Utrecht University
Exam Structure of Matter
Thursday, March 7th, 2019

Time: 9:00 - 12:00

Name and student nunber:

Good luck!

Write your answers to questions 1, 2, and 3 on one sheet, and the answers
to question 4 on a second sheet.

¢ Please pay attention to your hand-writing. If we cannot read your answers, we cannot
award points.

» In your answers, do not immediately start with equations. Also draw conclusions from
the calculations you have done.

e Calculators, graphical or otherwise, are not allowed.
e Please note that you can earn a maximum of 61 points.
e Not each question is worth the same number of points.

e Questions have been ordered by subject, not by difficulty. Suggestion: save the most
difficult /time consuming questions for last.

e The following relations might be helpful:
cos(2a) = 2cos’ @ — 1
cos(a + b) = cos(a) cos(b) — sin(a) sin(b)
cos(a — b) = cos(a) cos(b) + sin{a) sin{b)

e* + e % = 2cos(k)
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Question 1: Atomic Physics..............o i 7 points
(a) (1 point) Give the electron configuration of Se (Z = 34)

(b) (4 points) In 1974, an element with 106 protons was synthesized. In 1997, this
element was named Seaborgium (symbol: Sg), after the American physicist Glenn
T. Seaborg. Its most stable isotope has a half-life of approximately 14 minutes,
which is sufficiently long to study basic chemical properties. What do you expect
for the chemical properties of this element?

(c) (1 point) Electronegativity is a property of atoms that describes the tendency of
an atom to attract electron density towards itself. An atom’s electronegativity is
affected by both its atomic number and the distance at which its valence electrons
reside from the nucleus. Why is the electronegativity value of most noble gases
zero?

(d) (1 point) Arrange these atoms in order of decreasing effective nuclear charge by the
valence electrons: Si, Al, Mg, S

Question 2: Molecular Physics.............co i 10 points
(a) (1 point) What is the order of magnitude of the energy associated with a covalent
bond?
(b) (1 point) What is the order of magnitude of the length associated with a covalent
bond?
(c) (2 points) Is orbital hybridization required to describe the electronic structure of
molecules?

{d) (3 points) The allene molecule CHy=C=CHj, is known to have a linear geometry
for the three carbon atoms. Rationalize this on the basis of hybridization of atomic
orbitals of the central C atom. Include the names of the types of covalent bonds
that are formed in your answer.

(e) (3 points) Why does the Hep molecule not exist?

Page 2 of 4 Please go on to the next page...
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Question 3: Soft Matter ... ...t e i e .. 9 points
(a) (3 points) The size of a polymer chain can be defined in various ways. In class,

the {mean-squared) end-to-end distance was used. In addition, one could use the
so-called radius of gyration of the macromolecule, Ry, see Figure 1.

I
f 3

Polymer with mass A Single mass \/on a string

Figure 1: Left: model of a polymer with mass Af. The center of mass is indicated by the
red dot. The polymer can rotate. Conceptually, the rotating polymer can be replaced by a
single particle (blue) on a string swinging around. The polymer and conceptual system have
the same moment of inertia. The radius of gyration is defined as the length of the string
connecting the particle to the center of mass.

For a polymer chain of N monomer units, the radius of gyration is defined as

N
I 2
Ré N}lgam—ncm))

wa{(w)

with R; the position of bead or vertex ¢ of the polymer chain and R is the position
of the center of mass of the polymer chain. Show that the following expression holds

| ] N N )
R = m;,zu ((Ri = Ry)") (1)

(b) (4 points) The expression found above can be rewritten as

N i1
2 z_
R = N41§§b'J 2

where b is the length of a monowmer in the polymer chain, and /, j indices. Show
that the radius of gyration of the freely jointed chain is given by

. PN
RE =~ —
T

Hint: Realize that for a polymer N is (very) large.

(3)
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(c) (2 points) How does the radius of gyration compare to the end-to-end distance of
a freely jointed chain?

Question 4: Condensed Matter Physics......................ooooin 35 points

(a) (2 points) Hexagonal Boron Nitride (-BN) has a structure similar to graphene, see
Figure 2 below. The ’only’ difference is that the material contains equal amounts
of N (Z = 7) and B (Z = 5) instead of C (Z = 6). Indicate the Wigner-Seitz cell
of 1-BN AND a primitive unit cell.

Figure 2: Crystal of hexagonal boron nitride. N and B atoms are indicated in blue and
mauve, respectively.
(b) (5 points) Assume that the lattice vectors are given by:

Determine the reciprocal space unit cell of h-BN.

(c) (19 points) Show that a nearest-neighbor tight-binding calculation, only taking into
account 2p, orbitals, results in the following dispersion relation for h-BN.

E(k) = (tqy & \/02 = aghy =+ .'32f(k) {5)

au

with qg, = 28228 and f(k) = 3 + 4 cos (3k;) cos (Jﬂgﬁky) + 2cos (V3ak,).
{d) (2 points) What do «; and /3 correspond to physically?

(e) (7 points) Assume that ag and apy differ by an amount x eV. Use equation 5 to
show that 1-BN is either a conductor, insulator or 'graphene-like’ material.

Page 4 of 4 End of exam.






