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1. (total 12 pts)
In ionic compounds, the potential energy, V(R;,), is expressed as a function of the distance between
the ions (R,), choosing as zero the potential energy of the neutral atoms when they are infinitely far

apart.

V(Ry,) = Ae~Fiz — B ((e)(_e)) + AE,,
12

(1) :(2) 3)

(@) What do the three terms of the equation ((1), (2), and (3)) represent? (3 pts)
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(1) repulsion between the ions as they get very close together

(2) attractive Coulomb potential

(3) energy required to create the ions from their respective neutral atoms
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(b) Consider the ionic compound KF. Given that the first ionization energy of potassium is 419 kJ/mol
and electron affinity of fluorine is 328 kJ/mol, calculate AE,. (2 pts)
(Answer)
AE., = IE;(K) — EA(F) = +91 kJ /mol
91 kcal/mol O[2[2| &2 0F. B¢l D[7[XAl 28 & 18 48

(c) Calculate the energy changes (AE) for the following pairs of reactions:

K(g)+F(g) > K*(g)+ F(9)
K(g)+F(g) > K (g9)+ F'(9)
Explain why K*F forms in preference to K'F".
The first ionization energy of fluorine is 1681 kJ/mol and the electron affinity of potassium is 48 kJ/mol.
(3 pts)
(Answer)
The 1st reaction involves 419-328 = 91 kJ/mol, while the 2nd reaction involves 1681-48 = 1633 kJ/mol.
The 1st reaction is energetically favored prior to the formation of the ionic compound.
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(d) The estimated energy of dissociation (AE,;) to neutral atoms for KF, which has a bond length of
2.17 A, is 549 kJ/mol. From the given bond length and energy values, draw the potential energy curve

of the ions K* and F" as a function of their internuclear separation Ri2. (4 pts)

(Answer)
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Figure 3.13
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2. (total 6 pts)
Two possible Lewis diagrams for sulfine (H.CSO) are

H H
Ne=5—0: N—5=0
/"_‘ .'.. ’,.-"* '_..
H H

(@) Indicate the formal charges on all atoms of these two Lewis diagrams. (4 pts)

0 0
+ - H . +
o o
C=5—0: C—5=0
0/ E 0/ z
H H

Zt Xt 49| formal charge StLE +0.58 (2 A2l HE F i XA 0.5%)
| O, q

5
517 02l B0 HEA[SHA| 2B ZH

(b) Draw a Lewis diagram, where all the atoms in sulfine have formal charges of zero. (2 pts)




3. (total 12 pts)
An electron is confined to a 1.20 nm one-dimensional box. Suppose this electron undergoes transitions
among all possible states, and several visible spectral lines are observed as a result of these transitions.

Visible light has the wavelength between 400 nm and 700 nm, and the energy levels of the electron in

n?n?
8mlL2

aboxis E, =
For (a) and (b), determine whether the emitted light by the following transition is in the visible
spectrum.
(@) n=2 to n=1 (3 pts)

h? 3h? 3 X (6.626 x 10734 s71)2

mL2  8mI2  8x (9.109 x 1031 kg) x (1.20 X 109 m)?

Ez—E1:(22—12)'8

C
=1.26x 1071 = h=

A
hc (6.626 x 10734 s71) x (2.998 x 108 m s~ 1)
A= = = 1580 nm
E, —E, 1.26 x 10-19]
2 pts
It is above 700 nm, so it does NOT result in the visible spectrum.
1 pts
(b) n=3 to n=1 (3 pts)
h? 8h? 8 X (6.626 x 10734 s71)2

E;—E, = (32 —12) - = =
s~ B = ) 8mlL2 ~ 8mlL? 8x(9.109 X 10731 kg) x (1.20 X 1072 m)?

C
=334x 107" = h5

he  (6.626 X 1073 571) X (2.998 x 10° m s7")
E,—E, 3.34 x 10~19

1= =595 nm

2 pts
It is within the 400 nm — 700 nm region, so it DOES result in the visible spectrum.

1 pts

TRl 1l HE, IEol ot E 7|[ELeR S0k 3F



(c) How many visible spectral lines can we observe? (6 pts)
For any transition from n; to ns where i>f,

5 he e 8mlL? B 8mclL?
“AE € (n-z - n]%)hz B (nlz - n]%)h

1

8% (9.109 x 10731 kg) x (2.998 X 108 m s™1) x (1.20 X 10~° m)?
B (n? —n2) x (6.626 x 10734] s71)

_ 4747 nm
- nf—n?
In order to fall in the visible region:

4747 nm
400 nm < — 5 < 700 nm

ny —ng
3 pts
6.78 <nf —nf <119
There are four transitions satisfying this condition: 3to 1, 4to 3, 5to 4, and 6 to 5.
Therefore, four visible spectral lines must be observed.
3 pts



4. (total 10 pts)

(a) Take note that ionization energies for the 1s electrons of the second-row atoms are

Atom | Energy(kd/mol) | Atom | Energy(kJ/mol) | Atom | Energy(kJ/mol) | Atom | Energy(kJ/mol)
Li 4820 Be 10,600 B 18,300 C 27,000
N 38,600 @) 51,000 F 66,600

Now suppose that a certain substance is bombarded by X rays having a wavelength of 0.989 nm. If
photoelectrons with kinetic energies of 94,000 kJ/mol and 69,900 kJ/mol are ejected from the material,

which of the elements listed above must be present in the sample? (6 pts)

(Sol)
E=hv = % part of which plays for ionization(l) while the rest goes into the kinetic energy of the

ejected photoelectron (% mv?).

1
E=1+ EmVZ
£ oy (863X107Y5)(3.00x10% 71 6.02x10% oo
= = X - ' x
v 0.989 X 10-9m mol 1{mo
For 94,000 kJ/mol

1
E=1- Emv2 = (1.21 — 0.94) x 10°kJ /mol = 2.7 x 10*k] /mol

Attribute to carbon atom
3 pts

For 69,900 kJ/mol

1
E=1- E‘mv2 = (1.21 — 0.699) x 10°k]J/mol = 5.11 x 10*kJ /mol
Attribute to oxygen atom

3 pts



(b) The energy needed to remove one electron from a gaseous potassium atom is only about two-thirds
as much as that needed to remove one electron from a gaseous calcium atom, yet nearly three times as
much energy as that needed to remove one electron from K* as from Ca*. 1) What explanation can you

give for this difference? 2) And compare the ionization energy of Ca* and that of neutral K? (4 pts)

Answer

(2 pts each)

1) For both K and Ca, the outer electrons are in the 4s shell, outside of the Ar core. K has the lower
ionization energy because of its lower nuclear charge. The second 4s electron in Ca only partially
shields the first. K" is isoelectronic with Ar; Ca" is isoelectronic with K. Thus, the comparison of the
ionization energies of K™ and Ca" echoes that of Ar and K. Ca* has an appreciably lower ionization

energy.

Comparing K/Ca with effective nucelar charge: 1 point

Compring K+/Ca+ by mentioning the stable state of K+: 1 point

2) In comparing K with Ca* (i.e., the first ionization energy of K with the second of Ca), one is
comparing isoelectronic species. The one with the higher nuclear charge (Ca*) has the higher ionization

energy.



5. (total 6 pts)
Consider a following orbital wave function of a hydrogen atom:
3

1 VA
< ) (27 — 180 + 20%)e” 3

81+/3m

(a) Determine the number of radial nodes and angular nodes for this orbital. (2 pts)

Y=

From the term (27 — 18 + 26?2), we can figure out that there are two radial nodes.

Meanwhile, because there are no terms of 6 and ¢, there is no angular node.
(Radial node, angular node ZfZ+ 17%)

(b) Determine the principal quantum number of this orbital. (2 pts)

Since there is no angular node, I =0

Number of radial nodes = 2

Therefore, 2 = n-1-1=n-0-1, n=3

n=3:28 (I,m £A|)

(c) Is the following graph a correct representation of this orbital’s radial probability density? Explain.

(2 pts)

(Answer)
n=3, I=0: The given orbital in the problem is a 3s molecule with two radial nodes.
However, this graph shows only one radial node.

Therefore, this is NOT a correct representation of this orbital.

Jgj=st E Erf Ag PAStD 2HEA 4ot 2228

Jdefj=oF ERCE AS At SHEA 2YSHUX|TE (@)0| A radial nodeZt 1702t FHA
dgjz=7t ERCle AS YAISIRJAX| D YO E d2: 18
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6. (total 10 pts)

Use valence bond (VB) theory to predict the hybridization in formaldehyde and allene. Sketch the
hybrid atomic orbitals depicting their overlaps and ¢ and n-bonding.

a) formaldehyde H2C=0 (5 pts)

b) allene H,C=C=CH2 (5 pts)

(Sol)
a) C atom is sp? hybridized, as is the O atom.
These trigonal planar sp? orbitals ¢ bonded with 1s orbital of H atom and 2p orbital of O atom.

Unhybridized 2p orbital of C atom and O atom form = bond which is orthogonal to ¢ bond.

C-H o bonds C-O obond

carbon and the oxygen are
both sp?

C:sp2 (1&) O :sp2 (1) >B&5HAH BAISHK| 2LUS BF 0H, sigma bond, pi bondE orbitalti] ZH HEA|

1
\Y

Stof AFlE 8% (& 13 > 2l HAHLL, whEl Z40] UCrH Ha= 80x), atomic orbitalE HLHZ AR
2 42 1™ ->lonepair 22X LUSH oH

b) The central C atom forms one = bond on each side. These = bonds are orthogonal to ¢ bond.

The central C atom must be sp hybridized. The terminal C atoms are sp? hybridized.

These sp? orbitals are ¢ bonded with 1s orbitals of H atoms and sp hybrid orbital of central C atom.

(C center sp (1), Cside sp2 (1) -> HetslA| BA|SHX| 2L/US AS 0%, sigma bond, pi bondE orbitalof] %
H BAMSHY %S 22 & 1™ > SElA 7L, wEl Z30] UCHH F F0{x), atomic orbitalS H|CH
2 %S 32 13

11



7. (total 12 pts)

Molecular orbital diagram provides useful insights on the molecular properties. Answer the following

questions.

(@) Construct LCAO-MO correlation diagrams (consider only 2s and 2p) with assigned electrons for

Liz and B2. (4 pts)

(Answer)
G*u2p:z
K
7 TGy T2p; S,
4
T ——
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(b) Calculate bond order and assign magnetic properties (diamagnetic or paramagnetic) of Liz and Bo.

(4 pts)

(Answer) (each 1 pt)
Liz : bond order 1; diamagnetic

B. : bond order 1; paramagnetic

12



(c) Suppose the energy gap between 2s and 2p of boron is as great as fluorine (F). Draw the MO
diagram and predict the magnetic property of B> with this assumption. Briefly explain your answer. (4

pts)

As the energy gap between s and p orbital greater, the mixing becomes ignorable and o2s

will lower-lying than nzp. The electron configuration of B2 will be change as shown below.

T*u2p:
—

- .
o r— —

T a2px Tg2pi Ty
R, e

e Tu2ps TuZpy L7,
W e—

., o
N .
"“ "'
(ngp;

diamagnetic.
(1 pts)

13



8. (total 12 pts)

The Haber-Bosch process converts molecular nitrogen (N2) and hydrogen (H2) into
gaseous ammonia (NHs3) at elevated temperature and pressure. Following is a 100 mL
Schlenk flask that is used to run the reaction. An iron-based solid-state catalyst was
firstly added to the flask. Air in the tube was evacuated under vacuum, and the flask
was subsequently charged and sealed with 1000 torr of N2 and 1000 torr of H; at 27 °C.
Assuming that the system follows the ideal gas law and the solid-state catalyst does not

have appreciable volume.

(a) Calculate the molar fraction of N2 before any reaction happens. (2 pts)
(Answer)
xN2 = Pn2 / (Pn2+Pr2) = 1000 torr / (1000+1000) torr) = 0.5

1/2,05 N2 R& EIXNEZ

(b) Calculate how much Nz is charged in the flask in gram before any reaction happens. (2 pts)
(Answer)
Pn2V = n2RT

1000 torr
760 torr/atm

-0.100 L =n-(0.082 atm-L/mol -K)-300 K

n=0.00534 mol = 5.34 mmol
my, = Mw-n = (28.02 g/mol)(0.0534 mol) =0.150 g

No partial point.

CHe| Z7H (b)-0.5, (c) -1

0.150g LHe| HEAE|, T ALtACHUL L7 X Al 2E N

14



(c) By heating the mixture to 600 K, the desired reaction happened. After completion, the flask was
cooled down to 27 °C, and the total pressure of the system was measured as 1000(—>1500) torr.

Calculate how much ammonia was generated in mole. (4 pts)

(Answer) 8c= =M 272 Qo ofzfe| of2] EetS QleLct.
1) ¥l = =o| et

2) 7|= ©et (1000torr & HL)

Applying ProtalafterV = Niotal afterRT, It giVES Niotalafter = 5.34 mmol
Considering the balanced equation of the Haber-Bosch process,
N> + 3H-> 2 NH3
Before | 5.34 mmol  5.34 mmol
Rxn| -x -3X +2X
After | (5.34-x) mmol  (5.34-3x) mmol (2x) mmol
Ntotal = NN2,after + NH2,after + NNH3after = (5.34 — X) + (5.34 — 3X) + 2x = (10.68 - 2x) mmol
=5.34
x=5.34/2 mmol = 2.67 mmol
Thus, generated ammonia is 2x = 5.34 mmol = 0.00534 mol

No partial point.

3) M4 EHQF (1500torr € AL

Applying ProtalafterV = Niotal afterRT, 1t gIVES Niotalafter = 8.02 mmol
Considering the balanced equation of the Haber-Bosch process,
N> + 3H2-> 2NHs3
Before | 5.34 mmol  5.34 mmol
Rxn| -x -3X +2X
After | (5.34-x) mmol  (5.34-3x) mmol (2x) mmol
Ntotal = NN2,after + NH2,after + NNH3after = (5.34 — X) + (5.34 — 3X) + 2x = (10.68 - 2x) mmol
=8.02
x=2.67/2 mmol = 1.34 mmol

Thus, generated ammonia is 2x = 2.67 mmol = 0.00267 mol

15



No partial point.

2 4, U3 YT AL I L Y FoB HE N2

(d) Following the ideal gas law, the pressure exerted by 1 mole of carbon dioxide in a 536 mL vessel
at 373 K is 57.1 atm. Using the van der Waals equation, calculate the pressure under the above
condition. For CO, a = 3.592 atm L2 mol2 and b = 0.04267 L mol™. Do attractive or repulsive forces
dominate in CO,? (4 pts)

(Answer)
nRT n?
_ g
V —nb V2 o ,
1 mol)(0.08206 L atm mol™ K~+)(373 K 1 mol
= ( X )(_ ) _ (3.592 atm L? mol‘z)g
0.536 L — (1 mol)(0.04267 L mol~1) (0.536 L)?
=495 atm
3 pts
(Answer)
Attractive forces dominate in COs,.
1 pts

)

o
]
s
P
A
g
rir

AL, +3 attractive dominate X A|, +1
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9. (total 10 pts)

(@) Draw the Lewis structures and indicate oxidation numbers for all atoms of below molecules.

(i) carbon monoxide (CO, nonpolar), (ii) acetonitrile (CH3CN; with a single C-C bond), (iii) ozone (Os)
(iv) sulfur hexafluoride (SFs) (6 pts)

Answer: 1.5 pt each

+1 CiFr L
+1 IT' +3 -3 +1 +1 F\ I (F
H-C—-C=N: iy i -F/| F.
. /O\ . - /O-\ e et : : e
l+2—_2o Ill _3 1.000 \O. .O/ O. .F.
@°C=0% () +1 (© T o 0T ) Pt S

ZZH 15 HY et 05 H FO[ATE 1 HR2 ZHIRCH FO|& FXxe= TAE HAISH] EoH
gl Aoz 7hE (i)e 4% FO|& #x ot SHAX Q& Al 058

(b) Atable shown below shows van der Waals constants (a and b) for above molecules. Fill in the blank.
(4 pts)

Molecular formula a (atm*L?*mol~?) b (L*mol™?)
1.47 0.040
3.57 0.049
7.86 0.088
17.89 0.117

Molecular formula a (atm*L**mol~?) b (L*mol™)
CO 1.472 0.0395
O3 3.570 0.0487
SFs 7.857 0.0879
CHsCN 17.89 0.1169
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10. (total 10 pts)

(a) Sketch the phase diagram of O using the following information. Note that the density of Ox(l) is
1.31 g/cm?3, while density of Oz(s) is 1.36 g/cm®. (indicate below four points in the diagram) (6 pts)

P (atm) T (K)

Triple point 0.0015 54.4
Critical point 49.8 154.6
Normal boiling point 1.000 90.2
Normal melting point 1.000 54.8

Answer) graph shape 1 pt, solid/liquid slope 1 pts, four points: each 1 pt

Phase Diagram for O, (not to scale)

R e
1726 F——————————fm—m——mm . |
_ SOLID LIQUID . :
g | !
A L] S S I |
2 ! VAPOR, !

|

0.0015 f——————- . | | |
: | \ ! :
il : ! :

54.4 54.8 90.2 130 154.6

(b) In the planet Uranus, the atmospheric pressure is 1.2 atm with the average temperature of 55 K.
Using the phase diagram, explain why Uranus does not have any oxygen in the atmosphere. (2 pts)
At 1.2 atm and 55 K, oxygen is either solid or liquid and cannot exist as a vapor state. Therefore, even

if oxygen does exist in Uranus, it cannot exist in the atmosphere as vapor.

(c) Oz at a pressure of 60 atm and a temperature of 54 K is heated to 200 K. How many and what phase
transitions occur during the heating process? (2 pts)

One from solid to liquid (EYAFHZ2Q| Hats &F0| IFEoE HX| Y3

18



Physical Constants

Avogadro’s number
Bohr radius
Boltzmann’s constant
Electronic charge

Faraday constant

Na=6.02214179 x 10% mol”
a0=0.52917720859 A = 5.2917720859 x 10" m
Ksz=1.3806504 x 10-2 J K

e=1.602176487 x 107 C

F=96485.3399 C mol”

Masses of fundamental particles:

Electron
Proton
Neutron
Permittivity of vacuum

Planck’s constant

me=9.10938215 x 10~ kg
mp=1.672621637 x 10-% kg

m.~ 1.674927211 x 10-?" kg

€ = 8.854187817 x 102 C2J'm”
h=6.62606896 x 103 Js

Ratio of proton mass to electron mass mp [ me =1836.15267247

Speed of light in a vacuum

c=2.99792458 x 10%® m s (exactly)

Standard acceleration of terrestrial gravity g=9.80665 m s? (exactly)

Universal gas constant

R=18.314472 J mol™ K-’
= 0.0820574 L atm mol™' K”!

Values are taken from the 2006 CODATA recommended values,
as listed by the National Institute of Standards and Technology.

Conversion factors

Angstrém

Atomic mass unit

Calorie

Electron volt

Foot

Gallon (U. S))

Liter
Liter-atmosphere
Metric ton

Pound

Rydberg

Standard atmosphere

Torr

1A=10"m
1u=1660538782 x 107" kg

1u=1492417830 x 107'° J = 931.494028 MeV (energy equivalent form £ = mc?

1cal = 4.184 J (exactly)

1eV=1602177 x 107 J = 96.485335 kJ mol™

1ft=12in = 0.3048 m (exactly)

1 gallon = 4 quarts = 3.785412 L (exactly)

1L =102 m?® = 10% cm?® (exactly)

1L atm =101.325 J (exactly)

1t =1000 kg (exactly)

1lb =16 0z = 0.4539237 kg (exactly)

1Ry = 2.17987197 x 10-8J = 1312.7136 kJ mol™' = 13.60569193 eV
1 atm =1.01325 x 10° Pa = 1.01325 x 10° kg m™' 52 (exactly)
1torr =133.3224 Pa
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1. (total 7 pts)

(@) At 90 °C, the vapor pressure of toluene is 0.534 atm and the vapor pressure of benzene is 1.34 atm.
Benzene (0.400 mol) is mixed with toluene (0.900 mol) to form an ideal solution. Compute the mole
fraction of benzene in the vapor in equilibrium with this solution.

(b) Calculate the mole fraction of toluene in a mixture of benzene and toluene that boils at 90 °C under
atmospheric pressure.

(¢) Which liquid can be extracted by vapor from the original solution by conducting fractional
distillation multiple times? Explain.

(answer)
(@) 3 pts
. 0.900
Pioluene = XtotueneP totuene = (0 4200 + 0 90()) (0-534 atm) = 0.370 atm
. 0.400
Pyenzene = XbenzeneP venzene = (O 200 + 0 900> (1.34atm) = 0.412 atm
. X B 0.412 — 0527
" Sbenzene T 370 40412
(b) 2 pts

(0.534 atm)xtoluene + (1.34 atm)(1 — Xtoluene) = 1.00 atm
Xtoluene = 0.42

(c) Benzene will be isolated, since it has higher vapor pressure and lower boiling point. Each time
fractional distillation is conducted, benzene will have a higher mole fraction in the vapor phase and
will be obtained in a greater amount. 2 pts



2. (total 8 pts)
Calculate ASsys, ASsurr, and AStot for the irreversible isothermal expansion at 398 K of 1.00 mol of an

ideal gas (system) from a pressure of 10.0 atm to constantly held external pressure of 1.00 atm.

(Answer) ASsys 3 pts, ASsurr 4 pts, AStt 1 pt

Since S is a function of state, ASsys for the irreversible process is equal to ASsys for the reversible
process with the same initial and final states.

Thus, ASsys = Qrev/ T = -W/T = -[-nRT In (V2/V1)]/T = -[-nRT In (P1/P2)]/T =nR In (P1/P2)

= (1.00 mol)(8.315 J KX mol?) In (10.0 atm/1.00 atm)

=19.14JK?

ASsurr = (heat given up by the surrounding)/T = -(heat absorbed by the system)/T

= -Qirrev/ T = =(-Wirrew)/ T = (Wirrev)/ T = -PexeAVIT = -(1 atm)(V-Vi)/T

Vi = nRT/Pi = (1.00 mol)(0.08206 L atm K mol™*)(398 K)/10.0 atm = 3.24 L

V¢ = nRT/Ps = (1.00 mol)(0.08206 L atm K'* mol™)(398 K)/1.00 atm = 32.4 L

Thus,

ASsurr = -(1 atm)(V+-Vi)/T = - (1 atm)(32.4 L—3.24 L)/398 K = - (29.16 L atm)/398 K
=-(29.16 L atm)(101.3 J/1 L atm) /398 K = - 7.42 J K™!

Hence, AStot = ASsys + ASeur =19.14 J K + (- 7.42 J K =11.72 I K



3. (total 10 pts)

Select the alphabet of the correct answer.

a) In a spontaneous process, which of the following always increases?
A) the entropy of the system

B) the entropy of the surroundings

C) the entropy of the universe

D) the entropy of the system and the universe

E) the entropy of the system, surroundings and the universes

b) A process is always spontaneous, regardless of temperature, when (H and S refer to
the system) .

A) AH>0and AS<0 B) AH<0and AS<0

C) AH>0and AS>0 D) AH<Oand AS>0

E) None of these is true, as temperature must always be taken into account.

c) the dissolution of ammonium nitrate in water is a spontaneous endothermic process. It is
spontaneous because the system undergoes :

A) a decrease in enthalpy. B) an increase in entropy

C) an increase in enthalpy. D) a decrease in entropy.

E) an increase in free energy.

d) Any reaction will be spontaneous if

A) AGsys >0 B) AGsys <0
C) AHsys >0 D) ASsys <0
E) AHsys <0

e) The entropy of vaporization of water is 109.0 J/molK. What is the enthalpy of vaporization of water
at its normal boiling point of 100°C?

A) +10.90 kJ/mol

B) -40.66 kJ/mol

C) +3.42 kJ/mol

D) +40.66 kJ/mol

E) -10.90 kJ/mol

Answer
a)C
b) D
c)B
d) B
e)D



4. (total 12 pts)

Substance AH (KJ/mol) S° (J/mol-K)
N2 (9) 0 191.5
H: (9) 0 130.6
NHs (g) -46.1 192.6

a) Is the reaction spontaneous in the forward direction at 25°C? Explain it.

N2 (g) + 3 H2(9) 2 2 NHs (9)

b) Estimate the highest temperature at which spontaneity is preserved, assuming that AH® and AS°
remain roughly constant throughout.

¢) Compute the equilibrium constant at 25°C.

d) Suppose that hydrogen, nitrogen, and ammonia gas are mixed together in a closed vessel, each
component having a partial pressure of 4.0 atm. Is the mixture in equilibrium at 25°C? If not, predict
in which direction a reaction will proceed.

(Sol)
a) 4 pts (H, S, G, answer each 1 pt)
A H®° =2 A Hf’[NH3(g)] —A Hf"[N2(9)] — 3 A Hf'[H,(g)]
= (2mol)(—46.1 KJ/K) — 0 —3 x (0) = —92.2 K]
A S°=2S[NH3(9)] — S°[N2(9)] — 3 S°[H2(9)]
192.3] 191.5] 130.6J

mol-K_1m0lxmol-1(_3m0lxmol-l(

= —-198.7J/K = —0.1987 K] /K
AG =AH —TAS =-922K] —(298.15 K)(—0.1987 KJ /K)
= —92.2KJ +59.24 K] = —33.0KJ
The negative sign shows that the reaction is spontaneous.

= 2mol X

b) 2 pts
The crossover(AG°=0) is reached when AH°=TAS"®.
T = A H°® _ —92.2 K] 464K
 AS° —0.1987KJ/K

The highest possible temperature for a spontaneous reaction.
C) 2 pts

. _AGY _ _ -33.0kJ 1000J] _ 5

K= exp( RT) - exp[ ((8.3145 ]/K)(298K)) k1 6.1x10

d) 4 pts



PNH3* _ (4.0)?

Q= PN,PH,°  (4.0)(4.0)3 = 0.062
This differs substantially from the equilibrium constant at 25°C (K=6.1x10°). The mixture is not yet at
equilibrium. 2 pts
There are still too many reactants and too few products (forward). 2 pts



5. (total 8 pts)

The single step unfolding reaction for many small proteins can be represented by the equilibrium.

Folded ™ Unfolded

The position of this equilibrium changes with temperature; the melting temperature Tn, is defined as
the temperature at which half of the molecules are unfolded and half are folded. The intensity of the
fluorescence signal at a wavelength of 356 nm of a 1.0 uM sample of the protein was measured as a
function of temperature over the range 58 to 66 °C:

Temperature
C) 58 60 62 64 66
Fluorescence
intensity 27 30 34 37 40
(arbitrary units)

A 1.0 uM sample in which all of the protein molecules are folded gives a fluorescence signal of 21
units at 356 nm. A 1.0 uM sample in which all of the protein molecules are unfolded gives a
fluorescence signal of 43 units. Assuming that the fluorescence intensity from each species is directly
proportional to its concentration.

(a) Calculate the fraction, Xunfoid, Of unfolded molecules present at 64 °C.

(b) Calculate the equilibrium constant at 64 °C.

(c) Estimate the value of Tr, for this protein (to the nearest 1 °C)

(Answer)

(a)

Because concentration is proportional to the fluorescence intensity (1),
ltot at 64 oc = 37 = lfold + lunfold = 21 Xfo1d + 43 Xunfold

= 21(1'xunfold) + 43 Xunfold

Xunfold = 0.73 (2 pts)
(b)
_ [unfolded] _ Xunfolded _ _ —
oea = et = 0.73/(1-0.73) = 2.7 (2 pts)
(©)

Calculations of K depending on the given temperatures afford:



Temperature
(°C)

58

60

62

64

66

K

0.38

0.69

1.4

2.7

6.3

At Tm, K =1. Thus, the best estimation of T is 61 °C.

(4 pts)




6. (total 7 pts)

Pure water has a pH of 7.00 at 25 °C and 7.27 at 10 °C. Calculate the enthalpy change (AH®) in kd/mol

for the autoionization of water, and predict the pH of pure water at 50 °C.

Answer:
2H,0(l) 5 H30%(aq) + OH (aq)

Kuw,2sc = [H30][OH™] = (107PH)? = 1.00 x 10~ *
Kwioc = [H30T][OH™] = (107PH)? = 2.88 x 10715

- (Kwasc :_AHO( 11 )
Ky 10c R ‘273+25 273410

AH® = 58.2 kJ /mol

K s0c AH® 1 1
In : = — ( — )
Ky 25¢ R 273450 273+ 25
or
Kw 50C AH® 1 1
In : = — ( — )
Ky 10c R "273+4+50 273+ 10

Ky soc = ([H;0]D? =6.16 x 10714
~ pHat50°C=6.61

4 pts

3 pts

10



7. (total 12 pts)

Calculate pH of given solutions below. (pKa of HCOOH in water: 3.7, pKa of HCIO in water: 7.5) Both
HCOOH and HCIO are monoprotic. Assume there is only acid-base reaction and no reaction between
two acids.

(a) 0.1 M HCOOH(aq)

(b) 0.1 M HCIO(aq)

(c) 0.1 M HCOOH(aq) 100mL + 0.1 M NaOH(aq) 50 mL

(d) 0.1 MM HCOOH(aq) 100mL + 0.1 mM NaOH(aqg) 50 mL

(e) 0.3 M HCOOH(aq) 50mL + 0.3 M HCIO(aqg) 50 mL + 0.3 M NaOH(aq) 50 mL

Answer:
a) (2 pts) For a weak acid, pH = —llog(CKa) = —llog(O.l) +32 =235
2 2 2

(b) (2 pts) For a weak acid, pH = —élog(CKa) = —%log(o.l) + 775 = 4.25

(¢) (2 pts) By NaOH, half of HCOOH became HCOO". As the amount of HCOOH and its conjugate

[HCOO™]\ _
[HCOOH]) =37

base are the same, Henderson-Hasselbalch equation gives pH = pK, + log(

(d) (3 pts) By NaOH, half of HCOOH became HCOOQO™ and their concentration are 1/30 mM each.
After then, HCOOH additionally dissociate to H" and HCOO™ to satisfy its Ka. Let [H'] = x and we
obtain the equation,
1
(30000 *+ )
1
30000 *

=10"37,x =257 x 107>

Thus, pH = 4.59.

(e) (3 pts) The initial concentration of HCOOH, HCIO in a mixed solution is 0.1 M each. Let (final
concentration of HCOO") = x, (that of CIO”) =y, and (that of H") = z. Then, we get a simultaneous
equation,

XZ yZ 1
— 10-37 —10-7-5 —
=10 ) T 10 , Xty 10

10— % 10 Y
1 1

Since 1—0—x=y and E—yzx,
XZ

N 10—3.7 g — 10—7.5
" x

" — X = ZZ — 10—3.7 X 10—7.5 — 10—11.2

By solving this, we can obtain [H*] = 2.51x 10~°, thus pH = 5.6.

(Any other solution which yields pH=5.6 will be accepted)

11



8. (total 6 pts)

Barium sulfate (BaSOQa) is used in medical imaging of the gastrointestinal tract. Its solubility product
is 1.08 x 107 1% at 25°C, so it is ideally suited for this purpose because of its low solubility when a
“pbarium milkshake” is consumed by a patient. The pathway of the sparingly soluble salt can be easily
monitored by x-rays. Will barium sulfate precipitate if 10.0 mL of 0.0020 M Na>SOs is added to 100
mL of 3.2 x 104 M BaCl,? Explain why and recall that NaCl is highly soluble in water.

(Answer)

The only slightly soluble salt that can be formed when these two solutions are mixed is
BaSO, because NaCl is highly soluble.

BaS04(s) 2 Ba?*(aq) + SO4%(aq)
The solubility product expression is as follows:

Ksp = [Ba?*][SO4*] = 1.08x10 710
The concentrations of Ba** and SO4* are obtained when the number of moles of Ba?* and that of
SO,% are divided by the final volume (100 mL + 10.0 mL = 110 mL=0.11 L):

_ (0.100 L)(3.2 X 10~ mol L™1)

2+ — -4
[Ba?*] SER) 29x107*M
0.010 L)(2.0 X 1073 mol L}
[S0,%7] ¢ X SER) ) _18x10-* M

Q = [Ba?*][S0,* | = (29 x 107)(1.8 x 107*) = 5.2 x 1078
Because Q > Ksp, we predict that BaSO4 will precipitate when the two solutions are mixed. In fact,

BaSO,4 will continue to precipitate until the system reaches equilibrium, which occurs when
[Ba?*][SO4*] = Ksp = 1.08 x 107%C,

12



9. (total 10 pts)

With 100 mL of 1 M HCI and a buffer solution ( 1M CH3COOH solution 55 mL and
1M CH;COONa solution 45 mlL)

Pt|H,(latm)|H;0* (buf fer)||H;0* (1 M)|H,(1atm)|Pt

Na*, CH;C00~ doesn’t participate in cell reactions.
pK, of CH;COOH is 4.74, and molar mass of NaOH is 40 g/mol.

(a) Write anode and cathode half reactions. And calculate the E.; of the cell.

(b) 0.2 g of NaOH was added to the buffer solution. Calculate the changed E ¢j;.

Solution
(@) 6 pts
(anode) H,(latm) + 2H,0(l) - 2H;0* (buffer) + 2e~
(cathode) 2H;0*(1 M) + 2e~ - H,(latm) + 2H,0(1) (2 pts)
By using Henderson-Hasselbalch Equation, pH = pK, —log;, w =4.65.
[CH3€c007 ],
_ [H;0* (buffer)]?
[H30*(HCD]?
0.0592V
Ecen =0— T(logw[H30+(buffer)]2 —logqo[H30" (HCI)]?) = 0.0592V x [pH(buffer)]
= 0.275287V
(4 pts)
(b) 4 pts

First, NaOH 0.2g is 0.005 mol of NaOH.
By reaction CH3;COOH(aq)+ OH (aq) —» H,0(l) + CH;C00~(aq) , molesof CH;COOH =
0.055mol — 0.005mol = 0.050mol,

moles of CH;CO0~ = 0.045mol + 0.005mol = 0.050mol . pH = pK, — logw =
[CH3C00~ ]y

pK, = 4.74 (2 pts)

S0, Ecenn = =222 (pH(buffer)) = 0.2806 V (2 pts)

13



10. (total 14 pts)
A student decided to measure the solubility of lead acetate (Pb(OACc)2) in water and sets up the

electrochemical cell.
Pb|Pb(OAC),|OACc (ag, 0.0500 M) || CI" (aq, 0.500 M) | AgClI | Ag
At 25°C, the student finds the cell potential to be 0.546V, and frorm the textbook he also finds,
AgCI(s) + e > Ag(s) + Cl(aq) E°=0.222V
Pb?*(aq) + 2e" > Pb (s) E°=-0.1265V

(a) What are the electrochemical formula of anode, cathode and net reactions?
4 pts

Anode: Pb(s) + 20Ac (ag) = Pb(OAc)2 (s) +2e— 2 pts
Cathode: AgCI(s) + e > Ag(s) + Cl(aq.) 1 pts
Net: Pb(s) + 20Ac™ (aq) + 2 AgCI(s) = Pb(OAc)2 (s) + 2 Ag(s) + 2 Cl(ag.) 1 pts

(b) Calculate the E° of anode, cathode and total cell.

4 pts

Using Nernst equation, Ecell = E%ell — 0.0592/n log Q

where n=2, and Q = [CI- ]? /[[OAc- ]? = (0.5)%/(0.05)? = 100

Ecennmeasured as 0.546V, Ecei® = Ecen + 0.0592/n log Q = 0.546 + 0.0592 = 0.6052V
Since, EcellO = Eocathode' annode

E%athode = 0.222V, E%node becomes -0.3832V

(c) What does the student find for the Ksp of Pb(OAC)2? (Write the net reaction)
6 pts

Anode Pb(s) + 20Ac (aq) = Pb(OAc), (s) +2e—

Cathode Pb?*(aq.) + 2e" = Pb (s)

Net Pb?*(aq.) + 20Ac (aq) = Pb(OAC): (s) ---- 2 pts

E%en = -0.1265 — (-0.3832)

= 0.2567V ------1 pt

AG%%en = -nFEcell = -(2mol)(96485 C mol*7)(0.2567) = -49.535 KkJ --------- 1 pt
AG? of the dissolution reaction of Pb(OAC)2(s) is 49.535 kJ, Ksp = exp (-AG/RT) = exp(-49535J /
(8.314 *298.15) = 2.10X 100 --rmermmrmmemmemmemene 2 pts

14



11. (total 6 pts)

Lithium cobalt oxide and specialty carbon are active ingredients for the positive and negative
electrodes, respectively, of a rechargeable lithium battery. During the charge recharge cycles, the
following reversible half-reactions occur.

LiCoO2 = Li1xCoO2+ x Li"+x e
C+xLi"+xe- = CLix

Graphite has lithium intercalation sites between its layers. Assuming a maximum 6:1 carbon-to-lithium
intercalation stoichiometry, calculate the theoretical charge capacity of 1.00 gram of graphite to
intercalate lithium. Answer in mAh/g. The total amount of energy a battery can store (charge capacity)
is rated in mAh. For example, a battery rated at 1500 mAh can power a device drawing 100 milliamps
for 15 hours.

(Answer)
1.00 g graphite (C) = 0.0833 mol carbon
6 mol carbon to 1 mol lithium; 1 g graphite can hold 0.0139 mol lithium

To insert 1 mol lithium, 96487 coulombs are needed.

Therefore, 1 g graphite can charge 96487 x 0.0139 = 1340 coulombs.
1340 coulombs /g =1340Asec/g

= 1340 x 1000 mA x (1/3600) h=372 mAh /g (6 pts)

15



Physical Constants

Avogadro’s number
Bohr radius
Boltzmann’s constant
Electronic charge

Faraday constant

Na=6.02214179 x 10% mol”
a0=0.52917720859 A = 5.2917720859 x 10" m
Ksz=1.3806504 x 10-2 J K

e=1.602176487 x 107 C

F=96485.3399 C mol”

Masses of fundamental particles:

Electron
Proton
Neutron
Permittivity of vacuum

Planck’s constant

me=9.10938215 x 10~ kg
mp=1.672621637 x 10-% kg

m.~ 1.674927211 x 10-?" kg

€ = 8.854187817 x 102 C2J'm”
h=6.62606896 x 103 Js

Ratio of proton mass to electron mass mp [ me =1836.15267247

Speed of light in a vacuum

c=2.99792458 x 10%® m s (exactly)

Standard acceleration of terrestrial gravity g=9.80665 m s? (exactly)

Universal gas constant

R=18.314472 J mol™ K-’
= 0.0820574 L atm mol™' K”!

Values are taken from the 2006 CODATA recommended values,
as listed by the National Institute of Standards and Technology.

Conversion factors

Angstrém

Atomic mass unit

Calorie

Electron volt

Foot

Gallon (U. S))

Liter
Liter-atmosphere
Metric ton

Pound

Rydberg

Standard atmosphere

Torr

1A=10"m
1u=1660538782 x 107" kg

1u=1492417830 x 107'° J = 931.494028 MeV (energy equivalent form £ = mc?

1cal = 4.184 J (exactly)

1eV=1602177 x 107 J = 96.485335 kJ mol™

1ft=12in = 0.3048 m (exactly)

1 gallon = 4 quarts = 3.785412 L (exactly)

1L =102 m"2 =102 cm? (exactly)

1L atm =101.325 J (exactly)

1t =1000 kg (exactly)

1lb =16 0z = 0.4539237 kg (exactly)

1Ry = 2.17987197 x 10-8J = 1312.7136 kJ mol™' = 13.60569193 eV
1 atm =1.01325 x 10° Pa = 1.01325 x 10° kg m™' 52 (exactly)
1torr =133.3224 Pa
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HYDROGEN | 2 ([F) {1985) N (1956) 13 A 14 WA 15 WA 16 WVIA 17 VIIA& | HELUM
3 69414 amz 5 108116 20117 40078 15999 ¢ 18908 |10 20.180
L ATOMIC NUMBER —+ § RELATIVE ATOMIC MASS (1)
2| Li  Be B | C | N | O F | Ne
LITHUM | BERYLLIUM S¥YMBOL BORON CARBON | NITROGEN | OXYGEN | FLUORINE NEON
11 2z990 | 12 24.305 ELEMENT NAME 13 26.982 |14 28.086 |15 20.974 |16 32.065 17 35453 |18 30.048
-
3| Na Mg - Al | Si | P | S (1| Ar
SODIUM MAGNESUM| 3 (B 4 VB 5§ VB 6 VIBT VIB 8 9 10 11 B 12 B | ALUMINIUM | SILICON  |FHOSFHORUS| SULPHUR | CHLORINE | ARGON
19 29.098 |20 40.078 |21 44.956 | 22 47.867 | 23 50.842 | 24 51996 | 25 54.938 | 26 55.845 | 27 58.033 | 28 58.603 | 29 63546 |30 65.39 |31 69.723 |32 72.64|33 74.022|34 78.96| 35 79.904 |36 83.80
4 K Ca S¢ Ti|V Cr Mn Fe Co| Ni |[Cu Zn Ga| Ge| As | Se Br | Kr
FOTASSIUM | CALCIUM | SCANDIUM | TITANIUM | WVANADIUM | CHROMIUM |[MANGANESE|  IRON COBALT NICKEL COPPER ZINC GALLIUM |GERMANIUM| ARSENIC | SELENIUM | BROMNE | KRYPTON
37 85.468 |38 876239 88.906 | 40 91.224 |41 92.006 42 9594 43 o8y |44 101.07 45 102.91|46 10842 |47 10787 48 11241|49 114.82 |50 118.71|51 121.76 [ 52 127.60 53 126.90 |54 13120
A
S'Rb Sr | Y Zr |Nb Mo Tc |/ Ru Rh|{Pd| | Ag Cd|In |Sn Sb | Te 1 |Xe
RUBDIUM | STRONTIUM| YTTRIUM | ZIRCONIUM | NOBIUM |MOLYEDENUM TECHNETIUM| RUTHENIUM | RHODIUM | PALLADIUM |  SILVER CADMIUM INDIUM TIN ANTIMONY | TELLURIUM | IODINE XENMON
55 1329156 13733 | 57.7] |72 17849 |73 180.95| 74 183.84 75 186.21(76 19023 77 192.22|78 19508 |79 19697 80 20059 |81 2043882 2072 |83 20895 | 84 (200)| 85 (2109 | 86 (222)
6/ Cs Ba lalu Hf | Ta W Re Os Ir | Pt Au Hg TI | Pb| Bi  Po At | Rn
caesiun | pamum [LAPthanide L eom | anmawum | Tuncsten | Reenium | osmum IRIDIUM | FLATINUM GOLD MERCURY | THALLIUM LEAD BISMUTH | POLONIUM | ASTATINE RADION
87 (223)|88 (226)| gg 13 [104 (267)|105 (262)| 106 (266) 107 (264)|108 (277) 109 (268)| 110 (281)| 111 (272) 112 (285) 114 (289)
7| Fr | Ra |AcLr) Rf | Db | Sg | Bh | Hs | Mt |Uun|Uuu | Uub Ung
FRANCIUM | Rapium | ACHTIE o ccomoun| DUBNIUM |SEABORGIUM| BOHRUM | HASSIUM | MEITNERIUM|UNUNNILIUM| UNUNUNIUM | UNUNSIUM UNUNQUADIUM|
LANTHANIDE Copyright £ 1898-2002 EniG. (eni@ktf-spli.hn)
o 57 138.91|58 14012 59 14091| 60 14424 |61 (145) 62 150.36 | 63 15196 [ 64 157.25 65 158.92| 66 162.50 | 67 16493 | 68 167.26 | 69 168.93 70 173.04 |71 174.97
Pure Appl. Cham, T3, No. 4, 867-5883 (2001)
Relali tomiz 55 s sh wilh fiw
ﬂa:g“lﬂmﬁ&m. ﬂ_w_.o_wﬂmlmﬂs“-ﬂm ne w_ma_w Q me. Al\.. m w -a ZQ ”_”mUH.,.lH..ar_ mE .m_ : QQ .H.,—U Uuﬂ :c m_ -.. H‘E ; HL =
ek e
n__nﬂﬂw_nuﬂhmﬂmawwwhﬂm_ﬁmﬂﬂwﬂ LANTHANUM| CERIUM | PRASECOYMUM NEODYMIUM |PROMETHIUK, SAMARIUM | EUROPIUM |GADOLINIUM| TERBIUM |[DYSPROSIUM| HOLMIUM | ERBIUM | THULIUM | ¥TTERBIUM | LUTETIUM
lotope ofthe elemant
Howewver three such elaments (Th, Pa, anz U) ACTINIDE
do have a chamcteristic terresldal isolopic
W%ﬁmug,_m_,EE:me.ioaasa_mzw 89 (227)| 90 23204 91 23104 92 238.03| 93 (237) 94 (244)| 95 (243)| 96 (247) |97 (247)|98 (251)|99 (252)| 100 (257)| 101 (258) 102 (259) | 103 (262)
Liales
A B | P 7 o \ AT N
7fAc | Th | Pa | U |Np | Pu | Am | Cm| Bk | Cf | Es |Fm | Md No | Lr
Editor: Aditya Vardhan (adivar com) ACTINIUM | THORIUM | PROTACTINIUM| URANIUM | NEPTUNIUM | PLUTONIUM | AMERICIUM | CURIUM | BERKELIUM |CALIFORNIUM|EINSTEINIUM| FERMIUM | MENCELEVIUM| NOBELIUM [LAWRENCIUM
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