Topic Overview

CONTENT IN A
NUTSHELL

PLACE IN THE
CURRICULUM

From saline solutions to street lamps, from baking powders to bleaches, from
fertilizers to fireworks, alkali metal compounds find everyday uses in our lives.
Elements necessary for life, yet ones that react violently with water: do these two
sound incompatible? In their aqueous ionic forms, sodium and potassium ions (Na*
and K™) are essential ingredients for animal and plant life, yet the elemental atomic
forms of these alkali metals react vigorously with water and other compounds.

The alkali metals (Li, Na, K, Rb, Cs, Fr) form a vertical family of elements that begin
each horizontal row of the Periodic Table. Francium, element 87, isa rare radioactive
decay product of the radioactive element, actinium. Even the most stable isotope of
francium decays so rapidly that its chemical properties are not well known. The other
alkali metals are silvery metallic solids, as soft as cold butter. Lithium, sodium, and
potassium are less dense than water; hence they float on it (but don't try it!).
Lithium’s density (0.53 g/cm3) is just over half that of water. All have low melting
points. Cesium melts at 29 °C, a bit above room temperature; Na melts at 98 °C, just
below the boiling point of water. The alkali metals are so highly reactive that they
never occur free (in their elemental form) in nature, but always in combination with
other elements. Since they react rapidly with oxygen in air and violently with water,
they must be stored in unreactive oil or kerosene.

All alkali metals react vigorously with halogens to produce alkali halides. Large
guantities of alkali metal chlorides are found in the oceans, inland seas, and salt
deposits. Fifty million billion (5 x 1016) tons of salt (NaCl) are dissolved in earth’s
oceans. The sodium ion, Na™*, is the principal positive ion in fluids surrounding cells
in our bodies, where it is needed for water retention and muscle action. This ion (in
the form of saline solution) is often given intravenously to hospital patients.
Potassium ions, K*, are also essential to life, both plant and animal. Compounds of
this ion, such as KCI, K,SO,4, and KNOg, are used extensively as fertilizers (see
Industrial Inorganic Chemistry module). Insoluble lithium carbonate, Li,COg, is used
to treat manic depressives, although its mode of action is not well understood.

Each alkali metal atom has one more electron than the chemically stable noble gas
atom just preceding it in the Periodic Table. Each atom has a large relative size
(radius), coupled with filled inner energy levels of electrons. Each atom can therefore
readily lose this one electron, forming stable +1 ions with noble gas electron
configurations. Thus they have low ionization energies. Cesium’s ionization energy
isso low that visible light can ionize it, permitting its use in photoelectric cells, where
light energy is converted directly into electricity.

The chemistry of alkali metals provides a fascinating entry into the field of
descriptive chemistry and a perfect introduction to the concept of periodicity of the
elements (see Periodicity module).

The similarities in physical and chemical properties of alkali metals reinforce the
concept of families of elements and thus serve as an excellent introduction to the
Periodic Table (Periodicity module.) Due to their strong tendency to form compounds
in which they exhibit only the +1 oxidation state, their chemistry is simple and
predictable, yet frequently exciting. The topic could thus serve as an introduction to
predicting the products of chemical reactions (Simple Chemical Reactions module).
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As a consequence of their high solubility in water and their relative abundance in
nature, the compounds of sodium and potassium find extensive use. Examples
familiar to students include table salt (NaCl), baking soda (NaHCO3), lye (NaOH),
potash (K,CO3), soap (C;7H35COO0ONa), and detergents (e.g., C12H250803—Na+). All
these reasons suggest introducing the topic of alkali metals early. The extraction of
the alkali metals from their naturally occurring compounds provides a simple
introduction to the concept of oxidation-reduction reactions (Oxidation-Reduction
module), while much of the chemistry of the anions in the alkali metal compounds
focuses on acid-base (Acid-Base module), precipitation (Solubility and Precipitation
module), and redox reactions. Alkali metals can thus be related to several major
areas of the typical high school chemistry curriculum.

1. The alkali metal family, consisting of Li, Na, K, Rb, Cs, and Fr, is a highly
reactive family of elements. The elements in this family are never found free
in nature (as M° atoms), existing instead in chemical combination with
anions as ionic compounds (containing M* ions).

2. The alkali metals are prepared by electrolytic (electrolysis) or chemical
reduction [M* + e~ - MO].

3. Alkali metal cations have a low charge density and relatively weak attractions
for negative ions (anions). As a consequence, most salts of alkali metal ions are
very water-soluble, and their hydroxides are very soluble strong bases (alkalis).

4. The attractive forces among atoms in alkali metal crystals are relatively
weak. As a result each metal has low density, melting point, heat of fusion,
electronegativity, ionization energy, and electron affinity; they are also soft,
malleable, and ductile.

5. The chemical and physical properties of these elements are similar (as are
those of their ions), and most of their properties change in a regular periodic
manner as one goes down the family in the Periodic Table.

6. All reactions of the alkali metal elements (as well as those of almost all
elements) are oxidation-reduction reactions.

7. Thevastmajority of reactions of alkali metalcompoundsare acid-base reactions
involving the anions associated with the alkali metals. In oxidation-reduction
and precipitation reactions involving alkali metal compounds, it is almost
always the anion originally associated with the alkali metal that is involved in
the observed net reaction; e.g.,

AgNOgz(aq) + NaCl(ag) - NaNOgz(aq) + AgCl(s)
All alkali metals form body-centered cubic crystals.

All alkali metals react vigorously with water, producing the alkali metal
hydroxide and hydrogen gas.

2M(s) + 2H20(I) - 2MOH(aq) + H2(g)

10. Alkali metals’ relatively large atomic size (radii) and single electron far from
the nucleus, account for their low electron densities and hence low ionieration
energies. Thisobservation can be explained using Coulomb’s Law[F :?(—g_] ,

r

where the force of attration (F) is directly proportional to charge (q) and
inversely proportional to atomic radius (r).

CENTRAL
CONCEPTS
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D,

Chemical symbolism and nomenclature, formulas, atomic and molar masses

RELATED
CONCEPTS

Equation writing, types of reactions, predicting reaction products
Stoichiometry

Solubility equilibrium

Solubility

Chemical periodicity

Atomic structure, electronic structure, Lewis structures

Molecular structure, ionic compounds

© ©® N o g~ wDd R

Crystal structure (ionic, metallic)

=
o

Acid-base reactions

[
=

Precipitation reactions

[
n

Oxidation-reduction reactions, electrolysis

RELATED 1. Manipulative skills:

SKl LLS a. The ability to write chemical formulae, predict reaction products, and
balance chemical equations.

b. Anunderstanding of basic techniques involved in qualitative analysis of
metal ions.

c. Anawareness of special precautions involved in lecture demonstrations
and laboratory activities involving free alkali metals and their corrosive
compounds.

2. Mathematical and conceptual skills:
a. Mastery of stoichiometric skills, unit analysis, solution concentrations.

b. Mastery of arithmetic skills, including simple algebra, use of exponents,
and roots.

c. Working knowledge of Coulomb’s law and parameters involved in
electrical attractions.

d. Ability to write/draw electron configurations.
e. Ability to draw Lewis-dot structures.

f.  Ability to predict bond and molecular polarity on the basis of ionization
energy (or electronegativity) and molecular geometry.

g. Ability to predict trends in properties of alkali metals (chemical
periodicity) on the basis of atomic structure.

PERFORMANCE After completing their study of alkali metals, students should be able to:
OBJ ECTIVES 1. explain why alkali metals are never found in pure metallic state in nature.
2. describe the primary ways in which alkali metals are prepared or obtained.
3. explain why most alkali metal compounds are water-soluble.

4. discuss physical properties of alkali metals in terms of atomic structure.
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10.

describe trends in physical and chemical properties as related to alkali metals.

explain why many reactions involving elemental alkali metals are redox
reactions, but reactions of compounds of these elements rarely involve
changes in oxidation state of alkali metal ions.

explain why reactions involving compounds of alkali metals are almost all
acid-base reactions of anionic constituents.

describe crystal structure of alkali metals.

explain physical properties of the alkali metals in terms of their crystal
structures.

explain the relatively low ionization energies of alkali metals as they relate
to Coulomb’s Law.
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Concept/Skills Development

LABORATORY
ACTIVITIES

S

DEMONSTRA-
TIONS

Chemical properties of free alkali metals do not lend themselves to hands-on
activities for high school laboratories due to the hazardous nature of these elements.
With great care, you can carry out lecture demonstrations with selected alkali metals.
Several demonstrations are detailed in the next section. Activities involving alkali
metal compounds do exist and are available in many laboratory manuals. Some
chemistry of these metals is also covered in the demonstration section of this module.

Alternatively, audio-visual aids such as the CHEM Study film, “Chemical Families”;
the Project Seraphim Periodic Table Videodisc; available video lecture demonstration
tapes published as companions to new college general chemistry texts; or the “Doing
Chemistry” videodisc program can serve as excellent substitutes for the hazardous live
activities.

CAUTION: Use appropriate safety guidelines in performing demonstrations.

Demonstration 1. Identification of Metal lons by Flame Tests
Materials

Some of the following ionic solids:
Barium chloride, barium hydroxide*, barium nitrate
Calcium carbonate, calcium chloride*, calcium nitrate*
Cesium carbonate*, cesium chloride*, cesium nitrate
Copper(l1) acetate*, copper(ll) chloride*, copper(ll) sulfate
Lithium carbonate, lithium chloride*, lithium nitrate
Potassium nitrate, potassium carbonate, potassium chloride*
Rubidium carbonate*, rubidium chloride, rubidium hydroxide*
Sodium chloride, sodium nitrate*
Strontium chloride*, strontium nitrate*
*Somewhat soluble in 95% ethanol (see Procedure B)

Striker or matches

Burner

Safety goggles

Small glass bottles with screw caps for ionic solids above

Pump hair spray bottles

Petri dishes

Ethanol or methanol

Safety

Try all demonstrations ahead of time to ascertain the safest reaction
conditions. Be aware that any of these methods allows metal compounds to
be released into the air. Use adequate ventilation. Always wear safety
goggles for chemical demonstrations.

Directions (Choose either Procedure A, B, or C)
Procedure A: Several Powdered Solids

Select several metallic salts from the preceding list. Powder each by crushing
a one-tablespoon sample in a clean mortar and pestle. Place each powder in a
separate labeled, tightly capped bottle (100-mL or larger). Set up a burner,
making sure the flame is the normal light blue. Vigorously shake each bottle
one at a time to create a finely divided solid mist, and remove the cap while
holding the mouth of the bottle upright and close to the burner’s air intake. A
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prolonged colored flame will be observed. If the procedure is carried out in a
darkened room and students are provided with inexpensive plastic diffraction
gratings (available as 2" x 2" mounted slides from Edmund Scientific, Great
Barrington, NJ 08007), they may be able to observe the line spectra of the metals.

Procedure B: Ethanol (or Methanol) Solutions

The solids inthe preceding list that are marked with asterisks (*) are somewhat
soluble in ethanol (or methanol) and are good choices for use in this procedure.
Place a pea-sized quantity of several of these powdered solids in glass Petri
dishes or small beakers. Cover the solid with a thin layer of ethanol or
methanol. Darken the room if possible and ignite the alcohol with a long match
or taper. The colors will continue as long as there is alcohol to burn.

Procedure C: Aqueous Solutions

Use pump spray bottles, obtainable in garden shops. Fill each bottle with
dilute (0.1 to 0.5 M) solutions of selected compounds listed above. (You
probably have some of these solutions already prepared on your shelves.)
Spray the liquids into the burner flame, one at a time. Observe instant,
bright bursts of color.

Discussion
The colors of the flames will be as follows:

Barium compounds (Ba2+) Apple green
Calcium compounds (Ca2+) Orange-red
Cesium compounds (Csh) Blue
Copper compounds (Cu2+) Green
Lithium compounds (Li*) Red
Potassium compounds (KhH Violet (lilac)
Rubidium compounds (Rb*) Purple
Sodium compounds (Nat) Yellow
Strontium compounds (Sr2+) Deep red

An alternative procedure that works well is the use of carbonate or oxide
compounds of calcium, copper, lithium, sodium, and potassium inempty film
canisters. Shake the closed canister, then open the cap near the base of the
burner. The dust from the canister will enter the fuel flow and turn the flame
a brilliant color.

Demonstration 2: Reactions of Metals with Water

You should perform these activities as ademonstration rather than as a student activity
because of the high reaction rates, the somewhat variable way in which the reactions
occur, and the dangers involved in handling sodium. Because of the danger of storing
and handling potassium, it is recommended that a video of potassium reactivity be
used along with this demonstration to extend the periodic trend in reactivity.

Purpose

To demonstrate activity level of alkali and alkaline earth metals in the
presence of water.

Materials

Lithium metal, small piece
Sodium metal*, small piece
Potassium metal, small piece
Calcium metal, small piece
Magnesium ribbon, 6-10 cm
Water
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Liquid detergent (not basic), few drops

Phenolphthalein solution (0.01 g phenolphthalein per 100 mL ethanol)
Beaker

4 Glass Petri dishes or crystallizing dishes

Fine mesh wire gauze

Test-tube and stopper

Funnel (glass)

Overhead projector

*Dri-Na works well here in place of sodium metal. Dri-Na is sold by Flinn

Safety

Chemical Company. Itis an alloy containing 12% sodium with lead. This
alloy generates hydrogen gas slowly and safely.

Sodium and potassium are potentially explosive if large chunks are used, or if
a peroxide coating exists on the surface of the metal. Use only freshly cut pieces
of shiny metal. You might consider using Dri-Na in place of the sodium metal.

Procedure
Part 1

1.

Fill a glass vessel (Petri dish or beaker) half-full with water. Add three
drops of phenolphthalein and three drops of neutral detergent. (Place the
Petri dish on overhead projector.)

Drop in asmall piece of lithium and place the wire gauze over the top of the
glass container (or if using the overhead, use the cover of the Petri dish).

Repeat Steps 1-2 with sodium, potassium and calcium. Note that
calcium oxidizes easily and reacts vigorously with water. Purchase only
small quantities of calcium and keep tightly covered when not in use. If
your calcium is white and powdery, it has oxidized. Choose only metallic
pieces of calcium for the above test.

Discussion
The equations for the reaction are:

2Li(s) + 2 H,0(l) - 2LiOH(aqg) + H,(g)
2Na(s) + 2 H,0() - 2NaOH(aqg) + Hy(g)
2K(s) + 2 H,0() - 2KOH(aq) + Hy(g)
Ca(s) + 2 HyO(l) - Ca(OH),(aq) + Hy(g)

The trail of zigzagging sodium (potassium, calcium) should leave a pink trail
as the indicator reacts with the metal hydroxide formed.

Part 2

1.

Fill a test-tube completely with water. Place a 6-10 cm coil of magnesium
ribbon into the test-tube mouth. Stopper the test-tube, invert it into the
tall narrow beaker, which has been half-filled with water, and remove
the stopper. Heat the water. Have students observe and record results.
or
Place a 6-10 cm coil of clean magnesium ribbon in a beaker half-filled with
water. Invert a short stem glass funnel over the magnesium and place a
test-tube over the funnel stem. Have students observe and record results.
Next, heat the water to near boiling and have students record observations.
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Discussion

Once again, magnesium readily forms oxide coating on its surface. The
pieces of magnesium used for the demonstration should be cleaned beforehand
by dipping all pieces in 1-3 M HCI for a short time and then rinsing with tap
water and drying.

The equation for the reaction is:
heat
Mg(s) + 2H,O(l) . Mg(OH),(s) + H(9)

NOTE: This reaction happens very slowly, if at all, at room temperature, but
bubbles of hydrogen are observed at elevated temperatures.

Compare and contrast the reactivity of the four metals with water. Have
students explain the differences in terms of chemical periodicity.

[The revised ChemStudy film “Chemical Families,” now available on
videotape, beautifully demonstrates the reactivity of alkali metals with
water and halogens. Many college texts now make available to teachers
videotaped demonstrations that include reactions of alkali metals.]

Demonstration 3:Solvay Process Demonstration for the
Commercial Preparation of NaHC Dand NapCO3

Materials

Acetone, 5 mL

15 M (concentrated) ammonia, 70 mL

Sodium chloride, NaCl, 20 g

Dry ice, 100 mL (or marble chips and 6 M HCI to generate CO,)
Water

Ice

Calcium hydroxide, Ca(OH),, saturated solution
Beaker, 100-mL, 400-mL, 800-mL

Buchner funnel, filter paper

Suction flask

3 Glass tubing with angle-bends

2 Gas-generating bottles

Thistle tube

Thermometer

Graduated cylinder, 50-mL

Burner or hotplate

Stirring rod

Erlenmeyer flask, 250-mL

Rubber tubing, 2 pieces

2 Stoppers to fit gas bottles, 2-hole

Hydrion paper, Universal indicator or pH meter

Safety

Always try demonstrations before doing them for a class. Wear safety
goggles when doing any chemical demonstration. Concentrated ammonia is
aneye, nose, and throat irritant. Be sure you have adequate ventilation. Dry
ice is extremely cold and can cause burns. Handle with care. Use gloves.

Directions

1. Prepare a warm water bath by heating ~600 mL water in an 800-mL
beaker to 50-60 °C.
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2. Add 25 mL distilled water to 100-mL beaker and place in ice to serve as
an ice water rinse. Reserve.

3. To 20 g sodium chloride (NaCl) in a 400-mL beaker in a hood add 5 mL
portions of 15 M NHg with continuous stirring, until the NaCl has
dissolved and a total of 65-70 mL of agueous ammonia has been added.

4. The addition of carbon dioxide may be carried out by adding powdered dry
ice or making a carbon dioxide gas generator using marble chips and 6 M HCI.

~ Dry Ice Method

5. Add65-70mL powdereddry ice to the NaCl-NHgmixture with continuous

Thistl stirring until precipitation occurs. Warm the reaction vessel to 10-15°C
// tublg € occasionally by immersing the bottom of the beaker in the warm water

()

bath. Add an additional 20-25 mL of dry ice continuing to stir until the
bubbling of carbon dioxide ceases. Proceed to Step 6.

\‘ Carbon Dioxide Generator Method

Theapparatusissetupasshown. Useglycerol
to lubricate the glass tubing and thistle tube
before inserting into rubber stoppers. Always
use a towel wrapped around the tubing to
protect your hands. Place 60 g marble chips
into the gas generating bottle. Place 25-35
mL of water into the bottle clamped to the
ring stand so that the end of the glass tubing
is below the water level. Add 6 M HCI and
bubble the carbon dioxide into a 250-mL or
500-mL Erlenmeyer flask containing your
reaction mixture. Swirl the flask to assist
the mixing operation until a large quantity
of solid forms. This method takes quite a bit
of time (about 1.5 h). Complete the synthesis

Figure 1. Carbon dioxide generating apparatus. as indicated in Step 6.

6.

Cool the mixture in the ice bath. Suction filter the precipitate with a
Buchner funnel fitted with filter paper and attached to a suction flask.
With the suction off, pour 5 mL ice water over the precipitate, letting it
soak into the precipitate. Reapply suction to remove the water rinse.
Repeat the rinsing process with another portion of ice water. Repeat with
5mL acetone. Pull air through the precipitate 5-10 min to initiate drying
of the product. If desired, the product can be dried completely by
transferring to an evaporating dish and drying at 110 °C for about two
hours. (This is not necessary if you simply want to show the class the
precipitate of NaHCO4. If a quantitative determination of yield is to be
made, it is helpful to know that dry ice has a density of about 1.5 g/mL.)

Testing the Product

7.

Dissolve a pea-sized portion of the product in 5-10 mL distilled water.
Determine the pH with hydrion paper, universal indicator or pH meter.

Place a portion of the solid in a test-tube and add 2-3 mL 6 M HCI. Test
the evolving gas with an eyedropper containing a hanging drop of
saturated calcium hydroxide solution. (The drop becomes cloudy due to
a white precipitate of CaCO3.)
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Discussion
The equation for preparation of NaHCO4(s) is:
H,0(l) + NHz(aq) + CO,(g) + NaCl(ag) - NaHCO4(s) + NH4Cl(aq)
The solid sodium hydrogen carbonate formed is separated by decantation or

filtration. In the Solvay Process, the compound is then dried and heated to
175 °C to produce Na,CO3.

2NaHCO45(s) -~ Nay,COgz(s) + H,0(9g)
Reactions for Testing the Product are:
HCO37(aq) + HOH(l) —= H,CO3(aq) + OH™(aq)
NaHCOg(s)+HCl(agq) - NaCl(aq) + CO4(g) + H,0(l)
CO,(9) + Ca(OH)y(aq) - CaCOg(s) + HyO(l)

Demonstration 4: Qualitative Analysis of Alkali Metal lons
Materials

6 M Acetic acid, CH3COOH, 10 mL [3.5 mL glacial (17 M) acetic acid diluted
to 10 mL]

95% Ethanol, 20 mL (95 mL ethanol per 100 mL solution)

0.25 M Potassium nitrate, KNOg (2.5 g KNOg per 100 mL solution)

0.06 M Silver nitrate, AQNO3 (1.7 g AgNOg5 in 100 mL solution)

Sodium bitartrate, NaHC,H,Og, saturated solution, 2 mL (Add solid
NaHC4H,Og to 2 mL H,O with stirring and until no more dissolves.)

Sodium cobaltinitrite, NazCo(NO,)g, solution (Prepare in hood. Dissolve
0.75 g Co(NO3),6H50 in 3.0 mL of water; dissolve 6.0 g sodium nitrite
(NaNO,) in 3.0 mL of water; mix the two solutions with vigorous stirring.
Add 1.5 mL glacial acetic acid. Dilute to 25 mL, let stand, filter.)

0.1 M Sodium nitrate, NaNOg (3.2 g NaNOg per 100 mL solution)

Sodium perchlorate, NaClO,, saturated solution, 2 mL (Add solid NaClO,4 to
2 mL H,0 with stirring and until no more dissolves.)

Zinc uranylacetate, Zn(UO,)3(C,H305)g, solution (Dissolve 5 g uranyl acetate,
UO,(C,H305),-2H50, in 1 mL glacial acetic acid diluting to 25 mL with
water. In a separate container stir 15 g zinc acetate with 1 mL of glacial
acetic acid diluting to 25 mL with water. Mix the two solutions, add 0.5 g
sodium chloride, let stand overnight, and filter.)

Ice bath

Safety

Sodium perchlorate is a highly reactive oxidizing agent. It is stable in

aqueous solution and is traditionally used as a precipitant for K* in qualitative

analysis. Chlorates (MClO3) and perchlorates (MCIO,) in solid form should

be kept away from organic and other combustible solids and should never be

handled with metal spatulas.

Directions

Test for Potassium lon

1. Place 3 mL KNOg(aq) in each of three test-tubes. To the first test-tube
add the following: 3 mL 95% (by volume) ethanol; 1 mL 6 M acetic acid;
1 mL AgNOg solution; and 3 mL Na3Co(NO,)e. Stir and cool in an ice
bath. A yellow precipitate of K,AgCo(NO,)g indicates the presence of
potassium ion. (The reaction would also precipitate NH,*, Li*, and TI*.)

2. To the second test-tube add 3 mL 95% ethanol and 2 mL saturated

NaHC4H,Og. Stir and cool in an ice bath. A white precipitate of
KHC4H4Og should form.
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3. To the third test-tube add 3 mL 95% ethanol and 2 mL saturated
NaClO,. Donotheat! Awhite precipitate of KCIO, will form upon cooling.

Test for Sodium lon

Place 2 mL NaNOgj(aq) in a test-tube. Add 6 mL zinc uranyl acetate,
Zn(U0,)3(C,H305)g(aq). Stir vigorously and cool in an ice bath. A greenish-
yellow precipitate of NaZn(UO,)5(C,H30,)g'5H,0 should form.

Demonstration 5: Reaction of Sodium with Water—Reducing
the Rate of Reaction

Purpose

To use an alternate method to demonstrate the reactivity of sodium with
water. This demonstration gives students more time to observe the reaction.

Materials

1 beaker, 250-mL or 400-mL, or

1 test-tube, 25 x 125-mm or taller, Pyrex

Sodium metal, small piece

Water containing a few drops of phenolphthalein solution (for preparation
see Demonstration 2)

Kerosene or an equivalent hydrocarbon

Safety

With sodium and all alkali metals, always make sure you have a clean piece
of the metal. Oxide coating on the metal surface may result in violent
expulsion of the lump from the reacting vessel, with accompanying splashing
out of the caustic hydroxide solution. Since kerosene is flammable, do not
test for hydrogen gas with a lighted splint or other source of flame!

Procedure

1. Add a 3-5 cm layer water and 1-2 drops phenolphthalein to beaker.
2. Add a 3-5 cm layer kerosene to the vessel.
3. Carefully drop in a small piece of sodium.

Discussion

Since the relative densities are water > sodium > kerosene, the sodium will
float at the interface between the two immiscible liquids. Reaction of the
sodium with water will produce hydrogen gas, which will lift the sodium up
into the kerosene layer where the reaction will cease. As the hydrogen gas
is evolved the sodium will fall again to the interface and the entire cycle will
be repeated. The cycles of reaction can thus be extended to several minutes.
This approach increases the observing time for students, and also reduces
the intensity of the reaction between the sodium and water.

Reaction: 2Na(s) + 2H,0(l) - Hy(9) + 2NaOH(aq)

Key Questions
1. Why are alkali metals never found in elemental form in nature? [The alkali
metals are extremely reactive. More specifically, they react with water,
oxygen, the halogens, and in more complex reaction sequences form hydrogen
carbonates, carbonates, and other compounds.]

2. Howarealkalimetals preparedor obtained?[The alkali metals can be prepared
by electrolysis of their molten salts:

2MX(s) - 2MX(l) - 2M(l) + X,(g)
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3. Why are many alkali metal compounds soluble in water?[Solution of a solid is a
three-step process. Inthefirststep, ions in the crystal lattice have tobe separated.
Sincealkali metal ions have large ionic radii and only a+1 charge, the coulombic
attractive forces in the crystal lattices are weak and more readily separated.]

4. Howarethe physical and chemical properties of alkali metals related to their
electronic structure? [The alkali metal atoms are large and have only one
valence electron. Their ions are also large and have a charge of +1. These
characteristics lead to relatively weak attractions between the atoms in the
alkali metals and the alkali metal ions in their compounds. Alkali metals
more readily lose their electrons than other elements, leading to high chemical
reactivity with elements and compounds.]

5. How do physical and chemical properties of alkali metals vary in the group?
[As the atoms increase in size as one goes down the column in the Periodic
Table, the attractive forces decrease and in general so do the numeric values
of properties such as melting point, boiling point, hardness. Correspondingly,
the decreasing first ionization energy trend from Li to Cs leads to increased
chemical reactivity going down the alkali metal family.]

6. Why are reactions involving elemental alkali metals oxidation-reduction
reactions? [Reactions involving the chemical elements are all oxidation-
reduction reactions. In the case of alkali metals the general reaction is
Me — Mt +e7]

7. Why are reactions involving alkali metal compounds rarely oxidation-
reduction reactions? [Alkali metal compounds contain large M* ions, which
add electrons with difficulty to form the elements. e =+ M* <=M.]

8. Whyare reactions involving compounds of alkali metals almost all acid-base,
precipitation or redox reactions of the anionic constituents? [The large alkali
metal +1 ions have weak coulombic electrical force fields and only weakly
attract anions. Hence they form few precipitates. The large hydrated alkali
metal ions have a very low tendency to function as acids by donating protons
(from the H,0O ligands). Since alkali metal ions (see #7) have little tendency
togainelectronsthey undergo few oxidation-reduction reactions. Instead the
reactions of the compounds involve the anions. For example:

Precipitation Na,SO,4 (aq) + BaCl, (aq) — BaSOy(s) + 2NaCl(aq)
Acid-base 2NaOH(aq) + H,SO,4 (aq) - 2H,0 (I) + Na,SO,4(aq)
Na,CO3 (aq) + 2HCI (aq) » CO, (g9) + H,O (1) + 2NaCl(aq)
Redox 5Nay,C,04 (aqg) + 2KMnOy, (aq) + 8H,S0O, (aq) — 10CO, (g) + 2MNnSO, (aq)
+ K,S0, (aq) + 5Na,SO,4 (aq) + 8H,0(1)]
9. What is the crystal structure of alkali metals? [Alkali metals crystallize in

body-centered cubic lattices in which only 68% of the unit cell is occupied by
cations in the unit cell.]

10. Isthere arelationship between physical properties of alkali metals and crystal
structures? Explain. [As indicated in Question 5, the attractive forces among
atoms in alkali metals decrease going down the column resulting in a decrease
in the magnitude of all properties related to coulombic attractive forces.]

11. Why do alkali metals have such low ionization energies? Explain using
Coulomb'’s law. [Alkali metals have large atomic radii and as a consequence
the outer valence electron is only weakly attracted by the core charge of +1.
These attractive forces decrease from Li * to Cs™ as the ionic radii increase.
Since in the Coulomb’s Law equation (see Language of Chemistry), atomic
radius is in the denominator, increasing radius leads to decreased attractive
force for the valence electron.]
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Counterintuitive Examples and Discrepant Events

Inthe halogen family the largestatom, At, and the molecule At, are the least reactive.
The largest atom in the alkali metal family, Cs, is the most reactive.

Pictures in the Mind

(See Transparency Master in the Appendix: Cross Section of Atoms and lons.)

TiPs Language of Chemistry
FOR THE NOTE: Many of the terms used in this module are defined elsewhere.
TEACH ER alkali metalsfamily of elements characterized by their vigorous reaction with

water. The elementsin thisfamily are lithium, sodium, potassium, rubidium,
cesium and francium.

anionnegatively charged ion.

atomic radiuone half the distance between nuclei of two adjacent atoms of the
same element.

cation positively charged ion.
charge densitycharge on an ion divided by its surface area.

Coulomb’s Lawrelationship between electrical forces, charges and distance:
the electrical force between two charged objects varies directly as the product
of the charges and inversely as the square of the distance between them
[F=k x (q*x q7)/r2].

critical pressureminimum pressure that must be applied to bring about
liguefaction at the critical temperature.

critical temperaturdemperature above which a gas will not liquefy.

crystal lattice energyenergy required to completely separate one mole of a
solid ionic compound into gaseous ions.

electrolysigprocess, involving either the molten state or an electrolytic solution,
by which compounds are decomposed electrically.

electron affinityenergy associated with the gain of an electron by a neutral
gaseous atom.

electronegativitymeasure of electron attracting power of an atom; metals
have low electronegativities, nonmetals have high electronegativities.

hydration energyenergy associated with dissolving gaseous ions in water,
usually expressed per mole of ions.

ion charged atom or group of atoms, formed when the atom or group of atoms
loses or gains electrons.

ionic radiugadius of a spherical ion; it is the radius associated with an element
in its ionic compounds.

ionization energyamount of energy needed to remove a single electron from
a neutral, isolated (gaseous) atom.
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Concept/Skills Development

latticegeometric model showing the regular arrangement of atoms or ions in a
crystalline solid.

metal one of a group of substances characterized by luster, malleability,
ductility, and good electrical and heat conductivity; metals tend to form
positive ions in ionic compounds; elements that are metals are located on the
left side of the Periodic Table.

oremineral deposit containing sufficiently high concentration to allow economical
recovery of a desired metal.

oxidation number number assigned to an atom in a neutral molecule or ion
to reflect its state of oxidation.

photoelectric celh chemical cell which requires for its operation the ejection
of electrons from specific metal atoms when exposed to light.

second ionization energyamount of energy needed to remove a second
electron after a single electron has already been removed from a neutral,
isolated ion (gaseous) atom.

unit cellsmallest unit of a crystal that, if repeated indefinitely, could generate
the whole crystal.

Pattern Recognition

1. Figure 2 gives crystal ionic radii in picometers, as measured by X-ray
crystallography. (1 pm =1 x 10-12 m)

Lit 60 == 136
Na* 95 cr 181
K+ 133 Br 195
Rb* 148 I~ 216
Cs* 169

Figure 2. Crystal ionic radii (pm).

a. Considering chemical periodicity, what trend would you predict for the
interionic distances for the fluorides of the alkali metals? For the cesium
salts of the four halide ions? (The interionic distance is the distance
between the centers of the two ions.) [Interionic distances will increase
as you go down the alkali metal family of fluoride compounds.]

b. Calculate theinterionicdistancesbetween the centersofall combinations
of halide and alkali metal ions. [Calculated interionic distances of all
combinations of alkali metal and halogen ionic compounds:

Li* Na* K* Rb* Cs*
F- 196 231 269 284 305
Cl- 241 276 314 329 350
Br- 255 290 328 343 364
- 276 311 349 364 385

Figure 3. Calculated interionic distances.
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Use the results of your calculations from Problem 1b above and Pauling’s values
for interionic distances in Figure 4 to compare calculated values of ionic radii
of alkali and halide ions to the actual values of interionic distances between
centers of alkali metal and halide ions measured from X-ray crystallography
data. [Calculated values are generally lower than Pauling values.]

Cation Lit Nat K+ Rb* [ Cst
F 201 231 266 282 300
Cl- 257 281 314 328 356
Br- 275 298 329 343 371
I~ 302 323 353 366 382

Figure 4. Calculated interionic distances between center
of halide and alkali metal ions (pm).

Consider the forces of attraction between alkali metal ions and halide ions in
terms of their size and charge (Figure 2). Which pair of ions would form an ionic
crystal with the greatest crystal lattice energy? Least crystal lattice energy?
[Lithium fluoride, with the two smallest ions, would have the greatest crystal
lattice energy because they will be held together most tightly. Cesium iodide, with
the largest ion sizes, should have the least crystal lattice energy. See Figure 5.]

Cation Lit Nat K+ Rb* [ Cst
F 1034 914 812 780 744
Cl- 840 770 701 682 630
Br- 781 728 671 654 613
I~ 718 681 632 617 585

Figure 5. Crystal lattice energies for alkali halides (kJ/mol).

Using Figures 4 and 5 and Coulomb’s Law, explain whether trends in crystal
lattice energies in Figure 5 appear consistent with the interionic distances in
Figure 4.[The force of attraction between ions increases with increasing charge
on the ions and with decreasing size of ions. Since all alkali metal ion pairings
with halideionsare identical with respect tocharge, size isthe determining factor.
Therefore the combination involving smallest ion sizes (Li * and F~) should have
thegreatest attraction and hence the greatest crystal lattice energy (1034 kJ/mol).
OnthisbasisCs*and I, the largest ions, should have the smallest lattice energy
(585 kd/mol). Trends in crystal lattice energyseem consistent with interionic
distances in general; e.g., ion combinations with similar interionic distances
have similar crystal lattice energies. (For examples, see RbF and LiBr, 282 and
275 pm interionic distances and 780 and 781 kJ/mol lattice energies.)]

The Table of Properties of Alkali Metals in the Appendix summarizes an
extensive set of properties for the alkali metal elements. A useful procedure
is to take the properties one by one and ask students to predict the trend in
each property going down the group. Additionally, one can query students as
to the relative values for a given property as they relate to properties already
covered. The overall objective is to underscore patterns of behavior for the
properties of a family of elements.

A possible sequence of discussion questions follows. While displaying on the
overhead projector the data needed for each question, you can uncover the
table of properties sequentially.
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