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The second comparison examines the effect of the Fermi-contact 
approximation on coupling constants obtained using the PCJ-0 basis 
set. Results for 3-bond HH (left) and (combined together) 2 and 
3-bond CH (right) coupling constants are shown below where the 
“full” calculations act as reference. The RMS deviations here, x.x and 
y.y for HH and CH coupling constants, respectively, are smaller than 
the previously mentioned RMS errors referenced to experiment.

Given that the primary objective for calculating coupling constants is 
to identify couplings between pairs of hydrogens that are large enough 
to be observed in a COSY spectrum and those between carbon and 
hydrogen that are large enough to be observed in an HMBC spectrum, 
it is likely conclude that calculations within the framework of the 
Fermi approximation using the PCJ-0 basis set are adequate.* As 
previously mentioned, current generation personal computers allow 
application to molecules with molecular weights on the order of 500 
amu. 

* It is also likely that empirically derived HH and CH coupling constants will be adequate for 
construction of COSY and HMBC spectra.
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CALCULATING COSY AND HMBC SPECTRA

While coupling constants are rarely reported, they are of course required 
to determine splitting patterns in proton spectra and in providing 2D 
spectra, specifically HH coupling constants for COSY spectra and 
CH coupling constants for HMBC spectra, both of which are essential 
tools for assignment of structure. The “raw” experimental data are in 
presented in the form of contour plots, while calculated results are 
given in terms of a series of circles on a 2D plot corresponding to 
large couplings. A large degree of concurrence suggests that they are 
likely to be referring to the same or a very similar molecule whereas 
significant differences signals that something is amiss. 

Two different display modes for calculated COSY and HMBC 
spectra are supported. The first displays all couplings (3JHH for COSY 
and both 2JCH and 3JCH for HMBC) where the absolute value of the 
coupling constant is greater than a set magnitude. These take the form 
of open circles the size of which is independent of the magnitude of 
the coupling constant, but for HMBC the color of which depends on 
whether it is 2 or 3-bond. Rather than displaying the contour plot 
obtained directly from the COSY or HMBC experiment, assigned 
couplings are entered manually. Matching calculated and experimental 
data (that is, involving the same atoms) can be “linked” with ellipses 
drawn connecting the circles and crosses. The second mode, applicable 
only where experimental data have been provided, displays only 
calculated couplings for which an experimental coupling has been 
provided. As it is much less crowded (depending on the threshold set 
for displaying calculated couplings), it is likely to be the more useful 
of the two in trying to see if calculated and experimental HMBC 
spectra closely match.



582	 Appendix A

Atomic and Molecular Orbitals

Chemists have developed a variety of methods for describing electrons 
in molecules. Lewis structures are the most familiar. These drawings 
assign pairs of electrons either to single atoms (lone pairs) or pairs 
of atoms (bonds)*. The quantum mechanical equivalents are atomic 
and molecular orbitals which arise from solution of (approximate) 
Schrödinger equations for atoms and molecules, respectively. 
Molecular orbitals are spread throughout the entire molecule, that 
is, they are delocalized.** Because of this, they are typically more 
difficult to interpret than Lewis structures.

Orbital Surfaces 

Molecular orbitals may be able to provide important clues about 
chemical reactivity, but before we can use this information we first 
need to understand the fundamentals for very simple molecules. The 
following figure shows two representations, a hand drawing and 
a Spartan-generated image of an unoccupied molecular orbital of 
hydrogen molecule, H2.

H H

unoccupied molecular orbital in hydrogen

Open hydrogen empty in the topics directory. Note that except for the 
colors (sign of the orbital) the two sides of the graphic are identical. The 
junction between red and blue regions is where the value of the orbital 
is zero. Close hydrogen empty when you are finished.

The familiar hand drawing shows the orbital as two circles and a 
dashed line. The circles identify regions where the orbital takes on a 

* The present discussion is limited to molecules in which all electrons are paired. Molecules 
with one or more unpaired electrons (radicals, triplet states, etc.) may also be treated.

** Is it possible to localize molecular orbitals such that they correspond more closely to 
conventional Lewis structures. Because this is costly in terms of computation and to some 
extent "ill defined" (the need to specify what conditions are to be met) localization is only 
rarely performed.
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significant value, either positive (shaded) or negative (unshaded). The 
dashed line identifies locations where the orbital’s value is exactly 
zero (a node). The drawing is useful, but it is also limited. We only 
obtain information about the orbital in two dimensions, and we only 
learn the location of significant regions and not how the orbital builds 
and decays inside and outside of these regions.

The Spartan-generated image depicts the same orbital as a surface 
of constant value. The surface is accurate in that it is derived from 
an authentic (but approximate) calculated solution to the quantum 
mechanical equations of electron motion (the Schrödinger equation). 
Equally important, the image is three-dimensional, and can be 
manipulated and looked at from a variety of different perspectives. 
It is not unexpected that the orbital consists of two distinct surfaces 
represented by different colors. The two surfaces have the same 
meaning as the two circles in the orbital drawing. They identify 
regions where the orbital takes on a significant value, either positive 
(blue) or negative (red). The orbital node is not shown, but we can 
guess that it lies midway between the two surfaces (this follows 
from the fact that the orbital’s value can only change from positive 
to negative by passing through zero).

Atomic Orbitals

Atomic orbitals (descriptions of atoms) are the fundamental building 
blocks from which molecular orbitals (descriptions of molecules) are 
assembled. The familiar atomic orbitals for the hydrogen atom are in 
fact exact solutions of the Schrödinger equation which can actually 
be solved exactly for this one electron system. They form an infinite 
collection (a complete set), the lowest-energy member representing 
the best location for the electron, and higher-energy members 
representing alternative locations. Orbitals for real many-electron 
atoms are normally (and necessarily) assumed to be similar in form 
to those of hydrogen atom, the only difference being that, unlike 
hydrogen, more than the lowest-energy atomic orbital is utilized. 
In practical quantum chemical calculations, atomic orbitals for 
many-electron atoms are made up of sums and differences of a finite 
collection of hydrogen-like orbitals (see the topic Theoretical Models).
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It is common practice to divide the full set of atomic orbitals into core 
and valence orbitals, and further to ignore the former. Valence orbitals 
for an element in the first long row of the Periodic Table are 2s, 2px, 
2py and 2pz, and for the second long row are 3s, 3px, 3py and 3pz. In 
the case of first-row elements, a single orbital, 1s, lies underneath (is 
a core orbital) while in the case of second-row elements, a set of five 
orbitals, 1s, 2s, 2px, 2py and 2pz, lie underneath.

Open fluoride and chloride in the topics directory. On the top row are 
the four valence orbitals of fluoride anion and on the bottom row the four 
valence orbitals of chloride anion. You can select among them by clicking 
(left mouse button) on each in turn. First note that the three 2p orbitals 
in fluoride are identical except for the direction in which they point. The 
same is true for the three 3p orbitals in chloride. Next, note that the valence 
orbitals in chloride are larger than those in fluoride. Atoms further down 
in the Periodic Table are generally larger than analogous atoms further 
up. Close fluoride and chloride when you are finished.

Orbitals and Chemical Bonds

Although molecular orbitals and Lewis structures are both used 
to describe electron distributions in molecules, they are used for 
different purposes. Lewis structures are used to count the number 
of bonding and non-bonding electrons around each atom. Molecular 
orbitals are not useful as counting tools, but orbitals and associated 
orbital energies are useful tools for describing chemical bonding and 
reactivity. This section describes a few common orbital shapes and 
illustrates their use.

Molecular orbital surfaces can extend over varying numbers of atoms. 
If the orbital surface (or surfaces) is confined to a single atom or to 
atoms which are not close together, the orbital is regarded as non-
bonding. If the orbital contains a surface that extends continuously 
over two neighboring atoms, the orbital is regarded as bonding with 
respect to these atoms. Adding electrons to such an orbital will 
strengthen the bond between these atoms and cause them to draw 
closer together, while removing electrons will have the opposite 
effect. Two different kinds of bonding orbitals are depicted below. 
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The drawing and surface on the left correspond to a σ bond while the 
drawing and surface on the right correspond to a π bond.

A B

     

A B

	 s bonding 	 p bonding

Open nitrogen bonding in the topics directory. The image on the left 
corresponds to the σ bonding orbital of N2, while that on the right 
corresponds to one of two equivalent π bonding orbitals. Switch to a 
transparent or mesh model to see the underlying molecular skeleton. 
Note that the σ orbitals is drawn in a single color (insofar as NN bonding 
is concerned) while the π orbital is made up of red and blue parts. This 
indicates a node or a break in the latter, although not involving the NN 
bond. Close nitrogen bonding when you are finished.

It is also possible for an orbital to contain a node that divides the 
region between two neighboring atoms into separate atomic regions. 
Such an orbital is regarded as antibonding with respect to these 
atoms. Adding electrons to an antibonding orbital weakens the bond 
and pushes the atoms apart, while removing electrons from such an 
orbital has the opposite effect. The following pictures show drawings 
and orbital surfaces for two different kinds of antibonding orbitals. 
As above, the left and right-hand sides correspond to σ and π type 
arrangements, respectively.

node

A B

     

node

A B

	 s antibonding 	 p antibonding
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Open nitrogen antibonding in the topics directory. The image on the 
left corresponds to the σ antibonding (so-called σ*) orbital of N2 while 
that on the right corresponds to one of the two equivalent π antibonding 
(so-called π*) orbitals. Switch to a mesh or transparent surface to see 
the underlying molecular skeleton. Note that the σ* orbital has a single 
node (change in color from red to blue) in the middle of the NN bond, 
while the π* orbital has two nodes (one in the middle of the NN bond 
and to the other along the bond). Close nitrogen antibonding when you 
are finished.

To summarize, bonds can be strengthened in two different ways, 
by adding electrons to bonding orbitals, or by removing electrons 
from antibonding orbitals. The converse also holds. Bonds can be 
weakened either by removing electrons from bonding orbitals or by 
adding electrons to antibonding orbitals. 

Singlet Methylene

Molecular orbitals in molecules which contain many atoms are 
typically spread throughout the molecule (they are delocalized). 
Delocalized orbitals have complicated shapes and contain multiple 
interactions that may be bonding, non-bonding, antibonding, or any 
mixture of all three. Nevertheless, these shapes can usually be broken 
down into two-atom interactions and analyzed using the principles 
outlined earlier. This process is illustrated for a triatomic molecule, 
singlet methylene, CH2. (Singlet refers to the fact that the eight 
electrons in this highly reactive molecule are organized into four 
pairs, and that each pair of electrons occupies a different molecular 
orbital. The lowest-energy state of methylene is actually a triplet with 
three electron pairs and two unpaired electrons.)

The lowest energy molecular orbital of singlet methylene is not very 
interesting in that it looks like a 1s atomic orbital on carbon. The 
electrons occupying this orbital restrict their motion to the immediate 
region of the carbon nucleus and do not significantly affect bonding. 
Because of this restriction, and because the orbital’s energy is very 
low, this orbital is referred to as a core orbital and its electrons are 
referred to as core electrons.
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core orbital for methylene

The next orbital is much higher in energy. It consists of a single 
surface that is delocalized over all three atoms. This means that it is 
simultaneously (σ) bonding with respect to each CH atom pair.

core orbital for methylene

The next higher energy orbital is described by two surfaces, a positive 
(blue) surface that encloses one CH bonding region and a negative 
(red) surface that encloses the other CH bonding region*. Since each 
surface encloses a bonding region, this orbital is also (σ) bonding with 
respect to each CH atom pair. This reinforces the bonding character of 
the previous orbital. The node that separates the two surfaces passes 
through the carbon nucleus, but not through either of the CH bonding 
regions, so it does not affect bonding.

core orbital for methylene

Thus, the two CH bonds in the Lewis structure for singlet methylene 
are replaced by two bonding molecular orbitals.**

* While the absolute signs (colors) of a molecular orbital are arbitrary, the relative signs 
(colors) indicate bonding and antibonding character.

** Unlike the two Lewis structures, the two CH bonding molecular orbitals reflect the fact 
that the two CH bonds in methylene are identical. Specifically, the square of each of the 
orbitals, corresponding to the electron distribution or electron density, has the same 2-fold 
symmetry as the molecule. The square of either the molecular orbitals themselves or a 
combination of so-called degenerate (same energy) molecular orbitals must have the same 
symmetry as the underlying nuclear skeleton.



588	 Appendix A

The highest-occupied molecular orbital (the HOMO) is also described 
by two orbital surfaces. One surface extends into carbon’s non-bonding 
region opposite the two hydrogens. The other surface encompasses the 
two CH bonding regions. Although it is hard to track the exact path 
of the orbital node in this picture, it happens to pass almost exactly 
through the carbon. This means that this particular orbital possesses 
only weak CH bonding character (it is H---H bonding). It turns out that 
the non-bonding character of the orbital is much more important than 
the bonding character, in that it leads to the fact that singlet methylene 
is able to behave as an electron-pair donor (a nucleophile).

core orbital for methylene

In addition to two CH bonds, the Lewis structure for singlet methylene 
shows a lone pair on carbon.

The above analysis shows that while the occupied orbitals of singlet 
methylene are spread over all three atoms, they are comprehensible. 
The orbitals divide into two groups, a single low-energy core orbital 
and three higher-energy valence orbitals. The latter consist of two CH 
bonding orbitals and a non-bonding orbital on carbon. There is no one-
to-one correspondence between these orbitals and the Lewis structure. 
The bonding orbitals are not associated with particular bonds, and the 
non-bonding orbital contains bonding interactions as well.

Open methylene bonding in the topics directory. Four images appear 
corresponding to the core and three valence orbitals of singlet methylene. 
Switch to a mesh or transparent surface to see the underlying molecular 
skeleton. Close methylene bonding when you are finished.

Singlet methylene also possesses unoccupied molecular orbitals. The 
unoccupied orbitals have higher (more positive) energies than the 
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occupied orbitals, and these orbitals, because they are unoccupied, 
do not describe the electron distribution in singlet methylene.* 
Nevertheless, the shapes of unoccupied orbitals, in particular, the 
lowest-unoccupied orbital (LUMO), is worth considering because it 
provides valuable insight into the methylene’s chemical reactivity.

The LUMO in methylene has non-bonding character, and looks like 
a 2p atomic orbital on carbon. This suggests that singlet methylene 
should be able to behave as an electron-pair acceptor (an electrophile). 
Note, however, that were the molecule to accept electrons, these would 
go into non-bonding orbital; carbon would become more electron-
rich, but the CH bonds would not be much affected.

LUMO of methylene

Open methylene LUMO in the topics directory and switch to a mesh 
or transparent surface to see the underlying skeleton. Close methylene 
LUMO when you are finished.

Frontier Molecular Orbitals and Chemical Reactivity

Chemical reactions often involve movement of electrons from an 
electron donor (base, nucleophile, reducing agent) to an electron 
acceptor (acid, electrophile, oxidizing agent). This electron movement 
between molecules can also be thought of as electron movement 
between molecular orbitals, and the shapes and energies of orbitals 
that act as electron donors or electron acceptors may provide 
considerable insight into chemical reactivity.

The first step in constructing a molecular orbital picture of a chemical 
reaction is to decide which orbitals are most likely to act as electron 

* Because Lewis structures describe electron pair bonds and non-bonding electron pairs, 
they may not be related to unoccupied molecular orbitals.
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donors and acceptors. It is obvious that an electron-donor orbital must 
be drawn from the set of occupied orbitals, and an electron-acceptor 
orbital must be an unoccupied orbital, but there are many orbitals in 
each set to choose from.

Orbital energy is usually the deciding factor. The highest-energy 
occupied orbital (the HOMO) is most commonly assumed to be the 
relevant electron-donor orbital and the lowest-energy unoccupied 
orbital (the LUMO) is most commonly assumed to be the relevant 
electron-acceptor orbital. For example, the HOMO and LUMO of 
singlet methylene (σ and π non-bonding orbitals, respectively) would 
serve as the donor and acceptor orbitals. The HOMO and LUMO 
are collectively referred to as the frontier molecular orbitals, and 
most chemical reactions involve electron movement between them. 
In this way, the energy input required for electron movement is kept 
to a minimum.

Energy
LUMO

HOMO

frontier 
molecular 
orbitals

unoccupied
molecular
orbitals

occupied
molecular
orbitals

Closely related to chemical reactivity (reaction rate) is chemical 
selectivity. The relevant question is, where more than one combination 
of reagents can react, which combination will react more quickly? 
The answer can often be found by examining the energies of the 
frontier orbitals. Consider ranking the rates of a series of reagents, 
where chemical reaction requires electron donation from the donor’s 
HOMO. It is reasonable to expect that the donor with the highest 
energy HOMO will give up its electrons most easily and be the most 
reactive. Electron-acceptor reagents should follow the opposite 
pattern. The reagent with the lowest energy LUMO should be able to 
accept electrons most easily and be the most reactive. For a mixture 
of several donor and acceptor reagents, the fastest chemical reaction 



Appendix A	 591

would be expected to involve the reagent combination that yields the 
smallest HOMO-LUMO energy gap. 

The Fukui-Woodward-Hoffmann Rules

In certain cases, multiple frontier orbital interactions must be 
considered. A good example is provided by so-called cycloaddition 
reactions, such as the Diels-Alder reaction between 1,3-butadiene 
and ethylene.

+

The key feature of this reaction is that the reactants combine in a 
way that allows two bonds to form simultaneously. This implies two 
different sites of satisfactory frontier orbital interaction (the two new 
bonds that form are sufficiently far apart that they do not interact 
with each other during the reaction). If we focus exclusively on the 
interactions of the terminal carbons in each molecule, then three 
different frontier orbital combinations made up of upper and lower 
components can be imagined. 

individual interactions 
reinforce

individual interactions 
cancel

The upper orbital components are the same sign in all three 
combinations, meaning that their overlap is positive. In the two cases 
on the left, the lower orbital components also lead to positive overlap. 
Thus, the two interactions reinforce, and the total frontier orbital 
interaction is non zero. Electron movement (leading to chemical 
reaction) can occur. The right-most case is different. Here the lower 
orbital components lead to negative overlap (the orbitals have opposite 
signs at the interacting sites), and the total overlap is zero. No electron 
movement and no chemical reaction can occur in this case.

As it happens, the frontier orbital interactions in the Diels-Alder 
cycloaddition shown above correspond to those found in the middle 
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drawing, that is, the upper and lower interactions reinforce and the 
reaction proceeds. 

Open 1,3-butadiene+ethylene in the topics directory. The image on top 
is the LUMO of ethylene while that on the bottom is the HOMO of 1,3-
butadiene. They are properly poised to interact, but you can manipulate 
them independently. Close 1,3-butadiene+ethylene when you are 
finished.

The same arguments suggest that cycloaddition of two ethylene 
molecules is unlikely to occur. This is because it involves a frontier 
orbital interaction like that found in the right drawing.

+ X

Open ethylene+ethylene in the topics directory. The image on top 
corresponds to the LUMO of one ethylene while that on the bottom 
corresponds to the HOMO of the other ethylene. You can manipulate them 
independently or in concert (hold down on the Ctrl key while you carry 
out rotation and translation). Note, that in this case, the two individual 
atom-atom interactions cancel. Close ethylene+ethylene when you are 
finished.

The importance of orbital overlap in determining why certain chemical  
reactions proceed easily while other seemingly similar reactions are 
sluggish or do not go at all was first advanced by Fukui and then 
beautifully elaborated by Woodward and Hoffmann, and collectively 
their ideas are now known as the Fukui-Woodward-Hoffmann rules.
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Electron Densities: Sizes and Shapes of 
Molecules

How big is an atom or a molecule? Atoms and molecules require a 
certain amount of space, but how much? We know that gases can be 
compressed into a smaller volume but only so far, and that liquids and 
solids are very difficult is not nearly impossible to compress. While 
the individual atoms or molecules in a gas are widely separated and 
can be pushed into a much smaller volume, the atoms or molecules in 
a liquid or a solid are already close together and cannot be squeezed 
much further. Atoms can be talked about as having well-defined size. 
What is it?

Space-Filling Models

Chemists have long tried to answer the size question by using a special 
set of molecular models known as space-filling or CPK models. The 
space-filling model for an atom is simply a sphere of fixed radius. 
A different radius is chosen for each element in order to reproduce 
certain experimental observations, such as the compressibility of a 
gas, or the spacing between atoms in a crystal. Space-filling models 
for molecules consist of a set of interpenetrating atomic spheres. 
This reflects the idea that the chemical bonds that hold the molecule 
together cause the atoms to move closer together than the sum of the 
radii for the individual space-filling models. Interpenetration can be 
used as a criterion for chemical bonding. If two atomic spheres in a 
space-filling model strongly interpenetrate then the atoms must be 
bonded. Space-filling models not only show how big molecules are, 
but also show which parts of the molecule are shielded and which 
are exposed.

space-filling models for ammonia (left), trimethylamine (center) and 
1-azaadamantane (right)
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Open amines space filling in the topics directory. Space-filling models 
for ammonia, trimethylamine and 1-azaadamantane all appear on screen. 
Carbon atoms are colored dark grey, hydrogen atoms white and nitrogen 
blue. Note that the models clearly reveal the extent to which the nitrogen 
is exposed. Close amines space filling when you are finished.

Electron Density Surfaces

An alternative technique for portraying molecular size and shape 
relies on the molecule’s own electron cloud. Atoms and molecules 
are made up of positively-charged nuclei surrounded by a negatively-
charged electron cloud, and it is the size and shape of the electron 
cloud and not that of the nuclear skeleton that defines the size and 
shape of an atom or molecule. The size and shape of an electron cloud 
is described by the electron density (the number of electrons per unit 
volume). Consider a graph of electron density in the hydrogen atom 
as a function of distance from the nucleus.

distance from nucleus

electron
density

The graph brings up a problem for chemists seeking to define atomic 
and molecular size, in that the electron cloud lacks a clear boundary. 
While electron density decays rapidly with distance from the nucleus, 
nowhere does it fall to zero. Therefore, when atoms and molecules 
rub up against each other, their electron clouds overlap and merge 
to a small extent.

electron density
for second molecule

molecular 
"boundary"

electron density
for first molecule
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This suggests that molecular size and shape is ill defined and that the 
best that can be done is to pick a value of the electron density, and to 
connect together all the points that have this value. The criteria for 
selecting this value is exactly the same as that for selecting atomic radii 
in space-filling models, the only difference being that only a single 
parameter (the value of the electron density) is involved (rather than 
a different radius for each element). The result is an electron density 
surface which, just like a space-filling model, is intended to depict 
overall molecular size and shape.

electron density surfaces for ammonia (left), trimethylamine (center)  
and 1-azaadamantane (right)

Open amines electron density in the topics directory. Electron density 
surfaces for ammonia, trimethylamine and 1-azaadamantane all appear 
on screen. Switch to a mesh or transparent surface in order to see the 
underlying skeletal model. Click on one of the surfaces, and select 
Mesh or Transparent from the menu which appears at the bottom right 
of the screen. With mesh selected, change the model to Space Filling 
(Model menu). This allows you to see how similar the electron density 
representation is to that offered by a simple space-filling model. Close 
amines electron density when you are finished.

Both space-filling models (atomic radii) and electron density models 
can be chosen to yield similar molecular volumes, and both show 
differences in overall size among molecules. Because the electron 
density surfaces provide no discernible boundaries between atoms, the 
surfaces may appear to be less informative than space-filling models in 
helping to decide to what extent a particular atom is exposed. This raises 
an important point. Electrons are associated with a molecule as a whole 
and not with individual atoms. The space-filling representation of a 
molecule with its discernible atomic boundaries does not reflect reality.
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Bond Density Surfaces

More closely representing a conventional Lewis structure is a so-
called bond density surface, where the boundary corresponds to a 
much higher value of the electron density*. As such a surface is located 
much closer to the atomic nuclei, it encloses a relatively small volume, 
and does not give a correct impression of molecular size.

The bond density surface for hex-5-ene-1-yne clearly shows which  
atoms are connected, although it does not clearly distinguish single, 
double and triple carbon-carbon bonds.

C CH C

C

H
H

CH
H

H

C H

H
bond density surface for hex-5-ene-1-yne

Open hex-5-ene-1-yne bond density in the topics directory, and switch to 
a mesh or transparent surface to see the connection between the chemical 
bonds in a conventional model and the electron density. Close hex-5-
ene-1-yne bond density when you are finished. 

The usefulness of the bond density surface is more apparent in the 
following model of diborane. The surface clearly shows that there is 
relatively little electron density between the two borons, suggesting 
the absence of a boron-boron bond. This is information extracted 
from the bond density surface model, and has been obtained without 
reference to any preconceived ideas about the bonding in diborane.

H
B

H
B

H

H

H

H

bond density surface for diborane

* An even higher value of the electron density leads to a surface in which only nearly spherical 
regions of electron density around the non-hydrogen atoms are portrayed. This serves to 
locate the positions of these atoms and is the basis of the X-ray diffraction experiment.
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Open diborane bond density in the topics directory, and switch to a mesh 
or transparent surface to see how few electrons actually accumulate in 
the region between the two borons. Close diborane bond density when 
you are finished. 

Bond density surfaces can also be informative in describing changes 
in bonding in moving from reactants to products through a transition 
state in a chemical reaction. For example, heating ethyl formate causes 
the molecule to fragment into two new molecules, formic acid and 
ethylene. A line drawing can show which bonds are affected by the 
overall reaction, but it cannot tell us if these changes occur all at once, 
sequentially, or in some other fashion.

O OH
+

O

H
O O

H

O

On the other hand, the bond density surface is able to provide 
quantitative information.

bond density surfaces for the reactant, ethyl formate (left), pyrolysis transition 
state (center) and for the products, formic acid and ethylene (right)

Comparison of the bond density surface in the pyrolysis transition 
state with those of the reactant and the products suggests that the CO 
single bond of the reactant is clearly broken in the transition state and 
that the migrating hydrogen seems more tightly bound to oxygen (as 
in the product) than to carbon (as in the reactant). It can be concluded 
that the transition state more closely resembles the products than the 
reactants, and this provides an example of what chemists refer to as 
a late (product-like) transition state.
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To see the smooth change in electron density throughout the course of 
the ethyl formate pyrolysis reaction, open pyrolysis bond density in the 
topics directory. Click on  at the bottom left of the screen to animate 
the graphic (click on  to stop the animation). Switch to a mesh or 
transparent surface to follow the change in bonding. Close pyrolysis bond 
density when you are finished.
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Electrostatic Potential Maps: Charge 
Distributions

The charge distribution in a molecule can provide critical insight into 
its physical and chemical properties. For example, molecules that are 
charged, or highly polar, tend to be water-soluble, and polar molecules 
may stick together in specific geometries, such as the double helix 
in DNA. Chemical reactions are also associated with charged sites, 
and the most highly-charged molecule, or the most highly-charged 
site in a molecule, is often the most reactive. The sign of the charge 
is also important. Positively-charged sites in a molecule invite attack 
by bases and nucleophiles, while negatively-charged sites are usually 
targeted by acids and electrophiles.

One way to describe a molecule’s charge distribution is to give a 
numerical atomic charge for each atom. A particularly simple and 
familiar recipe yields so-called formal charges directly from Lewis 
structures. Unfortunately, formal charges are arbitrary. In fact, all 
methods for assigning charge are arbitrary and necessarily bias the 
calculated charges in one way or another. This includes methods based 
on quantum mechanics. The reason may be traced back to the notion 
that atomic boundaries are themselves ill-defined and it is impossible 
to decide which electrons are associated with which nuclei.

An attractive alternative for describing molecular charge distributions 
makes use of a quantity termed the electrostatic potential. This is 
the energy of interaction of a point positive charge with the nuclei 
and electrons of a molecule. The value of the electrostatic potential 
depends on the location of the point positive charge. If the point 
charge is placed in a region of excess positive charge (an electron-
poor region), the point charge-molecule interaction is repulsive and 
the electrostatic potential will be positive. Conversely, if the point 
charge is placed in a region of excess negative charge (an electron-rich 
region), the interaction is attractive and the electrostatic potential will 
be negative. Thus, by moving the point charge around the molecule, 
the molecular charge distribution can be surveyed.

Electrostatic potentials can be depicted in various ways. For example, 
it is possible to make an electrostatic potential surface by finding all 
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of the points in space where the electrostatic potential matches some 
particular value. This is precisely what was previously done for both 
molecular orbitals and electron densities. A much more useful way 
to show molecular charge distribution is to construct a so-called 
electrostatic potential map. This is done first by constructing an 
electron density surface corresponding to a space-filling model (see 
the topic Electron Densities: Sizes and Shapes of Molecules). The 
electrostatic potential is then mapped onto this surface using different 
colors to represent the different values of the electrostatic potential. 
Mapping requires an arbitrary choice for a color scale. Spartan 
uses the rainbow. Red, the low energy end of the spectrum, depicts 
regions of most negative (least positive) electrostatic potential, and 
blue depicts the regions of most positive (least negative) electrostatic 
potential. Intermediate colors represent intermediate values of the 
electrostatic potential, so that potential increases in the order: red < 
orange < yellow < green < blue.

The connection between a molecule’s electron density surface, 
its electrostatic potential surface, and an electrostatic potential 
map is illustrated below for benzene. The electron density surface 
defines molecular shape and size, and performs the same function 
as a conventional space-filling model by indicating how close two 
benzenes can get in a liquid or in a crystal.

 
	 space-filling model  	 electron density surface
	 for benzene	 for benzene

Open benzene electron density in the topics directory. Two different 
images, a space-filling model and an electron density surface, appear side 
by side. You can switch between the two models (in order to manipulate 
them) by clicking on each in turn. Notice how similar they are. To get an 
even clearer impression, switch to a mesh surface. Click on the graphic 
and select Mesh from the menu which appears at the bottom right of the 
screen. Switch to a space-filling model (Space Filling from the Model 
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menu). The two are now superimposed. Close benzene electron density 
when you are finished.

The electrostatic potential corresponding to points where the potential 
is negative shows two different surfaces, one above the face of the 
ring and the other below. Since the molecule’s π electrons lie closest 
to these surfaces, we conclude that these electrons are responsible 
for the attraction of a point positive charge (or an electrophile) to the 
molecule. An electrostatic potential surface corresponding to points 
where the potential is positive has a completely different shape. It is 
disk-shaped and wrapped fairly tightly around the nuclei. The shape 
and location of this surface indicates that a point positive charge is 
repelled by this region, or that a point negative charge (a nucleophile) 
would be attracted here.

	negative (left) and positive (right) electrostatic potential surfaces for benzene

Open benzene electrostatic potential in the topics directory. Two different 
images appear side by side. The one on the left depicts a surface of 
constant negative potential, while the one on the right depicts a surface 
of equal positive potential. You can switch between the two models (in 
order to manipulate them) by clicking on each in turn. Close benzene 
electrostatic potential when you are finished.

Next, combine the electron density and electrostatic potential surfaces 
to produce an electrostatic potential map. This simultaneously conveys 
both the molecule’s size and shape as well as its charge distribution 
in a compact and easily interpretable manner. The size and shape of 
the map are, of course, identical to that of the electron density surface, 
and indicates what parts of the molecule are easily accessible to other 
molecules (the outside world). The colors reveal the overall charge 
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distribution. The faces of the ring, the π system, are red (electron rich), 
while the plane of the molecule and especially the hydrogens are blue 
(electron poor).

	 electrostatic potential map for benzene

Open benzene electrostatic potential map in the topics directory. 
Manipulate the image to convince yourself that the red regions are on 
the π faces and the blue regions are around the edges. Close benzene 
electrostatic potential map when you are finished.

Electrostatic potential maps have made their way into mainstream 
general and (especially) organic chemistry textbooks as a means 
of displaying charge distributions in molecules. In addition, they 
have found application as a natural step beyond steric models for 
interpreting and predicting the way in which molecules fit together. A 
good example of this follows from the electrostatic potential map for 
benzene, which recall is negative on the π faces and positive around 
the periphery. The benzene dimer would, therefore, be expected to 
exhibit a perpendicular geometry, to best accommodate Coulombic 
interactions, instead of a parallel arrangement.

	 electrostatic potential maps for parallel (left) and perpendicular (right) 
benzene dimers



Appendix A	 603

Open benzene dimer electrostatic potential map in the topics directory. 
Note that the parallel arrangement forces the negative region of one 
benzene onto the negative region of the other, while the perpendicular 
structure associates the negative region of one benzene with a positive 
region of the other. Close benzene dimer electrostatic potential map 
when you are finished.

Of greater interest is the structure of benzene in solid state. Intuition 
suggests a parallel stack. After all, benzene is flat and flat things 
(plates, pancakes, hamburgers) make stacks. However, Coulombs 
law clearly favors a perpendicular arrangement.

perpendicularparallel

The experimental X-ray crystal structure indeed shows a perpendicular 
arrangement, albeit in three dimensions. There are two lessons 
here. Intermolecular interactions go beyond steric interactions and 
sometimes our simple one and two-dimensional views of the world 
will lead us astray.
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	 X-ray crystal structure of benzene

Open benzene crystal in the topics directory. Manipulate in order to see 
the packing of benzene molecules. Close benzene crystal when you are 
finished.

Electrostatic potential maps may also be used to describe in great 
detail the workings of chemical reactions. For example, a map may be 
used to show the transfer of negative charge during the Sn2 reaction 
of cyanide with methyl iodide.

N C N C CH3  +  ICH3 I– –

Open Sn2 cyanide+methyl iodide in the topics directory. One frame of a 
sequence of electrostatic potential maps for the Sn2 reaction will appear. 
Animate by clicking on  at the bottom left of the screen (stop the 
animation by clicking on ). Note that the negative charge (red color) 
flows smoothly from cyanide to iodide during the reaction. Note also, that 
cyanide (as the reactant) is more red than iodide (as the product). Iodide is 
better able to carry negative charge, that is, it is the better leaving group. 
Switch to mesh or transparent map to see the making and breaking of 
bonds. Close Sn2 cyanide+methyl iodide when you are finished.
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Local Ionization Potential Maps and LUMO 
Maps: Electrophilic and  
Nucleophilic Reactivities

The Hammond Postulate states that the transition state in a (one-step) 
reaction will more closely resemble the side of the reaction that is 
higher in energy. Thus, the transition state of an endothermic reaction 
will more closely resemble the products, and the transition state of an 
exothermic reaction will resemble the reactants. One way  to rationalize 
the Hammond postulate is to suggest that similarity in energy implies 
similarity in structure. That is, the transition state will resemble 
whichever reactants or products to which it is closer in energy. As 
seen in the reaction coordinate diagrams below this is the product in 
an endothermic reaction and the reactants in an exothermic reaction.

Energy

reaction coordinate reaction coordinate

reactant

product reactant

product

transition state transition state

Energyendothermic reaction exothermic  reaction

The Hammond Postulate provides a conceptual basis both for the Fukui-
Woodward-Hoffmann rules (see the topic Atomic and Molecular 
Orbitals) and for the use of graphical models. Both consider the 
properties of reactants as an alternative to direct calculations of 
transition states and reaction pathways as a way to assess chemical 
reactivity and selectivity. In this context, two models stand out as 
being particularly useful: the local ionization potential map for 
electrophilic reactions and (with some caveats) the LUMO map for 
nucleophilic reactions.
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Local Ionization Potential Maps and Electrophilic Reactivity

The local ionization potential provides a measure of the relative ease 
of electron removal (ionization) at any location around a molecule. 
For example, a surface of low local ionization potential for sulfur 
tetrafluoride demarks the areas which are most easily ionized, and is 
clearly recognizable as a lone pair on sulfur.

	 local ionization potential for sulfur tetrafluoride

While the local ionization potential by itself is not a particularly useful 
model, a map of the local ionization potential onto an electron density 
surface (a local ionization potential map) has proven to be of value in 
revealing regions from which electrons are most easily ionized and 
susceptible to electrophilic attack. 

"electron density"

For example, they show both the positional selectivity in electrophilic 
aromatic substitution (NH2 directs ortho/para, and NO2 directs 
meta), and the fact that π-donor groups (NH2) activate benzene while 
electron-withdrawing groups (NO2) deactivate benzene.
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NH2 NO2

	 local ionization potential maps for benzene (left), aniline (center) 
and nitrobenzene (right)

Open benzene, aniline, nitrobenzene local ionization potential maps 
in the topics directory. Here, the color red corresponds to regions of 
lowest ionization potential (most accessible to electrophiles). Note, that 
the π system in aniline is more accessible than the π system in benzene 
(the standard) and that the ortho and para positions are more accessible 
than meta positions. Note also, that the π system in nitrobenzene is less 
accessible than the π system in benzene and that here the meta positions 
are more accessible than the ortho and para positions, in accord with 
observation. Close benzene, aniline, nitrobenzene local ionization 
potential maps when you are finished.

LUMO Maps and Nucleophilic Reactivity

As elaborated in the topic Atomic and Molecular Orbitals, the 
energies and shapes of the frontier molecular orbitals may anticipate 
chemistry of a molecule. Molecular orbital maps may also lead to 
informative models. The most common of these is the so-called 
LUMO map, in which the (absolute value) of the LUMO is mapped 
onto an electron density surface. This anticipates where an electron 
pair (a nucleophile) might attack.

"electron density"

LUMO
electron pair
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A good example is provided by the LUMO map for cyclohexenone.

O

a

β

LUMO map for cyclohexenone showing positions  
for nucleophilic attack in blue

The LUMO shows which regions of a molecule are most electron 
deficient, and hence most subject to nucleophilic attack. In this case, 
one such region is over the carbonyl carbon, consistent with the 
observation that carbonyl compounds undergo nucleophilic addition 
at the carbonyl carbon. Another region is over the β carbon, again 
consistent with the known chemistry of α,β-unsaturated carbonyl 
compounds, in this case conjugate or Michael addition.

OCH3HO

CH3

carbonyl addition Michael addition

O

CH3Li (CH3)2CuLi

The buildup of positive charge on the β carbon leading to possibility 
of Michael addition could have been anticipated from resonance 
arguments, although the LUMO map, like an experiment, has the 
advantage of showing the result (“you don’t have to ask”).

Open cyclohexenone LUMO map in the topics directory and click on 
the resulting surface. Switch to a mesh or transparent surface in order to 
see the underlying skeletal model. On Windows, click on the graphic and 
select Mesh or Transparent from the menu which appears at the bottom 
right of the screen. On the Mac, position the cursor over the graphic, hold 
down on either the left or right button and select from the menu which 
appears alongside. Orient the molecule such that the two “blue regions” 
are positioned over the appropriate carbons and then switch back to a solid 
surface. Close cyclohexenone LUMO map when you are finished.
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Some caution needs to be exercised. Specifically the LUMO may 
not be the important molecular orbital for the chemical reaction of 
interest, and it may be necessary to base the map on a higher-energy 
unoccupied molecular orbital (LUMO+1, LUMO+2, ...).
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Appendix B
Capabilities and Limitations

Molecular Mechanics Models

The molecular mechanics module calculates the energy (a 
combination of strain energy and intramolecular interaction energy), 
equilibrium geometry and vibrational frequencies, as well as provides 
for conformational searching*. SYBYL (Tripos, Inc.) and MMFF** 
(Merck Pharmaceuticals) force fields are available. There are no 
atom limits.

Semi-Empirical Models

The semi-empirical module calculates the heat of formation, 
wave function, equilibrium and transition-state geometries and 
vibrational frequencies. MNDO, AM1, RM1, PM3*** and PM6 
models are supported. MNDO/d replaces MNDO for second-row 
(and heavier) main-group elements. MNDO has been parameterized 
for H, He, Li-F, Al-Cl, Ca, Zn, Ge, Br, Cd, Sn, I, Hg and Pb; 
AM1 for H, B-F, Al-Cl, Zn, Ge, Br, Sn and I; RM1 for H, C–F, 
P, S, Cl, Br and I; PM3 for H, Li-F, Mg-Cl, Ca, Ti-Br, Zr, Mo-Pd, 
Cd-I, Hf-Pt and Hg-Bi and Gd; PM6 for H–Bi except for Ce–Yb. 
All semi-empirical models involve a minimal valence basis set.

The preset limits for all semi-empirical calculations is 300 atoms.

Hartree-Fock Models

The Hartree-Fock module calculates the energy and wave function, 
equilibrium and transition-state geometries and vibrational frequencies. 

* MMFF is the only method available for generation of conformer libraries.
** The published parameters for MMFF have been extended to all elements in the Periodic 

Table. While it can be applied to any molecule, it is likely to perform poorly for molecules 
incorporating transition metals, lanthanides and actinides.

*** The published parameters for PM3 has been extended to transition metals. Except for Zn, 
Cd and Hg, these include d-type orbitals in the basis set.
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Both closed and open-shell (either restricted, ROHF, or unrestricted, 
UHF) calculations are supported. Available basis sets are enumerated 
later in this appendix. Hartree-Fock models have been implemented 
for use on multi-core processors. 

Preset limits for Hartree-Fock calculations are 200 atoms and 2,000 
basis functions. Calculations on molecules with up to 100 atoms are 
practical.

Density Functional Models

The density functional module calculates the energy and wave 
function, equilibrium and transition-state geometries and vibrational 
frequencies, as well as provides for conformational searching by 
means of a multi-step recipe. Available functional cover a wide range 
drawn from several categories: GGA, GH-GGA, RSH-GGA, mGGA,  
GH-mGGA, RSH-mGGA, and with Spartan’20 dual hybrid (DH) 
RSH-mGGA, where the common denominator is the Generalized 
Gradient Approximation (GGA), that is, depends on the electron 
density and its gradient. Three dozen commonly employed functionals 
appear in menus, separated by category, and others may be specified by 
name. Both closed and open-shell calculations are supported. Available 
basis sets are enumerated later in this appendix. Density functional 
models have been implemented for use on multi-core processors.

Preset limits for density functional calculations are 200 atoms and 
2,000 basis functions. Calculations on molecules with up to 100 
atoms are practical.

MP2 Models

The Møller-Plesset module calculates the energy and wave function 
and equilibrium and transition-state geometries using either the MP2 or 
RI-MP2 models. Vibrational frequencies are also available from both 
models, but require numerical differentiation of analytical gradients. 
Both closed and open-shell calculations are supported. Available 
basis sets are enumerated later in this appendix. MP2 and RI-MP2 
models have been implemented for use on multi-core processors.
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Depending on basis set, practical considerations limit application 
of these techniques to molecules comprising 20-30 heavy (non-
hydrogen) atoms, although program limits are set much larger.

Wave Function Based Correlated Models

The wave function based correlated module calculates only the energy. 
Available from layered menus are the MP3 and MP4 Møller-Plesset 
methods, CCSD and CCSD(T) coupled-cluster methods and QCISD 
and QCISD(T) quadratic CI methods. In addition, the electronic energy 
from the G3, G3(MP2), G4 and G4(MP2) thermochemical recipes 
(see below) is available. Other methods may be specified according to 
their name. Available basis sets are enumerated later in this appendix.

Depending on the specific model and basis set, practical considerations 
limit application of these techniques to molecules comprising 10-20 
heavy (non-hydrogen) atoms, although program limits are set much 
larger.

Thermochemical Recipes

The G3, G3(MP2), G4 and G4(MP2) recipes are available for highly-
accurate heat of formation calculations which in our view represent 
approximations to coupled-cluster methods. Practical considerations 
generally limit application of the G3 and G4 recipes to molecules 
comprising less than 10 heavy atoms and the G3(MP2) and G4(MP2) 
recipes to molecules comprising less than 15 heavy atoms.

The T1 recipe has been developed to closely reproduce G3(MP2) heats 
of formation. It makes use of an HF/6-31G* geometry, instead of the 
MP2/6-31G* geometry, replaces the large basis set MP2 calculation 
in G3(MP2) by a dual-basis set RI-MP2 calculation, eliminates both 
the QCISD(T) calculation and the vibrational frequency calculation 
(needed to obtain zero-point energy and to correct the energy for finite 
temperature) and introduces an empirical correction based on the 
atom counts and Mulliken bond orders. The result is that T1 requires 
2-3 orders of magnitude less computation time than G3(MP2). 
Calculations on molecules with 30-50 heavy atoms are practical.
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T1 is limited to closed-shell, uncharged molecules comprising H, C, 
N, O, F, Si, P, S, Cl and Br only and, because it incorporates parameters 
which depend explicitly on molecular geometry, is in practice limited 
to molecules that can be properly described in terms of a conventional 
valence structure. T1 is likely to be unsatisfactory for transition states.

Excited-State Models

Two classes of models are available for calculations of excited states: 
configuration interaction (CI) models and time-dependent density 
functional (TDDFT) models. The former comprises three models: CIS 
(configuration interaction singles), CISD (configuration interaction 
singles with doubles correction) and RI-CIS(D), which are analogous 
to the Hartree-Fock model for ground-state calculations. The latter are 
analogous to density functional models for ground-state calculations 
and support the same functionals or combinations of functionals 
available for geometry optimization and frequency calculations. 
Available basis sets are enumerated later in this appendix.

Preset limits for excited-state calculations are 200 atoms and 2,000 
basis functions. Depending on the specific model and basis set, 
practical considerations limit applications to molecules comprising 
20-30 atoms.

Basis Sets and Pseudopotentials

Available basis sets for Hartree-Fock, density functional, MP2 (RI-
MP2) and wave function based correlated models for ground states 
and CIS, CISD (RI-CIS(D)) and time-dependent density functional 
(TDDFT) models for excited states include the full range of Pople 
basis sets: minimal STO-3G, split-valence 3-21G, 6-31G, 6-311G 
and polarization 6-31G*, 6-31G**, 6-311G* and 6-311G**. These 
may be supplemented with additional and/or higher-order polarization 
functions and/or with diffuse functions. Also available are the Dunning 
cc-pVDZ, cc-pVTZ and cc-pVQZ, and the corresponding augmented 
basis sets, the Weigand/Aldrich def 2 series of basis set, the G3 Large 
basis set, and the PCJ-0, PCJ-1 and PCJ-2 basis sets (developed for 
the calculation of NMR coupling constants).
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Dual-basis set techniques (mixing small and large basis sets) are 
supported for ground-state energy calculations for Hartree-Fock, 
density functional and MP2 models. These can be up to an order of 
magnitude less costly than single-basis set calculations, depending 
on choice of small and large basis sets.

Pseudopotentials are available and are automatically invoked for 
calculations on molecules incorporating heavy atoms (for which all-
electron basis sets are not available). Starting with Spartan’18, this 
includes lanthanides and actinides pseudopotentials for which have 
been specifically calibrated to provide good equilibrium geometries 
for density functional models using the 6-31G* basis set.

Solvent Models

Spartan supports the C-PCM and SS(V)PE models for energy, 
geometry and frequency calculations with Hartree-Fock and density 
functional models with any basis set. C-PCM and SS(V)PE depend 
only on the dielectric constant of the solvent. Menus allow for 
specifying non-polar and polar solvents as well as water but specific 
solvents (dielectric constants) may be specified. Both models alter the 
wave function in addition to the energy allowing graphical surfaces 
and property maps to be calculated in the presence of solvent. 

Two additional solvent models for energy calculations (only) are 
supported. The SM5.4 model, which is available for H, C–F, S–Cl, Br 
and I, uses a parameterized procedure to estimate the aqueous solution 
energy. It estimates only the aqueous solvation energy. This in turn 
may be added to the gas-phase energy obtained from any molecular 
mechanics or quantum chemical model.

Q-Chem’s implementation of SM8 and SM12 are available for H, 
C–F, S–Cl and Br, and applicable only to Hartree-Fock and density 
functional models with the 6-31G*, 6-31G**, 6-31+G* and 6-31+G** 
basis sets. These affect the wave function, meaning that graphical 
displays may be obtained in the presence of solvent. Both models 
have been parameterized for water as well as a variety of organic 
solvents. Common solvents may be specified.
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Properties and Spectra

The properties module is automatically invoked following completion 
of a molecular mechanics or quantum chemical calculation. By 
default, it provides for text output printing, population analyses and 
atomic charge calculation (Mulliken, natural bond orbital and based 
on fits to electrostatic potentials), evaluation of thermodynamic 
quantities (heat capacity, enthalpy, entropy and free energy) and zero-
point energy if vibrational frequencies are available, and calculation 
of the dipole moment. 

The entropy comprises four components: translation, rotation, 
vibration and conformation.

The sum i is over vibrational modes and the sum j is over conformers, 
n is the number of moles, M is the molecular mass, IA, IB, IC are the 
principal moments of inertia, s is the symmetry number, n are the 
vibrational frequencies, E are energies relative to the lowest-energy 
conformer, g are the number of times the conformer appears and Me is 
the number of 3-fold rotors (“methyl groups”). R, k and h are the gas 
constant, Boltzmann’s constant and Planck’s constant, respectively 
and N0 is Avogadro’s number.

The vibrational component of the entropy is problematic as it goes to 
∞ as the frequency goes to 0. In practice, the contribution is clamped 
at 1/2 R (the entropy of rotation).
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Entropies are available for all EDF2/6-31G* (only) entries in SSPD. 
Note that these have not been corrected for the conformational 
contribution, which may range to several tens of entropy units for 
large flexible molecules.

Properties based on graphical displays that are available include 
the area, exposed area and volume of an electron density surface, 
the polar area of an electrostatic potential map  for cutoff values of 
-75, -100 and -125 kJ/mol, the maximum and minimum values of 
the electrostatic potential on an electrostatic potential map and the 
minimum value of the local ionization potential on a local ionization 
potential map. These require calculation of the respective surfaces 
and property maps, and need to be explicitly requested by checking 
the QSAR box inside the Calculations dialog (Calculations under 
the Setup menu; Chapter 21). They are either available from the 
QSAR tab of the Molecule Properties dialog (Properties under 
the Display menu; Chapter 22) or from the Formula Editor dialog 
(Formulas under the Display menu; Chapter 22).

The properties module is also responsible for calculating quantities 
related to infrared/Raman spectra (vibrational frequencies and 
infrared/Raman intensities), NMR spectra (chemical shifts and 
coupling constants) and UV/visible spectra (excited-state transition 
energies and intensities). IR spectra calculations may be carried out 
with molecular mechanics, semi-empirical, Hartree-Fock, density 
functional and MP2 and RI-MP2 models. Note, however, that MP2 and 
RI-MP2 infrared calculations need to be performed using numerical 
differentiation and are in practice limited to small molecules. NMR 
and Raman spectra calculations are limited to Hartree-Fock and 
density functional models and UV/visible spectra calculations are 
limited to Hartree-Fock models (CIS for excited states) and density 
functional models (TDDFT for excited states).

Graphical Models

The graphics module provides for data preparation associated with the 
display as surfaces, property maps and slices of molecular orbitals, 
electron densities, spin densities, electrostatic potentials, and local 
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ionization potentials. The sizes of electron density surfaces (and 
property maps based on electron density surfaces) may be chosen 
either using a specific value of the density or a value that encloses 
a specific percentage of the total number of electrons. Accessible 
and inaccessible regions may be distinguished for electron density 
surfaces and all property maps based on electron density surfaces.

In addition to its more general purpose graphics display, Spartan 
displays an orbital energy diagram (up to 12 highest-occupied 
molecular orbitals and the 2 lowest-unoccupied molecular orbitals). 
Molecular orbital graphics may be generated on-the-fly, given that a 
wave function is available.

Similarity Analysis

The similarity analysis module evaluates and quantifies the extent to 
which molecules are similar based either on selected atomic centers  
(structure) or on selected chemical function descriptors (CFD’s). In 
addition, it quantifies the degree of fit of a molecule into a chemical 
environment (a pharmacophore). Similarity analyses are carried out 
between one or more molecules or pharmacophores in a document (the 
template) and one or more molecules or pharmacophores in one or more 
documents (the library). Molecules in the library (only) may either 
correspond to single conformers or to collections of diverse conformers.
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Appendix C
Menus

Spartan Screen

File

New Build 	 Brings up a model kit for 3D molecule 
building or substitution.

New Sketch 	 Brings up the sketch pad for molecule 
sketching in 2D.

Build New Molecule 	 Adds a molecule to an existing 
document; brings up a model kit for 
molecule building or substitution.

Sketch New Molecule 	 Adds a molecule to an existing 
document; brings up the sketch pad 
for molecule sketching in 2D.

Delete Molecule 	 Deletes a molecule (or molecules) from 
a document.

Append Molecule(s)... 	 Appends molecules to an existing 
document.

Open... 	 Opens (imports) a molecule or multi-
molecule document.

Close 	 Closes a molecule or multi-molecule 
document.

Open Recent Documents 	 Opens a molecule or multi-molecule 
document from a list of the 10 most 
recently accessed documents.

Save 	 Saves (exports) a molecule or multi-
molecule document.
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Save As... 	 Saves a molecule as a document under 
a user-specified name; creates files for 
use in the Spartan Reaction Database 
(SRD), Spartan Infrared Database 
(SIRD) and Spartan Spectra and 
Properties Database (SSPD).

Save Image As... 	 Saves an image as PNG, JPEG or 
Bitmap file

Print... 	 Prints on-screen display; also prints 
contents of output window and the 
Spreadsheet.

Access PDB Online... 	 Accesses the online Protein Data Bank 
(PDB).

Extract Ligands 	 Extracts ligands and pharmacophores 
based on protein-ligand binding from 
PDB files.

Embedded Data 	 Associates external files with a 
document, either at molecule or 
document level (or both).

Exit 	 Exits Spartan.

Edit

Undo 	 Undoes previous operations.
Cut 	 Moves the current molecule or contents of the 

selection box to the clipboard.
Copy 	 Copies the current molecule or contents of the 

selection box to the clipboard.
Paste 	 Pastes contents of the clipboard to the screen.
Select All 	 Selects all atoms in the selected molecule.
Find... 	 Locates a text string in the output dialog or an 

on-screen molecular fragment.
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Find Next 	 Locates next occurrence of a text string or 
molecular fragment.

Center 	 Centers the molecule on screen; applies to all 
molecules in a document.

Clear 	 Clears the selected molecule.

Model 	

Wire 	 Displays structure as wire-frame model.
Ball and Wire 	 Displays structure as ball-and-wire model.
Tube 	 Displays structure as tube model.
Ball and Spoke 	 Displays structure as ball-and-spoke model.
Space Filling 	 Displays structure as space-filling model.
Line 	 Displays structure as a line drawing.
Hide 	 Hides structure model from view.
Global Model 	 Applies model type and labels of current 

molecule to all molecules in the document.
Coupled 	 Couples motions of all molecules in the 

document.
Hydrogens 	 Toggles hydrogens on and off.
Labels 	 Toggles labels on and off.
Ribbons 	 Toggles ribbons on and off.
Ramachandran Plot 	 Display a Ramachandran plot for a protein 

that has been brought in from the Protein 
Data Bank (PDB).

Hydrogen Bonds 	 Toggles hydrogen bonds on and off.
R/S Chirality 	 Toggles R/S chirality labels on and off.
CFD’s 	 Toggles chemical function descriptors 

(hydrophobes, hydrogen-bond donors/
acceptors, positive/negative centers) on 
and off.
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Configure... 	 Labels atoms, bonds, etc., provides 
in format ion  about  po lypep t ides /
polynucleotides residues and designates 
ribbon displays. Atom labels include, 
among other possibilities, charges and both 
experimental and calculated NMR chemical 
shifts. Labels may also be customized.

Geometry

Measure Distance 	 Displays and/or sets bond distance.
Measure Angle  	 Displays and/or sets bond angle.
Measure Dihedral 	 Displays and/or sets dihedral angle.
Freeze Center 	 Freezes selected atomic positions.
Set Torsions 	 Selects bond rings for conformational 

searching.
Set Similarity Centers 	 Identifies atoms or CFD’s for similarity 

analyses.
Constrain Distance 	 Constrains bond distance.
Constrain Angle 	 Constrains bond angle.
Constrain Dihedral 	 Constrains dihedral angle.
Define Point 	 Defines a point as a geometric mean of 

a set of atoms.
Define Ligand Point 	 Defines a ligand point as a position that 

is perpendicular to the centroid of a plane 
made by three or more atoms.

Define Plane 	 Defines a plane made by three or more 
atoms.

Generate Isomers ( )	 Generates a list of regio and/or 
stereoisomers based on user selection

Generate Tautomers 	 Generates tautomers.
Define NOEs (need icon)	 Selects non-bonded contacts for 

conformational searching.
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Define CFD 	 Defines the location of a CFD.
Align 	 Aligns molecules in a document according 

to selected atoms, structure or CFD’s.

Build

View 	 Removes the model kit.
Edit Build 	 Brings up a 3D model kit (organic, inorganic, 

peptide, nucleotide, substituent or ChemDraw) 
with the presently selected molecule

Edit Sketch 	 Brings up the sketch pad with the presently 
selected molecule. This function is only available 
if the sketch has not been altered using any of the 
3D model kits or has not been replaced by an entry 
in SSPD.

Delete 	 Deletes atoms, bonds, points, planes, etc. Also 
available at the bottom of the 3D model kits.

Make Bond 	 Makes bonds between free valences or atoms. Also 
available at the bottom of the 3D model kits.

Break Bond 	 Breaks a bond. Also available at the bottom of the 
3D model kits.

Minimize 	 Performs energy minimization using MMFF 
molecular mechanics. Also available at the bottom 
of the 3D model kits.

Guess Transition 	 Provides transition-state guess based on reaction
State 	 database or, lacking a database entry, based on 

linear synchronous transit.

Setup

Calculations... 	 Sets up molecular mechanics and quantum 
chemical calculations and similarity analyses; 
specifies calculation of IR, Raman, NMR and 
UV/vis spectra.
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Surfaces 	 Sets up generation of and displays graphical 
surfaces.

Submit 	 Submits job to the execution queue either 
locally or on a remote server.

Display

Output 	 Displays text output. This includes a summary 
generated on-the-fly in the interface.

Properties 	 Displays molecule, bond and atom properties as 
well as information about CFD’s, geometrical 
constraints, graphical surfaces, plots (including 
spectral plots) and statistical analyses.

Orbital Energies 	 Displays an orbital energy diagram and allows 
on-the-fly generation and display of molecular 
orbitals.

Surfaces 	 Sets up generation of and displays  graphical 
surfaces (same as entry in Setup menu)

Spectra 	 Displays IR, Raman, NMR and/or UV/visible 
spectra, animates vibrational modes (IR and 
Raman), and accesses on-line experimental 
spectral databases; fits calculated IR spectra 
to experimental spectra. A simplified and 
more intuitive spectra presentation mode is 
available.

Formulas 	 Constructs expressions for use in spreadsheet 
and database searching/mining operations.

Plots... 	 Creates 2D and 3D plots from the data in the 
spreadsheet. A simplified and more intuitive 
plot presentation mode is available.

Spreadsheet 	 Displays spreadsheet.
Similarities 	 Displays results of similarity analyses.
Reactions 	 Calculates reaction (activation) energies, 

enthalpies or Gibbs energies using data either 
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from current document or from the Spartan 
Spectra and Properties Database (SSPD). 
Database access uses energies from the 
wB97X-V/6-311+G(2df,2p) density functional 
model with vibrational contributions (required 
for enthalpy and Gibbs energy calculations) 
from the EDF2/6-31G* density functional 
model.

Search

Structure Query 	 Add growth points to a structure defining 
an underlying substructure.

Reaction Query 	 Add curly arrows to structure query (the 
reactant) in order to relate it to the product 
of a chemical reaction or to the transition 
state leading to that product. Arrows may 
also be added using the 2D sketch pad.

Databases 	 Performs substructure search on 
Cambridge Structural Database (CSD),  
Spartan Spectra and Properties Database 
(SSPD) and Spartan Reaction Database 
(SRD); performs spectral search of the 
Spartan Infrared Database (SIRD) and 
the External (NIST) Infrared Database 
(XIRD).

Data

Expt. Chem Shifts ( )	 Allows experimental proton and 13C 
chemical shifts to be attached to 3D models. 
Access from the 2D sketcher alternatively 
allows attachment onto 2D sketches.

HH Couplings ( )     Allows observed 3-bond HH couplings to be 
attached to 3D models. Access from the 2D 
sketcher alternatively allows attachment onto 
2D sketches.
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CH Couplings ( )     Allows observed 2 and 3-bond CH couplings 
to be attached to 3D models. Access from the 
2D sketcher alternatively allows attachment 
onto 2D sketches.

Options

Preferences... 	 Sets various run-time and labeling preferences 
and specifies execution preferences and run-
time queue; invokes parallel calculation; sets 
up icon displays; establishes url’s for on-line 
access; sets up access to external compute 
servers and permits use of Spartan’20 as a server.

Colors 	 Sets screen and model colors.
Fonts... 	 Sets fonts for labels and plot displays.
Graphics Fonts... 	 Sets fonts for graphical displays.
Monitor 	 Monitors and allows for killing jobs and 

bypassing queue to start jobs.
Calculator 	 Pocket calculator.
Icons 	 Turns on and off icons displayed under the 

menu bar.

Activities

Tutorials 	 Brings up Spartan’20 tutorials as PDF 
documents.

Topics 	 Brings up selection of topics relevant 
to calculations performed in Spartan as 
PDF documents.

Look up in Wikipedia 	 Brings up an html page pointing to a 
Wikipedia page.

Help

Spartan’20 Help 	 Provides  informat ion about  the 
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performance and timing of computational 
methods in Spartan; provides information 
about using graphical models in Spartan; 
bulletin board for FAQs about Spartan.

Spartan’20 Manual 	 Brings up Spartan’20 manual (this 
document) as a PDF.

License Utility. . . 	 Provides information on licensing and 
maintenance. Facilitates license transfer 
request.

About Spartan’20. . . 	 Provides program version information for 
citation and support.

Contextual

Main Screen

Copy	 Copies selected molecule to the clipboard.
Paste 	 Pastes the contents of the clipboard into the 

selected document.
Delete Selected	 Deletes selected molecule from document.
Properties	 Brings up the Molecular Properties dialog.

Spreadsheet

Copy	 Copies text of selected cell or cells to the 
clipboard. If leftmost cell (or cells) selected, 
copies molecule(s) to the clipboard

Paste 	 Pastes the contents of the clipboard into selected 
cells. If leftmost cell (or cells) selected, either 
pastes text or molecule(s) depending on menu 
choice

Add	 Brings up the Add dialog (spreadsheet) for adding 
calculated quantities into the spreadsheet 
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Sort	 Sorts the column from low to high. Pressing 
the Shift key prior to menu selection sorts from 
high to low

Format Selected	 Formats selected cell(s), selected column(s) if 
selection is in a header cell, or entire spreadsheet 
if selection is header cell of leftmost column

Delete Selected	 Deletes selected molecule(s) from document
Append	 Appends the contents of Spartan document(s) 

to the spreadsheet (corresponding to the selected 
document)

Rename Selected	 Rename selected molecule(s) with names
Using SSPD	 in the Spartan Spectra and Properties Database 

(SSPD); appears only when leftmost cell(s) 
selected.

Properties	 Brings up the Molecular Properties dialog.

Substituent Model Kit

Copy	 Copies selected molecule(s) from a custom library onto 
the clipboard

Paste 	 Pastes molecule(s) from the clipboard into a custom 
library.

Delete	 Deletes selected molecule(s) from the custom library.
Append	 Appends the contents of Spartan document(s) to the 

custom library; brings up a file browser

Reactions

Copy	 Copies selected text to the clipboard
Print 	 Prints selected text

Output Window

Copy	 Copies selected text to the clipboard
Print 	 Prints selected text
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Database

Add Columns...	 Adds data columns to search results.
Copy	 Copies selected molecules or data.
Paste	 Pastes text to data column(s).
Format	 Formats data column(s).
Delete	 Deletes search results or data columns.
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Appendix D
Commonly-Used 
Program Options

Spartan’s graphical interface is already intimidating and would 
become much more so were the full range of tasks and methods 
available for these tasks to be accessed from menus and dialogs. 
The approach we have taken is to use these components sparingly, 
attempting to capture the “most important”* selections and to relegate 
alternatives to words of short phrases (“keywords”) typed into the 
Options line at the bottom of each of the Calculations dialogs. 
(You need to check the box to the left of Options in order to see the 
Options line.) Options also facilitate recovery (or at least attempts at 
recovery) for jobs that have failed in execution, for example, failure 
of convergence in the self-consistent procedure that underlies almost 
all quantum chemical methods or running past the limit of set on 
number of steps in a geometry optimization. 

This appendix describes a number of commonly-used program 
options. These are in terms of keywords input into the Options box 
in the Calculations dialog (Setup menu). In addition, any method, 
functional or combination of functionals and/or basis set supported 
in Spartan (and not included explicitly in the menus) may be 
typed into the Options box. (See Chapter 21 for further details.)

Keywords are case insensitive. An equals sign (=) separates a 
keyword from its integer, real or character string value. Keywords 
may either be single words or expressions. Keyword=N indicates 
an integer argument, keyword=C indicates a character argument, 
and keyword=F indicates a floating point argument. Real values 
can optionally include an eNN or e-NN (floating point power of ten). 
Default values for keywords are indicated in bold, and alternative 
values in italics.
*	 We use the term “most important” to signify both “accurate” and “practical” in our experience.
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Conformational Search
 keyword value description

 SearchMethod C conformational searching method employed; 
overrides default choice which depends on 
complexity of system may be overridden 
with one of the following:
Systematic	 use systematic method
MonteCarlo	 use Monte-Carlo method
Sparse	 use systematic method 

but randomly eliminate 
conformers to stay within 
set conformer limits. 
Used in conformer library 
generation.

MaxEnergy F sets the maximum energy (in kJ/mol) at which 
a conformer will be kept to (minimum energy 
+ F), where minimum energy is the energy of 
the lowest energy conformer encountered at 
that point in the search; default is 40 kJ/mol

KeepAll  Do not throw out any valid conformers. For 
flexible molecules, this can generate very 
large lists so use with caution.

StartTemperature F sets initial temperature (in K) for a Monte 
Carlo search (only) to F; high temperatures 
will result in the molecule further exploring 
global space, while low temperatures will 
result in the molecule further exploring 
local space; default is 5000K

FindBoats –  Extend conformation search for saturated 
six-member rings (“cyclohexane”) to 
consideration of twist-boat forms. Results 
in significantly increased computer time

Similarity Analysis
keyword value description

SingleEnantiomer – Limits similarity analysis to the 
enantiomer actually in specified library 
documents. The default is to consider 
both enantiomers
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QuitSimilarity N Quit similarity analysis involving a 
conformer list (in the graphical user 
interface) and/or one or more conformer 
libraries when N good matches have 
been identified; default is 1

QuitCriterion F R2 criterion for a good match; default is 0.9

Geometry Optimization
 keyword value description

GeometryCycle N set maximum number of equilibrium and 
transition-state geometry optimization 
cycles to N; default is number of 
independent variables +20 for 
equilibrium geometry optimization 
and 3x number of independent 
variables for transition-state geometry 
optimization

GradientTolerance F set convergence criterion in equilibrium 
and transit ion-state) geometry 
optimization for the maximum gradient 
component (in hartrees/bohr) to F; 
default is 7 x 10-4 

DistanceTolerance F set convergence criterion in equilibrium 
and t ransi t ion-s ta te  geometry 
optimization for the maximum change 
in a bond length (in Å) to F; default is 
1.4 x 10-3

Geomtol 	 label	 gradient	 Distance	 Energy
  		  Tolerance	 Tolerance	 Tolerance
  	 =DEF16	 0.000300	 .0012	 .0000010
  	 =TIGHT	 0.000095	 .0008	 .0000010
  	 =DEF	 0.000700	 .0014	 .0000200
  	 =LOOSE	 0.000800	 .0015	 .0000762
  	 =PRELIM	 0.000800	 .0019	 .0002285

  	 The   geometry  i s  cons idered 
“converged” when two of the three 
conditions are met.�

Hess C Choose Hessian (matrix of second 
derivatives) for start of geometry 
(transition-state geometry) optimization 
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(in the absence of a Hessian from 
a previous calculation, the default 
is MMFF molecular mechanics for 
geometry optimization and PM3 semi-
empirical for transition-state geometry 
optimization; may be overridden with 
one of the following:

	 unit unit matrix
	 MMFF MMFF molecular 

mechanics 
	 AM1 AM1 semi-empirical
	 STO-3G STO-3G Hartree-Fock
	 3-21G 3-21G Hartree-Fock
	 6-31G* 6-31G* Hartree-Fock

Molecular Mechanics Calculations
 keyword description

 MMFF94s Use MMFF94s method instead of MMFF94. The only 
significant difference between the two is that MMFF94 
forces nitrogens attached to aromatic rings to be planar 
(as in aniline). While this is widely perceived to be the 
case, in fact the nitrogen in aniline and related molecules 
are pyramidal not planar.

Quantum Chemical Calculations
 keyword value description

 Diis N switch on diis all the time in SCF procedure. N 
is the size of the iterative subspace; it should be 
an integer between 2 and 10; default is 5

 NoDiis  turn off diis SCF convergence accelerator
 ScfCycle N set maximum number of SCF iterations to N; 

default is 50
 Guess C choose initial wavefunction guess; in the absence 

of a guess from a previous calculation, the 
default is sad, and may be overridden with one 
of the following:

    core	 diagonalize the core Hamiltonian
    sad	 superposition of atomic densities
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 Scf C SCF procedure; default is restricted for closed-
shell systems and unrestricted for open-shell 
systems, either of which may be specified for 
both closed and open-shell systems

 Core C use of frozen core approximation in Møller-
Plesset and advanced correlated calculations; 
default is frozen which may be changed to 
thawed

 ScfTolerance C control of all tolerances in SCF procedure and 
to affect the precision of the algorithm; default 
is normal which may be changed to high or 
veryhigh

  F set SCF energy convergence criterion (in 
hartrees) to F; default is 1.0 x 10-6

 FineGrid – uses very large grid in density functional 
calculations. A slower, but more precise 
calculation.

 Mix – specifies that α and β HOMO’s in the guess 
wavefunction should be constructed according to:

   useful for generating a guess wavefunction for 
singlet diradical

 Exchange E specifies custom exchange functional or 
combination of exchange functionals for density 
functional calculation. See Appendix A for details.

 Correlation C specifies custom correlation functional or 
combination of correlation functionals for 
density functional calculation. See Appendix 
A for details.

 EnergyOnly – skips calculation of the density matrix for an MP2 
energy calculation, reducing the time by 50%

HOMOα =
HOMO + LUMO

√2

HOMOβ =
HOMO - LUMO

√2
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Semi-Empirical Calculations
 keyword value	 description

 NoAmideFix –	 turns “off” molecular mechanics amide 
correction in PM3 calculations	

 hh C	 turns “on” and “off” hydrogen-hydrogen 
repulsion term in PM3 calculations; default is 
on only where transition metals are involved 
and off otherwise

 Polarizability –	 calculates and prints polarizabilities and 
hyperpolarizabilities

Property and Spectra Calculations
 keyword value description

 NoElCharge – turns “off” calculation of electrostatic charges
 ElCharge N adjusts size of grid used to calculate charge from 

electrostatic potential; default is 1 point/atomic 
unit

 Moments – prints principal moments of inertia
 NoSolvent – turns “off” calculation of aqueous solvation 

energy using SM5.4 model
 Solvent C specifies solvent for SM8 model beyond those 

included in menu. See FAQ (Properties) 
available under Help (Help menu; Chapter 28) 
for a list of available solvents. This will replace 
the menu entry.

NoAreaVolume –	 turns “off” calculation of surface area and 
volume

MaxPropWeight N	 sets limit of molecular weight for electrostatic 
charge, solvent and area/volume calculations; 
default is 500 amu

Polarizability F	 calculates and prints either static (F 
not specified) or frequency dependent 
(frequency F in cm-1) polarizabilities and 
hyperpolarizabilities

NumericalFreq –	 uses numerical differentiation (of analytical 
gradients) for frequency calculation

UVstates N	 specifies number of states to be examined in 
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UV/visible spectra calculation; default is 5
IRCSteps N	 maximum number of steps allowed in 

constructing IRC; default is 40
IRCStepSize N	 maximum step size (in mass-weighted atomic 

units x 100) for IRC; default is 150
IncludeTriplets –	 include excited triplet states in a UV spectra 

calculation where the ground state is a singlet. 
Ignore where the ground state is a triplet

Miscellaneous and Printing
keyword value description

3DPlot – treat dynamic constraints independently 
(rather than in concert). This allows data for 
3D (XYZ) plot to be collected. Two dynamic 
constraints only.

Execute C either skip execution (skip) or force execution 
regardless of history (force)

PrintVibCoords – print coordinates corresponding to normal 
mode vibrational frequencies

PrintCoords – prints Cartesian coordinates
PrintLev C print level; default is normal which may be 

changed to verbose
PrintOrbE – print energies of molecular orbitals
PruneVirtual N,C keep N virtual orbitals; default is 10; None 

keeps all virtual orbitals
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Appendix E
Units

Geometries

Cartesian coordinates are given in Ångstroms (Å).

Bond distances are given in Å. Bond angles and dihedral angles are 
given in degrees (°).

Surface areas, accessible surface areas and polar surface areas are 
available in Å2 and volumes in Å3.

Energies, Heats of Formation and Strain Energies, Zero-Point 
Energies, Enthalpies and Gibbs Energies and Entropies

Total energies from Hartree-Fock calculations are available in au, 
kcal/mol and kJ/mol.

Experimental heats of formation as well as those from semi-empirical 
calculations and from thermochemical recipes are available in kJ/
mol, au and kcal/mol.

Strain energies from molecular mechanics calculations are available 
in kJ/mol, au and kcal/mol.

Energies, heats of formation and strain energies corrected empirically 
for the effects of aqueous media are given in the same units as the 
corresponding gas-phase quantities.

Zero-point energies, enthalpies and Gibbs energies available in kJ/
mol, kcal/mol and au/mol. Entropies are available in J/mol•degree, 
kcal/mol•degree and au/mol•degree. 

Orbital Energies

Orbital energies are available in eV.
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Energy Conversions

 au kcal/mol kJ/mol eV

1 au - 627.5 2625 27.21
1 kcal/mol 1.593 (-3) - 4.184 4.337 (-2)
1 kJ/mol 3.809 (-4) 2.390 (-1) - 1.036 (-2)
1 eV 3.675 (-2) 23.06 96.49 -
a) exponent follows in parenthesis, e.g., 1.593 (-3) = 1.593 x 10-3

Electron Densities, Spin Densities, Dipole Moments, Charges, 
Electrostatic Potentials and Local Ionization Potentials

Electron densities and spin densities are given in electrons/au3.

Dipole moments are given in Debyes.

Atomic charges are given in electrons.

Electrostatic and hydride potentials are given in kJ/mol.

Local ionization potentials are given in eV.

Vibrational Frequencies, Infrared and Raman Intensities

Vibrational frequencies are given in wavenumbers (cm-1). Intensities 
are given relative to the most intense peak. The simplified plot display 
will renormalize on-the-fly to correspond to the most intense peak 
that is displayed.

Chemical Shifts, Coupling Constants

Chemical shifts are given in parts-per-million (ppm) relative 
to appropriate standards: hydrogen (tetramethylsilane); 
carbon (tetramethylsilane); nitrogen (nitromethane); fluorine 
(fluorotrichloromethane); silicon; (tetramethylsilane); phosphorous 
(phosphoric acid). Standards have not been calculated for all models, 
but they are available for Hartree-Fock and several popular density 
functional models with the 6-31G* basis set. A full listing is provided 
in Appendix L. Chemical shifts for other models need to be adjusted 
using the appropriate standards calculated for the same models. 
Coupling constants are in Hz.
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UV/visible Spectra

λmax is given in wavenumbers (cm-1). Intensities are given relative to 
the most intense peak.
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Appendix F
Citation

The proper citation for Spartan’20 is as follows:

Spartan’20
Wavefunction, Inc., Irvine, CA

Many people have contributed to Spartan’s interface. The current 
members are: Bernard Deppmeier, Andy Driessen, Thomas Hehre, 
Warren Hehre, Philip Klunzinger, Sean Ohlinger, and Jurgen Schnitker.

Except for molecular mechanics and semi-empirical models, the 
calculation methods used in Spartan have been documented in: Y. 
Shao, L.F. Molnar, Y. Jung, J. Kussmann, C. Ochsenfeld, S.T. Brown, 
A.T.B. Gilbert, L.V. Slipchenko, S.V. Levchenko, D.P. O’Neill, R.A. 
DiStasio Jr., R.C. Lochan, T. Wang, G.J.O. Beran, N.A. Besley, J.M. 
Herbert, C.Y. Lin, T. Van Voorhis, S.H. Chien, A. Sodt, R.P. Steele, 
V.A. Rassolov, P.E. Maslen, P.P. Korambath, R.D. Adamson, B. 
Austin, J. Baker, E.F.C. Byrd, H. Dachsel, R.J. Doerksen, A. Dreuw, 
B.D. Dunietz, A.D. Dutoi, T.R. Furlani, S.R. Gwaltney,  A. Heyden, 
S. Hirata, C-P. Hsu, G. Kedziora, R.Z. Khalliulin, P. Klunzinger, A.M. 
Lee, M.S. Lee, W.Z. Liang, I. Lotan, N. Nair, B. Peters, E.I. Proynov, 
P.A. Pieniazek, Y.M. Rhee, J. Ritchie, E. Rosta, C.D. Sherrill, A.C. 
Simmonett, J.E. Subotnik, H.L. Woodcock III, W. Zhang, A.T. Bell, 
A.K. Chakraborty, D.M. Chipman, F.J. Keil, A.Warshel, W.J. Hehre, 
H.F. Schaefer, J. Kong, A.I. Krylov, P.M.W. Gill and M. Head-Gordon, 
Phys. Chem. Chem. Phys., 8, 3172 (2006).

A discussion and assessment of commonly-used calculation methods 
is found in: W.J. Hehre, A Guide to Molecular Mechanics and 
Quantum Chemical Calculations, Wavefunction, Inc., Irvine, CA, 
2003, available as a PDF under the Help menu. This is somewhat 
outdated as there have been many important developments since 
it was written, but still of some value. A guide reflecting current 
developments is in preparation.
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Appendix G
Configuring the  

Cambridge Structural Database
Spartan can act as an ancillary interface to the Cambridge Structural 
Database (CSD). In order to search the CSD, Spartan must be 
configured to point to the appropriate location of the CSD data. 
The CSD uses Python to facilitate searching, and a specific python 
path will need to be set. Instructions vary depending on platform 
(Windows, Macintosh, of Linux) and follow below:

Windows:

(Click on Config near the bottom right of the CSD tab. This brings 
up the Configure CSD Interface dialog:

If the current (2020 at the time of this update to the manual) CSD 
System has been installed, the correct path for the python.exe will 
appear (as in the above image). If this has been overwritten, it can 
be restored by clicking on the Reset button at the bottom left of the 
dialog. The path may be hand edited by typing the field, or may be 
set by using the file system (accessed by clicking on the downward 
triangle to the right of the path field). A valid setting is marked with a 
green check, and invalid setting is marked with a red X. Once a valid 
setting is enabled, you may search the CSD from within Spartan.
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Note: The ConQuest application must have been opened at least 
once, in order to use Spartan to interface the CSD.

Macintosh:
Click on the Config button near the bottom right of the CSD tab. This 
brings up the Cambridge Software folder location dialog:

If the field is blank, click the Set… button and locate the CSD 
applications folder (typically, this is a folder named CSD_20nn in the 
/Applications/CCDC folder, where 20nn is the current license year). 
Spartan will check the CSD applications and Python_API folders to 
ensure the necessary interface tools have been installed. 
Note: The ConQuest application must have been opened at least 
once, in order to use Spartan to interface the CSD.

Linux:
At present the link from the Spartan interface to the CSD is not yet 
implemented. This will be addressed in a subsequent minor point 
release and this manual will be updated with necessary configuration 
instructions at that time.
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Appendix H
Constructing Custom 

Databases
Custom collections may be added to SSPD, SIRD and SRD. These 
may either include the geometry, energy (heat of formation, strain 
energy), HOMO and LUMO energies, dipole moment, atomic charges, 
chemical shifts and vibrational frequencies obtained from quantum 
chemical calculations, or (for SSPD and SIRD only) conformer 
libraries generated from molecular mechanics calculations. Entries 
for SRD (transition states) need to derive from Spartan’s transition 
state guessing facility (Guess Transition States under the Search 
menu; Chapter 23) in order that they include the original set of 
reaction arrows.

Documents containing one or more molecules that are to be placed 
in a user database are first saved using Save As under the File menu 
with Save as type set to Spartan Database. This results in two files, 
a .spentry and a .spindex file for each molecule (or list). These should 
then be put in a single directory, the path to which must be entered 
into the Paths Preferences dialog under Preferences... in the Options 
menu (Chapter 25).

Note that it is important to specify a label (“name”) for each molecule. 
Label specification is done either in the Molecule Properties dialog 
(see Properties under the Display menu in Chapter 22) or in the 
spreadsheet (see Spreadsheet under the Display menu in Chapter 22).
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Appendix I
Pharmacophore Input

The following file format is used for input of a pharmacophore 
(illustrated for a pharmacophore with four hydrophobes and one 
positive ionizable center) :

Blank line
Blank line
Blank line 
ENDCART
BEGINCFD
HPHOBE|RING_AROM	 8.050	 -4.180	 -0.400	 0	 2.000	 1.000	 1
HPHOBE|RING_AROM	 9.630	 -0.640	 -3.590	 1	 2.000	 1.000	 1
HPHOBE|RING_AROM	 10.280	 -0.380	 3.200	 2	 2.000	 1.000	 1
HPHOBE|RING_AROM	 8.130	 -2.300	 4.330	 3	 2.000	 1.000	 1
POS	 14.370	 -1.700	 0.280	 4	 3.000	 1.000	 1
ENDCFD

The lines between BEGINCFD and ENDCFD define the individual 
pharmacophore elements (one line/element):

type1|type2… (| separates types for multiple definitions), Cartesian 
(X,Y,Z) coordinates (in Angstroms), unique number, radius of 
element (in Angstroms), weight of element in fit, use the element in 
fit (1) or ignore the element (5)

The following element types are available:
HPHOBE	 hydrophobe
RING_AROM	 aromatic ring
POS	 positive ionizable center
NEG	 negative ionizable center
HBA_CENTER	 hydrogen bond acceptor
HBD_CENTER	 hydrogen bond donor
EXCL_VOL     	 excluded volume
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Appendix J
Input of Experimental Spectra

The databases of infrared and UV/visible spectra accessible on-
line from Spartan are in JCAMP format. Specification of both and 
examples can be found at the NIST website (NIST.gov).

The database of 13C spectra is in CML (Chemical Markup Language) 
format. A description may be found at http://www.ch.ic.ac.uk/omf/
cml. A sample file is provided below.
<?xml version="1.0" encoding="ISO-8859-1"?>
<cml>
	 <spectrum type="NMR">
		  <metadataList>
			   <metadata name="nmr:OBSERVENUCLEUS" content="13C"/>
		  </metadataList>
		  <peakList>
			   <peak xValue="125.1399993896484" peakHeight="0.458" />
			   <peak xValue="128.4499969482422" peakHeight="0.558" />
			   <peak xValue="129.0099945068359" peakHeight="0.658" />
			   <peak xValue="21.64999961853027" peakHeight="0.758" />
			   <peak xValue="137.8399963378906" peakHeight="0.858" />
		  </peakList>
	 </spectrum>
</cml>Blank line

This contains five shifts (xValue) and five associated intensities 
(peakHeight).
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Appendix K
Platform Dependencies

This appendix covers variations in Spartan across Windows, 
Macintosh, and Linux operating systems.

Accessing the Preferences and About… dialogs

Under Windows and Linux, program Preferences and the About… 
dialogs are accessed from the Options menu at the top right of the 
Spartan interface. For Macintosh users, program Preferences and 
the About… dialog are accessed from the Spartan’20 menu at the 
top left of the interface.

Accessing Controls for Spartan Server

Under Windows, the server controls are accessed via the Embedded 
Server tab under Preferences from the Options menu. The server 
functions as part of the graphical interface and the program must 
remain open in order for users to remotely submit to the server.

Under Linux and Macintosh, the server controls are accessed from 
the Service Control entry under the Options menu. The server 
functions as an independent service and the graphical interface does 
not need to remain open in order for users to remotely submit to the 
server. Under Linux (only) the service control is web based and may 
be accessed either locally or remotely via http://machinename:8080. 
This requires that ports 8080 (for communication with the service 
controls) and 50002 (initial default for remote submission) are opened. 
The default username is admin, the default password is password. For 
https communication instructions, contact support@wavefun.com.

A description of the Embedded Server/Service Control dialog 
follows:
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Settings/Options for the Embedded Server:

A Username. The Username on the account.

B Status. The account status, possible values are pending and 
activated. Pending means a remote registration has been received, 
but not yet approved by the server administrator.

C E-mail Address. The email address of the account user. At present 
this is a secondary means of identification of the account, Spartan 
does not (currently) generate/send emails.

D Key. A security key can be issued for an account. If a security key 
is issued, it must also be provided when the account is registered 
(from the Available Servers tab).

E Privileges. Option to allow an account with the privilege to start 
a job irrespective of the Job Queue.

F Job Quota. Sets limits on how many jobs a user can submit.

A B C D E F G

H I J K

L M

N O P

Q
R S T
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G Device ID/Name. A unique device ID and the name of the device 
remote submission is received from, in the case of other Spartan 
licenses, the name is Spartan’20, in the case of iSpartan, the name 
of the iPad, iPhone, or iPod Touch is used.  A user account can have 
more than one Device ID/name associated with it. 

H Remote Registration. Controls the security level for new user 
registration, from lowest (Automatic = automatically register any 
new user) to intermediate (Sign Off Required = new users can 
register, but the server administrator must approve the account before 
it becomes active) to highest (Disabled = new accounts cannot be 
remotely registered and must be generated manually by the server 
administrator).

I Job Quota. This is the default job quota (see above) that will 
provided to newly registered user accounts.

J New Account. Allows the server administrator to manually create 
a new user account (not needed if the Remote Registration is kept in 
either Automatic or Sign Off Required mode).

K Refresh. Refreshes the panel, required to see newly applied changes 
to this panel.

L Repository Directory (Path). The location (on the server) that 
remotely submitted jobs save to.

M Reset. If the server repository path has been changed, reset will 
revert to the default path location.

N Port. The default port used for communication between the client 
(account) and server. If this is changed from 55002, the URL path 
specified when client accounts verify with the server, should be 
modified with the addition of a colon (:) and the new port number, 
for example:

If using default port 55002, a Host URL would be: http://opel.
wavefun.com.

If the port is changed on the server from 55002 to 55000, for example, 
the Host URL will need to be changed to: http://opel.wavefun.
com:55000.
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O IP Address. Only used if the server has a secondary Ethernet 
connection to specify which IP Address the server should listen on.

P Log Verbosity Level. Specifies the amount of communication 
logging written when jobs are remotely submitted/returned/monitored/
etc. (0 means no logging, 5 is maximum logging)

Q Expert.  Off, by default, if turned on enables access to more advanced 
(and typically lesser required) settings for server functionality.

R OK. Saves changes and releases the Preferences dialog (Windows), 
Service Control dialog (Macintosh and Linux).

S Cancel. Cancels any changes and releases the Preferences dialog 
(Windows), Service Control dialog (Macintosh and Linux).

T Apply. Applies any changes without releasing the Preferences 
dialog (Windows), Service Control dialog (Macintosh and Linux).

Settings/Options for the Service Control Panel (Macintosh and 
Linux):

A B C D E F G

H I J K

L M

N O P

Q
R S T
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* Server(On/Off). Check box turns the server on or off (checked = 
on)

A Username. The Username on the account.

B Status. The account status, possible values are pending and 
activated. Pending means a remote registration has been received, 
but not yet approved by the server administrator.

C E-mail Address. The email address of the account user.  At present 
this is a secondary means of identification of the account, Spartan 
does not (currently) generate/send emails.

D Key. A security key can be issued for an account. If a security key 
is issued, it must also be provided when the account is registered 
(from the Available Servers tab).

E Privileges. Option to allow an account with the privilege to start 
a job irrespective of the Job Queue.

F Job Quota. Sets limits on how many jobs a user can submit.

G Device ID/Name. A unique device ID and the name of the device 
remote submission is received from, in the case of other Spartan 
licenses, the name is Spartan’20, in the case of iSpartan, the name 
of the iPad, iPhone, or iPod Touch is used.  A user account can have 
more than one Device ID/name associated with it. 

H Remote Registration. Controls the security level for new user 
registration, from lowest (Automatic = automatically register any 
new user) to intermediate (Sign Off Required = new users can 
register, but the server administrator must approve the account before 
it becomes active) to highest (Disabled = new accounts cannot be 
remotely registered and must be generated manually by the server 
administrator).

I Job Quota. This is the default job quota (see above), provided to 
newly registered user accounts.

J New Account. Allows the server administrator to manually create 
a new user account (not needed if the Remote Registration is kept in 
either Automatic or Sign Off Required mode).
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K Refresh. Refreshes the panel, required to see newly applied changes 
to this panel.

L Repository Directory (Path). The location (on the server) that 
remotely submitted jobs save to.

M Reset. If the server repository path has been changed, reset will 
revert to the default path location.

N Port. The default port used for communication between the client 
(account) and server. If this is changed from 55002, the URL path 
specified when client accounts verify with the server, should be 
modified with the addition of a colon (:) and the new port number, 
for example:

If using default port 55002, a Host URL would be: http://opel.
wavefun.com.

If the port is changed on the server from 55002 to 55000, for example, 
the Host URL will need to be changed to: http://opel.wavefun.
com:55000.

O IP Address. Only used if the server has a secondary Ethernet 
connection to specify which IP Address the server should listen on.

P Log Verbosity Level. Specifies the amount of communication 
logging written when jobs are remotely submitted/returned/monitored/
etc. (0 means no logging, 5 is maximum logging)

Q Expert.  Off, by default, if turned on, enables access to more 
advanced (and typically lesser required) settings for server 
functionality.

R Apply.  Saves changes to the Server Tab of the Service Control 
panel.

S Cancel. Cancels any changes and releases the Service Control 
panel. 

T Close. Applies any changes and releases, Service Control panel.
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Additional platform dependencies. While in general Windows, 
Macintosh, and Linux versions include identical functionality, a 
few important differences should be mentioned, in particular, the 
embedded server functionality. In order to utilize the server features, 
the GUI must remain opened (it can be minimized, but must be 
open). On both the Macintosh and Linux platforms, the server is a 
true service/daemon, and does not require the Spartan program nor 
the Service Control Panel to remain open.  

Additionally, the Linux panel is a web-based tool that can be accessed 
both locally (on the Linux device) or remotely from a web browser on 
any of the client machines. A user login and password are required. 
The default username is admin, the default password is password. 
Once initially logged in, the password may be changed.        
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Appendix L
NMR 13C Chemical Shift 

Standards
	 Nucleus
	 H	 C	 N	 F	 Si	 P
STO-3G	 33.7521	 249.4284	 -99.3060	 368.5390	 578.6340	 499.2810
3-21G(*)	 33.6181	 213.1943	 -251.1870	 279.7970	 509.1390	 502.3530
6-31G	 33.6747	 208.2044	 -276.2000	 222.5260	 484.5230	 373.9520
6-31G*	 32.9027	 201.7207	 -160.1430	 269.3660	 450.1490	 423.6900
6-31+G*	 32.8181	 201.1517	 -159.5610	 261.0900	 446.6710	 415.3570
6-31G**	 32.3367	 203.1517	 -160.3110	 269.4610	 448.3970	 423.1850
6-31+G**	 32.2689	 203.0758	 -159.7060	 261.0800	 444.6390	 415.3570
6-311G*	 32.8321	 195.9091	 -177.3440	 246.9560	 395.6350	 368.3180
6-311+G*	 32.7799	 195.8544	 -184.5910	 246.5820	 395.6260	 366.5100
6-311G**	 32.4751	 196.1543	 -177.7210	 247.0910	 396.7650	 366.8630
6-311+G**	 32.4498	 195.8412	 -184.7400	 246.5860	 396.7780	 366.6250
6-311++G**	 32.4412	 196.1088	 -184.9250	 246.8600	 395.3640	 365.8180
6-311+G(2d,p)	 32.4000	 194.5000	 -182.2900	 246.8690	 385.7540	 360.0760
PC-J0	 33.8736	 201.0753				  
PC-J1	 32.2196	 194.6676					   

EDF2/6-31G*	 32.1340	 190.3690	 -110.5960	 180.7560	 412.4700	 368.8170
EDF2/6-31+G*	 32.0120	 191.3710	 -112.6650	 175.5010	 406.8510	 360.9880
EDF2/6-31G**	 31.7100	 192.4450	 -110.4530	 180.8260	 410.6870	 368.0760
EDF2/6-31+G**	 31.5980	 193.1940	 -112.4710	 175.3460	 404.6300	 360.3590
EDF2/6-311G*	 32.2410	 184.7540	 -136.9780	 153.8800	 337.3290	 294.6500
EDF2/6-311+G*	 32.2010	 184.5320	 -145.1610	 155.2890	 336.8110	 293.2240
EDF2/6-311G**	 31.9570	 184.9030	 -137.0820	 154.0490	 338.9200	 292.8010
EDF2/6-311+G**	 31.9310	 184.3930	 -145.1760	 155.3610	 337.7560	 291.9270
EDF2/6-311++G**	 31.9190	 184.5420	 -145.2370	 155.3650	 336.8950	 292.1020
EDF2/6-311+G(2d,p)	 31.8930	 183.7730	 -146.0210	 158.3640	 326.5240	 288.3070
EDF2/PC-J0	 32.9634	 186.4313				  
EDF2/PC-J1	 31.6027	 181.6027					   

BLYP/6-31G*	 31.8898	 184.0004	 -108.0000	 134.3119	 402.4730	 351.3090
BLYP/6-31+G*	 31.7630	 185.0810	 -111.5990	 130.3580	 397.7680	 344.5740
BLYP/6-31G**	 31.4860	 186.2780	 -107.7320	 134.3010	 402.2490	 350.9010
BLYP/6-31+G**	 31.3780	 187.3770	 -111.4030	 130.2770	 392.9890	 344.0820
BLYP/6-311G*	 32.0410	 179.6600	 -136.0360	 104.7670	 328.6000	 270.0880
BLYP/6-311+G*	 32.0070	 179.0360	 -145.2880	 107.8570	 321.1830	 268.6140
BLYP/6-311G**	 31.7760	 178.0360	 -136.1390	 104.4190	 331.9530	 268.6970
BLYP/6-311+G**	 31.7420	 178.3800	 -145.3260	 107.3890	 323.1760	 267.6970
BLYP/6-311++G**	 31.7310	 178.7600	 -145.1020	 107.9910	 323.2360	 268.8390
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BLYP/6-311+G(2d,p)	 31.7130	 178.2330	 -146.8750	 110.3870	 316.6360	 267.5940
BP/6-31G*	 31.7540	 188.0611	 -97.0220	 142.4206	 406.3890	 354.6710
BP/6-31+G*	 31.6280	 188.6910	 -98.8150	 139.9320	 401.9640	 348.6710
BP/6-31G**	 31.3470	 190.0140	 -98.8200	 142.4720	 405.1030	 353.9890
BP/6-31+G**	 31.2390	 190.6410	 -98.6030	 139.8580	 397.9700	 347.9100
BP/6-311G*	 31.8560	 182.9310	 -121.4130	 115.7860	 341.1380	 282.1140
BP/6-311+G*	 31.8130	 182.5960	 -129.4560	 116.8670	 339.5860	 282.5860
BP/6-311G**	 31.5810	 182.8640	 -121.4970	 115.7740	 344.6450	 280.5890
BP/6-311+G**	 31.5450	 182.2710	 -129.3250	 116.8340	 331.3310	 281.4280
BP/6-311++G**	 31.5330	 182.7840	 -129.4050	 116.8490	 335.0130	 280.9070
BP/6-311+G(2d,p)	 31.5070	 181.9580	 -131.0130	 121.3390	 328.7120	 278.3140

B3LYP/6-31G*	 32.1842	 189.6263	 -117.7850	 180.1410	 413.6860	 370.9310
B3LYP/6-31+G*	 32.0622	 190.6658	 -120.1610	 173.4960	 408.2430	 362.4460
B3LYP/6-31G**	 32.7550	 191.7270	 -117.5850	 180.3140	 411.8990	 369.5210
B3LYP/6-31+G**	 31.6590	 192.5140	 -119.9760	 173.4550	 405.9210	 361.8720
B3LYP/6-311G*	 32.2872	 184.2227	 -143.7842	 152.2110	 338.7460	 294.9520
B3LYP/6-311+G*	 32.2467	 183.9371	 -152.4219	 153.8600	 338.3000	 293.2580
B3LYP/6-311G**	 31.9998	 184.3793	 -143.9561	 152.1760	 340.3220	 293.0720
B3LYP/6-311+G**	 31.9852	 183.9396	 -152.4219	 153.8350	 339.2570	 292.0990
B3LYP/6-311++G**	 31.9669	 184.0443	 -152.4773	 153.8360	 338.2340	 292.2340
B3LYP/6-311+G(2d,p)	 31.9778	 183.9092	 -153.2297	 156.5940	 328.2710	 289.0650
B3LYP/6-311G(2d,2p)	 31.8149	 183.7248			   329.0500	
B3LYP/PC-J0	 33.0129	 185.8806				  
B3LYP/PC-J1	 31.6464	 180.8468				  

WB97X-D/6-31G*	 32.2255	 195.0090	 -115.3090	 203.6770	 419.2400	 473.9430
WB97X-D/6-31+G*	 32.1132	 195.6450	 -120.1610	 173.4960	 415.1300	 362.4460
WB97X-D/6-31G**	 31.7943	 196.7768	 -117.5850	 180.3140	 417.4570	 369.5210
WB97X-D/6-31+G**	 31.6954	 197.2185	 -119.9760	 173.4550	 412.9630	 361.8720
WB97X-D/6-311G*	 32.2896	 189.4991	 -143.7842	 152.2110	 354.7120	 294.9520
WB97X-D/6-311+G*	 32.2378	 189.2949	 -152.4219	 153.8600	 354.3290	 293.2580
WB97X-D/6-311G**	 32.0044	 189.6250	 -143.9561	 152.1760	 356.1450	 293.0720
WB97X-D/6-311+G**	 31.9772	 189.2128	 -152.4219	 153.8350	 355.5770	 292.0990
WB97X-D/6-311++G**	 31.9639	 189.4118	 -152.4773	 153.8360	 354.4180	 292.2340
WB97X-D/6-311+G(2d,p)	 31.9297	 188.3941	 -153.2297	 156.5940	 344.4360	 289.0650
WB97X-D/6-311G(2D,2P)	 31.8051	 188.8165			   344.8400	
WB97X-D/PC-J0	 33.0809	 192.4019				  
WB97X-D/PC-J1	 31.6687	 186.1951					   

WB97X-V/6-31G*	 32.1775	 197.4313	 -117.7850	 180.1410	 424.0790	 370.9310
WB97X-V/6-31+G*	 32.0228	 197.1721	 -120.1610	 173.4960	 419.2680	 362.4460
WB97X-V/6-31G**	 31.7343	 199.4499	 -117.5850	 180.3140	 422.3330	 369.5210
WB97X-V/6-31+G**	 31.6065	 198.9342	 -119.9760	 173.4550	 417.1200	 361.8720
WB97X-V/6-311G*	 32.2128	 194.0790	 -143.7842	 152.2110	 366.9670	 294.9520
WB97X-V/6-311+G*	 32.1399	 193.8788	 -152.4219	 153.8600	 366.5780	 293.2580
WB97X-V/6-311G**	 31.9122	 194.1445	 -143.9561	 152.1760	 368.2830	 293.0720
WB97X-V/6-311+G**	 31.8812	 193.7954	 -152.4219	 153.8350	 367.8110	 292.0990
WB97X-V/6-311++G**	 31.9510	 193.4655	 -152.4773	 153.8360	 367.1550	 292.2340
WB97X-V/6-311+G(2d,p)	 31.9778	 183.9092	 -153.2297	 156.5940	 328.2710	 289.0650
WB97XV/6-311G(2d,2p)	 31.6679	 192.3933			   356.5920	
WB97XV/6-311++G(2d,2p)	 31.6674	 192.0270			   356.2930	    
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Glossary
This glossary addresses nomenclature (“jargon”) used throughout the 
manual, and more generally, in applications of molecular modeling. 
Some of the terms, such as Basis Set, will be familiar to the modeling 
community but foreign to the broader community, while other terms, 
such as Kinetic Product, may be foreign to the modeling community 
and familiar to the broader community. Terms such as Entropy should 
be familiar to all and are generally avoided. A number of terms from 
both categories have been defined “in the context” of their use in 
molecular modeling rather than more generally. For example, the term 
NOE has been defined in terms of providing information about which 
pairs of (non-bonded) atoms are inside a specified cutoff distance 
(information that is useful in restricting the limits of  a conformational 
search) rather than the nature of the phenomenon which produces 
this information.

3-21G. A Split-Valence Basis Set in which each Core Basis 
Function is written in terms of three Gaussians, and each Valence 
Basis Function is split into two parts, written in terms of two and 
one Gaussians, respectively. 3-21G basis sets have been determined 
to yield the lowest total Hartree-Fock Energies for atoms. The 
nomenclature 3-21G implies use of the 3-21G(*) basis set on 
molecules incorporating second-row (and heavier) main-group 
elements.

3-21G(*). The 3-21G Basis Set supplemented by d-type Gaussians 
for each second-row and heavier main-group elements only. This is 
required in order to get good equilibrium geometries. Without the 
added functions, the 3-21G basis set is not recommended for use 
for molecules incorporating second-row (and heavier) main-group 
elements.

6-31G. A Split-Valence Basis Set in which each Core Basis 
Function is written in terms of six Gaussians, and each Valence 
Basis Function is split into two parts, written in terms of three and 
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one Gaussians, respectively. 6-31G basis sets have been determined 
to yield the lowest total Hartree-Fock Energies for atoms. The 
6-31G basis set is rarely used alone but rather is supplemented by one 
or more sets of Polarization Functions and/or Diffuse Functions.

6-31G*, 6-31G**. The 6-31G Basis Set in which non-hydrogen 
atoms are supplemented by d-type Gaussians and (for 6-31G**) 
hydrogen atoms are supplemented by p-type Gaussians (Polarization 
Functions). 6-31G* and 6-31G** are Polarization Basis Sets.

6-31+G*, 6-31+G**. Basis Sets that are identical to 6-31G* and  
6-31G** except that all non-hydrogen atoms are supplemented by 
diffuse s and p-type Gaussians (Diffuse Functions). 6-31+G* and 
6-31+G** are supplemented Polarization Basis Sets.

6-311G. A Split-Valence Basis Set in which each Core Basis 
Function is written in terms of six Gaussians, and each Valence 
Basis Function is split into three parts, written in terms of three, 
one and one Gaussians, respectively. 6-311G basis sets have been 
determined to yield the lowest total MP2 Energies for atoms. The 
6-311G basis set is rarely used alone but rather is supplemented 
by one or more sets of Polarization Functions and/or Diffuse 
Functions.

6-311G*, 6-311G**. The 6-311G Basis Set in which non-hydrogen 
atoms are supplemented by d-type Gaussians and (for 6-311G**) 
hydrogen atoms are supplemented by p-type Gaussians (Polarization 
Functions). 6-311G* and 6-311G** are Polarization Basis Sets.

6-311+G*, 6-311+G**. Basis Sets that are identical to 6-311G* 
and 6-311G** except that non-hydrogen atoms are supplemented 
by diffuse s and p-type Gaussians (Diffuse Functions). 6-311+G* 
and 6-311+G** are supplemented Polarization Basis Sets.

Ab Initio Models. The general term used to describe methods 
seeking approximate solutions to the many-electron Schrödinger 
Equation, but which do not involve empirical parameters. Ab initio 
models include Hartree-Fock Models, Møller-Plesset Models and 
Density Functional Models.
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Acidity. The energy required to break an XH bond into X- and H+, 
that is, to undergo Heterolytic Bond Dissociation. Acidities in the 
gas phase are very large positive numbers (producing isolated ions 
is highly unfavorable); they are much smaller (and of either sign) in 
solution.

Activation Energy. The energy of a Transition State above that of 
reactants. Activation energy is related to reaction rate by way of the 
Arrhenius Equation.

AM1. Austin Method 1. A Semi-Empirical Model.

Anharmonic Frequency Correction. Non-quadratic contributions 
to a Vibrational Frequency. Because calculated frequencies 
are harmonic, that is, assume that the potential is quadratic, they 
are typically ~5% larger than measured frequencies, which 
include anharmonic corrections. Frequencies can be corrected for 
anharmonicity but, due to high computational cost, this is seldom 
done for any but very small molecules.

Anion. An atom or molecule with a Total Charge of -1.

Antibonding Molecular Orbital. A Molecular Orbital which is 
antibonding between particular atomic centers. The opposite is a 
Bonding Molecular Orbital.

Arrhenius Equation. An equation governing the rate of a chemical 
reaction as a function of the Activation Energy and the temperature.

Atomic Orbital. A Basis Function centered on an atom. Atomic 
orbitals typically take on the form of the solutions to the hydrogen 
atom (s, p, d, f... type orbitals).

Atomic Units. The set of units which remove all of the constants 
from inside the Schrödinger Equation. The Bohr is the atomic unit 
of length and the Hartree is the atomic unit of energy.

Atomization Energy. The energy of dissociation of an atom or 
molecule into separated nuclei and electrons. This is another term 
for Total Energy.

B3LYP Model. A Global Hybrid Generalized Gradient 
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Approximation (GH-GGA) functional which improves on the 
Local Density Model by accounting explicitly for non-uniformity 
in electron distributions. It incorporates the Exchange Energy from 
the Hartree-Fock Model and involves three adjustable parameters. 
The B3LYP model is perhaps the most widely used density functional 
model and provides a solid account of equilibrium geometries 
(including the geometries of molecules incorporating transition 
metals), vibrational frequencies and reaction energies.

Basicity. The energy gained from adding a proton to an atom 
or molecule. Basiscities in the gas phase are very large negative 
numbers; they are much smaller (and of either sign) in solution.

Basis Functions. Functions usually centered on atoms which are 
linearly combined to make up the set of Molecular Orbitals. Except 
for Semi-Empirical Models where basis functions are Slater type, 
basis functions are Gaussian type.

Basis Set. The entire collection of Basis Functions.

Becke-Lee-Yang-Parr Model. See BLYP Model, B3LYP Model.

Becke-Perdew Model. See BP Model.

BLYP Model. A Generalized Gradient Approximation (GGA) 
functional which improves on the Local Density Model by 
accounting explicitly for non-uniformity in electron distributions.

Bohr. The Atomic Unit of length. 1 bohr = 0.529167Å.

Boltzmann Distribution. The equilibrium distribution of products 
in a Thermodynamically-Controlled Reaction. A special (and very 
important) case involves the equilibrium distribution of Conformers 
of a flexible molecule.

Boltzmann Equation. The equation governing the distribution of 
products in Thermodynamically-Controlled Reaction.

Bonding Molecular Orbital. A Molecular Orbital which is bonding 
between particular atom centers. The opposite is an Antibonding 
Molecular Orbital.
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Bond Order. A measure of the number of electrons shared between 
“bonded” atoms.

Bond Separation Reaction. An Isodesmic Reaction in which a 
molecule described in terms of a conventional valence structure 
is broken down into the simplest (two-heavy-atom) molecules 
containing the same component bonds.

Bond Density Surface. A Density Surface used to elucidate the 
bonding in molecules. The value of the density is typically taken as 
0.1 electrons/bohr.3

Born-Oppenheimer Approximation. An approximation based on 
the assumption that nuclei are stationary. Applied to the Schrödinger 
Equation, it leads to the Electronic Schrödinger Equation.

C-PCM. The Conductor like Polarizable Continuum Model is a 
solvent model that depends on the shape and charge distribution of 
the molecule (solute) and the dielectric constant of the solvent. This 
is the default solvent model used in the Spartan'18 version. 

Cambridge Structural Database (CSD). A collection of >900,000 
experimental structures for organic and organometallic compounds 
almost entirely from X-ray crystallography. Structures lacking 
carbon are excluded as are biopolymers (the latter are available from 
the Protein Data Bank).

Cartesian Coordinates. x, y, z spatial coordinates.

CAS Number. Chemical Abstract Service registry number; a unique 
substance identifier used to a large degree in the chemistry literature, 
see www.cas.org for more information.

Cation. An atom or molecule with a Total Charge of +1.

cc-pV5Z. A Polarization Basis Set which has been developed 
specifically for use with Correlated Models. The Valence has been 
split into five parts, and functions though g have been included. May 
be supplemented with Diffuse Functions.

cc-pVDZ. A Polarization Basis Set which has been developed 
specifically for use with Correlated Models. The Valence has been 
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split into two parts. May be supplemented with Diffuse Functions.

cc-pVQZ. A Polarization Basis Set which has been developed 
specifically for use with Correlated Models. The Valence has been 
split into four parts, and functions though g have been included. 
May be supplemented with Diffuse Functions.

cc-pVTZ. A Polarization Basis Set which has been developed 
specifically for use with Correlated Models. The Valence has been 
split into three parts, and functions though f have been included. 
May be supplemented with Diffuse Functions.
13C Spectrum; see NMR Spectrum

CCSD/CCSD(T) Models. Coupled Cluster Singles and Doubles 
optionally with a triples correction. Correlated Models.

Chemical Function Descriptors. A set of locations each indicating 
specific “chemical behavior”, for example, a location indicating 
a possible role as a hydrogen-bond donor or acceptor. Chemical 
function descriptors may either be used without reference to atomic 
centers (the collection being termed a Pharmacophore) or attached 
to atoms.

Chemical Shift. The difference in the energies of nuclear spin states 
for a nucleus in a molecule caused by an external magnetic field. 
This is the fundamental quantity measured in NMR spectroscopy.

Chiral Molecule. A molecule with a non-superimposible mirror 
image. Most commonly (but not necessarily) a chiral molecule will 
incorporate one or more R/S centers.

CID Model. Configuration Interaction Doubles. A limited 
Configuration Interaction scheme in which only double excitations 
from occupied to unoccupied molecular orbitals are considered.

CIS Model. Configuration Interactions Singles. A limited 
Configuration Interaction scheme in which only single excitations 
from occupied to unoccupied molecular orbitals are considered. 
This is perhaps the simplest method available to the description of 
Excited States of molecules.
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CISD Model. Configuration Interaction, Singles and Doubles. A 
limited Configuration Interaction scheme in which only single and 
double excitations from occupied to unoccupied molecular orbitals 
are considered.

Closed Shell. An atom or molecule in which all electrons are paired.

Configuration Interaction. Provides an account of Electron 
Correlation by way of explicit promotion (excitation) of electrons 
from occupied molecular orbitals into unoccupied molecular 
orbitals. Full configuration interaction (all possible promotions) is 
not a practical method and limited schemes, for example, CIS, CID 
and CISD Models, need to be employed.

Conformation. The arrangement about single bonds and of flexible 
rings.

Conformational Analysis. One of several different procedures to 
deal with molecules that are not properly described in terms of a 
single Conformer. Determination of Equilibrium Conformer or 
establishing a Conformer Distribution or a Similarity Library are 
examples of conformational analysis.

Conformer; See Conformation. 

Core. Electrons which are primarily associated with individual 
atoms and do not participate significantly in chemical bonding (1s 
electrons for first-row elements, 1s, 2s, 2px, 2py, 2pz electrons for 
second-row elements, etc.).

Core Orbital. A Molecular Orbital that is primarily involved with 
the Core rather than with the Valence.

Correlated Models. Models which take implicit or explicit account 
of the Correlation of electron motions. Møller-Plesset Models, 
Configuration Interaction Models and Density Functional 
Models are correlated models.

Correlation. The coupling of electron motions not explicitly taken 
into account in Hartree-Fock Models.
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Correlation Energy. The difference in energy between the Hartree-
Fock Energy and the experimental energy.

Correlation Functional. A function of the Electron Density and 
perhaps as well the gradient of the Electron Density. The functional 
form derives from “exact” solution of the Schrödinger Equation for 
an idealized many-electron problem. Used in Density Functional 
Models.

COSY Spectrum; See NMR Spectrum.

Coulomb Energy. The electron-electron repulsion energy according 
to Coulomb’s law.

Coulombic Interactions. Charge-charge interactions which follow 
Coulomb’s law. Stabilizing when charges are of opposite sign and 
destabilizing when they are of the same sign.

Coupling Constant. A measure of the extent to which nuclear spins 
on neighboring atoms interact (couple) with each other, causing 
splitting of the lines in an NMR spectrum.

CPK Model.  A molecular model in which atoms are represented 
by spheres, the radii of which correspond to van der Waals Radii. 
Intended to portray molecular size and shape. Also known as a 
space-filling model.

CSD; See Cambridge Structural Database.

Curtin-Hammett Principle. The idea that the reactive conformer 
in a Kinetically-Controlled Reaction is not necessarily the lowest-
energy conformer. The rationale is that the energy barriers separating 
conformers are typically much smaller than barriers to chemical 
reaction, and that any reactive conformers will be replenished.

Density; See Electron Density.

Density Functional Models. Methods in which the energy 
is evaluated as a function of the Electron Density. Electron 
Correlation is taken into account explicitly by incorporating into the 
Hamiltonian terms which derive from exact solutions of idealized 
many-electron systems.
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DEPT Spectrum; See NMR Spectrum.

Diffuse Functions. Functions added to a Basis Set to allow 
description of electron distributions far away from atomic positions. 
Important for descriptions of anions.

Diffusion-Controlled Reactions. Chemical reactions without 
Transition States (or energy barriers), the rates of which are 
determined by the speed in which molecules encounter each other 
and how likely these encounters are to lead to reaction.

Dipole Moment. A vector indicating the magnitude, sign and 
direction of the overall distribution of charge in a molecule based on 
the combination of nuclear and electron charges. Most commonly 
only the magnitude of the dipole moment is known experimentally.

Double Hybrid Functional. A class of functionals that take account 
of unoccupied molecular orbitals in addition to occupied molecular 
orbitals (the density) usually by way of an MP2-like procedure.

Doublet. A molecule with one unpaired electron, also known as a 
radical.

Dual Basis Set. A technique whereby the converged wavefunction 
resulting from a calculation using a small basis set is passed on for a 
single SCF cycle using a large basis set. This closely approximates 
the energy and wavefunction that would have resulted from a 
full calculation using the large basis set but with 5-10 times less 
computation.

EDF2 Model. A Global Hybrid Generalized Gradient 
Approximation (GH-GGA) functional which improves on the 
Local Density Model by accounting explicitly for non-uniformity in 
electron distributions. EDF2 was explicitly formulated to reproduce 
experimental vibrational frequencies (infrared spectra), and it was for 
this reason (together with practical concerns) that the EDF2/6-31G* 
model was chosen for use in the Spartan Spectra and Properties 
Database (SSPD).

Electron Affinity. The energy gained as a result of adding an 
electron to an atom or molecule. May be calculated as the (negative 
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of) the difference in energies between the atom/molecule and it 
corresponding radical anion. Note that not all atoms/molecules have 
positive electron affinities, that is, bind an electron.

Electron Correlation. See Correlation.

Electron Density. The number of electrons per unit volume at a 
point in space. This is the quantity which is measured in an X-ray 
diffraction experiment.

Electron Density Surface. A surface of constant Electron Density. 
May be used to elucidate bonding (Bond Density Surface) or to 
characterize overall moelcular size and shape.

Electronic Schrödinger Equation. The equation which results 
from incorporation of the Born-Oppenheimer Approximation to 
the Schrödinger Equation.

Electrostatic Charges. Atomic charges chosen to best match the 
Electrostatic Potential at points surrounding a molecule, subject to 
overall charge balance.

Electrostatic Potential. A function describing the energy of 
interaction of a positive point charge with the nuclei and fixed 
electron distribution of a molecule.

Electrostatic Potential Map. A graph that shows the value of 
Electrostatic Potential on an Electron Density Isosurface 
corresponding to a van der Waals Surface.

Electrostatic Potential Surface. It may be used to elucidate regions 
in a molecule which are particularly electron rich and subject to 
electrophilic attack and those which are particularly electron poor, 
subject to nucleophilic attack.

Energy Profile. A plot of energy vs. change in geometrical coordinate, 
for example, change in bond length or in dihedral angle.

Enthalpy. The heat of a chemical reaction. Related to energy by a 
pressure-volume that is insignificant at normal pressures.

Equilibrium Conformer. The lowest-energy Conformer. 
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Equilibrium Geometry. A Local Minimum on a Potential Energy 
Surface.

Equilibrium Isotope Effect. The effect on the heat of reaction due 
to a change in nuclear mass of one or more atoms. The most common 
(and largest) isotope effects arise from substitution of deuterium for 
hydrogen. 

Exchange Functional. A function of the Electron Density and 
perhaps as well the gradient of the Electron Density. The functional 
form derives from “exact” solution of the Schrödinger Equation for 
an idealized many-electron problem. Used in Density Functional 
Models.

Exchange Energy. An “attractive” (negative) component of the 
electron-electron interaction energy. Arises due to an overestimation 
of the “repulsive” (positive) component or Coulomb energy.

Excited State. An electronic state for an atom or molecule which is 
not the lowest-energy or Ground State.

Force Constant. For a diatomic molecule, the second derivative of 
the energy with respect to change in bond length. For a polyatomic 
molecule, the second derivative of the energy with regard to a change 
in Normal Coordinate.

Force Field. The set of rules underlying Molecular Mechanics 
Models. Comprises terms which account for distortions from ideal 
bond distances and angles and for Non-Bonded van der Waals and 
Coulombic Interactions.

Fourier Series. An expansion of a periodic (in 360o rotation) in 
terms of powers of the cosine of the torsion angle.

Frontier Molecular Orbitals. The HOMO and LUMO.

Gx Models. “Recipes” which combine a series of Hartree-Fock 
and Correlated Models to properly account for Atomization 
Energies of atoms and molecules. Useful for providing accurate 
thermochemical data.
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G3(MP2). A “simplified” version of the G3 Model. Reproduces 
experimental Heats of Formation with an RMS errors of ~8 kJ/
mol, practical for molecules comprising less than 20 atoms.

Gaussian. A function of the form xlymzn exp (αr2) where l, m, n are 
integers (0, 1, 2 . . .) and α is a constant. Used in the construction of 
Basis Sets for Hartree-Fock, Density Functional, MP2 and other 
Correlated Models.

Gaussian Basis Set. A Basis Set made up of Gaussian Basis 
Functions.

Global Minimum. The lowest energy Local Minimum on a 
Potential Energy Surface.

Ground State. The lowest energy electronic state for an atom or 
molecule.

Hamiltonian. An operator which accounts for the kinetic and 
potential energy of an atom or a molecule.

Hammond Postulate. The idea that the Transition State for an 
exothermic reaction will more closely resemble reactants than 
products. This provides the basis for “modeling” properties of 
Transition States in terms of the properties of reactants.

Harmonic Frequency. A Vibrational Frequency which has been 
corrected to remove all non-quadratic (anharmonic) components. 
Calculated Vibrational Frequencies correspond to harmonic 
frequencies. The corrections require data on isotopically-substituted 
systems and are typically available only for small molecules.

Hartree. The Atomic Unit of energy. 1 hartree = 627.47 kcal/mol.

Hartree-Fock Approximation. Separation of electron motions in 
many-electron systems into a product form of the motions of the 
individual electrons.

Hartree-Fock Energy. The energy resulting from Hartree-Fock 
Models.

Hartree-Fock Equations. The set of differential equations resulting 
from application of the Born-Oppenheimer and Hartree-Fock 
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Approximations to the many-electron Schrödinger Equation.

Hartree-Fock Models. Methods in which the many-electron 
wavefunction in written terms of a product of one-electron 
wavefunctions. Electrons are assigned in pairs to functions called 
Molecular Orbitals.

Hartree-Fock Wavefunction. The simplest quantum-mechanically 
correct representation of the many-electron wavefunction. Electrons 
are treated as independent particles and are assigned in pairs to 
functions termed Molecular Orbitals. Also known as Single-
Determinant Wavefunction.

Heat of Formation. The Enthalpy at 298 K of a balanced chemical 
reaction in which a molecule is converted into the most stable form 
of the each element, for example, hydrogen molecule for hydrogen 
and graphite for carbon.

Hessian. The matrix of second energy derivatives with respect 
to geometrical coordinates. The Hessian together with the atomic 
masses lead to the Vibrational Frequencies of molecular systems.

Heterolytic Bond Dissociation. A process in which a bond is 
broken and a cation and anion result. The number of electron pairs 
is conserved, but a non-bonding electron pair has been substituted 
for a bond.

HOMO. Highest Occupied Molecular Orbital.

Homolytic Bond Dissociation. A process in which a bond is 
broken and two radicals result. The number of electron pairs is not 
conserved.  

HOMO-LUMO Gap. The difference in energies between the 
HOMO and LUMO.

HOMO Map. A graph of the absolute value of the HOMO on an 
Isodensity Surface corresponding to a van der Waals Surface.

Hybrid Density Functional Models. Density Functional Models 
which incorporate the Exchange Energy from the Hartree-Fock  
Model. The B3LYP Model is a hybrid density functional model.
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Hydrogen-Bond Acceptor. An electronegative element (typically, 
nitrogen, oxygen or halogen) with one or more lone pairs able to 
“accept” a hydrogen from a Hydrogen-Bond Donor.

Hydrogen-Bond Donor. A hydrogen bonded to an electronegative 
element (typically nitrogen or oxygen) that can be donated to a 
Hydrogen-Bond Acceptor.

Hydrophobe. A non polar region of a molecule.

Hypervalent Molecule. A molecule containing one or more main-
group elements in which the normal valence of eight electrons has 
been exceeded. Hypervalent molecules are common for second-row 
and heavier main-group elements but are uncommon for first-row 
elements.

Imaginary Frequency. A frequency which results from a negative 
element in the diagonal form of the Hessian. Equilibrium Geometries 
are characterized by all real frequencies while Transition States are 
characterized by one imaginary frequency.

Infrared Spectrum. Spectrum resulting from transitions between 
vibrational energy levels. Infrared intensities depend on the change 
in dipole moment associated with the vibration.

Internal Coordinates. A set of bond lengths, bond angles and 
dihedral angles (among other possible variables) describing 
molecular geometry. The Z Matrix is a set of internal coordinates.

Intrinsic Reaction Coordinate. The name given to procedures 
with seek to “walk” in a smooth pathway connecting reactant and 
product.

Ionization Potential. The energy required to completely eject an 
electron from an atom or molecule. May be calculated as the difference 
in energies between the atom/molecule and its corresponding radical 
cation. May be approximated from Koopman’s Theorem as the 
negative of the HOMO Energy.

Isodesmic Reaction. A chemical reaction in which the number of 
formal chemical bonds of each type is conserved.
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Isosurface. A three-dimensional surface defined by the set of points 
in space where the value (isovalue) of the function is constant.

Kinetically-Controlled Reaction. Refers to a chemical reaction 
which has not gone all the way to completion, and the ratio of 
products is not related to their thermochemical stabilities, but rather 
inversely to the heights of the energy barriers separating reactants 
to products.

Kinetic Isotope Effect. The effect on the rate of reaction due to a 
change in nuclear mass of one or more atoms. The most common 
(and largest) isotope effects arise from substitution of deuterium for 
hydrogen. 

Kinetic Product. The product of a Kinetically-Controlled 
Reaction.

kJ/mol. The unit commonly used to express chemical energy 
differences, replacing kcal/mol. 1 kJ/mol = 0.239 kcal/mol = 
0.000381 au.

Kohn-Sham Equations. The set of equations obtained by applying 
the Local Density Approximation to a general multi-electron 
system. An Exchange/Correlation Functional which depends on 
the electron density has replaced the Exchange Energy expression 
used in the Hartree-Fock Equations. The Kohn-Sham equations 
become the Roothaan-Hall Equations if this functional is set equal 
to the Hartree-Fock Exchange Energy expression.

Koopman’s Theorem. Relates the Ionization Potential to the 
negative of the HOMO Energy. 

LCAO Approximation. Linear Combination of Atomic Orbitals 
approximation. Approximates the unknown Hartree-Fock 
Wavefunctions (Molecular Orbitals) by linear combinations 
of atom-centered functions (Atomic Orbitals) and leads to the 
Roothaan-Hall Equations.

LACVP*, LACVP**. Pseudopotentials which include not only 
Valence s and p-type orbitals (s, p and d-type for transition metals) 
but also the highest set of Core orbitals, and in which non-hydrogen 
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atoms are supplemented by d-type Gaussians and (for LACVP**) 
hydrogen atoms are supplemented by p-type Gaussians.

Ligand. This term has two meanings in the context of molecular 
modeling. It denotes a molecular fragment that is (viewed as) 
non-covalently bonded to a transition metal in an inorganic or 
organometallic compound. For example, both carbon monoxide and 
benzene are said to be ligands in benzene chromium tricarbonyl. It 
also denotes a molecule that is “associated” (non-covalently bonded) 
to a protein.

Linear Synchronous Transit. The name given to procedures which 
estimate the geometries of transition states based on “averages” of 
the geometries of reactants and products, sometimes weighted by 
the overall thermodynamics of reaction.

LMP2 Model. An MP2 Model in which the Hartree-Fock orbitals 
are first localized.

Local Density Models. Density Functional Models which are 
based on the assumption that the Electron Density is constant (or 
slowly varying) throughout all space.

Local Ionization Potential. A function of the relative ease of 
electron removal (ionization) from a molecule.

Local Ionization Potential Map. A graph of the Local Ionization 
Potential on an Isodensity Surface corresponding to a van der 
Waals Surface.

Local Minimum. Any Stationary Point on a Potential Energy 
Surface for which all elements in the diagonal representation of the 
Hessian are positive.

LogP. An empirical measure of the extent to which a molecule 
partitions between water and octanol.

Lone Pair. A Non-Bonded Molecular Orbital which is typically 
associated with a single atom.

LUMO. Lowest Unoccupied Molecular Orbital.
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LUMO Map. A graph of the absolute value of the LUMO on an 
Isodensity Surface corresponding to a van der Waals Surface.

Mechanism. The sequence of steps connecting reactants and products 
in an overall chemical reaction. Each step starts from an equilibrium 
form (reactant or intermediate) and ends in an equilibrium form 
(intermediate or product).

Minimal Basis Set. A Basis Set which contains the fewest functions 
needed to hold all the electrons on an atom and still maintain spherical 
symmetry. STO-3G is a minimal basis set.

Minimal Valence Basis Set. A  Minimal Basis Set from which 
Core Orbitals have been removed. Semi-Empirical Models make 
use of a minimal valence basis set.

MM2, MM3, MM4. A series of Molecular Mechanics Force Fields 
developed by the Allinger group at the University of Georgia.

MMFF94. Merck Molecular Force Field. A Molecular Mechanics 
Force Field for organic molecules and biopolymers developed by 
Merck Pharmaceuticals.

MNDO. Modified Neglect of Differential Overlap. A Semi-
Empirical Model.

MNDO/d. An extension of the MNDO Semi-Empirical Model in 
which second-row (and heavier) main-group elements are provided 
a set of d-type functions.

Molecular Mechanics Models. Methods for structure, conformation 
and strain energy calculation based on bond stretching, angle bending 
and torsional distortions, together with Non-Bonded Interactions, 
and parameterized to fit experimental data.

Molecular Orbital. A one-electron function made of contributions 
of Basis Functions on individual atoms (Atomic Orbitals) and 
delocalized throughout the entire molecule.

Molecular Orbital Models. Methods based on writing the many-
electron solution of the Electronic Schrödinger Equation in terms 
of a product of one-electron solutions (Molecular Orbitals).
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Møller-Plesset Energy. The energy resulting from Møller-Plesset 
Models terminated to a given order, e.g., the MP2 energy is the 
energy of the second-order Møller-Plesset Model (or MP2).

Møller-Plesset Models. Methods which partially account for 
Electron Correlation by way of the perturbation theory of Møller 
and Plesset.

Monte-Carlo Conformation Search. A limited search of 
Conformers resulting from a random sampling of all torsional angles 
(including constrained torsions associated with flexible rings) while 
satisfying the requirements imposed by the Boltzmann Equation.

MP2 Energy. The energy resulting from MP2 Models.

MP2 Model. A Møller-Plesset Model terminated to be second order 
in the energy.

MP3 Model. A Møller-Plesset Model terminated to be third order 
in the energy.

MP4 Model. A Møller-Plesset Model terminated to be fourth order 
in the energy.

Mulliken Charges. Atomic charges obtained from a Mulliken 
Population Analysis.

Mulliken Population Analysis. A partitioning scheme in which 
electrons are shared equally between different Basis Functions.

Multiplicity. The number of unpaired electrons (number of electrons 
with “down” spin) +1. 1=singlet; 2=doublet; 3=triplet, etc.

Natural Charges. Atomic charges obtained from a Natural 
Population Analysis.

Natural Popluation Analysis.

NDDO Approximation. Neglect of Diatomic Differential Overlap 
approximation. The approximation underlying all present generation 
Semi-Empirical Models. It says that two Atomic Orbitals on 
different atoms do not overlap.
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NIST Chemistry Web Book (National Institutes of Standards 
and Technology). On-line source of experimental Infrared and 
UV/visible spectra.

NMR Spectrum. Spectrum resulting from transitions between 
nuclear spin states under the influence of an external magnetic field. 
Both 1D spectra (most important, proton and 13C) and 2D spectra 
(most important COSY, HMBC and  HSQC) are available.

NOE (Nuclear Overhauser Effect). An NMR experiment that leads 
to identifying pairs of (non-bonded) atoms separated by less than a 
specified distance (typically 4-5Å).

Non-Bonded Interactions. Interactions between atoms which are 
not directly bonded. van der Waals Interactions and Coulombic 
Interactions are non-bonded interactions.

Non-Bonded Molecular Orbital. A molecular orbital which does 
not show any significant Bonding or Antibonding characteristics. 
A Lone Pair is a non-bonded molecular orbital.

Non-Local Density Functional Models. Density Functional 
Models such as the  BLYP, BP, EDF1, EDF2 and B3LYP Models 
which explicitly take into account electron inhomogeneities.

Normal Coordinates. Coordinates that lead to a diagonal Hessian, 
and which correspond to vibrational motions in molecules.

Normal Mode Analysis. The process for calculating Normal 
Coordinates leading to Vibrational Frequencies. This involves 
diagonalizing the Hessian and accounting for atomic masses.

Octet Rule. The notion that main-group elements prefer to be 
“surrounded” by eight electrons (going into s, px, py, pz orbitals).

OD/OD(T). Correlated Models.

Orbital Energy. The energy of a Molecular Orbital.

Orbital Energy Diagram. A diagram listing Orbital Energies from 
most negative at the bottom. Usually restricted to occupied Valence 
Orbitals and the few lowest unoccupied orbitals.
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Orbital Symmetry Rules; See Woodward-Hoffmann Rules.

Open Shell. An atom or molecule in which one or more electrons 
are unpaired.

Pharmacophore.  Collection of Chemical Function Descriptors 
which characterizes a molecular environment. A pharmacophore 
may serve as a target for Similarity Analysis.

PM3. Parameterization Method 3. A Semi-Empirical Model.

PM6. Parameterization Method 6. A Semi-Empirical Model.

Polar Area. The area of an Electrostatic Potential Map that is either 
more positive or more negative than some preset value (typically 
between 80-120 kJ/mol).

Polarization Basis Set. A Basis Set which contains functions of 
higher angular quantum number (Polarization Functions) than 
required for the Ground State of the atom, e.g., d-type functions for 
main-group elements and p-type functions for hydrogen. 6-31G*, 
6-31G**, 6-311G*, 6-311G**, cc-pVDZ, cc-pVTZ and cc-pVQZ 
are polarization basis sets.

Polarization Functions. Functions of higher angular quantum than 
required for the Ground State atomic description. Added to a Basis 
Set to allow displacement of Valence Basis Functions away from 
atomic positions.

Polarization Potential. A function describing the energy of electronic 
relaxation of a molecular charge distribution following interaction 
with a point positive charge. The polarization potential may be added 
to the Electrostatic Potential to provide a more accurate account of 
the interaction of a point-positive charge and a molecule.

Polar Surface Area. The area of a space-filling (CPK) model due 
to electronegative elements (typically, nitrogen and oxygen) and any 
hydrogens that are bonded to these elements.

Pople-Nesbet Equations. The set of equations describing the best 
Unrestricted Single Determinant Wavefunction within the LCAO 
Approximation. These reduce the Roothaan-Hall Equations for 
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Closed Shell (paired electron) systems.

Potential Energy Surface. A function of the energy of a molecule 
in terms of the geometrical coordinates of the atoms.

Property Map. A representation or “map” of a “property” on top 
of an Isosurface, typically an Isodensity Surface. Electrostatic 
Potential Maps, and HOMO and LUMO Maps and Spin Density 
Maps are useful property maps.

Proton Affinity; See Basicity.

Proton Spectrum; see NMR Spectrum

Pseudopotential. A Basis Set which treats only Valence electrons 
in an explicit manner, all other electrons being considered as a part 
of a “Core”. LAVCP (and extensions including Polarization and/
or Diffuse Functions) are pseudopotentials.

Pseudorotation. A mechanism for interconversion of equatorial 
and axial sites around trigonal bipyramidal centers, e.g., fluorines in 
phosphorous pentafluoride.

QCCD/QCCD(T) Models. Correlated Models.

QCISD/QCISD(T) Models. Quadratic CISD Models. Correlated 
Models.

QSAR. Quantitative Structure Activity Relationships. The name 
given to attempts to relate measured or calculated properties to 
molecular structure.

Quantum Mechanics. Methods based on approximate solution of 
the Schrödinger Equation.

Ramachandran Plot. A plot for each α carbon in a polypeptide of 
the two dihedral angles that define the conformation of the backbone. 
The points will typically cluster in two regions denoting helices and 
sheets.

Raman Spectrum. Spectrum resulting from transitions between 
vibrational energy levels. Infrared intensities depend on the change 
in polarizability associated with the vibration.
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Rate Limiting Step. The step in an overall chemical reaction 
(Mechanism) which proceeds via the highest-energy Transition 
State.

Reaction Coordinate. The coordinate that connects the Local 
Minima corresponding to the reactant and product, and which passes 
through a Transition State.

Reaction Coordinate Diagram. A plot of energy vs. Reaction 
Coordinate.

Restricted SCF. An SCF procedure which restricts electrons to be 
paired in orbitals or permits orbitals to be singly occupied.

RM1. A Semi-Empirical Model.

Roothaan-Hall Equations. The set of equations describing the best 
Hartree-Fock or Single-Determinant Wavefunction within the 
LCAO Approximation.

R/S. Atomic chirality markers.

SCF. Self Consistent Field. An iterative procedure whereby a one-
electron orbital is determined under the influence of a potential made 
up of all the other electrons. Iteration continues until self consistency. 
Hartree-Fock, Density Functional and MP2 Models all employ 
SCF procedures.  

Schrödinger Equation. The quantum mechanical equation which 
accounts for the motions of nuclei and electrons in atomic and 
molecular systems.

SDBS. Database of experimental infrared and NMR spectra from 
AIST (Advanced Industrial Science and Technology, Japan). Freely 
accessible on-line but automatic access is not permitted limiting its 
utility.

Self Consistent Field; See SCF.

Semi-Empirical Models. Quantum Mechanics methods that seek 
approximate solutions to the many electron Schrödinger Equation, 
but which involve empirical parameters.
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Similarity Analysis. A procedure to determine the extent to which a 
molecule is “similar” to either a standard molecule (defined in terms 
of a set of atoms or a set of Chemical Functional Groups) or by a set 
of unassociated Chemical Functional Groups (a Pharmacophore).

Similarity Distribution. A selection of Conformers based on their 
energies, with emphasis on maximum diversity.

Size Consistent. Methods for which the total error in the calculated 
energy is more or less proportional to the (molecular) size. Hartree-
Fock and Møller-Plesset models are size consistent, while Density 
Functional Models, (limited) Configuration Interaction Models 
and Semi-Empirical Models are not size consistent. 

Size Surface. A Density Surface used to establish overall molecular 
size and shape. The value of the density is typically taken as 0.002 
electrons/bohr3. 

Slater. A function of the form xlymzn exp (-ζr) where l, m, n are 
integers (0, 1, 2 . . .) and ζ is a constant. Related to the exact solutions 
to the Schrödinger Equation for the hydrogen atom. Used as Basis 
Functions in Semi-Empirical Models. 

SM5.4. An empirical solvation model for water only. Furnishes only 
an energy correction to be added to the (gas-phase) energy obtained 
from any quantum chemical model. A lower (computational) 
cost variation is available for use in conjunction with Molecular 
Mechanics Models.

SM8. An empirical solvation model applicable to Hartree-Fock 
and density functional models . Available for water and a variety of 
organic solvents. Furnishes a wavefunction in addition to an energy, 
meaning that solvated structures, infrared spectra and properties 
may be obtained.

SM12. An improvement over SM8 using a more general charge 
model which is less sensitive to the particular basis set. The SM12 
training set is both larger and more diverse and SM12 covers the 
majority of the periodic table.

Space-Filling Model; See CPK Model.
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Spartan Infrared Database (SIRD). An alternative entry point into 
the Spartan Spectra and Properties Database (SSPD) allowing 
searching by match to an (unknown) infrared spectrum.

Spartan Molecular Database (SMD). An early collection of 
molecular structures and properties for >125,000 molecules obtained 
from up to nine different quantum chemical models. Searchable by 
structure, name, formula, molecular weight and isomer. The SMD 
was the precursor to the SSPD.

Spartan Reaction Database (SRD). A collection of ~2,500 
transition-state structures for a wide variety of simple organic and 
organometallic reactions obtained from up to five different quantum 
chemical models. Searchable by structure.

Spartan Spectra and Properties Database (SSPD). A collection 
of molecular structures, infrared and NMR spectra, molecular and 
atomic properties and QSAR descriptors for >300,000 organic 
molecules obtained from the wB97X-D/6-31G* and EDF2/6-31G* 
density functional models based on the lowest-energy conformer 
assigned from the T1 model. The wavefunction is available, as 
such, surfaces and property maps may be generated “on-the-fly”. 
Searchable by structure, name, formula, molecular weight and 
isomer.

Spin Density. The difference in the number of electrons per unit 
volume of “up” spin and “down” spin at a point in space.

Spin Density Map. A graph that shows the value of the Spin 
Density on an Isodensity Surface corresponding to a van der 
Waals Surface.

Spin Orbital. The form of Wavefunction resulting from application 
of the Hartree-Fock Approximation to the Electronic Schrödinger 
Equation. Comprises a space part (Molecular Orbital) and one of 
two possible spin parts (“spin-up” and “spin-down”).

Split-Valence Basis Set. A Basis Set in which the Core is represented 
by a single set of Basis Functions (a Minimal Basis Set) and the 
Valence is represented by two or more sets of Basis Functions. 



678	 Glossary

This allows for description of aspherical atomic environments in 
molecules. 3-21G, 6-31G and 6-311G are split-valence basis sets.

SSPD; see Spartan Spectra and Properties Database.

Stationary Point. A point on a Potential Energy Surface for which 
all energy first derivatives with respect to the coordinates are zero. 
Local Minima and Transition States are stationary points. 

STO-3G. A Minimal Basis Set. Each atomic orbital is written in 
terms of a sum of three Gaussian functions taken as best fits to 
Slater-type (exponential) functions.

SVWN Model. (Slater, Vosko, Wilk, Nusair) A Density Functional 
Model which involves the Local Density Approximation.

SYBYL. A Molecular Mechanics Force Field developed by Tripos, 
Inc.

Systematic Conformation Search. An exhaustive search of 
Conformers resulting from stepping through all torsional angles 
(including constrained torsions associated with flexible rings). This 
is the only procedure that guarantees identification of the Global 
Minimum.

T1. A combination of quantum chemical models and empirical 
parameters formulated to reproduce Heats of Formation obtained 
from the G3(MP2) Model using 2-3 orders of magnitude less 
computation. T1 reproduces experimental heats with an RMS error of 
~8 kJ/mol (the same error as obtained from the G3(MP2) Model).

Tautomer. An isomer related by rearrangement of hydrogen atoms, 
for example vinyl alcohol is a tautomer of acetaldehyde. All tautomers 
are isomers but not all isomers are tautomers.

TDDFT (Time Dependent Density Functional Theory).

Theoretical Model. A “recipe” leading from the Schrödinger 
Equation to a general computational scheme. A theoretical models 
needs to be unique and well defined and, to the maximum extent 
possible, be unbiased by preconceived ideas. It should lead to 
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Potential Energy Surfaces which are continuous. It is also desirable 
(but not required) that a theoretical model be Size Consistent and 
Variational. Finally, a theoretical model will be applicable for the 
problems of interest.

Theoretical Model Chemistry. The set of results following from 
application of a particular Theoretical Model.

Thermochemical Recipes. Combinations of quantum chemical 
models and (in the case of T1) empirical parameters to reproduce 
experimental (or in the case of T1) G3(MP2) Heats of Formation. 
G3(MP2) and T1 are thermochemical recipes.

Thermodynamically-Controlled Reaction. A chemical reaction 
which has gone all the way to completion, and the ratio of different 
possible products is related to their thermochemical stabilities 
according to the Boltzmann Equation.

Thermodynamic Product. The product of a reaction which is under 
Thermodynamic Control.

Total Charge. The sum of the nuclear charges minus the total 
number of electrons.

Total Energy. The energy of a balanced chemical reaction in which 
a molecule is split into single particle fragments, that is, nuclei and 
electrons. Total energy is the standard way to report energy data 
derived from quantum chemical models (except Semi-Empirical 
Models and Thermochemical Recipes).

Transition State. A Stationary Point on a Potential Energy Surface 
in which all but one of the elements in the diagonal representation of 
the Hessian are positive, and one element is negative. Corresponds 
to the highest-energy point on the Reaction Coordinate.

Transition-State Geometry. The geometry (bond lengths and 
angles) of a Transition State.

Transition State Theory. The notion that all molecules react through 
a single well-defined Transition State.

Triplet. A molecule with two unpaired electrons.
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Unrestricted SCF. An SCF procedure which does not restrict 
electrons to be paired on orbitals.

UV/visible Spectrum. The spectrum resulting between ground and 
excited electronic states.

Valence. Electrons which are delocalized throughout the molecule 
and participate in chemical bonding (2s, 2px, 2py, 2pz for first-row 
elements, 3s, 3px, 3py, 3pz for second-row elements, etc.).

Valence Orbital. A Molecular Orbital that is primarily involved 
with the Valence rather than the Core.

van der Waals Interactions. Interactions which account for short-
range repulsion of non-bonded atoms as well as for weak long-range 
attraction.

van der Waals Radius. The radius of an atom (in a molecule), which 
is intended to reflect its overall size. van der Waals radii are used to 
define space-filling models.

van der Waals Surface. A surface formed by a set of interpreting 
spheres (atoms) with specific van der Waals radii, and which is 
intended to represent overall molecular size and shape.

Variational. Methods for which the calculated energy represents an 
upper bound to the exact (experimental) energy. Hartree-Fock and 
Configuration Interaction Models are variational while Møller-
Plesset Models, Density Functional Models and Semi-Empirical 
Models are not variational.

Vibrational Frequencies. The energies at which molecules vibrate. 
Vibrational frequencies correspond to the peaks in an infrared and 
Raman spectrum. 

Wave function. The solution of the Schrödinger Equation. In 
the case of the hydrogen atom, a function of the coordinates which 
describes the motion of the electron as fully as possible. In the case 
of a many-electron system a function which describes the motion of 
the individual electrons.
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Zero-Point Energy. The energy of molecular vibration at 0K, given 
as half the sum of the Vibrational Frequencies times Planck’s 
constant.

Z Matrix. A set of internal coordinates (bond lengths, bond angles 
and dihedral angles only) describing molecular geometry. Of 
historical interest only. Not supported in Spartan.

Zwitterion. A neutral valence structure which incorporates both a 
formal positive charge and a formal negative charge.




