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ANSWERS

INORGANIC CHEMISTRY I

FINAL EXAM

May 4, 1999

Please put your answers to the exam questions on the exam copy, either in the spaces provided or on the back of the page.  If you do require additional pages, these must be stapled onto the back of the exam and a clear reference to their existence must be made in the exam copy. The maximum score on this exam is 300 points.

1.   (17 points max) _______

2.   (33 points max.)_______

3.   (15 points max.)_______

4.   (15 points max.)_______

5.   (20 points max.)_______

6.   (60 points max.)_______

7.   (40 points max.)_______

8.   (36 points max.)_______

9.   (24 points max.)_______

10. (40 points max.)_______


         Total ________

1. (17 points) From the list of elements given below, select: 

(a) the one with the highest ionization enthalpy

__ He_

(b) the one with the highest electronegativity:

___O__

(c) the best oxidizing agent




__ O__

(e) the best reducing agent




__ Cs_  (2 points each)
(f) the three which have the highest terrestial abundance (as the element or in compounds):

(1 point each)





__O__,   __Si__,   _S, N or Li_

(g) the three which are likely to be found in the highest concentrations as the free elements (i.e., not in a compound with other elements) on earth (including its atmosphere):

(1 point each)



__N__,   ___O__,   S(1/2 pt. for Ar or He)
(h) the three elements that are likely to be found ionically bound to oxygen in the earth’s crust.

(1 point each)





__Sr__,   __Cs__,   __Li__
Sr, B, P, Cs, Si, Ar, O, Be, N, He, Li, S

2. (33 points) (a) Write out, in the form of a cyclic reaction sequence, the Born-Haber cycle for the heat of formation of the ionic salt, MgSO3 and use this cycle to write an equation that would allow you to calculate the electron attachment enthalpy for the highest oxide of sulfur, assuming that the other enthalpy terms were available [Be sure to define, or to associate with a specific chemical or physical process, each of the enthalpy terms that you use in your equation] [Hint: Your equation should include the heat of formation of the highest oxide of sulfur;  for simplicity, use S(s) for the elemental form of S].

[image: image1..pict]
(11 points; including 5 for the equation?) 
 (b) Given that MgSO3 decomposes on heating at high temperatures to give magnesium oxide and the other important oxide of sulfur, write the chemical equation for this reaction and determine which MSO3 compound, M = Mg or Ba, would decompose at the highest temperature. Explain your answer. [the best answer (worth sl. more credit) considers that the difference in the decomposition enthalpy of these two MSO3 compounds is essentially determined by the difference in the lattice enthalpies of the respective MSO3 and MO compounds]. (12 points; 3 for the equation, 3 for the choice of Ba, and 6 for the explanation – includ. 3? for the correct thermodyn explana.)
[image: image2..pict]
BaSO3 would decompose at the highest temperature (i.e., be most stable), as it has the smaller difference in the rel. sizes of the cation (Ba2+) and anion (SO32-)(i.e., more nearly equal sizes). A better explanation considers the following thermochemical cycle:

[image: image3..pict]
Since the lattice enthalpies depend on the charges/(sum of the ionic radii) of the ions and SO32- is a very big ion, the change in the lattice enthalpy on switching from Mg2+ to Ba2+ will be much larger for the metal oxides; this makes the Hdec for MgSO3 less positive (more negative) than for BaSO3 since U is always negative(exothermic) and the UMO) will therefore be larger. 

(c) Which of these two MSO3 compounds is likely to be the more soluble in water?  Explain your answer briefly. (10 points; 4 for Mg, 6 for explanation (one based on the “instability” of salts with a large difference in cation and anion sizes is acceptable). 
MgSO3 is likely to be more soluble since the sizes of the respective ions are the most different.  Again, a thermochemical cycle provides the most satisfactory answer:

[image: image4..pict]
Comparing the Mg2+ and Ba2+ salts, the differences in the hydration enthalpies of these two ions will dominate over the smaller difference in the lattice enthalpies (because of the large size of the SO32- ion). This will make the Hsoln for MgSO3 more negative, or this salt more soluble, than the BaSO3. 

3. (15 points) (a) Give formulas for the highest valent oxyacid [HXOa; X = Cl or Br] of Cl and all four oxyacids of Br.  (5 points, 1 each)
HClO4, HBrO4, HBrO3, HBrO2 , HBrO
(b) Rank these oxyacids in order of increasing protonic acidity and briefly describe how you determined this order of relative acidity. (10 points; 5 for order, 5 for explanation)
HBrO < HBrO2 < HBrO3 < HBrO4 < HClO4
The order is determined by (1) the oxidation state (the higher the more acidic) or the formal charge (or the no. of O’s without H’s) and (2) the relative electronegativity of the central atom.

4. (15 points) Predict the direction (right or left) for each of the following equilibria and briefly explain your choice (5 points each, 1 pt for ident. the LA’s and LB’s, 1 for direction,3 explana):

(a) (CH3)3N:B(CH3)3 + F3N:   =   F3N:B(CH3)3  +  (CH3)3N:   
direction:__left__

The B(CH3)3 is the Lewis acid and the two amines are the Lewis bases.  The electron withdrawing inductive effect of the F makes the N lone pair less available for donation to the Lewis acid (rel. to the CH3 groups).

(b) (CH3)3N:BF3 + BCl3   =   (CH3)3N:BBr3 + BCl3 

direction:__right__

BCl3 is a stronger Lewis acid than BF3 ((CH3)3N: is the one Lewis Base) due to the stronger pi-bonding between B and F, thus stabilizing the planar form of BF3 by resonance interaction.

(c)  Tl2O3   +   3 Tl2S     =    3 Tl2O   +   Tl2S3


direction:__ left__ 

Tl+ and Tl3+ are the two Lewis acids and the O2- and S2- ions are the bases.  Tl+ is softer than Tl3+ and prefers the softer S2- ion.

5. (20 points) (a) Give the expected solid products of the following reactions (only one for each reaction): (2 points each for (i) and (ii), -1 for wrong oxida. states; 3 for (iii) = 9)
(i) AgNO3  +  Al2(Se)3  + LiCl  --H2O-->
___Ag2Se__

(ii) HgF2  +  NaI  +  Zn(ClO4)2 --H2O-->   
___HgI2___

(iii) an aqueous solution of rubidium sulfide is mixed with solid thallium sulfate.         ___Tl2S____

(b) Briefly explain your answer in each case, indicating why this particular solid should precipitate from an aqueous solution of these ionic salts  (4 points for explanation).  

In each case the softest Lewis acid is combined with the softest Lewis base to make the precipitate, since these soft acids and bases will prefer each others company to the harder environment of the aqueous solution.

(c) Arrange the following hydrated metal ions in order of increasing acidity and explain briefly what criteria(on) you used in determining your arrangement: 

[Al(H2O)6]3+; [Cs(H2O)6]1+; [Si(H2O)6]4+; [Ba(H2O)6]2+; [Ga(H2O)6]3+; [Ca(H2O)6]2+
(9 points; 5 for order, 4 explanation)
[Cs(H2O)6]1+<[Ba(H2O)6]2+<[Ca(H2O)6]2+<[Ga(H2O)6]3+<[Al(H2O)6]3+<[Si(H2O)6]4+ 

The order is determined by the Z2/r, or the polarizing power, of the metal ion.  The higher the charge (most important) and the smaller the radius the more ionized (hydrolyzed) the hydrated metal ion is.

6. (60 points) (a) Give the chemical formulas for the following elements and compounds [for the elements and compounds that occur in the form of discrete molecules, you must give the formula for that molecule].

fluorine__F2_, bromine__ Br2__, boron nitride__ BN__, ammonia___NH3___, ozone ____ O3___,

ammonium perchlorate_NH4ClO4__, lithium oxide__Li2O_, silica__SiO2__, 

calcium bicarbonate _Ca(HCO3)2, sodium sulfate_Na2SO4, lead sulfide_PbS, nitrogen dioxide_NO2_, phosphorus(+5) oxide__ P4O10_, hydrogen fluoride__HF__, sodium peroxide_ _Na2O2_, arsine__ AsH3__, aluminum phosphate_ AlPO4_, sulfuric acid _ H2SO4_, potassium iodate__ KIO3_,  lithium aluminum hydride__LiAlH4_. (20 points; 1 pt. each). 
(b) Place these elements and compounds into one of the following three groups, depending on whether they exist as (1) gases, (2) liquids, or (3) solids at room temperature and atmospheric pressure: 

(c).  For the compounds that you have identified as solids at STP, indicate whether they are likely to be: (i) ionic solids, (ii) covalent network solids, or (iii) molecular/atomic solids.


(1) gases 


(2) liquids


(3) solids








(i) ionic                  (ii) cov. net.       (iii) mol./atom. 

F2, NH3, O3, NO2, HF, 
     Br2, H2SO4    NH4ClO4, Li2O,
BN, SiO2
P4O10
AsH3



 

       Ca(HCO3)2, Na2SO4, 

         PbS, Na2O2, AlPO4,


KIO3, LiAlH4
(1/2 point for forms x 20 = 10; 1/2 point for classifica. x 12 = 6)  
(d) Choose compounds from this same list that fit the following descriptions:  (2 points each = 24)
(i) A solid which decomposes on strong heating to give a basic oxide and a gas mixture whose saturated aqueous solution is weakly acidic __ Ca(HCO3)2___.

(ii) A gas that gives a basic solution on dissolution in water without change in oxidation state__ _NH3_.

(iii) A strongly hygroscopic solid that, when fully hydrated, yields a syrupy (strong) acid_ P4O10. 


(iv) A compound whose two main structural types are similar to those of carbon_BN_.

(v) A gas which condenses to form a strongly H-bonded, acidic, liquid at low temperatures HF.


(vi) A liquid that will oxidize iodide to iodine but not chloride to chlorine__Br2__.


(vii) A toxic, paramagnetic gas (and source of "acid rain") that disproportionates in water 

to produce a mixture of acids___NO2____.


(viii) A solid that decomposes on heating to give a basic oxide plus oxygen__ Na2O2___.

(ix) An unstable solid that can explode on heating to yield only gaseous products__NH4ClO4__.

(x) A thermally stable solid that gives a strongly basic solution when added to water__Li2O__.

(xi) A poisonous gas that is used in combination with trimethylgallium to deposit a semiconducting solid by Chemical Vapor Deposition __AsH3__.

(xii) A highly corrosive, strongly acidic, liquid that will take the “water” out of sugar (C12H22O11) to form carbon__H2SO4___.



7. (40 points) (a) Give Lewis structures for the following species (except for (i)), indicating clearly the electrons and any formal charges on the central atom(s), any multiple bonds, and all important resonance structures and (b) draw and describe their molecular geometries (except for (iii)):
[image: image5..pict](i)  (6 points) [B6H6]2- (b) Octahedron of B’s, with all terminal H’s.
 (ii)
(6 points each = 12) Al2Cl6 and Al2(CH3)6 (the latter is similar to B2H6)

[image: image6..pict] (a)







(b) These two molecules have similar structures (but different bonding), with a planar Al(X)2Al unit (X = CH3 or Cl) and tetrahedral Al atoms.

(iii) (6 points) P4O10

[image: image7..pict]
(a) 






(iv) (4 points)  [ClF4]+ 

[image: image8..pict](a) (there should be a formal charge +1 on the Cl and an overall +1 charge on the species) (b)

                  
(v) (4 points) [IF4]-


(a) 




(b)
[image: image9..pict]





square planar (as shown)

 (c) For (i) and both parts of (ii), describe the bonding between the atoms in these compounds.  

(8 points, 5 for recognizing the electron deficient bonding in (i) and (ii)CH3)
For (i), and for the Al2(CH3)6 part of (ii), the bonding holding together the unit (octahedron or dimer) is electron deficient, multicenter bonding (where there are more atomic orbitals available than electrons).  The terminal B-H bonds in (i), and the terminal Al-CH3 bonds in (ii) are ordinary 2-electron-2-center bonds.  In all of the bonds are 2-electron-2-center bonds (although these are donor-acceptor rather than “covalent” 2 e- bonds and therefore weaker than pure covalent bonds). 

8. (36 points) The concept of pi-bonding can be used in the following cases to explain their unusual structures and/or unusual chemical behaviour.  In each case,  (a) give the Lewis structures, including all important resonance forms and showing lone pairs and any formal charges on the central atoms, (b) draw and describe the molecular structures, and (c) draw and describe the pi-bonds and indicate how the occurrence of this type of bonding can be used to explain the unusual structural or chemical feature noted in parentheses.

BF3 (Lewis acid strength)  (10 points)
(a) (there should be formal charges of –1 and +1 on B and F, resp. in the last 3 structs.)


[image: image10..pict](b) The molec. struct. is trigonal planar.  (c)  This pi-bonding hinders the ability of the B to rehybridize from sp2 to sp3, thereby making it a weaker base than would be anticipated based on the favorable electron withdrawing effect of the F. 
 [image: image11..pict]
B3N3H6 (there is no analogous Al3N3H6 compound)
(10 points)
(a) (there should be formal charges of –1 and +1 on B and N, resp. in the structs. with double bonds).(b) Overall planar structure with sp2 B and N. (c) The multiple bonds in these structures are p-p bonds (as drawn above) like those in benzene, only borazine is more polar (and reactive) than is benzene.

[image: image12..pict]
[PNCl2]3 (has a planar (PN)3 ring) (16 points)
[image: image13..pict][image: image14..pict][image: image15..pict]
(b) A planar (PN)3 ring, but the P’s are also bonded to 2 CH3 groups which project above and below the plane of the ring. (c)  The double bonds in this case are d-p bonds, since P uses all three of its P orbitals to form the single bonds to 4 atoms. 

9. (24 points) Compare (within each Group) (a) N and P, and (b) O and S, in terms of: 

(i) their physical forms at STP; (ii) the molecular formulas and structures for the most common allotrope (e.g., graphite and diamond are allotropes of C): 

(i) and (ii) (a) N2(g), P4(s); (b) O2(g), S8(s); (8 points; 4 for forms, 4 for formulas)
(ii) structures: (4 points; mainly for P4 and S8)

(c) The elemental forms of N and P differ markedly in their reactivity (both thermodynamic and kinetic) towards oxygen and other species.

(i) Write balanced equation for the reaction of these two elements, in their most common elemental forms, with oxygen and indicate whether the reaction that you have written has an equilibrium constant that is > or < 1. (4 points each, 2 for K for N, 1 for P)

N2(g)  +  O2(g)  = 2 NO(g) (-1/2 pt. for NO2);  K  < 1

P4(s)+ 3 O2(g) => P4O6(s) + (not req’d.) 2O2(g) => P4O10(s) ;both have K  > 1
(ii) Briefly explain the origin(s) of this difference in structure and reactivity between the main allotropes of N and P.

The main difference is the high thermodynamic (and kinetic) stability of the N2 molecule, due to its high bond strength (triple bond – 2 p-p bonds).  The inability of P to form such strong p-p bonds leads to a less strongly bound, single bonded structure (4 points).
10. (40 points) Complete and balance the following reactions  [in the cases where the physical forms of the reactants are given you must give the forms of the products and any other reactants (at STP); please note that for aqueous solutions, water is a possible reactant in addition to any that are listed; for all reactions with H2O, oxygen or fluorine, assume that an excess of these reagents is present]: 

(2 pts. each)

(a) 
   Cs(s)  +   (excess)    CH3OH(l)   --->  CsOCH3(alc) +    1/2  H2 (g)

(b) 
   [Al(CH3)3]2(l)  +     6 H2O(l)  ---> 2 Al(OH)3(s)  +    6 CH4(g)

(c)
   MgH2(s)  +     2 HO(l)    --->   Mg(OH)2(s)  +     H(g)

(d)       BCl3 +      3 H2O ---> B(OH)3  +   3 HCl

(e)       Al2O3(s) +  H2O(l)  +   2 KOH(aq)   ---> 2 KAl(OH)4(aq)
   (f)       CH3SiCl3  +     3/2 H2O     ---> [CH3SiO3/2]n  +    3 HCl
   (g)      SiO2(s) +  2 C(s) ---> Si(s) + 2 CO(g) [or SiO2(s)+ 3 C(s) --->  SiC(s)  +  2 CO(g)]
   (h)      SiO2(s) +  6 HF(aq)  --->   __H2SiF6_(aq) +  2 H2O(l)
   (i)        PbO2(s)  –heat--> PbO(s) +  1/2 O2(g)
   (j)        NaNH2 +       H2O     --->  NaOH  +  NH3
   (k)       H2O(l) +  __NO(g)__  +  __ NO2(g)_  [NOx(specify this mixture of oxides)]   ---> 2 HNO2(g)
   (l)        PCl5(s)  + 4 H2O(l)  --->  H3PO4  +  5 HCl(aq)

(m)
   CaO(s)+      H2O(l)      ---> Ca(OH)2(aq)  +  CO2(g)   ---> CaCO3(s) +  H2O(l)

(n)
   As(s)  +      (excess)  5/2 O2(g) ---> As2O5(s) (or As4O10(s))

(o) 
   fluorine__F2(g)__  +     2  H2O(l) ----> O2(g) +  2 HF(g)

(p)   
   chlorine_ Cl2(g)__  +      H2O(l)   --->  HOCl(aq)  +  HCl(aq)

(q)
   chlorine__ Cl2(g)__  +     2  Br -(aq) ---> Br2(l)  +     2 Cl -(aq) 

(r)
   Sb  +    fluorine_5/2 F2__  ---> SbF5 +      F - ---> SbF6-

(s)        NaF(aq) + H2O(l)    -electrolysis-> NaF(aq) + H2(g) +  1/2 O2(g)
Extra Credit Problems:

11. (10 points) Give the names and symbols (or just the formulas for compounds) for the following elements (or compounds) [exclude radioactive elements]:

(a) the element from Group 13 with the highest melting point _________.

(b) the most acidic (Bronsted acid) binary (HnE) hydride___________.

(c) the most ionic halide salt _________.

(d) the gaseous hydride from Group 14 which has the strongest E-H bonds __________.

(e) a compound that can decompose violently on heating to give a gaseous mixture of nitrogen, water vapor and oxygen ___________.

(f) the main solid product obtained when the gases obtained from burning carbon are passed through an equimolar, aqueous solution of magnesium and barium hydroxide ___________.

12. (10 points) The following Grignard reaction is run commercially in the RPI Incubator Center to prepare a carbosilane polymer that can be represented in terms of the repeat unit, 

[-SiCl2CH2-]n (assume that each Si is bound to 2 C atoms and 2 Cl atoms and that each carbon is bound to 2 Si’s and 2 H’s in this polymer):

n Cl3SiCH2Cl  +  n Mg(s) --Hreact(  [SiCl2CH2]n  +  n MgCl2(s)
Your job as a chemical engineer is to estimate the heat of this reaction (per mole of the product) so that you can design an appropriate cooling system for the reactor.  Assuming that you only had available a table of bond dissociation enthalpies and the heat of formation for MgCl2(s), write a thermochemical (Hess’ Law) cycle for this process and use it to derive an equation for the above heat of reaction that would allow you to estimate its value.

