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Choice (Advanced) Questions
You have to solve atleast one of these parts

It is also allowed to do more than one part. Only the best result will be
counted in your final grade.
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Advanced exam questions Catalysis

(total 50 points)
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Like many transition metal complexes, compound A reacts with dihydrogen.

a) Draw the two main orbital interactions involved in the bonding and
activation of Hz to a molecular transition metal complex. (6p)

b) Draw the product of the reaction of A with Hz. Pay attention to the
stereochemistry of the product and explain how it relates to the reaction
mechanism. (6p)

¢} Hydrogen reacts readily with many transition metal compounds, but
methane and higher alkanes (CqHazn+2) are considerably less reactive and
can often be used as inert solvents. Give two reasons explaining the
difference in reactivity between H-H and C-H o-bonds. (6p)

d) One way to generate reactive transition metal compounds able to activate
alkanes is photochemical activation. Irradiating compound C in
cyclohexane yields the cyclohexyl/hydride compound E. The reaction is
postulated to proceed via an unobserved intermediate D. Propose a
structure for D and assign its oxidation state, d-electron count, and
number of valence electrons. (7p)



The conversion of methane to syn gas by steam reforming over a heterogeneous
catalyst is one of the most important industrial processes:

CHis +H20 — CO+3H:

e) The graph below shows that catalytic activity of various metals increases
with increasing dispersion (dispersion = number of surface atoms/total
number of atoms). The table on the right lists some experimentally
determined activation energies for methane activation over different
metal surfaces. The metal surfaces are listed in order of decreasing
surface coordination number (that is, Ru(0001) has the highest surface
coordination number, a Pd atom the lowest).

1) Explain what the particle size dependence as shown in the graph tells
you about the rate-determining step of the reaction. (6 p)

2) Why does the activation energy depend on the surface coordination
number in the way shown in the table? (4 p)
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Dispersion

f) Ammonia synthesis (N2 + 3Hz - 2NH3) requires the dissociation of
dinitrogen over a metal catalyst. Given is the activity of various supported
metal catalysts for the synthesis of ammonia as a function of position in
the periodic table (represented here as d-band occupancy). Explain in
detail why such a volcano-type plot is observed. (7 p)
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The elementary steps and the Langmuir-Hinshelwood expression for the rate of
the reaction A + B - C are given below. A plot of the rate of the reaction as a
function of the pressure of A is also given, at a constant value of the pressure of
B; B, the fraction of catalytic sites occupied by species X; Ny, the total amount of
catalytic sites.
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- h) 1) Explain why the maximum rate is found at the specific value depicted
in the graph. (4 p)
2) What are the orders in species A at high p4 and at low pa? (4 p)



Colloids [t
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The graph shows the volume fraction -2
® of monodisperse colloidal particles o
measured as a function of height z in a

Al |
sedimentation-diffusion equilibrium 10 AT
(SDE) at room temperature. The (IR
particles have a radius of = 90 nm 104 } Y 1
and interact like hard spheres. The F o 0.2 0.4 : ;
suspension medium was water, which 145 L . . . . . ; f _.:1
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(a) Explain the general behavior of the data, in particular the jump at = = 0.42 cm and the
exponential profile at low ©. [20%]

(b} From the data, estimate the gravitational length and use it to calculate the density of the
particles. [30%]

Suppose that you repeat the experiment, but this time in the presence of a uniform electric field
applied horizontally across the tube.

(c) Estimate the order of magnitude of the electric field strength needed to observe a significant
change in the position of the jump in volume fraction. Assume that the dielectric constant of the
particles is 2.5 and of the solvent 78. [30%)

(d) Atthe electric field strength determined in the previous question sketch the new SDE. Discuss
the main differences and similarities with the hard sphere case. [20%)
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Advanced exam questions Nanophotonics

a)

c)

d)

Explain the difference between an anti-reflection coating and a randomized
surface.

A scattering surface on top of a solar cell {thickness w) increases the light path
length per scattering on average by <I>=2w when assuming a total reflecting
back contact. Only 1/ng? {n = refractive index of semiconductor) of the rays
{inside the cell) that strike the front surface again will leave the cell. Using

o
D 1 <y
(1 —x)?
i=0
can you estimate the total path length enhancement expressed in ng ?

For silicon this total increased path length can become as much as 50w. Using
the Lambert Beer law with an absorption coefficient of a = 10° em™, can you
calculate how many of the original photons will reach this S0w? Use w=500 nm.

A solar cell has a short circuit current (Jsc) of 20 mA cm™ and open circuit voltage
of 0.50 V. By using texturing, the short circuit current is increased by
20%. Using the ideal diode equation:

J =Jsc +Jo(e7keT — 1)

calculate the open circuit voltage which is expected with texturing.
ke= 1.38 x 102 m* kg s2 K
q=1.60217657 x 10"*° coulombs

T=300 K
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Basic exam questions Catalysis

(total 50 points)

The mechanism of the oxidative addition of CHzl to iridium complex A to form
compound B can be represented by the schematic reaction coordinate diagram
depicted below. Please draw this diagram on the answer sheet to answer
questions a) and b}.

Ph3FI’ CH,
PhaP s, | WCl
OC—Ir—Cl + CHjf ———» 3 e

!,
oc” | PPh,
PPhy |
A B
N
G
A + CH,l B

a} Indicate on this diagram the position of the intermediate(s) and transition
state(s). How many elementary steps are there? (5p)

b} Indicate on the diagram the free enthalpy of reaction (A:G) and the free
enthalpy of activation (AG¥). (5p)

c) Suppose you need to measure the enthalpy (AH¥) and entropy (AS*) of
activation for this reaction using a linear fitting method. How do you
proceed? (9p)

d) What are the number of valence electrons and the oxidation state of the
iridium center in compounds A and B ? (6p)

e) The strength of atomic adsorption on a transition metal varies with the
position of the metal in the periodic table and shows the following trend:
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Given is also a simplified, schematic MO diagram for the adsorption of an
atom on, e.g., Cr, Draw the equivalent MO diagram for a metal such as Rh
and explain how this leads to a more weakly adsorbed atom. (6 pt)

Adsorption of a species on a surface is the first step in every reaction of
heterogeneous catalysis. For an adsorbed species A in equilibrium with
the gas phase, the surface coverage of A can be quantitatively described
by the Langmuir isotherm:

Ly § P e L i
A+ ¥ = AY A

LI

1) Describe the basic assumptions of the model when adsorption is
described by Langmuir adsorption isotherms. (4 pt)

2) Show how the Langmuir adsorption isotherm as given above can be
derived. (6 pt)

The oxidation of SO; on Pt catalysts proceeds in two steps:

a. 02+ 2* - 20*
b. SO2+0*> 803+

To give the overall reaction 2507 + 0z > 2503

1) What mechanism is involved in this reaction? Explain what happens in
the individual steps of the reaction. {5p)

2) Assuming that step a is rate-determining, how do you expect the
turnover frequency (TOF) to depend on Pt particle size? (4p)



Annex I: Periodic Table
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Annex II: Thermodynamics and Kkinetics equations

For a generic reaction given as:
—N.
A+B ~=— C+D

As a reminder, the equilibrium constant K is given by:

K [CID]
[AI[B]

and can be related to the Gibbs free energy of reaction A:G
AG=AH-TA,S=-RTIn(K)
Where A:H and A:S are the enthalpy and entropy of reaction, respectively.

The rate law relates the reaction velocity to the concentrations of the reactants:

_A[A]=_d[B]=d[C]=d[D]= I
di dt dt  dt HATB]

Where k is the rate constant, n and m are order of the reaction in A and B,
respectively. The overall reaction order is given by: n+m.

The temperature dependence of the rate constant is expressed by the Eyring
equation;

. (kBTJ [-—AG‘J [kBT) [—AH’+TAS‘J
= exp = exp| ——————
h RT ) \h RT

Where AG! is the free enthalpy (or Gibbs free energy) of activation, AH* the
enthalpy of activation and AS¥ the entropy of activation.

Physical constants:

Boltzmann constant: kg= 1.381 « 1022 m2 kg 52 K1
Planck constant: h = 6.626 » 10-3 m2 kg s-!

Gas constant: R =8.314 | mol-1 K1

Absolute zero: 0K = -273.15 °C



Basic questions on {magnetic) colloids - NCCN exam on November 6, 2014

Maghemite is a magnetic iron oxide with a bulk magnetization of 230 kA/m. A ferrofluid
is made by dispersing maghemite nanoparticles in a liquid with negligible magnetic
properties. 10.0 % of the volume of the ferrofluid consists of maghemite. The
nanoparticles have a maghemite core with a single magnetic domain and a radius of 3.0
nm, surrounded by a shell of nonmagnetic polymer that brings the total radius up to 5.0
nm. The temperature is 300.0 K, solvent viscosity is 1.0x107® Pas, iron oxide density is
5.0 g/cm?, solvent density if 0.9 g/cm?, and the palymer shell is also 0.9 g/cm?. Not all
the Information provided here is necessary to answer the questions.

(a)

Make a schematic illustration of the magnetization of the ferrofluid as a function of
the external magnetic field strength.

(b)
(c)
(d)
(e)

Calculate the saturation magnetization of the ferrofluid.
Calculate the magnetic dipole moment of a single nanoparticle.
Calculate the dimensionless siope of the magnetization curve in the low-field limit.

Calculate the magnetic interaction of two nanoparticles that touch each other in the
head-to-tail configuration of the nanoparticle dipoles.

(f) Use your answer from (e) to argue whether the colloidal dispersion is likely to be
stable (if your answer in (e) is wrong, your answer here will be considered correct If

it draws the correct conclusion).

Assuming that Néel relaxation is extremely rapid, explain how you expect the

(g)

magnetization curve to change upon full evaporation of the liquid.
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Basic exam questions Nanophotonics

A light field with electric field Eg shines on a silver particle with diameter 20 nm. The electrons on
the particle will respond and form an electric dipole. The electric field of this dipole response is
proportional to:
g —& a
A, 3t
£ +2¢ 1
With a = 20 nm (diameter), r = distance from particle center, &, = dielectric constant of metal, ¢;
= dielectric constant of the surrounding medium.

a} What happens when gy =-2g,?

b} For the silver particle (g, = -18) at a distance of 10 nm from the surface we find a field
enhancement of 5 times (=5xEq). What is the dielectric constant of the surrounding medium?

« €) Since edepends on the light wavelength, the maximum enhancement also does. How could
we slightly shift the wavelength of the maximum enhancement of a silver particle?

 d) When you enhance the electric field locally around a particle, the light field somewhere else
becomes weaker. Knowing this, for what type of solar cells is the use of these silver particles
interesting?

e) Without plasmonic particles a solar cell provides a current of 25 mA and a voltage of 0.8 V at
maximum peak power. Using a plasmonic structure the efficiency of this solar cell is
increased by 10%. The output voltage drops by 10 % with the plasmonic particles, what will
the new current become?



