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Summary

The third edition of Linus Pauling’s famous textbook, The Nature of the Chemical Bond, contains a rarity among textbooks: an apologia for a then-nearly-dead idea. In it, Pauling argues that double bonds are ‘bent equivalent,’ or that the probability distribution of electrons in the bonds spreads evenly between two arcs rather than unequally between three, as the molecular-orbital approach’s (-π model of the double bond suggests. Pauling put forth this conception of the structure of the double bond early in his career and stuck by it throughout his lifetime, even after the (-π bond became the standard model. But he did not defend it in print until late in his career. The aim of this essay is to uncover why Pauling’s defence of the bent-equivalent model of the double bond occurred when it did, rather than earlier or not at all. I argue that three largely chance circumstances, which I uncovered at the Ava Helen and Linus Pauling Papers, brought the problem of modelling the double bond to Pauling’s attention in the late 1950s, despite the fact that his research at the time was focused elsewhere. I demonstrate that these circumstances led to Pauling’s mature defence of the bent-equivalent bond.
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1. Introduction

The third edition of Linus Pauling’s famous textbook, The Nature of the Chemical Bond, contains a rarity among textbooks: an apologia for a then-nearly-dead idea. In it, Pauling argues that double bonds are ‘bent equivalent,’ or that the probability distribution of electrons in the bonds spreads evenly between two arcs rather than unequally between three, as the molecular-orbital approach’s (-π model of the double bond suggests.
 Pauling put forth this conception of the structure of the double bond early in his career and stuck by it throughout his lifetime, even after the (-π bond became the standard model. But he did not defend it in print until late in his career.

The aim of this essay is to uncover why Pauling’s defence of the bent-equivalent model of the double bond occurred when it did, rather than earlier or not at all. I argue that three largely chance circumstances, which I uncovered during an archival visit to the Ava Helen and Linus Pauling Papers (hereafter Pauling Papers), brought the problem of modelling the double bond to Pauling’s attention in the late 1950s, although his research at the time was focused elsewhere. I demonstrate that these circumstances led to Pauling’s defence of the bent-equivalent bond. The fact that these circumstances were sufficient to inspire the apologia in the 1960 textbook provides insight into how Pauling approached research problems. While Pauling has called himself a ‘stochastic’ thinker,
 little has been said about the way he created and defended his innovations in modern structural chemistry. 

At present, there is almost no historical work on Pauling’s structural chemistry, despite the proliferation of biographies and scholarly articles on his work in biochemistry and anti-nuclear activism. One exception is Robert Paradowski’s unpublished dissertation, ‘The Structural Chemistry of Linus Pauling,’
 but even this work makes no mention of Pauling’s defence of bent-equivalent bonds. A handful of more contemporary articles from the chemical literature have addressed the question of whether double bonds are better modelled as bent-equivalent bonds than (-π bonds,
 but none aim to reconstruct Pauling’s own arguments or assess the historical context of the two models. 

I begin this essay by familiarising the reader with the puzzle, outlining the changes in Pauling’s argument between the second and third editions of The Nature of the Chemical Bond. Then I describe Pauling’s early development of the bent-equivalent bond (hereafter BEB) model in order to introduce my discovery of his first recorded defence of the model, which was never published. Next, I discuss the three circumstances that led Pauling to assemble and distribute a later defence of the BEB model: the rise of molecular orbital theory, a rekindled correspondence with Edgar Bright Wilson, and an invitation to a conference honouring August Kekulé. Finally, I describe the content of Pauling’s later defence.

2. The revision

 In the first two editions of The Nature of the Chemical Bond (hereafter NCB), Pauling had little to say about the various models of double bond structure, except to point out that two existed and he believed his was the better. The whole double-bond section of these editions occupies less than one full page of the text, in which he writes:

No general discussion of the orbitals involved in multiple-bond formation analogous to that just described for single bonds has been given... It seems probable that the orbitals involved in double-bond formation by a carbon atom in a molecule such as ethylene are of the following type.

He then goes on to describe how two bond orbitals will be involved in the formation of the double bond, noting that the first will lie in the plane of the molecule and the second, ‘with lobes extending above and below the plane of the molecule, is then involved in the formation of the second half of the double bond’.
 He does not elaborate on the nature of this involvement. 

 By contrast, in the third edition, Pauling spends seven pages discussing the structure of the double bond. He introduces both the BEB and the (-π model, summarising the views and giving contrasting diagrams (see figure 1):

There are two alternative ways in which these orbitals have usually been described. In the first, the two orbitals for each atom have been assumed to be essentially tetrahedral orbitals… This leads to a description of the double bond, as involving two bent single bonds. … The other description of the double bond is in terms of a ( bond, formed by a ( orbital for each atom directed toward the other atom, and a π bond, formed by a π orbital for each atom… When the quantum mechanical equations are examined it is found that the two descriptions of the double bond are identical in the molecular-orbital treatment based on s-p hybrids. They are not identical in the valence-bond treatment, especially when the bond orbitals are concentrated about their bond directions by the assumption of d and f character… The greater separation of the electrons for the bent-bond structure with concentrated bond orbitals than for the (-π structure may stabilize the bent-bond structure enough to make it the better approximation to use in discussing multiple bonds in general. In addition, it has the advantage of being more closely related to single bonds, whose properties are well known.

In the section, Pauling makes five distinct arguments in favour of the BEB model: 1) Greater separation of bond orbitals raises stability, 2) Similarity to single bonds provides a cleaner aufbau of bonding properties, 3) BEB accounts for some bond lengths that (-π cannot, 4) BEB accounts for some bond angles that (-π cannot, and 5) BEB accounts for observed potential barriers to internal rotation and (-π cannot. 

The latter three arguments occupy the bulk of the section, and they all rely on the phenomenon of concentration of bond orbitals to distinguish the predictions of the BEB model from those of the (-π model. I contest that it was a rekindling of his interest in concentration of bond orbitals that catalysed his revisions to the double-bond section of NCB. In the following section, I describe Pauling’s BEB model in more depth, including an early, unpublished defence of that model, before laying out the circumstances that brought Pauling’s attention back to concentration of bond orbitals and ultimately to the project of defending the BEB model.

3. The origins of bent-equivalent bonds and an early defence

Pauling was one of the first chemists to attempt a quantum theory of the chemical bond. In this section, I outline his early quantum-mechanical approximations of the bond, which comprise his valence-bond theory of the chemical bond. This introduces Pauling’s first published picture of the BEB model. Then I introduce the contrast between his model and the competing molecular-orbital model by describing a set of notes I discovered in the Pauling Papers in which Pauling can be seen defending his BEB model against the double-bond model of molecular-orbital theorist Robert Mulliken.

3.1 Pauling’s early theory

In the early 20th century, chemists had observed that carbon has four tetrahedral bond sites; that is, that atoms bonding with carbon did so in groups of no more than four and were spaced about 109º apart from one another. This observation conflicted with early quantum mechanics, which predicted that carbon would bond with two other atoms strongly and two more weakly, at differing angles. Pauling’s famous 1931 paper, ‘On the Nature of the Chemical Bond,’ resolved the conflict, providing a quantum-mechanical basis for the tetrahedral bonding behaviour of carbon.

In the 1931 paper, Pauling proposes the hybrid bond orbital model that is the hallmark of his approach to bonding. Hybrid bond orbitals describe probability distributions for electrons by combining the wavefunctions for electrons in principled proportions. Hybrid bond orbitals provide a quantum-mechanically sound explanation of the observed tetrahedral bonding behaviour of carbon. 

Carbon’s tetrahedral bonding behaviour is crucial to the story of Pauling’s conception of the structure of the double bond. Using hybrid bond orbitals, Pauling argues that carbon’s bonding behaviour is analogous to the meeting of tetrahedra at their corners. The single bond is described by the joining of one pair of corners. Pauling then explains the double bond as the joining of two pairs of corners. He makes this picture evident in 1931 (see figure 2), solidifying the BEB model early on in his thinking about the nature of the double bond.

Pauling’s earliest published image of a double bond looks, on first glance, rather unlike anything that would appear in modern texts. There are no balloons encompassing protons and neutrons, no pixilated attempt to represent a cloud of diffuse electrons. There is no pair of banana-shaped curves connecting one atom to another. There are only two tetrahedra, connected along one edge, with arrows projecting from the centre of each tetrahedron to its four corners. The picture is not even properly a representation of a double bond in itself; rather, it is captioned ‘Directions of maxima of tetrahedral eigenfunctions in two atoms connected by a double bond’.

This picture of two tetrahedra joined along an edge is the model Pauling defended throughout his career. While his published defence did not arrive until almost 30 years later, Pauling was aware of alternate models much earlier, and he began to exercise his defence of the BEB model less than a year after the publication of the 1931 paper.

3.2 Mulliken

Pauling’s first defence of the BEB model of the double bond was never published. No record of this defence exists elsewhere in current historical and chemical literature, and there is no evidence that Pauling communicated the notes that comprise the defence to any of his colleagues. A set of notes I discovered among various notes on structural chemistry in the Pauling Papers contains the defence. The notes are Pauling’s handwritten reflections on a manuscript version of a paper by Robert Mulliken, a proponent of molecular orbital theory. Pauling’s copy of the manuscript is lost, but the fact that he refers to different pagination than that in the printed version confirms he was reviewing a manuscript, and it dates the notes around early 1932. In this section, I describe Mulliken’s criticisms of the BEB model and the defence Pauling recorded in this set of notes.

Between 1928 and 1935 Mulliken published a series of six papers under the general heading ‘Electronic Structures of Polyatomic Molecules and Valence’. In his second paper in the series, subtitled ‘General Considerations,’ Mulliken outlines a molecular-orbital model of the double bond. In doing so, Mulliken considers Pauling’s conception of the double bond directly:

Pauling and Slater consider a double bond to be merely two ordinary single bonds sticking out from each atom in different directions, and treat the triple bond in a similar way. In this they do not agree very well with Lewis … nor do they agree with results obtained from the method of molecular orbitals.
 

It is curious that Mulliken claims that the Pauling and Slater method describes the double bond differently than G.N. Lewis does, especially because Mulliken never reveals what the difference actually is. The summary item he refers to in the above quote merely states that in Lewis’ theory ‘Double and triple bonds are considered to involve the sharing of two and three pairs of electrons, but are considered to be something very different from merely two or three ordinary electron-pair bonds’.
 No reference to Lewis is given to back up this statement, and Lewis’ own words on the matter simply state, ‘As usual, two tetrahedra, attached by one, two, or three corners of each, represent respectively the single, the double, and the triple bond. In the first case one pair of electrons is held in common by the two atoms, in the second case two such pairs, in the third case three pairs’.

Regardless of the (in)accuracy of Mulliken’s portrayal of the Lewis double bond, he is right to claim that the Pauling double bond differs from the molecular-orbital double bond. To illustrate his point, Mulliken considers the particular example of dioxygen, O2. He writes:

A further reason why molecules with an even number of electrons much more rarely contain unpaired electrons than atoms with an even [sic—odd] number of electrons is to be found in the fact that orbital degeneracy is less usual in molecules than in atoms. … The O2 molecule is a good example of an ‘exception that proves the rule’. Here the electron configuration is of a type …π2, and the normal state is 3(-, with S=1 and so two unpaired electrons. The π type of the molecular orbital has a two-fold degeneracy, so that with two π electrons, one can be π+, the other π-, and the two can be antisymmetrically related and so give rise to the normal state with S=1.

These comments take up only a brief paragraph in a 23-page tome, but they are sufficient to describe how Mulliken conceives of the double bond in his molecular-orbital approach, and they are the ones Pauling seized upon. In the notes I discovered in the Pauling Papers, which are titled ‘Comments on Mulliken’s II paper,’
 Pauling compares his concepts of double and triple bonds with Mulliken’s. 

To begin his defence of the BEB model, Pauling drew the state Mulliken is describing in the passage above, as well as the state as described by valence bond theory (see figure 3). The first picture depicts three orbital lobes on each nucleus, one each in the axis of the bond on the far side of the bond to represent the lone pairs in O2 and two each to represent a π orbital perpendicular to the bond axis.  Between the nuclei are wave drawings to represent the π+ and π- orbitals Mulliken describes, as well as the electrons comprising the ( bond. A note beside the picture reads ‘Pretty good explanation of 3( for O2, but it may not be the whole story’. 

Immediately below this picture appears another, labelled ‘Better,’ in which there is no depiction of the π orbitals but rather a series of wave drawings depicting the occupancies of different energy levels by different electrons and electron pairs, and beside it a primitive molecular orbital diagram assigning electrons to different orbitals. The molecular orbital diagram is labelled ‘Quite arbitrary,’ and a note at the bottom of the series reads ‘But 1( is O.K. unless we know sign of res. int. [resonance integral]’. 

Pauling is clearly trying to engage with molecular orbital theory here by following Mulliken’s diagram and attempting to connect it to other parts of the nascent theory—the ‘resonance integral’ to which he refers was an artefact from Erich Hückel’s earlier molecular orbital theory
 that Pauling must have picked up on during his investigation of this method. But here too is an early rejection of the (-π picture of the double bond: Pauling is unsatisfied with the σ-π picture in general, even if he considers it adequate for O2, and he is finding with reasons to reject it. His comment about the arbitrariness of the molecular-orbital assignment in his second picture indicates that he did not find that to be a satisfying alternative, and so he then considers whether the spin multiplicity Mulliken assigns to oxygen is the correct one. Further, Pauling notes that Mulliken’s method requires a greater input of energy to promote various electrons to the appropriate bonding orbitals, and so is less preferable. Pauling clearly does not want to accept the σ-π picture of the double bond even in this one case.

Later in these notes, we see what may be the first depiction of BEB bond orbitals themselves — the overlapping loops representing the regions where electrons can be expected to be found, rather than just depictions of the directions these orbitals might take (see figure 4). Pauling is continuing to work through Mulliken’s manuscript and comes to the section where Mulliken treats the dinitrogen ion, N2+. Mulliken’s discussion of the molecule again does not refer to anything like multiple bonds, but rather simply walks through the configuration of the bonding and antibonding orbitals. Pauling again draws a version of a molecular-orbital diagram per Mulliken’s description in his paper, depicting different waves, signifying how many electrons are on each and labelling each wave as one of the molecule’s orbitals. 

But above this diagram he draws a counterpart that he labels ‘my picture’. In it, three tetrahedral lobes from each nucleus join and the fourth lobe on each nucleus sticks out on the outside of the bond. The three bonding lobes are labelled (, π+ and π-, in what appears to be Pauling’s attempt to reconcile his conception of nitrogen’s triple bond with Mulliken’s. Pauling does not keep this method of labelling bonding orbitals very long, and no such picture is ever published.

These notes are never assembled for publication, and it is worth speculating on why not. Foremost, Pauling was still in the midst of teaching himself the molecular orbital approach and was working through the way it compared with his own, and he may not have felt comfortable putting his work in print at such an early stage. Additionally, Mulliken’s work appeared in physics journals, and so the chemists to whom Pauling’s articles were directed were largely unaware of the molecular orbital approach — it was still squarely in the domain of physics. Additionally, its predictions were not as accurate as those of Pauling’s method in 1932. Finally, Pauling had other publications to tend to, as well as teaching and supervision duties and the birth of his second son. Publishing a comparison of his and the molecular orbital approach’s views of the double bond may simply not have been worth his time. But these notes on Mulliken’s paper demonstrate that he was clearly thinking about the comparison at this stage in his career. He was beginning to see that molecular orbital theory would paint a picture of the double bond that contrasted with his own, and early on he was seeking methods to justify the use of his picture over the alternative. In the following sections, I discuss how these methods developed later in Pauling’s career, focusing on the circumstances that led to his publishing a defence of the BEB model in the third edition of NCB.   

4. Catalysing the mature defence

Pauling’s model of the chemical bond continued to develop throughout the 1930s. In 1938, Pauling gathered his principles and theories into the NCB textbook. Many universities took up the book as a standard text for chemistry students,
 and it remains a classic. In 1940 a second edition of the book appeared, largely because constraints imposed by Pauling’s initial contract had prevented him from collecting royalties on the first edition.
 This edition changed very little from the first edition. The third and final
 edition of the book, which contained substantial revisions, did not appear until 1960. 

In this section, I argue that Pauling’s revision to the bent-bond section of NCB is motivated by three separate but related circumstances: 1) the rise of the molecular-orbital model, 2) a chance correspondence between Pauling and Edgar Bright Wilson, and 3) an invitation to a conference honouring August Kekulé. 

The first is common knowledge among historians of chemistry, so I review it only briefly to remind readers of how it affected public perception of Pauling’s competing valence-bond model. The second takes the form of a paper trail I uncovered at the Pauling Papers, which reveals how Wilson’s publication made Pauling revisit his theories about the structure of chemical bonds during a time when his research was mostly focused elsewhere. The third comes again from a discovery in the Linus and Ava Helen Pauling Papers, and I argue that this conference invitation provided Pauling with the necessary motivation to focus his attention specifically on the double bond. 

In the following section I discuss the content of the argument in the third edition of The Nature of the Chemical Bond (hereafter NCB) in more detail, describing the thought processes behind Pauling’s arguments.

4.1 Perturbing Molecular Orbitals

When Pauling first published NCB, his valence-bond model was at least as widely used as molecular-orbital theory. Between the second and third editions of the book, however, molecular-orbital theory gained popularity for its relative ease, especially when applied to large organic molecules. Here I briefly describe a particular aspect of the rise of the molecular-orbital model, out of which grew some direct criticism of Pauling’s model. I argue that this criticism provided Pauling with new motivation to argue for the valence-bond model, rather than simply presenting it, when he revised NCB for its third edition.

Mulliken and others refined the molecular-orbital (MO) model during the 1930s, and it acquired a number of followers in both physics and chemistry. These refinements, combined with increased interest in modelling organic compounds, brought the molecular-orbital model to the forefront of many chemists’ attention.

In the late 1940s, the MO model found a whole new range of uses. British chemists including Coulson, Longuet-Higgins
 and Lennard-Jones
 extended its application by developing a generalized MO perturbation model for describing bonds in large organic compounds, particularly the conjugated bonds in aromatic compounds. The method was predictively accurate and its mathematics was simpler than either the early molecular-orbital models of Mulliken and others or the valence-bond model of Pauling, Slater, Heitler, and London.

In the late 1940s and early 1950s, increased funding for organic research had already piqued interest in organic chemistry, and the race to uncover the structure of DNA had begun.
 In light of this culture of chemical interest in organic compounds, many chemists seized upon this new and relatively user-friendly method of making quantitative predictions of bond energies and lengths in organic compounds. So MO models, especially the generalized perturbation model, became dominant during this time. 
In the wake of the excitement over MO perturbations, Pauling’s model received some criticism from the scientific community. While physicists and chemists publishing at the time did acknowledge that both the valence-bond and the MO models ‘have their own merits,’
 the merits of MO were being hyped more frequently and more aggressively. For instance, consider the following passages from articles written between 1948 and 1955:

The molecular orbital method has the merit of being more fundamental in its approach.
  

It is not surprising that [the valence-bond] approach is a particularly attractive one from the point of view of the chemist; but it is rather less pleasing from a mathematical standpoint, and even the simplest molecules have so far resisted any really satisfactory treatment along these lines.

The semiempirical LCAO MO method constitutes a very useful tool in investigation of molecular structure, and it may be considered as the next stage of evolution after Pauling’s resonance theory.

This new status of Pauling’s model relative to MO likely provided some motivation for Pauling to defend valence bonds against increasing criticism, for he was never hesitant to defend ideas that he thought were good even when the scientific community was taking another direction. In the early 1930s, Pauling’s model was clearly the dominant one. Then, defending it against attacks from the MO camp, such as the 1932 paper of Mulliken’s that we discussed in the previous section, may not have seemed like a worthwhile project. Indeed, it clearly was not worth Pauling’s while back then to publish a defence of his model in response to Mulliken’s article. But the scene had changed by the early 1950s.

Although his research was no longer primarily focused on the foundations of structural chemistry,
 Pauling occasionally argued for the merits of the valence-bond model throughout the 1950s. Notably, he defended the valence-bond model in his Nobel lecture
 after winning the Nobel Prize in Chemistry in 1954, as well as during a 1956 visit to the USSR after the Russian government had officially banned the valence-bond model from use in Soviet chemistry.
 But he might not have ever addressed the particular conflict between the models over the structure of the double bond had it not been for a fortuitous publication by one of his former students late in 1957. 

4.2 Wilson

The Pauling Papers contain extensive correspondence between Pauling and his colleagues, friends, and various professional organizations. During my residency at the archive, I uncovered a series of letters between Pauling and Edgar Bright Wilson from late 1957-early 1958. I argue that this correspondence, which focused on the topic of restricted rotation in molecules, catalysed Pauling’s defence of the BEB model. Restricted rotation occurs when electrostatic forces between nuclei prevent the free movement, or internal rotation, of one group of atoms in a molecule about a bond with another group of atoms. 

Pauling saw a copy of a paper of Wilson’s ‘On the Origin of Potential Barriers to Internal Rotation,’ in the last 1957 issue of the Proceedings of the National Academy of Sciences, and the article struck a chord. In a brief letter to Wilson dated 12 December,
 Pauling explained that the article stimulated him to finish a manuscript on a similar subject. He sent a copy of the manuscript along with the letter to Wilson. The manuscript Pauling sent Wilson was published in the next issue of the Proceedings of the National Academy of Science
, and it is recorded as being communicated to the journal before Wilson’s first reply to Pauling arrived.

Restricted rotation, the subject of the two papers, played a key role in the development of Pauling’s early picture of the BEB model. One of the central projects of any model of the chemical bond is to relate bond energies to the relative positions of participating atoms. Relative positions are often represented by planes of symmetry in molecules, which are given in terms of symmetry transformations to hybrid bond orbitals. Molecules that display restricted rotation are characterized by non-cylindrical symmetry, which is in turn used to represent differences in relative positions of atoms that correspond to observed variations in bond energy. Bond energy is directly proportional to bond strength.

Pauling’s first picture of the double bond (see Fig. 2) was introduced in the midst of a discussion about restricted rotation, and without that discussion, Pauling would have had little motivation to discuss the structure of double bonds in 1931. In the 1931 paper, Pauling argued that in single bonds, the bond is cylindrically symmetric about the bond axis. This point is used to explain why the energy of a single bond does not, in general, depend on the relative orientation of the two atoms. 

In the case of Pauling’s double bond, he pointed out in 1931 that the two eigenfunctions representing hybrid orbitals participating in the double bond ‘are not cylindrically symmetrical about the z-axis [bond axis] or any direction, nor are the two eigenfunctions on the [non-bonding] group’. He goes on to argue that this lack of cylindrical symmetry implies that the double bond can exist in just two maximal-energy, or strongest, states. In fact, his first picture of the tetrahedra that form the BEB model of the bond is meant to illustrate why rotation in the bond is restricted, rather than simply to propose that the orbitals of double bonds are BEB. The timing of his later work on the structure of the double bond suggests that continuing to puzzle over restricted rotation played a part in the development of his later defences of the BEB model.

In the 1931 paper, Pauling noted that some single bonds still succumb to restricted rotation. But Pauling could not give a precise explanation of the cause of the restriction in 1931; the hindrance was written off as a ‘steric effect’
 and the discussion was ended. Giving a precise explanation for these steric effects is precisely what Wilson attempted to do with his 1957 restricted-rotation paper. 

In the 26 years between Pauling’s first paper on the nature of the chemical bond and Wilson’s paper, progress was inevitably made to explain the nature of the steric effects hindering rotation around single bonds. Wilson’s paper summarizes some of this progress, and comes to the conclusion that recent research, especially on ethane (C2H6), shows that the distribution of electrons on either end of the main bond—that is, the electrons that are not participating in the carbon-carbon bond—is responsible for restricting rotation about single bonds. He suggests that the explanation for the observed potential barriers, or functions describing restricted rotation, lies in the quantum-mechanical description of the motion and energy of these axial electrons, and he recommends further research needs to be done to precisify the quantum-mechanical description of restricted rotation. 

Pauling’s 1958 paper attempts to provide an explanation for restricted rotation that is not directly quantum-mechanical. Instead, his paper suggests that a precise explanation for restricted rotation can be given in terms of his quantum-mechanically-based valence-bond model. In particular, Pauling claims that the phenomenon on concentrated bond orbitals, a feature of the valence-bond model, plays a key role in explaining the restricted rotation around a single bond. The observed potential barriers are said to be a result of exchange interactions between the concentrated orbitals on the axial nodes of the molecule. Pauling gives a quantitative description of the phenomenon of concentration of bond orbitals before applying this description to an explanation of restricted rotation. 

It is worthwhile to note two points here: First, there is a direct link between the Wilson correspondence and the BEB model. In the correspondence between Wilson and Pauling that followed the publication of these two papers, Pauling discusses the double bond explicitly. Pauling makes use of the BEB model to explain the relatively lower potential barrier around a double bond relative to that around two single bonds, alluding to the bending of the bond orbitals, which occurs as a result of concentration, as a factor. On 22 January 1958, he writes to Wilson, ‘Because two bent bonds contribute less than two straight bonds in tetrahedral directions, the barrier would be predicted for the double-bonded structure to be somewhat less than that for methyl amine, probably about 1.2 kcal/mole’. (Letter is reprinted in figure 5.) So Pauling is thinking about the effects of his concept of concentrated bond orbitals on his description of double bonds. 

Second, Pauling’s 1958 paper is at least partially responsible for the section on concentration of bond orbitals in the third edition of NCB, and this section is directly relevant to the expansion of the double-bond section in the third edition. The equations and explanations of concentrated bond orbitals that Pauling gives in the paper are identical to those which appear in the third edition of NCB, and these equations and explanations were not present in earlier editions of the book. Further, there is no apparent evidence in his research notebooks, correspondence, or personal notes in the years between the editions of NCB to suggest an earlier origin for the equations for the concentration of bond orbitals. And the closing line of Pauling’s 22 January letter to Wilson suggests that the subject is just now entering the forefront of Pauling’s consciousness: ‘I am planning to publish some more papers on the phenomenon of concentration of bond orbitals. This probably should have been done long ago’.

Wilson’s paper and the correspondence it sparked are responsible for focusing Pauling’s attention on the phenomenon of concentration of bond orbitals during the years leading up to the publication of the third edition of NCB, and in the correspondence we see Pauling applying the discussion of how concentration of bond orbitals explains restricted rotation to questions about the structure of double bonds. In the next section, I demonstrate how thinking about the BEB model in terms of the concentration of bond orbitals led Pauling to his main argument in defence of the BEB model.

4.3 Kekulé

The rise of molecular orbital theory gave Pauling a motivation to publish his defence. His exchange with Wilson brought his attention to back to the concentration of bond orbitals. I will show in the next section how he used concentration of bond orbitals to argue that the BEB model is preferable to the (-π model. First, I point out that it is not clear that Pauling would have formulated this argument had he not previously agreed to speak on the subject of double bonds in late 1957. In this section, I describe the conference at which Pauling first presented his defence of the BEB model, arguing that Pauling’s acceptance of an invitation to speak there focused his attention on double bonds at the same time he was corresponding with Wilson about the concentration of bond orbitals. 

On December 17, 1957, five days after he first wrote to Wilson about restricted rotation and concentration of bond orbitals, Pauling received an invitation to speak at the 1958 Symposium of the International Union of Pure and Applied Chemistry.
 The conference was honouring August Kekulé. Kekulé is best known for proposing the hexagonal structure of the benzene molecule, where six carbon nuclei are linked by alternating double and single bonds. In correspondence with the organizers of the symposium, Pauling suggests that his talk will be on Kekulé and the double bond,
 in order to pay homage Kekulé’s work with double bonds in benzene. Pauling composed a speech for the symposium entitled ‘The Nature of the Double Bond and of Conjugated
 Aromatic Molecules’.

A manuscript of the speech, as well as Pauling’s notes toward the manuscript, is available at the Pauling Papers.
 By going through the manuscript and notes, I discovered that for this speech, Pauling composed a preliminary version of the defence of the BEB model of double bonds that would appear in the third edition of NCB. He discussed the concentration-of-bond-orbitals argument at length, occasionally pointing to Wilson in his discussion of restricted rotation. He also pointed to empirical evidence about bond lengths and bond angles and explained how his model, but not the σ-π model, could explain phenomena such as the relationship between the internuclear distances in the carbon-carbon single bond and the carbon-carbon double bond—the ratio, he argued, was the ratio between a straight line and an arc along the tetrahedral bond distance. 

Looking at a page from Pauling’s notes for the Kekulé speech (see figure 6) offers a snapshot of the history of the defence. The page is scribbled with the phrases, ‘(+π? I say no. Bent bonds are better!’ ‘resonance – USSR’ and ‘concentration of bond orbitals – Wilson’. The arguments for the defence are headed ‘theory,’ ‘distances,’ and ‘angles’ before a section on restricted rotation is introduced. Clearly, this is where Pauling’s defence came together.

 Pauling’s speech at the Kekulé conference was edited and published in the proceedings from the conference in 1959, but no other articles on the defence appeared, presumably because the energy Pauling had to devote to structural chemistry at the time was directed toward the revisions of NCB. 

5. Concentrating Bond Orbitals into a Defence

Thinking about the concentration of bond orbitals in the late 1950s led Pauling to revisit what some advocates of the MO model had to say about the structure of double bonds in the early 1950s. Here I reconstruct Pauling’s main argument against the σ-π model after commenting on its origins. 

The argument is contained in Pauling’s 23rd research notebook and is dated 13 August 1958, less than a year after Pauling’s correspondence with Wilson brought the concentration of bond orbitals back to his attention. To introduce Pauling’s opponents in the argument, it is necessary to return briefly to the rise of the MO model.

As the MO model grew in popularity, many chemists and physicists were eager to explicate the similarities and differences between MO theory and the valence bond models of resonance theory. In 1950, a group of four chemists at Cambridge University
 published the first in a series of more than 15 articles collectively titled ‘The Molecular Orbital Theory of Chemical Valency,’ hoping to bring molecular orbital theory to more chemists’ attention and to pinpoint its relationship to resonance theory. In 1951, G.G. Hall and Sir John Lennard-Jones published the seventh article in the series, subtitled ‘Molecular Structure in Terms of Equivalent Orbitals’.
 In this article, they claimed that the molecular-orbital and valence-bond treatments of double bonds produce identical predictions for bond energy, and they argued for the general quantitative equivalence of the two methods.

When the article came out, Pauling found no need to respond to the claim that the two methods produced equivalent predictions—he never mentioned the claim either in his early 1950s publications or in the course of his regular correspondence with Lennard-Jones.
 It was not until seven years later, a few months after his exchange with Wilson on the concentration of bond orbitals, that Pauling took issue with the Hall and Lennard-Jones claim of equivalence. In his 23rd research notebook, Pauling develops an argument using the concentration of bond orbitals to the conclusion that the σ-π model does not produce results equivalent to the valence-bond’s BEB model, and further that the results produced by the BEB model are more predictively accurate and told a more cohesive story about the nature of the double bond. 

The confrontation with Hall and Lennard-Jones lies on pages 162-165 of the notebook (see figure 7). The section is titled ‘d Character of Double Bonds’ and dated 13 August 1958. The notes are fluidly organized, containing few scribbles or redirections. This suggests that Pauling probably worked out the calculations on scrap paper before committing them to the notebook, but the fact that the argument makes extensive use of the concentration of bond orbitals, coupled with the timing—a few months after his correspondence with Wilson—implies that the argument was developed in the wake of the Wilson correspondence. 

Pauling begins the argument by pointing out that Hall and Lennard-Jones’ claim that the BEB model and the σ-π model are equivalent is intended to hold only when the same sets of orbitals are used in each model. Specifically, because the σ-π model requires the use of only s and p orbitals, the models are equivalent only when the orbitals involved in creating the hybrid orbitals of the bent bonds are restricted to s and p orbitals alone. Pauling then makes two claims: first, that the models would produce different pictures if d orbitals were introduced into each, and second, that introducing d orbitals is the most natural thing to do from the bent-bond perspective because these additional orbitals are required to concentrate the orbitals of the bent bonds.

There is no argument for the second conclusion in these notes, presumably because Pauling sees no need for one: concentrating bond orbitals by adding higher-orbital character is doing no more than adding an additional correction term in the approximation of the wavefunction, so of course the bent-bond orbitals will be better characterized by the addition of d character. 

The argument for the first conclusion runs as follows. Pauling gives equations for the five standard d orbitals and takes the bond plane to be the xz plane, so that the z-axis is the bond axis and the lobes or π portions of the double bond are aligned along the xz plane. He then assumes 0.04 is good coefficient for the d term in each model.
 Then, he selects the d orbitals that will comprise the d term for each model. He justifies each choice: in the σ-π model, the dz (or, in contemporary terms, dz-squared) orbital is added to the ( bond to concentrate it, because all other d orbitals have a node along the z axis, and the ( bond has no such node. The π bond is concentrated with dxz, because the bond plane is the xz plane. Then all that is needed to concentrate the bonds with 0.04 d character is to add a term for .04 dz to the ( bond orbital equation and another for 0.04 dxz to the π bond orbital equation.

In the BEB model, orbitals cannot be combined so straightforwardly, because the bond orbitals for the double bond are pointing in tetrahedral directions, and the lobes of the d orbitals are not. So the d orbitals themselves need to be hybridized in order to be concentrated. To hybridize the d orbitals, Pauling takes the dxz and the dx+y orbitals, which are a 45º rotations of one another in Cartesian coordinates. Since the bond orbitals of the bent double bonds do not point at 45º to the z axis, but rather at around 54º44’, unequal amounts of the two d orbitals are needed for the concentration. Pauling concludes that the dxz orbital will contribute about twice as much as the dx+y orbital, giving the coefficients 0.0533 and 0.0267, respectively, to the orbital terms for an overall d character of 0.04. 

The conclusion follows relatively obviously, once the calculations are muddled through. In the σ-π model the d terms added are 0.04 dz and 0.04 dxz. In the BEB model, the d terms added are 0.0533 dxz and 0.0267 dx+y. These are different terms. Therefore the two models are inequivalent. Pauling elaborates slightly on the argument, showing that in order to get the numbers for the bent-bond model to start approaching those of the σ-π model, the angle between the bond orbitals would have to be less than 54º, or less than half the angle predicted by the tetrahedral model.

This is the first place that Pauling makes mature calculations on the structure of the double bond for both models. The argument he gives is a convincing one, and if Wilson had not stuck the concentration-of-orbitals bee in Pauling’s bonnet, it may never have occurred. Pauling recognized the importance of these calculations quickly, and less than 3 weeks after the date of the argument in the research notebook he began presenting his results in public.

6. Conclusions

This paper aimed to explain why Pauling’s defence of the BEB model appeared in the 1960 edition of NCB, rather than earlier or not at all. After presenting the third-edition revision of the NCB section on double bonds that comprises the defence and the thesis that concentration of bond orbitals catalysed Pauling’s defence, I began tracing the evolution of the BEB model. From its origins in Pauling’s 1931 paper, ‘The Nature of the Chemical Bond,’ I followed the BEB model through Pauling’s 1932 defence of it in the archival notes on Mulliken’s manuscript. Then I argued that three circumstances, namely the rise of the MO model, Pauling’s correspondence with Wilson, and his invitation to the Kekulé conference, converged to produce Pauling’s mature defence of the BEB model. Finally, I walked through the central argument in that defence, which critiques Hall and Lennard-Jones.

I focused particularly on Pauling’s correspondence with Wilson, which returned his attention to the phenomenon of concentration of bond orbitals. It is my contention that had Wilson’s 1957 publication on restricted rotation not stimulated Pauling’s thought about concentration of bond orbitals at the time he was preparing a talk for the Kekulé conference and had his valence-bond model not been simultaneously falling into disuse, the defence may never have appeared.

The BEB model has fallen into near-disuse in contemporary chemical circles, and it had at the time Pauling published the defence in the third edition of NCB. However, understanding how Pauling found and disseminated arguments in its favour not only gives scholars food for thought the status of the σ-π model relative to alternatives, but also serves as a lens through which the greater history of Pauling’s valence bond approach to chemical bonding can be viewed.
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