Final Exam Your name: Ve ‘oS Chemistry 123 Spring 2002

Problem 1: Synthesis and Analysis of a Transition Metal Complex
(REQUIRED: You must answer this question.)

Thinking the glowing pickle demo was nifty, and not really so stinky, you buy a jar of pickles and attempt to
reproduce it. When it actually comes time to throw the switch, though, your common sense gets the better of
you and you opt not to risk your life at the hands of a roommate enraged by burnt pickle odor, if not outright
electrocution. Instead, you eat a few pickles and go to bed. There must be something to that urban legend about
pickles causing strange dreams though, because you find yourself reliving the nickel complex lab you had so
much fun with, but with a different metal.

The metal in question is cobalt, and you are given cobalt (II) chloride hexahydrate crystals to work with.
According to the label, the formula weight of this stuff is 237.9 g/mol, and it has a structure that you can think
of as [Co(H,0)]Cl,. It dissolves in water as follows:

[Co(H0)]Cl,  —  [Co(H0)6]*ag) + 2 Clag)

You dissolve some of these crystals in dilute nitric acid and measure their absorbance spectrum in a properly
blanked spectrometer. This is what you get:

The Absorbance Spectrum of [Co(Hzo)s]z"(aq)
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a. What color (approximately) did the solution appear to your eyes?, Explain your logic.
This solulion oosobs prhotons of ~ S20nm, whnichn

are green. When our eyes are expozed to "white"
light missing & parhcular color, they perceive the
complenent of Yhat color, which Toble 20-) on ¥re
equation Sheel says is purple, and which Figue 241
in JomesdPikins ys 1S red. (Tn actualily, the solubon
wos o P o lant purple . color.)
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Problem 1, continued...

With a little diligent work and a 1.00 cm pathlength cuvette, you prepared a Beer’s Law plot for this complex at
511 nm, its wavelength of maximum absorbance. It looked like this: '

, Beer's Law Plot for [Co(H,0)e]**
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b. What is the molar absg‘btivity of the [Co(H,0)6]*" ion, according to this Beer’s Law plot?
A=€oC S AL L _ 240 m -
c* Slope- = 2 — = .24 M e

ore moe obsorbance =) d\mens.‘oh\gaﬁ ) md

N =) Concentration
You add several drops (enough to fully displace all the aquo groups from the Co, and then some) of 2.0 M en
solution to the cuvette and notice that it changes color markedly. The absorbance spectrum now looks like this:

05 The Absorbance Spectrum of [Co(en);]**
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c. What color does the [Co(en);]** complex ion appear to the human eye? Explain your logic.
Our eyes dorst respond Yo N's shoftet #hon ~ 380 nm, S0 we white
\{3\'\'\' N\'\Sﬁﬁg a few violer (VO-4300m) photons. OQur eyes percewve
s as A faint green-yellow Yo yellow Hnt. :
\ nY green-yelo ye ‘ Bk (Tn achmality, the
stuff was more of an amber, Straw-like CO\OFr. Our eyes harely

noRce. the m\ssing violex Pho'ons compared with ¥ne miss
Blues;our eyes ost not very sensitve to viplet Photons )
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Problem 1, continuved...

Following a process essentially analogous to that you used in the Ni lab, you synthesize and dry a sample of
solid [Co(en),(H20),]Cl>. You then analyze it to determine its composition, using an acid titration to determine
the en content and UV/Visible spectroscopy to determine the Co content. The data you obtain is as follows:

o It took an average of 128 m/ of 0.100 M HCI per gram of product to pull off and neutralize all the en

¢ An average absorbance value of 0.2511 at 511 nm was obtained for a solution prepared from 0.5937 g of
product dissolved in nitric acid to make a total solution volume of 10.00 + .03 m/ in a volumetric flask.

d. Calculate the values of x and y indicated by the data above, where the product is [Co(en),(H,0),]ClL.
(You may need to use the blank page at the back of your exam for exira space.)

128 m@ hhor¥ O-100mol &l len o6y mol en
Lo prouct - 1000 m@ biwaet— 2 uer O O G product

4L ™M o011 5, e Y
: = 0.2024 M (MO,
0.251\ ob=orbance X {290\ obsoroance O 4

This was the concentrodon of TolH 0% In a so\uhon of
0.59%7 g of produck dissolved into o Yoral solution volurne of
10.0 L. The total amount oF Co in Yot O.5937g wos Yrere fore:

mo\ Co oo
0.2024 5y M EBET™ » LEF Ry 10,0m soluhon x o

A . 6
:'-0,00ZO'Z.ng mo\ Co atom= N O.‘Sq’-ﬂs praduct
S0 we found  0.002024gy ma\ Co mol Co

0.54\5'13 produck = 0'003\_\\0‘5 ) produck

- moles en x\‘mk.pzkacrz 75‘@""‘79\3 ;‘,J _ 0.00640 ‘5—6‘95—‘?% & \ %_’65%%
™ wct Lol \Co \ mo\ Co !
nole —prodd —————-—-——-"‘%“Pm& “d,\ O'OO‘SA\OSWA»
_ 9 product _ ™o\ Co -\_ mo\ Co \{\ q praduck
FW= ™o\ Co (g pméut-:-\ N (O'CDBL“ gsxoéud} = 293. 2 ™o\

FW= M + AMe, + \/‘m\_\ ot 2~ (cound off x Yo o realishic value of 2)
T .
292,59 Vo = DID Yo\ + 2 (£0.10%ma) ¥y (13 02%/mat) ¥ 2_(35.'-\5%/@

= Yo 3/l = 2.3 =y ikely value 1S 2
N= R 0L 2ol 2:2q¢ =7 hkey

S o \,‘\d\:\e, compinaRon.  Tx D imnpoc rant
Z L3R it x=2 N ca\c,u\\a\incb v, becuunse
g ¥o make o best estimatre, of the

X=2, y=2
Yo rceploce K
we are Yyin
compoaition of a Jngle product, ond Yhere musty be a
whole numer of eA's on & a‘wen Co. (y comes out Yo
be 2.% if x=L.3% s used.)
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Problem 1, continued...
¢ You began the synthesis with 2.382 g of [Co(H;0)s]Cl, and added 10.0 m{ of 2.00 M en.
¢ You ended up with 2.93 g of the product, which you know should be [Co(en),(H,0),]Cl,
e. Determine the percent yield of this experiment. Do this very correctly, including significant figures.

O Whots e \im\Hng reooent? We need 2en per mol of Co.
FW (Lo(M,0183C02) = FW(x=0,y=6)= S8.93+ O+ 6(18.02)+ 2(35.45)= 231.95 Yl

We otk Wit 5 2524 e, X %%%‘—5% = 0.0100\ mo\ Co

ond \d‘o %2, mo\l en 1 L - con react With
m 00 ==~ ooo . - ©-0200 mol en -~ 0.0100 ™o\ Co

N 'S Owr \im\\—‘m% reacjen+ >} might be as low as 0.0199 mo)

FW oF treorelical produck = FW ((Cole), (100,10, = Fw (x=2.y=2) = 286.07 %l

Theorehcal yiel\d = 0.0M00 mol Lolen) ,(1,0)71C1, % 7£°;'°_\7.3= 23647 9
™o

. achual yield 293
= . \00%, = 2129 -
To yie\d = 3 ool yiea X 007 2_‘3%-;‘3“00% \O2.49,

Th 1S important Yo u%e the ¥neoreXcol Formula WeigHT
" s colculaton, not tre one colculated in part d).

f. Based on the results obtained above, what do you expect would happen to x, y, and the % yield if you let
your product dry for an additional two weeks, and then repeated the product analysis? Why? (Would each
of these values go up, down, or stay the same, and why?)

TY \ooks \ike our’ producy wWas sh\\ wek, S0 everny
sorple we took wos adkally product +alitle water.

We assumed W+ was ol produck, though, SO Our MASS was artihcially
large ' ol coses, With Yhot i ming, letls think WS \\'\!‘mﬁhc
TIf our product had contained %4 wates +wo weeks 0\30,006 was now dry

mol en mol en oo\ Co would bec | mo\ Co
\ g product would become 094 g product lo produck 0 99 q product
ren (SR 0y podut Ny aeop

%= o\ Co = Co
°0A9 4 produck) ‘clecence foMm X ¢ FW, o smaller

. ~ d
Qe VY o calculaked oy e of y o+ the same XK.

W would mean o smallec V& ! \
Weld find 293-0.29% = 2.64q of product , out hll think
Y to be the Same ShFF, with ¥he same theorehcal FW, 30 oue

% yie\d would go down. x =7 stay He same
y=2 q0 down
Toyield =7 Q0 AW
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Chemistry 123 Spring 2002
Problem 2: Bonding and Molecular Shape

A. Why is the molecular structure shown at right never observed in nature?

The \one pairs have a torul of 3"r\ei6hbors“ each , ot Q0°  x— A X

X
They can reduce is o 2 "neighbors" each by moving Yo
eoguatorial positions, as Shown ar Clofny.

%Y

\ \'.
S\ fuc e,r\ough apart ot trey hardly nobce % — AN
one. onothec.

W

—
Ar 120° Yo eath ofher, the two lome pairs are

e B
Since 90° lone-pair Yo bonding- pair \
nYecachons o oppreciably Stromoer Ynan are Q0°
bonding-pair to bondin
we focus on 1 Yainkin

X
PAIC nYecoctions, they are  What

oboutr Hhis molewwlar shape.
(9 LP-LP inverackions would be far WArse, bud neither of these opions has any.)

B. Identify which potential Lewis dot structure(s) are the more favorable of the two options presented. Circle
the better structure in each pair, and briefly explain why it is better.
a. SO, or

:90:-89_99: - :Q-éz .
Less Yobal formol charue

b. N3_ or

‘N==N==N: <> IN=N=—N

L r L]
hypervalent N!
Tmposyole

(The following structures can actually resonate with each other, but which of them is the better structure?)

. or
e i

Bener forma)l charae

disraounon (T s more
e\e.,c.*for\e%a‘n‘ue Mfoan S,
F\'%ure 3,2.\,)
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C. Does the IF; molecule have a net dipole moment? Justify your answer based on VSEPR and
electronegativity data, but don’t worry about explaining in detail how you arrive at its shape.

F : : ~
| AXaE, — Yrigonal bipyramidal frame, lone pairs g0 equalorial
I-F (see A)), 20 molecule s T=<h

\ ) | haped.

F . \

1I-F ‘vond is quite polar because according
o Figure B2\, F=u.0, T=2.1 =y dffecent electonegativities.

The bond dipoles look ke this:

§- Fa The two Yo Hre F's cancel eac other,
& ‘ NS
o Tt bur Hhat ?F Ye Fe remains, S0 the
L molecule S polac, witn o net dipole
E
a §-

D. Draw the Lewis structure, or set of resonance structures, that best represent(s) the bonding in the OPbN" ion.
If you draw more than one, circle the best one. Clearly indicate any and all non-zero formal charges. You
need not explain what you are doing, but explaining will help you garner partial credit if you make a mistake.

0 :Pob N ¥ le” Elechonegativibies: 034, N=3.0, Po=2.3

=5Pb 12 the most e,\e,d-roneaah've, pw\— F i Yhe middle.

.00 O 0 o,
.o Pio— —N: :0—-Pb=N; g-Po=N:
o .- s:c\\k " very nice' O is most elechonegative!
Con thio very n\@r\/ structure resonate? VYep, even more thon OCN™
o
OPbN“"OPbNe—»OPb—Nt—-O—
Oc; *’:‘:‘:* Ph«:i\‘b\e.
Linis one is Wme et ?
because O 1S the T™is one isNY
Mot electronegahive great, but e
fa
o these elerments good enough Yo

woarront inc_\uud"na
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Problem 3: Dr. Evil Must Be Stopped!

A.The nefarious Dr. Evil is trying (once again) to destroy the world. Trapped in his secret hideout, with the
deshaggilizer aimed at your sensitive parts, you know your only hope is to engage him in intellectual banter
so as to distract him from killing you and proceeding with his sinister plans. You note that he is staring at a
table of boiling points for a series of liquids. He has highlighted two entries and is clearly puzzled by them.
Perhaps if you could explain why those two entries buck the trend that is otherwise apparent, he might be
interested enough to talk with you. Why are the boiling points of the two entries in italics so much higher
than one might expect based solely on their mass?

These two enties (Qﬁ o\conol Chemical Normal Boiling | Formula Mass

. Formula Point (K) (g/mol)
ond GNn amine) are Capooe CH.CILA 5 -~
of hydrogen bonding! The CH,CH,CH; 231 44.10
N-H and O-H ‘oonds are wovn [ chchr 236 48.06
ouwlte polar X-H bords, SO CH;CH,Cl 289 64.51
Yreve molecules can hydmgen | CHCHNH, 309 .08 |+
bond to eack o\—\\er, and ot Cgfg;];r iz igiz;
MokeS them mudh Woppler | Mepenon 350. 4607 |

N ¥he Nowid phase ¥nan the oPners. C-F omd C-O loords
Qe quie pdar, too, butb dney can't ydrogen bond - Yeir
dipole -dipole infrerackons are weoaker \necouse ey con'¥
ORY Yreir dipoles 65 Cose Yogetner. ¥ is smal, bur \Ws
Sh\l o glant compoartd o R (2ee Figure Q.24)
B. Seduced by your intellect, Dr. Evil decides to hold off on killing you and instead attempts to pick your brain.
It seems part of his latest plan for world domination entails the preparation of NFs, which he figures should
be readily made since he’s made PFs several times. Yet he has failed in every attempt to make NFs.

Deciding that you need to learn more of his plans, you opt to move further into his confidence by explaining,
with Lewis structures, why PFs is relatively stable while NF s is essentially impossible to prepare.

Since F con only formn one single 'oongd, the Shructuce
of XFg5 musr hove X o0 the central atom, and Nave
o\ ¥he Fl's singly-bonded to ¥he X. Phosphorus
Con handle S singe bonds, it can be hypervalent

butr not S0 with nivogen. =
\ / —hypervalent N,
- , F -~ N\ _ 0o %0 l_
F_L_F F
~P hypecvaleast P
/ \(:. no problem. F

F
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C. Frustrated to learn that his current plan for world domination has been foiled by the fickle rules of chemistry,

- Dr. Evil tips back a few beers while sifting through his file drawer. He eventually extracts a folder and starts
mumbling something about “Plan 544B.” It becomes clear that this plan involves creating a bomb using
ammonium nitrate, NH;NO3, a common fertilizer. As the governments of the world have become wise to
ammonium nitrate’s potential as a bomb material, trade in it is now closely watched, and Dr. Evil has decided
he will have to buy precursor materials and synthesize the ammonium nitrate himself. He’s gotten his hands
on some ammonia (NH3) and some nitric acid (HNO3), and he plans to simply combine them as follows:

NHs) + HNO3, — NHyNOs( AH’x, = -145.35 kJ/mol
(kinetically quite fast at room temperature) AS°n = -196.97 J-mol ' K
He turns to you for advice on how to maximize his yield of ammonium nitrate, and you realize that your
chance has come. Ammonia (NH3) is capable of paralyzing one’s lung muscles, and a good whiff of it will
knock out Dr. Evil long enough for you to save the world. Better yet, laughing gas (nitrous oxide, N,O) is
readily produced from ammonium nitrate via the following reaction:
NH4NO3(S) - 2H20(e) + NzO(g) AHonm = +124.05 kJ/mol
(kinetically quite slow at room temperature) AS®xn = +208.59 J-mol - K!
It has become very clear to you that when he took his chemistry classes, Dr. Evil was so busy thinking evil
thoughts he didn’t pay any attention, so you can tell him to do whatever you like and he’ll up and do it. What
would you tell Dr. Evil to do in order to make it very likely that he ends up with a lot of NH; and/or Nz0 in
his reaction vessel, and thus becomes incapacitated when he goes to collect his bomb making material?
Explain which incapacitating gas(es) you are hoping to have him encounter, and why he’ll end up getting
a significant amount of it/them. Note that there are several correct answers to this problem.

-

PNe Surest way to save ¥the day 1S ols0 the sSimplest, o theme weve
encountered before! If youw howe Of. Evil use o \Cu"ge excess of
NHay and o small amount of HNOa, he's guaranteed o fuceful
of ammonio. HoichiomeXty saves the day! But there are also
o multude of KineWe ond rermodynamic sowhons. Generally
ey feguire '\-\\Ourah\- a\om% both fronts, For example, while \ower‘mg
;\'\Q yorem pressure encourages We formafon of N0, tne
hem"“PON*ﬂ‘on Poess 1D quite Slow ot moorn Rmpé.rodum ond without
QA\'\hg You would ‘oe unlike\y o
o Bt io \ Y ger mMmuch N2O unless you told

- Bw WO a \ . ‘e :
vesse\ would °n9 tme.  Similacy, Just heaking a sealed

INCense. Yhe

Ngh enougn e e of the second rmackion, but o

9 4 '\'Qﬂ\per'OU\'wt,s would  push
due +0 both entropy ond presswre effects.
viab\e correck o :

oee, Aswers to list Hhern an,
® WMix noredients

, cackant or produ-\-'.

SG.%

£

AY \ow pressure you wowld a'so haue
very \i%e of eac

F

¥ toward the reockrant
T™Tece are Yoo many
bu.\' “'\e.ct are. a few-

, -

en warm 3gnhy o wak o \ong e Wil ¥re
> e b | Presswe (rather Hhon constont volume) vesse).
| \ngredients very cold, so Hat the kinelics of the first

ceochon are slowed, Hove Or. Evil open H~e vessel “earky!

® <acr . ‘
Yy Out ¥he ctacton ot | okm, with in ents o =
first ccachon isnd SPONYONeOWS. ’ \ grtdl ntS aopve 3%\(’ s0 Ve
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Problem 4: Equilibria and Phase Diagrams

A. On Monday, you prepared a saturated solution of sucrose (table sugar) in water by pouring a bunch of
powdered sugar into a jar of distilled water. You kept adding sugar until you simply could not dissolve any
more of it in the water, and then you added 50.0 extra grams of sugar, which settled at the bottom in a fine
cloud of powdered sugar. (Just like snow! Ooops, some of you will be angry at me for mentioning that.)
You put a lid on the jar and set it on your desk. At this point the system was in perfect equilibrium,
maintained at a constant temperature by the remarkably good thermal control system in your dorm. (Just
pretend, OK?) It stayed in thermodynamic equilibrium (at exactly the same temperature) all week.

When Friday night rolled around and you had a chance to look at it again, you found that the jar was filled
with about twenty large sugar crystals (rock candy), and that the powdered sugar grains were all gone.
a. What should the total mass of the large sugar crystals be, assuming that none of the water evaporated and
that the temperature stayed exactly the same? (Circle ONE choice, please. You need not explain.)
D) Significantly less than 50.0 grams ™7 QT iS unchanged, S0 Ke=Keq=Ksp 15 the same
Very close to 50.0 grams Suons gy Sugarcagy has Kgah = Ls*ﬂ“-‘"mep-\
iii)  Substantially more than 50.0 grams @ Suopc does not evaporate of reock W) HO, So M

) ) ) . . ofly way the amount of $0d sugar could
iv)  Ican't answer this question without knowing:

(Fill in the blank at right if your choose this option, or you're guaranteed to get it wrong!) chqr\ge. wos f
E%%af'c%)j cnoan QCA'
ond it is fixed.
- b. The saturated sugar solution was in equilibrium with solid sugar during the entire week. How could the

sugar possibly have re-formed itself into larger crystals?
Equlibrium 1S a dynamic phenomenon' Even 1§ Sugaryy T Suqafiagy

R Y e,qru’\\I\:rium, Sugar molecules are constantly \e,o,u‘\ncﬁ e so\d

to o0 wnto soluton, and disxolved Sugar molecules ore cms*o.n\-\y
re.-a’c\od\\ng femselves Yo the =20Ld. Becouwse sugac molecules
are more eosily dissoved Formm Yhe corners ond edoes of o
;Mgac Crysfal thon fom ¥ne centec of o fuw, “c.r\/s‘\'a\s grow
progressively \arger with fime spent ox eguiliorumn.

c. The large sugar crystals are a more ordered state than the small grains, so the crystal growth process is
entropically unfavorable; AS for the crystallization process is negative. What can you say about the sign of
‘7 . 40 . t') f)
AH for crystal growth? Is it posntlve,&negatlve, or zero? Why? 5‘“50‘(. (o, powd ,r)—* 5‘”3‘*“ (5,“\’5,0\)

We fave learned Yrok sugor will spontanecusly form \argec
crysyols from o powder, 20 & must be neoative for
Frot fransformaron.  Since A4S is negarve for Yhak cnoange,
entropy doesnt fovor W so i+ can only be spontaneous if entholpy
does, Whch means o negatrive AH. More marhemarically,
A= AH-TAS ond we krow &S i 0 whle AD s negahve.,
Since T 1S oosolure, v con nNever 'oe negorve, and

e —-TAS termn will make &5 more posihive, Thus

oG can only e negative ¢ oW s negarive (and

\aroer TN mugnib\du Hoan TAaS, to boot!),
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B.

While giving a campus tour, you are shocked to discover Dr. Smartypants, web-surfing know-it-all and major
weenie, in your tour group. What’s more, he is now Professor Smartypants, of South Park College. Seems
they’ll give anyone a professorship these days. You proceed with the tour only to find that mid-way through,
Professor Smartypants tries to sabotage it by talking up his own institution, at Carleton’s expense!

“Parents, I don’t know why you would send your kids here. Isurf the Carleton websites, I know what goes
on here! Ishudder for America’s future! Why, even the education is second-rate. For example...” You
decide that the only way to defend Carleton’s honor is to debunk the chemical mythology he’s spewing. For
each claim made by Professor Smartypants, explain the error in his logic and correct him. He’s partly
wrong in every case, but there is a grain of truth in what he’s saying as well. Correct him carefully!!!

“At South Park, students never have to study, they just surf the web and get smart by osmosis. Here at
Carleton they work the students like dogs, and they don’t emerge any smarter! We also have a great sports
program to round out our sedentary learning approach. For example, we offer ice skating!”

a. “Did you know that it is possible to ice skate because high pressure encourages ice to melt? Ice is less
dense than liquid water, so by Le Chatelier’s Principle, the equilibrium
H,0 = H20)

is forced to the right by high pressures. You can also see this on the phase diagram for water, Figure 10.45
in Jones and Atkins.¥Next term I'm going to set up a dry ice (solid CO,) skating rink, because it will be so
darn cool to float on a layer of CO, gas instead of slipping on liquid. It’ll be even better skating.”
Snattypants speoks frue until the ¥,but ice bkah’n% on (o, wouldn't work.

F\“rs\f off, you o}pp\\/ more pressuce Yo O, atr conskont ‘emperotuce, it

will tend to solidify, not sublime. The phase diagram for CO, (10.47)
| ond the fock Hhat so\d C,07_ 1S dense Yhaon Co, 6&3 ‘oot e

s clear, in \ight of Sma.r\-ypan*S' own (wrrec) arguments. The
OWrer prodem 15 thot even o ~78°C, the normal sublimalon point
OF €Oz, you could only keep . CO, mink ek W] | ot OF CO7 ON

"'?P of . Kenty 0nd ¥me OWmer South Park College kids would
eithec ‘te asphyxiated, or feaze, o boHn/

b. “Ya know what else? Figure 10.48 shows that solid sulfur can exist in two different allotropic forms, just

as solid carbon can exist as either diamond or graphite (see phase diagram in problem 10.70). Because the
monoclinic allotrope of sulfur is favored at higher temperatures, I know that’%nthalpy favors it over the

rhombic form. Also, because the rhombic allotrope becomes the stable one at very high pressures, I know
it is the denser of the two.”
S(& ,thomaic) = S(ﬁ, mMonolinic) ¥ heat

moked no SenSe in light of ¥ne phase diogram! The

ceaction shifts fo Yre right ot higher femperatures,

30 heatr must appeac on the lefr. Tre chorbic—>
monochnic Yranaiton ocours only because entropy
favors i}, and entwvopy beomes mmore important ot
H%\s fernperotures. Thisis aso clear fom Appendix 2A!
ARNC = A\'\}, Lmonochinic]) —AH; Crhoroic) = +0.33 X%ot -0 = + 0,33 KF/mal
AP = S Lronacknic] ~SLehombic) = (32.6-318) Vit = +0.3 Vel K

Enthalpy disfovors dnis reaction, entropy favers 1Y, 50 W only bewmes
spontoneous ok higher rempesiuwreS. Smnarly's maht  olooud
chombic being Yne denser of He o ©rms...that's why as® is @'






