Name: Student Number:

CHM 2311

Final Exam
April 24, 2006
Professor Darrin Richeson

There are 18 pages in this exam (including supporting materials and tables).
Please count the pages to make sure none are missing.

You may carefully remove the last three pages of the exam and use them
for scratch work.

Please write legibly and show your work to receive credit for your answers.
Partial marks may in some cases be awarded for partially correct work.

Question Mark Question Mark

1 /5 8 /6

2 /6 9 /4

3 /17 10 /5

4 /18 11 /16

5 /6 12 /12

6 /3 13 12

7 /3 14 /10
Total /113

Good luck and have a great summer!



1. (5 points) A hydrogen orbital has the following complete wave function (both
angular and radial portions of the wave function are included and the angular part is
written in Cartesian coordinate form):

1 (22)" A 3z
w(r,e,rp)—R(r){Y(e,w)}—m(ﬂ (6-p)e {1/2\/;;}

Zr
where O =— and Z=1 for a hydrogen atom
a

o

a,=52.9 pm

a. Determine the distance from the nucleus in picometers at which all radial nodes
occur.

The radial component becomes zero (has a node) when 6-p = 0 or
p=06="72ra,
r=o6a,=6(52.9pm) = 317.4 pm

b. Determine the quantum numbers n and 1 for this orbital. Clearly show the process
by which you determined these values. Identify the orbital (1s, 2s, 2py, etc...).
In part (a) we determined that there is one radial node.
The number of angular nodes can be determined from the angular part of
the wavefunction. From the equation, w = 0 for z = 0 (and all values for x

and y). This is an angular node. Thus there is one angular node which
corresponds to | = 1

The equation for the number of radial nodes is given by n-I-1 = number of
radial nodes. Since n-I-1=1 then n=1+1+1 =3

Therefore this is a 3p orbital and specifically the 3p. orbital.



2. (6 points) a. Calculate Z¢ for an electron in the 3p orbital of the phosphorus anion, P".

P Zacar = 15
(15°) (25°, 2p°) (35°, 3p”)
Zefr = ZLactual - S
s=(2x1.00) + (8x 0.85 + (5x 0.35) = 10.55

Zop=15-10.55=4.45

b. The Zs for an electron in the 3p orbital of the silicon anion, Si’, is less than 4.
Taking this into account, provide a justification for the fact that the electron
affinity for silicon is more negative than the electron affinity for phosphorus.

Since Si” has a lower Zqy than P, we would expect it to be easier to add an
electron to P than to Si. However the fact that silicon has a more negative
electron affinity means that it is easier to add an electron to Si! (The reverse
of the prediction based on Z.;!) This unexpected result occurs because an
electron added to P has to go into an already occupied orbital (see below).
The resulting electron-electron repulsions are energetically unfavorable. An
electron added to Si, on the other hand will not have to share an orbital, and
thus avoids the electron pairing repulsions experienced by P. This makes

addition of an electron to Si more favorable.

Si° P

R, Ty oy

1 1




3. (7 points) The fulminate ion, CNO’, forms only a few salts, and these salts are unstable
and explosive. (Much of the explosive power comes from a re-arrangement to the more
stable NCO' ion).

Draw all of the valid Lewis dot structures for the fulminate ion, CNO™ and indicate the
formal charges for each atom in each structure. Use this information to explain the
instability of fulminates.

The anion has 16 electrons (4+5+6+1)
I - I

’.C:N:O,‘ «eC—N=0" ‘c=

T o g

Notice that the formal charges are unlikely for all of the structures!




4. (18 points) Draw the most stable Lewis structure and all significant resonance
contributors for each of the molecules below. In your final answer, show all bonded
pairs of electrons as lines between the bonded atoms and show all non-bonded
electrons as dots. Indicate any non-zero formal charges on every element where they
occur.

a. SO3
Final Answer: (24 electrons)

0. 0. Geometry: __ Trigonal planar
Sh Tri 1pl
S S ape: __ Trigonal planar
o NG oINS,
.. .. .. .. .O 2

Hybridization of S: sp___

b. IOF; (I is central atom, O and F are terminal)

Final Answer: (34 electrons)

Geometry: __ Trigonal bipyramidal
.0
ol :
I | Shape: seesaw_
F——— F—I——
: F/,|: F/i Hybridization of I: ___sp’d

c. SeOCl; (Se is central atom, O and Cl are terminal)
Final Answer: (26 electrons)

Geometry: _ Tetrahedral

to. o
ooy Shape: pyramidal

:Cl.

Hybridization of Se: __sp’__




5. (6 points) Thionyl dichloride OSCl, and thiazyl dichloride NSCIl,” have both been

1solated.

Which of these species has the smallest C1-S-Cl angle? Explain.

Which do you predict to have the long S-CI bond? Why?

26¢ 26e
et T

: .c‘J,:e o _IL_Ie
N

ol

Smaller for "NSCI,. Less electronegative substituent (nitrogen) leads to smaller bond angle

(larger role of S Ip)
Longer in NSCI, - reasoning is similar.

6. (3 points) Given the three molecules SH», SeH,, and OH,, answer the questions below:

a. Arrange them in order of increasing bond length:

OH, < SH, < SeH,
b. Arrange them in order of increasing bond strength:

SeH, < SH, < OH,
c. Arrange them in order of increasing bond angle:

SeH, < SH, < OH,




7. (3 points) Predict which anion, 1 or 2, will be a stronger base. Explain your answer.

N ;
o\ B /H H C\C:C/H
/

1 2
(1) has more resonance structures (I came up with 2) and one of those resonance
structures allows the negative charge to be delocalized onto a more electronegative
atom (N). This delocalization stabilizes the anion.
(2) has fewer resonance structures (only 1 besides the one drawn), and that
resonance structure does not have the benefit of placing the negative charge on a

more electronegative atom. Thus, anion (2) is less stabilized than anion (1).

The less stabilized anion (2) will be more reactive — more basic.



8. (6 points) Determine the point group for each of the following molecules.

A. B. Cl

C
HP N
I\\ Br
(resonance structures, planar)
Point Group: A. Dy, B. Ci
D. i S5{ E. PFs
HBr H
Point Group: D. Gy E. D3y,

F. d7




9. (4 points; 2 point per blank) In the questions below you will determine the
irreducible representations for specific orbitals on a central atom of a molecule in a
given point group. You may use the back of one of the exam pages for your scratch
work. It is not necessary to determine the symmetry labels.

a. A dyy orbital on the central atom of a molecule in the S4 point group (the tricky

point here is that the S, axis is oriented along z)

S4

E

S4

S42 = C2

S,

-1

1

-1

dyy

b. A dy, orbital on the central atom of a molecule in the C,, point group

C2v

E

G

oy (x2)

oy’ (y2)

-1

-1

1

dy,

irreducible representations, fill in the missing characters:

C3V

E

2C;

3oy

A;

-1

10. (5 points; %2 point per blank) Given the symmetry labels for the following

Dsn E 2C; 3C, Ch 2S5 30y
A7 1 1 1 -1 -1 -1

D34 E 2C, 3C, i 2Ss 304
Azg 1 1 -1 1 1 -1




11. (16 points) a.(10 points) In this problem we will derive the complete MO energy-
level diagram for hypochlorite anion CIO". CIO should be placed in the Cartesian
coordinate system shown below with the principal axis of rotation
corresponding to the z-axis. X
You only need to consider the valence orbitals of chlorine and oxygen.
You can neglect secondary orbital mixing.

Your diagram should include the following:

Atomic orbitals shown at the appropriate energies

Molecular orbitals shown at the appropriate energies (include sketches)
Assignment of numerical labels (e.g. 30) to distinguish between orbitals of similar
symmetry

Electrons placed in appropriate orbitals of the molecule

oL — OO

‘ O@Mgg

At

881*_ —NL -7 _L 1_5%3_2;3

Energy

3s -2536V°..

Cl

ocr

The anion has 7+6+1 electrons = 14 ¢

10



b. (4 points) In part (a) we neglected secondary orbital mixing. In the space below,
discuss how secondary orbital mixing would effect the orbital energies and shapes in
ClO". (Feel free to use point form rather than paragraph form in providing your answer.)

Secondary orbital mixing involves the combination of MOs of the same symmetry. The net
effect is to lower the energy of the lower (often filled) MO and raise the energy of the
upper (often empty) MO. This mixing will change the shapes of the orbitals.

In the case of CIO" the orbital mixing that will have the most profound effect on the
diagram will be that between the o (s+s) and the o(p.+ p.). This will lower the first and
raise the second. This could lead to the o(p.+ p.) being raised in energy above the
orbitals. As for the effects on the orbital shapes, this mixing will give new MOs that have
s and p character mixed. A pictorial representation of this is given by:

m —> o< increase stability, lower E

Remain bonding

OO = (o) decrease stability, higher E
Of course the antibonding combinations will also mix to look like this:

m = =ecQ increase stability, lower E

Remain antibonding

COQTQ > Q= decrease stability, highe E
Note: secondary mixing does not change the bond order of this molecule.

c. (2 points) Determine the bond order of CIO

(6-4)2=1

11



12. (12 points) One resonance structure of the pentadienyl carbocation is shown below.
(The carbon atoms are numbered for purposes of the discussion in part (c).)

L]
H\C1¢C2\E3/C\CE,/H
Ll

b. (6 points) Draw all of the © molecular orbitals for the pentadienyl cation in the
appropriate vertical position on the energy axis below and show electrons in the
appropriate molecular orbitals. Label the HOMO and LUMO.

o888 —
o888 —

8—8—8—8 _H_ HOMO

(> -
& -

Energy

12



c. A nucleophile is a reagent that seeks out a site of positive charge on another
molecule. Nucleophiles possess a reactive pair of electrons.
A nucleophile can successfully attack pentadienyl cation at C1, C3, or C5, but not
at C2 or C4. This can be explained according to resonance theory concepts or by
MO Theory concepts. Please provide both explanations. If diagrams or sketches
will enhance your explanation, please feel free to include them (but they are not
necessary).

(2 points) Resonance Theory Explanation (Your explanation should not exceed
the space provided below)

As shown in the resonance structures (part a), the positive charge is delocalized

over Cl1, C3, and C5 making these carbons good targets for nucleophilic attack.

There is no positive charge on C2 or C4, as shown by the resonance structures.
Thus, a nucleophile is not likely to attack C2 or C4.

(2 points) MO Theory explanation (Your explanation should not exceed the
space provided below)
A nucleophilic attack requires the nucleophile (HOMO) to interact with the cation
LUMO (good orbital overlap is necessary). The LUMO's orbital resides on Cl,
C3, and C5, but there are nodes at C2 and C4. Attack at C2 and C4 would not be
possible because there would be no HOMO/LUMO overlap

13



energy

13. (12 points) a. (10 points) In the space below, draw a MO diagram for the

dianion of benzene using allyl m-orbitals as your basis orbitals. Your

diagram should include the following:

i. Sketches of all orbitals (allyl fragments and benzene)

ii. Symmetries of allyl orbitals (S or A) with respect to the central mirror plane

iii. Relative energy levels of all orbitals indicated by appropriate placement of
orbitals on the vertial energy axis.

iv. Electrons in the appropriate molecular orbitals

T Thwaed g% g

’Hj‘:::: ____ o ¥, ¥

w 4+ OO 4

o0 y— 7382

N o %ZE %3
aiz

b. (2 points) Does Huckel’s rule predict that the benzene dianion will be aromatic or
antiaromatic? Is your MO diagram consistent with this prediction? Explain.

4n melectrons: Huckel’s rule predicts antiaromaticity
As shown in the MO diagram above, the highest-occupied orbital of
the benzene dianion are higher in energy than the HOMOs of the allyl

cations. This indicates the delocalization in the ring results in
destabilization, which is consistent with the prediction of Huckel’s rule

14



14. (10 points) In this problem you will attempt to construct a

molecular orbital energy diagram for a hypothetical square H\ /H y
planar CHy. C
NOTE: Neatness of the diagram will be important for receiving VAR
full marks. H H X

(a) Sketch the group orbitals that you will use in this diagram and clearly indicate
their nodal structure.

(b) Indicate how all of the orbitals of carbon might interact with these group orbitals.

(c) Sketch the MO energy diagram and put in the appropriate number of electrons.
Include labels for the atomic (e.g. s, 2px, 3dxy etc.) and molecular (o, =, G etc.)
orbitals. Comment on the magnetic properties that you would expect for this

species.
(d) Is the highest occupied molecular orbital localized on a particular atom? If so,
which one?
Group Orbitals
9Qi0 oio 00 OO
0@ 910 00 O O
@, =, § O
Pz Px py S
Group |Orbitals .
; S O O
9o olo /. oRe.
O:'0Q A QUO

This species should be diamagnetic.

The HOMO is purely hydrogen centered group orbital (not localized on an individual
atom)

15



Element Orbital Potential Energy (eV)
1s 2s 2p 3s 3p 4s 4p

H -13.6

He -24.5

Li -5.5

Be -9.3

B -14.0 -8.3

C -19.5 -10.7

N -25.5 -13.1

0] -32.4 -15.9

F -46.4 -18.7

Ne -48.5 -21.6

Na -5.2

Mg -7.7

Al -11.3 -6

Si -15.0 -7.8

P -18.7 -10.0

S -20.7 -12.0

Cl -25.3 -13.7

Ar -29.3 -15.9

K -4.3

Ca -6.1

Zn -9.4

Ga -12.6 -6

Ge -15.6 -7.6

As -17.6 -9.1

Se -20.8 -11.0

Br -24.1 -12.5

Kr -27.5 -14.3
D2n E Cyz) GCay) Cux) i o(xy) o(xz) o(yz)
A, 1 1 1 1 1 1 1 [ x5y z
B1g 1 1 -1 1 1 -1 -1 R, xy
Bog 1 -1 1 1 -1 1 -1 Ry, xz
Bsg 1 -1 -1 1 -1 -1 1 Ry, yz
Ay 1 1 1 -1 -1 -1 -1
Biu 1 1 -1 -1 -1 1 1 z
Bau 1 -1 1 -1 1 -1 1
Bau 1 -1 -1 -1 1 1 -1

16
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