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ABSTRACT 

Traditional chemistry education often relies on symbolic representations, such as the Lewis 

dative arrow, which can lead to significant student misconceptions regarding the physical nature of 

electron sharing. This paper presents a pedagogical module implemented at the University of 

Burundi designed to bridge the gap between these abstract symbols and quantum reality. Using the 

H3N→BH3 adduct as a model system, students performed Density Functional Theory (DFT) 

calculations and Natural Bond Orbital (NBO) analysis using Gaussian 09. The results allowed 

students to quantify the interaction through three critical lenses: (i) the Second-Order Perturbation 

Energy (E2), which provided a thermodynamic measure of the nN→pB orbital donation; (ii) Natural 

Population Analysis (NPA), which revealed a net partial charge transfer (QCT) of 0.34e, 

contradicting the all-or-nothing perception of electron transfer; and (iii) the Wiberg Bond Index 

(WBI), which offered a numerical value for bond order. By visualizing the overlap of the Nitrogen 

lone pair with the empty Boron p-orbital, students transitioned from memorizing symbolic arrows 

to understanding the dynamic delocalization of electron density. This module demonstrates that 

integrating computational tools into higher education curricula effectively clarifies complex bonding 

concepts and modernizes the training of future chemists in resource-constrained environments. 

[African Journal of Chemical Education—AJCE 16(2), July 2026] 
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INTRODUCTION 

Teaching abstract concepts in chemistry, such as electron density and electron transfer 

complexes, presents a significant challenge, as traditional methods often fail to bridge the gap 

between quantum theory and experimental observation. [1], [2], [3] The Lewis acid-base (donor-

acceptor) interaction represents a fundamental paradigm in chemical education, providing the 

necessary framework for understanding nucleophilic and electrophilic behavior across organic 

synthesis and inorganic coordination chemistry. Traditionally, undergraduate students are 

introduced to this concept through the lens of Lewis dot structures and curved-arrow notation, where 

an electron pair is depicted as migrating from a donor to an acceptor. While these symbolic 

representations are indispensable for rapid mechanistic prediction, they often inadvertently simplify 

the complex quantum mechanical nature of the chemical bond. This pedagogical simplification 

frequently leaves students with a static, two-dimensional understanding of what is inherently a 

dynamic, three-dimensional electronic process governed by wavefunction overlap.  

The integration of computational tools is particularly critical in light of recent findings within 

the Burundian educational landscape. Research recently published in this journal, the authors 

identified significant challenges in integrating chemical simulation and modeling tools in chemistry 

teaching at the University of Burundi. [4] Their study highlighted that while there is an awareness 

of the benefits of these technologies, they remain largely underutilized in the classroom due to 

technical and institutional barriers. Consequently, chemistry education in the region remains heavily 

reliant on traditional, symbolic-heavy methods that do not fully engage the student's spatial or 

conceptual understanding of molecular behavior. 

The exercise presented here is designed as a direct response to these identified gaps. By 

providing a structured, accessible computational module using Gaussian 09 [5] via the WebMO 
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interface [6], we aim to offer a dual-purpose pedagogical resource. On one hand, it is expected for 

teachers to serve as a robust visual aid to move beyond chalk-and-talk methodologies, allowing 

educators to demonstrate real-time electronic changes that are impossible to convey through 2D 

sketches. On the other hand, for students, this demonstration is expected to provide a hands-on, 

research-grade environment to validate theoretical predictions, transforming passive learning into an 

active investigation of electronic structure. 

The physical basis for the donor-acceptor interaction is most rigorously explored through 

Frontier Molecular Orbital (FMO) theory, as pioneered by Kenichi Fukui. [7], [8] This theory posits 

that the reactivity and regioselectivity of a chemical system are primarily determined by the 

interaction between the Highest Occupied Molecular Orbital (HOMO) of the donor species and the 

Lowest Unoccupied Molecular Orbital (LUMO) of the acceptor. In the specific case of the 

Ammonia-Borane (H3N→BH3) system, the formation of the coordinate covalent bond is a direct 

result of the symmetry-allowed overlap between the Nitrogen lone pair (HOMO) and the vacant p-

orbital of the Boron atom (LUMO). 

 

Figure 1. The standard Lewis structure representation of NH3 and BH3: the curved arrow 

originating from the Nitrogen lone pair and points toward the Boron center, resulting in the H3N-

BH3 adduct. 

Through the computational lens provided by Gaussian 09, students and teachers move 

beyond dot-and-cross diagrams to observe two critical physical phenomena: visualizing how the C3v 

symmetry of the Nitrogen lone pair aligns along the z-axis with the Boron pz orbital and observing 

the structural transition of the Borane fragment from a trigonal planar sp2 configuration to a pseudo-

tetrahedral sp3 geometry, providing a tangible metric for electron density transfer. 
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The shift toward a computationally enriched curriculum is an essential pedagogical 

advancement in the 21st century. At the University of Burundi, this modernization is supported by a 

strategic scientific cooperation grant from the Ministry of Science and Technology of the People's 

Republic of China, which provided the Gaussian 09 software license. This partnership serves as a 

vital model for overcoming the resource challenges identified in previous studies, allowing students 

in African universities to engage with high-level research tools and fostering the next generation of 

scientifically literate graduates ready for the global stage. 

 

METHODOLOGY 

All electronic structure calculations were conducted using the Gaussian 09 software suite [5] 

accessed via the WebMO web-based graphical user interface [6] to facilitate geometry building and 

job submission. The methodology utilized Density Functional Theory (DFT) with the B3LYP 

(Becke, 3-parameter, Lee-Yang-Parr) hybrid functional [9], a choice justified by its established 

accuracy in modeling the thermochemistry and structural parameters of main-group coordination 

complexes. To describe the electronic wavefunctions, the 6-31G(d) split-valence polarized basis set 

[10], [11] was employed; the inclusion of d-type polarization functions on non-hydrogen atoms is 

particularly vital for capturing the orbital flexibility required to model the geometric distortion and 

rehybridization occurring at the Boron and Nitrogen centers. The isolated species (NH3 and BH3) 

and the resulting coordinate complex NH3-BH3) were subjected to full geometry optimization 

without symmetry constraints. To ensure that the resulting structures represent true local minima on 

the potential energy surface rather than transition states, vibrational frequency calculations were 

performed at the same level of theory. A structure was accepted only if it exhibited zero imaginary 

frequencies (Nimag=0). To provide a quantitative and qualitative description of the donor-acceptor 
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interaction, electronic population and orbital analyses were performed. Frontier Molecular Orbital 

(FMO) analysis was used to generate isosurfaces of the HOMO and LUMO (isovalue = 0.03 a.u), 

allowing for the visual inspection of the spatial overlap between the Nitrogen lone pair and the vacant 

Boron p-orbital. Furthermore, quantitative indicators that are independent of basis sets, such as 

natural bond orbital (NBO) charges [12], [13], [14] and Wiberg bond indexes (WBIs), [15], [16], 

[17] were executed to provide a more physically meaningful representation of charge transfer than 

traditional Mulliken analysis, [18] allowing students to precisely quantify the magnitude of electron 

density migration from the donor fragment to the acceptor fragment. The detailed protocol provided 

at the end of this document.  

 

RESULTS AND DISCUSSION 

The optimized geometries of the three species are shown in Figure 2, while Table 1 

summarizes the charge distribution over the whole isolated and adduct molecules. The qualitative 

energy-level diagram illustrating the NH3 HOMO (lone pair) and the BH3 LUMO (empty p-orbital) 

along with the FMO energy gap is shown in Figure 3. 

Structural analysis and model validation 

The initial phase of the computational module focused on the geometric characterization of 

the isolated monomers and the resulting adduct to evaluate the reliability of the B3LYP/6-31G(d) 

level of theory. As summarized in Table 1, the calculated parameters for the isolated species show 

excellent agreement with experimental values [19], [20], typically exhibiting an error margin of less 

than 1%. For instance, the calculated N–H bond length in NH3 (1.019 Å) and the H–B–H angle in 

BH3 (120.0◦) perfectly reproduce the known C3v and D3h symmetries, respectively as displayed in 

Figure 2. This validation confirms that the chosen basis set is sufficient for describing the ground-
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state geometries of these main-group species. Upon the formation of the H3N→BH3 dative bond, 

significant structural reorganization occurs, which serves as a primary indicator of coordination. The 

most dramatic shift is the pyramidalization of the Boron moiety. In its isolated state, BH3 is perfectly 

planar (BH3 = 0.0); however, upon accepting the Nitrogen lone pair, the deviation from planarity 

jumps to 46.9, and the H–B–H angle closes from 120.0 to 113.9. This geometric transition marks 

the hybridization shift of the Boron atom from sp2 to sp3-like character. Simultaneously, the NH3 

fragment undergoes a subtle flattening effect, where the H–N–H angle opens from 105.7 to 107.7, 

and the planarity deviation (NH3) decreases from 68.1 to 64.1. This relaxation is attributed to the 

reduction in lone pair-bond pair repulsion as the Nitrogen lone pair is shared within the dative bond, 

thus exerting less steric pressure on the N–H bonds. A critical point of academic discussion within 

the module involved the N–B bond length discrepancy. The calculated gas-phase N–B distance is 

1.669Å, which is approximately 0.09 Å longer than the experimental value of 1.58 Å. [21] Students 

were encouraged to interpret this not as a failure of the model, but as a consequence of environmental 

factors; experimental data for ammonia-borane is typically derived from solid-state measurements 

where a dense network of B–H...H–N dihydrogen bonds compresses the N–B axis. Our gas-phase 

calculation represents the relaxed state of an isolated adduct, providing a benchmark for the intrinsic 

strength of the interaction without external lattice forces. Furthermore, the slight lengthening of the 

B–H bonds from 1.194 Å to 1.211 Å confirms the redistribution of electron density away from the 

terminal bonds to stabilize the new inter-fragment interaction. 
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Table 1. B3LYP/6-31G(d) main geometrical parameters vs experimental data for NH3, BH3 and 

H3N→BH3 (bond length Å and angle in ). 

 NH3 BH3 H3N→BH3 

Parameter Calc. Exp. Calc. Exp. Calc. Exp. 

B-H   1.194 1.19b 1.211  

N-H 1.019 1.012a   1.020  

N-B     1.669 1.58c 

H-B-H   120.0 120b 113.9  

H-N-H 105.7 106.9a   107.7  

H-B-N-H     60.0  

BH3*   0.0 0.0 46.9  

NH3* 68.1    64.1  

* Deviation from planarity; a From reference [19] b From reference [20], c From reference [21]. 

 

Figure 2. Optimized geometries of: (1) BH3 and (2) NH3, (3) NH3→BH3 adduct (a and b refer to 

the side and overlaid views of the 3D structures). 

 

Frontier Molecular Orbital (FMO) and charge transfer analysis 

The driving force behind the formation of the H3N→BH3 adduct is best understood through 

FMO theory. As shown in Table 2, the energy gap ( E) for the nN →pB interaction is significantly 

smaller (5.09 eV) than the gap for the inverse BH3→NH3 pathway (11.7 eV). This disparity provides 

students with a quantitative explanation for chemical selectivity. The high-energy lone pair (HOMO) 

of NH3 is energetically closer to the empty p-orbital (LUMO) of BH3, allowing for an efficient flow 

of electron density. In contrast, the electrons in BH3 are localized in low-energy  B-H bonds, and the 

LUMO of NH3 consists of high-energy  *B-H antibonding orbitals. The nearly three-fold increase in 

the energy gap for the inverse pathway renders it electronically forbidden, reinforcing the roles of 
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NH3 as a Lewis base and BH3 as a Lewis acid based on calculated energy levels rather than 

memorized definitions. 

A common pedagogical hurdle is the negative Nitrogen paradox, where students expect the 

donor atom (Nitrogen) to become positively charged upon donating its lone pair. However, Table 3 

clarifies this by distinguishing between local atomic charge and net fragment charge. While the 

Nitrogen atom maintains a negative natural charge due to its high electronegativity, the net fragment 

charge (Qfrag) of the NH3 moiety is +0.340 e. This indicates that 0.34 electrons have been transferred 

across the N-B interface. This distinction is vital for understanding that coordination is a 

delocalization of density rather than a discrete all-or-nothing transfer. The stabilization energy (E2) 

of over 2.16 kcal/mol further confirms that this partial transfer results in a highly stable covalent 

interaction. By visualizing the NBO isosurfaces alongside the traditional Lewis structure (Figure 3), 

students were able to reconcile the dative arrow with quantum reality. The arrow does not represent 

a jump of two electrons, but rather a continuous region of constructive orbital overlap. This visual 

evidence helps bridge the gap between abstract symbolic notation and the physical behavior of 

electron clouds 

Table 2. Frontier Molecular Orbital (FMO) energy comparison. 

Molecule Orbital Energy (a.u) Energy (eV) Role in adduct 

NH3 HOMO -0.2524 -6.87 Primary donor (lone pair) 

BH3 LUMO -0.0655 -1.78 Primary acceptor (empty p) 

Interaction 1 Gap(ΔE) 0.247 5.09 Strongly favored 

     

BH3 HOMO -0.35139 -9.56 Potential donor (σB−H) 

NH3 LUMO 0.0786 2.14 Potential acceptor (σN−H∗) 

Interaction 2 Gap(ΔE) 0.663 11.70 Forbidden / Negligible 
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Figure 3. Qualitative energy-level diagram illustrating the NH3 HOMO (lone pair) and the BH3 

LUMO (empty pz-orbital) along with the HOMO-LUMO energy gap. 

From Figure 3, students identified the Nitrogen lone pair (HOMO) and the Boron empty pz 

orbital (LUMO). Visualization confirmed that the constructive interference of these wave functions 

forms the new  -bonding orbital. NBO analysis demonstrated a net transfer of electron density (~ 

0.16e) from the Nitrogen fragment to the Boron fragment.  

Table 3. Natural Population Analysis (NPA): atomic and fragment charges for NH3, BH3 and the 

H3N→BH3 adduct. 

 Isolated molecule Adduct  Change (Δq) 

Fragment Atom* Qatoma Qfrag b Qatomc Qfragd Qatome QCT
 f 

 
NH3  

(donor) 

N(1) -1.11  
 

0.00 

-0.95  
 

0.34 

+0.16  
 

0.34 
H(2) 0.37 0.43 0.06 

H(3) 0.37 0.43 0.06 

H(4) 0.37 0.43 0.06 

 
BH3 

(acceptor) 

B(5) +0.30  
 

0.00 

-0.16  
 

-0.34 

-0.46  
 

-0.34 
H(6) -0.10 -0.06 0.04 

H(7) -0.10 -0.06 0.04 

H(8) -0.10 -0.06 0.04 

Total system 0.00 0.00  

*The atom numbering scheme is shown on Figure 2. aAtomic charge within the free molecule. b Net 
charge of the free molecule. c Atomic charge within the Adduct. d Fragment net charge within the 
adduct. eAtomic charge difference between adduct and free molecule. f Fragment (net) charge 
between adduct and free molecule. 

The positive sum of charges on the NH3 fragment means the ammonia has lost 0.34 electrons, 

while that on the BH3 fragment is exactly negative (-0.34e), meaning the borane has gained 0.34 

electrons. It means that even though Nitrogen is the donor, its individual NBO [12] charge often 
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stays very negative (around -1.11 to -0.95). This confuses students. The meaningful explanation to 

them is that Nitrogen is highly electronegative. While it shares its lone pair with Boron, it also pulls 

electron density away from its own three Hydrogens. In isolated BH3, Boron is usually slightly 

positive, while in the adduct, its charge becomes less positive (or more negative) because it is 

receiving the lone pair density from Nitrogen. In a Lewis structure, a full arrow is drawn as if 2 

electrons moved completely. The NBO table proves to the students that the transfer is partial ( 

0.34e) and that the bond is polar covalent (or dative), not a total relocation of a lone pair. 

Table 4: Pedagogical takeaway (the values of QCT (in e), E(2) (in kcal/mol), WBI (without unit) 

and their chemical meaning). 

Property Value Pedagogical takeaway  

QCT (NPA) 0.34 Coordination is partial, not all-or-nothing. 

E(2) (NBO) 2.16   Interaction provides massive thermodynamic stability. 

WBI (bond Order)  0.61 Dative bond has significant covalent shared character. 

 

PEDAGOGICAL REFLECTIONS 

The implementation of this computational module at the University of Burundi provides a 

critical case study in overcoming the pedagogical inertia often associated with abstract bonding 

theories. The transition from symbolic 2D representations to 3D quantum mechanical modeling 

facilitated several key cognitive shifts in the student cohort. 

Resolution of epistemological barriers 

A primary challenge in undergraduate chemistry is the symbolic barrier, where students 

conflate the symbol (the Lewis dot or curved arrow) with the physical reality of the electron density. 

By utilizing WebMO, [6] students engaged in an epistemological shift, moving from the passive 

acceptance of arrow-pushing rules to a semi-quantitative investigation of orbital overlap. The 

visualization of the LUMO of Borane served as a pivotal threshold concept; students observed that 
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electron deficiency is not merely a formal label but a physical vacancy in a pz orbital, which 

possesses specific spatial and symmetry requirements for reactivity. 

Strengthening the theory-computation-practice triad 

The exercise successfully bridged the gap between abstract quantum mechanics and 

observable chemical phenomena. Students often perceive the Schrödinger equation and perturbation 

theory as purely mathematical constructs with limited chemical utility. However, by correlating the 

calculated stabilization energy (E) with the physical and measurable contraction of H–B–H bond 

angles, students were able to validate the VSEPR model through a quantum mechanical lens. This 

integration reinforces the idea that computational chemistry is not a separate discipline but an 

essential analytical tool for validating and predicting molecular behavior. 

Addressing the digital divide and technological literacy 

As recently highlighted by some of us [4], the lack of simulation tools in Burundian higher 

education remains a significant barrier to modernizing the curriculum. The deployment of this 

module via a web-based interface (WebMO) [6] demonstrated a viable pathway for overcoming 

infrastructure limitations. The high level of student engagement suggests that when the technical 

barrier to entry is lowered, students are more likely to develop computational fluency. This literacy 

is essential for preparing African graduates to participate in global research networks where in silico 

modeling is a prerequisite for experimental design. 

Cognitive gains and assessment 

Preliminary qualitative assessments indicated a marked improvement in the students' ability 

to rationalize regioselectivity and bond strength. Post-lab discussions revealed that students no 

longer viewed the coordinate bond as a unique, anomalous category of bonding, but rather as a 

specific instance of a broader HOMO-LUMO interaction. This unified view of bonding reduces the 
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cognitive load on students by replacing disparate rules of thumb with a single, consistent theoretical 

framework (FMO theory). 

 

CONCLUSION 

The integration of the H3N→BH3 computational module into the chemistry curriculum at the 

University of Burundi has demonstrated the profound impact of molecular modeling on both 

theoretical comprehension and pedagogical efficacy. The following key conclusions are drawn from 

this implementation: 

- Through the application of Natural Bond Orbital (NBO) analysis, students successfully 

transitioned from a qualitative, symbolic arrow-pushing framework to a rigorous, 

quantitative appreciation of orbital overlap.  Figure 3 provided a tangible physical basis for 

the abstract concept of coordination. 

- By quantifying the net charge transfer (QCT of  0.34e), students moved beyond the erroneous 

assumption that coordinate bonds necessitate the total relocation of an electron pair. This 

evidence-based approach emphasized the polar covalent nature of dative interactions, 

refining the students’ mental models of electron delocalization. 

- The observed correlation between Second-Order Perturbation Energy (E2) and fragment 

charge shifts (Tables 3 & 4) allowed students to establish a direct causal link between 

thermodynamic stability and electronic structure. This synergy reinforces the value of 

computational tools as a diagnostic for chemical behavior. 

- The successful deployment of Gaussian 09 at the CRSNE underscores that high-level 

computational methodologies can be effectively integrated into higher education. This 
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initiative not only modernizes the local chemistry curriculum but also aligns Burundian 

pedagogical standards with global research benchmarks. 

Beyond theoretical knowledge, students acquired essential competencies in interpreting 

complex data visualizations, including NBO isosurfaces and Natural Population Analysis (NPA) 

datasets. These analytical skills are indispensable for the professional advancement of students in 

both academic research and industrial applications. 
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