
Chemistry 271 - 22XX 

Prof. Jason Kahn 

univer sity of Maryland, College Park 

General Chemistr y and Energetics 

Final Exam (200 points total) 

You have 120 minutes for this exam . 

Your Name: 

Your SID#: 
(/ 

Your Section # or time: 

Explanations should be concise and clear. There is extra space on the last page if you need it. 

You \\·ill need a calculator for this exa m. No other study aids or materials are pe1111itted. 

Generous partial credit will be given, i.e., if you don't know, guess . 

Cseful Equation s: 

K" = [H+][A -]/lHAl 

K
11 

= [H+][HO-] pH= pKa + log [A-]/[HA ] /1G0 = - R11nKeq 

May 15,2017 

R = 0.08206 L·atm/mole K 

6.S = q!T 

kB= 1.38 X 10-23 J/K lnKeq = (-Af/ 0 /R)(l /T)+ M'0 /R 

R =: 8.314 J/mole K = 1.987 cal/mole K = NAk8 

S = k8 1nW 11G = Aff - Tt.S 11G = l1G 0 + R11nQ 

Chemical standard state : 1 M solutes, pure liquids , 1 atm gases 

Biochemica l standard state: pH 7 , al1 species in the ionic form found at pH 7 

°C = °K - 273 .15 P(v)dv = Cv2exp( - mi,"1!2kT ) E = E0 
- 2.303(RT/nff) log IOQ 

2.303RT /c't = 0 .0592 Volts at 25 °C c1' = 96500 C(oulomb )/mole e-

6.G0 = - nc'FE0
cdl ln k = (- E/RT) + ln A 1 Volt= I Joule/Coulomb 

[A] = lA ]0 - kt ln[A] = ln[A] 0 - kt 1 / [A] = l/[A] 0 + 2kt 

Standard hydrogen electrode: 2 H+ (aq, l M) + 2 e- ~ H2 (g) E°red = 0.000 V 

6.H0 
rx n = I m 0 /products) - I m 0 /reactants) 

W = nii~i!) whe re the product is over all energy levels, indexed by i 

!:::.Suniv = !:::.Ssys + !:::.Ssurroundings > 0 

Honor Pledge: At the end of the examination time, please write out the following sentence and sign it, 
or talk to me about it: 

"I pledge on my honor that I have not given or rece ived any unauth orized assistance on this examin at ion." 
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1. Fundamen tal thermodynamics (50 pts) 

(a; 3 pts) We showed that the free energy per mole of a substance A is GA= G 0 A+ RT In [A] . [f you forgot 

the sign , how could you logically figure out that it should be"+" and not"-"? 

LvJ.. llv~ +~f ..z~r{U/r\.1~+-of~'l~~Vr,.. Q ~ 5~~ 

j-C) b 0\ fr ~;_ref'.ri':'/ c-~ rL,..,,t,,.V 0. ([)/ 
fv {1-f s91A. ,s ® · 

(b; 5 pts) Similarly , the free energy of b moles of substanc e Bis bGB = bG 0 n + bRT In [B]. Write down the 

change in free energy L'.1Gr,n for the reaction aA -;;:. bB, for a moles of A converting to b moles of B. 

~ / 4 :: a_G,.,_ '-0. t:~ + Cl frr /.,, [,j @ @ 
\,, 

i:,.,._"1 bC.~t-Lfl'J/,_ [6] -a.C,~-().f['f'/,,, [,r] ® 
DC.-;. C{~ . -Ul{~...ts) [+.0 ?:I 

::'1l ~ 
_; ~ 

(c; 9 pts) In the express ion for fiGrxn• separa te terms that depend on [A] and lB] from tho se that don't, and 

deriv e .6.G"" = .6.G0 + RT ln Q, with the approp riate expressions for fiG0 and Q . 

Score for the page. __ ----l-t --1.{1-9-+--, 
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(d; 3 pts) Under what conditions does the actual measured /'t..G equal the standard state /'t..G0 ? 

-~;). ~~ (j r 4 l~ ~ ~ J--4-._ Q ~ / @ 
1 

e,t..t.- ~(c_. 

0.z ~vb o1. "'c <ill Jr,-v-{ &..-,( ~ -~ I~ r ,,,,J.,__-f fJ!, e(. 
C • 

(e: 4 pts) Under wh at conditions does /'t..G = 0, and which important equation from the front page comes 

from this facl'7 

::iv\:, o .:+ ~.-1.1,,r,~ j slV'~ ~ D (; • ::: ...-ri,,.. ;.,, t< 
J0 v ( tc=-Q_-, , @ 

al- 'ti"· I' 'ly.\., - ) 
(f; 4 pts) Explain why the react ion A -1;3 progresses to some small extent even if the standard state molar 

free energy of B is much large r than the standard state molar free energy of A. 

" J 
S~ 

1
;( J v~LL()}Jlt 

t~ O)( 
(g: 12 pts) Unrelated to above . Sketch a van't Hoff plot for an endot hermic di sorde ring reaction , including 

how you would get Af-f0 and /15° from the plot. Indic ate the temperat ure at which K = 1. 

f 
, --

J 

Score for the page. __ _..;..._2-'3=--
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(h; 10 pts) Consider an endothermic disordering reaction occurring in a beaker in a large thermal reservoir. 

Sketch the direction of heat flow and give the signs of the entropy changes in the system and the 

reservo ir. In terms of the second law of thermodynamics, explain why the reaction is unfavorable when 

T is too low . ,"h >) 
Lil1~>o wt~ u Co-llo 

q.,-~ '~ § / ' I 
I 

v (,f ., 

2. Chemical equilibrium (30 pts) 

Enormous amounts of lime , CaO , are relaased in 

the process of making cement from limestone 

and clay (in fact, cement production makes a 

signific ant contribution to anthropogenic 

CO2) . The table gives the thermody namic 

values for CaCO 3, CaO , and CO2 • 

CaCO 3 

CaO 

CO2 

Af-!0 
f (kJ/mol) S0 (J/mol K) 

-1207 93 

-636 40 

-394 214 

( a: 3 pts) Why is the molar entropy of CO2 much larger than the entropy of CaO and CaCO 3? 

:_~;?,, u ~.8~~ ~I!- ·,r-t;rc. ~ r?-1- }v WYN-f. a~ 
- V rJ 

(b; 3 pts ) Why is the molar entropy of CaCO3 greater than that of CaO? 

ywrs,' 1& I,_ f> f-,f,"':f 'T J/' ;1, rcJ, ~ Ov--.( 

vr~v'd./1H-,lA /u ~{;'/ 

Score for the page __ /~{~6~-
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(c; 12 pts) Calculate Afl 0
, ~

0
, and 11G0 at 800 K for the formation of lime : CaCO 3 (s) - CaO (s) +CO2 (g) 

blAo~ z; ~t11"C1~) -t oly-c(r~~J 

-=-(-00{-~'l'fj - (- 124) =-+ /"fl r:5/.,..,,l@ ~ 
® 

aS0 ~~ ~{)(~J -~ J"( ~) = ( iO>r Z,{l{J-('t3)= /61 1/~ /( 

t£.. d (Joo\<.) ~ 6 ~0
- T AS0

::: t--{-:,.-ft[ao 1(~ -gO() , /6 I '5(~ 

= 48 Zoo Jf ..--,l@ 
(d; 12 pts) Calculate the equilib rium partial pressure of CO2 over CaCO 3at 300 K, and calculate the 

temperature at which the equilibrium partial pressure is 1 atm. 

+ ( 1-Jaoo 
( 6 ( 

:::. 10W I( 

C \ ( oo )l:) 
Score for the page ( 2 l/ , 
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3. Electrochemistry (40 pts) 

Consider the Li-air battery, which is the subject of active research. 

For simplicity, we imagine that it operate s in aqueous medium . 

Li metal is oxid ized at the left, Li+ cations migrate through the 

electrolyte( = separator) , and 0 2 is reduced at the right and the 

product neutralizes the charge of the Lt cations . · 

(a; 3 pts) Write down the anodic half -reaction, which is the one­

electron oxidation of solid lithium metal Li(s) The 

corresponding oxidation potential is ED 
0

, = + 3 .04 V . 

@ 

6/11 

(b; 5 pts) Write down the balanced cathod ic half-reaction, which we assume is the reduction of 0 2 gas to 

give hydroxide as a product. (Real batteries give lithium peroxide Li2O2 , which is too complicated for 

us.) . The reductio n potential is +0.40 V. 

Oz~ Zki-0 
-f I.{ 1-f;i., 
+ '<e-.f'fkO"" f"H1Q ... 

({} O;_ 

+-I of-{- / 
1 3 'bci/""''J.. 

[.;). ·+-/ :t ~ . . )-. 
j 

fJ ,.> 

LS"' 

(c; 14 pts) Write down the overall electrochemical reaction for the Li-air battery. Calculate EDceu, ~GD and 

K eq for the reaction at 298 K . 

• I.I 

t~ IS 

l ~ 

Score for the page __ _ _ _ 
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(d; 10 pts) Calculate Ecen at P02 = 0.00001 atm. [Assume all products are formed at 1 M, and from above we 

know that n = 4 per 0 2 reactant molecule.] Clearly the cell still has plenty of voltage, but it would not 

P o 1,. ··'> ve•i ~,...,,1/ !:: <-,\i,11,,} r--__'11 J.,~cl"'-"')j ~, { ... 5~ v-i1y c1r-f, (±__<i1 . 

0(/ ./·· v-eect J 

(e; 3 pts) Making the approximation that the chemistries of alkali metals Li/Na/K/Rb/Cs are all t ~ 

why is the Li -air battery of more interest than, for example , K-air , especially for hones smart watche 

etc .? I . 

@ L~+ ff (~~k~ ~ eiR /L? c~, 
oY-5ih '11/ "Y 

(f; 5 pts) The familiar Li+-ion battery is fundament ally different from the Li-air battery in terms of what the 

Li is doing . How so? 

I...+ 3' c, .cl'I &,.rte11 

Score for the page _ __ _ _ _ 
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4. CO,, Linkage and connections ( 45 pts) 

(a; 15 ~ When blood arrives in the lungs, hemoglobin is in the T state and CO2 is bound to it. Recall that 

t~ state binds CO2 much better than the R state. Draw a linkage square that demonstrates that the_B. 

(1) state is more stable relative to T in the absence of COl than it is when CO2 is bound. Write down the 

relationship between the four equil ibrium constants. 

T· (cJ2-

Jt~2-
(l_, (c)z_ 

(b; 15 pts) CO2 is also carried in the blood as bicarbonate, HCO 3- . The R state is a stronger acid than the T 

state, so linkages lead to the conversion of T•H+•CO2- R•(02)4 + H+ +CO 2.Including discussion of 

the role of carbo nic anhydrase, describe how bicarbonate is efficiently converted to CO2 in the lungs. 



~~ ~7R ,._e)'IU\;/41:,o.F~7, 4- 2 
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(c; 10 pts) Sketch the fundame ntal mechanism of net global warming caused by increased CO2 in the 

atmosphere . 

@'\ · /f @kff (JJ,., Htls 
~ . Cul-.- ea,,_¥-v,'l,. sl,..k @) ~ ,v, /-4 

k~ rt._ I l _ ~ ve - e.,,,JJ1,--i,,., _J; (1, "-'--f vvr_ h-r-

>----' wlf- if}-~ r~ ff 
- -lfa/~ ~ ·- · ~ trr}/o , 

---, v~· ~ ~~~ 
(d; 5 pts) How could the availability of high-capacity storage batteries a(tf the "smart electrical grid" help us 

to moderate the rate of increase in atmospheric CO2? r r r_ J +3 / ~,~, 
- I~ ~ ~ Ov.r~- ~ 

vu.-cdeo,,-f '?91ww=t/ My 
~ WC ovlA J~ P-c 

5. Statistical thermodynamics (35 pts) 

(/IP-w~ ( fcJ{µ,-/ 

'2- /M-1.J-~ 112,~ 
1v ~rt~~ 

Consider the ensemble that represents distributing 6 quanta of energy among 8 particles. 

(a; 6 pts) A microstate included in the ensemble is shown below. At the right, draw another microstate that 

is a member of the same configuration . 
Microstates 

6 

5 

4 
oi 
> 
j 

F-3 • a, 
C: 
UJ 

2 

• • • 
0 • • • • 

2 3 4 5 6 7 8 
Particle Label 

--

2 -
_,_ .. e o 

_ ,_o . ., " 

Score for the page ____ _ 
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(b; 6 pts) How many microstates are included in this configuration? 

lf] ~ 8l. - 8-H,--< 
\ ~ '3( ~ J b 

~¼- . -~ 
\ e IJ-. :\ \, 

\ l \~<}c'{il 
'r(;l""i) 

(c; 9 pts) Circle whether this is or the predominant configuration, and state how you know. 

Large hint: Consider poss®4 ; ur:::, recalling :t/you know about I!. 2 ! , and 3 !. 

;? ___ i -t-G-< 
~ ) , ·~ :: · W:J. 2(2- ! tcf ::=. Lf -~ 

~ (__ ~ ~ .,C. 

·:: 1 vr {, e,tn,.e ~ le.., ·-- --------:;} 
•' 

(d; 5 pts) How many microsta tes would there be for the same configuration in (a) and (b), but with two 

added particles at zero energy, i .e. how many microstates are in the configuration for 6 quanta 

distributed among 10 particles, with one particle having 3 quanta and three particles having one 

quantum each? 

·--7 

Score for the page ____ _ 
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(e; 9 pts) Based on the above, clearly entropy increases as the size of the system increases, at constant 

energy: we would get many more microstates putting 6 quanta into 10 particle s than into 8 particles. 

How can we square this with the fact that~= q/T, and q is the same for the two cases? Imagine 

joining the 6 quanta/8 particle system with a system of 10 particles all at zero energy. How does this 

toy model lead us to the "zeroth law of thermodynamics ," that heat flow s from hot places to cold 

places? 

µS 2 gfr~Tf !>S iS /{ q,._-,,( f {] /;,.., ~ 
@~ ~0z /GJ«IV" - we 0,(_ °'»;J loot f.o c.._ 

[o/ uld Sy&~ ;o fl_,, 

C-1 ) u svr,,liv J /µ 
- -

~ a l':;f/ p,-"'tv<n i 
CJ ·--,--~J 

Page 
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/24 
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/18 

/30 

/2 1 

/¾Z, 
/9 

/200 

0 

Score for the page ____ _ 




