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Chapter 1 Types and Properties of Crystal

Chapter 1

Types and Properties of Crystal

Crystal of sodium chloride and its structural model

In daily life we encounter and use various substances in
their solid state, among which many are crystals. such as snow
flakes or natural rock crystals, common salt, monosodium
glutamate, and sugar in the kitchen, and so on. Although all
these appear as crystals, they can be put into various groups
which have different properties. Particles such as molecules.
atoms or ions, are arranged regularly in a crystal. According to
their types and their interactions of the particles, crystals can
be divided into ionic crystals, molecular crystals, atomic
crystals, metallic crystals, etc.

Studying the types and properties of crystal is significant
for our understanding of matter in nature and to produce new
substances. In this section some knowledge about crystals will

be introduced.

Fig. 1-1 Forms of snow crystal



Chapter 1 Types and Properties of Crystal

1.1 Ionic Crystal, Molecular Crystal

I . Ionic crystal

We know that NaCl is an ionic compound, in which Na*
and Cl™ are combined by an ionic bond. There are other ionic
compounds such as CaF,;, KNO;, CsCl, Na,O, etc. , which are
formed by ionic bonds and exist in a crystalline state at room

temperature, just like NaCl. A crystal made of ions joined by

® ¢ If you want to know more,

ionic bonds is called an mn crystal. o

e Within an ionic crystal the cations and anions are arranged
www. 0-100. com. ¢n/5/23/1/0141. htm

regularly,. We will take NaCl and CsCl crystals as our
examples,

In the NaCl crystal, each Na' attracts
6 CI- and each CI™ attracts 6 Na' at the
same time, with each pair of Nat and Cl—
connected by an ionic bond, as shown in Fig.
1-2. While in the CsCl crystal, each Cs* is
surrounded by 8 ClI= and each Cl™ is
surrounded by 8 Cs™ with an ionic bond
connecting each pair of Cs* and Cl™, as
shown in Fig. 1-3. We can see that ions are
the particles that make up ionic crystals.

In NaCl and CsCl crystals there are no
distinct molecules of NaCl or CsCl, while the
ratio of cation to anion is 1 : 1 in both

crystals. The chemical formulae NaCl and
Fig. 1-3  Structural model of CsCl crystal CsCl, therefore, are empirical formulae giving
the whole-number ratio of the ions in the ionic
crystals, rather than molecular formulae expressing the real
molecular structure.
The ionic bonds existing between ions in the ionic crystals
are relatively strong, making the crystals hard and difficult to
compress. In addition, a lot of energy is needed to break up such




1.1 Ionic Crystal, Molecular Crystal and Atomic Crystal

strong ionic bonds, so the crystals can become liquid or gas
from the solid state. In general, therefore, ionic crystals have a
relatively high melting point and boiling point. For example,
NaCl has a melting point of 801 °C and a boiling point of
1 413 °C; and CsCl has a melting point of 645 °C and a boiling
point of 1 290 °C.

In junior middle school we all did experiments on electric
conduction of substances, and we learnt that the crystal of NaCl
is not conductive. But molten NaCl or its liquid solution is an
electricity conductor. Why? After understanding the structure
of ionic crystals, we should be able to make a simple
explanation of such properties.

When an ionic crystal is heated and melted, the movement
of ions increases due to the increased temperature, and the
attraction between the anions and cations is overcome so that
anions and cations will move freely. This is why the molten
NaCl can conduct electricity.

NaCl crystal is soluble in water. When NaCl dissolves in
water, the impact of the water molecules weakens the acting
force between Na™ and Cl~, and NaCl is ionized into hydrated
sodium ions and hydrated chlorine ions. which can move
freely. This is why the liquid solution of NaCl also conducts
electricity.

I1. Molecular crystal

1. Intermolecular force and hydrogen bond

We have known there are strong interactions, i.e. the
chemical bonds between adjacent atoms in molecule. Is there any
interaction between molecules? It is the fact that gases NH;, Cl,,
CO;, and other gases condense into liquid or solid state when the
temperature is lowered and the pressure is increased. In this
process, the distance between gaseous molecules is getting shorter
and the disorder state of irregular motion turns to be regular arrays.
This fact proves there is indeed interaction between molecules,

Such interactive  force, holding molecules together, is

It is also called Van der Waals® force.

Intermolecular force is much weaker than chemical bond. It affects
the melting and boiling points.

In general, among substances with a similar composition

® J.D. Van der Waals.
1837—1923, Dutch physicist. He
was the first person who studied
intermolecular force. So this force

is also called Van der Waals force.




Chapter 1 Types and Properties of Crystal

and similar structure, the larger the relative molecular mass,

the greater the intermolecular force and the higher the melting

point and boiling point. Take the simple substance of halogen

for example., With the increase of the relative molecular mass,

the intermolecular force increases and the melting point and

boiling point become correspondingly higher (Fig.1-4). A

similar situation exists for carbon tetrahalides (Fig. 1-5).

temperature / C A temperature / ‘C 4 boiling point
200 - 1639 boiling point 200 CB““/)(  melting point
150 150 / o Cly
100 - /"« melting point 100 e
Brz ’// .»"‘v/ IZ CC14 /'/X CBr4
50 - X/ 50-
1(‘)0,/1}50 | ‘ ! / : ! > relative
0| 50 / /)](Br%OO 250 relative 0 100/ nglo 300 400 50 molecular mass
504 Chr - molecular mass -507 N
Iy _100{CFE
-100 - / /XClz i
1504 // 1507
Fol/ CF
2001 % 200 '
X F,
250 - 250
Fig. 1-4  Relationship of melting point and boiling Fig. 1-5  Relationship of melting point and boiling

boiling point / 'C

point with the relative molecular mass of a

simple substance of halogens

HzTC
SbH;

Snl—h

period

Fig. 1-6  Boiling points of certain hydrides

point with the relative molecular mass of

carbon tetrahalides

However, the variation in the melting point and
boiling point of some hydrides is not consistent with
these rules. We can see from Fig. 1-6 that the boiling
points of NH;., H,O, and HF are inconsistent. For
example, the boiling point of HF is actually 20 °C rather
than below — 90 °C as it should be according to the
descending curve, while the boiling point of H; O should
be below —70 °C instead of actually being 100 °C.

Why are the boiling points of HF, H,O and NH;
inconsistent? This is because of another interaction
between their molecules, which is slightly stronger than
the intermolecular force and makes them evaporate at a
higher temperature. Scientific research shows that such
an interaction between molecules is created by what is

called a hydrogen bond.

How is a hydrogen bond formed? Consider HF as an

example. In a HF molecule, the H—F bond has a strong

polarity, because the F atom strongly attracts the electrons.




1.1 Ionic Crystal, Molecular Crystal and Atomic Crystal

making the shared electron pair strongly deviate toward the F
atom. Namely the electron cloud of the H atom is pulled off by
the F atom and the H atom becomes a nearly “naked”
proton. Such a H nucleus with small radius and certain positive
charge will attract the negatively charged F atom of an adjacent
HF molecule. Such electrostatic attraction is called the hydrogen
bond. It is much weaker than a chemical bond but slightly
stronger than the intermolecular force. Usually we consider the
hydrogen bond as a relatively strong intermolecular force. The
hydrogen bond between molecules makes the melting point and
boiling point of substances increase, for more energy is needed
to break the hydrogen bonds for solids to melt or for liquids to

“ ”
see

evaporate. The symbol is used in Fig. 1-7 to represent a

hydrogen bond in order to distinguish it from a chemical bond.

covalent bond hydrogen bond (0] o)
.~F\/ \F\ : H/ \H H/ \H
F/H' H-"F/H H"'F/H..
O
Fig. 1-7 Hydrogen bonds between HF molecules ) H/ \H
Water has another inconsistent property which is that ~ . ‘o
its volume expands while its density decreases when it is & 7N
frozen. This can also be explained by the hydrogen bond. i i H H
Water exists in vapor as separate H, (O molecules. But Fig. 1-8 Hydrogen bonds between
in its liquid state, several H,O molecules are usually water molecules

combined together by hydrogen bonds to form (H,0),
(Fig. 1-8). And in its solid state (ice) the molecules are
extensively connected to each other by hydrogen bonds to
form rather loose crystals, leaving many openings in the
structure. That makes the volume increase and density
decrease so that ice can float in water (Fig.1-9). This

property of water has important implications for the

survival of aquatic animals. Fig. 1-9

Ice floating in water

DISCUSSION

What would the earth look like if no hydrogen bond
exist between water molecules?
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2. Molecular crystal

H,O, CO,, NH;, CH, etc. have an intermolecular force
between their respective molecules, and they appear as crystals
in their solid state. Such crystals, whose constituent particles
are molecules combined by a intermolecular force, is referred to
as a molecular crystal Fig. 1-10 shows the structural model of
CO, crystal. In addition, halogens, rare gases, ., CO etc can
also form molecular crystals.

Because the intermolecular force is very weak and easy to
break, it is relatively easy for the crystal to change into liquid or
gas. Thus molecular crystals have a relatively low melting point
and boiling point. For example, the melting point and boiling
point of CO are —199 °C and —191.5 °C respectively. Moreover,
molecular crystals have a relatively low hardness. The
magnitude of the intermolecular force influences the melting
point, boiling point, and other properties of molecular
crystals. For example, the greater the intermolecular force, the
more energy is needed for the molecular crystals to melt or to

evaporate, and the higher its melting point and boiling point.

Because a molecular crystal is composed of molecules, it is
Fig. 1-10 Dry ice and the structural NOt an electric conductor either in its solid state or in its molten

model of its crystal state.

Similar are Soluble

The properties of molecular crystals are different depending on different constituent
molecules. For example, some molecular crystals differ in their solubility, and that the
same molecular crystal has quite different solubility in various solvents. We can see
that sucrose and phosphoric acid are easily soluble in water but hardly at all in carbon
tetrachloride, whereas naphthalene and iodine are easily soluble in carbon tetrachloride
but hardly at all in water.

We can learn from a structural analysis of these crystals and solvents that sucrose,
phosphoric acid and water are composed of polar molecules, but iodine, naphthalene
and carbon tetrachloride have non-polar molecules. Through observation and study of
many experiments, people have made the empirical rule of “similar are soluble”: a non-
polar solute is in general soluble in a non-polar solvent, while a polar solute is usually




