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Abstract—Flexible printed electronics (FPE) technology has 

a broad application prospect due to their low cost and energy 

consumption. Copper-based nanoinks have emerged as viable 

substitutes for precious metals owing to their excellent electrical 

conductivity and affordability. However, their tendency toward 

oxidative agglomeration remains a challenge, which requires to 

be optimized through strategies like low-temperature sintering 

and metal-organic decomposition (MOD). In this study, copper 

formate was selected as the precursor, and four complexing 

agents including 2-amino-2-methyl-1-propanol (AMP), 2-

amino-2-methyl-1,3-propanediol (AMPD), isopropanol (IPA), 

and isopropylamine were evaluated, respectively. Molecular 

dynamics (MD) simulations were employed to investigate how 

different functional groups (-NH₂, -OH, -CH₃) influence the 

coordination mechanism with Cu²⁺ ions. The results show that 

Cu²⁺ mainly coordinated with hydroxyl and amine groups. 

Among the four complexing agent systems, the IPA system had 

the most complete complexation decomposition, produced the 

most gases (~ 57%) and the least organic residues (~16.26%), 

and showed to be the most suitable for the configuration of 

copper inks. 

Keywords—copper formate complexes; molecular dynamics; 

functional group interactions 

I. INTRODUCTION  

In recent years, as several fields including flexible 
electrodes, solar cells, and sensors are increasingly moving 
toward scalable and low-cost manufacturing, traditional 
processes like photolithography, etching, and electroplating 
are being gradually replaced by emerging techniques such as 
Flexible Printed Electronics (FPE) [1]. FPE is a simple, fast, 
and cost-effective additive manufacturing method that enables 
the printing of nanoparticle (NP) inks onto flexible substrates 
to fabricate high-resolution devices [2-3].  

Metal nanoparticles, especially for gold and silver, have 
been widely used in printed electronic inks due to their 
excellent electrical conductivity [4-5]. Nevertheless, the high 
cost of these precious metals significantly limits their wide 
application. In contrast, copper-based NP inks offers a 
promising low-cost alternative while maintaining excellent 
electrical properties [6]. However, copper nanoparticles are 
prone to oxidation and agglomeration, which hinders their 
practical application. Therefore, enormous researches have 
been conducted to propose various low-temperature sintering 
strategies for overcoming these above challenges [7].  

Copper-based Metal-Organic Decomposition (MOD) inks, 
free of copper particles, form nanoparticles via low-
temperature decomposition, can effectively mitigate 
agglomeration and sedimentation issues [8-10]. The core 
mechanism lies in this process is the complexation between 
copper ions and organic ligands. Zhang et al. [11] developed an 
MOD ink using an isooctylamine/AMP coordination system 
and 0.25 wt.% Cu-CNTs, achieving 30×10⁻⁵ Ω·cm resistivity 
just in air. Samani et al. [12] optimized a copper acetate/AMP 
(1:2) system, attaining 30 μΩ·cm resistivity at 180°C under 
N₂. Li et al. [13] synthesized a 36.8% metal-loaded oxidation-
resistant copper film via copper tetrahydrate formate/AMP at 
140°C in nitrogen atmosphere, demonstrating superior surface 
morphology and stability. Despite these advancements, the 
unclear complexation mechanisms between copper precursors 
and organics hinder further optimization of MOD ink 
performance. Thus, a comprehensive study on how different 
functional groups (e.g., -NH2, -OH, and -CH3) influence the 
coordination with Cu2+ ions is essential for improving the 
performance of copper ink. Current experimental methods are 
not only costly and time consuming, but also limited in their 
ability to reveal the underlying mechanisms of bond 
dissociation and formation. Molecular dynamics (MD) 
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simulations offer a powerful approach to study the 
complexation interactions at the atomic level. 

In this work, copper formate was selected as the precursor, 
and four complexing agents including 2-amino-2-methyl-1-
propanol (AMP), 2-amino-2-methyl-1,3-propanediol 
(AMPD), isopropanol (IPA), and isopropylamine were 
investigated. The aim of this work was to study and compare 
how different functional groups (-NH2, -OH and -CH3) affect 
their coordination behaviors with Cu²⁺ ions. The results are 
expected to provide theoretical insights into the stability of 
copper formate complexes and to support the formulation 
design of high-performance MOD inks. 

II. METHODOLOGY 

As illustrated in Figure 1, the MD models were 
constructed using the Packmol program and simulated in the 
Large-scale Atomic Molecular Massively Parallel Simulator 
(LAMMPS). Periodic boundary conditions were applied in all 
three spatial directions (x, y, and z). The ReaxFF potential 
function was employed to accurately capture bond formation 
and breaking processes [14]. 

Before the start of simulation, energy minimization was 
performed using the conjugate gradient algorithm, followed 
by a 10 ps relaxation at 200k within the NVT ensemble to 
ensure system stability and avoid excess internal energy. The 
subsequent MD simulation was conducted in the NVE 
ensemble at 1273.15k for 500 ps, with temperature control 
provided by the Berendson thermostat. Simulation outputs 
were then analyzed and visualized [15]. The detailed simulation 
parameters are listed in Table 1. 

 

Figure 1 MD models of copper formate complexation with 
(a) AMP, (b) AMPD, (c) IPA, (d) Isopropylamine. 

Table 1 Detailed simulation parameters. 

System 
Complexing 

agent structure 
Volume of 

box(Å3) 
Temperature

(K) 
Simulation 

time(ps) 

5 Cu(COOH)2 

50 C4H10NO 

 
21.0*21.0

*21.0 
1273.15 500 

5 Cu(COOH)2 

50 C4H11NO 

 
20.8*20.8

*20.8 
1273.15 500 

5 Cu(COOH)2 

50 C3H8O 

 19.9*19.9
*19.9 

1273.15 500 

5 Cu(COOH)2 

50 C3H9N 

 20.7*20.7
*20.7 

1273.15 500 

III. RESULTS AND DUSCUSSION 

A. RDF Analysis 

The radial distribution function (RDF) is an important 
physical quantity used to describe the atomic-scale structure 
of materials. It characterizes the probability of finding a 
specific type of atom B at a distance 𝑟 from a reference atom 
A, thereby offering insight into atomic arrangement and local 
ordering. The RDF is defined by Equation (1). 

 
𝑔𝐴𝐵(𝑟) =

𝑛𝐵(𝑟)

ρ𝐵 ⋅ 𝑉shell
=

𝑛𝐵(𝑟)

(
𝑁𝐵

𝑉
) ⋅ 4π𝑟2Δ𝑟

 
(1) 

Where 𝑛𝐵(𝑟)  is the number of 𝐵  atoms located within a 

spherical shell of thickness Δ𝑟 around the reference atom 𝐴. 

𝑁𝐵 is the total number of 𝐵 atoms in the system. 𝑉 is the total 
system volume, and 𝑉shell  represents the volume of the 
spherical shell at distance 𝑟. For well-ordered atomic systems, 
the RDF value typically rises rapidly to a peak and then decays 
towards 1, showing structural stability and homogeneity. 

 

Figure 2 Radial distribution functions (RDFs) of (a)(b) AMP, 
(c)(d) AMPD, (e)(f) IPA, and (g)(h) isopropylamine systems. 

Figure 2 presents the RDFs between Cu atoms and C, N, 
H, and O atoms in the four complexation systems involving 
AMP, AMPD, IPA, and isopropylamine. The height of each 
RDF peak indicates the local density of neighboring atoms 
and provides qualitative information about bond compactness 
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and interaction strength [16]. Notably, the results clearly show 
that Cu-O and Cu-N interactions are significantly stronger 
than those with H or C atoms, indicating that hydroxyl and 
amine groups are the dominant ligands coordinating with Cu2+ 
ions. In addition, the average bond lengths between Cu and its 
nearest neighbors can be inferred from the position of the first 
RDF peak [17], with shorter bond distances typically 
corresponding to higher dissociation energies [18].  

In the AMP complex, the Cu-N and Cu-O bond lengths are 
both approximately 1.9 Å, indicating similar coordination 
strength. In contrast, the AMPD complex exhibits a shorter 
Cu-O bond (~1.8 Å) compared to its Cu-N bond, suggesting 
that coordination with the hydroxyl group is stronger in this 
system. For the isopropylamine complex, a shorter Cu–N 
bond indicated enhanced Cu–N interactions. Consistment 
with the presence of a single amine group. 

B.  Overall products analysis 

Figure 3 demonstrates the evolution of both molecular and 
species populations during the complexation process across 
the four systems. In the AMP system (see Fig. 3a), the number 
of molecules and species increased significantly over time, 
indicating a high active complexation reaction. As shown in 
Fig. 3b, in the AMPD system, the number of species rose 
rapidly at the initial stage and then plateaued, suggesting a fast 
reaction rate but limited products density. In contrast, 
although the total numbers of molecules in the IPA (see Fig. 
3c) and isopropylamine (see Fig. 3d) systems were higher, the 
number of distinct species increased more slowly and 
remained relatively low. This indicates that most molecules in 
these systems remained either unreacted or formed simple, 
less diverse complexes. 

 

Figure 3 Evolution of molecular and species populations 
during the complexation of copper formate with (a) AMP, 

(b) AMPD, (c) IPA, and (d) isopropylamine. 

Figure 4 presents the product distribution at 100, 300, 
and 500 ps for each system.  All four systems exhibited a 
gradual increase in gaseous products and a decrease in copper-
containing complexs over time. This indicates an ongoing 
decomposition of organic compounds. The percentage of 
copper complexes varied little during the reaction of AMP 
(see Fig.4a), IPA (see Fig.4c) and isopropylamine (see Fig.4d) 
systems, within 5%. However, after the completion of the 
reaction of the AMPD system, the percentage of copper 

complexes decreased by 15% compared with that at 100 ps，
as shown in Fig.4b. Furthermore, the content of organic 

residues decreased by approximately 10-20% in the remaining 
three systems and increased by about 15% in the AMPD 
system. This shows that the organic macromolecules 
generated within the AMPD system are more thermally stable. 
This enhanced stability is likely due to the presence of 
multiple hydroxyl groups in AMPD, which act as hydrogen 
bond donors and form intramolecular hydrogen bonds with 
amino groups. Such hydrogen bonding networks improve the 
structural integrity of organic molecules [19].  

Upon completion of the reaction, the IPA system had the 
highest gas content of 57 % and the lowest organic residue of 
16.26%. Isopropylamine had the second highest gas content 
of 40 %. These results align with the increasing number of 
molecule species observed in both systems as shown in Figure 
3. In contrast, the AMP and AMPD systems produced 
significantly less gas, which is approximately 20%, 
highlighting their superior thermal stability. Notably, the 
AMPD system retained the highest level of organic residue at 
55.60%. This further supports the proposed decomposition 
inhibition mechanism by hydrogen bonding networks in 
complexed systems. 

 

Figure 4 Identified product species at 100 ps, 300 ps, and 500 
ps in four systems: (a) AMP, (b) AMPD, (c) IPA, (d) 

isopropylamine. 

C. Gas Mechanism Analysis 

Gaseous products can significantly affect the 
conductivity and quality of copper inks, so the analysis of gas 
generation mechanisms during complexation is crucial.  

 

Figure 5 Concentration profiles of major gaseous products 
during the complexation of copper formate with (a) AMP, 

(b) AMPD, (c) IPA, and (d) isopropylamine. 
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Figure 5 presents the concentration profiles of major 
gaseous species in the AMP, AMPD, IPA, and 
isopropylamine systems. The primary gas products mainly 
consisted of CO2, H2O (in the vapor phase) and various 
organic compounds. For simplicity, all water vapor is referred 
to as H2O in the following discussion.  

In all systems, CO2 generation was most intense during the 
first 10 ps of simulation and subsequently reached a dynamic 
equilibrium as the reactions progressed. The specific 
formation pathways of these gases are further examined in Fig. 
6 to Fig. 9. Notably, systems containing hydroxyl-
functionalized ligands (AMP, AMPD, and IPA) exhibited 
sharp increases in H2O generation, indicating that hydroxyl 
groups played a dominant role in promoting water formation. 

In contrast, the IPA and isopropylamine systems showed 
poorer organic stability, likely due to their simpler molecular 
structures and the presence of only one functional ligand per 
molecule [20]. The mechanisms underlying the formation of 
major gas products were then investigated for each system. 
Figure 6 shows the reaction pathways leading to the 
generation of CO₂, H₂O, and C₄H₈ in the AMP system. As 
illustrated in Figure 6a, CO₂ is primarily produced via 
decarboxylation of carboxylate ions, decomposition and 
recombination of intermediate species, and the dissociation of 
–O–Cu–OH complexes. Interestingly, CO₂ can also re-enter 
the reaction system as a reactant, contributing to a dynamic 
equilibrium among multiple reaction routes. 

H₂O (see Figure 6b) was primarily generated through the 
direct reaction between AMP and Cu–OH complexes. 
However, it also participated in subsequent reactions, with the 
rates of formation and consumption being nearly balanced. 
This dynamic explains the increasing H₂O concentration 
observed in Figure 5a, which is mainly attributed to the 
activation and rearrangement of carboxylic acid groups. In 
addition, C₄H₈ (see Figure 6c) was mainly formed through 
sequential dehydroxylation and amination of AMP. These 
results indicate that although the coordination strengths of 
hydroxyl and amino groups with Cu²⁺ were found to be 
comparable in the AMP system as shown in Figure 2, copper 
ions exhibited a preference for binding with hydroxyl groups. 

 

Figure 6 Reaction mechanisms of major gas products in the 
AMP complex system: (a) CO2, (b) H2O, (c) C4H8. 

In the AMPD system, the primary gaseous products were 
H₂O and CO₂. As shown in Figure 7a, CO₂ formation followed 
a mechanism similar to that of AMP and was mainly derived 
from carboxylate ions. As illustrated in Fig 7b, H₂O was 
generated primarily from AMPD itself and from intermediates 
produced after partial dehydroxylation. A smaller contribution 
came from reactions involving HO–Cu–OH complexes. 
Similar to the AMP system, Cu²⁺ ions preferentially 
coordinated with hydroxyl groups. 

 

Figure 7 Reaction mechanisms of major gas products in the 
AMPD complex system: (a) CO2, (b) H2O. 

The reaction mechanisms for CO₂, H₂O, C₃H₆, and C₃H₈ 
in the IPA system are illustrated in Figure 8. CO₂ was 
primarily produced through the decarboxylation of 
carboxylate ions and recombination reactions involving IPA 
as shown in Figure 8a, while H₂O (see Figure 8b) was mainly 
formed via reactions between IPA and the amino group within 
the Cu–OH complex. Furthermore, dehydroxylation products 
of IPA served as precursors for the formation of C₃H₆ and 
C₃H₈ as presented in Fig. 8c and 8d. 

 

Figure 8 Reaction mechanisms of major gas products in the 
IPA complex system: (a) CO2, (b) H2O, (c) C3H6, (d) C3H8. 

In the isopropylamine system, the primary gases 
generated were CO₂, NH₃, C₃H₈, and C₃H₆, as shown in Figure 
9. Unlike the IPA system, H₂O was not a major product due to 
the absence of hydroxyl groups and the presence of only one 
amino group in isopropylamine. This further supports the 
conclusion that hydroxyl groups play a key role in water 
generation, as seen in the AMP, AMPD, and IPA systems (see 
Figures 5 to 8). CO₂ in this system was mainly formed via the 
rearrangement and decarboxylation of carboxylates following 
isopropylamine deamination. The production of organic gases 
was also largely attributed to decomposition reactions after 
deamination. 

 

Figure 9 Reaction mechanisms of major gaseous products in 
the isopropylamine complex system: (a) CO2, (b) NH3, (c) 

C3H6,  (d) C3H8. 
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Based on the above analyses, gas generation in all four 
systems can be primarily attributed to the decomposition of 
carboxylate ions and the interactions with complexing agents. 
CO₂ was produced through carboxylate decarboxylation, 
recombination of decomposition products, and ligand 
dissociation from Cu complexes. H₂O was mainly formed via 
activation and rearrangement of carboxylic acid groups, 
reactions involving complexing agents and their intermediates, 
and the breakdown of copper–ligand complexes. Organic 
gases were primarily generated from the degradation of 
intermediates following ligand fragmentation. Notably, in 
systems containing only a single amino group in the ligand, 
NH₃ was formed as a distinctive by-product. 

D. Complexation mechanism 

Following the analysis of overall gas evolution pathways, 
we now focus on the complexation mechanism between Cu2+ 
and the four selected complexing agents of the AMP, AMPD, 
IPA, and isopropylamine. The chemical nature and functional 
groups of these complexing agents plays a vital role in 
determining the coordination environment of Cu2+, which in 
turn influences the thermal behavior and performance of 
MOD inks. 

 

Figure 10 The coordination configurations of copper 
complexes after 500 ps of MD simulation: (a) AMP, (b) 

AMPD, (c) IPA, (d) isopropylamine. 

As shown in Figure 10, the coordination environments 
observed after 500 ps of simulation are consistent with the 
trends revealed by the RDF and gas evolution analysis (see 
Figure 2 and 6-9). In the AMP system, Cu2+ simultaneously 
coordinate with hydroxyl oxygens and amino nitrogen atoms 
from multiple AMP molecules. Up to four Cu-O bonds are 
formed, forming a tetrahedral coordination structure 
dominated by oxygen. Meanwhile, the nitrogen in the amino 
group also participated in the coordination to form a Cu-N 
bond. Although both -OH and -NH2 groups serve as electron 
donors, Cu2+ shows a stronger preference for hydroxyl 
coordination. 

In the AMPD system, a polydentate coordination mode 
is observed, with Cu2+ predominantly forming bonds with 
hydroxyl groups. The higher number of -OH groups lead to 
stronger Cu-O interactions. While amino donors are also 
present but their role is secondary.  

In the IPA systems, coordination is exclusively Cu-O, as 
IPA contains only one hydroxyl group and lacks nitrogen-
based donors. Conversely, in the isopropylamine system, Cu-
N coordination dominates due to the high nitrogen content. 
Although some hydroxyl groups generated from carboxylate 
ions may exist in the system, Cu-N bonding becomes the 
dominant coordination type due to the density concentration 
of N in isopropylamine. 

 

Figure 11 Schematic illustration of the complexation process: 
(a) AMP, (b) AMPD, (c) IPA, (d) isopropylamine. 

Figure 11 presents schematic representations of the 
complexation process in each system. In the AMP system, 
Cu2+ forms multidentate coordination complexes with both 
hydroxyl oxygens and amino nitrogens. The presence of a 
hydrogen bonding network stabilizes the structure, resulting 
in a high organic residue of 50.67% after complexation. In the 
AMPD system, which has a greater number of hydroxyl 
groups, stronger hydrogen bonding, and a stable Cu-(O)₄ 
coordination structure are observed. This leads to the highest 
organic residue (55.60 %) and enhanced thermal stability. 

In contrast, the IPA system lacks hydrogen-bond 
networks and contains only hydroxyl group, exhibiting the 
most complete decomposition with a low organic residue of 
only 16.26%. Although isopropylamine and IPA are 
structurally similar, the presence of amino groups in the 
isopropylamine system enables limited hydrogen bonding 
network, resulting in a higher organic residue of 48.17%. 

Taken together, these results demonstrate that the 
structure and donor atoms of complexing agents directly 
influence the coordination mode and thermal decomposition 
behavior of Cu2+ complexes. Ligands with multiple functional 
groups, such as hydroxyl and amino, tend to form stable 
multidentate complexes, enhancing thermal stability and 
increasing organic residue. In contrast, ligands with single 
hydroxyl group favor more complete decomposition and 
reduced residue. These findings highlight the importance of 
rational ligand design in regulating the pyrolytic 
characteristics and optimizing the performance of MOD-
based materials. 
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IV. CONCLUSION 

In this study, the complexation mechanisms of four 
copper-based MOD ink systems were systematically 
investigated using MD simulations. For the first time, the 
dynamic coordination competition behavior of functional 
groups (-NH₂, -OH, -CH₃) with Cu²⁺ was quantitatively 
analyzed, providing a theoretical foundation for the rational 
design of copper-based conductive inks. The key findings are 
summarized as follows: 

1. Hydroxyl and amine groups are the primary ligands 
coordinating with Cu²⁺. In the AMP system, the coordination 
strengths of -OH and -NH2 groups are comparable due to their 
equal abundance. In contrast, the additional hydroxyl group in 
AMPD enhances Cu-O coordination, resulting in a stronger 
affinity for hydroxyl ligands than amine ligands. 

2. The coexistence of hydrogen bonding networks 
between hydroxyl and amino groups, along with the inherent 
complexity of the ligands, contribute to the structural 
stabilization of organic residues. Due to the presence of only 
hydroxyl groups and a simple molecular structure, the IPA 
system has the most complete decomposition and the lowest 
organic residues of 16.26%. Compared to AMP, AMPD and 
isopropylamine, IPA demonstrates the highest suitability for 
use in copper conductive ink formulations. 

3. Among all systems, CO₂ is primarily generated through 
carboxylate decarboxylation and Cu-ligand dissociation. H₂O 
formation mainly arises from the reorganization of carboxylic 
acid groups and ligand degradation. Organic gases are formed 
from the breakdown of intermediate species, while NH₃ 
generation occurs exclusively in systems containing a single 
amine group. 
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