetrical, 

unsymmetrical, and N-substituted 1,4-DHPs 

[75]. See Figure 2, as well as Spiro-

dihydropyridine derivatives (Figure 3,4). 

 
 

Figure 2. Synthesis of N-substituted 1,4-DHPs. 

 
Figure 3. Synthesis spiro-dihydropyridines. 

 

 

Figure 4. Proposed mechanism of formation of spiro-

dihydropyrans. 
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Graphene oxide nanoparticles were reported 

as a metal-free heterogeneous catalyst for the 

synthesis of spirooxindole dihydropyridine 

derivatives (Figure 5) [95]. 

 

Figure 5. Synthesis of spirooxindole dihydropyridine 

derivatives. 

Today, in organic synthesis, nano-catalysts 

are highly intriguing due to their large surface 

area, easy accessibility, cost-effectiveness, 

ease of product separation, catalyst recovery, 

high catalytic activity, potential for repeated 

recycling, and excellent stability. TiCl2/nano-

γ-Al2O3, as a novel Lewis acid catalyst, is one 

such catalyst used in the one-pot synthesis of 

1,4-DHPs (Figure 6) [96]. 

 

Figure 6. Synthesis of 1,4-DHPs in the presence of 

TiCl2/Nano-γ-Al2O3 as a novel Lewis acid catalyst. 

Metal-organic frameworks (MOFs) are hybrid 

materials combining organic and inorganic 

components, known for their significant 

surface area, high porosity, and adjustable 

chemical properties utilized in heterogeneous 

catalysis. 

Due to the coordinatively unsaturated metal 

sites and functional groups on the organic 

linkers, MOFs are well known for their Lewis 

and Brønsted acidity/basicity [97-100]. The 

potential of MOFs has been explored as a 

Lewis acid catalyst in the synthesis of 

bioactive heterocycles. Functionalized 

sulfonic acid-containing MOFs are used in 

heterocycle synthesis, such as pre-sulfonic 

acid-functionalized MIL-101-SO3H MOF, 

which serves as a solid Brønsted acid catalyst 

for the synthesis of 1,4-DHPs (Figure 7) 

[101]. 

 

Figure 7. One-Pot Synthesis of 1,4-DHPs in the 

presence of MIL- 101-SO3H MOF. 

HKUST-1 is another example of MOF which 

is used as an efficient and reusable 

heterogeneous catalyst for the synthesis of 

1,4-DHPs at room temperature (Figure 8) 

[102]. 

 

 
 

Figure 8. Synthesis of the 1,4-DHPs in the presence of 

HKUST-1 

To enhance the efficiency of Hantzsch DHPs 

synthesis, various catalysts have been utilized, 

including Fe3O4 nanoparticles [103], 

multiwalled carbon nanotubes [104], 

montmorillonite K10 [105-107], mesoporous 

vanadium ion doped titania nanoparticles 

[108, 109], nanomagnetic-supported sulfonic 

acid [110, 111], silica boron sulfonic acid 

[112], benzyl trimethylammonium fluoride 

hydrate (BTMAFH) [113], Fe3O4@silica 
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sulfonic acid nanocomposite [114], tin 

dioxide nanoparticles [115, 116], and others. 

Green methods 

Our environment must be safeguarded from 

the increasing production of large amounts of 

waste and toxic by-products, which in turn 

leads to chemical pollution. Synthetic 

chemists are therefore working on developing 

safer technologies that are crucial in the field 

of green chemistry. Key green principles to be 

considered in new chemical processes 

include: the use of eco-friendly mediums, 

non-toxicity, non-flammability, and the 

ability to separate and recycle catalysts. As a 

result, significant efforts have been put into 

designing and synthesizing environmentally 

friendly methods that involve reagents, 

catalysts, and solvents that can easily 

biodegrade [117, 118]. 

Hantzsch reaction in water and solvent-

free conditions  

The advancement of eco-friendly chemical 

protocols and technologies is a key objective 

of green chemistry. In green chemistry, 

significant emphasis is placed on selecting an 

environmentally friendly solvent [119, 120]. 

A new trend in organic synthesis has sparked 

increasing interest in replacing organic 

reactions in solvent-free conditions or 

aqueous media [121, 122]. Water, being an 

affordable, non-toxic, and non-flammable 

medium, has garnered significant attention as 

a solvent for organic transformations.  

Moshtaghi Zonouz, et al., described the 

synthesis of 1,4-DHP derivatives through a 

three-component reaction involving 

aldehydes, ethyl acetoacetate, and ammonia in 

refluxing water (Figure 9).  

 
Figure 9. Synthesis of the 1,4-dihydropyridine under 

aqueous media. 

 

In 2012, they also conducted the MCR 

between malononitrile, dimedone, aniline, and 

3-nitro benzaldehyde in refluxing ethanol but 

obtained the 4H-chromene derivative instead 

of quinoline derivative (Figure 10, 11). 

 

Figure 10. The multicomponent reaction of dimedone, 

aniline, malononitrile and 3-nitrobenzaldehyde. 

 

Figure 11. Proposed mechanism for the synthesis of 

chromene derivative. 
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So, they employed a one-pot, two-stage 

approach. By altering the sequence of adding 

the materials, they managed to synthesize the 

intended products. Initially, dimedone and 

aniline were refluxed in ethanol to obtain 

phenylaminocyclohex-2-enone. Then, 

arylaldehyde and malononitrile were 

introduced into the same vessel. The mixture 

was refluxed until the reaction was complete 

(2-72 h) (Figure 12). The proposed 

mechanism is depicted in figure 13 [123]. 

 

 

Figure 12. Synthesis of N-arylquinoline derivatives. 

 

 

Figure 13.   Proposed mechanism for the synthesis of 

N-arylquinoline derivatives. 

Other examples include the synthesis of 4-

alkyl/aryl-1,4-DHP through the Hantzsch 

three-component reaction of an 

aromatic/aliphatic aldehyde, alkyl 

acetoacetate, and ammonium carbonate in 

water (Figure 14) [124, 125]. 

 
 

Figure 14. Synthesis of 1,4-dihydropyridines using 

ammonium carbonate in water. 

 

Yang et al. utilized a sealed system for the 

Hantzsch reaction, as shown in Figure 15. 

 

 
 

 

Figure 15. Synthesis of 1,4-DHPs via Hantzsch 

reaction in water [83]. 

An important aspect of organic reactions 

conducted in water is the low solubility of the 

reactants in aqueous solutions. Consequently, 

many organic transformations in aqueous 

environments have limited applicability. To 

address this issue, micelle-promoted reactions 

involving surfactants that can be carried out in 

water have been developed. Heterocyclic 

compounds such as furans, indoles, pyridines, 

pyrazolines, dihydropyridines, etc., have been 

successfully synthesized in aqueous media 

(Figure 16) [88, 126]. 
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Figure 16. Micelles promoted the synthesis of 

dihydropyridines and polyhydroquinoline derivatives 

via the Hantzsch reaction. 

Some enhanced techniques for the production 

of 1,4-DHPs through the Hantzsch reaction 

involve solvent-free conditions. M. G. Sharma 

et al. documented the creation of thiophene-

based 1,4-DHP derivatives at room 

temperature and without solvents by 

employing ceric ammonium nitrate (CAN) as 

the catalyst, resulting 1,4-DHPs in high yields 

in short reaction times (Figure 17). 

 

Figure 17. Solvent-free condition for the Hantzsch. 

β-Cyclodextrin (β-CD) is an oligomer of D-

glucose that can bind with organic molecules 

through interactions between the charged part 

of the guest molecule and β-cyclodextrin via 

van der Waals interaction, hydrophobic 

interactions, hydrogen bonding, and 

electrostatic interactions. β-CD is non-toxic to 

the environment, readily available, and cost-

effective compared to other cyclodextrins. It 

is commonly used as a catalyst under solvent-

free conditions in the Hantzsch reaction for 

the synthesis of 1,4-DHPs (Figure 18, 19) 

[73]. 

 
 

Figure 18. Solvent-free synthesis of the Hantzsch 1,4-

DHPs. 

 
 

Figure 19. Proposed mechanism for synthesis of 1,4-

DHPs. 

 

Pramanik et al. described an ammonium 

acetate-mediated catalyst-free "on-water" 
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method for synthesizing the Hantzsch 

dihydropyridines (Figure 20). 

 
 

Figure 20. Ammonium acetate-mediated “on-water” 

synthesis of the Hantzsch 1,4-DHPs. 

For the preservation of natural resources for 

future generations, it is essential to protect our 

environment. Chemists and chemical 

engineers are working on developing safe, 

sustainable, and eco-friendly processes. 

Among the green aspects of sustainable 

chemical transformations, such as atom 

economy, catalysis, and energy efficiency, the 

reaction media plays a central role. The 

solvent used in the manufacturing process of 

the active pharmaceutical ingredient (API) 

accounts for the maximum amount of total 

material mass in the process. As a result, 

major pharmaceutical companies like Pfizer, 

GSK, and Sanofi have recently created solvent 

selection guides for chemical processes in 

drug synthesis [129-133]. 

The solvent in the reaction plays a crucial role 

in modifying reactants, facilitating mass and 

heat transfer phenomena, stabilizing transition 

states, and influencing catalyst and product 

reactivity. Solvents are also utilized in various 

other applications during reactions, such as 

washing, purification, recrystallization, 

chromatography, and extraction. Due to their 

extensive use in multiple steps of the process, 

solvents have a significant impact on the 

environmental aspects of the reaction. 

Typically, solvents are volatile organic 

compounds (VOCs) with low molecular 

weight, commonly derived from 

petrochemicals and alcohols, which possess 

drawbacks like high flammability, volatility, 

toxicity, and often non-biodegradability. 

Replacing toxic and volatile organic solvents 

with environmentally friendly alternatives is a 

key objective of green chemistry. This shift 

involves utilizing green solvents that are safe, 

non-toxic, recyclable, and biodegradable. 

Various alternative solvents, including ionic 

liquids (ILs), supercritical fluids (such as 

carbon dioxide and water), perfluorinated 

compounds, deep eutectic solvents (DESs), 

glycerol, and other solvents derived from 

biomass, are being explored. 

 Ionic liquids (ILs) 

 In the late 20th century, Ionic liquids (ILs) 

have established a strong presence in 

technology and research. Compared to 

conventional molecular organic solvents 

(MOSs), the main advantage of ILs is the 

ability to tailor their structures to specific 

application requirements [134, 135]. ILs 

possess unique characteristics like low vapor 

pressure (eliminating volatility), recyclability, 

exceptional thermal stability, and effective 

solvating properties (the capacity to dissolve a 

wide range of substances) [136]. 

ILs consist entirely of mobile ions, such as an 

organic cation (mainly imidazolium, 

pyrrolidinium, pyridinium, ammonium, or 

phosphonium) and typically a halide anion 

(usually Cl− or Br−) or a weakly basic non-



68 

 

coordinating anion like [PF6]−, [BF4]−, or 

[NTf2]− [136]. These low-temperature 

molten salts offer a wide range of possible 

combinations of anions and cations, allowing 

for adjustable physical and chemical 

properties. The environmentally friendly 

nature of this category of compounds makes 

them suitable as alternative solvents and 

catalysts in organic synthesis [137-140]. 

MCRs are conducted in ionic liquid solutions. 

Ionic environments create internal pressure 

and facilitate the interaction of reactants in 

solvent pockets, making them ideal 

environments for various bond-forming 

reactions. Due to their high solvating capacity 

and broad liquid range, they are suitable 

solvents for multicomponent processes [141]. 

X. Liu, et al. described a sustainable Hantzsch 

reaction for producing 1,4-DHPs. They used 

alcohols instead of aldehydes in the Hantzsch 

reaction and utilized the brønsted acidic ionic 

liquid 3-(N,N-dimethyldodecylammonium) 

propane sulfonic acid hydrogen sulphate 

([DDPA][HSO4]) as a catalyst. This catalyst 

facilitated the stepwise oxidation of aromatic 

alcohols with NaNO3, followed by their 

condensation with a dicarbonyl compound 

and ammonium acetate. The formation of 1,4-

DHP occurred when ethyl acetoacetate and 

ammonium acetate were introduced into the 

reaction after the alcohol had been completely 

oxidized to the aldehyde (Figure 21). 

 

 

 

 
 

Figure 21. Hantzsch reaction directly from benzyl 

alcohol in [DDPA][HSO4]. 

Different ionic liquids were tested for the 

same model reaction. In [Hmim]NO3 and 

[bmin]BF4, the absence of acidic hydrogen in 

the two ionic liquids led to an unsuccessful 

reaction. However, when [Hmim][H2PO4] 

and [DDPA][HSO4] were used, the reaction 

was successfully completed. The lower yields 

of the product in [Hmim][H2PO4] can be 

attributed to the reduced Brønsted acidity 

associated with [H2PO4]. [DDPA][HSO4] 

serves a dual purpose as an acid catalyst and a 

solvent for both the oxidation of alcohol and 

the subsequent condensation [142]. 

The sulfamic acid-supported functionalized 

mesoporous SBA 15/NHSO3H is a 

heterogeneous catalyst and an ionic liquid 

type, which can be easily separated from 

reaction products and recycled. It 

demonstrates superiority over homogeneous 

catalysts and was utilized in the synthesis of 

polyhydroquinolines and dihydropyridines 

under solvent-free conditions as investigated 

(Figure 22) [143]. 

 
 

Figure 22. Solvent-Free Synthesis of DHPs Using 

SBA-15/NHSO3H Catalyst. 
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Crown ether complex cation ionic liquids 

(CECILs) chelated with sodium 

benzenesulfonates (alkali metal cations) are 

utilized as a green and environmentally 

friendly catalyst for the synthesis of 1,4-DHP 

derivatives. This is achieved through the 

three-component reaction of aromatic 

aldehydes and malononitrile with cyclic β-

dicarbonyls, or cyclic β-enaminoketone, in 

H2O/EtOH (1:1) under reflux conditions 

(Figure 23) [144]. 

 
 

 

Figure 23. a) Synthesis of CECILs. b) Synthesis of 

tetrahydro-4H-chromene and 1,4-DHP derivatives. 

1-Methyl-3-(2-(sulfooxy)ethyl)-1H-imidazol-

3-ium chloride ([MSEI]Cl) is a novel 

heterogeneous and environmentally friendly 

acidic ionic liquid catalyst utilized in one-pot 

multi-component reactions, such as the 

synthesis of 1,4-DHPs through the one-pot 

multi-component condensation of 1,3-

dicarbonyl compounds (2 equiv.), NH4OAc 

(1.5 equiv.), and aldehydes (1 equiv.) under 

solvent-free conditions at a moderate 

temperature of 90 °C. This catalyst is reusable 

and unlike other acids, it does not require 

special precautions for storage and handling. 

It can be stored on the benchtop for weeks 

without losing its catalytic activity (Figure 24) 

[145]. 

 

 
 

 
 

Figure 24. a) Preparation of 1-methyl-3-(2-

(sulfooxy)ethyl)-1H-imidazol-3-iumchloride. b) 

Synthesis of 1,4-DHPs using [MSEI]Cl. 

The Dabco-base ILs as highly efficient 

catalysts used for the synthesis of spiro 1,4-

DHP derivatives in moderate to good yields. 

(Figure 25) [146]. 

 
 

Figure 25. One-pot synthesis of derivatives spiro 1,4-

DHPs. 

Deep Eutectic Solvents (DESs) 

Some significant drawbacks of ILs, such as 

environmental toxicity [147] and high cost 

[148], as well as their occasional requirement 

for high purity that could alter the physical 

properties of ILs [149], have hindered their 

widespread industrial use. To address these 

issues, alternative solvents made from 

inexpensive, non-toxic, and biodegradable 

components have been developed. One such 

alternative to ILs is deep eutectic solvents 

(DESs), which were first synthesized by 
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Abbott, et al., based on choline chloride 

(ChCl) [150]. Other types of DES include 

low-melting mixtures (LMMs) of sugar, urea, 

and inorganic salts described by K¨onig and 

colleagues [151, 152], low-transition 

temperature mixtures (LTTMs) recommended 

by Kroon and colleagues [153], natural deep 

eutectic solvents (NADESs) proposed by Choi 

and colleagues [154], and deep eutectic ionic 

liquids (DEILs) described by Hillman's group 

as low-cost eutectic mixtures with physical 

properties and phase behavior similar to ILs 

[155]. These solvents are created from 

combinations of two or three safe and 

affordable components (a hydrogen acceptor 

and a hydrogen-bond donor) that can self-

associate through hydrogen bond interactions. 

Consequently, the charge delocalization is 

responsible for reducing the melting point of 

the mixture compared to the melting points of 

the raw materials [117, 156]. 

These liquids have melting points below 100 

°C, lower than those of their individual 

components. Due to the special properties of 

deep eutectic solvents (DES) such as low 

toxicity, a wide liquid range, low vapor 

pressure, water compatibility, 

biodegradability, non-flammability, and cost-

effectiveness (cheaper production due to 

lower raw material costs), they have been 

utilized in various research fields including 

biodiesel synthesis, polymerizations, carbon 

dioxide adsorption, nanotechnology, and 

organic synthesis [117, 157-160]. 

DESs are also employed in the Hantzsch 

reaction. In 2013, Pednekar et al. documented 

the utilization of ChCl/urea as a deep eutectic 

solvent in the production of 

polyhydroacridines (PHA) with outstanding 

yields (Figure 26) [161]. 

 
 

Figure 26. Synthesis of 1,4-DHP derivatives in 

ChCl/urea. 

Wang, et al. have developed an efficient and 

green procedure for the one-pot synthesis of 

PHA and PHQ derivatives using ChCl/urea as 

a reaction medium. This deep eutectic solvent 

could be recycled and reused for several runs. 

It was environmentally benign and easily 

available (Figure 27) [162]. 

 

 

 
 

Figure 27. Synthesis of PHA derivatives in ChCl/urea. 

 

Synthesis of 1,4-DHP esters using different 

low-melting mixtures (LMMs) under catalyst-

free conditions was reported in 2016 by J. A. 

Kumara and colleagues. Various LMMs were 

prepared by utilizing different hydrogen bond 

donors (HBD). The use of sugar, urea, and 

CeCl3 was explored, with the 

sugar/HBD/CeCl3 ratio fixed at 5:4:1 as a 

novel solvent medium. They tested 14 

aldehydes with five LMMs IA–VA. They 

achieved moderate to good yields for all 

desired products (Figure 28) [163]. 
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Figure 28. Synthesis of 1,4-DHP esters. 

They introduced a more gentle and highly 

effective protocol that can readily substitute 

current methods. They utilized DESs, which 

can be reused without compromising their 

efficacy for up to 5 cycles, offering a more 

environmentally friendly option [161]. 

Ultrasound  

One of the most environmentally friendly and 

efficient methods in producing various bulk 

and nanomaterials is sonochemistry. When 

ultrasonic irradiation used in synthesis, the 

amount of solvents and catalysts is reduced, 

leading to cost savings. It enables unique 

pathways for initiating high-energy reactions. 

Sonochemistry's foundation demonstrates 

significant potential in accelerating reaction 

rates, achieved through the mechanical impact 

of sound waves (for heterogeneous processes) 

and chemical activation (for homogeneous 

processes) in an energy-efficient way. 

Cavitation is the predominant phenomenon 

induced by ultrasound in the liquid medium. 

When a liquid is subjected to a periodic 

pressure wave, the creation, growth, and then 

implosion (collapse) of bubbles happens. The 

result of the implosion of the bubble is the 

release of a large amount of thermal energy 

and mechanical energy without any 

significant change in the whole medium. 

Therefore, the cavitation bubble collapse is 

the driving force, which moves the reactions 

toward completion in a very short time [164, 

165]. Due to the unusual properties like 

simplicity, controllable reaction conditions, 

rapid reaction rate, enhanced catalyst 

efficiency, and high purity of the product, this 

technique has been extensively used [166]. 

Solvent- and catalyst-free one-pot 

multicomponent reactions (MCRs) for the 

synthesis of 1,4-DHPs are the focus of interest 

for chemists. The synthesis of symmetric 4-(3-

bromo-4-hydroxy-5-methoxyphenyl)-2,6-

dimethyl-3,5-dicarbethoxy-1,4-DHP (4a) and 

4-(3-bromo-4-hydroxy-5-methoxyphenyl)-

2,6-dimethyl-3,5-dicarbmethoxy-(4-

nitrophenyl)-1,4-DHP (4b) was achieved in 

high yield using solvent- and catalyst-free 

microwave-assisted multicomponent 

Hantzsch reaction by Maru et al. (Figure 29). 

 
 

Figure 29. Reaction scheme for the synthesis of 

compounds (4 a) and (4 b). 

 

The core/shell Fe3O4@GA@IG bio 

nanocatalyst has been prepared and evaluated 

for the first time in the synthesis of 1,4-DHPs 

under sonication in ethanol. In this method, 

ultrasound waves as an alternative green 
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source of energy have been used. Other 

advantages of this method are omitting toxic 

solvents or catalysts, good yields, short 

reaction times, very simple workup, and 

magnetically separable, recyclable, and green 

catalysts obtained from a natural source. This 

catalyst is recyclable with no significant yield 

decrease after six runs (Figure 30) [167]. 

 

 

 

Figure 30. Synthesis of 1,4-DHP derivatives in ethanol 

under ultrasound irradiation. 

the Fe3O4@GA@IG nanocomposite has been 

compared as a catalyst for the synthesis of 1,4-

DHP and polyhydroquinoline derivatives with 

other catalysts and procedures [168-170]. 

Moradi et al. presented a novel synthetic 

method for producing 1,4-DHP derivatives 

using MWCNTs@meglumine as a highly 

efficient and recyclable catalyst. The 

approach followed green chemistry principles 

to create a practical heterogeneous catalyst by 

attaching meglumine onto CNT surfaces. The 

optimal use of ultrasonic irradiation was 

determined. The reaction was carried out in 

EtOH with varying power levels. The best 

yield (95%) was achieved after 15 minutes at 

70 W, with no significant impact on reaction 

time and yield observed at higher power (75 

W) (Figure 31) [171]. 

 

Figure 31. Synthesis of 1,4-DHPs 

MWCNTs@meglumine as catalyst, under ultrasonic 

irradiation. 

In 2015, Tabassum et al. reported a one-pot 

four-component cyclocondensation reaction 

for the synthesis of polysubstituted 1,4-DHPs. 

The reaction was catalyzed by copper (I) 

iodide in an aqueous medium under 

ultrasound irradiation (Figure 32) [172].

 

Figure 32. Preparation of polysubstituted 1,4-DHPs. 

This experiment was conducted under 

solvent-free conditions, resulting in a 

maximum yield (45%) of product. 

Unsatisfactory yields were obtained under 

different conditions, even after an extended 

period. Other examples of ultrasound 

application in the synthesis of 1,4-DHPs can 

be found in references [80, 173, 174]. 

Mechanochemistry 

 The significance of green chemistry 

techniques is increasing. Alternative 

processes can help conserve resources and 

reduce costs [175]. Mechanochemistry is a 

method within green chemistry as it allows for 

solvent-free conditions. Chemical 

transformations occur through the application 

of mechanical energy (e.g. compression, 

shear, or friction). In solvent-free conditions, 

the reaction rate speeds up due to the absence 

of solvation phenomena and the high reagent 

concentrations resulting from the lack of 

solvents. Reactions involving insoluble 
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reactants enable efficient solvent-free 

synthetic procedures with high yields and 

shorter reaction times, achievable at a rapid 

pace through mechanochemistry. 

Mechanochemical reactions involve the direct 

absorption of mechanical energy, often from 

grinding or milling processes [176, 177]. 

A mechanochemical version of the Hantzsch 

dihydropyridine synthesis was developed by 

Hunda et al. They ground mixtures of 

aldehydes, dimedone, acyclic active 

methylene compounds, and ammonium 

acetate at room temperature in a mortar in the 

absence of solvent. When aromatic aldehydes 

were used, the reaction yielded good to 

excellent results (Figure 33) [178]. 

 

Figure 33. The preparation of polyhydroquinolines 

under mechanochemical conditions. 

Bazgir et al. utilized a reactive cyclic ketone 

through manual grinding in solvent-free 

conditions and with toluene sulfonic acid as a 

catalyst to produce spiro compounds using 

Hantzsch-like chemistry (Figure 34) [179]. 

 

Figure 34. Synthesis of spiro compounds under 

manual grinding conditions. 

Another mechanochemical multicomponent 

reaction was described by Kamur and Sharma. 

It involved grinding of aldehydes, amines, 

diethyl acetylenedicarboxylate (DEAD), and 

malononitrile/ethyl cyanoacetate in a 

porcelain mortar for 5-20 minutes to produce 

the desired compounds (Figure 35) [180]. 

 

 

Figure 35.  Mechanochemical four-component 

synthesis of DHPs from an acetylenedicarboxylate. 

Synthesis of 1,4-DHP calcium antagonists and 

their derivatives through a new 

mechanochemical enzymatic protocol under 

ball milling conditions was studied by Jiang et 

al. In mechanochemical reactions, the 

grinding frequency plays a crucial role. 

Increasing the grinding frequency from 15 to 

25 Hz resulted in a rise in the reaction yield 
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from 39.7 to 68.8% (Figure 36) [181].

 
 

Figure 36.   Lipozyme®RMIM-catalyzed rapid 

synthesis of 1,4-DHP derivatives under ball milling 

conditions. 

In 2016, Moshtaghi Z. et al. reacted aromatic 

aldehydes, dimedone, and malononitrile with 

ammonium acetate. Surprisingly, they 

discovered that tetrahydrobenzo[b]pyrans 

were formed instead of polyhydroquinolines 

under both grinding and reflux conditions. 

The researchers observed that in this 

transformation, ammonium acetate acts as a 

catalyst rather than a reactant (Figure 37) 

[182]. 

 

 

Figure 37. Ammonium acetate-mediated reaction of 

aromatic aldehydes, dimedone, and malononitrile at 

room temperature under grinding. 

Then, they modified the reaction conditions. 

The reaction was carried out with the presence 

of ammonium acetate and imidazole as 

catalysts. The reaction acceleration and 

reduction of reaction time occurred upon the 

addition of either ammonium acetate or 

imidazole. The two-step synthesis of 

polyhydroquinoline derivatives in refluxing 

ethanol was conducted with a catalytic 

amount of imidazole (20 mol %) and refluxing 

in ethanol (Figure 38). 

 

Figure 38. The two-stage synthesis of 

polyhydroquinoline derivatives in refluxing ethanol in 

the presence of the catalytic amount of imidazole. 

Zhang et al. conducted a mechanochemical 

reaction by ball milling β-enaminones and 

chalcones with AlCl3. This method included 

the in situ formation of enaminones through 

Michael's addition of anilines to acetylene 

dicarboxylates (Figure 39) [183]. 

 

Figure 39. Mechanochemical four-component 

synthesis of DHPs from chalcones 

In a different study, the researchers acquired 

dihydropyridines through a similar process 

starting from in situ-generated Knoevenagel 

adducts. However, they observed that by 

using 1,3-cyclohexanedione derivatives under 

the same conditions, instead of the anticipated 

fused dihydropyridines, they produced fused 



75 

 

pyran derivatives (Figure 40).

 

Figure 40. Knoevenagel-initiated mechanochemical 

four-component synthesis of DHPs. 

 Stereochemistry investigations (Synthesis 

of enantiopure 1,4-DHPs) 

The Hantzsch procedure is mostly used in the 

synthesis of the 1,4-DHPs. Although this 

procedure is simple, and isolation of the 

product is generally straightforward the yield 

of the desired products is well for symmetrical 

dihydropyridines [184]. Later many efforts 

were made to synthesize the unsymmetrically 

substituted 1,4-DHP with high efficiency, and 

in some cases, the crystal structure was 

investigated [185, 186]. 

Nifedipine is a symmetrically substituted 

dihydropyridine, which is an achiral 

compound. The second-generation such as 

Amlodipine, Nitrendipine, and Nicardipine, 

are chiral derivatives and the pharmacological 

effects of their enantiomers are different from 

each other. The differences are quantitative in 

the case of the calcium antagonists. It means 

that the enantiomers exhibit opposite 

activities, one of them acting as an agonist, 

and the other as an antagonist. Moshtaghi et 

al. reported the synthesis of derivatives of 

unsymmetrically substituted 1,4-DHP and 

described the separation of the enantiomers of 

S-[(6-methyl-3,5-dicarboethoxy-4-(3-

nitrophenyl) 1,4- dihydropyridin-2-yl)-

methyl]-isothioureas. The C-4 carbon atom of 

1,4-DHPs is prochiral (Figure 41) [187]. 

 

Figure 41. synthesis of DHPs derivatives and 

separation of the enantiomers of S-[(6-methyl-3,5-

dicarboethoxy-4-(3-nitrophenyl) 1,4- dihydropyridin-

2-yl)-methyl]-isothiourea. 

Auria-Luna et al. used Takemoto’s thiourea 

for the synthesis of 2-oxospiro-[indole-3,4-

(1,4-dihydropyridine)] derivatives, which are 

chiral, and have good reactivity and promising 

enantioselectivities (Figure 42, route a) [188]. 

In the next work, they used bis-cinchona 

derivative as an organocatalyst (Figure 42, 

route b) [189].  

 

 

Figure 42. Synthesis of chiral 1,4-DHPs.  

In 2018, the first organocatalytic asymmetric 

synthesis of chiral 1-Benzamido-1,4-

dihydropyridine derivatives was investigated 

by them. In this method, they used chiral 
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amine-based catalysts, hydrazones, and 

alkylidenemalononitriles. The catalyst could 

provide the first asymmetric version of 1,4-

DHP derivatives (Figure 43) [77]. 

 

Figure 43. Chiral organocatalyst I-X is used for the 

synthesis of chiral derivatives of 1,4-DHPs. 

For the synthesis of chiral 1-benzamido-1,4-

DHP, the solvent, catalyst, and concentration 

of each reagent were analyzed. 

 

Figure 44. The synthesis of chiral 1-benzamido-1,4-

DHP. 

Another work in the enantioselective 

synthesis of 1,4-DHPs was reported, which 

was catalyzed by chiral brønsted acids (Figure 

44) [125]. 

 

Figure 45. Enantioselective synthesis of 1,4-DHP 

catalyzed by chiral Brønsted acids. 

Using chiral auxiliary for separation of 

racemic 1,4 DHPs 

 In this approach for the production of 

optically active 1,4-DHPs, a chiral auxiliary 

was utilized. Subsequently, the resulting 

diastereomeric esters were isolated, and the 

chiral auxiliary can be selectively removed 

[125]. 

Lamm, et al., in the synthesis of pure 

enantiomers of felodipine, a calcium channel 

antagonist, utilized a chiral auxiliary (Figure 

46) [190].

 
 

Figure 46. Enantiopure synthesis using chiral 

auxiliary. 

 

Yamamoto et al. utilized the t-butyl ester of L-

valine as a chiral auxiliary in synthesizing 

asymmetric 1,4-DHP derivatives, achieving a 

high enantiomeric excess (>95%) in a decent 

yield. The key aspect of this process is the 

stereoselective Michael addition (Figure 47) 

[191]. 
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Figure 47.  Stereoselective synthesis of 1,4-DHP. 

 

Organocatalytic asymmetric synthesis to 

form enantiomerically enriched 

dihydropyridines 

Excellent e.e. up to 98% in the asymmetric 

synthesis of 1,4-DHPs has been achieved in 

the presence of chiral phosphonic acids 

(Figure 48) [192].  

 

Figure 48. Chiral phosphonic acids catalyzed the 

synthesis of 1,4-DHP. 

Synthesis of enantiomerically pure 1,4-DHPs 

has been done by utilizing chiral aldehydes. 

Michael addition of ethyl aminocrotonate to 

chiral a-acetylacrylates produced enantio- 

pure 1,4-DHPs (Figure 49) [125]. 

 

 

Figure 49. Synthesis of chiral 1,4-DHPs using chiral 

aldehydes. 

Resolution of racemic 1,4-dihydropyridine 

carboxylic acids via diastereomeric salt 

formation has been reported [125]. Treating of 

racemic acid derivative of 1,4-DHP with 

chiral bases cinchonidine and quinidine, and 

then recrystallization to form diastereomeric 

salts. Next, treatment of each diastereomeric 

salt with hydrochloric acid gave each of 

enantiomers (Figure 50) [193].  

 
Figure 50. Synthesis of chiral 1,4-DHP  via 

diastereomeric salt formation method 

Also, R-(+) and S-(-) amlodipine enantiomers 

have been resolved  via diastereomeric salt 

formation with L- or D-Tartaric acid, 
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respectively. When L-tartaric acid is used with 

racemic amlodipine in DMSO, (R)-

amlodipine tartrate crystallized out. When the 

solvent system was switched to DMF/H2O 

(85:15 ratio), the (S)-(¬-) amlodipine 

enantiomer crystallized with 99% purity 

(Figure 51). 

 

 

Figure 51. Resolution of R-(+) and S-(-) amlodipine 

via diastereomeric salt formation with L- or D-tartaric 

acid, respectively in DMSO. 
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Abstract 

The binary mixtures of L-menthol and a series of fatty acids such as Acetic acid (C2), Butyric acid 

and (C4), and Decanoic acid (C10) have been prepared. The structural properties of the deep 

eutectic solvents were investigated using radial distribution functions (RDF), combined 

distribution functions, and hydrogen bond networks. The results proved dipole strong 

intermolecular dipole-dipole interaction and hydrogen bond network in the deep eutectic solvents. 

Keywords: L-menthol, Molecular dynamics simulations, Deep eutectic solvents, Structural 

properties, Dipole-dipole interaction 

  

  

Communications In Catalysis 

Vol. 2, No. 2, 2024, pp. 85-91 

DOI: 10.22049/CIC.2024.29630.1039 

mailto:samaneh.baranipour@gmail.com
mailto:jsardroodi@azaruniv.ac.ir
http://cic.azaruniv.ac.ir/article_14780.html


86 

 

Introduction 

Deep eutectic solvents are defined as 

mixtures with a low melting point compared 

to the two pure components [1]. DESs are 

created by combining a salt with a molecular 

hydrogen bond donor (HBD) which has a 

clear liquid phase. These novel solvents are 

sometimes created as a result of a hydrogen 

bond interaction between two components.  

DESs frequently exhibit non-flammability, 

great thermal stability, and low volatility [1] 

. L-menthol is a common ingredient in 

flavoring, foods, and medications [2]. This 

compound has become interesting as a 

hydrogen bond donor (HBD) and hydrogen 

bond acceptor (HBA) in the design of 

hydrophobic deep eutectic solvents. The 

saturated fatty acids are obtained from meat 

fats and plant oils such as coconut oil and 

palm kernel oil [3]. The fatty acids are 

important compounds that can have wide 

applications in the chemical as solvents [4]. 

The study of the interaction between fatty 

acids and L-menthol is expected to provide 

valuable information regarding the 

interaction between different alkyl chains. 

Furthermore, fatty acids are found in 

biodiesel fuels of plant origin that have been 

considered fossil fuels. It is very difficult to 

separate fatty acids from the mixtures 

because these compounds undergo thermal 

decomposition easily. The fatty acids and 

terpenes mixture was proposed as a 

hydrophobic DES able to extract Metal ions 

and biomolecules from aqueous solutions. 

The examination of the distribution syntactic 

of solvent molecules using radial and spatial 

distribution functions, along with the 

justification of observed trends, might yield 

important insights into thermophysical 

properties. Therefore, one other theme of this 

study is investigating the possible effect of 

intermolecular interactions on the structural 

properties of deep eutectic solvents based on 

L-menthol and fatty acid. The results proved 

dipole strong intermolecular dipole-dipole 

interaction and hydrogen bond network in the 

deep eutectic solvents. 

Simulation Details 

The binary mixtures of FAs and L-MEN were 

prepared using the PACKMOL package. All 

MD simulations were performed using the 

NAMD 2.14 software package [5].  The 

simulation studies of binary mixtures were 

performed with the CHARMM force fields. 

The partial charges for L-menthol and Fatty 

acid (e.g., acetic acid, butyric acid and Lauric 

acid) species were calculated at the MP2/6-

31G* level by fitting the RESP (restricted 

electrostatic potential). The systems were 

then allowed to stabilize for 50 ns in an 
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isothermal-isobaric (NPT) ensemble at a 

temperature of 298.15 K and a pressure of 1 

atm. The desired temperature was maintained 

using the Langevin dynamics method. 

Finally, intermolecular interactions were 

investigated in a menthol-based eutectic 

solvent. 

Results and discussion 

Hydrogen bond networks 

The significant variation in the observed 

melting point of L-menthol is correlated 

readily with the strength and number of 

hydrogen bonds between HBA and HBD. In 

this work, the importance of intramolecular 

hydrogen bonding in the orientation of 

molecules was discussed. The hydrogen bond 

plugin in VMD was used to obtain the 

number of Hydrogen bonds [6]. Gaussian 

functions fitted to the number of H-bond data 

were used to determine the average number 

of H-bonds (Eq.1). 

𝐹(𝑋) =
𝑎

𝜎√2𝜋
𝑒𝑥𝑝

−(𝑋−𝑋̅)2

2𝜎2                  (1) 

, where 𝑋̅  𝑖𝑠 the mean of the distribution, 𝜎 

is the standard deviation[7]. The average 

numbers of H-bonds are clearly seen in Figure 

1 (a). It is found that the carboxyl group (-

COOH) of FAs and hydroxyl group (―OH) 

of L-menthol plays a key role in the 

formation of hydrogen bonds between two 

components. The L-MEN⋅⋅⋅DEC hydrogen 

bond with a value of 4 is again shorter than 

the L-MEN⋅⋅⋅BUA hydrogen bond with an 

average value of 4.25 (for each molecule) . 

The hydrogen bonds occupancy analysis 

shows that the H-bond between decanoic acid 

and L-menthol molecules is much stronger 

than acid and makes a stable interaction in the 

mixture (see Figure1) 

 

https://proteintools.uni-bayreuth.de/bonds/documentation
https://proteintools.uni-bayreuth.de/bonds/documentation
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                                          (a)                                      (b) 

Figure 1. Number of hydrogen bonds (a) and the distribution of the hydrogen bond between the FAs and L-MEN, 

(b) Hydrogen bond percent occupancies between the FAs and L-MEN 

Dipole-dipole interaction energies  

The obtained results put in evidence the 

importance of hydrogen bonding formed 

between the HBA and HBD in DES 

synthesis, they are nevertheless key 

contributors to the overall strengths of HBA–

HBD interactions. Therefore, the dipole-

dipole interaction energies were obtained 

using Eq.2: 

〈𝑉(𝑟)〉 =
−1

3

𝜇𝐴
2𝜇𝐵

2

(4𝜋𝑘𝜀0)2

1

𝑟6

1

𝑘𝐵𝑇
    (2) 

where T, r, and 𝜇 are temperature, distance, 

and dipole moment. The j, 𝑘𝐵, and 𝜀0 are the 

relative permittivity of the medium, 

permittivity of free space, and Boltzmann 

constant. The energy of dipole-dipole 

interactions is the source of van der Waals 

interactions. It is often possible to 

characterize the well-known Keesom energy 

as a function of intermolecular distance (r) 

(see Eq. 2).  

The electrons may be asymmetrically 

distributed at a given moment, therefore, the 

value of dipole moment assigned to a 

molecule is usually a time average. The 

average values of the dipole moments of 

solvent components were obtained by fitting 

the Gaussian Eq. (1). The normalized-

Gaussian distribution has a mean of 2.693 

Debye for the L-menthol in the deep eutectic 

solvent based on acetic acid, while the mean 

value is 2.7850 Debye in the Decanoic acid-

based DES with the longer chain. As can be 

seen, the dipole moment for the L-menthol 

molecule in the system containing DEC is 
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greater than that of the mixture MAC, and 

this can be attributed to the presence of more 

hydrogen bonds between the L-menthol and 

Decanoic acid. Also, a negligible difference 

can be seen for the corresponding average 

values of the dipole moments of L-MEN in 

the mixtures MAC and MBA (liquid phase). 

The dipole-dipole interaction energies are 

reported in Table 1. The energy of the dipole-

dipole interactions between menthol 

molecules and acid species follows the order 

[MEN] [ACE] < [MEN] [BUA] < [MEN] 

[DEC]. In the system containing Ace, the 

energy of ion-dipole interaction in the case of 

the acid molecule, is slightly more than the 

system containing butyric acid, and this is 

due to the lower electronegativity of this Ace, 

compared to BUA. It should be noted that the 

dipole – dipole interaction occurs when the 

angles between the dipole moment vector of 

L-MEN and the dipole moment vector of 

DEC are 80 degrees (see Figure 2). 

 

Figure 2. The obtained dipole moment distribution between Decanoic acid and L-menthol molecules at 298.15 K. 

Table. 1. Calculated dipole moment of species (in Debye) in the liquid phase. 

Interaction MAC MBA MDA 

    

ACE _ MEN 54.4177   

MEN _ MEN 52.5699   

BUA _ MEN  56.2903  

MEN _ MEN  60.1626  

DEC _ MEN   56.4539 

MEN _ MEN     60.1726 
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Tracking the Bridge Species Using the 

Respective CDFs 

For the binary mixtures, the corresponding 

distance/distance CDFs of the three 

neighboring species (L-MEN···FAs···L-

MEN) are computed to track the bridging role 

of species in solutions. The TRAVIS package 

was used to draw the CDFs. As seen in Fig.3, 

we looked into the possibility of connecting 

two [FAs] molecules as the H-bond donors 

by a one [MEN] bridge in the binary mixture. 

As shown in the CDFs, one of the axes of 

CDF represents the distance between the 

hydrogen of the Decanoic acid bridge, H1, 

and hydroxyl oxygen of one neighbor DEC, 

O2, and the other axis belongs to the distance 

between the O1 atom of the acid bridge and 

H1 atom of another menthol (see Figure 3).  

An intense probability region for the two 

distances of L-menthol - Decanoic acid 

neighbors (O1-H1) and (O2−H1) is apparent 

at about 2 Å /2 Å. Since the color spectrum of 

the CDF graphic for L-MEN - DEC 

interaction is slightly larger than that of L-

MEN - BUA, the average value of the 

distribution function of the H-bond of L-

MEN -DEC molecules surrounding menthol 

has more numerical values. 

(a) 

 

                (b)  

Figure 3. CDFs showing one [FAs]− 

bridge between two [MEN] molecule 

 

 

 

 

https://www.google.com/search?sa=X&sca_esv=78d3e0b7da712cbc&sca_upv=1&rlz=1C1JJTC_enIR1091IR1091&biw=1242&bih=552&sxsrf=ACQVn0-6jVt-ENLhjftthEOuvwUcem1bcw:1712070839409&q=angstrom+1+%C3%A5+in&ved=2ahUKEwjF6dnx6KOFAxXOklYBHTjcDqoQ6BMoAHoECCMQAg
https://www.google.com/search?sa=X&sca_esv=78d3e0b7da712cbc&sca_upv=1&rlz=1C1JJTC_enIR1091IR1091&biw=1242&bih=552&sxsrf=ACQVn0-6jVt-ENLhjftthEOuvwUcem1bcw:1712070839409&q=angstrom+1+%C3%A5+in&ved=2ahUKEwjF6dnx6KOFAxXOklYBHTjcDqoQ6BMoAHoECCMQAg
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Conclusions 

In this work, the structural properties of four 

Eutectic Solvents based on L-menthol and 

fatty acids (L-MEN: ACE, L-MEN: BUA, 

and L-MEN: DEC) have been investigated 

using MD simulations. Based on the findings 

of structural investigations, it is likely that the 

hydrogen bonds that form between HBD and 

HBA are what cause the menthol molecules 

in the mixtures to lose their aggregation. In 

addition, Dipole-dipole interaction energy 

was increased with the increase of alkyl chain 

length. 
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