ICI Final Exam - 1998 - Answers

1. (70 points) (a) Fill in the blanks in the following table with the correct response regarding these elements and their compounds:
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(b) Write balanced equations for the following reactions:

2 (i) the hydride of Mg with water,  MgH2  +  2 H2O --->  Mg(OH)2  +  H2
2 (ii) the oxide of Li with water,  Li2O  +   H2O --->  2 LiOH
2 (iii) an oxide of P and water, P4O6 + 6H2O --> 4 H3PO3, P4O10 + 6H2O -->4 H3PO4
3 (iv) a hydride of S and oxygen,  H2S  + 3/2 O2 --> H2SO3 or H2S +  4 O2 --> H2SO4
3 (v) the reaction of two oxides of nitrogen with water to produce one nitrogen oxyacid:

12 points

NO  +  NO2  +   H2O --->  2 HNO2
2. (15 points) (a) Elemental sulfur is allowed to react with oxygen under conditions that yield the highest oxide of sulfur.  This oxide is dissolved in water and the solution is mixed with an excess of an equimolar aqueous solution of magnesium chloride and barium chloride, resulting in the precipitation of a white solid and a strongly acidic solution that no longer contains any sulfur (in any form).  Give the formula for the white solid (one compound) and explain your choice of solids, giving the reason(s) for the formation of this particular compound.


BaSO4, i.e., S  +  3/2 O2  -catalyst-> SO3, SO3 +  H2O --->   H2SO4


BaCl2(aq)  +  H2SO4(aq) --->  BaSO4(s)  +  2 HCl(aq) 

BaSO4(s) is formed instead of MgSO4(s) due to its lower solubility;  the relative solubilities of ionic salts are determined by the relative lattice enthalpies of the salts compared to the relative hydration enthalpies of the corresponding cation.  When we have (as in this case) a very large anion, the difference in hydration enthalpies is greater than the difference in lattice enthalpies when we change the size of the cation, making the salt with the smaller cation more soluble.  Another (less rigorous) way of viewing this is to consider a salt which is composed of ions of very different sizes as "less stable" than one with more nearly equal ionic sizes;  in either case, MgSO4 is less soluble than BaSO4.  [8 points]
(b) Assuming (correctly) that this compound contains sulfur in some form and either magnesium or barium, when it is heated strongly it releases the same oxide of sulfur involved in part (a) and forms the oxide of the particular Group 2 element.  Write a balanced equation for this reaction and predict whether the temperature at which this decomposition occurs would be higher or lower (or essentially unchanged) if the Group 2 element were magnesium or barium.  Explain your answer, again giving the reason(s) for your choice of relative decomposition temperatures.

BaSO4(s)  --heat-->  SO3(g)  +  BaO(s);  MgSO4 will decompose at a lower temperature than BaSO4; the explanation is similar to that in (a), the difference in the lattice enthalpy of the product MO when M = Mg vs Ba dominates over the smaller change in the lattice enthalpy of the starting compound [due to the large size of the anion and the fact that U   Z+Z-/(r+ + r-)], making MgSO4 "less stable" than BaSO4.   [7 points]

3. (20 points) (a) Give formulas for the known oxyacids [HaBrbOc] of Br (4).  

HBrO, HBrO2, HBrO3, HBrO4  [4 points]
(b) Rank these oxyacids in order of increasing (intrinsic) protonic acidity and briefly describe how you determined this order of relative acidity.

HBrO < HBrO2 < HBrO3 < HBrO4 
The relative acidity of oxyacids is determined (1) by the oxidation state (or number of "extra", free, O atoms on the central atom) and (2) by the relative electronegativity of the central atom.   [6 points, incl. 3 for the correct order, 3 for the correct explanation]

(c) Would the corresponding oxyacids of Cl be more, less, or about as acidic as those of Br?  Explain your answer briefly.

More acidic, because Cl is more electronegative than Br.  [4 points]

(d) Suppose that in water several of these oxyacids of Br and Cl appeared to have the same relative acidity (the measured pH of a 1M solution was approximately 0 in these cases).  Explain how these acids could have the same apparent acidity (despite their differences in structure) and choose a potential solvent from the following list that might prove better at distinguishing these relative acidities:

NH3(l), CH3OH(l), HF(l), (C2H5)2O(l)
This is because these acids are "leveled" to the acidity of the strongest possible acid in H2O, H3O+;  i.e., these are "strong" acids which give up their protons completely to water forming an equivalent amount of H+(aq).  To distinguish these acids we need a stronger acid than H2O, HF(l) should do the trick.   [6 points, 2 for the HF]

4. (20 points) (a) Assuming that they all had the same (rock salt) structure, arrange the following salts in order of increasing lattice enthalpy and explain briefly the basis for your order of lattice enthalpies.

BeO, CsBr, NaBr, BeSe, MgSe  

 CsBr < NaBr < MgSe < BeSe < BeO 

U   Z+Z-/(r+ + r-); therefore, the charge on the ions is most important in these cases, placing the Z2+Z2- salts highest; among the Z2+Z2- and Z+Z- salts, ionic radius increases going down a Group.

[12 points, incl. 5 for the order]

(b) Suppose that one of these salts actually had the cesium chloride structure (C.N. = 8) and another, the zinc blende structure (C.N. = 4).  Choose the most likely salts (2) from this list to have these two other structures and briefly explain the reason for your choice (assume that the anion is bigger than the cation in each case)
BeSe = C.N. 4; CsBr = C.N. 8

The radius ratio determines the C.N. of the cations and anions in these ionic salts and as r-/r+ gets larger, the NaCl structure becomes less stable than one with a lower C.N. (4) and as r-/r+ -> 1 the C.N goes to the maximum possible. (C.N. = 8).  The ion combination which has the most different ionic radii is BeSe (Be2+ is the smallest cation and Se2- the largest anion in these salts) and the one with the most similar sizes must be CsBr, since the anion is always bigger than the cation and we need to go to the largest cation in this list (Cs+) and combine it with the smallest anion (Br- is smaller than Se2- and O2- is only combined with the very small Be2+ cation).
5. (10 points) Predict the direction (right or left) of the following equilibria and explain your answer, giving the reasons for the relative acid/base strengths that you have assumed:

(a) F3N:B(CH3)3 + (CH3)3N   =   (CH3)3N:B(CH3)3  + F3N     to the right

F3N is a weaker Lewis base than (CH3)3N due to inductive effects (F withdraws charge from N, CH3 is weakly electron releasing - rel. to H) [5 points]

(b) (CH3)3N:BF3 + BBr3   =   (CH3)3N:BBr3 + BF3    to the right
BF3 is a weaker Lewis acid than BBr3 due to resonance effects (F -bonds with the B more effectively than Br, stabilizing the planar form and thus inhibiting the ability of the B to assume the tetrahedral geometry needed to form a complex with the Lewis base.  [5 points]

6. (20 points) (a) Give the expected solid products of the following reactions (only one for each reaction):  [12 points - 3 each]

(i) thallium nitrate, lithium bromide and aluminum chloride are added to water.
TlBr
(ii) mercury(II) fluoride, sodium selenide, and zinc perchlorate are mixed with water.  HgSe
(iii) potassium iodide is mixed with an aqueous solution of both the Cu(I) and Cu(II) nitrates. CuI
(iv) hydrogen sulfide is added to an aqueous solution which contains a mixture of the chlorides of sodium, magnesium, cesium and lead.
PbS

(b) Briefly explain your answers, indicating why the particular solids that you chose should precipitate.
The soft-soft Lewis acid-base combinations are less compatible with (soluble in) water and more compatable with each other (HSAB concept - soft likes soft, etc.) and these compounds combine the softest Lewis acid in each case with the softest Lewis base. [4 points]

(c) Choose the three metal ions from the above compounds in reactions (i) -> (iv) that are most likely to result in death on ingestion.  What is the common characteristic of all of these metal ions (other than their poisonous character)?

Tl+, Hg2+, and Pb2+; these are all soft Lewis acids.[4 points]

7. (40 points) (a) Give the formulas for the following compounds (for the compounds that exist as descrite molecules, give the formula for the most stable molecular form):

2 (1) potassium iodate 
KIO3
4 (2) methyllithium
[(CH3)Li]4
2 (3) nitric acid 

HNO3
2 (4) ammonium perchlorate 
NH4ClO4
2 (5) hydrogen peroxide 
H2O2
2 (6) strontium nitrite 
Sr(NO2)2
2 (7) calcium phosphate 
Ca3(PO4)2
2 (8) phosphine 

PH3
2 (9) tetraethyllead 
Pb(C2H5)4 [PbEt4 is also acceptable]
2 (10) sodium hypochlorite 
NaOCl

2 (11) silica 

SiO2
3 (12) methylmagnesiumbromide 
[CH3MgBr]2  ([MeMgBr]2 is also ok)

2 (13) diborane 

B2H6
2 (14) lithium phosphide 
Li3P
2 (15) boric acid

B(OH)3
33 points

7. (b) Choose compounds from the list in problem 7, part (a) that fit the following descriptions:

[1 each = 7]


(i) an extremely poisonous, highly reactive, colorless gas that results from the hydrolysis 
of a phosphide like lithium phosphide. (8) phosphine, PH3

(ii) a weakly acidic solid that has a 2-D network structure held together by H-bonding.


       (15) boric acid, B(OH)3


(iii) one of the three major acids of the modern chemical industry that has been known as a 
corrosive solvent for metals (such as copper, but not gold) since the 13th century. 



(3) nitric acid, HNO3

(iv) an ionic solid comprised of an strongly oxidizing anion and a reducing cation which 
explodes violently on heating



(4) ammonium perchlorate, NH4ClO4

(v) a compound that is still widely used as an antiknock additive for cars but is banned in 
some countries (not including the US) because of its poisonous effects on humans and on 
catalytic converters.


      (9) tetraethyllead, Pb(C2H5)4 

(vi) a solid which is the active ingredient in "liquid bleach" and that disproportionates in 
water, especially at low pH.



(10) sodium hypochlorite, NaOCl


(vii) a "Grignard reagent" commonly used in organic (and organometallic) synthesis to 
replace halogen by an alkyl or aryl group (does not have "electron-deficient, multicenter 
bonds).



(12) methylmagnesiumbromide, [CH3MgBr]2 
8. (35 points) (a) Place the following compounds into one of three groups, depending on whether they exist as: (i) gases, (ii) liquids, or (iii) solids at room temperature and atmospheric pressure: 

CsSbF6, PF3, Na2S, NH4Cl, BaH2, GaAs, CsO2, BaSiO3, Na4SiO4, B3N3H6, BN, P4S10

 
(i) gases
(ii) liquids 

(iii) solids


PF6

B3N3H6

CsSbF6, Na2S, NH4Cl, BaH2, GaAs, CsO2, 





BaSiO3, Na4SiO4, BN, P4S10




[6 points]

(b) For the compounds that you have identified as solids at STP, indicate whether they are likely to be: (iv) ionic solids, (v) covalent network solids, or (vi) atomic/molecular solids.

(iv) ionic solids 

(v) covalent network solids  
(vi) atomic/molecular solids

CsSbF6, Na2S, NH4Cl, 
GaAs, BN, BaSiO3

P4S10


BaH2, CsO2, [BaSiO3], 

Na4SiO4



[5 points]
(c) For the ionic solids in part (b)(iv), identify the ions, 

 Cs+ SbF6-, Na+ S2-, NH4+ Cl-, Ba2+ H-, Cs+ O2-, [Ba2+ SiO32-(not required)], 

Na+ SiO44- (required).


[6 points]

and for the solids that contain extended, (semi-)

covalent, network structures (3), draw and describe the likely/possible structures.

GaAs:  Si-like structure with Ga bonded tetrahedrally by 4 As's and vice versa (both sp3)(actually, the zinc blende structure). (some reasonable attempt at drawing this should be made for full credit)
[4 points]

BN:  two structures, diamond-like (actually, zinc blende) as above for GaAs and the other a graphite-like structure consisting of layers of covalently-bonded alternate B-N "chicken-wire" held together by relatively weak van der Waals forces and with p-p bonding in the planes. (both B and N are trigonal planar, sp2) (again, this should be drawn for full credit).
[7 points]

BaSiO3:   SiO32- network structure consisting of chains of [Si(O-)2-O-]n held 
together by ionic bonding with the Ba2+ ions. (see below for illustration - must be shown for full credit).    [7 points]

[image: image1.wmf]
9. (40 points) (a) Give Lewis structures for the following species, indicating clearly the electrons and any formal charges on the central atom(s), any multiple bonds, and all important resonance structures:

[20 points, 4 each]



(i)
Al2(CH3)6

[image: image2.wmf]



(ii)
[PN(CH3)2]3       (see last exam)



(iii)   B3N3H6 

[image: image3.wmf]




(iv)
Al2Br6 

[image: image4.wmf]



(v)
SbF4-

[image: image5.wmf]
(b) Draw and describe the molecular structures of the species in part (a), indicating clearly the molecular geometry.

[10 points, 2 each]

(i) structure (and bonding) like that in B2H6 ; tetrahedral coordination of C's around both Al's with a planar Al(C)2Al arrangement (Al is sp3).

(ii) 6-membered (planar) ring or alternate P's and N's; P's are tetrahedral (sp3) with CH3 groups bonded to P above and below the plane. N is trigonal planar with lone pair on each N.

(iii) borazine - completely planar; sp2 bonded ring atoms with H's at each B and N (trigonal planar).

(iv) same structure (essentially) as (i), only with Br's replacing the CH3 groups.

(v) see-saw structure - based on trigonal bipyramidal arrangement with lone pair in the trigonal plane [AEB4]

(c) For all of these compounds except (v), describe the bonding between the atoms in the compound.  [10 points, 3 for first 2, 2 for last 2]
(i) electron-deficient, 3-center-2-electron bonds for bridging CH3 groups; normal 2-center-2-electron bonds to terminal methyls.

(ii) double bonds in ring are d-p bonds involving d-orbital on P (sp3) and p-orbital on N (sp2).

(iii) double bonds in ring are p-p bonds involving both B and N (both sp2).

(iv) coordinate-covalent (2-center-electron) bonds between Al3+'s and the bridging (and terminal) Br- ions.

10. (30 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 (at STP) for full credit] 



[2 points each]

(a)
 Ba(s)  +     2 H2O(l)      --->       Ba(OH)2(aq) +  H2(g)

(b) 
2 Li  +    CH3Cl   --->      LiCH3  +  LiCl


(c)   
 (AlCl3)2  +   2 (C2H5)3N  --->
2 (C2H5)3N:AlCl3

(d)  
SiO2(s) (silica)  +     4 HF(aq)  --->  SiF4(g)  + 2 H2O(l)  (or H2SiF6(aq)  + 2 H2O(l))


(e)
SiCl4(l)  +    4 H2O(l)      --->       SiO2 .2H2O(s) + 4 HCl(aq)   [Si(OH)4(s) also ok]


(f)
PbCl4(l)  --warming-->    PbCl2(s)  +  Cl2(g)

(g)     n (CH3)2SiCl2__(dimethyldichlorosilane) +  n H2O --->  [(CH3)2SiO]n  + 2n HCl

(h)
__N2H4_(hydrazine) +   __O2__(oxygen)   --->  N2 +  2 H2O

(i)
Sb  +   _5/2_F2__(excess fluorine)  -->    SbF5   +      F- -->   SbF6-

(j) 
__N2_(nitrogen) +   __O2__(oxygen)  <--->  2 NO
(an endothermic reaction involved in  









the production of acid rain )


(k)
_2 NO_(product of reaction (j))  + 3/2 O2_(oxygen) +       H2O    --->   2 HNO3

(l)
__NO_(product of reaction (j))  + __O3_(ozone)   ---> NO2  +  O2
(a reaction which is 









partially responsible 









for ozone depletion in 









the upper atmosphere)


(m) 
__Cl2_ (elemental chlorine)  +  H2O  <-->  HOCl  +  HCl

(n)
__KI(aq)_(aqueous potassium iodide) +   _I2__  (elemental iodine)  ---> KI3

(o)
__Cl2_(chlorine)  +  _2 KBr(aq)_(aqueous potassium bromide) --->  Br2  +  2 KCl(aq)
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