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the structure, I, since two double bonds cannot be written for this structure
without invoking “long bonds.™

CH CH,

2 X‘C
\\{:

CH,

Exercises. Determine the m-energy levels for each of the following =-networks
and determine the total m-energy and the DE

1t ik Ans. = = =2 1.1
! Ef =2x 4 4ft; DE =128
E. =3x+3p DE= g
E. =4x + 2§ DE=0
2. e Ans. x = =2.170, —0.311, +1.000, +1.481
2 E, =dx + 4.9627; DE = 09623
3. | | Ans. = =00, £2
= E. =4x +48; DE=0
4. w Ans. * = =2562,0, 1, 1.562
F E. =4z + 51238, DE = 1.1238
5. e Ans, = =10, J-_-VE, +1
ET =4z 4 5464f; DE = 1.4647
E. =5z + 5.464f; DE = 14647
E; =6z + 54640, DE = 1.4647
f, _,.-’ﬁ'*-u.,_.-'""ﬁ"m___.-"" Ans., & == i]_B{}E, :|:|.24?1 :|:D.445
E_ = 6x + 6.9883; DE = 0.988p
7. | A, o = A0l (0 Aeae

E, = 6 + 6.8998; DE = 0.8998

{Note that this cross-conjugated triene turns out to be less stable than the
preceding hexatriene.)

2.6 Roots of Polynomial Equations

A vital particular of the HMO method is finding the roots of the secular
polynomial. Fora second-order equation, of course, the guadratic formula
is easily applicable. Although the general solution for cubic equations is

T
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well known, the author has found that for most cases the application of the
formula is more work than it is worth. For fourth and higher polynomials
other methods must be employed.

The obvious first step is to test the several possible integral values for
z, 0, £1, £2. Note that since no carbon in a w-lattice can be bound to
maore than three other carbons no root can equal or exceed three in
magnitude; that is, all [m;| << 3. A rapid procedure for testing these
values is the following: starting at the far left, the first coefficient of the
secular polynomial, which is generally unity for our cases, is multiplied by
the assumed value for the argument and the product is added algebraically
to the next lower coefficient. The sum is multiplied by the assumed argu-
ment and the product is added to the next lower coefficient, etc. IF the
final sum vanishes, the assumed value for the argument is a root, and,
moreover, the set of sums constitutes the coefficients for the next lower
secular polynomial obtained by factoring the found root. An example

follows in which x = —2 is found to be a root:
4+ 2® —3x -2
-2 2 Z
2 e i g
The polynomial obtained by factoring this root is 2® —x — | = 0.

With a calculating machine this method affords a rapid (with practice)
means of testing assumed values of the argument. When an approximate
value is found, a method such as Newton's may be used to obtain the root
to any desired precision. Alternatively, a plot of the function may be
constructed for the first approximation to the roots.”

An additional help: the reader will recall from his algebra days that
the number of alternations of sign between successive coefficients equals
the number of negative roots.

Some generalizations are also helpful. An important theorem which is
not proved here (see Chap. 3) is

2m =0 (33)

that is, the algebraic sum of all the roots vanishes. The form of the roots
takes an even more restricted pattern for special types of systems.

An especially important distinction is the classification into alterpant
hydrocarbons® (AH) and nonalternant hydrocarbons (non-AH). Alternant

i Other methods for finding reots of polynomials are known. See H. Margenau and
G. M. Murphy, The Mathematics af Physics and Chemistry, ¥Yan Nostrand, New York
(1943), p. 477; and J. W. Mellor, Higher Mathematics for Studenis of Chemistey and
Physics, Dover Publications, Mew York (1955), Chap. V1.

* C, A. Coulson and H. C. Longuet-Higgins, Proc. Ray. Soc., A192, 16 (1947},
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hydrocarbons are planar conjugated hydrocarbons, having no odd-
menibered rings, in which the carbons can be divided into two sets, s
(starred), and u (unstarred), such that each s-carbon has only u neighbors
and vice-versa. In an even-AH the numbers of starred and unstarred
positions are usually equal (n, = n,); for such cases the roots take the
form

;= £p, k4, £, ete. (34)
that is, the roots occur in pairs of opposite sign.” An example of such a
system is II. In some cases the starred set is larger than th; unstarred
set (n, = n,); such cases have (n, — n,) MO’s with no bonding energy®
[(n, — n)x's = 0] and may normally be described as pnlyra@i-:als. An
example is I1I. Note that for such systems one cannot write normal
Kekulé structures having more than », double bonds.

In most odd-AHs the starred set exceeds the unstarred set by one;
the starred carbons are referred to as active positions.® For these systems,
the roots also occur in pairs and the extra root has the value zero. An
example is IV. For some systems n, exceeds n, by an odd number greater
than one. For these cases 2n, roots occur as + pairs and the remainder
are zero. For these systems, also, Kekulé structures can be written only
with n, double bonds. An example is V.

*
* * * _*
s *
11 I v

For alternant systems the energy levels are symmetrically disposed about
the zero level.

For some simple systems the energies may be written in closed form &®
For straight chains of n atoms

Zy=—2cos -t j=1,2,3,-un (35)
n+1
7 C. A. Coulson and G. 5. Rushbrooke, Proc. Cambridye Phil. Soc., 36, 193 (1940),
* H. C. Longuet-Higgins, J. Chem. Phys., 18, 265 (1950).
* C. A, Coulson, Proc. Roy. Soc., A164, 383 (1938); F. G. Fumi, Nuove cimento, 8, 1
(1951); A. A. Frost and B. Musulin, J. Chem. Phys., 21, 572 (1953). Thne last reference
puts the formulas in a convenient mnemonic form,
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For rings of n atoms

e :I:u_ for n odd
&, = —2 cos — k=0 =xl, £2,+--, . (36)
pr :I:ﬁfﬂl’” even

Heilbronner'® has shown how the secular polynomials for a complex
system may be derived from those of component parts. If K, K, and

™

K, _s are the secular polynomials for chains of n, n — 1, and n — 2 atoms,
respectively,

Kﬂ = ;I:K:n—i T K:n—ﬂ {3?}
If R, is the polynomial for a ring of # atoms,
Rn = l{-:n fevre Kﬂ—ﬁ = 2(_|]N {P'Bj

Let P, be any system of n atoms having the secular polynomial, P, ; let
P;_, be the polynomial for the system Pj_, which is P, with atom r

removed from the w-lattice. Then, if @,,, (having polynomial Q,.,) is
derived from P, by attachment of a carbon atom at atom r,

Quiy=2P, — P, (39)
e J\"'\-\.
Example. Let Q“H:[ 1 ,Pﬂ-KJ.P:__Is , Py om2T —
S ; i

Tab 4+ 132® = Te; P, = a® — Sa' 4 62® — 1. Therefore, Q,,; = o — 828 ¢
180 = 132® = 1.

Consider the system (..., formed by joining atom r of system R, to
atom s of system S,,. We find that

Qn-l—m L= R:n.Sm . R;—'I,S:ﬂ—l (40}

Example. Let Rﬂ-r\é, i -/:‘_‘3. Qn.|m"[>_C|- R, =

-5+ 5 +2; R =2—-3T41; S, =—-3x+2; 5 _ =

wt — 1. e
Therefore,
Quim =2 — 928 + 205 4 240t — 8 — 192 + 4o + 5.
These relations are of general use for simplifying computational problems.t

i* E. Heilbronner, Hefe. Chitn. Acta, 36, 170 (1953).

11 Far additional Pm]':-crli:n of some use see [, Samuel, Compt. rend., 238, 2422 {1954);
229, 1236 (1949); B. Gouarné, Compt. remd., 230, 844 (1950); H. O. Pritchard and
F. H. Sumner, Phil. Mag., 45, 466 (1954); T. H. Goodwin and V. Vand, J. Chem. Sec.,
1955, 1683; H. H. Giinthard and H. Primas, Hele. Chim. Acta, 39, 1645 (1956); A. L.
Chistyavkov, fzvest. Akad. Nauk 5.5.5.R., Otdel Khim. Nauk, 1959, 1349,
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2.7 Calculation of Coefficients

To find the coefficients for the molecular orbital that corresponds to
cach energy, we return to the original set of simultaneous equations, insert
each energy in turn, and solve for the set of coefficients.

The case of ethylene is trivial. The secular determinant (25) carrespunds
to the equations

!’-'1_:17 + 1'."2 = D
¢+ e =0
For # = —1 (lowest level)
—t =0 Jo6 =€y

Applying the normalization condition,

ctei=1 !
we find ey = gy =142
1
Thus w1=?~5{¢=+%]; g=a+f

Using = 1 in the same manner, we find
1
Yo = 1;_5 (91 — a); e =u—f
The two MO’s for ethylene are now completely characterized.

Butadiene is somewhat more laborious by this method. The secular
determinant (28) corresponds to

ar + o =10
£, + ooty =0
g +egrte =0

£y + =10

For the first (lowest-lying) MO, x = —[(1 + 1/5)/2]. Working down,

we find
1 445
g i

Ca
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From the normalization condition,

Gt +eagtea=1

e e

¢ | 1
Lo = {m} i‘= s

g I_.'E ; 1 Y
and B i ( +21 ](i:—?‘ ' VE}I'E'}

! +

I 7
Hence ¥ = 2 ( @y +

{¥u+‘}a}+'?1]
‘*'i+\‘i

This procedure can be repeated for each energy to compute each MO,
However, the equivalent method of cofactors 15 much more systematic
and straightforward. In principle, the cofactors along any row can be
used, although there is generally little advantage to using any row other
than the first. For cofactors, 4, along the first row, the coefficient of the
rth atom (and the rth column of the secular determinant)

¢, ~ A, = (—1yTY{minor of a,,) (41)
Example. Butadiene:
Ay = =2
Ay = —[x* = 1)
Ay ==
Ay = —1
(1435
Forw,,r = —|‘ = )
A, A2 | !
2 T” r—’fQ ) = 0371
! Vs + V3
L+ V5 34+ VS 1 + V5
2 -..( - _’ > e ]
I 2V 5 4 V'S
1+ v§ 3+ 5 1 + V5
3 —( - ) = ——— = 0.600
i IVE L v
| |
4 14 = 0,371

FAT= V545 V5 4+ Vs

(Zaz)i = (5 4+ V)
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By this procedure normalized cocfficients are obtained directly. Further-
more, the work is kept neat and orderly and can be inspected for errors
rather conveniently. Each value of x is substituted in turn to determine

“each MO. It should be noted that occasionally the cofactors along a par-
ticular row vanish: in such cases cofactors along a different row must be
used. :

For some special systems several theorems are useful for the determina-
tion of the coefficients. These are stated without proof. For an AH, in
which the energies occur in pairs, £u, the coeflicients for Ithe Mﬂlof
m = p are readily found from the MO of m = —u by changmg_lthe sign
of the coefficients of the unstarred atoms.® In the nonbonding MO
{m = 0) of an odd-AH coefficients of unstarred positions are zero and
each sum of the coefficients of starred atoms attached to any one unstarred
position vanishes®” (see p. 54).

For straight chains of n carbons the coefficients take the form®&®

i J rfm
e (42)
£p Jﬂ = i =5
whereas for rings of # atoms

prluaiiady o g (43)

in which j = 1, 2, 3, - - -, n. In the latter case note that‘the cncl’ﬁcient!:; are
given in complex form. When using such coefficients in other equations,
attention must be given to the use of complex conjugates where appro-
priate.!®

Exercise. Determine the coefficients of all of the MO's for each of the
following compounds (see Exercise 2.5):

5 Ans.
Adlyl, e W, T £ [y Oy )
1 L R A T 1v2 12
2 0 1/v2 0 —1fv2
3 V2 12 —1fv2 12
C}rclu['ar::-pen}rli w, ®; €y €y 5
/R\ I S5 1/V3 1/v3 V3
1 \a o - -
2 1 1/v'6 1fve =2{vé
3 | 1/v'2 —1/+2 ]

12 The use of complex exponents is discussed in Sec. 3.10.

I e ———

T
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Nate: In this case of degenerate energy levels the MO's cannot be uniquely defined.
We shall find that the requirement that MO's be orthogonal means that the two MO's
in this case have nodes at right angles to each other. Any linear combinations of the
degenerate MO's which satisfy the orthogonality and normalization conditions are
equally valid MO’s. The MO's are related by these equations:

wi=dy, + (1 =AMy, O0ZA<l
wp o= (1 — 30k, — Ay,
Butadiene, v ®y L 3 &y r

2 4

=1 371 0.600 0. ;
1N 1.618 0.37 0.600 0.371

2 —0.618 0600 0.371 —0.371 —0.600
3 0618 0.600 —0.371 —0.371 0,600
4 1618 0.371 —0.600 0.600 —0.37I
Pentadienyl, TR €y Cy 3 £y Cs
: e i 1 —1732 0288 0500 0576 0500 0.288
D] 0.500 0500 0  —0.500 —0.500
i) 0576 0 —0576 0 0.576
gor 0500 —0.500 0 0.500 —0.500
5 1732 0288 —0.500 0.576 —0.500 0.288
3-Methylene-14- ¢, x, L Cy €3 oy £y Cg
pentadiene 1 _ 1937 0230 0444 0628 0325 0444 0230
3 2 —1.000 0500 0500 0 0 —0.500 —0.500
’ﬁ“ 3 —0.518 0444 0230 —0.325 —0.628 0.230 0.444
L * 4 40518 —0.444 0230 0325 —0.628 0.230 —0.444
5 1.000 0.500 —0.500 0 0 0.500 —0.500
6 1932 0230 —0.444 0628 —0.325 —0.444 0.230

2.8 Electron Densities

We recall that the probability that an electron will be found in a small
region of space, dr, is given by w y*dr, in which v, is the value of the
normalized wave function in the small region 7. Since our wave functions
are generally real, we can omit the complex conjugate notation. For our
linear combination MO’s

v=23cm
fw“ dr =I{Z crp,)* dr (44)

=f§ crgr dr + | 3 ¥ e, dr

r Eer
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Our previous orthogonality assumption was

jm,u;uu dr=0 forr==s (45)

Hence [ ~[scptar=3e ot e (46)
P r

which we recognize as the normalization condition; however, [k dr
represents the probability of finding an electron in the region of space
associated with the atomic orbital g,. Because the integration is made over

0.2

01

i o E
20+ 20,

0 i

Fig. 2.6 Electron density function, 2y + 2yi, Tor butadiene, using Slater orbitals.

all space, the value of each integral is unity, but each term is multiplied
by a factor, ¢?. In the simple LCAO (HMO) approximation ¢ con-
sequently has the physical significance of the probability that an electau_n
in an MO is associated with atomic orbital g, or, more simply, that ¢ is
the electron density at atom r in the MO, n:

The total electron density at an atom, g,, is the sum of electron densities
contributed by each electron in each MO:

g, = T H,Cr (47)
i

¢;, is the coefficient of atom r in the jth MO, which is occupied by ny
electrons, The sum is taken over all of the MO’s.

Examples. Butadiene: #, and y, are each occupied by two electrons, Hence
qu = 2c}; + 25, = 2(0.140) + 2(0.360) = 1.000 and 4, = 208, + 2c3, = 2(0.360)
+ 2(0.140) = 1.000. By symmetry, atoms 3 and 4 give the same answer; that
is, the electron density is unity at each atom. o .

We should emphasize that the electron density as we de_,r‘i'nel it is a convenient
fiction which has only approximate physical significance. Thls point is demon-
strated by an inspection of the function 2y + 2vd in Flg,llﬁ, mlwhlch the
electron density is the area beneath the curve. Although this function clearly
peaks at the nuclei, it has substantial value between the atoms where one clearly
cannot discern a boundary between the domains of individual atoms.

1 G, W, Wheland and L. Pauling, J. Am. Cheme. Soc,, 57, 2086 (1935).
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Allyl: For allyl cation, , is doubly occupied.

L Cr ﬂ-rg -?':- ':r
1 3 3 0.5 +0.5
2 V22 3 1 0
3 } 1 0.5 40,5

“::‘f'r=2 }-:;r“‘l‘]

Since the neutral carbon would contain one electron, both carbons 1 and 3 in
allyl cation have half a positive charge. We say that the charge density {, =1 — g,
is +0.5. The central carbon is neutral, that is, & = 0.

This result corresponds to a resonance hybrid of the two structures:

@ =
C-C=CC=C-C

Note that the sum of the electron densities over all of the atoms must egual
the total number of melectrons. If it does not, an error has been made in the
computations.

Allyl radical contains, in addition, one electron in w, which has ¢; = V22 =
—¢y and ¢p = 0. For the total =-electron densities the square of each coeflicient
is added to the clectron densities of the cation. We find §; =g, = g3 = 1 for
allyl radical,

In allyl anion w, houses two electrons; hence each square above is doubled
and added to the electron densities for allyl cation, yielding ¢; = g2 = 1.5;
gs = 1. Both end carbons in allyl anion have a half unit of additional negative
charge; thatis, §; = §; = —0.35,{; = 0.

Exercive. Find the electron densities for cach of the following systems:

Ans.
Methylenecyclopropene, & £y g £y oy
. 1 =2.170 0.278 0612 0.524 0.524
K 2 =031 0814 0.253 —0.368 —0.368
= 4r 1478 0882 0820 0.820
(L =0478 +0.118 <40.180 +0.180
Cyclepropenyl, Cation: ¢, =g, =q; = 0.677
? Radical: Degeneracy, see note.
VA Anion: §; =g; =gy = 1.333

Note: In cyclopropenyl radical the third m-electron may be placed in either of two
degenerate orbitals. A molecule cannot exist in one of several degenerate states (Jahn-
Teller theorem) and will distort slightly to destroy the symmetry which gives rise to the
degeneracy (Jahn-Teller distortion). In some cases a time-averape electron density i5
useful. For such cases the Jahn-Teller effect may be ignored, and the electron density is
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calculated by assuming that 1/nth of the available electrons is in each of the n degenerate
MO's. The cyclopropenyl radical case would then be treated as if half an electron were
in each of the degenerate MO"s y, and v, This procedure yields q, =gs =g = 1. The
cyclopropenyl anion is straightforward—the third electron is put in g, an_d th.-el E‘ou_rth,
having the same spin as the third, is put into ;. The anion, consequently, is a diradical,
but the Jahn-Teller effect does not apply.

Cyclobutadiene,

S

Coulson and Rushbrooke” have shown that for even alternant hydro-
carbons (AH) and for odd-AH radicals the electron density at each posi-
tion is unity. In general, the electron densities in nonalternant systems
differ from unity. An odd-AH cation or anion is formed by removing one
electron from or adding one electron to the singly occupied nonbonding
MO of an odd-AH radical having uniform electron distribution. The
charge densities in such cases, consequently, are determined entirely by
the coefficients of the NBMO which may be found without solving secular
equations. The procedure has been discussed by Longuet-Higgins.!*
We use the fact that in the NBMO the coefficients of active atoms sum to
zero about each inactive position. In the examples of benzyl and -
naphthylmethyl which follow the active positions are circled. In benzyl
¢, is taken as a. About inactive position 3, ¢; + ¢ = 0; therefore,
¢; = —a. The other coefficients are determined in the same manner.

Ans. gy =gs =3 = g5 = 1

(2a)* + 3a* = 1 (3a)* + 2(2a)* + 3a* = 1

o gl Sood el

a = 1T a =1/2V5

{t=;l=;l=% l£:|'={:|=}

LH=1 ':b=£?=“£i‘£l'h
';11=lli

In these examples £, is positive or negative, depending on whether we are
considering the cation or anion, respectively.

“ H. C. Longuet-Higgins, J. Chem. Phys., 18, 275 (1930); cf. alsa M. J. 8. Dewar,
J. Am. Chem. Soc., 74, 3345, 3357 (1952); Ann. Repts. Prog. Chem., Chem. Soc. London,
48, 112 (1951).

[
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Exercise. Find the charge densities for the heptatrienyl, cinnamyl, and
fi-naphthylmethy] cations.

Ans. vir
" o o o \36-"'*'“
2t
- ey
1;1’,&;\?'-'/}?*/ 1 1 \_)l-'u I.lu
I
117 v 17 Lo
D"____.-"HH_‘ ___.-“'H,.\\‘l.'l
‘I J
11T 1787
K\?’{r” i

2.9 Bond Orders and Free Valence

In 1939 Coulson'® introduced the partial mobile bond order pl, for the
r—s bond in the jth MO, defined as

Pre = €45, (48)
The corresponding total mobile bond order or, more simply, the bond order
is < L
Pn=2Pn= 2 RCirCia (49)
ele-?:la!unu 2

in which ny is the number of electrons in the jth MO,

The bond order is merely a convenient defined quantity, although this
particular definition has some important mathematical advantages (vide
infra). Mevertheless, as so defined, this quantity has a rough physical
significance that we might associate with the binding power of a bond, since
the product of the coefficients of adjacent bonded atoms may be construed
as a bond electron density. When both coefficients are large and of like
sign, the product is large and corresponds to substantial electronic cement
binding the atoms. When one of the coefficients is zero, indicative of a
node at an atom, the partial mobile bond order vanishes in agreement with
our expectations for a nonbinding situation. Finally, if the coefficients
are of opposite sign, indicative of a node between the atoms, we have a
negative bond order in agreement with what we would demand for an
antibonding situation.

Examples.
Ethylene: py, = 2e0 =1
Butadiene: py, = 2(0.371)(0.600) + 2(0.600)(0.371) = 0.894

Pog = 200.6000(0.600) + 2(0.37T10(—0.371) = 0.447

Note! In this case the 1-2 bond, which is a double bond in the conventional struc-
tural symbolism, has a large p-value, whereas the “single™ bond, 2-3, has a rather
small p-value.

% C. A. Coulson, Proc. Rey. Sec., A169, 411 (1939).
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Allyl: Cation: py, = 2(0.5)(0.707) = 0.707
Radical: pya = 0.707 + (0)(0.707) = 0.707
Anion:  pye = 0.707 + 2(0)(0.707) = 0.707
Bond orders in allyl are the same in the cation, radical, and anion because the
upper level is a nonbonding MO (NBMO), This equality is true of all odd-AH
systems.
Cyclopropenyl:

o
Cation: pig =2(v—_§) ( »-’3_) — 0.667

e e g o g
Radical (see note on p. 53): p, = 0.667 + -( )[1-3] + i(__) (_ —

2\ g Ry V2
= 0.500
i 0.667 + (- (1}4-( l)[ A4
Anion: pp = 0. iz Vel \ Ve, .. V5 V3,
= 0.333

In this case a variation in electron population occurs in antibonding MO's
and a corresponding variation in bond order results.

Exercise. Calculate the bond orders for methylenecyclopropene, pentadienyl,
and trimethylenemethane,

Ans.
0,752
/l._ [l _E‘-F”
', 0454 O.THE T et
LEIH

Coulson and Longuet-Higgins'® have shown that the total m-electron
energy may be expressed as a function of electron densities and bond

orders:
E, =3qu+ 233 p.b (50)

This theorem provides a valuable check on one’s computations, for, after

obtaining the coefficients, these may be used to calculate the bond orders,

the sum of which over all the bonds should equal the total binding energy.
The free valence index, F,, has been defined by Coulson'? as

Fo= Nypx — N

r

(31)

in which W, is the sum of the orders of all hundsjoiﬂing atom r and N,
is the maximum value, which is usually taken as V' 3.1°

% C, A, Coulson and H. C. Longuet-Higgins, Prac, Ray. Soc., 191, 39 (1947,

17 O, A, Coulson, Discussions Faraday Sec., 2, 9 (1947); J. Chim. Phys., 45, 243
{1948).

16 J. . Roberts, A. Streitwieser, Je., and C. M. Regan, J. Am. Chem, Soc., T4, 4579
(1952): H. H. Greenwood, Trans. Faraday Soc., 48, 677 (1952).
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For butadiene, F, = 1,732 — 0.894 = 0.838 and F, = 1.732 — 0.894 —
0.447 = 0L391. The free valence is a modern version of Thielé's concept
of residual affinity, As required by such a concept, the free valence is
higher at the terminal position of butadiene.

The bond order for a bond in trimethylenemethane is v'3/3; hence
F for a terminal position is V'3 — {‘v"i,".’i}l = §"s"§ = 1.16, whereas F
for the central position is 3 — 3{1-"5;3] = 0. The value for N, . comes
from this system." For aromatic carbons F is typically about 0.4, and in
free radicals some positions have values of about unity. F has been used
as a measure of ease of attack by free radicals (see Chaps. 10 and 13).%

2,10 MNodal Properties of MO’s

The MO wave functions for butadiene were diagrammed in Fig, 118
The four wave functions, v, w5, v, and w,, had 0, 1, 2, and 3 nodes,
respectively, which, in this representation occur as points along a line.
All straight chain w-systems can be represented along a straight line because
of our neglect of non-neighbor interactions. For such systems each MO,
i;, can be represented in a similar manner with j — 1 nodal points. In
straight-chain even systems the nodal points occur only between atoms and
divide the segments between nuclei into bonds and antibonds: i, of buta-
diene can be described as having a net of three bonds; ., with two bonds
and one antibond, has a net of only one bond; 1w, has one bond and two
antibonds, hence is net antibonding; w, has three antibonds. The order
of orbital energies clearly parallels the bonding and antibonding charac-
teristics of the MO's.

A more schematic representation of the MO’s of pentadieny! is given in
Fig. 2.7. For this odd-membered system the nodal points in some of the
MO’s coincide with nuclear positions giving regions that we may call
nonbonds; g, is totally nonbonding in agreement with its energy and with
our prior classification as a NBMO.

As soon as we introduce branches or rings, the nuclei of the =-network
must be described as points in a plane. The nodes now become lines, and
further possibilities for nodes open up. We now have two MO's with one
node, the nodal lines in these cases being at right angles. The orientation
of the nodal lines is simply that which leaves the most net bonding and
fulfills symmetry requirements. If both orthogonal nodal lines give MO’s
with identical energy, we have a degeneracy, and any orientation of the

1 For a recent review of the free-valence concept, see B, Pullman and A. Pullman,

“Free Yalence in Conjugated Organic Molecules,” Chap. 2 in J. W, Cook, Progress in

Organic Chemisiry, Yol, 4, Butterworths Scientific Publications, London (1958).
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Fig. 2.7 Schematic HMO's for pentadienyl.
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nodal lines corresponding to rotation about a point is equally valid. These
features are illustrated below.

The six MO’s of 3-methylene-1,4-pentadiene are represented sche-
matically in Fig. 2.8: #, is totally bonding; w, has two bonds and three
nonbonds; w,, with a node at right angles to that in ,, has three bonds
and two antibonds and, consequently, has less net bonding than w,:
. with two parallel nodes, has two bonds and three antibonds, hence has
net antibonding; w; has two orthogonal nodes with two antibonds and
three nonbonds; y; is totally antibonding. Note that in this case we do not
get two parallel nodes along the long axis of the molecule. The reason has
to do with symmetry considerations which become evident in Chap. 3.

An interesting case is that of cyclobutadiene, whose MO’s are shown in
Fig. 2.9; w, is completely bonding; . has one node which forms two
bonds and two antibonds or a net of zero bonding; w, has an orthogonal
node and is clearly identical with g, except for orientation in space, and
must have identical energy. Consequently, any pair of MO's obtained by
a rotation of the nodes about the center of the molecule are likewise
perfectly acceptable MO's and have the same energy. Examples are
and y;, formed by rotating the nodes counterclockwise by 457,

Supplemental Reading

Although descriptions of the HMO method have been presented frequently, the
following references treat the method in some detail.

Dictionary of Values of Molecular Constanits, edited by C. A, Coulson and R, Daudel,
Vol. I, Centre de Chemie Théorique de France, Paris.
G. W. Wheland, Resonance in Organic Chemisiey, John Wiley and Sons, Mew York
(1955), p. 660,
. Pullman and A. Pullman, Les theories efectroniques de la chimie organique, Masson et
Cie, Paris (1952}, p. 178,
. Hartmann, Theorie der chemischen Bindung, Springer-Verlag, Berlin (1954), p. 250.
A, Coulson, Falence, Oxford University Press, London (1952), p. 238,
. A. Coulson and H. C. Longuet-Higgins, Proc. Rey. Soc., A191, 39 (1947).
. Daudel, R. Lefebvre, and C. Moser, Quantum Chemistry, Interscience Publishers,
Mew York (1959).
A, Streitwieser, Ir,, and J. 1. Brauman, Tables of Molecular Orbital Calewlations,
Pergamon Press, Mew York (in press).
This book gives an extensive list of HMO energies and coefficients.




