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There are 8 problems on the exam and a total of 10 pages.
The last three pages consist of an equation sheet, data tables and a periodic table.  
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Good Luck.

1. Nitrogen dioxide (NO2) contributes to acid rain and photochemical smog and is used industrially to produce nitric acid. How many liters (L) of nitrogen dioxide are formed at 0.980 bar and 28.2°C by reacting 4.95 cm3 of copper (d = 8.95 g/cm3) with 230.0 mL of nitric acid (d = 1.42 g/cm3, 68.0% HNO3 by mass)?
Unbalanced reaction

Cu(s) + HNO3(aq) → Cu(NO3)2(aq) + NO2(g) + H2O(l)

Half reactions to balance

Cu(s) → Cu2+(aq) + 2e-

HNO3(aq) + H+ + e- → NO2 + H2O
Mulitply the second reaction by 2 to balance electrons and add:

Cu(s) + 2HNO3(aq) + 2H+  → Cu2+ + 2NO2 + 2H2O (this is a balanced reaction that can be used or can add nitrate anions to each side of the reaction to give
Cu(s) + 4HNO3(aq) → Cu(NO3)2(aq) + 2NO2(g) + 2H2O(l) 

Moles of Cu = 4.95cm3(8.95g/cm3)(1mol/63.55gCu) = 0.697128 moles 

Moles NO2 from Cu  = 0.697128 x (2molNO2/mol Cu) = 1.394256 mol NO2 
Moles HNO3 = 230.0mL)(68/100)(1cm3/mL)( 1.42g/cm3)(1mol/63.02g) = 3.5241
Moles NO2  = 3.5241 (2mol/4molHNO) = 1.7620 mol NO2 
Since less product can be made from the copper, it is the limiting reactant. 

Use the calculated number of moles of NO2 and the given temperature and pressure in the ideal gas law to find the volume of nitrogen dioxide produced. Note that nitrogen dioxide is the only gas involved in the reaction. 

V = unknown
 T = 28.2°C + 273.2 = 301.4 K 

P = 0.980 bar
 n = 1.394256 mol NO2 
PV = nRT 
Solving for V: 

1.394256 mol(0.08314)(301.4 K)/0.980 bar = 35.6509L= 35.7 L NO2
2. Phosgene, Cl2CO, is a valued industrial reagent and building block in synthesis of pharmaceuticals and other organic compounds. It is also a highly toxic gas that was used in World War I as a chemical weapon.  
Gaseous phosgene reacts with water vapor to generate CO2(g) and HCl(g). 
Write a balanced chemical equation for reaction. (you can use fractional coefficients if needed). Include states of all compounds in your answer. 

Cl2CO (g) +H2O (g)→ CO2(g) +  2HCl (g) 

The enthalpy of this reaction is -116.22 kJ/mol. Using this value and the appropriate thermodynamic data, determine the heat of formation for one mole of phosgene to 0.1 kJ. 
H°rxn=npHf(products) nrHf(reactants)
H°rxn=-116.22 = {Hf(CO2(g)) + 2Hf(HCl(g))} – {Hf(Cl2CO(g))+HfH2O(g))}

=( -393.5 -92.3 x 2)-(-241.8+Hf(Cl2CO(g))) = -578.1 +241.8 - Hf(Cl2CO(g
Hf(Cl2CO(g)) = -116.22  - 578.1+241.8 = -220.08 kJ/mol
Chloroform (CHCl3) is a common organic solvent that in the presence of oxygen and exposure to ultraviolet (UV) radiation, slowly converts into phosgene and HCl, both in gas phase. Calculate the enthalpy of this reaction to generate one mole of phosgene. 

CHCl3(g) + O2(g)  →  Cl2CO(g) + HCl(g) 

H°rxn=npHf(products) nrHf(reactants)
H°rxn = (-220.08 +-92.3) – (-103.18 +0) = -209.2 kJ/mol
When 23.0 g of CHCl3 and some O2(g) was placed in a closed 3.0L container and exposed to UV light, after 12 days all of the available oxygen was consumed. The total pressure of resulting gas mixture at 350.K was 2.838 bar. How many grams of CHCl3 remained?
Initial moles CHCl3 = 23.0/119.38 = 0.192662087 and  initial pressure = 1.868758028bar

CHCl3(g) + O2(g)  →  Cl2CO(g) + HCl(g) 

Pinitial
 1.8688

Pfinal
1.8688-x

x
x

Pfinal = 2.838 bar = 1.8688 – x +2x 
x = 2.838-1.8688 = 0.96996 bar
This means that the final pressure of CHCl3 was  0.8988 bar 

Converting to grams: 0.8988 bar x3 L/ 0.08314 x 350 = 0.092662087 moles
 0.092662087 moles x 119.38 g/mole = 11.062 g remains
3.  I showed in class that there is a temperature dependent equilibrium between N2O4(g) and NO2(g). A chemist injected 0.200 moles of each gas into a 3.0 L flask and heated it to 450.0K. Equilibrium was reached and the final P was 5.91 bar. What are the equilibrium partial pressures of N2O4 and NO2? What is the value of Keq at 450K?
Find the pre-equilibrium partial pressures, PNO2 and PN2O4, using PV = nRT.

PNO2 = PN2O4 = (0.20 mol)(0.08314 Lbar/mol K)(450 K)/(3.0 L) = 2.494 bar
N2O4 (g) [image: image1.png]


 2 NO2 (g) equilibrium constant expression is: Keq = (PNO2)2 / PN2O4
For each mol of N2O4 that dissociates, 2 moles of NO2 will form. The pre-equilibrium partial pressures, changes in partial pressures, and equilibrium partial pressures are given in the following table:

	
	N2O4
	NO2

	Po
	2.494 bar
	2.494bar

	[image: image2.png]


P
	-x bar
	+2x bar

	Peq
	(2.494-x) bar
	(2.494+2x) bar



(2.494-x) bar
+ (2.494+2x) atm = 5.91 bar

2*2.494 + x = 5.91 
x = 5.91-4.988 = 0.922  PNO2 = 4.3374 bar
PN2O4 = 1.5726 bar
Keq = (PNO2)2 / PN2O4  = (2.494+2x)2 / (2.494-x) = 18.818/1.572 = 11.97
NOTE – A student could have decided to set this up in reverse
	

	NO2
	N2O4
	

	Po
	2.494bar
	2.494 bar
	

	[image: image3.png]


P
	-2x bar
	+x bar
	

	Peq
	(2.494-2x) bar
	(2.494+x) bar
	



(2.494-2x) bar + (2.494+x) atm = 5.91 bar
-x =  0.922 or x = -0.922 same answer
Keq = (PNO2)2 / PN2O4  = (2.494-2x)2 / (2.494+x) = 18.818/1.572 = 11.97

What will be the effect on the equilibrium is the total volume changes to 6 L? 

There are one mole reacting to make 2 moles. Increasing the volume will favor the products or the NO2 side of the equilibrium. 
If this equilibrium reaction is endothermic. What will be the effect of increasing the temperature of the equilibrium reaction? 
Endothermic = H is +. For such reactions increasing the T results in increased product formation.
4.  Three beakers contain the following solutions:

(1) 400.0 mL of 0.0100 M F- 

(2) 400.0 mL of 0.0100 M SO32-
(3) 400.0 mL of 0.0100 M CO32- 

(4) 400.0 mL of 0.0100 S2O32-
If 5.00 mL of 0.0100 M Ba2+ is added to each beaker, in which beakers will a precipitate form? (assume solution volumes are additive)

	Solid
	BaF2 
	Ba(SO3)
	Ba(CO3)
	Ba(S2O3)

	Ksp
	1.0x10-6
	8x10-7
	5.1x10-9
	1.6x10-6


All of the beakers contain the same amount of anion. We can calculate the concentration by either first converting to moles then using the new volume of 0.060L or using M1V1 = M2V2
0.4L x 0.010 M F- = 0.0040moles/0.4L + 0.005L) = 0.009876543M = 9.877 x 10-3M  F-
0.4L x 0.010 M SO32- = 0.0040moles/0.4L + 0.005L) =   9.877 x 10-3M SO32-
0.4L x 0.010 M CO32- = 0.0040moles/0.4L + 0.005L) =   9.877 x 10-3M CO32-
0.4L x 0.010 S2O32- = 0.0040moles/0.4L + 0.005L) =   9.877 x 10-3M S2O32-
The concentration of [Ba2+]=(0.050 mol/L)(0.010 L)=0.0005moles/ (0.050 L + 0.010 L) 
=  0.000123457 = 1.235 x10-4M Ba2+
For BaF2, Q=[M2+][F- ]2=(0.0001235 M)(0.009877 M)2= 1.20427 x 10-8
For other beakers the concentrations are the same. 

Q=[M2+][A2- ]=( 0.0001235 M)( 0.009877 M) =1.21933x 10-6
Compare the Q value to the individual Ksp values: Q>Ksp, for both Ba(SO3) and Ba(CO3) therefore equilibrium will shift left and a precipitate forms. 

Q<Ksp, for BaF2  and Ba(S2O3) therefore no precipitate forms.

A chemist then adds 4.00x10-3 moles of HNO3 to beakers 1 and 2. What will happen to the precipitate in these two beaker? Ka (HF) = 5.60 x 10-4 and Ka(HSO3-) = 6.3x 10-8 
To each beaker was added 3.00x10-4 moles HNO3  in 0.405L = 0.00740741M H+
This will not affect beaker 1 but will affect beaker 2 
Given Ka of HSO3- 6.3 x 10-8 what will happen to the precipitate in beaker 2? Need to calculate a new [SO32-] using equilibrium
HSO3-
 ⇄
 H+              +
 SO32-- 

Ka = 6.3 x 10-8
I

-

0. 00740741
0.009877
C

x

-x

-x
(0.007407-x)(0.009877-x)/x = 6.3x10-8 = 7.31596x10-5 -0.017283951x +x2 = 6.3x10-8x

Solutions 0.0098604917 and  0.007419508

[SO32-] = 0. 009877-  0.007419508 =0.002457035 

New Q = 0.002457035x0.00012346  =    3.03338E-07 ….dissolves
5.  The compound NH2C(CH2OH)3 in combination with its conjugate acid makes the “tris” buffer which is extensively used in biochemistry and molecular biology. Ka(NH3C(CH2OH)3)+ = 8.511x10-9. 
Determine the mass of NH2C(CH2OH)3 and the volume of 2.50 M HCl solution required to make 2.00L of a buffer solution at pH=7.98 and at a total concentration of 0.33 M. 
In the buffer the conjugate pair are HB+ and B with B =  NH2C(CH2OH) and HB+ = (NH3C(CH2OH)3)+
pKa=8.07.

pH = 7.98 is [H+] = 1.04713x10-8
Ka = [H+][B]/[HB+] = 8.511x10-9

I suspect most will use the H-H equation

pH = pKa + log([B]/[HB+])

7.98 = 8.07 + log([B]/[HB+])      so 
log([B]/[HB+]) = -9.01E-02
And [B]/[HB+]  = 0.813
We are told that the total concentration = [B] + [HB+] = 0.33M

So we can use these two equations to solve for the targeted concentrations

[B] = 0.148M in 2L corresponds to 0.296 moles
[HB+]  = 0.182M  in 2L corresponds to  0.364 moles
Total moles = 0.296 + 0.364 = 0.660 moles of B needed x 121.14 g/mol = 80.1 g B 

Need 0.364 moles of HCl /2.5 M = 0.146 L or 146mL
To this solution the chemist next adds some HNO3 and the pH changes from 7.98 to 7.95. How many moles of nitric acid were added? (7)
Addition of HNO3 reduced the amount of B and increases the amount of HB+
Ka = [H+][B]/[HB+] = 8.511x10-9

New pH = 7.95 which is 1.1220x10-8 = [H+]
7.95 = 8.07 + log([B]/[HB+])      so 
log([B]/[HB+]) = -0.12  and ([B]/[HB+]) = 0.758578
 (note - changed from above where the ratio was [B]/[HB+]  = 0.813) 

Recall total concentration = [B] + [HB+] = 0.33M

 [HB+-] = 0.33 - [B] 

Substituting into above ratio:

0.079moles of added HNO3
6. Catalysts can be used to promote the dimerization of H3COC6H4CNO (acetylphenylisocyanate) in carbon tetrachloride. The reaction is slow and the following data were collected at 100°C. The monomer = H3COC6H4CNO  is symbolized by A. 
	t/hr
	0
	3.5
	7
	10.5
	14
	17.5
	21
	24.5
	28
	31.5
	35

	[“A”] mole/liter
	0.995
	0.745
	0.595
	0.495
	0.424
	0.371
	0.330
	0.295
	0.270
	0.247
	0.229


Determine the rate law for this reaction? 
	t
	0
	3.5
	7
	10.5
	14
	17.5
	21
	24.5
	28
	31.5
	35

	1/[A]
	1.0050
	1.3422
	1.681
	2.0243
	2.3585
	2.7027
	3.0303
	3.3898
	3.7037
	4.0486
	4.3668

	
	
	
	
	
	
	
	
	
	
	
	


Rate = k[“A”]2. 

What is the rate constant? 

The integrated second order rate law

1/[B]t = kt + 1/[B]o  
Can take an 2 [B] (1.005-4.3668) M/35hr = 0.0961M-1hr-1
1.005-2.3585/14 = 0.0967 M-1hr-1
Calculate the amount of time it would take for 80% of the acetylphenylisocyanate to react at 100°C if the initial concentration of 0.0750 M. 
The integrated second order rate law
1/[B]t = kt + 1/[B]o  looking for t when [Bt] = 0.2[Bo]
1/0.0150 – 1/0.075 = 0.0964t = 53.33
 t = 53.33 /0.0964 = 553.25 hr or 23.05 days
Using the data below, Determine the activation energy for the decomposition of acetylphenylisocyanate. 
	T(K)
	500
	800

	k 
	0.625
	4.92


ln(k2/k1) = -(Ea/R)(1/T2-1/T1)

R[-ln(k2/k1)/ (1/T2-1/T1)] = Ea
8.314x [-ln(0.4.92/0.625)/(1/810-1/790)] = 8.314 x [-2.0633/-0.00075] = 22872 J/mol     or  22.87kJ/mol

Another set of data (using the reaction at 500C)

8.314x [-ln(0.625/0.096)/(1/500-1/373)] =  8.314 x [-1.873/-0.00068] =  22872
J/mol

7. Complete the following table for molecular structure using the best Lewis structure and resulting VSEPR structures: (you can use the final 3 pages of the exam for scratch paper)
	Molecule
	electron pair geometry
	number of resonance structures 
	formal charge
	bond order
	Number of lone pairs of electrons
	Dipole

Yes OR No

	
	
	
	On Cl
	For Cl-O
	On Cl
	

	ClO4-
	
	
	
	
	
	

	32e
	tetrahe
	4
	0
	1.75
	0
	NO

	
	
	
	On N
	For N-O
	On N
	

	NO2-
	
	
	
	
	
	

	18 e
	trigonal planar
	2
	0
	1.5
	1
	yes

	
	
	
	On I
	For I-Cl
	On I
	

	ICl3
	
	
	
	
	
	

	28
	Tbp
	0
	0
	1
	2
	yes

	
	
	
	On Xe 
	For Xe-O
	On Xe
	

	XeO2
	
	
	
	
	
	

	20e
	Td
	0
	0
	2
	2
	no

	
	
	
	On central S
	For SO 
	On central S
	

	S2O
	
	
	
	
	
	

	18e
	Trigonal planr
	0
	0
	2
	1
	yes


8. What type of orbital is designated by these quantum numbers?

n = 5, l=1, ml = 0

5p


n = 4, l= 2, ml = -2

4d


n = 2, l = 0, ml = 0

2s


How many orbitals in an atom can have the following quantum number?

n = 3

9 orbitals



Give all possible ml values for orbitals that have each of the following quantum numbers:

n = 4, l = 3

ml = 3, 2, 1, 0, -1, -2, -3


n = 2


for l = 1, ml = -1, 0, 1 ; l=0, ml = 0



Write a full set of quantum numbers for each of the following electrons:

The outermost electron in an Rb atom

Ans:
5s1 n= 5, l = 0, ml = 0, ms = + or – 1/2




The electron gained when a Br atom becomes a Br− ion

Ans:
4p6 n= 4, l = 1, ml = any of -1, 0 , 1, ms = + or – 1/2



Make a two-dimensional sketch of one of the d orbitals. To get full marks you must clearly indicate the axes in the drawing and give the conventional orbital label. 

Answer:

[image: image10.wmf]x, 

y 

or 

z


The axis must be labeled for full marks!

	Gas Law
PV  =  nRT

PTotal  =  P1 + P2 + P3 + . . . 
d = m /V = P(MW) / RT

KE  = (1/2)mvav2
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Acid/Base

pOH = -log [OH-] 

pH = -log[H + ]
pH + pOH = 14 
Ka x Kb = Kw
pH = pKa +log ([A]/[HA])

pOH = pKb + log ([BH+]/[B])
Kinetics

ln[B]t = -kt + ln[B]o
[B]t = -kt + [B]o
1/[B]t = kt + 1/[B]o
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ln(k2/k1) = -(Ea/R)(1/T2-1/T1)

k = ln2/t1/2

	Thermodynamics

U = q + w
wsystem  =  PV

q = mCT

H  =  U + PV 
qP  =  U + PV

Cp = Cv + R 
H°rxn=npHf(products) 

               nrHf(reactants)

G°rxn=npG(products) 

               nrG(reactants)

qrev = -wmax = nRT ln (V2/V1)

S = qrev / T
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Go  =  Ho  -  TSo

G = Go + RT ln(Q)
Go = - RT ln(K)
ln(K2/K1) =  -Ho/R (1/T2 - 1/T1)

Electrochemistry

G = -nFEcell

Ecell = Eocell – (RT/nF)logQ 
Ecell = Eocell – (0.0592/n)logQ
General
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f.c. = valence-1/2 bonding pairs-lone pairs




Data For Water

Density  = 1.00 g/mL (25°C)
Kw = 1 x 10-14


C = 2.13 J g- K- (solid)

C = 4.18 J g- K- (liquid)
H°fus = 6.02 kJ mol-
Cp = 2.01 J g- K- (gas)
H°vap = 40.7 kJ mol-
Constants

760mm Hg = 1atm = 101,325 Pa = 1.01325 bar
degree K = degree °C + 273.15

Avogadro’s Number
N
6.022x1023
mol-1

Boltzmann’s constant
k
1.30866x10-23
J·K-1

Faraday’s constant
F
96,485
C·mol-1

Gas constant
R
8.314
J·K-1·mol-1


R
8.314
kPa·L/(mol·K)



R
0.08206
atm·L·K-1·mol-1


R
0.083145
bar·L·K-1·mol-1

Planck’s constant
h
6.62608x10-34
J·s


Speed of Light
c
2.99792458x108
m·s-1
Thermodynamic data for temperature = 298.15 K

Ho​(kJ/mol) 

Go(kJ/mol)
So(J/mol K)

PCl3(g)

-287


-267.8


311.8

PCl5(g)

-374.9


-305.0


364.6

POCl3(g)






222.4

NO(g)

90.25


86.55


210.8

NO2(g)

33.18


51.31


240.1

NH3(g)

-46.11


-16.45


192.5

HCl(g)

-92.3


?


?



HCl(aq)

-166.106


?

126.8

I(g) 

106.8 


70.25 


180.8 

I2(g)

62.44


19.33


260.7

I2(s)

0


0


116.1



Br2(l)
 0

152.2


Br2(g) 
30.91

245.5

HBr(g) 
-36.40

198.7

H2(g)
 0
0
130.7


H2O(g)

-241.8


?


188.8

H2O(l)

-285.8

CO2(g)

-393.5
CHCl3(g)
-103.18


?




Al2(CH3)6(g)
-136.4
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