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Zusammenfassung 

In der vorliegenden Doktorarbeit wird die theoretische Untersuchung der verschiedenen 

physikalisch-chemischen und vor allem elektronischen Eigenschaften von zahlreichen bereits 

entdeckten und noch zu synthetisierenden neuartigen Kohlenstoff-Allotropen, deren 

Modelverbindungen und Derivate dargestellt. 

Im letzten Jahrhundert wurde festgestellt, dass Kohlenstoff nicht nur das wichtigste 

chemische Element für die Existenz von Lebewesen ist, sondern auch zunehmend wichtiger 

für Elektronik und besonders in letzten Jahrzehnten für molekulare Nanoelektronik wird. 

Seine einzigartige Fähigkeit, unbegrenzte Mengen chemischer Verbindungen zu bilden, führt 

auch dazu, dass es auch scheinbar unendlich viel Allotropen mit sehr unterschiedlichen 

Eigenschaften hat. Die bis jetzt bekannten Kohlenstoff-Allotropen können vor allem nach 

Hybridisierung der Orbitalen ihrer Kohlenstoffatome klassifiziert werden: sp-Kohlenstoff 

kann zumindest theoretisch linearen azetylenischen Kohlenstoff bilden, sp
2
-Kohlenstoff –

zahlreiche Allotropen mit graphenischen Oberflächen wie Graphit, Graphen, 

Kohlenstoffnanoröhre und Fullerene, sp
3
-Kohlenstoff – Diamant. Ihre Eigenschaften können 

weiter durch chemische Funktionalisierung gesteuert werden. Kleinere Modelverbindungen 

von sp-Kohlenstoff-Allotropen wie Polyine und Kumulene, sp
2
-Kohlenstoff wie 

polyzyklische aromatische Kohlenwasserstoffe, sp
3
-Kohlenstoff wie Diamantoide sind auch 

von großem Interesse, weil sie nicht nur oft einfacher theoretisch und experimental untersucht 

werden können, sondern auch selbst bemerkenswerte Eigenschaften haben. Außerdem sind 

die neuartige Kohlenstoff-Allotropen, die aus der Kombination von sp-, sp
2
- und sp

3
-

hybridisierten Kohlenstoffen zusammengesetzt sind, wie sp-sp
2
-Graphdiin,  

sp-sp
3
-in-Diamant, sp

2
-sp

3
-Hexagonit und sp-sp

2
-sp

3
-Kohlenstoffe, die aus mit 

Kohlenstoffketten verbundenen Fullerenkugeln bestehen, denkbar und erweiterte Ausschnitte 

von einigen davon wurden bereits synthetisiert. 

Kohlenstoff-Allotropen, ihre Modelverbindungen und Derivaten finden immer häufiger 

Anwendung für Nanoelektronik und Elektronik, z. B. bei Bestandteilen von Transistoren, 

Sensoren und Speichergeräten, für Energiewandlung, wie es bei Bestandteilen von Solarzellen 

zu finden ist und für Energiespeicherung. Dementsprechend werden diese Substanzen in den 

letzten Jahren sehr intensiv experimental und theoretisch untersucht. Die Bedeutung der 

Studien von Kohlenstoff-Allotropen in Forschung und Entwicklung wurde mit den 

Nobelpreisen für Chemie im Jahre 1996 und für Physik im Jahre 2010 ausgezeichnet. Der 
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erste Nobelpreis wurde Robert F. Curl, Harold Kroto und Richard E. Smalley für die 

Entdeckung der Fullerene verliehen und der zweite wurde an Andre Geim und Konstantin 

Novoselov „für grundlegende Experimente mit dem zweidimensionalen Material Graphen“ 

vergeben. 

In dieser Arbeit werden Kohlenstoff-Allotropen und deren verwandten Verbindungen auf ihre 

wichtigen Eigenschaften für die Nanoelektronik bzw. Energiewandlung und -speicherung mit 

verschiedenen quantenchemischen Methoden wie ab initio und semiempirische sowie 

Dichtefunctionaltheorie (DFT) Verfahren untersucht. Semiempirische Konfigurations-

wechselwirkungsmethoden (Configuration Interaction, CI) und DFT-Methoden werden 

verwendet, um die angeregten Zustände von molekularen Nanosystemen, die auf die oben 

genannten Verbindungen basiert sind, zu beschreiben. 

Detaillierte ab initio- und DFT-Studien der angeregten Zustände von relativ großen 

molekularen Nanosystemen mit weit über hundert Atomen sind mit der heutigen Entwicklung 

der Computertechnik zu rechenintensiv und deshalb sind semiempirische CI-Methoden 

(Configuration Interaction, CI) manchmal die einzige Wahl für solche Systeme. Demzufolge 

wurden neue semiempirische Unrestricted (HF) Natural Orbitals (UNO) – CI-Methoden 

entwickelt, die die anspruchsvolle Aufgabe der Auswahl der richtigen aktiven Orbitale für CI 

lösen. Darüber hinaus liefern UNO–CI-Methoden in der Regel höhere Genauigkeit als die 

konventionellen CI-Methoden und vergleichbare oder höhere Genauigkeit als DFT. UNO–CI-

Methoden wurden in das semiempirische MO-Programm VAMP implementiert. 

Danach wurden in der vorliegenden Arbeit die optischen Bandlücken von der homologen 

Reihe der Polyine, die mit linearem azetylenischem Kohlenstoff (sp-Kohlenstoff-Allotrop) 

verwandt sind, mit semiempirischen UNO–CI- und CI-Methoden untersucht. Die 

theoretischen Werte der studierten Eigenschaften stimmen sich sehr gut mit experimentell 

verfügbaren Werten und Beobachtungen überein. 

Anschließend wurden verschiedene Modelverbindungen der sp
2
-Kohlenstoff-Allotropen 

betrachtet. So wurden die optischen Bandlücken von vielen polyzyklischen aromatischen 

Kohlenwasserstoffen (polycyclic aromatic hydrocarbons, PAHs) mit DFT-, semiempirischen 

UNO–CI- und CI-Methoden berechnet und sowohl mit experimentalen Werten als auch mit 

DFT-Berechnungen verglichen. Dann wurden die Energien der Versetzung von Heteroatomen 

und einigen Gruppen ins Innere von PAHs mit DFT-Methoden berechnet. Die Auswirkung 
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einer solchen Dotierung auf die elektronischen Eigenschaften, wie die der Spin-Zustände, der 

diradikalischen Charaktere, der Elektronenaffinitäten (EA), der Ionisierungspotentialen (IP), 

der verschiedenen Arten von Bandlücken, der Excitonbindungsenergien und der Aromatizität 

der PAHs, wurde mit semiempirischen und DFT-Methoden erforscht. Dazu wurden die 

besonderen Eigenschaften des ungewöhnlichen radikalischen Ionenpaar N  
  C  

  
 

theoretisch untersucht, seine mögliche Synthese vorgeschlagen und entsprechende 

Reaktionsschritte, die die potentiell für Spintronik interessanten offen-schaligen 

Endofullerene wie Intermediate einschließen, berechnet. Der für die 

Energiewandlungsanwendungen wichtige photoinduzierte Elektronentransfer (PIET) in den 

aus Modelsystemen von sp
2
-Kohlenstoff-Allotropen bestehenden Systemen (Fulleren C60 und 

dotierte PAHs einschließend) wurde mit DFT und semiempirischen CI- und UNO–CI-

Methoden untersucht. 

Außerdem wurden die Elektronentransferprozesse zwischen Elektronen gebenden 

Diamantoiden einschließlich Adamantan und Oxadiamondoiden, welche die Substrukturen 

von undotiertem bzw. sauerstoffdotiertem sp
3
-Kohlenstoff-Allotrop Diamant darstellen, und 

dem Elektronen akzeptierenden nitroniumhaltigen Verbindungen erforscht. Dabei wurde die 

experimentell beobachtete Reaktivität der Diamantoiden sowie die Verteilung der Produkte 

entsprechender Reaktionen erklärt. 

Schließlich werden Kohlenstoff-Allotropen mit graphenishen Oberflächen als viel 

versprechende Kandidaten für die Wasserstoffspeicherung, die wichtig für die 

umweltfreundliche Energiespeichertechnik ist, vorgeschlagen. Erstens wurden die Møller–

Plesset Störungstheorie zweiter Ordnung (MP2), DFT- und semiempirischen Methoden 

sorgfältig kalibriert, um die genauesten Methoden zu finden, die die experimentell 

beobachtete Änderung der Elektronenaffinität von Fulleren unter Hydrierung reproduzieren 

können. Zweitens bestätigte die Studie der Auswirkung der Elektronendotierung auf die 

Hydrierung von Fullerenen mit DFT und semiempirischen Methoden, dass das experimentell 

beobachtete 1,9-Dihydro[60]fulleren das stabilste Isomer unter 23 möglichen Regioisomeren 

von C60H2 ist, und erklärte die Zersetzung von C60H2 unter Elektronenreduktion. Drittens 

wurde die Wichtigkeit der Wahl von DFT-Funktional für die korrekte Beschreibung der 

Bindung von Extraelektronen in hoch negativ geladenen Fullerenederivaten dargelegt, um die 

relativen Stabilitäten letztgenannten Verbindungen zuverlässig vorauszusagen. 
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Die enge Zusammenarbeit mit experimentellen Untersuchungen im Rahmen vorliegender 

Doktorarbeit zeigte die Effektivität und sogar synergetische Effekte der theoretischen Studien 

für die Forschung und Entwicklung von auf Kohlenstoff-Allotropen und deren verwandten 

Verbindungen basierten neuartigen Anwendungen für Nanoelektronik, Energiewandlung und 

-speicherung. 

Zusammenfassend lässt sich sagen, dass die verwendeten und entwickelten theoretischen 

Methoden die experimentell beobachteten Eigenschaften sehr gut erklären können sowie für 

die Vorhersage der Eigenschaften von unbekannten Verbindungen verwendet werden können. 
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Abstract 

This doctoral thesis describes theoretical investigations of the different physicochemical and 

above all electronic properties of numerous already discovered and yet to be synthesized 

modern carbon allotropes, their model compounds and derivatives. 

In the last century it was ascertained that carbon is not only the most important chemical 

element for the existence of living beings, but is also becoming increasingly more important 

for electronics and especially in recent decades for molecular nanoelectronics. Its unique 

ability to form an unlimited number of chemical compounds results in seemingly infinitely 

many allotropes that have very different properties. Carbon allotropes that are known till now 

can be classified first of all by the hybridization of orbitals of carbon atoms: sp-carbon can at 

least theoretically form linear acetylenic carbon, sp
2
-carbon – numerous allotropes with 

graphenic surfaces such as graphite, graphene, carbon nanotubes and fullerenes, sp
3
-carbon – 

diamond. Their properties can be tuned further via chemical functionalization. Smaller model 

compounds of sp-carbon allotropes such as polyynes and cumulenes, sp
2
-carbon allotropes as 

polycyclic aromatic hydrocarbons, sp
3
-carbon allotropes as diamondoids are also of large 

interest, because they can be investigated theoretically and experimentally not only easier, but 

have also themselves remarkable properties. Moreover, the novel allotropes consisting of the 

combinations of sp-, sp
2
- and sp

3
-hybridized carbons as sp-sp

2
-graphdiyne, sp-sp

3
-yne-

diamond, sp
2
-sp

3
-hexagonite and sp-sp

2
-sp

3
-carbon built of fullerene balls connected through 

carbon chains are thinkable and extended segments of some of them were already 

synthesized. 

Carbon allotropes, their model compounds and derivatives find more and more often 

application for the nanoelectronics and electronics as elements of transistors, sensors and 

memory storage devices, for energy conversion as building blocks of solar cells and for 

energy storage. Therefore, these substances have been investigated very intensively 

experimentally and theoretically in the last years. The importance of the studies of the carbon 

allotropes in research and development was rewarded by the Nobel Prizes in Chemistry in 

1996 and in Physics in 2012. The former Nobel Prize was awarded to Robert F. Curl, Harold 

Kroto and Richard E. Smalley for the discovery of fullerenes and the latter one was given to 

Andre Geim and Konstantin Novoselov „for the fundamental experiments with two-

dimensional material graphene”. 
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In the present work diverse electronic properties of carbon allotropes and related systems that 

are important for nanoelectronics, energy conversion and storage were studied with different 

ab initio, semiempirical and density functional theory (DFT) quantum chemical methods. 

Semiempirical configuration interaction (CI) and DFT-based methods were used for 

describing excited states of the molecular nanosystems based on the above compounds. 

Detailed ab initio and DFT studies of the excited states of the relatively large nanosystems 

with many more than a hundred atoms is too computationally expensive with the current 

development of computer techniques and semiempirical CI methods are therefore sometimes 

the only choice for such systems. Thus, new semiempirical Unrestricted (HF) Natural 

Orbitals (UNO) – CI methods were developed in this work, to solve the challenging task to 

select the correct active orbitals for semiempirical CI. Moreover, UNO–CIS methods have 

generally better accuracy than conventional CI methods and comparable or better accuracy 

than DFT. UNO–CI methods were implemented into semiempirical MO-program VAMP. 

The optical band gaps of the polyyne series related to the sp-carbon allotrope linear acetylenic 

carbon were studied with semiempirical UNO–CI and CI methods in the present work. It was 

shown that the theoretical values of the properties studied are in very good agreement with 

experimentally available values and observations. 

Afterwards, different model compounds of the sp
2
-carbon allotropes were considered. Optical 

band gaps of many polycyclic aromatic hydrocarbons (PAHs) were calculated with 

semiempirical UNO–CI and CI methods and compared with experimental data and time-

dependent (TD) DFT calculations. Next, inclusion energies of heteroatoms and some groups 

into the interior of PAHs were calculated with the DFT methods. The influence of such 

doping on such electronic properties as spin state, diradical character, electron affinities 

(EAs), ionization potentials (IPs), different types of band gaps, exciton binding energy and 

aromaticity was examined at the semiempirical and DFT levels. What’s more, exceptional 

properties of the unusual radical ion pair N  
  C  

  
 were theoretically studied, its possible 

synthesis suggested and the corresponding reaction steps including intermediate 

endofullerenes potentially interesting for spintronics were calculated. Photoinduced electron 

transfer (PIET) in systems involving model systems of sp
2
-carbon allotropes including 

fullerene C60 and doped PAHs important for energy conversion applications was studied by 

DFT and semiempirical CI and UNO–CI methods. 
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Furthermore, electron transfer processes between electron donating diamondoids including 

adamantane and oxadiamondoids that are substructures of undoped and oxygen-doped sp
3
-

carbon allotrope diamond, respectively, and electron accepting nitronium-containing 

compounds were studied. This study explained the experimentally observed reactivity of 

diamondoids and the distribution of the products of the corresponding reactions. 

Finally, sp
2
 carbon allotropes with graphenic surfaces are suggested as the plausible 

candidates for the hydrogen storage that is important for the environmentally friendly energy 

storage technology. First, careful calibration of the second order Møller–Plesset perturbation 

theory (MP2), DFT and semiempirical methods was performed to find the most accurate 

methods able to reproduce experimentally observed change of fullerene electron affinity 

under hydrogenation. Second, the DFT and semiempirical methods confirmed that 

experimentally observed 1,9-dihydro[60]fullerene is the most stable isomer among 23 

possible regioisomers of C60H2 and the study of the influence of electron doping on the 

hydrogenation of fullerenes with the same methods explained the decomposition of C60H2 

under electron reduction. Third, the importance of choosing a DFT functional that describes 

binding extra electrons correctly in highly negatively charged fullerene derivatives for 

predicting relative stabilities of the latter species was demonstrated. 

The close cooperation with experimental studies within the present doctoral thesis proved the 

effectiveness and even synergic effect of theoretical studies on research and development of 

the modern applications for nanoelectronics, energy conversion and storage based on carbon 

allotropes and related systems. 

In summary, the theoretical methods used and developed can explain the experimentally 

observed properties very well and have been applied for the prediction of the properties of the 

unknown compounds. 
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1 Introduction 

In this introduction, the motivation of the present doctoral research will be outlined. A brief 

overview of a variety of carbon allotropes, their properties of interest, current and potential 

applications of carbon allotropes and related systems will be given. Finally, the objectives and 

scope of the present doctoral thesis will be given, where the properties and systems studied as 

well as theoretical methods used for calculations will be described. 

1.1 Motivation 

It is impossible to overestimate how important carbon is for our life. Life itself as we know it 

is exclusively carbon-based.[1] The unique ability of carbon to form an infinitely large 

number of compounds[2] with a wide range of physicochemical properties[2] makes it 

capable of forming extraordinarily complex systems such as organisms and even intelligent, 

conscious beings.[1-2] Organisms consist of carbon-containing molecules[1] that combine 

with other organic and inorganic substances to form plenty of systems with various functions 

such as, for instance, energy conversion function based on light-harvesting followed by an 

electron transfer (ET) necessary for photosynthesis,[3] energy storage function in form of 

sugars and fat,[4] electrical signaling function in neurons based on sodium and potassium 

current in channels made from organic substances[5] and memory storage functions with help 

of neurons.[6] Nature has created all these highly efficient systems over billions of years of 

evolution,[1] while mankind creates human-controlled electrical and electronic devices 

serving or exploiting functions similar to those mentioned above over the last centuries with 

the advent of electrical engineering.[7] 

Organisms evolve via selection (natural or artificial)[8] and so do human-made devices, 

because mankind constantly designs new more and more complex electrical devices that are 

unthinkable without extensive experimental and theoretical research and development.[7] 

However, artificial electronic devices are commonly built-up from crystalline non-molecular 

materials,[9] in contrast to natural ones that, as said above, are built from carbon-based 

molecular materials. Scientists and engineers have realized more and more especially over the 

last decades that technological progress can be boosted by imitating nature at least by using 

molecular materials.[7] To see this more clearly, several possible applications of carbon-based 

materials and particularly carbon allotropes in place of non-molecular materials in electrical 

devices will be discussed. 
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One such class of electrical devices are electronic devices, which are without doubt of vital 

importance in modern society. One of the most important elements of these devices, 

transistors, has evolved from the “macroscopic” transistor built in the middle of 20
th

 century 

by Shockley, Bardeen and Brattain, who were awarded the Nobel Prize in Physics in 1956 for 

this invention, to mini-, micro- and nanoscopic transistors. These days, we use transistors 

built from nanoscale elements, for instance in computers and smartphones.[10] To ensure this 

constant progress, improving the existing and inventing new materials for electronics is 

indispensable.[10] The basic materials for the modern electronic technology are 

semiconductors based on silicon that are used in transistors and integrated circuits.[10] 

However, the disadvantage of silicon-based technology are high costs of production of 

extremely pure electronic grade silicon.[11] In addition, current Si-technology will reach in 

the near future its fundamental limit of miniaturization, because many critical problems 

appear as silicon building blocks shrink.[9-10,12] That is why silicon-based technology will 

be unable to satisfy Moore’s law,[13-14] which states that the number of transistors on chips 

will double approximately every two years.[10] This means that making ever faster and 

smaller electronic devices will be impossible with current materials.[10] In addition, 

important parts of electronics consist of rare and precious metals that are expensive and 

difficult to mine.[15] Another aspect that is becoming more and more important is the 

environmental pollution caused by manufacturing, use of electronic devices and recycling and 

disposal of electronic waste.[7] Thus, fundamentally new materials are necessary for the 

future electronics generations to address the above issues.[7] Such materials can be based on 

carbon-containing structures and in particular on carbon allotropes, as we will see below. 

Another application of electronic devices is the conversion of the energy of solar radiation 

into electricity, i.e. in photovoltaics. The latter is currently gaining more importance due to 

the increased need to replace environmentally unfriendly and non-renewable traditional 

technologies of producing energy such as burning fossil fuel, carrying out nuclear fission or 

building hydroelectric power plants. This process called energy transition has become of 

special meaning, particularly in Germany, where it was even legislatively decided to achieve 

35% share of renewable energy untill 2020 and 80% untill 2050.[16] The most widespread 

solar cells that convert the energy of light into electricity are based on polycrystalline 

silicon,[11] but the major disadvantage of these non-transparent and non-flexible solar cells is 

the high cost of crystalline silicon.[11] On the other hand, thin film solar cells use amorphous 

silicon and indium tin oxide (ITO) as transparent conductive electrode.[17] However, such 



1.1 Motivation 

 

3 

solar cells degrade relatively quickly and have low efficiency[18] and ITO has several severe 

disadvantages: it is less transparent at longer wavelengths and is brittle, and its main 

component indium is scarce and expensive.[17] One of the alternatives to the current 

technology is to use organic solar cells that contain different carbon allotropes, as discussed 

below. Such solar cells have several advantages: some of them are low cost and are simple to 

produce.[19-20] In addition, they are light and flexible, which in combination with their high 

transparency in the visible region makes it possible to use them on surfaces of different 

shapes and in windows that produce electricity, thus increasing the available light-harvesting 

area of buildings considerably.[19-20] 

On the other hand, not just energy conversion is important, but energy storage is also 

becoming of greater and greater importance. Energy needs to be stored, because renewable 

energy sources are usually not available on demand: for instance solar irradiation is obviously 

not always available. In addition, development of environmentally friendly electrical 

machines including automobiles requires mobile energy sources such as batteries with high 

capacity and small mass.[21] Thus, engineers are looking for materials capable for increasing 

capacity and longevity of batteries[21] or novel ultracapacitors[22] and for light materials that 

are able to absorb and release on request large amounts of hydrogen.[21] Carbon allotropes 

have been shown to have a large potential for such applications, as we will see below. 
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1.2 Variety of Carbon Allotropes 

Carbon is relatively highly abundant in the Universe with its abundance estimated to be 

around one millionth of that of hydrogen.[23] Such a high carbon abundance made carbon-

based life possible.[24] Its average abundance in the Earth’s crustal rocks is estimated to be 

180 g/ton.[25] It occurs on Earth mainly in bound form in inorganic carbon oxides and 

carbonates, and myriads of organic compounds in natural gas, oil, coal, living organisms 

etc.[25] Nevertheless, carbon is also quite abundant in free form on Earth.[25] Two kinds of 

terrestrial pure free carbon (carbon allotropes) are graphite and diamond known from the 

ancient and the Middle Ages.[25] Nowadays myriads of carbon allotropes are known[26] and 

they are overviewed below. 

The diversity of carbon allotropes is determined by the possibility of carbon atoms to bind to 

each other in very different ways that in turn determine the variety of the properties of carbon 

allotropes.[26] For instance, in diamond each carbon atom is covalently bound to four 

equivalent neighbor carbon atoms located in the vertices of a tetrahedron.[25] Each of the four 

carbon valence electrons therefore participates in the formation of four equivalent covalent σ 

bonds, which explains the especially high hardness and insulating properties of diamond.[25] 

On the contrary, each carbon atom in graphite is covalently bound only to three neighbor 

carbon atoms located at the edges of an equilateral triangle on one plane with the central 

carbon.[25] Thus, three of four valence electrons in carbon are involved in the formation of 

three equivalent σ bonds lying in one plane, but the density of the fourth electron is 

delocalized in a π-electron cloud over and under the graphite plane, which explains the 

conducting properties of graphite along its layers.[27] In addition, dispersion interactions 

involving π-electrons (π-π interaction) cause attraction between the planes (1.4±0.1 kcal mol
−1

 

per carbon atom),[28] which is strong enough to keep them bound to each other, but much 

weaker than covalent binding,[29] explaining the softness of graphite, if it is sliced parallel to 

the plane of layers.[25] 

More conveniently, the properties of the above two kinds of carbon bonding in diamond and 

graphite can be described by the hybridization of carbon atomic orbitals into hybrid 

orbitals.[26] Hence, general classification of carbon allotropes can be based on carbon 

hybridization,[26] showing what contribution s and p orbitals have in hybridized orbitals 

forming σ bonds. As mentioned above, four valence electrons of carbon are involved in 

formation of four equivalent σ bonds in diamond, meaning that one s and three p atomic 
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orbitals form four equivalent sp
3
 hybrid orbitals.[27] In the case of graphite, one s and two p 

atomic orbitals form three equivalent sp
2
 hybrid orbitals contributing to the formation of three 

equivalent σ bonds lying in a plane and the remaining p orbitals are perpendicular to this 

plane contributing to π bonds.[27] Thus, diamond and graphite are designated sp
3
- and sp

2
-

carbon allotropes, respectively.[26-27] 

In general, sp
n
 carbon allotropes are possible, with 1 < n < 3. Carbon allotropes have the pure 

sp, sp
2
 and sp

3
 hybridizations for integer n, while if n is noninteger then allotropes have 

intermediate hybridization. Eventually, carbon atoms can have different hybridizations within 

one framework and constitute another large family of carbon allotropes with mixed 

hybridization. Formally, infinite number of combining sp
n
,sp

m
,sp

l
,… with noninteger n,m,l,… 

is possible. However, it is convenient to approximate intermediate hybridizations to the 

nearest pure ones and consider only four different types of mixed carbon allotropes: sp-sp
2
, 

sp-sp
3
, sp

2
-sp

3
 and sp-sp

2
-sp

3
. In the following all these types of carbon allotropes will be 

discussed according to above classification (Figure 1.1). 

 

Figure 1.1. Schematic classification of carbon allotropes with representatives of each type. 
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Different sp
3
-carbons can exist depending on their crystal structure. The most abundant 

conventional diamond has a face-centered cubic crystal structure (thus given the name 

diamond lattice). However, other crystal structures can be prepared by compressing graphite 

under different conditions. Among them hexagonal diamond or londsdaleite with hexagonal 

lattice was prepared by shock-compression of graphite (patent dated 1965)[30] and by static 

pressure and high temperature as reported in 1967[31] and in the same year it was realized 

that it also occurs in meteorite diamonds.[31] M-Carbon with monoclinic structure was also 

synthesized and characterized[32] and the orthorhombic structure of W-carbon was suggested 

for another polymorph obtained under cold compression.[33] In addition, the synthesis of 

nano- to microcrystals of C8 carbon or supercubane with a body-centered cubic (bcc) 

structure constructed from cubane units was reported in 2008,[34-35] although the preparation 

of supercubane had already been claimed in 1978,[36] but later theoretical calculations placed 

doubt on this claim.[37] 

On the other hand, depending on the stacking of the graphite layers different sp
2
-carbons can 

be distinguished: conventional hexagonal graphite with an ABAB layers stacking sequence 

and thermodynamically unstable rhombohedral graphite with an ABCABC stacking 

sequence.[38] In addition, a single layer of graphite represents another sp
2
-carbon allotrope 

called graphene, which has been investigated extensively after a ground-breaking paper in 

Science about the exceptional physical properties of atomically thin carbon layer was 

published in 2004.[39] This work was recognized by the Nobel Prize in Physics in 2010 

awarded to Geim and Novoselov. 

A carbon allotrope with sp-orbital hybridization is also conceivable. In such a carbon 

allotrope, the carbon atoms should form infinitely long monoatomic carbon chains called 

carbyne[40] that can be realized in two ways: via alternating triple and single or via all 

equivalent double carbon-carbon bonds. In the first case, an infinitely long atomic carbon 

chain is called linear acetylenic carbon (LAC),[41] polyethynylene,[40,42] polyyne,[42] α-

[43] or acetylenic carbyne[40]. sp-Carbon with cumulated double bounds is called 

polyethylenediylidene, polycumulene[40] and β-[43], allenic or cumulenic carbyne.[40] A 

group of Soviet scientists obtained a patent for the discovery of carbyne made in 1960[43] 

and the synthesis and identification of LAC and polycumulene were reported by the same 

group in 1968[44]. However, later studies showed that carbon chains are prone to inter-chain 

cross-linking leading to sp
3
- and sp

2
-hybridized carbon structures[40,45-46] and that they are 
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only stable under high temperature and in low concentration – otherwise they may collapse 

into fullerene-like nanostructures or graphitized network.[47] In addition, carbyne is 

destroyed chemically by oxygen, as was shown for thin films of carbon chains with ca. 600 

atoms embedded in an sp
2
-carbon matrix in the first half of the 2000s.[48-50] Carbyne was 

also claimed[43] to have been detected in the mineral chaoite found in the Rice Crater in 

Bavaria and described in 1968,[51-52] but this was later disputed.[53] Small carbon chains as 

C2,[54] C3[55-56] and C5[57] were identified in different cosmic objects.[58-60] Chains 

containing up to 27 atoms were captured in argon matrices from carbon vapor.[61] These 

chains have spectroscopic properties close to those of species in interstellar dust indicating 

that the latter may be carbon chains with length greater than or equal to 15 atoms.[61] 

Two large classes of compounds with intermediate hybridization – fullerenes and carbon 

nanotubes (CNTs) – are formed by conceptually wrapping or rolling sp
2
-carbon graphene, 

respectively.[62] The graphene surface in these compounds is curved, causing larger 

contribution of the third p orbital of carbon in the formation orbitals with hybridization 

between sp
2
 and sp

3
.[63] The more curved the surface, the closer the hybridization of carbon 

to sp
3
,[63] and the larger the chemical reactivity of such a surface compared to that of planar 

graphene.[64] Nevertheless, quasi zero dimensional (0D) ball-shaped fullerenes and one 

dimensional (1D) carbon nanotubes are usually ascribed to the family of sp
2
-carbon 

allotropes, including three dimensional (3D) graphites that can all be derived from the parent 

two dimensional (2D) graphene.[62] This assignment as sp
2
-carbon allotropes is justified by 

the fact that even fullerene C60, with the highest curvature among stable fullerenes,[64] has 

sp
2.278

 hybridization,[63] which is much closer to sp
2
 than to sp

3
. 

The discovery of fullerenes in 1985[65] was recognized by the award of the Nobel Prize in 

Chemistry to Curl, Kroto and Smalley in 1996. After the pioneering preparation of fullerene 

C60 by laser irradiation of graphite in the laboratory,[65] different fullerenes were also found 

in nature: in hydrocarbon flames,[66] soot[67] and minerals on Earth[68]. In contrast to 

graphene and graphite, which are built from hexagons, the framework of fullerenes also 

includes pentagons, which are necessary for building closed spherical or ellipsoid 

structures.[69] Some fullerenes also incorporate heptagons.[70]  

The discovery of single-walled carbon nanotubes (SWCNTs) is credited to two independent 

groups,[71] who published two papers on the synthesis of SWCNTs in the same issue of 

Nature.[72-73] Iijima and Ichihashi from the NEC group synthesized SWCNTs in a carbon-
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arc chamber with an iron catalyst under methane and argon,[72] while Bethune et al. from the 

IBM group reported the cobalt-catalyzed synthesis of SWCNTs under helium.[73] Carbon 

nanotubes are also sometimes ascribed to the fullerenes;[74] however they will be 

distinguished from the above throughout this thesis, because they have much larger length to 

width ratio and only end-cupped CNTs have a few polygons other than hexagons at the tube 

ends.[74] These structural differences lead to additional dimensionality of CNTs relative to 

fullerenes and cause their unique physical and chemical properties,[64,74] although the 

discovery of CNTs was stimulated by fullerene research and nanoscience development.[71] 

Moreover, it is possible to combine the advantageous properties of both fullerenes and 

SWCNTs by binding fullerenes to single-walled carbon nanotubes covalently, i.e. by 

synthesizing hybrid carbon allotropes called nanobuds, whose synthesis was first reported in 

2007.[75] 

By analogy with curved graphene surfaces, carbon allotropes with hybridization of carbon 

between sp and sp
2
 can be formed by strong bending of LAC or polycumulenes. Such carbon 

allotropes are carbon rings (cyclic or ring polyynes and cumulenes). Small rings like C6 and 

C8 have been characterized in an argon matrix,[76-77] larger ones such as C10, C12 and C14 in 

neon matrices,[78] and the even larger C18 ring was also isolated in a cold matrix.[79] A range 

of carbon rings with 10 to 29 atoms was also obtained in a supersonic beam by laser 

vaporization in 1988[80] and later carbon rings beyond 40 atoms were observed.[81] 

Unsaturated bonds of carbon rings are very reactive toward addition reactions and 

intramolecular addition reactions can occur that lead to oligocyclic carbon rings that belong to 

the next family of carbon allotropes with mixed hybridization: sp-sp
2
 carbon allotropes.[82] 

Planar bicyclic structures were observed for charged clusters starting from C20 and to clusters 

beyond C40,[81,83-84] while tricyclic and tetracyclic structures begin with the C30 and C40 

cations[81]. In addition, amorphous sp-sp
2
 carbon films with sp-carbon (mostly cumulenic) 

embedded into an amorphous sp
2
-carbon matrix were synthesized by supersonic cluster 

deposition of cumulenes on a substrate in 2002.[48,85] Theoretically proposed infinitely 

extended planar sp-sp
2
 carbon allotropes as graphyne and graphdiyne have not yet been 

reported, but substructures of two their representatives have already been prepared.[86-87] 

sp-sp
3
 all-carbon allotropes remain elusive, although a functionalized expanded cubane 

containing two triple bonds in its edges with methoxy groups on its eight vertices has been 

synthesized.[86,88] Another theoretical sp-sp
3
 carbon allotrope yne-diamond with all single 
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C–C bonds replaced by acetylenic units remains elusive,[89] though its building block 

tetraethynylmethane together with some derivatives have been prepared.[90] 

Metastable diamond-like structures[91-92] and amorphous carbon[93] are examples of carbon 

allotropes containing both sp
2
 and sp

3
-hybridized carbon atoms. In addition, the polymorph 

obtained by cold compression of oriented carbon nanotubes in 2004[94] is suggested to be the 

new sp
2
-sp

3
 carbon allotrope hexagonite with a well-defined crystalline structure.[95] In 

addition, pure fullerene dimers such as (C60)2 and dimers including one[96-97] or two[96-98] 

carbon atoms between the fullerene moieties such as (C60)2C and (C60C)2, which were 

synthesized in the late 1990s, can be considered as sp
2
-sp

3
 carbon allotropes. Cyclic fullerene 

oligomers – up to four-membered rings – were synthesized by UV–vis irradiation of C60 film 

in 1993 by Rao et al.[99-100] and powder in 1999 by Pekker et al.[101] Fullerenes can also 

form metastable polymers under high pressure and room temperature, as shown in 1993.[102] 

These, however, may consist of cyclic oligomers observed in polymeric fullerene synthesized 

under high pressure and temperature in 1997 by Rao et al.[100] During laser desorption mass 

spectroscopic studies of pristine[103] and polymeric or oligomeric C60[99-100,104] 

olygomers with up to 21[104] C60s were generated and observed. 

The class of carbon allotropes with sp-sp
2
-sp

3
-hybridization is represented by fullerene balls 

connected to each other through carbon chains. Ions of such molecules with chains including 

more than two carbon atoms were also observed in hot plasma generated by laser desorption 

of C60 and C70 fullerenes in 1999.[105] 

Finally, carbon allotropes without any covalent bonds between molecular entities also exist. 

Such allotropes include different variations of covalent carbon allotropes, but can be also 

described using the above classification based on carbon hybridization. Formally, even 

graphite belongs to them as its sheets are not covalently bound. Other examples are multi-

shell fullerenes called onions with the structure of Russian dolls[106] and several SWCNTs in 

the form of concentric tubes that also represent the Russian doll type of multi-walled carbon 

nanotubes (MWCNTs, observed by Radushkevich and Lukyanovich[107] in 1952, although 

extensive studies on them began after Iijima’s publication[108] in 1991)[71] in contrast to 

scrolled graphene of similar structure.[109] In addition, CNTs can host fullerenes (the 

resulting systems are called peapods and C60@SWCNTs were synthesized for the first time in 

1998)[110] and carbyne stabilizing sp-carbon chains (such systems were synthesized by arc 

discharge from a graphite anode in 2000[111] and later called carbon nanowires,[112] 
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CNWs). 

Thus, it follows from the above that carbon can form not only an infinite number of organic 

compounds, but also infinite number of carbon allotropes. These carbon allotropes also have 

different properties, which makes their use highly adjustable as structural variations can be 

used to achieve the required properties for a given application. The latter issue will be 

addressed below in more detail. 

 

 



1.3 Application of Carbon Allotropes and Related Systems 

 

11 

1.3 Application of Carbon Allotropes and Related Systems 

The variety of possible applications of carbon allotropes is determined by their properties. 

One can see how different the latter can be from the example of diamond and graphite. 

Diamond is the hardest known natural material with a hardness of 10 at the top of the Mohs 

scale of mineral hardness,[25,113] while graphite is relatively soft material at the bottom of 

the Mohs scale with a hardness of only 1.5.[113] In addition, pure diamond is a good insulator 

with very low conductivity, while graphite is a semimetal with a much higher basal 

conductivity than perpendicular to the layer planes.[25] Moreover, diamond is colorless and 

transparent, while graphite is highly reflective solid with a grey to black color.[25,113] The 

above differences clearly illustrate why earlier chemists did not believe that diamond is 

composed of the same element as graphite untill the convincing experiments of Lavoisier and 

Tennant at the end of the 18
th

 century and a plenty of duplications of their experiments.[114] 

Present and plausible future applications of carbon allotropes and their relevant properties will 

be overviewed below. Model compounds of carbon allotropes and their derivatives will also 

be discussed as tailoring properties of carbon allotropes can be achieved by changing their 

size and by chemical functionalization, internal doping and incorporating other species non-

covalently into the framework of carbon allotropes. The following overview will be primarily 

focused on those properties and applications that are of interest for nanoelectronics, and 

energy conversion and storage. 

Nanoelectronics. Nanoelectronics is the technology that deals with electronic devices on the 

nanoscale. Carbon allotropes with desirable conductivity properties (metallic, semiconducting 

and isolating) can be used to build such devices. 

Semiconducting sp
2
- or nearly sp

2
-carbon allotropes can be used to build nano-sized 

transistors that are among the most important nanoelectronics devices. Thus, field-effect 

transistors (FETs) based on a single semiconducting SWCNT[115-116] or MWCNT[116] 

were reported to have been built and operated in 1998, which was an important step toward 

molecular electronics.[115] However, a high density of precisely located semiconducting 

CNTs is necessary to build chips, but their precise location is difficult to achieve. 

Nevertheless, the IBM group has developed a practical approach that allows arrays of about 

individually positioned 1∙1 
13

 carbon nanotubes to be placed on a substrate by self-

assembly.[117] Moreover, more than 1∙1 
4
 carbon nanotube transistors were assembled and 
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tested on a chip using this approach.[117] Nevertheless, difficulty of separating different 

kinds of CNTs that can be metallic or semiconducting with different sizes and band gaps 

efficiently and with low-cost is another problem to be solved.[118] On the other hand, 

metallic carbon nanotubes have been used as quantum wires,[119] and iodine doped double-

walled CNTs (DWCNTs) as cables or molecular wires with specific conductivity higher than 

that of copper.[120] Another application of CNTs is their use in “pencils” to draw resistivity-

based gas sensors mechanically on paper, as was shown by the MIT group.[121] 

Single molecule transistor based on another carbon allotrope C60 behaves as quantum 

nanomechanical oscillators.[122] Fullerene behaves as an n-type semiconductor on most 

elements, which allows C60 layers several tens of nanometers thick[123] and self-assembled 

monolayers (SAMs) of C60 derivatives several nanometers thick to be used in low-voltage 

operating organic thin-film transistors (OTFTs).[124-125] In addition, open-shell endohedral 

fullerenes can be used in spintronics. For instance, C60 containing covalently unbound 

nitrogen atom at the cage center[126] designated as N@C60 that was experimentally obtained 

in 1996[127] was suggested as the magnetic species[128] that was suggested to be used alone 

or inside SWCNTs[129] in spin-based quantum computers.[130-131] 

The exceptional properties of graphene make it a “miracle material”.[132] Indeed, these one-

atom thick carbon sheets have such properties as high electron mobility and thermal 

conductivity, ballistic electronic transport on the micrometer scale, the ability to operate under 

very high electric current densities, high transparency and mechanical strength, and 

impermeability to small molecules.[39,62,132] It has been demonstrated that these properties 

make graphene a prospective material for different electronic devices including room-

temperature ballistic transistors,[39] high-frequency FETs (a transit frequency fT of 300 GHz 

has already been achieved[133] and fT of 1 THz has been shown to be possible),[134] sensors 

including gas detectors, devices responding to magnetic fields, strain and pressure, and 

flexible electronic devices such as touch screens, organic light-emitting diodes (OLEDs), 

electronic paper (e-paper), and smart windows.[62,132] Nevertheless, the absence of a band 

gap in graphene makes it impossible to use it as an active semiconducting material for 

applications such as integrated logical circuits.[62,132] However, graphene chemical 

functionalization[135] and doping[136] opens a permanent band gap. In addition, graphene 

nanomeshes[137] and smaller graphene subunits such as graphene nanoribbons,[138] 

polycyclic aromatic hydrocarbons (PAHs)[139] and their functionalized[140-141] and 
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doped[142] derivatives are organic semiconductors that can be used instead of graphene in 

nanoelectronics.[143-144] 

The sp
3
-carbon allotrope diamond is a semiconductor with a wide band gap of 5.5 eV,[145-

146] making it and doped diamond more suitable for use in high energy and high frequency 

electronic devices than the commonly used silicon-based semiconductors.[145,147] However, 

difficulties in producing cheap high quality crystalline diamond have yet to be 

solved.[145,147] Nanodiamonds with a well-defined structure called diamondoids are also 

prospective materials for nanoelectronics[148-149] that can be functionalized to form SAMs 

on metal surfaces.[148] It was shown in 2007 that diamondoids have negative electron 

affinities (EAs) and monochromatic electron photoemission can be generated from their 

SAMs that can be used in different devices.[150-151] In addition, doping diamondoids can be 

also used to tune their band gaps.[152]  

It has been demonstrated using an example of carbon chains pulled out from the ends of 

nanotubes that sp-carbon allotropes can potentially be used as atomic-scale field 

emitters.[153] Relatively short acetylenic carbon chains are conveniently called polyynes, 

although the term polyynes corresponds to infinitely long chains and thus oligoethynylene or 

oligoynes are more appropriate terms. They can be used in molecular devices instead of 

infinitely long carbyne, because of the difficulties with carbyne production mentioned 

above.[42] Oligoynes are organic semiconductors or conductors depending on their end 

groups[154] and can be used in nanoelectronics as molecular wires,[42,155] rods and 

sensors.[42] Cumulenic derivatives can also be used for nanoelectronics,[156] because 

cumulenes with finite lengths are semiconductors, while infinitely long cumulenic carbyne is 

metallic, in contrast to semiconducting infinitely long polyyne.[156-158] Some copolymers 

based on oligoynes and arenes exhibit fluorescence and electroluminescence (EL), making 

them plausible materials for polymeric light-emitting diodes (LEDs).[42] 

Energy conversion. The energy of solar irradiation can be converted into electrical energy 

with photovoltaic devices built from solar cells. Organic photovoltaic (OPV) devices are 

alternatives to the conventional inorganic solar cells that have such advantages over the latter 

as cheap production, flexibility, which allows using them on large surfaces with different 

shapes etc.[19-20] The essential step for such energy conversion is the absorption of light, 

which generates electron-hole pairs called excitons that can be collected by electrodes. 

However, uncharged excitons usually recombine quicker than they reach the electrodes; 
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therefore the acceptor is usually included into the system.[159] The electron of the exciton 

generated in a donor is transferred to the acceptor, leading to charge separation. Separated 

electrons and holes can generate electrical current as the donor-acceptor system is connected 

to electrodes.[159] Thus, such a design uses photoinduced electron transfer (PIET), i.e. 

absorption of light followed by charge separation.[159] 

Using OPV solar cells containing carbon allotropes began after Wudl et al. reported in 1992 

the observation of PIET from a donor polymer to an electron-accepting C60[160] that served 

as a prerequisite for using blends of fullerene with conductive donor polymer for 

photovoltaics.[19-20] Solar cells that use fullerenes can have power conversion efficiencies 

(PCE) exceeding 5%.[161] PIET from donor molecules such as porphyrins to fullerene can 

also be used in donor-fullerene dyads and triads to mimic natural photosynthesis, which is 

highly effective in solar energy conversion.[162-165] Artificial photosynthetic devices can be 

used to convert solar energy into electric and chemical energy.[162-165] 

Carbon nanotubes can be also used as electron acceptors instead of fullerenes in solar 

cells[166-167] and as infrared (IR) detectors.[168] They have the additional advantages of 

providing large area interfaces for exciton dissociation[167] and acting as molecular wires 

that transport the accepted electrons to a positive electrode or another electron acceptor.[166] 

Solar cells with donor and SWCNTs have PCEs exceeding 4% for single layered and 8% for 

multilayered cells.[166] In addition, CNTs can act as electron donor in PIET processes in the 

presence of strong acceptors.[169] On the other hand, CNTs can be used as transparent 

conductive electrodes for solar cells.[170] 

Graphene is a natural candidate for flexible transparent conductive electrodes with large area 

and low-cost of production for solar cells that improves efficiency of optoelectronic devices 

considerably.[17] Moreover, the first OPV devices based on solution-processable 

functionalized graphene as electron acceptor with PCE of 1.4% were reported in 2008.[171] 

More recently, a PCE of 8.6% was achieved in chemically-doped graphene/n-Si Schottky 

junction solar cells.[172] In addition, graphene quantum dots are used as sensitizers for solar 

cells.[173] Finally, different nanomaterials based on graphenic surfaces can be used for 

energy conversion in fuel cells.[174-175] 

Energy storage. Today, along with energy conversion, energy storage plays a very important 

role. sp
2
-Carbon allotropes have properties appropriate for different types of energy storage. 
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Thus, it was shown that hydrogenated fullerene C60 prolongs the lifetime of lithium-ion 

cells.[176] On the other hand, it was suggested that the electron accepting properties of CNTs 

can be used in photoelectrochemical cells for splitting water to generate hydrogen and oxygen 

as an energy source for fuel cells.[166] Reduced graphene oxide (RGO) can be used as a 

building block for Li-ion batteries, substantially improving their performance[177] and 

chemically modified graphene (CMG) is used for electrical energy storage in 

ultracapacitors.[22] 

Energy can be stored indirectly in the form of hydrogen, which is an environmentally friendly 

energy source. However, no convenient and safe approach for cheap large-scale hydrogen 

storage exists and therefore different materials including sp
2
 carbon allotropes have been 

suggested for hydrogen uptake and release on request.[21] Chemisorption of hydrogen on 

fullerenes can lead to hydrogen uptake larger than the goal of 5.5 wt.% set by the U.S. 

Department of Energy (DOE) in 2009 for the year 2015[21] as C60H50 containing 6.5 wt.% of 

hydrogen was reported to be synthesized catalytically under high hydrogen pressure and 

temperatures.[178] 

Carbon nanotubes have very large specific surface areas and can absorb large amounts of 

gases.[179] Physisorption is stronger on the interior of CNTs than on their exterior,[179-181] 

which requires opening their ends and walls for effective adsorption of hydrogen.[179] 

Studies on hydrogen storage using pure CNTs are quite controversial and show hydrogen 

uptakes from 0.1 to 10.0 wt. % due to many factors including the quality of the material and 

measurements and details of the experimental setups.[182] It is believed that 1.7 wt. % of 

hydrogen uptake is an upper limit that can be achieved using pure CNTs, but CNTs can be 

used to improve the capacity and kinetics of non-carbon based hydrogen storage 

materials[182] and vice versa: doping CNTs with metals and dispersing metal nanoparticles in 

CNTs can increase hydrogen storage capacities.[183] Chemisorption of hydrogen on CNTs 

can be achieved via various synthetic routes[184-188] leading to hydrogen uptakes around the 

DOE goal of 5.5 wt. % for 2015.[185-186] The CNTs structure can be restored by thermal 

annealing that releases hydrogen once more.[184-186] 

Graphene can be perhydrogenated to graphane with a hydrogen uptake of 7.7 wt.%, above the 

ultimate DOE goal of 7.5 wt.%.[21] The storage of hydrogen in graphane has another 

advantage that graphene and its properties can be restored after hydrogen is released under 

thermal annealing, thus such storage is reversible.[189] Physisorption of hydrogen on pristine 
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one-layer graphene was shown theoretically to be energetically less favorable than on the 

inner surface of SWCNTs, but more favorable than on the outer surface.[180-181] However, 

using several layers of graphene, lowing the temperature, increasing the pressure,[190] 

doping[191-192] and dispersion of transition metals in graphene and boron-doped 

graphene[192] may increase hydrogen uptake. In general, optimizing the porous structure of 

carbon allotropes and their chemical modification can improve their hydrogen storage 

characteristics.[21] 
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1.4 Objectives and Scope of this Thesis 

The goal of this doctoral thesis based on the above motivation is the theoretical investigation 

of the electronic properties of different types of carbon allotropes important for designing 

devices and materials for nanoelectronics, energy conversion and storage applications. The 

influence of chemical functionalization and doping with heteroatoms and with electrons on 

electronic properties is also considered, because all these factors are important for tuning the 

properties of carbon allotropes and building practical devices based on them as follows from 

the above overview of current and plausible future applications of carbon allotropes. 

Close collaboration between theoretical and experimental research is without doubt of vital 

importance for the development of modern science and technology. Moreover, such 

collaboration is essentially synergetic, i.e. collaborative output is much larger than the 

separate output of theory and experiment.[193] As a result joint experimental and theoretical 

papers are now published more and more often, reducing the fraction of purely theoretical and 

experimental ones. It is therefore not surprising to find that special issues in journals[193] and 

symposia[194] are specifically dedicated to demonstrating and encouraging the synergy 

between experiment and theory. 

On the one hand, theoretical studies in rapidly developing field of carbon allotropes materials 

and devices help experimental science and technology by predicting the properties of not-yet-

synthesized materials and the outcome of yet-to-be-carried-out experiments and explaining 

experimentally observed phenomena. On the other hand, experiment, in addition to providing 

references for calibrating theoretical methods validates theoretical predictions and explanation 

and also sets new challenges for pure and applied theory causing its ever accelerating 

development. Both theory and experiment profit from the rapid development of computer 

technologies that has led to the emergence and exponentially increasing use of computer 

chemistry. Thus, the present thesis represents a theoretical study with computer chemistry 

techniques on carbon allotropes and related systems concerning experimental research in this 

field as much as possible. Most of the work has been done in very close collaboration with 

experimental researchers, whose observations have been explained, but also used for 

calibrating theoretical methods. In addition, predictions and suggestions for their systems of 

interest have been made. 

It was shown above in this introduction that ultimately an infinite number of carbon allotropes 
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exists and that theoretical studies on all of them are obviously impossible. However, 

representatives of those carbon allotropes and related systems that have importance for 

nanoelectronics, energy conversion and storage are considered in this thesis. Among them, sp-

carbon is represented by a series of polyynes with bulky end-groups, sp
2
-carbon by fullerene 

C60 and its derivatives including endofullerenes as well as by substructures of graphene 

including pure and doped polycyclic aromatic hydrocarbons (PAHs) and sp
3
-carbon by 

adamantane and oxygen doped diamondoids (nanodiamonds). 

Since the electronic properties of materials are of great importance for nanoelectronics, 

energy storage and conversion, such electronic properties as diradical characters (for PAHs 

and doped PAHs), optical band gaps (for polyynes, PAHs and doped PAHs), electron 

affinities (for fullerene C60, 1,9-dihydro[60]fullerene C60H2, endofullerene N  
 @C60 and 

doped PAHs), ionization potentials (for doped PAHs), electronic and transport band gaps (for 

doped PAHs), exciton binding energies (for doped PAHs) of prospective materials for 

electronics were calculated and if available compared with experimental data. In addition, the 

electronic structure of the unusual endofullerene NH4@C60 was determined and its synthesis 

via intermediate open-shell endofullerenes potentially interesting for spintronics suggested 

and discussed. 

In addition, calculations of H-coupled ET (HCET) transition states for reactions of 

adamantane and oxadiamondoids and calculations of the relative stabilities of cations of 

oxadiamondoids were performed, because such calculations are important for explaining and 

predicting the product distribution of the functionalization of diamondoids that is necessary 

for their use in electronic devices. 

Moreover, as we have seen above, electron transfer (ET) processes leading to charge 

separated (CS) states under irradiation are important for energy conversion and storage and 

thus electronic excited states corresponding to ET have been studied for systems including 

fullerene, porphin and doped PAHs as acceptors and porphyrins derivatives and doped PAHs 

as donors and acceptors. 

Hydrogenation, protonation and dehydrogenation of neutral and negatively charged C60 have 

also been studied, because of the plausible use of C60, hydrogenated C60 and related systems 

with graphenic surfaces for energy storage and experimental observation of reducing C60H2 to 

C60 under electron reduction. 
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Calculations were performed with different quantum chemical methods including the 

wavefunction-based semiempirical and post-Hartree–Fock (post-HF) methods as well as 

techniques based on density functional theory (DFT). Since nanosystems can contain many 

more than hundreds and thousands of atoms, calculating excited states for estimating band 

gaps and characterizing ET states for such systems with the standard work-horse time-

dependent (TD)[195-201] DFT methods can be computationally too expensive. In addition, 

the standard DFT techniques are known to describe qualitatively improperly charge separated 

systems.[202] Thus, the computationally much cheaper semiempirical configuration 

interaction (CI) techniques[203] that include electron correlation important for proper 

describing electronic properties can be used for calculating excited states of nanosystems. 

Nevertheless, the conventional semiempirical CI methods have a practical disadvantage of 

having difficulty determining the orbitals necessary to be included in the active space for the 

CI calculations. The solution for this problem can be to use semiempirical unrestricted 

(Hartree–Fock) natural orbital (UNO)–CI techniques, as it was shown for the ab initio UNO–

complete active space (CAS) technique.[204] Thus, the implementation and calibration of the 

semiempirical UNO–CI methods has been done and these methods have been used to explain 

and predict electronic properties of the systems of interest. 

In the next chapter, fundamentals of the theoretical methods that were used or serve as a basis 

for the methods used in this thesis are overviewed. Finally, results and discussion with 

conclusions drawn in to own research will be presented in three chapters concerning 

theoretical studies of the electronic properties of carbon allotropes and related systems for 

nanoelectronics, energy conversion and storage applications, respectively. 
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2 Theory 

Because of wave-particle duality of matter and energy and quantization of electronic energy 

in atoms, it is impossible to describe the electronic properties of systems on atomic and 

subatomic scales adequately with classical mechanics, but they can be described by quantum 

mechanics (QM).[205] The branch of QM that deals with chemical phenomena is called 

quantum chemistry (QC). An overview of the QC techniques that were used or are closely 

related to the methods used in this thesis is given in this chapter. First ab initio wavefunction-

based QC approaches including Hartree–Fock (HF), configuration interaction (CI) and 

Møller–Plesset (MP) perturbation theory (MPn methods) techniques will be described. Then 

semiempirical wavefunction-based methods and finally density functional theory will be 

overviewed. 

2.1 Ab Initio Wavefunction-Based Methods 

The required property of the systems can be calculated by applying a special operator on a 

wavefunction Ψ.[206] One of the most important properties is the energy of the system, which 

can be obtained by solving the time-independent Schrödinger equation 2.1:[206] 

 ˆ ( ) ( )H r E r    (2.1) 

where Ĥ is the  amiltonian operator, Ψ(r) is the wavefunction dependent on space coordinate 

r, and E is the system energy. Note that although eq. 2.1 is sufficient for common 

purposes,[206] the more general time-dependent Schrödinger equation 2.2 can be used:[207] 

 ( , ) ( , )r t r t
i t


    


H  (2.2) 

where Hamiltonian H and wavefunction Ψ(r,t) are dependent on the time t, ħ is the Dirac 

constant (Planck constant divided by 2π), and i is the imaginary unit. 

Many computer chemistry approaches are wavefunction-based quantum chemistry methods 

that attempt to solve the Schrödinger equation. Ab initio wavefunction-based QC methods are 

a very important type of QC techniques that allow a methodological approach to exact 

solutions of the Schrödinger equation as “ab initio”, which translated from the Latin means 

“from the beginning”.[208] However, this does not mean that ab initio QC methods may not 

have any approximations to the Schrödinger equation, whose exact solution is not possible for 
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real systems larger than the two-body case.[209] Ab initio is commonly used for methods that 

were derived without the use of experimental data,[210] which usually means no use of 

empirical parameters instead of the integrals that arise from solving the Schrödinger 

equation,[209] in contrast to the semiempirical methods described below.  

The Hamiltonian operator in eq. 2.1 consists of five terms in the simplest case, i.e. if no 

special effects such as relativistic effects, external fields etc are taken into account[206] and 

has the following form in atomic units:[211-212] 
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             (2.3) 

where Nelec and Nnucl are numbers of electrons and nuclei, respectively, riA is the distance 

between the ith electron and the Ath nucleus, rAB is distance between the Ath and Bth nuclei, 

ZA and ZB are the atomic numbers of the Ath and Bth atoms, respectively, MA is the nuclear 

mass of Ath atom, me is the electron mass, and 2

i  and 2

A  are the Laplacian operator applied 

to the ith electron and Ath nucleus, respectively.[211] The Laplacian operator 2

k  applies 

partial differentiation with respect to the coordinates of a particle (electron or nucleus) k and 

has the following form in Cartesian coordinates:[206] 
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 (2.4) 

The first two terms in eq. 2.3 represent operators for the kinetic energy of electrons and nuclei  

(
elecT  and 

nuclT ), respectively, the third operator ( ˆelec nuclV  ) takes into account the potential 

energy of Coulomb attraction between electrons and nuclei, and the fourth and fifth operators  

( ˆelec elecV   and ˆnucl nuclV  ) take into account the potential energy of the Coulomb repulsion 

between electrons and between nuclei, respectively,[206,211] i.e. the Hamiltonian operator 

can be represented as the sum of five operators:[213] 

 ˆ ˆ ˆ ˆ
elec nucl elec nucl elec elec nucl nuclH T T V V V        (2.5) 

The partial differential Schrödinger equation 2.1 with Hamiltonian 2.3 is impossible to solve 

exactly for systems larger than two-body ones[209,212] and therefore the approximations 

discussed below are needed. 
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2.1.1 Born–Oppenheimer Approximation 

One of the central approximations in quantum chemistry is the Born–Oppenheimer 

approximation based on the fact that nuclei are much heavier than electrons and therefore the 

former move much more slowly than the latter and may be considered as fixed without a large 

loss in accuracy,[212,214] if the wave character of nuclei is not critical.[215] As a result, the 

kinetic energy of the nuclei is neglected, while their potential energy is taken to be constant 

within this approximation and the electronic Hamiltonian Ĥelectronic simplifies to:[214] 
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        (2.7) 

The electronic wavefunction     ;electronic r R  within the Born–Oppenheimer 

approximation is a solution of the Schrödinger equation with Ĥelectronic instead of Ĥ:[214] 

          ˆ ; ;electronic electronic elec electronicH E  r R r R  (2.8) 

where Eelec is the so-called pure electronic energy.[214-215] In addition,     ;electronic r R  is 

considered to be a function of independent electronic coordinates defined by vector positions 

 r  with parameters defined by nuclear coordinates defined by  R . Note that at this point 

electron spin is not considered as the Hamiltonian does not apply any operation on spin.[216] 

On the other hand, the operator for potential energy of repulsion between fixed nuclei ˆnucl nuclV   

applied on     ;electronic r R  is just constant multiplied by     ;electronic r R  and this 

constant is equal to the energy of nuclear repulsion Enucl:[212,214-215] 

          ˆ ; ;nucl nucl electronic nucl electronicV E   r R r R  (2.9) 

 
1

nucl nuclN N

A B
nucl

A B A AB

Z Z
E

R 

  (2.10) 

Finally, the Schrödinger equation simplifies to its electronic variant:[215] 

              ˆ ˆ ; ;electronic nucl nucl electronic elec nucl electronicH V E E    r R r R  (2.11) 

Practically, only the pure electronic energy Eelec is calculated by solving the simpler eq. 2.8 
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and then the nuclear repulsion Enucl easily calculated using eq. 2.10 is added to obtain the total 

energy:[214] 

 tot elec nuclE E E   (2.12) 

2.1.2 Hartree–Fock Approximation 

The Hartree–Fock (HF) approximation is a starting point for the majority of QM methods 

including both more advanced ab initio methods that take electron correlation into account 

explicitly[216] and faster semiempirical methods that make use of additional approximations 

to the HF method.[217] The HF method allows ground state (GS) electronic properties such 

as GS system energy to be determined simply and approximately by assuming that an electron 

moves in the mean electrostatic field created by other particles of the system.[216,218] 

Hence, the HF approach is also known as the mean field approximation.[217,219] 

Within the HF approximation, the wavefunction is constructed from single particle 

wavefunctions called molecular orbitals (MOs) in the form of a Slater determinant (SD) that 

is generally defined by:[216] 
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   (2.13) 

or in a shorthand notation:[216] 

   SD 1 2x spin
orbsN

     (2.14) 

where   SD x  is the Slater determinantal wavefunction, x is the collective space and spin 

coordinate (for the ith electron  ,i i ix r , where ωi is the spin variable), Nelec and spin

orbsN  is 

the number of electrons and spin molecular orbitals, respectively, χ is the spin orbital.[216] 

Thus, the HF approach is essentially a manifestation of the molecular orbital 

approximation.[216] 

The spin orbital is defined as the product of the spatial orbital ψ(r) and the spin function α(ω) 

or β(ω) for spin-up and spin-down, respectively.[216] The spin functions and SD are 
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introduced in order to take the Pauli exclusion principle fully into account (two electrons with 

the same spin on the same orbital makes the SD equal to zero) and the antisymmetry 

requirement that the wavefunction must change its sign, when the space and spin coordinates 

of any two electrons are interchanged, which is also fulfilled by the SD:[216] 

    1 1, , , , , , , , , , , ,
elec elecSD i j N SD j i N  x x x x x x x x  (2.15) 

Additionally the SD incorporates correlation of electrons with parallel spins, because of the 

existence of the so-called Fermi hole around an electron, which is a consequence of the zero 

probability of finding two electrons with the same spin at the same point in space.[220] Thus, 

the Fermi hole causes reduced repulsion between electrons of parallel spin.[221] 

Nevertheless, the finite probability of finding two electrons with antiparallel spins at the same 

point means that correlation between these electrons is absent.[220] Thus, the HF 

approximation does not include correlation between any pair of electrons and is commonly 

considered to be an uncorrelated method.[222] 

According to the variational principle, the better the wavefunction the lower is the expectation 

value of the Hamiltonian (system energy). The lowest possible expectation value is the HF 

ground state energy HF

0E  (in Bra-ket notation):[216] 

 HF HF HF

0 0 0
ˆE H    (2.16) 

where the HF ground state wavefunction is represented by a SD that includes only spin

occN  

occupied spin orbitals equal to the number of electrons Nelec (the remaining 

spin spin spin

virt orbs occN N N   are left unoccupied and are called virtual orbitals):[216] 

 HF

0 1 2 1 2spin
elecocc

NN
         (2.17) 

As the HF wavefunction is constructed from spin orbitals, the latter can be optimized to find 

the minimum possible HF

0E , which leads to the derivation of the Hartree–Fock equations:[216] 

      ˆ x x xa i a i i af     (2.18) 

where i  is the energy of ith spin orbital i  and  ˆ xaf  is a Fock operator applied on the ath 

electron. 
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The energies of the frontier molecular orbitals (FMOs), i.e. the highest-energy occupied 

(HOMOs) and the lowest-energy unoccupied (LUMOs) MOs taken with reverse sign can 

serve as approximations for the ionization potential (IP) and electron affinity (EA) of a 

molecule, respectively, according to Koopmans’ theorem.[216] Nevertheless, such IPs and 

especially EAs are quite inaccurate, because the relaxation of orbitals in the respective 

charged species and correlation effects are neglected.[216] 

The Fock operator consists of a one-electron operator called the core-Hamiltonian  ˆ xah  (the 

first two terms of the electronic Hamiltonian in eq. 2.7) and the HF potential  HFˆ xav , which 

arises from the mean field of all other electrons:[216] 

      HFˆ ˆ ˆx x xa a af h v   (2.19) 

The HF potential is defined by the summation of Coulomb Ĵ and exchange operators K̂  over 

spin

occN
 
occupied spin orbitals:[216] 
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   (2.20) 

The HF equations are interdependent, because the HF potential depends on the other MOs. 

Thus, the HF equations must be solved iteratively and the procedure is called the self-

consistent field method, which is another name for the HF method[216,219] and equations 

2.18 are a set of pseudo-eigenvalue equations that replace the many-electron problem by a set 

of one-electron problems.[216-217] 

Solving the HF equations requires knowledge of the spin orbitals and in turn spatial orbitals. 

The latter can be represented by a numerical grid, but this is impractical for most 

purposes[217,219] and MOs are usually constructed from a basis set of basis functions.[216-

217,219] For the latter, it is convenient to choose atom-centered functions, which are then 

called atomic orbitals (AOs). This approach is called the linear combination of atomic orbitals 

(LCAO) approximation:[216-217,219] 

 
1

AOsN

i ji j

j

C 


  (2.21) 

where NAOs is the number of atomic orbitals ϕ and C are expansion coefficients. Note that 
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NAOs is equal to the number of molecular orbitals and the respective coefficients matrix C is 

square,[216] and in the following Norbs will be used instead of NAOs and NMOs. The number of 

spin orbitals is twice the number of spatial orbitals, as two spin functions (for spin up and 

down or α and β) are possible and hence 2spin

orbs orbsN N .[216] 

The larger the basis set, the more accurate is the solution that can be obtained within the HF 

approximation. In the extreme case of an infinitely large basis set, the HF ground state energy 

will reach its minimum possible value, which corresponds to the so-called Hartree–Fock 

limit.[216] 

In order to solve the HF equations computationally, the transition from spin orbitals to spatial 

orbitals by integrating out the spin functions is necessary.[216] Several possibilities exist. The 

most convenient one, called restricted Hartree–Fock (RHF), is to have the same spatial orbital 

for a pair of electrons with opposite spins.[216] However, RHF is only valid for specific 

states of closed-shell species with even numbers of electrons and unrestricted Hartree–Fock 

(UHF) comes into play here. UHF uses two sets of spatial orbitals (α and β) for spin up and 

down,[216] but UHF states often include contributions from higher spin states than required, 

i.e. they are said to have spin contamination.[223] Restricted open-shell HF (ROHF) can 

eliminate the above problem by populating doubly occupied spatial orbitals with paired 

electrons and singly occupied orbitals with unpaired electrons, but such a treatment leads to 

higher or equal system energy than UHF and Koopmans’ theorem cannot be applied to the 

ROHF orbital energies.[216-217] In contrast, the eigenvalues of UHF singly occupied 

molecular orbitals (SOMOs) can be treated as ionization potentials according to Koopmans’ 

theorem.[217] 

2.1.2.1 Restricted Hartree–Fock 

It can be shown that within RHF approximation HF equations 2.18 are simplified to:[216] 

      ˆ r r ra i a i i af    (2.22) 

The RHF Fock operator is defined by the same one-electron operator as above and the 

summation of RHF Coulomb and exchange operators over occupied MOs RHF

occN  (half of spin

occN  

or equivalently half the number of electrons Nelec):[216] 
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1

ˆ ˆ ˆ ˆ2r r r r

RHF
occN

RHF RHF RHF

a a i a i a

i

f h J K


    (2.23) 

RHF Coulomb and exchange operators imply the following integrations:[216] 

      *

0

1ˆ r r r r
r r

RHF

i a b i b i b

a b

J d  



  (2.24) 

          *

0

1ˆ r r r r r r
r r

RHF

i a j a b i b j b i a

a b

K d   
 

  
 

  (2.25) 

The HF energy 2.16 and the orbital energies for the RHF case are defined by:[216] 

  RHF

0

1 1 1

2 2

RHF RHF RHF
occ occ occN N N

RHF RHF

i ij ij

i i j

E h J K
  

      (2.26) 

  
1

2

RHF
occN

RHF RHF

i i ij ij

j

h J K


    (2.27) 

where ih ,  
RHF

ijJ  and 
RHF

ijK  are the following integrals in explicit and Bra-ket notations:[216] 

        * *

0

ˆr r r ri i i a i a a i ah h d h   


    (2.28) 

          * *

0 0

1
r r r r r r

r r
ij i i j j a b i a i a j b j b

a b

J d d      
 

 
   (2.29) 

          * *

0 0

1
r r r r r r

r r
ij i j j i a b i a j a j b i b

a b

K d d      
 

 
   (2.30) 

The HF equation 2.22 in the atomic basis has the following form:[216] 

      
1 1

ˆ r r r
orbs orbsN N

a ji j a i ji j a

j j

f C C  
 

   (2.31) 

After multiplication of both sides of the latter equation by  * rj a  on the left and integrating 

over dra, the Roothaan–Hall equations in a matrix notation can be obtained:[216-217] 
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 FC SCε  (2.32) 

where ε is a diagonal matrix containing the orbital energies, columns and rows of C represent 

molecular and atomic orbitals, respectively, F and S are Fock and overlap matrices, 

respectively. Elements of the Fock and overlap matrix are defined by: 

      *

0

ˆF r r r rij a i a a j ad f 


   (2.33) 

    *

0

S r r rij a i a j ad  


   (2.34) 

Elements of the Fock matrix include elements of the core-Hamiltonian matrix H
core

 (one-

electron integrals)[217] and four-index two-electron integrals[217,221] as it follows from 

equations 2.21, 2.23–2.25 and 2.33:[216] 

  

       

       

* *

0 0

* *

0 0

1
2

1

F H r r r r r r
r r

r r r r r r
r r

occ orbsN N
core

ij ij lk mk a b i a j a m b l b

k lm a b

a b i a l a m b j b

a b

C C d d

d d

   

   

 

 


  




 

 

 

 

 (2.35) 

where       *

0

ˆH r r r rcore

ij a i a a j ad h 


   (2.36) 

There are possible (Norbs)
4
/8 four-index integrals[216] and that is why (as eq. 2.35 clearly 

demonstrates) the scaling of computational cost reaches the fourth order for very large basis 

sets.[217] Another important consequence of eq. 2.35 is that the Fock matrix construction 

depends on the coefficients matrix, meaning that the Roothaan–Hall equations 2.32 must also 

be solved iteratively.[216] 

It is more convenient to define the so-called density matrix P with elements[216] 

 2P
occN

lm lk mk

k

C C   (2.37) 

and to rewrite subsequently eq. 2.35 using Bra-ket notation and eq. 2.37:[216] 
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    1

2
F H P

orbsN
core

ij ij lm i j m l i l m j

lm

     
 

   
 

  (2.38) 

Once the Fock matrix is calculated, the RHF electronic energy can be calculated if 

required:[216] 

  
1

2
P H F

orbsN
core

RHF ji ij ij

ij

E    (2.39) 

The HF total energy can be obtained by just adding the nuclear repulsion energy  

(eq. 2.12).[216] 

Taking into account that in the case of an orthonormal basis set the overlap matrix is just a 

unity matrix, the Roothaan–Hall equations simplify to the matrix eigenvalue problem:[216] 

 FC Cε  (2.40) 

Orbital energies and expansion coefficients of MOs are therefore just eigenvalues and 

eigenvectors of the Fock matrix and can be found easily by diagonalizing it.[216] Although 

the non-unity overlap matrix makes the solution of eq. 2.32 more difficult, it can always be 

simplified to the form of eq. 2.40 via an orthogonalization of the basis set and the 

fundamentals of solving HF equations are therefore conserved.[216] 

We can now define the general flow of the SCF procedure for the specified orthonormal basis 

set and a given molecule: 1) calculate the core-Hamiltonian matrix H
core

 and two-electron 

integrals (this can be done once before starting iterations and stored for using during the 

following SCF cycles), 2) generate an initial guess for the density matrix P, 3) construct the 

Fock matrix F from H
core

, P and two-electron integrals, 4) diagonalize F to obtain the orbital 

energies ε and the MO coefficients C, 5) calculate a new density matrix using C from the 

previous step, 6) check if the convergence criteria are met (if not then go back to step 3 and 

repeat the SCF cycle, if converged then calculate from the above results the required system 

properties).[216-217] The convergence criteria are usually that the density matrix remains 

constant and/or that the HF total energy converges to a minimum.[216-217] 

Despite the apparent simplicity of the above SCF procedure, one should remember that there 

is no guarantee that it will converge at all or if the solution found corresponds to the global 

energy minimum or to some other state.[216-217] In general, many practical problems of the 
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optimization of the SCF procedure should be considered.[216-217] 

2.1.2.2 Unrestricted Hartree–Fock 

The unrestricted Hartree–Fock (UHF) approach uses two sets of spatial MOs for α and β spins 

that are expanded in the same atomic basis, but with different MO coefficients: 

 
1

orbsN

i ji j

j

C  


  (2.41a) 

 
1

orbsN

i ji j

j

C  


  (2.41b) 

The sets of spatial MOs for the same spin are orthonormal (as all spatial MOs in the RHF 

case) and the set of spin orbitals remains orthonormal due to spin orthogonality, but α spatial 

orbitals are not restricted to be orthogonal to β spatial orbitals. Thus, elements of the overlap 

matrix S
αβ

 between the α and β spatial orbitals[224] 

      *

0

S r r rij a i a j a i jd       


   (2.42) 

do not necessarily satisfy the orthonomality principle, i.e. Sij ij

  , where δij is the 

Kronecker delta equal to 1 for i = j and 0 otherwise. The actual UHF expectation value of the 

total spin-squared operator[224-225] 

 
2

2

1 1

ˆ 1 min ,
2 2

S

NN

ij
UHF

i j

N N N N
S N N


    

 
 

   
         

  
  (2.43) 

is therefore not necessarily equal to the exact value that is defined for the pure spin states 

by:[224-225] 

 
2ˆ 1

2 2exact

N N N N
S

   
   
   
  
  

 (2.44) 

where Nα and Nβ are number of α and β electrons, respectively. Such a deviation of the UHF 

from the exact expectation values of 
2Ŝ  can be used for the estimation of the above 

mentioned spin contamination.[223] 
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Similarly to the Roothaan–Hall equations for the RHF approach, two equations in a matrix 

notation called the Pople–Nesbet equations can be obtained for the UHF method:[216] 

  F C SC ε     (2.45a) 

 F C SC ε     (2.45b) 

α and β density matrices can be also defined:[216] 

 
N

lm lk mk

k

C C


  P  (2.46a) 

 

N

lm lk mk

k

C C


  P  (2.46b) 

Two other useful matrices called total (P
total

) and spin (P
spin

) density matrices can be 

defined:[216] 

  P P Ptotal     (2.47) 

 
spin   P P P  (2.48) 

It can be shown that for Nα = Nβ, P
α
 = P

β
 = (P

total
/2) UHF simplifies to RHF.[216] Thus, for 

singlet systems, it is necessary to use different initial guesses of P
α
 and P

β
 or otherwise the 

UHF solution will converge to the RHF one.[216] 

Although the eigenvalue problems represented by the Pople–Nesbet equations 2.45a and 

2.45b can be solved independently, this is not true for the SCF iterations for each spin case, 

because the α and β Fock matrices F
α
 and F

β
 depend on both P

α
 and P

β
:[216] 

     F H P P P
orbsN

core

ij ij lm lm i j m l lm i l m j

lm

            
   (2.49) 

     F H P P P
orbsN

core

ij ij lm lm i j m l lm i l m j

lm

            
   (2.50) 

Finally, the UHF electronic energy can be calculated:[216] 

  
1

2
P P H P F P F

orbsN
core

UHF ji ji ij ji ij ji ij

ij

E             (2.51) 
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In general, the SCF procedure for the UHF approach is similar to that for the RHF one with 

such exceptions as stricter requirements for the proper initial guess of the MOs coefficients or 

density matrices and the necessity to form and solve two Fock matrices.[216] 

2.1.3 Configuration Interaction 

As discussed above, the HF approach is not a correlated method and therefore we are 

interested in obtaining the correlation energy Ecorr to the HF GS energy HF

0E  in order to obtain 

the exact (non-relativistic, Born–Oppenheimer) ground state energy of the system Eexact:[226] 

 HF

exact 0 corrE E E   (2.52) 

Configuration interaction (CI) is a systematic approach for obtaining the upper bound to the 

exact energy, in other words it is variational method for assessing the correlation 

energy.[226] CI makes improvements over HF energy based on a trial multi-determinant 

wavefunction Ψ
CI

, i.e. the wavefunction is constructed from more than one Slater determinant, 

in contrast to the one-determinant HF wavefunction:[226-227] 

 CI

0 0

1

spin spinspin spin
occ orbs occ orbs

spin spin
occ occ

N NN N
r r rs rs

i i ij ij

i j ir N s r N

c c c
   

            (2.53) 

where the ground state HF wavefunction HF

0 0   is defined by eq. 2.17, , ,r rs

i ij 
 

are 

singly, doubly, …, Nelec-tuply excited determinants, and the respective c’s are CI expansion 

coefficients that determine the degree of the contribution of the respective excited determinant 

and must satisfy the normalization condition for CI wavefunction, i, j, … are indices that 

correspond to the occupied spin orbitals and r, s, … – to the virtual spin orbitals.[226-227] 

Excited determinants are SDs obtained from the optimized ground state Hartree–Fock SD by 

replacing one occupied spin orbital with a virtual spin orbital for singly excited 

configurations, two occupied spin orbitals – for doubly excited configuration and so on. HF 

and excited determinants are also called configurations (of spin orbitals).[226-227] 

If we denote the terms of eq. 2.53 with singly excited determinants as Ψ1, with doubly excited 

determinants as Ψ2 and so on, then we can rewrite eq. 2.53 as[226-227] 

 
CI

0 0 1 1 2 2 elec elecN Nc c c c           (2.54) 
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In order to minimize the expectation value of the Hamiltonian operator, i.e. to get CI ground 

state energy[226-227] 

 CI CI CI

0
ˆE H    (2.55) 

it is necessary to solve an interdependent set of CI secular equations that can be written in 

matrix notation:[226-227] 

 EHc c  (2.56) 

where H is a CI matrix, c is a matrix containing CI expansion coefficients.[226-227] Thus, 

energies of the ground and excited states are eigenvalues of the CI matrix and can be therefore 

obtained by diagonalizing it.[226-227] 

CI matrix elements Hij are defined by:[226-227] 

 ˆ ˆH Hij i j ji j iH H        (2.57) 

Full CI matrix, i.e. CI matrix including all possible excitations, is Hermitian matrix:[226-227] 

 

0 0 0 1 0

0 1 1 1 1

0 1

ˆ ˆ ˆ

ˆ ˆ ˆ

ˆ ˆ ˆ

H =

elec

elec

elec elec elec elec

N

N

N N N N

H H H

H H H

H H H

     

     

     

 (2.58) 

Thus, only upper (or lower) triangle of the CI matrix must actually be calculated. In addition, 

many of the matrix elements vanish, because of the spin orthogonality, Brillouin’s theorem 

and Slater-Condon rules.[226-227] Brillouin’s theorem states that there is no interaction of 

the singly excited determinants with the HF ground state SD:[226-227] 

 HF

0
ˆ 0r

iH    (2.59) 

The Slater-Condon rules result from the one- and two-electron nature of the Hamiltonian 

operator and define that all interactions between determinants that differ by more than two 

spatial molecular orbitals are zero:[226-227] 
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 ˆ 0i jH   , for |j – i| > 2 (2.60) 

The exact non-relativistic Born–Oppenheimer solution to the Schrödinger equation can be 

obtained with full CI and an infinitely large basis set.[226-227] Nevertheless, although many 

interactions are eliminated due to above considerations, full CI calculations with the full CI 

matrix are impossible for all but the smallest molecules due to the extremely large number of 

possible excited determinants even with limited basis set.[226-227] 

Thus, the number of excitations considered must be limited for large systems. If only single 

excitations are considered then the method is called CI singles (CIS), if double excitations – 

CI doubles (CID), and so on.[226-228] Including single excitations into CID leads to CISD, 

which is not much more expensive computationally than CID.[227] Note that due to 

Brillouin’s theorem and the Slater-Condon rules, CIS makes only a very small to the 

correlation contribution to the HF ground state energy, while about 80–90% of the correlation 

energy is recovered with CISD.[227] 

As mentioned above, CI methods can be used to calculate excited state energies.[226] Though 

CIS does not improve the ground state energy significantly, it can be used to predict excited 

state energies, because singly excited determinants are the most important for calculating 

electronic spectra,[226,229] although double excitations can also play important role.[229] CI 

usually overestimates excited state energies, because it uses the HF determinant, which was 

optimized for the ground state[229] and also in case of CIS method badly recovers correlation 

energy for the first excited states.[228] 

Truncated CI methods, in contrast to full CI, are not size consistent and size extensive and 

hence the larger the system, the smaller part of the correlation energy is recovered.[230] Size 

consistency means that the overall energy for a system with two non-interacting moieties is 

equal to the sum of the individually calculated energies of these moieties, while size 

extensivity is defined for interacting particles and requires proper scaling for the larger 

systems that contain more and more interacting particles.[230] 
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2.1.4 Møller–Plesset Perturbation Theory 

The electron correlation problem mentioned above can also be treated systematically using 

Møller–Plesset perturbation theory (MPPT)[231] based on the more general Rayleigh–

Schrödinger perturbation theory (RSPT).[232-234] The idea behind MPPT is to add a small 

perturbing operator V̂  to the Hamiltonian operator 
 0

Ĥ and solve the resulting eigenvalue 

problem:[232-234] 

 
  0

0 0
ˆ ˆ

MPPTH V E     (2.61) 

where   ≤ λ ≤ 1 is a dimensionless parameter that defines the perturbation strength, EMPPT and 

0  are ground state eigenvalue (energy) and eigenfunction, respectively.[232-234] 

For small perturbation, the exact EMPPT and 0  can be expanded into two Taylor  

series:[232-234] 

 
         0 1 2 3 41 2 3 4

0 0 0 0 0MPPTE E E E E E          (2.62) 

 
         0 1 2 3 41 2 3 4

0 0 0 0 0 0               (2.63) 

It follows from equations 2.61–2.63 that if λ = 0 then 
 0

0  and 
 0

0E  correspond to unperturbed 

wavefunction and energy, respectively, while 
 
0

n
  and 

 
0

n
E  are nth order corrections to the 

unperturbed (also called zero-order) wavefunction and energy, respectively.[232-234] 

Choosing normalized wavefunctions 0
 
and 

 0

0 so that    0 0

0 0 1    and 
 0

0 0 1    

leads to the orthogonality condition 
   0

0 0 0
n

    for all n > 0.[232] By substituting  

eq. 2.62–2.63 into 2.61, equating coefficients of λ
n
, multiplying all equations for different n’s 

by 
 0

0  and using the above orthogonality condition, we can obtain expressions for the 

zero-order energy and nth order corrections:[232-234] 
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       0 0 0 0

0 0 0
ˆE H    (2.64a) 

 
     1 0 0

0 0 0
ˆE V    (2.64b) 

      2 0 1

0 0 0
ˆE V    (2.64c) 

   

 
     0 1

0 0 0
ˆn n

E V


    (2.64d) 

nth order wavefunction corrections 
 
0

n
  can be represented as a linear combination of excited 

state Slater determinants with expansion coefficients c
(n)

:[232-234] 

      0

0

n n

i i

i

c    (2.65) 

Within MPPT, the unperturbed Hamiltonian 
 0

Ĥ  is just the sum of the Fock operators over 

spin

occN  occupied MOs:[232-234] 

 
 0 ˆˆ

spin
occN

i

i

H f  (2.66) 

 0

0  is the HF wavefunction represented by a Slater determinant that includes the occupied 

spin MOs (eq. 2.17) and the eigenvalue of 
 0

Ĥ  (zero-order Møller–Plesset energy 
 0

0E  or 

MP0 energy MP0E ) is according to eq. 2.64a simply the sum of the eigenvalues of f̂ , i.e. just 

sum of energies of spin

occN  occupied MOs:[232-234] 

 
 0MP0

0 0

spin
occN

i

i

E E    (2.67) 

The above sum counts the mean electron-electron repulsion energy twice, because each 

orbital energy of a pair of occupied MOs includes the repulsion between electrons on these 

pair of MOs. This over-counting can be cancelled if the following two-electron perturbing 

operator is chosen (
HFv̂  is the HF potential defined by eq. 2.20):[232-234] 
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  HF

1 1

1ˆ ˆ x
r r

elec elec elecN N N

a

a b a aa b

V v
  

 


   (2.68) 

Thus, the first-order correction to energy 
 1

0E  derived from eq. 2.64b and 2.68 cancels over-

counting of electron-electron repulsion energy:[232-234] 

 
   1

0

1

2

spin
occN

i j i j i j j i

ij

E            (2.69) 

The first-order Møller–Plesset (MP1) energy ( MP1

0E ), which is the sum of zero-order energy 

and the first-order energy, is just the ground state HF energy, i.e. in spin orbital 

formulation:[232-234] 

 
     0 1 HF

MP1 0 0 0

1

2

spin spin
occ occN N

i i j i j i j j i

i ij

E E E E                (2.70) 

Obviously, one should go beyond MP1 in order to obtain an improvement over the HF 

approach and additional correlation energy Ecorr can be obtained starting from the second-

order perturbation correction:[232-234] 

  
corr 0

2

i

i

E E




  (2.71) 

The simplest meaningful perturbation correction – the second-order Møller–Plesset (MP2) 

energy correction 
 2

0E  – can be derived from eq. 2.64c and 2.65.[232-234] Taking the two-

electron nature of the perturbing operator defined by 2.68 and the Slater-Condon rules and 

Brillouin’s theorem into account, it can be shown that only double excitations must be 

considered, leading to the final expression for 
 2

0E :[232-234] 

  

   

2

2

0

spin spin
occ occ orbs orbs

spin
occ

N N N N
i j r s i j s r

i j i s kr N i j r s

E
       

    

 
 
    
 

    (2.72) 

The MP2 energy can be calculated by adding 
 2

0E  to the HF GS energy:[232-234] 

 
 2MP2 HF

0 0 0E E E   (2.73) 
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The MP2 energy accounts for ca. 80–90 % of the correlation energy and is therefore used as 

one of the computationally cheapest ab initio wavefunction based methods for taking 

correlation energy into account.[234] MP3 and MP4 are much more computationally 

expensive, but they can be performed for relatively small systems and account for more than 

95% correlation energy in the case of MP4. MPn beyond MP4 are much less used due to their 

complexity and expensiveness.[233-234] 

An advantage of MPPT is that it is size consistent and extensive.[232-234] Nevertheless, it is 

not variational, i.e. the energy of the system can be lower than the exact energy of the system, 

although the error introduced by truncating the basis set is comparable.[232-234] As we have 

seen above for the first-order energy correction, a perturbation equal to the electron-electron 

repulsion energy constitutes relatively large fraction of the electronic energy and due to the 

nature of the Taylor series, the MP2 energy can be quite inaccurate.[233-234] In addition, 

MPn series do not necessarily converge monotonically – they may also have oscillating and 

even diverging character[235] – and if no convergence is observed none of the MPn results 

can be considered reliable.[234] In the case of a converging MPn series, the interpolated 

infinite-order MP (MP∞) is equivalent to full CI.[234] 

Treatment of the open-shell systems with MPPT is also difficult, as unrestricted MPn (UMPn) 

suffers from spin contamination, ROMPn can give different results depending on various 

possible choices of the unperturbed Hamiltonian, projected MPn and UMPn (PMPn and 

PUMPn) can be also used, although projection contributes to the additional computational 

cost.[233-234] All the latter methods are more computationally expensive than restricted MPn 

(RMPn).[233-234] 
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2.2 Semiempirical Wavefunction-Based Methods 

Semiempirical wavefunction-based methods are methods that are essentially grounded on the 

approximated HF approach but contain empirical parameters, and are computationally faster 

and usually predict molecular properties with better accuracy than HF. Thus, these 

semiempirical methods allow quantum chemical calculations on very large systems that 

cannot be treated with other QM methods to be performed (at least within acceptable period 

of time and available computational resources). The most widely used modern semiempirical 

methods are based on the neglect of diatomic differential overlap (NDDO) approach and 

include electron correlation via their parameters. The NDDO method itself and methods that 

are based on it and have been used in the present study are discussed below. Although more 

recent semiempirical methods generally perform better than the older ones, a word of caution 

is needed: usually semiempirical methods perform better for their own training sets, which 

does not by default mean that for other independent validation data set more recent methods 

would perform better than other methods.[236] In addition, averaged errors are considered, 

but it may happen that some specific types of compounds can be described much better by 

older semiempirical methods.[236] 

2.2.1 NDDO 

The first approximation is based on the fact that the most of the physicochemical properties of 

molecules depends on the valence electrons and only to a very small degree on the core 

electrons. Thus, the NDDO method uses the so-called frozen core approach, when only 

valence electrons are considered and the nuclei are replaced by the cores with charge equal to 

nuclear charge reduced by the total charge of the core electrons.[236] The next approximation 

is that only a minimal basis set is used, i.e. the number basis functions are limited to the 

number of valence electrons that can be accommodated by an atom: one s atomic orbital for 

hydrogen, one s and three p (px, py and pz) AOs for many main group elements. Basis 

functions are Slater-type functions  rm

l  that are advantageous:[219,236] 

   r
rm m

l lY e





  (2.74) 

where l and m are principal and angular momentum quantum numbers, respectively, m

lY  is 

the angular part of the orbital and ζ is the orbital exponent.[219] 
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Furthermore, NDDO is based on the zero differential overlap (ZDO) formalism (the product 

of two basis functions originating from different atoms is zero for the same electron 

coordinates).[236] As a result, the overlap matrix S is a unit matrix and all one-electron 

integrals involving AOs corresponding to two different atoms and the third atomic center 

from operator are set to zero.[236] 

As mentioned above, one of the most computationally expensive parts in ab initio HF 

calculations is the calculation of numerous two-electron integrals.[236] However, it is 

reasonable to neglect the largest part of two-electron integrals.[236] Within the ZDO and 

NDDO approximations, all two-electron integrals involving the AOs corresponding to more 

than two different atomic centers are neglected, because these integrals correspond to very 

weak repulsion between electrons that are located far from each other.[236] Only the 

remaining one-center and two-center two-electron integrals must be calculated or taken as 

parameters derived from the experimental data in NDDO-based methods.[236] 

Once the SCF has converged, the total energy Etot is calculated from SCF electronic energy 

Eelec by adding core-core repulsion Ecore-core (sum of repulsions core

ABE  between cores A and B 

for all unique pairs), which is also subject to parameterization in the semiempirical methods 

based on NDDO discussed below:[236-237] 

 
1

atoms atomsN N
core

tot elec core core elec AB

A B A

E E E E E

 

       (2.75) 

Finally, the heat of formation of the whole system  ο

fH system  is calculated by substracting 

the calculated energy of atomization, which is the difference between the sum of electronic 

energies of free atoms  elecE atom  and the total energy of the system at the same NDDO-

based level of theory[237-238] 

  
1

atomsN

atomization elec tot

A

E E A E


   (2.76) 

from the sum of experimental heats of formation  ο

fH atom  of all atoms 

atomsN :[236-237,239] 
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        ο ο ο

1 1 1

atoms atoms atomsN N N

f f atomization tot elec f

A A A

H system H A E E E A H A
  

           (2.77) 

Kinetic energy terms that must be included into  ο

fH system  are taken into account by the 

parametrization.[237-238] 

2.2.2 MNDO 

The modified neglect of diatomic overlap (MNDO) introduced by Dewar and Thiel in 

1977[237] was parameterized based on variables referring to a single type of atoms rather 

than on bond parameters, which made it feasible to calculate parameters for many 

elements.[236-237,239] The SCF procedure in MNDO is essentially the same as for the ab 

initio HF case, but the differences are in constructing core-Hamiltonian and Fock 

matrices.[236-237,239] The corresponding expressions for the latter matrices are considered 

below and for convenience we denote a spatial AO centered at atom A as 
A

  and A

  and at 

atom B (different from atom A) as B

  and B

  as in original work.[237] 

The one-center core-Hamiltonian elements are defined by:[236-237] 

 
1

H
atomsN

core A AB

B

U V   


    (2.78) 

where 
AU  are one-center one-electron energies that are the sum of the kinetic energy of an 

electron in the orbital 
A

  and the attraction energy of this electron to the core A, 
ABV  are two-

center one-electron potential energy of the attraction of an electron in the distribution 
A A

    to 

core B.[236-237] 
AU  and 

ABV  are defined by: 

 21

2

A
A A Acore

i

A

Z
U

r
  



 
 

    
 
 

 (2.79) 

  AB B A A B B

core s sV Z        (2.80) 

Two-center core-Hamiltonian elements are expressed via:[236-237] 

 Hcore

   (2.81) 
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where 
  are resonance integrals. The resonance integrals are calculated from the overlap 

integrals S
 and resonance parameters 

A

  and B

  arising from respective atomic orbitals at 

corresponding atoms defining the resonance integral:[236-237] 

  
1

2
S A B

        (2.82) 

Overlap integrals constituting the overlap matrix S are not necessarily zero:[236] 

  S A B

     (2.83) 

Thus the overlap matrix is in principle a non-unity matrix in MNDO, in contrast to the ZDO 

formalism.[236] Nevertheless, MNDO makes the physically incorrect[240] assumption that 

the basis set is orthogonal in order to avoid the orthogonalization step when solving the 

Roothaan–Hall or Pople–Nesbet equations.[219,240] Such an assumption saves about a half 

of computational time, but leads to somewhat less accurate results than non-orthogonal 

version of MNDO (NO-MNDO).[219,240] 

The diagonal elements of the Fock matrix are defined by:[237] 

      1

2
F H P P

A B
orbs atoms orbsN N N

core A A A A A A A A A A B B

B

               
 

           
 

    
 

    (2.84) 

where A

orbsN  and B

orbsN  are number of basis functions arising from atoms A and B, 

respectively.[237] 

The off-diagonal Fock matrix elements F
 for 

A

  and A

  at atom A:[237] 

      1
3

2
F H P P

B
atoms orbsN N

core A A A A A A A A A A B B

B

               


               
     (2.85) 

and for 
A

  at atom A and B

  at atom B:[237] 

  1

2
F H P

A B
orbs orbsN N

core A A B B

      
 

       (2.86) 

One-center two-electron repulsion integrals are made into parameters gμν (Coulomb integrals 
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 A A A A

       ) and hμν (exchange integrals  A A A A

       ):[236-237,239] 

  A A A A

s s s s ssg      (2.87a) 

  A A A A

s s p p spg      (2.87b) 

  A A A A

s p s p sph      (2.87c) 

  A A A A

p p p p ppg      (2.87d) 

  ' ' 2

A A A A

p p p p pg      (2.87e) 

where A

s  and 
A

p  ( '

A

p ) are s and p-type AOs, respectively, 'p  is px, py or pz AO that must 

be different from p.[236-237,239] 

Two-center two-electron repulsion integrals  A A B B

        are not parameters and are 

calculated using a multipole-multipole interaction scheme.[236] 

Finally, repulsions core

ABE  between cores A and B cannot just be calculated using eq. 2.10 

substituting the respective core charges A

coreZ  and A

coreZ  instead of nuclear charges, i.e. as 

A B

core core

AB

Z Z

R
, because the approximation made in MNDO leads to erroneous non-zero repulsion 

between neutral atoms even at interatomic distances at which the wavefunctions almost do not 

overlap.[236] Thus, core-core repulsion in MNDO is treated differently and includes 

empirical parameters α:[236-237] 

    MNDO 1 A AB B ABR Rcore A B A A B B

AB core core s s s sE Z Z e e            (2.88) 

Treating pairs O–H and N–H differently was shown to be advantageous:[236-237] 

    MNDO 1 X XH H XHR Rcore X H X X H H

AB core core s s s s XHE Z Z R e e            (2.89) 

The parametric one-center two-electron integrals are taken from atomic spectra, while all 

others are obtained by fitting molecular experimental data.[236-237] In addition to all the 
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above approximations, the exponents ζ are the same for s and p-type orbitals of some lighter 

elements.[236-237] 

The known disadvantages of the MNDO method are problems with the predicted geometries 

of molecules.[236] In addition, stabilities of many structures especially non-classical, 

sterically crowded, four-membered rings are in error (too high or too low) at the MNDO 

level.[236,241] MNDO also wrongly predicts bonding interactions: hydrogen bond energy 

vanishes and barriers for breaking bonds are too high.[236,241] 

2.2.3 MNDO/c 

MNDO includes electron correlation via parameters, but the latter were optimized using a 

training set consisting only of closed-shell GS stable molecules and electron correlation 

effects on transition states and excited states can be insufficiently treated with 

MNDO.[236,242] Thus, a re-parameterized MNDO method that includes electron correlation 

explicitly via second-order perturbation theory called MNDO/c or MNDOC (c or C for 

correlation)[242] improves the accuracy of calculating excited[243] and transition states[244] 

significantly over MNDO, while the description of ground states is of similar accuracy at both 

levels of theory.[236,242,244] Nevertheless, due to the larger computational cost of MNDO/c 

calculations in comparison with MNDO ones, MNDO/c was not as widely used as 

MNDO.[219] 

2.2.4 AM1 

Austin Model 1 (AM1) is an MNDO-like semiempirical method that was developed by 

Dewar et al. for solving some of the above mentioned problem issues with 

MNDO.[219,236,241] First of all, overestimating bond dissociation barriers by MNDO and 

absent hydrogen bond at MNDO is caused by too large repulsion between atoms for van der 

Waals range of interatomic distances.[219,236,241] This problem was solved simply by 

changing a core-core repulsion function by two to four additional Gaussian terms to the 

original MNDO core-core repulsion function  MNDOcore

ABE :[241] 

 

   

     
2 2

1 1

AM1 MNDO

A B
Gaussian GaussianA A B B

i AB i i AB i

core core

AB AB

N N
L R M L R MA B A A B B A B

core core s s s s i i

i i

E E

Z Z K e K e   
 

 

 

 
  

  
 

 (2.90a) 
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R Rcore A B A A B B

AB core core s s s s
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 (2.90b) 

Then the parameters of AM1 were again optimized using a larger training set and AM1 

showed results superior to those of MNDO.[219,236,241] Originally AM1 was parametrized 

only for H, C, N and O, but later AM1 was parameterized for many other main-group 

elements, although the optimized parameters for previously parameterized elements remained 

the same.[219] Despite the increased number of parameters in AM1 in comparison to MNDO, 

it is computationally essentially as fast as MNDO.[219,236,241] Nevertheless, AM1 still 

predicts wrong geometries or stabilities for some types of compounds such as phosphorus 

compounds and hypervalent molecules.[236] 

2.2.5 PM3 

MNDO and AM1 were parameterized essentially by hand using relatively small numbers of 

carefully selected reference molecules for the training set.[219,236] Thus, optimizing 

parameters was a very tedious process, although the wide and deep chemical knowledge of 

Dewar assured a high quality parameterization.[219,236] An alternative approach was 

introduced by Stewart in 1989 in the model called modified neglect of diatomic overlap, 

parametric method 3 (after MNDO and AM1), abbreviated MNDO-PM3[245-246] or simply 

PM3.[219] 

Stewart developed a semiautomatic parameterization procedure that calculates derivatives of 

values of properties of interest instead of performing full semiempirical 

calculations.[219,236,245-246] It is not fully automatic, because selecting training set and 

weighting factors are still done by human.[219,236,245-246] Such an approach allows very 

large number of reference molecules to be used and represents a parameterization philosophy 

different from that employed in MNDO and AM1, because one hopes to take into account 

implicitly rules of chemistry by using a large training set rather than explicitly by very careful 

choice of reference molecules for the training set.[219] 

PM3 is a model similar to AM1 that apart from the use of a much larger training set for 

parameterization has some other differences.[236,246] First, an automatic procedure allowed 

the gss, gsp, gpp, gp2 and hsp parameters to be optimized rather than taking them from atomic 
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spectra as was done in AM1.[236,241,246] In addition, the number of Gaussian terms in the 

core-core repulsion function was fixed to two rather than two to four as in AM1.[236,246] 

Known drawbacks of PM3 include predicting wrong geometries and heats of formation of 

many molecules, wrong symmetry of different molecules, too short hydrogen bonds by ca. 0.1 

Å and wrong ethanol conformation.[219,236] 

2.2.6 AM1* 

Problems of MNDO and AM1 with proper describing hypervalent molecules and some 

compounds of elements below the second period can be solved, if more flexible basis set 

including d orbitals is used instead of sp basis set used in original MNDO and 

AM1.[219,236,239] Obviously, other elements, whose d orbitals participate in bonding, could 

be also adequately described only if d orbitals are included into basis set.[219,236,239] 

Improvements that can be achieved by adding d orbitals and optimizing respective parameters 

within the NDDO model were demonstrated convincingly by Thiel and Voityuk in 1992[247] 

and 1996[248] for the variant of MNDO called MNDO/d,[248] whose formalism was 

outlined in 1992 by the same researchers.[249] Adding d orbitals increases the number of 

one-center two-electron integrals from 5 to 17 and two-center two-electron integrals from 22 

to 491.[236] However, only one additional one-center two-electron integral gdd is optimized, 

while the remaining 11 are calculated analytically from adjustable one-center two-electron 

integrals.[236,239] One additional parameter is the orbital exponent ζd in the expression for 

Slater-type d orbital, and two additional parameters – resonance parameters d  and one-

center one-electron energies dU  – are needed to construct core-Hamiltonian.[236,239] 

Moreover, an additional increase in accuracy can be reached by using core-core repulsion 

terms that include two-center dependent parameters, as was shown by Voityuk and Rösch in 

2000 by optimizing parameters for molybdenum in the modified AM1 model called AM1/d, 

which uses an spd basis set for transition metals.[250] Voityuk and Rösch eliminated many 

parameters for describing the core-core repulsion in AM1 and used a simpler form with only 

two parameters AM1/d

AB  and AM1/d

AB  for each element pair AB in AM1/d:[250-251] 

    
AM1/dAM1/dAM1/d 1 AB ABRcore A B A A B B

AB core core s s s s ABE Z Z e        
 

 (2.91) 

Another advantage of Voityuk and Rösch’s approach is that spurious minima do not appear as 
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in the case of using additional Gaussian terms for the core-core repulsion in AM1.[251] The 

price to be paid for accuracy improvements is the requirement to use individual parameters 

for each elements pair.[251] 

AM1* introduced by Clark et al. in 2003[251] uses an spd basis not only for the transition 

metals, but for main group elements starting from the third period and below. In addition, 

Voityuk and Rösch’s formalism for core-core repulsion function is used:[251] 

   0AM1* 1 AB ABRcore A B

AB core core ss ABE Z Z e        (2.92) 

where αAB and δAB are parameters specific for each element pair AB, [251] and 0

ss  is 

calculated as in MNDO/d case[251] from element-dependent adjustable parameters A

core  and 

B

core :[249,252] 

  
1

2 20 2 2 A B

ss AB core coree R  


   
  

 (2.93) 

The AM1* model leads to a significant improvement over AM1 for compounds of 

reparameterized elements except for H, C, N, O and F, which are treated within AM1* in the 

same way as in AM1.[251-252] Moreover, AM1* has an advantage over MNDO/d especially 

for system of biological studies, that it does not suffer from the poor description of hydrogen 

bonds and rotational barriers in π systems by MNDO/d, while even the original AM1 

performed relatively well for these problems.[251] 

2.2.7 PM6 

PM6 is further development of the NDDO-type methods including MNDO, AM1 and PM3 

(PM4 was not completed and PM5 was never published)[219,251] introduced by Stewart in 

2007.[253] PM6 is very similar quantum mechanically to AM1* as it also includes d orbitals 

for some main-group elements along with transition metals,[219] but implies different 

parameterization philosophy[219] and differs in some other details from AM1*. First, the 

PM6 parameterization similarly to PM3 one essentially aimed at achieving the largest 

possible accuracy via using an extremely large training set of 4,492 reference species and 

simultaneously parameterizing 70 elements.[219,253] At the same time, AM1* aimed at 

increasing predictive power via consecutive parameterization using chemical intuition.[219] 
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Second, the core-core repulsion function in PM6 included a small perturbation to Voityuk and 

Rösch’s expression that leads to faster convergence for inert gas interactions:[253] 

      PM6 60.0003PM6PM6 1
AB AB ABR Rcore A B A A B B

AB core core s s s s ABE Z Z e


    
   

  
 (2.94) 

The additional function is added to core-core interaction for each element pair to prevent too 

close interatomic distances sometimes observed for Voityuk and Rösch’s approach:[253] 

  
    

12
1/3 1/3

8PM6 10

A B

core core
core

AB

AB

Z Z
f

R



 
 

  
 
 

 (2.95) 

Furthermore, special core-core repulsion functions were used for some core-core interactions 

such as O–H, N–H, C–C and Si–O. Since PM6 predicted a too large pyramidalization angle φ 

for secondary and tertiary amines, the calculated heat of formation (
calc

fH ) is corrected by an 

additional term dependent on this angle:[253] 

 
100.5corr calc

f fH H e      (2.96) 

Statistically, heats of formation are predicted by PM6 better than by AM1 and by PM5, and 

better than by HF with the 6-31G(d)[254-265] basis set and by the work-horse B3LYP[266-

271] DFT method discussed below with the 6-31G(d) basis set for the subset of reference 

species.[253] Generally, AM1* and PM6 perform statistically better for their own training 

sets.[219] One should also remember that despite good prediction of heats of formation, other 

properties as geometries, dipole moments and ionization potentials are predicted worse than 

by B3LYP/6-31G(d) method.[219] 
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2.3 Density Functional Theory 

The physical nature of the wavefunction is not very intuitive, but its square is physically 

meaningful probability of finding simultaneously all Nelec electrons in volume elements 

1 2, ,...,x x x
elecNd d d :[272] 

  
2

1 2 1 2, ,..., ...x x x x x x
elec elecN Nd d d  (2.97) 

Electron density or probability density ρ(r) is the probability of finding any of Nelec electrons 

with any spin in volume element 1rd  defined by the following multiple integral:[273] 

    
2

1 2 1 2, ,..., ...r x x x x x
elec elecelec N NN d d d      (2.98) 

The ab initio and semiempirical methods discussed above are based on a wavefunction that 

depends on 4Nelec coordinates arising from three spatial coordinates and spin of each electron 

out of Nelec electrons in the system.[274] On the other hand, density functional theory (DFT) 

is based on the electron density, which is a function of only three spatial coordinates, no 

matter how many electrons the system has.[274] 

2.3.1 Hohenberg–Kohn Theorems 

Pioneering attempts to estimate (partly) the system energy using the electron density were 

made by Thomas[275] and Fermi[276] in 1927 (Thomas–Fermi model), and extended by 

Bloch in 1929[277] and by Dirac in 1930[278] (Thomas–Fermi–Dirac model).[274] 

Nevertheless, these early models did not find broad practical application for molecular 

systems,[279] because they deal with uniform, non-interacting electron gas and no bonding 

and therefore no molecules exist within these models.[274] 

However, a proper quantum mechanical description of real chemical systems based on the 

electron density instead of the wavefunction is possible, because the lowest (exact) ground-

state electronic energy Eexact can be determined by the true ground state (and only by the true 

GS) electron density ρGS as Hohenberg and Kohn showed in 1964.[274,279-280] Eexact can be 

obtained by varying the electron density to minimize the system energy that is a function of 

the electron density denoted as  rE    .[279-281] Since electron density is itself a function 
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of coordinates ρ(r), then  rE     is a functional (as function of function is called) of 

electron density or simply density, hence a name of density functional theory.[274] The 

 ohenberg−Kohn theorems state that exact GS energy in some external potential  rextV  can 

be expressed via the following expression:[280-281] 

        HKr r r r rextE F V d            (2.99) 

where  HK rF     is the  ohenberg−Kohn universal functional of density independent of the 

external potential  rextV .[280-281] 

The external potential can be potential created by nuclei constituting a molecule  relec nuclV   

and the integral    r r rextV d  is just the system-specific attraction energy of electrons to 

nuclei  relec nuclE      that is also a functional of density.[281] The  ohenberg−Kohn 

functional can be separated into two functionals corresponding to kinetic energy of electrons 

 rT     and to the electron-electron interaction  relec elecE     .[281] Thus:[281] 

        elec-elec elec-nuclr r r rE T E E                     (2.100) 

The electron-electron interaction can be further separated into the known classical Coulomb 

repulsion energy functional  rJ     and non-classical energy functional  non-classical rE     

taking into account contributions from the Coulomb and exchange correlations:[281] 

 

     

   
 

elec-elec non-classical

1 2

1 2 non-classical

1 20 0

1

2

r r r

r r
r r r

r r

E J E

d d E

  

 


 

            

     
 (2.101) 

One of the largest problems of the DFT is finding the explicit form for the non-classical 

functional and the kinetic energy functional.[281] 
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2.3.2 Kohn–Sham Approach 

The breakthrough approach to recover at least the largest part of the kinetic energy and the 

remaining part of it add to the non-classical energy part was suggested by Kohn and Sham in 

1965,[282] i.e. a year after Hohenberg–Kohn publication.[283] Kohn–Sham methodology 

reintroduces the concept of orbitals in DFT. Nelec Kohn–Sham spin orbitals χ
KS

 constitute the 

Slater determinantal ground state wavefunction as in the Hartree–Fock approach. Kohn–Sham 

spin orbitals are defined by equations similar to the HF equations:[283] 

 
KS KS KSˆ

i i if     (2.102) 

where KSf̂  is the Kohn–Sham effective one-electron operator consisting of kinetic energy 

operator and local effective potential  reffectiveV :[283] 

  KS 21ˆ
2

reffectivef V     (2.103) 

The last expression does not include any electron-electron interaction and thus the Kohn–

Sham approach introduces a non-interacting system.[283] If the exact effective potential were 

available, then the electron density  r  calculated from Kohn–Sham orbitals would be 

equal to the exact ground state density  0 r :[283] 

      
2

KS

0

1

,r r r
elecN

i

i 

   


   (2.104) 

The approximate kinetic energy Tappr is then calculated by:[283] 

 KS 2 KS

1

1

2

elecN

appr i i

i

T  


    (2.105) 

The difference between the exact and approximated kinetic energies is added to the non-

classical energy part to yield the exchange-correlation energy EXC, which includes everything 

that is not known:[283] 

         non-classicalr r r rXC apprE T T E                     (2.106) 

Thus, the universal functional within the Kohn–Sham approximation has the following 
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form:[283] 

        r r r rappr XCF T J E                     (2.107) 

As a result, the electronic energy functional of the density is:[283] 

          elec-nuclr r r r rappr XCE T J E E                           (2.108) 

Classical Coulomb electron-electron repulsion  rJ     and electron-nuclei attraction 

 elec-nucl rE     functionals are expressed via Kohn–Sham orbitals:[283] 

  
   

   
2 21 2 KS KS

1 2 1 2 1 2

1 11 2 1 20 0 0 0

1 1 1

2 2

r r
r r r r r r r
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    (2.109) 
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    (2.110) 

The expression for the effective potential is:[283] 
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r r r
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atomsN
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  (2.111) 

Thus, it includes unknown exchange-correlation potential  rXCV , which corresponds to the 

exchange-correlation energy.[283] Note that the Kohn–Sham approach in principle allows the 

exact electronic energy equivalent to the exact solution of the Schrödinger equation to be 

obtained, but only if the exact form of the exchange-correlation energy is available. In 

practice however, approximate functionals are used for EXC.[274,283] It has many of 

consequences, one of which is that the Koopmans’ theorem is not strictly valid, i.e. the 

energies of the Kohn–Sham HOMOs are not equal to the exact IPs.[274,283] 
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2.3.3 Exchange-Correlation Functionals 

2.3.3.1 The Local Density and Spin Density Approximations 

The exchange-correlation functional within the local density approximation (LDA) suggested 

by Kohn and Sham in their original paper published in 1965[282] is defined by:[274,279,284] 

      r r r rLDA LDA

XC XCE d           (2.112) 

where  rLDA

XC     is the energy density (the exchange-correlation energy per 

electron).[274,279,282,284] 

 rLDA

XC     corresponds to the electron gas, which is considered to be locally uniform in the 

LDA. The energy density is then split into exchange  rLDA

X     and correlation 

 rLDA

C     parts:[279,284] 

      r r rLDA LDA LDA

XC X C                  (2.113) 

The exchange functional in the so-called Slater exchange denoted by S is given by:[284] 

     
1

33
3 3

4
r rLDA

X  


     (2.114) 

The analytical expression for the correlation part was obtained by Vosko, Wilk and Nusair in 

1980[285] (hence the abbreviation VWN of this correlation functional) by fitting the results 

from Monte-Carlo simulations of the density of the uniform electron gas published by 

Ceperly and Alder[286] in the same year.[284] Note that the exchange-correlation functionals 

are named first by the exchange functional and then by the correlation functional, i.e. the 

exchange correlation functional constructed from the Slater exchange, and Vosko, Wilk and 

Nusair correlation functionals is called SVWN.[284] 

In addition, the more general approach extended to the unrestricted case and thus suited for 

describing the open-shell systems is the local spin density approximation (LSDA), which 

assumes the total electron density to be simply a sum of the α and β spin densities 

     r r r      and uses the concept of the spin polarization ζ:[274,279,284] 
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r r

r
 (2.115) 

Then the exchange-correlation energy is expressed via the energy density and respective 

exchange and correlation functionals depending on the α and β spin densities (or equivalently 

on the total electron density and the spin polarization):[274,279,284] 

          , ,r r r r r rLSDA LSDA

XC XCE d                (2.116) 

The performance of the LDA is reasonably good for determining molecular geometries and 

harmonic frequencies, but because the electron density is rarely uniformly distributed in real 

molecules, the accuracy of the LDA is often very low for many molecular properties such as 

bond energies, though usually still better or comparable with that of HF.[274,284] Thus, the 

LDA has found very limited use for calculating properties of molecules, but has been used in 

solid state physics.[284] 

2.3.3.2 The Generalized Gradient Approximation 

The LDA formalism can be improved by considering not only the electron density, but also its 

gradient, i.e. using a model of a non-uniform (non-homogeneous) electron gas.[274,284] Such 

a method is the generalized gradient approximation (GGA) that calculates the exchange-

correlation energy as an integral over functional f depending on both density and its 

derivatives:[284] 

            , , , ,r r r r r r rGGA

XCE f d                    (2.117) 

The exchange-correlation functional is also usually separated into exchange and correlation 

parts:[284] 

            , , ,r r r r r rGGA GGA GGA

XC X CE E E                       (2.118) 

The analytical expressions that describe exchange and correlation functionals are rather based 

on mathematical equations that allow larger computational accuracy to be obtained than on 

some physical model.[284] It is especially true for the correlation contributions and therefore 

the analytical forms for the correlation functionals are not given here, but their descriptions 

can be found in original works, references to which are given in many DFT textbooks.[284] 
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The most popular among correlation functionals are P or P86 (correlation part of the Perdew 

functional, 1986),[287] PW91 (correlation part of the Perdew–Wang functional, 1991),[288-

293] PBE (correlation part of the Perdew, Burke, and Ernzerhof functional)[294-295] and 

LYP (the functional due to Lee, Yang and Parr)[271].[279,284] 

The GGA exchange functional has a general form of[284] 

              
4

3, ,r r r r r r r rGGA LSDA

X XCE d F s d     



                 (2.119) 

where  F s  is a function of the local inhomogeneity parameter s  for spin up or down that 

is just reduced density gradient:[284] 
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  (2.120) 

 F s  for one of the most popular exchange functionals developed by Becke in 1988[270] 

(B or B88) is expressed via empirical parameter β = 0.0042 as derived by fitting the exact 

exchange energies for inert gases:[284] 
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 (2.121) 

Other examples of popular exchange functionals derived using a philosophy similar to 

Becke’s are O (developed by  andy et al.),[296-297] PW91 (exchange part of the Perdew–

Wang functional, 1991),[288-293] mPW (modified Perdew–Wang functional)[298] 

etc.[279,284] 

Another class of exchange functionals includes those functionals that use rational function 

 F s  without empirically optimized parameters.[279,284] Examples of the exchange 

functionals of this class are B86 (Becke, 1986),[299] P or P86 (exchange part of the Perdew 

functional, 1986),[287] PBE (exchange part of the Perdew, Burke, and Ernzerhof 

functional)[294-295] etc.[279,284] The analytical expression for the P exchange functional is 

the following:[284] 
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Examples of popular exchange-correlation functionals constructed from the above exchange 

and correlation functionals are BLYP, OLYP, BPW91, PBEPBE (or simply PBE) 

etc.[279,284] A closely related class of the exchange-correlation functionals are meta-GGA 

methods that include other corrections additionally to the gradient correction.[279] Useful 

functional belonging to this class is the M06L functional developed by Zhao and Truhlar in 

2006 that addresses also non-covalent interactions,[300] which are usually poorly described 

by the DFT methods.[279]
 

2.3.3.3 Hybrid Functionals 

Hybrid functionals are yet another class of many of the DFT exchange-correlation functionals 

that are very popular nowadays.[274,279,284] They try to make use of the fact that the HF 

approach provides the exact exchange energy.[274,279,284] Thus, hybrid exchange-

correlation functionals includes the exact HF exchange HF

XE  with empirically determined 

weight a:[279] 

   DFT HF1hybrid

XC XC XE a E aE    (2.123) 

Becke introduced in 1993[269] a half-and-half method (H&H):[274,279,284] 

  H&H LSDA HF LSDA LSDA HF1 1 1 1

2 2 2 2
XC XC X X C XE E E E E E      (2.124) 

Consequently Becke[267] also suggested to use the linear combination of the gradient 

corrections to LSDA made in exchange B and in correlation PW91 functionals, exchange and 

correlation functionals LSDA, and HF exchange with three parameters a1=0.20, a2=0.72 and 

a3=0.81, whose values were obtained by fitting experimental data (hence name of the hybrid 

functional B3PW91):[279] 

  B3PW91 LSDA HF B LSDA PW91

1 1 2 31XC X X X C CE a E a E a E E a E         (2.125) 

A year later Stephens et al.[268] introduced one of the most (if not the most) popular 

functionals in computational chemistry[279] designated as B3LYP that uses the same three 
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parameters as B3PW91, but the LYP correlation functional instead of the gradient correction 

due to PW91 correlation functional:[279] 

    B3LYP LSDA HF B LSDA LYP

1 1 2 3 31 1XC X X X C CE a E a E a E a E a E         (2.126) 

Finally, it is necessary to give some concluding remarks concerning performance of the most 

used DFT methods as B3LYP/6-31G(d). Since they include electron exchange and 

correlation, but optimize electron density that depends only on three coordinates rather than a 

wavefunction that depends on 4Nelec coordinates, DFT methods have the advantage of being 

able to provide accuracy similar to many post-HF ab initio methods as MP2, but with 

considerably smaller computational effort.[279] Geometries and dipole moments are 

commonly predicted well especially by hybrid functionals.[279] In addition, DFT often 

performs better for open-shell systems than many ab initio methods, because spin 

contamination is very low in the case of DFT calculations in comparison with UHF based 

methods.[279,301] Nevertheless, it has also its deficiencies. One of the disadvantages are that 

DFT methods with common functionals are non-variational and can predict electronic 

energies much below the exact one, although Hohenberg–Kohn theorems state that exact DFT 

is a variational method.[281] The accuracy of a particular DFT functional is not therefore 

larger, if this particular functional predicts lower electronic energy.[281] As mentioned above, 

energies of Kohn–Sham orbitals do not have the same meaning as in the HF theory, i.e. 

Koopmans’ theorem is not directly applicable to the DFT methods with approximate 

functionals.[274,283] The accuracy of the DFT methods does not necessarily improve and can 

even become worse if a larger basis set is used.[279] Other practical drawbacks are that 

structures with charge separation are often badly described and if calculated electron affinities 

are close to experimental ones, it is usually for the wrong reason.[202] DFT methods suffer 

from over-delocalization of electron density and thus generally prefer structures with larger 

delocalization that can in reality be less stable than less delocalized ones.[279] Moreover, the 

barriers of many types of reactions (especially for hydrogen atom transfer reactions calculated 

with pure, non-hybrid DFT functionals) are often underestimated by DFT methods.[279] 
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3 Carbon Allotropes for Nanoelectronics Applications 

This chapter describes the results and provides a discussion of quantum-chemical modeling of 

the electronic properties of carbon allotropes and related systems of interest for 

nanoelectronics. In addition, the development, implementation, calibration and use of a fast 

and accurate semiempirical UNO–CI method for applications related to the above mentioned 

systems and properties are discussed. Results and discussion are given in the following 

sections. Conclusions are drawn at the end of each Section. Note that species are numbered 

starting from 1 in each individual section and that the numbering is thus independent of that in 

other sections. 

First, the theoretical background of the semiempirical UNO–CI methods is given. Second, a 

thorough study of the performance (in terms of accuracy and computational cost) of different 

variants of the UNO–CI method with various NDDO-based semiempirical Hamiltonians is 

presented. The physical significance of the unrestricted (Hartree–Fock) natural orbitals 

(UNOs) was assessed by comparing available experimental diradical characters of some 

polycyclic aromatic hydrocarbons (PAHs) with those calculated from the occupation numbers 

of the frontier semiempirical UNOs. Then, optical band gaps of series of polyynes as model 

systems of the sp carbon allotrope linear acetylenic carbon and selected PAHs as model 

systems of the sp
2
 carbon allotrope graphene are calculated with semiempirical UNO–CI 

methods and the results compared with experimental data from the literature. In addition, 

optical band gaps of PAHs calculated at the semiempirical UNO–CI levels are compared with 

the corresponding values calculated with popular TD DFT methods. These properties 

(diradical character and optical band gaps) and test systems (polyynes and PAHs) are 

important for nanoelectronics, as discussed in the Introduction and Section 3.1. The 

theoretical background, results of application, the corresponding discussion and conclusions 

concerning UNO–CI methods are given in Section 3.1. They were originally published as a 

part of the following peer-reviewed paper 

Pavlo O. Dral, Timothy Clark, Semiempirical UNO–CAS and UNO–CI: Method and 

Applications in Nanoelectronics. The Journal of Physical Chemistry A, 2011, 115 (41), 

11303–11312. 

After calibration semiempirical UNO–CI methods using experimental data for known 

compounds, these methods were used together with DFT to predict electronic properties for 



3 Carbon Allotropes for Nanoelectronics Applications 

 

60 

unknown compounds. Doped PAHs with interior rather than peripheral heteroatoms, CH and 

SiH groups were chosen, because they represent not only the perfect model for studying 

effects of tuning the properties of the sp
2
 carbon allotrope graphene by doping, but they are 

themselves promising materials for nanoelectronics and their synthesis is therefore being 

pursued in the laboratory of Dr. Milan Kivala. Energies for the inclusion of CH, SiH, B, N 

and P into the framework of the PAHs were calculated using DFT. The semiempirical UNO–

CIS and TD DFT methods were used to predict optical and electronic band gaps of the 

resulting doped PAHs. In addition, the diradical characters of these compounds were 

estimated based on the occupations of semiempirical UNOs. Electron affinities, ionization 

potentials and transport band gaps were calculated with DFT methods. Exciton binding 

energies were also estimated. Finally, the aromaticity of the compounds was predicted, which 

is important for estimating the chemical reactivity of the doped PAHs studied. All these 

calculations are described and discussed in Section 3.2, which was originally published as a 

part of the following peer-reviewed paper: 

Pavlo O. Dral, Milan Kivala, Timothy Clark, Doped Polycyclic Aromatic Hydrocarbons 

as Building Blocks for Nanoelectronics: A Theoretical Study. The Journal of Organic 

Chemistry, 2013, 78 (5), 1894–1902. 

In Section 3.3, the study on unusual electronic properties of the endofullerene NH4@C60, 

which is a chemically modified sp
2
 carbon allotrope fullerene is described. It is shown that 

the Rydberg radical [(N  
 )(e

−
)Rydberg] is stabilized by electron transfer to the electron 

accepting fullerene and that NH4@C60 is thus actually a radical ion pair N  
  C  

  
. 

Excitation corresponding to back electron transfer to form the Rydberg radical stabilized by 

confinement within fullerene C60 cage, i.e. [(N  
 )(e

−
)Rydberg]@C60, was located using 

semiempirical CIS calculations. Semiempirical and DFT calculations revealed higher electron 

affinities of N  
  C  

  
 endofullerenes in comparison to the corresponding fullerene C  

  
 

moieties. In addition, possible synthetic routes were suggested for synthesis of NH4@C60, two 

of which, proton penetrations through the fullerene cage followed by electron reduction and 

hydrogen atom penetrations through the C60 cage, were analysed based on DFT and MP2 

calculations. The intermediate endofullerenes NH@C60 and NH2@C60 have open-shell nature 

and can therefore be of interest for spintronics. 

In the last Section 3.4, a theoretical study of the electron properties of the nanodiamonds 
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known as diamondoids, which are substructures of sp
3
 carbon allotrope diamond, is 

described. First it is shown that adamantane and the doped diamantane oxadiamantane behave 

as electron donors in reactions with compounds that contain the electron accepting nitronium 

cation NO2
 
. It was shown that electrophilic activation of adamantane and oxadiamantane 

proceed via an H-coupled electron transfer (HCET) mechanism and that the direction of 

oxadiamantane functionalization can be predicted by calculating the activation barriers that 

correspond to HCET transition states. In addition, the computationally less demanding 

prediction of the direction of chemical functionalization of oxadiamondoids can be achieved 

by calculating the relative stabilities of oxadiamondoidyl cations. Such predictions are very 

important for designing materials based on nanodiamonds for nanoelectronics. This study of 

oxadiamondoids was published as a part of the following peer-reviewed paper: 

Andrey A. Fokin, Tatyana S. Zhuk, Alexander E. Pashenko, Pavlo O. Dral, Pavel A. 

Gunchenko, Jeremy E. P. Dahl, Robert M. K. Carlson, Tatyana V. Koso, Michael Serafin, 

Peter R. Schreiner, Oxygen-Doped Nanodiamonds: Synthesis and Functionalizations. 

Organic Letters, 2009, 11, 3068–3071. 
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3.1 Semiempirical UNO–CAS and UNO–CI: Method and Applications in 

Nanoelectronics 

Pavlo O. Dral and Timothy Clark* 

Computer-Chemie-Centrum and Interdisciplinary Center for Molecular Materials, Department 

of Chemie und Pharmazie, Friedrich-Alexander-Universität Erlangen-Nürnberg, 

Nägelsbachstr. 25, 91052 Erlangen, Germany 

 

This Section was originally published under the same title and was reproduced with 

permission from: 

Pavlo O. Dral, Timothy Clark, Semiempirical UNO–CAS and UNO–CI: Method and 

Applications in Nanoelectronics. The Journal of Physical Chemistry A, 2011, 115 (41), 

11303–11312. DOI: 10.1021/jp204939x. URL: http://dx.doi.org/10.1021/jp204939x. 

Supporting Information is available free of charge under http://pubs.acs.org/doi/ 

suppl/10.1021/jp204939x/suppl_file/jp204939x_si_001.pdf. Copyright 2011 American 

Chemical Society. 

All subsections, figures, charts, tables and equations are renumbered, and part of the material 

of the Supporting Information to the original paper is given in the appropriate places of this 

Section. VAMP and Gaussian archives of optimized structures are available on request or in 

the Supporting Information to the original paper. 

 

3.1.1 Abstract 

Unrestricted Natural Orbital – Complete Active Space Configuration Interaction, abbreviated 

as UNO–CAS, has been implemented for NDDO-based semiempirical molecular-orbital 

(MO) theory. A computationally more economic technique, UNO–CIS, in which we use a 

configuration interaction (CI) calculation with only single excitations (CIS) to calculate 

excited states has also been implemented and tested. The class of techniques in which 

unrestricted natural orbitals (UNOs) are used as the reference for CI calculations is denoted 

UNO–CI. Semiempirical UNO–CI gives good results for the optical band gaps of organic 

http://dx.doi.org/10.1021/jp204939x
http://pubs.acs.org/doi/suppl/10.1021/jp204939x/suppl_file/jp204939x_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jp204939x/suppl_file/jp204939x_si_001.pdf
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semiconductors such as polyynes and polycenes, which are promising materials for 

nanoelectronics. The results of these semiempirical UNO–CI techniques are generally in 

better agreement with experiment than those obtained with the corresponding conventional 

semiempirical CI-methods and comparable to or better than those obtained with far more 

computationally expensive methods such time-dependent density-functional theory. We also 

show that symmetry breaking in semiempirical UHF calculations is very useful for predicting 

the diradical character of organic compounds in the singlet spin state. 

3.1.2 Introduction 

The ab initio UNO–CAS technique was originally proposed by Bofill and Pulay as an 

inexpensive alternative to the CAS–SCF (complete active space–self-consistent field) 

method.[204] The abbreviation UNO–CAS stands for Unrestricted (Hartree–Fock) Natural 

Orbitals (UHF NOs, UNOs) – Complete Active Space Configuration Interaction. UNO–CAS 

is defined as full configuration interaction performed in the active space formed by the UNOs 

with significant fractional occupation numbers (SFONs). SFONs between 0.02 and 1.98 have 

been shown to be physically meaningful.[204] UNOs together with their occupation numbers 

σ can be obtained via diagonalization of the total UHF density matrix P
total

 (the sum of the α- 

and β-density matrices from UHF calculations), i.e. solving the eigenvalue problem:[302] 

 S
1/2

P
total

S
1/2

(S
1/2

U) = (S
1/2

U)σ (3.1) 

where the UNOs are the eigenvectors and the occupation numbers are the eigenvalues of P
total

 

and S is the atomic orbital (AO) overlap matrix. If the latter is unity, equation 3.1 is simplified 

to:[302] 

 P
total

U = Uσ (3.2) 

Here we extend the formalism to give the semiempirical UNO–CAS method with the 

additional possibility of performing configuration interaction calculations for determining 

excited states with only single excitations (CIS) in the active space, which we call 

semiempirical UNO–CIS. The UNO–CIS method is a computationally economical alternative 

that allows us to perform calculations for large molecules with active spaces that include more 

than a hundred orbitals (vide infra). Quite generally, we denote configuration-interaction 

calculations using UNOs as the reference molecular orbitals UNO–CI. In a further variation, 
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if we use orbitals with SFONs between 0.001–1.999, (i.e. we consider the limits defining 

static correlation to be twenty times smaller (0.001) than the limits proposed by the 

originators of the method (0.02)) we denote the methods UNO–CIx20 (UNO–CASx20 and 

UNO–CISx20). UNO–CI(x20) methods were implemented in the semiempirical MO-program 

VAMP 11[303] and calculations were performed at the AM1[241,253,304-307] level of 

theory (denoted AM1 UNO–CI) and compared with PM3,[245-246] PM6,[253] 

MNDO[237,304-311] and MNDO/c[242] UNO–CI methods. All calculations reported here 

were performed without simulated solvent effects (i.e. they correspond most closely to the gas 

phase). 

We have estimated (vide infra) the reliability of the initial UNOs orbitals by comparing the 

diradical character y of singlet organic compounds calculated from the fractional occupation 

numbers of the frontier unrestricted orbitals with y derived from experimental data.[312] The 

percentage diradical character is not only interesting for a theoretical understanding of 

chemical bonding, but also for predicting the chemical reactivity and electronic properties of 

polycyclic aromatic hydrocarbons (PAHs), which are promising candidates for use in 

molecular electronics.[312-313] 

In the present paper we focus on the study of the applicability of semiempirical UNO–CI for 

predicting the optical band gaps (Eg) of organic molecular wires (polyynes)[314-318] and 

semiconductors (polyacenes)[319-324] that are interesting for nanoelectronics (Chart 3.1):  

(i) the substituted polyyne series 1a–j, (ii) naphthalene 2a, acenes 2b–e, chrysene 2f and 

fluorene 2g and singlet diradical compounds 2h, 2i, (iii) substituted pentacenes 3a–d. We 

emphasize that our purpose is not to interpret the nature of the optical absorption bands or to 

assess the performance of semiempirical MO theory for other properties, such as geometries 

and ground-state energies. The nature of the absorptions[325-328] and the general 

performance of the Hamiltonians[237,241-242,245-246,253,304-311] used have been 

discussed in detail in the original work. 

Polyynes are conjugated compounds composed of acetylenic segments of sp-hybridized 

atoms. Polyynes become an allotropic form of carbon (carbyne or linear acetylenic carbon) at 

infinite n.[329] We have chosen ten polyynes 1a–j with tris(3,5-di-t-butylphenyl)methyl (Tr*, 

Chart 3.1) end-groups, because they are homologous and experimentally well characterized. 

A full set of optical band gaps and an X-ray structure for 1b are available.[329] The band 

gaps depend monotonically on n,[329] so that it is a prerequisite that computational 



3.1 Semiempirical UNO–CAS and UNO–CI: Method and Applications in Nanoelectronics 

 

65 

techniques are able to reproduce this dependence, making 1a–j ideal test systems. 

Naphthalene (2a) and the higher acenes from anthracene to hexacene (2b–e, Chart 3.1) were 

also used as test systems. In these cases, time-dependent density-functional theory 

(TDDFT[330-332]) calculated[333] Eg values are available for comparison. In addition, the 

structurally related PAHs 2f–i were included in this group. The substituted pentacenes (3a–d) 

were considered as a separate group, because their experimental band gaps only vary over a 

range of 0.14 eV, so that calculational methods must be very reliable to reproduce the trends. 

TDDFT band gaps are available for these compounds.[334] Their band gaps increase in the 

order 3a–d, so that methods that can reproduce this order can be considered suitable for 

studying substituent effects on band gaps. 

 

Chart 3.1. Test systems for optical band-gap calculations. 

We have also compared UNO–CI with conventional semiempirical CI (using the canonical 

molecular orbitals as reference) for all systems. However, the choice of orbitals to be used in 
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conventional semiempirical CI calculations is never obvious. Determining an appropriate 

number of active orbitals, for instance, for different numbers of triple bonds in the polyyne 

series or different numbers of condensed benzene rings or substituents in pentacene often 

involves extending the active space until the results converge. Thus, UNO–CI has the 

advantage over CI that it allows the number of orbitals to be determined automatically. 

Therefore, we have performed CIS calculations with the same number of orbitals as used in 

the UNO–CIS calculations. 

3.1.3 Results and Discussion 

3.1.3.1 Diradical Character 

An indicator, y, of the degree of diradical characters of singlet structures that can be compared 

directly with theoretical data has recently been derived from experimental data interpreted 

using a simple two-electron two-orbital model.[312] The theoretical value of y can be 

calculated from the (partial) occupation numbers of the frontier orbitals, HOMO and 

LUMO:[312] 

 
 

 
2

4
1

4

HOMO LUMO

HOMO LUMO

y
 

 


 

 
 (3.3) 

y values for derived from experimental data for 2a–b, 2f–i and 3b due to Kamada et al. are 

shown in Table 3.1. The authors also calculated theoretical y values (Table 3.1) from the 

occupation numbers (eigenvalues) of UHF/6-31G(d,p) UNOs and also noted in the 

Supporting Information that UDFT NOs “…would lead to incorrect lower diradical 

character in the present formula…”.[312] The degrees of diradical character derived from 

semiempirical UNOs whose occupation numbers are given in Table 3.2 are in much better 

agreement with experimentally derived y values. The smallest deviations from experiment are 

given by PM6 and MNDO/c. 

MNDO and MNDO/c predict the wrong order of the degrees of diradical character for 2h and 

2i, whereas AM1, PM3 and PM6 give the correct order. The slope of the regression line 

between theoretical and experimental y-values is also important (Figure 3.1) as it indicates 

systematic errors.[313] Slopes in the cases of PM6 and MNDO/c semiempirical calculations 

are close to unity, whereas AM1, PM3 and MNDO give slopes closer to 1.5 and the ab initio 

calculations over two. 
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Table 3.1. Diradical characters y derived from experimental data using a simple two-electron 

two-orbital model[312] and calculated using equation 3.3 from UHF/6-31(d,p) 

calculations,[312] and AM1, PM3, PM6, MNDO, MNDO/c UNOs using geometries 

optimized at the corresponding levels. 

Species Experiment 
UNOs 

ab initio AM1 PM3
a
 PM6

a
 MNDO MNDO/c

a
 

2a 0.02 0.05
b
 0.01 0.01 0.01 0.05 0.01 

2b 0.06 0.15
b
 0.07 0.06 0.05 0.13 0.05 

2f 0.04 0.08
b
 0.03 0.02 0.02 0.08 0.02 

2g 0.04 0.03
b
 0.01 0.00 0.00 0.04 0.00 

2h 0.34 0.76
b
 0.57 0.51 0.43 0.56 0.43 

2i 0.43 0.86
b
 0.62 0.54 0.48 0.55 0.39 

3b 0.15 0.45
c
 0.30

d
 0.27 0.23

e
 0.37 –

f
 

RMSD  0.26 0.13 0.09 0.04 0.13 0.04 

Slope of 

ycalc vs yexp 
 2.10 1.61 1.43 1.24 1.35 1.09 

R
2
  0.967 0.972 0.964 0.973 0.914 0.949 

a
 AM1 density matrices were taken as initial guesses and Pulay’s converger[335] was used for 

PM3, PM6 and MNDO/c calculations that allows better prediction of active spaces for 

polyynes and smaller PAHs (vide infra). 
b
 Using UB3LYP[266-271]/6-31G(d,p)[254-265]-

geometries.[312] 
c
 Using the crystal structure with i-Pr-groups replaced by hydrogen 

atoms.[312] 
d
 3b was calculated using AM1*. 

e
 AM1*[336] density matrix was used as initial 

guess for Si-containing compound 3b. 
f
 3b was not calculated using MNDO/c, because no 

parameters are available for Si. 

 

Table 3.2. Occupation numbers of the frontier unrestricted natural orbitals (HOMO and LUMO) 

at AM1, PM3, PM6, MNDO, MNDO/c using geometries optimized at the corresponding 

levels.
 

Species 
AM1 PM3 PM6 MNDO MNDO/c 

HOMO LUMO HOMO LUMO HOMO LUMO HOMO LUMO HOMO LUMO 

2a 1.853 0.147 1.875 0.125 1.880 0.120 1.729 0.271 1.880 0.120 

2b 1.682 0.318 1.709 0.291 1.731 0.269 1.580 0.420 1.733 0.267 

2f 1.776 0.224 1.806 0.194 1.818 0.182 1.653 0.347 1.810 0.190 

2g 1.893 0.107 1.915 0.085 1.908 0.092 1.748 0.252 1.905 0.095 

2h 1.228 0.772 1.259 0.741 1.313 0.687 1.229 0.771 1.315 0.685 

2i 1.199 0.801 1.244 0.756 1.278 0.722 1.240 0.760 1.341 0.659 

3b 1.405 0.595 1.434 0.566 1.467 0.533 1.358 0.642 –
a
 

a
 3b was not calculated using MNDO/c, because no parameters are available for Si. 
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Figure 3.1. Theoretical diradical characters ycalc vs experimentally derived values yexp. 
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3.1.3.2 Optical Band Gaps of Polyynes 

Optical band gaps for polyynes calculated with the semiempirical UNO–CIS methods are 

shown in Table 3.3 and Figure 3.2 together with the experimental values. UNO–CAS 

calculations were too large to be performed with our current software (vide infra). Excitations 

with oscillator strengths (f) lower than ca. 0.01 were not taken into account. In addition, 

experimental UV–Vis spectra of 1a–j have clear and relatively sharp lowest energy 

peaks.[329] Thus, we have not considered all excitations that lie lower than the ones given in 

Tables 3.3–3.6 and 3.8 but have much lower f values (by one order of magnitude or more), 

since they are expected to overlap with the more intense peak in UV–Vis spectra or not be 

resolved in the experimental spectra. 

 

 

Figure 3.2. Plot of experimental and calculated optical band gaps of polyynes 1a–j at AM1, 

PM3, MNDO UNO–CIS using geometries optimized at AM1, PM3, MNDO, respectively 

together with their fitting functions. 
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Table 3.3. Experimental[329] and calculated optical band gaps of polyynes 1a–j at AM1, 

PM3, PM6, MNDO, MNDO/c UNO–CIS using geometries optimized at AM1, PM3, PM6, 

MNDO and MNDO/c, respectively.
a
 

Polyyne 

Experi-

mental 
Eg, eV 

AM1 UNO–CIS PM3 UNO–CIS PM6 UNO–CIS 

Eg, eV f 
b 

AS
b Eg, eV f 

b 
AS

b Eg, eV f 
b 

AS
b 

1a 4.626 5.687 2.126 24 
5.302 

5.658 

0.414 

1.784 
20 

4.193 

5.552 

0.085 

1.371 
14 

1b 3.999 4.675 6.727 32 
5.239 

5.662 

0.527 

1.779 
22 4.142 5.281 28 

1c 3.573 4.257 7.258 36 5.034 5.317 26 3.647 4.700 28 

1d 3.297 3.944 8.043 40 4.468 7.134 30 3.337 6.538 32 

1e 3.100 3.713 9.142 44 4.145 8.042 32 3.125 7.284 38 

1f 2.959 3.568 10.248 48 3.931 9.006 38 2.993 8.233 44 

1g 2.870 3.457 11.325 56 3.794 10.054 38 
2.835 

2.893 

0.652 

8.484 
52 

1h 2.799 3.393 12.398 60 3.760 11.007 40 2.769 7.954 58 

1i 2.749 3.344 13.497 64 3.686 12.207 44 2.759 10.692 62 

1j 2.707 3.302 14.583 68 3.625 13.264 48 2.734 11.770 66 

RMSD
c 

 0.680   1.050   0.298   

MUE
d 

 0.6660.136  1.0310.204  0.1330.267  

R
2  0.992   0.895   0.969   

E∞, eV 2.652 3.298   2.989   2.778   

Polyyne 

Experi-

mental 

Eg, eV 

MNDO UNO–CIS PM6 UNO–CISx20
e
 PM6 CIS

f
 

Eg, eV f 
b 

AS
b Eg, eV f 

b 
AS

b Eg, eV f 
b 

AS
b 

1a 4.626 5.133 4.827 40 5.373 2.260 36 4.977 0.180 14 

1b 3.999 4.377 6.047 48 3.390 1.351 60 
4.230 

4.606 

0.428 

4.577 
28 

1c 3.573 4.572 7.904 52 3.049 5.175 68 4.306 0.513 28 

1d 3.297 3.762 6.574 60 2.824 5.845 76 4.014 6.795 32 

1e 3.100 3.609 3.367 64 
2.604 

2.647 

0.521 

5.887 
84 3.417 2.323 38 

1f 2.959 
3.622, 

3.523 

9.100, 

0.356 
72 2.574 7.171 92 

3.399 

3.451 

0.845 

9.006 
44 

1g 2.870 3.468 7.642 76 2.493 7.964 100 3.343 7.536 52 

1h 2.799 3.396 11.396 80   108 3.284 12.061 58 

1i 2.749 
3.391, 

2.889 

12.147, 

0.012 
88   116 3.272 13.217 62 

1j 2.707 
3.372, 

2.915 

13.200, 

0.041 
92   124 3.240 14.364 66 

RMSD
c 

 0.623   0.566   0.539   

MUE
d 

 0.6020.159  0.5950.161  0.5230.129  

R
2  0.928   0.883   0.954   

E∞, eV 2.652 3.249   2.606   3.006   

a
 Pulay’s converger was used and initial guesses of density matrices for unrestricted PM3, 

PM6 and MNDO/c calculations were calculated at UHF AM1; otherwise the calculations do 

not exhibit a significant enough RHF/UHF instability and therefore no band gaps could be 
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calculated at these levels. MNDO/c calculations cannot properly describe sp-hybridized 

carbons (see Table 3.4 and respective discussion there). 
b
 f is the oscillator strength and AS is 

the number of orbitals in the active spaces. 
c
 Root-mean-square deviation between calculation 

and experiment. 
d
 Mean unsigned (absolute) error between calculation and experiment. The 

error limits are given as one standard deviation. 
e
 E∞ may be overestimated relative to the 

AM1 UNO–CIS value because three points less were used for fitting. 
f
 The same number of 

orbitals were used in the active space as for UNO–CIS. 

 

 

The dependence of the band gap on the number of triple bonds can be fitted well to an 

exponential equation.[329] Equation 3.4 was suggested by Meier et al. for band gaps in 

energy units:[337] 

    1
1

a n

nE E E E e
 

     (3.4) 

where n is the number of triple bonds, E∞ and E1 are the band gaps for a polyyne with n → ∞ 

and n = 1, respectively. Note that E1 is not an experimental value, but is obtained from the 

fitting procedure. 

Equation (3.4) has been used both to refit the experimental data and to fit the calculated band 

gaps. It gives a somewhat different Eg value for the infinite polyyne (E∞) of 2.65 eV than the 

2.56 eV reported by Chalifoux and Tykwinski.[329] This difference is caused by fitting 

energies, rather than the wavelength units (nm) used previously. We can compare the root-

mean-square deviations (RMSD) and mean unsigned (absolute) errors (MUE) between 

calculated and experimental band gaps and the extrapolated E∞ values from the two sources. 

The band gaps of all polyynes 1a–j were calculated at AM1, PM3, PM6, MNDO and 

MNDO/c UNO–CIS (Tables 3.3 and 3.4, Figure 3.2). If the default SCF-converger is used 

with the standard symmetry-perturbed diagonal initial guess, PM3 (for 1a–f), PM6 and 

MNDO/c UNO–CIS calculations predict zero orbitals with significant FONs and thus cannot 

be used for UNO–CI calculations. This problem can be solved by using UHF-AM1 density 

matrices as initial guess together with Pulay’s converger[335] for PM3, PM6 and MNDO/c 

UNO–CIS calculations. However, active space and band gap for all polyynes is independent 

of their length at MNDO/c (Table 3.4). Moreover, non-optimized Tr* radical from polyyne 1j 
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saturated with hydrogen has the same optical band gap as polyynes, while there is only half of 

number of orbitals in active space of Tr*–H in respect to number of orbitals in active space of 

polyynes (Table 3.4). It indicates that MNDO/c fails completely to describe sp-hybridized 

carbons and takes into account only sp
2
-hybridized carbons of end-groups. PM6 UNO–CIS 

gives the best agreement with experiment (the lowest RMSD value and the closest E∞ to 

experiment) followed by MNDO, AM1 and PM3 UNO–CIS. The error is systematic in the 

last three cases, as shown by the MUEs. AM1, PM3 and PM6 UNO–CIS predict the right 

order of band gaps in contrast to MNDO UNO–CIS in all cases. The squared correlation 

coefficient R
2
 between the PM6 calculated values and experiment is 0.969, compared with 

0.929 for MNDO, 0.992 for AM1 and 0.895 for PM3. Thus, PM6 UNO–CIS reproduces the 

trends in the band gaps well, although the absolute values are systematically 0.13 eV too high. 

 

Table 3.4. Optical band gaps of polyynes 1a–j at MNDO/c UNO–CIS using geometries 

optimized at MNDO/c. 

Polyyne 
MNDO/c UNO–CIS 

Eg, eV f 
a 

AS
a 

Tr*–H 5.968 1.836 12 

1a 5.945 1.070 24 

1b 5.944 1.414 24 

1c 5.951 1.565 24 

1d 5.950 1.629 24 

1e 5.951 1.683 24 

1f 5.952 1.735 24 

1g 5.990 1.741 24 

1h 5.951 1.764 24 

1i 5.992 1.457 24 

1j 5.951 1.774 24 

a
 f is the oscillator strength and AS is the number of orbitals in the active spaces. 
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Figure 3.3. Dependence of number of orbitals in the active space on the number of acetylene 

units for AM1, PM3, PM6, MNDO UNO–CIS and PM6 UNO–CISx20. The lines show the 

least-squares best fit and linear fitting equations are given in the color of the points. 

 

The number of orbitals in the active space depends almost linearly on the system size  

(Figure 3.3). It is noteworthy that choosing all orbitals with SFONs between 0.001 and 1.999 

as the active space (UNO–CISx20) does not improve the calculated band gaps for the 

polyynes (with the exception of 1a, Table 3.3 and Figure 3.4). Generally, optical band gaps 

are underestimated at PM6 UNO–CISx20 for all but 1a polyynes. Moreover, the active space 

rises drastically for UNO–CISx20 (compare slopes in Figure 3.3) so that UNO–CASx20 

calculations for 1h–j were not possible. 

The conventional semiempirical CIS method (i.e. that based on canonical MOs) generally 

gives worse results (overestimated and sometimes in wrong order) than UNO–CIS (only for 

the smallest polyyne 1a it provides better result). 
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Figure 3.4. Plot of experimental and calculated optical band gaps of polyynes 1a–j at  

PM6 UNO–CIS(x20) and CIS together with their fitting functions. 

 

Experimentally, polyynes are not found to be ideally linear,[329] whereas the AM1 optimized 

geometries are very close to linear structures (Figure 3.5). We have therefore investigated the 

influence of the geometry on the calculated band gap of polyyne 1b, for which an X-ray 

structure is available.[329] PM6 UNO–CIS for the experimental structure gives a UHF 

wavefunction, but no orbital with significant FON (Table 3.5). However, if we use the same 

number of orbitals as predicted for the PM6 geometry, the difference between calculated band 

gaps for the different geometries is 0.40 eV, while at the PM6 UNO–CISx20 method the 

difference is 0.49 eV (different number of orbitals in AS are predicted for the two structures; 

if the same number of orbitals is used the difference is smaller). The effect of bending the 

carbon chain on the band gap therefore appears to be moderate (ca. 0.5 eV). We are currently 

investigating this point in more detail using direct molecular-dynamics simulations. 
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Figure 3.5. Experimental X-ray and PM6 geometries for 1b. Bond lengths in Å. Visualized 

with Materials Studio 4.4.[338] 
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Table 3.5. Experimental[329] and calculated at PM6 UNO–CIS(x20) optical band gaps of 

polyyne 1b using experimental[329] and PM6 geometry. 

Geometry 
Experimental PM6 

Eg, eV f AS Eg, eV f AS 

Experiment 3.999      

UNO–CIS 
– – 0

a
 – – 0

a
 

4.540 5.316 28
b
 4.142 5.281 28

b
 

UNO–CISx20 
3.875 0.358 54

a
 3.559 3.865 54

a
 

3.797 4.354 60
b
 3.390 1.351 60

b
 

a
 Active space determined for the experimental geometry. 

b
 Active space determined for the 

PM6 geometry. 

 

3.1.3.3 Optical Band Gaps of Polycyclic Aromatic Hydrocarbons 

Polycyclic aromatic hydrocarbons are composed of sp
2
-hybridized carbon atoms, in contrast 

to polyynes, which are composed of sp-carbons. This difference leads to non-zero active 

spaces (i.e. RHF/UHF instability) for much smaller PAHs than for the polyyne species at 

UNO–CIS (Table 3.6). To be consistent with the above calculations of polyynes, UHF-AM1 

density matrices were used as initial guesses together with Pulay’s converger for PM3, PM  

and MNDO/c UNO–CIS calculations. Note that otherwise UHF MNDO/c and PM6 

calculations exhibit no RHF/UHF instability for very small molecules such as fluorene 2g and 

either very small (four orbitals at PM6 UNO–CIS) or zero (at MNDO/c UNO–CIS) active 

spaces for naphthalene 2a. The performance of the methods is judged in two ways: the RMSD 

between calculated and experimental values describes the absolute accuracy of the calculated 

values, whereas the squared correlation coefficient R
2
 provides information about how well 

the trends in the experimental data are reproduced. 

In order to calibrate the performance of the semiempirical UNO–CIS methods, we have 

compared the results with previously reported[333] TDDFT (B3LYP/6-31G(d)) results for 

2a–e and have calculated the remaining compounds 2f–i at the same level of theory. The 

results (Table 3.6, Figure 3.6 for TDDFT, PM3 CIS, UNO–CIS and UNO–CISx20, Figure 3.7 

for AM1, PM6, MNDO and MNDO/c UNO–CIS) show that in general the semiempirical 

UNO–CIS results are comparable to TDDFT and that especially PM3 UNO–CIS gives both a 

lower RMSD and a higher R
2
 at far less computational cost (Table 3.7) than the TDDFT 

calculations. UNO–CIS calculations require less than a second for small species such as 



3.1 Semiempirical UNO–CAS and UNO–CI: Method and Applications in Nanoelectronics 

 

77 

anthracene 2b and about 2.5 hours for the largest compound 2i (with 60 orbitals in the active 

space at MNDO UNO–CIS). The TDDFT calculations require seven minutes for naphthalene 

2a and ca. 8.5 hours for 2i on the same computer type. PM3 UNO-CIS reproduces the 

experimental trends extremely well (R
2
=0.99) with a moderate systematic deviation 

(RMSD=0.31 eV). The TDDFT results are marginally worse for both criteria (R
2
=0.98, 

RMSD=0.32 eV). The slopes of the correlation lines are too low for the semiempirical UNO–

CIS calculations and too high by a similar amount for TDDFT. 

 

 

Figure 3.6. TDDFT, PM3 UNO–CIS(x20) and CIS theoretical optical band gaps Eg(calc.) vs 

experimental values Eg(exp.) of 2a–i in eV. The lines show the least-squares best fit and 

linear fitting equations are given in the color of the points. 
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Figure 3.7. AM1, PM6, MNDO and MNDO/c UNO–CIS theoretical optical band gaps 

Eg(calc.) vs experimental values Eg(exp.) of 2a–i in eV. 

 

Table 3.6. Experimental and calculated optical band gaps of 2a–i at AM1, PM3, PM6, 

MNDO, MNDO/c UNO–CIS using geometries optimized at AM1, PM3, PM6, MNDO, 

MNDO/c, respectively.
a
 

Species 
Experimental 

Eg, eV 

AM1 UNO–CIS PM3 UNO–CIS PM6 UNO–CIS 

Eg, eV f AS Eg, eV f AS Eg, eV f AS 

2a 4.03[339] 3.643 0.040 8 3.774 0.045 8 3.160 0.021 8 

2b 3.38[339] 3.122 0.112 12 3.232 0.122 12 2.746 0.067 12 

2c 2.71[339] 2.751, 0.175, 16 2.845 0.185 16 2.513 0.120 14 
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2.734 0.016 

2d 2.23[339] 2.489 0.225 20 2.577 0.234 18 2.306 0.164 18 

2e 1.90[339] 2.301 0.265 24 2.380 0.272 22 2.172 0.205 22 

2f 3.46[339] 3.172 0.057 14 3.319 0.069 14 2.768 0.031 14 

2g 4.12[340] 3.681 0.180 8 3.822 0.191 8 3.237 0.099 8 

2h 1.62[341] –
b
 26 1.968 1.743 26 1.904 1.364 26 

2i 1.42[341] –
b
 48 1.862 1.840 48 1.788 1.530 46 

RMSD  0.321   0.313   0.531   

R
2 

 0.991   0.990   0.968   

Species 
Experimental 

Eg, eV 

MNDO UNO–CIS MNDO/c UNO–CIS PM3 UNO–CISx20 

Eg, eV f AS Eg, eV f AS Eg, eV f AS  

2a 4.03[339] 3.181 0.023 10 3.836 0.033 8 3.706 0.043 14 

2b 3.38[339] 
2.709, 

2.809 

0.010, 

0.075 
14 3.305 0.101 12 3.172 0.112 30 

2c 2.71[339] 
2.483 

2.554, 

0.019 

0.130, 
18 2.958 0.166 14 2.779 0.164 50 

2d 2.23[339] 2.374 0.178 22 2.689 0.218 18 2.506 0.205 62 

2e 1.90[339] 2.249 0.221 26 2.504 0.262 22 2.312 0.237 74 

2f 3.46[339] 2.789 0.034 18 3.346 0.052 14 3.246 0.057 30 

2g 4.12[340] 3.171 0.108 12 3.861 0.190 8 3.702 0.167 12 

2h 1.62[341] 1.974 1.349 32 2.122 1.672 26 1.940 1.644 80 

2i 1.42[341] 1.939 1.369 60 2.080 1.604 48 –
c
  118 

RMSD  0.588   0.401   0.300   

R
2 

 0.976   0.987   0.991   

Species 
Experimental 

Eg, eV 

PM3 CIS TDDFT 

Eg, eV f AS  Eg, eV f
 d
 

2a 4.03[339] 3.776 0.042 8  4.46[333] 0.060 

2b 3.38[339] 3.239 0.010 12  3.28[333] 0.058 

2c 2.71[339] 2.909 0.194 16  2.49[333] 0.050 

2d 2.23[339] 2.655 0.250 18  1.95[333] 0.041 

2e 1.90[339] 2.470 0.295 22  1.54[333] 0.034 

2f 3.46[339] 3.431 0.092 14  3.79
c
 0.036 

2g 4.12[340] 3.829 0.176 8  4.68
c
 0.176 

2h 1.62[341] 1.752 1.302 26  1.52
c
 0.935 

2i 1.42[341] 1.631 1.245 48  1.31
c
 1.064 

RMSD  0.294    0.316  

R
2 

 0.954    0.976  

a
 Available TDDFT values calculated with the B3LYP functional and 6-31G(d) basis set are 

given for comparison. PM3 CIS (using the same number of orbitals in the active spaces as 

used for PM3 UNO–CIS) and PM3 UNO–CISx20 band gaps used geometries optimized with 

PM3. 
b
 Ground spin state is predicted to be triplet instead of singlet. 

c
 UNO–CISx20 

calculations for 2i were not possible due to the large number of orbitals in AS. 
d
 This work, 

calculated with Gaussian 09.[342] 
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Table 3.7. Timing at AM1, PM3, PM6, MNDO, MNDO/c UNO–CIS and TDDFT for 2a–i in 

seconds. 

Species AM1 PM3 PM6 MNDO MNDO/c TDDFT 

2a <1 <1 <1 <1 <1 470 

2b <1 <1 <1 <1 <1 1098 

2c <1 <1 <1 1 <1 2031 

2d 2 1 1 4 1 2928 

2e 7 4 4 14 5 3514 

2f <1 <1 <1 1 <1 2001 

2g <1 <1 <1 <1 <1 920 

2h –
a
 22 22 81 22 14715 

2i –
a
 1580 1162 9076 1686 30031 

a
 Ground spin state is predicted to be triplet instead of singlet. 

 

Since there are only 8 orbitals in the active space for naphthalene we can perform full PM3 

UNO–CAS, which gives a band gap of 4.14 eV (f = 0.062), significantly closer to the 

experimental value (4.03 eV) than PM3 UNO–CIS (3.77 eV; f = 0.045). However, this 

improvement comes at a cost of a factor of 10
5
 in CPU-time. 

Canonical PM3 CIS using the same number of orbitals in the active space as for UNO–CIS 

give results somewhat better than the latter, although the correlation with experiment is not as 

good (Table 3.6). PM3 UNO–CISx20 provides better results than PM3 UNO–CIS. Generally, 

increasing the number of orbitals in the active space leads to a decrease in the calculated band 

gap, so that if UNO–CIS overestimates the band gap, UNO–CISx20 will overestimate it less, 

as is the case for some of the PAHs studied. 

 

3.1.3.4 Optical Band Gaps of Derivatives of Pentacene 

Predicting the trends and absolute values of the derivatives of pentacene investigated is a 

formidable task because the total experimental range of their band gaps is only 0.14 eV. 

Compounds 3a–d are arranged in the order of decreasing band gap. All semiempirical UNO–

CIS methods predict the correct (experimental) rank order, as do earlier[334] TDDFT 

(B3LYP/6-31G(d,p)) calculations (Table 3.8, Figure 3.8 for TDDFT, PM6 CIS, UNO–CIS 

and UNO–CISx20, Figure 3.9 for AM1, PM3 and MNDO UNO–CIS). The smallest absolute 

errors (RMSD=0.27 eV) among the semiempirical methods are found for PM6 UNO–CIS. 
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Generally semiempirical methods overestimate band gaps of pentacene derivatives, in 

contrast to TDDFT, which underestimates them. With the exception of PM6 UNO–CIS(x20) 

and  

PM6 CIS using canonical MOs, all methods reproduce the substituent effects well  

(R
2
 > 0.96). However, the semiempirical methods underestimate the magnitude of the 

substituent effects, with slopes of 0.37 to 0.58, whereas it is overestimated (slope = 1.37) by 

TDDFT. 

Canonical PM6 CIS fails completely to reproduce the substituent effects (Table 3.8,  

Figure 3.8), whereas PM6 UNO–CISx20 gives significant improvement over PM6 UNO–CIS 

(lower RMSD and larger R
2
, but somewhat worse slope). 

 

 

Figure 3.8. TDDFT, PM6 UNO–CIS(x20) and CIS theoretical optical band gaps Eg(calc.) vs 

experimental values Eg(exp.) of 3a–d in eV. The lines show the least-squares best fits and 

linear fitting equations are given in the color of the points. 
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Figure 3.9. AM1, PM3 and MNDO UNO–CIS theoretical optical band gaps Eg(calc.) vs 

experimental values Eg(exp.) of 3a–d in eV. 

 

Table 3.8. Experimental[334] and calculated optical band gaps of 3a–d at AM1, PM3, PM6, 

MNDO UNO–CIS using geometries optimized at AM1, PM3, PM6 and MNDO respectively. 

Pulay’s converger was used and UHF-AM1 initial guesses were used for PM3 and PM6 

UNO–CIS. MNDO/c calculations were not performed, because no parameters are available 

for Si. Available TDDFT values calculated earlier[334] with B3LYP functional and  

6-31G(d,p) basis set are given for comparison. PM6 CIS (using the same number of orbitals 

in the active spaces as for PM6 UNO–CIS) and PM6 UNO–CISx20 band gaps using 

geometries optimized with PM6. 

Species Exp. Eg, eV 
AM1 UNO–CIS PM3 UNO–CIS PM6 UNO–CIS 

Eg, eV f AS Eg, eV f AS Eg, eV f AS 

3a 1.98 2.376 0.306 22 2.451 0.316 20 2.217 0.220 18 

3b 1.91 2.335 0.337 20 2.412 0.344 18 2.190 0.263 18 

3c 1.89 2.318 0.325 22 2.392 0.327 20 2.155 0.243 18 

3d 1.84 2.306 0.315 22 2.372 0.318 20 2.151 0.243 18 
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RMSD  0.429   0.502   0.275   

R
2 

 0.960   0.985   0.875   

slope  0.516   0.576   0.503   

           

Species 
Exp. Eg, 

eV 

MNDO UNO–CIS PM6 CIS PM6 UNO–CISx20 
TD- 

DFT[334] Eg, eV f AS Eg, eV f 
Eg, 

eV 
f AS 

3a 1.98 2.293 0.236 22 2.570 0.354 2.077 0.235 50 1.79 

3b 1.91 2.263 0.268 22 2.395 0.337 2.057 0.276 50 1.69 

3c 1.89 2.258 0.260 22 2.471 0.355 2.029 0.261 48 1.66 

3d 1.84 2.242 0.247 22 2.362 0.321 2.014 0.251 58 1.60 

RMSD  0.360   0.546  0.142   0.221 

R
2 

 0.989   0.771  0.923   0.997 

slope  0.365   1.399  0.466   1.366 

 

3.1.4 Conclusions 

NDDO-based UNO–CIS band gaps are generally in better agreement with experiment than 

those calculated using conventional semiempirical CIS with the same number of orbitals and 

perform well for substituent effects that CIS-calculations based on canonical orbitals 

completely fail to reproduce. Generally, semiempirical UNO-CIS calculations overestimate 

band gaps by 0.1 to 0.5 eV and underestimate the magnitude of substituent effects, whereas 

the opposite trends are found for TD-B3LYP calculations with standard basis sets. Thus, 

UNO–CAS can be used successfully to predict Eg values for unknown species and therefore 

to model new materials, especially in the field of nanoelectronics. Moreover, the occupation 

numbers of the semiempirical UNOs allow an estimate of the diradical character of the singlet 

compounds with good agreement with experimentally derived values. 

Although the original UNO–CAS technique has not become standard since its introduction 

more than 20 years ago,[204] it has two major advantages to offer: it automatically 

determines the active space (and therefore has a certain “black box” character) and it 

introduces some degree of multi-reference character into the CI by using the symmetry-

broken UHF wavefunction as the reference. We have shown above that this leads to 

significant improvements in performance for problems such as the substituent effects on the 

band gaps of pentacene derivatives and to better agreement with experiment in most cases. It 

is interesting in this context to note that multi-reference CI using NDDO techniques with an 

orthogonalization correct perform particularly well[343] and that Baerends’ time-dependent 

density matrix functional theory[344] also performs better than standard TDDFT for the same 

reasons. 
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3.2 Doped Polycyclic Aromatic Hydrocarbons as Building Blocks for 

Nanoelectronics: A Theoretical Study 

Pavlo O. Dral,
a
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b,
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a,
* 

a
Computer-Chemie-Centrum and Interdisciplinary Center for Molecular Materials, 

Department of Chemie und Pharmazie, Friedrich-Alexander-Universität Erlangen-Nürnberg, 

Nägelsbachstr. 25, 91052 Erlangen, Germany 

b
Chair I for Organic Chemistry, Department Chemie und Pharmazie, Friedrich-Alexander-
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This Section was originally published under the same title as and was reproduced in part with 

permission from: 

Pavlo O. Dral, Milan Kivala, Timothy Clark, Doped Polycyclic Aromatic Hydrocarbons 

as Building Blocks for Nanoelectronics: A Theoretical Study. The Journal of Organic 

Chemistry, 2013, 78 (5), 1894–1902. DOI: 10.1021/jo3018395.  

URL: http://dx.doi.org/10.1021/jo3018395. Supporting Information is available free of 

charge under http://pubs.acs.org/doi/suppl/10.1021/jo3018395/suppl_file/jo3018395 

_si_001.pdf. Copyright 2012 American Chemical Society. 

Only that part of the original paper describing properties of yet to be synthesized doped PAHs 

1–5 (Chart 3.2) is given that is of interest for nanoelectronics. A study on photoinduced 

electron transfer involving this system is given in Section 4.2, because it is of interest for 

energy conversion. All subsections, figures, charts, schemes, tables and equations are 

renumbered, and part of the material of the Supporting Information to the original paper is 

given in the appropriate places of this Section. Gaussian archives of optimized structures are 

available on request or in the Supporting Information to the original paper. 

http://dx.doi.org/10.1021/jo3018395
http://pubs.acs.org/doi/suppl/10.1021/jo3018395/suppl_file/jo3018395_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jo3018395/suppl_file/jo3018395_si_001.pdf
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Chart 3.2. The systems 1–5 studied in this work. 

 

3.2.1 Computational Details 

All density-functional theory (DFT) calculations were performed with the Gaussian 09 

program suite[342] and all semiempirical computations with Vamp 11.0.[303] We have 

calculated normal vibrational modes within the harmonic approximation to characterize both 

minima and transition states (TS). Zero-point energy (ZPE) corrections calculated at 

ωB97XD[345]/6-31G(d)[254-265] were added to the Born–Oppenheimer energies calculated 

at DFT. No symmetry constraints were applied during optimizations. 

3.2.2 Results and Discussion 

3.2.2.1 Geometry, Spin State and Relative Stability 

Since we are interested in electron-transfer processes between 1–5 and donors and acceptors 

(see Section 4.2), we have chosen the ωB97XD/ -31G(d) level of theory to optimize all 

molecules, because the ωB97XD functional includes long range dispersion corrections[345] 

that are necessary to describe geometries of the donor-acceptor dyads with a strong π-π 

interactions properly[346] and because we have found this level of theory to be reliable.[347] 
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The ground states of molecules 1–5 are found to be singlets and the lowest lying triplet states 

more than 1.  eV higher in energy at ωB97XD/ -31G(d). The smallest singlet-triplet gap is 

found for phosphorus doped 5 followed by 1, and the largest for the boron and nitrogen 

containing compounds 3 and 4 (Table 3.9). 

However, large PAHs are known to have singlet ground states with significant open-shell 

singlet character.[348] This can be quantified using the diradical character y, which indicates 

the contribution of the singlet diradical to the ground state.[312,348] The diradical character 

can be estimated from the occupation numbers of the frontier unrestricted (HF) natural 

orbitals (UNOs) using a simple equation 3.5:[312] 

 
 

 
2

4
100% 100%

4

HOMO LUMO

HOMO LUMO

y
 

 


 

 
 (3.5) 

where σHOMO and σLUMO are the occupation numbers of highest occupied and lowest 

unoccupied molecular orbitals, respectively. We have shown previously  that y values 

obtained using occupations of semiempirical (PM6[253]) UNOs agree well with experimental 

estimates (see Section 3.1),[349] so that this level of theory was used to calculate the diradical 

characters of 1–5. 

Despite their relatively large singlet-triplet gaps, the species studied have significant diradical 

characters of approximately 10% for all species (Table 3.9), with the largest values for 1 and 

5. This suggests that 1–5 are promising candidates for nano-sized electronic devices,[348] but 

also that they are reactive. 

Table 3.9. Energy differences between triplet and singlet spin states of 1–5 (ΔEtriplet-singlet, eV) 

and inclusion energies (ΔEinclusion, kcal mol
−1

) of species 1–5 according to the isodesmic 

equation shown in Scheme 3.1 at the ωB97XD/6-31G(d) level. Occupation numbers (σ) of 

frontier UHF Natural Orbitals (UNOs) and diradical characters (y) of 1–5 at PM6.
a
  

Species ΔEtriplet-singlet σHOMO σLUMO y (%) ΔEinclusion 

1 1.77 1.598 0.402 12 43.8 

2 2.22 1.619 0.381 10 77.2 

3 2.50 1.628 0.372 10 35.0 

4 2.44 1.615 0.385 11 27.1 

5 1.60 1.591 0.409 12 61.5 

a
 The DIIS[335] SCF-convergence technique was used for 1–5. AM1[237,241,304,309,311] 

density matrices were used as initial guesses for 1, 3 and 4, and AM1*[251,336] for 2 and 5. 
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Figure 3.10. Geometries of 1–5 and TS1 visualized with Materials Studio 6.0[350]. 

 

The calculations suggest that molecules 1 and 2 are bowl-shaped (Figure 3.10) because of the 

sp
3
 hybridized central carbon and silicon atoms. 2 is more curved than 1 ( C   SiC    

       compared with  C   C   C          , see Figure 3.11) because of the longer 

Si–C    bonds (1.805 Å) compared with C   –C    (1.505 Å, Figure 3.11). 3 and 4 are 

planar, while 5 is bowl-shaped ( C   PC         , Figure 3.11) because of the long 

P–C    bonds and small inherent bond angles at phosphorus. The inversion barrier of 5 via 

the planar transition state TS1 (Figure 3.10) is 37.0 kcal mol
−1

 at ωB97XD/ -31G(d). 

We have used the isodesmic equation shown in Scheme 3.1 to calculate inclusion energies of 

1–5. All inclusion energies are endothermic (Table 3.9) because of the strain introduced into 

the polycyclic skeleton. The least endothermic is the inclusion of nitrogen and the most 

endothermic silicon, indicating that 2 is the most deformed and strained of the molecules 1–5. 
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Figure 3.11. Bond lengths in Å and selected angles in degrees in molecules 1–5 and TS1 at 

ωB97XD/ -31G(d). Visualized with Chemcraft 1.6.[351] 

 

Scheme 3.1. Isodesmic equation used to calculate inclusion energies of 1–5, where  

X is CH (1), SiH (2), B (3), N (4) and P(5). 
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3.2.2.2 Electronic Structure 

To assess the donor-accepting properties of the species 1–5, we have calculated their ability to 

attach and detach an electron at the OLYP[266,271,296-297]/6-311+G(d,p)[257-265,352-

354] level of theory on the ωB97XD/ -31G(d) optimized geometries. Physicochemical 

properties calculated with OLYP/6-311+G(d,p) are in good agreement with experiment for a 

range of organic semiconductors.[355-356] On the other hand, large basis sets that include 

diffuse functions are necessary to describe anions properly.[352] 

As expected, nitrogen behaves as an n-dopant of PAH and thus 4 has the lowest electron 

affinity (EA) and ionization potential (IP) (Table 3.10). On the other hand, boron is a p-

dopant and therefore 3 has the largest EA and IP values. N-doping has a much larger effect on 

EA than on IP and vice versa for p-doping. Interestingly, 1 and 5 have very close values of 

EA and IP because both the CH-moiety and the phosphorus atom conjugate with the π-

framework of the PAH weakly. Moreover, CH and P do not deform the PAH skeleton as 

strongly as the SiH-moiety, which deforms the skeleton significantly leading to higher EA 

and IP values of 2 relative to 1 and 5. 

We have calculated transport band gaps (Et) of 1–5 as defined in equation 3.6: 

 Et = IPa − EAa (3.6) 

The lowest transport band gaps are for 1, 2 and 5, while the largest are for 3 and 4 because of 

the much stronger influence of N- and B-doping on donor and acceptor abilities observed 

above, while HOMO and LUMO levels are not as strongly affected by CH, SiH and P doping 

(see also Figure 3.12). 

 

Table 3.10. Vertical and adiabatic electron affinities (EAv and EAa) and ionization potentials 

(IPv and IPa), and transport band gaps (Et) of 1–5 in eV at OLYP/6-311+G(d,p). 

Species IPv EAv IPa EAa Et 

1 5.86 1.40 5.77 1.54 4.23 

2 6.08 1.66 6.14 1.80 4.34 

3 6.81 1.95 6.89 2.05 4.84 

4 5.39 0.64 5.36 0.65 4.71 

5 5.86 1.49 5.75 1.62 4.13 
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Figure 3.12. Frontier molecular orbitals of 1–5 visualized with Materials Studio 6.0[350]. 

HOMO and LUMO energies in eV at OLYP/6-311 G(d,p)//ωB97XD/ -31G(d). 
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Optical (absorption) band gaps Eopt were calculated at the MNDO UNO–CIS[349] level of 

theory, because semiempirical UNO–CI methods predict quite accurate Eopt for different 

organic molecules[349] including heterocycles.[356] The values obtained were compared 

with optical band gaps calculated at TD[195-201] B3LYP[266-271]/6-311++G(d,p)[257-

265,352-354] level of theory. Eopt is equal to the energy of the lowest lying excited state with 

significant oscillator strength and in experiment is identified as the lowest energy peak in the 

UV–vis absorption spectrum. On the other hand, the lowest excitation energies correspond to 

electronic band gaps of the molecules. 

Both methods predict that 1 has the largest optical band gap, closely followed by 5 (Table 

3.11), while the lowest Eopt is found for N-doped 4, while B-doped 3 has a somewhat larger 

band gap. The band gap of 2 calculated at MNDO UNO–CIS is lower than Eopt of 3, in 

disagreement with the order predicted by TDDFT, although the absolute difference between 

optical band gaps of 2 and 3 is quite small (0.17–0.28 eV) and falls in the range of accuracy 

of both the semiempirical CIS and TDDFT methods. Molecular electronic band gaps Eelec are 

found to be 1.00 ± 0.15 eV for all species at MNDO UNO–CIS and 1.50 ± 0.25 eV with 

TDDFT. 

 

Table 3.11. Optical (Eopt)
a
 and electronic band gaps (Eelec) in eV at MNDO UNO–CIS

 b
 and 

TD B3LYP/6-311++G(d,p). Exciton binding energies (BEex) in eV. 

Species 
MNDO UNO–CIS TD B3LYP/6-311++G(d,p) 

Eopt
 

f Eelec BEex Eopt f Eelec BEex 

1 2.84 0.095 1.05 1.39 3.16 0.124 1.36 1.07 

2 2.56 0.011 1.06 1.78 2.78 0.080 1.52 1.56 

3 2.73 0.147 1.14 2.11 2.50 0.163 1.71 2.34 

4 2.42 0.139 0.96 2.29 2.42 0.122 1.58 2.29 

5 2.84 0.078 1.05 1.29 3.01 0.092 1.25 1.12 

a
 Excitations with oscillator strength below 0.01 are usually too weak to be observed 

experimentally and were therefore ignored. 
b
 The number of orbitals in the active space was 

36 for all species. 
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The optical transition that corresponds to the optical band gap arises from the formation of the 

Frenkel exciton.[357] Frenkel exciton represents the electron and hole located on the 

molecule of the doped PAH. The interaction between the electron and hole assessed by 

exciton binding energy (BEex) is very important property for the nanoelectronics devices 

based on organic semiconductors. It can be defined as the difference between transport and 

optical band gaps[357-360]: 

 BEex = Et − Eopt (3.7) 

Excitons are the most strongly bound in 3 and 4 (2.11–2.34 eV) and the most weakly in 1 and 

5 (1.07–1.39 eV), while BEex value for 2 (1.56–1.78 eV) lies in between (Table 3.11). All 

values are typical for excitons located within a molecule of middle-sized PAH like 

pentacene.[359,361] The reason for this trend maybe lesser spatial distribution of the exciton 

wavefunction and decreased dielectric screening[362] in 3 and 4 in comparison with that of 1, 

2 and 5. On the other hand, the stronger deformation induced by SiH moiety than by CH and 

P leads to larger BEex value in 2 than in 1 and 5. 

3.2.2.3 Aromaticity 

Nucleus Independent Chemical Shifts[363-365] (NICSs) values at the centers of rings A, B, C 

of 1–5 (Chart 3.3), i.e. NICSs(0) values, were calculated with the Gauge-Independent Atomic 

Orbital (GIAO) method[366-371] at the B3LYP/6-311+G(d,p)
 
level of theory on ωB97XD/ -

31G(d) optimized geometries. The results are summarized in Table 3.12. 

The A rings are aromatic as their NICS values are significantly negative, while the C rings are 

essentially non-aromatic and the B rings are antiaromatic. Thus, the aromaticity of 1–5 can be 

described by Clar’s sextets[372-374] (Chart 3.3), in which the π-electrons of the A rings are 

in sextet rings and those of C rings are assigned to double bonds. The central moiety is not 

part of the aromatic system, but can influence aromaticity of the neighboring aromatic 

framework by introducing geometrical deformations (1, 2 and 5), the mesomeric effect (3, 4 

and to a lesser degree 5) and the inductive effect (1–5). The strongest factor is the mesomeric 

effect. As we have seen above, the lone pair of nitrogen and the vacant orbital of boron 

interact with the π-system most strongly leading to the most significant lowering of 

aromaticity in 3 and 4 relative to 1, 2 and 5 (Table 3.12). Much larger structural deformation 

in 2 and 5 than in 1 leads to somewhat less negative NICS values at the centers of the A rings, 

while the more distant C rings are less affected. 
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Chart 3.3. Numbering of rings of 1–5, where X is CH (1), SiH (2), B (3), N (4) and P(5). 

Denoting three rings A–C is sufficient to define each ring because of the D3h symmetry of the 

molecules. Representation of aromaticity of 1–5 with Clar’s sextets: the size of the solid dots 

inside rings represents the relative aromaticity (red) and antiaromaticity (blue) of the rings. 

 

Table 3.12. NICSs(0) values at the centers of rings A, B and C of 1–5 calculated at the  

SCF-GIAO B3LYP/6-311+G(d,p) level of theory on the ωB97XD/6-31G(d) optimized 

geometries. 

Species 
Ring 

A B C 

1 −8.8 12.5 −3.5 

2 −8.  9.5 −3.5 

3 − .  8.1 −3.  

4 − .  10.6 −2.7 

5 −8.  10.3 −3.5 
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3.2.3 Conclusions 

Both density functional theory (DFT) and semiempirical unrestricted natural orbital–

configuration interaction (UNO–CI) calculations have revealed three distinct groups of doped 

PAHs with central CH, SiH groups and N, B or P heteroatoms: 1) CH- and P-doped PAHs, in 

which the heteroatom does not interact significantly with the π-system, 2) SiH-doped PAH, 

whose planar PAH skeleton is very strongly deformed, leading to significant changes in 

electronic properties, 3) B- and N-doped PAHs, in which the heteroatoms interact strongly 

with the π-system of the remainder of the molecule in opposite directions. All systems studied 

have significant singlet diradical character, making them attractive for use in nanoelectronics 

devices. Moreover, they are all semiconductors with the largest optical band gaps for the 

group 1 compounds, 1 and 5 and with the lowest band gap for N-doped PAH 4. Because the 

electronic communication between the central group and the remaining -system is most 

effective in group 3 compounds, molecules 3 and 4 represent the upper and lower ends of the 

electrochemical behavior range of compounds 1–5: 3 has the largest and 4 the smallest EA 

and IP values. The calculated NICSs values of compounds 1–5 at the centers of their rings 

revealed that the central rings are antiaromatic and that rings of the next layer are aromatic, 

whereas the peripheral ones have olefinic character and are thus probably available for 

addition reactions. The results obtained for the above compounds can be used to understand 

the electronic properties of doped graphenes better, which will in turn allow targeted 

manipulation of electronic properties of graphene by doping. 

 

 



3.3 Unusual Properties and Synthesis of NH4@C60 – An Organic Concentric Radical Ion Pair 

 

95 

3.3 Unusual Properties and Synthesis of NH4@C60 – An Organic Concentric 

Radical Ion Pair 

Pavlo O. Dral,
a
 Tatyana E. Shubina,

a
 Laura Gagliardi,

b
 Dirk M. Guldi

c
 and Timothy Clark

a,
* 

a
Computer-Chemie-Centrum and Interdisciplinary Center for Molecular Materials, 

Department of Chemie und Pharmazie, Friedrich-Alexander-Universität Erlangen-Nürnberg, 

Nägelsbachstr. 25, 91052 Erlangen, Germany 

b
Department of Chemistry and Supercomputing Institute, University of Minnesota, 207 

Pleasant St. SE, Minneapolis, Minnesota 55455-0431, USA 

c
Department of Chemistry and Pharmacy & Interdisciplinary Center for Molecular Materials, 

Friedrich-Alexander-Universität Erlangen-Nürnberg, Egerlandstr 3, 91058 Erlangen, 

Germany 

 

This Section is intended to be published as 

Pavlo O. Dral, Tatyana E. Shubina, Laura Gagliardi, Dirk M. Guldi, Timothy Clark, 

Unusual Properties and Synthesis of NH4@C60 – An Organic Concentric Radical Ion Pair. 

To be submitted. 

All subsections, figures, schemes, tables and equations are renumbered. Gaussian and VAMP 

archives of all optimized structures are available on request. 

 

3.3.1 Abstract 

The properties of the unusual ion pair of the ammonium cation inside the fullerene C60 radical 

anion (N  
  C  

  
) have been studied at the DFT and semiempirical levels of theory. The 

possibility of a completely new approach to the synthesis of endofullerenes via molecular 

“assembly” from the “template” endofullerenes is discussed based on DFT and MP2 

calculations. N@C60 was chosen as the model “template” and was hydrogenated step-by-step 

up to NH3@C60 and the “concentric ion pair” N  
  C  

  
. 
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3.3.2 Introduction 

The inner wall of fullerenes is essentially chemically inert because of its concave shape.[375] 

This inertness allows, for instance, a nitrogen atom in its quartet state to be encapsulated 

within C60 with a significant barrier to release and without it reacting with the fullerene.[126-

127,376] Before this species was reported, only the cations of electropositive metals[377-379] 

or noble-gas atoms[380-385] had been observed as endohedral guests within fullerenes. A 

series of less reactive species ranging from hydrogen[386-387] and nitrogen[388-389] 

molecules, carbon monoxide,[390] methane[391] to transition metal atoms and ions (see, for 

example, reviews [392] and [393] and references therein), carbides,[392] nitrides,[392] 

oxides[392] and intermetals[394-396] have since been incorporated into fullerenes to give 

stable endofullerene derivatives. 

Here we investigate the electronic properties of NH4@C60, which is a concentric ion pair 

N  
  C  

  
 as we will show below. Then its possible synthesis will be discussed. Most of the 

above examples of the endofullerenes were synthesized by constructing or reclosing the 

fullerene cage in the presence of the moiety to be incorporated. Only the noble gases@C60 

were obtained by bombarding the closed fullerene with atoms at high temperatures. We have 

therefore conducted a purely theoretical study to investigate the possibility of “synthesizing” 

endohedral guests within fullerenes by allowing reagents (in this case protons and atomic 

hydrogens) to pass through the walls of the fullerene. To our knowledge, the only studies in 

which atoms or ions have passed through the fullerene cage wall involve escape of an 

endohedral guest.[127,397] We note at this point that we use theory to investigate a 

fascinating possibility for experiments and that we make no attempt at experimental 

validation, which would be outside our expertise. However, the levels of theory are adequate 

that we can be confident of the general features of the calculated energy landscape and can 

draw conclusions about the feasibility of the approach that we suggest. 

Clearly, one way to synthesize NH4@C60 would be by constructing the cage around an 

ammonium ion, but we have now investigated the alternative route of consecutive protonation 

and reduction steps starting from the known[126-127,376] N@C60. 

No synthesis of ammonia or ammonium @C60 has yet been reported. Recently, ammonia was 

inserted into a chemically opened fullerene.[398] However, the chemical properties of the 

host-guest complex obtained must differ greatly from the parent endofullerene NH3@C60, 
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since even under low temperature storage conditions (−1  °C) ammonia escapes slowly from 

this open-cage fullerene.[398] 

 

Scheme 3.2. Proposed approach for step-by-step synthesis of N  
  C  

  
 (13). C60 cage is 

marked as circles for clarity. Different pathways considered were designated with lower case 

characters a−i. 

 

Although no experimental data are available for NH3@C60, theoretical investigations have 

been reported.[399-401] These studies suggest that only endofullerenes with one molecule of 

ammonia are thermodynamically stable, while nNH3@C60 with n = 2−7 represent metastable 

structures and the cage finally breaks for n = 8.[401] 

Scheme 3.2 shows the reaction sequence that we have investigated. The starting point of the 

“synthesis” is 
4
N@C60 (1),[126-127,376] which has been suggested as a possible material for 

the development of the electron-spin quantum computers.[402-403] The proposed approach 

for the synthesis of endofullerenes with molecules (rather than atoms) inside is a step-by-step 
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hydrogenation of 1 up to ammonia inside C60 10 and further to the concentric ion pair 

N  
  C  

  
 13 (Scheme 3.2). Since the spin states of nitrogen hydrides vary with the number 

of hydrogen atoms, it is also of interest to investigate all the intermediate NHx@C60 

compounds for x = 0–4. 

Until now, neither experimental, nor theoretical investigations have been performed to 

explore this approach. Only the potential energy surface to study the possible pathways of 

nitrogen leaving the C60 cage has been investigated.[126] Thus, the necessity of performing 

reliable investigative calculations before planning experiments is clear. 

3.3.3 Computational Details 

Geometries of all structures were fully optimized without symmetry constraints at the 

B3LYP[266-271] level of theory using the 6-31G(d)[254-265] basis set. Stationary points 

were confirmed to be minima or transition states by calculating the normal vibrations within 

the harmonic approximation. Additional single-point (SP) calculations were performed at the 

MP2[231,404-408] level of theory on the DFT-optimized geometries (denoted  

MP2/6-31G(d)//B3LYP/6-31G(d)). All DFT- and MP2-computed relative energies are 

corrected for zero-point vibrational energies (ZPEs) calculated at the DFT level. Unrestricted 

B3LYP calculations were performed for all open-shell systems. However, ROMP2 single 

points were also performed because of high spin contamination in the unrestricted 

calculations. 

All wavefunctions used in RMP2 calculations exhibit RHF/UHF instabilities for the closed-

shell systems and UMP2 wavefunctions have internal instabilities for the open-shell systems. 

Some, but not all, B3LYP wavefunctions also exhibit instabilities. Wavefunction instabilities 

cause the large relative energy differences between B3LYP and MP2 calculations in some 

cases. Thus, the orbital initial guesses for all MP2 calculations were read from DFT 

checkpoint files. 

The Gaussian 03[409] and 09[342] program packages were used for all calculations. The key 

reaction pathways along both directions from the transition structures were followed by the 

IRC method.[410] NBO analyses[411-417] were performed within the Gaussian 03 and 09 

packages using the density matrices for the current methods. 
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3.3.4 Results and Discussion 

3.3.4.1 Electronic Properties of NH4@C60 

The formation of NH4@C60 according to 

 N  
  + e

–
 + C60 → N 4@C60 (3.8) 

is calculated to be highly exothermic (44.7 kcal mol
–1

 and –86.6 kcal mol
–1

 at the  

B3LYP/6-31G(d) and ROMP2/6-31G(d)//B3LYP6-31G(d) levels, respectively). We 

performed a Natural Bond Orbital[411-417] (NBO) analysis[418] of the target species 

NH4@C60 13 at B3LYP/6-31G(d) both with and without an implicit representation of the 

solvent (benzene) to study its nature. We used Polarized Continuum model (PCM)[419-425] 

to take solvent effects into account. Both calculations confirmed that the NH4 moiety carries 

almost a unit positive charge (+0.97 e with and without PCM corrections), while the C60 

moiety is correspondingly negatively charged (13, Figure 3.13). The sum of Coulson charges 

at the AM1 level[241] leads to a similar charge of +0.96 e. The total charge of 13 is naturally 

zero, and the whole species 13 is a radical. Thus, NH4@C60 is indeed a “concentric ion pair” 

more properly described as N  
  C  

  
. 

13 has a unique structure as its cation is confined inside the C60 anion and cannot escape from 

the fullerene cage, although M3N@Cx concentric ion pairs are known for larger 

fullerenes.[426-427] 13 is not a classical salt with two counterions held together by 

electrostatic forces and is also not a zwitterion, because the oppositely charged moieties are 

not covalently bound. Moreover, charge centers for both the positively charged ammonium 

ion and the fullerene C  
  

 radical anion coincide with the geometrical and mass centers of C60 

cage. The ammonium ion is thus forced to reside at the center of the C60, since otherwise the 

centers of positive and negative charges become displaced, and the resulting electrostatic 

attraction returns N  
  to the C  

  
 origin. Indeed, the dipole moment of N  

  C  
  

 is 

essentially zero at the B3LYP/6-31G(d) level of theory. It results in an absence of the charge 

separation and the additional stabilization of the system.  
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Figure 3.13. Δ(E + ZPE) at the B3LYP/6-31G(d) (first entry) and Δ(E + ZPE(DFT)) at 

ROMP2/6-31G(d)//B3LYP/6-31G(d) levels (second entry) in kcal mol
−1

 for 13,  

(N 2
  + H2)@C60 (13a) and two conformers of NH3@C60H

•
 (13b and 13c). 

 

On the other hand, it is known that the naked Rydberg radical [(N  
 )(e

−
)Rydberg] readily 

decomposes into (N 2
  + H2) and (NH3 + H

•
),[428-436] which is why we have explored 

whether these decomposition products are more or less energetically preferable inside C60 

than ion pair N  
  C  

  
 1. (N 2

  + H2)@C60 13a is rather unstable in comparison to 13, since 

its formation from 13 is highly endoergic (by far more than 50 kcal mol
−1

) and thus 

thermodynamically unfavourable (Figure 3.13). In addition, optimization of (NH3 + H
•
)@C60 

in conformation 13b at the B3LYP/6-31G(d) level, even starting from the structure with a 

shortened C−  bond length (1.08 Å) terminated with the structure of N  
  C  

  
 13.  
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(NH3 + H
•
)@C60 (or NH3@C60H

•
 as hydrogen is covalently bound to the inner surface of 

fullerene) in conformation 13c is also highly endoergic and thus very unlikely to exist. 

Moreover, since ammonia is known to invert readily with a barrier of 5.8 kcal mol
−1

,[437] we 

have calculated that the barrier to ammonia inversion, which correponds essentially to the 

barrier of rearrangement of 13c to 13, is − .1 and  .7 kcal mol
–1

 at the B3LYP6-31G(d) and 

ROMP2/6-31G(d)//B3LYP6-31G(d) levels, respectively. Thus, NH3@C60H 13c obviously 

transforms directly into N  
  C  

  
 13. 

 

 

Figure 3.14. Orbitals involved in the formation of [(N  
 )(e

−
)Rydberg]@C60 calculated at AM1 

CIS and orbital energies in parentheses calculated using AM1. Visualized with Materials 

Studio 6.0.[350] 

 

Although the ground state of NH4@C60 corresponds to N  
  C  

  
 rather than to 

[(N  
 )(e

−
)Rydberg]@C60, the latter unique confined Rydberg radical [(N  

 )(e
−
)Rydberg] inside 

the fullerene cage can be an excited state of NH4@C60. Indeed, excitation of a single electron 

from the singly molecular occupied orbital (SOMO) localized on fullerene cage to LUMO+6 

localized on NH4 moiety (Figure 3.14) leads to [(N  
 )(e

−
)Rydberg]@C60 with essentially 
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neutral C60 (0.02 e at AM1) as predicted by AM1 CIS calculations with 43 orbitals in the 

active space on the B3LYP/6-31G(d)-optimized geometry. Isosurfaces of molecular 

electrostatic potentials (MEPs) of the ground and excited state of 13 confirm the charge 

transfer from C60 to NH4 (Figure 3.15). CT excited state is located 1.5 eV (34.6 kcal mol
−1

) 

above the ground state. This excitation energy is bellow energies of (N 2
  + H2)@C60 13a and 

NH3@C60H
•
 13c, and thus it is quite unlikely that [(N  

 )(e
−
)Rydberg]@C60 will dissociate into 

13a or 13c. 

 

 

Figure 3.15. Molecular electrostatic potentials of the ground (left) and charge transfer (right) 

states of 13 at the AM1 CIS level. Visualized with Materials Studio 6.0. 

 

The unique structure of the radical ion pair N  
  C  

  
 also leads to its other unique 

physicochemical properties. The electrostatic potential created by the ammonium cation 

makes the fullerene a much stronger electron acceptor than parent C60. The vertical electron 

affinity (EAV) of pure C60 calculated at the B3LYP/6-311+G(d,p)[257-265,352-

354]//B3LYP/6-31G(d) is 2.59 eV (close to the experimental value of 2.68 ± 0.02 eV)[438-

439], but becomes 3.12 eV larger when N  
  is placed inside the C60 (Table 3.13). Moreover, 

even the second vertical electron affinity of N  
 @C60 (2.71 eV) is higher than the first EAv 

of neutral C60. Although all further electron affinities are negative for both compounds, no 
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electron is transferred to N  
  from the fullerene. Moreover, all electron affinities are more 

positive for N  
  C  

  
 species than for the corresponding C  

  
 moieties (Table 3.13). Note 

that the EAs of N  
  C  

  
 plotted vs those of C  

  
 lie almost on a straight line (R

2
 = 0.9997) 

with a slope of 1.0 that intersects the axis at 3.1 eV (Figure 3.16). 

 

 

Figure 3.16. Plot of EA(N  
  C  

  
) vs EA(C  

  
) in eV at the B3LYP/6-311+G(d,p)// 

B3LYP/6-31G(d) level with the linear regression line and equation. 

 

Table 3.13. EAs of N  
  C  

  
 and C  

  
 in eV at B3LYP/6-311+G(d,p)//B3LYP/6-31G(d). 

The most stable spin states are taken into account. 

n EA(N  
  C  

  
) EA(N  

  C  
  

) 

0 5.71 2.59 

1 2.71 − .5  

2 − .2  −3.1  

3 −3.39 − .38 

4 − .25 −9.1  

5 −9. 2 −11.79 
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All these observations are supported by analysis of the local electron affinity (EAL) of 

N  
 @C60, N  

  C  
  

, C60 and C  
  

 at the AM1//B3LYP/6-31G(d) level. Here we extended 

original definition 3.9 of EAL for closed-shell species (RHF-EAL):[440-441] 

 

orbs

orbs

N

i i

i LUMO
L N

i

i LUMO

EA

 













 (3.9) 

to a UHF-EAL that can also be used for open-shell species: 
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 (3.10) 

where ρi and εi are electron density and energy attributable to virtual molecular orbital i, if it 

were singly occupied. 

This technique was implemented into EMPIRE 2013.[442] Visualized slices through the 

RHF-EAL for the above closed-shell species and UHF-EAL for the above open-shell species 

are given in Figure 3.17 and show clearly that N  
 @C60 is by far the strongest electron 

acceptor, in accordance with the above EAs from DFT calculations. N  
  C  

  
 and C60 are 

electron acceptors with similar strength, although the former is a stronger electron acceptor. 

C  
  

 is not an acceptor, in accordance with its negative EA. 
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Figure 3.17. Slice through the local electron affinity (EAL) of N  
 @C60 and N  

  C  
  

 vs 

C60 and C  
  

 at the AM1//B3LYP/6-31G(d) level. The color scale (kcal mol
−1

) is shown in the 

center. Visualized with Chemcraft 1.7.[443] 
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3.3.4.2 Mechanism of Proton Penetration and Nitrogen Escape 

Our calculations start from the appropriate exo-protonated NHx@C60 endofullerenes and 

proceed according to Scheme 3.2. Any study of these systems is complicated by their many 

possible spin states. Thus, the first reaction step (Step 1 in Scheme 3.2) begins from N@C60 1, 

which can exist in high- (HS, spin 3/2) and low-spin (LS, spin 1/2) states. It has been shown 

in previous experimental[127-128,444-445] and theoretical[126,446-447] studies that the 

ground state of 1 is high spin. Our current study supports this conclusion, since 
4
1 is more 

stable than 
2
1 (see Scheme 3.3) by 26.0 kcal mol

−1
 and 79.2 kcal mol

−1
 at the  

B3LYP/6-31G(d) and MP2/6-31G(d)//B3LYP/6-31G(d) levels, respectively. Moreover, 

although the formation of 
4
1 from a free nitrogen atom and C60 is found to be slightly 

endoergic (by 1.3 kcal mol
−1

) at the B3LYP/6-31G(d) level, earlier UB3LYP/D95*//PM3 

calculations,[126] found it to be exoergic by 0.9 kcal mol
−1

 and MP2/6-31G(d)// 

B3LYP/6-31G(d) predicts the formation of 
4
N@C60 to be favorable by − .8 kcal mol

−1
. Thus, 

our further discussion of Step 1 (Scheme 3.2) will be concerned with the quartet potential-

energy hypersurface. 

 

Scheme 3.3. Schematic energy profile for N insertion into C60, Δ(E + ZPE) in kcal mol
−1

 at 

the B3LYP/6-31G(d) (first entry) and Δ(E + ZPE(B3LYP)) in kcal mol
−1

 at the  

MP2/6-31G(d)//B3LYP/6-31G(d) (second entry) levels. 

 

Several possible pathways exist between the exo-protonated 
4
N@C60H

+
 2a

+
 (Figure 3.18) and 

NH
+
@C60 3

+
. We will therefore discuss Step 1 (Scheme 3.2) in detail and Steps 2−4 more 

briefly, since they are quite similar. As expected, the exo-protonation step (1 + H
+
  2a

+
) is 
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highly exothermic (211.1 and 196.3 kcal mol
−1

 at B3LYP/6-31G(d) and  

MP2/6-31G(d)//B3LYP/6-31G(d), respectively). The 
4
2a

+
/
2
2a

+
 gap is somewhat smaller than 

that for 
4
1/

2
1 at the B3LYP/6-31G(d) level (+24.9 kcal mol

−1
), but substantially larger at 

MP2/6-31G(d)//B3LYP/6-31G(d) (+78.2 kcal mol
−1

) compared to the 
4
1/

2
1 (+26.0 and  

+79.2 kcal mol
−1

, respectively). 

 

Figure 3.18. Structures and relative energies (Δ(E + ZPE) in kcal mol
−1

) at the  

B3LYP/6-31G(d) (first entry) and (Δ(E + ZPE(B3LYP)) in kcal mol
−1

)  

MP2/6-31G(d)//B3LYP/6-31G(d) (second entry) levels for the quartet minima 2a−d
+
. 

Starting from 2a
+
, the proton can reach the nitrogen atom by breaking either a [5,6]- or a 

[6,6]-bond of C60 (TS1a
+
 and TS1b

+
 respectively, Figure 3.19). The more favorable of these 

two transition states is 
4
TS1a

+
 for migration by breaking a [5,6]-bond, with calculated barriers 

of 90.0 and 90.1 kcal mol
−1

 relative to 
4
2a

+
 at the B3LYP/6-31G(d) and  

MP2/6-31G(d)//B3LYP/6-31G(d) levels, respectively. No pathways that involve direct 

passage of the proton through the hexagonal or pentagonal rings were found. An attempted 

transition-state optimization for the first case without symmetry constraints leads to complex 

2a
+
, and in the second case to TS1a

+
. 
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Figure 3.19. Structures and activation energies (Δ(E + ZPE) in kcal mol
−1

 at the  

B3LYP/6-31G(d) (first entry), Δ(E + ZPE(B3LYP)) in kcal mol
−1

 at the  

MP2/6-31G(d)//B3LYP/6-31G(d) (second entry, in red) levels for proton migration from 

2a−d
+
 to 3

+
 via the alternative quartet transition states TS1a–f

+
, and for the N-escape from 

2b−d
+
 via alternative quartet transition states TS1h

+
 by breaking [5,6]-bond and TS1i

+
 by 

breaking [6,6]-bond. TS1a,e
+
 corresponds to proton migration by breaking a [5,6]-bond; 

TS1b,f
+
 – by breaking [6,6]-bond; TS1c

+
 – by breaking two bonds and TS1d

+
 by breaking 

three bonds. TS1g
+
 corresponds to the formation of 2b

+
 from 2a

+
. 
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In addition, a previous DFT study of the proton affinity of C60 and proton migration on its 

surface, which should behave very similarly to NHx@C60H
+
, showed[448] that transition 

states in which the proton lies above the centers of five- or six-membered rings are those for 

proton migration over the C60 surface. Nevertheless, transition states for these two processes 

were computed using symmetry constraints and found to be highly unfavorable relative to 

proton migration above [5,6]- and [6,6]-bonds.[448] 

A mechanism analogous to He-insertion into C60, which occurs through a “window” made by 

opening two C−C bonds,[449] was also considered. However, the transition state for this 

process, 
4
TS1c

+
 lies much higher in energy than 

4
TS1a,b

+
 (Figure 3.19). Zahn et al.[450] 

have suggested that the most favorable pathway of He-insertion should be to open a window 

by breaking three-bonds. However, we found that the transition state for this process, 
4
TS1d

+
 

is the least favorable of those studied here. 

In addition to the pathways discussed above (Figure 3.19), we also considered possible lower-

lying ones that occur via the formation of endo-NHx@C60H
+
 intermediates at [5,6]- and [6,6]-

aza bridges. Protonating the C60 cage causes a drastic increase in the number of possible 

isomeric endofullerenes with aza-bridges. However, the stabilizing interaction between the 

nitrogen lone pair and the positively charged carbon atoms adjacent to the C−  moiety, the 

three endo-N@C60H
+
 isomers 2b−d

+
 shown in Figure 3.18 are the most favorable. This was 

confirmed partially by calculating two other endo-N@C60H
+
 isomers in which the nitrogen 

atom is farthest from the C−  moiety. 2b
+
 is the most stable endo-N@C60H

+
 isomer, but the 

nitrogen atom does not form an aza-bridge, but rather is covalently bound to one carbon atom 

(denoted “endohedrally bound” below) with a C−N bond length of 1.53 Å. The nitrogen atom 

has a negative charge of − .13  e according to an NBO analysis[411-417]. 2b
+
 can be formed 

with a relatively low barrier (TS1g
+
, 19.4 and 30.1 kcal mol

−1
, at the B3LYP/6-31G(d) and 

MP2/6-31G(d)//B3LYP/6-31G(d) levels, respectively, Figure 3.19) from 2a
+
. This barrier is 

much lower than that found for N@C60[126] because of the interaction of the nitrogen lone 

pair with the protonated C60 cage. 

Analogously to TS1a
+
 and TS1b

+
, we found TS1e

+
 and TS1f

+
, which correspond to the 

transition states for the reaction paths starting from 2b
+
 in which the proton is inserted 

through the [5,6]- and [6,6]-bonds, respectively. However, they lie too high in energy to play 

a role in the reaction (Figure 3.19). In contrast, N-escape becomes possible from the 2b
+
 

intermediate through both the [5,6]- and [6,6]-bonds (TS1h
+
 and TS1i

+
, respectively). The 
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latter is more favorable, as also found for N@C60.[126] TS1i
+
 lies 81.8 kcal mol

−1
 higher in 

energy than 2a
+
 on the potential-energy surface (PES) at the B3LYP/6-31G(d) level and thus 

slightly lower than TS1a
+
 (90.0 kcal mol

−1
). However, at the MP2/6-31G(d)//B3LYP/ 

6-31G(d) level, this ordering is reversed: TS1i
+
 lies slightly higher in energy than TS1a

+
  

(90.6 vs. 90.1 kcal mol
−1

). Thus, we cannot determine whether nitrogen protonation or 

nitrogen escape should be preferred, although tunneling should favor protonation. 

We only considered insertion pathways through the [5,6]- and [6,6]-bonds via transition states 

of the types TS1a
+
 and TS1b

+
, respectively, for the subsequent steps 2−  (Scheme 3.2). 

These pathways are the most favorable for step 1 and the remaining steps appear to be very 

similar in geometries and barriers heights (see below). The designations a and b used for 

transition states TS2
+
−TS4

+
 have the same meaning as for the transition states, TS1

+
, for the 

first step. No stable minima were found for endo-NH@C60 in which NH forms aza-bridges to 

a nearby C−  moiety were found. All such starting geometries optimized to NH@C60H
+
 with 

NH at the center of the C60 cage. We therefore did not investigate pathways for further 

protonation of the nitrogen-containing moiety via endo-NHx@C60H
+
 intermediates for  

steps 2−4. 

 

3.3.4.3 Energetics of the Step-by-Step Formation of    
 
    

  
 

The energetics of all four steps shown in Scheme 3.2 and the nitrogen-protonation pathways 

discussed are given in Table 3.14 and in Scheme 3.4, where energies relative to 
4
2a

+
 and 

relative energies within a step are shown. All reactions are exoergic by  .8−5  kcal mol
–1

 at 

B3LYP/6-31G(d) and by 18–109 kcal mol
–1

 at MP2/6-31G(d)//B3LYP/6-31G(d). 

The barriers for each type of pathway hardly vary for the different steps and multiplicities. 

Thus, for step 1 the doublet PES lies almost parallel to the quartet one. Since doublet 2a
+
 lies 

higher in energy than quartet 2a
+
, and 1 exists in the quartet state (see above) the entire 

reaction most likely proceeds on the quartet PES. Similarly, the second step proceeds on the 

triplet, rather than on the singlet PES (Scheme 3.2 and Table 3.14). 
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Scheme 3.4. Energetics of the four-steps synthesis of N  
  C  

  
 13 via the most favorable 

TSs and spin states. Δ(E + ZPE) in kcal mol
−1

 within a step vs. (/) relative to 
4
2

+
 at the 

B3LYP/6-31G(d) (first entry); Δ(E + ZPE(B3LYP)) in kcal mol
−1

 at the  

MP2/6-31G(d)//B3LYP/6-31G(d) (second entry). Note that large differences between B3LYP 

and MP2 relative energies within Step 2 can be caused by wavefunction instabilities. 

 

Table 3.14. Energetics of the four-steps synthesis of N  
  C  

  
 13. 

Structure 
B3LYP/6-31G(d) 

Δ(E + ZPE) 

MP2/6-31G(d)//B3LYP/6-31G(d) 

Δ(E + ZPE(B3LYP)) 

 
within a step,  

kcal mol
−1

 
vs. 

4
2

+
, kcal mol

−1
 

within a step,  

kcal mol
−1

 
vs. 

4
2

+
, kcal mol

−1
 

Step 1 

Quartet PES 
4
2a

+
 0.0 0.0 0.0 0.0 

4
2b

+
 11.2 11.2 8.1 8.1 

4
2c

+
 18.7 18.7 28.7 28.7 

4
2d

+
 24.8 24.8 37.7 37.7 

4
TS1a

+
 90.0 90.0 90.1 90.1 

4
TS1b

+
 112.0 112.0 105.9 105.9 

4
TS1c

+
 172.1 172.1 168.1 168.1 

4
TS1d

+
 211.6 211.6 218.4 218.4 

4
TS1e

+
 130.1 130.1 142.5 142.5 

4
TS1f

+
 149.4 149.4 157.1 157.1 

4
TS1g

+
 19.4 19.4 30.1 30.1 

4
TS1h

+
 96.9 96.9 126.9 126.9 

4
TS1i

+
 81.8 81.8 90.6 90.6 

4
3

+
 −17.8 −17.8 −25.5 −25.5 

3
4

a
 −181.  −181.  −179.8 −179.8 

1
4

a
 −13 .3 −13 .3 −122.9 −122.9 
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Doublet PES 
2
2a

+
 0.0 24.9 0.0 78.2 

2
TS1a

+
 90.2 115.1 89.9 168.0 

2
TS1b

+
 112.2 137.1 107.7 185.9 

Step 2 

Triplet PES 
3
5

+ 
 0.0 −393.9 0.0 −37 .9 

3
TS2a

+ 
 90.9 −3 3.  91.4 −285.5 

3
TS2b

+ 
 112.2 −281.7 109.5 −2 7.  

3
6

+ 
 −2 .  − 2 .3 −37.1 − 1 .  

2
7

a 
 −188.  −582.3 −19 .2 −571.1 

Singlet PES 
1
5

+ 
 0.0 −337.9 0.0 −291.2 

1
TS2a

+ 
 85.0 −253.  88.8 −229.7 

1
TS2b

+ 
 106.9 −231.  98.8 −219.  

1
6

+ 
 −5 .  −393.9 −82.5 −   .3 

2
7

a 
 −2  .3 −582.3 −253.3 −571.1 

Step 3 (doublet PES) 
2
8

+
 0.0 −79 .  0.0 −7 7.9 

2
TS3a

+
 87.5 −7  .5 88.3 − 79.  

2
TS3b

+
 110.8 − 83.2 104.2 −  3.7 

2
9

+
 −38.  −832.  −5 .2 −822.1 

1
10

a
 −2 1.9 −995.9 −212.9 −98 .8 

Step 4 (singlet PES) 
1
11

+
 0.0 −12 8.7 0.0 −1178.  

1
TS4a

+
 89.1 −1119.  90.2 −1 88.  

1
TS4b

+
 112.0 −1 9 .7 108.6 −1 7 .  

1
12

+
 − .8 −1215.5 –17.8 −119 .  

2
13

a
 −135.2 −13 3.9 −157.9 −133 .3 

a
 Possible change of a multiplicity of the system after the addition of an electron. 

 

Although the barriers for all steps are quite similar, they are slightly lower for the third and 

fourth steps. This can be explained by the increase in proton affinity on adding hydrogens to 

the nitrogen center from 
4
N (82 kcal mol

1
) to NH3 (204 kcal mol

1
).[451] All protonation 

reactions are calculated to be exoergic by 76 kcal mol
–1

 for 
4
N, 147 kcal mol

–1
 for 

3
NH, 187 

(188) kcal mol
–1

 for 
2
NH2 and 207 (208) kcal mol

–1
 for NH3 at B3LYP/6-31G(d) (MP2/6-

31G(d)//B3LYP/6-31G(d)), i.e. in good agreement with the above experimental data. 

The endofullerenes N  
 @C60 all have high electron affinities (from 112.5 to 188.3 kcal mol

−1
 

( .88−8.17 eV) at B3LYP/6-31G(d) and from 97.4 to 211.4 kcal mol
−1

 ( .22−9.17 eV) at 

MP2/6-31G(d)//B3LYP/6-31G(d), Table 3.15) and thus they can be reduced readily to the 
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neutral endofullerenes NHx@C60. 

The total energy gain of all transformations starting from 
4
2 and ending with 1 according to 

eq. 3.11 is −1,555.0 kcal mol
−1

 at B3LYP/6-31G(d) and −1,530.6 kcal mol
−1

 at  

MP2/6-31G(d)//B3LYP/6-31G(d). 

 N@C60 + 4H
+
 + 4e

−
 → N  

  C  
  

  (3.11) 

 

Table 3.15. Electron affinities of the species N x
 @C60, x = 1−4 (3

+
, 6

+
, 9

+
 and 12

+
, 

respectively) and energetics of the proton transfer to them from the proton carriers  3
  and 

C 5
 

 in kcal mol
−1

 and eV. 

Oxidized specie 
Reduced 

species 

B3LYP/6-31G(d) 

Δ(E + ZPE) 

MP2/6-31G(d)// 

B3LYP/6-31G(d) 

Δ(E + ZPE(B3LYP)) 

  kcal mol
−1

 eV kcal mol
−1 

eV 

Step 1 

4
3

+
 

3
4 163.8 7.10 154.3 6.69 

1
4 112.5 4.88 97.4 4.22 

2
3

+
 

3
4 162.6 7.05 211.4 9.17 

1
4 108.8 4.72 154.5 6.70 

Step 2 
3
6

+
 2

7 
162.0 7.03 157.1 6.81 

1
6

+
 188.3 8.17 170.8 7.41 

Step 3 
2
9

+
 

1
10 163.9 7.11 158.7 6.88 

Step 4 
1
12

+
 

2
13 128.4 5.57 140.1 6.08 

 

Although the barriers for protonating endohedral nitrogen hydrides through the fullerene cage 

are too high to be observable in solution, the entire process involves a continuous decrease in 

energy, so that each step is possible in the gas phase. The calculated proton affinities of 

NHx@C60 in the gas phase (Table 3.16) are very similar to that of C60 itself (−211 and 

−196 kcal mol
1

 at the B3LYP and MP2 levels of theory, respectively, compared with the 

experimental range of −204 to −207[452] and a further calculated value of −202[448]). The 

calculated proton affinities for the endohedral nitrogen-containing species lie in the range 

between 207 and 213 kcal mol
−1

 with B3LYP and between 194 and 198 kcal mol
−1

 with 

MP2. 
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Table 3.16. Proton affinities of the species NHx@C60, x = 0−3 (1, 4, 7 and 10, respectively) 

and energetics of the proton transfer to them from the proton carriers  3
  and C 5

   

in kcal mol
−1

. 

Reaction 
B3LYP/6-31G(d) 

Δ(E + ZPE) 

MP2/6-31G(d)// 

B3LYP/6-31G(d) 

Δ(E + ZPE(B3LYP)) 

Step 1 

 Quartet Doublet Quartet Doublet 

1 + H
+
 → 2a

+ 
−211.1 −212.2 −19 .3 −197.  

1 +  3
  → 2a

+
 + H2 −121.8 −122.8 −1 7.5 −1 8.5 

1 + C 5
 
 → 2a

+
 + CH4 −85.7 −8 .8 −7 .9 −75.9 

Step 2 

 Triplet Singlet Triplet Singlet 

4 + H
+
 → 5

+
 −212.3 −2 7.  −197.1 −19 .8 

4 +  3
  → 5

+
 + H2 −123.  −118.2 −1 8.2 −1  .  

4 + C 5
 
 → 5

+
 + CH4 −8 .9 −82.2 −75.  −73.  

Step 3 (doublet PES) 

7 + H
+
 → 8

+
 −211.7 −19 .8 

7 +  3
  → 8

+
 + H2 −122.  −1 8.  

7 + C 5
 
 → 8

+
 + CH4 −8 .3 −75.  

Step 4 (singlet PES) 

10 + H
+
 → 11

+
 −212.9 −197.7 

10 +  3
  → 11

+
 + H2 −123.5 −1 8.9 

10 + C 5
 
 → 11

+
 + CH4 −87.5 −7 .3 

 

Thus, the protonated species NHx@C60H
+
 possess adequate energy immediately after their 

formation to cross the calculated barriers for protonation through the C60 cage. Therefore, a 

protonation-rearrangement cascade from NHx-1@C60 to N  
 @C60 is possible. However, as 

the rearrangements to N  
 @C60 are mildly exothermic, the product is even hotter than the 

protonated fullerene precursor, so that thermal energy would have to be dissipated at the 

product stage. Using less energy-rich acids such as  3
  and C 5

 
[453-454] would render the 

initial proton transfer to NHx@C60 less exothermic. The relevant heats of reaction are shown 

in Table 3.16. Generally, the energy gained from protonation by C 5
 
 is slightly less than the 
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barriers for transferring the proton through the cage to nitrogen. On the other hand, proton 

transfer from  3
  releases slightly more energy than is necessary to overcome the barrier. 

Thus,  3
  is a promising candidate for the individual through-cage protonation steps. 

3.3.4.4 Alternative Approach Using Hydrogenation by Atomic H 

In addition, we considered the corresponding hydrogenation of nitrogen inside C60 1 through 

the buckminsterfullerene cage by atomic H
•
 to compare barriers with described above 

protonation by bare proton H
+
 (Scheme 3.2). Three possible spin states (quintet, triplet and 

singlet) were taken into account. The energetics of the computed pathway are summarized in 

Table 3.17. Notations of species are the same as above with the difference that all further 

discussion will refer to neutral species rather than positively charged ones. 

 

Table 3.17. Energetics of the formation of NH@C60 4. 

Structure B3LYP/6-31G(d) MP2/6-31G(d)//B3LYP/6-31G(d) 

 Δ(E + ZPE) Δ(E + ZPE(B3LYP)) 

 
within a step,  

kcal mol
−1

 

vs. 
1
2e,  

kcal mol
−1

 

within a step,  

kcal mol
−1

 

vs. 
1
2e,  

kcal mol
−1

 

Quintet PES 
5
2a 0.0 2.2 0 5.9 

5
2b 29.2 31.4 31.7 37.5 

5
TS1a 100.9 103.0 100.8 106.6 

5
TS1b 106.8 108.9 100.1 106.0 

5
TS1e 141.6 143.7 161.4 167.3 

5
TS1f 152.5 154.7 171.9 177.8 

5
TS1m

a
 98.3 100.5 123.1 128.9 

5
TS1i 95.9 98.1 98.8 104.7 

5
4 − .1 2.1 −1 .3 −1 .  

Triplet PES 

32a 1.6 2.1 76.5 84.7 

32b 0.0 0.4 0.0 8.1 

3TS1a 102.6 103.0 172.6 180.7 

3TS1b 108.5 108.9 146.9 155.0 

5TS1e 125.8 126.3 135.2 143.3 

5TS1f 135.1 108.9 156.0 164.1 

3TS1m
a
 81.8 82.2 96.6 104.8 

3TS1i 76.9 77.4 81.0 89.1 

34 −35.2 −3 .8 −39.5 −31.  

Singlet PES 
1
2a 83.2 83.2 111.7 111.7 

1
2e

b
 0.0 0.0 0.0 0.0 
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1
TS1j

c
 175.0 175.0 137.6 137.6 

1
TS1k

d
 126.9 126.9 138.3 138.3 

1
TS1h 71.1 71.1 81.9 81.9 

1
TS1i 69.4 69.4 80.5 80.5 

1
4 16.4 16.4 25.5 25.5 

a
 TS1h optimized to TS1m. 

b
 2b optimized to 2e. 

c
 
1
TS1a optimized to 

1
TS1j. 

d
 
1
TS1k was 

located instead of 
1
TS1b. 

 

Unlike 2a
+
 with nitrogen located at the center of the protonated C60 cage (Figure 3.18), neutral 

N@C60H 2a is not the most stable isomer. The most favorable one is singlet 2e (Table 3.17 

and Figure 3.20). In 2e nitrogen forms covalent bonds with three neighbor carbons of a 

hexagon and the fourth carbon is saturated with hydrogen atom. Such a structure is preferable 

for the singlet state, that no 2b can be located: any attempts to find 2b end in 2e. 

 

 

Figure 3.20. Structures and relative energies (Δ(E + ZPE) in kcal mol
−1

) at the  

B3LYP/6-31G(d) (first entry) and (Δ(E + ZPE(B3LYP)) in kcal mol
−1

)  

MP2/6-31G(d)//B3LYP/6-31G(d) (second entry) levels for 
5
2a, 

3
2b, 

1
2e minima, and 

transition states 
1
TS1h−k and 

5
TS1m. Selected bond lengths are in Å. 
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Moreover, 
1
2e is closely followed in energy by the most stable triplet isomer of 2 (2b) and by 

quintet 2a (Figure 3.20), which are less favorable by 0.1 and 2.2 kcal mol
−1

 at DFT and by  

8.1 and 5.9 kcal mol
−1

 at MP2, respectively. Thus, the higher spin state, the lower ability of 

nitrogen to form covalent bonds with the inner surface of C60 cage. This can be seen clearly 

from the geometries of 
5
2a,

 1
2e and 

3
2b (Figure 3.20): nitrogen is located at the center of C60 

cage for the quintet 2a, it is covalently bound only with one carbon atom in triplet 2b and 

with three carbon atoms in singlet 2e. 

In contrast to the protonation, nitrogen escape appears to be more favorable than hydrogen 

insertion through the C60 cage for all spin states (Table 3.17 and Figure 3.20). The most 

favorable transition state is singlet TS1i, i.e. nitrogen escape via breaking the [6,6]-bond 

(Figure 3.20). The barrier to this escape is 69.4 and 80.5 kcal mol
−1

 at DFT and MP2, 

respectively. N-escape through a [5,6]-bond breaking via 
1
TS1h through is less than  

2 kcal mol
−1

 higher in energy. Nitrogen escape for the triplet and quintet PESs proceeds via 

the corresponding TS1i with barriers of 76.9 an 95.9 kcal mol
−1

 at DFT and of 81.0 and 

98.8 kcal mol
–1

 at MP2, respectively. They are followed up by the TS1m, in which nitrogen 

displaces the carbon atom (Figure 3.20). 

Hydrogen penetration through the cage on the singlet PES is highly unfavorable. Moreover, 

as in the case of minimum 
1
2e, nitrogen covalent bonding to carbons is so strong that no 

1
TS1a,b were found. 

1
TS1j and 

1
TS1k (Figure 3.20) were located instead and rather than 

1
TS1e,f. The TSs for hydrogenation of nitrogen through the fullerene cage for triplet and 

quintet PESs are similar to those for protonation, i.e. TS1a,b,e,f were found. However, 

hydrogenation of the N-atom is less favorable than N-escape for the triplet PES by 25.7 and 

54.2 kcal mol
–1

 at DFT and MP2, respectively. Nevertheless, barriers of hydrogenation and  

N-escape are much closer in energy for the quintet PES: hydrogenation is less favorable by 

5.0 and 2.0 kcal mol
–1

 at DFT and MP2, respectively. 

The reaction 
1
2e → 

1
4 is endoergic by 16.4 and 25.5 kcal mol

−1
, while 

3
2b → 

3
4  is exergonic 

by 35.2 and 39.5 kcal mol
−1

 and  
5
2a → 

5
4  is also exergonic by 0.1 and 16.3 kcal mol

−1
 at 

DFT and MP2 (Table 3.17), respectively. 

However, hydrogenation of 
4
1 to 

1
2e, 

3
2b and 

5
2a is exoergic by only 44.0, 43.5 and  

41.8 kcal mol
−1

 at DFT and 30.8, 22.7 and 24.9 kcal mol
−1

 at MP2, respectively. Thus, this 
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energy gain is ca. 3 −5  kcal mol
−1

 less than is necessary to overcome the barrier of nitrogen 

escape through the cage of C60 (for the singlet PES). This is in contrast to the case of 

protonation through the cage, when initial protonation of NHx@C60 leads to an energy release 

larger than that required to overcome the barrier of proton insertion through the C60 cage. 

Thus, hydrogenation by protonation is expected to be the only way for the synthesis of 

nitrogen hydrides inside C60. 

3.3.5 Conclusions 

The unique structure of the radical ion pair N  
  C  

  
 leads to its unique properties such as 

high electron affinities and the existence of excited states with an electron transferred from 

fullerene radical cation to the ammonium cation to form the Rydberg radical stabilized by the 

fullerene cage. 

We have demonstrated the possibility in principle of a completely new approach to the 

synthesis of endofullerenes via molecular “assembly” from “template” endofullerenes rather 

than insertion of the whole molecule into the fullerene cage or one-pot formation. N@C60 1 

was chosen as the “template” for the present study, which was hydrogenated step-by-step up 

to ammonia inside C60 10 and the “concentric ion pair” N  
  C  

  
 13 according to  

Scheme 3.2. Note that such an approach would allow us to obtain NH@C60 and NH2@C60, 

which are open-shell systems and thus potentially interesting for spintronics. 

The rate-determining steps of the approach are proton penetrations through the C60 cage. The 

most favorable pathways are proton-insertion via [5,6]-bond breaking with barriers about 

90 kcal mol
−1

. The competitive pathway for the first step N@C60H
+
 → N 

+
@C60 is nitrogen 

escape, the barriers of which are very close in energy. Meanwhile, energy gains during proton 

transfer to NHx@C60 from  3
  as proton carrier are about 30 kcal mol

−1
 larger than the 

subsequent barriers. Hydrogenation of nitrogen inside C60 can lead to nitrogen escape from 

the fullerene cage, rather than to the formation of nitrogen hydrides at C60. 

Taking into account the large barriers and potential danger of nitrogen escape from N@C60, 

the proposed approach is of more interest for fundamental research, while a more practical 

and economical synthesis can be synthesis of some of discussed endofullerenes including 

N  
  C  

  
 via molecular surgery of fullerene as, for instance, H2O@C60 was synthesized  

in 2011.[455] 
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Of course, the proposed approach can not only be used for the case of N@C60 studied here, 

but also for other endofullerenes. In general, for some template M@C60, where M is an atom 

or molecule, step-by-step hydrogenation can be performed via the sequence of protonation, 

proton penetration into the C60 cage, protonation of MHx inside C60 and reduction of the 

positively charged species to neutral ones. The procedure begins from M@C60 and ends with 

the MHn@C60, “concentric ion pair” M n 1
  C  

  
 and closed and open-shell neutral or 

anionic hydrogenated species M n 1
  C    

  similarly to the above case of N@C60. 

Interestingly enough, if we start from CO@C60 we can end up with methanol inside 

buckminsterfullerene CH3OH@C60 and C 3O 2
 
 C  

  
. 

For further investigation of this promising approach, additional experimental studies are 

necessary. 
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3.4 Mechanism of Activation of Diamondoids with Nitronium-Containing 

Electrophiles 

 

The part of this Section regarding functionalization of oxadiamondoids was originally 

published as a part of the following peer-reviewed paper and was reproduced in part with 

permission from: 

Andrey A. Fokin, Tatyana S. Zhuk, Alexander E. Pashenko, Pavlo O. Dral, Pavel A. 

Gunchenko, Jeremy E. P. Dahl, Robert M. K. Carlson, Tatyana V. Koso, Michael Serafin, 

Peter R. Schreiner, Oxygen-Doped Nanodiamonds: Synthesis and Functionalizations. 

Organic Letters, 2009, 11, 3068–3071. DOI: 10.1021/ol901089h.  

URL: http://dx.doi.org/10.1021/ol901089h. Supporting Information is available free of 

charge under http://pubs.acs.org/doi/suppl/10.1021/ol901089h/suppl_file/ol901089h 

_si_002.pdf. Copyright 2009 American Chemical Society. 

Here only that part of the original paper is reproduced that originated from the author of this 

thesis. All subsections, figures, schemes, tables and equations are renumbered, and part of the 

material of the Supporting Information to the original paper is given in the appropriate places 

of this Section. Gaussian archives of optimized structures are available on request. 

The part of this Section regarding activation of adamantane is intended to be published as a 

part of the following paper: 

Pavlo O. Dral, Tatyana E. Shubina, Andrey A. Fokin, Mechanism of Electrophilic 

Nitration of Alkanes. To be submitted. 

All subsections, figures and schemes are renumbered. Gaussian archives of optimized 

structures are available on request. 

3.4.1 Introduction 

Electrophilic substitution reactions have been used successfully for the selective 

functionalization of alkanes.[456-457] One important example of such reactions is that with 

nitronium salts, such as tetrafluoroborate NO2
 
BF 

–
, hexafluorophosphate NO2

 
PF 

–
 and 

hexafluroantimonate NO2
 
SbF 

–
, in which the reactive species is essentially the nitronium 

http://dx.doi.org/10.1021/ol901089h
http://pubs.acs.org/doi/suppl/10.1021/ol901089h/suppl_file/ol901089h_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/ol901089h/suppl_file/ol901089h_si_002.pdf
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cation.[456,458-461] Since the ground-breaking paper of Olah and Lin[458], which reported 

the first successful nitration of a range of alkanes with nitronium hexafluorophosphate 

NO2
 
PF 

–
, many experimental investigations of the reactions of cage and non-cage alkanes 

with nitronium salts have appeared.[456,459-461] The conventional textbook mechanism for 

hydrogen substitution (and the C–C bond cleavage side reaction, so-called nitrolysis) by the 

nitronium cation NO2
 

 implies formation of triangular three-center two-electron (3c-2e) 

transition structures (TSs) (Scheme 3.5).[458-461] However, this mechanism is solely based 

on inconclusive experimental results[458-461] and has never been proved either 

experimentally or computationally. Some researchers have argued[456,462] that cage 

compounds such as adamantane react with NO2
 
 via a single electron transfer (SET) pathway 

similarly to some aromatics[463-466] and to reaction of alkanes with halogen 

electrophiles,[467-468] despite the high first ionization potential of adamantine, which was 

used as an argument against this pathway.[459] No detailed theoretical study of the 

mechanism of the reactions of alkanes with the above nitronium salts has been performed, 

although both direct attack on the carbon atom and H-coupled electron transfer (HCET) 

(Scheme 3.5) from methane to nitronium cation and some other electrophiles were studied in 

some detail earlier.[469] 

 

Scheme 3.5. Alkane C−  bond activation by electrophiles. 
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The same H-substitution product may be obtained via three different mechanisms: 

conventional electrophilic 3c-2e, oxidative HCET and direct attack on the carbon atom 

(Scheme 3.5).[456,469-470] Thus, experimental observations of reaction products cannot be 

mechanistically decisive. Here we report a detailed ab initio and DFT study of the 

mechanisms of substitution of adamantane with bare nitronium cation, because any 

counterion effect must be negligible because of the stability of the large anions. We also show 

that activation of adamantane reactions with NO2
 
 is just an individual case of a one-step, 

concerned pathway that starts with electron transfer from adamantane to the nitronium cation. 

Then, the NO2 moiety with partial radical character recombines instantly with the most 

closely located atom of adamantane that has partial radical cation character. Moreover, the 

reactions of adamantane with electrophilic NO2
 
 differ from the corresponding reactions with 

radical NO2
•
 essentially only in the amount of charge transfer (CT) and the barrier heights. 

Although the nitronium cation is also believed to be the reactive species in the nitration of 

aromatics,[471-477] one should be aware that it must be strongly associated in nitric acid and 

dinitrogen pentoxide N2O5 solutions. The nonlinearity of the nitronium cation in these media 

has been demonstrated by Raman spectroscopy[478] as opposed to the isolated linear 

structure. In addition, other reactive species are also present in these solutions.[471-475,478-

482] Reaction of alkanes with anhydrous nitric acid and N2O5 usually leads to the formation 

of products different from those of their reactions with nitronium salts. For instance, 

adamantane forms 1-nitroadamantane almost exclusively in the reaction with nitronium 

tetrafluoroborate,[459] while with concentrated nitric acid it forms 1-adamantyl nitrate,[483] 

and with N2O5 it gives primarily 1-adamantyl nitrate, 1-nitroadamantane and 1-adamantanol 

in different ratios, depending on the conditions.[484-485] 

Thus, we concentrate here on the reaction of the unassociated nitronium cation with 

adamantane as a simplest representative of diamondoids and on the mechanism of  

3-oxadiamontane activation with the NO2
 
∙∙∙ NO3 complex. In addition, the selectivity of the 

functionalization of oxadiamondoids will be examined by analysis of the relative stabilities of 

the relevant tertiary oxadiamondoidyl cations. All results will be compared with experimental 

observations and the latter will be explained. 
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3.4.2 Computational Details 

Geometries were fully optimized at the B3PW91[267,288-293]/6-311++G(2d,p),[257-

265,352-354] B3PW91/cc-pVDZ[486-490] and MP2[231,404-408]/cc-pVDZ levels of theory 

as mentioned in the text. Calculating the normal vibrations within the harmonic 

approximation were performed to characterize minima and transition states (TSs). All relative 

energies are corrected for zero-point vibrational energies (ZPEs). Additionally, single-point 

calculations were performed at the CCSD(T)[491-492] level of theory using the cc-pVDZ 

basis set on some MP2-optimized geometries (denoted CCSD(T)/cc-pVDZ//MP2/cc-pVDZ). 

The Gaussian 98[493], 03[409] and 09[342] program packages were used for calculations. 

NBO analyses[411-417] were performed to calculate atomic charges and charge transfer 

values within the Gaussian 03 and 09 packages using the density matrices for the current 

methods. Molecules were visualized with Molecule 1.3.5.[494] 

3.4.3 Results and Discussion 

3.4.3.1 Activation of Adamantane with Nitronium Salts 

The activation of adamantane with nitronium salts was modeled by the reaction of 

adamantane with the bare nitronium cation. All three possible pathways of activation  

(Scheme 3.5) were considered, but no classical electrophilic 3c-2e triangle transition 

structures were located on the PES. Due to the ambivalent nature of NO2
 
 both attacks with 

nitrogen and oxygen atoms of nitronium cation on hydrogen and carbon atoms of adamantane 

were considered. 

First, the initial complex of adamantane with the nitronium cation 1 was optimized  

(Figure 3.21). It is noteworthy that it displays considerable charge-transfer character (0.6 e is 

transferred from adamantane to the nitronium cation and a C–H bond is elongated with the 

hydrogen interacting with NO2
 
 at MP2/cc-pVDZ) and is highly energetically favorable: its 

formation from isolated adamantane and nitronium cation 2 is 15.8 kcal mol
−1

 (Δ(E + ZPE)) 

and 9.0 kcal mol
−1

 (Δ 298
 

) exergonic at MP2/cc-pVDZ and 14.3 kcal mol
−1

 exoergic at 

CCSD(T)/cc-pVDZ//MP2/cc-pVDZ. B3PW91/6-311++G(2d,p) predicts that no initial 

complex is formed at all and attempts to optimize it lead to adamantyl nitrite 4 (Figure 3.21). 

It is known that DFT methods often underestimate the barriers of many types of reactions, 

especially those involving hydrogen atom transfer[279] and thus ab initio calculations are 
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plausibly more reliable for modeling hydrogen substitution reactions of alkanes than DFT 

methods. 

 

Figure 3.21. Optimized geometries of 1 and 4 at B3PW91/6-311++G(2d,p) (first entry) and 

MP2/cc-pVDZ (second entry). Selected bond distances and angles are shown in Å and 

degrees, respectively. 

 

Scheme 3.6. HCET pathways of the functionalization of adamantane with NO2
 
. 

Attack on the hydrogen atom can proceed via two transition states, TS1 and TS2  

(Scheme 3.6), which corresponds to attack by the nitrogen and oxygen atoms of the nitronium 

cation, respectively. Both transition states were located at MP2/cc-pVDZ (Figure 3.22), but 

only TS2 at the DFT level of theory. In addition, following the reaction path starting from 

TS2 at B3PW91/6-311++G(2d,p) using the intrinsic reaction coordinate (IRC) technique 

showed that TS2 is just a rearrangement of nitronium cation around adamantane at this level 

of theory. Activation of adamantane via TS1 is essentially barrierless at the MP2/cc-pVDZ 

and CCSD(T)/cc-pVDZ//MP2/cc-pVDZ levels, because the energy of TS1 relative to the 

initial complex is 0.2 kcal mol
−1

 and −9.1 kcal mol
−1

 at the MP2/cc-pVDZ and  

CCSD(T)/cc-pVDZ//MP2/cc-pVDZ levels, respectively. TS2 is higher in energy than TS1 by 

16.4 and 9.8 kcal mol
−1

 at the MP2/cc-pVDZ and CCSD(T)/cc-pVDZ//MP2/cc-pVDZ levels, 

respectively. 



3.4 Mechanism of Activation of Diamondoids with Nitronium-Containing Electrophiles 

 

125 

 

Figure 3.22. Optimized geometries of TS1 and TS2 types of transition structures for the 

reaction of adamantane with NO2
 
 and NO2

•
 at the B3PW91/6-311++G(2d,p) (first entry) and 

MP2/cc-pVDZ (second entry) levels of theory. Bond distances are given in Å and angles are 

in degrees. 

Note that TS1 and TS2 do not lead directly to protonated nitroadamantane 3 as expected, but 

to protonated adamantyl nitrites 4 and 5 as primary products (Scheme 3.6). The latter can 

rearrange to the adamantyl cation and nitrous acid 6. Indeed, nitrites of cage compounds have 

been observed experimentally and alkyl cations formed under comparable reaction conditions 

react either with nitrous acid to form nitroalkanes or with acetonitrile to form  

N-alkylacetamide (the so-called Ritter reaction).[459-461] 

Transition structures TS1 and TS2 are almost linear and correspond to an oxidative HCET 

mechanism as the values of charge transfer from adamantane to nitronium cation moieties are 

substantial: 1.10 e in TS1 and 0.59 e in TS2 at MP2/cc-pVDZ. The charge on hydrogen atom 

to be substituted is positive (0.24 e in TS1 and 0.35 e in TS2) and thus hydrogen has radical 

character and the name often used for such reactions “hydride transfer reactions” is not 
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physically correct.[456] Only one rather than two electrons takes part in the oxidative 

electrophilic substitution pathways and thus no evidence supporting the concept of classical 

electrophilic 3c-2e TSs, in which two electrons participate in bonding, was found. 

Another important consequence of the above analysis of charges in transition states is that the 

transition structures for oxidative HCET and pure radical reactions should be very similar 

geometrically and differ only in the charge-transfer values[456] and barrier heights. Thus 

transition structures for the reactions with the electrophylic nitronium cation NO2
 
 and with 

the nitrogen dioxide radical NO2
•
 should be structurally similar, which is indeed the case 

(Figure 3.22). Charge-transfer values for radical TSs are lower than in TS1 and TS2 for the 

electrophilic reaction: 0.32 e and 0.28 e for TS1 and TS2-types of transition states, 

respectively, at the MP2/cc-pVDZ level, while charges on the hydrogen atom attacked are 

0.32 e and 0.34 e , respectively, almost the same as for the electrophilic reaction. 

Finally, direct attack of the nitronium cation on a bridgehead carbon atom of adamantane was 

studied. No transition state corresponding to attack by an oxygen atom was found, but the 

transition structure TS3 that corresponds to direct attack of the nitrogen atom of the nitronium 

cation on the bridgehead carbon atom was located (Figure 3.23). It is highly unfavorable 

relative to TS1 and TS2, because TS3 lies 28.6 kcal mol
−1

 at MP2/cc-pVDZ and  

28.1 kcal mol
−1

 at CCSD(T)/cc-pVDZ//MP2/cc-pVDZ higher in energy than the initial 

complex 1. TS3 was also found at B3PW91/6-311  G(2d,p) with an energy of −8.  relative 

to the infinitely separated species 2. After attack, the 3c-2e intermediate 7 with a very 

elongated C–C bond can be formed, which forms protonated nitroadamantane 3 with a low 

barrier (Scheme 3.7). Thus, formally this pathway can be considered as an indirect 3c-2e 

electrophilic substitution pathway, but it is less favorable than the HCET mechanism above 

discussed. 
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Figure 3.23. Transition structures and intermediates of direct attack on a bridgehead carbon 

atom of adamantane by the nitronium cation NO2
 
. Bond lengths are shown in Å and angles in 

degrees at the B3PW91/6-311++G(2d,p) (first entry) and MP2/cc-pVDZ (second entry). 

 

Scheme 3.7. Energy scheme for the direct attack on a bridgehead carbon atom of adamantane 

by the nitronium cation NO2
 

. Δ(E + ZPE) vs (/) Δ 298
 

 in kcal mol
−1

 at the B3PW91/ 

6-311++G(2d,p) (first entry), MP2/cc-pVDZ (second entry) and Δ(E + ZPE(MP2)) 

CCSD(T)/cc-pVDZ//MP2/cc-pVDZ levels (third entry). 

 

3.4.3.2 Selective Activation of Oxadiamondoids with Nitric Acid 

Functionalization of 3-oxadiamantane 8 with 100% nitric acid in CH2Cl2 and subsequent 

hydrolysis leads to a one isolated product: 6-hydro-3-oxadiamantane (Scheme 3.8).[495] It 

was shown for a similar reaction on the parent diamantane that the reaction mechanism can be 

modeled as a reaction with the complex of nitronium with nitric acid NO2
 
∙∙∙ NO3 that 

proceeds via a transition state that corresponds to H-coupled electron transfer (HCET).[496] 
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Thus, the direction of 3-oxadiamantane activation was investigated theoretically by 

calculating the barriers of hydrogen substitution from 6 possible non-equivalent tertiary 

positions of 3-oxadiamantane via HCET transition structures. 

 

Scheme 3.8. Functionalization of 3-oxadiamantane 8 with 100% nitric acid in 

dichloromethane followed by hydrolysis leading to the single product  

6-hydroxy-3-oxadiamantane 9.[497] 

 

The amount of charge transferred from 3-oxadiamantane 8 to NO2
 

···HNO3 is significant 

(more than half of an electron, except for TS7) in all six transition states (TSs, Figure 3.24), 

while the hydrogen atoms being abstracted have positive charges and have essentially radical 

character (Table 3.18). Thus, these TSs clearly correspond to HCET transition states. The 

lowest-lying transition state corresponds to the abstraction of a hydrogen atom at the sixth 

position, in accord with the experimentally observed final product of the reaction  

(Figure 3.24). 

 

Table 3.18. Energetics of the H-coupled ET from 8 to NO2
 
···HNO3. Δ(E + ZPE) and Δ 298

 
 

in kcal mol
−1

, charges on hydrogen being abstracted and values of charge transfer from  

3-oxadiamantane to NO2
 
···HNO3 in e at the B3PW91/cc-pVDZ level of theory. 

Structure Δ(E + ZPE) Δ 298
 

 Charge on H Charge transfer value 

10 −37.3 −26.6  0.54 

11 0.0 0.0   

TS5 22.5 34.1 0.32 0.58 

TS6 23.3 35.4 0.31 0.50 

TS7 25.2 36.4 0.31 0.49 

TS8 25.5 36.9 0.32 0.66 

TS9 28.5 41.2 0.31 0.59 

TS10 28.9 40.0 0.32 0.53 
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Figure 3.24. Transition structures (selected bond distances in Å) for H-coupled electron 

transfer from oxadiamantane with complex NO2
 

···HNO3 and relative electronic energies 

ΔΔ(E + ZPE) in kcal mol
–1

 at B3PW91/cc-pVDZ. 
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Figure 3.25. The 3-oxadiamantane with NO2
 
···HNO3 complex 10 at B3PW91/cc-pVDZ. 

 

The barrier of reaction is 22.5 kcal mol
−1

 at the B3PW91/cc-pVDZ level of theory relative to 

free 3-oxadiamantane and the NO2
 
···HNO3 complex (Table 3.18). The activation barrier was 

not calculated relative to the energy of complex of 3-oxadiamantane and NO2
 
···HNO3 10 

(Figure 3.25), because it is −37.3 kcal mol
−1

 more stable than the free species 11 due to 

stabilization via a donor-acceptor interaction that involves lone pair of electrons on the 

oxygen atom of 3-oxadiamantane and a bent nitronium cation. However, such stabilization is 

obviously present only in the gas phase, because oxygen should be coordinated with other 

Lewis acids present in solution. Calculating activation barriers relative to the complex 10 

would lead to significant overestimation of the activation energies. 

An easier way to estimate the activation selectivity is by calculating the relative stabilities of 

the corresponding alkyl cations because the alkyl moieties have significant cationic character 

in the HCET transition states, as was also shown for cage compounds earlier.[496] Thus, we 

have calculated the relative stabilities of six tertiary 3-oxadiamantyl cations and some other 

oxadiamondoidyl cations discussed below relative to adamant-1-yl cation (1-Ad
+
) according 

to the homodesmotic equation 3.12: 

 1-Ad
+
 + oxadiamandoid → AdH + oxadiamandoidyl

+
 (3.12) 
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Indeed, the 3-oxadiamant-6-yl cation 8f
+
 is the most stable among all tertiary 3-oxadiamantyl 

cations 8a–f
+
 (Scheme 3.9) in accord with the experimentally observed products of 

bromination and nitroxylation.[497] 

 

 

Scheme 3.9. The relative stabilities (MP2/cc-pVDZ, ∆∆(E + ZPE), in kcal mol
–1

) of tertiary 

oxadiamandoidyl cations versus the 1-adamantyl cation defined by homodesmotic  

equation 3.12. 

 

In addition, substitution of a hydrogen atom at the second position of 5-oxatriamantane 12 is 

predicted by analysis of the relative stabilities of all tertiary 5-oxatriamantyl cations 12a–d
+
 

because the 5-oxatriamant-2-yl cation 12d
+
 is 4.3 kcal mol

−1
 more stable at MP2/cc-pVDZ 

than the second most stable cation (Scheme 3.9). Indeed, 2-bromo-5-oxatriamantane was 

observed as the single bromination product of 5-oxatriamantane.[497] On the other hand, 8-

oxatriamantyl cations 13a–j
+
 are much closer in energy than in the case of 5-oxatriamantyl 

cations 12a–d
+
 (the second most stable cation 13i

+
 is 1.7 kcal mol

−1
 less stable than the most 

stable one 13j
+
) and thus a mixture of bromination products is observed.[497] Note that the 

most stable cations for all oxadiamondoids studied are γ,γ-oxadiamondoidyl cations. 
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3.4.4 Conclusions 

In summary, the above findings confirm that, as was pointed earlier by some 

researchers,[468] the reactions of oxidizing electrophiles with alkanes lie on the borderline 

between inner- and outer-sphere electron transfer.[468] Neither H-substitution of 

diamondoids by nitronium-containing species proceeds via a conventional triangular 3c-2e 

transition state, but rather via linear transition structures that correspond to H-coupled 

electron transfer pathways. As a result, the direction of substitution using such electrophiles 

as nitric acid, nitronium salts and so on can be predicted by considering the relative stabilities 

of the cations of diamondoids. 
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4 Carbon Allotropes for Energy Conversion Applications 

This chapter presents the results and discussion of quantum-chemical modeling of the 

electronic properties of electron donor-acceptor systems based on carbon allotropes and 

related systems that are of interest for energy conversion. Note that the numbering of the 

molecular species starts from 1 in each section and is independent of that in other sections. 

First, the experimentally observed behavior of π-stacked electron donor-acceptor conjugates 

that consist of a porphyrin or zinc porphyrin and the sp
2
 carbon allotrope fullerene C60 is 

explained based on calculations at the DFT and semiempirical UNO–CIS levels. DFT 

calculations confirm that the energy levels of the frontier molecular orbitals of porphyrin-

fullerene conjugates correspond to those of the HOMO of the porphyrin and the LUMO of the 

fullerene compound. These orbitals contribute to the single-electron excitations that 

correspond to single electron transfer from the porphyrin moieties to the fullerene, as shown 

by both DFT and semiempirical UNO–CIS methods. The entire UV–vis absorption spectra of 

conjugates were modeled in order to calibrate the theoretical methods and for comparison of 

the calculated absorption intensities for the charge-transfer bands with experimental 

observations. Local electron affinity analysis can explain the faster electron transfer dynamics 

for the zinc porphyrin-fullerene conjugate. Finally, the importance of a close proximity of 

donor and acceptor is demonstrated. All quantum chemical calculations described in the 

Section 4.1 were originally published as part of the following peer-reviewed paper 

Alina Ciammaichella, Pavlo O. Dral, Timothy Clark, Pietro Tagliatesta, Michael Sekita, 

Dirk M. Guldi, A π-Stacked Porphyrin–Fullerene Electron Donor–Acceptor Conjugate 

that Features a Surprising Frozen Geometry. Chemistry – A European Journal, 2012, 18, 

14008–14016. 

In addition, the semiempirical UNO–CIS method was used to predict whether unknown doped 

PAHs discussed in Section 3.2 can be used for energy conversion by analyzing their 

suitability for photoinduced electron transfer (PIET) in complexes with the sp
2
 carbon 

allotrope fullerene C60 and porphin whose geometries were optimized using DFT. These 

calculations show that the doped PAHs studied can behave as both acceptors and donors, 

depending on the second partner of the complex and solvent. The corresponding discussion is 

given in Section 4.2, which was originally published as a part of the following peer-reviewed 

paper: 
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Pavlo O. Dral, Milan Kivala, Timothy Clark, Doped Polycyclic Aromatic Hydrocarbons 

as Building Blocks for Nanoelectronics: A Theoretical Study. The Journal of Organic 

Chemistry, 2013, 78 (5), 1894–1902. 
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4.1 A π-Stacked Porphyrin-Fullerene Electron Donor-Acceptor Conjugate 

that Features a Surprising Frozen Geometry 

Alina Ciammaichella,
a
 Pavlo O. Dral,

b
 Timothy Clark,

b
 Pietro Tagliatesta,

a,
* Michael Sekita,

c
 

Dirk M. Guldi
c,
* 

a
Computer-Chemie-Centrum and Interdisciplinary Center for Molecular Materials, 

Department of Chemie und Pharmazie, Friedrich-Alexander-Universität Erlangen-Nürnberg, 

Nägelsbachstr. 25, 91052 Erlangen, Germany 

b
Lehrstuhl II für Organische Chemie and Interdisciplinary Center for Molecular Materials, 

Department of Chemie und Pharmazie Friedrich-Alexander-Universität Erlangen-Nürnberg, 

Henkestrasße 42, 91054 Erlangen, Germany 

This Section was published as a part of the following peer-reviewed paper under the same 

title and was reproduced in part with permission from: 

Alina Ciammaichella, Pavlo O. Dral, Timothy Clark, Pietro Tagliatesta, Michael Sekita, 

Dirk M. Guldi, A π-Stacked Porphyrin–Fullerene Electron Donor–Acceptor Conjugate 

that Features a Surprising Frozen Geometry. Chemistry – A European Journal, 2012, 18, 

14008–14016. DOI: 10.1002/chem.201202245. URL: http://dx.doi.org/10.1002/ 

chem.201202245. Supporting Information is available under the same URL. Copyright 

2012 Wiley-VCH Verlag 14008 GmbH&Co. KGaA, Weinheim. 

Here only that part of the original paper is given that originated from the author of this thesis. 

Consult the original paper for experimental observations mentioned in the text of this Section. 

All subsections, figures and tables are renumbered, and part of the material of the Supporting 

Information to the original paper is given in the appropriate places in this Section. Gaussian 

archives of optimized structures are available on request. 

4.1.1 Results and Discussion 

We performed computational studies with a π-stacked porphyrin-fullerene electron donor-

acceptor conjugates that feature frozen geometries 1 and 2 (Figure 4.1), and the related  

C60-ref, H2TPP, and ZnTPP to gain further insights into the experimentally observed 

phenomena.[346] All structures were optimized at the ωB97XD[345]/6-31G(d)[254-265] 

http://dx.doi.org/10.1002/chem.201202245
http://dx.doi.org/10.1002/chem.201202245
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level. Molecular orbital analyses were performed at the same level of theory. All calculations 

were performed using the Gaussian 09[342] program package. 

 

Figure 4.1. Porphyrin-fullerene conjugates 1 and 2 and the fullerene reference C60-ref. 

Studies on donor-acceptor conjugates that mimic natural photosynthesis often use fullerene 

C60 as an electron acceptor and porphyrins as donors.[162-165,498] Indeed, our calculations 

demonstrate that the C60 moieties in 1 and 2 behave as electron acceptors. In fact, the LUMO 

energy of C60-ref matches closely those of both porphyrin-fullerene conjugates (Figures 4.2 

and 4.3). Similarly, the HOMOs in 1 and 2 are located on the porphyrins with HOMO 

energies that match those of H2TPP and ZnTPP, respectively. These findings are in excellent 

agreement with earlier calculations[498] of similar porphyrin–β-oligo-ethynylenephenylene–

fullerene conjugates bearing oligo-ethynylenephenylene (oligo-PPE) bridges. 

 

Figure 4.2. HOMO/LUMO energies of 1, 2, C60-ref, H2TPP, and ZnTPP at the  

ωB97XD/6-31G(d) level in eV. 
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Figure 4.3. HOMOs (red-blue) and LUMOs (orange-cyan) of 1 (left) and 2 (right) at 

ωB97XD/6-31G(d) displaying their electron donor-acceptor character. 

The local electron affinity (EAL)[440-441] mapped onto the standard isodensity surface of 1 

and 2 was computed with Parasurf 11[499] and visualized using Molcad II[500-503] from 

PM6[253] calculations in toluene with the semiempirical MO program VAMP 11.0[303] at 

the ωB97XD/6-31G(d) geometries. The solvent effects were considered using the self-

consistent reaction field (SCRF) theory with the polarizable continuum model (PCM)[504] as 

implemented in VAMP 11.0 for all semiempirical here and below. EAL analysis (Figure 4.4) 

confirms that the strongest electron acceptors are the fullerenes and the strongest donors are 

the porphyrins. Note that the EAL is higher at the center of zinc porphyrin because of the 

substantial positive charge of zinc. This renders the porphyrin in 2 a stronger electron donor 

than in 1, which helps to explain the faster charge-separation dynamics observed for 2 

compared with 1.[346] 

As in all theoretical studies, it is important to calibrate the performance of the level of theory 

used for the problem. We have therefore calculated the wavelengths and intensities of the 

absorption bands using the PM6 UNO–CIS (unrestricted natural orbital – configuration 

interaction singles) method in toluene using AM1 density matrices as the initial guess, as 

implemented in VAMP 11.0. This technique has been shown[505] to give good agreement 

with experiments for optical band gaps for a series of organic compounds such as polyynes 

and polycyclic aromatics.  
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Figure 4.4. Local electron affinity (EAL) isosurfaces of 1 (top) and 2 (bottom) at PM6 in 

toluene using the ωB97XD/6-31G(d)-optimized geometries. The color scale (kcal mol
1

) is 

shown below the figure. The local electron affinity is defined in the literature.[440] 
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The absorption spectra were also calculated with the conventional PM6 CIS method in 

toluene using the same number of orbitals in the active space as predicted by the PM6 UNO–

CIS method, that is, 74 for 1 and 66 for 2. 

In addition, calculations were performed with statistical averaging of orbital potentials[506-

508] (SAOP) using a TZP basis sets in toluene as implemented in the Amsterdam Density 

Functional (ADF) package.[509-511] The solvent effects were considered using the conductor 

like screening model (COSMO)[512-515] as implemented in ADF. The number of orbitals 

needed to simulate the spectra in the major part of the experiments for SAOP/TZP is 180. 

Spectra calculated in toluene at the PM6 UNO–CIS, PM6 CIS and SAOP/TZP levels on the 

ωB97XD/ -31G(d) geometries are shown in Figures 4.5 and 4.6 and discussed below. 

The PM6 UNO–CIS method predicts that the lowest energy Q-band of 1 to be around 622 nm 

in toluene, which is in good agreement with experimental value of ca. 654 nm compared to 

653 nm predicted by SAOP/TZP and to 620 nm at PM6 CIS. The position of the longest 

wavelength Q-band for 2 in toluene is best predicted by PM6 UNO–CIS. The corresponding 

calculated values are 526, 652, and 656 nm at PM6 CIS, PM6 UNO–CIS, and SAOP/TZP, 

respectively, compared to experimental value of 592 nm. 

Nevertheless, the energies of the Soret band in toluene are too high at PM6 UNO–CIS. For 1 

they are 401, 358, and 439 nm, while for 2 they evolve at 385, 334, and 436 nm at PM6 CIS, 

PM6 UNO–CIS and SAOP/TZP, respectively, compared to experimental values of 428 for 1 

and 431 nm for 2. 

The influence of the solvent polarity on the electronic transitions in 1 and 2 (Figures 4.5  

and 4.6) was also studied computationally using PM6 UNO–CIS and CIS. Nevertheless, no 

significant solvent dependence was observed in the simulated UV–vis absorption spectra and 

they are quite similar (but not identical) to the corresponding spectra calculated in the gas 

phase (Figures 4.5 and 4.6). 

HOMO-LUMO transitions are involved in the formation of the first singlet excited states of 1 

and 2 at the SAOP/TZP level (Figure 4.7). These transitions correspond to πporphyrin →πC  
  

transitions and, thus, to charge-transfer transitions. 
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Figure 4.5. Entire spectra (the left set of plots) of 1 calculated with SAOP, PM6 UNO–CIS, 

PM6 CIS UV–vis in the gas phase and different solvents. Scaled parts of spectra with the 

weak bands is given in the right set of plots. Full-width half-maximum (FWHM) was taken  

20 nm. 
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Figure 4.6. Entire spectra (the left set of plots) of 2 calculated with SAOP, PM6 UNO–CIS, 

PM6 CIS UV–vis in the gas phase and different solvents. Scaled parts of spectra with the 

weak bands is given in the right set of plots. Full-width half-maximum (FWHM) was taken  

20 nm. 
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Figure 4.7. HOMO (red-blue) and LUMO (orange-cyan) orbitals of 1 (left) and 2 (right) 

involved in the formation of CT states calculated at SAOP/TZP. 

 

However, the energies of the lowest charge transfer transitions above the ground states are 

underestimated at SAOP/TZP – the calculated values are 1.18 and 1.10 eV for 1 and 2 in 

toluene, respectively, compared with experimental values of 1.73 and 1.72 eV,[346] 

respectively. The oscillator strengths of these transitions are more than 10
3
 times lower than 

those of the Soret band transitions, compared with an experimental factor of ca. 10
3
[346] 

(Table 4.1). 

 

Table 4.1. Properties of CT states and states involved in the Soret band transitions of dyads 1 

and 2 calculated at the SAOP/TZP level in toluene. 

Transition 
Energy of excitation 

Oscillator strength, f 
eV nm 

Dyad 1 

CT 1.18 1052  .18∙1 
−5

 

Soret band 2.83 439  . 7∙1 
−1

 

Dyad 2 

CT 1.10 1128 1. 5∙1 
− 

 

Soret band 2.85 436 2.8 ∙1 
−1
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Both PM6 CIS and UNO–CIS calculations also suggest that HOMO-LUMO transitions are 

involved in the formation of the lowest lying singlet charge transfer state in toluene. The 

changes in the dipole moment calculated by PM6 UNO–CIS relative to the ground state are 

11.5 D and 14.8 D in 1 and 2, respectively, and 16.7 and 14.4 D at PM6 CIS. The Coulson 

charge on C60 in 1 and 2 (between –0.1 and –0.06 e in the ground state) increases to –1.0 to  

–0.78 e in the charge transfer state at PM6 CIS and UNO–CIS (Table 4.2). Visualization of 

the electrostatic potentials also confirms that charge transfer occurs in these excitations 

(Figures 4.8 and 4.9). Molecular orbitals (Figures 4.10 and 4.11) and electrostatic potentials 

were visualized with Materials Studio 6.0.[350] 

 

Table 4.2. Properties of ground and CT states of dyads 1 and 2 calculated at PM6 CIS and 

UNO–CIS on ωB97XD/ -31G(d) and B3PW91[267,288-293]/6-31G(d) and PM6 optimized 

geometries
a
 in toluene and the gas phase. Heats of formation in kcal mol

−1
. 

Dyad Heat of 

formation in 

ground state 

Energy of 

excitation 

Heat of 

formation 

in CT state 

Oscillator 

strength, f 

Change of dipole, D 

(charge on C60 in 

GS/CT states, e) eV nm 

Experiment in toluene 

1  1.73 716  
 

 

2  1.72 722    

PM6 UNO–CIS//ωB97XD/ -31G(d) in toluene 

1 1322.8 2.36 526 1377.2 3.58∙1 
−3 

11.5 (− .11/− .78) 

2 1310.6 2.41 514 1366.3 1.22∙1 
−3

 1 .8 (− . 7/− .93) 

PM  CIS//ωB97XD/ -31G(d) in toluene 

1 1258.8 2.35 527 1313.0 3.79∙1 
−  

1 .7 (− .1 /− .99) 

2 1231.1 2.14 580 1280.4 1.22∙1 
− 

 1 .  (− .  /− .8 ) 

PM  UNO−CIS//ωB97XD/ -31G(d) in gas phase 

1 1325.2 2.49 498 1382.7 0.0 (triplet CT) 1 .7 (− .1 /−1. 2) 

2
b
 1308.0 2.52 492 1366.1 1.13∙1 

−3
 13.  (− .  /− .8 ) 

PM6 CIS//ωB97XD/ -31G(d) in gas phase 

1 1260.7 2.49 498 1318.1  .2 ∙1 
− 

 1 .8 (− . 9/− .97) 

2
b
 1232.6 2.24 553 1284.3 9.5 ∙1 

−5
 13.5 (− . 5/− .8 ) 

PM  UNO−CIS//B3PW91/ -31G(d) in toluene 

1 1314.6 2.53 490 1373.0 5.  ∙1 
− 

 29.5 (− .1 /−1.1 ) 

2 1299.4 2.64 471 1360.2 5. 5∙1 
− 

 31.5 (− .11/−1.11) 

PM6 CIS//B3PW91/6-31G(d) in toluene 

1 1245.6 2.63 473 1306.1 2.  ∙1 
−5

 33.2 (− .1 /−1. 9) 

2 1216.4 2.40 518 1271.6 1.27∙1 
−5

 31.8 (− .1 /--1.09) 

PM  UNO−CIS//B3PW91/ -31G(d) in gas phase 

1 1317.0 2.94 422 1384.7  .9 ∙1 
− 

 29.7 (− .1 /−1.1 ) 
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2 1301.3 3.10 401 1372.7 1.  ∙1 
−5

 31.7 (− .1 /−1.1 ) 

PM6 CIS//B3PW91/6-31G(d) in gas phase 

1 1247.4 2.92 425 1314.7 5.73∙1 
−5

 31.7 (− . 9/−1. 8) 

2 1217.7 2.87 431 1284.0  .83∙1 
− 

 32.1 (− . 9/−1. 8) 

PM  UNO−CIS//PM  in toluene 

1 1264.51 3.84 323 1353.0 5.81∙1 
−2

 3 .  (− .1 /− .88) 

2 1265.0 3.29 377 1340.8  .92∙1 
− 

 39.1 (− .1 /−1.13) 

PM6 CIS//PM6 in toluene 

1 1204.7 3.57 348 1287.0 1. 3∙1 
−2 

2 .  (− .13/− .88) 

2 1180.5 3.02 411 1250.1 3.52∙1 
−2

 37.2 (− .12/−1. 7) 

PM  UNO−CIS//PM  in gas phase 

1 1267.9 4.00 310 1360.1 5.17∙1 
−2

 2 .  (− .1 /− .85) 

2 1267.0 3.73 332 1353.1 8. 3∙1 
−3

 3 .1 (− .1 /−1.12) 

PM6 CIS//PM6 in gas phase 

1 1206.9 3.75 331 1293.3 0.0 (triplet CT) 3 .7 (− .13/−1. 7) 

2 1182.0 3.47 357 1262.2 1.52∙1 
− 

 39.3 (− .12/−1.12) 

a
Active space in case of PM6 geometries includes 76 and 72 orbitals for 1 and 2, respectively, 

while for B3PW91/6-31G(d) geometries active space includes 74 and 64 orbitals for 1 and 2, 

respectively.
 b

Active space includes 68 orbitals. 

 

Figure 4.8. Isopotential surfaces for the molecular electrostatic potentials of ground states 

(bottom) and CT states (top) of 1 (left) and 2 (right) from PM6 UNO–CIS calculations. The 

color scale (kcal mol
1

) is shown in the center of the figure. 
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Figure 4.9. Isopotential surfaces for the electrostatic potentials of ground states (bottom) and 

CT states (top) of 1 (left) and 2 (right) from PM6 CIS calculations. The color scale  

(kcal mol
−1

) is shown in the center of the figure. 
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Figure 4.10. RHF PM6 HOMO (bottom) and LUMO (top) of 1 (left) and 2 (right) as 

calculated with VAMP 11.0. 
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Figure 4.11. Highest-energy occupied (bottom) and lowest-energy unoccupied (top) 

unrestricted natural orbitals (UNOs) of 1 (left) and 2 (right) from UHF PM6 calculations as 

calculated with VAMP 11.0 . 

 

PM6 UNO–CIS gives the lowest CT state of 1 at 2.36 eV and of 2 at 2.41 eV above the 

ground states. Likewise, PM6 CIS leads to values of 2.35 and 2.14 eV for 1 and 2, 

respectively. These values, which were calculated in toluene, are in fair agreement (0.4 to  

0.6 eV higher in energy) with the experimental absorption charge-transfer bands of 1 at 1.73 

and 2 at 1.72 eV in the same solvent. These charge transfer states are stabilized by  

0.10–0.14 eV in toluene relative to the gas phase (Table 4.2) because of their high dipole 

moments. Their oscillator strengths are lower by more than a factor of 10
3
 than those of the 

Soret band transitions (Tables 4.3 and 4.4), which agrees well with the experimental 

intensities of these transitions. 
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Table 4.3. Properties of CT states and states involved in the Soret band transitions of 1 and 2 

calculated at PM6 UNO–CIS in toluene. 

Transition 
Energy of excitation 

Oscillator strength, f 
eV nm 

Dyad 1 

CT 2.36 526 3.58∙1 
−3

 

Soret band 3.47 358 1.07 

Dyad 2 

CT 2.41 514 1.22∙1 
−3

 

Soret band 3.72 334 8.92∙1 
−1

 

 

Table 4.4. Properties of CT states and states involved in the Soret band transitions of 1 and 2 

calculated at PM6 CIS in toluene. 

Transition 
Energy of excitation 

Oscillator strength, f 
eV nm 

Dyad 1 

CT 2.35 527 3.79∙1 
−  

Soret band 3.09 401 9.5 ∙1 
−1

 

Dyad 2 

CT 2.14 580 1.22∙1 
− 

 

Soret band 3.23 385  .5 ∙1 
−1

 

 

The calculations confirm the known trends of DFT-based and semiempirical CI techniques to 

under- and overestimate the energies of charge transfer transitions, respectively. The errors 

are close to equal but in opposite directions. A pragmatic approach would be simply to 

average the SAOP/TZP and PM6 UNO–CIS transition energies to obtain a closer estimate 

relative to the experiment. 

As expected, the relative positions of the porphyrins and C60s have a large influence on the 

electron transfer process. Donor and acceptor are very closely located in 1 and 2, so that it is 

important to take non-covalent interactions between the porphyrins and C60 moieties into 

account. We have therefore used the ωB97XD functional, which includes dispersion 

corrections. Indeed, the optimized geometries depend strongly on the level of theory used for 

the optimization (Figure 4.12). The calculated distance between donor and acceptor is 

approximately 3 Å at ωB97XD/6-31G(d), in excellent agreement with that obtained using the 

MM+ force field[516] and with experimental distances between non-bonded porphyrins and 
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C60s in cocrystallates[517]. The B3PW91[267,288-293] functional, which does not include a 

dispersion correction, gives an optimized distance between donor and acceptor of more than  

4 Å, while it is more than 8 Å at PM6. 

 

Figure 4.12. Geometries of 1 (top) and 2 (bottom) at ωB97XD/ -31G(d) (left),  

B3PW91/6-31G(d) (center) and PM6 (right) levels of theory. 

4.1.2 Conclusions 

DFT and semiempirical UNO–CIS calculations show that the HOMOs and LUMOs are 

localized on the porphyrin donor and the C60 acceptor, respectively, and HOMO-LUMO 

excitations therefore lead to the charge transfer states. The energies of frontier orbitals of 1 

and 2 correspond to those of the porphyrin and C60 references. The presence of zinc in the 

center of the porphyrin changes its local electronic properties and leads to faster electron 

transfer dynamics. Calculated electronic transition energies and intensities agree reasonably 

well with experiment revealing that DFT and semiempirical UNO–CI methods under- and 

overestimate the transition energies by the same amount: approximately 0.6 eV in toluene. 
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This Section was originally published as a part of the following peer-reviewed paper and was 

reproduced in part with permission from: 

Pavlo O. Dral, Milan Kivala, Timothy Clark, Doped Polycyclic Aromatic Hydrocarbons 

as Building Blocks for Nanoelectronics: A Theoretical Study. The Journal of Organic 

Chemistry, 2013, 78 (5), 1894–1902. DOI: 10.1021/jo3018395.  

URL: http://dx.doi.org/10.1021/jo3018395. Supporting Information is available free of 

charge under http://pubs.acs.org/doi/suppl/10.1021/jo3018395/suppl_file/jo3018395 

_si_001.pdf. Copyright 2012 American Chemical Society. 

Here only that part of the original paper is given that is relevant for energy conversion 

applications of the studied doped PAHs. All subsections, figures and tables are renumbered. 

Gaussian archives of optimized structures are available on request or in Supporting 

Information to the original paper. 

4.2.1 Computational Details 

All density-functional theory (DFT) calculations were performed with the Gaussian 09 

program suite[342] and all semiempirical computations with Vamp 11.0.[303] We have 

calculated normal vibrational modes within the harmonic approximation to characterize 

minima. Imaginary frequencies of some non-covalent complexes below 16 cm
−1

 were 

ignored. See Supporting Information to the original paper for details. Zero-point energy (ZPE) 

corrections calculated at ωB97XD[345]/6-31G(d)[254-265] were added to the Born–

Oppenheimer energies calculated at the same level of theory. No symmetry constraints were 

applied during optimizations. 

http://dx.doi.org/10.1021/jo3018395
http://pubs.acs.org/doi/suppl/10.1021/jo3018395/suppl_file/jo3018395_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jo3018395/suppl_file/jo3018395_si_001.pdf
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4.2.2 Results, Discussion and Conclusions 

Photoinduced electron transport (PIET) depends strongly on the distance between donor and 

acceptor. For instance, PIET was observed as a charge-transfer band in the UV–vis absorption 

spectra for porphyrin-fullerene dyads in which the electroactive moieties are close to each 

other[346] (see also Section 4.1). The distance between them (ca. 3 Å) is similar to that found 

in co-crystals of C60 and H2TPP.[346] In addition, co-crystals of fullerene with aromatic 

amines undergo PIET.[518] 

We have therefore calculated the complexation energies of compounds 1–5 (see Section 3.2, 

Chart 3.2) with C60 and porphyrin H2P (as a model for H2TPP) and compared them to the 

binding energies of C60 to H2P at the ωB97XD/ -31G(d) level of theory. The complexation 

energies of PAHs 1–5 to C60 and H2P are generally stronger than those of H2P to C60  

(Table 4.5). 2 and 5, and to a lesser degree 1 have the largest binding energies to fullerene 

because their bowl-shaped form matches the ball-shape of C60 much better than planar 3 and 4 

(Figure 4.13). 

Interaction with fullerene deforms the complexed molecules. This RMSD-deformation is in 

the range of 0.1 Å (Table 4.5) except for the complex between 3 and C60, in which the 

electron-accepting fullerene pulls the boron atom out of the plane. The nitrogen atom in 4 

binds most strongly to C60, leading to the closest intermolecular distances between PAH and 

C60 (compare interatomic distances between central atom of PAH and carbon atom of C60 and 

the minimal interatomic distances between PAHs, H2P and C60, Table 4.5). On the other hand, 

planar 3 and 4 are more strongly bound to the planar porphyrin than the bowl-shaped PAHs. 

Note that the ground-state complexes do not exhibit significant intermolecular charge transfer 

(CT): the values of charge transfer determined from population analyses are essentially zero 

and the dipole moments of the complexes are very small both in the gas phase and in toluene 

(Table 4.5). Solvation effects were taken into account using the polarizable continuum model 

self-consistent reaction field (PCM-SCRF) technique[504] as implemented in VAMP 11.0. 

Finally, we have calculated the excitations that lead to charge-separated states in the 

complexes of 1–5 with C60 as acceptor and with H2P using the MNDO UNO–CIS 

method[505] on the ωB97XD/ -31G(d) optimized geometries because the semiempirical 

UNO–CIS approach using this DFT level of optimization has been used successfully to reveal 

the nature of the charge-transfer states of porphyrin-fullerene dyads[346] (Section 4.1). 
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Figure 4.13. Complexes (1–5)∙C60, (1–5)∙ 2P and H2P∙C60 calculated at the  

ωB97XD/ -31G(d) level. 

 

Table 4.5. Binding energies of 1–5 with fullerene and porphin H2P, and in H2P∙C60 in 

kcal mol
−1

 at ωB97XD/6-31G(d).
a,b

 

Species 
Binding 

energy 
RMSD

c
 Rmin RE–complex 

gas toluene 

QGS
d 

DGS QGS
d 

DGS 

1∙C60 −2 .  0.094 3.059 3.307 0.00 0.1 0.00 0.1 

2∙C60 −3 .2 0.070 3.199 3.787 0.00 0.0 0.00 0.1 
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3∙C60 −22.  0.217 2.979 0.00 0.6 0.00 0.7 

4∙C60 −21.1 0.088 2.898 0.00 0.0 0.00 0.1 

5∙C60 −28.  0.074 3.169 3.828 0.00 1.9 0.00 2.2 

1∙ 2P −32.5 0.052 3.227 3.966 0.00 0.1 0.00 0.1 

2∙ 2P −29.2 0.059 3.074 4.753 0.00 0.3 0.00 0.4 

3∙ 2P −33.  0.034 3.309 3.472 0.00 0.2 0.00 0.3 

4∙ 2P −3 .3 0.075 3.327 3.524 0.00 0.1 0.00 0.2 

5∙ 2P −31.1 0.066 3.132 4.629 0.00 1.9 0.00 2.2 

H2P∙C60 −21.2 0.100 2.781 — 0.00 0.2 0.00 0.2 

a
 Root mean square deviations (RMSD) in Å of 1–5 and H2P structures in complexes with C60 

or H2P relative to free 1–5 and H2P. The minimal (Rmin) interatomic distances between 1–5 or 

H2P and C60 or H2P and the closest distances between the central atom E = C, Si, B, N, P of 

1–5 and any atom of C60 or H2P (RE–complex) in Å. Values of charge transfer (QGS) equal to 

charge on 1–5 or H2P moieties in their complexes with C60 or H2P in e and dipole moments 

(DGS) in Debye in the ground states (GS) from MNDO UNO–CIS calculations in the gas 

phase and toluene. 
b
 Densities from the gas phase calculations were taken as initial guesses for 

calculations in toluene. 
c
 Calculated with Chemcraft 1.6.[351] 

d
 Calculated by summing the 

Coulson charges from the UNO–CI calculations. 

 

C60 behaves as the acceptor in all singlet CT states observed for complexes of 1–5 with 

fullerene. The amount of charge transferred is always larger than 0.70 e and the dipole 

moments larger than 10 D (Table 4.6). Since 4 is the strongest donor, the absorption charge 

transfer band is located at the lowest energy (2.45 eV, even lower than in H2P∙C60) and the 

charge transferred from 4 to C60 is largest (0.97 e). In contrast, 3 is the weakest donor among 

1–5 and therefore the energy of CT state is highest (3.63 eV), although amount of charge 

transferred in 3∙C60 is larger than in 2∙C60 because the intermolecular distance in 3∙C60 is 

smaller than in 2∙C60. Oscillator strengths of the ground state (GS) to CT state transitions are 

calculated to be ca. 1∙1 
−3

, indicating that weak CT absorption bands are observable in UV–

vis spectra.[346] Note that semiempirical UNO–CIS usually overestimates the energy of CT 

states,[346] thus these values may lie about 0.5 eV lower than found in the calculations. 

Porphyrin H2P behaves as a donor in the complex with fullerene and with 1–3 and 5 in the gas 

phase. However, the strong donor as 4 donates an electron to H2P in the CT complex. 

Solvation effects taken into account using the polarizable continuum model self-consistent 

reaction field (PCM-SCRF) technique[504] can shift the absorption charge transfer bands to 
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the longer wave-length region substantially, even for such a weakly polar solvent as toluene 

(Table 4.6). Moreover, solvation can stabilize some excited states more than others, thus 

changing their order and in the case of 1∙ 2P even the direction of charge transfer: in the gas 

phase, an electron is transferred from the porphyrin to 1 and in toluene from 1 to the 

porphyrin (Table 4.6). 

Table 4.6. Energies of the lowest lying CT states above ground states of the complexes 1–5 

with C60 and H2P (ECT) in eV, oscillator strengths (f) of respective transitions at MNDO 

UNO–CIS.
a,b

 

Specie 
gas toluene 

ECT f QCT DCT ECT f QCT DCT 

1∙C60 3.09 2.28∙1 
−3

 0.85 18.0 2.95  . 5∙1 
− 

 0.98 24.6 

2∙C60 3.18 1.39∙1 
−3

 0.70 13.6 3.06 1.  ∙1 
−3

 0.72 14.0 

3∙C60 3.63 8.2 ∙1 
−3

 0.87 18.0 3.41  .  ∙1 
−3

 0.89 18.3 

4∙C60 2.45  . 3∙1 
−3

 0.97 21.7 2.19 2. 9∙1 
−3

 0.98 21.9 

5∙C60 3.14  .3 ∙1 
− 

 0.91 16.7 2.99 7.9 ∙1 
− 

 0.84 14.9 

1∙ 2P 

3.06 1.78∙1 
− 

 − . 5 10.7 3.06 1.59∙1 
− 

 − .2  3.3 

3.06 5.31∙1 
−5

 0.66 10.9 3.04 5.72∙1 
−5

 0.21 3.4 

3.22 1.38∙1 
−3

 − .98 16.1 3.00 1.38∙1 
−3

 0.98 16.2 

3.32 3. 1∙1 
− 

 0.98 16.1 3.18 3.52∙1 
− 

 − .98 16.1 

2∙ 2P 3.11 9.52∙1 
−5

 − .98 16.9 2.96 9.51∙1 
−5

 − .98 16.9 

3∙ 2P 2.53 1.35∙1 
−3

 − .78 12.4 2.44 1.37∙1 
−3

 − .78 12.4 

4∙ 2P 2.30  .21∙1 
− 

 0.93 15.1 2.11  .3 ∙1 
− 

 0.92 15.0 

5∙ 2P 3.12 5.12∙1 
−5

 − .98 18.4 2.93  .  ∙1 
−5

 − .98 18.6 

H2P∙C60 2.56 1.3 ∙1 
−3

 0.98 20.2 2.30 1.28∙1 
−3

 0.99 20.3 

a
 Values of charge transfer (QGS) equal to charge on 1–5 or H2P moieties in their complexes 

with C60 or H2P in e and dipole moments (DGS) in Debays in charge transfer states from 

MNDO UNO–CIS calculations in gas and toluene. 
b
 Densities from the gas phase calculations 

were taken as initial guesses for calculations in toluene. 

 

Thus, we can expect that complexes of 1–5 with different acceptors and donors can undergo 

photoinduced electron transport, the direction of which depends on the relative donor-

acceptor properties of complexes and solvent effects. 

In summary, the doped PAHs studied can be used as electron donors and acceptors in stable 

complexes with such compounds as fullerenes or porphyrins under photo-irradiation. The 

direction of electron transport can be controlled not only by changing the electron donors and 

acceptor molecules, but also by different solvents. 
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5 Carbon Allotropes for Energy Storage Applications 

In this chapter, the results and discussion of quantum-chemical modeling electronic properties 

of carbon allotropes and related systems of interest for energy storage are presented. 

Hydrogen storage is studied in this Chapter as an approach for energy storage. As 

demonstrated in the Introduction, chemisorption of hydrogen can be more promising than 

physisorption for its storage in carbon allotropes, especially with graphenic surfaces, i.e. in 

fullerenes, carbon nanotubes and graphene. Hydrogenation of the sp
2
 carbon allotrope 

fullerene C60 was chosen in order to calibrate quantum chemical methods with available 

experimental data and to gain insight into physicochemical behavior of hydrogenated 

graphene surfaces. Note that the numbering of species starts from 1 in each section and is 

independent of that in other sections. 

First, the accuracy of ab initio, DFT and semiempirical methods for predicting changes in 

electron affinities were compared based on experimental data. Then, it was shown that 

electron reduction of the most stable 1,9-dihydro[60]fullerene C60H2 leads to hydrogen release 

and recovery of fullerene, in accordance with experimental observations. Thus, electron 

reduction can be used as a convenient low-temperature approach for releasing hydrogen 

chemisorbed on fullerene. On the other hand, the relative stabilities of all possible 

regioisomers of C60H2 are changed after reduction. These findings, described in Section 5.1, 

were originally published in the following peer-reviewed paper: 

Pavlo O. Dral, Tatyana E. Shubina, Andreas Hirsch, Timothy Clark, Influence of Electron 

Doping on the Hydrogenation of Fullerene C60: A Theoretical Investigation. 

ChemPhysChem, 2011, 12, 2581–2589. 

 

The effect of reduction on the relative stabilities of all possible regioisomers of C60H2 was 

further thoroughly studied using DFT methods, as described in Section 5.2. Moreover, 

because of known problems of most widely used DFT methods in describing electron 

affinities qualitatively correctly, the DFT LC-BLYP functional, which is known to describe 

extra electron in anions properly, was used as a reference method. LC-BLYP predicted a 

different order of relative stabilities from that predicted by the more popular B3LYP and 

M06L functionals, demonstrating the importance of a proper choice of DFT functional for 

describing highly negatively charged species. In addition, the thermodynamically most stable 
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products of stepwise protonation of the C60 hexaanion to neutral hexahydro[60]fullerene 

C60H6 were calculated with different DFT functionals. LC-BLYP again predicted the 

formation of a different C60H6 regioisomer to the one predicted by the B3LYP and M06L 

functionals. 
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This Section was originally published under the same title and was reproduced with 

permission from: 

Pavlo O. Dral, Tatyana E. Shubina, Andreas Hirsch, Timothy Clark, Influence of Electron 

Doping on the Hydrogenation of Fullerene C60: A Theoretical Investigation. 

ChemPhysChem, 2011, 12, 2581–2589. DOI: 10.1002/cphc.201100529. URL: 

http://dx.doi.org/10.1002/cphc.201100529. Supporting Information is available under the 

same URL. Copyright 2011 Wiley-VCH Verlag 14008 GmbH&Co. KGaA, Weinheim. 

All subsections, figures, schemes, tables and equations are renumbered, and part of the 

material of the Supporting Information to the original paper is given in the appropriate places 

in this Section. Gaussian and VAMP archives of optimized structures are available on request. 

5.1.1 Abstract 

The influence of electron attachment on the stability of the mono- and dihydrogenated 

buckminsterfullerene C60 has been studied using density-functional theory and semiempirical 

molecular-orbital techniques. We have also assessed the reliability of computationally 

accessible methods that are important for investigating the reactivity of graphenic species and 

surfaces in general. The B3LYP and M06L functionals with the 6-311+G(d,p) basis set and 

MNDO/c are found to be the best methods for describing the electron affinities of C60 and 

C60H2. It is shown that simple frontier-molecular-orbital analyses at both the AM1 and 

http://dx.doi.org/10.1002/cphc.201100529
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B3LYP/6-31G(d) levels are useful for predicting the most favorable position of protonation of 

C60H
–
, i.e. formation of the kinetically controlled product 1,9-dihydro[60]fullerene, which is 

also the thermodynamically controlled product, in agreement with experimental and previous 

theoretical studies. We have shown that reduction of exo- and endo-C60H makes them more 

stable in contrast to the reduction of the exo,exo-1,9-C60H2, reduced forms of which 

decompose more readily, in agreement with experimental electrochemical studies. However, 

most other dihydro[60]fullerenes are stabilized by reduction and the regioselectivity of 

addition is predicted to decrease as the less stable isomers are stabilized more by the addition 

of electrons than the two most stable ones (1,9 and 1,7). 

5.1.2 Introduction 

The hydrogenation of buckminsterfullerene C60 1 represents the prototypical addition reaction 

to fullerenes.[519] It serves as a model for their chemical reactivity, the influence of chemical 

derivatization on their properties and to help assess different functionalization patterns and so 

forth.[519] In addition, hydrogenated C60 has been suggested as a candidate for hydrogen 

storage and for prolonging the lifetime of lithium ion cells.[176] Moreover, the hydrogenation 

of C60 can serve as a model for the chemisorption of hydrogen on carbon nanotubes, whose 

chemistry is very similar to that of the fullerenes.[64] The differences in their chemistry arise 

primarily from the presence of the two different types of C–C bonds in fullerene ([5,6] and 

[6,6] between pentagon and hexagon, and between two hexagons, respectively) and the 

different curvature of their surfaces.[64] A rule of thumb is that the higher curvature of the 

surface, the higher chemical reactivity of the system.[64] Thus, fullerenes are generally more 

reactive than carbon nanotubes (CNTs) and they can be used to estimate the upper bound of 

the reactivity of CNTs.  

Many different approaches have been used to hydrogenate buckminsterfullerene, including 

hydroboration,[520] hydrozirconation,[521-522] photoinduced electron transfer to C60 

followed by proton transfer,[519] electrochemical reduction,[523] reduction with anhydrous 

hydrazine, diimine and palladium hydride,[519] hydrogenation of C60 with Zn[524-525] and a 

Zn/Cu couple with proton donor,[519] Birch[526-527] and Benkeser[528] reductions, 

reduction with boiling polyamines,[529-530] catalytic hydrogenation under high hydrogen 

gas pressure,[178] the chemical vapor modification (CVM) method,[531-532] and radical-

induced hydrogenation.[519] The first four can be used to synthesize dihydro[60]fullerene 

C60H2, and the others lead to oligo- and polyhydro[60]fullerenes.[519] 
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Scheme 5.1. Mono- and dihydrogenation of buckminsterfullerene. The structure of C60 is 

shown without double bonds for the sake of simplicity. 2 and 3 are exo- and  

endo-monohydro[60]fullerenes, respectively. 4–26 are exo,exo-dihydro[60]fullerenes.  

n = 0, 1, 2, 3, 4 is the negative charge of system. 

 

We now report a theoretical study of mono- and dihydrogenation of C60. Only one 

regioisomer of monohydro[60]fullerene C60H exists. Since hydrogenation of open graphenic 

surfaces such as graphene from both sides and both inner- and outer-wall hydrogenation of 

open-ended carbon nanotubes are possible, we have performed computations for both exo- 

and endo-conformations 2 and 3 (Scheme 5.1), respectively. Twenty three regioisomers can 

arise from the addition of two hydrogen atoms to C60.[519] Increasing the number of added 

hydrogen atoms leads to a drastic increase in the number of possible regioisomers.[519] 

Therefore, we have only considered dihydro[60]fullerenes in our detailed theoretical studies 

of fullerene dihydrogenation. Only the most stable exo,exo-isomers of dihydro[60]fullerenes 

4–26 were taken into account. The possible positions of the second hydrogen are shown on a 

Schlegel diagram (Scheme 5.1);[533] the 1,9-isomer is most favorable.[519] 
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The electrochemical approach to hydrogenated fullerenes is unique among hydrogenation 

methods for fullerenes in that it can be used not only for the synthesis of hydrogenated 

fullerenes,[523] but also for the reduction of C60H2 to C60.[534-535] The presence of a proton 

donor is necessary for the electrochemical synthesis of C60H2,[523] whereas its reduction 

requires the addition of three or four electrons and occurs more readily at higher temperatures 

(above − 5 °C) or at higher concentrations of the DMF in the toluene/DMF solvent 

mixture.[534-535] Thus, electron doping of fullerene systems can be used to control 

hydrogenation/dehydrogenation relatively easily in practice by changing the conditions, an 

important perspective for hydrogen storage. For this reason, we have now carried out a 

theoretical investigation of the influence of electron doping on the dihydrogenation of 

fullerene C60. 

This initial study can later be extended and compared with the influence of electron doping on 

the hydrogenation of carbon nanotubes and graphene. Since these systems are large and 

therefore their theoretical investigations are computationally expensive, semiempirical 

molecular-orbital (MO) techniques are most appropriate.[64] We therefore also describe 

semiempirical calculations for the relatively small fullerene systems here in order to be able to 

compare the results obtained with DFT and ab initio calculations in order to assess the 

reliability of semiempirical techniques for later work. 

5.1.3 Computational Details 

The geometries of all structures were fully optimized without symmetry constraints at DFT 

using the GGA (Generalized Gradient Approximation) hybrid functionals B3LYP,[266-271] 

B3PW91,[267,288-293] ωB97XD[345] and OLYP,[266,271,296-297] the meta-GGA 

M06L[300] and the LDA (Local Density Approximation) functional SVWN5[280,282,536-

537] with the 6-31G(d),[254-265] 6-311+G(d,p)[257-265,352-354] and cc-pVDZ[486-490] 

basis sets. Stationary points were confirmed to be minima by calculating the normal 

vibrations within the harmonic approximation for DFT with the 6-31G(d) and cc-pVDZ basis 

sets. In addition, single-point (SP) calculations were performed at the MP2[231,404-408]/ 

6-31+G(d) level on the B3LYP/6-311+G(d,p) optimized geometries (denoted MP2/ 

6-31+G(d)//B3LYP/6-311+G(d,p)). SP calculations at the MP2/cc-pVDZ//B3LYP/ 

6-311+G(d,p) level were performed in addition. All relative energies computed at DFT are 

corrected for zero-point vibrational energies (ZPE) calculated at the same level of theory as 

the optimization if not stated otherwise. The Gaussian 03[409] and 09[342] program packages 
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were used for all the above calculations. 

The geometries and heats of formation for all structures were also calculated at the 

MNDO,[237,304-311] MNDO/c,[242] AM1,[237,241,304,309,311] PM3[245-246] and 

PM6[253] semiempirical levels for comparison with the DFT and ab initio results. The half-

electron formalism[538] was used for the semiempirical calculations because of the high spin 

contamination of UHF wavefunctions for the open shell systems. Semiempirical calculations 

were performed with VAMP 10.0.[539] Frontier molecular orbitals (FMOs) at DFT and AM1 

were calculated with Gaussian 03 and VAMP 10.0, respectively, and visualized with 

Materials Studio 4.4.[338] 

5.1.4 Results and Discussion 

5.1.4.1 Analysis of the Frontier Molecular Orbitals 

The formation of C60 2
2–

 can be observed in cyclic voltammetry studies of C60 when excess 

acid is present.[523] It has also been shown that bulk electrolysis of C60 to its anion and 

dianion followed by addition of a strong acid such as triflic acid leads to the formation of 

C60H
•
 and C60H

−
, respectively.[523] However, a large excess (4:1) of triflic acid is necessary 

to obtain dihydro[60]fullerene C60H2:[523] 

 C60 + e
−
 → C  

  
 (5.1) 

 C  
  

 + e
–
 → C  

2–
 (5.2) 

 C  
  

 + H
+
 → C60H

•
 (5.3) 

 C  
2–

 + H
+
 → C60H

−
 (5.4) 

 C60H
−
 + H

+
 → C60H2 (5.5) 

Equation 5.5, which determines the regioselectivity of 2H
+
 addition to C  

2–
, may allow the 

position of the second protonation to be predicted by analyzing the charge distribution or 

occupied frontier molecular orbitals (FMOs) of C60H
−
. Molecular orbitals (MOs) were 

calculated at the AM1 level and Kohn–Sham MOs with B3LYP/6-31G(d) for the appropriate 

optimized geometries. The highest occupied (HOMO) and lowest unoccupied (LUMO) MOs 

are shown in Figure 5.1. 
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Figure 5.1. HOMO and LUMO of anionic C60H
−
 2
−
 (singlet) at the B3LYP/6-31G(d) and 

AM1 levels in eV. The HOMO–LUMO gap is equal to 1.04 eV and 4.66 eV at these levels of 

theory, respectively. *Vertical Born–Oppenheimer ionization potentials (IPv) at each level are 

given in parentheses for comparison with HOMO energies. 

 

If we assign position one to the carbon atom connected to hydrogen, the HOMO of the 

monohydro[60]fullerene anion C60H
–
 is most localized at position nine and to a lesser degree 

on position seven and slightly on position 23, followed by position two. Contributions at other 

positions are far smaller. These conclusions hold at both the B3LYP/6-31G(d) and AM1 

levels, whereby AM1 gives a greater difference between localization sites of the FMOs. The 

above order of localization of the HOMO is in excellent agreement with both the 

experimental and theoretical orders of relative stabilities[519] of the 

dihydrogen[60]fullerenes. 

Thus, the FMO-analysis appears to be able to predict the position of protonation reliably at 

both the B3LYP/6-31G(d) and semiempirical AM1 levels, in contrast to analysis of electron 

density, which suggests an almost uniform charge distribution over the fullerene cage. 

However, the FMO analysis must be used carefully, because it must predict the kinetically 

most favorable product of protonation of anionic monohydro[60]fullerene C60H
−
 rather than 

the thermodynamically most stable C60H2 species. 
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5.1.4.2 Electron Affinities of C60 and C60H2 

According to Smalley’s early UPS study, the experimental value of the gas-phase electron 

affinity (EA) of C60 is 2.6–2.8 eV.[540] However more recent experiments give a value for 

the EA of 2.68 ± 0.02 eV.[438-439] Thus, to gain some insight into the reliability of the 

different levels of theory, we can compare calculated EA values with this experimental value. 

Moreover, we have also compared the EAs of the anion, di- and tri-anion of C60 with 

available calculated values by Green et al. at the BP/DZVP level.[541] The results are 

summarized in Table 5.1 for singlet C60, doublet C  
–

, singlet C  
2–

, doublet C  
3–

 and singlet C  
 –

, 

which are the most stable spin states according to the magnetic susceptibility studies of 

fullerides (1−, 2− and 3−)[542] and NMR and dynamic susceptibility studies of salts (Na2C60 

and K4C60,[543] and Ru4C60[544]). Our calculations show that singlet and triplet states of 

both C  
2–

 and C  
 –

 and the doublet and quartet states of C  
3–

 are essentially energetically 

degenerate (see Table 5.2 for details). 

DFT methods can both overestimate and underestimate the electron affinity. Generally, DFT 

calculations with triple-ζ-plus-diffuse basis sets reproduce the experimental electron affinity 

well, especially compared with earlier DFT calculations with smaller basis sets. Table 5.1 

shows that the first electron affinity is reproduced comparably well at several DFT levels of 

theory: B3LYP, B3PW91, ωB97XD, M  L and OLYP with the   -311+G(d,p) basis set give 

values of 2.82, 2.89, 2.51, 2.78, 2.69 eV, respectively, compared with the experimental one of 

2.68 ± 0.02 eV. The excellent agreement given by SVWN5/6-31G(d) can be considered 

fortuitous, since the use of extended basis sets leads to significant overestimation of the EA. 

B3PW91/6-31G(d) and B3LYP, B3PW91, ωB97XD, M06L, SVWN5 and OLYP with the  

cc-pVDZ basis set give values that differ significantly from those given by the same methods 

with 6-311+G(d,p) for the EAs of charged C60 species, emphasizing the necessity of including 

diffuse functions in the basis sets for higher anions. 

 

  



5 Carbon Allotropes for Energy Storage Applications 

 

164 

Table 5.1. Electron affinities of C60 and its anion, dianion and tri-anion.
a 

Method C60 C  
–

 C  
2–

 C  
3–

 

Experiment[438-439] 2.68 ± 0.02 <0   

BP/DZVPb 2.81 (+0.13) − .2 −3.1  − .1  

B3LYP/6-31G(d) 2.25 (− . 3) −1.   − .13 −7.   

B3LYP/6-311+G(d,p) 2.82 (+0.14) − .3  −3.13 − .1  

B3LYP/6-311+G(d,p)// 

B3LYP/6-31G(d) 
2.83 (+0.15) − .3  −3.13 − .18 

B3LYP/cc-pVDZ 2.55 (− .13) − .73 −3.7  − .79 

B3PW91/6-31G(d) 2. 7 (− .21) − .8  −3.92 −7.21 

B3PW91/6-311+G(d,p) 2.89 (+0.21) − .2  −3.1  − .12 

B3PW91/cc-pVDZ 2.73 (+0.05) − .5  −3.58 − .82 

ωB97XD/6-31G(d) 1.9  (− .78) −1.58 −3.   −7.5  

ωB97XD/6-311+G(d,p) 2.51 (− .17) − .72 −3.   − .37 

ωB97XD/cc-pVDZ 2.   (− .28) − .88 −3.8  −7. 9 

M06L/6-31G(d) 2.3  (− .32) − .93 − .   −7.3  

M06L/6-311+G(d,p) 2.78 (+0.10) − .   −3.29 − .3  

M06L/6-311+G(d,p)// 

M06L/6-31G(d) 
2.72 (+0.04) − .   −3.29 − .3  

M06L/cc-pVDZ 2. 2 (− .  ) − .   −3.72 − .9  

SVWN5/6-31G(d) 2. 3 (− . 5) − . 7 −3.8  − .9  

SVWN5/6-311+G(d,p) 3.15 (+0.47) +0.07 −2. 85 −5.85 

SVWN5/cc-pVDZ 2.93 (+0.25) − .3  −3. 2 − .   

OLYP/6-31G(d) 2.2  (− . 2) −1. 3 − .12 −7.38 

OLYP/6-311+G(d,p) 2.69 (+0.01) − .   −3.28 − .28 

OLYP/cc-pVDZ 2. 7 (− .21) − .78 −3.8  −7.   

MP2/6-31+G(d)// 

B3LYP/6-311+G(d,p) 
2.83 (+0.15) +0.27 −2.98 −5. 2 

ROMP2/6-31+G(d)// 

B3LYP/6-311+G(d,p) 
3.06 (+0.38) +0.04 −2.71 −5. 9 

MP2/cc-pVDZ// 

B3LYP/6-311+G(d,p) 
2.76 (+0.08) − .12 −3.5  − .17 

ROMP2/cc-pVDZ// 

B3LYP/6-311+G(d,p) 
3.01 (+0.33) − .37 −3.2  − . 7 

MNDO 2.74 (+0.06) − .2  −3.23 − .2  

MNDO/c 2.72 (+0.04) − .29 −3.27 − .23 

AM1 3.12 (+0.44) +0.05 −2.9  −5.98 

PM3 3.05 (+0.37) +0.02 −2.93 −5.91 

PM6 3.07 (+0.39) +0.14 −2.89 −5.8  

a
 Absolute deviations of the calculated first EA from the experimental[438-439] value of  

2.68 eV are given in eV in parentheses. 
b
 Values taken from J. Phys. Chem. 1996, 100, 

14892–14898.[541] 
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Table 5.2. Enthalpies (energies) of triplet states of C  
2–

 and C  
 –

 relative to their corresponding 

singlet states and enthalpies (energies) of quartet state of C  
3–

 relative to its doublet state at the 

DFT and semiempirical levels in kcal mol
–1

. B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) 

single point calculations used the B3LYP/6-31G(d) and M06L/6-31G(d)-optimized 

geometries, respectively, and include the ZPE corrections at the levels of the geometry 

optimizations. 

Method C  
2–

 C  
3–

 C  
 – 

B3LYP/6-31G(d) 1.1 1.7 –2.3 

B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) 1.2 1.8 –2.4 

M06L/6-31G(d) –1.1 1.1 –0.7 

M06L/6-311+G(d,p)//M06L/6-31G(d) –1.2 1.2 –0.7 

MNDO 0.6 –5.1 –0.8 

MNDO/c 1.5 –4.0 0.3 

AM1 0.5 –5.2 –1.8 

PM3 0.4 –5.0 –1.7 

PM6 1.9 –1.6 4.1 

 

MP2 single-point calculations on geometries optimized at B3LYP/6-311+G(d,p) give 

calculated electron affinities of 2.83 eV with 6-31+G(d) and 2.76 eV with the cc-pVDZ basis 

set. The problem with unrestricted MP2 methods is that the wavefunctions are spin-

contaminated in our case. However, the results of restricted open-shell (ROMP2) calculations 

can differ from UMP2 by more than 0.25 eV because the ROHF wavefunctions for the 

fullerene systems are unstable. In the following we will therefore not use MP2 for calculating 

the energies of hydrogenation of fullerenes. 

Semiempirical methods overestimate the electron affinity by 0.06 (MNDO), 0.04 (MNDO/c), 

0.47 (AM1), 0.42 (PM6) and 0.40 eV (PM3). The largest absolute errors given by the 

semiempirical methods (AM1, PM3 and PM6) are comparable with that given by  

B3LYP/6-31G(d), which is often used as a “standard method” for organic compounds, despite 

its well-known problems with the relative energy estimations.[545-546] Moreover, MNDO 

and MNDO/c give almost the same results as B3LYP/6-311+G(d,p) and agree closely with 

experiment. This observation is consistent with earlier findings that semiempirical techniques 

generally perform well for fullerenes.[547] Thus, the results obtained with the semiempirical 

methods are encouraging for later applications on larger systems. Semiempirical methods are 

expected to give reliable results for the prediction of the influence of electron doping on the 
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stabilities of anionic C60H 2–3 or C60H2 4–15 (Scheme 5.1) species toward decomposition 

into anionic C60 and H2, respectively, because changes in stabilities depend only on the 

differences in the values of electron affinities rather than on their absolute values. This 

follows from the simple thermochemical considerations outlined in Scheme 5.2. 

Thus, absolute errors in predicting the EA values cancel, leading to a decrease in the relative 

error in the prediction of the stability orders of C60  
n– species compared to that for neutral 

C60Hx. 

To check whether this assumption is true and to compare how accurately different methods 

describe the EA values of C60H2, we have calculated the first to fourth EAs of C60H2 (Table 

5.3). 

Indeed, the best methods for predicting EA of C60, i.e. B3LYP, B3PW91, ωB97XD, M06L 

and OLYP with the 6-311+G(d,p) basis set, also give good agreement with experiment for 

that of C60H2. 

 

Scheme 5.2. Expression of the energy change in decomposition reactions of charged C60  
n- 

(eq. 5.9) via energy change in the decomposition reactions of neutral C60Hx (eq. 5.6) and the 

ith electron affinities of C60 and C60Hx. 
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Table 5.3. Electron affinities of C60H2 and its anion, dianion and tri-anion.
a
 

Method C60H2 C60 2
–
 C60 2

2–
 C60 2

3–
 

Experiment[548] 2.45 ± 0.04    

B3LYP/6-31G(d) 2.08 (–0.37) –1.12 –4.30 –7.47 

B3LYP/6-311+G(d,p) 2.66 (+0.21) –0.36 –3.31 –6.20 

B3LYP/6-311+G(d,p)// 

B3LYP/6-31G(d) 
2.66 (+0.21) –0.35 –3.32 –6.20 

B3LYP/cc-pVDZ 2.37 (–0.08) –0.80 –3.94 –7.06 

B3PW91/6-31G(d) 2.47 (+0.02) –0.86 –3.92 –7.21 

B3PW91/6-311+G(d,p) 2.77 (+0.32) –0.33 –3.24 –6.24 

B3PW91/cc-pVDZ 2.54 (+0.09) –0.63 –3.77 –6.90 

ωB97XD/6-31G(d) 1.97 (–0.48) –1.24 –4.39 –7.61 

ωB97XD/6-311+G(d,p) 2.45 (0.00) –0.58 –3.52 –6.46 

ωB97XD/cc-pVDZ 2.25 (–0.20) –0.92 –4.03 –7.21 

M06L/6-31G(d) 2.20 (–0.25) –1.02 –4.20 –7.38 

M06L/6-311+G(d,p) 2.57 (+0.12) –0.47 –3.45 –6.39 

M06L/6-311+G(d,p)// 

M06L/6-31G(d) 
2.57 (+0.12) –0.47 –3.45 –6.39 

M06L/cc-pVDZ 2.45 (0.00) –0.73 –3.88 –7.02 

SVWN5/6-31G(d) 2.45 (0.00) –0.76 –3.97 –7.13 

SVWN5/6-311+G(d,p) 3.00 (+0.55) –0.02 –3.01 –5.90 

SVWN5/cc-pVDZ 2.73 (+0.28) –0.43 –3.60 –6.72 

OLYP/6-31G(d) 2.08 (–0.37) –1.11 –4.29 –7.44 

OLYP/6-311+G(d,p) 2.54 (+0.09) –0.48 –3.44 –6.32 

OLYP/cc-pVDZ 2.29 (–0.16) –0.86 –4.01 –7.12 

MP2/6-31+G(d)// 

B3LYP/6-311+G(d,p) 
2.63 (+0.18) +0.13 –3.49 –5.36 

ROMP2/6-31+G(d)// 

B3LYP/6-311+G(d,p) 
2.90 (+0.45) –0.14 –3.16 –5.69 

MP2/cc-pVDZ// 

B3LYP/6-311+G(d,p) 
2.48 (+0.03) –0.17 –4.04 –6.10 

ROMP2/cc-pVDZ// 

B3LYP/6-311+G(d,p) 
2.76 (+0.31) –0.45 –3.61 –6.53 

MNDO 2.69 (+0.24) –0.33 –3.33 –6.42 

MNDO/c 2.67 (+0.22) –0.40 –3.34 –6.25 

AM1 3.02 (+0.57) –0.06 –3.09 –6.20 

PM3 2.98 (+0.53) –0.05 –3.09 –5.96 

PM6 2.95 (+0.50) 0.00 –3.04 –6.22 

a
 Absolute deviations of the calculated first EA from EA = 2.45 eV determined based on 

experimental first reduction potential of C60H2,[548] are given in eV in parentheses. 
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Some functionals predict the EA of C60H2 well with 6-31G(d) and cc-pVDZ, but are less 

reliable for C60. In the following we will use B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) 

as robust and economical DFT methods that appear to perform reliably for the problems 

investigated. Moreover, it is also possible to use single-point calculations on the 6-31G(d)-

optimized geometries, because the EAs calculated thus are very close to those obtained using 

full geometry optimization with the 6-311+G(d,p) basis set. 

As in the case of C60, MP2 calculations have problems with unstable or spin-contaminated 

reference wavefunctions that lead to unreliable results that depend strongly on whether 

unrestricted or restricted open-shell calculations are used as the reference wavefunction. 

Semiempirical methods give somewhat worse agreement with the experimental EAs of C60H2 

than for buckminsterfullerene. However, the MNDO and MNDO/c EAs are still better than 

B3LYP/6-31G(d). Moreover, ΔEA = EA(C60) – EA(C60H2) at MNDO/c (0.03 eV) is only  

0.11 eV (2.5 kcal mol
–1

) lower then corresponding value at B3LYP/6-311+G(d,p). In 

addition, the EA values for the charged species are very similar at the three levels of theory. 

5.1.4.3 Influence of Electron Doping on exo- and endo-C60H Stabilities 

We have calculated the influence of n-doping on exo- 2 and hypothetical endo-

monohydro[60]fullerenes C60H 3 (Scheme 5.1) by calculating the stabilities of the latter with 

respect to decomposition into C60 or its anions and molecular hydrogen: 

 C60H
n–

 → C  
n–

 + ½ H2, ΔEr (5.11) 

where n = 0, 1, 2, 3 and 4 is the charge of the system. 

Heats of reaction 5.11 at the semiempirical levels and relative energies corrected for ZPE 

using the different DFT functionals with the 6-31G(d) and 6-311+G(d,p) basis sets at the 

approriate 6-31G(d)-optimized geometries according to the eq. 5.11 are summarized in  

Table 5.4, where only the processes including the most stable spin states of C60 (see above) 

are shown. Results for MNDO, MNDO/c, AM1, PM3 and PM6 are given in Table 5.5. The 

quartet and doublet spin states of endo-C60H
4–

 are essentially degenerate at the semiempirical 

levels of theory, but doublet of 3 is ca. 10 kcal mol
–1

 more stable than the quartet at the DFT 

levels of theory (Tables 5.4 and 5.5). Thus, only doublet states are considered here. 
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Table 5.4. Energy changes of reaction 5.11 (Δ r
 ) for C60H 2 and 3, and their corresponding 

anions, dianions, tri-anions and tetra-anions at the DFT levels in kcal mol
–1

. Only processes 

involving the most stable spin states of C60 are shown. B3LYP/6-311+G(d,p) and  

M06L/6-311+G(d,p) single point calculations used the B3LYP/6-31G(d) and  

M06L/6-31G(d)-optimized geometries, respectively, and include the ZPE corrections at the 

levels of the geometry optimizations. Numbers corresponding to the least stable spin states of 

C60H are shown in boxes. 

Reaction 
B3LYP/ 

6-31G(d) 

B3LYP/ 

6-311+G(d,p) 

M06L/ 

6-31G(d) 

M06L/ 

6-311+G(d,p) 

Exo-monohydro[60]fullerene 2 
2
C60H

•
 → C60 + 1/2H2 −9.  −9.8 −8.  −7.9 

1
C60H

− 
 → 

2
C  

 
 + 1/2H2 −1.5 −1.7 −1.  −1.3 

3
C60H

− 
 → 

2
C  
–

 + 1/2H2 
−12.3 −12.1 −1 .3 −1 .  

2
C60H

2−
 → 

1
C  
2–

 + 1/2H2 
−2.7 −3.3 − .5 − .3 

4
C60H

2−
 → 

1
C  
2–

 + 1/2H2 
−13.1 −13.1 −11.9 −11.3 

1
C60H

3−
 → 

2
C  
3–

 + 1/2H2
 −2.  −3.  −2.  −2.8 

3
C60H

3−
 → 

2
C  
3–

 + 1/2H2
 −2.  −3.7 −2.7 −3.  

2
C60H

 −
 → 

1
C  
 –

 + 1/2H2
 0.3 −1.2 −1.8 −2.5 

4
C60H

 −
 → 

1
C  
 –

 + 1/2H2
 − .8 −9.  −9.5 −11.1 

Endo-monohydro[60]fullerene 3 
2
C60H

•
 → C60 + 1/2H2 − 3.5 − 3.  −58.2 −57.1 

1
C60H

− 
 → 

2
C  
–

 + 1/2H2 
−57.3 −5 .  −52.2 −51.1 

3
C60H

− 
 → 

2
C  
–

 + 1/2H2 
− 3.1 − 2.5 −57.  −5 .  

2
C60H

2−
 → 

1
C  
2–

 + 1/2H2 
−53.  −53.1 − 9.  − 8.  

4
C60H

2−
 → 

1
C  
2–

 + 1/2H2 
− 1.3 − 1.2 −55.9 −55.3 

1
C60H

3−
 → 

2
C  
3–

 + 1/2H2
 −53.2 −52.9 − 8.2 − 7.9 

3
C60H

3−
 → 

2
C  
3–

 + 1/2H2
 −5 .  −53.7 − 9.  − 8.  

2
C60H

 −
 → 

1
C  
 –

 + 1/2H2
 − 8.9 − 8.  − 5.8 − 5.9 

4
C60H

 −
 → 

1
C  
 –

 + 1/2H2
 −58.5 −58.  −57.2 −5 .8 
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Table 5.5. Heats of reaction 5.11 (Δ r
 ) for C60H 2 and 3, and their corresponding anions, 

dianions, tri-anions and tetra-anions at the semiempirical levels in kcal mol
–1

. Only processes 

involving the most stable spin states of C60 are shown. Numbers corresponding to the least 

stable spin states of C60H are shown in boxes. 

Reaction MNDO MNDO/c AM1 PM3 PM6 

Exo-monohydro[60]fullerene 2 
2
C60H

•
 → C60 + 1/2H2 3.3 2.5 –0.3 –7.6 –11.3 

1
C60H

− 
 → 

2
C  
–

 + 1/2H2 
25.3 

27.3 21.2 13.1 12.9 

3
C60H

− 
 → 

2
C  
–

 + 1/2H2 
4.1 

3.2 –0.6 –7.2 –11.9 

2
C60H

2−
 → 

1
C  
2–

 + 1/2H2 
25.7 

27.7 21.7 13.9 10.7 

4
C60H

2−
 → 

1
C  
2–

 + 1/2H2 
5.4 

3.7 0.2 –6.7 –12.7 

1
C60H

3−
 → 

2
C  
3–

 + 1/2H2
 25.3 

28.5 20.8 13.4 13.4 

3
C60H

3−
 → 

2
C  
3–

 + 1/2H2
 27.4 

30.0 23.5 16.0 16.0 

2
C60H

 −
 → 

1
C  
 –

 + 1/2H2
 25.5 

28.4 21.4 14.2 8.4 

4
C60H

 −
 → 

1
C  
 –

 + 1/2H2
 23.4 24.3 18.8 11.3 2.1 

Endo-monohydro[60]fullerene 3 
2
C60H

•
 → C60 + 1/2H2 –80.0 –76.3 –72.9 –78.1 –80.8 

1
C60H

− 
 → 

2
C  
–

 + 1/2H2 
–60.6 

–54.4 –54.5 –60.0 –60.0 

3
C60H

− 
 → 

2
C  
–

 + 1/2H2 
–78.5 

–75.0 –70.5 –75.6 –76.8 

2
C60H

2−
 → 

1
C  
2–

 + 1/2H2 
–58.5 

–53.4 –52.0 –57.3 –59.4 

4
C60H

2−
 → 

1
C  
2–

 + 1/2H2 
–74.1 

–71.2 –65.1 –70.0 –73.6 

1
C60H

3−
 → 

2
C  
3–

 + 1/2H2
 –57.9 –50.2 –49.9 –54.8 –54.9 

3
C60H

3−
 → 

2
C  
3–

 + 1/2H2
 –57.1 

–49.8 –48.2 –53.4 –56.9 

2
C60H

 −
 → 

1
C  
 –

 + 1/2H2
 –59.1 –51.4 –49.1 –53.5 –55.4 

4
C60H

 −
 → 

1
C  
 –

 + 1/2H2
 –57.5 

–51.8 –47.4 –52.4 –59.7 
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Figure 5.2. C−  bond length and lengths of the C−C bonds closest to C−  bond in Å of exo- 

(2) and endo-monohydro[60]fullerenes (3) at the B3LYP/6-31G(d), M06L/6-31G(d), 

MNDO/c and PM3 levels (from top to bottom). 

 

Decomposition of neutral 2 is exothermic at all levels of theory except MNDO and MNDO/c 

and the hypothetical decomposition of 3 is highly exothermic (Tables 5.4–5.5).  

Exo-hydrogenated buckminsterfullerene is 49.6–53.9 kcal mol
–1

 more stable than its endo-

isomer with DFT and 70.5–78.8 kcal mol
–1

 at the semiempirical levels of theory. This is a 

consequence of the very low reactivity of the inner surface of C60.[126,375] The C−  bond is 

longer in the endo-isomer than in exo-C60H
•
 for the same reason. Semiempirical methods 

predict 3 to be relatively less stable than DFT methods and thus the C–H bond of 3 is longer 

at MNDO/c and PM3. C–H bond lengths are given in Figure 5.2, from which we can also 

observe the expected higher pyramidalization of the carbon bound to hydrogen and to 

stronger local sp
2
 → sp

3
 rehybridization, which leads to elongation of both the [5,6] and [6,6] 

C−C bonds. 

Tables 5.4–5.5 show that decomposition of both exo- and the hypothetical endo-C60H 

according to Equation (11) is approximately 10 (DFT) to 20 kcal mol
–1

 (MNDO/c and PM3) 

more difficult for the reduced forms of C60H, i.e. its anion, dianion, tri-anion and tetra-anion, 

than for neutral C60H (Tables 5.4–5.5, Figure 5.3). Thus, electron doping can favor the 

monohydrogenation of C60 according to equation 5.11. 
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Figure 5.3. Plot of the dependence of the heat (energy change) of reaction for equation 5.11 

on electron doping and level of theory. Energies are only shown for the most favorable spin 

states. 

 

5.1.4.4 Influence of Electron Doping on Isomeric exo,exo-C60H2 Stabilities 

Similarly to the study of the influence of electron doping on the stability of C60H, we have 

also studied the influence of one-, two-, three- and four-electron doping on the 

dehydrogenation C60H2 according to equation 5.12: 

 C60 2
n–

 → C  
n–

 + H2, ΔEr (5.12) 

where n = 0, 1, 2, 3 and 4 is the charge of the system. 

All methods predict a decrease of stability of 8 by 9–16 kcal mol
–1

 (Table 5.6) in accordance 

with the experimental observation of the electrochemical decomposition of anions of C60H2 to 

the corresponding (poly)anions of C60.[534-535] Nevertheless, DFT methods generally 

predict the C60H2 species to be relatively less stable than the semiempirical techniques.  
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Table 5.6. Heats (energy changes, Δ r
 ) of reaction Δ r

  for equation 5.12 for 1,9-C60H2 8 and 

the corresponding anions, dianions, tri-anions and tetra-anions at the DFT and semiempirical 

levels in kcal mol
–1

. B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) single point calculations 

used the corresponding 6-31G(d)-optimized geometries. All DFT energies include ZPE-

corrections calculated at the level of the geometry optimization. 

Reaction B3LYP/ 

6-31G(d) 

B3LYP/ 

6-311+G(d,p) 

M06L/ 

6-31G(d) 

M06L/ 

6-311+G(d,p) 

C60H2 → C60 + H2 12.3 11.8 12.2 12.4 
2
C60 2

–
 → 

2
C  
–

 + H2  8.4 8.0 8.4 8.9 
1
C60 2

2–
 → 

1
C  
2–

 + H2 7.0 6.6 6.4 7.3 
2
C60 2

3–
 → 

2
C  
3–

 + H2 2.9 2.3 2.8 3.4 
2
C60 2

 –
 → 

2
C  
 –

 + H2  2.6 1.9 1.0 1.2 

Reaction MNDO/c PM3 

C60H2 → C60 + H2 45.6 22.2 
2
C60 2

–
 → 

2
C  
–

 + H2  44.4 20.5 
1
C60 2

2–
 → 

1
C  
2–

 + H2 41.8 18.7 
2
C60 2

3–
 → 

2
C  
3–

 + H2 40.3 14.8 
2
C60 2

 –
 → 

2
C  
 –

 + H2  39.8 13.5 

 

Isomers of C60H2 other than 8 may be more stable in their reduced forms. This is especially 

important for the protonation of highly charged C60 species (up to the hexaanion) [Eq. 13]: 

 C  
(n 2)–

 + 2 H
+
→ C60 2

n–
 (5.13) 

where n = 0, 1, 2, 3 and 4. 

Thus, we have calculated the stabilities of all 23 regioisomers of C  
n–

 (n = 0–4) at the 

B3LYP/6-31G(d) and M06L/6-31G(d) levels by optimizing the geometries fully but without 

ZPE-corrections and by B3LYP/6-311+G(d) and M06L/6-311+G(d) single points using the  

6-31G(d)-geometries. Results were compared with MNDO/c and PM3. In agreement with 

previous calculations and experiment[519] the most stable neutral isomer at all levels of 

theory (Table 5.7 for the DFT levels and Table 5.8 for the semiempirical levels) is 1,9-C60H2 

8, whose stability decreases as the negative charge increases. However, in many cases the 

stability order changes for the reduced species, but both the B3LYP and the M06L functionals 

with the 6-311+G(d,p) basis set predict that 8 remains the most stable regioisomer in both the 
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neutral and (poly)anionic forms (see Figure 5.4 for B3LYP and Figure 5.5 for M06L). 

Table 5.7. Energy changes of reaction (ΔEr) for equation 5.12 for neutral C60H2 isomers 4–26 

at the DFT levels in kcal mol
–1

. B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) single-point 

calculations used the corresponding 6-31G(d)-optimized geometries. ZPE-corrections are not 

included. 

Species 
Isomer of 

C60H2 

B3LYP/ 

6-31G(d) 

B3LYP/ 

6-311+G(d,p) 

M06L/ 

6-31G(d) 

M06L/ 

6-311+G(d,p) 

4 1,2 1.4 1.0 2.5 2.9 

5 1,3 −28.6 −28.0 −24.2 −23.1 

6 1,6 −22.0 −21.6 −17.3 −16.3 

7 1,7 13.4 13.3 13.5 14.2 

8 1,9 21.0 20.4 20.5 20.7 

9 1,13 −8.9 −8.7 −4.8 −4.0 

10 1,14 −16.3 −15.8 −11.7 −10.7 

11 1,15 −5.6 −5.3 −3.3 −2.4 

12 1,16 −10.1 −10.2 −6.7 −5.9 

13 1,23 2.6 2.7 4.1 4.9 

14 1,24 −13.3 −13.2 −10.8 −10.0 

15 1,31 −17.0 −16.6 −12.3 −11.4 

16 1,32 −20.5 −20.0 −14.9 −14.0 

17 1,33 −13.6 −13.2 −8.8 −7.8 

18 1,34 −20.2 −19.8 −14.5 −13.6 

19 1,35 −17.4 −17.0 −13.0 −12.2 

20 1,41 −3.0 −2.6 0.3 1.2 

21 1,49 −23.4 −22.8 −17.1 −16.1 

22 1,50 −9.7 −9.2 −4.2 −3.3 

23 1,52 −9.7 −9.2 −6.0 −5.0 

24 1,56 −12.2 −11.8 −9.1 −8.1 

25 1,57 −24.1 −23.8 −17.6 −16.5 

26 1,60 −25.7 −25.0 −22.1 −22.9 

 

Table 5.8. Heats of reaction (Δ r
 ) for equation 5.12 for neutral C60H2 isomers 4–26 at the 

semiempirical levels in kcal mol
–1

. 

Species Isomer of C60H2 MNDO MNDO/c AM1 PM3 PM6 

4 1,2 25.7 27.4 18.1 3.9 −2.1 

5 1,3 − .3 0.1 −17.7 −30.4 −33.7 

6 1,6 0.0 −10.4 −1 .7 −23.2 −27.5 

7 1,7 38.6 40.7 32.5 18.4 11.3 

8 1,9 41.7 45.6 37.0 22.2 14.2 
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9 1,13 13.4 12.5 3.6 −9.6 −1 .3 

10 1,14 4.5 2.9 −5.  −18.7 −22.9 

11 1,15 20.6 20.7 11.9 −1.7 − .7 

12 1,16 12.2 11.4 2.1 −11.3 −15.  

13 1,23 28.5 29.5 20.8 6.8 1.3 

14 1,24 13.3 12.6 3.6 −9.8 −1 .2 

15 1,31 5.5 3.9 −5.1 −18.1 −22.2 

16 1,32 −3.  −5.3 −13.5 −26.5 −3 .5 

17 1,33 −11.  −11.9 −17.8 −31.8 −3 .3 

18 1,34 −3.7 −6.1 −15.  −28.2 −31.5 

19 1,35 3.4 1.8 −7.  −20.7 −2 .1 

20 1,41 19.5 19.7 10.6 −3.2 −7.7 

21 1,49 −1 .1 −12.8 −2 .2 −33.5 −37.  

22 1,50 −5.  −7.4 −15.5 −29.5 −32.2 

23 1,52 2.4 1.0 −8.5 −21.8 −25.  

24 1,56 10.6 9.8 0.3 −13.2 −1 .7 

25 1,57 −2.1 −4.3 −13.  −26.2 −3 .  

26 1,60 −15.  −16.9 −22.3 −37.5 −39.5 

 

 

Figure 5.4. Plot dependence of the energy change of reaction for equation 5.12 on electron 

doping for all 23 regioisomers of C60H2 at the B3LYP/6-311+G(d,p)//B3LYP/6-31G(d). 
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Figure 5.5. Plot dependence of the energy change of reaction for equation 5.12 on electron 

doping for all 23 regioisomers of C60H2 at the M06L/6-311+G(d,p)//M06L/6-31G(d). 

 

B3LYP/6-31G(d) and M06L/6-31G(d) predict that 8 remains the most stable up to the third 

electron reduction, while tetra-anions of 1,2-C60H2 (4) and 1,9-C60H2 (8) are essentially 

degenerate in energy (Tables 5.9–5.12). 

On the other hand, MNDO/c and PM3 predict that many other isomers become significantly 

more stable than 8, when two or more electrons are attached to C60H2 (Tables 5.9–5.12). This 

is true also for AM1, PM6 and MNDO (Tables 5.9–5.12). The discrepancy with DFT may 

either be the result of the limits of the applicability domain for the parameterization of the 

semiempirical methods or the known problems of DFT for negatively charged species.[202] 
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Table 5.9. Heats Δ r
  (energy changes, ΔEr) of reaction 5.12 for anions of C60H2 isomers 4–

26 at the DFT and semiempirical levels in kcal mol
–1

. B3LYP/6-311+G(d,p) and M06L/6-

311+G(d,p) single point calculations used respective 6-31G(d)-optimized geometries, 

respectively. ZPE-corrections are not included. 

Species 
Isomer of 

C60 2
–
 

B3LYP/ 

6-31G(d) 

B3LYP/ 

6-311+G(d,p) 

M06L/ 

6-31G(d) 

M06L/ 

6-311+G(d,p) 

4 1,2 7.2 6.4 7.6 8.0 

5 1,3 − .  − .  − .  −3.9 

6 1,6 − .  −5.1 −3.  −2.7 

7 1,7 11.2 11.0 12.0 12.8 

8 1,9 18.2 17.8 17.5 18.1 

9 1,13 −3.7 − .2 −2.7 −2.1 

10 1,14 − .7 −5.2 −3.3 −2.7 

11 1,15 2.0 1.8 3.5 4.4 

12 1,16 0.5 0.0 2.0 2.6 

13 1,23 4.7 4.4 5.4 6.1 

14 1,24 −1.5 −2.  − .  0.0 

15 1,31 −2.  −2.7 − .  0.2 

16 1,32 − .3 − .8 −3.2 −2.5 

17 1,33 −1.  −1.5 0.4 1.1 

18 1,34 −3.3 −3.7 −2.  −1.3 

19 1,35 −2.  −2.8 −1.3 − .  

20 1,41 −1.  −1.5 − .7 − .2 

21 1,49 −3.7 − .2 −3.  −2.  

22 1,50 0.1 − .3 2.1 2.8 

23 1,52 −1.  −1.  − .5 0.1 

24 1,56 −1.3 −1.7 − .3 0.4 

25 1,57 − .  −7.1 −1.5 − .8 

26 1,60 − .7 −7.3 − .3 − .  

Species 
Isomer of 

C60 2
–
 

MNDO/c PM3 AM1 PM6 MNDO 

4 1,2 36.5 11.1 25.9 4.0 33.7 

5 1,3 23.1 −2.5 12.2 −5.1 21.4 

6 1,6 24.1 0.4 15.6 − .3 23.1 

7 1,7 42.4 15.9 32.6 10.8 40.0 

8 1,9 44.4 20.5 34.5 11.4 40.6 

9 1,13 27.9 3.3 18.1 −2.3 26.5 

10 1,14 25.7 1.3 15.9 − .2 24.3 

11 1,15 33.4 8.9 23.4 3.2 31.8 

12 1,16 30.2 5.4 19.9 − .2 28.7 

13 1,23 35.0 10.1 24.8 3.5 32.7 

14 1,24 30.9 6.1 20.6 − .2 29.1 

15 1,31 27.7 3.1 17.4 −2.  26.4 

16 1,32 25.2 0.1 15.8 − .8 24.0 

17 1,33 24.4 0.2 14.6 −1.  22.6 

18 1,34 25.0 −1.7 15.3 −1.1 24.9 
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19 1,35 25.7 1.2 15.5 −3.9 24.3 

20 1,41 33.2 7.9 22.7 2.5 31.5 

21 1,49 28.2 1.7 18.2 − .8 26.7 

22 1,50 24.8 0.7 15.0 −3.  22.8 

23 1,52 26.2 1.8 16.2 − .3 24.3 

24 1,56 29.4 4.3 18.8 −1.1 27.9 

25 1,57 24.1 − .  13.8 − .  22.9 

26 1,60 28.5 2.7 18.6 − .8 27.3 

 

Table 5.10. Heats Δ r
  (energy changes, ΔEr) of reaction 5.12 for dianions of C60H2 isomers 

4–26 at the DFT and semiempirical levels in kcal mol
–1

. B3LYP/6-311+G(d,p) and  

M06L/6-311+G(d,p) single point calculations used respective 6-31G(d)-optimized 

geometries, respectively. ZPE-corrections are not included. 

Species 
Isomer of 

C60 2
2–

 

B3LYP/ 

6-31G(d) 

B3LYP/ 

6-311+G(d,p) 

M06L/ 

6-31G(d) 

M06L/ 

6-311+G(d,p) 

4 1,2 12.8 11.6 12.4 12.7 

5 1,3 5.5 4.1 4.6 4.9 

6 1,6 3.2 2.4 2.4 3.1 

7 1,7 9.1 8.9 9.8 10.8 

8 1,9 16.1 15.8 14.8 15.7 

9 1,13 −1.2 −2.  −2.3 −1.8 

10 1,14 2.0 0.6 1.9 2.1 

11 1,15 8.1 7.3 7.5 8.1 

12 1,16 8.6 7.4 7.6 8.0 

13 1,23 7.2 6.5 6.8 7.5 

14 1,24 7.2 6.1 6.5 6.9 

15 1,31 8.3 7.1 7.7 7.9 

16 1,32 6.6 5.0 9.5 5.0 

17 1,33 7.7 6.3 6.1 6.3 

18 1,34 10.1 8.8 8.5 8.7 

19 1,35 10.0 8.7 8.7 9.0 

20 1,41 −2.  −3.8 − .7 −5.1 

21 1,49 9.7 8.2 8.8 8.9 

22 1,50 7.6 6.1 6.3 6.5 

23 1,52 5.0 3.2 2.8 2.8 

24 1,56 8.0 6.7 6.5 6.8 

25 1,57 7.3 5.8 5.9 6.1 

26 1,60 7.3 5.4 5.1 4.9 

Species 
Isomer of 

C60 2
2–

 
MNDO/c PM3 AM1 PM6 MNDO 

4 1,2 49.6 21.7 36.8 14.5 44.9 

5 1,3 49.9 21.7 36.7 16.0 45.6 

6 1,6 47.8 20.6 35.2 14.8 44.1 
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7 1,7 46.1 19.2 33.9 12.7 42.4 

8 1,9 41.8 18.7 32.0 8.2 39.0 

9 1,13 49.0 20.3 36.1 15.9 45.0 

10 1,14 48.7 19.8 35.4 15.7 44.4 

11 1,15 48.8 21.5 36.5 16.3 44.7 

12 1,16 54.5 26.4 41.7 21.3 50.1 

13 1,23 48.0 20.0 35.1 15.4 44.0 

14 1,24 48.9 21.0 36.0 14.8 44.2 

15 1,31 52.9 24.4 39.8 19.9 48.1 

16 1,32 54.7 26.2 41.6 21.6 50.1 

17 1,33 55.3 26.8 42.3 22.0 50.6 

18 1,34 56.7 28.2 43.7 23.7 51.9 

19 1,35 55.5 27.1 42.6 22.4 50.7 

20 1,41 50.7 21.7 37.5 17.7 46.3 

21 1,49 56.5 27.9 43.4 23.5 51.6 

22 1,50 56.0 27.4 43.1 22.4 51.3 

23 1,52 54.7 25.9 41.8 20.5 49.8 

24 1,56 54.9 26.4 42.0 21.1 50.2 

25 1,57 54.3 25.4 41.1 21.6 49.3 

26 1,60 57.0 28.2 43.8 23.7 52.1 

 

Table 5.11. Heats Δ r
  (energy changes, ΔEr) of reaction 5.12 for tri-anions of C60H2 isomers 

4–26 at the DFT and semiempirical levels in kcal mol
–1

. B3LYP/6-311+G(d,p) and  

M06L/6-311+G(d,p) single point calculations used respective 6-31G(d)-optimized 

geometries, respectively. ZPE-corrections are not included. 

Species 
Isomer of 

C60 2
3–

 

B3LYP/ 

6-31G(d) 

B3LYP/ 

6-311+G(d,p) 

M06L/ 

6-31G(d) 

M06L/ 

6-311+G(d,p) 

4 1,2 11.6 9.8 10.6 10.3 

5 1,3 4.3 2.1 3.0 2.4 

6 1,6 2.2 0.6 0.7 0.5 

7 1,7 7.4 6.9 7.7 8.2 

8 1,9 13.0 12.4 11.9 12.5 

9 1,13 −2.1 − .3 − .  −5.1 

10 1,14 1.4 −1.  0.2 − .5 

11 1,15 6.6 5.1 6.0 6.0 

12 1,16 7.1 5.1 5.8 5.4 

13 1,23 5.9 4.6 5.2 5.2 

14 1,24 6.1 4.1 4.4 3.9 

15 1,31 7.7 5.5 6.2 5.6 

16 1,32 5.9 3.3 3.2 2.3 

17 1,33 6.0 3.9 4.7 4.2 

18 1,34 8.2 6.0 6.3 5.7 

19 1,35 8.9 6.7 7.1 6.5 

20 1,41 − .3 −3.2 −3.8 −5.1 
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21 1,49 9.4 6.9 7.3 6.5 

22 1,50 7.2 4.8 5.3 4.5 

23 1,52 4.8 1.9 1.3 0.2 

24 1,56 8.1 5.8 5.7 5.1 

25 1,57 7.8 5.2 5.4 4.4 

26 1,60 8.0 5.2 5.1 3.9 

Species 
Isomer of 

C60 2
3–

 
MNDO/c PM3 AM1 PM6 MNDO 

4 1,2 50.8 22.1 36.7 12.9 45.3 

5 1,3 50.6 21.5 36.1 13.4 45.3 

6 1,6 49.0 20.9 35.0 12.9 44.3 

7 1,7 48.1 20.7 34.9 11.2 43.7 

8 1,9 40.3 14.8 27.7 4.8 36.6 

9 1,13 50.6 21.0 36.3 14.7 45.5 

10 1,14 50.5 20.6 35.8 14.8 45.0 

11 1,15 50.5 22.2 36.8 15.3 45.5 

12 1,16 55.0 25.8 40.7 19.6 49.5 

13 1,23 49.0 19.8 34.5 13.9 43.8 

14 1,24 51.4 22.8 37.3 14.7 45.8 

15 1,31 55.2 25.9 40.7 19.7 49.4 

16 1,32 55.6 26.2 41.1 19.6 49.8 

17 1,33 55.5 26.0 41.0 19.5 49.7 

18 1,34 56.2 26.6 41.6 20.9 50.2 

19 1,35 56.4 27.1 42.0 20.8 50.5 

20 1,41 52.5 23.2 38.1 16.4 47.0 

21 1,49 55.8 26.6 41.3 19.4 49.7 

22 1,50 55.1 26.0 40.8 18.7 49.2 

23 1,52 53.7 24.7 39.5 15.0 47.6 

24 1,56 54.6 25.5 40.4 17.1 48.6 

25 1,57 56.7 27.3 42.2 21.2 50.7 

26 1,60 55.7 26.8 41.4 17.8 49.6 

 

Table 5.12. Heats Δ r
  (energy changes, ΔEr) of reaction 5.12 for tetranions of C60H2 isomers 

4–26 at the DFT and semiempirical levels in kcal mol
–1

. B3LYP/6-311+G(d,p) and  

M06L/6-311+G(d,p) single point calculations used respective 6-31G(d)–optimized 

geometries, respectively. ZPE–corrections are not included. 

Species 
Isomer of 

C60 2
 –

 

B3LYP/ 

6-31G(d) 

B3LYP/ 

6-311+G(d,p) 

M06L/ 

6-31G(d) 

M06L/ 

6-311+G(d,p) 

4 1,2 11.0 8.6 9.6 8.5 

5 1,3 3.5 0.5 1.3 − .  

6 1,6 2.0 − .5 0.2 − .9 

7 1,7 6.4 5.4 5.7 5.7 

8 1,9 10.9 10.1 9.6 9.8 
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9 1,13 1.5 −5.2 − .9 − .7 

10 1,14 5.6 −1.9 − .9 −2.7 

11 1,15 6.4 3.4 4.4 3.5 

12 1,16 5.4 3.4 4.3 3.0 

13 1,23 5.3 3.3 3.7 2.9 

14 1,24 7.7 2.5 3.0 1.7 

15 1,31 5.5 4.5 5.0 3.3 

16 1,32 5.5 1.8 2.5 0.6 

17 1,33 4.7 1.9 2.8 1.4 

18 1,34 7.0 3.9 4.7 3.3 

19 1,35 8.3 5.2 5.8 4.4 

20 1,41 1.4 −2.9 −3.1 −5.9 

21 1,49 9.9 6.4 7.0 5.0 

22 1,50 7.8 4.2 4.7 2.8 

23 1,52 5.1 0.8 − .2 −3.  

24 1,56 8.9 5.6 5.4 3.6 

25 1,57 8.4 4.6 4.7 2.5 

26 1,60 9.6 5.6 5.7 3.2 

Species 
Isomer of 

C60 2
 –

 
MNDO/c PM3 AM1 PM6 MNDO 

4 1,2 50.7 20.9 35.3 11.0 45.0 

5 1,3 50.0 19.6 34.1 9.7 44.1 

6 1,6 48.7 19.3 33.3 9.6 43.7 

7 1,7 47.9 20.0 33.7 9.7 43.9 

8 1,9 39.8 13.5 23.4 − .8 32.5 

9 1,13 51.8 20.8 35.9 13.7 45.9 

10 1,14 51.7 20.6 35.5 13.3 45.5 

11 1,15 50.7 21.0 35.4 13.9 45.1 

12 1,16 55.3 24.6 39.2 17.1 49.1 

13 1,23 49.8 19.2 33.7 11.8 43.9 

14 1,24 52.1 22.2 36.6 12.1 46.2 

15 1,31 56.8 26.1 40.7 19.1 50.3 

16 1,32 55.8 25.2 39.8 16.9 49.3 

17 1,33 55.1 24.3 39.0 17.0 48.8 

18 1,34 55.8 24.6 39.4 17.8 49.3 

19 1,35 56.8 26.2 40.8 19.0 50.3 

20 1,41 53.2 23.3 37.7 14.7 47.4 

21 1,49 55.8 25.7 40.0 17.2 49.4 

22 1,50 54.8 24.8 39.2 16.4 48.6 

23 1,52 52.6 23.8 37.8 9.3 46.4 

24 1,56 54.9 25.0 39.5 14.6 48.5 

25 1,57 58.2 27.7 42.2 20.2 51.5 

26 1,60 54.4 25.5 39.5 13.7 48.2 
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5.1.5 Conclusions 

We have investigated the hydrogenation of buckminsterfullerene using both DFT and 

semiempirical techniques for two reasons: to investigate the effect of reduction on the 

reactivity of C60 towards addition of hydrogen and to assess the reliability of computationally 

accessible methods for investigating the reactivity of synthetic carbon allotropes with  

sp
2
-hybridized carbon in general. 

Simple frontier-molecular-orbital analyses proved to be able to predict the correct position 

(and sequence) of addition of a further hydrogen to C60H
–
. These analyses suggested that the 

kinetic order of preference for second addition to give the dihydro[60]fullerenes (1,9 followed 

by 1,7, 1,23 and 1,2) is consistent with the thermodynamic stability order as it agrees with 

experimental and previous theoretical studies. Molecular orbital pictures obtained with AM1 

are very similar to those obtained at the B3LYP/6-31G(d) level. 

One, two and three electron doping of C60H makes it more stable towards dissociation of the 

hydrogen atom. Electron doping (reduction) decreases the stability of  

exo,exo-1,9-dihydro[60]fullerene 8, in accordance with experimental findings that its tri-

anions decompose into C60.[534-535] 8 is the most stable isomer also after electron reduction. 

However, most other dihydro[60]fullerenes are stabilized by reduction and the 

regioselectivity of addition is predicted to decrease as the less stable isomers are stabilized 

more by the addition of electrons than the two most stable ones (1,9 and 1,7). 

С60 and C60H2 were used to estimate the reliability of computational chemistry methods for 

the calculation of their electron affinities. The B3LYP and M06L functionals with the  

6-311+G(d,p) basis set and MNDO/c were shown to be the best methods for description EAs. 

The density functionals can be used for single-point calculations using the larger basis set on 

the 6-31G(d)-optimized geometry without loss of reliability. 
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5.2.1 Abstract 

The regioselectivity of the stepwise protonation of the hexaanion of C60 fullerene up to neutral 

C60H6 has been studied using density functional theory (DFT). This thought experiment has 

demonstrated the importance of choosing an appropriate DFT functional for a qualitatively 

correct description of the relative stabilities of highly negatively charged species with similar 

structure and such extended delocalized π system as in fullerenes. Thus, the results of 

calculations with the LC-BLYP functional, which describes extra electron binding in anions 

qualitatively correctly, were compared with those of popular hybrid (B3LYP) and pure 

(M06L) DFT functionals that are known to predict electron affinities often quantitatively but 

not necessarily qualitatively accurately. Calculations with the B3LYP and M06L functionals 



5 Carbon Allotropes for Energy Storage Applications 

 

184 

and the 6-311+G(d,p) basis set predict that the formal synthetic route studied leads to the 

thermodynamically controlled final product of protonation  

1,2,6,9,12,18-hexahydro[60]fullerene. However, the LC-BLYP functional with the same basis 

set predicts the formation of a different product, 1,2,9,12,52,60-hexahydro[60]fullerene, 

demonstrating that a qualitatively correct description of anions via inclusion of a distance-

dependent contribution of HF exchange to the DFT functional is important for calculating 

highly negatively charged molecules. The latter two isomers are found to be more stable in 

our calculations than the major isomer of C60H6 obtained experimentally via a different 

synthetic route by experimental reduction of C60 (1,9,34,35,43,57-hexahydro[60]fullerene). 

5.2.2 Introduction 

Fullerene C60 exhibits a very rich substitution chemistry.[549] However, the number of 

possible isomers of oligo-functionalized C60-fullerene is very large and even in the case of 

identical substituents, the number of isomers (including regio- and stereoisomers) ranges from 

37 for two substituents to 1.97×10
15

 for 30.[550] Fortunately, some are formed in 

significantly higher proportions under kinetic or thermodynamic control than others, allowing 

their synthesis, isolation and characterization.[549] Nevertheless, changing reaction 

conditions or synthetic routes can lead to completely different major isomer(s), whose 

structures are often difficult to predict, even with thorough quantum-chemical 

investigations.[549] 

Hydrogenation of fullerene C60 can serve not only to help study the different aspects of the 

reactivity of fullerene and such fullerene-like compounds as carbon nanotubes,[64] but also 

for more practical purposes in energy storage.[519] Although different synthetic routes to 

dihydro[60]fullerene lead to only a single isomer (1,9-dihydro[60]fullerene[533]) of the  

23 possible regioisomers[519] as also found in theoretical studies,[355,549] further 

hydrogenation leads to different isomers or mixtures depending on the experimental 

conditions. 

Thus, the synthesis of C60H6 can lead to an uncharacterized mixture of regioisomers, as in the 

case of hydrolysis of adduct [η
5
-C5H5)2ZrCl]3C60H3,[551] or to mixture of two  regioisomers, 

1,9,34,35,43,57-hexahydro[60]fullerene and a minor uncharacterized structure, as in the case 

of the reduction of C60H4 isomers with a Zn/Cu couple and water.[552-554] 

In the present work, we report a theoretical study of a hypothetical route to C60H6 by 
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protonating the hexaanion of fullerene, C  
 –

, which can be prepared electrochemically in 

acetonitrile/toluene solution[555] or by reduction with metallic lithium[556] or potassium 

naphthalenide.[557] Attempts to quench C  
 –

 with D2O were made as early as 1991 by Olah et 

al., but the products were oxidized,[556] so that the reaction must be performed in non-

oxidizing conditions. The C60 hexaanion is very reactive species[556] that can be used for the 

one-pot synthesis of hexaadducts of fullerene such as “emerald green fullerenes” 

C60[C(CH3)(CO2R)2]6 with R = Et or t-Bu.[558] Protonating C  
 –

 can be envisioned as a 

stepwise process via five intermediate C60  
  –  –  anions as shown in Scheme 5.3. Such a 

mechanism is clearly a strong simplification compared to the real situation, in which redox 

equilibria and disproportionation reaction will complicate the mechanism. 

 

Scheme 5.3. Stepwise protonation of the [60]fullerene hexaanion up to neutral 

hexahydro[60]fullerene. 

 

Such a hypothetical reaction sequence is also important for investigating the selectivity of C60 

functionalization via electrophilic addition to polyanionic fullerenes as an alternative to 

radical or nucleophilic addition to neutral fullerenes. We now report model studies on the 

stepwise protonation of C  
 –

 using density functional theory (DFT).  
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5.2.3 Computational Details 

The accuracy of the techniques used to describe the electronic structure of anionic species can 

be estimated by the accuracy of calculated electron affinities using these methods (see also 

Section 5.1). Thus, we used the B3LYP[266-271]/6-311+G(d,p)[257-265,352-

354]//B3LYP/6-31G(d)[254-265] and M06L[300]/6-311+G(d,p)//M06L/6-31G(d) levels of 

theory (see details below) as this last calculational approach has been shown to be the best for 

reproducing the experimental change of electron affinity of fullerene C60 under addition of 

two hydrogens[355] (see Section 5.1). In addition, the electron affinities of C60 and C60H2 

anions, dianions and tri-anions calculated at the above DFT levels are very close to those 

calculated using semiempirical molecular orbital and MP2 methods[355] (Section 5.1). 

Nevertheless, it is known that common DFT methods reproduce experimental electron 

affinities calculated as the energy difference between neutral specie and its anion well, but 

usually for the wrong reason as an attached electron is often partly unbound in the case of 

positive electron affinities and partly bound in the case of zero electron affinity in DFT 

calculations of anions.[202] Although the extra electron in the C60 anion is fully delocalized 

over the whole system,[202] problems encountered with fractional binding of this electron 

may be much larger for higher anions and substituted fullerenes. As a result, the relative 

stabilities of highly negatively charged hydrogenated isomers may be qualitatively incorrect. 

However, Jensen has pointed out that the use of a long-range corrected BLYP functional 

(LC[559]-BLYP[266,270-271]) describes anions qualitatively correctly, because this method 

corrects the incorrect distance dependence of the exchange functional responsible for the poor 

description of anions with common DFT functionals.[202] We have therefore used the LC-

BLYP/6-311+G(d,p)//LC-BLYP/6-31G(d) level of theory to determine relative stabilities of 

regioisomeric neutral and anionic hydrofullerenes in the hope that the long-range corrected 

functional also brings benefits in this case. In addition, this method predicts the difference 

between the electron affinities of C60 (2.50 eV) and C60H2 (2.36 eV) to be 0.14 eV, in almost 

as good agreement with the experimental value of 0.23 eV as the values of 0.17 eV and 0.15 

eV predicted with the B3LYP and M06L functionals, respectively,[355] (see Section 5.1). 

All calculations were performed with the Gaussian 09[342] program suite. We have also 

calculated normal vibrational modes within the harmonic approximation to characterize 

minima, which should have no imaginary frequency. Zero-point energy (ZPE) corrections 
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calculated with the 6-31G(d) basis set were added to the Born–Oppenheimer energies 

calculated with 6-311+G(d,p) for each functional. No symmetry constraints were applied 

during optimizations. Molecules were visualized with Materials Studio 6.0.[350] 

 

5.2.4 Results and Discussion 

To investigate the functionalization patterns at the different stages of the sequential 

protonation of C  
 –

 1 (Scheme 5.3), we have calculated the relative stabilities of all 

regioisomers that can be formed at each step starting from the most stable regioisomer from 

previous step.  

5.2.4.1 Mono- and Diprotonation 

Only one exo-monohydro[60]fullerene penta-anion can be formed after mono-protonation of 

C  
 –

. The corresponding proton affinity (PA) calculated according to eq. 5.14 (Scheme 5.3) is 

665.6 kcal mol
−1

, 629.1 kcal mol
−1

 and 635.0 kcal mol
−1

 at LC-BLYP/6-311+G(d,p), 

B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p), respectively. 

Adding the second proton to C60H
5

 can lead to 23 C60H2
4

 regioisomers.[519] Our previous 

calculations with the DFT functionals B3LYP and M06L predicted[355] (see Section 5.1) that 

the 1,9-dihydro[60]fullerene tetra-anion 7 with two hydrogens added to a [6,6] C–C bond 

(between two hexagons, Scheme 5.4) is the most stable (Tables 5.12 and 5.13). Nevertheless, 

semiempirical methods predicted[355] that 1,57-dihydro[60]fullerene tetra-anion 24 is the 

most stable. In Section 5.1 we pointed out that such a discrepancy may be caused either by 

problems with the description of anions with DFT[202] or by limitations in the 

parameterization of semiempirical methods.[355] Thus, here we explore explicitly the effect 

of the known DFT problems described above on the relative stabilities of highly charged 

hydrogenated fullerene isomers. 
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Scheme 5.4. Protonation of monohydro[60]fullerene penta-anion 2. All possible C60 2
 –

 

regioisomers are shown as dots in the Schlegel diagram. The most stable tetra-anion is that of 

1,60-dihydro[60]fullerene 25 at LC-BLYP/6-311+G(d,p) (blue dot) and of  

1,9-dihydro[60]fullerene 7 at B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) (orange dot). 
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Table 5.13. Energies of all possible C   2
 –

 regioisomers relative to the most stable (Δ(E + 

ZPE)rel at the respective level of theory, kcal mol
1

) at the LC-BLYP/6-311+G(d,p) (in the gas 

phase and acetonitrile), B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) levels of theory. 

Species 
Isomer of 

C60 2
 –

 
B3LYP M06L LC-BLYP LC-BLYP in acetonitrile 

3 1,2- 1.6 1.5 4.9 4.8 

4 1,3- 9.9 10.4 9.7 9.4 

5 1,6- 10.9 11.0 10.0 9.9 

6 1,7- 4.7 4.3 6.9 5.5 

7 1,9- 0.0 0.0 7.0 2.9 

8 1,13- 15.0 16.2 12.9 13.8 

9 1,14- 12.2 12.4 12.6 13.0 

10 1,15- 7.0 6.6 8.1 8.3 

11 1,16- 7.0 7.2 6.1 5.8 

12 1,23- 7.1 7.0 9.9 9.7 

13 1,24- 7.9 8.1 7.3 7.1 

14 1,31- 6.2 6.9 3.2 3.1 

15 1,32- 8.5 9.5 4.8 4.7 

16 1,33- 8.1 8.3 7.7 6.8 

17 1,34- 6.5 6.7 5.3 4.4 

18 1,35- 5.4 6.0 2.9 2.6 

19 1,41- 13.0 15.5 7.4 7.3 

20 1,49- 4.5 5.6 1.0 1.0 

21 1,50- 6.5 7.8 2.8 2.7 

22 1,52- 9.4 11.9 3.8 3.3 

23 1,56- 5.2 6.6 1.8 1.6 

24 1,57- 6.1 7.7 1.2 1.1 

25 1,60- 5.1 7.2 0.0 0.0 

 

Indeed, the LC-BLYP functional recommended by Jensen for a correct description of anions 

and charge-separated systems predicts that the most stable tetra-anionic C   2
 –

 is the  

1,60-dihydro[60]fullerene tetra-anion 25 with two hydrogen atoms symmetrically located on 

opposite sides of the fullerene. 25 is 7.0 kcal mol
−1

 more stable than 7 at LC-B3LYP/ 

6-311+G(d,p). In comparison, the B3LYP and M06L functionals predict that 7 is more stable 

than 25 by 5.1 and 7.2 kcal mol
−1

, respectively. Note that we have also examined whether  

LC-BLYP correctly predicts that neutral 1,9-dihydro[60]fullerene to be the most stable 

isomer, as do B3LYP and M06L[355] (see Section 5.1). Calculations have shown that LC-

BLYP passed the test (Table 5.14). 
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Table 5.14. Energies of all possible neutral C60H2 regioisomers relative to the most stable 

(Δ(E + ZPE)rel at the respective level of theory, kcal mol
1

) at the LC-BLYP/6-311+G(d,p), 

B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) levels of theory. 

Species Isomer of C60H2 B3LYP M06L LC-BLYP 

3 1,2- 19.0 17.8 23.2 

4 1,3- 46.5 42.0 55.8 

5 1,6- 40.2 35.6 56.9 

6 1,7- 7.0 6.4 7.0 

7 1,9- 0.0 0.0 0.0 

8 1,13- 28.0 23.8 41.8 

9 1,14- 34.7 30.2 50.0 

10 1,15- 24.8 22.4 31.4 

11 1,16- 29.5 25.7 41.0 

12 1,23- 17.2 15.6 19.8 

13 1,24- 32.4 29.7 40.9 

14 1,31- 35.4 30.8 50.9 

15 1,32- 38.4 33.1 59.4 

16 1,33- 32.2 27.3 56.6 

17 1,34- 38.2 32.6 60.9 

18 1,35- 35.9 31.5 50.7 

19 1,41- 22.3 19.3 29.3 

20 1,49- 41.1 35.3 64.2 

21 1,50- 28.4 23.2 52.5 

22 1,52- 28.3 24.3 46.6 

23 1,56- 31.1 28.0 40.0 

24 1,57- 42.3 35.5 59.8 

25 1,60- 43.0 41.2 67.9 

 

Such large differences, which give rise to qualitatively different results for the relative 

stabilities of tetra-anions can be understood from the following considerations. First, it is 

known[355] that all but the first electron affinities of C60H2 are negative (see Section 5.1), i.e. 

every additional electron attached to C60H2 anion must be unbound. However, conventional 

DFT functionals wrongly predict that extra electron is partly bound for many species with a 

negative electron affinity, while LC-BLYP does predict the correct electron density behavior. 

As a result, electron-density distribution of unbound electrons is much more strongly affected 

by an electric field for the completely unbound electrons predicted by LC-BLYP rather than 

for the partly bound electrons predicted by other functionals. On the other hand, the 

anisotropic electric field of tetra-anion 7 created by nuclei and bound electrons induces a 

much stronger shift of electron density in 7 than in the case of tetra-anion 25 because of two 

unbalanced hydrogens and the deformed carbon cage on one side of the fullerene in 7, while 
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25 has a structure close to Ci-symmetry. As a result, the dipole moment of tetra-anion 7 is 

significantly larger at LC-BLYP/6-311+G(d,p) (7.7 D) than at B3LYP/6-311+G(d,p) and 

M06L/6-311+G(d,p) (2.9 D and 2.7 D, respectively), while that of 25 tetra-anion is essentially 

zero at all levels of theory because of its highly symmetrical structure (close to Ci). The 

stronger deformation of the electron density of unbound electrons in tetra-anion 7 leads to a 

stronger energetically unfavorable electrostatic repulsion between the negatively charged 

fullerene cage and the density of the unbound electrons at LC-BLYP/6-311+G(d,p) than at 

other levels of theory. 

Since molecules with large dipole moments are significantly stabilized in polar solvents, we 

have also estimated solvent effects on the relative stabilities of dihydro[60]fullerene tetra-

anions using the conductor-like polarizable continuum model (C-PCM)[560-561] and 

acetonitrile as the most polar solvent used (mixed with toluene) for the electrochemical 

production of the fullerene hexaanion.[555] LC-BLYP/6-311+G(d,p) calculations of C   2
 –

 

stabilities in acetonitrile also predict that 25 is the most stable regioisomer and that the 

relative stabilities of other isomers are very close to those predicted in the gas phase 

(differences are within ca. 1 kcal mol
−1

) with the exception of 7, which is only 2.9 kcal mol
−1

 

less stable than 25 in acetonitrile. Thus, the inclusion of solvent effects does not change the 

conclusions and the further protonation steps are considered only by gas-phase calculations. 

The proton affinity of C60H
5−

 is similar at all levels of theory: 582.7 kcal mol
−1

, 575.6 

kcal mol
−1

 and 580.0 kcal mol
−1

 at LC-BLYP/6-311+G(d,p), B3LYP/6-311+G(d,p) and 

M06L/6-311+G(d,p), respectively. The lowering of the proton affinity relative to that of C  
 –

 

is a simple charge effect. 

5.2.4.2 Triprotonation 

Protonation of the 1,9-dihydro[60]fullerene 7 tetra-anion, whose formation in the previous 

step was predicted by the B3LYP and M06L functionals, can lead to 16 regioisomers, while 

protonation of the 1,60-dihydro[60]fullerene 25 tetra-anion, whose formation in the previous 

step was predicted by the LC-BLYP functional, can lead to 11 regioisomers (Scheme 5.5). 

Among these, the tri-anion of 1,2,9-trihydrofullerene 26 is most stable at the  

B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) levels of theory, while 1,9,60-

trihydrofullerene 46 tri-anion is most stable at the LC-BLYP/6-311+G(d,p) level of theory 
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(Table 5.15). All three hydrogen atoms in 26 are located near each other on the same hexagon. 

The proton affinity of 7
 −

 to form 26
3−

 and of 25
 −

 to form 46
3−

 is 63–69 kcal mol
−1

 lower 

than that of 2
5

, as expected. 

 

 

Scheme 5.5. Protonation of the dihydro[60]fullerene 7 (top) and 25 (bottom) tetra-anions. All 

possible C60 3
3–

 regioisomers are shown as dots in the Schlegel diagram. The most stable tri-

anion is that of 1,9,60-dihydro[60]fullerene 46 at LC-BLYP/6-311+G(d,p) (blue dot) and of 

1,2,9-dihydro[60]fullerene 26 at B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) (orange dot). 
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Table 5.15. Energies of all possible C60H3 regioisomeric tri-anions formed after protonation 

of 7 tetra-anion relative to the most stable isomeric tri-anion (Δ(E + ZPE)rel, kcal mol
1

) at the 

B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) levels of theory and all possible C60H3 

regioisomeric tri-anions formed after protonation of 25 tetra-anion relative to the most stable 

isomeric tri-anion (Δ(E + ZPE)rel, kcal mol
1

) at the LC-BLYP/6-311+G(d,p)//LC-BLYP/6-

31G(d) level of theory. 

Species 
Isomer of 

C60 3
3–

 
B3LYP M06L Species 

Isomer of 

C60 3
3–

 
LC-BLYP 

26 1,2,9- 0.0 0.0 42 1,2,60- 4.3 

27 1,3,9- 8.2 8.7 43 1,3,60- 6.0 

28 1,6,9- 7.7 7.8 44 1,6,60- 7.4 

29 1,9,13- 11.2 11.3 45 1,7,60- 5.5 

30 1,9,14- 10.6 10.2 46 1,9,60- 0.0 

31 1,9,15- 4.5 3.8 47 1,13,60- 15.2 

32 1,9,16- 4.6 5.1 48 1,14,60- 11.3 

33 1,9,21- 5.2 5.0 49 1,15,60- 4.7 

34 1,9,31- 5.0 5.0 50 1,16,60- 4.7 

35 1,9,32- 8.0 9.1 51 1,23,60- 9.1 

36 1,9,33- 6.5 6.7 52 1,24,60- 4.2 

37 1,9,34- 6.2 5.7    

38 1,9,35- 4.2 4.7    

39 1,9,49- 4.5 5.1    

40 1,9,51- 3.6 4.3    

41 1,9,52- 4.9 6.5    

 

5.2.4.3 Tetraprotonation 

The fourth proton binds to the same hexagon as the three previous ones at the B3LYP/ 

6-311+G(d,p) and M06L/6-311+G(d,p) levels of theory (Scheme 5.6). The dianion of 

1,2,9,12-tetrahydro[60]fullerene 61 is the most stable of the 57 regioisomers that can be 

formed by protonating 26
3−

 at the B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) levels of 

theory (Table 5.16). Its formation according to eq. 5.17 (Scheme 5.3) is 60–61 kcal mol
−1

 less 

exothermic than the heat of reaction of the previous step at the B3LYP/6-311+G(d,p) and 

M06L/6-311+G(d,p) levels of theory. 

On the other hand, LC-BLYP/6-311+G(d,p) predicts that the fourth proton binds to [6,6] C–C 

bond to form the dianion of the regioisomer C60H4 134 (one of the 27 regioisomers that can be 
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formed by protonating 46
3−

) with hydrogens added to two opposite [6,6] C–C bonds. Its 

formation according to eq. 5.17 (Scheme 5.3) is 58.9 kcal mol
−1

 less exothermic than the heat 

of reaction of the previous step at the LC-BLYP/6-311+G(d,p) level of theory. 

 

 

Scheme 5.6. Protonation of the trihydro[60]fullerene 26 (top) and 46 (bottom) tri-anions. All 

possible C60  
2–

 regioisomers are shown as dots in the Schlegel diagram. The most stable 

dianion is that of 1,9,52,60-dihydro[60]fullerene 61 at LC-BLYP/6-311+G(d,p) (blue dot) and 

of 1,2,9,12-dihydro[60]fullerene 134 at B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) 

(orange dot). 
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Table 5.16. Energies of all possible C60H4 regioisomeric dianions formed after protonation of 

26 tri-anion relative to the most stable isomeric dianion (Δ(E + ZPE)rel, kcal mol
1

) at the 

B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) levels of theory and all possible C60H4 

regioisomeric dianions formed after protonation of 46 tri-anion relative to the most stable 

isomeric dianion (Δ(E + ZPE)rel, kcal mol
1

) at the LC-BLYP/6-311+G(d,p)// 

LC-BLYP/6-31G(d) level of theory. 

Species 
Isomer of 

C60  
2–

 
B3LYP M06L Species 

Isomer of 

C60  
2–

 
LC-BLYP 

53 1,2,3,9- 7.2 6.5 110 1,2,9,60- 6.3 

54 1,2,4,9- 20.6 20.6 111 1,3,9,60- 10.2 

55 1,2,5,9- 8.9 8.5 112 1,6,9,60- 9.5 

56 1,2,6,9- 15.0 14.7 113 1,7,9,60- 7.9 

57 1,2,7,9- 14.1 13.9 114 1,8,9,60- 4.1 

58 1,2,8,9- 11.4 11.7 115 1,9,13,60- 18.1 

59 1,2,9,10- 7.7 7.2 116 1,9,14,60- 14.8 

60 1,2,9,11- 22.9 22.7 117 1,9,15,60- 5.1 

61 1,2,9,12- 0.0 0.0 118 1,9,16,60- 8.6 

62 1,2,9,13- 21.1 20.8 119 1,9,21,60- 6.2 

63 1,2,9,14- 15.6 5.8 120 1,9,22,60- 11.8 

64 1,2,9,15- 15.9 15.5 121 1,9,23,60- 13.3 

65 1,2,9,16- 16.3 16.3 122 1,9,24,60- 5.5 

66 1,2,9,17- 18.7 18.5 123 1,9,25,60- 7.9 

67 1,2,9,18- 7.4 7.0 124 1,9,32,60- 17.2 

68 1,2,9,19- 16.3 16.6 125 1,9,33,60- 11.9 

69 1,2,9,20- 14.3 14.3 126 1,9,34,60- 10.0 

70 1,2,9,21- 8.0 8.5 127 1,9,35,60- 8.5 

71 1,2,9,22- 16.8 16.8 128 1,9,41,60- 15.7 

72 1,2,9,23- 16.2 16.5 129 1,9,42,60- 14.9 

73 1,2,9,24- 8.5 8.1 130 1,9,43,60- 10.9 

74 1,2,9,25- 13.1 13.2 131 1,9,49,60- 12.1 

75 1,2,9,26- 17.5 17.6 132 1,9,50,60- 10.7 

76 1,2,9,27- 9.2 8.5 133 1,9,51,60- 14.0 

77 1,2,9,28- 16.5 16.2 134 1,9,52,60- 0.0 

78 1,2,9,29- 14.2 13.1 135 1,9,56,60- 7.7 

79 1,2,9,30- 9.8 9.3 136 1,9,57,60- 9.8 

80 1,2,9,31- 11.4 11.1    

81 1,2,9,32- 13.4 12.6    

82 1,2,9,33- 19.2 18.4    

83 1,2,9,34- 9.6 9.6    

84 1,2,9,35- 10.5 10.3    

85 1,2,9,36- 12.8 13.8    

86 1,2,9,37- 11.3 11.5    

87 1,2,9,38- 10.1 10.5    

88 1,2,9,39- 13.5 14.4    
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89 1,2,9,40- 8.2 8.5    

90 1,2,9,41- 12.2 13.0    

91 1,2,9,42- 11.8 12.2    

92 1,2,9,43- 9.6 9.7    

93 1,2,9,44- 18.6 18.9    

94 1,2,9,45- 11.5 12.4    

95 1,2,9,46- 9.4 9.8    

96 1,2,9,47- 11.7 11.7    

97 1,2,9,48- 13.5 14.0    

98 1,2,9,49- 9.0 9.1    

99 1,2,9,50- 13.0 13.4    

100 1,2,9,51- 19.8 19.7    

101 1,2,9,52- 12.4 12.9    

102 1,2,9,53- 12.0 12.9    

103 1,2,9,54- 10.7 11.1    

104 1,2,9,55- 14.8 15.1    

105 1,2,9,56- 12.2 13.1    

106 1,2,9,57- 9.9 10.4    

107 1,2,9,58- 11.4 12.3    

108 1,2,9,59- 12.3 12.8    

109 1,2,9,60- 13.5 14.0    

 

5.2.4.4 Pentaprotonation 

The anion of 1,2,9,10,12-pentahydro[60]fullerene 142 with five hydrogen atoms attached to 

one hexagon is 12–13 kcal mol
−1

 less stable than that of 1,2,9,12,18-pentahydro[60]fullerene 

145, which is the most stable of the 30 possible products of protonating the dianion of  

CS-symmetrical 61 at the B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) levels of theory 

(Scheme 5.7 and Table 5.17). On the other hand, the anion of  

1,2,9,52,60-pentahydro[60]fullerene 167 is the most of the 7 possible products of protonating 

the dianion of D2h symmetrical 134. The fifth proton affinity of C  
 –

 is 71.2–72.3 kcal mol
−1

 

lower than the fourth. 
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Scheme 5.7. Protonation of the dihydro[60]fullerene 61 (top) and 134 (bottom) dianions. All 

possible C60 5
–

 regioisomers are shown as dots in the Schlegel diagram. The most stable anion 

is that of 1,9,9,52,60-dihydro[60]fullerene 167 at LC-BLYP/6-311+G(d,p) (blue dot) and of 

1,2,9,12,18-dihydro[60]fullerene 145 at B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) 

(orange dot). 
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Table 5.17. Energies of all possible C60H5 regioisomeric anions formed after protonation of 

61 dianion relative to the most stable isomeric anion (Δ(E + ZPE)rel, kcal mol
1

) at the 

B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) levels of theory and all possible C60H5 

regioisomeric anions formed after protonation of 134 dianion relative to the most stable 

isomeric anion (Δ(E + ZPE)rel, kcal mol
1

) at the LC-BLYP/6-311+G(d,p)// 

LC-BLYP/6-31G(d) level of theory. 

Species 
Isomer of 

C60 5
–
 

B3LYP M06L Species 
Isomer of 

C60 5
–
 

LC-

BLYP 

137 1,2,3,9,12- 3.5 3.8 167 1,2,9,52,60- 0.0 

138 1,2,4,9,12- 14.5 15.0 168 1,3,9,52,60- 2.6 

139 1,2,6,9,12- 8.1 8.1 169 1,6,9,52,60- 3.1 

140 1,2,7,9,12- 7.5 7.8 170 1,9,13,52,60- 7.5 

141 1,2,8,9,12- 2.2 2.4 171 1,9,14,52,60- 7.3 

142 1,2,9,10,12- 12.3 12.5 172 1,9,15,52,60- 0.6 

143 1,2,9,12,16- 7.6 7.9 173 1,9,16,52,60- 0.9 

144 1,2,9,12,17- 11.7 12.1    

145 1,2,9,12,18- 0.0 0.0    

146 1,2,9,12,21- 2.7 3.1    

147 1,2,9,12,22- 9.6 10.3    

148 1,2,9,12,23- 10.7 11.2    

149 1,2,9,12,24- 2.0 2.0    

150 1,2,9,12,25- 7.2 7.6    

151 1,2,9,12,26- 9.2 9.7    

152 1,2,9,12,27- 10.1 10.1    

153 1,2,9,12,35- 2.2 2.8    

154 1,2,9,12,36- 7.5 8.7    

155 1,2,9,12,37- 4.6 5.4    

156 1,2,9,12,41- 6.8 7.8    

157 1,2,9,12,42- 4.1 4.7    

158 1,2,9,12,43- 4.3 4.7    

159 1,2,9,12,44- 7.5 8.4    

160 1,2,9,12,45- 5.4 6.1    

161 1,2,9,12,46- 4.0 4.6    

162 1,2,9,12,52- 7.0 8.1    

163 1,2,9,12,53- 5.8 6.5    

164 1,2,9,12,56- 6.3 7.1    

165 1,2,9,12,57- 4.6 5.3    

166 1,2,9,12,58- 2.5 3.2    
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5.2.4.5 Hexaprotonation 

The final step of protonating 1,2,9,12,18-pentahydro[60]fullerene 145 anion, whose formation 

in the previous step was predicted by the B3LYP and M06L functionals, to neutral 

hexahydro[60]fullerene can lead to 29 possible regioisomers (Scheme 5.8).  

1,2,6,9,12,18-hexahydro[60]fullerene 176 is calculated to be the most stable at the B3LYP/ 

6-311+G(d,p) and M06L/6-311+G(d,p) levels of theory (Table 5.18). The LC-BLYP/ 

6-311+G(d,p) level of theory predicts that the 1,2,9,12,52,60-hexahydro[60]fullerene 211 is 

the most stable regioisomer of the 55 regioisomers that can be formed by protonating the 

1,2,9,52,60-pentahydro[60]fullerene anion 167. The final proton affinity is 327.5 at the  

LC-BLYP/6-311+G(d,p) level of theory and 315 kcal mol
−1

 at the B3LYP/6-311+G(d,p) and 

M06L/6-311+G(d,p) levels of theory for the respective pathways. 

 

Table 5.18. Energies of all possible regioisomeric C60H6 formed after protonation of 145 

anion relative to the most stable isomeric C60H6 (Δ(E + ZPE)rel, kcal mol
1

) at the  

B3LYP/6-311+G(d,p) and M06L/6-311+G(d,p) levels of theory and all possible 

regioisomeric C60H6 formed after protonation of 167 anion relative to the most stable isomeric 

C60H6 (Δ(E + ZPE)rel, kcal mol
1

) at the LC-BLYP/6-311+G(d,p)//LC-BLYP/6-31G(d) level 

of theory. 

Species Isomer of C60H6 B3LYP M06L Species Isomer of C60H6 
LC-

BLYP 

174 1,2,3,9,12,18- 33.4 29.2 203 1,2,3,9,52,60- 21.1 

175 1,2,4,9,12,18- 7.8 8.0 204 1,2,4,9,52,60- 61.2 

176 1,2,6,9,12,18- 0.0 0.0 205 1,2,5,9,52,60- 58.8 

177 1,2,7,9,12,18- 36.9 31.8 206 1,2,6,9,52,60- 50.7 

178 1,2,8,9,12,18- 10.9 9.9 207 1,2,7,9,52,60- 44.4 

179 1,2,9,10,12,18- 41.2 37.4 208 1,2,8,9,52,60- 53.3 

180 1,2,9,12,16,18- 38.1 34.7 209 1,2,9,10,52,60- 9.5 

181 1,2,9,12,17,18- 12.0 11.3 210 1,2,9,11,52,60- 59.8 

182 1,2,9,12,18,21- 22.4 19.1 211 1,2,9,12,52,60- 0.0 

183 1,2,9,12,18,22- 23.3 20.3 212 1,2,9,13,52,60- 54.0 

184 1,2,9,12,18,23- 27.7 24.1 213 1,2,9,14,52,60- 5.3 

185 1,2,9,12,18,24- 14.2 11.6 214 1,2,9,15,52,60- 55.9 

186 1,2,9,12,18,25- 35.2 31.1 215 1,2,9,16,52,60- 41.4 

187 1,2,9,12,18,26- 36.9 33.4 216 1,2,9,17,52,60- 43.4 

188 1,2,9,12,18,27- 32.4 27.6 217 1,2,9,18,52,60- 29.3 

189 1,2,9,12,18,35- 27.3 23.8 218 1,2,9,19,52,60- 57.6 
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190 1,2,9,12,18,36- 17.2 15.2 219 1,2,9,20,52,60- 40.6 

191 1,2,9,12,18,37- 40.4 36.5 220 1,2,9,21,52,60- 59.2 

192 1,2,9,12,18,41- 29.5 25.0 221 1,2,9,22,52,60- 55.9 

193 1,2,9,12,18,42- 33.8 29.5 222 1,2,9,23,52,60- 54.2 

194 1,2,9,12,18,43- 21.3 17.2 223 1,2,9,24,52,60- 53.2 

195 1,2,9,12,18,44- 36.3 31.3 224 1,2,9,25,52,60- 42.3 

196 1,2,9,12,18,45- 25.4 23.0 225 1,2,9,26,52,60- 48.8 

197 1,2,9,12,18,46- 35.6 30.2 226 1,2,9,27,52,60- 18.6 

198 1,2,9,12,18,52- 31.3 26.7 227 1,2,9,28,52,60- 40.5 

199 1,2,9,12,18,53- 23.6 20.8 228 1,2,9,29,52,60- 30.6 

200 1,2,9,12,18,56- 28.9 25.6 229 1,2,9,30,52,60- 30.9 

201 1,2,9,12,18,57- 34.9 30.3 230 1,2,9,31,52,60- 39.9 

202 1,2,9,12,18,58- 21.9 18.4 231 1,2,9,32,52,60- 22.3 

    232 1,2,9,33,52,60- 49.7 

    233 1,2,9,34,52,60- 33.1 

    234 1,2,9,35,52,60- 52.9 

    235 1,2,9,36,52,60- 57.1 

    236 1,2,9,37,52,60- 58.4 

    237 1,2,9,38,52,60- 57.9 

    238 1,2,9,39,52,60- 62.0 

    239 1,2,9,40,52,60- 46.6 

    240 1,2,9,41,52,60- 65.3 

    241 1,2,9,42,52,60- 52.6 

    242 1,2,9,43,52,60- 59.0 

    243 1,2,9,44,52,60- 28.5 

    244 1,2,9,45,52,60- 60.8 

    245 1,2,9,46,52,60- 48.9 

    246 1,2,9,47,52,60- 50.4 

    247 1,2,9,48,52,60- 55.4 

    248 1,2,9,49,52,60- 58.0 

    249 1,2,9,50,52,60- 53.3 

    250 1,2,9,51,52,60- 24.3 

    251 1,2,9,52,53,60- 53.3 

    252 1,2,9,52,54,60- 57.5 

    253 1,2,9,52,55,60- 41.5 

    254 1,2,9,52,56,60- 63.3 

    255 1,2,9,52,57,60- 42.3 

    256 1,2,9,52,58,60- 20.0 

    257 1,2,9,52,59,60- 53.4 
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Scheme 5.8. Protonation of the pentahydro[60]fullerene 145 (top) and 167 (bottom) anions. 

All possible C60H6 regioisomers are shown as dots in the Schlegel diagram. The most stable 

isomer is 1,2,9,12,52,60-hexahydro[60]fullerene 211 at LC-BLYP/6-311+G(d,p) (blue dot) 

and 1,2,6,9,12,18-hexahydro[60]fullerene 176 at B3LYP/6-311+G(d,p) and M06L/6-

311+G(d,p) (orange dot). 

 

Both the theoretically predicted products 176 and 211 differ from the experimentally observed 

hexahydro[60]fullerene product (1,9,34,35,43,57-C60H6, 258) formed from C60 reduction with 

a Zn/Cu couple[552-554] in the positions of four substituents. However, the latter is believed 

to be a kinetic product[554] and is 2.1 kcal mol
−1

 less stable than 211 at LC-BLYP/6-

311+G(d,p) and 1.1 and 1.4 kcal mol
−1 

less stable than 176 at B3LYP/6-311+G(d,p) and 

M06L/6-311+G(d,p), respectively. 130 differs from radically hexachlorinated C60 
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(1,6,9,12,15,18-C60Cl6, 158) in the position of one substituent[562] (Figure 5.6). The C60H6 

regioisomer with the same addition pattern as 259, i.e. 1,6,9,12,15,18-hexahydro[60]fullerene, 

is essentially energetically equivalent to 176 (0.7 kcal mol
−1

 more stable at B3LYP/6-

311+G(d,p), but 0.1 kcal mol
−1

 less stable at M06L/6-311+G(d,p)), but more stable than 211 

by 6.6 kcal mol
−1

 at LC-BLYP/6-311+G(d,p). 

 

Figure 5.6. Structures of C60H6 176 and 211 formed under protonating C60 hexaanion as 

theoretically predicted in this work by LC-BLYP and by B3LYP and M06L, respectively. 

Structures of the experimentally determined major isomer of C60H6 258 obtained after 

reduction of C60 with Zn/Cu couple and hexachloro[60]fullerene C60Cl6 259 formed under 

radical conditions. 
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5.2.5 Conclusions 

In the present study, we have carried out a thought experiment of protonating hexa-anionic 

fullerene C  
 –

 to neutral C60H6 as a stepwise process using DFT with the LC-BLYP, B3LYP 

and M06L functionals. We should emphasize that our aim in this study was not to identify the 

global minimum of all C60H6 isomers, because in order to answer this question it would be 

necessary to calculate all unique regioisomers out of 418,470 possibilities[563] (835,476 

possibilities[550] including enantiomers), although attempts to find the most 

thermodynamically stable C60H6 isomers were made earlier by HF/6-31G(d) calculations on 

18 carefully selected isomers with addition patterns believed to be most preferable.[564] 

Rather, we tried to answer two other questions: first, what products are formed by stepwise 

protonation of the C60 hexa-anion, i.e. via a synthetic route that differs from conventional 

ones; second, how reliable are commonly used DFT methods for predicting the relative 

stabilities of highly negatively charged species that are structurally very similar and relatively 

close in energy. Note that DFT and semiempirical methods successfully predict the most 

stable regioisomers for the corresponding uncharged species, as we have shown in Section 5.1 

for C60H2. 

An answer to the second question is crucial for obtaining a trustworthy answer to the first. We 

have therefore chosen the LC-BLYP DFT functional as a reference method that is 

known[202] to be able to describe binding of an extra electron in species with positive and 

negative electron affinities correctly and with charge separation, in contrast to most 

conventional DFT methods, including B3LYP. We believe that the latter ability of LC-BLYP 

is crucial for a correct description of highly negatively charged hydrogenated fullerenes and 

indeed LC-BLYP gives relative stabilities of the hydrogenated fullerene anions studied 

qualitatively and quantitatively different from those predicted by B3LYP and M06L. 

Although the theory behind the M06L functional is relatively different from B3LYP as M06L 

is a meta-GGA local DFT functional without HF exchange, i.e. a pure DFT functional, and 

B3LYP is the hybrid functional that includes HF exchange, these two functionals predicted 

the same outcome of each protonation step and the relative energies of other isomers were 

quite close at these levels of theory. Thus, the M06L functional apparently describes extra 

electrons similarly to B3LYP and other pure DFT functionals.[202] This is no surprise as 

M06L has no HF exchange.[300] The answer to the second question is that a careful choice of 
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DFT functional with the correct distance dependence of the HF exchange contribution to the 

functional is necessary to describe highly negatively charged molecules qualitatively correctly 

(even as large as fullerene derivatives, where high delocalization of electron density is 

expected).[202] 

The answer to the first question is complicated due to the fact that many regioisomers are very 

close in energy (within a few kcal mol
−1

), which may lead to a complex mixture of isomers. If 

protonation proceeds consequently via the thermodynamically most stable regioisomers at 

each step, the final or at least major regioisomer is the non-symmetrical 1,2,9,12,52,60-

hexahydro[60]fullerene, 211 as predicted by LC-BLYP. Its structure differs from the C60H6 

isomer synthesized by other synthetic routes, but it is calculated to be lower in energy. 

Furthermore, the addition pattern in 1,2,6,9,12,18-hexahydro[60]fullerene is also different 

from that found for C60Cl6 obtained by radical addition to fullerene. 
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