SPECTROSCOPY AND PHOTOCHEMISTRY'.
MOLECULAR ORBITAL CALCULATIONS

by J.C. de Paula

1. PURPOSE OF THE EXPERIMENT

This project will aso introduce you to the use of computers to modd molecular properties. In particular, you will
investigate the dectronic structure of polyenes and porphyrins and will learn how to use results of molecular
orbital caculations to predict the (qualitative) spectroscopic properties of molecules.

2. A BRIEF TOUR OF COMPUTATIONAL CHEMISTRY METHODS

It is now possble to predict the dructure and reactivity of smdl and large molecules with computers.
Computationa chemigs often work very closdy with experimentd chemidts to develop better theoreticd tools
with better predictive power. The synergy between theory and experiment is very important: it is often the case
that a computer model may explain a puzzling experimentd result. In the pharmaceutica industry, computationa
chemigts are often asked to predict the structura festures that lead to an efficient drug by considering the nature of
a receptor dte. Then, organic chemids synthesize the proposed molecules, which are in turn tested by
biochemids for efficiency. The process is often iterative, with experimenta results feeding back into the
cadculations, which in turn generate new proposas for efficient molecules, and so on. Asaresult, computer-aided
molecular modding is atool with which every well-educated chemist should be acquainted.

Molecular models are mathematica entities generated via the gpplication of the laws of physics to chemicd
sysems. The chemig is often asked to choose between classcd and quantum mechanical models.

Molecular mechanics and molecular dynamics methods use Newtonian mechanics. The moleculeisssenasa
collection of hard spheres (the nuclei) connected by flexible springs (the chemica bonds). Electrons are not taken
into account explicitly and, as a result, thermochemica properties such as the heat of formation, DH?, cannot be
caculated. The preferred structure of amoleculeis obtained by minimizing the so-called steric energy, which is
a measure of geric repulson between spheres or between springs.  Therefore, these classcd modds are only
useful for comparing conformationa isomers of a given molecule. Molecular mechanics and dynamics are very
fast methods that use minima computer resources. They are dill viable tools for the study of very large molecules
such as proteins and nucleic acids.

Quantum mechanicd models are generated via semi-empirical or ab initio methods. They solve the
Schrodinger equation for the entire molecule by making different gpproximations.  Semi-empirica methods (such
asthe AM1, PM3, and MNDO methods) make use of experimental data to characterize mathematically atoms of
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different elements. The results are relidble to the extent that these parameters do not change from molecule to
molecule and to the extent that the experimenta data are reliable. Ab initio methods do not depend on empirical
parameters. Much of the work in developing these methods comes from developing appropriate mathematical
forms for the atomic orbitas of different eements. The god is to generate molecular structures that agree with
experiment.

Because the dectronic dructure of the compound is cdculated explicitly, quantum mechanicd methods lead to
reasonable predictions of dructure and thermochemica properties.  Semi-empiricd methods are a bit less
accurate than but are faster than ab initio methods. When used judicioudy, semi-empirical methods (e.g., AM1
and MNDO) can give great indgght into structure and reactivity of even moderately large molecules. We will use
the AM1 and MNDO semi-empirical methods and (occasiondly) the 3-21G &b initio method in this course
because they are relatively fast and verstile.

Chemigts and computer scientists are congtantly working on new molecular modeling methods.  For example,
hybrid methods that teke advantage of the best features of classcd and quantum mechanica methods are
currently being developed to increase the accuracy and speed of smulations of large molecules such as proteins.
At the same time, computers are getting faster and better. There are dready prototype virtud redity sysems that
dlow chemids to manipulate (literdly) molecules in a three-dimensiond virtua molecular environment.  Indeed,
computationa chemigtry isafield with agresat futurel

3. PREDICTING THERMODYNAMIC AND KINETIC PROPERTIES FROM
MOLECULAR MODELS

Although we will not investigate thermodynamic and kinetic properties in these experiments, it is useful to know
how molecular modding can be used to predict such important reaction parameters as enthdpy changes,
equilibrium congants, and rate condtants.  Semi-empirical methods can calculate the heat of formation of a
molecule directly, often in units of kca/mol. As areault, the enthalpy changes of reactions may aso be predicted
by subtracting the total enthalpy contribution due to reactants from the total enthalpy contribution due to products.
Ab initio methods caculae the total energy: the energy of a hypothetical reaction that forms a molecule from a
collection of nuclel and dectrons. Tota energies are always negative and are expressed in atomic units (au.).
The converson factors are:

lau = 627.5kcd/mol = 2625 kJmol (@D}
The energy change of areaction may be caculated as.

DEreaction = Eproduc’(l + Eproduct2 + .. - Ereactentl - Ereactantz T e (2)

It isdso possible to estimate the equilibrium congtant, K, of reactions according to the following procedures.
Firg, we expressK in terms of the standard free energy change DGreaction:

K = exp (-DGredio/RT) ©)
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where R isthe gas congtant and T is the absolute temperature. At room temperature (298 K) and for DGiexion IN
au., we have:

K = exp (-1060 DGrexiion) 4
In turn, DGextion IS given by:

DGreaction = DHhreaction = TDSreaction ®)
For reactions where the change in entropy may be neglected and where DH eqction » DEreaction, WE Can write:

K = exp (-1060 DExion) (6)
Totd energies may be used to caculate energies of activation of reactions:

DE" = Eyanstion sete — Erenctantt — Breactaniz = -+ -+ (7
Once DE' is calculated, the rate constant, Kreion, OF the reaction may be estimated by using the Eyring equation:

Kieection » (Ke T/h)[exp(-DE'/RT) (8)
where kg Boltzmann’s constant and h is Planck’ s constant. At room temperature and for DE in a.u., we have:

Kreection = 6.2 X 10" exp(-1060 DEY) (9)

4. PROCEDURES

You will use one of the molecular modding programs PC Spartan (Plus and Pro), which are ingdled on the
computers in the Chemistry Department’s Molecular Modeling Laboratory (Stokes 215). PC Spartan Pro and
PC Spartan Plus may aso be downloaded to other computers from the Haverford College network to other
computers.

Spartan is a very flexible program that dlows you to draw the molecule on the screen, generate the preferred
Sructure via computation, and then visudize the results in a number of ways. For example, you may look at ball-
and-stick models to get a sense of the genera placement of the bonds and nucle, or you may generate electron
dengty maps, which give you a sense of how the eectrons are distributed in the molecule. Among the properties
you may cdculate are.  the heat of formation, the dipole moment, the energies of molecular orbitas, forma
charges, dectrogtatic potentids, etc.

Getting acquainted with the software. You will work in groups of two. In the lab, you will find severd copies
of the fallowing:

1 Among the many reactions that meet these criteria are gas phase reactions where the number of moles of gas
molecules does not change.
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“PC Spartan Tutorial and User’s Guide’
“A Laboratory Book of Computational Organic Chemistry” by W.J. Hehre, A.J. Shusterman, and
W. Wayne Huang.

You may not remove these books from Stokes 215. Whenever in doubt, consult the User's Guide for
information about menu options, running calculations, and displaying results. Or, ask the ingtructor.

Guiddinesfor MO calculations with Spartan.

Draw the molecule (start by opening a new file) and minimize its energy (by clicking on button with E and a
down arrow) in the Builder.
Open the Setup menu and choose Calculation.
Set up a Geometry Optimization (by choosing “ Equilibrium Geometry”) at the gppropriate leve (eg.,
semiempirica AM1, semiempiricdl MNDO, or Hartree-Fock 3-21G* level). Check “Orbitdsand
Energies’ next to Print. Click OK.
Open the Setup menu again and choose Surfaces.
Set up caculation of the required number of HOMO-x, HOMO, LUMO, and LUMO+x surfaces.
Open the Setup menu and click on Submit. Save your file when prompted to do so to your own folder on the
disk. IF YOU SAVE IT TO THE DEFAULT FOLDER, OTHER GROUPS MAY ACCIDENTALLY
VIEW YOUR RESULTS. THISISNOT ALLOWED UNDER THE RULES OF THIS ASSIGNMENT.
When the calculation is done, choose Display, then Surfaces.
Add the surface you wish to visuaize and click OK.
To view another surface, you must first desdlect the current surface, and then add the new surface in the
Display Surfaces didog box.
In order to obtain the MO energies, you must display the numerical output of the calculation. Choose
Display, then Output. A window displaying numerica data should appear. If it does not, it may be because
the output fileistoo long. Inthiscase, open the output file with Word. The output fileis atext file that is
saved to the same folder where you saved your molecule data.
To find the HOMO and LUMO in the output file, follow these procedures:
- Near thetop of thefile, find the number of eectrons that were used in the caculation.
Divide this number by 2, since there can be no more than two electrons per orbitd.
The result isthe orbital number that corresponds to the HOMO.
The LUMO isthe next orbitd in the order.
The energy of each MO isunder “egenvaues’ and is given in aomic units.
Alternatively, go to the end of the output file to find the orbital numbers for the HOM Os and the
LUMOs. Then go up in the output file to find the energies of these orbitals.

Electronic structure of polyenes. Linear polyenes, of which b-carotene (shown below) is an example, are
important biological co-factors that participate in processes as diverse as vison, photosynthesis, and protection
agang harmful biologicd oxidations. When b-caroteneis oxidized in vivo, it bresks down in haf and forms two
molecules of retind (vitamin A), which is a precursor to the visua pigment in rhodopsin.
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Let us gain someingght into the modulation of spectroscopic properties by structurein linear polyenes by solving
the following problems:

a. Optimize the structures, visudize the HOMO and LUMO, and calculate the HOMO-LUMO gaps for the
following molecules. (i) ethene; (i) 1,3-butadiene; and (iii) 1,3,5-hexatriene. Usethe AM1 or 3-21G* (if
your computer is fast) method.

b. For each molecule, count the number of bonding interactions and antibonding interactions in the HOMO.
Which HOMO's (if any) are “pure’ bonding orbitals? Which HOMO's (if any) are non-bonding (equal
number of bonding and antibonding interactions)? What effect does the extent of conjugation have on the
HOMO energy?

C. Repeat the andysis of part (b), but now focus on the LUMO's.

d. From your results, make the appropriate choices below:

“For linear polyenes, the electronic absorption spectrum shifts to the (blue/red) as the number of p
electrons (increases/decreases) and as the length of the conjugated system (increases/decreases).”

Electronic structure of porphyrins. The porphine dianion, shown below, is a tetra-pyrrole macrocycle that
forms the core of many important biologicad molecules, such as the heme group and chlorophylls. The four
pyrrole nitrogens form a cavity into which meta ions can bind (by coordinate-covaent bonds between the metal
and the nitrogens); these are the so-cdled metalloporphines or metaloporphyrins.  Alternatively, protons may
bind to the negatively charged nitrogens, forming the so-called free-base porphyrins.

Martin Gouterman, of the University of Washington, proposed (in the 1960’ s) that the pectroscopic properties
of porphine dianion, free-base porphine, and metalo-porphines may be understood at least quditatively by
congdering four orbitals: the HOMO-1, HOMO, LUMO, and LUMO+1 orbitals. The first two are occupied
and nearly degenerate and the last two are unoccupied and degenerate when the macrocycle is perfectly square
planar (e.g., the porphine dianion and metalloporphines where the metd is right at the center of the cavity). Let
us investigate Gouterman’ s four-orbital mode!.
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Optimize the geometry of free-base porphine a the MNDO leve. (The free base is formed by putting H
atoms on two opposite nitrogen atoms (where the negative charges are in the figure).

Visualize the HOMO-1, HOMO, LUMO, and LUMO+1 orbitals and calculate the HOMO-1-HOMO,
HOMO-1-LUMO and HOMO-LUMO gaps.

Now replace each of the hydrogens at the meso carbons (the carbons that bridge adjacent pyrrole groups)
with fluorine atoms and repeat steps (a) and (b). Did the shape of the orbitas change? How did the energy
gaps between orhitas change? Based on the shapes of the orbitals, can you rationalize why the gaps changed
in the way that they did? Does the absorption spectrum of free-base porphine occur to the red or to the blue
of the absorption spectrum of fluorinated free-base porphine?

Now replace each of the hydrogens at the meso carbons with methyl groups and repesat steps (a) through (C).
Now replace each of the hydrogens at the meso carbons with cyano groups and repeat steps (a) through ().
Based on your work so far, discuss the effect of dectron-withdrawing and eectron-donating meso
subgtituents on the eectronic absorption spectra of free-base porphine. In your discusson, enumerate the
effects and discuss their origins in the context of the Gouterman four-orbital modd.

THE LABORATORY REPORT

The laboratory report for this project is due on Feb 1, 2001. Each group should submit one report, to

which each member of the group has contributed equally. The abbreviated report should consist of:

A title followed by the name(s) of the student(s) who completed the experiment.

A Results section, where you tabulate the data for each experiment. 'Y ou may aso choose to include
print-outs of structures. However, include structures only if you believe that they are required to
drengthen your arguments in the Discussion section. Please give a title and a number to each table.
Also, please number and caption each figure.

A Discussion section, where you answer the questions posed above for each experiment.
Acknowledgments and References, if needed.
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