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PART I. Multiple Choice (30 marks total)

For each numbered statement below, select the letter corresponding to the best answer. There is only
one correct answer per question. Each correct answer is worth 1 mark for Questions 1-10 and 2 marks
for Questions 11-20. There are no penalties for incorrect responses.

1. What is the hybridization of oxygen in water?
(a) s
by p
©

2
d Sp
3
©
2. Which of the following statements is TRUE.

@ The atomic number is the same as the number of protons.
b The atomic radius increases from left to the right through the period of elements.

(c) The first ionization energy increases from right to left through a period of elements.
(d) The radius of all atoms can be measured precisely.
(e) Electronegativity decreases for elements from left to right across the period.
3. The quantum number m, for a valence electron of atomic sulfur in its ground state could be:
i 2
() !
' 2
(d 3
(e) 4
4. Which of the following elements (X) forms an oxide with the empirical formula X,0s5?

(a) chlorine
(b) sulfur
(©) silicon

d aluminum
@ phosphorus
5. The energy (in Joules) of the 3p orbital in the He" ion is:

(a —2.18x10""
(b)  +2.18 x 107"®
(c) -1.46x10°

g +9.68 x 10"
@ none of the above
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6. Which of the following species (oxidation state is given in parentheses) has the most unpaired
electrons in its ground state?

2 vanadium(I)
@ chromium(0)
manganese()
(d) iron(II)
(e) copper(0)
7. According to molecular orbital theory, which statement below is correct?
(a) A molecule with an even number of electrons must be diamagnetic.
The number of bonds is defined by the number of electrons in bonding orbitals.
Putting electrons in molecular orbitals follows the Aufbau principle.
There are as many bonding as antibonding electrons in a molecule.
(e) All molecules contain 7 bonds.
8. A plausible Lewis structure for the [ONS]" cation is shown below (formal charges are not
shown):

o]

Complete the following sentence by circling the best answer. This is not the best Lewis
structure for [ONS]" because:

(a)
(b)
(©)

nitrogen prefers to form double bonds to sulfur rather than oxygen.

oxygen does not have a completed octet.

the predicted shape of [ONS]" is bent and not linear.

sulfur has too many electrons in its valence shell.

a formal positive charge should not be placed on the most electronegative element.

9. Which of the following is neither a network covalent solid nor a polymer?
(a) silicon
(b) diamond
red phosphorus
@ white phosphorus

silicon dioxide

10.  Porous crystalline solids composed of silicon, aluminum and oxygen are called
(a) pnictogens
(b) crown ethers
bucky balls
zeolites
C aromatics



1.

12.

13.

14.

15.

16.

Which of the following pairs of molecules or ions are isoelectronic?

(a)

@

(e)

Nz and 02

[SCN] and [OCN]
[NO;] and [CO;]*
OF2 and OH2

CO and NO

Which of the following ionic compounds is predicted to have the largest lattice energy?

(d)
(e)

NaF
MgO
NaCl
BaO
KF

Which of the following species is expected to have the largest number of unpaired electrons?

(a)
(b)
(©)

CcO
[02]
F>
[Liy]"
B>

Which of the following statements about atomic properties is TRUE?

(©)
(d)
(e)

The electron affinity of fluorine is greater than that of oxygen.

The atomic radius of boron is greater than that of beryllium.

The radius of Si' is greater than that of aluminum.

The atomic radius of argon is larger than that of 1.

Energy is always absorbed when an atom in the gas phase gains an electron.

Which of the following compounds is predicted to have the highest boiling point?

(d)
(e)

OF, (O is central atom)
HOBr (O is central atom)
F,

Cl,

CF,4

What is the ground state electronic configuration of arsenic?

(a)
(b)

1s% 257 2p° 35* 3p° 4s' 34" 4p*
[Ne] 4s” 3d'° 4p°

1s* 257 2p° 357 3p° 34" 4p°

1s% 257 2p° 3s% 3p° 4s* 3d"° 4p°
[Kr] 55* 4d"° 5p°



17. The carbon-carbon bond order in the [C>]* ion is
(@ O
(b) 1
2
3
C 4

18. What is the best explanation for the term “node” as it pertains to orbitals of the hydrogen atom?

The wave function describing the electron passes through zero and changes sign.
5 An electron has nodes when behaving like a wave but not when behaving like a particle.
(©) The electron cannot exist at certain locations due to its attraction to the nucleus.
(d) The square of the wave function describing the electron is always negative.
(e) The wave function of the nucleus affects the area surrounding it in different ways,
making it impossible for the electron to exist at certain locations.

19. Silver is an FCC metal with cubic unit cell edge length 408 pm and threshold energy for the
photoelectric effect (or work function) ® = 7.58 x 107" J. A sample of silver is irradiated with
electromagnetic radiation of wavelength 154 pm (incident beam). Which of the following is
correct?

A No electrons will be emitted from the silver.
@ Some of the radiation will be diffracted at 0 = 22.2°.
All of the electromagnetic radiation will be reflected.

(d) No silver atoms will be ionized.
(e) Silver’s density is 14.3 g/cm’.

20. Sarin is a highly deadly nerve agent. Sarin can be prepared by the reaction of (H3;C)POF, (0.1
mol, P is the central atom) with 2-propanol H;C—CH—CH3 (0.1 mol). Hydrogen fluoride (0.1
mol) is the sole byproduct. lOH

Based on the aforementioned information, the most plausible molecular structure of Sarin is:

O CH, O CH, O CH,
HyC—P—C—CHj Hg,c—F|>—c|;—cH3 H3C—F|>—C—OH

F H OH H F  CH,
(a) (b) (c)
CH,4 CH; 0
H3C—I|:|>—O—é—H H;C—C—P—OH
|l CH,4 (|3H3F

©



PART II. (14 marks total)

1. Indicate if the orbital with the given quantum numbers can exist.

(a)
(b)
(c)
(d)

2. (a)

(b)

n=3,0 =0,m, =0 No (circle the correct answer)
n=4,0=1,m,=-2 Yes (circle the correct answer)
n=2,0=2m,=0 Yes (circle the correct answer)

n=128, ¢ =27, m,=-12 @ No (circle the correct answer)

Draw cross-sections for the following orbitals of the hydrogen atom. Be sure to show
phases as (+) or (-) and label the axes.

1s 3p:

|

g
N

NIDY
)

Using your drawing of the 3p, orbital from part (a), sketch the wavefunction y(3p.)
versus z on the axes below (a scale is not required).

w(3p.) 4
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On the axes below, sketch the radial probability distribution for the 5d.- orbital. Label the axes
accordingly (a scale is not required).

4R (r)

(a)

(b)

A

>
r

Calculate the energy (in Joules) to excite He" from the ground state to the 3p orbital.

2 2 2 2
AE =RH(f—2—%j:2.18x1018{?—2—%j

=4+7.75x107%J

The excited He" ions from part (a) collide with O'" ions that are in the 4s state. In this
process, as the He' relaxes to the ground state energy is transferred from He™ to O'"
resulting in other excited states of O'". Determine the highest value of n in O’* that can
result from this energy transfer process.

He’" relaxes from the n = 3 to n = 1 level and this energy is transferred to excite O

from the n; = 4 level to an unknown final (1) energy level. ny can be calculated as
follows:

1 1 1 1
AE = RHZiIe[_z - —zj = _RHZé{? - _ZJ

n; f i nf

(1_1j:_16 11
9 1 16 n;

# = n2=9x16=144
I’l/v ’



PART III. (13 marks total)

1.

(a)

(b)

The graph below shows the second ionization energies (2™ IE) for the elements of the n =2 and
n =3 periods. Use it to answer the following questions.

8000
7000 1
6000 \
5000 \

ol A

o\ "\
Ny \ P

1000

Li Be B C N O F Ne Na Mg Al Si P S ClI Ar
Element

Complete the equation below by filling in the boxes to show the second ionization energy (2™
IE) for carbon.

+ 2+

Co — Cog T &

The 2™ IE of an element generally increases across a period, however, there are exceptions at C
and Si. Give an explanation for the anomalous 2™ IE’s of C and Si.

The energy required to remove an electron from C is less than that of B". Similarly, the energy
to remove an electron from Si" is less than that of Al". In the case of C" the electron is being
removed from the 2p orbital whilst for B" the electron is being removed from the 2s orbital (see
figure). Since the 2p is higher in energy than the 2s, it is easier to remove the electron from C"
than B" and, consequently, C" has a lower IE than B". Similarly, for Si" vs. Al", the electron is
easier to remove from the 3p subshell than the 3s.

2nd IE 2nd IE NOTE: orbitals are lower in
energy for C vs. B due to the
higher Z, for C vs. B.

B

2s

B+ 2s C+



2.

9

The skeletal structure of S;N,Os is shown below. Complete the Lewis structure so that all
atoms have a formal charge of zero. Show all lone pairs of electrons as pairs of dots. Where
appropriate, add lines between atoms to represent multiple bonds.

S SN

N
o7 Yo7 No

The perspective diagram below (part b) shows the o-framework of Cl;P=NH.
(a) Give the hybridization of P and N in CI;P=NH.
Hybridization: P sp’ N sp”

(b) On the molecular drawing below, sketch and name (i.e. 2s, 2py, etc) the atomic orbitals
that overlap to form the m-bond between phosphorus and nitrogen according to valence
bond theory. Show phases as (+) or (—). An axis system is given to show the orientation
of the molecule (P, N, H and the lone pair lie in the xy plane).

z
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PART IV. (19 marks)

1. Despite the fact that XeO4 has a higher molecular mass than XeO3;, XeOy exists as a gas at room
temperature, whereas XeOs3 1s a solid (Xe is the central atom in each molecule). Give a
plausible rationale for this observation.

To answer this question, the intermolecular forces in XeO4 vs. XeO; must be considered. The
fact that XeOs is more polarizable than XeO; due to its larger number of electrons and,
consequently, the London dispersion forces are stronger in XeO4. However, XeOs; is polar and
has dipole-dipole interactions whilst XeO, is nonpolar and no such forces are present. The
strong dipole-dipole forces between XeO; molecules outweigh the small difference in London
forces and, therefore, XeOs (a solid at 25 °C) has a higher BP than XeO4 (a gas at 25 °C).

T
non-polar
A Gas @ RT
LI S ::) wee Xe :> ::>
O==Xe==0, o, o Main intermolecular forces: (lower BP)
” o weak London dispersion forces
. sp? Xe
(tetrahedral)

@ polar

. . . e Xe Main intermolecular forces: Solid @ RT
O—=Xe=0, —> ow ~o —> strong dipole-dipole — (higher BP)
J’_

O
.0. sp3 Xe weak London dispersion forces)
(trigonal pyramidal)
2. The molecular structure of acetylsalicylic acid, commonly known as Aspirin™, is shown below

(lone pairs are not shown). In the boxes below, give the hybridization of the indicated atoms.

H
| sp’
: O O+
sp \>C/ H
| \__H
P 3
H C O C« P
N xR NN
P’ \*(lzl (|: g H
=
0 \C|:/ ~y
H

What is the maximum number of atoms that may be located in the same plane in Aspirin™?

19
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3. Four different linear molecules having the formula C,N; are possible. The connectivity of the
atoms for each structure is shown in the table below.

(a) Draw the best Lewis structure for each C,N, molecule. All atoms must have a completed
octet. Write any non-zero formal charges on the appropriate atoms. Show all lone pairs
of electrons as pairs of dots, and bond pairs as lines.

Structure #1

(C—C—N—N)

Structure #2

(C—N—C—N)

Structure #3

(C—N—N—C)

Structure #4

(N—C—C—N)

cCo

ﬁ@

N®

C
I

N

Z

O—O

Z

(b) Shown on the supplementary sheet are the electrostatic potential maps for the four
possible structures of C,N,. In the table below, match each structure you have drawn
(above) to each of the electrostatic potential maps shown on the supplementary sheet.

Structure Electrostatic Map
(A, B, CorD)
(C—CTN—N) b
(C—N?c—N) B
(C—N?N—C) ¢
(N—CTC—N) A
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PART V. (11 marks total)

1. Carbon nanotubes are semiconductors and diamond is an electrical insulator.

(a)

Energy

(b)

(©)

On the energy scale below, draw band diagrams for a carbon nanotube (left) and
diamond (right). In each case label the band gap, give the names of the bands and
indicate whether the band is “filled”, “partially filled” or “unfilled (empty)” with
electrons.

carbon nanotube diamond
A
Conduction
Band
Conduction (unfilled)
Band
(unfilled) A

¢ Band Gap (Eg)

Valence
Band Y
(filled) Valence
Band
(filled)

(NOTE: Eg is larger for diamond than for the carbon nanotube.

Give an element that could be used to p-type doped carbon nanotubes by replacement of
a small percentage of the carbon atoms.

Boron (+ others)

Give an element that could be used to n-type doped carbon nanotubes by replacement of
a small percentage of the carbon atoms.

Nitrogen (+ others)
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The compound [Ses][AsFe]> contains the cyclic [Ses]*” ion. Each Se atom in [Ses]*" is sp’
hybridized. Below are the = molecular orbitals of [Ses]*” (top view). The phases of the orbitals
are either shaded (+) or not shaded ().

07090000

(a) Draw an energy level diagram showing the relative energy levels of each of the above
orbitals and label each appropriately (i.e. i, T2, 73, m4). Place the appropriate number of
electrons in each orbital and determine whether [Ses]*" is paramagnetic. Label the

HOMO and LUMO.
A
- LUMO
S
1 L 1 L HOMO
Energy | 7 5, T S, T

Is [Se4]*" paramagnetic?

YES (circle one)

¢
w

(b) What is the expected bond order for each selenium-selenium bond in [Ses]*"? Briefly
explain your answer.

The # MO’s (7, and n4) are degenerate, each has 1 node. Since there are three energy
levels, these orbitals must be non-bonding. Alternatively, the same conclusion is
reached if you consider each Se—Se interaction in 7, and m,. Each have two Se—Se
bonding interactions and two anti-bonding interactions which suggests that they must be
non-bonding.

7(BO) = %(2 —0)=1 (delocalized over 4 Se- Se bonds)

.. The n(BO) for each Se-Se = = 0.25

1
4
Overall BO for each Se-Se = 1.25
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PART VI. (18 marks)

1. The picture below shows the cubic unit cell of an ionic oxide where A is a 2+ cation (cube
corners), O is the oxide ion (cube faces) and X is a cation (cube centre).

L

A
&

J 4

(a) How many of each ion (A, X and O) are in the unit cell?

A 1
X 1
0] 3

(b) Given that A = Ba®" and that the density of this ionic oxide is 5.85 g/cm’, identify the ion
X and give the chemical formula of the compound. The edge length of the unit cell is
404.5 pm.

3 mass

density =5.85 gem™® =5.85x10° gm™ =

volume
volume = a® = (404.5x10™"* m)’ =6.62x10™ m’
mass = (density) x (volume)
=(5.85x10° gm™)x(6.62x107% m?)
=3872x10%" g
MW (BaXO,) = (mass)x N, =(3.872x107* g) x (6.02 x 10> mol™)
=233.08 g mol
AW(X)=MW(BaX0,)-AW(Ba)-3x AW(O)
=(233.08-137.33—3x15.999) g mol"
=47.8 gmol’
The only element with this atomic weight is Ti.
~ X =Ti
FORMULA = BaTiO,
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Neutron diffraction is a crystallographic method used to determine the atomic structure of a
material. In a neutron diffraction experiment, a sample is placed in a beam of neutrons and the
neutrons are diffracted by the nuclei. First order diffraction is observed at an angle (0) of 2.5°
when a beam of neutrons strikes a crystal of silicon carbide (SiC; d = 1.52 A = 152 pm).
Calculate the velocity of the neutrons.

nA=2dsiné
: —-10
a1 2dsm9: 2x(1.52x10" "m) C133x10M m
n 1
h h . .
A =—=—(de Broglie Equation) .
L mu Units:
—34 2’
Rearranging : u = N 6_'1?26 <107 Js = (ké ) _ =ms’
mA  (1.33x107 m)x(1.67x10°" kg) M KE

=2.99%x10* ms™

You work for a company that tests drinking water for toxic heavy metals. A test for barium
involves concentrating a 1000 L water sample to 1 L and then selectively precipitating ALL
Ba”" as an insoluble salt by adding a “precipitating solution”. Following this procedure, 0.9374 g
of a barium-containing salt was precipitated from the water supply.

(a) Given that ONLY 100 mL of each “precipitating solution” was available, deduce which
of the following solutions was used? (Solubility information is available on the
Supplemental Sheet)

0.32 M sodium sulfate

0.27 M sodium nitrate Circle the correct answer.

0.0015 M sodium chromate

(b) If the maximum acceptable concentration of barium in drinking water is 2.0 mg/L, is the
tested water fit for drinking? Justify your answer with a calculation.

Must calculate the amount of Ba®" in the1000 L water sample. If < 2.0 mg / L then the
water is safe for drinking. Given that all the Ba®" in the water is precipitated as BaSQO4
(0.9374 g).

FW(BaSO,) = (137.33+ 32.064 + 4 x15.999) g mol" =233.39 g mol”
0.9374 g
229.39 g mol™
mass Ba®* =(137.33 g mol™) x (4.01 10~ mol)

=0.55 g in 1000 L

0.55¢
1000 L

mol Ba®" =

=4.01x10"° mol

conc Ba?' =

=55x10" gL"'=055mgL" (< 2mgL"' .. SAFE)
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PART VII. (15 marks)

1. Fill in the blanks below (parts a — h) with the appropriate third row element.
Third Row Elements: Na Mg Al Si P S Cl Ar
EACH ELEMENT CAN ONLY BE USED ONCE.
(a) This element reacts with water to give a salt with the formula _ Na OH.
(b) _Al ,0; is amphoteric.
(c) This element forms a chloride with formula _ Mg Cl,.
(d) _Ar _1isin the same group as the element first reacted at UBC.

(e) Aluminum reacts with this element to form Al,_ Cl .

® S has the most known allotropes of any third period element.
(2) P forms neutral trigonal pyramidal and trigonal bipyramidal compounds with
fluorine.

(h) The reaction of sand with coke (carbon) produces elemental _ Si .

2. The reaction of elemental sulfur (Sg) with excess AgF in a rigorously dried apparatus at 125°C
affords compound A (Formula: S;F;) which has the connectivity F-S-S-F. Compound A is
stable as a gas at low pressures.

(a) Draw the best Lewis structure for compound A. Show lone pairs as pairs of dots and
bond pairs as lines.

Answer:

When A (0.5 mol) is pressurized in the presence of NaCl (1 x 10 mol), 0.5 mol of B is obtained
along with NaCl (1 x 10 mol). B is trigonal pyramidal.

(b) Draw the best Lewis structure for compound B. Show lone pairs as pairs of dots and
bond pairs as lines.

Answer:
F—i
|

S.
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When B (0.2 mol) is warmed to 50 °C, elemental sulfur (0.0375 mol) and compound C (0.1
mol) are the only products.

(©) Give a balanced equation for the reaction described above to form compound C.

2S,F, > SF, + gsg

(d) Draw a perspective drawing showing the VSEPR predicted shape of compound C.

Answer:
F

F/,,,"' |
F ,‘T@

F

Reaction of C (0.5 mol) with D (0.1 mol) gives IFs (0.2 mol) and SOF; (0.5 mol) as the only
products.

(e) Give a balanced equation for the reaction of C with D.

5SF, + LLO, — 2IF, + 5SOF,

() Draw the best Lewis structure for D. Show lone pairs as pairs of dots, bond pairs as lines,
and show all non-zero formal charges.

Answer:

END OF EXAMINATION



Supplemental Sheet

Potentially Useful Information

1 Hertz=1Hz=15s" 1J=1kgm’s™

1 m=10°um =10’ nm= 102 pm=10"" A
I1W=1Js"=10°mW

h = Planck's constant = 6.626 x 10°* J s

N = Avogadro's number = 6.022 x 10> mol

¢ = speed of light =3.00 x 10° m s™

1 amu = 1 u = atomic mass unit = 1.66 x 10%’ kg
electron mass =9.11 x 107! kg

neutron mass = 1.67 x 10% kg

nh = 2d sin®

2
E,=-2.18x10"* Z—ZJ
n

Solubility in water at 25°C

{ions [NOs] [SO.* [CrOs* [COs* [SO;*
Cations

Na" soluble soluble soluble soluble soluble
Ba®* soluble insoluble insoluble insoluble insoluble
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The figures below are the electrostatic potential maps, labelled A, B, C and D that are needed to answer
Part IV, Question 3.

Positive
extreme

Negative
extreme
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