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in hona fide quantum theory. 

4s is Always Above 3d! 

or, How to tell the orbitals from the wavefunctions 

Many textbooks of general chemistry contain a diagram- 
either with the chapter on atomicelectronicstructure, or the 
chanter on the oeriodic table-said to reoresent the e n e r n  
levels of electrons within an atom. The iiagram invariabi; 
shows that the energy of an electron in a4s  "level" is less than 
in a 3d "level" for atomic numbers of 19 and above. Yet, such 
a diagram has no rigorous basis either in experiment or in hona 
fide quantum theory. First, individual electrons in many- 
electron atoms do not exist in energy levels-at least not in 
the sense of stationary quantum states-and second, when 
orbital energies (as the electron "levels" are properly termed) 
are correctly defined, the 4s orbital energy is always abore the 
3d orhital energy. 

The chemist's model of the many-electron atom is based 
on many features of the exact solution of the nonrelativistic 
Schrijdinger equation for the hydrogen atom. In this special 
case there is only a single electron moving in the field of the 
nucleus and the solutions labelled is, 2s, 2p-refer to sta- 
tionary quantum states of the atom. Unfortunately, chemical 
educators have been careless in the development of the con- 
cepts needed in building up a qualitative model of an atom 
containine more than one electron: the role  laved hv the 
additionaiklectron(s) is not as trivial and disposihfe as u&ally 
assumed. In narticular. terms such as orhital. orhital enerrv. -. , 
energy leve1,'and wavefunction either have been misused or 
employed in rather vague ways. Consequently, although 
chemists frequently allude to the Schrodinger equation as 
their ultimate authoritv-and sometimes even disolav it in . " 

freshmen texts in full'differential attire!-they invariably 
proceed to develop a model for atomic electronic structure 
which not only is in variance with various quantum mechan- 
ical principles hut contains internal inconsistencies as well. 
~ n y b n e  who has tried to teach the rigorous quantum me- 
chanical basis of the orhital approximation to upperclass or 
beginning graduate chemistry students knows how much has 
to he unlearned. 

The wauefunction of an atom or molecule is a mathematical 
quantity which contains all possible relevant information 
about the system. Strictly speaking, only an isolatedsystern 
can he described by a wavefunction. The simplest satisfactory 
auantum mechanical model of a manv-electron atom assumes 
th .~t  the elecrrmic wa\.efunction may he q~prwuoilred In  ;I 
Shter  detmninant oi one-electron diirriliut~on functitm 
which contain both spatial and spin coordinates of the elec- 
trons. For the special case of an atom with an even number of 
electrons (2N), all in closed shells, the determinantal wave- 
function is customarily assumed to have the special form 

J.l1,2,. . . 2N) = 

$l(l)*(l) $1(1)#(1). . . $ N ~ I ) I Y ~ ~ )  $,VI!)[j(l) 

. . . . . . . . . . . . . $N(zN)~(zN) 

where 4 i ( ~ )  is the spatial part of the one-electron distrihution 
function used to descrihe the behavior of electron F.  The 

quantities &) and O(@) are the spin portions of the one- 
electron distrihution functions.l The determinantal form is 
required in order to satisfy the important fundamental an- 
tisymmetry principle of quantum mechanics.? The physical 
interpretation of the determinantal wavefunction is that of 
a superposition of 2N single-electron distrihution functions 
to serve as an aooroximation to a sinele 2N-electron distri- . . 
hution function. The form of the approximate wavefunction 
is such that each electron is as likelv to be described hv a 
particular function $; as by any other; this is necessary in order 
to avoid imolvine distineuishahilitv of electrons. . * L. 

At this point, the one-electron distrihution functions-or 
snecificallv. their snatial nortions-are completelv arhitrarv: . . 
f h w i n g  Mullikenihey a;e given the generainamdoforbitais. 
Since orbitals describe a sinrle electron under the auerace 

of ti-i atom. Nevertheless, hydrogen atom wavefunctions do 
not turn out to be eood orbitals for manv-electron atoms.:' 
Considerable improvement results by modifying the hydrogen 
wavefunctions by using the nuclear charge Z as an adjustable 
parameter. One way of interpreting the effect of varyingZ is 
in terms of a shielding or screening of nuclear charge by the 
electrons; this is a crude and incomplete way of taking electron 
reuulsions into account. Nevertheless, most fixed sets of or- 
hiials generally lead to certain internal inconsistencies, 

'In general, h r  N electrons IN odd or even), alinear combination 
of two or mare Slater determinants may be needed. However, must 
uf the qualitative aspects d t h e  model do not depend on this gener- 
alization. 

'Since the exact wavefunction must be antisymmetric with respect 
to exchange of the full coordinates (space and spin) of any pair uf 
electrons, appnximate wavefunetims will he all the better if they also 
obey the antisymmetry principle. Incidentally, the Pauli exclusi~m 
principle is not a fundamental principle i,f quantum mechanics. It 
arises only hecause of the particular form la determinantal product) 
of the approximate wavefunction employed ta satisfy the antisym- 
metrg principle. 

:'For example, they are not  a complete set of basis functions and 
they do not lead to satisfaction 01 the quantum mechanical virial 
theorem. In addition land partlyas o mnsequenee of thelatter) they 
give very poor approximations to the atom's total energy and do not 
correlate well wi th  ionization energies and X-ray and spectral term 
values. 
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. . . the total energy of  the atom is not simply the sum of the orbital 
energies. . . 

notably, that if a single electron is assumed to have a charge 
distribution implied by an orhital 4;. then use of this orhital 
to define an effective Hamiltonian for the electron-one 
taking into account the average effect of the other 2N - 1 
electrk-leads to the implic&on that the electron distri- 
bution is,not given by the assumed 4; hut by some modified 
orhital 4;. I t  was the genius of the Hartrees (father and son) 
to suggest a way of ohtainingorhitals free of this inconsistency. 
Such orbitals are now known as SCF (for self-consistent field) 
or Hartree-Fock orhitals.' What a t  first appears to he an en- 
tirely different approach is to use the quantum mechanical 
variation theorem to select the best orhitals, that is, to choose 
those orhitals which make the total energy of the atom a 
minimum. Somewhat surprisingly, the two approaches- 
self-consistencv and enernv minimization-lead to the same 
total wavefunc&n. ~ h u ~ t h e  orhitals obtained by the two 
methods can alwavs he transformed into each other without 
affecting the energy or the intrinsic nature of the model. 

The SCF orbitals can always he chosen to satisfy the 
pseudoeigenvalue equations known as the Hartree-Fock or 
self-consistent field equations 

34; = <;$; (2) 

where Y is the Hartree-Fock or S C F  operator and ti is called 
the orhital energy. The operator 3 may also he written 

where Veff represents the average or effective potential of a 
single electron moving in a field of 2N - 1 other electrons. The 
operator h (in atomic units) is given by 

and is simply the hydrogen-atom-like Hamiltonian operator 
of a one-electron atom with nuclear charge Z. The orhital 
energy ci, which is an eigenvalue of 3, represents three con- 
tributions to the energy of an electron when its probability 
density is described by the orhital 4:. These are: the kinetic 
energy of the electron, the potential energy of the electron's 
interaction with the nucleus, and the potential energy due to 
coulomhic repulsion between the electron and the effective 
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Figure 1. 3dand 45 orbital energies for the third row elements of the periodic 
table ( 14). 

field provided by the 2N - 1 other electrons. Since each 
electron interacts with all the other electrons. individual 
electrons do not constitute isolated systems. ~ o m e q u e n t l ~ ,  
the orhitals 4; are not wavefunctions (as they are often called) 
and the orbital energies cj do not represent energies of quan- 
tum states of electrons. Although the Hartree-Fock equations 
hear a strong resemblance to a Schrodinger equation for a 
single electron, it is important not to confuse the SCF operator 
with the correct Hamiltonian operator of the atom. The latter 
has the general form 

where h, is a hydrogen-atom Hamiltonian (of the same form 
as eqn. (4)) and the llr,,, terms represent electron-pair re- 
pulsions. Whereas the Hamiltonian %( determines the total 
energies of th  stationary quantum states of the atom, the 
Hartree-Fock operator (an effective monoelectronic Hamil- 
tonian) has no role save to generate the self-consistent orhit- 
als. 

The electron distrihutions renresented hv the SCF orhitals 
hear some resemblance to the electron distributions repre- 
sented hv hvdroeen-atom wavefunctions hut the differences 
are sign~icant,"'klthough the SCF orhitals are customarily 
identified by so-called "quantum numbers" n and 1, these 
quantities no longer refer to anything which is truly quantized 
and thus are better regarded as simply convenient labels. One 
way in which hydrogen-atom wavefunctions differ from SCF 
orhitals is that the latter no longer exhibit all of the "degen- 
eracy" characteristic of the former. Whereas the hydrogen- 
atom wavefunctions 2s and 2p are degenerate, the SCF 2s and 
2p orhitals are associated with different orhital energies; this 
removal of degeneracy is due to the inclusion of electron re- 
pulsion. 

The total energy of an atom whose wavefunction is ap- 
proximated by a Slater determinant of the form of eqn. (1) and 
which has the Hamiltonian given in eqn. (5) may he written 
in the form 

. . 
where G is the electron repulsion energy given by 

N 
G = 1 (2Jij - K g )  

' J  
(7) 

The quantities Ji, and Kij are coulumbic and exchange inte- 
grals, respectively. For example, JLj is just the energy due to 
electrostatic repulsion between two electrons, one with a 
charge distribution ldj12 and the other with a charge distri- 
bution 1@j12 The exchange energy, although an electrostatic 
repulsion energy, has no simple physical interpretation since 
it arises as a mathematical consequence of antisymmetry. 

I t  is imvortant to note that the total enerev of the atom is 
not simpiy the sum of the orhital energies as is  often stated 
or implied: the sum of the orhital energies includes the elec- 
tron ;epulsion energy G twice so that c must he subtracted 
once in order to obtain a correct total energy. 

4British ohvsicists William and Dwxlas Hartree develuoed their - ~ 

.elf-wn\litcnr tied methw i.u wavritmrltmi a h t c h  rrrr n d  a n -  
r~;).mmctrir: the RuAan V \ t ' s ~  k rnd~l~ed [he pmrcduw t~ imlude 
antisymmetry. 

5The so-called Sloter  orbitals resemble SCF orbitals much more 
closely than do H-atom wavefunctions. Exact SCF orbitals cannot 
be expressed in simple functional form but rather as tables of density 
values. Slater orbitals are functions of simde analytical f<,rm which 
duplicate some of the general features of SCF orbitals. 
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The physical significance of the orbital energy is made clear by 
Koopman's theorem.. . 

An alternative expression for the total energy is 
N 

(*I'/iI$) = 2 ,I e p +  c 
1 - 1  

(8) 

where c p  is given by 
N 

e = j - , (2J, - K O )  ,=, (91 

The quantity ef is also given by 

r ? =  (4ilh19i) (101 
Thus, physically, tP is the energy an electron would have if it 
had a probability distribution given by the orhital 6; and the 
other 2N - 1 electrons were not present. If the role of the 2N 
- 1 other electrons in determining 9; is ignored, E P  may be 
considered as the energy of an independent electron moving 
in the field of the nucleus." 

The ohvsical sienificanceof the orbital energy t i  is made 
clear b!:~;ro~nzo,;<'~hec,n,m 11," nal~ich shows thal the < are 
a ~ ~ r o x ~ m a t ~ t ~ n  to exprrimi~n~al ioniznrion energies. X-ray 
term values, and spectral term values of atoms. For example, 
if da is the highest energy orhital used to describe the ground 
state wavefunction of & atom X, then -cb is an approxima- 
tion to the minimum energy needed to produce the ion Xf ;  
that is, -eh is an approximation to the first ionization energy 
of atom X. This also means that the ground state energy of an 
ion X+ is given by E ( X f )  = E(X) - ck where k is the orhital 
of highest energy. The fact that X-ray wavelengths may he 
interpreted in terms of a single electron dropping from one 
orbital to another does not necessarily mean that electrons 
themselves are in hona fide quantum states. What it does 
mean is that the quantum states of the cation may be de- 
scribed quite well in terms of the same orbitals used for the 
ground state of the neutral atom. The energies tP have no 
comparable relationship to any experimental quantity. As 
shown in Figure 1, accurate Ha&ee$ock c a l c u l a b s  clearly 
show that u, is above md for all of the elements of the third full 

If q. is always above w, how does one account for the fact 
that a 4s orbital must he used before 3d in order to obtain 
electron confirmrations in accord with the periodic table? The " 

explanation follows quite simply from the variational basis 
of the SCF model: Since it is the total enerm and not the sum 
of the orhital energies which is minimized,there is no a priori 
reason to expect that using the lowest energy orbitals neces- 
sarily leads to the lowest total energy. In other words, a min- 
imum value of 2 2Ll e, does not guarantee a minimum value 
of 2 2gl 4 - G (5). I t  is true that the sum of the orbital 
energies is lower when 3d orbitals are used instead of 4s or- 
bitals, but when the electron repulsion term G is subtracted 
from the orihtal energy sum, the total energy becomes lower 
when 4s is used instead of 3d. This happens because the re- 
pulsions between an argon core ls22s22p%s23p%nd 4s are 
greater than between an areon core and 3d. As noted even hv - " 
those employing the incorrect model, the 4s electron distri- 
bution is more oenetratine (spread out more throughout the 
argon core region) than is the 3d electron distribution so that 
the former leads to a greater overall electron repulsion- 
enough greater to more than compensate for the difference 
in 4s and 3d orhital energies. 

As a consequence of the above interrelationships, the 
quantum states of potassium implied by the electron config- 
uration (Ar)4s and (Ar)3d turn out as shown in Figure 2. 
Misinterpretation of the diagram, due partly to the fact that 
the quantum states are often labelled 3d and 4s (all this la- 
belling means is that the states arise from configurations with 
3d and 4s), leads to the commonly accepted statement that 

GHowever, the 2N - 1 other electrons-via the average field they 
provide in J-do determine h and, consequently, have some effect 
on cY.  

7Experimental values of orhital energies have been tabulated 
period. ~ o ; e  recent Hartree-Fock calculations by Wachters 

"&tails the explsnatil,n may he obtained tiom the author, 
(3 ) ,  using a totally different calculational approach, show the gAnother possibility is that in the pre-computer age, SCF calcula- 
same general Furthermore, as pointed Out Herman tions were difficult to do and were often approximated by a classical 
and Skillman (41, the Hartree-Fock orbital energies are in mllrfel  known as the Thomas-Fermi method. Such calculatians ore- 

hital energies +,I increase as n increases and for the same n "pmmoted" electron, the negative sign between the determinants in 
value, the higher 1 value has the higher energy. eqn. (151 changes to a plus sign and the state represented is the triplet 

state ~''SI. The latter stationary quantum state is slightly lower in 
energy than is the 2'S0 state, a fak  which is readily &plainable on 
the basis of the cmrect theoretical energy expressions Ithe basis of 
Hund's rule of maximum multiplicity). 

POTASSlUM SODIUM 
Figure 2. Energy level diagram of potassium for the states arising from the (ArjSd Figure 3. Energy level diagram of sodium for the Elates arising from the lNe13d 
and (Ar145 electron configutalions. and (Ne14s electron configurations. 
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3d lies above 4s. The correct interpretation is: in spite of the 
fact that q, is of higher energy than o d .  the energy due to the 
(Ar)4s configuration is lower than that due to the (Ar)3d 
configuration. Similarly, if mergy values are worked o t ~ t  for 
excited i tatrs  of sodiunl based on the cnnfiguratiuns (Ne13d 
and (Ne)4s. the resultine enerev level diaeram is as shown in 
Figure 3. lnthis case thestate l k e d  on (~:)4s lies above that 
based on (Ne)3d since reoulsion between a neon core 
(ls22s22p'? and a single electron is not enough different he- 
tween 3d and 4s to chanw the enerev minimization stemmine 
from the orhital energy& alone:. 

- 
The correct Quantum mechanical model also makes it clear 

why an ion such as Ti2+ is (Ar)3d2 rather than (Ar)4s2; i.e., 
why is Ti2+ not isoelectronic with Ca (Ar)4s2? According to 
~ & p m a n s '  theorem, the energy of Ti2+ must have the 
form 

E(TiZt) = E(h) - 2cr 

If E(Ti2+) is to be minimized, it is necessary that k is 4s rather 
than 3d since ~ 4 ,  is greater than cad. One might ask: Why 
doesn't 4s/(Ar) repulsion again dominate the total energy term 
to make (Ar)4s2 lower in energy, as it does in calcium? The 
answer is that 1) the aufbau principle (the order of filling) 
applies only to neutral atoms, and 2) the greater effective 
nuclear charge of Ti2+(Z,tr -- 22 - 18 = 4) separates 64, and 
q d  more than it does in Ca (Zen u 20 - 18 = 2). Thedifference 
between q8 and C Q ~  varies roughly as (Zeff2).8 

I t  should be noted that c!, is less than & at  the same time 
that t s  is greater than end. This follows from the relation- 
ships 

and the fact that the summation term in the former is of 
greater magnitude than in the latter. I t  may he that it is the 
tp and not the c, that some people have in mind when 
employing the incorrect model? but, if so, the choice is un- 
fortunate since the cp do not correspond to any expermental 
quantities. However, if electron repulsion is ignored com- 
pletely, then the t, and e! become identicaland the total energy 
uf the atom becomes simply a sum of what a m e a r s  to be or- 
bital energies. ~ur the imbr i ,  such a model implies that the 
correct Hamiltonian operator of the atom has been replaced 
by a sum of effective one-electron operators analogous to the 
Hartree-Fock operators. This also permits one to call the or- 
bitals 9, "wavefunctions" since they now describe what are 
assumed to he independent electrons. Similarly, the "orbital" 
energies can now be referred to as "energy levels" analogous 
to stationary quantum states. Unfortunately, such a model 
is unacceptably naive and conflicts with many important 
principles of quantum theory. The major deficiencies and 
conflicts are as follows 

1) The new orbital energies are neiiher e, nor r!  and do not corre- 
spond very accurately to any experimental quantities. The mast 
glaring discrepancy occurs for the 4s and Sd orbitals; expcri- 
mental iunization energies clearly show that 4s is above 3d. 

2) The electron repulsion energy is not trivial. Qualitatively, it 

repulsion energy is 21-0.918)+ 2.862 or 1.02fi au-certainly not 
a negligible value! Consequently, it is nut surprising that G plays 
such a crucial role in determining ground state electron con- 
figurations of' third row elements. 

3) The variation principle applies only to the correct Hamiltunian, 
that is, the Hamiltonian containing the electron repulsions. 
Neglect of electron repulsion implies an effective Hamiltunian 
which, in turn, ignores the very important variation theorem 
of quantum mechanics. 

4) Neglect uf electron repulsion also implies that the Slater det- 
erminantal form of the wavefunction may be replaced by a 

simple product of orbitals ( 6 ) .  Such a wavefunction is not an- 
tisymmetric as required by a basic principle of quantum me- 
chanics and implies that one electron is distinguishable from 
another. 

5) The virial theorem, another important theurem of quantuh 
niechanics. reouires that the averaee kinetic enerw of the atom . . 
eouals the negative of one-half theootential ener& (7). Nehlect 

6) The incorrect model causes undesirable confusion in the minds 
of students concerning the correct meanings of stationary 
quantum states, orbital energies, orbitals, and wavefunctions. 

I t  should be clear from the quantum model of atomic elec- 
tronic structure that diagrams showing the promotion of an 
electron from one orbitafto another are not iiteral represen- 
tations of transitions between stationary quantum states. This 
is one of the hardest things to teach; even advanced students 
continue to confuse orbitals with wavefunctions and orhital 
occupation diagrams with quantum state diagrams. As a 
simple example, consider the transition between the ground 
state and first excited singlet state of the helium atom. The 
diagram illustrating this transition is 

E,-2'S, t El-llS,, 

As well known, the frequency of radiation which is needed ta 
carry out this transition is given by 

E z - E , =  hv 

Now consider the orbital occupation diagram 

2s 
f t l s  

Although this diagram utilizes the form of an energy level 
diagram, it is simply a mnemonic device that tells one to use 
the electron configuration 1s' to construct the approximate 
helium atom wavefunction 

This wavefunction represents the 1'Sn ground state of helium , , , 

shown as the lower level in the first diaeram. Now if one 
"promotes" an electron from 1s to 2s without changing eiec- 
tron spins, the orbital occupation diagram becomes 

2:: 
This tells us only that the lowest singlet excited state of helium 
may be approximated by the electron coufiauration ls2s and 

lls(2)@(2) 2.8(2)<*(2)11 'lo' 

This wavefunction reoresents the 2's" excited state of helium 
shown as the upper state in the first diagram.'n Note that 
whereas E2 - E l  in the first diagram corresponds to the fre- 
quency of the exciting radiation (and thus to a spectroscopic 
transition of helium) the quantity r2, - 61, is not simply re- 
lated to any observable energy. In fact, one can show that 
( 9 )  

Er - El = er, - 61, - Jl,.* + 2K1.,9. (16) 
Only if the coulomhic and exchange integrals (which represent 
electron repulsions) can he ignored, is it a good approximation 
to relate differences in orbital energies to differences in 
quantum state energies. In the above case, the electron re- 
pulsions contribute over 14% of the total energy difference 
(10). This in itself may be small enough to neglect, but in some 
cases neglect of electron repulsions leads to qualitative errors 
similar to those involving the relative values of c3d and t 4 ~ .  

Although few chemists can (or care to) do SCF calculations, 
nevertheless, the chemistry community accepts the SCF 
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model of electronic structure as the legitimate, rigorous basis 
of the orhital annroximation. Even thoueh few of us ever use . . 
optimized orbitals explicitly, we still must recognize that the 
SCF method constitutes a hona fide auantum mechanical 
model in accord with a large number of fkdamental quantum 
mechanical principles (e.g., antisymmetry, virial theorem, 
Hellmann-Feynman theorem, correct spin-eigenfunction 
form, etc.). Conseauentlv. the SCF method-at the very 
Ienrt-oughr ro esrahlishthe gruund rules, wcal~ulary, at12 
concepts wwlwed  by ~~hwni i t s  when descrit~ing rhe orl)irul 
mode: of electrons inatoms and molecules. DO& this mean 
that all chemistry teachers must now master the intricacies 
01 qwmtutn mechnnics i l l  ordrr to he qualified ru teach wen  
high r~hogd chemistry'.' Not ill all. All rhat is nerrrsnrv is that 
thk teacher has a clear conceptual understanding of those 
topics virtually all chemistry majors are presently exposed to 
anyway. Perhaps the key things to know are: the difference 
between an orbital and a wavefunction, the difference between 
orhital energies and stationary quantum states, and qualita- 
tive understanding of thequantities which contribute to the 
total energy of an atom. An outline of an approach suitable 
for general chemistry might he as follows 

blanee to those of the quantum states of hydrogen. 
2) The one-electrun charge clouds are called orbitals. An orbital 

is a subunit of a wavefunction (the total charge cloud of the 
atom) and describes how a single electron behaves in the field 
of a nucleus while interacting with one or more other elec- 
trons. 

:3) The total energy of an atom has the general form: E = F - C 
where F is the sum of the orbital energiesand C is the electron 
repulsion energy. The orbital energies increase as n increases 
and. Iw equal n vnlurt. ,ncrm<r 8;  1 lnrrcqsti. 

I ,  I ' h e ~ ~ r d r r ~ ~ i s ~ ~ ~ ~ e r ~ ~ ~ ~ s i I i ~ ~ ~ ~  1tillingl dqwnd;cw the minimizatiw 
4 K ;  wrhi tn lc  ahwh rninmirr the F'tmrt dI: ma\ 1101 "ekes- 
sarily minimize E itself (the standadmnemonicdkvice for the 
order of filling in neutral atoms should be introduced here and 
the 4s versus 3d case used as an example). 

5 )  Superposition of orbitals may be designated by electron eon- 
figurations, box diagrams, or orbital occupation diagrams. If the 
latter are used, care should be taken not to confuse them with 
energy level (quantum state) diagrams. 

6) Koopmans' theorem: If an atom X has a ground state energy E, 
then the ion Xt has the ground state mercy E - ra  where ex is ~~~~ 

the energy of the highesi occupied orbitalin the neutral atom. 
T h n 9  the whit21 enerev is sim~lv the neeative of the enerev . ..-., .... ~ . ~ ~ ~ ~ - ,  -~ . 
needed to remove an electron from a neutral atom to form an 
ion whose electron configuration does not contain that orbit- 

An important argument for basing electronic structure 
models on the correct SCF model is that nothing is introduced 
which has to be unlearned or abandoned when and if the or- 
bital approximation is studied a t  a sophisticated level later 
in the &dent's career. Furthermore, even if the student never 
does become exposed to the latter, he almost certainly will 
encounter some form of molecular orbital theory, for example, 
the Hiickel approximation, which is perhaps the worst-taught 
model in the entire soectrum of alleaed quantum theoretical - .  
models used by c h e n h  The student may not be able to do 
anvthine more with the correct version of the model than is , - 
possible with the current incorrect one, hut he certainly should 
be able t o  olace it into a better perspective with respect to . ~ 

bona fide quantum theory. In particular, use of the correct 
SCF model makes it possible to teach the Huckel approxi- 
mation on a much so&der basis than is usually done. Most 
of the crude assumptions and approximations used to justify 
the Huckel model-especially by organic chemists-are to- 
tally unnecessary. The same general results can he obtained 
in a cleaner and neater fashion by simply using a few key 
concepts correctly ( 1  I ) .  
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