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Abstract: This research study examined how the use of dimethylformamide (DMF) as an inhibitor af-
fects the propylene polymerization process when using a Ziegler–Natta catalyst. Several experiments
were carried out using TiCl4/MgCl2 as a catalyst, aluminum trialkyl as a cocatalyst, and different
amounts of DMF. Then, we analyzed how DMF influences other aspects of the process, such as
catalyst activity, molecular weight, and the number of branches in the polymer chains obtained, using
experimental and computational methods. The results revealed that as the DMF/Ti ratio increases,
the catalyst activity decreases. From a concentration of 5.11 ppm of DMF, a decrease in catalyst
activity was observed, ranging from 45 TM/Kg to 44 TM/Kg. When the DMF concentration was
increased to 40.23 ppm, the catalyst activity decreased to 43 TM/Kg, and with 75.32 ppm, it dropped
even further to 39 TM/Kg. The highest concentration of DMF evaluated, 89.92 ppm, resulted in a
catalyst productivity of 36.5 TM/Kg and lost productivity of 22%. In addition, significant changes
in the polymer’s melt flow index (MFI) were noted as the DMF concentration increased. When
89.92 ppm of DMF was added, the MFI loss was 75%, indicating a higher flowability of the poly-
mer. In this study, it was found that dimethylformamide (DMF) exhibits a strong affinity for the
titanium center of a Ziegler–Natta (ZN) catalyst, with an adsorption energy (Ead) of approximately
−46.157 kcal/mol, indicating a robust interaction. This affinity is significantly higher compared to
propylene, which has an Ead of approximately −5.2 kcal/mol. The study also revealed that the energy
gap between the highest occupied molecular orbital (HOMO) of DMF and the lowest unoccupied
molecular orbital (SOMO) of the Ziegler–Natta (ZN) catalyst is energetically favorable, with a value
of approximately 0.311 eV.

Keywords: polypropylene; N,N-dimethylformamide (DMF); Ziegler–Natta catalyst; productivity;
melt flow index (MFI); molecular weight distribution (MW); catalyst inhibition; density functional
theory (DFT)

1. Introduction

Due to the significant development of coordination catalysis in the 1950s, the Ziegler–
Natta heterogeneous catalysts based on titanium and magnesium were discovered, be-
coming critical elements in the olefin polymerization industry. These catalysts have been
the subject of intense research due to their ability to selectively control the synthesis of
polyolefins with highly desirable properties [1–3]. The Ziegler–Natta catalyst is recognized
as one of the most critical catalysts in the industrial production of polyolefins, such as
polyethylene and isotactic polypropylene. This catalyst system comprises four key elements
that work together to facilitate polymerization in a controlled and selective manner. Firstly,
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the catalyst precursor, titanium chloride (TiCl4), acts as the active species that initiate the
polymerization reaction. TiCl4 interacts with olefin monomers to form chemical bonds and
give rise to the polymer chain. Secondly, a magnesium chloride (MgCl2) support is used,
which stabilizes and provides a suitable structure for the catalyst. The TiCl4 adsorbs on the
surface of the MgCl2, which gives it stability and facilitates its interaction with the other
components. The third component is the electron donors (Lewis bases), molecules capable
of interacting with the catalyst and influencing the stereoselectivity of polymerization.
These donors modify the properties of TiCl4, allowing greater control over the structure
and properties of the resulting polymer [4,5]. Catalyst activators, usually aluminum alkyl
compounds, such as triethylaluminum (AlEt3), are the fourth component. The AlEt3 inter-
acts with the TiCl4 adsorbed on the support, facilitating the polymerization reaction and
promoting the formation of a highly active catalyst [6,7].

In recent years, exhaustive research has been carried out to develop improvements in
the Ziegler–Natta catalyst system, exploring new variants of catalysts and the incorporation
of additives and modifiers to optimize their performance. But, there are still challenges to
overcome, such as the presence of poisons, which are substances that inhibit catalytic activ-
ity. Competition between multiple active sites affects the performance and efficiency of the
ZN catalyst. These poisons can be by-products of the polymerization reaction, impurities
in the reagents, or unwanted products. Its presence can decrease the catalytic activity and
affect the selectivity and quality of the polymers obtained [8,9]. To better understand the
poisoning of ZN catalysts during polypropylene synthesis, it is necessary to use theoretical
and experimental tools [10–12]. The density functional theory (DFT) has established itself
as an indispensable tool in investigating the inhibition of ZN catalysts. Through compu-
tational calculations, the DFT allows for analysis of the molecular interactions and the
reaction mechanisms between the catalyst, the inhibitors, and the substrates, offering a
precise understanding of the associated energy profiles. This theoretical approach provides
crucial information to optimize the formulation of catalysts and design more efficient
inhibitors, which improves the efficiency and selectivity in olefin polymerization [13–16].
There are computational studies using DFT where various ester compounds, including
aromatic benzoate and silylester, were investigated. One of the most notable conclusions is
that an excessive addition of these substances contributes to the poisoning of the catalyst’s
active sites [17–20]. Additionally, the chemical reactions involved in the formation of these
active sites have been studied using DFT [20–24].

In particular, a substance that can promote poisoning in polypropylene production
is dimethylformamide (DMF), an organic chemical compound belonging to the amide
family [25]. It is a colorless liquid with low volatility that is highly soluble in water and
most organic compounds [18]. DMF is primarily used as an industrial solvent in various
applications, including the production of polymers, copolymers, synthetic leather, poly-
acrylonitrile, polyurethane (Spandex) fibers, and pharmaceutical products. Besides its use
as a solvent, DMF also possesses properties as a dehydrating agent and catalyst [19,20]. It
is important to note that DMF, like most organic solvents, presents risks to health and the
environment [21]. Various studies have shown that occupational exposure to DMF at con-
centrations below 30 mg/m3, which is the Threshold Limit Value (TLV) recommended by
the American Conference of Governmental Industrial Hygienists (ACGIH), can intoxicate
humans either by inhalation, ingestion, or absorption through the skin causing liver toxicity,
the most common are hepatitis, fibrosis, cirrhosis, and even cancer [22]. In addition, studies
reveal that DMF is a contaminant in industrial waters, which leads to an increase in nitrogen
levels and the eutrophication of bodies of water, so adequate precautions must be taken
during its handling and industrial use [23]. In a study conducted by Torabi et al. about
the effects of DMF as the final electron donor in the synthesis of low-density polyethylene,
it was concluded that at proportions more significant than the 0.25 DMF/Ti ratio, DMF
begins to annihilate some of the active sites of the catalyst, especially those that are capable
of producing linear chains. The increase in the said ratio reduces the activity of the catalyst,
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and there is a reduction in Mn and Mw and a slight increase in the average weight and
number of short-chain branches.

Even though numerous studies have focused on the toxicity of DMF for humans and
the environment, the influence of this solvent on the ZN catalyst during polypropylene
synthesis has just been thoroughly investigated. Therefore, the objective of our research is
to analyze the impact of traces of dimethylformamide (DMF) on the productivity of the
Ziegler–Natta (ZN) catalyst using integrating computational and experimental methods.
Through density functional theory (DFT) calculations and practical tests, we sought to
understand how the presence of DMF affects the catalytic activity and selectivity of olefin
polymerization. This research is innovative because it addresses a relevant challenge in the
polymerization industry, where trace amounts of DMF can influence catalyst effectiveness
and the quality of the resulting polymer. By combining theoretical and experimental
approaches, we hope to provide valuable information for optimizing the formulation of
ZN catalysts and designing more efficient inhibitors, improving yield and selectivity in
polyolefin production.

2. Materials and Methods
2.1. Standards and Reagents

To carry out this work, a fourth-generation Ziegler–Natta catalyst supported on
MgCl2 with a 3.6% titanium content in its composition was used. Additionally, diisobutyl
phthalate (DIBP) was employed as a chemical donor, which was supplied by Sudchemie in
Germany. To assist in the process, a cocatalyst known as triethylaluminum (TEAL), with
98% purity, was acquired from Merck in Darmstadt, Germany and was diluted in n-heptane.
Furthermore, an external compound called cyclohexyl methyl dimethoxysilane (CMDS)
was also obtained from Merck in Germany. The main raw material, isotactic polymeric
grade propylene, was provided by Shazand Petrochemical in Tehran, Iran. The gases used,
hydrogen and nitrogen, had a purity level of 99.999% provided by Lynde (St. Paul, MN,
USA). Dimethylformamide was obtained from Sigma-Aldrich (St. Louis, MO, USA) with a
purity of 99.99%.

Propylene Polymerization

In this research study, a pre-polymerization process based on the conventional proce-
dure used by the chemical industries was carried out. The pre-polymerization of propylene
was carried out in a 1 L round-bottom, jacketed, stainless-steel reactor equipped with a
mechanical spiral stirrer and a circulating oil temperature control system. To start the
process, the reactor was purged with nitrogen for 2 h at 70 ◦C and then cooled to 50 ◦C
before transferring 210 mL of n-hexane to the reactor under a nitrogen atmosphere. Sub-
sequently, 8 Kh/h of a cocatalyst, 5 Kh/h of a catalyst, and an appropriate amount of
DMF was injected using a gas-tight syringe, all under a nitrogen atmosphere. At 70 ◦C,
propylene was continuously supplied to the reactor at a constant flow rate for about 120
min, which resulted in obtaining a pre-polymer with a ratio of 40 g PP/mmol Ti. Once the
pre-polymer was prepared, it was dried using a nitrogen flow at 60 ◦C. Then, to disperse the
pre-polymer particles inside the reactor, the stirrer speed was increased to 1000 rpm. Gas
phase polymerization was started, introducing the reagents into the same reactor used in
the pre-polymerization stage. The gas phase polymerization was carried out under a total
pressure of 70 bar at 70 ◦C for 120 min. It is relevant to mention that repeated experiments
were carried out to verify the consistency of the results, as shown in Table 1.
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Table 1. Collection of PP samples with traces of dimethylformamide.

Rehearsal Replica Dimethylformamide
(ppm)

Productivity ZN
(MT/Kg)

% Lost
Productivity

1 1 0 46 0
1 2 0 46 0
1 3 0 46 0
2 1 0.35 45.81 0.56
2 2 0.34 45.77 0.5
2 3 0.36 45.72 0.61
3 1 0.75 45.56 1.26
3 2 0.74 45.39 1.37
3 3 0.73 45.46 1.17
4 1 1.55 44.82 2.43
4 2 1.54 44.81 2.52
4 3 1.51 44.85 2.46
5 1 3.1 43.49 5.41
5 2 3.2 43.48 5.35
5 3 3.1 43.46 5.46
6 1 5.1 41.19 9.96
6 2 5.2 41.17 10.06
6 3 5.1 41.15 10.28
7 1 7.5 38.55 15.93
7 2 7.6 38.47 15.78
7 3 7.4 38.53 15.85
9 1 10.1 36.53 21.3
9 2 10.05 36.45 21.3
9 3 10.2 36.39 21.3

2.2. Melt Flow Index (MFI) and Average Molecular Weight (Mw)

In this study, samples of virgin polypropylene (PP) with different standard melt flow
values (MFI) were collected from various suppliers and the polymer processing industry.
PP samples from the polymerization process were also obtained. All polymer samples were
characterized using the MFI test method at a temperature of 230 ◦C and a load of 2.16 kg.
The molecular weight distribution of PP was determined using the Branmer model, which
has been used in other research and has shown excellent approximations [7,18,24].

2.3. Computational Methods

A conformational search was carried out to identify the stable structure of the syn-
thesized compound with an empirical method using the Gaussian 16 program. The most
stable structure obtained was optimized using the density functional theory (DFT) B3LYP
(the hybrid functional of three parameters of Becke using the correlation functional of
Lee, Yang, and Parr) [26] with the method 6-311 G(d,p). The energy values of the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
were calculated using density functional theory (DFT) at B3LYP/6-311 G(d,p) levels using
the self-consistent reaction field (SCRF) approach.

We made adjustments to how the atoms were arranged in the molecules without
symmetry constraints using the B3LYP method along with a 6-311G(d,p) basis set. We
also took into account corrections to consider how electrons were dispersed among the
atoms using the DFT-D3 method (zero damping). To ensure that the structures were
well-optimized, we calculated how the molecules would vibrate at the atomic level.

In this study, we used a β-MgCl2(110) surface. The adsorption energy of the molecule
on the surface is calculated using Equation (1):

Ead = EMg/P − EMg − EP (1)

where EMg/P is the energy of the system composed of the adsorbed inhibitor on the catalyst,
EMg is the energy of the catalyst, and EP is the energy of the inhibitor.
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We conducted a frequency analysis under standard conditions (1), atmosphere pres-
sure, and 298 Kelvin temperature to calculate the enthalpy (Had) and Gibbs free energy
(Gad) of adsorption. This calculation is carried out using the same formula as found in
Equation (1). The only distinction is that, instead of using zero-point energies, we employ
the values of H and G in these calculations.

Molecular Electrostatic Potentials

In this study, optimized geometry calculations for the DMF molecule were carried out
using the Gaussian 16 self-consistent field ab initio method, with the B3LYP base set known
for its efficiency in determining molecular structures. Subsequently, the electron densities
and electrostatic potentials were calculated using the 6-311G base set. The molecule
was depicted surrounded by a three-dimensional surface showing the constant electron
density contour. On this surface, the molecular electrostatic potentials were calculated
and represented. These potentials can be visualized with different levels of detail, but our
current qualitative purpose is to identify the most likely sites for nucleophilic, electrophilic,
or free radical attack.

3. Results
3.1. Conditions and Study Variables

In the present study, Figure 1 shows the measurements made in pairs of variables
concerning the concentration of N, N-dimethylformamide (DMF). Specifically, the relation-
ship between the DMFA concentration and two key variables was analyzed: the amount
of polypropylene (PP) produced, expressed in metric tons (MT), and the productivity of
the Ziegler–Natta (ZN) catalyst, measured in terms of metric tons of PP per kilogram of
solvent (MT/kg). In addition, two other variables were examined as a function of DMF
concentration: percentage loss in catalyst productivity and melt flow rate. Likewise, the
relationship between the melt flow index and the molecular weight of polypropylene was
analyzed. Table 2 provides detailed information on the experimental conditions used and
the amounts of the substances involved in this study. Just so you know, the conditions
shown in Table 2 were the same for each run, which was 24 in total.

This analysis allowed us to explore how the DMF concentration affects multiple
variables related to polypropylene production and the activity of the Ziegler–Natta catalyst.
The results obtained offer a complete view of the effects of the DMF concentration in the
process, which is relevant for the understanding and optimization of PP production systems
in the chemical industry. The study also provides valuable information on the percentage
loss in catalyst productivity, an essential measure for evaluating process performance. In
addition, the physical properties of polypropylene, such as melt flow rate and molecular
weight, were investigated to understand better how the DMF concentration can influence
these fundamental characteristics of the final product.

3.1.1. PP Productivity as a Function of the Inhibitor

Figure 1a presents the analysis of the relationship between the DMF concentration and
the first two variables: the amount of PP produced in metric tons (MT) and the productivity
of the ZN catalyst in metric tons of PP per kilogram of solvent (MT/kg). The synthesized
PP had a density between 0.9009 g/cm3 and 0.9011 g/cm3.

A clear downward trend is observed in both variables as the DMF concentration
increases, indicating an inversely proportional relationship. This graph illustrates how
DMF affects the amount of PP produced and, in turn, directly impacts the productivity of
the ZN catalyst. However, it is essential to highlight that this inhibitor shows a lower impact
on catalyst productivity, precisely 23.93% less, compared to the furan inhibitor analyzed in
a previous study [1]. These results highlight the importance of carefully considering the
DMF concentration in PP production processes since its direct influence on the amount of
PP generated and on the catalyst’s efficiency can significantly affect the overall productivity
of the system.
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Table 2. Materials and conditions of each of the components of the PP polymerization process.

Materials and Conditions Value Unit

Catalyst 5 Kg/h
Propylene 1.2 TM/h

TEAl 0.25 Kg/h
Hydrogen 30 g/h

Selectivity control agent 1 mol/h
Temperature 70 ◦C

Pressure 27 bar

3.1.2. Loss in Productivity and Loss in Fluidity Depending on the Concentration of DMF

In Figure 1b, the analysis of the relationship between the DMF concentration and the
second significant variable is presented: the percentage loss in catalyst productivity and
the flow rate. A directly proportional relationship is observed between both variables as
the concentration of DMF increases. The increase in the concentration of this inhibitor is
correlated with a more significant loss in catalyst productivity, which directly impacts the
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length of the polymer chain formed. This loss in productivity results in changes in the melt
flow index of the polymer. These results indicate that the DMF inhibitor influences the
physical properties of the produced polymer.

3.1.3. Melt Flow Rate and Molecular Weight as a Function of DMF Concentration

Figure 1c shows the analysis between the melt flow index (MFI) in grams per 10 min
(g/10 min) and the molecular weight (Mw) in kilodaltons (kDa) of the DMF concentration.
It is observed that the melt flow index increases as the DMF concentration increases while
the molecular weight decreases. These findings conclusively confirm that the DMF inhibitor
affects the properties of the polymer, precisely the length of the polymer chains generated.
It is important to note that the melt flow index measures the polymer’s flowability under
specific processing conditions. The increase in melt index indicates a higher flowability
of the polymer, which may have implications for its behavior during manufacturing and
subsequent applications. On the other hand, the decrease in the molecular weight of
the polymer suggests that the polymer chains generated in the presence of DMF have a
shorter length. Molecular weight is an important measure that determines the physical and
mechanical properties of the polymer, such as its strength and durability. Therefore, the
decrease in molecular weight indicates a significant alteration in the physical properties of
the polymer generated in the presence of DMF. A notable point of interest in the results of
Figure 1c is that the DMF concentration shows a directly proportional and almost systematic
effect on the melt flow rate, except at the concentration point of 40.23 ppm, which may
indicate a possible complex interaction between the DMF and the polymeric system at that
specific concentration.

The decrease in the molecular weight and the increase in the melt index indicate a
significant modification in the polymer structure generated using DMF. These results have
important implications in the design and control of polypropylene production processes
since the physical properties of the polymer are vital factors that determine its performance
and applicability in various industries. In conclusion, Figure 1c shows clearly and precisely
how the DMF concentration affects both the melt index and the molecular weight of the
generated polymer. These results provide a solid scientific basis for understanding the
effects of the DMF inhibitor on the physical properties of the polymer. They are relevant
for optimizing polypropylene production processes in the chemical industry.

3.2. DMF Inhibition Mechanism

As illustrated in Figure 2, the initial step in the heterogeneous polymerization mech-
anism involves the formation of a complex between titanium and the cocatalyst. This
generated complex between titanium and aluminum possesses an empty orbital, which
interacts with the π electrons present in the monomer. This interaction leads to the for-
mation of a π complex. The π complex, in turn, directs the -CH3 portion of the monomer
away from titanium to aluminum. During this process, there is a rapid rearrangement of
the π complex, resulting in the creation of bonds between the carbon atoms of propylene
and titanium. At the same time, the second carbon atom in polypropylene gains a positive
charge, while the aluminum alkyl group is transferred to the carbocation. This alkyl group
transfer to the carbocation occurs instantly, without allowing the formed carbocation to
reorganize. Therefore, the propylene group is stereospecifically inserted between titanium
and aluminum through the action of the titanium complex. This titanium complex con-
tinues to insert additional propylene monomers between itself and the ethyl group that is
ultimately added to the chain. As the reaction progresses, an isotactic polymer is formed.
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When inhibitors, such as N,N-dimethylformamide (DMF), are involved in addition
to the reagents used in the isotactic polypropylene polymerization process, the essential
reaction mechanism for polymerization is disrupted, as shown in Figure 3. Several studies
have demonstrated that DMF coordinates with the metal centers through the oxygen atom,
which has unpaired electrons with less steric hindrance.
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In the context of the coordination complex formation, Figure 3 illustrates how two
DMF molecules approach adjacent titanium metal centers and coordinate with them by
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forming oxo bridges. In this process, the oxygen atom shares the two available pairs of
electrons, which co-occurs in both DMF molecules involved in the reaction. These DMF
molecules compete and surpass other ligands, such as triethylaluminum and propylene,
in their ability to react with metal centers. This is because the ligands capable of forming
bridges in the coordination complexes, specifically oxygen in the oxo bridge, confer more
excellent stability to the complexes formed due to more significant interaction of the orbitals
involved in the bonds.

It is widely known that atoms in nature tend to prefer to bond in the way that implies
the least energy under the conditions given at the moment of union; that is, they seek
the most stable form. Therefore, it is justified that how DMF binds to the Ziegler–Natta
(ZN) catalyst is shown in Figure 3. These findings provide a deeper understanding of the
reaction mechanisms between DMF and metal centers, as well as the influence of these
coordination complexes on the activity and selectivity of the ZN catalyst. The detailed
knowledge of these processes allows the rational design and optimization of catalysts in
producing polymers, such as polypropylene.

3.3. Analysis of the Use of DMF as an Inhibitor of the ZN Catalyst

In this study, we aimed to gain insight into how DMF impacts the ZN catalyst by
employing density functional theory (DFT) at the B3LYP/6-311G(d,p) level. In this analysis,
we assessed various quantum chemical parameters, such as the highest occupied molecular
orbital energy (EHOMO), the lowest unoccupied molecular orbital energy (ELUMO), and
the energy gap (∆E). Additionally, we delved into local reactivity by utilizing Fukui indices
to predict the locations where nucleophilic and electrophilic attacks may occur. The theoret-
ical findings and correlations we have uncovered align well with the experimental results.

The impact of an inhibitor compound’s ability to reduce activity is often attributed
to how the molecule binds to the metal surface. This binding can manifest in two ways:
physical (physisorption) or chemical (chemisorption), depending on the strength of this
connection. In the case of chemisorption, one of the reactive molecules acts as an electron
pair donor, while the other acts as an electron pair acceptor. The value of the highest
occupied molecular orbital energy (EHOMO) is used to measure a molecule’s predisposition
to donate electrons [27]. Higher EHOMO values indicate a greater tendency of the molecule
to donate electrons to accepting molecules that have vacant and low-energy molecular
orbitals. As EHOMO values increase, adsorption becomes easier, subsequently enhancing
inhibition effectiveness by influencing the transport process through the adsorbed layer.
On the other hand, ELUMO indicates the molecule’s capacity to accept electrons. In
Figure 4, an energy diagram of the molecular orbitals of DMF and the ZN catalyst is
presented and compared with the HOMO and LUMO of the ethyl group from the cocatalyst.
This comparison is essential because, as indicated in Section 3.2, the initial step in the
heterogeneous polymerization mechanism involves the formation of a complex between
titanium and the cocatalyst.

Focusing on the ZN catalyst and dimethylformamide (DMF), a significant difference in
the energy values of their molecular orbitals is evident. DMF’s highest occupied molecular
orbital (HOMO) has a higher energy level (−6.75 eV) compared to the ZN catalyst’s
singly occupied molecular orbital (SOMO) (−7.04 eV). Similarly, DMF’s lowest unoccupied
molecular orbital (LUMO) is higher in energy (0.01139) compared to the ZN catalyst’s
LUMO (−0.18998). This indicates that DMF has a greater predisposition to donate electrons
to accepting molecules, in this case, to the active titanium center of the ZN catalyst, which
possesses a vacant molecular orbital with low energy, resulting in chemisorption between
dimethylformamide and the catalyst’s active center.
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The energy gap (∆E = ELUMO − EHOMO) is an important parameter related to the
inhibitory molecule’s reactivity toward adsorption on the metal surface. As ∆E decreases,
the molecule’s reactivity increases, leading to an increase in the inhibitory efficiency (%IE) of
the molecule. Lower values of the energy difference will provide good inhibition efficiency
because the energy required to remove an electron from the last occupied orbital will be
low [28]. It is relevant to note that the energy gap between the catalyst’s SOMO and DMF’s
HOMO is energetically more favorable (∆E = 0.311 eV) compared to other interactions,
such as that between the catalyst’s SOMO and the LUMO of the ethyl group (∆E = 11.6 eV)
originating from the cocatalyst (AlEt3), and the SOMO of the catalyst and the HOMO of
the ethyl group (8.27 eV).

3.3.1. Molecular Electrostatic Potential Map

The molecular electrostatic potential (MEP) is a valuable tool used to investigate global
molecular structure and reactivity, since it provides information about the charge distribu-
tion and the availability of electrons in a molecule. Using colors, the MEP indicates the areas
with the highest electron density (red) or electron deficiency (blue) in the molecule. This
allows the identification of nucleophilic sites, where the molecule has a higher probability
of donating electrons (red areas), and electrophilic sites, where it has a higher affinity for
accepting electrons (blue areas) [29].

According to the analysis of the molecular electrostatic potential (MEP) of the DMF
(Figure 5b), it can be observed that the molecule presents different regions with different
electron densities. The red highlighted areas in the MEP indicate areas where DMF has a
higher electron density and affinity to accept electrons. These red areas correspond to the
electrophilic sites of the molecule. On the other hand, the areas highlighted in blue in the
MEP indicate regions with electron deficiency and, therefore, present a greater probability
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of donating electrons. These blue areas correspond to the nucleophilic sites of the molecule.
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In the context of the inhibition of the ZN catalyst, this information from the DMF
MEP is relevant because it suggests that DMF may act as an inhibitor by interacting with
electrophilic sites on the catalyst. Since the catalyst ZN is probably a nucleophilic agent,
DMF, with its electrophilic regions, could attract and form a stable complex with the catalyst,
thus preventing the catalyst from reacting with the desired reagent and thus inhibiting its
catalytic activity (look at the Figure 5b).

It is evident that the main region of the Ziegler–Natta catalyst is highlighted by its
blue hue, located above the titanium atom. This blue coloration (Figure 5a) indicates an
electron deficiency in that area and, consequently, a greater propensity to accept electrons.

In essence, DMF could function as a ZN catalyst inhibitor by competing for interaction
with the catalyst at their electrophilic sites, leaving fewer sites available for the catalyst
to bind to the reactant (either AlEt3 or propylene or whatever) and carry out its catalytic
reaction. This interaction of the DMF with the ZN at their electrophilic sites would be similar
to how enzyme inhibitors bind to the active sites of enzymes, preventing their activity.

3.3.2. Fukui Functions

The calculations of the Fukui functions were carried out using the Hirschfeld popula-
tion method [30]. The results of these calculations have been compiled and presented in
Table 3. These calculations are centered on all the atoms present in dimethylformamide
(see Figure 6).

An analysis of the values of the Fukui functions and the dual descriptor reveals the
distribution of electron density in the DFM molecule and which atoms are more prone to
participate in chemical reactions. For example, positive values of “f−” suggest that the
corresponding atoms have a more remarkable ability to accept electrons, making them
potential nucleophilic sites. On the other hand, positive “f+” values indicate that atoms
are more likely to donate electrons, making them electrophilic sites. Likewise, the negative
value of “∆f” for some atoms indicates that they can act as centers of a negative charge,
while positive values indicate centers of a positive charge. On the subject of ZN catalyst
inhibition, this information is relevant, as it can help to understand how DMF interacts
with the catalyst and how it affects the reactivity of the atoms in the DFM molecule. For
example, if DMF has a high electron density at certain atoms, it could compete with the
cocatalyst for binding to the catalyst and thus inhibit its catalytic activity. Furthermore, the
dual descriptor (∆f) can indicate which atoms have a higher probability of changing their
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electronic charge during the interaction with the catalyst, which can also affect their ability
to react.

Table 3. Local descriptors of dimethylformamide.

Number f− f+ f0 ∆f

1 0.0171 0.4999 0.2585 0.4828
2 0.0005 0.0012 0.0008 0.0007
3 0.6043 0.0341 0.3192 −0.5702
4 0.0200 0.0256 0.0228 0.0056
5 0.0069 0.0016 0.0042 −0.0053
6 0.0048 0.0054 0.0051 0.0006
7 0.0640 0.0019 0.0330 −0.0622
8 0.0129 0.0972 0.0551 0.0843
9 0.0050 0.0007 0.0029 −0.0043
10 0.0154 0.0254 0.0204 0.0100
11 0.0756 0.0014 0.0385 −0.0743
12 0.1733 0.3057 0.2395 0.1324
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The N3 and O12 carbon atoms stand out as the sites most prone to an electrophilic
attack, meaning they have a high capacity to accept additional electrons. On the other
hand, C1 and O12 atoms are the most susceptible to a nucleophilic attack, indicating their
predisposition to donate electrons. In addition, the C1, N3, and O12 atoms are the most
susceptible sites to an attack by free radicals, suggesting they can participate in electron
transfer reactions. Table N + 1 shows the variation of ∆f depending on the atoms, and these
results offer a more detailed view of the molecule’s reactivity. The nitrogen atom shows the
most negative value of ∆f (−0.5702), making it the site most prone to an electrophilic attack.
On the other hand, the C1 and O12 atoms present positive values of ∆f (0.4828 and 0.1324,
respectively), which identifies them as the most favorable sites for a nucleophilic attack.

3.4. Interaction between Dimethylformamide and the Titanium Active Center

In this section, we present the results of simulating the binding of the inhibitor to the
active TiCl3/Mg8Cl16 center, as illustrated in Figure 7a. The choice of this model is based
on previous calculations that suggest that the coordination of TiCl4 with the (104) plane
is quite weak or even unstable, whereas the coordination of TiCl4 with the (110) plane is
energetically favored [8–30].
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In the context of this study, we assessed the adsorption of dimethylformamide (DMF)
on the titanium center of a Ziegler–Natta (ZN) catalyst and compared it to the value
reported in the study [8], where the adsorption energy for propene on the titanium active
center was reported. The results revealed that DMF exhibits a strong affinity for the
titanium center, with an adsorption energy (Ead) of −46.157 kcal/mol, indicating a robust
interaction. On the other hand, propylene showed an Ead of −5.2 kcal/mol, suggesting
a lower affinity compared to DMF. This significant difference in adsorption affinity has
important implications for chemical and adsorption processes, highlighting DMF’s ability
to form strong bonds with the ZN catalyst, which can influence its behavior in chemical
reactions and catalytic processes.

As a result, this “poison” hinders the formation of complexes with alkenes and alkene
insertion reactions. It is important to note that this type of inhibition is virtually reversible:
When the poison is removed from the system, the active centers resume the polymerization
reaction. Furthermore, we calculated the ∆Gad of the complex formed between DMF and
the ZN catalyst, obtaining a value of −30.6 kcal/mol, along with a ∆Had of −47.6 kcal/mol.
This indicates that this interaction is more favorable compared to other inhibitors, such
as CH3OH, which has Ead and ∆Had values of −29.1 and −26.5 kcal/mol, respectively,
according to the same previously mentioned study.

4. Conclusions

In this study, we explored how the concentration of N, N-dimethylformamide (DMF)
affects various variables related to polypropylene (PP) production and the activity of the
Ziegler–Natta (ZN) catalyst. We analyzed the relationships between the DMF concentration
and the amount of PP produced, as well as the ZN catalyst productivity measured in
metric tons of PP per kilogram of solvent (TM/kg). We also examined other variables, such
as the percentage loss in catalyst productivity and the polymer melt index. The results
revealed a clear trend of decreasing PP production and ZN catalyst productivity as the
DMF concentration increased, suggesting an inversely proportional relationship between
these variables and DMF concentration. Additionally, a directly proportional relationship
was observed between DMF concentration and the percentage loss in catalyst productivity
and the polymer melt index. Regarding the physical properties of polypropylene, it was
found that the melt index increased, and the molecular weight decreased as the DMF
concentration increased. These findings indicate a significant modification in the polymer’s
structure induced by DMF, which could impact its behavior during manufacturing and
subsequent applications. It was also observed that dimethylformamide (DMF) has a strong
affinity for the titanium center of a Ziegler–Natta (ZN) catalyst, with an adsorption energy
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(Ead) of approximately −46.157 kcal/mol. This affinity is significantly higher compared
to propylene, which has an Ead of approximately −5.2 kcal/mol. Furthermore, the study
revealed that the energy gap between the highest occupied molecular orbital (HOMO) of
DMF and the lowest occupied molecular orbital (SOMO) of the Ziegler–Natta (ZN) catalyst
is energetically favorable, with a value of approximately 0.311 eV. Additionally, the analysis
of the molecular electrostatic potential (MEP) revealed that DMF has electrophilic regions,
indicating its potential interaction with the electrophilic sites of the catalyst, acting as
an inhibitor.

Author Contributions: Conceptualization, J.H.-F., R.G.-C. and R.O.-T.; Methodology, J.H.-F., R.G.-C.
and R.O.-T.; Software, J.H.-F., R.G.-C. and R.O.-T.; Validation, J.H.-F., R.G.-C. and R.O.-T.; Formal
analysis, J.H.-F., R.G.-C. and R.O.-T.; Investigation, J.H.-F., R.G.-C. and R.O.-T.; Resources, J.H.-F., R.G.-
C. and R.O.-T.; Data curation, J.H.-F., R.G.-C. and R.O.-T.; Writing—original draft, J.H.-F. and R.O.-T.;
Writing—review & editing, J.H.-F.; Visualization, J.H.-F.; Supervision, J.H.-F.; Project administration,
J.H.-F.; Funding acquisition, J.H.-F. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Juber, F.A.H.; Jawad, Z.A.; Chin, B.L.F.; Yeap, S.P.; Chew, T.L. The prospect of synthesis of PES/PEG blend membranes using

blend NMP/DMF for CO2/N2 separation. J. Polym. Res. 2021, 28, 177. [CrossRef]
2. Publishing, S.; Scrivener, M.; Carmical, P. Introduction to Industrial Polypropylene. 2005. Available online: https://www.eng.uc.

edu/~beaucag/Classes/Properties/Books/Dennis%20B.%20Malpass,%20Elliot%20I.%20Band(auth.)%20-%20Introduction%
20to%20Industrial%20Polypropylene_%20Properties,%20Catalysts%20Processes%20(2012)%20-%20libgen.lc.pdf (accessed on 19
June 2023).

3. Joaquin, H.F.; Juan, L. Quantification of poisons for Ziegler Natta catalysts and effects on the production of polypropylene by gas
chromatographic with simultaneous detection: Pulsed discharge helium ionization, mass spectrometry and flame ionization. J.
Chromatogr. A 2020, 1614, 460736. [CrossRef] [PubMed]

4. Albizzati, E.; Giannini, U.; Morini, G.; Smith, C.A.; Zeigler, R.C. Advances in propylene polymerization with MgCl2 supported
catalysts. In Ziegler Catalysts: Recent Scientific Innovations and Technological Improvements; Springer: Berlin/Heidelberg, Germany,
1995; pp. 415–425.

5. Zhang, B.; Zhang, L.; Fu, Z.; Fan, Z. Effect of internal electron donor on the active center distribution in MgCl2-supported
Ziegler–Natta catalyst. Catal. Commun. 2015, 69, 147–149. [CrossRef]

6. Nikolaeva, M.; Mikenas, T.; Matsko, M.; Zakharov, V. Effect of AlEt3 and an External Donor on the Distribution of Active Sites
According to Their Stereospecificity in Propylene Polymerization over TiCl4/MgCl2 Catalysts with Different Titanium Content.
Macromol. Chem. Phys. 2016, 217, 1384–1395. [CrossRef]

7. Hernández-Fernández, J.; Vivas-Reyes, R.; Toloza, C.A.T. Experimental Study of the Impact of Trace Amounts of Acetylene
and Methylacetylene on the Synthesis, Mechanical and Thermal Properties of Polypropylene. Int. J. Mol. Sci. 2022, 23, 12148.
[CrossRef]

8. Bahri-Laleh, N. Interaction of different poisons with MgCl2/TiCl4 based Ziegler-Natta catalysts. Appl. Surf. Sci. 2016, 379,
395–401. [CrossRef]

9. Pernusch, D.C.; Spiegel, G.; Paulik, C.; Hofer, W. Influence of Poisons Originating from Chemically Recycled Plastic Waste on the
Performance of Ziegler–Natta Catalysts. Macromol. React. Eng. 2022, 16, 2100020. [CrossRef]

10. Hernández-Fernández, J.; Ortega-Toro, R.; Castro-Suarez, J.R. Theoretical–Experimental Study of the Action of Trace Amounts
of Formaldehyde, Propionaldehyde, and Butyraldehyde as Inhibitors of the Ziegler–Natta Catalyst and the Synthesis of an
Ethylene–Propylene Copolymer. Polymers 2023, 15, 1098. [CrossRef]

11. Obot, I.B.; Macdonald, D.D.; Gasem, Z.M. Density functional theory (DFT) as a powerful tool for designing new organic corrosion
inhibitors. Part 1: An overview. Corros. Sci. 2015, 99, 1–30. [CrossRef]

12. Stukalov, D.V.; Zakharov, V.A. Active Site Formation in MgCl2−Supported Ziegler−Natta Catalysts. A Density Functional Theory
Study. J. Phys. Chem. C 2009, 113, 21376–21382. [CrossRef]

13. Hernández-Fernández, J.; Guerra, Y.; Puello-Polo, E.; Marquez, E. Effects of Different Concentrations of Arsine on the Synthesis
and Final Properties of Polypropylene. Polymers 2022, 14, 3123. [CrossRef]

https://doi.org/10.1007/s10965-021-02500-6
https://www.eng.uc.edu/~beaucag/Classes/Properties/Books/Dennis%20B.%20Malpass,%20Elliot%20I.%20Band(auth.)%20-%20Introduction%20to%20Industrial%20Polypropylene_%20Properties,%20Catalysts%20Processes%20(2012)%20-%20libgen.lc.pdf
https://www.eng.uc.edu/~beaucag/Classes/Properties/Books/Dennis%20B.%20Malpass,%20Elliot%20I.%20Band(auth.)%20-%20Introduction%20to%20Industrial%20Polypropylene_%20Properties,%20Catalysts%20Processes%20(2012)%20-%20libgen.lc.pdf
https://www.eng.uc.edu/~beaucag/Classes/Properties/Books/Dennis%20B.%20Malpass,%20Elliot%20I.%20Band(auth.)%20-%20Introduction%20to%20Industrial%20Polypropylene_%20Properties,%20Catalysts%20Processes%20(2012)%20-%20libgen.lc.pdf
https://doi.org/10.1016/j.chroma.2019.460736
https://www.ncbi.nlm.nih.gov/pubmed/31831146
https://doi.org/10.1016/j.catcom.2015.06.011
https://doi.org/10.1002/macp.201500486
https://doi.org/10.3390/ijms232012148
https://doi.org/10.1016/j.apsusc.2016.04.034
https://doi.org/10.1002/mren.202100020
https://doi.org/10.3390/polym15051098
https://doi.org/10.1016/j.corsci.2015.01.037
https://doi.org/10.1021/jp907812k
https://doi.org/10.3390/polym14153123


Polymers 2023, 15, 3806 15 of 15

14. Joaquin, H.F.; Juan, L.M. Autocatalytic influence of different levels of arsine on the thermal stability and pyrolysis of polypropylene.
J. Anal. Appl. Pyrolysis 2022, 161, 105385. [CrossRef]

15. Hernández-Fernández, J.; López-Martínez, J. Experimental study of the auto-catalytic effect of triethylaluminum and TiCl4
residuals at the onset of non-additive polypropylene degradation and their impact on thermo-oxidative degradation and pyrolysis.
J. Anal. Appl. Pyrolysis 2021, 155, 105052. [CrossRef]

16. Hernández-Fernández, J.; Cano, H.; Aldas, M. Impact of Traces of Hydrogen Sulfide on the Efficiency of Ziegler–Natta Catalyst
on the Final Properties of Polypropylene. Polymers 2022, 14, 3910. [CrossRef]

17. Torabi, S.R.; Fazeli, N.; Zarand, M.G. Effect of dimethyl formamide in the synthesis of linear low density polyethylene on
branched and molecular structure. J. Appl. Polym. Sci. 2012, 123, 1267–1272. [CrossRef]

18. Heravi, M.M.; Ghavidel, M.; Mohammadkhani, L. Beyond a solvent: Triple roles of dimethylformamide in organic chemistry.
RSC Adv. 2018, 8, 27832–27862. [CrossRef] [PubMed]

19. Louvis, A.R.; Silva, N.A.A. N,N-dimethylformamide (CAS No. 68-12-2). Rev. Virtual Química 2016, 8, 1764–1785. [CrossRef]
20. Marsella, J.A. Dimethylformamide. In Kirk-Othmer Encyclopedia of Chemical Technology; Wiley Online Library: Hoboken, NJ, USA, 2013.

[CrossRef]
21. Varnava, K.G.; Sarojini, V. Making Solid-Phase Peptide Synthesis Greener: A Review of the Literature. Chem. Asian J. 2019, 14,

1088–1097. [CrossRef] [PubMed]
22. Kim, T.H.; Kim, S.G. Clinical Outcomes of Occupational Exposure to N,N-Dimethylformamide: Perspectives from Experimental

Toxicology. Saf. Health Work 2011, 2, 97–104. [CrossRef]
23. Li, M.-J.; Zeng, T. The deleterious effects of N,N-dimethylformamide on liver: A mini-review. Chem. Biol. Interact. 2019, 298,

129–136. [CrossRef]
24. Zhou, Z.; Sang, L.; Wang, J.; Song, L.; Zhu, L.; Wang, Y.; Xiao, J.; Lian, Y. Relationships among N,N-dimethylformamide exposure,

CYP2E1 and TM6SF2 genes, and non-alcoholic fatty liver disease. Ecotoxicol. Environ. Saf. 2021, 228, 112986. [CrossRef]
25. Cao, L.; Su, C.; Lu, Y.; Wu, J.; Wei, L.; Liao, J.; Xian, Y.; Gao, S. Long-term performance study applying a tandem AnSBR-ASBR to

treat wastewater containing N, N-dimethylformamide: Sludge physicochemical properties, microecology, and functional genes. J.
Environ. Chem. Eng. 2023, 11, 109447. [CrossRef]

26. Lee, C.; Yang, W.; Parr, R.G. Desarrollo de la correlación Colle-Salvetti -fórmula de energía en un funcional de la densidad
electrónica. Phys. Rev. B 1988, 37, 785. [CrossRef]

27. Udhayakala, P.; Rajendiran, T.V.; Gunasekaran, S. Theoretical Evaluation of Corrosion Inhibition Performance of Some Triazole
Derivatives. J. Adv. Sci. Res. 2012, 3, 71–77.

28. Jumabaev, A.; Holikulov, U.; Hushvaktov, H.; Issaoui, N.; Absanov, A. Intermolecular interactions in ethanol solution of OABA:
Raman, FTIR, DFT, M062X, MEP, NBO, FMO, AIM, NCI, RDG analysis. J. Mol. Liq. 2023, 377, 121552. [CrossRef]

29. Roy, R.K.; Pal, S.; Hirao, K. On non-negativity of Fukui function indices. J. Chem. Phys. 1999, 110, 8236–8245. [CrossRef]
30. Hernández-Fernández, J.; González-Cuello, R.; Ortega-Toro, R. Parts per Million of Propanol and Arsine as Responsible for the

Poisoning of the Propylene Polymerization Reaction. Polymers 2023, 15, 3619. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jaap.2021.105385
https://doi.org/10.1016/j.jaap.2021.105052
https://doi.org/10.3390/polym14183910
https://doi.org/10.1002/app.34619
https://doi.org/10.1039/C8RA04985H
https://www.ncbi.nlm.nih.gov/pubmed/35542702
https://doi.org/10.21577/1984-6835.20160117
https://doi.org/10.1002/0471238961.0409130513011819.a01.pub2
https://doi.org/10.1002/asia.201801807
https://www.ncbi.nlm.nih.gov/pubmed/30681290
https://doi.org/10.5491/SHAW.2011.2.2.97
https://doi.org/10.1016/j.cbi.2018.12.011
https://doi.org/10.1016/j.ecoenv.2021.112986
https://doi.org/10.1016/j.jece.2023.109447
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1016/j.molliq.2023.121552
https://doi.org/10.1063/1.478792
https://doi.org/10.3390/polym15173619
https://www.ncbi.nlm.nih.gov/pubmed/37688245

	Introduction 
	Materials and Methods 
	Standards and Reagents 
	Melt Flow Index (MFI) and Average Molecular Weight (Mw) 
	Computational Methods 

	Results 
	Conditions and Study Variables 
	PP Productivity as a Function of the Inhibitor 
	Loss in Productivity and Loss in Fluidity Depending on the Concentration of DMF 
	Melt Flow Rate and Molecular Weight as a Function of DMF Concentration 

	DMF Inhibition Mechanism 
	Analysis of the Use of DMF as an Inhibitor of the ZN Catalyst 
	Molecular Electrostatic Potential Map 
	Fukui Functions 

	Interaction between Dimethylformamide and the Titanium Active Center 

	Conclusions 
	References

