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Summary: In this assignment you will apply HMO theory to determine the electronic structure of a number of molecular and polymeric species.

__________________________________________________
Introduction


In this assignment you will apply the simple Huckel Molecular Orbital (HMO) method to yield an insight into the electronic structure of chemical systems.  The assignment consists of two computational experiments: (i) an investigation of nucleophilic, electrophilic and neutral radical attack on aniline, and (ii) a study of soliton delocalisation over a polymeric molecular chain.


The HMO method is an approximate MO model in which a simple mathematical treatment can yield considerable insight into molecular electronic properties. Only the ( electrons are treated, but these are the "frontier" orbitals which control many of the significant properties. Some of the approximations are more reasonable than others.  This assignment assumes that you are familiar with the fundamental principles of HMO theory (See references at end). The principle step in any HMO calculation is the construction of the secular determinant.


Calculations will be performed using the FORTRAN computer code HKL.FOR, compiled for 80386 and i486 PC's.  The executable code has the extension .EXE and it is this program which you should use.  You will find a copy of this code, the source FORTRAN code as well as a sample data file (HKL1.DAT) in a directory called HUCKEL on your PC machine.  You may find the batch file HUCKEL.BAT to be of some use.  If you cannot locate the HUCKEL directory please consult your demonstrator.


Examine your sample data set. Ensure that you understand the data expressed therein. A printout is attached, from the Windows version. The DOS version has rather less helpful information, so if using this, check carefully the labels on the pritout against your screen. The data consists of sets of matrices, only the first of which is presently visible on your screen. For those which are symmetric around the diagonal, only the lower half is printed each time. Atoms are numbered along the rows and columns: a diagonal element {x,x} represents atom x, an off-diagonal element {x,y} an interaction between x and y. Start by running the program HKL.EXE (or HKLNEW.EXE) on this data set.  The orbital energies are given in a row, starting from the lowest. Interpret the rest of the output, for example why are most of the entries zero?.Why are some of the energies equal in this set?.  Once you are sure that you understand both the input and output files, and the operation of the code, you should proceed with the assigned experiments.

How to use the Huckel Program:
The majority of the assignment is based on the ability to utilise the program 'hklnew.for'. This in itself is very simple but to ensure that the computer illiterate don't waste time the following should be noted.


Firstly there is a sample determinant of size 17x17. This can be used to form all the other determinants necessary and it is found in the file 'sample.dat'. Since the determinant is real, it is therefore symmetrical and thus only the lower diagonal is needed. Scientifically this is written as Hij =Hji where H represents the Hamiltonian. The format of the file is as follows. At the top left hand corner there is a title, this should be used to describe in words the structure which is represented below by the determinant. Below the title there are two numbers. The first digit represents the number of p orbitals whilst the second represents the number of electrons.


To use this pre made file the following commands are necessary. 

(i). 'EDIT': The edit command allows you the enter into the file and to change the contents.

(ii). 'COPY': The copy command copies the file to a newly created file/directory or to an existing one.


To run the program one simply types Huckel followed by the file name with out its extension. Thus to run the Huckel molecular orbital calculation on benzene one types: 'Huckel benzene'. This will automatically place all the data in a file benzene.out which can be viewed at any time using the edit command. To print and save the data obtained the windows commands are sufficent.
Assignment:
Using the theory outlined in the handout and by constant referral to the recommended text books the following tasks should be attempted.

Propylene and Cyclopropylene Radicals:

(a). Firstly, perform by hand, showing step by step the correct procedure, the Huckel calculation for a linear hydrocarbon three units long i.e. propylene. Draw up the determinant, showing that it is symmetric about the main diagonal, calculate the roots of the determinant, the energies corresponding to these roots, the molecular orbital and any other piece of information which you feel may be relevant.


Do the same for cyclopropenyl and discuss the results including terms like degeneracy, nodal planes, orthoganality, symmetry etc... Finally compare all the results with the values obtained using the computer.

Delocalised versus Kekule Structure for Benzene:


(b). Draw up the determinant for benzene and solve using computational techniques. Now vary the structure of benzene by introducing radicals, anions and cations and by varying the Kekule structure. Tabulate the variations in the structure with the corresponding determinant which describes it and discuss the various results under the headings: input matrix, energy eigenvalues, eigenvector matrix and bond order.

Heteroatomic Molecules; Pyridine and Pyrrole:


(c). The ability to use a determinant to the describe the structure of a molecule is a fundamental part of Huckel theory. So far however only hydrocarbons have been used. Thus using the tables provided draw up the determinants for pyridine and pyrrole. Care should be taken in deciding what value is designated to the nitrogen molecule. Why?? Discuss the choice of the values and the results provided by the computer. Compare the results obtained with pyridine with the those of section (b).

Polyene Chains:

(d). So far the determinants drawn up have been for small cyclic and linear molecules. However with the computational techniques provided by computers there is virtually no limit to the size of the system which can be modeled. Thus draw up the determinant for a polymer chain twenty units long where all the bonds are taken to be of equal length. This may sound difficult due to the large size but it should be remembered that the procedure is exactly the same. Then using the computer solve the determinant and discuss the results achieved.

Polyene Bands:

(e). If the polyene molecule is allowed to become extremely long, or if a polycyclic aromatic molecule becomes very large, the  energy levels should form bands. This can be proved mathematically and it is found that all the energy levels are between +2 and -2 where  and  are the values of the exchange and overlap integrals respectively. Prove this.

Solitons in Long Chain Polyenes:


(f). Now if the  component of the polyene chain contains an even number of valence electrons but the number of  electrons is odd the molecule is a free radical. Thus there is an unpaired electron which is called a soliton Using Huckel molecular orbital theory interesting features of the polyene chain can be examined. Thus using a polyene chain seventeen units long, draw up the determinant which describes this structure and compute the standard data. Therefore find the energy of the MO containing the unpaired electron, the probability of finding the unpaired electron at a given position 'r' along the chain, given the probability is the square of the LCAO coefficient and the distribution of single and double bonds along the chain.


(g). Now in the last example there was an odd-numbered C chain and the analysis should have shown that there was a more pronounced presence of double bonds at the start and end of the chain. This would suggest that the polyene reverses its phase somewhere in the middle of the chain. It is this region where the interruption occurs that is called a soliton. Electron paramagnetic resonance studies suggest that a polyene chain of several hundred C atoms may contain one or two solitons and that they may migrate along the chain length. Note an even numbered chain of carbon atoms may contain two solitons.


Using this information you should try and localise the soliton on a particular part of the chain by imposing certain conditions on the double and single bonds. This can be achieved by assigning different beta-values to the various types of C-C bonds. For instance double bonds can be given beta values of 1.25, whilst single bonds are given values of 0.75 and intermediate bonds in the area where the soliton causes an interruption in the bond alteration periodicity are given values of 0.85, 0.95, 1.05, 1.15.


 Thus attempt to draw up the determinant for containing the soliton at position 10 of the polyene from (f). Then using computational techniques calculate the energy of the configuration, the distribution of the unpaired electron and the charge distribution, along the chain. Do the same calculation for the soliton at different positions along the chain and compare the results.


(h). Solitons possess spin but no net charge and therefore its migration cannot be responsible for conductivity. However if the soliton is given an overall -1 or +1 charge the motion of the soliton is associated with the diffusion of an electron or of a hole along the chain. These are referred to as negative and positive solitons respectively.


Using carbon chain nine units long calculate the energy profile for the motion of such a charge for all possible configurations of the polyene i.e. the soliton at all C atoms from 1 to 9. Then using an Arrhenius expression calculate the energy barrier to the electron hopping motion and draw a comparison up for the different temperatures.


Firstly by treating only the electrons explicitly one can minimize the -electron energy independently of electrons. This approximation can be viewed as one which has the  electrons moving in a potential field due to the nuclei and a  core, which is assumed to be frozen as the  electrons move about. This allows the full Hamiltonian to be separated into Hel and Hnuc parts and we can write

Etot = Eel + Enuc
Thus we can ignore the nuclear component and concentrate solely on the electronic part.


Another approximation made is that the wavefunction,  is a product of one-electron functions and that the Hamiltonian H is a sum of one electron operators. This means that the electrons are being treated as though they are independent of each other. This cannot be true as electrons in fact interact strongly, however this and the first approximation can be accounted for implicitly as a detailed description of the one-electron Hamiltonian operator is never actually needed.


Therefore utilizing the approximations above, and by further developing the theory to a symmetrical level, one can ignore the s-type atomic orbitals and concentrate on the p-orbitals. This highlights the choice of the 2p atomic orbitals, due to their anti-symmetric nature, to be used as the basis set of the system, allowing the molecular orbitals, which are calculated by Huckel theory, to be a linear combination of the atomic orbitals.


Once the theory outlined above is properly understood, the procedure necessary to draw the Huckel determinant needed for each individual calculation must be studied. Initially the number of atoms which contribute a 2p orbital are counted up and these correspond to the basis of the system. Thus, using any unsaturated hydrocarbon as an example, the size of the determinant is equal to the number of carbon atoms, for instance for an allyl radical we need a 3x3 determinant.
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