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ABSTRACT

This study is an in silico screening of zinc PNP and NNN pincer complexes with variation of the R
groups in the ligands for the homogeneous catalysis of the hydrogenation of pyridine. This was done
by investigating geometry, hemilability, and binding energies. The scope lies in identifying which
complexes are thermodynamically capable of binding pyridine, which is researched using the Gibbs
free energy of the binding reaction. Energies and optimized geometries were obtained using Den-
sity Functional Theory with ORCA and the supercomputer Snellius. The screening revealed that
PNP-R complexes favor tetrahedral geometries after optimization, but three and five coordinated
structures are also possible. Hemilability of the phosphorus and/or nitrogen arm were observed. All
PNP-complexes showed thermodynamically unfavored binding of pyridine. Additionally, NNN-R
complexes did not bind to pyridine. Only when phenyl was used as the R group in the NNN back-
bone did pyridine bind. This is believed to be due to a hydride migrating to one of the phenyl rings,
but even then, the binding energy was not thermodynamically favorable. Moreover, research on
ligand substitution by pyridine showed that in most complexes this reaction is unfavorable. Only in
three coordinated structures of NNN was this reaction thermodynamically feasible. These findings
contribute to understanding the pincer ligand dynamics of PNP and NNN complexes and suggest
directions for future research.
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1 INTRODUCTION

1.1 Theoretical Background
As the population grew more & more in the early 20th century, the demand for crops grew si-
multaneously [1]. In 1913 [2], Fritz Haber developed a method to produce ammonia, an artificial
fertilizer, from a chemical reaction of nitrogen and hydrogen at high temperatures [3]. This reac-
tion, called Ammonia Synthesis, uses iron as a catalyst, which helps lower the activation energy
by allowing nitrogen and hydrogen atoms to stick to its surface, dissociate, and recombine to form
ammonia [4]. Catalysts not only reduce the energy barrier of a reaction but also improve selectivity,
increase reaction rates, and accelerate chemical reactions [5]. In general catalysts can be split into
two groups, which are homogenous and heterogeneous catalysts. Homogeneous catalysts are in the
same phase as their reactants, whereas heterogeneous catalysts are in different phases [6]. Modern
chemical industry relies heavily on catalysis. Petrochemical, pharmaceutical, and energy industries
use catalysts to facilitate the production of products like fuels, fertilizers and polymers [7].

As global challenges evolve, one of the main problems in the 21st century is global warming,
driven in part by carbon dioxide emissions from the use of fossil fuels for energy. Therefore, the
transition towards sustainable energy is crucial. In the last decade there has been research on finding
a new source for energy storage. Alternative energy carriers like hydrogen have been investigated
and used but have not entirely subtituted fossil fuels. Reasons for this are the complexity, cost and
safety concerns of hydrogen storage [8]. Current methods used for hydrogen storage are for example
compressed gas, liquid hydrogen, cold compressed and hydride complexes [9].

Hydrogen storage has become an active area of research with a focus on material based methods
like hydrogenation reactions. Hydrogenation is a reaction in which a hydrogen molecule adds to
an unsaturated bond. Therefore, the molecule with the unsaturated bond ’stores’ the hydrogen
[10]. One hydrogen storage option that is increasing expectations is that of liquid organic hydrogen
carriers (LOHCs), which are organic compounds that remain in the liquid phase around ambient
conditions and can store and release hydrogen by reversible (de)hydrogenation [11]. One of the
most studied LOHCs are toluene and methylcyclohexane, which uses transition metals catalysts
like platinum, palladium and ruthenium [11]. Other LOHCs of interest are those based on N-
heterocycles, such as 1-methyl-octahydroindole, tetradecahydrophenazine, and one of the simplest
examples, pyridine. [12]. N-heterocycle hydrogen carriers have low hydrogen extraction temperature
compared to other LOHCs due to their low enthalpy of dehydrogenation reaction, which means that
less energy is required for this reaction to occur [13]. This contributes to a more energy efficient
system and supports the transition to sustainable energy.

Suitable catalytic systems such as metal-ligand complexes are required for the use of LOHCs.
These complexes are of great importance in hydrogenation processes due to their structural stability
and reactivity. One promising catalytic application is that of pincer-metal complexes. These ligands
are tridentate ligands which bind with the metal central atom and form a pincer-like structure, like
a crab or a scorpion grabbing onto something. Figure 1 illustrates an example of a pincer complex
bound to an iridium center atom. Pincer complexes have been found to be able to reduce unsatu-
rated carbon based molecules such as CO2, nitriles, amides, esters, olefins and alkynes [14]. They
have been used in combination with a variety of different metals such as iridium [15], manganese
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[16] and ruthenium [17]. The problem with these metal catalysts is that they use costly and pre-
cious metals [18], but research has been focusing on finding low-cost and non-precious alternatives.
Recently, zinc has emerged as a promising candidate for this matter.

Figure 1: Comparison of a pincer-iridium complex to a crab and a scorpion to illustrate how pincer
ligands bind to a metal center. Red dot illustrates the binding site. [15]

This research is focused on the non-transition metal zinc, which is believed to be a good option
as a catalyst to further explore sustainable catalytic hydrogen storage technologies. The reason for
this being its low toxicity and earth abundance. Research already suggests that zinc could work for
semi-hydrogenation of alkynes [19]. The Global Warming Potential of zinc is about 113 times lower
than that of ruthenium [20], which is a metal that is currently being used in both academic and
industrial settings for hydrogenation reactions [21][22]. The electronic distribution of zinc’s electron
shells can be written as 2, 8, 18 and 2 (see Figure 2). In the fourth shell it has 2 valence electrons,
which are the 4s electrons, and in the third shell 18 electrons, of which 10 are the electrons in the
d-orbital [23]. The electronic configuration of zinc using the noble gas argon shorthand notation is

[Ar] 3d10 4s2

see Figure 2 for the complete configuration. Zinc has the ability to lose its 4s valence electrons
because these are higher in energy [24]. It then becomes a cation with a 2+ charge with a filled d10

orbital.

Zinc complexes are flexible in coordination number, adapting tetrahedral, trigonal bipyramidal,
square pyramidal and octahedral geometry[24]. It can range from 2-8 coordination depending on
its ligands [26] and it is a medium-soft cation based on the hard-soft acid-base principle. This is
reflected in the ligands that it binds with: hard donor atoms like nitrogen and oxygen and soft donor
atoms like sulfur and phosphor. Zn2+ behaves like a lewis acid by accepting lone pairs from donor
atoms into its empty 4s and 4p orbitals, this forms σ (sigma) bonds. When zinc is coordinated
by hard or soft donors, it is prone to ligand exchange [27]. Given zinc’s favorable coordination
chemistry, recent studies have begun to explore its performance in hydrogenation reactions using
PNP analogs [28]. PNP analogs are pincer ligands that bind to the center atom by two phosphorus
and one nitrogen atom.

Reseach done on the zinc PNP pincer complexes has shown that these type of complexes can act
as active catalyst. However, no information could be found on zinc complexes where all three donor
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Figure 2: The left side of the figure illustrates the distribution of zinc’s electrons across its atomic orbitals
[23]. The corresponding electron configuration is shown on the right [25] and is written as:

1s2 2s2 2p6 3s2 3p6 4s2 3d10

atoms bind simultaneously. For example, PNP-zinc complexes have shown their ability to activate
N-H and H-H bonds via (de)aromatization with the help of hemilability of one phosphorus atom
(see Figure 3) [29]. Hemilability is the ability of a ligand arm to reversibly detach from the metal
atom and therefore provide an open coordination site during a reaction [30]. This phenomenon is
believed to enhance catalytic activity of metal complexes [30]. As a result, the system was capable
of catalyzing the hydrogenation of imines and ketones following bond activation and hemilability
(Figure 3).

Figure 3: Zinc pincer complex showing hemilability of one of the phosphorus arms (A and B) allowing
bond activation of H-H (B to C) and hydrogenation of imines and ketones (C to E) [29].

Recent research further demonstrates that hydrogenation reactions with three-coordinate zinc
complexes as catalysts, supported by bidentate PNP and PN ligands with an R group like hydrogen
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or methyl, are enhanced compared to their PNP analogs (Figure 4) [28].

Figure 4: On the right side an example of a PNP analog. On the left side a PN ligand with R group

The synthesis of these zinc complexes are quite challenging, often facing problems during the
isolation of the pure compounds [28]. Expensive chemicals, large amounts of resources and advanced
skills are required to successfully synthesize these type of complexes. Therefore, it is convenient
to use computational methods as a fast and effective way to screen the complexes for activity,
stability and thermodynamic properties before synthesizing them. Computational catalysis is ac-
tively used for this purpose, but there are some challenges attached to this method. ”The issue
of accuracy” is one of these. There is a challenge regarding the accuracy of the methodology to
determine the electronic structure of a system and the quality of the chemical model [31]. It is
not easy to simultaneously reach these accuracies. That said, there are some methodological ap-
plications that simplify/approximate the model chemical systems and their electronic structures.
One largely use example of this application is that of Density Functional Theory (DFT). It numer-
ically approaches the Schrödinger equation to find the electronic structure of molecules [32]. This
method uses exchange-correlation functionals and basis sets to find a balance between accuracy and
computational cost.

1.2 Research Objective and Scope
This project is an in silico screening of zinc pincer complexes for hydrogen storage via homoge-
neous hydrogenation of pyridine. For a catalytic reaction to take place, the substrate must first
bind to the catalyst complex. Thus, the main question to be answered is the following: Are zinc
pincer complexes thermodynamically capable of binding pyridine as a substrate and stabilizing the
resulting complex? This will be answered by investigating the preferred coordination geometries of
Zn(II) in complexes with pincer ligands having PNP and NNN backbones, as well as examining if
these complexes show hemilability and if so, how does this influence the thermodynamic stability
of these Zn(II) complexes. Furthermore, the influence of different R groups on the ligand backbone
will also be examined. Additionally, it will be investigated wether the pincer ligand binds strongly
enough to not be substituted by pyridine. An octahedral zinc pincer complex was taken as an initial
guess for the starting complex.

The scope of this project will be to identify optimal complexes that have favorable Gibbs free
energy (∆Gbinding) for the binding of pyridine to the zinc center by using DFT calculations.
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The main hypothesis for this project is that zinc will bind to the pincer complexes with hemil-
ability of one of the donor atoms. Moreover, it is expected that pyridine can bind favorably to the
zinc complexes. Another hypothesis is supported by DFT optimization studies [33] which shows
that zinc complexes with strong ligands or neutral donor atoms relax into tetrahedral shapes, even
when starting with octahedral inputs. Furthermore, tetrahedral geometry is shown to have a low
energy configuration when coordinated to one acidic or two or more neutral ligands [33]. Therefore
it is believed that during DFT optimization of the octahedral complexes these structures will have
dissociation of atoms and form tetrahedral complexes instead.
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2 MODELS AND METHODS

The reaction energy for the binding of pyridine is calculated using Equation 1, which is based on
the mass balance of the chemical reaction. These values are obtained from DFT calculations.

∆Gbinding = Gcomplex with pyridine + Gdissociated ligand − Gcomplex − Gpyridine (1)

First 3D structures of the pincer ligand complexes were created to calculate their Gibbs free
energy. The geometry optimization was then performed to recalculate the energy of the complex
and proceed with the reaction energy. The hemilability of these complexes was also analyzed during
the optimization. Further explanation of the steps taken are discussed in the following paragraphs.

2.1 Ligand Design
Ligands (see Figure 5) were first drawn in ChemMarvin, a universal chemical editor, to later extract
their SMILES code, which is a representation code for molecular structures [34]. Next, files with
xyz Cartesian coordinates of the complexes were generated using the SMILES of the ligands. The
files generated are directly suitable for quantum chemical computations. The Python scripts with
the epic-mace package were used. MACE is an automated computational workflow that transforms
SMILES code into 3D structures of all feasible stereoisomers for octahedral and square planar
complexes [34]. MACE was used to generate the xyz files of the complexes [PNP-Zn-L] and [NNN-
Zn-L] with all R groups, where L = two hydrogens (H=hydrogen) and pyridine (Pyr). R groups
are uniformly substituted for each backbone. MACE was opened in Command Line Interface (CLI)
by using the code ’epic-mace-quickstart’ and directly after ’nano mace input.yaml’. Avogadro and
Chemcraft were used as vizualization programs for the files generated. After generating the xyz
files, the pyridine molecule was manually substituted for carbonyl (CO) in Avogadro to later on
do DFT calculations on all isomers for the complexes with pyridine and with CO. This is because
different isomers can have different energies and the binding energie is calculated using the most
thermodynamically stable isomer (major isomer) with the lowest energy value obtained.

Figure 5: Molecular structures of the PNP (upper left) and NNN (upper right) pincer ligand backbones.
R groups are the following: phenyl (phe), tert-butyl (t-but), methyl (me), isopropyl (iso), and cyclohexane

(cy).
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2.2 Density Function Theory Calculations
Geometry optimization and frequency calculations of the PNP and NNN complexes were performed
with DFT to calculate the energy minima of the complexes. This was done using ORCA quantum
chemistry software [35] and the national supercomputer Snellius [36]. Input files for ORCA were
manually created by using ORCA keywords and the coordinates from the xyz files. See Table 1 for
a summary of the keywords that were used. This combination of keywords have been observed to
work successfully for metal-complexes and have a low computational cost [37]. All thermochem-
istry calculations were carried out with standard conditions of 298.15 Kelvin and 1.00 atmospheric
pressure. Additionally, calculations were performed in vacuo (complexes in gas phase) using 24
processor cores with 2000 Mega bytes per core. The limited time set for a job was 24 hours, but
the jobs were completed within two to five hours. After running the input files in ORCA, various
files were generated, including files with densities, errors committed during running, new Cartesian
coordinates, thermodynamic calculations etc.

Purpose Keyword Explanation
Optimization OPT Stands for Optimize geometry. Used to find the most

stable structure of a molecule.
Frequency Calculation FREQ Performs frequency calculations to verify that the op-

timized structure is a true minimum and to compute
thermodynamic properties such as entropy and Gibbs
free energy.

Functional PBE0 A hybrid functional combining Generalized Gradient
Approximation (GGA) and exact exchange, it is be-
lieved to strike a balance between accuracy and com-
putational cost for metal-ligand complexes

Dispersion Correction D3BJ Used for dispersion correction in DFT calculations. It
improves accuracy for noncovalent interactions.

Basis Set def2-SVP Used for the approximation of the wavefunctions of elec-
trons while offering a balance between accuracy and
computational efficiency

Table 1: Purpose, keywords and explanation of ORCA input settings used in the computational workflow
[38] [39].

Note that for zinc complexes other keywords for functionals of the type hybrid-Generalized
Gradient Approximation (GGA) can be used instead of PBE0, which is what is currently being
used in the research group. For example B3LYP have been found to have a good performance for
the topology of the system, but it comes with drawbacks in fields like electron affinities [40].

2.3 Data Analysis
The first step of data analysis was checking the file with the errors commited during the calculations
to make sure the calculations were done correctly. These files are called ’slurm-batchnumber.out’.
If the calculations were successful the next step was to check the geometry of the complex, this
was crucial due to the hypothesis that the octahedral geometry could change to another geometry.
This step was done by opening the new cartesian files in ChemCraft and visualizing the structure
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to check for geometry and hemilability. When geometry changed or hemilability was present, three
new files were generated to reoptimize the structure for PNP backbone. The first one was an input
file for ORCA with the new xyz coordinates to run this again, the reason for this was to find
an even lower minima in energy if this existed. Second and third files were input files where the
structures showed N and P hemilability, this was to check if hemilability was indeed present after
reoptimization and to see the difference between the energy of these two. For NNN only one file
for reoptimization was sent due to the first optimization giving only one type of geometry. Later
on it was seen in ChemCraft that some of these structures (starting complexes) show hemilability,
but reoptimization for hemilability was not done due to time limitation.

A visualization of the approach taken can be seen in Figure 6.

Figure 6: A path of the approach followed.
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3 RESULTS & DISCUSSION

This section provides a detailed analysis of the results for the PNP and NNN backbones, including
the thermodynamics of pincer ligand dissociation and the binding of two pyridine molecules.

3.1 Geometry optimization
MACE generated two configurations for all R groups in both PNP and NNN backbones, except
for phenyl. This R group gave only one configuration. See Figure 7 for an illustration of the
configurations. The difference in these configurations is the position of the hydrides attached to the
zinc metal center. They are positioned in the cis or trans configuration. The ligand adjusts itself
depending on whether the complex adopts a cis or trans configuration, resulting in different spatial
arrangements. The configuration found for R=phenyl was cis. Later on it was noticed that MACE
gives more configurations for R=phenyl when running CO complex, which are [PNP-Zn-L] where
L = H, H, CO.

Figure 7: Two configurations created by MACE for PNP-cy and NNN-cy. First row of figures are PNP
structures and second row are NNN structures. Left side is trans configuration and right side is cis

configuration regarding the position of the hydride ligands. Hydrogen atoms bound to the ligand are not
shown. Color code for atoms: grey=carbon, orange=phosphorus, purple= zinc, blue=nitrogen,

white=hydrogen and red=oxygen

Geometry optimization using DFT of the PNP and NNN zinc complexes showed that CO ligand
dissociates from the zinc metal center. CO donates electrons to zinc via σ donation. This ligand
uses π-backbonding to stabilize metal-CO bond. However, due to zinc’s filled d10 orbital, it cannot
easily donate its electrons into CO’s pi antibonding orbital. This explains the dissociation of CO
from zinc. For this reason, no further DFT calculations (reoptimization) were ran using CO as a
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ligand. Additionally, all PNP starting complexes started with an octahedral structure but relaxed
into tetrahedral geometries, except for one PNP-cy isomer which had a 3 coordinated structure.
The products of PNP-R show 5 coordinated geometries when using phenyl and tert-butyl as R
group. All other PNP-R product complexes have tetrahedral geometries. For NNN-R, the starting
complexes are 3, 4 and 5 coordinated. NNN-phe was the only complex that showed successful
binding of pyridine. All other NNN-R products show different geometries, but none of them show
pyridine binding (Figure 8). These results suggest that pyridine binding is more favorable when
using a PNP backbone rather than an NNN backbone for zinc complexes.

This is believed to be due to phosphorus atoms being less electronegative than nitrogen atoms,
making phosporous atoms better σ donors and therefore easier to stabilize the complex when
additional ligands are added to it. In contrast, nitrogen atoms are more electronegative and they
create a crowded and high electron density environment around zinc, thus making the binding of
pyridine more difficult.

Figure 8: Optimized structures of NNN-R products per MACE configuration where pyridine binding was
not favorable. Pyridine is encircled in blue. Hydrogen atoms bound to ligands are not showed. Color code

for atoms: black=carbon, blue= zinc, purple= nitrogen and grey=hydrogen

Figure 8 shows the starting complexes, where pyridine is weakly bound to them via Van der
Waals interactions. NNN-tbut and NNN-cy show hemilability of one of the N arms in the starting
complex. Unfortunately, due to timelimit the energie values for the different hemilabile structures
could not be calculated.

3.2 Analysis of PNP-R
This section focuses on the analysis of the structures with a PNP backbone. MACE gave 2 con-
figurations per R group for the PNP backbone , except for phenyl which only had one. These
configurations were then investigated using ORCA, which resulted in the identification of two iso-
mers in the starting complex per R group and dissociation of the CO ligand. The isomers exhibit
either N- or P-hemilability (see Figure 9). In one isomer (PNP-cy), only P-hemilability was ob-
served with a complete dissociation of the N atom. In this complex, the ligand behaves more like
a bidentate ligand with hemilability of one phosphorus arm.
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In these PNP-complexes both the phosphorus and nitrogen atom can dissociate in the starting
complexes to establish a three or four coordinated state. Thus, complexes with PNP backbones
demonstrated a flexible ligand environment.

Figure 9 illustrates that PNP-me and PNP-cy show higher energy differences between the start-
ing complex isomers. For PNP-me the energy gap is 16 kJ/mol between the isomers, suggesting
that both isomers may coexist in equilibrium but there is a stronger preference for PNP-me with
P-hemilability. For PNP-cy with the N atom dissociated the energy difference between isomers is
51 kJ/mol. This energy gap is big enough to only find the lowest energy isomer in equilibrium.
To futher support this statement, the Boltzmann ratio was calculated for this complex using equa-
tion 2. Boltzmann ratio gives the relative population ratio of a particular arrangement based on
its energy difference [41]. This ratio was then normalized to percentages for an estimation of the
probability for the population of one isomer at equilibrium. The percentage for the lowest energy
isomer for PNP-cy was 100 %. Thus, only tetrahedral with N atom dissociated is expected to be
present at equilibrium for PNP-cy. These results further suggest that zinc pincer complexes with
PNP backbone do not prefer three coordinated structures.

In contrast, the energy difference between the reactant isomers is small for PNP-phe, PNP-tbut,
and PNP-iso, indicating that no single isomer is strongly favored allowing dynamic interconversion
between these.

N2

N1
= e− ∆G

RT (2)

Boltzmann ratio: N2 stands for the higher energy isomer and N1 for the lower energy isomer. R stands
for the gas constant, 8.314 J mol−1 K−1. The temperature is 298.15 Kelvin, which is based on the

temperature of the DFT calculations.
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Figure 9: Pyridine binding reaction per R group with isomers for starting complex. Blue arrow between
starting complexes points to the most stable isomer. Hydrogen atoms bound to ligands are not showed.

Color code for atoms: black=carbon, blue= zinc, orange= phosphorus and grey=hydrogen

The results from Figure 9 show that the tetrahedral PNP starting complexes with the nitrogen
atom dissociated are the major isomers for all ligands except for PNP-me. This is believed to be
because phosphorus atoms are strong sigma donors and zinc relies strongly on sigma donation due
to its filled d10 orbital. Phosporous atoms are bigger than nitrogen atoms and they have a larger
radius for their electron shell. Therefore, they can share electrons by sigma donation easier than
nitrogen atoms. Thus, it is logical that PNP complexes with both phosphorus atoms bound are
favored.

Pyridine binds to PNP zinc complexes through different coordination modes. The reaction
with pyridine starts from a starting complex with N-hemilability and it can directly bind pyridine
(like PNP-phe or PNP-tbut) or it can form a P hemilabile structure and create a binding site for
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pyridine (PNP-me, PNP-iso and PNP-cy). This last result is similar to the results shown in the
activation of H-H bonds with tetrahedral PNP-zinc complexes were the P atom shows hemilability
and therefore creates a binding site for one H atom [29]. This example was mentioned in Figure 3.
Only in the case of PNP-me does the major isomer show P-hemilability. This distinct behavior is
due to the methyl group being the smallest R group, resulting in less steric hindrance and lowest
binding energy. As a consequence, both the P and N donor atoms are able to coordinate to the
zinc center simultaneously in the major isomer. This difference did not influence the hemilability
in the product of PNP-me when comparred to PNP-iso and PNP-cy products.

It is important to point out that the product of PNP-tbut has no bond between the pyridine and
the zinc metal center. According to Figure 10, this complex exhibits a pyridine-metal bond length
of 2.72 Å, which falls outside the range observed for the other products (2.16–2.42 Å). Despite this,
it is still believed that pyridine is weakly bound to PNP-tbut because the nitrogen atom of the
pyridine is positioned directly above the zinc center. It is possible that this bond exists, but its
length falls outside the range in which ChemCraft displays bonds.

Moreover, the highest binding energy, that of PNP-cy with a value of 65 kJ/mol, has a binding
energy of 2.28 Å. The lowest binding energy value corresponds to PNP-me, with a value of 10
kJ/mol and a bond length of 2.16 Å. Interestingly this is the same bond length for PNP-iso, but
the binding energy of this complex is twice that of PNP-me. These findings indicate that the
binding length alone does not fully explain the favorability of pyridine coordination to PNP zinc
complexes.

Figure 10: ∆Gbinding of PNP-R complexes and their corresponding binding length of zinc–pyridine. The
binding energies are calculated using the most stable starting complex isomer as reference.

Furthermore, both PNP-phe and PNP-tbut have a five coordinated trigonal bipyramidal struc-
ture for the complex with pyridine, however the bond length of PNP-phe is shorter than that of
PNP-tbut. This is believed to be due to phenyl groups being planar and being able to rotate
around their P-C bonds, which allows them to accomodate when ligands are bound close to them.
In contrast, tert-butyl groups are bulky and cone-shaped, causing more steric hindrance around the
metal center. When comparing these two groups in the same position in the backbone analysed,
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tert-butyl groups limit the access for new ligands to bind to the metal center more than phenyl
groups do. This explains the high zinc-pyridine bond length of PNP-tbut.

Additionally, PNP-phe starting complex with N hemilability has a bite angle of 98 degrees, which
is smaller than all other starting complexes with N hemilability (see Figure 11). This is believed to
be due to PNP-phe exhibiting π–π interactions between the two phenyl groups facing each other.
The strong π–π interactions between the phenyl rings draw them closer together, resulting in a
small bite angle between the phosphorus atoms to which they are attached. This phenomenon of
π–π interactions was also observed for the PNP-phe complex with pyridine bound.

Pyridine bound to the complex in between two phenyl rings creating π–π stacking interactions.
A clear trend is observed for the bite angle of the isomers of the starting complexes that have N
atom dissociated (bite angle is calculated from P-P). The bite angle is around 120 degrees, with
the exception of PNP-phe. Furthermore, the isomers with P atom dissociated also have a trend for
a bite angle between P and N atom of around 78 degrees.

Figure 11: Bite angles of PNP-R starting complex isomers, where ’N’ in the name refers to the isomer
with the N atom dissociated and the angle measured between P-zinc-P. Letter P in the name refers to P

atom dissociated and a bite angle between P-zinc-N.
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3.3 Analysis of NNN-R
For NNN-R different geometries can be observed for starting complexes. NNN-Phe and NNN-tbut
have three coordinated structures, whereas NNN-me, NNN-iso and NNN-cy have five coordinated
structures (see Figure 12).

Figure 12: Optimized structures of NNN-R starting complexes. Hydrogen atoms bound to ligand are not
showed. Color code for atoms: black=carbon, blue= zinc, purple= nitrogens and grey=hydrogen

As mentioned in section 3.1, only NNN-phe showed a structure in which pyridine was bound.
Geometry optimization gave only one isomer for the reactant of this complex, which turned out
to be a 3 coordinated structure where zinc was bound to the middle nitrogen atom of the NNN
backbone. During the reaction with pyridine, one of the hydrides that was bound to the zinc center
migrated to one of the phenyl rings in the backbone (Figure 13). The product is a 4 coordinated
structure of zinc bound to 3 nitrogen atoms and one hydride with a binding energy reaction of
76 kJ/mol. The hydrogen migration indicates that the hydride in the starting complex is highly
reactive, causing it to hydrogenate the aromatic benzene ring.

Figure 13: Reaction of NNN-phe with pyridine. Pink arrow shows the hydride migration.

Aromaticity was disrupted in the phenyl ring, causing a shift in electron density. This statement
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was further supported by a relatively negative charge of -0.135 e (elementary charge) on the carbon
atom with only three bonds in the phenyl ring (showed in pink circle in Figure 13). This implies
that a mechanism in Figure 14 likely occured. Pyridine bound to the side where the phenyl groups
still had aromaticity, probably to maintain π–π stacking interactions like seen before in PNP-phe
product.

Figure 14: Left: Mechanism for the migration of the hydride ligand. Right: Carbon atom with a negative
charge encircled in blue.

It is believed that the reason only one complex showed the binding of pyridine to NNN complex
is due to the three electron rich nitrogen atoms in the backbone. Nitrogen is considered harder
than zinc, making the binding of multiple nitrogen atoms to zinc difficult. This phenomenon was
also observed in PNP backbone, where N dissociation was mostly preffered in both reactants and
products. Additionally, when zinc is already bound to numerous nitrogen atoms it gets a high
electron density around it. Furthermore, nitrogen atoms are electronegative, meaning that they
hold their electrons tighther therefore creating a crowded chemical environment around the zinc
metal center.

These facts suggest that for NNN-phe, the key for pyridine binding was the hydride migration
in the three coordinated structure. This phenomenon lowered the electron density around the zinc
atom, allowing pyridine to bind with its electron pair. The positive reaction energy illustrates that
this reaction is not thermodynamically favored.

3.4 Complete dissociation of pincer ligand
In this section, the thermodynamics of the interchange of the pincer ligand and pyridine are ad-
dressed. The reaction studied was that of two pyridine molecules substituting the original pincer
ligand in the most stable starting complex, see the following reaction. The letter ’L’ represents the
pincer ligand and ’Pyr’ represents pyridine.

LZnH2 + 2 Pyr → L + Pyr2ZnH2 (3)

Only in two NNN complexes was the binding of pyridine thermodynamically favored, these
were NNN-phe and NNN-tbut (see Figure 15). This is logical, seeing that these complexes are 3
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coordinated and zinc is bound to the pincer ligand only by one nitrogen atom. Additionally, all
other NNN complexes were bound to the pincer ligand by all three nitrogen donor atoms, therefore
making it difficult to dissociate all three donor atoms and bind pyridine.

It is important to take into account that the NNN complexes were not fully investigated for
hemilability, therefore it is not known if NNN-me, NNN-iso and NNN-cy have lower energy isomers
with hemilability which, supported by the results in this section, could have different values for the
binding energy of this reaction.

Moreover, all PNP pincer complexes bind strong enough to resist substitution. This strong
interaction is believed to be due to sigma donation of the phosphorus atoms.

Figure 15: ∆Gbinding of two pyridine molecules causing complete substitution of the pincer ligand.

These results suggest that even though PNP complexes can show hemilability of the P and
the N arm, the full displacement of this ligand by two pyridine molecules is still unfavorable. In
contrast, NNN complexes with 3 coordinated structures are thermodynamically suitable for the
ligand substitution by two pyridine molecules.
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4 CONCLUSION & RECOMMENDATIONS

This study explored zinc complexes with PNP and NNN pincer ligands using phenyl, tert-butyl,
methyl, isopropyl, and cyclohexane as R groups. The goal was to analyse the thermodynamic fea-
sibility of these complexes for the hydrogenation reaction of pyridine by calculating the binding
energy of pyridine. It was found that zinc pincer complexes are not thermodynamically capable of
binding pyridine as a substrate and stabilizing the resulting complex. Geometry optimization con-
cluded that the CO ligand in the octahedral initial guess dissociated from the zinc center, indicating
that CO is not a good ligand for PNP/NNN zinc pincer complexes. Additionally, PNP-R complexes
showed a preference for tetrahedral geometry in both reactants and products. Nevertheless, excep-
tions like PNP-cy, PNP-tbut, and PNP-phe showed three and five coordinate environments. Both
PNP-phe and PNP-tbut showed a trigonal bipyramidal structure. PNP-phe had the smallest bite
angle within the N hemilabile PNP starting complexes, which is believed to be for π–π stacking
interactions. Furthermore, NNN-R starting complexes showed both 3 and 5 coordinate geometries.
These results showed how zinc pincer complexes are flexible in geometry coordination.

Additionally, it was found that PNP complexes have a flexible ligand environment and dynamic
hemilability. Isomers with both P and N hemilability for PNP starting complexes can be both found
in equilibrium due to their low energy difference between eachother, except for the 3 coordinated
isomer of PNP-cy, this was confirmed using the Boltzmann ratio. This result suggests that three
coordinated PNP zinc complexes are not stable. In contrast to all other PNP ligands, PNP-cy
behaved more like a bidentate ligand, with hemilability of one P arm. Moreover, PNP with the
smallest R group and lowest binding energy, methyl, was the only reactant with a major isomer
showing P-hemilability, allowing both N and P atoms to bind simultaneously. Together, these
observations highlight how the size of the R group can influence the stability and coordination
mode of zinc complexes.

DFT results showed that pyridine binding is more favorable for PNP backbones than for NNN
backbones, which is believed to be due to the better σ bonding of the phosphorus atom. All PNP
complexes showed pyridine bound. In contrast DFT calculations for the NNN products showed
that only NNN-phe formed a complex with pyridine bound. This is believed to be the result of
a hydride migration to one of the phenyl rings, which hydrogenates the aromatic benzene ring,
lowering the electron density around zinc, making the chemical environment less crowded and
enabling pyridine coordination. Outcome of calculations showed that all reactions with pyridine
are not thermodynamically feasible. The final part of this study involved the full substitution of
the pincer ligand by two pyridine molecules which revealed that all complexes bind strong enough
to resist substitution, with the exception of three coordinated NNN-complexes. Interestingly, PNP
complexes are both dynamic hemilabile and strongly bound to resist complete substitution by
two subtrate molecules. This balance of flexibility and stability may be advantageous in catalytic
systems.

Future work could focus on exploring whether having a major isomer with N-hemilability that
rearranges into a P-hemilabile form could create a favorable path for pyridine binding. Although
such rearrangements in this study led to positive reaction energies, they might still provide mech-
anistic insight into dynamic hemilability and binding cooperativity.
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Additionally, more LOHCs could be research for the binding and stabilization of PNP and
NNN zinc complexes. For PNP pincer ligand, it would be insightful to investigate more types of
N-heterocycles, with a focus on P,N-heterocycles.

This is due to the observation of PNP-zinc complexes showing preference when binding to P
atoms rather than N atoms. P,N-heterocycles could be explored to see whether they can maintain
a low reaction enthalpy (like N-heterocycles) while also allowing the phosphorus atom to bind and
unbind reversibly. This might be promising because phosphorus is known to exhibit hemilability
with zinc complexes, and this behavior could potentially be translated into a dynamic coordination
mode of the P,N-heterocycles in combination with the hemilability of the phosphorus arm in a PNP
zinc complex. If such reversible P–Zn binding is possible, it could allow a P,N-heterocycle to bind
as a substrate following hemilability of one phosphorus atom in the PNP backbone, potentially
leading to a more thermodynamically favorable binding environment and energy.

Furthermore, due to NNN-phe portraying hydrogenation in one of the phenyl rings, it is rea-
sonable to explore in more detail the mobility and reactivity in this complex. This could give more
information about the chemistry of aromatic hydrocarbons as R groups for NNN ligands in zinc
complexes.

Lastly, because all calculations were performed in the gas phase, it is recommended to repeat
the screening of this project in a solvent model, perhaps pyridine, to understand solvent effects on
pyridine binding and ligand substitution. This change will give a more realistic insight into how
these complexes behave under actual catalytic conditions.
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5 DECLARATION OF AI USE

In this project, the AI model ChatGPT was used as a helpful instrument to understand difficult
terms or subjects. Additionally, it was used to assist with the code part of the writing editor LaTeX.
When facing difficulties in Jupyter Notebook, ChatGPT was asked to rewrite python codes. Lastly,
it was used to fix grammatical and structural issues in the text to improve clarity and fluency.

26


