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Quantitative calculation problems (100 points). You are required to provide a

thorough explanation of your calculations and reasoning. Please show all of your

work and clearly demonstrate how you arrived at your solutions.

1. Bolve the follewing first-order differential equation cotxdy + ydz = 0 with the initial
condition: ¥(0) =1 (10 pt). '

2. Show that the general solution to the first-order differential equation: %+ P(z)y = Q(x)
is y(z) = [[ I{z)Q(z)dz + c]/I(z), where I(z) = exp[[ P(z)dz] and ¢ is a constant (15 pt).

(0) = 0 (10 pt).

3. Solve the differential equation: x I3y =
4. Solve the differential equation: z%y* -+ v + Sxdy = 0, with y(0) =1 (10 pt),

5. Solve the differential equation: 2y” + 6y — 20y = 120e™ with %(0) = 7 and ¢/(0) =
(10 pt).

6. Solve the differential equation: y” — 4y’ + 8y = 4e*® gec 2z with y{0) = 0 and %/(0) = 0
(15 pt).

7. Solve the system of first-order differential equations:

=2z — 4y
Y=z 3y

where the solution satisfies £(0) = 9 and y(0) =3 (15 pt).

8. Assuming both of the Laplace transforms of f{t) and g(t) exist and are denoted as
L{f)} = F(s) and L{g(t)} = G(s), respectively, prove that:

(8) J3 (@)t —z)de = Jy £t — 2)g(x)dz (5 pt);

(B) L4 [ £ (@)g(t —a)da} — F(5)G(s) (5 pt),

and (C) calculate L‘{fot e~ sinjw(t — z)]de}, where a is a negative constant (5 pt).
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1. Determine the electron configuration 1522s%2p®3d°4st is (A) an inert gas, (B) a halogen, (C) an
alkali metal, or (D) a transition metal. {5 points)

2. Which one of the following bonds is not a primary interatomic bond? (A) Covalent bond, (B)
metallic bond, (C) dipole bond, or (D) ionic bond. (5 points)

3. Based on the hard-sphere model, what is the atomic radius of molybdenum having a body-

. . . 3
centered cubic crystal structure with a unit cell iength a? (A) , {B) _{ﬂ —\/%, or (D) %
(5 points)
4. Which one of the point coordinates is not an interstitial site within an FCC unit cell? (A)
1 1 1 3 1 1 1 1 :
—~ 1 =,B)~ = —,{(C0 = 1,{D) = = =.(5points
2 2()444()2 ()222(p )

5. Cuprous oxide is a direct bandgap semiconductor with a bandgap of 2.1 eV. Over which one
of the flowing wavelength is it opaque? (A) 500 nm, (B) 600 nm, {C) 700 nm (D} 800 nm. (5

points)

6. Which one of the following descriptions is not correct for refraction: (A} Light that is
transmitted from vacuum into the interior of a transparent material experiences a decrease
in velocity. (B) Light beam is not bent at the interface. (C) A consequence of electronic
polarization of the atoms. (D) The larger an atom, the greater the index of refraction. (5

points)

7. Which one of the following descriptions is not correct for a ferromagnetic single crystal at a
temperature below T. {Curie temperature)? (5 points)
(A) The B (magnetic flux)-H {magnetic field) behavior for the single crystal is isotropic.
(B} The single crystal is composed of small-volume regions called magnetic domains.
(C) As an external magnetic field is applied, the magnetic domains change in shape and size.
(D) As the magnetization reaches a maximum value, the single crystal is a single domain.

8. Which one of the following descriptions is not correct for a ferromagnetic single crystal at a
temperature below T (Curie temperature}? (5 points)
(A) Tangled dislocations which can retard the movement of a grain boundary also retard the
movement of a domain boundary.
(B) The thickness of a domain boundary is similar to that of a grain boundary.
(C} Both hysteresis and permanent magnetization result from the resistance to movement of
domain boundaries.
(D) For an electric steel, the hysteresis loss decreases with increasing the grain size.
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9. The conductivity of a semiconducting material is not affected by (A) pressure, (B) carrier
concentration, (C) temperature, (D) dopant content, (5 points)

10.There are three types of electric polarization which do not include (A) electronic

polarization, {B) ionic polarization, {C} solid solution polarization, (D} orientation
polarization. (5 points)

B R EA &4l

11.Fig. 1 is the Al-Ni phase diagram, for which single-phase regions are labeled. Specify
temperature-composition points at which all eutectic, eutectoids, peritectics, and congruent
phase transformations occur. Also, for each, write the reaction upon cooling. {12 points)
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Fig. 1

12. A metal rod will have a length at 0.95 T, (melting temperature) longer than that at 0.2 Ty
List two reasons contributing to the length increase. (8 points)

13.GaN is a wide bandgap semiconductor having a hexagonal crystal structure. Give the Burgers
vector of the edge-type threading dislocations in a GaN (0002) epilayer grown on a sapphire
(0002} substrate. An epilayer is a single-crystal thin film, and a threading disiocation is a
dislocation extended straightly from the epilayer/substrate interface to the surface of the

epilayer. In other words, the dislocation line is perpendicular to the substrate surface. (6
points)
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14.Fig. 2 shows a concentration profile for a non-steady-state diffusion. The concentration at
position x is Gt} at time t. Predict the concentration Gt+A4t} is higher than, equal to, or
lower than C{t) after a time period of At. Please justify your answer. (8 points)

Concentration, €

istance from interface
Fig. 2

15. Estimate the vield strength, tensile strength, uniform elongation, and total elongation of a
sample whose load-displacement curve is shown in Fig. 3. Explain how the values are
derived. (Sample information: gauge width=10 mm, thickness=1 mm, gauge length=40 mm).
(8 points)
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AG =Gz - G1= -VsAG, + As st

liquid

(a)

16. Consider a given volume of liquid at a temperature AT below T (melting temperature) with
a free energy G as shown in Fig. 4(a). If some of the atoms of the liquid cluster together to

form a small sphere of solid (see Fig. 4(b)), the free energy of the system will change to G.

The free energy of the system changes from G to G; is given by:

where AG, the volumetric free energy difference between the sloid and liquid, Vs the volume
of the solid, As: the solid/liquid interfacial area, and % the solid/liquid interfacial free
energy. Please (a) express 4G, in terms of L,, the latent heat of fusion per unit volume, AT,
and Tm, and (b) derive the critical nucleus radius in term of AT. (8 points})

Fig. 4
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Single choice questions, one answer per question. (6 questions at 5 points each, totaling 30 points)

1. Which one of the major laws of thermodynamics describes the only ways to change the internal
energy of a closed system are supply of heat and for work to be done by the system.

a. First
b. Second
¢. Third
d. Fourth

2. When boiling liquid water, which of the following must be true during this phase transformation?
a. The volume of water must remain constant.
b. The temperature of water must remain constant.
¢. The total energy of water must remain constant.
d. The density of water must remain constant.

3. In a hypothetical situation, 10 L of ideal gas can be placed in infinite vacuum. Can this gas

expand? Why or why not?
a. The gas can infinitely expand because each any gas sample always fills the entire volume
of a container.

b. The gas can infinitely expand because each gas molecule has negligible volume.

c¢. The gas can infinitely expand because there is no attraction between gas molecules and
expansion does not require any heat.

d. The gas cannot infinitely expand because the amount of gas in the system remains
constant.

4, The mixing of liquids can be described using thermodynamic quantities. Which of the following
statements is true?
a. Free energy of mixing is always negative for all mixtures of small molecules.
b. Enthalpy of mixing is always positive for all mixtures of small molecules.
c. Entropy of mixing is always negative for all miscible mixtures of small molecules.
d. Tncreasing the temperature will always cause different components to mix.

5. What is a vapor dome in a P-V phase diagram?
a. A vapor dome is a hemispheric shape of condensation that forms naturally.
b. A vapor dome is a feature of a phase diagram at which point the concentration of the
sample remains constant.
c. Avapor dome traces out the phase transformation boundary between gases and liquids.
d. A vapor dome is a feature that encompasses the region of a P-V diagram where vapor and
liquid coexist.
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6. What is a eutectic point?
a. A eutectic point is the same as a triple point.
b. A eutectic point is the temperature beyond which no amount of compression can condense
a sample.
¢. A eutectic point is the point at which different materials can mix well.
d. A eutectic point is the convergence of three or more phases, where a liquid can cool down
and transform into two solid phases.

Long Answers (6 questions totaling 70 points)

1. 1£6.0 L of an ideal gas is heated from -60°C to 235°C, what is its final volume? (5pt)

2. A generic chemical reactions’ rate can be described using the generic formula;
Rate = k [reagent A]? | reagent B]P

a. Given that “ [reagent A] ” and “ [reagent B] ” refer to the concentrations of the reagents.
What are the technical terms for “ a > and “ b 7 (4pt)

b. Given that this generic chemical reaction can be affected by temperature, what would be
the generic equation for “ k “? (4pt)

c. Ifa generic chemical reaction temperature is increased by 10°C from 150°C, how would
this change the reaction rate? (6pt)

3. Consider the following combustion reactions and answer the follow up questions.

6 C (s, graphite) + 6 Hz (g) + 3 02 (g) — CsH1206 (s) AH = 7999
CeH1206 (s) + 6 Oz (g) — 6 COz () + 6 H20 (1) AH =-2950 kJ
H>O (1} — Ha(g) + % 02 (g) AH =287 k]
C (s, graphite) + 02 (g) — CO2 (g) AH=-394k]J

a. What is the change in enthalpy of the synthesis of glucose (CsH1206)? (7pt)
b. Isit possible to find out if this reaction is spontaneous? (4pt)

4. AStirling cycle operates between 100°C and 500°C. Please answer the following questions.

a. Stirling cycles typically consist of 4 thermodynamic steps. In sequence of a Stirling
cycle’s steps, please list the following starting from “isothermal heat addition”. The other
steps are “isothermal heat removal”, “isochoric heat removal”, and “isochoric heat
addition” (7pt)

b. What is the estimated efficiency of this Stirling cycle? (6pt)

¢. Which thermodynamic law prevents a thermodynamic engine from operating at 100%
efficiency? (4pt)
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5. Phase transformations can be described using the Clausius-Clapeyron equation. Answer the
following questions regarding the Clausius-Clapeyron equation.

a. What is the Clausius-Clapeyron Equation? starting from In(%) (4pt)
2

b. What is the vapor pressure in Pascal for a substance at 35°C if the substance has a boiling
point of 120°C at 1 atm? The substance has a AHyap of 47.8 kI/mol (7pt)

¢. Using a form of Clausius-Clapeyron equation, how can you explain the negative slope of
the solid water to liquid water transition? (4pt)

6. Consider the following reversible reaction involving 4 gases;

2A+B < C+4D

a. What is the equation for the equilibrium constant of this reaction? (4pt)
b. Would the equilibrium constant increase or decrease if the pressure of the reaction system

increases? (4pt)
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Problem 1. [Mechanics: 35 points]
There are two atoms A and B, one with the position x4 and mass m4, and the other with the position
xp and mass mg.

(a) [5 points] There is an electrostatic force Fp, exerted by atom A on atom B, and a force Fup
exerted by atom B on atom A. According to Newton’s third law, Fp4 = —F 4p. If we define the relative
displacement x = x4 — X, the relative motion can be described by the equation of motion:

2
Fap = #%7
where 1 is called “reduced mass”, Prove
mA Mg
a ma+mg

(b) [5 points] The potential energy between the two atoms A and B can be approximated as the Lennard-

Jones potential
sr=<](2)"-2(2)]

where ¢ and o are constants. Calculate the distance zo wherein the potential energy U{zp) is the mini-
mum of U{z). zq is the bond length of the molecule AB. '

(e) [10 points] Around the minimum of U(z), the potential energy is approximately a parabolic curve.
Do Taylor’s expansion of U{z) around = = x4 to the second order.

(d) [5 points] The force can be derived from the potential energy by Fag = ﬁ%g. Using the Taylor’s
expangsion obtained in the previous problem, calculate the approximate force around the minimum. The
foree you obtain should look like the Hooke’s law /' = —kz. What is the £? (expressed you answer
with those given physical quantities x4,ma, X5, Mg, €, )

(e) [10 points] The two atoms are bound with approximately a Lennard-Jones potential, with a bond
length zy. The Lennard-Jones force is like a spring with a elastic constant k. Therefore, the system is
2 balls coupled with a spring. Using the £ you obtain in the previous problem, calculate the vibration
(relative motion) angular frequency w of the molecule AB (expressed you answer with those given
physical quantities x4, m 4, X5, Mz, €, 0).

Problem 2. [Electromagnetism: 35 points]
The electric field at a distance 2 from a point charge () is:

1 Q.

= “z
471'60 227

where 2 is the unit vector along the vector 2. The electric potential is:

y—_ L ©

dareg 2
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Consider the following questions in the vacuum, and use the units in the above formula.

(a) [10 points] Find the electric field inside a solid sphere of radius R that carries a uniform volume
charge density p. Express your answer in terms of the total charge of the sphere, g.

(b) [5 points] Anatom can be approximately thought as a point nucleus (+g) surrounded by a uniformly
charged solid spherical cloud (—q) of radius R. If there is an externa) electric field FEox = Eoy 2, the
nucleus would move in the +& direction while the electron sphere would move in the opposite direction.
If the distance between the nucleus and the center of the electron sphere is d, calculate the electric field
Eejeeron €xerted by the electron sphere to the nucleus.

(¢) [10 points] Following the previous problem, there are (1) the external field E.y, and (2) the electric

field Eqtectron €xerted by the electron sphete, onto the neucleus. Ifthe two electric fields cancel each other,
E.yt = —Eelectron, then the atom system reaches equilibrium. Caleulate the distance d at equilibrium.

(d) [10 points] An electric dipole is composed of a charge -~¢ at d/2, and a charge —q at —d/2. The
dipole moment p is defined as p = ¢d. If there is a uniform external electric field Koy, prove that the

torque
N= P X Eext-

Problem 3. [Thermodynamics: 15 points]

A. gas consisting of n moles of a monoatomic gas goes through the cycle shown in the Figure 1, wherein
the pressure is constant for A — B, the volume is constant for B — C, and the temperature is constant
forC — A.

Figure 1
Calculate the heat transfer Q (Q =AU+ W) for (2) A~ B, (1) B — C, and (¢) C — A,

Problem 4. [Waves/Optics/Modern physies: 15 points]

If a propagating wave along the z direction has the form f (=, %) = Ae!*® “#19) where x is the position,
t is the time, A is a constant amplitude and ¢ is a constant phase.

(a) [S points] Calculate f(z, % + I'), what is the difference between f(z, %, -+ T} and f(z, £,)?

(b) [5 points] The wave is a periodic function of the time, so f(z, %) = f(z,t; + T) for arbitrary g
(where 1" is the period). Use this relation, express the period T with A, k, w, and ¢.

(¢) IS points] (i) Caleulate [f*(x) - f(z)]. (* denotes the complex conjugate) (ii) Calculate %. (iii)
Calculate fo/\ fla, t)dz, where X is the wave length.
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Single choice questions, one answer per question. (10 questions at 5 pt each}
1. Which of the following compounds is appropriately arranged in ascending order according to its pKa

0
0
OH
Hac/\OH HsC CHa
oy an am av

(A) II<IV <I<Il
B)IMI<I<I<IV
(C) I<II<IV<I
(D) IV<IU<II<I
(B) I<IV<II<III

value?

Which of the following compounds is named as 4-amino-2-bromoanisole according to TUPAC

nomenclature?
Br

OCHg Br
HaCO
NHz N,
(A) (B)
Br Br
CCHy
\O
HaN H,N
) (D)
Which of the following regions of the electromagnetic spectrum has the highest enefgy?
(A)Infrared light
(B) X-rays
(C) Ultraviolet light
(D) Gamma rays

(E) Microwave

Consider two liquids, X and . Liquid X exhibits stronger intermolecular forces than liquid ¥. Which

of the following statements is true?

(A) The surface tension of liquid X is greater than that of liquid ¥; the viscosity of liquid ¥ is greater
than that of liquid X.

(B) The surface tension of liquid ¥ is greater than that of liquid X; the viscosity of liquid X is greater
than that of liquid Y.

(C) The surface tension and viscosity of liquid X are greater than those of liquid 7.

(D) The surface tension and viscosity of liquid Y are greater than those of liquid X.
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5. Given that Mn + Zn** — Zn + Mn?¥, Fe + Co?* — Fe?® + Co, and Fe do not react Wlth Zn2+ which of
the following is correct?
(A) Oxidizing power: Zn*" > Fe?' >Co*
(B) Oxidizing power: Co*" > Fe?* >7Zn?*"
(C) Reducing power: Zn > Co > Fe
(D)Reducing power: Fe > Co > Zn

6. By using concentrated sulfuric acid to dehydrate an unknown alcohol, three alkane compounds are
obtained. Please speculate on the possible structure of this unknown alcohol.

Three alkane compounds :
OH
OH
/\(K /\[-\ /\,/\ OH
A) B) oH - (C) ®) w

7. The following mechanism has been suggested for the reaction:
H20, +2H"+2I' — I + 2H;0
Step 1 : H20p +T — HOI + OH" Slow
Step II: O +H" — H,0 Fast
Step liI:  HOI+H'+T — I, + HhO Fast
(A) The rate law deduced from the mechanism is : Rate = A[HOI][T].
(B) Step IIl'is the rate determining step.
(C) OH" is the intermediate included in this mechanism.
(D)YH" is the catalyst for the reaction.

8. Which of the following reactions is an E1 reaction?

C7H50H
Heat
.n\\\“ Br NaHS$ H3
THF

(B) Br OCHj OCH;
CH,OH =
— + :
(C) . /\/\
-OCH,
CD)’// CH;0H NN A N
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9. For an electrochemical cell that uses Au**/Au and Ca®*/Ca half-cell reactions under standard

1.

3.

10.

conditions and 298 K
At (1L.OM)+3e¢ —Au Eo=150V
Ca?" (1.0M)+2e —Ca E¢=-2.87V

{A) Au is the anode.
(B)Eo cen=11.61 V.
(C)AGy=-2530kJ.
(D) Ecen < 0, when the reaction reaches equilibrium,

For the hypothetical reaction (1) and (2), K;=10? and Ko=10"*.
(1) Aa(g) + Ba(g) <> 2AB ()

(2) 2A2(g) + Cag) «» 2A2C(g)

(3) AxC(g) + Ba(g) < 2AB(g) + (1/2)Cafg)

What is the value for K for reaction (3)?

(A)107  B®)10* (©108  (H1o*  (E)10*

Long Answers (50 pt)

Draw the qualitative phase diagrams of H20 and CO; (two separate plots). Which one has the higher
critical temperature? Why? (12 pt)

Choose the best reagent(s) from the list provided below for carrying out the following conversions.
Place the letter of the reagent in the box beside the reaction number over the arrow. There is only one

answer for each reaction. (9 pt at 3 pt each)

(@) KMnO4, Hs0"  (b) Bry, FeBrs  (c) Cly, FeCls  (d) CH3CL, AICL (&) HNO3, H2SOq

- 1
2 1, o ”
@ o, Q(
o 4 S
COH

Choose the best reagent for carrying out the following reactions from the list below. Place the letter
of the reagent(s) in the box over the reaction arrow. Only one letter per box. (9 pt at 3 pt each)

o . _-OH e
J =0 =00

(A) m-CICHCOH  (B) Ho/Pd  (C) warm HaSOL/H:0  (D)PCC, CHCL
(E) LiAlH, in ether, then H30™ (F) NaOIl, heat
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4, Startmg with benzene or toluene, how would you synthesize this compound? Assume on‘ho and para

isomers can be separated. (10 pt)

_.COOH

A forensic investigator is examining the composition of a chemical substance that has caused a fire
incident and resulted in discomfort for individuals at the scene after inhalation. However, the
investigator currently only has the FTIR (Fourier-transform infrared spectroscopy) and NMR (Nuclear
Magnetic Resonance spectroscopy) data of the substance. Please help analyze the composition of this
chemical substance and provide your analysis reasons. (Hints: There is only one chemical, The
chemical is made from C, H, O atoms.) (10 pt)
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Above the left image and right image are the FT-IR and NMR used by the forensic analysis office to

identify the unknown chemical, respectively. (*H NMR spectrum of the unknown chemical in (Methyl

sulfoxide)-d6)

RS  FUETRRATAA






