GCE O Level Pure Chemistry

Summary of Colors for Chemicals

General Theory and Reference Colours

Thecolor of chemicalsis aphysical propertyf chemicals that in most cases comes from the
excitation of electrondue to an absorption of energy performed by tleetal. What is

seen by the eye is not the color absorbed, butdh®lementary coldirom the removal of

the absorbedvavelengths

1. Color of common gases:

Fluorine: Pale Yellow

Chlorine: Greenish Yellow
Bromine: Orange/ Reddish brown
lodine: Purple

Ozone: Pale Blue

Nitrogen Dioxide: Vivid Orange

Colorless GasedNitrogen, Oxygen, water vapor, Carbon monoxidarb@n dioxide,
Hydrogen Chloride, Ammonia, Sulphur dioxide, hyd¥ng

2. Color of pH indicators used in volumetric analgs

a) Universal indicator:

A universal indicator is typically composed of watgopan-1-ol phenolphthaleirsodium
salt, sodium hydroxidenethyl red bromothymol bluemonosodium salt, arttiymol blue

monosodium salfThe colours that indicate the pH of a solutioneaétdding a universal

indicator are:




Representative pH val
Substance pH
Hydrochlore Acid, 10M -1.0
eadacidbattery [ CEN
Gastric acid m
tononivee  [ZIN
Cola T
Vineger T
Orange or apple juice a5
Besar 4.5
Acid Rain =5.0
Collea 5.0
Tea or healthy skin [ I
Milk m
Pure Water
Healthy human saliva [T
Blood 7.34 - 7.4
Seawaler m
Hand soap
Househotd ammonia [ EEENR
Bloach
Household e

b) Selection of other common pH-Indicators:

Figure 1

strong base

weak base equivalence

(strong basc)

‘\‘“\ cquivalence

(weak base)

Volume of strong acid added —

The titration curves of a strong acid
(e.g. HCI) added either to a strong base
(e.z. NaOH) or to a weak base (e.g.
NHs).

pH Range Color Name
L0-2.0 Cresol Red
pH .
equivalence 1.2-2.8 Thymol Blue
—  (weak acid)
. 2740 2,4-Dinitrophenol
equivalence
7 -— :
(strong acid) 1046 ’(- Bromophenol Blue
3144 Methyl Orange
e s [ e
o L L . \ 4.2-6.3 Methyl Red
Volume of strong base added — 50-6.4 _ Eriochrome Black T
Figure 2 The titration curves of a strong base 5263 1y - e
(e.lg. NaOH) added either to a strong 6276 _ Bromothymeol Blue
acid (e.g. HCI) or to a weak acid (e.g.
6.8-8.6 m-Nitrophenol
8.3-10.0 Phenolphthalein
9.3-10.5 Thymolphthalein




Methyl orange

Methyl red

Bromothymaol blue

Litmus
Phenolphthalein
Indigo carmine
Acids Neutral
c) Specific Biological Lab Tests
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3) Colors of Salts

a) Insoluble hydroxide PPT of Cations in Aqueou®©MNa& NH3 (Qualitative Analysis)
Cu(ll): Light Blue

Fe(ll): Green

Fe(lll): Reddish Brown

Zn(Il), Al, Pb(ll), Ca etc: White

b) Insoluble Salts PPT
PbCI2, AgCI, CaSO4, PbSO4, BaSO4 : White

PbBr2, Pbl2, AgBr, Agl: Yellow



c) Test for water vapor
CuSO4 (s) +5H20 CuS04.5H20 (s)
White Blue
CoCI2 (s) + 6H20 CoCI2.6H20 (s)

Blue Pink

d) Color changes in thermal decomposition of caaben

Cation

Observations/Gas evolved

Equation

Na*

White residue;

Water vapour evolved

Na,CO03.10H,0(s) ® Na,COj(s) +

white crystals white powder

K* White residue Not decomposed
ca* White residue; carbon dioxide CaCOs;(s) ® CaO(s) + CO4(g)
evolved . .
white white
zZn?* Residue is yellow when hot and ZnCO4(s) ®  ZnO(s) + COy(g)
white when cold; carbon dioxide hit I hot
evolved white yellow —ho
white - cold
Pb** Yellow (orange) residue; carbon PbCOs(s) ® PbO(s) + CO,(Q)
dioxide evolved .
white yellow
APP* White residue; carbon dioxide Al(CO3)3(s) ® AlLOs(s) + 3CO,(g)
evolved . .
white white
Cu® | Black residue; carbon dioxide CuCOs(s) ® CuO(s) + CO,(Q)
evolved
green black
Fe* Black residue turning reddish FeCOs(s) ® FeO(s) + COy(g)
brown on contact with air black
(oxidation); carbon dioxide evolved green ac
4FeO(s) + 0O2(g) ® 2Fe,03(s)
air reddish-brown
Fe® Reddish-brown residue; carbon Fe,(COs3)s(s) ® Fe,03(s) +  3CO,(g)

dioxide evolve




brown reddish-brown

d) Color changes in Redox (OA & RA)

2Kl (aq) + Cl2(g) 2KCl (aq) +12 (aq) ==Standard Test for OA
Colorless Greenish-yellow brown

2KBr(aq) + CI2(g) 2KCl (ag) + Br2 (aq)

Colorless Greenish-yellow reddish-brown

K2Cr207 +14H+ +6e- 2K+ (aq) + 2Cr3+ (aq) + 7H20 (I) ==Standard fes RA

Orange Green

KMnO4 (agq) + 8H+ 5e- K+ + Mn2+(ag) +4H20 (I)

Purple Colorless

e) Organic Chemistry

Substitution reaction of Alkanes:

CH4 (g) +Cl2(g) +UV CH3Cl(g) +HCI(g)
Greenish-yellow colorless

CH4 (g) +Br2(g) +UV CH3CI(g) + HBr(g)

Reddish Brown colorless




Bromination reaction of Alkenes
C2H4 (g) +Br2(aq) C2H4Br2(l)

Reddish Brown colorless

Photo gallery of Salts and Compounds

Predicting the color of a compound can be extreroetyplicated. Some examples include:
Cobalt chloride is pink or blue depending on ttaesbf hydration (blue when dry, pink with
water) so it's used as a moisture indicator igaigiel. Zinc Oxide is white, but at higher
temperatures becomes yellow, returning to whiti esols.
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Summary of Qualitative Analysis Flow

Anion

Bromide

Carbonate

Chloride

Hydrogen-
carbonate

lodide

Nitrate

Sulfate

Sulfite

Sulfide

Symbo

Br

Cr

HCO*

NO3

SO*

SO~

Tests for Anions
Test Results

Add silver nitrate solution to a Pale yellow precipitate,
solution of substance in dilute nitric dissolves slightly in ammonia
acid solution.

Carbon dioxide gas is give

a) Add dilute hydrochloric acid to tt off

substance.

b) Add drop of phenolphthalein to &

solution of substance. Turns bright pink (HC@

turns light pink).
Thick white precipitatt
dissolves in ammonia
solution.

Carbon dioxide gas is give
off.

Add silver nitrate to a solution of
substance in dilute nitric acid.

a) Add dilute hydrochloric acid to tt
substance.

b) Add drop of phenolphthalein to &

solution of substance. Tums light pink (CQ2 LT

bright pink).
Pale yellow precipitate, doe:;

not dissolve in ammonia
solution.

Add silver nitrate to a solution of
substance in dilute nitric acid.

Add iron(ll) sulfate solution followe:
by concentrated sulfuric acid to the
solution

Brown ring forms at the
junction of the two liquid:

White precipitatedoes no
dissolve in dilute hydrochlor
acid.

White precipitataloes
dissolve in dilute hydrochlor
acid.

Add lead(ll) ethanoate solution to t Black precipitate
solution.

Add solution of barium chloride to
the solution.

Add solution of barium chloride to
the solution.



White precipitate that dissolves as
a) Add dilute sodium hydroxide more sodium hydroxide solutior
solution to a solution of the is added.
/1 * substance.

b) Add dilute ammonia solution 'White precipitate that does not

a solution of the substance. dissolve as more ammonia
solution is added.
/& /1 * -
" ) +& | -
& -
4 | 4 " |Add dilute sulfuric acid to a & $ 8 +1/-

solution of the substance

a) Add dilute sodium hydroxide Pale blue precipitate formed.
solution to a solution of the
455 %00( | 47 substance.
b) Add dilute ammonia solution '|Pale blue precipitate, changing |0
a solution of the substance. deep blue solution as more
ammonia is added.

a) Add dilute sodium hydroxide Pale green precipitate formed.
solution to a solution of the
0 %00( > " substance.
Pale green precipitate formed.
b) Add dilute ammonia solution
a solution of the substance.

a) Add dilute sodium hydroxide Red-brown precipitate formed.
solution to a solution of the
0 %000( > substance.
Red-brown precipitate formed.
b) Add dilute ammonia solution
a solution of the substance.

a) Add dilute sodium hydroxid White precipitatethatdoes
solution to a solution of the dissolve as more sodium
. |substance. hydroxide is added.
8 %00( # y
b) Add dilute ammonia solution White precipitate thadoes not
a solution of the substance. dissolve as more ammonia is
added.




Use flame testo distinguish
between lead and aluminum.

a) Add dilute sodium hydroxide White precipitate thadoes no

solution to a solution of the dissolve as more sodium
5 5 7 substance. hydroxide is added.
White precipitate thatoes not
b) Add dilute ammonia solution ' dissolve as more ammonia is
a solution of the substance. added.
. . .. \White precipitate that dissolves as
a) Add dilute sodium hydroxide |, o"soqiym hydroxide is adde .
solution to a solution of the
D D" substance.

b) Add dilute ammnia solution t

a solution of the substance. White precipitate that dissolves as

more ammonia is added.

Summary of the colours of complex metal ions



Why do we see some compounds as being coloured?
White light

You will know, of course, that if you pass white light through a
prism it splits into all the colours of the rainbow. Visible light is
simply a small part of an electromagnetic spectrum most of
which we can't see - gamma rays, X-rays, infra-red, radio waves
and so on.

Each of these has a particular wavelength, ranging from 10*°
metres for gamma rays to several hundred metres for radio
waves. Visible light has wavelengths from about 400 to 750 nm.
(1 nanometre = 10°° metres.)

The diagram shows an approximation to the spectrum of visible
light.

utraviolet | Z; ] infrared
light ! light

T T T
400 500 600 ¥00
approximate wavelengths (hm;

Why is copper(ll) sulphate solution blue?

If white light (ordinary sunlight, for example) passes through




copper(ll) sulphate solution, some wavelengths in the light are
absorbed by the solution. Copper(ll) ions in solution absorb light
in the red region of the spectrum.

The light which passes through the solution and out the other
side will have all the colours in it except for the red. We see this
mixture of wavelengths as pale blue (cyan).

The diagram gives an impression of what happens if you pass
white light through copper(ll) sulphate solution.

white light

E | -E 0

Tre solufion absorbs light This mixture of colours is
from the red ond of the scon by the oye as pale
spectum. blue (cyan).

Working out what colour you will see isn't easy if you try to do it
by imagining "mixing up" the remaining colours. You wouldn't
have thought that all the other colours apart from some red
would look cyan, for example.

Sometimes what you actually see is quite unexpected. Mixing
different wavelengths of light doesn't give you the same result as
mixing paints or other pigments.

You can, however, sometimes get some estimate of the colour
you would see using the idea of complementary colours

Complementary colours

If you arrange some colours in a circle, you get a "colour wheel".
The diagram shows one possible version of this. An internet
search will throw up many different versions!




magenta

hiue

yelow

green Cyan

Colours directly opposite each other on the colour wheel are
said to be complementary colours. Blue and yellow are
complementary colours; red and cyan are complementary; and
so are green and magenta.

Mixing together two complementary colours of light will give you
white light.

What this all means is that if a particular colour is absorbed from
white light, what your eye detects by mixing up all the other
wavelengths of light is its complementary colour. Copper(ll)
sulphate solution is pale blue (cyan) because it absorbs light in
the red region of the spectrum. Cyan is the complementary
colour of red.

The origin of colour in complex ions

Transition metal v other metal complex ions

What is a transition metal?

We often casually talk about the transition metals as being those
in the middle of the Periodic Table where d orbitals are being

filled, but these should really be called d block elements rather
than transition elements (or metals).

This shortened version of the Periodic Table shows the first row
of the d block, where the 3d orbitals are being filled.




a
2

Li |Be E [ M |2 [F |He
1 |1z 13 (14 |15 |16 [17 |8
MNa | Mg Al IS [P )15 (€l |ar

19 |20 |21 |22 |23 |24 |25 |26 |27 |28 |29 |30 |31 |32 |33 |34 |35 |36
B [Ca |Sc [T |¥ S [Mn|Fe |Co [Ni |Cu |Zn [Ga |Ge |As [Se |Br | Er

!

d block
3d orhitals filling

The usual definition of a transition metal is one which forms
one or more stable ions which have incompletely filled d
orbitals .

Zinc with the electronic structure [Ar] 3d'%4s? doesn't count as a
transition metal whichever definition you use. In the metal, it has
a full 3d level. When it forms an ion, the 4s electrons are lost -
again leaving a completely full 3d level.

At the other end of the row, scandium ( [Ar] 3d*4s? ) doesn't
really counts as a transition metal either. Although there is a
partially filled d level in the metal, when it forms its ion, it loses
all three outer electrons.

The Sc®" ion doesn't count as a transition metal ion because its
3d level is empty.

Some sample colours

The diagrams show the approximate colours of some typical
hexaaqueous metal ions, with the formula [ M(H20)s ] ™. The
charge on these ions is typically 2+ or 3+.



Non-transition metal ions

[Mg(Hz0)512* [AlH20)51%* [Ca(Hz0)g]?* [Scit20)s1**  [Zn(Hz0)g ]2+
These ions are all colourless.

Transition metal ions

[Cr(H20)e1**  [Fe(H20)e]*  [Co(Hz0)s1%+  [Mi(H20)5]%*  [Cu(H20)3]%*

The corresponding transition metal ions are coloured. Some, like
the hexaaguamanganese(ll) ion (not shown) and the
hexaaquairon(ll) ion, are quite faintly coloured - but they are
coloured.

So . . . what causes transition metal ions to absorb wavelengths
from visible light (causing colour) whereas non-transition metal
ions don't? And why does the colour vary so much from ion to
ion?

The origin of colour in complex ions containing tra nsition
metals

Complex ions containing transition metals are usually coloured,
whereas the similar ions from non-transition metals aren't. That
suggests that the partly filled d orbitals must be involved in
generating the colour in some way. Remember that transition
metals are defined as having partly filled d orbitals.




Octahedral complexes

For simplicity we are going to look at the octahedral complexes
which have six simple ligands arranged around the central metal
ion. The argument isn't really any different if you have
multidentate ligands - it's just slightly more difficult to imagine!

When the ligands bond with the transition metal ion, there is
repulsion between the electrons in the ligands and the electrons
in the d orbitals of the metal ion. That raises the energy of the d
orbitals.

However, because of the way the d orbitals are arranged in
space, it doesn't raise all their energies by the same amount.
Instead, it splits them into two groups.

The diagram shows the arrangement of the d electrons in a Cu**
ion before and after six water molecules bond with it.

Fy

ENEMgY

/"
£ [ ) R D o
/ [

This is what wouldl

happen if you brought & This is what actually
water mclecules dose if happens. The £

their effect on all 5 of the d orbitals are split nfo two
orbitals was the same. gJrouas.

4] (4] [t4] [H4] ]

(ot to sle)

Whenever 6 ligands are arranged around a transition metal ion,
the d orbitals are always split into 2 groups in this way - 2 with a
higher energy than the other 3.

The size of the energy gap between them (shown by the blue
arrows on the diagram) varies with the nature of the transition
metal ion, its oxidation state (whether it is 3+ or 2+, for example),
and the nature of the ligands.

When white light is passed through a solution of this ion, some
of the energy in the light is used to promote an electron from the




lower set of orbitals into a space in the upper set.

An electon from tre
lower selofd orbolals Is
promoted into a space
in the tof set.

Each wavelength of light has a particular energy associated with
it. Red light has the lowest energy in the visible region. Violet
light has the greatest energy.

Suppose that the energy gap in the d orbitals of the complex ion
corresponded to the energy of yellow light.

b4l

increasing
energy

4] (44

Y

8

The enercy of this parficular
oolour IS |ust nght 1o promote
the electrcn.

The yellow light would be absorbed because its energy would be
used in promoting the electron. That leaves the other colours.

Your eye would see the light passing through as a dark blue,
because blue is the complementary colour of yellow.

What about non-transition metal complex ions?

Non-transition metals don't have patrtly filled d orbitals. Visible
light is only absorbed if some energy from the light is used to
promote an electron over exactly the right energy gap. Non-
transition metals don't have any electron transitions which can
absorb wavelengths from visible light.

For example, although scandium is a member of the d block, its
ion (Sc*) hasn't got any d electrons left to move around. This is
no different from an ion based on Mg®* or AI**. Scandium(lIl)




complexes are colourless because no visible light is absorbed.

In the zinc case, the 3d level is completely full - there aren't any
gaps to promote an electron in to. Zinc complexes are also
colourless.

Tetrahedral complexes

Simple tetrahedral complexes have four ligands arranged
around the central metal ion. Again the ligands have an effect on
the energy of the d electrons in the metal ion. This time, of
course, the ligands are arranged differently in space relative to
the shapes of the d orbitals.

The net effect is that when the d orbitals split into two groups,
three of them have a greater energy, and the other two a lesser
energy (the opposite of the arrangement in an octahedral
complex).

Apart from this difference of detail, the explanation for the origin
of colour in terms of the absorption of particular wavelengths of
light is exactly the same as for octahedral complexes.

The factors affecting the colour of a transition me tal
complex ion

In each case we are going to choose a particular metal ion for
the centre of the complex, and change other factors. Colour
changes in a fairly haphazard way from metal to metal across a
transition series.

The nature of the ligand

Different ligands have different effects on the energies of the d
orbitals of the central ion. Some ligands have strong electrical
fields which cause a large energy gap when the d orbitals split
into two groups. Others have much weaker fields producing
much smaller gaps.

Remember that the size of the gap determines what wavelength
of light is going to get absorbed.




The list shows some common ligands. Those at the top produce
the smallest splitting; those at the bottom the largest splitting.

cl- smallest =pliting
E-

OH-
H:O

NH 3

¥
CN- largest s pliting

The greater the splitting, the more energy is needed to promote
an electron from the lower group of orbitals to the higher ones. In
terms of the colour of the light absorbed, greater energy
corresponds to shorter wavelengths.

That means that as the splitting increases, the light absorbed will
tend to shift away from the red end of the spectrum towards
orange, yellow and so on.

There is a fairly clear-cut case in copper(ll) chemistry.

If you add an excess of ammonia solution to hexaaquacopper(ll)
ions in solution, the pale blue (cyan) colour is replaced by a dark
inky blue as some of the water molecules in the complex ion are
replaced by ammonia.

[Cu(Hz0)51%* [ CuMNH3)4(H20)2 ]2+

absorbing red light abscrhing yelow light

The first complex must be absorbing red light in order to give the
complementary colour cyan. The second one must be absorbing
in the yellow region in order to give the complementary colour
dark blue.




Yellow light has a higher energy than red light. You need that
higher energy because ammonia causes more splitting of the d
orbitals than water does.

It isn't often as simple to see as this, though! Trying to sort out
what is being absorbed when you have murky colours not on the
simple colour wheel further up the page is much more of a
problem.

The diagrams show some approximate colours of some ions
based on chromium(lll).

[ Cr{OH)g 1% [ Cr(H:0)5 13 [ Cr{NHz)g 13+
It is obvious that changing the ligand is changing the colour, but

trying to explain the colours in terms of our simple theory isn't
easy.

The oxidation state of the metal

As the oxidation state of the metal increases, so also does the
amount of splitting of the d orbitals.

Changes of oxidation state therefore change the colour of the
light absorbed, and so the colour of the light you see.

Taking another example from chromium chemistry involving only
a change of oxidation state (from +2 to +3):



[CrH2005 1% [Cr{H20)g |+

The 2+ ion is almost the same colour as the hexaaquacopper(Il)
ion, and the 3+ ion is the hard-to-describe violet-blue-gey colour.

The co-ordination of the ion

Splitting is greater if the ion is octahedral than if it is tetrahedral,
and therefore the colour will change with a change of co-
ordination. Unfortunately, | can't think of a single simple example
to illustrate this with!

The problem is that an ion will normally only change co-
ordination if you change the ligand - and changing the ligand will
change the colour as well. You can't isolate out the effect of the
co-ordination change.

For example, a commonly quoted case comes from cobalt(Il)
chemistry, with the ions [Co(H20)s]** and [CoCl,]*".

[Co(H20)5 1% [CcClg ]+

The difference in the colours is going to be a combination of the
effect of the change of ligand, and the change of the number of
ligands.

Summary of Metal lons in agueous solution
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It is important to note, however, that elementabrowill vary depending on what they are
complexed with, often as well as their chemicatestAn example with vanadium(lll); Vel
has a distinctive reddish hue, whilsiO4 appears black.



