Molecular Mechanics Modeling of Organic Structures
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Molecular Models
The molecular model kits that are used in organic class are very useful for visualizing chemical structures and for giving qualitative information about the molecule, like steric hindrance.
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But such a model only gives qualitative information.  Molecular mechanics models are a different type of "Model Kit", which in conjunction with a computer can give quantitative information.  The model uses a computer to calculate physical properties of molecules based on a molecular orbital picture of the chemical bond.  In the last 30 years, primarily because of the pioneering work of Norman Allinger who developed molecular mechanics.  This technology has allowed us to predict the products of chemical reactions, create new reactions, and design new and more effective drug molecules.   The molecule at the top of the page is a early precursor to the one of the anti HIV drugs known as Proteases inhibitors developed by Abbot Laboratories, Inc.  Molecular modeling has been instrumental understanding the shapes that drug molecules take on, and how make new molecules  

Structure and Energy

The structure or geometry of a molecule is usually described in terms bond distances, bond angles, and dihedral angles.  This set of distances and angles form a set of internal coordinates which describe the position of all of the atoms in the molecule and hence define the molecular structure.  The energy associated with a particular molecular structure determines much of the chemistry of that molecule.

The total energy of molecule, including all forms of kinetic motion (translation, vibration, and rotation) and all forms of potential energy (electrostatic interaction between changes, magnetic interactions between spinning charges, and potential energy of bonds), determines the reactivity and stability of a molecule.  For example, the familiar reaction coordinate diagram, which indicates how the total energy changes as a reaction progresses.
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The energy minimums and energy barriers are responsible for the reactivity and stability of the molecules participating in the reaction.  Note: The reactants and products are at total energy minimums.   Also note, in this example the products are in the lowest or global minimum.  The transition state is at an energy maximum.  The difference in energy between the doted lines on this diagram tells us something about the kinetics of this reaction (reactivity) and the thermodynamics of this reaction (stability).  If we could quantitatively predict the differences in energy represented by the dotted lines we would have a way to predict the reactivity and stability of a molecule.  There have been two theoretical approaches to this problem: Molecular Mechanics which is based on a ball a spring model for molecules and Quantum Mechanics which is based on Schrödinger's wave mechanics.  The following is a brief over view of the Molecular Mechanics model.

Molecular Mechanics

This is a classical "ball and spring" model of the chemical bond using Hook's law to describe the energy of stretching the spring and Newton’s equations of motion to describe the vibration of the bond.
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The constant k is called a force constant.  The restoring force of the spring and the energy contained in the spring are proportional to the force constant.  Mathematically the force constant is the second derivative of the energy about an energy minimum. The force constant determines the stiffness of the spring and therefore the strength of the bond that is represented by the spring.  The force constant is an empirical constant picked to give the same vibrational frequency as experimental IR spectroscopy. The characteristic vibrational frequency of a spring is given by:

 =  EQ \f(1,2π) \r(\f(k,µ)) 
The vibrational frequency  is proportional to the square root of the force constant and inversely proportional to the reduced mass of the atoms that are bonded together.  The force constants are characteristic of the type of bonds that are formed.  For example the carbon-carbon single bond vibrational frequency of  4.815 x 1013 Hz or 1605 cm-1 corresponds to a force constant of 912 N/m,  while a carbon-carbon double bond vibrational frequency of 6.459 x 1014 Hz or 2153 cm-1 corresponds to a force constant of 1641 N/m.  The springs that hold molecules together are very stiff and the vibrational frequencies are very high.

The set of all the force constants describing the bonds of a molecule defines what is called a "Force Field".  There are many tabulated sets of force constants that describe the bonds between the second period atoms.  SPARTAN uses mmff and sybyl "Force Fields".  If we change the position of the atoms relative to each other we are stretching the springs.  We can calculate the energy of this new conformation using the force constants describing the "Force Field" of the molecule.  These force constants within a molecule are broken up into groups (bond, angle, dihedral, and non-bonded) describing how they affect the energy of a molecular conformation.
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Molecular mechanics describes the total energy of a molecule as a sum of contributions arising from distortions in equilibrium bond distances (stretching contribution), bond angles (bending contribution), and dihedral angles (torsion contribution), together with contributions due to "non-bonded" interactions.

Etotal =  EQ \i\su(i,bonds,E\s(stretch,i))  +  EQ \i\su(i,bond angles,E\s(bend,i))  +  EQ \i\su(i,dihedral angles,E\s(torsion,i))  +  EQ \i\su(i,non-bonded atoms,\s( , ))\i\su(j, ,E\s(non-bonded,ij)) 
The stretch, bend, and torsion energy represents the energy stored in the bonds of the molecule, while the non-bonded energy represents the steric attraction an repulsion between atoms that are separated by three or more bonds.  The two major terms contributing to the non-bonded interactions are van der Waals terms and electrostatic terms.  The VDW interactions are represented as a twelfth order repulsive and a sixth order attractive term.
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	E EQ \s(VDW,ij)  = ij EQ \b( (\f(rijo,rij))\s(12, ) - 2 (\f(rijo,rij))\s(6, )) 
rijo is the distance at the minimum

      (rijo = riio + rjjo)

ij  is the energy at the minimum

      (ij = (ii jj)1/2)

 = 2-1/6 rijo  is the van der Waals radius


This combination produces a very steep energy barrier at the van der Waal’s radius of the atom and a shallow energy well at larger separations.  This model accounts for the inherent steric size of atoms as well as the weak attractive forces between atoms at larger separation.  These weak van der Waal’s attractive forces are responsible for the condensation of a gas into liquids and the van der Waal’s radii are used in space filling models of molecules to represent the sizes of the various atoms in the molecule.  When two atoms are forced closer than their van der Waal radii large steric repulsions occur.

Structure Searching


Once the total energy of a molecule is defined in terms of its internal coordinates we can find those coordinates which give the lowest energy (minimization).  The minimum energy conformation determines all of the bond angles, lengths, and dihedral angles of the molecule, as well as, the relative energy between different conformations.  But not all structures which minimize the strain energy of a molecule represent the lowest or global minimum.  For example there are several staggered structures of butane:
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In Spartan a minimum energy structure is called the equilibrium geometry but often it is only a local minimum.  Molecular modeling programs allow you to rotate groups around a single bond in flexible molecules.  This process is called a conformation searching.  Conformer searches allow one to explore molecules for global molecular minimums and the relative energy difference between conformations.

A related procedure to conformation searching is finding a transition state between reactants and products.  Unlike ground state molecules, where reasonable valence structures can be guessed using Lewis structures, the structure of transition states is not a straightforward process based on simple models of the bond.  The transition state is at an energy saddle point rather than at an energy minimum.  Using molecular mechanics one can search for the maximum energy state along a path that connects reactants to products.  Once the transition state is found, it can be verified by its vibrational characteristics.
The distinction between a stable state of the molecule and the transition states is the presence of one vibrational mode that is unstable.  This vibration has an imaginary vibration frequency because the force constant is negative.  This unstable vibration moves the transition state molecule over the energy pass towards products.  A complete analysis of all the vibrations of a structure is called a normal mode analysis.  Normal mode analysis tells us about the stability of the molecule, as well as, the internal disorder or entropy of the a molecule.  Experimentally each normal mode is characterized by a specific vibrational frequency that can be measured by the absorption of Infrared radiation.
Molecular dynamics

Molecular dynamics is the study of the motions of molecules.  Normal mode analysis is one example of a dynamic analysis.  The dynamic motions of a molecule can be determined from the total energy of a molecule.  For example, a simple diatomic molecule like carbon monoxide would have a total energy given by Hook's law.

E(r) =  EQ \f(1,2)  k(r - ro)2   leads to bonding force given byF(r) = -  EQ \f(dE,dr)  = -k (r - ro)

The derivative of the energy determines the forces on the atoms.  Once the forces are known then Newton's laws (F = m a) of motion can be solved to find out how the molecule moves.

To complete our example of carbon monoxide by defining a new coordinate x that is the displacement from the equilibrium bond length (x  and a reduced mass (µ) which is the effective mass of our vibrating diatomic molecule. 

x = r - ro  and µ =  EQ \f(mC mO,mC + mO)  
Newton's equations for this system would be the same as for a mass µ hanging from a spring with force constant k.

F = µ a  = - k x   or    a =  EQ \f(d2x,dt2)  = -  EQ \f(k,µ)  x

We have all experienced simple harmonic oscillation of a mass on a spring.  The solution to this equation is simple periodic motion  x(t) = xo cos(t).  Taking the second derivative of x(t) gives -2 x(t).  Which will be a solution to the above equation if 

 =  EQ \r(\f(k,µ))  in radians/sec   or     =  EQ \f(1,2p)  EQ \r(\f(k,µ))   in 1/sec or Hz.

So carbon monoxide will vibrate with a characteristic frequency in radians per second

More complex molecules than a diatomic molecule will vibrate with a variety of motions and frequencies. These vibrations are called the normal modes of vibration of the molecule.  If N is the number of atoms in the molecule there will be 3N-6 normal modes of vibration for a non-linear molecule and 3N-5  for a linear molecule.  Finding all the vibrations that a molecule undergoes is called normal mode analysis. Once a complete set of normal modes has been determined the methods of statistical mechanics can be used to calculate thermodynamic properties of the molecule such as its entropy. A normal mode analysis will tell you about the stability of a molecule, as well as, give you information about molecular thermodynamic properties.  Checking the frequency box in Spartan will allow you to find all the normal mode frequencies of a molecule and checking the thermodynamics box will generate thermodynamic properties from the normal modes.

Summary

In summary, the molecular mechanics approach is a very useful molecular "modeling kit"  which gives the structures and energies of different molecular conformations.  The molecular mechanics method gives very accurate results as long as the bonds in the molecule are similar to the bonds described by the force field set.   The molecular mechanics approach has some limitations.  First, one should always be careful to not misinterpret a local minimum as a global minimum structure.  Second, the molecular mechanics approach does not handle electronic effects such as bond breaking, changes in conjugation or the changes in spin state that are so important for the structure of organic molecules and transition metal complexes.

Windows Spartan

Spartan is a full molecular mechanics and quantum mechanics package that runs on windows and unix based computers

The steps needed to run a calculation are the following:

1. Start up Spartan 02 using the Start/Programs button

2. Build the molecule by selecting File/New [ example Acrylonitrile H2C=CH(C≡N) ]

· Select an atomic fragment for a sp2 hybridized carbon >C=

· Place the fragment on the screen by clicking on the screen. Rotate the fragment ( drag the mouse while holding down the left button) so you can see the free double valence(=).

· Click again on the free double valance to connect the two fragments by a double bond and form ethylene.

· Select a Cyano fragment from the Groups menu and attach it to one of the free single valences on ethylene.  You could also build the Cyano fragment using -C≡ and ≡N fragments.

· Check your structure.  Atoms may be deleted using Build/Delete or ( icon in the toolbar. Additional bonds can be made using Build/Make Bond or  EQ \o(o , o) icon in the toolbar. Or bonds removed using Build/Break Bond or % icon in the toolbar.

· Select Minimize from the Build menu (or click on the E icon in the Build toolbar) to find a minimum energy structure.

· Note: Spartan automatically adds hydrogen to all remaining free valences. This is a useful feature if you are an organic chemist but not so useful if you are an inorganic chemist.  To specify unusual valances found in inorganic complexes use the Expert tab rather than the Entry tab to build your molecule.

· You are done building the molecule. Select View from the Build menu ( or click on the V icon in the toolbar) to see a ball-and-spoke model of acrylonitrile.

· If you do not like the conformation of your structure. You can use Measure Distance from the Geometry menu (or click on <-?-> icon in the toolbar) to set the bond length, bond angle, or dihedral angles to specific values.  After selecting two atoms, just type in the new bond distance into the measurement box and press return.

· Setup the type of calculation using the Setup/Calculations menu.

· Choose a task (single point energy, equilibrium geometry, transition state geometry, equilibrium conformer, conformer distribution, and energy profile)

· Choose a state (ground or excited)

· Choose a method (molecular mechanics, semi-empirical, Hartree-Fock, density functional, Moller Plesset perturbation theory)

· Choose a basis set for example 6-31g* if you are using any method other than molecular mechanics or semi-empirical methods.

· Choose the total charge on the molecule and its spin multiplicity (n+1  where n is the number of unpaired electrons in the molecule will be the state of maximum multiplicity: singlet (n=0), doublet (n=1), triplet (n=2)).

· Check properties to compute (E.Sol, LogP, Freq., Elect Charges) and the type of print out (orbitals&energies, thermodynamics, vibrational modes, atomic charges)

· If you are having convergence problems check Converge. Checking converge will increase computation time.

· Additional options may be typed into the options box, for example Temperature=# where # is the temperature to be used in a thermodynamic calculation.

· When you are finished click on OK.

3. Save your molecule and method using the File/Save menu. Type a name for the file, for example acrylonitrile_6-31g.  Spartan will create a directory with this name and save all of your results there.

4. Finally, select Submit from the Setup menu to start your calculation

· Type a name for the file to save the results to, for example acrylonitrile_6-31g.

· You will me notified that the calculation has started.  Press the OK button to remove the message. 

· You can check on the status of long jobs by using Options/Monitor menu.

· When the job is complete you will be notified by a dialog box.  Click OK to remove the message and select Display/Output to see your results.

Window Two Button Mouse

	Action
	Keyboard
	Left
	Right

	
Clicking
	
	Picking
	

	
	Shift Key
	Range picking
	

	
	Control Key
	Multiple picking
	

	
	Alt Key
	Group picking
	

	
	
	
	

	
Dragging
	
	x/y rotate
	x/y translate

	
	Shift Key
	Z rotate
	Scaling

	
	Control key
	Global x/y rotate
	Global x/y translate

	
	Control key (Build)
	Fragment x/y rotate
	Fragment x/y translate

	
	Alt key
	Bond rotation
	Bond Stretching
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