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Orbitals in chemical education. An analysis through
their graphical representations

Francisco Barradas-Solas®® and Pedro J. Sdnchez Gémez°

Students' understanding of the orbital concept has been subject to considerable research and
debate and often found at variance with a quantum mechanical ideal. Could it be the case that
orbitals as actually used by practising chemists in teaching and research also differ from that
ideal? Our experience shows that this might often be the case. Through a series of examples of
pictorial representations of orbitals found in textbooks and other educational materials, as well
as in research papers, we argue that this is a common situation which deserves to be stated
explicitly. We point out that, in particular, there is way in which orbitals are frequently
employed deeply rooted in chemical thinking and compatible with a classical (in the sense of
pre-quantum) approach. Many chemists employ quantum-like terms, and rely on concepts that
look quantum, such as ‘orbital’, but they actually play on the well-known ground of the
classical structural ideas that can be traced back to the work of pioneers like Cannizaro,
Kekulé, or Van’t Hoff. We maintain that given the fundamental role of these semi-classical
ideas in chemistry, it is nothing but natural to treat them in an equivalent fashion in chemical

education.

Introduction. Why study visual representations?

Orbitals, a special type of mathematical functions used in the
quantum description of the state of an atom or a molecule, play
an important role in chemistry, which is consistent with the
widely held! view that quantum mechanics lies at the
foundations of chemistry (see for example Dirac 1929 or
Weinberg 2003; 212).

The role played by orbitals in the formalism of quantum
chemistry is far from being obvious. Solving the Schrédinger
equation is a rather complex mathematical enterprise for almost
every system of interest in chemistry. There are hardly a dozen
model systems for which there are analytic solutions of the
Schrddinger equation and only one of them —the hydrogen
atom— is of any relevance in chemistry. To obtain a wave
function for any other realistic chemical system approximations
must be adopted.

When it comes to molecules, a first simplification consists
in factorizing the global wave function in a nuclear and an
electronic part:

W=W, W,

This journal is © The Royal Society of Chemistry 2014

This factorization is usually known as Born-Oppenheimer
approximation. It enormously simplifies the resolution (and the
chemical interpretation) of the Schrddinger equation, but
further approximations are still required. The most popular one
is to expand the electronic W in a basis of monoelectronic
functions. For a system with N electrons, such an
approximation can be expressed as

Wei(ry, e, tn)=da(r1) da(r2)...dn(rn)

These approximations are known for obvious reasons as
independent electron models? This functions @.(r,) are called
orbitals in the language of quantum chemistry. Further
approximations are usually required, but the basic pattern is
almost always the one we have already presented.

Thus, the suitable framework for properly understanding
these orbitals is that of quantum mechanics. On the other hand,
quantum theory is noted for its highly non-intuitive character,
so it not surprising that a number of studies have called into
question the usage of quantum mechanical concepts in
introductory chemistry courses (including Tsaparlis 1997; Coll
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and Treagust 2001; Taber 2002 and 2004; Taber and Coll 2003;
Papaphotis and Tsaparlis 2008a and 2008b; Tsaparlis and
Papaphotis 2009 or Stefani and Tsaparlis 2009).

Tsaparlis and Papaphotis (2002) went even further asking
whether “quantum - chemical concepts are suitable for
secondary students”, a question for which Sanchez Gémez and
Martin (2003; 141) found a majority of negative answers in a
survey of the literature®.

The above-mentioned analyses find that students often use
quantum concepts, in particular that of the orbital, in a classical
way or, more generally, that “the learners” mental models [are]
simple and realist in nature” (Coll and Taylor 2002). By
‘realist’ these authors mean that, in particular, mathematical
quantum orbitals are thought as actually existing physical
objects. Most students, according with this line of argument,
would believe that, for example, an isolated carbon atom has
four hybrid sp® orbitals distributed in a tetrahedron-like way
around its nucleus®.

Some authors talk about alternative conceptions or
misconceptions, in particular about orbitals, which must be
dealt with (for instance, Papaphotis and Tsaparlis, Taber or Coll
and Taylor). Others (notably Gillespie et al. 1996) argue for the
inadequacy of orbitals in introductory chemistry like this:
quantum mechanics is conceptually difficult, so most
introductory level students will be unable to grasp it properly,
therefore orbitals are not to be taught in introductory chemistry
courses.

Those trains of thought do have a solid internal logic, but on
the other hand, as we shall see later, chemists do employ
routinely their own version of orbitals, termed chemical by
Scerri (2000). Chemical orbitals lie at the very core of
structural chemical reasoning and share with students’
alternative conceptions some elements; notably a good measure
of classical “realism”. The paradoxical conclusion would be
that in order to teach chemistry you cannot employ common
chemical arguments®.

Ramsey (1997) happily called Folk Molecular Theory
(FMT) the jumbled complex of ideas that informs the thought
of chemists about the quantum realm. This unconventional
mixture of classical and quantum concepts has proved solidly
useful in guiding chemical practices for decades. The concept
of orbitals as akin to classical physical objects is part of FMT,
and it is instrumental in the way most chemists® think about
molecular structure (for a more education-centered approach
see, for example, Sanchez Gémez and Martin 2003 or Taber
2009; 236). In other words, if one gives up any a priori
pretension of reducing chemistry to physics, chemical orbitals
can be as legitimate a tool as any other in order to make sense
of the molecular structure. The question would be then if such a
conceptual approach is actually being taken by chemists, and,
in particular, if it is the way chemical concepts are actually
being taught. To probe into this, we shall focus on the above-
mentioned idiosyncratic usage of orbitals through examples of
their visual representation in the research and educational
literature.

It is not our aim in this perspective to make a thorough
statistical analysis of the literature. Instead, we will assume that
the answer to the previous question is yes, as a random walk
through the literature, both technical and educational will show
to the educated eye.

An appendix to this paper lists commented references to
further examples, along with the criteria we have used to select
those included in its body.

2| J. Name., 2012, 00, 1-3

The visual dimension of science and science learning (Giere
1996; Ramadas 2009), and particularly chemistry (Weininger
1998; Hoffmann and Lazslo 1991; Habraken, 1996 and 2004)
has long been recognised as central to learning and research. It
has been held that “visualization is of [models], and produces,
models” (Gilbert 2005. See also Gilbert 2008) and the
development of models and its representations are crucial in the
production of knowledge. Examples that go beyond the classic
one of Kekulé and the benzene ring can be found in Hoffmann
and Lazslo (1991). Markedly visual models also play central
roles in the dissemination and acceptance of that knowledge:
for example, that of the double helix of DNA has now reached
icon status, such that radically stylized versions of it are
widespread and instantly recognized.

This quest for visualization has got into the very core of the
realm of quantum chemistry, as evidenced by the appearance of
the alleged first direct experimental picture of orbitals with the
words “Orbitals observed” in large bold letters in the front page
of Nature (Humphreys 1999)". This is not a surprising situation
since graphical representations, and in particular, pictorial
descriptions of orbitals have been common in the chemical
literature since the very beginnings of quantum chemistry.
Humphreys’ and later papers are relevant precisely because
they have been read as revealing something that the chemists
have known for a long time. Orbitals are shown as actual
physical objects, which is the way most chemists use them in
their everyday scientific practice. The fact is that the
interpretation of Humphreys’ (and all later) results requires a
good deal of quantum mechanics, and it is not at all obvious
that they show orbitals as actual existing physical entities. See,
for instance, Scerri (2002) and Mulder (2011).

In this paper we shall approach the usage of orbitals in
visual representations employed in structural chemistry
argumentations, showing through examples that, in this
framework, they are used as physical objects, far from their
mathematical origins.

Orbitals in chemical discourse

In the educational literature

Graphical representations of orbitals are easily found in any
chemistry textbook (either general, organic or inorganic and even at
the secondary education level). They are used both to represent
structures and processes, the latter being even especially relevant to
our present purposes. Reaction mechanisms and bonding schemes
are perhaps the most relevant examples of these processes. They are
also widely used in research literature in a consistent way that is
actually not essentially different from that of education and that
comprises a small nhumber of models of which more will be said
later.

Mathematical versus “chemical” use: ontological change. In this
subsection we shall present a series of examples of the way chemists
usually employ orbitals in their structural reasoning. We shall focus
on how the original mathematical meaning of the term “orbital”
changes into something completely different.

In some educational texts, graphical representations of
orbitals are used to illustrate qualitatively a calculation that is
explicitly performed. A particularly clear early example can be
found in Fig. 3.5 of the widely influential book® Valence, by
Coulson (whose first edition dates from 1952) of which our Fig. 1 is
a modern version.

This journal is © The Royal Society of Chemistry 2012
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no overlap: S, small overlap large overlap

Fig. 1 Overlap integral for two orbitals

The purpose of this figure is to illustrate the rough features of
the contribution of the overlap integral (Sag in the figure) to the
energy of a molecule. In a more quantitative way, similar
images (see our Fig. 2, after figure 4.1 from Coulson, 1952) are
used to support the verbal reasoning about the fact that the
value of some of these overlap integrals is zero due to
symmetry reasons.

Fig. 2 A diagram used to illustrate the vanishing of the overlap integral for
symmetry reasons when W, is an s orbital and Wg is a p orbital.

This kind of diagram is still used today in a very similar way.
See e. g. Magnasco (2004) or Atkins (1992; 398). Nevertheless,
in most cases, this close and explicit connection between the
diagrams and the calculation is not present; therefore orbitals
or, rather, their graphical representations, might begin to
acquire quasi-material status. Its interaction on the surface of
the paper or the screen can be interpreted by learners as
reflecting what actually happens to atoms and molecules.

This, which, as we shall see, is even clearer in animations,
can be perceived in a typical example, which appears with very
little variation in many texts, taken from a video lecture from
the Coursera MOOC “Introductory Organic Chemistry — Part
1” (Moore et al. 2013). The fact that it's a lecture from a
MOOC makes this example presumably close to actual
classroom practice.

The objective of this short unit is to connect the language of
frontier orbitals with the electron flows of classical chemistry.
In the beginning, the instructor states that “reactions in organic
chemistry can be described by the interaction of a filled orbital
together with an empty orbital” and by the end, the role of
orbitals is to act as mere receptacles for electrons acting as
classical particles responsible for the formation of bonds via

This journal is © The Royal Society of Chemistry 2012
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their electrical interactions. This is the sequence in which this
transformation happens:

1. (Fig. 3) The frontier orbitals (HOMO and LUMO) for
the reaction BF; + NH; — F3B-NH; are identified
with the aid of a molecular orbital diagram.

MOs and Reactivity

I
Consider the reaction: BF, + NH, — F,B-NH,
-’

_f;/ >
FF*,Q " Q
.'k H? G
empty p H
E+ (open shell ot B) 0_«

3 5

3

-

93621

Fig. 3 Molecular orbitals (HOMO and LUMO) in the reaction BF;3 + NH3 — F3B-NH3
Still from time 4:03 in video lecture 4.11 from Moore et al. (2013)

2. At this point (Fig. 4) those orbitals are identified with the
source and sink of a flow of electrons which is at the base
of the classical arrow convention.

MOs and Reactivity

- %
Consider the reaction: BF, + NH, — F,B-NH,

pt-sp?

!J . whia
) Q',\/
H? ‘H
empty p H

(open shell at B)

2~“' __cg

sink e This is the meaning behind our
source use of arrow convention to

illustrate glectron flow
Fig. 4 Frontier orbitals (HOMO and LUMO) identified as source and sink of
electrons. Still from time 4:32 in video lecture 4.11 from Moore et al. (2013)

3. Finally (Fig. 5), the connection with the curved arrow
convention has been established. The orbitals disappear,
or rather are transformed into containers (source and sink;
this had been hinted at from the beginning, since the talk
of empty and filled orbitals) for electrons whose flow is
what remains of orbital overlap. Arrows represent in
classical terms the motion of electrons during the
formation and breaking of bonds. From now on, the
interaction of frontier orbitals can be visualized classically.

J. Name., 2012, 00, 1-3 | 3
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Curved Arrow Convention & Electron Flow

donor & e- acceptor leads

H“ Orbital overlap between e-
" to new bonding interaction

source sink Hat -H
N F “M new
F—B=
HUH + <F Qe bond
e donor e acceptor F" X

(nucleophile) (electroophile)

+ curved arrows indicate the movement of electrons only
* arrow starts at the electron source not at an atom

« arrows are to be drawn from glectron source to
electron sink. Never the other way.

Fig. 5 Frontier orbitals as electron containers (source and sink of flow). Still from
time 5:07 in video lecture 4.11 from Moore et al. (2013)

It must be noticed that only a brief and rather simplified
presentation of the quantum background of orbitals is provided
in previous chapters®. This example and many others are
presented without any explicit reference to a full quantum
argument, which can only be the case, as the examples in fact
clearly are beyond the set of physical systems available for a
full quantum treatment.

The education of most chemists does not include a rigorous
approach to these techniques (Woodward — Hoffmann rules
through perturbation theory, Hickel methods...) so, in the end,
what is used and remembered is just the rules without the small
print'®. We find another such example in a popular introductory
university chemistry textbook, Siska (2008), whose section 18.5
is devoted to the Diels — Alder reaction!! as an example of the
use of molecular orbitals in the study of organic reactions. The
Frontier Molecular Orbital Model** is presented to
“supplement, and in some cases replace the curly-arrow
‘electron pushing’ picture” (Siska 2008, p. 700. The emphasis
is ours).

The first figure of the section (Siska 2008; fig 19.5,
corresponding to our Fig. 6) depicts, superimposed on an
energy diagram®,  the most relevant orbitals (HOMO -
LUMO and their closest neighbours) of the two molecules,
whose reactivity is under study. Each of the two possible signs
or phases is represented by a different colour.

4| J. Name., 2012, 00, 1-3

E 1,3 - butadiene

A
&

708
o' ®

Fig. 6 Frontier molecular orbitals (HOMO — LUMO) for Butadiene and Ethylene.

ethylene

After identifying the HOMO and the LUMO, the phase (or
sign) matching requirement for both orbitals is qualitatively
introduced and applied to its interaction (see Fig. 7)

Fig. 7 Interaction between the LUMO of ethylene and the HOMO of butadiene.
(corresponding to Siska 2008, fig- 19.6) "

It should be noted that after orbitals have been introduced in
simple cases and with all due caution® in this textbook (Siska
2008, ch. 3), they reappear almost exclusively through their
boundary surfaces (which is common practice in many fields)
in a way that conveys the idea of an identification between the
orbital and its graphical representation as a well-defined region
in space. Consequently, interactions between chemical species
are ready to be reified as the overlapping and merging of those
regions.

All of this is even clearer in two further examples. The first
one, in a set of online lecture notes for an advanced general
chemistry course taught at New York University (Tuckerman
2011) which uses those same two figures. The text points at
figure 7 stating that “The interaction between these orbitals is

This journal is © The Royal Society of Chemistry 2012
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shown in the figure below. The figure illustrates that they must
be combined so as to lead to constructive interference between
the lobes”.

The second example can be found in the accompanying
documentation for a laboratory exercise from the Chemistry
and Biochemistry Department of the University of Colorado at
Boulder (fig 8). Readers are told to “notice the favorable
overlap (matching light or dark lobes)”

@ Diene
| - " ‘ o
. Dienophile @: Dienophile

Diene

Favorabl No
avorable } additional
overlap

overlap
Favored - Disfavored -

gives endo product gives exo product

Fig. 8 Molecular orbital theory explanation of the endo selectivity. (University of
Colorado at Boulder, n. d.)

These examples show a line of reasoning strikingly similar to
classical chemistry, where bond formation is due to interaction
between the outer electrons of the reactant species even if, according
to orthodox quantum mechanics, there is no correspondence between
concrete electrons and orbitals due to the indistinguishability of
identical particles.

In the research literature

To show that this usage of graphical representations of
chemical orbitals is not restricted to the educational practice,
but widespread in research as well, let's present a typical
example (Kobori et al. 2009) from the Journal of the American
Chemical Society:

<" cr E
Orthogonal 350 330 340 350
CT Complex Conformation Magnetic Field / mT

Fig. 9 For the formation of a complex (left) to occur, overlap between SOMOs
(Singly Occupied Molecular Orbitals) must be “large”

Reprinted with permission from Kobori et al. (2009, graphical abstract).
Copyright 2009 American Chemical Society.

It is remarkable that this figure doesn't appear as such in the
body of the paper, but in the journal index with graphical
abstracts. This is another indication of the visual character of
chemistry, which is being reinforced by the recent
developments in computer science that make visualization and
calculations easier than ever.

Scheme 1 in Maruyama et al. (2014) is another example of
the usage of visual representations of chemical orbitals in

This journal is © The Royal Society of Chemistry 2012
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research papers. Here, as in Fig. 4, orbitals are used as mere
containers for electrons (represented as arrows):

) ©
Reductlon fBUzMESii, @

tBu,MeSi, @ ) .
E—SiMetB
BuMesi™ & oMefBu

:E— SiMetBu,

tBu,MeSi™ Oxidation

E =Si (1), Ge (2), Sn (3)

Fig. 10 Reversible electrochemical anodic reduction—oxidation process of radicals
1 -3 (Maruyama et al. 2009, Scheme 1)

Even in theoretical papers, such as Chen et al. (2014) can we
find chemical orbitals visually represented. This final example
features again orbitals as receptacles for electrons, whose
motion is represented by a curved arrow:

Proton-Coupled Electron Transfer
(PCET)

Double-Proton-Coupled Electron Transfer
(dPCET)

C

Double-Proton Coupled Electron Transfer (dPCET)

Fig. 11 Different Mechanisms for the Proton/Electron Transfer Reactions from
Cys to Tyre in Proteins with Various Microstructures

Reprinted with permission from Chen et al. (2014, Scheme 1). Copyright 2014
American Chemical Society.

Animations in the graphical representation of mechanisms of
bonding and chemical reactions

The two main themes in chemistry are, arguably, structure and
reactivity and although the representation of the former via
orbitals has remained essentially unchanged since the 1940s,
the representation of processes is evolving rapidly thanks to the
use of computer animations. Whereas paper only lends itself
readily to the static representation of the initial and final states
and perhaps some small number of discrete steps, computer
animations showing a continuous time evolution make possible

J. Name., 2012, 00, 1-3 | 5
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what we might call a narrative dimension that could change
significantly its status, according to studies in education theory.
See e. g. Avraamidou and Osborne® (2009) or Berger (2009, p.
55) for a wider perspective.

We can take as a representative example the formation of
ethene starting from two methyl radicals as presented in the
companion website!” of a well-known general chemistry
textbook (Tro 2007):

http://wps.prenhall.com/wps/media/objects/4974/5093961/e
media/ch10/AAEDKKKO.html

As in previous examples, this animation shows the physical
overlap of orbitals in the methyl radicals as the key in the
formation of the new molecule, but now we can see how first
the atomic orbitals change as the carbon atoms get closer (stage
1) into hybrid orbitals (stage 2), which then overlap, giving rise
to the bonds which are responsible for the formation of ethene.

ah P

e
p -,_\‘\\(‘//f\‘
L 7/—‘ C \\‘\_77_77/‘

H 2]

{ ‘
O @

H b o

Fig. 12 Formation of hybrid orbitals in carbon (right) from atomic orbitals.

H

It seems obvious to us that this animation does convey the
impression that the formation of hybrid orbitals is an actual
physical process somehow related to the proximity of two
carbon atoms when all that can be said from the viewpoint of
orthodox quantum chemistry is that hybrid orbitals are a
mathematical construct built in order to fit to the known
geometry of a molecule®®.

As for the second part of the process (stages 3 and 4, in Fig.
13 below), the overlap that gives rise to sigma bonds is
represented by little more than the juxtaposition of the newly
formed hybrid orbitals. The lateral overlap giving rise to pi
bonds is harder to depict, as it involves the yellow lobes
representing hybrid orbitals that can't touch in the previous step,
so its interaction is suggested by the appearance of a purple
surface joining them.

bond formed by
sp2-s overlap

Y 4

bond formed by
sp2-sp? overlap
Fig. 13 Overlap of hybrid orbitals leads to the formation of ethane

(Adapted from UC Davis’ Chemwiki®®, licensed under a Creative Commons
Attribution-Noncommercial-Share Alike 3.0 United States License)

Animations like this one® are built out of static figures and are

not very different from an ordered series of snapshots (the
figures found in texts) joined by interpolation rather than by

6 | J. Name., 2012, 00, 1-3

computing from a mathematical model; note the striking
similarity between this last example and some figures from a
high school textbook (Morcillo 1983) from which the authors,
along with many Spanish scientists, learnt the rudiments of
molecular structure in the 1970s and 1980s.

Fig 7.6 (2b)

Fig. 7.24 Estructura del etileno, H,C =CHj,

Fig. 14 The structure of ethylene according to Morcillo (1983) ©Editorial Anaya

Conclusions

Figures and animations representing orbitals and its attendant
concepts are ubiquitous in introductory texts, class notes and
websites maintained by publishers, universities or teachers for
advanced secondary and beginning university students and the
same happens in the research literature for the relevant fields.
Through them, students are exposed —in what for many will be
their last contact with the subject in formal education— to a
simplified, semi-classical and intuitive narrative which eludes
the messy details of a series of models involving at times quite
drastic approximations.

All of this makes at least plausible that the use of graphical
representations described here could lead many of its “users”
to feel that they are visualizing orbitals and their interactions
“as they happen”, and as they happen in a “classical reality” at
that. It can be argued whether this approach is correct or not,
but the fact is that it is simply the way most chemists work,
except for some quite narrow fields such as quantum chemistry.
Chemistry education without chemical orbitals would not be
about chemistry as it is usually practised.

Nevertheless, some of the characteristics of chemical
orbitals would fall in the category of alternative conceptions or
misconceptions to be overcome and which have even led to
proposals of eschewing orbitals in chemical education
altogether.

We are aware that our examples come from a variety of
methods and that among them there is a wide range of levels of
sophistication, but our point does not lie with their origin, but
with their usage as chemical orbitals.

Our position is that often (as in the examples shown here)
these chemical orbitals and their accompanying gquantum
concepts do not pose special difficulties; on the contrary, their
visual character may be an asset, so they must be present in
chemical education.

Moreover, the usage of a quantum-like jargon is not, in fact,
a flaw, but a lexical mannerism, an idiosyncratic feature of the
language of chemistry. Every language, even artificial ones, has
plenty of these loanwords. They are the sign of the historical
becoming of the language, and they are digested into it to the
extent that its origins are sometimes difficult to be traced back.
But the case of chemistry is particular, because many chemists

This journal is © The Royal Society of Chemistry 2012
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do feel that they are using genuine physics when they employ
concepts like “orbital’.

From the point of view of strict physicalism, the use of
chemical orbitals and related concepts may not be acceptable,
not even as an approximation. But the fact is that they are a
time-honoured part of chemistry. We do not think that the role
of science education is to set right the practice of its science,
not even in the case of chemistry, easy-going, pragmatic and
open to every influence as it is.

Notes

@ Departamento de Didactica de las Ciencias Experimentales. Universidad
Complutense de Madrid. ¢/ Rector Royo Villanueva, s/n (Edificio La
Almudena) 28040 Madrid, Spain. E-mail: fbarradas@educa.madrid.org

> Centro de Intercambios Escolares de la Comunidad de Madrid.
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Appendix

Orbitals in chemical education. An analysis through their graphical representations

Supplementary examples

Besides the examples reproduced in the figures of the body of the paper, we have considered many others, some
of which are referenced and briefly commented -but not reproduced- in this appendix.

We maintain that the use of chemical orbitals, as defined in the main paper, is so widespread (outside quantum
chemistry) in the huge quantity of existing textbooks, class notes, animations, etc. that a thorough statistical
analysis would have been not only very difficult owing to the vast size of the population, but pointless for a
perspective like this (“short... articles on topics related to chemistry education that normally report no new data,
but present an opinion, hypothesis or conjecture on topics judged... to be of interest”, as defined in this journal).

Accordingly, our examples from textbooks, class notes and animations (mainly from the fields of general and
organic chemistry and found either in libraries or in the web) have been chosen almost randomly among those
considered highly visible: well-known textbooks, highly ranked web pages, MOOCs followed worldwide by large
numbers of students...

As for the examples from the research literature (in which pictures of orbitals -chemical or otherwise- appear
much less frequently than in general or organic chemistry textbooks, etc.) we have chosen examples from the two
main multidisciplinary journals: Angewandte Chemie International Edition and the Journal of the Chemical
Society of America. Besides, our examples had to be recent and feature in the graphical abstract, which is the only
part of any given article a casual reader is likely to see.

Finally, high visibility has also led us to choose examples from the growing literature on the so-called “direct
visualization” of orbitals by tomographic or other methods. These examples have escaped the research community,
leading to headlines about “orbitals observed”.

The examples have been obtained from a wide variety of method with different levels of mathematical and
quantum-mechanical sophistication. Leaving aside the extreme example of supplementary example 1 in which
orbital overlap is pictured through shaking or joined human hands, in one end we have the purposefully stylized
(in the sense of “depicted or treated in a mannered and non-realistic style™) boundary surfaces of (mainly) p and
other orbitals (sometimes with colour coded signs) present in Figs. 1 —5 and 8 — 11 (main text) and supplementary
examples 5 — 17. In this case, all that matters is the geometric properties (overlap, orbitals as containers of
electrons), not the mathematical or quantum-mechanical accuracy.

On the other end, in animations such as those from supp. example 2, orbitals are employed and pictured “within
the model and computational method that we use (MOPAC/AM1 hamiltonian, visualization by MOLDEN)”, for
instance. These are arguably non-chemical orbitals, in strong contrast with older representations of chemical
processes (Fig. 12 & 13 and supp. example 3) based on naive models and crude interpolations made without the
benefit of modern numerical computer methods.

Apart from that, in supp. examples 18 — 21 we finally have the direct images (not an uncontroversial term)
obtained by tomography, photoionization, energy-resolved spectroscopic mapping, etc. These are mainly included
by the credibility they lend to the reality of chemical orbitals.

SUPPLEMENTARY EXAMPLES

1. Figure 1 from Dicks, A. P. (2011), Shake for sigma, pray for pi: Classroom orbital overlap analogies, J.
Chem Ed., 88(4): 426-27. doi:10.1021/ed100002p. [see above]
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Several stills from http://wetche.cmbi.ru.nl/organic/da/ or http://www.jonathanpmiller.com/HOMO-
LUMO.htm, showing a Diels — Alder reaction. (accessed 14 April 2014)

Atkins, P. W. (1991). Quanta (2nd ed.) Oxford University Press. Fig. O.3. This is similar to Coulson
[Figs. 1 & 2 in the body of this paper]: close to the (simple) mathematics and more quantum-mechanical
than chemical.

Moore, J. A. and T. J. Barton. (1978) Organic Chemistry: An Overview. Philadelphia: W.B. Saunders.

Grossman, Robert B. (2003). The Art of Writing Reasonable Organic Reaction Mechanisms, 2nd. ed.
New York: Springer. Passim, but especially pp. 11 (I) & 12 (r), 107, 108 & 109, 165 — 166, 169, 173, 188
and 275.

This is packed with examples of chemical orbitals in action, which is consistent with what it is said in the
text (p. 10): “concept of hybridization is itself a strange hybrid of Lewis theory and molecular orbital
(MO) theory, and there are serious questions about its basis in reality. Nevertheless, organic chemists use
hybridization almost universally to rationalize structure and reactivity, because it is easy to understand
and apply, and because it works!” [our emphasis]

Nova, A. et. al. (2014). An unusual example of hypervalent silicon: A five-coordinate silyl group
bridging two palladium or nickel centers through a nonsymmetrical four-center two-electron bond.
Angew. Chem. Int. Edit. 53(4): 1103-8. doi:10.1002/anie.201307618.

Kelly, M. J. et al. (2013), Frustrated Lewis pairs as molecular receptors: Colorimetric and electrochemical
detection of nitrous oxide. Angew. Chem. Int. Ed., 52:14094-14097. doi: 10.1002/anie.201308475F

Carruthers & Coldham (2005) Modern Methods of Organic Synthesis, pp. 160, 193
Gomez Gallego & Sierra (2004) Organic Reaction Mechanisms. 40 Solved Cases. Springer, Scheme 38.6
March (1992) Advanced Organic Chemistry 4th ed. pp. 147 (I) & Fig 1.6 from p. 9 (r)

Cabildo, M. P., & et al. (1999). Quimica organica (1 ed.), Madrid: Universidad Nacional de Educacion a
Distancia. Figs. 1.10 & 17.1

Ouellette & Rawn (1996) Organic chemistry. Upper Saddle River, N.J. : Prentice Hall. Fig. 8.9
Vollhardt (1994) Quimica orgénica. Barcelona: Omega. p. 174

From the UC Davis’ Chemwiki:

http://chemwiki.ucdavis.edu/Organic_Chemistry/Organic_Chemistry With a Biological Emphasis/Cha

pter 1%3A Chapter 1%3A Introduction to organic structure and bonding I/Section 1.5%3A Vale
nce_bond_theory%3A sp, sp2, and_sp3_hybrid_orbitals (accessed 14 April 2014)

Good example of curly arrows and chemical orbitals:
http://employees.csbsju.edu/cschaller/Reactivity/oxadd/oxaddnonpolar.htm (accessed 14 April 2014)
by Chris P. Schaller, Ph.D., College of Saint Benedict / Saint John's University (with contributions from
other authors as noted).
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http://chemwiki.ucdavis.edu/Organic_Chemistry/Organic_Chemistry_With_a_Biological_Emphasis/Chapter__1%3A_Chapter_1%3A_Introduction_to_organic_structure_and_bonding_I/Section_1.5%3A_Valence_bond_theory%3A_sp,_sp2,_and_sp3_hybrid_orbitals
http://employees.csbsju.edu/cschaller/Reactivity/oxadd/oxaddnonpolar.htm
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Winter, MJ (2007) Chemical Bonding. Oxford Chemistry Primers, Oxford University Press. p 64 [CIF;]

Fleming, D (2011) The Basic of Organic Mechanism. The Royal Society of Chemistry. Available from
www.bath.ac.uk/Imf/download/53707 (accessed 14 April 2014).

Front cover from Nature, 401(6748), 2 September, 2004:
Itatani, J., et al. (2004) Tomographic Imaging of Molecular Orbitals. Nature 432(7019): 867-71.
d0i:10.1038/nature03183.

Stapelfeldt, H. (2004) Electrons Frozen in Motion, Nature 432(7019): 809-10. doi:10.1038/432809a.[on
Itatani (2004)]

Figure 1 from Smeenk, C. T. L. (2013) A New Look at the Hydrogen Wave Function, Physics 6 (May):
58. doi:10.1103/Physics.6.58.

Figure 1. A photoionization microscope provides direct observation [our emphasis] of the electron orbital
of a hydrogen atom. The atom is placed in an electric field E and excited by laser pulses (shown in blue).
The ionized electron can escape from the atom along direct and indirect trajectories with respect to the
detector. The phase difference between these trajectories leads to an interference pattern, which is
magnified by an electrostatic lens.

Sun, Kai, et al. (2013) Direct Observation of Molecular Orbitals in an Individual Single-Molecule Magnet
Mny, on Bi(111). ACS Nano 7 (8): 6825-30. doi:10.1021/nn401827h.

Graphical abstract: “Energy-resolved spectroscopic mapping enables the first observation of several
molecular orbitals of individual Mny, molecules in real space [our emphasis], which is consistent with
density functional theory calculations”
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1
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3

4

5

6

7

8

9

1

10 Other textbooks examined

12

13

14

ig » Atkins, P. W. (1991). Quanta (2nd ed.) Oxford University Press.

g » Atkins, P. W., & de Paula, J. (2006; 2006). Atkins’ physical chemistry (8th ed.).
19 Oxford: Oxford University Press.

20

21 » Brady, J. E., & Senese, F. (2004). Chemistry: Matter and its changes (4th ed.).
5:2% Hoboken, NJ: John Wiley & Sons.

gg » Bransden, B. H. (1983). In Joachain C. J. (Ed.), Physics of atoms and molecules.
26 London: Longman.

27

28 = Brown, I. D. (2006). The chemical bond in inorganic chemistry: The bond valence
ég model. Oxford etc.: Oxford University Press.

g; » Brown, W. H., Foote, C. S., & Iverson, B. L. (2005). Organic chemistry (4th ed.).
33 Belmont, CA: Thomson Brooks/Cole.

34

35 » Bruckner, R. (2001). Advanced organic chemistry : Reaction mechanisms. San
g? Diego etc.: Harcourt :Academic Press.

gg = Bruice, P. Y. (2006). Essential organic chemistry (1st ed.). Upper Saddle River,
40 New Jersey: Pearson Education.

41

42 = Cabildo , M. P., & et al. (1999). Quimica organica (1~ ed.). Madrid: Universidad
ji Nacional de Educacién a Distancia.

jg » Carey, F. A. (2003). Organic chemistry (5th [international ed.). Boston etc.: Mc
47 Graw Hill.

48

49 » Carey, F. A. (2006). Organic chemistry (6th ed.). Boston etc.: McGraw-Hill.

50

51 » Chang, R. (2008). General chemistry: The essential concepts (5th ed.). Boston etc.:
52 Mc Graw Hill.

53

2‘51 = Clayden, J. (2006). Organic chemistry (Repr with corr ed.). Oxford: Oxford Uni-
56 versity Press.

57

58

59
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Cohen-Tannoudji, C., Diu, B., & Lalog, F. (1990). Quantum mechanics. New York

etc.; Paris: John Wiley and Sons; Herman.
Computational biology and chemistry(2003). . Oxford: Pergamon.
Davis, R. E. (2004). Modern chemistry (Revis ed.). Austin, Texas: Holt, Rinehart

and Winston.

Demtroder, W. (2006). Atoms, molecules, and photons: An introduction to atomic-,

molecular-, and quantum-physics. Berlin; New York: Springer.

Eisberg, R., & Resnick, R. (1989). Fisica cuantica : Atomos, moléculas, sélidos,

nicleos y particulas (1a. | ed.). México, D.F. etc.: Limusa.

Galindo Tixaire, A., & Pascual de Sans, P. (1989). Mecénica cudntica. Madrid:

Eudema.

Grant, G. H., & Richards, W. G. (2005; 1995). Computational chemistry (Repr
ed.). Oxford etc.: University Press.

Grinter, R. (2005). The quantum in chemistry : An experimentalist’s view. Chi-
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