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Abstract

Density functional theory (DFT) was used to study how heteroatom identity affects the
electronic properties of pyrrole, furan, thiophene, and pyridine. The structures were opti-
mized and their frontier molecular orbital energies were calculated and compared. Pyrrole
had the highest HOMO energy (—5.1 eV) and the smallest HOMO-LUMO gap (4.3 V), while
pyridine had the lowest HOMO energy (—6.4 V). Furan and thiophene fell between these two
compounds. Additional conceptual DFT descriptors were estimated from the frontier orbital
energies. Pyrrole had the lowest approximate ionization potential (5.10 e€V), while pyridine
had the highest approximate ionization potential (6.40 ¢V) and electronegativity (4.15 eV).
The overall difference between pyrrole and pyridine agreed with their known behavior toward
electrophiles. However, the calculated HOMO energies of furan and thiophene did not re-
produce their established electrophilic substitution ordering. These results show that frontier
orbital energies are useful for comparing the electronic properties of heterocycles, but they
do not fully predict chemical reactivity on their own.

Introduction

Aromatic heterocycles are cyclic conjugated molecules that contain at least one atom other than
carbon in the aromatic ring. Changing the heteroatom can change the distribution of electron
density in the ring through resonance and inductive effects, which can in turn affect chemical
reactivity [7].

Pyrrole, furan, thiophene, and pyridine provide a useful comparison because their heteroatoms
interact with the aromatic system in different ways. In pyrrole, furan, and thiophene, a lone
pair on the heteroatom contributes to the aromatic m system. These compounds are all capable
of undergoing electrophilic aromatic substitution, although their reactivities are not the same.
Previous experimental and theoretical work gives the general reactivity order

pyrrole > furan > thiophene

(1, 14].

Pyridine behaves differently. Its nitrogen lone pair does not form part of the aromatic 7 sextet,
and the ring is much less reactive toward electrophilic aromatic substitution [5].

Density functional theory (DFT) can be used to study these electronic differences computation-
ally. DFT provides information about optimized molecular structures, electron distribution, and
molecular orbital energies |8l |6]. Frontier molecular orbital theory is particularly useful for com-
paring the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO), which can provide qualitative information about chemical reactivity [3]. HOMO-based
descriptors have also been used in computational studies of nucleophilicity and reactions with
electrophiles [2].
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The goal of this study was to compare the electronic properties of pyrrole, furan, thiophene,
and pyridine and determine how well simple frontier orbital descriptors reflect their known chem-
ical behavior. HOMO and LUMO energies, HOMO-LUMO gaps, and several conceptual DFT
descriptors were compared among the four molecules. It was expected that the more electron-rich
heterocycles would have higher HOMO energies and lower ionization potentials than pyridine,
which is much less reactive toward electrophilic substitution.

Methods

Molecular Systems

Pyrrole, furan, thiophene, and pyridine were selected for comparison. All four molecules were
treated as neutral, closed-shell systems with a charge of zero and a spin multiplicity of one.

Initial structures were built in Avogadro and subjected to a preliminary molecular-mechanics
optimization before the quantum-chemical calculations. This step was used only to generate
reasonable starting geometries.

DFT Calculations

Geometry optimizations were carried out using density functional theory as implemented in ORCA
6.0, with the B3LYP exchange—correlation functional, the D3BJ dispersion correction, and the
def2-TZVP basis set. All calculations were performed in the gas phase, and the same level of
theory was used for each molecule.

The structures were optimized using tightened self-consistent-field convergence criteria. Har-
monic vibrational-frequency calculations were then performed at the same level of theory to check
the optimized geometries. The optimized structures were used for the subsequent electronic-
structure calculations.

Frontier Molecular Orbitals
The HOMO and LUMO energies were obtained from the converged electronic structures. The
HOMO-LUMO gap was calculated as

Eg.p = ELumo — Enomo- (1)

HOMO and LUMO energies were used as comparative electronic descriptors. Although frontier
molecular orbitals can provide useful information about reactivity |3} 2], they were not treated as
direct measurements of reaction rate or molecular stability.

Conceptual DFT Descriptors

Several additional descriptors were estimated from the frontier orbital energies. The ionization
potential was approximated using

IP ~ 7EHOMO7 (2)

and the electron affinity was approximated using

FA~ _ELUMO- (3)
Chemical hardness was calculated from
_IP-FEA
= 5 )
and electronegativity was calculated from



IP+FEA
R ©)
Because the I P and E A values were estimated directly from the frontier orbital energies, they
were used only for comparison among the four heterocycles and were not treated as independently
calculated vertical ionization energies or electron affinities.

Electronic-Structure Visualization

Electron-density, electrostatic-potential (ESP), HOMO, and LUMO visualizations were generated
from the calculated electronic structures. ESP surfaces provide a qualitative representation of the
spatial distribution of electrostatic potential around a molecule [9].

Data Analysis

The HOMO energy, LUMO energy, HOMO-LUMO gap, approximate ionization potential, ap-
proximate electron affinity, chemical hardness, and electronegativity were compared among the
four molecules.

The calculated trends were also compared with previously reported electrophilic aromatic sub-
stitution behavior for pyrrole, furan, thiophene, and pyridine [1} |4} |5]. Because only four molecules
were included, the comparisons were treated as descriptive rather than as a statistically general-
izable model.

Results and Discussion

Frontier Molecular Orbital Energies

The calculated HOMO and LUMO energies are shown in Table[I] Pyrrole had the highest HOMO
energy at —5.1 eV, followed by thiophene at —5.6 eV, furan at —5.8 eV, and pyridine at —6.4 eV.

Table 1: Calculated frontier molecular orbital energies and HOMO-LUMO gaps.

Heterocycle HOMO (eV) LUMO (eV) Gap (eV)

Pyrrole -5.1 -0.8 4.3
Furan -5.8 -1.2 4.6
Thiophene -5.6 -1.1 4.5
Pyridine -6.4 -1.9 4.5

The largest difference was between pyrrole and pyridine. Pyrrole had a HOMO energy 1.3
eV higher than that of pyridine. This agrees qualitatively with their known chemistry. Pyrrole
is strongly activated toward electrophilic aromatic substitution, whereas pyridine is much less
reactive toward electrophiles |7} [5].

The trend was less clear for furan and thiophene. Previous work gives the electrophilic substi-
tution order

pyrrole > furan > thiophene

(1, 4].
The HOMO energies calculated here instead followed

pyrrole > thiophene > furan.



Thiophene had a HOMO energy of —5.6 eV, compared with —5.8 eV for furan. The difference
is small, but it shows that HOMO energy alone does not reproduce the full experimental reactivity
order.

This is reasonable because electrophilic aromatic substitution depends on more than the en-
ergy of the reactant HOMO. The position of electron density in the orbital, stabilization of the
intermediate, and the energy of the reaction pathway can also affect the observed reaction rate |1}

4.
HOMO-LUMO Gaps

The calculated HOMO-LUMO gaps are shown in Figure [l Pyrrole had the smallest gap at 4.3
eV. Furan had the largest gap at 4.6 eV, while thiophene and pyridine both had gaps of 4.5 eV.
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Figure 1: Calculated HOMO-LUMO gaps for pyrrole, furan, thiophene, and pyridine.

The gap values differed by only 0.3 eV across the four compounds. Pyrrole was slightly lower
than the other three molecules, but the overall range was small. For this reason, the HOMO-
LUMO gap was treated as an electronic descriptor rather than as a direct measure of molecular
stability or overall chemical reactivity.

Conceptual DFT Descriptors
The conceptual DFT descriptors derived from the frontier orbital energies are listed in Table

Table 2: Conceptual DFT descriptors estimated from the calculated frontier orbital energies.

Heterocycle IP (eV) FEA (eV) n (eV) x (eV)

Pyrrole 5.10 0.80 2.15 2.95
Furan 5.80 1.20 2.30 3.50
Thiophene 5.60 1.10 2.25 3.35
Pyridine 6.40 1.90 2.25 4.15

The approximate ionization potentials followed directly from the HOMO energies. Pyrrole had
the lowest value at 5.10 eV, while pyridine had the highest at 6.40 eV. Furan and thiophene had
intermediate values of 5.80 and 5.60 eV, respectively.



The lower value for pyrrole is consistent with its relatively high HOMO energy. Within this
approximation, removing electron density from pyrrole requires less energy than from pyridine.
Pyridine showed the opposite behavior, with both the lowest HOMO energy and highest approxi-
mate ionization potential.

The approximate electron affinities ranged from 0.80 eV for pyrrole to 1.90 eV for pyridine.
Furan and thiophene again fell between the two, with values of 1.20 and 1.10 eV. These values
were estimated from the LUMO energies, so they are best used to compare the molecules with
one another rather than as predictions of experimental electron affinities.

Chemical hardness changed relatively little across the series. Pyrrole had a hardness of 2.15
eV, furan 2.30 eV, and both thiophene and pyridine 2.25 eV. The total variation was only 0.15 eV.
This makes hardness a less useful descriptor for separating the four molecules than either HOMO
energy or ionization potential.

Electronegativity showed a clearer trend. Pyrrole had the lowest value, 2.95 eV, followed by
thiophene at 3.35 eV and furan at 3.50 eV. Pyridine had the highest electronegativity at 4.15
eV. This is consistent with the lower frontier orbital energies calculated for pyridine and with its
electron-poor aromatic ring.

The conceptual DFT descriptors provide an alternative representation of the same frontier-
orbital trends. Pyrrole appears at the more electron-rich end of the series, with a high HOMO
energy, low approximate ionization potential, and low electronegativity. Pyridine shows the oppo-
site pattern. Furan and thiophene remain much closer to one another, and their ordering changes
depending on the descriptor being considered.

Relationship to Chemical Reactivity

The electronic trends reproduce some aspects of the known reactivity of these compounds but
not all of them. The strong difference between pyrrole and pyridine is reproduced consistently
by several descriptors. Pyrrole has the higher HOMO energy and lower approximate ionization
potential, while pyridine has the lower HOMO energy and higher electronegativity.

The distinction between furan and thiophene is less successful. Their calculated electronic
properties are similar, and the HOMO ordering does not match the established electrophilic sub-
stitution ordering. This suggests that differences in reaction mechanism and intermediate stabi-
lization become important when comparing molecules whose frontier orbital energies are close.

The calculations therefore provide a useful description of broad electronic differences among the
four heterocycles, but they do not support treating any single electronic descriptor as a complete
predictor of electrophilic aromatic substitution reactivity.

Conclusion

DFT calculations showed clear electronic differences among pyrrole, furan, thiophene, and pyri-
dine. Pyrrole had the highest HOMO energy, while pyridine had the lowest. The corresponding
conceptual DFT descriptors showed the same broad pattern: pyrrole had the lowest approximate
ionization potential and electronegativity, while pyridine had the highest values.

These results agree with the large difference in electrophilic reactivity between pyrrole and
pyridine. However, the calculations did not reproduce the complete experimental ordering of
furan and thiophene. Thiophene had a slightly higher calculated HOMO energy than furan even
though furan is more reactive toward electrophilic aromatic substitution.

This shows that frontier molecular orbital energies are useful for comparing the electronic
properties of heterocycles, but they cannot describe chemical reactivity by themselves. Reaction
pathways, intermediate stabilization, orbital distribution, and other factors must also be consid-
ered.

Future work could include a larger set of heterocycles and substituted heterocycles. Calculating
transition states and activation energies for specific electrophilic substitution reactions would also



provide a more direct connection between the electronic-structure calculations and experimental
reactivity.
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Code Availability

A computational workflow implementing the methods described in this study, together with molec-
ular input files and analysis code, is available at [github.com/abat4/heterocycle-dft-analysis.
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