Chem 131 Name
Exam 2, Ch 10.7-12 October 9, 2019
100 Points

Please follow the instructions for each section of the exam. Show your work on all mathematical problems. Provide
answers with the correct units and significant figures. Be concise in your answers to discussion questions.

Part 0: Warmup.

1. How many sigma bonds are there in the molecule below? (4 points)
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Answer C

2. In order for an ion or molecule to have square planar geometry, valence bond theory would predict that the

central atom must be hybridized. (4 points)
a. sp’ c. spd
b. sp? d. sp’d®

Answer d

3. The mineral perovskite, consists of calcium, titanium and oxygen. Its unit cell is shown below, with Ti at the
corners (A in the diagram), Ca in the center (M in the diagram) and O at each of the faces (X in the diagram).
Since the stoichiometry of the unit cell must match that for the compound, what is the formula for perovskite?
(4 points)
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a. CaTigOq4 c. CaTiOs

b. CaTisO» d. CaTiO Answer c

4. Complete the following with increases, decreases, or does not change. (6 points)
a. If the intermolecular forces in a liquid decrease, the normal boiling point of the liquid

decreases

b. If the intermolecular forces in a liquid decrease, the vapor pressure of the liquid

increases

c. If the temperature of a liquid increases, the equilibrium vapor pressure

increases




Part I: Complete all of problems 6-8

5. Consider the compounds below. Arrange the molecules in order of increasing boiling point. Clearly justify you

reasoning. Ignore any effects of molecular mass. (12 points)
H

OH
N )\/OH \/'Lv

A B C D

Your order and justification should be based in the types of intermolecular forces each of the compounds is
capable of participating in. For compounds of the same molar mass, boiling point should correlate to
intermolecular forces, with the strongest IM forces producing higher boiling point. In order of increasing
boiling point: BKA<D<C

B: nonpolar, only dispersion forces

A: somewhat polar, but not capable of participating in H-bonding

D: polar, capable of H-bonding (amine)

C: polar, capable of H-bonding (alcohol). Stronger tendency for H-bonding than D because of more polar O-H
bond (compared to N-H)

6. The compound oxygen difluoride is quite unstable, reacting with water to produce oxygen and hydrogen
fluoride in an exothermic reaction with AH, = -318 kJ. Use the table of bond energies to calculate the bond
dissociation energy of the oxygen-fluorine bond in oxygen difluoride. (12 points)

Bond H-F F-F F=F H-H O-H 0-0 0=0
Bond Energy (kJ/mol) 565 159 414 436 464 142 498
Reaction OF; + H-O | 2HF + (0))
Lewis
Structure Lo e ke . . .o es
O H—Q—H H—F: Q=0
Bonds Broken 2(O-F) = 2AHo.r 2(0-H) = 2(464KkJ)
Bonds Formed 2(H-F) = 2(565KkJ) 1(0=0) = 498kJ

We know the enthalpy change for the reaction, so we can use the relationship below to find the unknown bond
energy:
AH° = 3(Bond Energy for bonds broken) — >(Bond energy for bonds formed)
-318kJ = (2AHo.r + 2(464kJ))-(2(565Kk]) + 498Kk]J)
2AHor =-318kJ + (2(565kJ) + 498KkJ) — 2(464kJ) = -318kJ +1628k]J — 498k]J = 382 kJ
AHor =382kJ/2 =191 kJ per mole of bonds

Answer 191 kJ/mol




In the context of valence bond theory, explain how p-orbitals can form both sigma (0) and pi (T7) bonds, but s-
orbitals do not. Feel free to use sketches to illustrate your points. (12 points)

The key point here is that in order to form sigma bonds, the orbital must be able to overlap with another orbital
in such a way that the electron density is directly between the atoms. To form a pi bond, the overlap must be
such that the electron density is off of the axis that connects the atoms. Since s orbitals are spherical, there is no
way that they can overlap to form pi bonds, but because of the shape of a p-orbital, there is the possibility of
both end-to-end (sigma bond) and side-to-side (pi bond) overlap.

p-orbital overlap to form p-orbital overlap to form s-orbital overlap to form
pi bond sigma bond sigma bond
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Choose two (2) of the compounds below and draw Lewis structure, indicate the hybridization of the underlined
atom and estimate all bond angles. Identify the strongest intermolecular interaction the molecule can participate
in with another molecule of the same compound. (12 points)

CH,O
Carbon is sp? hybridized, all bond angles should be ~120°. The molecule
oA\ is polar, but does not have the requirements to undergo hydrogen bonding,
so the strongest intermolecular force it could participate in with itself is
—H dipole-dipole interactions.

NH;

Nitrogen is sp* hybridized, all bond angles should be <109.5° because of
the presence of the lone pair on the nitrogen. Ammonia is polar, but also
has the necessary characteristics to undergo hydrogen bonding
interactions, which are the strongest interactions it can undergo.

CO»
Carbon is sp hybridized, the O-C-O bond angles should be 180°. While
each of the C=0 bonds are polar, the geometry is such that the bond
. dipoles cancel, making the molecule nonpolar. Therefore, dispersion
O: =O forces are the strongest intermolecular interaction.



Part I1. Answer three (3) of problems 9-13. Clearly mark the problems you do not want graded.
12 points each.

9. A certain liquid has a vapor pressure of 92.0 Torr at 23.0°C and 353.0 Torr at 45.0°C.
a. Calculate the enthalpy of vaporization (AH®,p) for this liquid.

| <P2> AHvap(l 1)
"p,)TTR \T, T,

Rearranging (T must be in Kelvin):

In (g—f)R In (3210 8 31441 I kI

200 2O J
_ "2 Torr molK _ 7835~ 478 —
mol

R G 3 "

AH

Answer 47.8 kJ/mol_
b. Calculate the normal boiling point of this liquid.

The normal boiling point corresponds to the temperature when the vapor pressure is 1 atm (760 Torr). You can
use the enthalpy of vaporization from part a and either of the temperature/pressure values.

pZ
(i_i)_ln(P_l)R
T, T, AHy,p
P 92 Torr J
In (%) R
L (7}) L (760°Tort) 8314 ok, |
T, AH,, T, 47,8351 296 K

1
. =-0.000367K'+0.003378K'=0.00301K !
1

T =(0.00301 K)! =332 K or (332-273) = 59°C

Answer 332 K or 59°C



10. You decide to cool a can of carbonated soda (or pop depending on where you are from) quickly by placing it in
the freezer. When you take the can out, the contents are still liquid, but when you open the can, the soda (or
pop) immediately freezes. Explain why this happens. You may assume that the soda behaves essentially like
water. Use the phase diagram for water, shown below, to support your explanation.

Since the majority of the solution is water, the water phase critical
diagram is a good approximation of the phase behavior of the 218 [-men e ol
soda. Consider the red line added to the phase diagram. This :
line corresponds to 0°C, the temperature at which water freezes
at 1 atmosphere. In a freezer, the temperature would be ice
somewhere less than 0°C, so we would be somewhere to the 4 Jussssans R (12 L :
left of this line. Since soda (or pop) is under pressure, yet the i
contents are still liquid in the unopened can, we must be : : j
operating in the “water” region to the left of the red line (we 0.006 [rooeseereeees —
would say that the solution is “supercooled”). When we open ‘ vapor ﬂdﬁ%ﬁ?
the can, we release the pressure (it returns to atmospheric / o

pressure), but the temperature remains unchanged, therefore 7 \ o0 o
the system will undergo a phase change corresponding to the 9 40 T°C

red arrow in the diagram (a liquid to solid change), and the

solution freezes.



11. The atomic radius of tungsten, W, is 202 pm. If the W has a molar mass of 183.84 g/mol and has a density of
19.3 g/cm?, does tungsten form a face-centered cubic lattice? Justify your answer with a calculation.

Let’s start by assuming W is fcc. If so, what would its density be? Based on or knowledge of the fcc structure,
the length of a diagonal of one face is 4(radius of the atom). Knowing this, we can find the volume of a unit
cell.

a’> +a® = [4(202pm)]?, so a = 571 pm and a* = volume of unit cell = (571 x 10'° cm)?

4 atems X 1 unitecll X 1 mel x 18384g = 6.55¢
wnit-cell 1.865 x 10> cm’? 6.02 x 103 atems 1 meol cm’

So, if W were fcc, we’d expect a density of 6.55 g/em?, since the reported density is 19.3 g/cm?, W must not for
a face-centered cubic lattice.

Alternatively, you could calculate the radius necessary for an element with tungsten’s atomic mass and density
to have a fcc lattice:

lem® x 183.84g x 1 mol x 4datems = 6.33x10% cm’

19.3¢ 1 mol 6.02 x 10 atoms unitcell unit cell
So, the volume of a unit cell is 6.33x10*cm?, which makes the length of one of the edges of the unit cell:
(6.33x10% cm®)!® = 3.985x108%cm = 398.5 pm
For a fcc lattice, the length of a face diagonal is equal to 4 atomic radii. So, we need to find the length of the
diagonal:

a?+at=c?
2a%=¢?
c=(2aH)"? = (2 x398.5pm?)"? = 564 pm
Therefore the expected atomic radius is 564pm/4 = 141 pm.
Since the actual atomic radius of tungsten in 202 pm, it must not form a fcc lattice.



12. Use valence bond theory to describe the bonding around the carbon atom in HCN. Identify the hybridization on
the carbon atom and show how hybridization allows the formation of the necessary sigma and pi bonds in the
compound. Drawings may be useful!

H—C=N:

We need consider the geometry around the carbon atom in HCN. To do that, we need a Lewis structure, which
is shown above. In the structure, we see that carbon has one triple bond to nitrogen (consisting of one sigma
and two pi bonds) and one single bond to hydrogen (a sigma bond), with only two atoms around the central
atom. This produces linear geometry, which occurs with sp hybridization. With sp hybridization, one of the 2p
orbitals and the 2s orbital on carbon produces an sp hybrid orbital, as shown below: The sp hybrid orbital is
able to form sigma bonds with both the H and N.

The carbon atom then has two unhybridized 2p orbitals that are able to form pi bonds with the 2p orbitals on the
nitrogen. These orbitals are oriented at 90° from one another, which allows the sigma and two pi bonds in the
triple bond to coexist.

H s atomic orbital  sp hybndized C  sp hybndized N

/]E,‘:::,::,

— —
C=H a-bond formation C=N a-bond formation (’J

C-N #-bond formation  C=N s-bond formation




13. Answer the following questions about peroxide ion (0,%).
a. Complete the MO diagram for peroxide below. Account for valence and core electrons

18 electrons total!!! (O-8, O-8, (-2)-1)

A

Energy

T

2p

Atomic Orbitals
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_ti_
O1s
Molecular Orbitals

b. What is the bond order for peroxide? (2 points)

La(#bonding electrons-#antibonding electrons) = 2(10-8) = 1

c. Is peroxide diamagnetic? Why or why not? (2 points)

Peroxide has no unpaired electrons, so it is diamagnetic.

d. Would you expect the peroxide ion to be more or less stable than molecular oxygen (O2)? Why?

(2 points)

T

2p

T

2s

T

1s

. (6 points)

Atomic Orbitals

05 has two fewer electrons, which would lead to the Tt orbital having two fewer electrons. These fewer

antibonding electrons would lead to a bond order of 2 for O,, suggesting a more stable molecule.
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