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Abstract  
The performance of a modified electron affinity descriptor, Es,min, for predictions of electrophilicity and 

Lewis acidity is reported. Based on a multi-orbital approach the descriptor accounts for electron transfer 

processes during reactions and interactions of electron-deficient species. In comparison to traditional 

frontier orbital based methods, the Es,min may reflect an extended spectrum of interactions by 

considering all negative virtual orbitals of a compound. These orbitals are obtained at the ground-state 

geometry via quantum chemical calculations at the DFT-B3LYP/6-31+G** level of theory. The Es,min is a 

local surface property here determined on a 0.004 electron/bohr3 isodensity contour . 

As a ground-state descriptor, Es,min  is computationally inexpensive and fairly large series of compounds 

can be readily processed. Herein we show that very good correlations can be found between descriptor 

values and experimental- as well as theoretical data of such diverse interactions as nucleophilic aromatic 

substitutions and halogen bonding. Both regioselectivity and relative reactivity can be predicted. The 

performance of the descriptor is contrasted to other descriptors as well as to more advanced quantum 

chemical methods.  

Reactions that have been considered in this study include: the SNAr, vicarious aromatic substitution 

reaction (VNS), Michael additions, SN1/SN2, acylation, additions and Schiff base formations. In addition, 

Lewis acid-Lewis base interactions have been evaluated.  To fully capture the complex nature of 

electrophilicity and Lewis acidity the Es,min descriptor have occasionally been combined with descriptors 

of other properties, such as the local surface electrostatic potential and local ionization energies. 

The descriptor is expected to find use in fundamental research but also in, for instance, planning of 

synthetic routes or in toxicity studies. However a few concerns are directed against some aspects of the 

descriptor. Consequently more evaluations of Es,min’s performance is necessary before any application 

can be realized.    

 

 

 

  

 
 



 

Summering  

Förmågan att uppskatta elekrofilicitet och Lewis syrlighet med hjälp av en modifierad 

elekronaffinetesdeskriptor, Es,min, har utvärderats. Genom att ta hänsyn till alla negativa virtuella 

orbitaler med energier lägre än nivån för en fri elektron i systemet, kan deskriptorn ge en bild av 

elektronöverföringsprocesser under reaktioner och interaktioner för elektronfattiga molekyler. I 

jämförelse med traditionella orbitalmodeller (t.ex. FMO) kan den nya deskriptorn bättre reflektera 

komplexiteten under dessa interaktioner, tack vare att ett bredare spektrum av orbitaler studeras. 

Orbitalinformationen till Es,min har erhållits från kvantkemiska beräkningar på grundtillståndet hos de 

studerade molekylerna med beräkningsnivån DFT-B3LYP/6-31+G**. Es,min är en lokal ytegenskap som här 

bestämts på isodensitetsytan vid 0.004 elektroner/bohr3. 

I egenskap av grundtillståndsdeskriptor är Es,min av beräkningsmässigt låg kostnad, vilket medför att 

relativt stora serier av substanser smidigt kan behandlas. I denna rapport visas att mycket goda 

korrelationer mellan deskriptorvärden och experimentell/teoretisk data kan fastställas. Detta uppvisas 

för så pass olika interaktionstyper som nukleofila aromatiska substitutions reaktioner och halogen 

bindning. Både regioselektivitet och relativ reaktivitet har kunnat förutsägas. Deskriptorns 

prestationsförmåga är här även kontrasterad mot prestationen för andra deskriptorer samt mot 

beräkningar på högre kvantkemisk nivå. 

Många olika typer av interaktioner har på något sett behandlats under denna studie. De reaktioner som 

behandlats är SNAr, VNS (”vicarious aromatic substitution”), SN1/SN2, acylering, additioner och Schiff bas 

formering. Dessutom har Lewis syra-Lewis bas interaktioner blivit utvärderade. För att mer fullständigt 

fånga den komplexa naturen av elektrofilicitet har, i vissa fall, olika linjärkombinationer av deskriptorer 

för olika egenskaper testats. Exempelvis har Es,min kombinerats med den lokala elektrostatiska 

ytpotentialen samt den lokala jonisationsenergin. 

Den nyframtagna deskriptorn förväntas finna tillämpningar inom grundforskning, men också inom t.ex. 

planering av syntesiska strategier samt inom toxikologiska studier. Emellertid finns fortfarande 

frågetecken kvar rörande vissa aspekter av Es,min. Således behöver deskriptorn utvärderas mer innan 

några reella applikationer kan tas i bruk. 
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1. Introduction 
The art of predicting reactivity have engaged chemists ever since the birth of the chemical science. 

Throughout the years countless of tools have been developed for this purpose – some more useful than 

others. In later years, following the development of more and more advanced computers, quantum 

chemical calculations have emerged as a reliable alternative to traditional empirical means of reactivity 

estimation. Of great value are quantum chemical methods that are able to predict reactivity based on 

the ground-state of molecules solely - this is, without the necessity to account for perturbed systems or 

interactions with other species. Since ground-state descriptors are computationally inexpensive and 

fast, these methods are attractive compared to tedious experimental or advanced theoretical methods. 

A widespread example of such descriptors are the frontier molecular orbitals – i.e. the (energetically) 

highest occupied and the lowest unoccupied molecular orbitals, HOMO and LUMO.   

In this study, a newly derived ground-state descriptor of local electrophilicty, Es,min
1, has been put under 

scrutiny. The descriptor has its foundation in the density functional theory and is here obtained by using 

orbital information from single-point calculations on the B3LYP/6-31+G** level of theory. In contrast to 

the LUMO of the frontier orbital model, the new descriptor accounts for a spectrum of unoccupied 

orbitals and is thus anticipated to better reflect the complexity of electrophilic interactions. The Es,min’s 

performance as predicator of reactivity and regioselectivity has been evaluated against experimental 

data and contrasted to higher level quantum chemical calculations. 

This report has been divided into a short introduction to quantum chemistry, density functional theory 

(DFT) and electrophilicity, followed by the definition of the new descriptor and a specification of the 

computational methods used.  In the later chapters is the Es,min evaluated against different studies of 

various reaction mechanisms and interaction schemes. The mechanisms considered are the nucleofilic 

aromatic substitution (SNAr), the closely related vicarious nucleophilic substitution (VNS), Michael 

addition, SN1/SN2 , acylation and Schiff base formation. Among these, focus has been directed towards 

the SNAr and VNS mechanisms.  In addition, Lewis acid-Lewis base interactions has been evaluated. To 

conclude the report, the performance of the new descriptor, Es,min, is summarized and its major benefits 

and shortcomings are elucidated along with suggestions of potential future applications. 

 

  



Theoretical Background 
 

2 
 

2. Theoretical background 
“If I have seen further it’s only by standing on shoulders of giants”, Sir Isaac Newton once said. In this 

section the fundamentals of the quantum chemical theories used during this thesis are presented. This 

will include the basic background to the Hartree-Fock method, an introduction to density functional 

theory (DFT) and a short summery of electrophilicity including historically important as well as modern 

methods for estimating this quantity. Finally, in subsection 0), the new Es(r) descriptor are properly 

introduced.       

2.1. Quantum chemistry 
Based on the work pioneered by Erwin Schrödinger in the 1920’s, along with the subsequently derived 

theories, it has been said that we now know how to fully describe everything concerning chemistry. The 

only problem is that the necessary calculations are so intricate that we (by the helping hands of 

computers) only can reach approximate solutions for systems which contain more than just a few 

particles. Clearly modern quantum chemistry benefits much from for the rapid evolution of computer 

power. This alongside theoretical breakthroughs have put us in a position where it is today possible to 

find good approximate results for molecules as large as 100’s up to 1000’s of atoms - dimensions that 

chemists and physicists at Schrödinger’s time could only dream of. 

The theories in this section is based on that found in Szabo and Ostlund’s Modern Quantum Chemistry 2, 

if not otherwise specified. Major exceptions are subsections 2.1.8) – Density Functional Theory – and 

2.1.9) – Solvation models. 

2.1.1. The Schrödinger equation 
Most of all quantum chemical calculations employs the time-independent, non-relativistic Schrödinger 

equation 

        1)  
 

In the Schrödinger equation the   represents the (many particle) wave function of the system and the 

Hamliltonian    is the Hermitian operator corresponding to the total energy, E, of the system. Solving the 

Schrödinger equation equals finding the system’s total wave function. Within this wave function dwells 

information about all physically measurable quantities belonging to the system. These quantities are 

accessible by employing the corresponding Hermitian operator on the wave function, e.g. the 

Hamiltonian which gives the total energy etc. Unfortunately analytical solutions to the Schrödinger 

equation can only be found for the very simplest of systems. In all other cases we are limited to 

approximate wave functions. 

In atomic units (see for instance p.41 in Szabo&Ostlund2), given an atom or a molecule consisting of N 

electrons and M nuclei, the Hamiltonian is represented by  
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Here the first two terms corresponds to the kinetic energy of the electrons and the nuclei respectively. 

The third term is the attraction between the electrons and the nuclei while the fourth and fifth terms 

represent the electron-electron and the nuclei-nuclei repulsions. In eq. 2 i and j are the ith and the jth 

electron respectively while A and B represents different nuclei in the same fashion.  Z is the charge of 

the corresponding nuclei. The Laplacian operator    of terms 1 and 2 in eq. 2, is defined as  

 
   

  

   
 

  

   
 

  

   
 

 
3)  

 

The true wave function of a system corresponds to the one which yields the lowest possible total energy 

of the system, in accordance with the viral theorem, eq. (4):  

 
                

         

      
 

 
4)  

 

The energy of the computed guess-structure is attained via by the nominator in eq. 4) normalized by the 

total electron density in the denominator.  

2.1.2. The Born-Oppenheimer approximation 
To reduce the efforts necessary to solve the Schrödinger equation one usually introduce the so-called 

Born-Oppenheimer approximation. This makes use of the fact that the nuclei are much heavier than the 

electrons and thus move much slower. Hence the electrons can be approximated to move in a constant 

field produced by the static nucleus. In most cases the errors caused by this approximation are kept at a 

reasonable low magnitude.   

A consequence of the Born-Oppenheimer approximation is that the kinetic energy term of the nuclei is 

set to zero and the nuclei-nuclei repulsion is reduced to a constant which can be separated from the rest 

of the terms and added afterwards when the remaining electronic part has been solved. The problem of 

finding the many particle wave function is therefore reduced to solving only the electronic Schrödinger 

equation, eq. (5) with the corresponding Hamiltonian (eq. 6): 

                                                5)  
 

 
               

 

 
  

 

 

   

   
  

   

 

   

 

   

   
 

   

 

   

 

   

 
 

6)  

 

2.1.3. Spin functions and the anti-symmetry constraint  
Guided by some seemingly awkward experimental results that could not be explained by basic QM 

calculations, scientists realized during the 1920’s that there where another, yet undefined, quantity of 

importance. It was found that electrons interact with their surroundings as if they were spinning about 

their own axis. Based on this observation one introduced the spin functions α(ω) and β(ω) 
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corresponding to spin up and spin down of respectively. On top of the spatial coordinates r, each 

electron was assigned a spin coordinate ω. To fully describe an electron one thus need four coordinates 

collectively denoted x 

            7)  

 

From one spatial orbital ψ(r) we can now form two possible spin orbitals φ(x) where each spin orbital 

only can contain one electron (in accordance with the Pauli principle), 

 
       

        
  

        

  
 
 

8)  
 

Another important criterion is that the electrons are to be indistinguishable. This means that it should 

not matter if electron a occupies orbital A and electron b orbital B or vice versa, the same result should 

be obtained in either case. In other words the probability density of the electrons should remain 

constant during interchange of the electrons.  This can be illustrated by 

           
           

  9)  

 

Were x1 and x2 represents the two electrons of a two electron system.  

The condition in eq. 9 can be meet by either the symmetrical (a=b) or the anti-symmetrical (a=-b) 

approach were only the latter is combinable with the Pauli principle (originating in the fermion nature of 

the electron). Finally the criterion of indistinguishablility leads to a wave function   consisting of a linear 

combination of two wave functions 

 
         

 

  
                   

 
10)  

 

where, 

                               
 

                             
 

11)  
 
12)  

 

The wave function of eq. 10 can be represented by a Slater determinant, 

 
         

 

  
 
                    
                    

  
 
13)  

 

A many electron wave function must (just like a two electron wave function) also be anti-symmetrical 

with respect to interchange of any electron with another. The Slater determinant representation of a N-

electron system with n spin orbitals is 
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14)  

 

Interchanging the two electrons spin states i and j would lead to, using the short notation of the Slater 

determinant, 

                                            15)  

 

This assures furthermore that the Pauli principle is maintained and since electrons with the same spin 

consequently newer will occupy the same spatial position their motions are correlated - which gives rise 

to a energy lowering for the system often denoted as the Fermi-correlation energy or exchange energy.     

2.1.4. The Hartee-Fock approximation 
In the Hartree-Fock approximation one assumes that the many electron wave function can be written as 

a product of one electron wave functions.  

                                  16)  

 

The electrons are furthermore assumed to interact with an average electric field (the mean field 

approach) produced by the remaining electrons. Solving only one electron wave functions makes the 

calculations dramatically easier, and it is an essential procedure to facilitate calculations on more 

complicated systems than the very smallest. By minimizing the total electron energy Eel one thus arrives 

at a set of one electron equations – the Fock equations. The orbitals are optimized under the constraint 

that they stay orthogonal to each other and the equations have the form  

                       17)  

 

where r1 is the position in space,   a spin orbital, εi the eigenvalue or the energy of the ith orbital. Within 

Koopman’s theorem the εi is interpreted as the ionization energy of an electron in the ith orbital (while 

neglecting relaxation processes following the loss of an electron as well as the change in correlation 

energy). The        is the one electron Fock operator where i goes from 1,2… to the number of spatial 

orbitals N/2. N represents the number of spin orbitals. The Fock operator is defined as 

 

                              

   

 

 

 
18)  

Here h represents the kinetic energy of the studied electron. Furthermore is the coulomb operator Jj the 

average local potential at r caused by an electron in the jth orbital and Kj is the exchange operator which 

accounts for the exchange energy.  

The total energy of the system is furthermore the sum of the orbital’s energies εi with corrections for 

the overestimation of Jj and Kj - which would otherwise be counted twice. 
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19)  

 

With 

 

    

   

 

      

   

 

              

   

 

   

 

 

 
 
20)  

 

Armed with a good initial guess of the orbitals one can solve the equations iteratively, each step yielding 

a new set of orbitals which creates a new Fock operator and a yet another (better) guess can be 

computed until the variations of the orbitals are negligible. This is sometimes called the self-consistent 

field (SCF) method since the mean field of the orbitals is optimized to find the best orbitals – which in 

the ideal case should form a complete set of orthonormal functions. The orthogonality of the orbitals is 

an important constraint during the optimization process. The n energetically lowest spin orbitals will be 

occupied by the n electrons of the system. The remaining orbitals are unoccupied, virtual.  

2.1.5. The Rothaan equations 
It is not possible in the general case to use a complete set of orbitals when solving the Fock equations. 

Instead it is common practice to use a limited set of basis functions,   , (read more about basis sets in 

2.1.6) over which the orbitals are expanded as linear combinations. 

 
         

 

   

                
 
21)  

 

Substituting eq. 21) in eq. 17) yields 

 
            

 

   

             

 

   

     
 
22)  

 

Multiplying with the complex conjugate   
  and integrating we obtain 

 
       

           

 

   

          
      

 

   

 
 
 
23)  

 

The integral to the left of the equal sign is called the Fock matrix, Fvµ, and the right integral the overlap 

matrix, Svµ. Note furthermore the similarities between eq. 23 and eq. 4.  Eq. 23 can be written 
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24)  

 

or on the more well-known form of the Rothaan equation 

        25)  

 

Here C is a LxL matrix corresponding to the coefficients of the basis functions with the upper left 

coefficient belonging to the    . The ε is a diagonal matrix with each row i corresponding to the ith 

orbital’s energy. Solving the Schrödinger equation is hence a question of finding the coefficients of the 

basis functions which gives the lowest total energy of the system. The main bottle-neck in the solvation 

of the Rothaan equation is solving the two-electron integrals.  

The number of basis functions L determines the total number of spin orbitals to 2L. In an N electron 

system only N spin orbitals are occupied. The remaining 2L-N orbitals are virtual.    

2.1.6. Basis sets 
To find the electron orbitals of a molecule one employs linear combination of atomic orbitals (LCAOs), 

yielding so-called LCAO-MO. These molecular orbitals (MO) should ideally be built up by real atomic 

orbitals forming a complete basis set, however this is not practically achievable due to the rise of 

calculations of unmanageable sizes. Instead the atomic orbitals may be represented by a smaller set of 

Slater type orbitals (STO) with a radial part rn-1e-Ϛr and the spherical harmonic part Yl
m(ϴ,Ф) 

                      
          

       26)  

 

Here N is a constant, n, m,l are the principal-, orbital angular momentum- and the magnetic quantum 

numbers. The exponential Ϛ factor reflects the spatial extension of the orbitals. A large number 

corresponding to a tight orbital (around the nucleus) and a small number leads to a diffuse orbital 

(corresponding to for instance d-orbitals). By combining an unsymmetrical STO (for instance a p-orbital – 

i.e. n=2, l= 1) with a symmetric (e.g. a s-orbital – i.e. n=l=0) we will obtain a polarized orbital, hence 

unsymmetrical orbitals are often referred to as polarization orbitals. 

The STOs represent the atomic orbitals fairly well and can be combined into molecular orbitals. The 

more STOs at hand during the solvation of the Rothaan equations the better (or more realistic) are the 

obtained molecular orbitals. However, the larger the basis set used, the heavier does the calculations 

become. The minimal basis set needed to construct MOs for all electrons of a molecule is denoted STO-

NG. However, the STO-NG basis set is usually not sufficient for calculations of reasonable accuracy.  

 Moreover the e-r part of the STO leads to rather intricate integrals. To over come this obstruct Pople 

introduced another type of basis sets in order to speed up the calculations. By replacing the Slater type 

orbitals with orbitals on the Gaussian form, the     was exchanged by the more nicely behaving     

. The 

computational savings are huge. On the other hand the Gaussian type orbitals (GTO) do not look exactly 

like the STO (nor like the atomic orbitals to by simulated), especially at small distances from the atomic 
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center. To solve this problem the STO can be expanded by linear combinations of N numbers of GTOs 

with different values of the Ϛ factor.  The N in STO-NG represents the number of contracted Gaussians 

used to form a STO. 

A common basis set today is the 6-31G Pople type basis set. Here the number 6 represents the number 

of contracted Gaussians used for the core electrons (remember that the closer to the atomic centers the 

worse are the GTO representation of STO). The 3 and 1 indicates that two different contracted GTOs are 

used to represent the valance orbitals, one set consisting of contracted Gaussians with three different Ϛs 

and one set containing only one Gaussian function. The combination of these functions yield a so-called 

split valence basis set. The single Ϛ orbital function is usually of a more diffuse nature. When solving the 

Schrödinger equation the coefficients of these sets of orbitals are optimized to form linearly combined 

MOs. 

To the 6-31G bases set one can add diffuse (+) or polarization (*) functions on the form 6-31+G*.  

Diffuse functions may be used to describe anions or to capture dispersion interactions, while the 

polarization functions are useful for e.g. inter- or intramolecular dipolar interactions etc. A single + 

means that diffuse functions are added only to heavy atoms while ++ adds diffuse functions to H, and He 

as well. The * and ** notation works in the same fashion for polarization functions. However today the * 

and ** representation is phased out in favor for the use of more precise notations as the (d) or (p,d). 

Hence 6-31G* is 6-31G(d) and 6-31G** is 6-31G(p,d). Another notation for the addition of diffuse 

functions is on the form 6-311G, were the additional 1 is another diffuse Gaussian function. 

Another popular family of basis sets were developed by Dunning and co-workers3. These basis sets are 

constructed to converge systematically towards the complete basis set as the number of Ϛs (referred to 

as zeta) is increased4.  The basis sets are denoted cc-pVXZ, where cc-p indicates that it’s a correlation-

consistent  polarized basis set, V indicates the valence only character and XZ represents the number of 

contracted Gaussians with different C that represents each STO (DZ=double-zeta, TZ=triple zeta etc).  By 

adding an aug- (for augmented) in front of the notation (e.g. aug-cc-pVXZ) one indicates the addition of 

diffuse functions. These basis sets have grown very popular over the resent years. 

2.1.7. Correlation energy and post Hartree–Fock methods 
The main deficiency in the HF method is that the so called correlation energy is not compensated for.  

This error is defined as the energy difference between the Hartree-Fock energy, EHF, and the true 

energy, ETrue,. The difference arises from the fact that the mean-field approach of the electrons 

completely misses that no two electrons can be at the same place at the same time (due to strong 

electrostatic repulsion) – there mutual movements are correlated. For electrons of the same spin this 

correlation is however taken care of by the anti-symmetry principle (i.e. the exchange energy or the 

Fermi-correlation energy). But for electrons of different spin the effect is totally overlooked by HF.   

But how does the missed correlation affect the total energy? If one would account for the remaining 

correlation, the total energy of the system will be reduced. Hence energies calculated by HF method will 

always be too high. Although this energy is very small in contrast to the total energy of the system, it is 
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in the magnitude of chemical reactions and interactions and thus often causes fatal errors for 

calculations on chemical processes.   

Post Hartree-Fock methods all strive for the same thing: to account for the correlation energy – the 

more, the better.  This is because the more of it that is determined, the lower the calculated energy of 

the system is (and the closer to the true solution you are). The correlation energies can be corrected for 

by expanding the ground-state HF orbitals on excited states. This may be achieved via e.g. perturbation 

calculations as suggested by Møller and Plesset (e.g. MP2 or MP4) or by configuration interaction (CI) 

calculations on single, double, triple or quadruple excitations etc  (e.g. CI-SD=configuration interaction 

corrected with single and double excitations). A problem with these methods is that they do not treat 

systems of different sizes at an equal footing. Another method called the coupled-cluster method, 

closely related to CI but where also excited states are excited, is considered size-consistant and hence 

treats all systems equally, independent of size4. Other post-HF methods involve approaches  where 

multiple reference states (slater determinants) are considered, for instance the multireferenc self 

consistent field (MRSCF) method which is capable of solving very difficult chemical problems4. In 

addition to the methods mentioned the correlation energy may also be accounted for by DFT methods 

(read more under 2.1.8). 

The benchmark approach for accurate calculations is to use methods which converge towards full-CI 

(meaning that all excitations are considered) with a complete basis set. Such calculations are in principle 

exact but can only be performed on very small systems, up to sizes of a few atoms, with today’s 

computers. 

One quite frequently encountered problem in computational chemistry is, furthermore, the basis set 

super-position error (BSSE). The BSSE arises when calculating energy differences between, for instance, 

a dimer and its monomers. Due to the additional basis set from the other monomer when performing 

the dimer calculations the dimer will be more accurately computed than the monomer. In the 

counterpoise method5 one bypasses this error by introducing a ghost molecule (representing the other 

monomer) next to the real monomer with a basis set of its own but without electrons or protons) during 

the monomer calculations. In this way both the monomer and the dimer are treated equally accurate 

(since the same size of the basis set is used). The BSSE may also arise when performing calculations on 

reactions. The error is most severe when using small basis sets.  

2.1.8. Density functional theory (DFT) 
Many of the post Hartree-Fock are very accurate. Some, e.g. full-CI, will theoretically reproduce the 

exact solution given a complete basis set and reasonable input values. How come then, that a 

completely other family of theories based on the electron density rather than wave functions have 

become the most popular? Well, the problem with wave function based post Hartree Fock methods is 

that they quickly grow terrible computationally costly. While HF scales as N4 with the size of the system, 

MP2 scales as N5 and CCSD(T) as N7. Accurate DFT calculations often can, on the other hand, be obtained 

at almost the same cost as HF. The major advantage of DFT is that all the properties to be estimated 

depend merely on the three coordinates, no matter the size of the system. For wave function based 
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methods the number of variables for an N-electron system is 3N spatial coordinates plus 1N spin 

coordinates.   

In this subsection some basic concepts of DFT are reviewed.  The theories referred to here can be found 

in Koch and Holthausen’s  A Chemist’s Guide to Quantum Chemistry 6, if not otherwise specified. 

2.1.8.1. The Hohenberg-Kohn and Kohn-Sham theorems 
In a ground breaking paper Hohenberg and Kohn (1964)7 put forth proof that the ground-state electron 

density of a non-degenerate system uniquely determines the system’s Hamiltonian and thus all of its 

properties. The energy, E0, of the system is therefore a functional of the electron density, E0=FHK(ρ0(r)) 

where ρ0 for N-electron system is defined as  

 
         

   

 

   

 
 
27)  

 

The Hohenberg-Kohn functional FHK is furthermore defined as: 

                                  28)  

 

With,  

                                      29)  
 

A principally important aspect of DFT is that with the correct FHK at hand, we are able to solve the 

Schrödinger equation exactly, given also that the true ground-state electron density is available. Since 

this density is rarely known, the second theorem of Hohenberg-Kohn comes very handy. It states that 

the density providing the lowest energy via FHK for a system corresponds to its true ground-state. This is 

the variational principle of DFT.   

In addition the correct FHK has unfortunately yet to be discovered. The classical Coulomb part, ECoulomb(ρ), 

is usually readily determined. The challenges - where also the focus of later theoretical studies of DFT 

have been addressed – is to find good estimations of the kinetic energy part T(ρ) and the non-classical 

contribution to Eee(ρ). This non-classical part contains the exchange and the correlation energies as well 

as corrections to the self-interaction (an effect that originates in the way an electron’s interactions are 

accounted for:  it is assumed to interact with the total density, a density which to a part consists of the 

electron itself – hence self-interaction). The Kohn-Sham8 theorems give the general guidelines for have 

to proceed. 

Kohn and Sham first focused on the difficulty of determining the kinetic energy in DFT. Based on the 

realization that wave function based methods are much better at this they reintroduced orbitals via 

Slater determinents φSD. However instead of treating the φSD as an approximation of the real wave 

function they regarded φSD as an exact solution to a fictious system with N non-interacting electrons 

moving in an external potential from the nuclei. An important assumption is that this fictious system has 

the same density as the true system. Using a similar approach as in HF (with Fock operator analogs etc) 
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but in the non-interacting system the kinetic energy and electron-nucleus attraction can be computed 

exactly - this is, of course, within the limits of the fictious system. The rest of the true energy is retrieved 

via estimations of the remaining energy contributions. In this way as much as possible of the true energy 

is calculated precisely leaving only a minor fraction to be estimated by approximate methods.  

In the Kohn-Sham theorem the functional F(ρ(r)) of the total energy is partitioned into the different 

energy contributions 

                                                    30)  

 

Where Ts is the kinetic energy of the fictious system, Vext is the energy contribution from the external 

field (electron-nucleus attraction),  J is the classical Coulomb repulsion originating from reintroduction of 

electron-electron repulsion - here electrons interact with a mean field created by the total electron 

density (including the electron itself). Eq. 30 also contains the exchange correlation functional EXC which 

accounts for the non-classical effects: the self-interaction corrections, the exchange and correlation but 

also a portion of the yet non-determined kinetic contribution.  In order to find means of accurate 

calculations, the determination of the EXC has been the focus for fundamental research in DFT ever since 

Kohn and Sham’s theorem was first presented. More on this subject is presented in 2.1.8.2). 

One question remains: how do we find the density of the fictious system which meets the demand that 

it is exactly the same as the true density? This can of course only be done iteratively from a good guess. 

With the Fock like operator   KS (the Kohn-Sham operator, cf. eq. 17) we can determine the wave 

functions of the fictious system via (where the orbitals are to be mutually orthogonal) 

             31)  

Where 

 
      

 

 
         

32)  

 

With the orbitals at hand we have the density from eq. 27. The problem now lays in determining the 

potential Vs(r). This is done from the equation below where M is the number of nuclei.   

 
        

     

   
             

  

   

 

   

 
 
 
33)  

 

Finally the potential caused by the exchange-correlation functional VXC is approximated by the differen-

tial of the exchange-correlation energy with respect to changes in the electron density 

 
    

    

     
 

 
34)  

 

The computation is carried out iteratively until self-consistency is reached. Since DFT is variational the 

lowest possible energy of the system corresponds to the true density.     
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2.1.8.2. Exchange-Correlation Functionals 
The functional for determining the exchange and correlation energies of the Kohn-Sham partitioning is 

the major concern in the struggle to achieve accurate predictions of molecular properties in DFT. In 2005 

Perdew introduced a hierarchy of DFT functional which he called Jacob’s ladder9. This describes the 

route to chemical accuracy by ranging different sorts of functionals. In the bottom of this ladder are the 

early approaches based on local density approximations found. Higher up are methods accounting for 

variations in the electron density via the generalized gradient approach (GGA). 

Early on the exchange energy was calculated with the so called Slater exchange functional solely. It was 

combined with a functional for determination of the correlation energy, for instance the Vosko-Wilk-

Nusair functional. In later methods the exchange energy can be calculated almost exactly by adding a 

GGA correction to the Slater functional. The most commonly used GGA functionals are the ones 

introduced by Becke. Nowadays the most popular Becke exchange functional is the one including three 

empirically fitted parameters (B3). The parameters have been chosen to best match experimental data 

from benchmark studies on first and second row atoms. In the so widely used DFT functional B3LYP the 

B3 functional is combined with a correlation functional derived by Lee, Yang and Parr (LYP)6.   

DFT calculations based on, for instance, B3LYP have revolutionized the computational chemistry 

allowing for accurate calculations at low cost with applications in such diverse areas as physics, 

chemistry, biology and material science. However, severe deficiencies for estimations on weak 

interactions (as,e.g. London dispersion) is a major intrinsic problem for these functional.  Consequently 

calculations on for instance reaction barriers and heats of formation are sometimes troublesome with 

e.g. B3LYP. This is mostly due to incorrectly determined correlation energies. New functionals have thus 

arisen in later years where the poor description of van der Waals interactions is overcome. The B3LYP-D 

functional compensates the defiance by adding empirical corrections to the functional. Minnesota type 

functionals like the meta-hybrid M06-2X10, includes more terms and parameters in the exchange and 

correlation functional (hybrid means both local and gradient parameters, and meta that a kinetic energy 

correction is included) which makes it highly accurate, although computationally more demanding than 

for instance B3LYP. At the topmost footstep of Jacob’s ladder one finds functionals that utilizes the 

unoccupied Kohn-Sham orbitals (in addition to the occupied) via perturbation theory. As of today 

promising results have been shown for some functional in this category, e.g., the XYG3 functional11. 

However, as accuracy increase, so does the computational cost. DFT calculations can nowadays match 

the accuracy of many of the more advanced wave function based methods.  

2.1.9. Solvation models 
Not all situation of interest for quantum chemical studies take place in vacuum. In the real world solvent 

molecules are most often surrounding the studied system. To accurately describe these systems the 

solvent effects must be taken into consideration. Roughly speaking this can be done in two ways: either 

by adding explicit solvent molecules to the calculations or by approximating it as a homogenous 

continuum with attributes (like polarizability or dielectric constant) reflecting those of the real solvent. 

There are also combinations of the two approaches. Moreover, the explicit solvent model can involve 

full quantum mechanical calculations (QM) of the solvent – at the same or at a lower level of theory – or 
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they can be accounted for by empirical force fields obeying classical physical laws - i.e. molecular 

mechanics (MM)12. In this work the polarizable continuum model (PCM) have been employed whenever 

solvent effects are considered, using the IEFPCM13 implementation in Gaussian14.  In IEFPCM the studied 

molecule is placed into a cavity within the solvent reaction field. The cavity is in this model created via a 

set of overlapping spheres, however other models like the Onsager model15 (where the cavity is 

approximated to a single sphere) or the self-consistent isodensity PCM method16 (using a static 

isodensity surface for the cavity), and many more12 exists.   

2.2. Electrophilicity  
Electrophilicity is an important reactivity measure, although far from all reactions most necessarily 

involve an electrophile – for instance we have the radical reactions, elimination or decomposition 

reactions. However, many synthetically and biologically important mechanisms proceed via the 

interaction between an electrophile and its antagonist: the nucleophile. Within the term electrophilicity 

lays a measure of a compound’s willingness to participate as an electron acceptor during a chemical 

reaction, or, in other words, the electron deficiency of a compound (to some extent). Accordingly, the 

nucleophilicity thus represents the electron donating power of a compound. The concepts of 

electrophilicity and Lewis acidity are closely related but while electrophilicity is generally considered a 

kinetic quantity, Lewis acidity is categorized as a thermodynamic.  The two concepts may often be 

described by similar means. 

Electrophilic reactivity and Lewis acidity are complex entities – as are reactivity and interactions in 

general – consisting of contributions from many different kinds of interactions and phenomena. The 

quantity to be estimated is, in the case of electrophilicity, the free-energy reaction of the rate 

determining-step. For Lewis acid-Lewis base interactions it is instead the total energy gain of the 

interaction that is to be predicted. If one leaves the nucleophile’s (Lewis base’s) contributions to the 

overall interaction aside, and focus merely on the electrophilic (Lewis acidic) contributions, the 

interaction energy can be decomposed into an electrostatic, a repulsion, a van der Waalsi, a charge 

transfer and an entropic term as 

                                                                       35)  

 

These quantities are not necessarily additive and are likely to affect each other. Hence the partitioning 

should only be regarded as qualitative. Nevertheless to describe electrophilicity properly it is important 

to cover as much as possible of the various contributions. In addition solvent effects are not to be 

forgotten. Furthermore, since the effect of the nucleophile is neglected it is thus important when 

studying electrophilicity to make sure that the variations of the nucleophilic contributions is kept at a 

minimum, preferably by comparison to only one nucleophile at a time. 

Given the importance of electrophilic (Lewis acid) interactions, a descriptor that is able to rank reactivity 

and predict regioselectivity of electrophiles would find widespread applications, not least as a tool 

                                                           
i
 Containing the polarization and dispersion interactions which give rise to the induced dipoles and London forces. 
The Keesom dipole-dipol force will be included in the electrostatic term. 
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during the developing process of synthetic strategies17, but also in, for instance, toxicity predictions18. If 

there are countless of methods for estimations of general reactivity, there are almost as many methods 

available (of varying quality) for determination of electrophilicity. The quantity is usually measured on a 

relative scale and, to complicate things, the electrophilicity value of the same compound may vary 

significantly with the surrounding conditions, e.g. solvent, temperature or with the reacting counterpart 

(the electron donating nucleophile). Hence the quest of finding a general electrophilicity index is usually 

an unprofitable one.  Nonetheless devoted scientists have been able to derive a number of useful tools, 

some of which will be presented in this chapter. The story of electrophilicity descriptors presented here 

follows a natural route towards the new descriptor, Es,min – the subject of this thesis - which is 

thoroughly derived in the end of this chapter. This summary shall, however, not be considered 

comprehensive on the subject of electrophilicity. Consult instead, for instance, a recent review by 

Chattaraj et al19 (and to some extent Schwöbel et al18) for more exhaustive references (although not 

complete).  Not included in this report are descriptors based on spectroscopic measures, for instance, 
13C NMR-shifts and IR vibrations etc.     

2.2.1. Experimental descriptors and relationships 
A priceless tool in chemistry is experience. Many excellent rules have been formed based on empirical 

observation – too many to be summarized here. An example is the ortho, meta or para directing effects 

in aromatic substitution reactions20. Moreover, an extraordinary success story in the genre of experi-

mental methods is the Hammett-Taft linear free-energy relationships (p. 402 in ref20). These are based 

on solid experimental data and the relative reactivity is linked to the inductive and mesomeric effects of 

a compound (combined in the σ constant). A steric correction, Es, may furthermore be added. The σ-

constant can for instance be determined by comparing relative acidities.  A specific reaction’s sensitivity 

to the variations of compounds is determined by the ρ-constant.  

              36)  
 

Hammett constants exist in many shapes, e.g. the aromatic σm or σp which depends on if the effect 

observed is at the meta or para position respectively. Values are available for many types of molecules21 

and are often very useful for determination of, for instance, a compounds electrophilicity. There are 

however a limit to which types of compounds that can be considered using the Hammett constants and 

reactivity predictions of new compounds are difficult. Since there are no experimental data available, 

unreliable comparisons with known compounds are necessary.   

Another relationship for ranging electrophilicity (and nucleophilicity) of varying kinds have been 

introduced by Mayr et al22,23.  Experimental data is here fitted to eq. 37 where E is an electrophilicity 

index, N a nucleophilicity index and s is a nuchleophilic specific slope parameter which usually equals 

unity. 

              37)  
 

These sorts of models, e.g. the Hammett constants or Mayr’s relationship, require that experimental 

data already exists. Therefore they cannot supply us with the valuable information of an estimated 
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reactivity of compounds not included in the tables, e.g. new compounds. In addition, it is often very 

time-consuming to determine reactivity experimentally, even more so if one have a whole set of new 

molecules. For such reactivity estimations, one may instead employ quantum chemical methods.  

2.2.2. Quantum Chemical Methods 
The quantum chemical means of estimating reactivity ranges all the way from advanced and high-

demanding calculations of the complete reaction landscape (i.e. the potential energy surface (PES)), 

over transition state (TS) estimations, to predictions based on the ground-state geometry of the reacting 

species. Accuracy and cost (read computational effort) are two important quantities. High accuracy/cost 

ratios are often strived after especially for applications were absolute precision is not necessary.  

From the results of QM ground-state calculations one can e.g. extract so-called descriptors, usually via 

some more or less intricate additional calculation. These descriptors represent a quantity (be it 

physically measurable or not) that can be used to define a molecules properties. Many descriptors are 

useful for reactivity estimations. For instance partial charges within a molecule are occasionally used to 

predict reactive sites and relative reactivities. The partial charge may serve as an example of a local 

descriptor. Local and global properties are commonly treated separately. For reactivity descriptors one 

usually talks about – here focusing on electrophilicity - global electrophilicity and local electrophilicity. A 

global descriptor can estimate relative reactivity between different species while the local ones estimate 

relative reactivity between different sites within a species. High quality descriptors are able to predict 

both at once. Traditionally there have been a general view that local descriptors are unreliable for 

determination of reactivity trends24, especially when there are multiple potential sites of reaction in the 

same molecule. 

The following subsections will give examples on different strategies for estimations of electrophilicity 

concluding in surface properties determined at a predefined isodensity (i.e. constant electron density). 

The Es,min descriptor belongs to the latter category and is introduced last in this chapter.     

2.2.2.1. Explicit  interactions 
Some of the quantum chemical methods of determining reactivity where interactions between the 

reactants are treated explicitly are summarized here. A rule of thumb for these methods is that as the 

computational effort is reduced, so is often the accuracy. The challenge is to find good approximations 

that keep the essence of reactions at a reasonable computational cost. 

Potential energy surfaces (PES) 

In order to find the most favorable reaction path and to correctly determine the reactivity between an 

electron donor and an electron acceptor one should study the potential energy landscape of the system 

- preferably also accounting for solvation effects (see 2.1.9 ). The PES may be visualized by the multi-

dimensional plot of free energy versus the coordinates of the system, see figure 1. The coordinate may 

be e.g. bond lengths and angles and dihedral angles between all atoms of the system or, using another 

reference system, the Cartesian coordinates of all atoms. For the simple H2 molecule we only have one 

coordinate, the H-H bond. For the ozone molecule (O3) we have two independent O-O distances and one 

angle etc. As the size of the system grows, soon there will be ridiculously many coordinates. 
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Furthermore, since the free energy of the system is to be determined for every point of the landscape, 

one will have to include free energy corrections obtained via computationally costly frequency 

calculations. It is thus easy to realize that the effort needed to map such a surface quickly grows 

unmanageable – especially if high accuracy calculations are to be performed (like CI, CC and even for 

MP2 or DFT with accurate functionals). Hence various simplifications have to be invoked. One may for 

instance approximate the studied system with an empirical force field where all interactions obey 

classical physical laws and perform MM calculations. Alternatively one can run QM calculations on parts 

of the system and MM on different parts. However, one loses precision by this approach, and MM is not 

able to accounting for bond formation/breaking and electron transfers. 

 

Figure 1 –  The potential energy surface of the ozone molecule (O3)
25

. 

The reaction coordinate 

Not all coordinates on the PES are of course of equal interest. A rational approach is therefore to study 

only a few coordinates which one finds are of special importance. By doing so, precision is usually lost. 

However, there are sophisticated means to reduce the precision-loss by following the so-called reaction 

coordinate12, an approach which is usually sufficient for accurate characterization of reactions. This 

corresponds to the coordinate path which the reaction is expected to follow. It goes over the saddle 

point (minima in all coordinates except one) corresponding to the TS of the reaction and follows a route 

from the reactants to the products which is characterized by the shallowest accent/deepest decent 

principle. In other words the reactants climbs from their locally lowest energetic geometry towards the 

TS and at every point along the climb (which must be smooth and continuous) the geometry is that of 

the lowest possible energy with the only constraint that it should be higher than the previous step and 

leading towards the TS. Same goes for the route from product to TS. This approach is less costly than a 

full PES but still laborious since frequency runs have to be made at every point of the reaction path and 

all geometries have to be optimized under their constraints. 
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Transition states (TS) 

The next simplification is to only focus on the free energy difference between the ground-state energy 

of the reactants and the TS. Here the energies of the individual reactants are often calculated 

separately ii. The TS structure can be determined by different means. By employing the Berny 

algorithm12,26,27 one starts from a guess structure of the TS  and perform a frequency calculation. The 

guess must be of such quality that there is one and only one imaginary vibrational frequency 

corresponding to it (due to the saddle point character of the TS structure it will only have one possible 

imaginary frequency). The frequency run supplies us with the matrix of the second-derivative of the 

energy with respect to all coordinates (the Hessian) and by following the imaginary frequency we can 

find the structure corresponding to the maximum energy in the reaction coordinate.  The energy 

difference between the reactants and the product should in principle give a good estimate of the 

reaction’s activation energy and thus of the reactivity of the reactants. However, it is easy to get stuck at 

a structure corresponding to a local maximum which is not the true TS. To find all possible TS structure a 

PES must be carried out. As for the other methods mentioned in this section, the TS energies need to be 

corrected for with an entropic term from frequency runs. 

The intermediate approximation 

Since TS calculations are still quite demanding other means may be employed to estimate the TS energy.  

In reactions which proceed via a two- or multiple step mechanism the intermediate directly succeeding 

the rate-determining step may occasionally be used as an indicator of the TS energy. The indicator is the 

relative energy of the intermediate compared to the energy of the local minimum preceding the TS. This 

method has been employed with success in e.g. reactivity estimations and predictions of regioselectivity 

of reactions proceeding via the SNAr mechanism17,28 (a nucleophilic aromatic substitution reaction). 

Compared to ground-state calculations the intermediate approach is also quite cumbersome. Take the 

SNAr as an example. Here, multiple plausible reaction sites must be individually examined, and since the 

energy is to be determined with reasonable precision, both large basis sets, fairly advanced 

computational theories and possibly even free energy corrections from frequency runs have to be used. 

Thus the intermediate method is still computationally demanding and time-consuming. Consequently, 

predictions on large series of structures are not readily available even with this highly approximate 

method. 

2.2.2.2. Ground-state descriptors 
A more reasonable time scale can be accessed by performing calculations on only the ground-state 

structures of the reacting species. Such methods are discussed below. These descriptors will inherently 

have problems to account for the complexity of many reactions, not least in multistep reactions, or 

when severe sterical effects are present etc. In many cases they do nonetheless perform accurate 

enough at a very low computational cost. A summary of the various ground-state properties and 

descriptors considered during this diploma work is here presented.  

                                                           
ii
 For correct estimations the local minima of partly associated reactants should be considered instead. In addition 

one should compensate for the degeneracy of the various states by considering the Boltzmann distribution 
between them

12
.   
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LUMO 

Electrophiles react by accepting electrons from an electron donor. One can assume that the energetic-

cally lowest yet unoccupied molecular orbital (LUMO) of the electrophile will play a crucial role in the 

reactivity of an electrophile – this since an additional electron plausibly will end up in the LUMO. If so, 

the reactivity of a compound would consequently be determined by the relative energy, εLUMO, of the 

LUMO (global property), while the most reactive position is attributed to the site of the largest LUMO 

density (local)29.   

An objection to this is that, as electrophilicity is considered a kinetic property19, it is the kinetic 

activation energy ΔGⱡ which reflects reactivity, not the thermodynamic ΔG. The activation energy will to 

a large extent be determined by the TS structure which by no necessity must be reflected by the LUMO. 

This shortcoming (if you like) of LUMO is due to the fact that the electronic environment is changing 

during the course of reaction and hence perturbing the LUMO. This will shift the LUMO’s energy and 

shape, possibly to such degree that another unoccupied orbital finds itself at a lower energy. The 

perturbing is, in addition, true for all electrons, and nuclei (and orbitals), of the reacting species and 

hence complicates the situation even further. This process is known as orbital relaxation. Nevertheless, 

since it is usually to the largest degree the frontier molecular orbitals (FMO) that are affected by the 

perturbation, and because this perturbation may not always be severe, the LUMO energy does in many 

cases perform rather well for estimations of electrophilicity (see for instance 4.1.1.5).  

Yet another problem for LUMO is that it merely describes the energy gain by the electron transfer from 

the nucleophiles HOMO to the LUMO of the electrophile. As has been discussed previously, many other 

interactions contributes to the overall activation energy. Electrostatic interactions, polarizabilities of the 

approaching compounds, deformation energies and sterical effects may contribute to the energy change 

to an even larger degree. In addition, the entropic term, ΔS±, of ΔG±=ΔH±-TΔS±, should be considered. For 

LUMO to give accurate predictions of relative reactivates, these other quantities must be kept 

approximately equal over the series of studied compounds. In reality this means that comparisons are 

limited to structurally similar compounds interacting with the same type of nucleophile under identical 

conditions. These restrictions are, nevertheless, not limited to only the LUMO but are intrinsic 

deficiencies for all ground-state descriptors, which may be compensated for to different degrees in 

different descriptors. Undoubtedly there is, however, room to explore other possible descriptors 

governing reactivity besides the LUMO.     

Fukui functions 

First we shall consider the DFT analogue (roughly speaking) to LUMO, the Fukui functions fα, ( with α=+,- 

and 0 corresponding to electrophilicity, nucleophilicity and to radicals) 30,31. In this report only the f+ will 

be considered, since this reflects electrophilicity. N in eq. 38 represents the number of electrons, ρ(r) 

the electron density at position r and V(r) is the constant external potential at r, which means that the 

nuclei’s’ positions are to be remained constant. 

 
       

     

  
 

    

 

                        
 

38)  
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To determine the most reactive site by the LUMO evaluation one shall look at the atom with the largest 

LUMO density. As seen in eq. 38 this is approximately the same as the f+ (mark: only approximately!). A 

difference between Fukui functions and LUMO is that, since the Fukui functions are rigorously defined 

within the DFT framework, it is in principal exact - would it be correctly determined. Though, up till 

today the exact solution to the Fukui functions have, unfortunately, not been found, but quite accurate 

approximations are available, albeit at an elevated computational cost. 

Corrected to the first order and by making use of              
  

 , the  f+ is 
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Here the orbital relaxation is accounted for. Equipped with the magnitude of f+ one can assign the most 

electrophilic site of a molecule (given that the local hardness/softness is constant, seen next paragraph). 

Hardness, chemical potential and electronegativity 

The hardness, η, of a species is defined as the second-derivative of the total free energy, E, with respect 

to the number of electrons, N, given that the nuclei charge, Z, remains unchanged – this thus implies a 

fixed geometry of the nuclei.  
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The hardness of a species can be reflected by its ionization energy, I, and electron affinity, A. Within 

FMO theory the ionization energy can furthermore be approximated by the absolute value of the energy 

of the HOMO, |εHOMO|, whilst the electron affinity corresponds to the negative of the energy of the 

LUMO, -εLUMO. 

Hardness(softness) is a global property19.  Whitin DFT the corresponding local hardness is defined as: 

             41)  
 

In addition to LUMO (or fukui functions) we are taught in basic chemistry classes that the hardness η of 

a compound is an important concept for reactivity predictions. Softness is defined as the reciprocal of 

the hardness, 1/ η.  

It has been found that it is energetically disfavored for hard and soft species to interact. Consequently 

hard species interact with hard species, and soft with soft (the hard-soft acid-base principle (HSAB)). 

Furthermore it is common that the LUMO (or f+) approach often breaks down for really hard species, 

these reaction are instead considered charge-controlled32. This is due to the reluctance of these species 

towards changes in their electron configurations, see definition of hardness in eq. 40. Hence their 

interactions are mainly electrostatic and the partial charges (alternatively electrostatic potentials, see 0) 
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should be considered instead of the FMO. While soft species interactions are usually frontier orbital 

controlled, the situation is more delicate for mildly hard and soft species. Given a tie in hardness the 

LUMO densities (f+) decides the site of reaction. Hardness will break a tie in LUMO energies32,33. In other 

cases both charge and frontier orbitals must be considered, which severely complicates reactivity 

predictions. 

Electron negativity is another important concept. It is defined as the energy gain from a species’ 

abstraction of an electron. Alternatively it may be defined as the first derivative of the energy E with 

respect to the number of electrons N while keeping the charge Z of the nuclei constant. This quantity 

has been shown by Parr and Pearson34 to equal the negative of the chemical potential µ.  
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Since all chemical system strive to reach a homogenous chemical potential we end up in the hardness 

equalization principle, (the maximum hardness principle). This means that two interaction species will 

attempt to maximize their mutual hardness – a principle which is useful for reactivity estimations.     

Charge-capacity and electrophilic power 

It has been suggested that the inability of LUMO or fukui functions to describe hard species may be due 

to the fact only minor charge transfer are expected for these species35–37 . A rationalization of this is that 

the electrophile’s electron-attracting tendency depends upon both the reacting site’s initial fundamental 

electron affinity but also upon its charge-transfer dependant ability to absorb and accommodate extra 

electrons37, the latter a consequence of orbital relaxation. This ends up in a theory36 that units 

hardness/softness and electron negativity (and consequently FMO, within the validity of the 

approximations that χ≈0.5(|εHOMO|- εLUMO) and η≈0.5(|εHOMO|+ εLUMO)). 

By exchanging N in the expression of electronegativity (eq. 42) with the charge Q , from Q=Z-N ,we end 

up with37 
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Expanding this expression in a Taylor series around the ground state of the electrophile, i.e. Q=0, and 

truncating after the second term we arrive at  
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This give an expression for the change in an electrophiles energy as a function of the added charge 

(corrected to the first-order).  The quantity  
  

  
  of the correction term is the reciprocal of the so-called 

“charge capacity” κ37, which has been used to explain theoretically unexpected phenomena were 

traditional FMO breaks down38,39. This term can be considered to account for the ability of the molecule 
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to accommodate additional electrons since the larger κ is, the smaller the net increase in E with an 

added charge will be. 

By observing that κ is nothing else than 1/2η, since 
  

  
 
   

  
   

    
     

, we get this expression: 
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Hence we can note that hardness probably plays an important role in electrophilicity.After 

rearrangement and by integration of eq. 45 from Q=0 to the charge transfer ΔQ, yet another interesting 

quantity can be derived.  From the integration we get19: 
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Here ΔE marks the net energy change by addition of an extra charge ΔQ. The maximum electron transfer 

must occur when ΔE/ΔQ = 0 which corresponds to  ΔQmax=-χ/η19. By exchanging this in eq. 46, and after 

some rearranging, the corresponding energy change is 

 
      

  
  

  
   

 
47)  

 

After suggestion by Maynard et al40 this quantity was introduced by Parr et al36 as a measure of the 

“electrophilicity power” of a compound (in analogy with electric power which follows the voltage and 

resistance via the same type of dependency). The electrophilicity power has been shown to correlate 

excellently with reactivity of, for instance, the addition to cationic diphenyl derivates - especially the 

local modification ω(r), where ω(r)=ω .f+(r)41.  

It should be stressed that many of the deficiencies of FMO are still not accounted for in ω (both global 

and local). The entropic term is left unconsidered as is the sterical contributions. The electrophilicity 

power will also lose precision in multistep reactions. In addition, since the nucleophilic contributions to 

the interactions are neglected in ω, non-linearities of its behavior versus the extent of charge transfer 

will be overlooked. Hence ω could not either be expected to perform well for comparisons over a 

diverse set of compounds. In reality ω only makes use of LUMO and HOMO and thus misses 

contributions from other orbitals, an approach which will have severe problems especially for 

compounds with almost degenerate frontier orbitals.    

In excitement over the new descriptor Chattaraj proposed a “principle of electrophilicity 

equalization”42,43 suggesting that two molecules strive to equalize there electrophilicity power in the 

same spirit as the hardness equalization principle34. This was “ruled out” by von Szentpály who pointed 

out its deficiencies44,45. A fierce argument against the “principle of electrophilicity equalization” is that 

the constant nuclei potential restriction, on which the electrophilicity power is based, is likely to fail 

during a reaction. This is because a reaction often leads to geometrical changes of the reacting species. 

Hence the external potential is no longer constant and the model breaks down46. 
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Other descriptors 

The picture presented so far is of course not complete. Mainly descriptors dealing with charge transfer 

has been presented but, there are other descriptors reflecting other interactions. Some will be 

presented here. In addition the uses of the descriptors introduced here in combination with the various 

mentioned charge transfer descriptors will be discussed. First follows a short summary of other electron 

transfer descriptors not yet mentioned. 

Chattaraj et al47 (2003) derived a philicity descriptor with the aim to simultaneously account for both 

nucleophilicity and electrophilicity by combining many of the most powerful descriptors known up to 

then in one theory. In 2005 Morell et al46 also proposed a dual descriptor for reactivity which claims to 

take into consideration also the change in external potential during the course of reaction. Boiled down 

to its essentials this descriptor is the difference between the positive and the negative Fukui function. 

Another approach was suggested by Roy et al 199848 where ratios of local hardness and softness were 

used for reactivity estimations. Moreover, a correction to the electrophilicity power descriptor was 

suggested by Gázquez49 in 2007, where the response of the system to charge donation is taken into 

consideration.  

All of the descriptors mentioned above have to some extent proven useful, but none have had a major 

breakthrough as a general descriptor of electrophilicity. In addition to these quantities molecular 

polarizability, volume, partial charges and ionization energy have often been considered with the aim to 

correct discrepancies in the models mentioned so far in the electrophilicity chapter. An useful set of 

descriptors is the general interaction properties function (GIPF) which weights and combines a number 

of molecular properties including surface potentials and ionization energies, molecular area, polarity etc. 

It has for instance been used for determination of hydrogen bond acidity and basicity50. Read more 

about surface properties in the surface properties subsection 0. 

The polarizability may be introduced to account for induced dipoles formed during the reaction, which 

gives rise to dispersive interactions. It may also reflect the flexibility of the old electrons at the 

electrophile and how they are affected by the approach of a perturbing electron donator - a larger 

polarizability may correlate with a lower penalty for the repulsion between old and new electrons 

during the reaction. It has been shown that the polarizability of a compound is often well reflected by 

the average ionization energy of molecule and by its volume51,52. Thus these quantities may be useful in 

reactivity estimations. The electrostatic interactions are, furthermore, often an important factor. Not 

least so for hard species. Partial charges and electrostatic potentials can be used to estimate the 

magnitude of this interaction. 

In many cases it may be constructive to combine descriptors which account for different contributions 

to the total energy. This approach has proven useful before when describing interactions of nucleophilic 

species - for instance when describing hydrogen bonding the combination of local potential and 

ionization energy of the electron donor have proven very succefull53. Perhaps this kind of approach may 

be equally successful for electrophiles? More of this will be discussed under the surface properties 

section.  
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2.2.2.3. Surface properties – including the definition of Es(r) 
Investigation of a molecule’s surface is probably a good start for considerations of the molecule’s 

reactivity since this is where two approaching molecules would first interact. Local fluctuations of key 

properties on the surface may furthermore account for site specificity during the interactions. The 

question is: at which distance is the surface to be studied? A problem is that there is no distinct distance 

from a molecule or atom where it ends, rather its electron cloud stretches far out with a diffuse but 

decaying electron density. One thus has to define a surface at a reasonable distance from the nuclei, 

presumably at which the essence of most interactions can be reflected. Accordingly one often set the 

surface to correspond to the distance at which the electron density is 0.001 electron/bohr3. The optimal 

isodensity surface was establish by Bader et al54 who found that the most important properties were 

best captured here. Henceforth the 0.001 electron/bohr3 isodensity contour has served a standard.  

The local electrostatic surface potential 

The electrostatic surface potential can be used for estimations of reactivity and interactions for both 

electrophiles and nucleophiles, Lewis acids and Lewis basis. For electron deficient species (e.g. 

electrophiles) it is the fluctuating potential’s local maxima that are of interest, whereas local minima are 

used to determine electron rich species’ (e.g. nucleophiles) behavior55. Within DFT the local electrostatic 

potential at the position r is defined as: 
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where the first term accounts for the nuclei contribution, with ZA and RA being the charge and position 

of the nuclei A, the second term sums up the field created by the electrons, r’ being the spatial variable 

and ρ(r’)´ the local electron density. Local maxima in Vs(r) (referred to as Vs,max) corresponds to 

electrophilic sites and local minima (Vs,min) to nucleophilic sites. 

This quantity has been used extensively for analysis of molecular interactions, for instance for 

estimations of hydrogen53- and halogen bonding56, reactivity55 and biomolecular recognition 

interactions57. The descriptor is often very useful for estimations of non-covalent interactions but due to 

its mere electrostatic nature it is less useful for characterization of interactions leading to covalent bond 

formations. As stated previously Vs is, however, anticipated to reflect hard-hard interactions to a large 

degree since these interactions are expected to be charge controlled32. The electron transfer processes 

are partly electrostatic due to the Coulombic term of the interacting orbitals. Consequently the electrical 

potential is likely to capture a part of this interaction.   

By comparing the local surface potential at different sites Vs may serve as a helpful tool for predictions 

and ranking of active sites. In addition Vs does often rank relative reactivity between species fairly well. 

For more accurate prediction it should however be combined with an orbital based descriptor which is 

able to capture the charge-capacity or local softness of the molecule.   



Theoretical Background 
 

24 
 

The Vs cannot be directly extracted from a ground-state QM calculation. Instead the orbital information 

has to be processed. Due to the rather intricate integrals which have to be estimated the Vs calculations 

are somewhat time-consuming. 

Local ionization energy 
For nucleophilic and Lewis base interactions a suitable orbital based descriptor is the local ionization 

energy Is(r)58, 
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Within the Koopmans’ theorem (neglecting orbital relaxation and reduced correlation) this quantity can 

be interpreted as the local ionization energy of an electron at the position r around a molecule. The εi 

represents the energy of the ith occupied orbital which is weighted by the local density ρi(r) of the 

studied orbital. The sum of the products of these quantities is normalized by the total local electron 

density at that position ρ(r). Here local minima in the surface ionization energy Is(r) (Is,min) represents 

nucleophilic sites.  

It is reasonable to believe that local minima in the ionization energy should correlate with a molecule’s 

electron donating abilities, i.e. nucleophilicity or Lewis basicity. I(r) has accordingly been shown to 

parallel, for instance, pKA values of both cationic and uncharged conjugated acids59,60 and to predict site 

selectivity of aromatic substitutions58,61. In combination with Vs and a polarizability parameter (to 

account for the perturbation), the I(r) have been able to give excellent correlations against for instance 

hydrogen bonding and Lewis base-Lewis acid interactions of a wide range of compounds53. This three-

descriptor combination is a powerful tool for estimations of interactions for electron donors. It was 

furthermore found that Is(r) correlates well for elements within the same period in the periodic chart of 

the elements while the extra terms were needed when comparing species over different periods. 

A great benefit of Is(r) is that it can be obtained directly from a QM calculation on the ground state 

geometry of a compound and hence is computationally inexpensive. This is especially valuable when 

considering large series of molecules. Its success may be attributed to the extended picture beyond that 

described by the frontier orbitals. By recognizing that all electrons may participate in interactions 

(although to different extents) more information is used which gives a better description. For a more 

comprehensive summary of the surface ionization potential and its abilities refer to a recent review by 

Politzer52 or one by Jin et al62.  As for Vs(r), the local ionization energy is usually obtained at a 0.001 

electron/bohr3 isodensity contour. 

Local electron affinity 

Inspired by the success of the ionization energy, researches have tried to find an electrophilic 

equivalent. This would correspond to some sort of local electron affinity which should account for the 

virtual orbitals’ united ability to accept electrons. An inherent problem often invoked in argumentations 

against such a descriptor is that the virtual orbitals are not affecting the orbital optimizations - this since 

there are no electrons there. No electrons means no energy contribution and, because the optimization 
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strives to minimize the systems energy, the shape of the virtual orbitals doesn’t matter. Hence they are 

not optimized and to what use are such non-realistic orbitals? This is only partly true though. The virtual 

orbitals are optimized within the fields created by the occupied orbitals. A large issue is instead that a 

virtual orbital will be shifted if an electron is put here due to relaxation processes; hence the virtual 

orbitals are not entirely representative for the new system created by the original molecule plus an 

additional electron.  

Due to the ortogonallity constraint for of the molecular orbitals there will be a close geometric 

connection between the lowest anti-bonding (equally many as the number of bonded) orbitals which 

gives rise to the well-known agonist-antagonists relationship between bonding and anti-bonding orbitals 

– for instance the σ/σ* and π/π* geometric relationships. Since the majority of the anti-bonding orbitals 

are virtual the geometries and energies of the lowest laying virtual orbitals will be representative to a 

large degree. If using a minimal basis set (STO) all virtual orbitals will obey to the agonist-antagonists 

relationship 63. If a larger basis set is used many of the higher laying orbitals, so-called Rydberg orbitals, 

will consist of diffuse and polarization functions which are only minimally represented in the occupied 

space. Hence these will not be representative for descriptions of electron acceptor behaviors63.      

In Koopman’s theorem the ‘logical’ counterpart of the ionization energy is64:  
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Here norbs is short for the total number of orbitals. Erhesman et al have used this quantity to analyze 

the electron acceptor behavior of different molecules, using a minimal basis set to avoid higher 

orbitals65. However, the limitation to a minimal basis set gives in many cases rise to far too rough 

geometries and molecular orbitals which induces errors in the EAL model. To bypass the later error 

Clark63 introduced a so-called filter which he employed on calculations with larger basis sets. The filter is 

designed to exclude the highest so-called Rydberg orbitals from the summation and thus only considers 

the orbitals that are subject to the agonist-antagonists relationship. By allowing the use of more 

accurate optimization methods more realistic geometries and better EAL value can be reached.  

Es(r) – the new descriptor 

In any calculation there is a zero energy limit corresponding to the energy of a free electron in the 

system. Usually the large surplus of all virtual orbitals (including both Rydberg orbitals and lower) 

correspond to energies above this value and only one or a few are found below. A ‘free’ electron in the 

system would thus rather remain free than tie itself to a positive virtual orbital. Therefore it may seem 

as a physical (and philosophical) mistake to include any positive virtual orbital in estimations of electron 

transfer processes. Consequently the EAL descriptor by Clark and co-workers is likely to frequently give 

strange predictions. In the new descriptor E(r) derived by Brinck et al1 this defect of EAL is avoided by 

including only negative virtual orbitals in the summation.  
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Here the sum of the products of the negative energies εi and the virtual density ρi(r) at a given position r 

over all unoccupied orbitals is normalized by the total electron density at the position. One can interpret 

this normalization as a factor compensating for the repulsion of the already present electrons upon 

addition of a new one. The larger the density the more severe is the penalty at that position. By studying 

an isodensity surface the normalization factor will be constant and accordingly also the electron-

electron repulsion. Minima in the surface Es(r) (henceforth referred to as Es,min) should be considered 

susceptible to nucleophilic attacks and thus correspond to the most electrophilic sites of a molecule. 

Furthermore will the magnitude of the minimum decide the relative reactivity of that site – the more 

negative the more reactive (given a plausible route of reaction at that site). 

All of this may seem reasonable. However, there are some concerns to be pointed out: for instance, the 

normalization is neither unproblematic nor fundamentally rooted within the DFT and could be a factor 

open for revision. Another question may be raised whether the orbital cut off should be executed at the 

zero-level or not. The zero-level represents free electrons, but in most interactions the electrophile 

(Lewis acid) will accept electrons from another molecule - the nucleophile (Lewis base) – where HOMO 

lays at a distinctly lower energy than the zero-level energy. Hence the proper cut-off value should 

presumably be chosen with respect to the nucleophile (Lewis base). However for most systems the error 

may not be that severe. Moreover the zero-level is likely to shift in solution and consequently a zero-

level corresponding to gas phase electrons may not be representative for the studied systems if this 

includes reactants immersed in a solvent. Yet another question is whether only the local point minimum 

should be used during estimations of electrophilcity or if the size of the low Es(r) area should be taken 

into consideration. Although there are still some questions to be answered concerning the Es(r), it 

should provide a more realistic reflection of electrophilic behavior than the EAL(r) descriptor. If a new 

cut-off value is to be used actions must be taken to assure that the reactivity contribution of an orbital 

goes toward zero as the cut-off value is approached. 

Furthermore, since it is the relative energy of the TS that is to be considered in reactivity estimations the 

energies of the orbitals studied by Es(r) may be shifted – less so the earlier the TS is. This is the same 

problem as discussed for LUMO earlier. It is however possible that Es(r) is more robust versus these 

orbital energy shifts than LUMO since Es(r) relies on all negative orbitals and hence may give a better 

average value of the orbitals energies over the course of reaction than LUMO. By similar reasoning as for 

the local ionization energy Is(r), the multiple orbital approach of the new electrophilicity descriptor is 

expected to better capture the complexity of molecular interactions than any frontier orbital model – 

which apart from LUMO are, for instance, approximate Fukui functions or the electrophilicity power ω. 

This is especially relevant for cases were LUMO is almost degenerate with other virtual orbitals. 

If the TS shift causes some problems for ground state descriptors like Es(r) there are reversible 

interactions without TS structures or were the activation energy is negligible low – for instance Lewis 

acids-Lewis base. These types of interactions are more likely to be correctly reflected by the Es(r) 

descriptor than electrophile-nucleophile reactions.  
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The aim of Es(r) is to capture the charge transfer part of interactions –i.e. the electron sharing/electron 

transfer processes. However, as previously discussed. molecular interactions dooften consist of 

contributions from a multitude of energies with different origins. Apart from the charge transfer 

component, there are the electrostatic and the van der Waals (dispersion and polarization) interactions 

as well as a repulsion energy contribution. To fully describe molecular interactions all of these terms 

must be considered, together with an entropy correction. It should additionally be pointed out that 

orbital energies are to some degree dependant on Columbic effects and hence Es(r) is likely to be able to 

capture some of the electrostatic part of interactions. 

The repulsion is due to e.g. steric effects and electron-electron interactions. In the Es(r) descriptor some 

of the repulsion is considered by the normalization. This since one can expect that the electron-electron 

repulsion is more or less the same at any given electron density. All the Es(r) studies in this work have 

been considered at an electronic isodensity contour. Consequently the normalization factor is kept 

constant and accordingly also the electron-electron repulsion (to a large degree). Nevertheless over-

looked repulsion terms, as deformation energy and sterical obstruct, are likely to account for a large 

part of the error in the Es(r) estimations. To evaluate the new descriptor, the series of studied molecules 

should thus interact at structurally similar positions to reduce variations in the repulsive contributions. 

An important assumption during analysis of experimental data with Es,min values is in addition that the 

entropic term is constant over the studied series of molecule. This means that the TS geometries are to 

be comparable between the studied species.    

Similarly to the case of the nucleophilic interaction - which often can be well estimated by linear 

combinations of Is,min, Vs,max and a polarizability term – electrophilicity may be estimated by a 

combination of Es(r) and other descriptorsiii. Among the descriptors at hand the maxima in Vs(r) should 

correspond to the electrostatic contribution while the dispersive terms may be reflected to some degree 

by the polarizability of the molecule. Since polarizability has been proven to correlate with both volume 

and the reciprocal of the average ionization energy51 these quantities may possibly be used in lieu of the 

polarizability. However, to more correctly estimate dispersion, one should assess non-ground-state 

structures via perturbation calculations or by computing dielectric response functions – actions which 

would extend the computational time severely. Moreover, the local (or atom-average) ionization energy 

as well as volume or polarizability, may be useful parameters for estimations of local electron-electron 

repulsions induced by the additional electron density that emerges during interactions. This may be 

interpreted as a measure of the orbital relaxation process of the electrophile upon addition of electrons. 

As a ground-state descriptor Es(r) is, moreover, defined for Δq=0 and only for that. To account for non-

linear effects at Δq<0 an additional parameter like charge-capacity (or softness) may have to be included 

in some occasions, for instance when considering compounds with elements from different periods of 

the periodic chart. 

From initial studies of Es(r), better correlations between Es,min and reactivity has been found for Es(r) 

values obtained at the 0.004 electron/bohr3 isodensity contour (i.e. closer to the molecular center than 

                                                           
iii
 A remarking note should be stressed: linear combinations of forces assume that the interactions are additive, 

which does not necessarily have to be the case. 
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the recommended 0.00154 electron/bohr3 isodensity contour). This can be explained by the larger 

charge transfer interactions at closer distances. The adequacy of this distance may differ between differ-

rent types of molecules belonging to different periods or groups in the periodic chart of the elements.  

Predicted benefits of Es(r) is; firstly, its increased precision since it goes beyond the frontier orbital 

approach by inclusion of multiple orbitals, but still avoiding including redundant (or even malign) virtual 

orbitals which are not likely to affect the real reactivity, while using a basis set of reasonable size (cf. EAL 

with minimal basis sets); secondly, its ability to predict both regioselectivity and rank relative reactivity 

of different compounds; and thirdly, its computational cheapness compared to other accurate 

descriptors and methods, e.g. the surface potential Vs(r) or TS calculations. Naturally the Es,min will have 

problems for reactions were the TS structure differs significantly from the ground-state structure, which 

is the case in e.g. reactions with a late TS or in multi-step reactions where the first step is not the rate-

limiting. 
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3. Methods and Computational details  
During this thesis roughly four kinds of QM calculations have been performed –3.1) optimizations of the 

ground-state geometry, 3.2) calculations of transition-state (TS) structures, 3.3) interaction analysis and 

3.4) various ways of obtaining the surface properties reported herein; e.g. computations of the new 

descriptor Es,min, the electrostatic surface potential, Vs(r) and the local surface ionization energy, Is(r).  

In section 3.5) all other methods will be summarized, including statistics and regression analysis.  

3.1. Ground-state calculations 
All geometries were optimized on the DFT level of theory with the B3LYP functional and the 6-31G(d) 

basis set except for some structures for interaction energy calculations. Where so specified these were 

performed on the DFT-M06-2X/aug-cc-pVD or MP2/aug-cc-pVDZ level of theory. The aug-cc-pVTZ basis 

set was also used occasionally. Proceeding the surface calculations a single-point calculation on the 

optimized structures were performed at the DFT-B3LYP/6-31+G** level. Whenever iodine where 

included in the molecular structure the basis set was specified manually to match that of the 6-31+G** 

basis set (see 7. Appendix).  All calculations were performed using the Gaussian 0366 or Gaussian 0914 

suits of program. Solvent effects were accounted for in some of the studied series using the polarizable 

continuum model (PCM (IEFPCM)) implementation in Gaussian. The specific solvents used during the 

simulations will be specified when the studies are introduced.    

3.2. Transition state optimizations 
These calculations were only performed on the compounds of series 1. The transition state calculations 

were carried out using the Gaussian 0914 suits of program at the DFT-B3LYP/6-31+G* and DFT-M06-2X/ 

6-31+G* level of theory. To find the TS saddle-point the Berny algorithm was invoked. Following the 

transition state frequency calculations were performed to verify the TS nature of the structure, i.e. 

confirming that the structure had one, and one only, imaginary vibration frequency.  Frequency 

calculations were also performed on the ground-state structures of the reference compounds (i.e. series 

1 compounds and the nucleophile – NH3 and Piperidine). To estimate activation energies of the TS 

structures zero-point corrected energies and free-energy corrected energies were obtained from the 

frequency calculations without rescaling of the vibrational frequencies. 

3.3.  Interaction analysis 
To estimate the interaction energy of the Series 16 compounds with HCN and NH3 respectively, the 

complexes were optimized employing MP2/aug-cc-pVDZ and the Gaussian 09 suits of program14. 

Following this, energy decomposition analysis (EDA) calculations were performed with  Su and Li’s 67 

implementation (LMOEDA) to the GAMESS68 suits of program. 

Complexes of NH3…BX3 compounds in Series 17, were optimized in the same fashion on the MP2/aug-cc-

pVTZ level followed by a frequency calculation. The reference structures’ geometries were also 

optimized on the MP2/aug-cc-pVTZ level of theory.  Interaction energies were estimated by using zero-

point corrected respectively free-energy corrected energies from the frequency calculations without 

rescaling of the vibrational frequencies. For this series deformation energies were also calculating by the 

energy difference between ground-state and perturbed geometries corrected by frequency calculations. 
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3.4. Surface properties 
The surface properties were computed on the 0.004 electron/bohr3 isodensity contour if not otherwise 

specified (some calculations were performed on the 0.001, 0.006 and 0.01 electron/bohr3 isodensity 

contour). All the properties were computed with the in-house hs95EA_Tr_9kx program69 developed by 

professor T. Brinck at the division of Applied Physical Chemistry, KTH Royal Institute of Technology. 

Properties used in this work were the local minima of Es(r) – referred to as Es,min – local surface ionization 

energy, Is(r), the local electrostatic surface potential, Vs(r), and the estimated molecular volume.  

3.5. Statistics, regression and other calculations 
All statistics and regression analysis have been carried out using the linest function in open office. F-tests 

were performed and R2 parameters determined. It must be stressed that R2 is not an universal nor 

perfect indicator of the quality of a correlation. There are other statistical parameters that could and 

should be taken into consideration when evaluating trends of different kinds. The standard deviation is 

one such parameter. Herein mainly R2 values will however be considered but it should be kept in mind 

that the results of these kinds of parameters are associated with a large fraction of impreciseness. In 

some cases herein are statistical F-test performed on the correlations in order to add significance to the 

studies.  
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4. Results and Discussions  
The performance of the new descriptor Es,min has been evaluated versus a multitude of molecules and 

interactions. The series are either compared to experimental data of reactivity or to theoretically 

obtained interaction energies determined via precise QM computations. In most of the series the 

studied compounds range over structurally quite similar molecules but with reactivities varied over 

many orders of magnitude. Experimental studies carried out in different solvents are considered 

separately, as are reaction and interactions with different nucleophiles or Lewis basis. The main genres 

of interactions studied are i) reactions via varying mechanisms leading to formation of new molecular 

species and ii) Lewis acid-Lewis base interactions, which lead to formation of complexes. The capabilities 

of Es,min for both general reactivity and regioselectivity predictions have been tested. 

4.1. Reactivity estimations 
The reaction types studied during this diploma work include the nucleophilic aromatic substitutions (via 

the SNAr and VNS mechanisms), Michael additions, SN1/SN2 reactions, Acylation reactions, Schiff base 

formation and Additions. Among these the nucleophilic aromatic substitution reactions have been most 

profoundly studied, mainly due to pragmatic reasons – these did early on show promising results 

probably as a consequence of experimental data of higher quality. For Es,min to be successful it is as a rule 

of thumb important that the first reaction step is the rate-determining and that side reactions are kept 

at a minimum, as should sterical variations. 

4.1.1. Nucleophilic aromatic substitution reactions - SNAr and VNS 
Two mechanistically similar reactions are the so-called SNAr (page 854 in ref20) and vicarious nucleophilic 

substitution (VNS) 70,71 reactions. The putative mechanism of SNAr goes through a two-step mechanism. 

Sites with a nuclefug substituent (good leaving groups) on electro-deficient aromatic compounds are 

susceptible to nucleophilic attack via the SNAr mechanism. Typical nuclefugs are halogens (X=F,Cl, Br) 

and the aromatic compound is in many cases activated with a ortho or para electron-withdrawing 

substituent (most commonly a nitro group) or by a heteroaromatic site (for instance the nitrogen of 

pyridine)20,72,73. The first step is often the rate determining step. Here the nucleophile makes an ipso-

attack at the aromatic carbon (usually carbon) attached to the nucleofug. Upon this is an intermediate 

Meisenheimer complex or σ-comlpex is formed. The aromaticity is regained via the loss of the 

nuclefug20,72.  Recent studies17,74,75 indicate, however, that the presumed mechanism is only valid for 

compounds when the σ-complexes is additionally stabilized (by for instance an extra OH or NO2 

substituant) or in the case of reluctantly leaving groups (nuclefugs), such as F. For less stabilized 

intermediates with Cl or Br as nuclefugs the reaction has, via theoretical studies, been found to proceed 

via only one concerted step. 

Mąkosza and co-workers have investigated70,71,76–79 the case of a hydride (H-) nuclefug in nucleophilic 

aromatic substitutions. It has been found that the C-H sites of aromatic compounds frequently is more 

activated for nucleophilic attacks than for instance sites attached to a halogen71. In fact the primary 

process is often formation of the σH-complexes over σX-complexes. However, due to the poor 

stabilization of a leaving hydride ion, the σH-complexes don’t react further under normal conditions. In 

the VNS reaction this is overcome by introducing a ‘vicarious’ leaving group at the nucleophilic site of 
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the nucleophile – commonly the carbanion of Cl-methylphenylsulfone. Upon formation of the σH-

complex, HCl can leave via elimination, thus establishing a favorable reaction route (see Figure 2 for a 

mechanistic comparison between SNAr and VNS). Under conditions were both SNAr and VNS are 

possible, VNS usually proceeds much faster71. 

 

Figure 2. Comparison between the SNAr and VNS mechanisms of 4-X-nitro-benene.  

While the SNAr reaction has been studied with interest during many decades and is recognized as a 

versatile synthetic tool, VNS has gained only limited attention. Accordingly there are many more 

theoretical studies of SNAr were methods for prediction of reactivity have been investigated. For 

instance has the Hammett-Taft constants been successfully employed as has an QM approach were the 

relative energy of the intermediate σ-complexes was used in terms of a nucleophile affinity (Nα)17. 

Traditionally, however, predictions have been based on empirical now-how, for instance that the nitro 

group is activating the ortho and para position equally much etc. For VNS case there are a few studies 

were of VNS were the reactivity is compared to e.g. Hammet-Taft constants76 and the LUMO79 energies. 

In this work has the Es,min descriptor been used for predictions of relative reactivity and for site-

predictions. Its performance has been evaluated and related to experimental reactivity data. In addition 

Es,min is here contrasted to other descriptors such as LUMO energies, Hammett-Taft constants, Nα values 

and local Vs(r) (referred to as Vs,loc) at the site of Es,min (unfortunately could Vs,max values not be 

determined for the majority of the reactive sites for the compounds reacting via nucleophilic aromatic 

substitution mechanisms). For series 1 additional TS-calculations were furthermore performed and the 

resulting energies were compared to the Es,min values. 

For the first nine studied series all reactions are run under conditions assuring that the first step is the 

rate-determining. Different leaving groups are considered and different solvents, as are varying 

substituent patterns. Some other experimental series, apart from the nine first, have also been 

evaluated. On these studies have less concern been paid at rigorous selection of reaction conditions etc.  

4.1.1.1. Series 1 – SNAr with bromine nucleofugs 
The molecules of this series are taken from a study by Berliner and Monack80 and are shown in series 1. 

These substances have been chosen to keep the sterical effects of the substituent at a minimum80. In the 

series, the different substituents range from strongly activating (1m -NO2) to highly deactivating (1o -

H2N). As mentioned earlier, a common requirement for nucleophlilic aromatic substitutions to take 
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place is the presence of a strongly electron-withdrawing group ortho and/or para to the leaving group20 

– in this case ensured by a nitro group ortho to the leaving bromine. According to the observations in 

previous studies17,74,75 the bromine nucleofug should lead to an one-step rather than a classical two-step 

reaction mechanism. Consequently we expect a relatively early TS (Hammond’s postulate since the 

reactants are energetically higher than the products), structurally close to the ground-state geometry on 

which the Es,min values were obtained. In the experimental study piperidine was used as both solvent and 

nucleophile. The X substituent is reluctant to participate in SNAr reactions since it is positioned meta to 

the activating nitro group and consequently less activated than the leaving Br. 

 

Series 1. Electrophilic arenes with various substituents
80

. Piperidine acts both as nucleophile and solvent. The * marks the site of 
reaction.  

Gas-phase values of Es,min for the series 1 electrophiles correlates quite well (R2=0.81) with the 

experimental data80, see Figure 3.  This correlation can, however, be increased by computing the Es,min 

values on geometries obtained when accounting for solvent effects (diethyl amine R2=0.82 ; water 

R2=0.87 ). Overall the Es,min performs better than Vs,loc. Unfortunately no Vs,max values could be 

established at the reactive centers. Therefore Vs,loc at the site of Es,min was used. The data from 

calculations on this series can be found in Table 1. The EAL descriptor performs much worse than Es,min 

with a R2-value of 0.25. 

 

Figure 3. Es,min values at the reacting site for series 1 obtained in vacuum and plotted versus the logarithm of the reaction 
constant of substrate R relative to X=H.    
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Within series 1, values of NH2, OH, COOH, I and possibly F seems to belong to a separate trend. Among 

these both OH and COOH are likely to be deprotonated (and deactivated) to some degree in the 

piperidine solvent. This would lead to a smaller portion of these substrates available for reaction (an 

effect mentioned but not accounted for in the original estimation of the reaction constants80). By 

considering this effect, the substrates (OH, COOH) would probably fit better into the general trend. 

Another approach which was also evaluated, without improvement, was to calculate the Esmin values for 

the deprotonated species. In any circumstance, there seems to be some unidentified effect causing 

anomalies for several of the substrates, an effect which is overlooked by the Esmin descriptor. 

Table 1. Reaction rates and descriptor values for the compounds of series 1. Es,min and Vs,loc at the aromatic carbon attached to 
the Br-nucleofug, R

2
-values of the correlations of the descriptors with experimental data are also reported. 

  
Gas phase  Water 

 
Diethyl amine 

 

ln k
a)

  

 
Es,min 

[eV] 

Vs,loc
b)

 

[kcal/mol] 
EAL,min

f)
 

[eV] 
Es,min 

[eV] 

Vs,loc
 b)

 

[kcal/mol] 
Es,min 

 [eV] 

H 0 -1.11 16.63 0.6 -0.96 17.5 -1 

Me -1.93 -0.95 14.14 0.45 -0.82 13.93 -0.88 

MeO -4.02 -0.81 12.12 0.39 -0.73 12.12 -0.76 

Me2N -6.71 -0.59 3.12 No data
e)

 -0.54 3.86 -0.57 

OH -7.45 -0.86 14.02 0.53 -0.67 12.72 -0.79 

H2N -8.99 -0.7 6.44 0.53 -0.56 6.92 -0.65 

Br 2.06 -1.26 20.92 0 -1.01 23.1 -1.13 

Cl 1.72 -1.24 19.51 -0.02 -0.99 23.16 -1.11 

F -1.35 -1.15 20.08 -1.02 -1.2 22.01 -1.31 

tBu -1.77 -0.95 13.21 0.23 -0.9 22.11 -1.01 

EtO -4.19 -0.78 11.34 1.07 -0.84 13.36 -0.9 

COOH 0.92 -1.34 23.31 0.42 -0.68 11.3 -0.74 

I 1.69 -1.45 20.24 0.27 -1.12 25.7 -1.24 

NO2 n.r.
c)

 -1.74 31.16 0.6 -1.28 37.43 -1.49 

R
2
 vs ln krel- all 

 
0.810 0.730 0.25 0.868 0.780 0.816 

R
2
 vs ln krel-- excl.

d)
 

 
0.852 0.855 - - - - 

a)
pseudo first-order reaction rates in min

-1
 from reference

80
 at 25°C relative to that of R=H,

 b)
no Vs,max could be 

found at the reactive site, 
c)

no reaction rate was reported, the compound was too reactive under the reaction 
conditions, 

d)
 excluding the plausible anionic compounds –OH and –COOH are excluded, 

e) 
Could not be 

determined, 
f)
 using the same number of virtual orbital as the number of occupied orbitals. 

 

In an general case, if more precise estimations of reactivity was strived for, one would employ TS 

calculations one the compounds of interest17,81. Hence, in order to investigate the anomalies of Es,min and 

to further examine the mechanism of the series, TS calculations were here carried out. We explored 

both the case of NH3 as nucleophile as well as the case of the true nucleophile, piperidine, see Figure 5 

for an illustration of a typical TS structure.  
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Table 2. Transition state energies for the reactions of series 1 with NH3 as well as Piperidine nucleophiles. The calculations were 
performed in diethyl amine solvent to simulate the experimental conditions. All energies are reported in kcal

.
mol

-1
. R

2
-values of 

the correlations of the calculated energies with experimental data, Es,min and Vs,local are also reported. 

 
NH3 

   
Piperidine 

 

 
B3-LYP 

 
M06-2X 

 
B3-LYP 

 

 

ΔE
a)

 ΔG
b)

 ΔE
a)

 ΔG
b)

 ΔE
a)

 ΔG
b)

 

H 22.35 31.94 17.8 27.89 17.52 30.21 

Me 23.64 34.19 19.26 29.37 18.81 32.4 

MeO 26.45 36.07 22.43 32.24 21.64 34.28 

Me2N 26.62 37.08 21.99 32.39 21.68 34.9 

OH 25.39 34.89 21.42 31.08 20.3 32.8 

H2N 26.29 35.78 22.59 32.51 21.2 33.84 

Br 21.24 30.77 16.46 26.34 15.37 27.95 

Cl 21.65 31.18 16.98 26.77 16.65 29.4 

F 17.56 27.2 9.36 18.89 12.47 25.18 

tBu 22.75 32.34 18.66 28.65 17.68 30.44 

EtO 24.29 36.09 20.16 29.88 19.66 34.56 

COOH 26.66 36.23 22.6 32.23 21.63 33.77 

I 15.27 26.32 10.61 20.12 10.13 24.53 

NO2 17.94 28.99 13.07 22.66 13.36 27.65 

R
2
 vs Es,min (gas) 0.944 0.938 0.879 0.887 0.952 0.918 

R
2
 vs Es,min (H2O) 0.932 0.909 0.902 0.910 0.926 0.879 

R
2
 vs Es,min (Et2NH) 0.954 0.937 0.901 0.910 0.957 0.912 

R
2
 vs Vs,loc (H20) 0.844 0.844 0.717 0.727 0.854 0.815 

R
2
 vs ln krel

c)
 0.784 0.784 0.717 0.714 0.789 0.727 

a)
 Frequency (zero-point) corrected, 

b)
 free energy corrected, 

c)
 using a extrapolated value of ln krel of –NO2 (6.84) 

based on the Es,min(H2O) trend. 

As seen in Table 2, the calculated activation energies, surprisingly, showed weaker correlation with the 

reported reaction energies than the Es,min descriptor. The correlations were furthermore roughly the 

same for both the NH3 and piperidine cases. As this was much unexpected, other possible TS structures 

were evaluated.  However, none of the other evaluated TS structures did yield a more favorable reaction 

profile (i.e. lower reaction barrier) and were consequently disapproved. For the TS calculations, the 

same subgroup of NH2, OH, COOH and I did, again, show the largest discrepancy from the rest of the 

series. This suggests, perhaps, a mechanistic deviation for this subgroup - the proposed two substrate 

mechanism may in any case be too simple for this reaction. It is possible that a catalytic acid (be it 

another piperidine or substrate molecule) facilitates the proton transfer from the piperidine nucleophile 

to the leaving hydrogenbromide and hence affects the TS structure.  

Nevertheless, the Es,min descriptor here shows an excellent correlation with calculated TS energies, both 

in the case of NH3 and piperidine (Figure 4). The TS approach presented here is the simplest and most 

reasonable approach for reactivity predictions on any larger scale. Any other approach will be highly 



Results and Discussions 
 

36 
 

intricate and time-consuming. Given the excellent correlation between TS energies an Es,min calculations 

and that Esmin is a much quicker method than the TS method, Es,min has proven to serve as a useful but 

fast method for reactivity predictions.  Based on the Es,min (water) and ln k relationship a expected 

pseudo first-order rate constant for NO2 under the given conditions was determined to 3.01.104 min-1. 

 

Figure 4. Transition state energies ΔG against Es,min values obtained at the site of reaction for the piperidine and NH3 
nucleophiles. The energies are free-energy corrected via frequency calculations.  

One may, furthermore, argue that the level of theory used for obtaining the transition state energies is 

insufficient for accurate activation energy estimations. By repeating the TS optimizations for NH3 at the 

M06-2X/6-31+G* level (capable of accounting for dispersion interactions to a larger extent than B3LYP) 

the correlations where, however, actually decreased for both TS energy versus reaction constant and 

Es,min, despite using the same geometries, see Table 2. 

 
 

Figure 5. Typical transition stat structure of the SNAr reaction between NH3 and a compound of series 1 to the left, to the right is 
a Es,min mapped isodensity contour displayed. The red/orange/yellow sites are electrophilic sites with red being the most 
activated. As can be seen the site of reaction is far from the site most susceptible to nucleophilic attack. However a site of 
reaction must apart from having low Es,min also be associated with a plausible mechanism for a reaction to take place.    

It is obvious from the results that neither Es,min nor the TS approach is able to capture the deviations of 

(especially) the NH2, OH, COOH and I compounds. Iodine compounds do consistently, as shall be pointed 
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out throughout this report, deviate from the rest of any series (except halogen bonding).  This may be a 

consequence of the basis set used which has to be specified individually for iodine. Another explanation 

is that the iodine compound may participate in halogen bonding82 which would reduce its activity. In 

addition the OH and COOH compounds are probably deactivated due to deprotonation, whereas NH2 

may participate in hydrogen bonding with the piperidine solvent (as may OH and COOH). The hydrogen 

bonding would lead to deactivation of the compounds. The explanations above may compensate for the 

overestimation of reactivity from the Es,min calculations. 

Other possible processes which may reduce the experimentally determined reactivitis are side reactions 

and equilibrium. It is well-known that σH-complexes forms faster and to a larger degree than the σBr-

complexes (see the VNS reaction section)71. This can disturb the reactions by deactivating a portion of 

the studied compound and hence reducing its apparent reactivity. Complexes may in the same fashion 

be form at the sites of the substituents and thus lowering the concentration of the SNAr active 

compound. These effects may be more pronounced for the compounds with the largest discrepancies in 

the general reactivity trend. To test the equilibrium hypothesis linear combinations with Es,min values at 

the reactive as well as equilibrium sites versus reaction rates could be performed. The discussed effects; 

equilibrium, hydrogen bonding and charged species; may all contribute to the full picture. 

Yet another explanation to the observed deviations of is the possibility of a mechanistic switch over the 

series. Due to stabilizing effects from the substituents the mechanism may proceed over an 

intermediate structure. This could maybe be true to a larger extent for the compounds with largest 

deviations. 

4.1.1.2. Series 2-4 – SNAr with fluorine nucleofugs  
As mentioned earlier, the ability to predict regioselectivity with a simple (and quick) method would be of 

great value. For the remaining SNAr series (i.e. series 2-4) the regioselectivity of the Es,min descriptor is 

evaluated against compounds with multiple reactive sites and promising results can be reported. 

Common for all of the substances in these series is the fluorine nucleofug, which is anticipated to yield 

the classical two step SNAr mechanism with a late TS of the first rate-determining step. Hence the TS 

geometry is plausible quite perturbed from the ground-state structure, a situation that could cause 

troubles for the Es,min descriptor. 

 

Series 2. SNAr active compounds from studies in 60/40 v/v-% of dioxin/water with NH3 as nucleophile at 25°C
83,84

. 



Results and Discussions 
 

38 
 

Variation of the experimental parameters are as follows:  Experimental values for series 2 and 3 where 

obtained in a 60/40 v/v-% of dioxin/water with NH3 as nucleophile at 25°C83,84 and 80°C83,85 respectively; 

experiments on series 4 were conducted in methanol at 50°C with the metoxy anion as nucleophile86.   

 

Series 3. SNAr active compounds from studies in 60/40 v/v-% of dioxin/water with NH3 as nucleophile at 80°C
83,85

. 

The series 2-4 have recently been investigated by Liljenberg et al28 where they found excellent 

correlations between experimental data and relative energies of the Meisenheimer complex at the 

various reaction sites (the energies are referred to as Nα-values). 

 

Series 4. SNAr active compounds from studies in methanol at 50°C with metoxy anion as nucleophile
86

. 

The results of the surface calculations as well as the site prediction analysis are presented in table 3. 

When accounting for solvent effects Liljenberg et al28 were able to predict trends between Nα-values 

and the logarithm of the reaction constants with correlations of 0.98, 0.92 and 0.93 (R2) for the series 

2,3, and 4. Here the corresponding correlations for Es,min with experimental data are not as excellent; 

0.86, 0.66 and 0.68 respectively. The trends were not increased when considering solvent effects. The 

electrostatic surface potential Vs,loc is somewhat better at prediction the overall reactivity for the series 3 

but slightly worse for series  3 and 4.  
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Table 3. Experimental reaction data and descriptor values for the series 2-4. Included is also the results from the site prediction 
analysis.  

  
Position ln k

a)
 Es,min Vs,loc Site prediction 

    
[eV] [kcal

.
mol

-1
] 

 

Series 2 2a 2 -13.38 -1.51 38.82 correct 

 
2b 6 -12.04 -1.5 36.01 correct 

 
2c eq. -9.89 -1.82 44.27 n.a. 

 
2d 4 -7.29 -2.27 42.75 correct 

 
2e 4 -6.26 -2.11 41.76 correct 

 
2f 4 -3.68 -2.57 48.3 correct 

 
2g(4) 4 -2.94 -2.26 46.98 correct 

 
2g(6) 6 -3.63 -2.2 45.8 correct 

 
2h(2) 2 0.27 -2.41 50.13 correct 

 
2h(4) 4 1.22 -2.73 50.67 correct 

 
2i 4 0.3 -2.37 48.76 correct 

 
R

2
 vs ln k 

  
0.83 0.86 

 
Series 3 3a 4 -11.42 -1.68 34.26 correct 

 
3b eq. -11.31 -1.93 41.38 n.a. 

 
3c 4 -9.9 -1.85 36.63 correct 

 
3d eq. -9.49 -2.34 47.63 n.a. 

 
3e 4 -9.04 -2.12 42.81 correct 

 
3f 4 -8.29 -2.18 43.06 correct 

 
3g 4 -6.61 -2.37 53.53 correct 

 
R

2
 vs ln k 

  
0.66(0.96

b)
) 0.65(0.94

 b)
) 

 
Series 4 4a eq. -19.81 -0.83 25.23 n.a. 

 
4b 2 -14.73 -1.12 25.78 correct 

 
4c 1 -13.63 -1.09 26.44 correct 

 
4d(3) 3 -13.12 -1.17 30.09 correct 

 
4d(1) 1 -9.2 -1.49 31.23 correct 

 
4e(2) 2 -8.8 -1.42 33.73 correct 

 
4e(3) 3 -9.85 -1.39 32.51 correct 

 
4e(4) 4 -5.98 -1.52 33.43 correct 

 
4f eq. -9.49 -1.48 34.24 n.a. 

 
4g one position -5.71 -1.26 30.81 n.a. 

 
4h eq. -5.34 -1.33 31.7 n.a. 

 
4i 4 -5.24 -1.45 33.79 correct 

 
4j eq. -4.99 -1.4 32.6 n.a. 

 
R

2
 vs ln k 

  
0.68(0.96

 b)
) 0.67(0.81

 b)
) 

 
a)

 degenerate positions are compensated for,
b)

obtained after exclusion of sites with sterical discrepancies.  
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The not so accurate reactivity trends predicted by Es,min may be attributed to the late TS structures. 

Alternatively differences in aromaticity could serve as an explanation. The latter is probably most likely 

for the series 2 compounds. The aromaticity differences could cause shifted TS structure over the series 

with different aromaticity-loss penalties for the various compounds. It is plausible that the aromaticity 

effect is not fully captured by Es,min.  

Slight differences in the sterical environment of the different sites and compounds are another 

reasonable explanation to the poor correlations. Noteworthy for series 3 and 4 is that the most 

incongruent entries are those with the reactive F immediately adjacent to groups other than F. 

Substituents like CF3, CN and even Cl are likely to create a dissimilar spatial environment than F. 

Removing these entries from the trends increases the correlation of series 3 and 4 from 0.66 and 0.68 

(R2) to 0.96 and 0.95 (Figure 7). It can also be reported that entries of different reactive sites within the 

same molecule blends in smoothly into the trends. Performing the same kind of exclusion on series 2 

(based on proximity to groups other than F) will instead reduce the correlation from 0.83 to 0.79. 

However the data for the different series are collected during varying conditions and different effect can 

be of importance in the different cases.  For instance may sterical effects be less important at low 

temperatures. 

  
Figure 6. Showing the Es(r)-mapped surface of compound 4e to the left and the structure to the right..  

The observed changes for series 3 and 4 when removing the sterically constrained entries again address 

the incapability of Es,min to account for sterical hindrance. If these effects are not corrected for, Es,min can 

only be used efficiently within groups with similar spatial environments. For the modified series 3 and 4 

Es,min values (without the sterically constrained entries) are performing better than the local electrostatic 

potential. However, compared to Nα values determined by Liljenberg et al28, the Es,min descriptor is not 

capable of reaching the same level of correlation. This may be attributed to the expected potential 

energy surface of the reaction. Nα values are determined by examination of the intermediate 

Meisenheimer complex, a geometry that should be structurally closer to the TS geometry than the 

ground-state structure on which Es,min is computed. In addition the Nα values are more likely to capture 

sterical effects than Es,min. 
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Figure 7. Plot of the experimental ln k data versus the Es,min values for the series 2-4. The entries represented by smaller marks 
belongs to sites which are sterically discrepant. The values within paranthesis represent different sites of the molecule. 

Most striking for these three series is, however, that the Es,min is capable of predicting the most active 

SNAr site for all cases where there is more than one possible reactive position, see table 3. In cases of 

three reactive sites Es,min is also able to rank the 2nd and 3rd most reactive SNAr sites accurately. 

Moreover, fairly precise quantitative distributions of the regioisomers for the compounds are attainable 

after empirical rescaling of the local Es,min values, though this is a highly biased procedure. One shall be 

careful when applying Es,min for quantitative estimations since the scaling is very case sensitive and thus 

unreliable. Instead Es,min should be acknowledged for giving valuable qualitative indications at a low 

computational cost.   

4.1.1.3. Series 5-8 – VNS – varied substituent patterns 
During the SNAr investigation it was clear that the local Es(r) minimum at the SNAr site rarely is the same 

as the global minimum. For very activated species this minima was usually found at a nitro group or 

some other substituent. However, among the aromatic carbons, i.e. the possible sites for nucleophilic 

aromatic substitution, the internal minima would, almost exclusively be situated at a carbon attached to 

a hydrogen – if such a substituent were present. It is these sites (C-H) that are the sites of reaction in the 

VNS mechanism.  

Different VNS active compounds’ reactivities have here been evaluated against Es,min (series 5-8). The 

substances in series 5 where obtained from an experimental study76 where the effect of substituents in 

para position (relative to the NO2 site) for nitro activated arenes were investigated. In the same study, 

the authors also analyses the influence of an additional substituent in other positions with respect to 

the VNS site, here found under series 6. Investigations were also performed on the effects of meta 

(Series 7) and ortho (Series 8) substituents. All series follows the general mechanism presented in the 

VNS route of Figure 2 with the α-halocarbanion of chloromethyl phenyl as nucleophile. The data was 

obtained by pair-wise competing reactions in DMSO at room temperature with a large excess of the 
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electrophiles. Additionally, a fourfold excess of base (tBuO-) was added to ensure that the irreversible 

second (elimination) step was fast enough for the ratio of initially formed σH-complex between the two 

competing reactants to be well represented by the ratio of the final products. The isomeric ratios of the 

products were determined by HPLC and GC76,87. Compound 5H (same as 6a, 7H and 8H) will serve as 

reference compound for all series. This means that all rate constants are given relative to the rate of 

compound 5H (reacting at the ortho position).  

Series 5 – Para substituents 

A schematic representation of the compounds of series 5 can be found below. The nitro substituent 

activates positions ortho and para relative to itself. For series 5 the para position is blocked by the 

various substituents, only the ortho position is free to react. Since the different substituents are 

consequently far from the site of reaction, variations to the steric contribution from the substituents can 

be neglected. 

 

Series 5. Para substituted VNS active compounds from reference
76

. 

Over series 5, the rate constants varies over a magnitude of almost four decades76. The good correlation 

(R2=0.886) between Es,min and experimental data enlightened in Figure 8 suggests that Es,min may well be 

used for predictions of relative reactivity for VNS reactions. The prediction from Vs,loc is slightly more 

accurate (R2=0.910) than found for Es,min in this case, suggesting perhaps a large portion of electrostatic 

interaction during the formation of the σH-complex.  

 

Figure 8. The reactivity against Es,min is here presented for series 5.  
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In the original study of series 5 the kinetic data was compared to the Hammett constants (see figure 1 in 

reference76 ). In that comparison, compounds cC3O2H5 and SPh were excluded. The R2 -correlation 

between the Hammett constant and experimental data was determined to 0.89. Without the mentioned 

compounds the corresponding value for Es,min is 0.92. Based on these observations new Hammett 

constants could be to determine for compounds cC3O2H5 and SPh from the relationship between Es,min 

and the available Hammett constants. Though, the correlation between Hammett constants and Es,min is 

only 0,78 (R2). Consequently would new Hammett constants obtained from this relation be associated 

with a large error and thus not of much use. However this approach may be possible for other series of 

compounds in future investigations. The Hammett constants could in this case of course also have been 

determined from experimental data. 

Table 4. Reactivity data and descriptor values for series 5 obtained in both vacuum and in solvent. The results from a site 
prediction analysis are also reported here.  

 
ln krel

a) 

 

Es,min-vacuum 

[eV] 

Vs,loc-vacuum
b) 

[kcal
.
mol

-1
] 

Es,min–DMSO 

[eV] 

Vs,loc–DMSO
b) 

[kcal
.
mol

-1
] 

Site 

prediction 

Br 4.98 -1.71 17.85 -1.37 19.7 correct 

Cl 4.83 -1.71 18.12 -1.37 19.91 correct 

COOiPr 2.71 -1.4 14.78 -1.22 17.9 incorrect
c)

 

H 0 -1.4 12.64 -1.13 11.86 correct 

OMe -0.12 -1.4 11.69 -1.24 12.91 correct 

SMe 2.4 -1.43 12.32 -1.25 13.49 correct 

CF3 6.46 -1.81 21.14 -1.41 23.91 correct 

CN 6.96 -1.9 24.44 -1.4 28.92 incorrect
c)

 

iPr -1.24 -1.3 10.28 -1.12 9.93 correct 

OPh 0.99 -1.39 11.49 -1.25 12.58 correct 

tBu -1.02 -1.27 9.84 -1.13 9.95 correct 

F 3.91 -1.72 17.99 -1.36 19.29 correct 

I 3.78 -1.77 18.01 -1.46 19.48 correct 

cC3O2H5 -0.08 -1.32 11.02 -1.18 12.42 correct 

SPh 2.48 -1.58 16.9 -1.3 19.5 correct 

R
2
 vs. ln krel  

0.886 0.910 0.803 0.903 
 

a) Relative to X=H, reaction rates from reference
76

, b) no Vs,max could be established at the reactive site, c) the 

ortho and meta Es,min values are almost degenerated (difference around 0.02 eV) 
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Concerning regiosleectivity predictions the site with the lowest Es,min minima was found to correspond to 

the ortho position (relative to the NO2 group) in all cases except for the compounds with COOiPr and CN 

substituents. Hence 13 out of 15 predictions were correct. For the incorrectly predicted compounds the 

four C-H sites were approximately degenerated, varying by only 0.02 eV.  

  
Figure 9. To the left is the surface contour of compound 5Cl mapped with Es(r). The two rightmost red areas corresponds to the 
NO2 oxygens. To the right the structure of the same compound. 
 

A way of rationalizing this is via studies of conjugation versus inductive effects. Within Series 5 it is 

mainly the COOiPr and CN compounds that are expected to be activated via conjugation to a large 

degree. While the CN of is also affecting the activity via a strong inductive contribution, the COOiPr will 

in large extent stabilize the σ –complex via conjugation solely. Differences in conjugative stabilizations 

can be tricky to account for based on ground-state properties. Failure to do so may be the reason why 

the reaction rate of COOiPr is much underestimated by Es,min. Furthermore, since both the CN and 

COOiPr groups are ortho/para directing, as is the NO2 group, it is thus not surprising that all C-H sites of 

the rings are activated (for COOiPr and CN obviously about equally much). There is still a question to be 

answered considering the choice of site. Steric contributions may be the reason why only reactions at 

the ortho (NO2) sites were observed experimentally. Another theory presented by the authors of the 

original work is that the immediate proximity to the nitro group is an important factor. Perhaps the nitro 

group participates as an intramolecular catalyst during the course of reaction - possibly so via 

abstraction of a proton during the elimination in the second reaction step.  

Series 6 – Two substituents 

For series 6 the substituents are attached to various positions, thus from case to case exposing either or 

both the para and ortho positions. As for series 5 the substituent is kept at a distance ensuring minimal 

steric variations over the series.  The variations of the compounds in this series offer an interesting 

challenge for the Es,min descriptor. 
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Series 6. Disubstituted VNS active compounds from reference
76

. 

Considering the broad reactivity range, which spans over five orders of magnitude, and that different 

sites (ortho or para) are included in the series, the correlation of 0.87 for Es,min against the logarithm of 

the reaction constants should be considered really good. The same correlation was found for Vs,loc. 

Again, the discrepancies observed between experiments and descriptors may be attributed to 

mechanistical or solvent effects not accounted for in the calculations of the Es,min values. Sterical effects 

are another plausible explanation since the environments of the reactive sites varies substantially over 

the series. Noteworthy is, hence, that compounds reacting at the ortho position (relative to the Nitro 

group), i.e. compounds 6a(2),c,e,f and g, can be fitted to the same trend as those reacting at the para 

position, i.e. compounds 6a(4), b and d.  

Table 5. Reaction rates, Es,min and Vs,loc values for the compounds of Series 6. Descriptor 
 values are obtained in vacuum.  

 

ln krel
a)

 

  
Es,min 

[eV] 

Vs,loc
b)

 

[kcal
.
mol

-1
] 

Site 

Prediction
c)

 

6a – ortho 0 -1.4 12.56 Correct 

6a – para -0.36 -1.12 12.59 Correct 

6b 5.01 -1.69 21.51 Correct 

6c 6.04 -1.96 21.8 Correct 

6d 0.26 -1.49 18.82 Correct 

6e 6.57 -1.81 22.27 Correct 

6f 8.22 -1.89 25.42 Incorrect
d,e)

 

6g 9.1 -2.12 25.2 Incorrect
 d,e)

 

R
2
 vs. ln krel  

0.87 0.87  
a)

 relative reaction rate to 2-ortho position of X=H, reaction rates from reference
76

,  
b) 

no
 
Vs,max could be found,

 c) 
predictions based on Es,min values, 

d) 
the site of reaction  

is almost degenerate with lowest site, 
e)

lowest Es,min site sterically hindered.  

 

An important factor here is the substituents’ effect on the nitro group. Since the nitro group’s role is to 

stabilize the TS, it should be ordered parallel to the ring system for maximal stabilization. If a proximate 

substituent affect the parallelism of the nitro group it will change the stabilizing effect accordingly. Thus 

different compounds in the series may have differently stabilized σ-complexes. An effect which may or 

may not be reflected by Es,min. 

The site prediction on this series fails for the compounds 6f and 6g. This may either be explained by 

sterical effects (one adjacent substituent favored over two) or by the nitro parallelism effect – the latter 

especially for 6g where addition between the nitro groups is likely to disturb either or both of the nitro 
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group’s parallelism.  Alternatively, as for 6f , the deviations can be explained by the nitro proximity rule 

where proximity to a nitro group speeds up reaction the proposed catalytic effect. For both 6g and 6f 

the activity of the possible reacting sites are almost degenerate according to the Es,min predictions. 

Consequently the mentioned effects may be crucial for explanations of the observed site of reaction 

Series 7 – Meta substituents 

By placing a substituent in the meta position with respect to the nitro group three different activated 

sites are accessible. Among these, it is only one ortho position (position 6 in Series 7) that is not subject 

to sterical variations caused by the substituents. For many of the compounds in series 7 reactivates at 

multiple sites very observed. This series is included to enlighten the difficulties for Es,min to account for 

many different effects in its predictions.  

 

Series 7. Meta substituted VNS active compounds from reference
76

. 

The results of this series are summarized in table 6. Despite the divergences of the studied positions 

fairly good overall correlations between reactivity data and Es,min values could be obtained. If the 

different sites site (2,4,and 6) are studied individually the correlations increases, however less so for the 

6-ortho site. The latter may seem as a strange result since 6-ortho is the only position which is not 

suffering from sterical variations over the studied set of compounds. This goes to show that all aspects 

of the VNS mechanism are not clarified and that many processes added together makes up the reactivity 

of a specific site. Es,min cannot account for all effects and in order to reflect the full interaction more 

parameters (like a substituent constant for sterical contributions) would have to be included. 

For the site prediction it can be noted that Es,min encounters problems for this series of compounds. Es,min 

consistently predicts that the 2-ortho position is the most activated site throughout the series. This may 

well be reasonable due to the proximity to two activating groups, the nitro and substituent (all groups 

are considered activating). However, it is always the 6-ortho position that is found to be most reactive 

according to experimental observations. The exceptions from this ‘rule’ are the halogen compounds: I,Br 

and Cl. An explanation close at hand is that a sterical blockage of the 2-ortho position hinders this site 

from reaction leaving the field open for the other positions. This may be less manifested for the 

halogens mentioned above.  

For the CN and F compounds, which are the only ones to show a preferred 4-para reaction pattern, a 

similar catalytic effect, but more prominent, as the nitro proximity effect may be imagined. The 

substituent would thus acts as a proton abstractor during the elimination step of the reaction whith a 

higher reactivity as consequence. 
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Table 6. Reactivity data, descriptor values and site prediction analysis for the compounds of series 7. 

 

Position
a)

 

 
ln krel 

 
Es,min 

[eV] 
Vs,loc 

[kcal
.
mol

-1
] 

Predicted 

reaction order 

Site  

prediction 

H 4 para -0.36 -1.12 12.64 2/6 >4 Correct 

 
2/6 ortho 0 -1.4 12.56  Correct 

Me 4 para -0.49 -1.11 12.4 2>6>4 Incorrect 

 
2 ortho -1.02 -1.3 10.56  Incorrect 

 
6 ortho -1.66 -1.21 9.86  Incorrect 

OMe 4 para 0.79 -0.85 13.51 2>6>4 Incorrect 

 
2 ortho -0.48 -1.26 7.39  Incorrect 

 
6 ortho -1.56 -0.96 7.32  Incorrect 

F 4 para 3.26 -1.32 18.2 2>6>4 Incorrect 

 
2 ortho 2.89 -1.55 16.77  Incorrect 

 
6 ortho 1.19 -1.43 15.78  Incorrect 

I 2 ortho 4.14 -1.85 17.89 2>6 Correct 

 
6 ortho 3 -1.72 17.08  Correct 

Br 2 ortho 5.91 -1.74 17.35 2>6 Correct 

 
6 ortho 4.47 -1.6 17.08  Correct 

Cl 2 ortho 6.38 -1.74 17.52 2>6 Correct 

 
6 ortho 4.7 -1.57 17  Correct 

COOMe 4 para 6.88 -1.65 15.26 2>6 Incorrect 

 
6 ortho 8.27 -1.66 17.05  Incorrect 

CF3 6 ortho 8.52 -1.96 21.86 2>6 Incorrect 

CN 4 para 9.21 -2.08 25.46 2>4>6 Incorrect 

 
2 ortho 8.29 -2.29 25.15  Incorrect 

 
6 ortho 7.17 -2.07 24.95  Incorrect 

R
2
 vs. ln krel All positions 

 
0.75 0.76   

 
4 Para 

 
0.88 0.72   

 
2ortho 

 
0.85 0.84   

 
6ortho 

 
0.77 0.76   

a)
Only sites with reported reactivity are listed. 

Series 8 – Ortho substituents 

For this series two positions are available for VNS reaction: the 2-ortho and 4-para. Neither is expected 

to be sterically affected by the substituent group. However, due to the presumed importance of the 

nitro group’s parallel arrangement with the aromatic structure (for maximal stabilization of the TS 

structure) the substituents are likely to affect reactivity sterically by hindering the nitro group from 

adopting an optimal geometry. This additional effect is likely to vary significantly over the studied 

reaction series. Furthermore can the nitro-proximity effect (where nitrogen may act as an intra-

molecular catalyst) be perturbed in the same fashion as discussed above by the various substituents. By 

changing the conformation of the nitro group its catalytic power may be reduced. 
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Series 8. Ortho substituents with respect to the nitro group reacting via the VNS mechanism at the other ortho position and at 
the para position.  

Surface calculation results are reported in Table 7 including also a regioselecticvity evaluation. The 

overall correlation between experimental data and Es,min is poor, both when considering solvent effects 

and when not. In vacuum the trends are somewhat increased by breaking down the series into trends 

for the different positions separately. In DMSO the para trend is weak will the ortho trend is very good – 

be it a coincident or a realistic effect. However, the overall poor results are attributed to the large 

deviations in the two nitro effects referred to in the beginning of the series 8 discussion.  

Table 7. Es,min values in vacuum and solvent(DMSO) in addition to experimental reactivities at the ortho and para sites of Series 
8. Including also values from regression analysis and regioselectivity evaluation.  

 
Position 

 
ln krel

b,c)
 

 
Es,min-DMSO 

[eV] 

Es,min-vacuum 

[eV] 

Site 

Prediction
d)

 

H 4 –para
a)
 -0.36 -0.85 -1.12 correct 

 
2 – ortho

a)
 0 -1.13 -1.4 correct 

Br 4 –para
a)
 1.82 -1.09 -1.39 correct 

 
2 – ortho

a)
 1.93 -1.2 -1.52 correct 

Cl 4 –para
a)
 2.17 -1.09 -1.38 incorrect 

 
2 – ortho

a)
 2.15 -1.2 -1.51 incorrect 

F 4 –para
a)
 3.18 -1.08 -1.44 correct 

 
2 – ortho

a)
 3.04 -1.27 -1.61 correct 

CN 4 –para
a)
 7.09 -1.13 -1.62 correct 

 
2 – ortho

a)
 7.44 -1.4 -1.84 correct 

CF3 4 –para
a)
 4.13 -1.17 -1.54 correct 

 
2 – ortho

a)
 4.79 -1.26 -1.65 correct 

COOiPr 4 –para
a)
 2.27 -0.99 -1.17 correct 

 
2 – ortho

a)
 2.71 -1.2 -1.33 correct 

R
2
 vs. ln krel All positions 

 
0.40 0.62  

 
Para 

 
0.57 0.76  

 
Ortho 

 
0.93 0.73  

a) 
C-H position with respect to the nitrogroup, 

b)
 relative reaction rate to 2-ortho position of X=H,  

c) 
reaction rates from reference

76
, 

d)
prediction of Es,min-vacuum. 

For the regioselecctivity analysis the Es,min performs well for this series. It is even able to predict the 

switch from the usually prefered ortho site to the para site for F and Br. For Cl the reactivity order is 

however incorrectly predicted. On the other hand the difference in experimental reaction constants 

between the sites is minimal and the increased preference for the ortho site observed experimentally 

can be readily explained by the nitro-proximity effect.  
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4.1.1.4. Series 9– VNS - mixed compounds 
Within the previous series, the range of compounds varies over a rather similar set of structures. In such 

occasions the Es,min descriptor have proven useful for ranking relative reactivity and, where applicable, 

for regioselectivity predictions. More difficult, but of great use, is the ability to foresee reactivity over a 

range of vastly different compounds. Not least so as a tool in, e.g., decision making for synthetic 

strategies or for estimations of toxicology of various compounds.  In a VNS study by Seeliger et al87 both 

homo and hetero nitro-arenes of different ring sizes were studied (Series 9) and can serve as a valuable 

test for the Es,min descriptor.  The same reaction conditions as for series 5-8 applies here. 

 

Series 9. Structures participating in VNS reactions taken from reference
87

. 

In the original experimental work87 the reactions constants of compounds 9a-o were examined against 

two quantum chemical descriptors: i) the methyl anion affinity in gas phase (i.e. the energy difference 

between the methyl anion adduct and the combined energy of the methyl ion and the studied 

compounds) and ii) the eigenvalue of the LUMO of the ground-state geometry in gas phase.  These 

descriptors showed correlations against experimental data with R2-values of 0.749 and 0.233. The 

corresponding values for Es,min and Vs.loc are 0.541 and 0.431. This is reasonable - given the close 

relationship between SNAr and VNS, the methyl anion affinity is excepted to give better estimations of 

the TS energies than Es,min, (cf. Nα values of Liljenberg et al28 for Series 2-4). Nonetheless, for this 

inhomogeneous set of compounds we are given a good example of a case where Es,min is a superior 

descriptor to the LUMO energies. An explanation to the improved description by Es,min (over LUMO’s) 

may be found when scrutinizing the orbitals for these compounds; there are often two or more 

unoccupied orbitals of low energies and consequently an approach, like the Es,min approach, where these 

additional orbitals are accounted for is likely to give a more truthful picture of these compounds’ 

reactivity than a mono orbital approach like FMO.    
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Figure 10. Reactivity trend estimated by Es,min for the compounds of Series 9. 

Although the Es,min’s correlation with experimental data is better than the LUMO’s, it is not at all 

stunning.  The vast mix of compounds may serve as an explanation – different families of compounds 

react via slightly different patterns, variations in the magnitude of the different interactions affecting 

reactivity (e.g. ease of the NO2-substituent to forming a stabilizing coplanar conformation in the σ-

complex) may give contributions not accounted for by Es,min and, importantly, the TS structures to be 

estimated may vary significantly. Over the set of different compounds the energetic reaction profile is 

likely to vary for different families. Thus the (energetic) maxima of the reaction will plausibly be 

significantly shifted from case to case and the entropic contribution is likely to vary substantially. This 

would lead to the breakdown of the important assumption (for Es,min predictions) that the TΔS term of 

the activation energy is constant over the studied series.  Consequently reactivity prediction spanning 

over considerably different compounds are not likely to be precise – unless the entropic differences 

arising are compensated for. In addition the difference in aromaticity is likely to be of significance in this 

specific comparison. For instance does the 2-nitro-naphtalene (9k) and 2-nitro-thiophene (9j) exhibit 

lower aromaticity than the benzene derivatives, and should, accordingly, suffer a lower penalty during 

loss of aromaticity upon formation of the σH-complex. A similar effect is expected between the homo 

arenes and the N-heteroarenes. The compounds 9l-o have already been proven to belong to a reactivity 

trend within the homo nitro-arene class of compounds, see Figure 8, and their trend seems to be shifted 

away from the N-heteroarenes’ – thus implying an intrinsic difference between these families. 

When reevaluating the trend in Figure 10, allowing only N-hetero nitro-arenes to be included (thus 

removing 2-nitro-naphtalene, 9k, nitro-thiophene, 9j, and the homo arenes 9l-o), we end up with a 

more homogenous group. By doing so a trend with the R2 of 0.941 is found between Es,min and 

experimental data. This strong trend cannot be matched by neither Vs,loc (0.573) nor by the methyl anion 

affinity (0.737) over the N-heteroarene set of compounds. 



Results and Discussions 
 

51 
 

Table 8.Reaction rates and descriptor values for Series 7. 

 
site of  

attack 

ln krel 

 
Es,min-0.04 

 [eV] 
Site 

prediction 

Vs,loc
a)

 

[kcal
.
mol

-1
] 

Es,min-0.01 

 [eV] 
Es,min-0.006 

 [eV] 
Es,min-0.001 

 [eV] 

9a 2 8.7 -1.72 correct 21.38 -1.13 -1.26 -2.1 

 
4 11.18 -2.18 correct 23.77 -0.92 -1.02 -1.71 

9b 4 11.37 -2.31 correct 28.06 -1.12 -1.26 -2.14 

9c 2 6.51 -1.49 correct 16.75 -1.38 -1.55 -2.59 

 
6 5.8 -1.64 correct 16.46 -1.37 -1.54 -2.6 

9d 6 9.74 -1.95 correct 19.23 -1.15 -1.29 -2.06 

9e 3 0 -0.73 incorrect 2.26 -1.4 -1.56 -2.59 

9f 2 1.61 -1.08 correct 11.7 -1.76 -1.97 -3.3 

9g 2 2.2 -0.96 correct 11.3 -1.86 -2.08 -3.57 

 
4 2.2 -1.08 incorrect 22.3 -1.32 -1.48 -2.46 

9h 5 6.31 -1.4 incorrect 18.28 -1.21 -1.35 -2.26 

9i 5 4.53 -1.55 incorrect 22.66 -1.56 -1.76 -2.88 

9j 3 9.8 -1.24 correct 15.52 -0.6 -0.67 -1.05 

9k 2 8.43 -1.41 correct 12.01 -0.8 -0.94 -1.9 

9l 2 0 -1.4 correct 12.51 -0.78 -0.87 -1.39 

 
4 -0.36 -1.12 correct 12.58 -0.78 -0.92 -2.1 

9m 2 -0.12 -1.4 correct 11.67 -1 -1.2 -2.63 

9n 2 3.91 -1.72 correct 18.11 -1.14 -1.34 -2.76 

9o 2 4.83 -1.71 correct 18.02 -1 -1.12 -2.01 

R
2
 vs. ln krel (all) 

  
0.541  0.431        0.543(0.51

b)
)   0.534(0.44

b)
)   0.514(0.32

b)
) 

R
2
 vs. ln krel (9a-i) 

  
0.941  0.573        0.942(0.71

b)
)   0.946(0.64

b)
)  0.823(0.34b

)
) 

a)
no Vs,max could be found at the site of reaction,

 b)
corresponding values for Vs,loc correlations in parenthesis 

The site prediction by Es,min for the compounds in Series 7 was not perfect. Out of 15 compounds the 

most reactive site was incorrectly predicted in three cases:  9c-d, 9g and 9k. In addition the second most 

reactive site was incorrectly determined for 9a. It should of ‘course be stressed that the situation could 

have been different if the experimental data had been obtained for another nucleophile and/or solvent. 

Experimentally, the sites to be compared in 9g are reported to be equally reactive; however the most 

hindered site (4) is predicted to be more reactive by Es,min. For 9a the other ortho site (with respect to 

the nitro group) is predicted to be more reactive than the less hinder ortho position, which is the 

experimentally most reactive site. The same tendency, that a sterically hindered site is predicted as most 

reactive is seen for 9c. For 9d and 9k no such explanation is available. Nevertheless sterical effects are 

again identified as an important factor which should be taken into consideration during Es,min 

investigations.  
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Figure 11. Displays reactivity trends  of the compounds in series 9 against Es,min values obtained at different isodensity contours. 

The prediction power of Es,min was furthermore tested on different isodensity contours for the N-

heteroaromatic compounds (9a-i). Descriptor values obtained at the 0.001 electron/bohr3 contour 

showed severely reduced predicting powers compared to those from the 0.004 electron/bohr3 surfaces. 

By increasing the density to 0.006 and 0.010 electron/bohr3 descriptor values would thus be obtained at 

closer distances to the molecular center. The best correlation with experimental data was found at the 

0.006 electron/bohr3 surface but the variations between 0.004-0.010 electron/bohr3 are small. Hence 

the 0.004 electron/bohr3 can be established as a proper isodensity contour for reactivity estimations on 

these kinds of interactions. 

4.1.1.5. Other series 
Under this subsection are some additional studies performed on SNAr reactions summarized. The 

analyses for these series of compounds are less thorough then for the other nucleophilic aromatic 

substitution reactions discussed in previous sections.   

Bunnett et al 195388 

In a 1953 Bunnett et al review88 a lot of the work done in the field of SNAr up till then. Some of these 

reactions were evaluated during this diploma work. The results are listed in table 9. The nuclefug ranges 

from bromine, chlorine, nitrogroups, and fluorine to metoxy groups and other exotic leaving groups. All 

reactions were not run under the same conditions and hence it is difficult to draw any conclusions from 

the obtained Es,min data. 
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Table 9. Reaction rates and dsescriptor values for the SNAr active compounds of Bunnett et al
88

. The compounds’ numbering is 
taken from an electrophilcity database

a)
. Es,min-arene values are obtained at the aromatic carbon of lowest Es(r) value.  

Es,min- SNAR corresponds to the SNAr site of lowest Es(r) value. 

 Entry
a)

 

 

ln k 

 

React. T. 

[°C] 

Es,min-arene 

[eV] 

Es,min-SNAr 

[eV] 

 

 

Entry
 a)

 

 

ln k 

 

React. T. 

[°C] 

Es,min-arene 

[eV] 

Es,min-SNAr 

[eV] 

996 -3.24 0 -2.54 -1.8 
 

1046 -1.97 15 -2.25 -1.8 

997 -2.9 0 -2.78 -2.07 
 

1047 -4.92 25 -2.23 -1.81 

998 -10.35 25 -1.91 -1.45 
 

1048 -7.5 0 -2.23 -1.81 

999 -8.89 35 -1.91 -1.45 
 

1050 -4.99 0 -2.74 -1.94 

1000 -8.91 25 -2.06 -1.34 
 

1051 1.61 85 -1.71 -1.28 

1001 -7.82 35 -2.06 -1.34 
 

1052 -5.52 110 -1.71 -1.28 

1003 -5.23 0 -2.57 -1.97 
 

1053 -7.94 0 -2.32 -1.88 

1004 -4.32 0 -2.5 -1.82 
 

1055 -11.7 25 -1.87 -1.32 

1005 -14.06 25 -1.74 -1.14 
 

1056 -8.65 50 -1.87 -1.32 

1006 -12.85 35 -1.74 -1.14 
 

1058 -7.39 0 -2.46 -1.73 

1007 -9.02 25 -2.12 -1.41 
 

1059 -5.7 15 -2.46 -1.73 

1008 -7.86 35 -2.12 -1.41 
 

1060 -5.12 20 -2.46 -1.73 

1011 -4.49 0 -2.39 -1.74 
 

1065 -7.17 25 -2.25 -1.93 

1012 -11.19 25 -2.04 -1.4 
 

1067 -4.68 25 -2.35 -1.65 

1013 -10.04 35 -2.04 -1.4 
 

1068 -7.54 0 -2.35 -1.65 

1014 -4.99 0 -2.74 -1.94 
 

1070 -3.31 0 -2.77 -1.72 

1015 -5.12 0 -2.45 -1.6 
 

1072 -4.29 35 -2.55 -1.86 

1017 -11.6 25 -1.98 -1.16 
 

1073 -15.71 25 -1.58 -1.05 

1018 -5.33 85 -1.98 -1.16 
 

1074 -9.18 85 -1.58 -1.05 

1020 -11.45 175 -0.97 -0.57 
 

1076 -3.24 0 -1.62 -1.06 

1023 -6.89 0 -2.24 -1.78 
 

1077 -5.19 0 -2.29 -1.63 

1024 -12.67 25 -1.75 -1.29 
 

1078 -6.15 0 -2.45 -1.62 

1027 -10.17 85 -1.62 -1.3 
 

1079 -6.4 25 -2.1 -1.37 

1029 -11.18 175 -1.07 -0.58 
 

1080 -8.99 0 -2.1 -1.37 

1030 -7.74 0 -2.17 -1.51 
 

1084 -8.83 45 -1.76 -1.76 

1031 -4.46 0 -2.51 -1.73 
 

1085 -8.68 25 -2.38 -1.68 

1033 -13.26 25 -1.9 -1.21 
 

1086 -1.72 0 -2.78 -2.18 

1034 -6.83 85 -1.9 -1.21 
 

1089 -7.09 25 -9.02 -9.02 

1035 -4.69 110 -1.9 -1.21 
 

1090 -7.86 85 -1.7 -0.91 

1043 -3.68 25 -2.63 -1.78 
 

1092 -2.08 0 -3.08 -1.98 

1044 -6.29 0 -2.63 -1.78 
      

a) 
compounds listed after their numbering in Schwöbel et al’s database – supporting info of reference

18
. 

The most interesting trends are reported in Table 10. From this one can see that the reactivity is better 

reproduced by the overall global Es,min than by the local SNAr Es,min. 
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Table 10. Regression analysis for the compounds reacting at 0°C and 25° in Table 9.  

 
Es,min-(SNAr) Es,min-(Arene) Vs,loc- (SNAr) # of compounds 

R
2
 vs ln k -0°C 0.399 0.661 0.737 22 

R
2
 vs ln k -25°C 0.711 0.820 0.859 16 

 

Schlosser et al 200589  

A few compounds reacting through the SNAr mechanism with chlorine as nuclefug were evaluated by 

Schlosser et al in 2005. The electrophiles are shown in Series 10 and the experimental data with the 

corresponding values of Es,min and Vs,loc is found in Table 11. 

 

Series 10. Electrophiles reacting via the SNAr mechanism at the *site with EtO
-
 as nucleophile. 

It may be interesting to note that the Es,min correlation (R2) with reaction rates goes from 0.90 to 0.98 

when correcting for the sterical penalty of one compound, as discussed in Schlosser’s article89. This may 

serve as an indication that sterical parameters can possibly be used in addition to Es,min to correct for 

such effects.  However, since there are only four compounds in the series, not much further can be 

concluded from this series. 

Table 11. Experimental data and descriptor values for Series 10. 

 
ln k

a)
 Es,min Vs,loc 

10a 0 -0.72 11.13 

10b 3.47 -0.96 17.07 

10c 5.39 -1.13 20.57 

10d 7.94 -1.13 21.66 

R
2
 vs. ln k 

 
0.90 (0.98

b)
) 0.95 (0.99

b)
) 

a) 
relative to 10a, 

b) 
degenerate positions compensated for, 

b) 
In  

the reference
89

 a steric effect of a factor of 6 is said to be  

expected for compound 10c - if accounting for this effect the 

correlation in the number in parenthesis. 

Liljenberg et al 201217 

Eighth SNAr active compounds, of which four has a chlorine nuclefug and four a bromine, was evaluated 

with Es,min. The experimental data was obtained via a study by Liljenberg et al in 201217. Therein isomeric 

distributions of the possible SNAr products are given. Es,min correctly determines the most reactive site in 

seven out of the eight cases. In addition Es,min is able to predict regioselectivity for the remaining reactive 

sites in seven out of nine cases. However in some cases the Es,min values are almost degenerate and the 

isomeric distributions observed experimentally cannot be considered to be fully reflected by the Es,min 

values.  
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Series 11. Compounds reacting via the SNAr mechanism. 

The deviations found between Es,min and experimental data may be attributed to electrostatic 

interactions, sterical effects or unidentified mechanistical effects leading to different repulsion energies 

at different sites and varying entropic contributions. It shall also be stressed that Es,min often seem to be 

less accurate for reactants of low reactivity when predicting reactivities, perhaps due to an increased 

importance of other effects compared to electron transfer for these compounds.    

Table 12. Experimentally determined isomeric distributions for the SNAr reaction of Series 11. 

 
Site 

 
% isomeric 

distribution
a)

 
Es,min 

[eV] 
Site  

prediction 

11a 2 35 no data Incorrect 

 
4 65 -1.1 Correct 

11b 2 24 -1.28 Correct 

 
4 76 -1.42 Correct 

11c 2 92 -1.31 Correct 

 
4 8 -1.23 Correct 

11d 2 15 -1.4 Correct 

 
3 0 -1.23 Correct 

 
4 85 -1.57 Correct 

11e 2 42.4 -1.45 Incorrect 

 
3 0 -1.19 Correct 

 
4 57.6 -1.32 Incorrect 

11f 2 28.6 -0.92 Degenerate 

 
3 50.7 -0.92 Degenerate 

 
4 20.6 -0.89 Correct 

11g 2 0
 b)

 -1.34 n.a. 

 
3 0

 b)
 -1.14 n.a. 

 
4 100

 b)
 -1.45 Correct 

11h 2 0 -0.89 n.a. 

 
3 100 -0.92 Correct 

 
4 0 -0.86 n.a. 

a)
obtained

 
with MeO

-
 as nucleophile, 

b)
obtained with HS

-
 as nucleophile 
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Miller et al 195890 

A study similar to that of Berliner et al’s (see 4.1.1) conducted on compounds with chlorine as leaving 

group instead of bromine, was performed by Miller et al in 195890. The substituents in this study were 

more activating than the ones in Berliner’s study. The nucleophile was the metoxy anion.  

 

Series 12. Compounds studied by Miller et al reacting via the SNAr mechanism. The * indicates the reactive site. 

Unfortunately were some of the substituents of the series charged, which reviled a difficulty in 

comparing charged and uncharged compounds with Es,min. The structures are shown in Series 12 and the 

trend between Es,min and reactivity was bad (0.54), although this trend only includes the few compounds 

which were successfully characterized by Es,min (if more effort had been directed at obtaining data for 

this series it is possible that reasonable Es,min values could have been determined for all compounds). 

Table 13. Reactivities and Es,min values of Series 12.  

 
lnkrel Es,min 

O2N  13.42 -1.8 

MeSO2  11.18 -1.61 

MeCO  9 -1.31 

CN  19.76 -1.66 

PhNN  7 -1.17 

ON  15.46 -1.69 

OCH  9.9 -1.47 

H 0 not found 

Etc.. (ref
90

) … … 

 

4.1.2. Michael addition 
The Michael addition goes through a mechanism where traditionally an electron deficient ą,β-

unsaturated carbonyl compound reacts with a soft nucleophile, as represented schematically in Figure 

12. The carbonyl group may however be substituted for other electron withdrawing (by conjugation) 

groups, like a nitro or a nitrile. 

 

Figure 12. Schematical example of the Michael addition mechanism. 
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In the pioneering work on Es,min by Brinck et al1, this was the first mechanism considered. Here Michael 

additions with ą,β-unsaturated dinitriles showed good correlation with experimental data.  During this 

work a few series of electrophiles reacting via the Michael addition was evaluated. Although the results 

of this work are less encouraging than previous studies’, there may be good explanations to why. Most 

important is perhaps the fact that it is not always possible to account for all factors determining the rate 

of reaction with one single descriptor. The reactions below may deviate too far from the assumptions 

listed in the introduction to Es,min for the descriptor to succeed.    

Schultz et al 201091 

The reactivity of a series of five-membered rings were examined by Schultz et al91 with the aim to use 

the data for predictions of toxicology. A number of these compounds were found to react via the 

Michael addition reaction mechanism with the glutathione nucleophile. The structures include furans 

and thiophens with different substituents and substituent patterns (see Series 13). Values of Es,min and 

reaction constants are reported in Table 14. 

 

Series 13. Compounds reacting via the Michael addition mechanism taken from reference.
91

. The * indicates the plausible site of 
reaction proposed by the authors of reference 

91
. 

Estimations by both Es,min and Vs,loc was almost equally poor for the furan compounds, however a trend 

could be seen in both cases. For the thiophenes on the other hand, the Vs,loc  gave a much better 

estimate of the reactivity than Es,min did – perhaps indicating the increased importance of electrostatic 

interactions over charge transfer during the course of reaction for the thiophenes compared to furans.  
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Table 14. Summary of experimental reactivity and descriptor values 
for the compounds of Series 13. 

 Comp.  ln k Es,min Vs,loc 

Furans 13a -6.25 -0.9 1.72 

 13b -5.74 -1.05 7.91 

 13c -5.17 -1.16 13.14 

 13d -6.48 -1.09 13.48 

 13e -4.9 -1.36 17.12 

 13f  -5.43 -0.93 4.17 

 13g -6.25 -0.85 3.21 

 13h -3.64 -1.31 21.54 

 13i  -6.25 -1.03 5.25 

 13j  -4.64 -1.23 12.94 

 13k -4.82 -1.22 12.57 

 13l  -6.19 -0.91 3.38 

 R
2
 vs ln k 

 
0.630 0.610 

Thiophenes 13m -6.45 -1.79 6.35 

 13n -2.96 -1.3 11.25 

 13o -5.47 -1.32 10.18 

 13p -4.04 -1.34 15.21 

 13q -1.93 -1.55 21.09 

 13r -2.85 -1.38 19.33 

 R
2
 vs ln k 

 
0.160 0.750 

 

    

     
It is plausible that the TS is affected by mechanisms not accounted for by Es,min . An especially important 

factor is probably the loss of aromaticity upon formation of the TS. This should for instance lead to a late 

TS – which is expected to be more difficult for Es,min to reflect than an early TS since an early TS  structure 

would be closer to the ground-state geometry at which Es,min is calculated. The effect seems to be more 

sever or more varied for the thiophene compounds. In addition different substituents will be differently 

good at compensating for the loss of aromaticity. Especially when the compensation is due to 

conjugation the Es,min is likely to miss-predict the effect. The swift conclusion is thus that the 

discrepancies between Es,min and the reactivities is an artifact of aromaticity loss in the TS not accounted 

for by Es,min. For all species there are more than one possible reactive site, this may furthermore add 

difficulties in correctly interpret the experimental reactivities since this were measured based on the 

consumption of the nucleophile91. Hence reactions at multiple sites or through other mechanisms may 

well be included in the reactivities. The mechanism of reaction was in addition not sufficiently 

characterized in the experimental work– it was only assumed to be a Michael addition. All of this should 

perhaps have disqualified this study for any Es,min evaluations. 
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Heo et al 199292 

Based on the discussions for the compounds of the Schultz study one can expect that Es,min should better 

reflect reactivities for Michael acceptors were the electrophilic center is non-aromatic. To avoid sterical 

effects it is also favorable to investigate structures with no substituent variation at the reactive site. 

These conditions are meet by a series of compounds which were studied experimentally by Heo et al92 

with water as solvent and 4-(dimethylamino)pyridine as nucleophile. The (E)-CH3CH=CHCO compound 

of Table 15 is the only with an extra substituent directly attached to the reactive site, However the trend 

is not affected much by removal of it.   

Table 15. Displays the reactivities and Es,min values at the  
site of reaction for Michael acceptors from refrence

92
.  

 
ln k Es,min 

CH2=CHCHO 0.87 -2.38 

CH2=CHCOCH3 -0.6 -2.11 

CH2=CHSO2CH3 -2.49 -2.45 

CH2=CHCO2CH3 -4.23 -2.16 

CH2=CHCN -5.51 -2.93 

CH2=CHCONH2 -7.4 -2.04 

CH2=CHCON(CH3)2 -8.61 -1.75 

(E)-CH3CH=CHCO -4.8 -1.93 

CH2=C(CH3)CHO -4 -2 

R
2
 vs. ln k  

 
0.10 

 

Despite the non-aromatic reactive site the correlation between Es,min values and experimental 

observations is poor. There are certainly explanations to why. The interaction could for instance be of a 

complex nature and it may be necessary to employ a linear combination of more descriptors to capture 

the full nature of the reaction. In addition the electron withdrawing substituents range over atoms from 

different periods (e.g. oxygen and sulfur). This has been found to be troublesome for other series, for 

instance Series 9, and may possibly be due to large differences in charge-capacity or softness for atom 

belonging to different periods of the periodic chart. Such differences will most likely change the TS 

structure and the reaction profile (if the TS is early or late etc), dispersion interactions and the 

magnitude of charge transfer infarctions etc. Hence additional parameters may be useful in order to 

reflect the full interaction properly.  

4.1.3. SN2/SN1 
Another class of reactions considered during the diploma project are the substitution reactions SN1 and 

SN2. For the SN1 mechanism calculations of Es,min on the ground state structures are, however, not likely 

to give any reasonable correlation with reactivity. This since the rate-determining step is the elimination 

of a leaving group and the formation of a carbocation. Such a mechanism is probably not reflected by an 

electron affinity descriptor.  Consequently from comparison between data from an experimental study93 

on benzhydral derivates reacting through in the SN1 mechanism and Es,min values determined here,  no 

correlation could be established. Instead it may be possible to find reactivity trends based on 
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calculations on the intermediate carbocation. A study of carbocation’s reactivity is discussed in 

subsection 4.1.4. 

For SN2 reactions Es,min should be able to estimate reactivity trends. The mechanism is concerted and 

hence the ground-state structure is connected to the TS geometry of the rate-determining step. In 

addition this step involves electron donation (from the nucleophile to the electrophile).  

A series of aromatic mustards were hydrolyzed via the SN2 mechanism in a studied by Bardos et al94 with 

the aim of estimating toxicology of the compounds. For estimations of reactivity with Es,min a problem 

emerged here – no minima could be determined at the reactive sites. The reason for this may be that 

solvent effects must be considered, another that the ground-state is not the reactive conformation 

implying that a conformational search would have been necessary (or perhaps a too flat Es,min gradient).  

The same observations could be found during examination of small (2-4 carbons) hydrocarbons with 

chlorine as leaving group from a study by Verhaar et al95. The hydrocarbons ranged over saturated and 

unsaturated structures and were expected to react via either the SN1 or SN2 mechanism. However, in our 

case no Es,min values could be determined at the reactive site. It is furthermore possible that the 

isodensity contour of 0.004 electrons/bohr3 is inappropriate for SN2 reactions and that other distances 

should be evaluated. 

4.1.4. Other mechanisms 
Some further mechanisms were also studied; Schiff base formation, Acylation and addition to 

carbocations.  Neither Schiff base formation nor acylation reactions showed any promising results at an 

initial stage; however this is likely to be a consequence of an inappropriate choice of compounds. The 

possibility that Es,min may be a good descriptor for characterization of reactions via these mechanisms 

should definitely not be ruled out. The Schiff base formation study will be summarized here, whereas 

the results from the acylation are not publishable. Yet another reaction studied is the addition to 

biphenyl carbocations. These compounds have earlier been examined with other descriptors41 and are 

thus a good indicator of the performance of the Es,min.  

Aleksic et al 200996 - Schiff base formation  

The results from this study are summarized in Table 16. According to Aleksic et al96 these compounds 

should react through the Schiff base mechanism with cysteine containing peptides as nucleophiles. No 

correlation between experimental reactivity and Es,min values was established. This could possibly be an 

artifact of the first step not being the rate-determining step alternatively that the rate-determining step 

is inconsistent over the studied series. This may be reasonable since the Schiff base formation 

mechanism goes through many steps. The compounds of this series are furthermore of very varying 

kinds; firstly there are different numbers of substituents at the reacting sites, for some compounds the 

reactive site is in conjugation in some not and for many reactants there are multiple reactive sites. These 

differences are likely to give rise to differences in sterical effects, TS geometries and possible also in the 

mechanism etc. Furthermore the nucleophile is a peptide and other routes of reaction are plausible 

since the reactivities were obtained based on the depletion of the nucleophile96. There may be other 
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important effects not considered here as well. To summarize: the results from this series of compounds 

do not serve as a good indicator of the Es,min descriptor’s performance for Schiff base reactions.     

Table 16. The structures, experimental reactivities
96

 and Es,min values for the compounds of the Schiff base formation study. 

 
ln k Es,min[eV]  ln k Es,min[eV] 

 
-7.31 -1.62 

 

-7.63 -1.69 

 

-8.97 -2.19 

 

fast -4.57 

 

-12.31 -2.03 

 

-7.22 -2.47 

 

-7.61 -2.31 

   

R
2
 vs ln k 

  
  0.000 

 

Pérez et al 200241 - addition 

A series of diphenyl carbocations with a variety of substituents have been closely studied by Mayr et 

al23. The reaction data of the components have been fitted to their nucleophile-electrophile relationship 

in eq. 37 and electrophilic E values of the electrophiles could be established. Different solvents and 

nucleophiles have been included in the evaluation. The corresponding electrophilic value obtained have 

later been compared to Parr et al’s36 electrophilic index  ω as well as its local counterpart ω(r)
41. Very 

good correlations were found, especially for the local descriptor.  

 
Series 14. Electrophiles from reference

41
.  
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The performance of the Es,min descriptor have here been evaluated against this set of well characterized 

electrophiles. Unfortunately difficulties in obtaining Es,min for the largest compounds were encountered 

and consequently values of three compounds are missing. The results obtained are listed in Table 17. 

Table 17. Descriptor values for the compounds of Series 14. 

 
EMayr LUMO ω ω (r) Es,min Vs,loc 

1 6.02 -0.28 14.36 4.73 -10.72 110.19 

2 5.9 -0.28 13 4.61 -10.97 112.74 

3 5.6 -0.28 13.15 4.58 -11.07 112.47 

4 2.9 -0.26 13.3 4.37 -9.18 99.55 

5 4.59 -0.27 12.62 4.36 -10.29 106.58 

6 3.36 -0.27 12.29 4.15 -9.67 102.38 

7 2.11 -0.26 12.06 3.99 -9.36 100.85 

8 1.48 -0.26 11.79 3.84 -8.85 97.11 

9 0.61 -0.24 11.61 3.64 -8.05 90.86 

10 0 -0.25 11.45 3.62 -8.21 92.17 

11 -1.36 -0.24 11.24 3.48 -7.83 90.27 

12 -3.85 -0.22 10.59 3.07 -6.86 81.41 

13 -5.53 -0.21 10.08 2.81 no data no data 

14 -7.02 -0.21 9.85 2.8 -5.61 73.39 

15 -5.89 -0.21 9.5 2.69 no data no data 

16 -8.76 -0.21 9.53 2.65 -5.6 70.89 

17 -8.22 -0.21 9.4 2.63 -5.6 69.98 

18 -7.69 -0.21 9.35 2.63 -5.72 70.52 

19 -9.45 -0.2 9.09 2.47 no data no data 

20 -10.04 -0.2 8.87 2.38 -6.38 75.56 

R
2
 vs. EMayr  

0.987 0.943 0.981 0.944 0.961 

 

Among all descriptors tested LUMO energies provides us with the best correlation with experimental 

electrophilicity. It may thus appear overambitious in this case to use any other descriptor than LUMO for 

the predictions. To obtain both Es,min and ω one have to perform the same QM calculations as for the 

LUMO estimations, but via reprocessing the orbital data both descriptors reduces the precision instead 

of increasing it. The ω(r) descriptor makes use of additional Fukui calculations to retrieve the same 

prediction power as LUMO have, but at a higher computational cost.  Nevertheless, many19 have praised 

the electrophilicity index ω  and ω(r) based to a large degree on the results found versus these 

compounds.  

What can be said based only on this study is that Es,min is just as good a descriptor as ω, although it 

should be noted that some data is still missing from the Es,min series. Whether this is true in the general 

case or not is left to be answered. Furthermore, one can say that it is wise to be careful in drawing swift 

conclusions based on single data series. For these kinds of high-energetic carbocations it is quite 

plausible that LUMO will work well and that other orbitals are of less importance. The more involving 

descriptors are expected to outperform the LUMO in cases concerning more complex interactions.   



Results and Discussions 
 

63 
 

4.2. Lewis acidity 
During Lewis acid-Lewis base interactions the base donates electron density to the electron deficient 

Lewis acid and a complex is formed. The charge transfer process is considered a dative interaction 

meaning that a polarized covalent bond is formed were the two electrons can be derived from only one 

of the interacting species. The complex-formation process is typically reversible and, as such, Lewis 

acidity is considered a thermodynamic property. 

When mapping the electrostatic potential over the isodensity surface of a compound, regions of high 

potentials occasionally occur.  Such regions were identified by Brinck et al97 at the outermost ends of 

halogens in halogenated compounds. These regions were furthermore found to interact as Lewis acids 

which has given rise to the concept of halogen bonding (in the same fashion as hydrogen bonding). 

Later, these regions of high local electrostatic potential were given the general name sigma-holes (σ-

hole)82. The sigma indicates that the area of high potential is directed parallel with a bond in a molecule.  

A corresponding high potential region perpendicular to the plane of a molecule are instead referred to 

as a pi-hole (π-hole)98. These holes give rise to highly directional interactions. In this section are such 

interactions investigated through the use of the Es,min descriptor. 

4.2.1. Sigma-holes –Halogenbonds 
The Lewis acid-Lewis base interaction of the halogenated fluorobenzene compounds of Series 15 w 

studied theoretically by Riley et al56. Acetone served as Lewis base. Sigma-holes were found at the end 

of the halogen X, with X being chlorine, bromine and iodine. The strongest interactions were found for 

the iodine compounds and the weakest for the chlorinated. The more electron-deficient, i.e. the more 

fluorines attached to the compound, the more pronounced were furthermore the computed 

interactions. Excellent correlations was obtained between computed interaction energies and the 

magnitude of the electrostatic potential Vs,max on a 0.001 electron/bohr3 surface at the sigma-holes56.   

 

Series 15. Compounds participating in halogen bond interaction with acetone. X=Cl,Br,I.  

The results from the study during this diploma work are reported in Table 18. For comparison the 

corresponding LUMO energies εLUMO have been included. Linear combinations of Es,min and Vs,max are also 

reported along with statistical F-test values in Table 19. 

 



Results and Discussions 
 

64 
 

Table 18. Halogen bond interaction energies for the compounds of Series 15 with acetone as Lewis base. Also including 
calculated Es,min, LUMO energies and Vs,max of the interacting halogen X (X=Cl,Br,I) for the same series.  

 

ΔEint
a,b)

 

[kcal/mol] 

Es,min  

[eV] 

Vs,max
a)

 

[kcal/mol]  

Vs,loc
 c)

 

[kcal/mol] 

εLUMO 

[eV] 

Cl-benz -0.75 -0.08 5.3 18.53 -0.01 

Cl-benz-meta-2 F -1.35 -0.58 11.9 27.18 -0.03 

Cl-benz-ortho-2 F -1.32 -0.77 10.2 26.46 -0.03 

Cl-benz-5 F -2.14 -1.54 18.9 37.44 -0.04 

Br-benz -1.58 -0.97 12.2 31.09 -0.01 

Br-benz-meta-2 F -2.22 -2.27 18.4 40.31 -0.03 

Br-benz-ortho-2 F -2.37 -2.07 18 40.18 -0.03 

Br-benz-5 F -3.34 -3.47 27.2 51.7 -0.05 

I-benz -2.44 -2.76 17.3 39.68 -0.05 

I-benz-meta-2 F -3.38 -4.05 26.1 50.47 -0.07 

I-benz-ortho-2 F -3.64 -4.07 25.5 50.75 -0.06 

I-benz-5 F -4.88 -5.68 35.9 63.82 -0.09 

a) data from reference obtained at the MP2/aug-cc-pVDZ or MP2/aug-cc-pVDZ-pp level of theory
56

, b) obtained at an 180° 

angle (X
…

O=C) at equilibrium distance, c) value taken from same position as Es,min.   

As can be seen in Figure 14 the correlations between the interaction energies and Es,min values 

obtained at a 0.004 electrons/bohr3 isodensity contour is strong (0.979). This correlation is slightly 

better than the correlation between the maximum electrostatic potential (0.975) at the 0.001 

electrons/bohr3 isodensity contour established by Riley et al. The strongest trend is however observed 

for the local electrostatic potential calculated at the same point in space as the Es,min. It seems that both 

descriptors are able to reflect the nature of the interactions more or less equally well. This indicates that 

the electrostatic and charge transfer processes are tightly linked for these interactions. The question is if 

they reflects slightly different aspects of the interaction or the same? To determine this, a linear 

combination of the two was performed. An increased correlation (0.993) could be observed. It thus 

seems like the two properties can complement each other and together capture the essence of the 

slight differences between the different types of interactions – electrostatics and charge-transfer.  

 
 

Figure 13. Displays the surface of Br-benz-5F compound mapped with Es(r)to the left and the bare structure to the right.  

By looking at a Es,min mapped isodensity contour, for instance figure 13, one can readily see were the 

interactions will take place. For the compounds of series 15 considered here the sites most susceptible 

to charge donation are found consequently found at the tip of the halide (X) substituent.  
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Figure 14. Correlation between the Es,min at the halogen X (X=Cl,Br,I) for Series 15 against interaction energies of the halogen 
bond if X and acetone from reference

56
. 

By comparison with the trend for the LUMO energies one can realize that the Es,min descriptor approach 

definitely adds an important dimension to the orbital description. Using solely LUMO energies it is not 

possible to reproduce the full interaction. The local multi-orbital approach gives, furthermore, a good 

description of the interactions at a lower cost than the electrostatic potential. For computational savings 

this study indicates that Es,min could be used in lieu of Vs,max for studies of halogen bonding and similar 

interactions with maintained precision. The best description is, however, obtained when combining the 

Es,min and the Vs,max. The relevancy of such a combination is supported by the resulting F-test from the 

regression analysis of the different trends. Since the F-test value is substantially higher for the dual 

combination than for any of the single descriptors, the dual approach is of strong significance.  

Table 19. Values from regression analysis of the Es,min and electrostatic surface potential descriptors. 

 
a  b c R

2
 F-test 

aEs,min + b  0.69 -0.83 - 0.97895 465.04 

aVs,local
a)

 + b -0.09  1.15 - 0.98002 490.38 

aVs,max
b)

 + b -0.14  0.11 - 0.97546 397.46 

aεLUMO + b  46.13 -0.54 - 0.87147 67.80 

aEs,min+bVs,max
b)

 + c -0.07  0.37 -0.35 0.99338 674.99 

a) obtained at same position as Es,min, b) from reference
56
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4.2.2. Pi-holes 
Pi-holes yield another type of Lewis acid-Lewis base interaction. It is in principle the same as sigma-hole 

interactions apart from the angle at which the interaction occurs - a pi-hole lays perpendicular to the 

molecular plan. Herein are studies on pi-holes at bromine centers with different substituents as well as 

studies of Lewis acids with other atomic centers reported using a Es,min approach.  

4.2.2.1. Pi-holes at various atomic centers 
As the concept of pi-holes were introduced98 a series of small planar molecules were studied, see Series 

16. The atomic center of the pi-holes varies over carbon, silicon, nitrogen, phosphorous, oxygen, sulfur 

and selen. In addition were effects of different substituents attached to the atomic centers evaluated. 

The interaction energies of these substances with HCN and NH3 were estimated computationally at the 

MP2 and DFT/M06-2X levels of theory with the aug-cc-pVDZ basis set. The obtained energies were 

compared to the electrostatic surface potentials of the pi-holes. 

 

Series 16. Lewis acids from reference
98

. The * indicates the site of interaction.  

Within this diploma work have the Es,min values of these compounds been determined and, furthermore,  

contrasted to the reported interaction energies. The positions determined for the Es,min of for the 

compounds of Series 16 agree well with the previously found positions for Vs,max. In addition other 

descriptors have been considered and their performances compared to Es,min’s. In addition linear 

combinations of the descriptors were evaluated. The additional descriptors are: the Vs,loc at the position 

of Es,min along with atom-average ionization energies (Is,ave) and volume of the compounds. In other to 

find the essences of these interactions, an energy decomposition analysis (EDA) based on Su and Li’s 

work67 were also performed on the different compounds. With EDA the interaction energies can be 

splitted up into an electrostatic, repulsion, polarization, dispersion, and exchange term. These energies 

were tested against the Es,min and Vs,loc values. 
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Table 20. Interaction energies from reference
98

 with descriptor values of Es,min, Vs,local, Vs,max, Is,ave and volume for the compounds 
of Series 16. 

  
ΔEinteraction,NH3 ΔEinteraction,HCN 

  
 

  

 
Site MP2 MO6-2X MP2 MO6-2X Es,min Vs,loc Vs,max

a)
 Is,ave Volume 

H2CO C no data no data  no data no data -4.57 42.06 No data 14.23 46.3 

Cl2CO C -4.64 -4.44 -3.99 -2.99 -3.73 47.93 22.8 14.61 63.13 

F2CO C -6.14 -6.57 -4.58 -4.09 -3.3 76.08 40.2 16.46 38.68 

H2SiO Si -26.69 -30.27 -11.55 -12.99 -9.74 91.67 43.4 11.78 38.86 

F2SiO Si -42.38 -46.19 -22.58 -24.96 -16.11 129.95 66.7 13.49 49.68 

FNO2 N -5.52 -5.17 -4.38 -3.64 -3.09 63.21 32.8 17.84 39.76 

PhPO2 P -17.63 -21.61 -5.42 -5.37 -2.93 64.11 30.2 12.54 135.38 

MePO2 P -18.41 -22.17 -7.59 -7.04 -8.22 76.33 48.6 13.05 63.69 

FPO2 P -32.35 -37.45 -11.88 -14.07 -14.72 61.43 58.4 13.43 47.74 

O3 O central -3.86 -3.83 -3.04 -2.47 -4.82 32.33 22.9 17.26 30.19 

SO2 S -6 -8.11 -4.04 -3.99 -5.88 59.93 32.9 13.61 38.16 

SeO2 Se -7.62 -12.79 -4.14 -5.27 -6.54 66.5 35.4 13.51 42.48 
a) 

at the 0.001electron/bohr
3
 isodensity contour from reference

98
. 

The free lone pair of NH3 was earlier found to interact more strongly with the Lewis acids than the lone 

pair of HCN. Based on this and the fact that NH3 is a softer Lewis base than HCN it was anticipated that 

the NH3 complexes should have a stronger electron transfer interaction while the HCN interaction would 

be more dominated by electrostatics. As can be seen from the trends reported in Table 21 this seems to 

be reflected by the differences in Es,min and Vs,max for the two Lewis basis interactions. In the case of NH3 

complexes the Es,min values gives a correlation of 0.907 (when comparing to interaction energies from 

MP2 calculations) while the local electrostatic potential correlates by 0.838 (MP2). Hence the 

interaction seems to be more charge transfer controlled. For the HCN complexes the situation is 

reversed with Vs,local having the strongest correlation with interaction energies. Consequently 

electrostatics of the HCN interactions may be considered more important than the charge transfer 

process. The corresponding values for the DFT/M06-2X calculations shows even stronger correlations 

but the almost the same differences between the HCN and NH3 complexes. The only difference is that, 

from the DFT/M06-2X calculations, it seems like electrostatics and charge transfer are of equal 

importance for the HCN interactions. 

 
 

Figure 15. Es(r) mapped surface of CH3PO2 to the left and the corresponding structure to the right. 
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The weaker correlations found for the pi-holes compared to the sigma-holes of the halogen bonds in 

4.2.1 may be attributed to an increased repulsion due to the deformation and steric interactions. This 

could well agree with the larger substituent overlap in the pi-hole series. The repulsion is likely to vary 

significantly between the studied compounds. Furthermore the differences in the atomic elements of 

the interacting center may induce difficulties in comparing Es,min values directly. Instead, as has been 

seen in other studies, it may be necessary to perform linear combinations to account for variations in 

different infarctions over the studied series as well as differences in charge capacity. This may be 

indicated by the tendencies in Figure 16. In the figure it is visualized that for all but one genres (this is 

carbon centers, silicon centers, phosphorous centers as well as species with centers belonging to group 

4,5 and 6 in the periodic table) correct trends seem to be established. This means that the strength of 

interaction increases with a lower Es,min. This is however not true for the carbon compounds which show 

a reversed order. In addition the trends within these genres are straight for the HCN complexes but not 

for NH3 complexes (in cases were more than two compounds are included). This could be a consequence 

of differing sterical and deformation effects between the HCN’s and NH3’s interactions with the pi-hole 

compounds. Stronger interactions lead to closer distances and increased deformation and sterical 

repulsion. Moreover, the slightly varying tendencies between the different genres indicates that 

something is not accounted for by only Es,min or Vs,local by themselves. 

Table 21. Regression analysis over all compounds compared to interaction energies from MP2 and DFT/M06-2X calculations. 
The H2CO compound is excluded from the trends since no data could be obtained for it. 

 

MP2  

 

a 

 

b 

 

c 

 

d 

 

R
2
 

 

F-test 

NH3 aEs,min + b 2.7 3.92 - - 0.9067 87.45 

 aVlocal + b -0.45 17.8 - - 0.8381 46.58 

 aVs,max +b -0.84 17.57 - - 0.787 33.31 

 aIlocal +b 3.86 -70.82 - - 0.3388 4.61 

 aEs,min+bVlocal+c -0.14 1.98 8.84 - 0.9195 45.66 

 aEs,min+bVolume/Ilocal+c -0.78 2.68 6.77 - 0.9280 51.55 

 aEs,min+bVlocal +cVolume/Ilocal+d -0.81 -0.15 1.91 12.1 0.9423 38.13 

HCN aEs,min + b 1.14 0.66 - - 0.822 41.59 

 aVlocal + b -0.2 7.33 - - 0.851 51.4 

 aVs,max +b -0.37 7.02 - - 0.776 31.27 

 aEs,min+bVlocal+c -0.12 0.49 5.13 - 0.876 28.25 

 aEs,min+bVolume/Ilocal+c -0.12 0.49 5.13 - 0.8760 28.25 

 aEs,min+bVlocal +cVolume/Ilocal+d 0.0043 -0.12 0.49 4.89 0.8764 16.55 

 

DFT/M06-2X        

NH3 Es,min 
    

0.9231 
 

 Vlocal      
0.8269 

 
HCN Es,min  

    
0.8697 

 
 Vlocal      

0.8694 
 

 

To check if the varying trends can be explained by combinations of descriptors a multivariable regression 
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analysis was performed on the series. The factor Is,ave/Volume have previously been shown to correlate 

with polarizability51. Apart from describing induced dipolar interactions, this factor was expected to 

reproduce the softness or charge capacity of the varying compound to some degree since a larger 

polarizability would allow for a larger charge transfer. The Es,min, Vs,local and Vs,max are interpreted in their 

normal way. The results in table Table 21 shows that it is possible to obtain increased correlations by 

this approach, however, not to a significant degree as indicated by the reduced F-test values. Based on 

the results here the interpretation is that the reason to why the correlation of Es,min is not excellent for 

this interactions, originate in the repulsions caused by deformation or sterical effects. It is also possible 

that entropic differences have an important role in the explanation.    

 

NH3 HCN 

  
R2=0.9067 R2=0.8221 

  

  
R2=0.8381 R2=0.8510 

Figure 16. Plots of Esmin and Vs,loc against the computed interaction energies obtained with either MP2 or DFT/M06-2X with the 
aug-cc-pVDZ basis sets. The compounds are divided into different genres based on either the atom or the group in the periodic 
table of the interacting center. Correlation coefficients R

2
are supplied below the graphs.  

To further examine the interactions and to test if there really are any substance in the claim that NH3 

correlations are more charge-transfer based and less electrostatic than HCN interactions it was decided 

that a energy decomposition analysis (EDA)67 was to be performed.  The results are presented in Table 

22.  
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Table 22. EDA analysis of the HCN and NH3 interactions with the Lewis acids of Series 16. No constructive interaction could be 
established for H2CO and it was thus excluded from the EDA calculations. Energies are reported in kcal/mol. 

 

NH3 

 

Electrostatic 

 

Exchange  

 

Repulsion  

 

Polarization 

 

Dispersion  

 

Total Energy  

Cl2CO  -7.61 -11.75 20.32 -1.65 -2.25 -2.95 

F2CO  -12.08 -13.59 24.95 -2.67 -1.17 -4.56 

F2SiO  -97.28 -92.65 195.2 -60.83 8.16 -47.4 

FNO2  -8.04 -8.95 16.2 -1.18 -2.34 -4.26 

FPO2  -106.46 -127.17 269.24 -83.69 10.14 -37.94 

H2SiO  -79.73 -94.63 189.92 -49.31 4.14 -29.6 

MePO2  -81.64 -110.41 224.48 -58.79 5.42 -20.93 

O3  -5.48 -10.68 18.56 -1.18 -3.86 -2.64 

PhPO2 -85.2 -118.13 240.42 -62.17 3.55 -21.53 

SeO2 -19.07 -22.11 41.07 -8.79 3.14 -5.75 

SO2  -13.19 -15.88 28.94 -5.18 0.67 -4.64 

R
2
 vs Es,min 

 
0.54 0.56 0.66 0.87 0.82 

R
2
 vs Vs,loc 0.59 

    
0.88 

 

HCN 

 

Electrostatic 

 

Exchange  

 

Repulsion  

 

Polarization 

 

Dispersion  

 

Total Energy  

Cl2CO  -3.82 -7.2 12.29 -0.96 -2.7 -2.39 

F2CO  -5.3 -6.13 10.97 -1.1 -1.55 -3.11 

F2SiO  -50.83 -62.06 127.28 -42.9 3.04 -25.47 

FNO2  -4.46 -5.55 9.88 -0.73 -2.33 -3.18 

FPO2  -33.89 -49.58 98.26 -27.6 0.52 -12.29 

H2SiO  -33.38 -49.88 96.27 -25.15 -0.24 -12.37 

MePO2  -11.47 -15.97 28.72 -5.31 -1.84 -5.87 

O3  -2.79 -6.56 11.25 -0.63 -3.21 -1.94 

PhPO2  -8.97 -13.65 24.25 -4.26 -2.78 -5.41 

SeO2  -6.68 -6.23 11.06 -2.13 0.43 -3.55 

SO2  -5.32 -5.62 9.93 -1.52 -0.47 -3.00 

R
2
 vs Es,min 

 
0.85 0.85 0.87 0.72 0.88 

R
2
 vs Vs,loc 0.84 

    
0.95 

 

The total energy obtained via the EDA calculations correlates better with both Es,min and especially with 

Vs,loc in the case of the HCN complexes. For NH3 interactions on the other hand the Es,min correlation is 

severely reduced while the Vs,loc is increased. By geometrical comparison between the complexes in this 

study and those in the original work98 the structures were found to be essentially the same.  All EDA 

calculations were performed on the MP2 level of theory with the aug-cc-pVDZ basis set, just like in the 

original work. The deviations between the EDA and normal calculations could well be a consequence of 

the difficulties in performing accurate EDAs. This is especially the case for strong interactions. As the 

interactions studied here can be categorized as rather strong it may explain the observations. For the 

NH3 complexes there is furthermore a large jump in EDA interaction energies between the five silicon 

and phosphorous compounds and the rest. Hence these different groups are likely to be treated on a 

different footing in the EDA and thus giving rise to poor trends over the series of compounds. A smaller 
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degree of grouping is also observed for the HCN interactions; see Figure 17 and Figure 18. These 

deficiencies are more pronounced for the decomposed energies and not as sever for the total 

interactions.    

 

Figure 17. Ratios between the EDA interaction energies of the NH3 divided by the same energy of the HCN complexes. Note the 
large differences between the two Lewis base interactions. Negative columns indicate different signs of the interaction between 
NH3 and HCN. 

The different energy terms from EDA of the NH3 complexes all show weak correlations with Es,min or Vs,loc 

hence proposing an invalid  decomposition. Es,min was expected to correlate better with the polarization 

or exchange energies while we hoped that the electrostatic energy would find a good correlation with 

values of Vs,loc. The trends are better for the HCN compound, but not as precise as expected. However, 

the excellent correlation of Vs,loc with the total energies of the HCN may show the enlarged importance 

of the electrostatic interactions of these interactions although that is a conclusion associated with a 

large portion of hesitation due to the problematic EDA calculations. The repulsion energies are 

moreover quite large for many of the compounds, perhaps supporting the hypothesis that this is a key 

to the decreased correlations for the pi-hole compounds studied here compared to the sterically less 

burdened sigma-hole compounds of the halogen bond study ( 4.2.1).   
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Figure 18.  The electrostatic energy from energy decomposition analysis computations are plotted against the local surface 
potential at the point of minimal Es,min – the pi-hole.    

Noteworthy is lastly that the Es,min correlation is lower for the harder HCN Lewis base. This may imply 

that NH3 is not soft enough for the Lewis acids to ‘live up’ to their full charge accepting capacity. Hence 

some species may be treated unequally by the NH3 Lewis acid due to an increasing reluctance of NH3 to 

donate additional charge density when a large fraction has already been transferred. This orbital 

relaxation effect of NH3 cannot be re-produced by Es,min calculations at the Lewis acid and is thus a 

intrinsic deficiency of the mere electrophilic approach. 

4.2.2.2. Three boron halides 
Brinck et al39 investigated a series of three boron halides (BX3, X=F,Cl,Br) with the intention to explain 

the differences between the expected and experimentally observed reaction trends. The experimentally 

established reaction trend is Br>Cl>F, while the electron withdrawing powers of the substituents and the 

varying potentials at the boron centers would predict the reversed order of reactivity. A previously 

proposed explanation was that the better orbital overlap of F (due to more similar size to the LUMO’s of 

B) induced a more favorable back-donation of electron density than the other substituents and hence 

stabilized the BF3 compound to such a degree that it becomes the least reactive, thus switching the 

reactivity trend. Brinck et al instead explained this with the increasing charge capacity from F to Br. The 

BF3 is a hard species while BBr3 is soft with BCl3 at an intermediate position. Charge capacity parallels the 

reciprocal of the hardness. A harder species can accept electrons to a lower degree than a soft and thus 

the BF3 cannot abstract as much additional electrons as the BBr3 since it becomes saturated with charge 

much faster. Hence BF3 will not live up to its initial ground state potential as a Lewis acid and interacts 

less strongly than Cl or Br, which can absorb electrons more efficiently. 
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Series 17. Lewis acids from reference
39

. 

From the calculated surface properties it can be noted that the Vs,loc is of the reversed order compared 

to computed interaction energies of NH3BX3 complexes, see Table 23. The Es,min is moreover not able to 

account for the difference between Cl and Br but correctly predicts the difference between F and Cl. 

Hence Es,min seems not to be able to fully reproduce the charge capacity of a species.  

It was furthermore tested if the Es,min of the deformed geometries (from the interacting species) would 

give another trend. It was found that the Es,min of these geometries gives an reversed trend in the same 

fashion as Vs,loc. 

Table 23. BX3 surface properties and interactions with NH3 - EDA and total interaction energies. 

 
BF3 BCl3 BBr3 

ELECTROSTATIC  -100.17 -119.17 -123.22 

EXCHANGE  -113.29 -170.16 -183.05 

REPULSION  238.8 345.3 369.25 

POLARIZATION  -75.68 -102.33 -108.65 

MP2 DISPERSION   4.48 -0.98 -0.74 

TOTAL INTERACTION  -45.85 -47.34 -46.41 

DEFORMATION ENERGY
a)

 26.57 22.7 23.7 

ENERGY SUM -19.28 -24.64 -22.71 

COMPUTED ENERGIES
 b)

 -19 -25.27 -28.94 

Es,min -0.92 -5.98 -5.53 

Es,min (deformed geometry) -31.24 -18.9 -15.83 

Vlocal 101.46 55.24 49.22 

a) Obtained from energy difference between the deformed (interacting) and the relaxed  

geometries of the Lewis acids, not zero-point corrected energies, b) zero-point corrected  

total interaction energy computed at the MP2/aug-cc-pvdz level of theory by the differ- 

ence between the free monomers and the dimer,  

To further investigate the boron halides, EDA calculations were performed. As for the previous 

discussion in 4.2.2.1, the interactions seems to be too strong to give valid decompositions. This is best 

illustrated by the discrepancy between the previously obtained interaction energy of BBr3 compared to 

the total EDA energy. The total energies go hand in hand for F and Cl but for Br the difference is around 

6 kcal/mol. However all the EDA energy terms follow more or less the expected trend, despite for the 

dispersion term. Perhaps it is here that the EDA breaks down. 
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4.2.2.3. Periodic trends of boron Lewis acids 
Theoretical Lewis acidities of a series of planar boron Lewis acids determined by interactions with NH3 

are here compared to Es,min values. The data have been taken from Plumley et al99. In addition to Es,min 

has a multitude of different descriptors been evaluated. The boron compounds are on the form BHnX3-n 

with substituents from groups 4,6 and 7 as well as from periods 2 and 3 of the periodic chart. This 

facilitates comparison of periodic as well as group trends for the different boron compounds. The 

interaction energies were calculated at the DFT/M06-2X level of theory with a 6-311++G(3df,2p) basis 

set. For the BHnX3-n compounds with X=F,Cl the interaction energies were further determined by 

QCISD(T)/aug-cc-pVQZ level of theory with the (T) meaning that triple excitations are corrected for by 

perturbation calculations.  

Table 24. Displaying the results of the surface calculations along with theoretical Lewis acidities as interaction enthalpies. The 
boron Lewis acids are from reference

99
 and on the form BX here. Descriptor values were obtained at the boron at an angle 

around 90° with respect to the planar structure of the compounds. 

 

X= 

ΔHinteraction
a)

 

QCISD(T) 

ΔHinteraction
 a)

 

DFT-M06-2X 

Es,min 

[eV] 

Vs,loc 

[kcal/mol] 

Is,loc 

[eV] 

 

εLUMO 

[eV] 

εHOMO 

[eV] 

H3 -27.1 -27.7 -13.09 84.91 11.94 -0.080 -0.36 

ClF2 -20.8 -21.9 -3.47 83.74 14.78 -0.022 -0.35 

ClH2 -25.2 -26.2 -9.4 62.63 12.24 -0.077 -0.31 

F2H -15.2 -16.1 -3.79 78.29 14.04 -0.028 -0.39 

FH2 -18.8 -19.6 -7.68 74.59 13.04 -0.055 -0.34 

H2(OH) 
 

-10.1 -6.13 63.49 12.12 -0.046 -0.28 

H2Me 
 

-22 -8.16 67.19 11.84 -0.053 -0.32 

Cl2H -24 -25.4 -7.29 55.12 12.53 -0.075 -0.33 

Cl2F -22.2 -23.5 -5.48 68.36 13.83 -0.050 -0.34 

HMe2  
-17.5 -3.88 54.11 12.03 -0.029 -0.31 

H2(SH) 
 

-18.1 -5.79 40.29 11.23 -0.056 -0.3 

H2(SiH3)  
-30.9 -13.78 80.27 11.78 -0.096 -0.3 

(SiH3)3  
-35.1 -13.1 69.38 11.46 -0.119 -0.29 

(OH)3  
1.1 -2.03 89.32 12.73 -0.033 -0.33 

(SH)3 
 

-9.3 -2.08 20.79 10.91 -0.038 -0.27 

H(OH)2 
 

-1.3 -0.06 15.49 12.23 -0.006 -0.33 

Me3 
 

-14.1 -1.46 48.96 12.49 -0.011 -0.3 

H(SiH3)2  
-33.1 -13.13 72.97 11.64 -0.108 -0.29 

H(SH)2  
-12.6 -3.38 26.73 11.16 -0.043 -0.27 

F3 -19.6 -20.2 -0.92 101.46 16.09 -0.019 -0.44 

Cl3 -23.8 -25.1 -5.98 55.24 12.84 -0.074 -0.33 
a) from reference

99
. 
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Series 18. Boron Lewis acids from reference
99

. 

The results of the surface calculations in this investigation are summarized in Table 24. As mentioned, an 

extensive regression analysis for different descriptors against the interaction enthalpies has been 

performed. The group wise results of this analysis are summarized in Table 29 in the appendix section. 

The period wise and total analysis can be found in Table 25. In the evaluation has these descriptors been 

considered: Es,min, Vs,loc, Is,loc, εLUMO, volume, charge capacity and the electrophilicity power ω. 

A first glance at the results of the one descriptor regressions is not so encouraging. However after some 

examination of the results, a lot of information can be extracted. Let us start from the top: The overall 

correlation of Es,min is 0.66 (R2). This is much better than Vs,loc’s (0.16) and slightly better than the 

corresponding correlation of the LUMO energies’ (0.62). Best in the genre is ω at 0.69.  By employing 

linear combinations of the descriptors better overall correlations can be obtained, however the F-test 

values indicates that there are not much qualitative gained via the linear combinations since the F-test 

values are reduced for all combinations evaluated. 

Table 25. Period wise regression analysis of Series 18.  

 
Period 2 +H Period 3 +H All 

 
R

2
 F-test R

2
 F-test R

2
 F-test 

Es,min 0.46 6.83 0.85 46.18 0.66 36.82 

Vs,loc
a)

 0.16 1.57 0.84 41.19 0.16 3.54 

Is,loc 0.01 0.11 0.21 2.18 0 0 

Vol 0.07 0.64 0.065 0.56 0.11 2.38 

ω 0.49 7.6 0.92 96.94 0.69 42.96 

εLUMO 0.34 4.18 0.95 157.78 0.62 31.49 

Es,min + Vs,loc 0.5 3.54 0.86 22.25 0.68 18.7 

Es,min + Is,loc 0.65 6.61 0.92 39.1 0.76 28.95 

Es,min + Volume 0.46 3 0.86 22.23 0.67 18.15 

Es,min+Is,loc+ Vs,loc 0.71 4.8 0.97 72.06 0.83 28.66 

# of Compounds 10 
 

10 
 

22 
 

a)
no Vs,max values were established 

By breaking down the series into the different periods (hydrogen here included in both genres) of the 

substituents – i.e. periods two and three in the periodic chart – a new aspect of the analysis can be 

reached. By first digesting the period two it is clear that this is the problematic area.  None of the 
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descriptor is able to account for the interactions to any significant degree, nor are the linear 

combinations of them.  

The period two compounds span over pure BH3 to only B(CH3)3, B(OH)3 and BF3 and all compounds 

BHnX3-n in between. This is quite a diverse set of molecules with BH3 being a rather soft species and the 

BX3 compounds often hard, especially so the fluorine compounds followed by the hydroxyl compounds. 

Hence problems with differing charge capacities may be encountered, however correlations for the 

linear combinations between Es,min and the charge capacity against interaction enthalpy is not better 

than 0.64 (R2).  Within each sub group we are nevertheless finding good correlations for Es,min except for 

the case of fluorine substituents (R2=0.64). Here, within the fluorine subgroup, it is the BF3 that diverges 

most from the rest of the trend.  In the F subgroup a linear combination of Es,min and Vs,loc reproduces the 

full interaction (R2≈1), though a statistic multivariable analysis over a set of only four compounds is not 

very trustworthy. Another important point to make for the period two series is that the hydroxyl 

compounds show very weak interactions. Questions may be raised about the validity of the interaction 

enthalpies, particularly for the B(OH)3 compound which show a repulsive interaction energy. 

 

Figure 19. Interaction energy against Es,min trends within each subgroup X for the compounds  
BH(3-n)Xn from n=0 to n=3 and BCl(3-n)Fn. 

For the compounds of period three no repulsive interaction concerns are needed. The compounds 

should moreover be more similar in hardness, at least no extreme is included (as BF3 were in period 

two).  Better correlations are accordingly found here: Es,min have e.g. 0.85 (R2). This despite the fact that 

the SiH3 subgroup show no correlation at all for Es,min. The latter may be explained by the relatively small 

differences in Lewis acidity and Es,min for these compounds.   The most accurate descriptor for the period 

three compounds is the LUMO at 0.95 (R2) followed by ω at 0.92. A sidetrack to this is that the LUMO 

energies, remarkable, is able to predict interactions with a correlation of 0.99-1 (R2) for four out of six 

sub groups in this study!  Thus the question is raised if there is any point using another type of 
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descriptor for these type of compounds – i.e. small non-hard Lewis acids (only the hardest F and OH had 

a bad LUMO correlation)? Leaving that question aside very good correlations (R2=0.97) can be obtained 

for the period three compounds if a linear combination of Es,min, Vs,loc and Is,loc is employed with ok F-test 

results. Here the Es,min and Vs,loc would account for charge-transfer and electrostatics respectively while 

the Is,loc could giva a measure of the reluctance of the electrons to be pushed away from the site of 

interaction and thus indication of the compounds ability to accommodate extra electrons (this is, a 

charge capacity indictor). 

 

Figure 20. Interaction energy against Vs,loc trends within each subgroup X for the compounds  
BH(3-n)Xn from n=0 to n=3 and BCl(3-n)Fn. 

The local electrostatic potential is also able to accurately describe trends within the different subgroups, 

see Figure 20. Excellent correlations are found except in the case of fluorine and hydroxyl substituents. 

For the SiH3 subgroup the trend is reversed of what would be expected.  
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Figure 21. Trends for the BHn(SiH3)3-n compounds with Es,min obtained at different isodenisty contours. 

Some other subjects left to be discussed is the QCISD(T) calculations and SiH3 trends. The correlations 

for the QCISD(T) were not great either (R2=0.51 for Es,min and 0.62 for LUMO). This may again indicate the 

problem of considering compounds with too different hardness alternatively that the studied 

geometries of the complexes are wrong for some compounds. The Figure 21 shows furthermore the 

increasing trend between the BHn(SiH3)3-n as the isodensity contour is moved outwards. This could state 

that the isodensity contour of 0.004electron/bohr3 is not always the proper distance. On the other hand 

the predicted reactivity trends are reversed of what would be expected (this is a low Es,min yielding a 

stronger interaction). It is however somewhat alarming that LUMO energies gives a correct reactivity 

trend with a correlation of almost unity while Es,min at 0. 004electron/bohr3 doesn’t correlate at all. It 

should, moreover, be reported that for BH3 and BH2(SiH3) there are no other negative virtual orbitals 

apart from the LUMO. For B(SiH3)2 and B(SiH3)3 an additional orbital is found but at an much less 

negative magnitude than LUMO. Due to large differences between H and SiH3 it may furthermore not be 

valid to include H in the trends. 

An interesting aspect of electrophilicity is, moreover, the question concerning what happens when the 

system begins to be perturbed from the ground-state and whether this can be reflected by ground-state 

properties. The orbitals used for electrophilicity/Lewis acidity prediction are only true for the ground 

state and can hence give a measure of the initial electron affinity when the net charge transfer Δq≈0.  In 

this study the electrophilicity power ω was among the most successful. It aims at accounting for the 

relaxation process as the increasing electron transfer perturbs the system away from its ground-state, 

i.e. situations where Δq<0 

Furthermore, it may be interesting to consider the nucleophilic/Lewis base contribution as well. This 

could be the picture: As Δq grows in magnitude the Lewis acids gets more and more saturated whereas 

the lewis base gets more reluctant to share additional portions of its electron cloud. At a point we reach 

equilibrium. Focusing on the electrophile part of the mutual interaction, the Es,min may to some extent 

determine the initial attraction of electrons while and additional factor must be included to describe the 

saturation – be it charge capacity or something else. Another important factor is the reluctance of the 
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nucleophile to give away electrons as a function of the perturbation caused by charge transfer. Will the 

nucleophile give away a full electron without resistance or not? Will the resistance be linearly 

dependant on Δq or perhaps exponentially?  

Given a set of Lewis acids from hard to soft, and strong to weak the discussion can be summarized: For a 

hard Lewis acid the reluctance of the electron donor to give away electrons is negligible since the Δq will 

be small. Here the Es,min approach would break down since the Lewis acid is not able to live up to its Es,min 

due to a quick electron saturation. This since any Es,min value is connected with an implicit charge 

capacity of a full electron. Es,min will thus overestimate hard Lewis acids interactions and a electrostatic 

evaluation is probably a better approach. For a strong and soft Lewis acid the uncorrected Es,min 

approach would instead break down since the Lewis acid is able to absorb such a large Δq that the 

nucleophiles resistance to charge transfer has reached a point (given an non-linear behavior) were it 

becomes the dominant term of the interaction - a problem not encountered for weaker Lewis acids. 

Hence the predicted trends will be wrong due to the Lewis base interacting non-linearly with the 

different Lewis acids. Consequently discrepancies will be expected for series including other compounds 

than electrophiles/Lewis acids of only intermediate hardness and strength if not the nucleophile is 

chosen with great care. An example may possibly be the hard BF3 and strong BHnSiH3)3-n compounds of 

the series studied in this section.  An alternative may be to hold either the hardness or the strength 

(here Es,min) of the studied species constant. 

4.3. Size-robustness tests  
During the diploma work some questions were raised whether the Es,min descriptor is robust versus 

different sizes of the studied system or not. Would the calculations be much affected by an increased 

size of a remote group given that the remote group is not affecting the reactive site via neither 

conjugation nor induction? To answer these kind of questions two tests were performed; one were the 

effect of the chain length of a hydrocarbon with a terminal carbonyl group was evaluated; in the second 

test functional groups were instead attached to both ends of the hydrocarbon chain.  

To conclude this section a discussion of a small test of the effects of different conformations of acrolein 

is included.   

Test 1 

A carbonyl (ketone) functional group was here attached to a hydrocarbon of increasing chain length, 

ranging from one to ten carbons long. An asymptotic trend at longer chain lengths was expected. For the 

descriptor to be size consistent the values should not vary more than within a small range, for the longer 

chains.  
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Table 26. Es,min values at the carbonyl site of the compounds  
of size-robustness test1. The bond angle over the carbonyl  
carbon is included for comparison. 

 

 

 

Es, min  

[eV]  

 

 

Angle
a)

 

[°] 

1 -1.24 117.12 

2 -1.03 116.56 

3 -1.01 116.52 

4 -1 116.5 

5 -1.08 116.93 

6 -1.07 116.95 

8 -1.07 116.95 

10 -1.18 116.8 
a)

 The CCC angle with the middle carbon being the  

carbonyl carbon. 

The results of the test are summarized in Table 26. For the shortest chain length (one carbon) the Es,min 

value is a bit lower than for the rest of the series. This is not strange since the electronic environment at 

the carbonyl site may vary significantly when adding a second carbon to the chain. However for the 

longer chains the electronic environment of the carbonyl site is not expected to vary especially much. 

Hence the small deviations from n=2 to n=8 is encouraging. The mystical increase for n=10 may be an 

artifact of the optimization process. As can be seen from the angle column in Table 26 the different 

jumps in Es,min values (e.g. from 4n to 5n or 8n to 10n) correspond to the carbonyl angles. The same 

trend is observed for other geometrical parameters, e.g. the dihedral HCCO angle. The observations 

indicate the structural dependency of Es,min and the fact that it is quite sensitive to small geometric 

deviations. The optimal geometry over the carbonyl site may possibly be the same for all compounds of 

longer chain lengths. However, since very small geometrical differences correspond to small energetic 

variations the optimization process is not programmed to have the accuracy needed to tune these 

differences. An increased accuracy would furthermore mean increased computational time and cost. 

Hence these small deviations from optimal Es,min values is probably something that one have to accept 

and add to the error margin of the calculations.  

Test2 

The second size-consistency test contains difunctionalized hydrocarbons with a chain length (between 

the functional groups) ranging from one to eight carbons. In one end an α,β- unsaturated carbonyl 

group is attached, and at the other a C=O(CF3) group. It was anticipated that the compounds’ Es,min 

values at the β-carbon of the ą,β- unsaturated carbonyl group and the carbonyl carbon of C=O(CF3) 

respectively, would converge towards those of the free functional groups (monomers) as the length of 

the chain increased. The monomers were defined as the structures with the free functional groups 

attached to a n-propyl group.  
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Table 27.  Es,min values of the different compounds of the second 
size-robustness test. 

 

β-carbon alkene Carbonyl 

 

Es, min  

[eV] 

 

Es, min  

[eV] 

1n -2.77 -4.58 

2n -2.51 -3.07 

3n -2.43 -3.5 

4n  -2.36 -3.47 

5n  -2.34 -3.3 

6n -2.27 -3.41 

7n -2.24 -3.4 

8n -2.23 -3.4 

Splitted
a)

 -2.15
b)

 -3.43 
a)

 the chain on each monomer is three carbons long 

excluding the functional groups, 
b)

n=2 gives instead  

Es,min=2.01eV 

As may be seen from Table 27 and Figure 22 the carbonyl Es,min values converges quite fast towards the 

value of a free monomer. Already at a chain length of three carbons the values begin to coincide. For the 

β-carbon of the unsaturated carbonyl system fair agreements between monomer and test compounds 

are not seen until a chain length around six carbons is reached. This may or may not have a perfectly 

normal explanation supported by experimental observations. It shall moreover be noted that an 

unsaturated carbonyl monomer with a chain length of two carbons have a corresponding Es,min of -2.01 

eV, while for n=3 the corresponding value is -2.15eV. Hence the β-carbon seems to be affected 

significantly by the chain length.  It is therefore plausible that the slow convergence at the β-carbon is 

valid. 

 

Figure 22. Comparison between the Es,min values at the carbonyl and β-alkene sites for  different chain lengths. 

1 2 3 4 5 6 7 8 Splitted

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Carbonyl

Alkene

Chain length

-E
s

,m
in

 [
e

V
]



Results and Discussions 
 

82 
 

The results obtained in this study may indicate that Es,min  possesses different robustness for different 

functional groups. However, more evaluations should be conducted and a deeper analysis performed 

before any definite conclusions can be drawn on this subject. 

Conformations 

In a small test Es,min values at the β-carbon of both the cis and trans conformation of acrolein was 

calculated. The differences are quite large as can be seen in Table 28. Although this was a very small 

study it serves as an indication that the conformation of the studied compound is of importance when 

estimating reactivity with Es,min. It may not always be the most stable conformation that is reactive, 

hence different conformations should be examined before the correct Es,min value for reactivity 

predictions is obtained.  

Table 28. Es,min values for the Cis and 
trans conformers of acrolein 

 
Es,min 

Trans -2.29 

Cis  -3.05 
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5. Conclusion 
A quantum chemical electrophilicity descriptor was shown to accurately reflect charge transfer 

processes governing reactivity and interaction strengths of various electron acceptors during this work. 

Local and global reactivity trends ware satisfactorily reproduced for reactions via various nucleophilic 

aromatic substitution reactions and for Lewis acid-Lewis base interactions. Both relative reactivity as 

well as regioselectivity can be predicted.  

By considering all negative virtual orbitals in examinations of electron affinity, the Es,min descriptor is 

often able to better capture reactivity than other descriptors based only on a frontier orbital approach. 

In many occasions Es,min can, moreover, outperforms the computationally more expensive surface 

electrostatic descriptor, although these quantities can often successfully be combined in order to 

capture a larger part of the full interaction. Since reactivity and interactions consist of contributions 

from different orogins, the performance of Es,min depends to a large degree on the complexity of the 

studied molecules. For reactivity trends differences in repulsion due to for instance diverse sterical 

environments or differences in entropic contributions may severely reduce the prediction power of Es,min 

since it is unable to account for such effects.  

As a ground-state descriptor Es,min is computationally inexpensive, although its ground-state inheritance 

means Es,min suffers from some intrinsic deficiencies: it can only model reactions where the first step is 

the rate-determining, the reaction profile most be very similar within the studied series and the softness 

within the molecular series can not deviate too much.  It shall furthermore be noted that Es,min works 

best within a well-defined series of compounds where; different mechanisms cannot be compared, 

charged and uncharged species have proven troublesome to relate, SN2 reactions seem difficult to 

assess, obtaining reactivity trends based on different nucleophiles is not recommended, the effect of 

accounting for solvation is unpredictable, and where compounds with different magnitudes of 

conjugative stabilizations of TS (i.e. different aromaticity or conjugating powers of substituents) may 

cause problems. 

Having said that the Es,min also have many additional positive features. Thanks to the multi-orbital 

approach it is likely to be more robust at perturbed systems than for instance LUMO energies. It has 

been proven to nicely reproduce theoretical TS energies and can thus be used as a much faster 

alternative. In nucleophilic aromatic substitution reactions it can in contrast to the local electrostatic 

potential identify an electrophilic site and determine its relative reactivity. 

A computationally inexpensive electrophilicity descriptor with the ability to predict both global and local 

trends has many potential uses. Toxicological studies or synthetic applications have been mentioned. 

Other fields may be enzymatic studies, transition metal catalysis, prediction of Hammett-Taft constants 

or studies of surfaces and adhesion. The Es,min may also find uses as an implementation in a reactive-

force field for extended molecular dynamics simulations. However, some more investigations on Es,min 

needs to be done. An interesting approach would be to combine the Es,min with, for instance, Hammett’s 

steric correction term, Es.  An extended study of the conformational effects of on Es,min would also be in-

teresting. In either way will Es,min surely find a place within the long history of electrophilicity descriptors. 



References 
 

84 
 

6. References 
1.  Brinck, T.In progress  
2.  Szabo, A. & Ostlund, N. S. Modern Quantum Chemisty. (Dover: 1995). 
3.  Dunning, T. H. Gaussian basis sets for use in correlated molecular calculations. I. The 

atoms  boron through neon and hydrogen. JCP 90, 1007–1023 (1989). 
4.  Helgaker, T., Jørgensen, P. & Olsen, J. Molecular Electronic-Structure Theory. (John Wiley 

& Sons, LTD: 2000). 
5.  Boys, S. F. & Bernardi, F. The calculation of small molecular interactions by the 

differences of separate total energies. Some procedures with reduced errors. Mol. Phys. 100, 
65–73 (2002). 

6.  Koch, W. & Holthausen, M. C. A Chemist’s Guide to Quantum Chemistry, 2nd edn. (Wiley 
-VCH: 2001). 

7.  Hohenberg, P. & Kohn, W. Inhomogeneous Electron Gas. Phys. Rev. 136, B864–B871 
(1964). 

8.  Kohn, W. & Sham, L. J. Self-Consistent Equations Including Exchange and Correlation 
Effects. Phys. Rev. 140, A1133–A1138 (1965). 

9.  Perdew, J. P. et al. Prescription for the design and selection of density functional 
approximations: More constraint satisfaction with fewer fits. J. Chem. Phys. 123, 062201–
062201–9 (2005). 

10. Zhao, Y. & Truhlar, D. The M06 suite of density functionals for main group 
thermochemistry, thermochemical kinetics, noncovalent interactions, excited states, and 
transition elements: two new functionals and systematic testing of four M06-class 
functionals and 12 other functionals. Theoretical Chemistry Accounts: Theory, Computation, 
and Modeling (Theoretica Chimica Acta) 120, 215–241 (2008). 

11. Zhang, Y., Xu, X. & Goddard, W. A. Doubly Hybrid Density Functional for Accurate 
Descriptions of Nonbond Interactions, Thermochemistry, and Thermochemical Kinetics. 
PNAS 106, 4963–4968 (2009). 

12. Leach, A. R. Molecular Modelling, Principles and Applications, 2nd edn. (Prentice-Hall: 
2001). 

13. Tomasi, J., Mennucci, B. & Cammi, R. Quantum Mechanical Continuum Solvation 
Models. Chem. Rev. 105, 2999–3094 (2005). 

14.  Gaussian 09, Revision A.02,  M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,   M. 
A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci,   G. A. Petersson, H. 
Nakatsuji, M. Caricato, X. Li, H. P. Hratchian,   A. F. Izmaylov, J. Bloino, G. Zheng, J. L. 
Sonnenberg, M. Hada,   M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,   
Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr.,   J. E. Peralta, F. Ogliaro, M. 
Bearpark, J. J. Heyd, E. Brothers,   K. N. Kudin, V. N. Staroverov, R. Kobayashi, J. Normand,   K. 
Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi,   M. Cossi, N. Rega, J. M. 
Millam, M. Klene, J. E. Knox, J. B. Cross,   V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. 
Stratmann,   O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,   R. L. Martin, K. 
Morokuma, V. G. Zakrzewski, G. A. Voth,   P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. 



References 
 

85 
 

Daniels,   O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski,   and D. J. Fox, Gaussian, Inc., 
Wallingford CT, 2009.  

15. Onsager, L. Electric Moments of Molecules in Liquids. J. Am. Chem. Soc. 58, 1486–1493 
(1936). 

16. Foresman, J. B., Keith, T. A., Wiberg, K. B., Snoonian, J. & Frisch, M. J. Solvent Effects. 5. 
Influence of Cavity Shape, Truncation of Electrostatics, and Electron Correlation on ab Initio 
Reaction Field Calculations. J. Phys. Chem. 100, 16098–16104 (1996). 

17. Liljenberg, M. et al. Predicting Regioselectivity in Nucleophilic Aromatic Substitution. J. 
Org. Chem. 77, 3262–3269 (2012). 

18. Schwöbel, J. A. H. et al. Measurement and estimation of electrophilic reactivity for 
predictive toxicology. Chem. Rev. 111, 2562–2596 (2011). 

19. Chattaraj, P. K., Sarkar, U. & Roy, D. R. Electrophilicity Index. Chem. Rev. 106, 2065–2091 
(2006). 

20. March, J. & Smith, M. B. March’s Advanced Organic Chemistry, Reactions, Mechanism 
and Structure. (J. Wiley, 6th edn, 2007: ). 

21. Exner, O. Correlation analysis of chemical data. (Plenum Press: 1988). 
22. Mayr, H. & Patz, M. Scales of Nucleophilicity and Electrophilicity: A System for Ordering 

Polar Organic and Organometallic Reactions. Angew. Chem. Int. Ed. 33, 938–957 (1994). 
23. Mayr, H. et al. Reference Scales for the Characterization of Cationic Electrophiles and 

Neutral Nucleophiles. JACS 123, 9500–9512 (2001). 
24.  oy,  . K., Usha, V., Paulovi , J. & Hirao, K. Are the Local Electrophilicity Descriptors 

Reliable Indicators of Global Electrophilicity Trends? J. Phys. Chem. A 109, 4601–4606 (2005). 
25. Barinovs, G. Photodissociation Dynamics of Triatomic Molecules. (2000). 
26. Bernhard Schlegel, H. Estimating the hessian for gradient-type geometry optimizations. 

Theoretical Chemistry Accounts: Theory, Computation, and Modeling (Theoretica Chimica 
Acta) 66, 333–340 (1984). 

27. Li, X. & Frisch, M. J. Energy-Represented Direct Inversion in the Iterative Subspace within 
a Hybrid Geometry Optimization Method. J. Chem. Theory Comput. 2, 835–839 (2006). 

28. Liljenberg, M., Brinck, T. & Svensson, M.In progress  
29. Fukui, K. Role of frontier orbitals in chemical reactions. Science 218, 747–754 (1982). 
30. Fukui, K., Yonezawa, T. & Nagata, C. Interrelations of Quantum‐Mechanical Quantities 

Concerning Chemical Reactivity of Conjugated Molecules. J. Chem. Phys. 26, 831–841 (1957). 
31. Ayers, P. W., Yang, W. & Bartolotti, L. J. Fukui Function. Chemical reactivity theory: a 

density functional view 255 
32. Anderson, J. S. M., Melin, J. & Ayers, P. W. Conceptual Density-Functional Theory for 

General Chemical Reactions, Including Those That Are Neither Charge- nor Frontier-Orbital-
Controlled. 1. Theory and Derivation of a General-Purpose Reactivity Indicator. J. Chem. 
Theory Comput. 3, 358–374 (2007). 

33. Anderson, J. S. M., Melin, J. & Ayers, P. W. Conceptual Density-Functional Theory for 
General Chemical Reactions, Including Those That Are Neither Charge- nor Frontier-Orbital-
Controlled. 2. Application to Molecules Where Frontier Molecular Orbital Theory Fails. J. 
Chem. Theory Comput. 3, 375–389 (2007). 

34. Parr, R. G. & Pearson, R. G. Absolute hardness: companion parameter to absolute 
electronegativity. J. Am. Chem. Soc. 105, 7512–7516 (1983). 



References 
 

86 
 

35. Ayers, P. W. & Parr,  . G. Variational Principles for Describing Chemical  eactions:  The 
Fukui Function and Chemical Hardness Revisited. J. Am. Chem. Soc. 122, 2010–2018 (2000). 

36. Parr, R. G., Szentpály, L. v. & Liu, S. Electrophilicity Index. JACS 121, 1922–1924 (1999). 
37. Politzer, P. A relationship between the charge capacity and the hardness of neutral 

atoms and groups. The Journal of Chemical Physics 86, 1072–1073 (1987). 
38. Politzer, P., Huheey, J. E., Murray, J. S. & Grodzicki, M. Electronegativity and the concept 

of charge capacity. Journal of Molecular Structure: THEOCHEM 259, 99–120 (1992). 
39. Brinck, T., Murray, J. S. & Politzer, P. A computational analysis of the bonding in boron 

trifluoride and boron trichloride and their complexes with ammonia. Inorg. Chem. 32, 2622–
2625 (1993). 

40. Maynard, A. T., Huang, M., Rice, W. G. & Covell, D. G. Reactivity of the HIV-1 
Nucleocapsid Protein P7 Zinc Finger Domains from the Perspective of Density-Functional 
Theory. PNAS 95, 11578–11583 (1998). 

41. Pérez, P., Toro-Labbé, A., Aizman, A. & Contreras, R. Comparison between Experimental 
and Theoretical Scales of Electrophilicity in Benzhydryl Cations. J. Org. Chem. 67, 4747–4752 
(2002). 

42. Chattaraj, P. K., Giri, S. & Duley, S. Electrophilicity Equalization Principle. J. Phys. Chem. 
Lett. 1, 1064–1067 (2010). 

43. Chattaraj, P. K., Giri, S. & Duley, S. Comment on ‘ uling Out Any Electrophilicity 
Equalization Principle’. J. Phys. Chem. A 116, 790–791 (2012). 

44. von Szentp ly, L. Ruling Out Any Electrophilicity Equalization Principle. J. Phys. Chem. A 
115, 8528–8531 (2011). 

45. von Szentp ly, L.  eply to ‘Comment on “ uling Out Any Electrophilicity Equalization 
Principle”’. J. Phys. Chem. A 116, 792–795 (2012). 

46. Morell, C., Grand, A. & Toro-Labbé, A. New Dual Descriptor for Chemical Reactivity. J. 
Phys. Chem. A 109, 205–212 (2005). 

47. Chattaraj, P. K., Maiti, B. & Sarkar, U. Philicity:  A Unified Treatment of Chemical 
Reactivity and Selectivity. J. Phys. Chem. A 107, 4973–4975 (2003). 

48. Roy, R. K., Krishnamurti, S., Geerlings, P. & Pal, S. Local Softness and Hardness Based 
Reactivity Descriptors for Predicting Intra- and Intermolecular Reactivity Sequences: 
Carbonyl Compounds. J. Phys. Chem. A 102, 3746–3755 (1998). 

49. Gázquez, J. L., Cedillo, A. & Vela, A. Electrodonating and Electroaccepting Powers. J. 
Phys. Chem. A 111, 1966–1970 (2007). 

50. Hagelin, H., Murray, J. S., Politzer, P., Brinck, T. & Berthelot, M. Family-independent 
relationships between computed molecular surface quantities and solute hydrogen bond 
acidity/basicity and solute-induced methanol O–H infrared frequency shifts. Can. J. Chem. 73, 
483–488 (1995). 

51. Brinck, T., Murray, J. S. & Politzer, P. Polarizability and volume. The Journal of Chemical 
Physics 98, 4305–4306 (1993). 

52. Politzer, P., Murray, J. S. & Bulat, F. A. Average local ionization energy: A review. J. Mol. 
Model. 16, 1731–1742 (2010). 

53. Brinck, T. Modified Interaction Properties Function for the Analysis and Prediction of 
Lewis Basicities. J. Phys. Chem. A 101, 3408–3415 (1997). 



References 
 

87 
 

54. Bader, R. F. W., Carroll, M. T., Cheeseman, J. R. & Chang, C. Properties of atoms in 
molecules: atomic volumes. JACS 109, 7968–7979 (1987). 

55. Brinck, T. In P rk nyi’s. Theoretical Organic Chemistry 5, (1998). 
56. Riley, K. et al. Halogen bond tunability I: the effects of aromatic fluorine substitution on 

the strengths of halogen-bonding interactions involving chlorine, bromine, and iodine. J. Mol. 
Model. 17, 3309–3318 (2011). 

57. Brinck, T., Jin, P., Ma, Y., Murray, J. S. & Politzer, P. Segmental analysis of molecular 
surface electrostatic potentials: application to enzyme inhibition. Journal of Molecular 
Modeling 9, 77–83 (2003). 

58. Sjöberg, P., Murray, J. S., Brinck, T. & Politzer, P. Average local ionization energies on the 
molecular surfaces of aromatic systems as guides to chemical reactivity. Can. J. Chem. 68, 
1440–1443 (1990). 

59. Brinck, T., Murray, J. S., Politzer, P. & Carter, R. E. A relationship between experimentally 
determined pKas and molecular surface ionization energies for some azines and azoles. J. 
Org. Chem. 56, 2934–2936 (1991). 

60. Brinck, T., Murray, J. S. & Politzer, P. Relationships between the aqueous acidities of 
some carbon, oxygen, and nitrogen acids and the calculated surface local ionization energies 
of their conjugate bases. J. Org. Chem. 56, 5012–5015 (1991). 

61. Liljenberg, M. et al. Validation of a Computational Model for Predicting the Site for 
Electrophilic Substitution in Aromatic Systems. J. Org. Chem. 75, 4696–4705 (2010). 

62. Jin, P., Murray, J. S. & Politzer, P. Local ionization energy and local polarizability. Int. J. 
Quantum Chem. 96, 394–401 (2004). 

63. Clark, T. The local electron affinity for non-minimal basis sets. Journal of Molecular 
Modeling 16, 1231–1238 (2010). 

64. Ehresmann, B., Martin, B., Horn, A. H. C. & Clark, T. Local molecular properties and their 
use in predicting reactivity. J. Mol. Model. 9, 342–347 (2003). 

65. Ehresmann, B., de Groot, M. J., Alex, A. & Clark, T. New Molecular Descriptors Based on 
Local Properties at the Molecular Surface and a Boiling-Point Model Derived from Them. J. 
Chem. Inf. Comput. Sci. 44, 658–668 (2004). 

66.  Gaussian 03, Revision D.01,  M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,   M. 
A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven,   K. N. Kudin, J. C. Burant, J. M. 
Millam, S. S. Iyengar, J. Tomasi,   V. Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega,   G. 
A. Petersson, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota,   R. Fukuda, J. Hasegawa, M. Ishida, 
T. Nakajima, Y. Honda, O. Kitao,   H. Nakai, M. Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. 
Cross,   V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,   O. Yazyev, A. J. 
Austin, R. Cammi, C. Pomelli, J. W. Ochterski,   P. Y. Ayala, K. Morokuma, G. A. Voth, P. 
Salvador, J. J. Dannenberg,   V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain,   O. 
Farkas, D. K. Malick, A. D. Rabuck, K. Raghavachari,   J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. 
Baboul, S. Clifford,   J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,   I. 
Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham,   C. Y. Peng, A. Nanayakkara, M. 
Challacombe, P. M. W. Gill,   B. Johnson, W. Chen, M. W. Wong, C. Gonzalez, and J. A. Pople,   
Gaussian, Inc., Wallingford CT, 2004.  

67. Su, P. & Li, H. Energy decomposition analysis of covalent bonds and intermolecular 
interactions. J. Chem. Phys. 131, 014102–014102–15 (2009). 



References 
 

88 
 

68. Schmidt, M. W. et al. General atomic and molecular electronic structure system. Journal 
of Computational Chemistry 14, 1347–1363 (1993). 

69. Brinck, T. Department of Applied Physical Chemistry, KTH, ‘HS95EA_Tr_9kx’.  
70. Makosza, M. & Winiarski, J. Vicarious nucleophilic substitution of hydrogen. Acc. Chem. 

Res. 20, 282–289 (1987). 
71. Mąkosza, M. Nucleophilic substitution of hydrogen in electron-deficient arenes, a 

general process of great practical value. Chem. Soc. Rev. 39, 2855 (2010). 
72. Miller, J. Aromatic Nucleophilic Substitution. (Elsevier, Amsterdam: 1968). 
73. Schlosser, M. & Ruzziconi, R. Nucleophilic Substitutions of Nitroarenes and Pyridines: 

New Insight and New Applications. Synthesis 2010, 2111–2123 (2010). 
74.  ern ndez, I., Frenking, G. & Uggerud, E. Rate-Determining Factors in Nucleophilic 

Aromatic Substitution Reactions. J. Org. Chem. 75, 2971–2980 (2010). 
75. Glukhovtsev, M. N., Bach, R. D. & Laiter, S. Single-Step and Multistep Mechanisms of 

Aromatic Nucleophilic Substitution of Halobenzenes and Halonitrobenzenes with Halide 
Anions:  Ab Initio Computational Study. J. Org. Chem. 62, 4036–4046 (1997). 

76. Błażej, S. & Mąkosza, M. Substituent Effects on the Electrophilic Activity of Nitroarenes 
in Reactions with Carbanions. Chemistry - A European Journal 14, 11113–11122 (2008). 

77. Mąkosza, M., Lobanova, O. & Kwast, A. Effect of halogens on the activity of 
halonitrobenzenes in reactions with carbanions. Tetrahedron 60, 2577–2581 (2004). 

78. Ma kosza, M. & Wojciechowski, K. Nucleophilic Substitution of Hydrogen in Heterocyclic 
Chemistry. Chem. Rev. 104, 2631–2666 (2004). 

79. Seeliger,  ., Błażej, S., Bernhardt, S., Mąkosza, M. & Mayr, H.  eactions of 
Nitroheteroarenes with Carbanions: Bridging Aromatic, Heteroaromatic, and Vinylic 
Electrophilicity. Chemistry - A European Journal 14, 6108–6118 (2008). 

80. Berliner, E. & Monack, L. C. Nucleophilic Displacement in the Benzene Series1. JACS 74, 
1574–1579 (1952). 

81. Liljenberg, M. et al. A pragmatic procedure for predicting regioselectivity in nucleophilic 
substitution of aromatic fluorides. Tetrahedron Letters 52, 3150–3153 (2011). 

82. Clark, T., Hennemann, M., Murray, J. & Politzer, P. Halogen bonding: the σ-hole. J. Mol. 
Model. 13, 291–296 (2007). 

83. Chambers, R. D., Martin, P. A., Waterhouse, J. S., Williams, D. L. H. & Anderson, B. 
Mechanisms for reactions of halogenated compounds. Part 4.[1] activating influences of ring-
nitrogen and trifluoromethyl in nucleophilic aromatic substitution. J. Fluorine Chem. 20, 507–
514 (1982). 

84. Chambers, R. D., Close, D., Musgrave, W. K. R., Waterhouse, J. S. & Williams, D. L. H. 
Mechanisms for reactions of halogenated compounds. Part 2. Orienting effects of chlorine 
substituents in nucleophilic aromatic substitution. J. Chem. Soc., Perkin Trans. 2 1774–1778 
(1977).doi:10.1039/P29770001774 

85. Chambers, R. D., Martin, P. A., Sandford, G. & Williams, D. L. H. Mechanisms of reactions 
of halogenated compounds: Part 7. Effects of fluorine and other groups as substituents on 
nucleophilic aromatic substitution. J. Fluorine Chem. 129, 998–1002 (2008). 

86. Bolton, R. & Sandall, J. P. B. Nucleophilic displacement in polyhalogenoaromatic 
compounds. Part 1. Kinetics of reaction of polychlorofluorobenzene derivatives. J. Chem. 
Soc., Perkin Trans. 2 1541–1545 (1976). 



References 
 

89 
 

87. Seeliger,  ., Błażej, S., Bernhardt, S., Mąkosza, M. & Mayr, H.  eactions of 
Nitroheteroarenes with Carbanions: Bridging Aromatic, Heteroaromatic, and Vinylic 
Electrophilicity. Chemistry - A European Journal 14, 6108–6118 (2008). 

88. Bunnett, J. F. et al. Comparative Activation of Nucleophilic Substitution in 4-Substituted-
2-nitrochlorobenzenes1. JACS 75, 642–645 (1953). 

89. Schlosser, M. & Rausis, T. The Reactivity of 2-Fluoro-and 2-Chloropyridines toward 
Sodium Ethoxide: Factors Governing the Rates of Nucleophilic (Het) Aromatic Substitutions. 
Helvetica chimica acta 88, 1240–1249 (2005). 

90. Miller, J. & Parker, A. The SN Mechanism in aromatic compounds.  25. Substituent 
effects of multiple-bond nitrogen. Aust. J. Chem. 11, 302–308 (1958). 

91. Schultz, T. W., Sparfkin, C. L. & Aptula, A. O. Reactivity-based toxicity modelling of five-
membered heterocyclic compounds: Application to Tetrahymena pyriformis. SAR and QSAR 
in Environmental Research 21, 681–691 (2010). 

92. Heo, C. K. M. & Bunting, J. W. Rate-determining steps in Michael-type additions and 
E1cb reactions in aqueous solution. J. Org. Chem. 57, 3570–3578 (1992). 

93. Peters, K. S. Nature of Dynamic Processes Associated with the SN1 Reaction Mechanism. 
Chem. Rev. 107, 859–873 (2007). 

94. Bardos, T. J., Datta-Gupta, N., Hebborn, P. & Triggle, D. J. A Study of Comparative 
Chemical and Biological Activities of Alkylating Agents1. J. Med. Chem. 8, 167–174 (1965). 

95. Verhaar, H. J. M., Seinen, W., Hermens, J. L. M., Rorije, E. & Borkent, H. Modeling the 
nucleophilic reactivity of small organochlorine electrophiles: A mechanistically based 
quantitative structure‐activity relationship. Environ. Toxicol. Chem. 15, 1011–1018 (1996). 

96. Aleksic, M. et al. Reactivity Profiling: Covalent Modification of Single Nucleophile 
Peptides for Skin Sensitisation Risk Assessment. Toxicological Sciences (2009).at 
<http://toxsci.oxfordjournals.org/content/early/2009/02/16/toxsci.kfp030.abstract> 

97. Brinck, T., Murray, J. S. & Politzer, P. Surface electrostatic potentials of halogenated 
methanes as indicators of directional intermolecular interactions. Int. J. Quantum Chem. 44, 
57–64 (1992). 

98. Murray, J., Lane, P., Clark, T.,  iley, K. & Politzer, P. σ-Holes, π-holes and 
electrostatically-driven interactions. J. Mol. Model. 18, 541–548 (2012). 

99. Plumley, J. A. & Evanseck, J. D. Periodic Trends and Index of Boron Lewis Acidity. J. Phys. 
Chem. A 113, 5985–5992 (2009). 

 

  



Appendix 
 

90 
 

7. Appendix
Here is the supplementary data and input examples for the quantum chemical calculations presented. 

7.1. Supplementary Data 
Table 29a. Summary of the regression analysis of the data from series 18. 

  
Total Fluor/Chlorine Fluor Chlorine 

 
Descriptor R

2
 F-value R

2
 F-value R

2
 F-value R

2
 F-value 

          
One  Em 0.004 0.66 36.82 0.94 29.65 0.61 3.12 0.99 312.64 

descriptor V 0.16 3.54 1 703.87 0.04 0.08 0.97 59.5 

 
Is 0 0 1 527.26 0.31 0.9 0.91 19.48 

 
Volume 0.11 2.38 1 2963.17 0.52 2.16 0.89 16.73 

 
E pow HL 0.69 42.69 0.22 0.57 0.96 52.45 0.73 5.5 

 
kappa HL 0.25 6.2 1 509.09 0.34 1.02 0.2 0.5 

 
LUMO 0.62 31.49 0.92 22.93 0.64 3.48 1 642.35 

 
Vol/Is,av 0.13 2.91 

      

          
Two  Em +V 0.68 18.7 1 5993.01 1 188.47 1 1169.8 

descriptors Em +Volume 0.67 18.15 1 1638.79 0.92 5.98 1 978.52 

 
Em +KapHL 0.67 22.67 1 161.14 0.75 1.54 1 100.72 

 
Em + Is,loc 0.76 28.95 1 193.45 1 124.39 1 1629.62 

 
Em+Vol/Is,a 0.67 17.9 

      

          
Correlation Em vs V 0.12 2.55 0.96 47.94 0.21 0.54 0.94 28.9 

between Em vs LUMO 0.86 120.36 0.77 6.65 0.99 192.97 0.99 223.5 

descriptors Em vs Is 0.14 3.13 0.95 42.19 0.91 20.24 0.95 35.91 

 
Em vs Volume 0.09 1.88 0.93 25.56 0.99 199.96 0.94 29.29 

 
Em vs KapHL 0.49 18.06 0.95 40.23 0.86 12.33 0.17 0.41 

 
Em vs powHL 0.8 74.52 0.08 0.16 0.66 3.84 0.7 4.6 

 
V vs Is 0.36 10.76 1 1478.36 0.49 1.94 0.78 7.07 

 
V vs Volume 0.06 1.22 0.99 350.6 0.29 0.83 0.76 6.31 

 
Is vs Volume 0.21 5.09 0.99 260.03 0.95 37.73 1 2436.56 

          
Additional Em 0.001 0.61 28.39 

      

 
Em + Epow 0.72 22.67 

      

          
# of compounds 

 
21 

 
4 

 
4 

 
4 
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Table 28b. Summary of the regression analysis of the data from series 18. 

  
OH SH CH3 SiH3 

 
Descriptor R

2
 F-value R

2
 F-value R

2
 F-value R

2
 F-value 

          
Single Var Em 0.004 0.95 38.44 0.98 87.22 1 1034.98 0.02 0.04 

 
V 0.15 0.35 0.97 57.31 0.99 140.31 0.97 73.08 

 
Is 0.64 3.63 0.95 37.1 0.57 2.7 0.98 103.92 

 
Volume 0.9 17.11 0.93 25.98 0.97 76.48 0.97 60.64 

 
E pow HL 0.83 9.72 0.98 110.58 1 423.01 0.92 22.74 

 
kappa HL 0.15 0.34 0.92 23.16 0.55 2.41 0.98 113.54 

 
LUMO 0.81 8.44 0.99 279.07 1 1798.9 1 2424.51 

 
Vol/Is,av 

        

          
Double Var Em +V 0.99 93.29 1 216.99 1 430.57 1 214.85 

 
Em +Volume 0.98 28.29 1 396.68 1 628.94 0.99 41.31 

 
Em +KapHL 0.96 12.73 0.98 21.84 1 305.26 0.99 36.9 

 
Em + Is,loc 0.99 35.81 0.98 22.38 1 483.32 0.99 40.65 

 
Em+Vol/Is,a 

        

          
Correlation Em vs V 0.33 0.97 1 1547.24 0.99 268.36 0.09 0.19 

 
Em vs LUMO 0.95 35.86 0.99 178.42 1 495.1 0.03 0.06 

 
Em vs Is 0.46 1.74 0.98 87.7 0.55 2.4 0.05 0.11 

 
Em vs Volume 0.78 7.22 0.84 10.33 0.96 53.19 0.08 0.18 

 
Em vs KapHL 0.24 0.63 0.94 33.84 0.53 2.26 0.01 0.01 

 
Em vs powHL 0.88 15.2 0.99 189.83 1 597.75 0.14 0.32 

 
V vs Is 0.04 0.08 0.97 77 0.46 1.7 0.97 66.89 

 
V vs Volume 0.02 0.04 0.81 8.56 0.93 24.82 0.98 83.95 

 
Is vs Volume 0.89 16.06 0.83 9.62 0.73 5.31 1 553.96 

          
Additional Em0.001 

a) 

     
0.77 6.57 

 
Em0.001 +V 

      
0.55 0.6 

 
Em0.001 + Vol 

      
0.72 1.29 

 
Em0.001+kappa 

      
0.5 0.5 

 
Em0.001+Is,loc 

      
0.69 1.11 

          
# of compounds  4  4  4  4  
a)

 The Emin descriptor at 0,001 predicts the non-constructive interaction between B(OH)3 and NH3. 
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7.2. Inputs – iodine containing compounds  
 
Exemple: 
 
%chk=IoF.chk 
#b3lyp/gen scf(xqc,fermi) 6d 10f GFINPUT IOP(6/7=3) 
geom=check guess=read scfconv=6 
 
title 
 
0 1 
 
C H F 0 
6-31+G** 
**** 
I 0 
S    5 1.00 
 4.44750000D+05    8.90000000D-04 
 6.61270000D+04    6.94000000D-03 
 1.48150000D+04    3.60900000D-02 
 4.14490000D+03    1.35680000D-01 
 1.36120000D+03    3.38780000D-01 
S    2 1.00 
 5.08440000D+02    4.36590000D-01 
 2.09590000D+02    1.83750000D-01 
S    1 1.00 
 8.19590000D+01    1.00000000D+00 
S    1 1.00 
 3.68050000D+01    1.00000000D+00 
S    1 1.00 
 1.34950000D+01    1.00000000D+00 
S    1 1.00 
 6.88590000D+00    1.00000000D+00 
S    1 1.00 
 2.55200000D+00    1.00000000D+00 
S    1 1.00 
 1.20880000D+00    1.00000000D+00 
S    1 1.00 
 2.73400000D-01    1.00000000D+00 
S    1 1.00 
 1.00900000D-01    1.00000000D+00 
P    4 1.00 
 2.95360000D+03    1.22100000D-02 
 7.12610000D+02    8.58700000D-02 
 2.36710000D+02    2.94930000D-01 
9.26310000D+01    4.78490000D-01 
P    1 1.00 
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 3.97320000D+01    1.00000000D+00 
P    1 1.00 
 1.72730000D+01    1.00000000D+00 
P    1 1.00 
 7.95700000D+00    1.00000000D+00 
P    1 1.00 
 3.15290000D+00    1.00000000D+00 
P    1 1.00 
 1.33280000D+00    1.00000000D+00 
P    1 1.00 
 4.94700000D-01    1.00000000D+00 
P    1 1.00 
 2.16000000D-01    1.00000000D+00 
P    1 1.00 
 8.29300000D-02    1.00000000D+00 
D    3 1.00 
 2.61950000D+02    3.14400000D-02 
 7.67340000D+01    1.90280000D-01 
 2.75510000D+01    4.72470000D-01 
D    1 1.00 
 1.06060000D+01    1.00000000D+00 
D    1 1.00 
 3.42170000D+00    1.00000000D+00 
D    1 1.00 
 1.13700000D+00    1.00000000D+00 
D    1 1.00 
 3.02000000D-01    1.00000000D+00 
****** 
 
 


