Molecular Mec hanics

C. David Sherrill
Sdool of Chemistry and Biochemistry
Georgialnstitute of Tedinology

January 2001

Intro duction

Molecular Mechanicsusesclassicaltype modelsto predict the energyof a moleculeasa function of
its conformation (or nuclearcon guration, R). This allowsoneto predict relative energiesbetween
di®erern conformations or between di®erert molecules,as well as equilibrium geometriesand
transition states,which correspnd to potential energysurfacelocal minima and rst-order saddle
points. This family of methods usesTaylor and Fourier seriestype expansionsand additional
terms, all of which involve empirically tted parameters. The computational cost of molecular
medanicsis the lowest of any detailed computational chemistry method.

Recall the ro-vibrational energylevels of a diatomic are given by
1 1 1
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This givesthe ro-vibrational energy as a function of se\eral parameters(the spectrosmpic con-
stants Re, %, %eXe, Be, De, ®:, Ygo) and quartum numbers (v, J). High-resolution spectra can
be 't to sudt expressiongo deducethe spectroscopicconstarts.

Molecular medanicsstarts with much simpler (classical)expressiondor the energyasa func-
tion of nuclear coordinates, and appliesto ground statesonly (doesnot directly accoun for elec-
tronic, vibrational, or rotational excitation, although the atoms can be given initial velocities).
In a classicalpicture, there are no special quartized energylevelsv and J, and we go badk to a
Taylor-seriesexpansionof the potential energyasa function of nuclearcoordinates. For a diatomic
molecule,we have simply:
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wherewe have already identi ed the secondderivative at R = R asthe harmonic oscillator force
constart k, and the third derivative would be related to the anharmonic constart ! ¢Xe (which

E(R) = UR) + G- (Ri R+ Ri RP+oe  (2)



includesa fourth-derivative term, also). The derivativescould therefore be treated as parameters
which could be found by experimert:

E(R) = ka(Ri Re)*+ ka(Ri Re)’+ ¢¢ ®3)

where the rst derivative term drops out becausethe expansionis about R = R, where the
gradiert is zero,and the arbitrary zeroof energyU(Re) hasbeensetto zero. The constarts 1=n!
have beenabsorked into the k,, constarts.

Of course, nding parameterslike k,, k3, Re from experiment is uselessfor modeling the
diatomic! The central idea of molecular mechanicsis that theseconstants are transferrable to
other molecules. Most C{H bond lengths are 1.06to 1.10 A in just about any molecule,with
stretching frequenciesetween2900and 3300cmi 1. This meansa C{H bond hasa similar R, and
o, for any molecule. This strategy is re ned by considering,e.qg.,sp> carbonsasdi®eren from sp?
carbons. Someexampleatom typesare givenin Fig. 1.

Molecularmedanicsexpressethe total energyasa sumof Taylor seriesexpansiondor stretches
for every pair of bondedatoms, and addsadditional potential energyterms comingfrom bending
torsional enemgy, van der Waals enemgy, electrostatics and crossterms:

E= Estr + Ebend+ Etors+ Evdw + EeI + Ecross: (4)

By separatingout the van der Waals and electrostatic terms, molecular medanics attempts
to make the remaining constarts more transferrable among moleculesthan they would be in a
spectroscopicforce eld.

History

2 D. H. Andrews (Phys. Rev. 1930) proposed extending spectroscopicforce eld ideasto
doing molecular medanics

2 F. H. Westheimer(1940) performedthe only molecularmedanicscalculation done by hand
to determinethe transition state of a tetrasubstituted biphenyl

2 Censusbureaureceies rst commercialsupercomputer (1950)
2 J. B. Hendrickson (1961) performs conformational analysisof larger than 6 menberedrings

2 K. B. Wiberg (1965) publishes rst geneal molecular medanicstype program with ability
to nd energyminimum

2 N. L. Allinger [Adv. Phys. Org. Chem. 13, 1 (1976)] publishesthe rst (MML1) in a series
of highly popular force elds; the second,MM2, followsin 1977

2 Many other force eld methods have beendeweloped over the years



Figure 1: Atom Typesfor MM2

Table 2.1 MM2(91) atom types
Type Symbol Description Type Symbol Description
I C sp>-carbon 28 H  enol or amide
2 C sp2-carbon, alkene 48 H  ammonium
3 C sp2-carbon, carbonyl, imine 36 D deuterium
4 C sp-carbon 20 Ip lone pair
22 C cyclopropane 15 S sulfide (R,S)
29 C radical 16 S+  sulfonium (R;S™)
30 C+ carbocation 17 S sulfoxide (R,SO)
38 C sp>2-carbon, cyclopropene 18 S sulfone (R,S03)
50 C sp>-carbon, aromatic 42 S sp2-sulfur, thiophene
56 C sp*-carbon, cyclobutane 11 F fluoride
57 C sp2-carbon, cyclobutene 12 Cl  chloride
58 C carbonyl, cyclobutanone 13 Br  bromide
67 C carbonyl, cyclopropanone 14 1 iodide
68 C carbonyl, ketene 26 B boron, trigonal
71 C ketonium carbon 27 B boron, tetrahedral
8 N sp-nitrogen 19 Si  silane
9 N sp2-nitrogen, amide 25 P phosphine (R3P)
10 N sp-nitrogen 60 P phosphor, pentavalent
37 N azo or pyridine (-N=) 51 He  helium
39 N+ sp>-nitrogen, ammonium (R,N*1) 52 Ne neon
40 N spZ2-nitrogen, pyrrole 53 Ar  argon
43 N azoxy (-N=N-0) 54 Kr  krypton
45 N azide, central atom 55 Xe  xenon
46 N nitro (-NO5) 31 Ge  germanium
72 N imine, oxime (=N-) 32 Sn tin
6 0 sp-oxygen 33 Pb  lead (R4Pb)
7 O sp2-oxygen, carbonyl 34 Se  selenium
41 0 sp2-oxygen, furan 35 Te  tellurium
47 o~ carboxylate 59 Mg magnesium
49 O epoxy 61 Fe  iron(ll)
69 0O amine oxide 62 Fe  iron(IIl)
70 (0] ketonium oxygen 63 Ni  nickel(II)
5 H hydrogen, except on N or O 64 Ni  nickel(IIT)
21 H alcohol (OH) 65 Co  cobalt (II)
23 H amine (NH) 66 Co  cobalt (IIT)
24 H carboxyl (COOH)

Note that special atom types are defined for carbon atoms involved in small rings, like cyclopropane and

cyclobutane. The reason for this will be discussed in Section 2.2.2.

From Jensen'sintroduction to Computational Chemistry



Stretc h Energy

The stretching energy has been discussedabove. The stretching potertial for a bond between
atoms A and B is given by the Taylor series

E(R*®) = kS® (R*® | RE®)2+ K§B (R™® | Rp® )3+ ki®(R™® | RA®)* + ¢a¢ (5)

and di®eren force eld methods retain di®erem numbersof terms in this expansion. Suc expan-
sionshave incorrect limiting behavior: at large distances,higher powersof (R*® | RA®) dominate,
leading E(R”®) to goto positive or negative in nit y, depending on the sign of kA8 .

A simple function with correct limiting behavior is the Morse potertial
o J—
E«w(Ri Ro)= D[1j e ¥ZPRiRo2 ©)

where D is the disscciation energy However, this potential givesvery small restoring forcesfor
large R and therefore causesslonv corvergencein geometry optimization. For this reason,the
truncated polynomial expansionis usually preferred. Figure 2 comparesthe exact C{H stretching
potential for CH4 to a Morse potential and to secondand fourth order polynomials.

Bend Energy

Bending energy potentials are usually treated very similarly to stretching potertials; the energy
is assumedo increasequadratically with displacemen of the bond angle from equilibrium.

Evend(H'®C i 145C) = KB (B C | 148 C)? W
An unusualthing happensfor "8 € = 180: the derivative of the potential needsto goto zero.
This is sometimesenforced(Fig. 3).

The potential for moving an atom out of a planeis sometimestreated separatelyfrom bending
(although it also involves bending). An out-of-plane coordinate (either A or d) is displayed in
Fig. 4). The potertial is usually taken quadratic in this out-of-plane bend,

Ebend; oop(AB) = kB (AB)Z: (8)

Torsional Energy

The torsional energyterm attempts to capture someof the steric and electrostatic nonbonded
interactions betweentwo atoms A and D which are connectedthrough an intermediate bond B{C
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Figure 2: Stretching Potential for CH,4 (from Jensen)
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Figure 2.1 The stretch energy for CHy



Figure 3: Bending Potertial for H,O (from Jensen)

Figure 4: Out-of-plane Coordinate (from Jensen)



Figure 5: Torsion Angle (from Jensen)

as A{B{C{D. The torsional angle! (also often denoted¢) is depictedin Fig. 5. It is the angle
betwen the two planesde ned by atoms A, B, and C and by B, C, and D.

The torsional potential is not expandedas a Taylor seriesbecausethe torsional angle can go
far from equilibrium. Fourier seriesare usedinstead:

X
EtOI’S(! AB CD) - VnAB CDCOE(n! AB CD): (9)
n=1

Often this is rewritten to make surethe energyis non-negatiwe, and typically the number of terms
is 3 (bad for inorganic chemistswho needn = 4 for octahedral complexes!):

1 1 1
EtOI’S(! AB CD) - éV:LAB CD [1+ COi! AB CD)]+ éVZAB CD [11 Coqz! AB CD)]+ éVsAB CD [l+ C0i3! AB CD)]:
(10)
For a moleculelike ethylene, rotation about the C=C bond must be periodic by 18, soonly even
termsn = 2;4;::: canoccur. For a moleculelike ethane,only termsn = 3;6;9;::: can occur.

van der Waals Energy

The van der Waals energyarisesfrom the interactions between electron clouds around two non-
bondedatoms. At short range, this interaction is strongly repulsive, while at intermediate range,
the interaction is attractive. AsR ! 1 , the interaction of coursedieso®to zero. The attraction
is due to electron correlation: a °uctuation of the electronson one atom producesa temporary
dipole which inducesa complememary dipole on the other atom. The resulting attractiv e forceis
called a \disp ersion"” or \London" force.

van der Waals energiesare usually computed for atoms which are connectedby no lessthan
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Figure 6: Example Torsional Potentials (from Jensen)



Figure 7: Example Torsional Potential (from Jensen)



two atoms (e.g., 1-4 interactions betweenA and D in A-B-C-D and higher). Interactions betwen
atoms closerthan this are already accouned for by stretching and/or bending terms.

At intermediate to long ranges,the attraction is proportional to 1=R®. At short ranges,the
repulsionis closeto exponertial. Hence,an appropriate model of the van der Waalsinteraction is

E -
ﬁ.
Onetechnical problemwith the above \Buckingham" or \Hill" potertial is that it goesto negative
in nit y for very small R. Sincethe van der Walls interaction is long range, it becomeghe domi-

nant cost of a force- eld computation. It can be speededup substartially by a more economical
expressionthe Lennard-Jonespotertial

Evaw (R"®) = Cel PR j (11)

" #
HRoﬂlz HRO‘HG

Ea(RE)=2 20 12 2 12)

The R/ 12 term is easierto computethan the exponertial becauseno squareroots needto be taken
to get R. It is also possibleto usethe form of a Morse potential with much smaller D and ®
parameters(and a larger Rg) than usedfor stretches. Figure 8 preserns a comparisonof various
van der Waals potertials.

Nonbonded interactions between hydrogen and nitrogen or oxygen are much stronger (1-5
kcal/mol) than normal van der Waalsinteractions (0.1-0.2kcal/mol) and canbe treated by special
hydrogenbonding terms.

Electrostatic Energy

Electrostatic terms descrike the Coulomb interaction betweenatomsA and B with partial charges,
accordingto
A NB

2RAB !

EeI(RAB) =

where 2 is an e®ectie dialectric constart which is 1 in vacuum but higher when there are in-
termediate atoms or solvernt. Usually 2 is picked fairly arbitrarily; higher values or so-called
\distance-dependert dialectrics" (2 = 2,R”B) accoun for \screening" and kill o®the electrostatic
contributions faster, making them easierto compute.

Electrostatic terms are important in, e.g., carbonyls, wherethe carbon has a partial positive
charge and oxygen is partially negative. Hydrogen bonding is also sometimesaccourted for by
partial charges. (Of course,quantum medianically, it is hard to rigorously and unambiguously
de ne an atomic charge).
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Figure 8. Example van der Waals Potertials (from Jensen)

11



A slightly di®eren approad to partial chargesis to considerpolarized bonds as dipoles, and
compute the electrostatic interaction betweenthesedipoles(e.g., MM2 and MM3):

1A1B

Ea(R™) = 2(RAB )3

(cosAj 3cos®,COS®); (14)
where A is the angle betweenthe dipolesand ®, and ®; are the anglesead dipole makes with
the line joining atoms A and B.

Like van der Waals terms, electrostatic terms are typically computed for nonbonded atoms
in a 1,4 relationship or further apart. Like van der Waals interactions, theseare also long range
interactions and dominate the computation time. While the number of bonding interactions
grows linearly with moleculesize,the number of nonbondedinteractions grows quadatically with
moleculesize. The computation time can be reducedby cutting o®the interactions after a certain
distance. The van der Waalsterms die o®relatively quickly (/ R ®) and canbe cut o®around 10
A. The electrostatic terms die o®slover (/ Ri 1, although sometimesfaster in practice), and are
much harder to treat with cuto®s. Economicalcomputation of long-rangeterms is a challenging
researt areawhererecen progresshasbeenmade.

Cross Terms

Crossterms arerequiredto accour for someinteractions a®ectingothers. For example,a strongly
bert H,O moleculebrings the two H atoms closertogether than they would like; this strain can
be partially alleviated by the O{H bondsstretching a little longerthan normal. Hence,the bend
can a®ectthe stretch. This can be modeledby crossterms suc as

h i
Estr=bend = kABC(uABC i pOAB C) (RAB i RQB) + (RBC i Rgc) (15)

Other crossterms might include stretch-stretch, bend-bend, stretch-torsion, bend-torsion, etc.
Force eld modelsvary in what typesof crossterms they use.

Parameterizing from Exp eriment

It is clear that molecular medanics requires many parameters,e.g., R4, k"8, 8C, k"BC,
VABCD “etc. The number of potertial parametersis staggering| assumingthere are 30 atoms
which form bonds with ead other, there are 30°=2 torsional parametersfor eah VB CP term,
or 1 215000 parametersfor V; through V3! Only the 2466 \most useful” torsional parameters
are presen in MM2, meaningthat certain torsions cannot be described. Lack of parametersis
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a seriousdrawbadk of all force eld methods. Someprogramsusea set of \generic" parameters
when the proper onesare unavailable | this canleadto inaccurate results!

Moreover, it can be ditcult to extract the necessaryparametersfrom experimen, especially
becauseexperimert most directly probesmoleculesat their egilibrium geometries.Ab initio elec-
tronic structure methods are being used more commonly to determine someof the parameters.
Unfortunately van der Waals interactions are hard to get reliably from any but the largest ab
initio computations, and are usually t to experimertal data for solidsor liquids instead.

Obtaining parametersfrom experimert is not straightforward, becauseexperimerts measure
subtly di®eren things. For example,di®eren typesof experimerts can give many typesof bond
lengths: ra, rg, ro, 'z, Is, e, C0G

Electron di®raction: Samplesarehit with anelectronbeamin a vacuum,giving a di®raction
pattern which is Fourier tranformed to yield an intensity vs. distanceradial distribution function.
Distancesbetween pairs of atoms can be determined this way. The distance measuredis rg, the
average distance between atoms Older literature (around 1960 and before) useda quartity r,
which is about 0.002A smallerthan r .

X-ray and neutron di®raction: Measuresthe distance betweenthe averageatomic posi-
tions, re, which is not the sameasthe averagedistancebetweenatomsrgy. The di®erencebetween
the two increaseswith increasingtemperature.

He(l) rq= re+ 0:004A
No() rg=re+ 0:005A
RT. rg=re+ 0:007A

Micro wave spectroscopy: Can deducemomerts of inertia from rotational levels (recall
rotational constart B includes|). This only gives three piecesof data; needto use isotopic
substitution to get more information. Yields distancescalledr,.

High-resolution spectroscopy and ab initio theory: Candeducethe equilibrium distance
re, de ned asthe bottom of the potential well. Can alsoget rq, which is the avelagedistane at
absolutezero. Usually rq is very slightly larger than re becausehe potertial is softerto the right.

Molecular medanics methods typically work from rg, but are often basedon other types of
data. Hence,agreemento better than a fewthousandthsof an Angstrom is not possible. Likewise,
it shouldbe remenberedthat abinitio computationswhich provide r. will not exactly match x-ray
or electrondi®raction data, etc.
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Table 1: Averageerrorsin heat of formations (kcal/mol) by MM22

Compound type  Avg error ¢ H;

Hydrocarbons 0.42
Ethers and alcohols 0.50
Carbonyls 0.81
Aliphatic amines 0.46
Aromatic amines 2.90
Silanes 1.08

aTable 2.6 from Jensen'sintr oduction to Computational Chemistry.

Heats of Formation

¢ H¢ is the heat conert relative to the elemerts at standard state at 25° C (g). This is a useful
guartit y for comparingthe energiesof two conformersof a moleculeor two di®eren molecules.

Bond enegy schemesestimate the overall ¢ H; by adding tabulated cortributions from ead
type of bond. This works acceptablywell for strainlesssystems.

Molecular mechanics adds steric energy to the bond/structure incremerts to obtain better
estimatesof ¢ H¢. Ead bond is assigneda ¢ H; value, and corrections are added for larger
groups (functional groups). The force eld energy which represets the steric energy is added
to this. Additionally, to go from bare energiesto erthalpies, one needsto add PV (=RT) and
(1/2) RT for ead translational and rotational degreeof freedom,for an overall erthalpy correction
of 4RT.

The bare molecularmedanicsenergyis not a meaningful quartit y, becausethe zeroof energy
of ead individual term was chosenas zero for convenience. Therefore di®eren moleculeshave
di®eren zerosof energyuntil they are normalizedby corverting to ¢ H; .

In principle, other corrections should be added (but usually aren't): population incremerts
(for low-lying conformers),torsional incremens (for shallov wells), and correctionsfor low (< 7
kcal/mol) barriers other than methyl rotation (already included in group incremen).

The performanceof the MM2 force eld for typical moleculesis given in Table 1. Overall,
theseresults are rather good; however, unusual moleculescan exhibit far larger errors.
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Di®erent Force Field Metho ds

There are many di®eren force eld methods. Someof thesecortain high order terms (e.g., quartic
terms in stretching potentials) and se\eral typesof crossterms. These\Class |" force elds have

higher accuracyand are generally applied to small/medium sized molecules. Examplesinclude
Allinger's MM1-4, EFF, and CFF.

For very large molecules(e.g., proteins), it is not possibleto a®ordClassl level computations.
The force eld methods can be made cheaper by using only quadratic Taylor expansionsand
neglectingcrossterms. This leadsto \Class |I" force eld methods such asAMBER, CHARMM,

GROMOS, etc. Theseforce elds are made even cheaper by consideringCH, units as a single
\CH , atom."

Hybrid Force Field/Electronic  Structure Metho ds

Thesemethods, sud asMorokuma's ONIOM method, treat \unin teresting” parts of the molecule
by force eld methods and \in teresting" parts by high-accuracy electronic structure methods.
This approad is usefulfor systemswhere part of the moleculeis neededat high accuracyor for
which no force eld parametersexist (e.g., metal certers in metalloenzymes). The challenge of
thesemethodsis meshingthe force eld descriptionwith the electronicstructure description. Suc
methods are also called \quantum medanics/molecular medanics” (or QM/MM) methods.
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