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Instructor’s Guide  to 5 slides about Computational Chemistry

I would use this VERY brief introduction to computational chemistry in my inorganic course to preface a computational based assignment.  While one learning goal for such an assignment might be familiarity with WebMO/Gaussian, understanding the background and theory of computational chemistry would generally be beyond the scope of the inorganic course.  However, I certainly want students to have some idea of what they are doing when they perform a calculation (optimization and frequency analysis of metal carbonyls, for example).

There are a multitude of resources on computational chemistry, and computational chemistry in education.  If you are interested in the topic, I might recommend the following resources:

· Computational Chemistry for Chemistry Educators: http://computationalscience.org/ccce/ There are a number of “lectures” on this site as well as labs that more directly explore computational methods.

· Christopher J. Cramer Essentials of Computational Chemistry, John Wiley & Sons (2002)
· D. Young Computational Chemistry: A Practical Guide for Applying Techniques to Real World Problems, John Wiley & Sons (2001)
· David Young's Introduction to Computational Chemistry (http://www.ccl.net/cca/documents/dyoung/topics-orig/compchem.html) 

In the assignments in my course, I use Gaussian03 (http://www.gaussian.com/) and WebMO (http://www.webmo.net/index.html).  

Notes to the slides:
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This is my introduction to the what and why of computational chemistry.  In synthetic chemistry, the tasks are to synthesize compounds, measure their properties, and correlate the properties to the molecular/electronic structure such that new compounds with desired properties can be rationally designed. In synthetic chemistry, you can enter the cycle at any point.  Computational chemistry is similar in that it also seeks to link desired properties with particular structural and/or electronic  moieties.  The computational equivalent of synthesizing a molecule is imputing the geometry.  This is most conveniently done in a graphical user interface (like WebMO) where you build a molecule similar to drawing it in a Chemical Structure Drawing program (like ChemDraw).    This will  often include making some choices to save time.  For example, since computational cost (time!) increases as the number of atoms increases, is it really worth modeling P(tBu)3 or would using PH3 or PMe3 work just as well?  The answer will depend on the circumstances.  How important is the steric bulk?  How similar are the electronic properties?  How accurate of an answer do you need?  How long do you have?

We will use different computational methods to simulate what the properties of the compound would be if we were to measure them.  We might be interested in a variety of properties: geometry, vibrational frequencies, NMR shifts, thermochemical data, etc.  Selecting the appropriate computational method to adequately model the  desired property is also necessary.  A computational chemist then tries to correlate the properties with the structure of the molecule.  This can often most easily be done computationally as it is usually easier to change an atom or group in a computer than figure out how to synthesize a new compound!
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Which method?
* We're using Density Functional Theory (DFT) as it gives us the
most accurate results for transition metals in the least amount of
time. We're using the B3LYP flavor of DFT as it is the most
common one.

Which basis set? Basis sets are approximations of atomic orbitals
+ We will be using LANL2DZ for our calculation as it models the
bonding in transition metal complexes well.

What job type?
* Geometry Optimize + Vibrational Frequencies (for reactants or
products)




There are a number of choices you have to make when you sit down to do a calculation.  The first is what method to use.  There are books and books written about the advantages and disadvantages of particular methods!  For our purposes, Density Functional Theory gives the best answers for the least amount of computational time for inorganic molecules.  So that’s what we’re going to use!  The most common functional (flavor) of DFT in inorganic chemistry is B3LYP.  So we’re going to use that too!  A second choice that must be made is how to approximate the atomic orbitals.  These mathematical functions are called basis sets.  There are also books and books written about basis sets.  The better your basis set, the more accurately particular properties will be modeled, but the longer the calculation will take.  We will use LANL2DZ as the basis set in our calculation as it’s about the lowest level basis set that will give us the correct trends.  In this particular exercise, we will be optimizing the geometry of a number of metal carbonyls and calculating their vibrational frequencies, both to confirm that we have calculated minima, and investigate the CO stretching frequencies.  WebMO has a variety of other default types of jobs (for example, calculating molecular orbitals).
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When you do a calculation, Gaussian is calculating points on the Potential Energy Surface for the molecule in question.  When you are trying to find the structure of a molecule (like a reactant or product) you are trying to find a place where the energy is a minima.  In this case, the first derivative of the wave function (PES) is zero (it’s a stationary point) and the second derivative is positive (it is concave up, or every change results in a higher energy).  When you do a calculation and find a minimum, in might be a local minima or a global minima.  It is difficult to tell which, really.  Chemical intuition helps some.  If you find a maxima or saddle point (a saddle point is a maxima between two minima), you have a stationary point (1st derivative =0, but 2nd derivative <0).  When you do a frequency calculation, you will have one or more imaginary frequencies if you have a maxima.  If you have one imaginary frequency (reported in some places as a negative frequency), you have a Transition State where the reaction coordinate is along the imaginary frequency.  For example, if you were to model an SN​2 reaction, there would be one imaginary frequency corresponding to the entering group coming in and the leaving group departing.
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This slide’s main point is that a geometry optimization in a computational chemistry method is an iterative process.  A scientist starts with an initial guess (sometimes based on chemical intuition, sometimes from a crystal structure).  Gaussian (or the computational program) then calculates the integrals and such involved in approximating the Schrodinger equation with the particular method and basis set chosen.  If a stationary point is found (usually meaning that changing the geometry results in a change in energy below the cutoff values) then you are done!  If not, the program will change the geometry along the geometry coordinate with the steepest slope, and try again.  Starting with a good initial guess, of course, makes this process LOTS faster!

[image: image5.png]Analysis:

Geometry Optimized? Should see something like:

Tem Value Threshold  Converged?
Maximum Force 0000005 0000450 YES
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‘Maximum Displacement 0000012 0001800  YES
RMS Displacement 0000006 0001200  YES

Prodicted change in Energy=-1.586489D-10
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This is just a slide with what you might look for in the raw output file if you wanted to see if the job had finished (converged), and a minima (0 imaginary frequencies).  You can also do it with WebMO (screen shots below).

When a job is complete, it will say “complete” and there will be a magnifying glass to the right of the time.  Click on it.

[image: image6.png]‘WebMO Job Manager

Q- Google

WebMO Job Manager

Status. € ¢ NewJob v | =] Refresh | =) Download v | (% MoveTo v | (3 Delete | % Utiities + | % Logout
awa':nln [ showall +) [ showall ] [showall 4] | showall +] =
webmo
% uniimied =
& uniimited
Ko o s Qimize VDFR9  ono0g 73 conpete 4720
D o a0 Qimze VDFR0- 0n0g 701 Compete 783
- Inbox
%
= B Qimize VB FR0:  0no0g 1538 Conpete 1619
=
o o wn Qimze VDFR1  1mo0g 1547 conpete 2634
=
= Molecular Orbials - 46
3 0 4457 =k 10/19/20082044  Complete - P
0 4456 Optimize +VIbFred-  40/49/200820:42 Complete 25 o

Gaussian sec





You get a picture of the optimized structure:
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[image: image8.png]Typical units in computational programs

Bohr: Atomic unit of Length (a,)
o Equal to the radius of the first Bohr orbit for a hydrogen
atom
0 5.29 x 10-""m (0.0529 nm, 52.9 pm, 0.529 A)

Hartree: Atomic unit of Energy
o Equal to twice the energy of a ground state hydrogen
atom
= 627.51 kcal/mole
= 2625.5 kJ/mole
= 27.211eV
= 219474.6 cm™



You can animate the steps by clicking the filmstrip icon in the top right hand corner of the geometry sequence box.  A good amount of thermodynamic information, etc. is below.

To see if the calculated structure was a minimum, scroll down to look at vibrational modes.  If they’re all positive, you have a minima!  You can animate the frequency by [image: image9.png]iew Job
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clicking on the filmstrip icon.

Scroll down a bit further and you’ll see a fun quote!!!
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Here are some useful conversion factors.  Gaussian reports most things in Hartrees.  You’ll want to convert that to kCals or kJ probably.
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