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13.19: Solutions to Selected Problems
Exercise 13.2.1:

When two s orbitals combine out-of-phase, destructive intereference occurs.

There is a node between the atoms.

The energy of the electrons increases.

When two s orbitals combine in-phase, constructive interference occurs.

There is no node between the atoms; the electrons are found between the atoms.

The energy of the electrons decreases.

Exercise 13.3.1:
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Bond Order =0
Unlikaly to form a diatomic molecule

Exercise 13.4.1:
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Bond Order =1
Likely to form a diatomic molecule

1st oxygen atom

O

Exercise 13.4.2:

Exercise 13.5.1:
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| @)

Be, o* (2s-28)

Be, o (25+2s)

Bond Order = 0
Unlikely to form a digtomic molecule
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When 2 atomic orbitals are combined, 2 molecular orbitals are formed: one in-phase bonding orbital and one out-of-phase
antibonding orbital.
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Exercise 13.5.2:

In-phase combinations of atomic orbitals give bonding orbitals.
Exercise 13.5.3:

Out-of-phase combinations of atomic orbitals give antibonding orbitals.
Exercise 13.5.4:

The combinations of s + s ORs + p OR p + p OR s + d OR p + d atomic orbitals can lead to o orbitals.

__ egbg ... bondaxis

Exercise 3.5.5:

The combinations of side by side p + p or p + d atomic orbitals leads to 1 orbitals.

""" bond axis

e) o*
Exercise 13.5.7:

Li* and O% are more similar in size than K* and O, so the bond between Li* and O is stronger.

The energy difference between the 1s orbitals and 2s orbitals is too large, so they cannot interact. In order for orbitals to interact,
the orbitals need to have the same symmetry, be in the same plane, and be similar in energy.

Exercise 13.5.8:
When two parallel p orbitals combine out-of-phase, destructive intereference occurs.
There is a node between the atoms.

The energy of the electrons increases.
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When two parallel p orbitals combine in-phase, constructive interference occurs.
There is no node between the atoms; the electrons are found above and below the axis connecting the atoms.
The energy of the electrons decreases.

Exercise 13.6.1:

Exercise 13.6.2:

+ Count the valence electrons on the molecule. That's the number of valence electrons on each atom, adjusted for any charge on the
molecule. (eg C,> has 10 valence electrons: 4 from each carbon -- that's 8 -- and two more for the 2- charge).

« Fill electrons into the lowest energy orbitals first.

* Pair electrons after all orbitals at the same energy level have one electron.

Exercise 13.6.3:

-G

Bond Order =1
MO diagram matches the Lewis structure

Exercise 13.6.4:
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T‘. (4

Bond Order = 2
MO diagram indicates two unpaired electrons
and therefore does not match the
Lewis structure. Based on the MO diagram
oxygen would be paramagnetic and would
be attracted to a magnetic field

Exercise 13.6.5:

o H -
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==

Bond Order =1
MO diagram matches the Lewis structure.
Both predict a Bond Order of 1 and 6 lone
pairs of electrons. The addition of two
electrons to O, to 0,2 would be possible.

Exercise 13.6.6:
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Baond Order =1
Boron-Boran bonding should be possible

Exercise 13.6.7:

Bond Order = 2
MO diagram does not match the Lewis structure.
However, the MO diagram does concur about the
2 unpaired electrons.

Exercise 13.6.8:

4 o

Bond Order = 3
MO diagram matches the Lewis structure
Both predict a Bond Order of 3 and 2 lone
pairs of electrons. The addition of two
electrons to G to C,* would be possible.

Exercise 13.6.9:
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...................... non-bonding level mrammsmsssasnsaanaaa.. NOM-bonding level

Not stable together.
No bonds here.

I'm stable!!!
And | have ONE FULL BOND!!!!

Exercise 13.6.10

a. Na, because Na has a lower ionization potential (and a lower electronegativity) than Al.
b. Al

c. 4-, because there are four Na*

d. total e = 2 x 3 e (per Al) + 4 e (for the negative charge) = 10 e-

tAI= Al

A=Al

Energy
=
S

__ # bonding e- - # antibondinge- _ 8-2 _
g) bond order = > == =3

Exercise 13.7.1:

From MOG6: 3. Diamagnetic (no unpaired electrons); 4. Paramagnetic; 5. Diamagnetic; 6. Diamagnetic; 7. Paramagnetic; 8.
Diamagnetic

Exercise 13.7.2:

a. Ny*. From the MO diagrams, N,* has one less bonding electron. Thus, the bond order will be lower and the bond will be longer
than in Nj.

b. Ny". From the MO diagrams, N, has one more antibonding electron. Thus the bond order will be lower and the bond will be
longer than Nj.

Exercise 13.7.3:

a. Op" . From the MO diagram, O," has one less antibonding electron. Thus the bond order will be higher and the bond will be
stronger than in O».
b. O,. From the MO diagram, O; has one less antibonding electron. Thus the bond order will be higher and the bond will be
stronger than in Oy".

Exercise 13.9.1:
a)
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carbon monoxide
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diamagnetic: bond order = 3 (3 net pairs bonding)
b)
nitrous oxide
\ . NO
nitrogen OXygen
N 0

‘”KW¢L%%%

Energy
%

paramagnetic {one electron unpaired);
bond order = 2.5 (2 net pairs bonding: third bonding pair offset by one electron antibonding)

0)
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hypochlorite ion
4 clor

chlorine oxygen
Cl (8]

g AR

2y 2

Energy

4

Note that the hypochlorite anion has one additional electron to make it negative,
diamagnetic: bond order = 1 (1 net pair bonding)

Exercise 13.11.1:
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The number of orbitals = the number of bonds and the number of antibonds
(thus twice as many orbitals as you would draw in a lewis structure.

Exercise 13.11.2:
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The number of orbitals = the number of bonds and the number of antibonds
(thus twice as many orbitals as you would draw in a lewis structure.
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Location of pi bond makes little to no difference to the MO pattern.
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It results in the addition of another pi bond with approximately the same
energy level.

Exercise 13.11.3:

a)
H ,H
.B 5]
>
H™ ™H
tetrahedral
b)
=
~T1 ]
L—
Py Py Pz
)
all H1s orbitals in-phase all H1s orbitals out-of-phase
with the B2s orbital with the B2s orbital
d)
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all H1s crbitals in-phase all H1s orbitals out-of-phase
with the B2p, orbital with the B2p,, arbital

e)
all H1s orbitals in-phase allH1s orbitals out-of-phase
with the B2p, orbital with the B2p,, arbital

f)

all H1s orbitals in-phase all His orbitals out-of-phase
with the B2p, orbital with the B2p,, orbital

g) In each case all four H1s orbitals interact with each boron orbital.

h) The constructive overlap of the four H1s orbitals and the B2s orbital results in the lowest energy combination as it contains no
nodes. (LOWEST ENERGY)

The constructive overlap of the four H1s orbitals with the three B2p orbitals results in bonding orbitals containing a single node.
(MEDIUM-LOW ENERGY)

The destructive overlap of the four H1s orbitals with the B2s orbital results in an anti-bonding orbital. (HIGH ENERGY)
The destructive overlap of the four H1s orbitals with the three B2p orbitals results in anti-bonding orbitals. (HIGHEST ENERGY)

A
a+ (H1s-B2p)

a# (H1s8-B2s)

"TT -H Tl o (H1s+B2p)

-hL o (H1s+B2s)

Exercise 13.11.4:
a)
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H
B
HOH
trigonal planar
b)
By By B
o
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. . I'\_J’ I'\_,r’.
all H1s orbitals in-phase all H1s orbitals out-of-phase
with the B2s orbila with the B2s orbital
d)
~ \
M I\_/‘l 'r-h‘l
p— N
all His orbitals in-phase all H1s orbitals out-of-phase
with the B2p, orbital, with with the B2p; orbital, with
one head-on o overlap one head-on a* overlap
e)
! . .
)
o0 e O
~ S
two H1s orbitals in-phase two H1s orbitals out-ol-phase
with the B2p, oroitel with the B2p, orbital
f)
[}
‘j
. .

all the Hs are in the nodal plang

g) In some of the cases the one or more Hs may be in a nodal plane

h) The constructive overlap of the H1s orbitals and the B2s orbital results in the lowest energy combination. (LOWEST ENERGY)
The constructive overlap of the three H1s orbitals with the B2p orbital results in a bonding orbital (MEDIUM-LOW ENERGY)
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The constructive overlap of the two H1s orbitals with the B2p orbital results in a bonding orbital. (MEDIUM-LOW ENERGY)

The B2p orbital that is perpendicular to the plane of hydrogen atoms results in a non-bonding orbital. (MEDIUM ENERGY)
The destructive overlap of the two H1s orbitals with the B2p orbital results in an anti-bonding orbital (HIGH ENERGY)

The destructive overlap of the three H1s orbitals with the B2p orbital results in an anti-bonding orbital (HIGH ENERGY)
The destructive overlap of the three H1s orbitals with the B2p orbital results in an anti-bonding orbital (HIGHEST ENERGY)

'}

o+ (H15-B2s)
— a+ {H1s-82p)
E n (82p)
" ‘_' alHts+B2p)
1
v a(H1s+B2s)
Exercises 13.12.1 & 13.12.2:
121 H 192
a) trigonal planar B a) linear H—Be—H
o) yes H™ H b) yes
¢)no o) no .
d] one B2p orbital will be perpendicular to the plane of Hs g{ two Be2p orbital wil be perpendcular o he plane UffT ‘:
e f)sp? 4
. a% gy —_ — 0% Be
E -
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Exercise 13.12.3:
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Exercises 13.13.1-13.13.3:
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13.1 - 13.2 ) linear .- 13.3 a) li »
a) linear CH, ) CH a)linear .cy,
b) one 2s and one 2p orbital b) one 2s b) one 2s and one 2p orbital
) i
% cH o o O GH a*cH
i i
Elncep 4 f— E n(czp) T +~ T Elngep 4 1
A i ] A
oo A4 oo & oo A4 M
¢) mixing of a C2p orbital from each methylene ) mixing of a C2p orbital fram each methylene c) mixing of a C2p orbital from each methylene
forms a acc bond leaving each methylene with forms a o bond leaving each methylene with forms a agc bond leaving each methylene with
a half-filled 2p orbital. a half-filled 2p orbital. a half-filled 2p orbital
[ I}
ot oo ov ce
o oy (C2p-C2p) — - o on (C2p-C2p) o av on — —
[ i A i W i
E | nic2p) + ! ) T 1 E n(c2p) #— 4 pt E I + Elnwep T— T _.=! T -'T Ty Nz, Osp?
L] AL v L] . Ty ) AL T
OcH + 5 oce ¥ Oen Oce v v Y oo
(C2p+C2p) (C2p+C2p) (C2p+02p)
d) The half-filled 2p orbitals on each methylene } d) The half-filled 2p orbitals on each methylene
could mix with ach other to form a 7 bond.  H,C~CH, d) The two half-filled 2p orbitals on each methyne o =cy could mix with each other to form a xbond.  H,G-0
NOTE: the carbon geometry changes to mix with each other to form a 2 a bonds NOTE: the carbon geometry changes to
trigonal planar. trigonal planar.
i i
L] o 0% cH - o* oy
% ce o 9 oo ascg
T ce T+ co
. ~, (C2p-C2p) _—— _(C2p-02p)
. £ i y i . N .
E n(cep) ncep) T T A E nczp T Cet A AE nozpospn
AL e AL !i Tee S B
Y (C2p+Cap) v (C2p+C2p) Y (C2p+O2p)
L] i)
- ETH 4 g s
OcH i cH % T ¥

Exercises 13.14.1-13.14.5:

141 H i
HoAGH « W HEO

H H H H

These two resonance structures follow the Lewis rules,
but both are necessary to illustrate the delocalize electrons

H

H
14.2 ) o
0ro® = %5&g

These two resonance structures follow the Lewis rules,
but both are necessary to illustrate the delocalize electrons

14.3-14.4 - - ! J\ ©
) o %
W 2 | b HNZO,

a) Hacf"é‘.. -~ ,C "
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145
a) acetone, no conjugation as the oxygen lone pair elelctrons are perpendicular to the « orbital 159

b) bicarbonale, this is a conjugated system as the oxygen lone pair elelctrons align with the n orbital H!!!
L

c) acetonitrile, this is not a conjugated system as the oxygen lone pair elelctrons are perpendiculat to the x orbital ' 'g)
1 ]

(NOTE: second perpendicular
n orbital is not shown)

d) dinitrogen tetroxide, this is a conjugated system as the oxygen lone pair elelctrons align with to the x orbital '? !
-.": L)
] _J

Exercise 13.14.6:

All of the answers depend on an understanding of the contributions of two resonance structures to the overall picture of
acetaminde, or alternatively, that actetamide forms a conjugated pi system with four electrons delocalized over the O, C and N.

— !2!

" " \ P

10 0 h .' '
Hsc’d == H,C-C. 1 "

"NH, “N-H Hooo1mm

N + N ull

H OCN

a. Contribution of the second resonance structure introduces some double bond character to the C-N bond and some single bond
character to the C-O bond. Thus, both of these bonds are intermediate in length between single and double bonds.

b. Since the C, N and O atoms are sp2 hybridized, the C-N pi bond can only form if the remaining p orbitals on these atoms align.
This places the atoms participating in the sp2 sigma bonds in the same plane.

c. Because of the partial double bond character there is a larger barrier to rotation than is typically found in molecules with only
single bonds.

d. Because of the partial double bond character and the restricted rotation, the two H’s are not identical. (One is nearer the O and
one is nearer the CH3 and the restricted rotation prevents their interconversion.

Exercises 13.15.1-13.15.3:
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151 Cis-alkenes in the carbon chains cause the packing to be less orderly than in saturated carbon chains

153
/\éo The n-->p* energy gap will be smaller for propenal as _= o
the LUMO will be lower in energy due to conjugation /\T/
H effects. Therefore, the absorption wavelength will be H
shorter for propanal and longer for propenal.

AE, .-

i
E \v’\-a \/\’ n _%_ _T r E

Ny . {

'

Exercise 13.15.4:
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R 4 oh u HsC~ 07 “CHy
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H,C™ "0 H;CJLIC__LCHa
H
o
H4C~ “SCH, ﬁ\ HIK_J
HiC” "C7 “CH,

Exercise 13.16.1:

Because the two resonance structures shows double bonds in two different places, the implication is that all of the bonds in benzene
have some double bond and some single bond character. You can think of them all as being about 1.5 bonds.

Exercise 13.16.2:

a) non-aromatic b) non-aromatic ¢) aromatic d) aromatic e) anti-aromatic f) anti-aromatic
Exercise 13.16.3:

a) aromatic b) non-aromatic c) anti-aromatic d) aromatic

Exercise 13.16.4:

a) aromatic b) anti-aromatic c) aromatic d) anti-aromatic

Exercise 13.16.5:
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H. H _H* H )
a) A - . A anti-aromatic; very unstable
H - Hd- Q.
b) |j~H . H non-aromatic; slightly stable by conjugation
H - H* .
c) @( Hc] aromatic; very stable
H H

" ¥
d) O—H -H* @—H anti-aromatic; very unstable

Exercise 13.16.6:

Exercise 13.16.7:

In tropone, the resonance structure on the right shows more aromatic character, because it clearly shows a fully-conjugated ring
with an odd number of electron pairs in the pi system. The carbonyl in the picture on the left makes that conjugation less obvious:
does its carbonyl pi bond contribute to the conjugated system of the ring? If it does, that would mean four pairs of electrons in the
pi system, and that would be an even number, so it would be anti-aromatic.

5— &

resonance structure

rasonance structure

The hydroxy group in hydroxytropolone would stabilize the compound in the structure shown on the right, via an ion-dipole
interaction with the anionic oxygen. That makes the right-hand, explicitly aromatic structure the dominant one.

Exercise 13.17.1:

All of the compounds are aromatic and have the same Hiickel MO diagram.
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i # nodes  # nodal planes

LUMO ($ Cg.(%
HOMO J& _‘L_ :.% cz;)

o &

All of the compounds are aromatic and have the same Hiickel MO diagram.

b e 3 S
LUMO ™ — — gzg 4 >
E 0
2
0

2

4
2 1
4]

Exercise 13.17.2:

3

>

HOMO & % —!i,- @ g:g
A ::;

This page titled 13.19: Solutions to Selected Problems is shared under a CC BY-NC 3.0 license and was authored, remixed, and/or curated by
Chris Schaller via source content that was edited to the style and standards of the LibreTexts platform.
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