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Valence Table of Common lons

Positive ions (cations)

+1 +2 +3
Hydrogen H* Magnesium Mg~ Aluminium Al**
Lithium Li* Calcium ca’ Chromium (1)~ Cr**
Sodium Na* Barium Ba?* Iron (111) Fe*
Potassium K* zZinc Zn?
Silver Ag* Copper(ll) cu?
Copper(l) Cu’ Mercury (11) Hg**
Ammonium NH,* Iron (11) Fe?*
Nickel (I1) NiZ*
Tin (I1) Sn**
Lead (1) Pb%**
Negative ions (anions)
-1 - -3
Hydroxide OH Oxide 0~ Nitride N¥
Hydrogen Sulfide HS Sulfide s* Phosphate PO,
Hydrogen sulfite HSO3 Sulfite SOs*
Hydrogen sulfate HSO, Sulfate S0~
Hydrogen carbonate HCO3 Carbonate CO5”
dihydrogen phosphate ~ H,PO4 Hydrogen phosphate ~ HPO,*
Nitrite NO, Dichromate Cr,0/%
Nitrate NO; Chromate CrO>
Acetate CH3COO Thiosulfate S,05”
Fluoride F
Chloride CI
Bromide Br
lodide I
Permanganate MnO,4
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Solubility Tables for Common lonic Compounds

ANION CATIONS FORMING CATIONS FORMING
SOLUBLE COMPOUNDS INSOLUBLE
COMPOUNDS
nitrates all —
chlorides most Ag*, Pb**
bromides (PbCl, is moderately soluble
iodides in hot water)
sulfates most Ba**, Pb**
(Ag,SO4 and CaSQO,are
slightly soluble)
carbonates Na*, K, NH," most
phosphates Na’, K, NH," most
sulfides Na*, K most
(MgsS, CaS, BaS, Al,S; and
Fe,S; decompose in water)
hydroxides Na‘, K*, Ba* most
and oxides (ammonium oxide and (Ca(OH), is slightly soluble)
ammonium hydroxide do
not exist)
High Solubility Low Solubility

Compounds containing the following
ions are generally soluble in water
Na+, K+, NH4+, NOg_, CH3COO-
CI, Br, I' (unless combined with | e
Ag* or Pb*)

S0.* (except PbSO, and BaSOy;
Ag,SO, and CaSQ, are slightly

soluble

Compounds containing the following

ions are generally insoluble unless

combined with Na*, K'or NH,"

COs”, PO, §*

e OH (unless combined with Ba®*
and Sr**; Ca(OH), is slightly
soluble.)
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The Mole

What is a mole?
How many atoms or molecules are there in a mole?

What is Avogadro's Number?

Consider the information that follows and then explain why do we measure chemicals in mole?
The largest element Caesium (Cs) has an atomic diameter of 0.000 000 5 mm, the masses of
protons and neutrons are approximately 1.67 x 102 g and the mass of an electron is approximately
9.11x 10%g.

Complete the table assuming that there is 1 mole of each compound or molecule.

compound elements no. of mole of each element

02

Ho0O

CuSOy4

CeH1206

Fe(NO3)2

Fe(NO3)3

KoCra0O7

NapS»203
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Stoichiometry Concept Map

records the ratio of

products and reactants in
Balanced >
Equation « Mole
calculations to determine
the amounts of reactants
and products rely on a the amounts of reactants
reaction having a and products can be
calculated using the
equation

For pure samples of
solids, liquids or gases:
Mm = molar mass

For gases:

Vm = molar volume of
gases at a particular
temperature and pressure

For solutions of
liquids or gases

For gases: R =8.31
when temp (K), pressure
(kPa) and volume (L)

Vv
m o= pV =nRT =Um

STP: Vm =22.4 L mol-1

SLC: Vm =24.5L mol-1
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Mass Stoichiometry — Problem Solving

Key Concepts | ¢ A molecular formular tells you how many atoms of each element there are
present in a compound

e Anempirical formula is the simplest whole number ratio that can be obtained
from a molecular formula

Gravimetric Analysis

Key Concepts | e  Gravimetric Analysis is a process that isolates a particular ion, element or
compound of interest in a pure form from a mixture

e Gravimetric Analysis is a quantitative procedure that is used to determine the %
by mass of that ion, element or compound in the original mixture

e Gravimetric Analysis relies upon the different solubilities of ions in solution

The practical method for a water soluble ion usually involves the following steps:
Q) take a sample of the substance under investigation and weigh it — record the mass
(i) make a solution of the experimental mixture in water
(iii)  filter off everything that is insoluble and discard it
(iv)  add asecond ionic species that will selectively form a precipitate with the ion under
investigation
(V) filter off the precipitate and wash it with water
(vi)  dry the precipitate to remove all water and
(vii)  weigh the precipitate — record the mass.

Why dry the precipitate?
To determine the mass of the precipitate only.

How do you dry the precipitate?

Place the precipitate in an oven at 110 °C (above the boiling point of water) and weigh it until the
mass is constant ie. dry, weigh, dry, weigh, etc.

Calculating the percentage, by mass, of the ion or compound.
To be able to do this you need to know:
Q) the mass of the sample under investigation
(i) the molecular formula of the precipitate that you have formed and
(iii)  the mass of the precipitate

Assumptions that are made.
Q) that the precipitate is absolutely pure and true to its molecular formula
(i) that all of the ion, element or compound of interest has been precipitated from its solvent
(iii)  no precipitate has been lost during the experimental procedure
(iv)  that the precipitate is 100% dry



B2 Purpose
To determine the amount of salt in a particular product by gravimetric analysis.

B Procedure

Excessive intake of salt has been linked to increased blood pressure and heart disease.
Many fast foods are high in salt.

A 14.962 g sample of powdered chicken soup was mixed with approximately 100 mL
of de-ionised water and stirred thoroughly. The mixture was filtered and the residue
washed with more de-ionised water. The filtrate was made up to 250.0 mL in a
volumetric flask. A 20.00 mL aliquot of this stock solution was pipetted into a conical
flask. An excess of silver nitrate solution was then added.

The chioride ions present in the aliquot of stock solution were precipitated as silver
chloride. The precipitate was fittered, dried overnight in an oven and weighed. The
mass of silver chloride was 0.246 g.

Part A—Calculation of sodium chloride concentration

1 Calculate the amount, in mel, of silver chloride precipitated.

2 Determine the amount of sodium chioride in a 20.00 mL aliguot of the stock
solution.

3 Calculate the amount of sodium chioride in 250.0 mL of stock solution.

4 What mass of sodium chloride was present in the sample of chicken soup?

5 Calculate the percentage by mass of sodium chloride in the powdered soup.

Part B—Determination of the uncertainty in the result

Instruments such as the balance, the burette or the pipette, are engineered to give
readings that are guaranteed accurate within a certain range. This uncertainty in mass
or volume should be faken into account when estimating the degree to which the
result of a particular analysis is uncertain. For calculations involving multiplication and
division, the relative uncertainy in the result of a calcuiation is equal to the sum of the
relative uncertainties in the numbers used in the calculation.

In this experiment the uncertainties for the equipment used were: top loading balance
+0.002 g, 20 mL pipette £0.02 mL, 250 mL volumetric flask +0.2 mL.

E Results

1 Complete Table 2.1.

0.002 _
Mass of soup (14.962 g) 0,002 ¢ :m = +0.00013

Volume of stock solution (250.0 mL)
Aliquot of stock solution (20.00 mL)
Mass of precipitate (0.246 g)

2 Calculate the total of the relative uncertainties.
3 Calculate the uncertainty of your answer fo Question 5 in Part A.
{Uncertainty of answer = Total of relative uncertainties x Answer).
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Practical Gravimetric Analysis

Theory
Sulfate is a soluble form in lawn fertiliser so that it can easily dissolve into water and by taken up
by the plant. To determine how much sulfate is in a sample of lawn fertiliser we follow gravimetric

analysis:

1. Filter off the insoluble components and discard

2. Take the filtrate (clear liquid which will contain the sulfate ions)

3. Add an ionic substance which will form an insoluble compound (a precipitate) with the sulfate
ions

4. Filter off the precicpitate and dry it

5. Weigh the precipitate and determine the mass of sulfate present

The lonic Equation

Ba*(a) + SO4“ @) ——» BaSOuy

Some More Terms

Filtrate — the clear liquid left after filtration
Supernatant — liquid lying above the precipitate

Safety
Lab coats, safety glasses and gloves to be worn when handling conc HCI




Key Concepts

Mass of Solute per Litre of SolutionC =

Mole of Solute per Litre of SolutionC =

Example: 0.25 mol of Kl in 2 L of a solutionC =
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Solutions, Concentration and Dilution

A solution is a mixture of chemicals that forms when a substance (the solute) is
dissolved into another substance (the solvent) to form a mixture (the solution).
There are several ways to measure the concentration of a solution (how much
solute there is in a certain quantity of the solution) but the most common
measure in chemistry is molarity (M) ie mol L™

: I n
The relevant equation to measure molarity is ¢ = v

When a solution is diluted (more solvent is added but the mole of solute
remains the same) — use the equation ciVi=c2V2

When two solutions containg a common ion are mixed together the molarity of
the final solution for that common ion is determined by calculating the
weighted average of the first two solutions

Measures of Concentration (C)

mass of solute (g)
volume of solution (L)

Example: 5 g of CuSO, in 100 mL of a solution: C = 05% =50gL™"

mole of solute (mol)
volume of solution (L)
0.25mol

=0.125molL™ = 0.125M

Other Measures of Concentration

mass of solute (g)

Percentage by Mass (w/w) C= x 100%

~ mass of solution (g)
Example: 5 g of NaCl in 100 g of a solution = 5% w/w

volume of solute (mL)

Percentage by Volume (v/v) C= x 100%

~ volume of solution (mL)

Example: 12.5 mL of alcohol in 100 mL of a solution = 12.5% v/v

mass of solute (g)

Percentage Mass/VVolume (w/v) C= x 100%

~ volume of solution (mL)
Example: 20 g of sugar in 100 mL of a solution = 20% w/v

Parts Per Million (ppm)

mass of solute (g)

C= -
mass of solution (10°g)
g 49 _ mg
M= _H#g_mg
PPM =108 g 9 L

Example: 0.4 g of DDT in 10° g of a solution = 0.4 ppm

Note: any of these equations can be transposed during problem solving.

9
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Primary Standards and Standard Solutions

What is a standard solution?
Standard solutions are solutions that have very accurately known concentrations.

When do standard solutions become useful?

During the process of volumetric analysis. The point to volumetric analysis is to use a solution with
an accurately known concentration (a standard solution) to determine the concentration of an
unknown solution.

How are standard solutions prepared?

A standard solution is a solution which is prepared from a solid material (a primary standard),
which acts as the solute, and a solvent. To prepare a standard solution you must have a pure sample
of the solute that you wish to use. Because the purity of the solute is so important it must have
certain useful properties.

The properties of primary standards.

e They must be easily obtained in a high state of purity

o they must be stable when stored ie. they shouldn't react with gases in the air or with water
(humidity must not affect a primary standard)

o they should be readily available and cheap and

« they should have a high formula weight (be a largish compound) to minimise errors in
weighing.

The laboratory preparation of a standard solution.

e The primary standard must be accurately weighed (when the molecular mass of a compound is
large, small errors in weighing the mass of that compound translate to very small errors in the
amount of mole — remember that the mole of any reagent is the quantity that has an impact on
the stoichiometry of a reaction)

« the primary standard is then added to a volumetric flask and dissolved in a solvent — usually
distilled water

o volumetric flasks have calibration lines etched onto them which measure volume to within +
0.25mL and

« the concentration of this standard solution is then determined by using the equation: ¢ = n/v

How is the concentration of an unknown solution determined?

We carefully measure a volume of an unknown solution that we will titrate against a standard
solution. To determine the endpoint of reaction between an unknown solution and a standard
solution we usually add an indicator. The standard solution is added to the unknown (which is
usually put into a conical flask) from a burette. We accurately record the volume of standard
solution that we titrate. Then through the use of a stoichiometric equation, and the known volume
and concentration of the standard solution that we have titrated, we can determine the concentration
of an unknown solution.

Volumetric analysis is one example of quantitative analysis.

10
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Volumetric Analysis - Theory

Key Concepts | ¢ Volumetric Analysis is a process that uses a solution of accurately known
concentration (a standard solution) to determine the concentration of an
unknown solution

e A primary standard is a compound of known molecular formula that can be
maintained in a state of high purity

e A standard solution has its concentration accurately determined by dissolving
an accurately measured mass of a primary standard into an accurately measured
volume of deionised water, or by “standardising a solution”

e “Standardising a solution” means to determine the concentration of a solution
through a reaction such as a titration.

e Acid base indicators are usually weak acids that have a conjugate with a
different colour ie. they change colour when the pH of a solution changes

The Properties of Primary Standards

« they must be easily obtained in a high state of purity

« they must be stable when stored ie. they must not react with gases in the air or with water
(humidity must not affect a primary standard)

« they should be readily available and cheap and

« they should have a high formula weight (be a largish compound) to minimise errors in weighing
ie the accuracy of any standard solution is dependent on how accurately the number of mole of
primary standard that is added has been determined (n = m/Mm) — the larger Mm is the smaller
the percentage error in weighing.

Recording Titrations

Results

NaOH(aq) + KH(C8H4O4)(aq) —> KNa(C8H4O4) (aq) T H20(|)
Mole ratio 1 : 1 : 1 1
MM kH(csHao4) =

Titration Number 1 2 3 4

Mass of KH(CgH40,)

Mole of KH(CgH40,)

Mole of NaOH

Burette Reading (final) mL

Burette Reading (initial) mL

Volume of Titre (cm®)

Concentration of NaOH

*Concordant titres are the three that agree best ie. the three titres that are closest in value.

NaOH(aq) + HC|(aq) > NaCI(aq) + H20(|)
Mole ratio 1 o1 : 1 o1
Cnaoh) =

Titration Number 1 2 3 4

Burette Reading (final) mL

Burette Reading (initial) mL

Volume of Titre (cm°)

*Concordant titres are the three that agree best ie. the three titres that are closest in value.
Determine the average titre for the 3 concordant titres.

V(NaoOH) =

11
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Year 12 Chemistry
Acids & Bases Revision Quiz

2. A solution of a base when tested with pH paper will give a result
A. greater than 7
B. less than 7
C. equal to 7
D. no result

4. The definition an acid is a chemical capable of donating a proton while a base is capable of
accepting a proton, was suggested by

A. Lavoisier

B. Bonsted-Lowery

C. Arrhenius

D. Davey

6. Assuming acids are proton donors and bases proton acceptors, which of the following underlined
species behaves as an acid when added to water?

A NH3 o +H;00) > NH(uq) + OHgyg)
B. HCO;(aq) + HZO(I) - H2C03(aq) + OH@q)
C.  HSOy,, +H00) > H300) +S05,)

- - +
D. Nﬂzcos(s) + HzO(]) - HCOs(aq) + OH(aq) + 2Na(aq)
7. Assuming acids are proton donors and bases are acceptors , which of the following underlined
species behaves as a base when added to water?

A. H;PO + H;O(n - HSO(txq) + HZSOI(BCI)

4(aq)

+ +
B. E“aq) +H20(|) —> H30(aq) + NHS(aq)

C. HSO3qq) +Hy0() > HyS0,, . +OHg

D. CH3COOH + HZO(I) —> H_a,O(t,q) + CH3C006"1)

(aq)
8. Substances which can act as an acid or base are called
allotropic

amphiprotic

allelomorphic

anthropomorphic

SOwp

9. Water is only weakly ionized and the concentration of H' ions in pure water at 298° K is
A 10MM
B. 107M
c. 10'M
D. 14 M

10. Ions are required to carry an electrical current in an aqueous solution. Which of the solutions
below is the poorest electrical conductor?

A. HNOsug

B.  CH3COOHy,
C.  HySOyq

D.  KClag

12
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13. The formula for the conjugate base of HySOy is

A. HS
B.  HSO,
C. S04
D. SO
14. The conjugate acid for OH is
A. H,O
B. H
C. H;0"
D 02+

15. The conjugate base for NHj is

+

A.  NH,
B. NH4,OH
C. OH
D. NH,
16. The conjugate acid for HS is
A, ST
B. H
C. H,S
D. H,S
1. Given that pH = —lOg](){H+} what is the pH a 0-001 M solution of HCI?
A, 107
B. 3
C. 0-001
D. 1
2. The pH of 0-001 M of NaOH is
Ao 107
B. 3
C. 0-001
D. 11

3. 10 mL of 0-1 M HNOj; is diluted to 1 litre with pure water. The resulting solution will have a pH
of

A. 100
B. 107
C. 3

D.  0-001

13
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99.80 g. Comment on the errors that are likely to be
present in his measurements. Do the measurements
show a high degree of (i) accuracy, (ii) precision?

RECORDING ERRORS

Uncertainty

Instruments are produced to measure within a particular
range of values determined by the quality of manu-
facture. If a mecasured quantity m has an uncertainty
dm, an estimate of the probable range within which the
true value of the quantity lies is m + dm. No account
is given of the types of errors influencing this range.

For example, a balance weighing to two decimal
places may be accurate to within +0.01 g. Thus, a
50 gram mass weighed on this balance would have its
mass recorded as 50.00 £ 0.01 g; the “‘true” mass
probably lies between 49.99 and 50.01 g.

Table 1.2 shows typical uncertainties in some com-
mon laboratory instruments.

Table 1.2
Instrument Uncertainty
Substitution balance (electric) +0.002 g or +0.0002 g
Top-loading balance (electric) +0.002 g
Multiple-arm balance +0.0l g
Pipette +0.01 cm?
Burette +0.02 cm?3
Measuring cylinders: 10 cm? +0.1 cm?®
50 cm? +0.5cm?
100 cm? +0.5cm?
250 cm? +1.0 cm?
500 cm? +2cm?
1000 cm? +5cm?
Standard flask 250 cm? +0.25 cm?

Figure 1.1: A multiple-arm balance: Ohaus “Dial-0-Gram”
310

INQUIRING, OBSERVING AND MEASURING

Fractional uncertainty, @, and percentage uncertainty,

m
9m . 100

m

If the *‘true” value of a mass is 100.0 g with a probable
uncertainty of 0.1 g, then the fractional uncertainty is
uncertainty _ 0.1

100.0°

the units cancelling.

true value

© Emerald City Books 1999, This sheet may he photocopied for non-commercial classroom use. 16
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anhydrous sodium carbonate
250 mi de-ionised water
250 ml vofumetric flask
weighing bottle or watch glass

* " 2 2 0 s

wash bottle containing de-fonised

paper label or marking pen

Wear safety glasses and a
laboratory ceat for this experiment.

« Sodium carbonate may iritate eyes
and respiratory system.

s g

This expenment s also lncluded in Hernemann ChemleUf 2 Student Wambaok as
Practical activity 01 Analysis of brick cleaner, Part A.

I Purpose
To prepare a standard solution from a primary standard,

H Procedure

1 Calcutate the mass of anhydrous sodium carbonate (Na,C0,) required to make up
250 mL of 0.1 M soluiion.

2 Weigh out this mass of anhydrous sodium carbenate (within 0.1 @) in a weighing
bottle. Record the exact mass of solid used. ’

3 Use a small funnel to transfer the sodium carbonate, a littie at a time, 1oa 260 mL
volumetric flask, Use a wash hottle of de-ionised water to wash traces of sodium
carbonate in the weighing bottie and funnel into the flask.

4 Add de-ionised water to the flask until it is almest haif full. Stopper and swirl the
contents of the flask to dissolve the sodium carbonate.

& Add mors water until the meniscus of the selution is nearly level with the calibration
ling. Use a dropping pipetts to add the final few drops of de-ionised water so that
the bottom of the meniscus is exactly level with the calibration fine. (Ensure the
flask Is standing on a horizontal surface and your eye is at the same level as the
line.} _

6 Shake the flask so that the concentration of the sofution Is uniform. Labsl the flask
with its contents and concentration and your name.

& Theory

Standard solutions have accurately known concentrations and are used in titrations to
determine the concentration of a solution of unknown concentration, They can be made
by dissolving a measured mass of a primary standard in a known volume of solution,
Refer to Meinemann Ghemistry 2, Chapter 3, for a description of the preparation of
standard solutions.

B Questions

1 Calculate ths concentration, in moles per litre (M L), of the sodium carbonate
solution.

2 Why is solid sodium hydroxide not used as & primary standard when standard
solutions of bases are required?

3 List the praperties necessary for a chemical to be used as a primary standard.

4 Identify some of the sources of error associated with this experiment.

5 How would the concentration of the standard solution be affected if the volumeiric
flask had been rinsed with de-fonised water before use and droplets of water were
left in the flask when the sodium carbonate was added?

Experimest 9 —@g-io
General quesfions
8a How does your answer to Question 7 compare with the manufacturer's claim
as to the composition of the brick cleaner?
b Compare your result with those of atfier members in your class. Expiain why
differences arise and how a more accurate resuit could be obtained.
9 Explain how you would safely clean up epill of about 20 ml. of brick cleaner on the
floox.

10 With what should the foflowing apparatus be rinsed prior o0 use in this
experiment?

a volumetric flask

b burette

¢ pipetle -
d conical flask 64
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This expenment is also |nc|uded in Heynemann Chemfstry 2 SﬂJdent Woﬂdzonk as
Practical activity 01 Analysis of brick cleaner, Part B.

B Purpose

To use a standard solution {previously prepared) to find the percentage, by mass, of
nydrogen chloride (present as hydrochloric acid) In brick cleaner using an acid-hase
titration.

H Procedure

1 Weigh a clean, dry 250 mt volumetric flask and record its mass.

2 Note the hydrogen chloride content of the brick cleaner as specified by the
manufacturer. Use a 10 mL measuring cylinder to pour about § mL brick cleansr
into the volumetric flask, avoiding spillages. Stopper the flask immediately.

3 Aeweigh the flask plus contenis.

4 Add de-iomised water until the flask is about haif full. Stopper the flask and tum it
upside down carefully several times to mix the solution thoroughly.

5 Add more water to the flask until the meniscus Is level with the graduation line.
Stopper and mix the selution thoraughly.

6 Use a 20 mL pipette to place 20.00 mi aliquots of standard sodium carbonate
solution into four 100 mt conical flasks. Add two to three drops of methyl orange
indicator to each conical flask. Set one flask aside to act as a conirol in colour
matching.

7 Fiit a burette with the diluted solution of brlck cleaner and record the inttial level of
the sofution in the bureite to two decimal places.

8 Titrate the sodium carbonate solution with the solution of brick cleaner ungl the
moment when the ndicator just shows a permanent colour change from yeilow to
arange. Becord the final burstie reading and calculate the velume of the titre.

9 Repeat the titration until you cbiain three titres that are concordant {.e. the smallest
of which Is no more than 0.1 mL less &han the largest).

H Theory

Brick cleaner contains concentrated hydrochloric acid as the active ingredient. The
acid reacts with the basic components of concrete and $o enables concrete o be
removed from brickwark. To analyse brick cleaner, a sample is diluted (since the
original acid is highly concentrated) and tltrated against a standard solution of a base,
sodium carbonate.

Refer to Heinemann Chemisiry 2, Chapters 3 and 4, Tor descriptions of the principies
of volumedric analysis applied to acid—base reactions.

H Questions

Calculations

1 Determine the mass of the sample of brick cleaner.

2 Find the average volume of the three concardant fitres.

3 Calculate the amount of sodium carbonate, in mol, present in each conical flask.
4 \Write an equation for the reaction which occurs between hydrochloric acid and
sodium carbonate solirtion.

Calculate the amount of hydrochioric acid, in mol, present in the average titre.
Gelculate the amaunt of hydrochloric acid, in mel, present in the volumetric flask.
Find the percantage, by mass, of HC in the brick cleaner.

-1 oh

© Harcourt Education, a division of Pearson Australia Group Pty Lid 2007 Part 2: Experiments, demonsttation

(SBM $78 1 74081 656 4

40 minutes

L)

B

RS e g

*

5 mL brick cleaner
100 mL approximately 0.1 M

standard sodium carbonate solution
(The standard solution prepared in

Experiment 5 can be used)
250 mit. de-lonised water
methyl orangs indicator
250 mi. volumetric flask
43¢100 mL conlcal flasks
small funnel

10 mL measuring cylinder
20 mL pipstta

pipette filler

drepping pipette

burette and stand

white tile

electronic balance

safety glasses

gloves

Waar safety glasses and &

Brick cleaner contains a high

cancentration of hydrochiore acid,

[t I8 highly corrosive 1o the eyes
and skin and may cause burns.
Handle with care, itis an irftart

to the respiratory systerm. Map up
spills immediately, washing them

away with copious amounts of
water.

Methy} orange may cause irritation
10 the skin and syes. Avold contact.

labaratory coat for this experiment,

Sliratiy
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Volumetric Analysis of Acids and Bases — Concept Map

/

Volumetric Analysis

Unknown Solutions

\

Standard Solutions

Acid/Base Indicators

l

Acids

l

Conjugate Pairs

/ T

One Colour

Second Colour

A 4

Acid/Base Indicators

Conical Flasks

Equivalence Point

A 4

End Point

Concentration

T

Volume (Titre)

A 4

A

T

Mole

Volume

Mole

|

16

Concentration (M)

Mole (hn=cx V)




Key Concepts

[HsO*][OH] = 10 M?

acidic
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Acids and Bases

Acid/base reactions involve an exchange of protons

Acids and bases have conjugate pairs: the conjugate base of an acid will have
the same molecular formula minus a proton (HCI/CI'), the conjugate acid of a
base will have the same molecular formula plus a proton (OH/H,0)

An acid has a charge 1 greater than its conjugate base

Water molecules can act as acids or bases ie. water is said to self ionise
according to the equation: H,Ogy + HaOgy «—= H3O"ag) + OH (ag)

The pH scale is a measure of the concentration of H3O" (4 ions in a solution

acids

Acids & Bases Concept Map

v

A

water |

H20¢) + H20¢)

self ionisation

H30" ey + OH (ag)

l

pH scale

pH = -|Oglo[H30+]

[Hs0"] = 107

neutral
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bases

conjugate pairs
base acid acid base
H,0/H;0" H,0/OH

™~

HCI/CI", HCO3/CO3~

basic
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Back Titrations - Theory

Key Concepts | ¢ Back Titrations are only performed through necessity eg. if the chemical you are studying is
prone to evaporate during titration or if it is fairly unreactive and does not provide a clear end-
point for the titration

e The usual scenario for a back titration involving a weak acid or base is:

-the weak acid or base is neutralised with an excess of strong acid or base
-the excess of strong acid or base is then titrated against another strong acid or base — this
titration will have a very clear end-point

e Back titrations may also be used to determine the amount of a product that is formed from a
reaction:

-an excess of a reactant is added to a chemical under investigation

-a product is formed that is then titrated against a standard solution

-the amount of product formed from the first reaction is then used, with reference to a
balanced chemical equation, to determine the amount of the chemical that is under
investigation

Back Titration — an example (Q.26 on p.46)
Note that the total amount of sodium hydroxide in the example below will be listed as n;.
NH2"ag) +  OHyg > NHaag + Hz0q)

<+ excess OH (nz) which will be neutralised

by HCI during titration

all ammonium ions are  some hydroxide ions are

neutralised neutralised by ammonium ions
OH'(ag) + HClag) >
¢ excess sodium hydroxide is neutralised during
a titration with standardised HCI (n3)
M fertiliser sample) = V(fertiliser solution) = V(fertiliser solution in reaction) =
C(NaOH) = V(NaOH) = N1(NaoH) =
CHen = V(Hel = N(Hery =
a.
b.
C.
d.
€.

18
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Oxidation & Reduction
e Oxidation is the loss of electrons — this reactant is oxidised — this reactant is said to be acting as
the reductant because it is handing electrons over to another reactant
e Reduction is the gain of electrons — this reactant is reduced — this reactant is said to be acting as
the oxidant because it is taking electrons from another reactant

How can we remember these confusing terms?
Through the use of acronyms.

AN Anode
OIL Oxidation Is Loss of electrons
RIG Reduction Is Gain of electrons
CAT Cathode

Oxidant Undergoes Reduction Reductant Is Oxidised

OUR R1O

Oxidation Numbers
An artificial device that determines the charges on individual atoms if there was a complete transfer of
electrons from the element with low electronegativity to the element of higher electronegativity.
Examples: (each example has included dipoles — each line represents a pair of shared electrons
and therefore each line represents one partial charge).
(i) Record the oxidation numbers of each element beneath each diagram.
(i) Draw in the electron pairs in each bond and clearly indicate their positions within the

v

bonds.
SO, SO,
o X o 5+ @@ 5+
5+ ‘ ‘8+ S §-
i N 5 /& 5t k
/&ﬁ 8+§ O . 5. O
o - 5- O
o
NO3 g; ‘ 5+ 0,
LI 0 = o
/6+ 6+\
O - 5 O
General Rule: -an increase in O.N = oxidation

-a decrease in O.N = reduction
For a reaction to be classified as redox there must be a change in oxidation state of at least one element.

19
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KOHES — writing redox equations for acidic solutions
K — balance the key element
O — balance O by adding moles of H,O to the side lacking O
H — balance H by adding moles of H" ions to the side lacking H
E — balance the charge by adding moles of e” to the side with the highest charge in order to have both
sides equal in charge
S —include states of matter

Note: these rules apply only to reactions in acidic solutions.

Redox Titration — Practical
Key Concepts | ¢  Some redox titrations do not require the use of an indicator because one of the
reactants may be a different colour in its oxidised state than in its reduced state
e Some metal cations have a different colour when they are in different oxidation
states eg. Cr,0;%(orange) — Cr**(green), Cr’s oxidation state has changed
from +6 to +3, Cr has been reduced and there is an obvious colour change

A Breathalyzer
Breathalyzers detect alcohol on the basis of a redox reaction:

Cr,0;% + 14H" + 66 — 2Cr** + 7H,0
(orange) (green)
CH3CH,OH + H,O ——> CH3COOH + 4H" + 4¢”

If you check the oxidation numbers above you will see that Cr has been reduced while C has been
oxidised. The colour change that we observe is due to the reduction of Cr.

If the above reaction was performed as a titration would you need to use an indicator? Explain.

Telling the Difference Between an Acid/Base Reaction and a Redox Reaction
During a redox reaction the oxidation states of reactants changes — it is enough to check the oxidation
state of one reactant to identify an oxidation/reduction reaction.

HCl + H,0 — CI + H;0"

OCI' +2I' +2H"* — 1, + CI' + H,0

20



Determination of sulfur dioxide content in wine

B Purpose

To determine the mass of sulfur dioxide in wine by performing a redox
titration. weblink

B Procedure

1 Record the brand of wine to be analysed.

2 Use a pipetts to transfer a 20.00 mL volume of wine to each of three 250 mL
conical flasks.

3 Add about 12 mL 1 M sodium hydroxide solution to each flask and allow the flasks
to stand for 15 minutes.

4 Fill a burette with standard iodine solution. Record the initial burette reading and
the concentration of the solution.

5 To one flask, add about 10 mL 2 M sulfuric acid and 1-2 mL starch indicator
solution. Immediately titrate the mixture with the iodine solution. The end point
occurs the moment the mixture turns permanently blue. Record the final burette
reading.

6 Repeat step 5 using the two other flasks.

B Theory

On exposure to the air for several hours, wine acquires a ‘vinegary’ taste due to the
oxidation of ethanol to ethanoic (acetic) acid. Oxidation is caused by bacteria present
in the wine as well as by direct reaction of ethano! with oxygen in the atmosphere.

The problem can be reduced by the addition of sulfur dioxide which acts as a reductant
and also inhibits the action of the bacteria. Reactions also take place within the wine to
fix’ the sulfur dioxide in the form of ‘bisulfite addition compounds’. Sodium hydroxide
solution is added to the aliquots of wine to convert these bisulfite addition compounds
to sulfite ions. Then, when sulfuric acid is added, sulfite and hydrogen sulfite ions
are converted to sulfur dioxide in aqueous solution. The titration must be performed
quickly to reduce the loss of sulfur dioxide gas.

Volumetric analysis involving redox reactions is described in Heinemann Chemistry 2,
Chapter 5.

B Questions

Calculations
1 Calculate the average titre of iodine solution.
2 Calculate the amount of iodine, in mol, in the average titre.
3 The half equations for the titration reactions are:
S0,(aq) + 2H,0() — 3H*(aq) + HSO,(aq) + 2e~
(@q) + 26~ — 2I(aq)
Write an ionic equation for the redox reaction that occurs during the titration.
4 Calculate the amount of sulfur dioxide present in each 20.00 mL aliquot of wine.
5 Calculate the amount of sulfur dioxide that would be present in 1 L of the wine.
6 Calculate the mass of sulfur dioxide that would be present in 1 L of the wine.
G
7

eneral questions
Does the sulfur dioxide content of this sample of wine fall within the legal limit of
250 mg™?

8 How would the volume of iodine solution required in the titration be affected if
sodium hydroxide is not added to the wine? Explain your answer.

9 If you were to add the sulfuric acid to all three flasks containing wine at the same
time, instead of adding it to each sample just before it is titrated, you would be
unlikely to obtain concordant results. Why?

21

45 minutes

» 60 mL white wine
» 40 ml 1 M sodium hydroxide

;i ® ® ® & & & & & &

safety glasses

solutions are corrosive.

solution

100 mL standard iodine solution
{approximately 0.005 M)
30 mL 2 M sulfuric acid
starch indicator

3 x 250 mL. conical flasks
20 mL pipette

pipette filler

25 ml measuring cylinder
burette and stand

small funnel

white tile

Wear safety glasses and a
laboratory coat for this experiment.
lodine solution stains skin, clothing
and bench surfaces.

Sodium hydroxide and sufuric acid
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Introduction to Chromatography
(Thin-Layer & Paper Chromatography: text ref.62-64)

Key Concepts | ¢ Chromatography is a form of qualitative analysis that separates mixtures of
chemicals (certain types of chromatography are quantitative)

e Chromatography works on the principle that all chemicals interact to some
degree, and that different chemicals interact to differing degrees

e Chemical interaction essentially means “bonding”

¢ In chromatography chemicals in a mixture bond to a stationary material and to a
mobile solvent — the degree of bonding to the stationary phase, and to the
mobile material, will ultimately separate chemicals from a mixture

Separation of Components in Chromatography
The components of in a mixture separate according to
e how strongly they “adsorb” to the stationary phase and
e how readily they dissolve into the mobile phase (the solvent)

The Process of Chromatogtraphy

e Separation is due to: the size of molecules under investigation & the polarity of these molecules

e Molecules under investigation adsorb (Adsorption, the binding of molecules or particles to a
surface, must be distinguished from absorption, the filling of pores in a solid. The binding to the
surface is usually weak and reversible.) to a stationary phase & dissolve into a mobile phase.

e This means that there is a chemical reaction between the molecules under investigation and both
the mobile and stationary phases ie. bonding to both. The nature of bonding is therefore critical to
separation and hence the relative polarities is critical.

e Like bonds to like — this means that a polar stationary phase will result stronger adsorption from
polar molecules and an increase in retention factors and times. If the stationary phase is non-polar
retention of non-polar molecules is increased. The polarity of the stationary phase chosen works
in a similar way eg. polar solvents dissolve polar molecules more readily and decrease retention
time for these. Non-polar solvents will more readily dissolve non-polar molecules and hence
decrease their retention times.

e The same principles apply to all types of chromatography.

Some Terminology Relevant to Chromatography

e The analyte is the substance that is to be separated during chromatography.

¢ Analytical chromatography is used to determine the existence and possibly also the
concentration of analyte(s) in a sample.

¢ A bonded phase is a stationary phase that is covalently bonded to the support particles or to the
inside wall of the column tubing.

e A chromatogram is the visual output of the chromatograph. In the case of an optimal separation,
different peaks or patterns on the chromatogram correspond to different components of the
separated mixture.

e A chromatograph is equipment that enables a sophisticated separation e.g. gas chromatographic
or liquid chromatographic separation.

e The eluate is the mobile phase leaving the column.

e The eluent is the solvent that carries the analyte.

e The retention time is the characteristic time it takes for a particular analyte to pass through the
system (from the column inlet to the detector) under set conditions.

22



Chemical Analysis — Student Booklet

The Chromatogram

Plotted on the x-axis is the retention time and plotted on the y-axis a signal (for example obtained by
a spectrophotometer, mass spectrometer or a variety of other detectors) corresponding to the
response created by the analytes exiting the system. In the case of an optimal system the signal is
proportional to the concentration of the specific analyte separated.

Idenitfying Components
Measure how far a component moves during chromatography and determine its “retention factor” (Rf
value). The same substance will have the same Rf value on the same chromatogram (see Fig. 6.3 on
p.63 of text).

_ distance moved by the component form the origin
~distance moved by thesolvent form the origin

The R value for any chemical will change if there is are changes in: temperature, the type of
stationary phase, the type of solvent and the amount of water vapour around the plate or paper.
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Chromatography of inks and Smarties

& Purpose

To separate the components of colourings used in inks and Smarties and to identify
some of the colours used in Smarties.

& Procedure

Part A—Chromatography of inks

1 Pour 1% sodium chioride solution into a 250 mL beaker to a depth of about
1cm.

2 Using a pencil, draw a line about 2 ¢m from one narrow end of a sheet of
chromatography paper. This line is known as the origin.

3 Apply up to five spots of ink at equal distances along this line using felt-tipped pens
of different colours.

4 Straighten out a paperclip and thread it through the other narrow end of the paper

so that the paper hangs in the beaker with the bottom of it just touching the liquid.

Ensure the ink spots are not immersed.

Allow the fiquid to rise up the paper to a height of about 7 cm.

6 Remove the strip of paper and immediately record the level the liquid has reached
with a small pencil mark on the edge of the paper.

Part B—Identifying food colours in Smarties

1 Select a Smartie (black, brown, orange, green and violet Smarties give the most
interesting results). Place the Smartie on a watch glass and add a drop or two of
water to dissolve the food colour. (Use as little water as possible so that the solution
formed Is concentrated.)

2 Draw some of the food colour into a capillary by placing it in the solution. Touch the
end of the capillary lightly and quickly on the origin of a sheet of chromatography
paper so that a small spot forms. Allow the spot to dry and repeat the procedure to
make a more concentrated spot.

3 Repeat this procedure using a Smartie of another colour and then using the standard
food dyes that have been provided. Because the solutions of the standards are
concentrated, apply only one drop on the origin. Run a chromatogram according to
the procedure described in Part A.

B Theory

Many dyes are composed of a mixture of different coloured components. These
components can be separated by the technique of paper chromatography. The
principles of chromatography are described in Heinermann Chemistry 2, Chapler 8.

(5]

B Questions

1 Why do the components of the dyes separate as they move up the chromatography
paper?

2 Why is the original site of the spots (the origin) marked with a pencil instead of a
pen?

3 Why must the spots be above the level of the solvent at the beginning of the

experiment?

Why do different solvents give different chromatograms?

Calculate the R value of each component and tabulate your results under the

headings ‘Sample’, ‘Solvent’, ‘Colours of components’, and ‘A values’.

Which dyes were present in the Smarties you tested?

Describe a use for chromatography in industry.

O P

~ N

L4

® & o o

s 2 X paperclips
o 2% 250 mL beakers
e 2 xsheets (6 cm x 12 ¢m) of

o 5 x glass capillaries (melting point

the laboratory should not be tasted,

40 minutes

25 mlL 1% sodium chloride solution
water-soluble, feli-tipped pens
Smarties

solutions of standard food dyes:
102 tartrazine, 122 azorubine and
133 brilliant blue FCF

chromatography paper
2 x watch glasses, small

tubes)
pencil and ruler

The Smarties should not be eaten.
Remember that substances used in
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HPLC (High Performance Liquid Chromatography)
& GLC (Gas, Liquid Chromatography)

Key Concepts | « Chromatography can be qualitative (identify the type of chemicals that are present in a
mixture by comparing Ry and R; values to experimental standards) and some forms of
chromatography can be quantitative (tell you how much of each compound is present by
measuring the area under peaks on chromatogram graphs for HPLC and GLC and then
comparing these areas to the peak areas of standards with known concentrations that are
run on the same chromatogram)

o Calibration Curves are graphs that measure concentration against absorbance or % area
for chromatograms

o Factors that affect the R; (Retention Time) include: temperature, the type of mobile
phase, the type of stationary phase, the flow rate of the eluent or carrier gas, the
pressure, the length of the chromatographn column etc.

e The rate at which a sample passes through the column is directly proportional to the
temperature of the column. The higher the column temperature, the faster the sample
moves through the column. However, the faster a sample moves through the column,
the less it interacts with the stationary phase, and the less the analytes are separated.

Load Sample Step Step Step
("Black”) Elute 1 Elute 2 Elute 3 _5_3'-““9
A st - - / injector
[ Flow controller __i
]
[><]
=] | #Wasle
-~ oy
. . ( VRN
Note: Blue can Columa ) De
be eluted with \\U tecior
IPA/water .
H’“H-H"“'—-_—':’-r’
é é Carrier gas Column oven

A Gas Chromatograph. The column is coiled to enable a very long
- . column to be housed in a compact oven. A long column increases

retention time and hence allows better separation of compounds.
One cartridge can separate all three dyes

A Column Chromatograph. Gravity casues the sample to
pass down the column. The eluate is collected over time in
separate containers as pure sanmples of individual

compounds. — ﬂ-\
HPLC Carniting Chromatogram e | amm. R
satrr ) |
- P
Free Carnitine
»

Internal Standard

GUARD
COLUMN

coLumn —< BACK f \
PRESSURE —

: . . ;, . | —j..-;;e:as...
H] 5.5 G
min

An internal standard in analytical chemistry is a chemical substance that oevecTon  ecoom
is added in a constant amount to samples, the analyte and calibration
standards, in a chemical analysis. The internal standard is used for
calibration by plotting the ratio of the analyte signal to the internal
standard signal. This provides an accurate measure of the concentration of
the analyte. This process is done to correct for the loss of analyte during
sample preparation or sample injection. The internal standard is a

compound that is very similar, but not identical, to the chemical species of
interest in the samples.

A HPLC Chromatograph. A pump (rather than gravity)
provides the higher pressure required to move the mobile
phase and sample components through the densely packed
column. The increased density arises from the use of
smaller sorbent particles. Such particles are capable of
providing better separation on columns of shorter length
when compared to ordinary column chromatography.
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To run any chromatograph you need 3 basic ingredients:

« an experimental sample which contains a mixture of compounds that you wish to separate

o aninert solvent (or inert gas carrier) to dissolve the experimental sample (the solvent and gas
carrier must not chemically alter the experimental sample)

« astationary material which has the capacity to retard the progress of any chemical which is
passed over or through it

The mobile and stationary phases
o the mobile phase = the solvent
o the stationary phase = stationary material (usually a solid material which doesn’t move)

Chromatography

To make sense of running a paper or thin layer chromatograph

« you need to determine the R¢ values of all components in the experimental sample

e you need the results from running controls against your unknowns eg. comparing the separation
of amino acids from orange juice with a number of pure amino acid samples that are run as

controls

Different types of chromatography
e paper chromatography, thin layer chromatography, column chromatography, high performance

liquid chromatography and gas-liquid chromatography

Type of Stationary Mobile Phase Types of samples that How are the
Chromatography Phase can be run results interpreted
paper high quality a suitable inert | samples in solution ie. Rf values
chromatography adsorbant paper | solvent mixtures of compounds
which adsorb to differing
degrees

thin layer

chromatography

Retention factor:

Re=

_ distance moved by the component form the origin

distance moved by thesolvent form the origin
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Type of Stationary Mobile Phase Types of samples | How are the results
Chromatography Phase that can be run interpreted
column
chromatography

high performance
liquid
chromatography

gas-liquid
chromatography

High Performance Liquid Chromatography
e pressure = 14,000 kPa = 139 atmospheres

o absorbance: measured by a UV/visible spectrometer; absorbance oc concentration
e Rt =Retention Time = how long individual samples take to pass through the column

e can be used for large compounds (RMM > 1000)
Example of a HPL chromatogram:

Gas-liquid Chromatography
« concentration: a flame ionisation detector ionises compounds as they leave the column of the
GL machine, these ions produce an electrical current. The greater the current, the greater the
number of ions produced:
o limited to samples that can be vaporised without decomposing (RMM < 300)
« very sensitive: capable of detecting 10™ g of a compound

Absorbance

| S

concentration o current

?

g _(B)‘_m

10 20_ 30
Time [min)

Retention Time R,

The area inside the
peaks on a
chromatogram is a
measure of
concentration.
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Calibration Curves in Chromatography
The peak area that a chemical produces on a chromatogram can be used to determine the
concentration of that chemical if a calibration curve has been produced. By using a series of
samples with accurately known concentrations (standard solutions), and by plotting these
concentrations against the peak areas produced by each of these samples, the concentration of
unknown test samples can be determined.

Example: using the calibration curve of a number of Cr 111 Standard Solutions

Calibration curve manual injection

(plot 2} Yy = 4. 165E+05x - 1.095E+02
R®=4.B77E-01
2500.0000
. Calibration curve is a
A chemical produced a peak line of best fit
2000.0000 —area of approximately 1200.0000
and this peak area is compared to
the calibration curve.
1500.0000
— \‘ Standard solutions are plotted
S [TTTTTTTTTTTTTTTTTTTTRoTTTTooooTTToo ! as peak area against concentration
- 1
g 1000.0000 :
] |
x ! Running a line horizontally across
g | from the chemical’s peak area to the
500.0000 I calibration curve and then dropping a
. — . .
! vertical line to the horizontal axis
T ! determines the chemical’s
! concentration.
0.0000 & . . . . .
v 0.0000001 0.0000002 0.0200003 0.0000004 0.0000005 0.0000006
-500.0000

Concentration Cr{III})

The unknown sample has a
concentration of approximately
0.00000031
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. To determing the percentage of ethano! in a sample of wing using data from gas
chromatography.

B Procedure

The ethanol content of a sample of wine in an old wine cask was found by preparing
the following standards: 4.0%, 8.0%, 12.0% and 16.0% ethanol (Tabls 30.1).

" Four mL, 8.0 mL, 12.0 ml and 16.0 mL ethanc! was measured accurately by pipette
and placed in separate 100 mL volumetric flasks, Twenty mL propanol was pipetied into
. each flask and then the volume made up to the 100 mL mark with distilled water.

Standard 1 40 20
Standard 2 - 8.0 20
‘Standard 3 120 20
Standard 4 160 20
Sample ’ unknowi 20

The wine sample was prepared by pipstting 50 mL of wine intc a standard flask,
adding 20,0 mL propano! and diluting It to 100 mbL with distited water.

Ten ul of each standard and the sample was injected onto the column of a gas
chromatograph fited with a flame fonisation detector,

B Theory

The ethanal content of wine can be determined quickly, rellably and accurately by
gas-liquid chromategraphy. For quantitative analysis, the peak area of the ethanof
in the wine sample can be compared o the peak areas of known concentrations of
‘gthanol standards, run under identical conditiens.

One of the greatest sources of ermor in the analysis lies in the injection of the samples
onto the column. A syringe is used to inject samples as small as 0.1 pl. onto the
column, Significant erors can arise because of very small differences in the tiny
sample size, This problem can be overcome by the use of an infernal standard. An
interral standard s & compound similar o the ong under investigation, The same
known arnount is added to the sample and standards alike.

Propanol is used as the intemal standard for ethanot. Any change to the ethanol peak
due toloss of the sample during injection will occur to the same extent to the propanel
peak. These errors can be compensated for by measuring the ratic of the ethancl peak
to the propanal peak rather than the ethano! peak alone.

The balling paints of ethanol and propanol are, respectively, 78°C and 97°C. The

theary and principles involved in gas chromatography are described in Heinemann
Chemaslry? Chapter 6.

propanal

Standard 1

elhanal

propanol

-

Standard 2

Results

propano!

propanal
ethanol

Standard 3 Standard 4 Wine sample

HEEEEEF Chromatograms obtained from each sample

The peak areas of the sthanol peak and the propanol peak for each standard and
sample was measured by the integrator in the gas chromatography, The results are
shown in Table 30.2.

Standard 1 418530 1561 900

Standard 2 868 420 1 662 200

Standard 3 942 480 1144 700

Standard 4 1252 000 1 256 600

Diluted wine 1007 780 3010600
Questions

1 Suggest why the ethanol peak occurs before the peak for propanol In each
chromatogram,

2 In practice the chromatograms were obteined at a temperature of 110°C. Why
would a temparature of 60°C be unsuitable? -



3 Complete Table 30.3.

it

2 millimeters/Division Sth Accent

i
¥
!
]

Standard 1

Standard 2
Standard 3
Standard 4

Diluted wine unknown

4 Plot a calibration graph with the corcentration of ethanol on the Xaxis and the

ratio peak area of ethanol:peak area of propanol on the ¥-axis. The graph passes.

through the origin.

5 Use the graph to find the percentage cencentration of ethanc! In the diluted wine
sample.

6 Calculate the parcertage concentration of ethanol in the original wine.

7 The labst on the cask of wine stated that the ethanel content was 11.5%. Give a
possible explanation for the difference between the experimental vaiue and the
slated value {other than a simple mistake in performing the analysis).

8 OSketch and label a diagram showing the main components of a gas
chromategraph.

9 Briefly describa the chemical principles that form the basis of the operation of the
Instrument.

T
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Spectroscopy — Text Ref pp.77-80

Spectroscopy is the study of how electromagnetic radiation interacts with matter (atoms and molecules). The
nature of these interactions depends upon the energy of the electromagnetic radiation. What is
electromagnetic radiation? Electromagnetic radiation (EM radiation or EMR) is a form of energy emitted
and absorbed by charged particles, which exhibits wave-like behavior as it travels through space. EMR has
both electric and magnetic field components.

Electromagnetic radiation interacts with material continually. One good example is an object being heated
when left in sunlight. The object absorbs energy in the form of electromagnetic radiation and heats up. A
critical concept in the interaction of matter and electromagnetic radiation is that the energy absorbed is
always released. When a hot object is placed in the shade it releases energy and cools down.

Spectroscopy is the study of how electromagnetic radiation interacts with matter (atoms and molecules). The
nature of these interactions depends upon the energy of the electromagnetic radiation and the quantum, or
energy levels, within atoms. As electromagnetic radiation is absorbed by an atom, electrons are promoted to
higher energy levels and the atom is said to be excited. A single electron excitation requires a single quantum
of energy (a photon) that exactly matches the energy required for an electron to jump between 2 energy
levels (electron shells). The atoms of all elements have unique electron shell configurations and therefore
require unique photons to become excited. Following excitation, electrons return to their ground state
releasing the energy absorbed.

short wavelength and high ’
frequency produces high The Electromagnetic Spectrum

energy electromagnetic radiation

NP f 0
::/ ’/ ) w—— "; \:./3 A long wavelength and low
N8BS | cronane O frequency produces low
Ultraviolet Visible / Radio ENeroy electromagnetic radiation
X-ray Infrared

Refer to p.77 of the text and list the 3 piecs of information that spectroscopy can provide about a
chemical under analsysis.

()
()
()
List the 3 points on p.77 which explain how spectroscopy works.
()
()
()
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mmm 1-5 microns: NIRES

mmm Approx. 031-1.8 microns: HROS, WFOS

Complete Table 7.1 on p.78

Spectroscopic Part of the Wavelength range Part of atom or
Technique electromagnetic (cm) molecule affected
spectrum
Ultraviolet
Spectroscopy (UV)
Colorimetry

Atomic Absorption
Spectroscopy (AAS) &
Atomic Emmision
Spectroscopy (AES);
Flame Tests

Infrared Spectrscopy

(IR)

Nuclear Magnetic
Resonance
Spectroscopy (NMR)

Flame Tests — text ref pp.78-80
A crude qualitative test that is used as a guide to identify some metal ions based on the colour of
light that they emit when heated in a Bunsen flame. When metals ions are heated in a flame
electrons are excited into a higher electron shell. These electrons return to the ground state within a
split second and release energy of a typical colour. REFER TO FIG 7.7 ON P.79 OF TEXT -
WRITE THIS DOWN
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Practical Flame Testing

Compound Metal Cation Flame Colour

Colorimetry, Calibration Curves & the Atomic Absorption Spectrometer

Key Concepts | e

Atoms, molecules and subatomic particles interact with (absorb and emit) electromagnetic
radiation of specific energies known as quanta.

Flame Tests, Colourimetry, Atomic Emission Spectroscopy, Atomic Absorption
Spectroscopy and UV-Visible Spectrocopy are all techniques based upon the excitation of
electrons by electromagnetic radiation of various quanta

When atoms absorb quanta using these techniques electrons are promoted from their “ground
state” (their lowest and most stable energy state) to an “excited state” (an abnormally high
energy state that is unstable)

Excited electrons naturally return to their ground state and emit the energy that they absorbed
The total energy absorbed = total energy released, but the quanta (photons) may be of
different sizes

: . . hc
The amount of energy in a quanta can be calculated using the equation: E = 7 where A =
the wavelength of light, and h and c are constants
Put more simply: E oc % ie. light with small wavelengths is high energy

Colorimetry is an analytical technique that determines the concentrations of solutions by
measuring how much light a solution absorbs ie. higher concentration implies more atoms
present to absorb light

Calibration Curves can be created practically by using a colorimeter

Photo Cell Spherical

]

Diffraction
Grating

Cold Cathode \
!'-‘“",i Flame

t

Burner
Gas

Calibration Curves in techniques that rely on the excitation of electrons
In any experimental sample, the more atoms or molecules present in a sample the more of a specific
wavelength of electromagnetic radiation will be absorbed. By using a series of samples with accurately
known concentrations, many forms of spectroscopy can determine the concentration of unknown test
samples through the use of calibration curves.
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Calibration Comment : Determining the concentration of CuSO4 solutions
Date : 2/03/2006 12:13 pm

Concentration Unit : M
LLED Colour : Red

Calibration Standards

No. Concentration Absorbance

1 0 M 0.00
2 02 M 0.42
3 04 M 0.77
4 06 M 1.32
5 08 M 1.45
6 1.0 M 2.08

Comment : Unknown 1
Unknown samples measured : 4

No. Concentration Absorbance Comment

1 0629 M 1.25 Sample No. 1
2 0629 M 1.25 Unknwon 2
30771 M 1.55 Unknown 3
4 1266 M 2.68 Unknown 3
. LED Colour _Red " Conlol Ponc
Aosatbance Cﬁlil:l:lli:;r Dalenim\‘ming the concentration of CuSO4 solutions Hep
Urknown 1 | ———
10
40
»
25
20
Flead Standurds
15 3 - Rcldswz___
. o
1.0
0.5
0.4 T T
0.0 02 04 06 038 10 12 14 1.6 13 20
1™ Show Caltwation Points Concentration (M) Jil! }
TecFour use o Raading unknown samplas
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Absorbance Scanning to Determine the Most Suitable Wavelength for
Spectroscopic Analysis

Green Food Dye Vellow Food Dye
£ 25”)00 - Wavsenath (om) ” " (856 s.zou?m 0 Wavelength (nm) &0 o
Most Suitable Wavelength: nm Most Suitable Wavelength: nm
Red Food Dye Blue Food Dye
(579.0,2. oag;mo 5 Wavelength (nm) o "~ (591.4, 1 9954)400 500 Wavelongth (vm) 600 700
Most Suitable Wavelength: nm Most Suitable Wavelength: nm
Black Food Dye

3 V \/Wv

Absorbance

400 500 600 700
Wavelength (nm)

Most Suitable Wavelength: nm

What wavelength would you select to detect the presence, and quantity, of Red Dye if it was in a
mixture with Yellow Dye? Explain.
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VCAA - Exam 1 Spectroscopy Question (2006)

Question 4
A green dye used to colour tinned peas 1s made by muxing the yellow chenucal, curcunun, with another colouring

agent called bright blue. The individual spectra of curcumin, bright blue and a typical green dye are represented
below.

absorbance
9
typical bright blue
green dye .
mixture P Y /
\ # —_
curcumin {ﬁ-""' S

» wavelength (nm)

UV-vistble spectroscopy 1s used to analyse the curcunmun content of tinned peas.

a. Circle the wavelength below which would be best used for absorbance measurements to deternune the
curcunun content of the peas.

400 nm 450 nm 500 nm 550 nm 600 nm 650 nm
1 mark

At first glance you would expect that the most appropriate response to this question is 450 nm.
However, you will notice that “bright blue” absorbs fairly strongly at 450 nm. Absorbance
measurements taken at 450 nm would therefore be due to both dyes. At 400 nm “curcumin” still
absorbs strongly where as bright blue does not — readings taken at 400 nm would therefore not be as
prone to interference from “bright blue”. In this instance, analysis should be undertaken at 400 nm.

On many occasions consumer products that undergo spectroscopic analysis contain more than one
chemical that will absorb light of a particular wavelength. If there is no alternative other than taking
measurements at a wavelength where more than one chemical absorbs a technique known as
Standard Addition can be used.
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Standard Addition

The method of standard addition is used in instrumental analysis to determine concentration of a
substance (analyte) in an unknown sample by comparison to a set of samples of known
concentration, similar to using a calibration curve. Standard addition can be applied to most
analytical techniques and is used instead of a calibration curve to solve the problem of other
chemical species absorbing light at the selected wavelength and therefore compromising the final
result — this is known as the matrix effect.

Aurm S Standard Additicn Plot
(piet 5

Initial absorbance prior to
addition of Ca

Change in absorbance due
& J purely to added Ca.

Extrapolation shows how much Ca
contributed to the initial absorbance. - o

CamcEarran e € gl (i LY

1.69E° g/mL = 0.00000169 g/mL

Example standard addition plot.

This graph is an example of a standard addition plot used to determine the concentration of calcium
in an unknown sample by atomic absorption spectroscopy. The point at zero concentration added
Ca is the reading of the unknown, the other points are the readings after adding increasing amounts
(‘spikes") of standard solution. The absolute value of the x-intercept is the concentration of Ca in the
unknown, in this case 1.69E°® g/mL.

Standard addition is frequently used in atomic absorption spectroscopy and Gas Chromatography.
The matrix effect problem occurs when the unknown sample contains many impurities. If impurities
present in the unknown interact with the analyte to change the instrumental response or themselves
produce an instrumental response, then a calibration curve based on pure analyte samples will give
an incorrect determination.

One way to solve this problem is to use standard addition. The standard solution (solution of known
concentration of analyte) is added to the unknown solution so any impurities in the unknown are
accounted for in the calibration. The operator does not know how much was in the solution initially
but does know how much standard solution was added, and knows how the readings changed before
and after adding the standard solution. Thus, the operator can extrapolate and determine the
concentration initially in the unknown solution. In practice, the volume of standard solution added
is kept small to avoid dilution of the unknown impurities.
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Atomic absorption spectroscopy (AAS)

In short, AAS works on the principle that the electrons of the atoms passed into the atomizer can be
promoted to higher orbitals (excited state) for a short period of time (nanoseconds) by absorbing a
defined quantity of energy (radiation of a given wavelength). This amount of energy, i.e.
wavelength, is specific to a particular electron transition in a particular element. In general, each
wavelength corresponds to only one element, and the width of an absorption line is only of the order
of a few picometers (pm); this gives the technique its elemental selectivity.

The design feature that gives an AAS its elemental specificity to test for a single metal is the hollow
cathode ray lamp. This lamp is constructed out of the metal that is under investigation. For
example, an analysis to determine the concentration of copper in a sample will employ the use of a
cathode ray lamp constructed from copper. When an electrical current passes into the cathode ray
lamp, the atoms in the element of the lamp will become excited and then emit photons of emr
unique to that metal. This means that only copper atoms in the sample will absorb light emitted
from the lamp because the light will contain photons that are unique to the energy levels within
copper atoms.

Each element will preferentially absorb light at a particular wavelength, due to each element having
a defined and discrete quantity of energy required to promote its electrons into higher orbitals
(excited state). During atomic absorption testing, a known amount of energy is passed through an
atomized sample, and by then measuring the quantity of light remaining after absorption it is
possible to determine the concentration of the element being measured.

The concentrations of metals under investigation are determined by applying the Beer-Lambert rule
which is essentially a comparison of the intensity of light shining into a sample compared to the
intensity of the light after it has passed through the sample ie. a measure of absorption.

In any experimental sample, the more atoms or molecules present in a sample the more of a specific
wavelength of electromagnetic radiation will be absorbed. By using a series of samples with
accurately known concentrations, many forms of spectroscopy can determine the concentration of
unknown test samples through the use of calibration curves.

39


http://en.wikipedia.org/wiki/Wavelength

millimeters/Division 5th Accent

-l o

A BERE R R Na N Ay WE N A B e Ty T
R e
Concentration of caffeme in a cola drmk by Uv-wsmle x i H EREENE o
spectroscopy-—data analysis ' : ; b 5 H -
! 14 T T ] T ; i
M Purpose E i i EEE | ‘ :
To determine the concentration of caffeine in a cola drink using data from Uy-visible u RREE e
SPECHrOSCopY. M : ! ! i T
E Procedure B i j : e s \
1 Cola drink is poured into four 100 mL volumefric flasks. - . 1 . ?
2 Standard 1 is prepared as follows: T i ! ]
a 5.0 mg of caffeine is welghed accurately and added to the first volumetric o g } ‘
flask. i i
b The flask is shaken to dissclve the caffeine and more cola is added to bring the R i
liquid to the 100 mL mark. ; e e
3 Standards 2 and 3 are prepared in the same manner but using 10.0 mg caffeine ; ‘ : L R
and 15.0 mg caffaing respectively. : : N +
The sample is cola with no additional caffeine added. v - .
The cola sample and standards are analysed using a Uv-visible spactrophotometer = : > S
set at a wavelength of 275 . : : i
H Theory u : x =4
: ]
Caffeine found in tea, coffee and cola drinks absorbs ultraviolet light readily and so can ‘ T ‘ T
be analysed by UV-visible spactrophotometry. I : ‘ =L
The label an a bottle of cola drink Hsted the following ingredients: carbonated water, ' ] r ] : ‘ m
sugar, caramel, phospheric acid, flavours and caffeine, 1 I T i = cn i =
The carame! and flavours also absorh ultraviolet light and so could interfere with L I : T 1
the analysis. To avoid the problem with interferences, the caffeine is analysed using H I : : : I
a technique calied standard addition. The cola drirk itself is used fo prepare the ; I ‘ !
standards. Differing amounts of pure cafieine are added %o identical portions of the I ; ; : 7 1
sample. i S : :
H Questions , - : T ' : :
Use Table 34.1 fo answer these questions. ;
1 What does the ferm ‘m’ represant? . ! :
2 Plota calibration curve of absorbance against mass, in mg, of caffeing added. - : : :
3 Draw a line of best fit through the points and extrapolate backwards to determine M i i :
the intercept with the X-axis, ! : ,
4 What mass of caffeine is present in 100 mL of this cola drink? B i : : o
5 A single dose of 300 myg of caffeine can cause insomnia, restiessness, anxiety, Pura cola m - : ; : : A
palpitations, disturbances of vision and headaches, Would drinking a 1.25 L. bottie ] ; :
of this cofa drink be fikely to cause these symptoms? Show your reasoning. 1 m-+ 50 = i J ; =
6 The molar mass of caffeine is 194 g mal-+. Calculate the molarity of the caffeine in 2 m+10.0 H ; T : :
the cola drink. ; ) : R T
7 Why would the wavelength of 275 nm have been chosen? 3 m+150 ! ‘ o
8 Skeich and fabel a diagram showing the main componenis of a U¥—visible AR i - nF —
spectrophotometer, Tty ! ! T I
9 Briefly describa the chemical principles that form the basis of the operatian of the : ; T .
instrument, N AR - -H
: ) 1’ ! [ I T ]
1 L I ) ! BTG e ]
o e A e e e e e R e e ESasatnat
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Determination of concentration of iron in a breakiast
cereal by atomic absorption spectroscopy——data analysis

Purposeé

To calculate the concentration of iron in a sample of breakdfast cereal using data from
atomic absorption speciroscopy.

B Procedure

The iron in a sample of breakfast cereal was determined using this technique.A 10.0 g
sample of cereal was bumt o ash in a covered crucible. The ashes were dissolved in
concentrated nitric acid and diluted to 100 mL with water.

A sample of the solution was injected Into the flame of an atomic absorption spectro-
photometer. The wavelength was adjusted to measurs the light absorbed at 248.3 nm.
A series of standards containing varicus concentrations of iron was also analysed. The
results are shown in Table 33.1,

H Theory

lran is an essential component of the haemoglobin in our blood. Pregnant and menstiu-
ating women can have insufficient iron in their diets and so become anaemic. On the
other hand, a high infake of iron can be dangerous for pecple who do not excrete excess
ironreadily. For both groups of people it is important to have information about the amount
of Iron in foods and medicines. The congentration of iron can be measured quickly,
refiably and accurately by atomic absorplion specirometry. The theory and principles
involved in the use of AAS are described In Hefmemann Chemistry 2, Chapter 7.

E Results

Cereal solution unknown 0410

Standard 1 0 0.030

Standard 2 2.5 0.158

Standard 3 5.0 0,342

Standard 4 7.5 0.451

Standard 5 10.0 0.595
" B Questions

1 Plot a calivration graph of absorbance against concentration of iron from the data

inTable 33.1.

What could account for the small reading in the ‘zero’ Standard 172

What was the conceniration: of iron, in ug mk=, in the cereal solution?

What mass of iron was present In the ashes of the 10.0 g of cereal?

What is the concentration of iron, in mg per 00 g, in the cereal?

if the mass of iren in 100 g calculated in Quastion 5 represenis 56% of the

recormymended daily intake (ROI) of iron, what is the RDI in mg? '

7 What mass of his cereal would you have to eat to obtain your RDI of iron?

8 Why would the wavelength of 248.3 nm have been chosen?

9 Sketch and label a diagram showing the main components of an atamic absorption
spectrophetometer.

10 Briefly describe the chemical principles that form the basis of the operation of the
Instrument,
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Infrared Spectroscopy — Text pp.89-95

Electromagnetic radiation from the infrared region is of lower energy than UV and visble light.
High Low Energy

THE ELECTROMAGHETIC SPECTRUM

CAMFARETE RN BT YRRELY TARED

RACTERL 2ssan AT
i Tug 01mm - K M @Am Win W

Infrared waves have long wavelengths
Lom 5 um 0 um 200 and low frequency — they therefore are
a H H FM ower energy waves.

Thermal IR

Mear-TE Dulnd-IE Far-IE

Duameter of Human Hare: About 50 pm

The lower energy infrared waves are not strong enough to cause electron excitation but they can
cause changes in the bonds within molecules.

SINGLE TRIFLE  DOUEBLE
BOND STRETCH BONDS  BONDS
W
T ‘T Rock
I
_,.-w-""""""‘v—/_‘\n
O-H, N-H
STRETCH
C-H NITRILES -
STRETCH CARBENES -
c=N e
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1

4000 3300 3000 2500 2000 1300 1000 =00

WAYENUMBER (cm™)
Different

types of bonds absorb different energies (and therefore wavelengths) of infrared. To absorb infrared
a molecule must have a dipole moment which means that there must be a polar bond present in a
molecule which will produce a separation in charge caused by the unequal sharing of electrons.

There is one common type of molecule that does
Lroscopy  not have a dipole moment. What is it?

Infrared

Why don’t these molecules have a dipole moment?
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Generally stronger bonds absorb infrared of higher energy. These stronger bonds will absorb at a
higher wavenumber which is the reciprocal of wavelength. This means that shorter wavelength
infrared (which has higher energy) has a larger wavenumber. See Table 7.6 on p.90 of the
textbook.

100 4

&0 1

Transmittance (%)

A0 4

20 4 i

BE0 Q;iﬂ'fl 1060 1 1IEf| 1260 1.'1IF.E| 1480 15IE:'J 1660

Wavelength (nanometers)
To convert a wavelength
in nanometers (nm) to a wavenumber with units of cm™ you must change the units for wavelength
to cm and then take the reciprocal of that number. In Figure 7.25 of the text wavelengths
measured in pm (10°° m) are converted to wavenumber by dividing the number by 10* to
convert them to cm (10 m) and then taking the reciprocal.

The sample cells in infrared spectroscopy must be made from salts such as NaCl and KBr because
glass and plastic absorb infrared and interfere with the readings that would be taken

Table 7.8, p.93 — Characteristic Infrared Absorbance Bands

Bond Location Wavenumber (cm™)

Note: smaller atoms in molecules require higher energy infrared light for absorption (see text p.90.)
Worked example 7.5 pp.93-94
2500-3300 cm™ Band A is O-H
2850-3100 cm™ . %
. O \/

~."T  /H Band B is C-H

H—-C—C 1680-1750 cm™
| \\/ Band C is C=0
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The Fingerprint Region of an Infra-red Spectrum

This page explains what the fingerprint region of an infra-red spectrum is, and how it can be used to
identify an organic molecule.

What is the fingerprint region
This is a typical infra-red spectrum:
infra-red spechrum of propan-1-ol, CH3CH2CH20H

100+

ransmittance ()

I:l T rrrrrrrrr 1 r 1t [t T T [ T T T T

4000 3000 2000 1500 1000 =00
warenumber (1)

Each trough is caused because energy is being absorbed from that particular frequency of infra-red
radiation to excite bonds in the molecule to a higher state of vibration - either stretching or bending.
Some of the troughs are easily used to identify particular bonds in a molecule. For example, the big

trough at the left-hand side of the spectrum is used to identify the presence of an oxygen-hydrogen
bond in an -OH group.

The region to the right-hand side of the diagram (from about 1500 to 500 cm™) usually contains a

very complicated series of absorptions. These are mainly due to all manner of bending vibrations
within the molecule. This is called the fingerprint region.

It is much more difficult to pick out individual bonds in this region than it is in the "cleaner" region
at higher wavenumbers. The importance of the fingerprint region is that each different compound
produces a different pattern of troughs in this part of the spectrum.
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Using the fingerprint region
Compare the infra-red spectra of propan-1-ol and propan-2-ol. Both compounds contain exactly the
same bonds. Both compounds have very similar troughs in the area around 3000 cm™ - but compare
them in the fingerprint region between 1500 and 500 cm™.

infra-red spectrum of propan-1-ol, CH3CH2CHpOH

100+
T
[ H]
=
£
=
2
E
0 A I L DL
4000 3000 2000 1500 1000 =00
wavenumber (1)
infra-red speecrum of propan-2-ol, CHgtllHCHa
OH
100
S
il
=
&
=
2
a
R L O B S B
4000 2000 2000 1200 1000 =00

warenumber (o)

The pattern in the fingerprint region is completely different and could therefore be used to identify
the compound.

So . .. to positively identify an unknown compound, use its infra-red spectrum to identify what sort

of compound it is by looking for specific bond absorptions. That might tell you, for example, that
you had an alcohol because it contained an -OH group.

You would then compare the fingerprint region of its infra-red spectrum with known spectra
measured under exactly the same conditions to find out which alcohol (or whatever) you had.
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3 Clean the cell thoroughly.

H Purpose 3 | § 4 Analyse the second sample In the same way.
_Determine the Identity of two colourless crganic liquids frem their IR spectrum, "’"l The spectra ohiained are shown in Figure 35.3.
H Procedure . =3 190

The labels have come off two boities of colourless organic liquids. The labels read 77

‘propanong’ and ‘propan-2-of’. Propanone {acatone) is a commonly used solvent. it |
is 2 member of the ketone homologous series that contain a C=0 functional group. =771 i
. Propan-2-ol is a mermber of the alkanol (afcohol) homologous series and contains the ]
g ’ OH functional group. The structure of these two compounds is given in Figwe 36,1, —

@ /H L] H
g H6
H (l: H H/ \(}=
H—e” / ™ok /
H/ H \H G
AN
propan-2-al H H propanons

0 Sample B

[

4

(S N]
Transmiltance (%)

7

1

S
(=3
]
TP Y T NS WY FUUOTY 'Y NS V1Y SOPOVON | 'Y AETUNEE L F VUMD A PRI F S F SRS § W pusoer)

B GCRER DY Stuciure of (a) propan-2-0i and (b) propanane (acetone)

|

f
I
i

(B8]
1

IR spectra of the two liquids will be used to assign each its correct label. Crganic

compounds will readily absorb infrared light. The wavelength of the light absorbed

depends on the functional groups In the molecules. A number of functional groups such®
as the OH group and the C=0 group give well-defined peaks at known wavelengths.

1 Calibrate the IR spectrometer first by running the spectrum of a pure polystyrene
standard. A very sharp characteristic peak in the polysiyrene is agreed by
convention to fall at 1601 em™, .

2 Fill the liquid sample celt holder with 1-2 mL of the first liquid, R ight passes
through the IR transparent window (e.g. KBr) and through the liquid into the
detector. The specira obtained are shown in Figure 35.2.

I‘( &

LN DR S I S A T N S B ) SN S B N RN N NN | T

4000 3000 2009 o 1500
Wavenumber {em™)

T T T T

T T T
1000 500

[

£%7 Spectra obtaied from Sample B

The major peeks in the spectrum are identified by comparison with data tables.
A simplified data table is given in Table 35.1.

(%3]

"

Sample A

23
- i3 1| 3600-3200 O-H stretch Hydroxy
T 3000-2850 C-H streteh Ayl C-H 3000-2850
| E:{ 3 18001680 C=0 streich Carbony| (aldehydes, ketones) =0
s | 1670-1615 =C stretch Alkenes
H EEER R presren C-0 stretch Ether
= 50+

Ll

i H Questions

1 Look at the structure of the two compounds in Figure 35.1. Identify the main
functional groups that you think would give rise to a pesk in the infrared
spectrum,

2 Complete Tables 365.2 and 35.3 for each compound. The first table has been partly

completed for you.

Suggest possible identities to the peaks marked A and B on each spactrum by

e b referring to Table 35.1.
Tooe s00 4 idertify the compaunds which gave Spectrum A and Specirum B,
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Nuclear Magnetic Resonance (NMR) — Text pp.97-101
NMR uses electromagnetic radiation from the radiowave section of the electromagnetic spectrum
and external magnetic fields. Radiowaves are low energy and therefore do not affect electrons and
chemical bonds. The radiowaves cause changes in the “spin” of nucleons (neutrons and protons) in
an atom. Only atoms with odd numbers of nucleons produce nuclear “spins” that can be analysed
with NMR. Commonly, *H and *3C are analysed because these 2 elements are found in many
organic (carbon based) compounds.Nuclei with an overall spin behave like tiny magnets that
can be analysed if they are exposed to an external magnetic field.

NMR spectroscopy

Sample at irradiation Excited
equilibrium < : state
relaxation

observation

|
WN_/\/L ; Spectrum

10 8 6 a 2 )
'H frequency (ppm)

When a strong external magnetic field is applied to a nucleus nucleons split into 2 different energy
levels. The difference in these energy leveles corresponds to photons of energy from the radio
region of the electromagnetic spectrum. Radiowaves can be absorbed by nuclei in these
circumstances and can produce NMR spectra such as these:

3

1 4
CHz
E 3
5 o 3
4 P g H—C—C—8r
g ,|_| ,|_| integration line
methylcyclohexane %
2
{CHz)451
{CHz),51 T ||-|
—C—= —C—H
J | |
o \nd H H
L L T T T T T T T T EEmmay T T T T T T
35 50 45 40 35 30 25 20 15 10 g 0 ppm ] g 4 3 2 1 0 ppm
NMR Method

e The sample and solvent mixture are tube that spins to ensure that the contents are exposed to a
uniform magnetic field.

e The tube is placed between the poles of a powerful magnet and a strong magnetic field is
applied.

e The sample is then exposed to short, powerful bursts of radiowaves set at specific wavelengths.
The wavelength of the radiowaves is usually kept constant and the sample is exposed to a range
of applied magnetic field strengths.

e At specific magnetic field strengths, 1H and 13C nuclei in particular environments, absorb the
applied radiowaves and move to higher energy levels. This is called resonance.

e The absorption is detected and plotted on a graph that compares the magnetic field strength
causing resonance to the intensity of the absorption signal.
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The need for a standard for comparison - TMS
Before we can explain what the horizontal scale means, we need to explain the fact that it has a zero
point - at the right-hand end of the scale. The zero is where you would find a peak due to the
carbon-13 (when conducting *C NMR analysis) and hydrogen-1 (when conductlng H NMR
analysis) atoms in tetramethylsilane - usually called TMS. Everything else is compared with this.

CHz3
Tetramethylsilane is chemically |
inert _
and therefore will not react with CHz— T' — CHa
CHs

You will find that some NMR spectra show the peak due to TMS (at zero), and others leave it out.
Essentially, if you have to analyse a spectrum which has a peak at zero, you can ignore it because
that's the TMS peak.

TMS is chosen as the standard for several reasons. The most important are:

e It has 4 carbon atoms, and 12 hydrogen atoms, all of which are in exactly the same
environment. They are joined to exactly the same things in exactly the same way. That
produces a single peak, but it's also a strong peak (because there are lots of carbon and
hydrogen atoms all doing the same thing).

e The electrons in the C-Si bonds are closer to the carbons in this compound than in almost
any other one. That means that these carbon nuclei are the most shielded from the external
magnetic field, and so you would have to increase the magnetic field by the greatest amount
to bring the carbons back into resonance.

The net effect of this is that TMS produces a peak on the spectrum at the extreme right-hand
side. Almost everything else produces peaks to the left of it.

H nmr of Camphor B

90 MHz in CDCls I

HzC CH=

A C
O chs
B
TMS

[T [ T ' [T [
4 3 Z 1 0 ppm

The chemical shift

The horizontal scale is shown as &(ppm). ¢is called the chemical shift and is measured in parts per
million - ppm. A peak at a chemical shift of, say, 60 means that the carbon atoms which caused that
peak need a magnetic field 60 millionths less than the field needed by TMS to produce resonance.
A peak at a chemical shift of 60 is said to be downfield of TMS. The further to the left a peak is, the
more downfield it is.
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Solvent
The solvent is chosen as a chemical that will not produce a signal on the NMR spectrum. Refer to
p.99 and record some examples of suitable solvents and explain why they are suitable.

Nuclear shielding

The most important aspect of the NMR frequency used for applications of NMR is the 'shielding'
effect of the surrounding electrons. In general, this electronic shielding reduces the magnetic field at
the nucleus (which is what determines the NMR frequency). As a result the energy gap is reduced,
and the frequency required to achieve resonance is also reduced. This shift of the NMR frequency
due to the chemical environment is called the chemical shift, and it explains why NMR is a direct
probe of chemical structure.

Basically, shielding electrons will block some of the external magnetic field which means the the
strength of this magnetic field needs to be increased to get the nuclei “resonating” (magnetically
shifting). In polar bonds electrons can be drawn away from **C and *H nuclei which will decrease
shielding. Multiple peaks appear on an NMR spectrum when many different magnetic field
strengths are required to produce resonance.

Proton NMR peak splitting

Fig 7.6 on p.101 — NMR peaks can be split by neighbouring atoms. In proton NMR this peak
splitting is caused by neighbouring protons. The “n + 17 rule applies to determine the number of
splits that will occur to a peak where “n” equals the number of protons bonded to neighbouring
atoms.

Two different “proton environments” exist in 2-butene. A proton NMR spectrum will therefore
have 2 peaks. With higher sensitivity these peaks split due to the numbers of neighbouring protons.

The CH; peak will split

into 2 peaks as CHs s H
bonded to CH (n + 1 = 2). I | /H
H-C—C
! \ The CH peak will split
H C —H<e—— into4peaksas CHis
H_ / bonded to CH; (n + 1 = 4).
/C ~ H Note: protons (H) in equivalent
H environments do not cause splitting
of their own peak ie. the 2 CH
. rotons do not cause splitting in
Relative Peak Area fheir PHTNg
This equals the number of protons in that environment: own peak even though they are

CHs has a relative peak area of 3
CH. has a relative peak area of 2
CH has a relative peak area of 1

Note: the H in OH does not split the peaks of adjacent H atoms, nor is its own peak split —
p.100 of text.
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Spin-spin coupling
The origin of a doublet

Consider what the high resolution NMR spectrum of the compound CH,CI-CHCI, would look like.
This hydrogen produces
a riplet because of the
hext door CHa2 grougp.

CHaCCHCI 2

Theze hydrogens produce
a doubletbecause of the
st doar CH group,

Focus on the CH, group. Why is that a doublet? Remember that the peaks in an NMR spectrum are
in different places because the hydrogens are experiencing different magnetic fields due to their
different environments. Two peaks close together must mean that those particular hydrogens are
experiencing two slightly different magnetic fields. Those two slightly different fields are caused by
the hydrogen in the CH group next door. The hydrogen next door has a small magnetic field of its
own, which could be aligned with the external magnetic field or opposed to it. Depending on which
way around it is aligned, it will either strengthen or weaken the field felt by the CH, hydrogens.

Fighd due b next door Figld due b next doar
hydrogen makes the hydrogen decreases
ovver-all figld a kit the over-all figld a it
+ Bigger +
axternal external
rmagnetic figld ragnetic figld

There is an equal chance of either of these arrangements happening and so there will be two peaks
due to the CH, hydrogens, close together and with equal areas under them (because of the 50/50
chance of either arrangement).

The origin of a triplet

Now focus on the CH group in the compound CH,CI-CHCI,. Why is that a triplet? It must be a
triplet because that hydrogen is experiencing any one of three slightly different magnetic fields.
Think about the magnetic alignments of the hydrogens on the next door CH; group. These are the
various possibilities:

and
44 by v4 Y
Shrongesh field In these cases, the fislds wedkest fisld

due b the hydrogens
cancel each other oub

The two arrangements in the centre of the diagram produce the same field (exactly the same as the
external field). So . . . there are three possible magnetic fields that the CH hydrogen could feel, and
so there are three peaks close together - a triplet. The areas under the peaks are in the ratio of 1:2:1
because that represents the chances of these various magnetic fields occurring.
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The origin of a quartet
If you apply the same sort of argument to hydrogens next door to a CH3 group, you will find that
they could be experiencing any one of four different magnetic fields depending on the alignment of

the CH3 hydrogens.
sfrongest figld
444 :

weak sk fie o
All the arrangements in the second line produce the same field. All the alignments in the third line
also produce the same field, but this time a bit smaller. There are four different possible fields, with
the chances of them arising in the ratio 1:3:3:1. So a CH3 group produces a quartet in the spectrum
of the hydrogens of the next door group, with the peak sizes in the ratio 1:3:3:1.
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The C-13 NMR spectrum for a more complicated compound

This is the C-13 NMR spectrum for 1-methylethyl propanoate (also known as isopropyl propanoate
or isopropyl propionate).

| L L L L L L L L L L |
200 180 160 140 120 100 80 60 40 20 (0O
& ppm

This time there are 5 lines in the spectrum. That means that there must be 5 different environments
for the carbon atoms in the compound. Is that reasonable from the structure?

I
CH3CHp-c” M3
“0-€H

EH3

Well - if you count the carbon atoms, there are 6 of them. So why only 5 lines? In this case, two of
the carbons are in exactly the same environment. They are attached to exactly the same things. Look
at the two CHs groups on the right-hand side of the molecule.

You might reasonably ask why the carbon in the CH3 on the left isn't also in the same environment.
Just like the ones on the right, the carbon is attached to 3 hydrogens and another carbon. But the
similarity isn't exact - you have to chase the similarity along the rest of the molecule as well to be
sure.

The carbon in the left-hand CHj; group is attached to a carbon atom which in turn is attached to a
carbon with two oxygens on it - and so on down the molecule.

That's not exactly the same environment as the carbons in the right-hand CHj3 groups. They are
attached to a carbon which is attached to a single oxygen - and so on down the molecule.

All you need to realise is that each line in a C-13 NMR spectrum recognises a carbon atom in one
particular environment in the compound. If two (or more) carbon atoms in a compound have exactly
the same environment, they will be represented by a single line.

Internet Data Base of NMR Spectra (Google search sdbs)
The following internet site: http://riodb01.ibase.aist.go.jp/sdbs/cgi-bin/cre_index.cgi?lang=eng lists
spectra for a large number of compounds.You can search for the spectra of compounds using their
names, molecular formulas and molecular weight (by name is the easiest).
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0 Single peak
1 Double peak
+ 2 Triple peak
3 Quadnuple peak

i}
|
GHy === CH o G oo GHy
© )

butan-2-cne

&)

g

e

Interpretation of the nuclear magnetic resonance (NMR)-
- specira of a number of organic compounds—data analysis

B Purpose

To match key features of the NMR spectrum 1o the structural features of some simpie
organic compounds.

H Theory

Protons inthe samples analysed by H (proton) nuclear magnetic resonance spectrometry

release energy when they mave from a high to low ‘spin’ state. The energy released

is shown as a peak on the spectrum. The same principle applies &0 *C NMR. The

following Information can be gleaned from these peaks in & proton NMR spectrum:

» chemical shift——the energy of the peak compared %0 a standard is called the
chemical shift and gives information abaut the functional group the H is attached
to. A table of chemical shifts Is provided in Helnemarnn Chemisiry 2, Table 7.9,

» peak spliting—the number of fine peaks each majer peak Is splf into gives
information about the neighbouring protons.

» peak areas—ihe fotal area of each major peak of peak cluster gives information
about number of equivalent hydrogens in the molecule.

» the number of peak sets—hence the number of differsnt environments of Hs.
Refer to Table 36.1

Often a number of spectroscopic techniques are used to determing the identity of
a sample. The sample used to obiain the results in Figure 36.1 has been analysed
by mass spectrometry and infrared speciroscony giving information about the mass
of the molecules as well as functional groups present (H protor). Nuclear magnetic
resonance spectra have been given to distinguish between altermative structures for
the sample.

i Data

The sample has been analysed by mass spectrometry and found to have a
relative molesular mass of 72. iR spectroscopy shows a strong absorpfion band at
1718 cmr', which is fikely to be due fo C=0 sirstching in a ketone or an aldehyde.
There are two compaunds, butan-2-cne and butanal, that match this data. The identity
of the compound can be determined by analysis of the proton NMR spactrum.

B Questions

1 Look at the structure of butan-2-one and identify:

a the number of different H environments

b number of H's in each environment

¢ the number of fine peaks each would be sphit into (complete Table 36.2):
2 Look at the structure of butanal and identify:

a the number of different H envirenments

b the number of H's in each environment

¢ the number of fine peaks each would be spiit intc {complete Table 36.3):

]

i

ot bl bmreerend bl brermerd b et a0
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2H
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35 'H NMR spectrum of unknown compeound

3 Complete Table 36.4 for the 'H NMR spectrum. The relative number of H's is
indicated on the spectrum.

4 [dentify the unknown comnpound,
3G NMR spectroscopy Is also used to identify organic compounds.
5 How many peaks would you expsct in 15 NMR of:
a hutan-2-one?
b butanal?
6 How can C NMR spectroscopy be used in distinguishing between butan-2-one
and butanal?
7 How do the proton and *C NMR spectra of butan-2-one differ?
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NMR & IR Practice Questions

17. Forensic chemists often use infra-red spectra
to identify organic bases such as amines, which
have an —NH, group. The —N—H functional
group produces peaks at 3200-3500 cm™ and at
1560-1650 cm™'. Which of the following spectra,
R or §, is the amine?

IR spectrum for compound R IR spectrum for compound S
100 100
E E
) [
& g
=
g 50+ E 50
E =
2 2
by iy
= =
0 I I I I T 0 I T | | |
4000 3000 2000 1500 1000 500 4000 3000 2000 1500 1000 500
Wawve number (em™) Wave number (em™)
Answer:
21. Shown at right is an NMR s]:rectruln
of a molecule with the molecular
formula CyH,0,.
(a) Identify the peaks using the (3)
table of chemical shifts (table
5.6).

(b} How many peaks would you
most likely find in the set of
peaks for the CH, group?

(c) Sketch the structure of the
molecule.

(2)

12 11 1 9 8 7 6 5 4 3 2 1 0

(1)

Chemical shift (ppm)

(@)

(b)

(©)

25



Question 1.3.13

Infrared spectroscopy may be used to determi i
nfrared spe ne the functional groups present in an i
simplified infrared spectrum of one compound is shown below. P ergnoic compound. &

aRNA

4000 3000 2000 1600 1200 800
wave number (cm_ﬂ)

absorbance

‘Why is water an unsuitable sclvent for infrared spectroscopy?

b.  What wave number (in cm_l) would a wavelength of 10 ym correspond to?
c. Based on the infrared spectrum shown above,
i suggest two bonds that are likely to be present in the compound.
il suggest two bonds that are unlikely to be-present in the compound.
Question 1.3.14

Compounds with the molecul:

resonance spectroscopy. Two possible structures for the compounds are shown below.

o H
I |
H\C/C\ A LN /?\C¢O
H | > o T Ho H
H H
propanone propanal

The infrared spectrum of propanone is shown below.

(‘\f‘”

abscrbance peak A

peak B
4000 3000 2000 1500 1000
wave number (cm )

Identify the bond type responsible for
i peak A.
ii. peakB.

Explain why a sample cell used in infrared spectroscopy cannot be made from

1 mark

1 mark

2 + 2 =4 marks

ar formula C;HgO were investigated using infrared and 'H nuclear magnetic

1+ 1 =2 marks

glass or plastic.
1 mark

The 'H NMR spectrum of propanal is shown below. The numbers beside the peaks show the relative

peak areas.
peak Z

3
peak X
1

peakY I
m
5 5 8 7 & 5 4 8 2 1 0
chemical shift (ppm)

i Identify the type of "H nucleus (CHO, CH, or CH;) respon sible for peak X.

ii.  Explain why peak Z is splitinto 2 triplet.

How many peaks would be expected on the

i 14 NMR spectrum of propanone. 3
ii. BeNMR spectrum of propanone.

jii. BeNMR spectrum of propanal.

To standardise
spectroscopy, a reference compound is used. TM

1+ 2 = 3 marks

1+ 1+1=3marks

measurements made on different instruments and under different conditions in 1I-l NMR
S {tetramethylsilane) is often chosen.

State one reason why TMS is a suitable reference compouné for 'H NMR spectrascopy.
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Answers

Q.17 R is the amine as it shows an obvious absorbance peak at 1560-1650 cm-1. This peak is not
evident on the spectrum for compound S.

Q.21 (a) R—CH3 (0.9 ppm), R,—CH, (1.3 ppm: note this peak has moved up the scale on this particular
spectrum), R—-COOH (11.5 ppm).

(b) since there is a CHj3 group next to the CH; group 4 peaks can be expected

ien+t1=3+1=4

H H 0
() | | /
H—-C—C—C
LN H

H H o~

- Question 1.3.13
a.  Water itself is a strong infra}'ed absorber.
b. 10pm=10x 10m=10"m
1

1 5 -1
wave pumber = ———w——— = —— = 10" m
wavelength 1475

=1000 o

¢. i, The peak at approximately 1700 could be a C=0

bond. The peak at 1200 could be a C-O bond. Most
organic compounds would be expected to have
C—H bonds. The peak at 2800 could be an O-H
(acid) bond.

ii.  The absence of a peak in the 3000--3500 range
suggests that no O-H (alcohol) or N~H (amine)
bonds are present.

Question 1.3.14
a. i C-H
ii. C=0

. b.  Glass and plastic both absorb infrared radiation.
e . CHO

ii. Peak Z, with a relative peak area of 3, is due to the
CH; nuclei. This peak is therefore split into three
peaks (2 + 1) due to the two neighbouring CH,

nuclei.
d. i 1
(the six CHj protons are equivalent)
i, 2

(the two CH carbons are equivalent)
iii, 3
e.  For example:
TMS is chemically inert and so will not react with
the sample.

TMS produces a single peak well away from most
of the peaks of interest to organic chemists.

C:\Documents and Seftings\KS\My Documents\Chemisiry Courses\Unit 3\Chemical Analysis\NMR & IR Workshect.doc
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Nuclear Magnetic Resonance Spectroscopy Worksheet

Nine compounds are drawn on the following page. The NMR spectrum for each is among the nine
spectra on the next 3 pages.

1) Match each compound with its NMR.
2) Draw the structure above the corresponding spectrum and show clearly which NMR peak
corresponds to which proton(s) in the molecule.

Steps in analyzing an NMR spectrum.

1. Look for any proton environment/s that will give an obvious peak eg: the carboxyl proton at
11.5 ppm.
'f CH;CH-CORH
o~ Cko propanoic acid \
\H Will have a distinctive peak at 11.5 ppm.
2. Determine the number of H environments and hence the number of peaks that will appear on
the readout. 3 protqn envjronments
CHaCH2COsH
propanocic acid
3. Determine the number of peak splits that each H environment will have using the n+1 rule.
n+1:3\n+lj4 n+1=1
GH3CH;CDEH/
propanoie acid ) )
A relative peak size of 3
indicates
3 H in this environment. 3 peak
A relative peak size of 2 splits indicates 2 neighbouring
indicates protons (_CH.Z). Peak shift of
Peak shift of 11.5 ppm 2 H in this environment. 4 peak 0.9 ppm indicafes a RCHs proton
indicates a COOH proton splits indicates 3 neighbouring . '
environment. A relative peak protons (_CH_S)' Peak shift of
size of 1 indicates a single H 2.4 ppm indicates a CH, proton
in this environment. A single
peak indicates no neighbouring H H O 3
protons. | | //
\ 1 H-C—C—C
N _H
H H o~
T e
'|'r||r'||r'.1 T r1Tr'|Tr_|T|_FI'|TI'I_.I'|_m1TH._ITI_I'I'ITm1TTITI1|Ir1rrT
iz i 10 g 7 B 5 4 3 2 L FRM

The NMR spectrum for propanoic acid has 3 major peaks due to 3 different proton (H) environments.
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\/K CHaCH20H " CH,BI

2-bromobutane ethanol 1-bromobutane

]
[ QGHZGHE P

l-pentene ethylbenzene 2-butanone

Q i
M CHaCHzCOH ~o~Cy

2-pentancne Propanoic acid pentanal

3
1
2
50 45 4.0 3.5 3.0 2.5 2.0 5 LO0PM 0.5
3
1 2

=TT
0.5 0.0 8935 8.0
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Mass Spectrometry

Key Concepts | ¢  The sample, as a gas, enters the evacuated tube.

e Positive ions are formed in the ionisation chamber when an electron beam
dislodges electrons from the sample atoms or molecules.

e The positive ions are accelerated by an electric field.

e The ions enter a magnetic field perpendicular to their path. This causes the ions
to move in a curved path with a radius that depends upon the mass to charge
ratio (m/e) of the ions.

e Onlyions moving in a curved path of a particular radius, corresponding to a fi
xed m/e ratio, will reach the collector.

e Particles of different m/e ratio are able to reach the collector through
adjustments to the accelerating voltage or the strength of the magnetic fi eld.

e The collector measures the current due to the ions reaching the detector and the
data is recorded as a mass spectrum.

Mass spectrometry (MS) is an analytical technique that measures the mass-to-charge ratio of
charged particles. It is used for determining masses of particles, for determining the elemental
composition of a sample or molecule, and for elucidating the chemical structures of molecules, such
as peptides and other chemical compounds. MS works by ionizing chemical compounds to generate
charged molecules or molecule fragments and measuring their mass-to-charge ratios. In a typical MS
procedure:

1. A sample is loaded onto the MS instrument and undergoes vaporization

2. The components of the sample are ionized by one of a variety of methods (e.g., by impacting
them with an electron beam), which results in the formation of charged particles (ions)

3. The ions are separated according to their mass-to-charge ratio in an analyzer by
electromagnetic fields

4. The ions are detected, usually by a quantitative method

5. The ion signal is processed into mass spectra

The technique has both qualitative and quantitative uses. These include identifying unknown
compounds, determining the isotopic composition of elements in a molecule, and determining the
structure of a compound by observing its fragmentation.

Parent Peak: the peak from the ion formed when a molecule loses a single electron — this identifies
the molecule’s molar mass.

Base Peak: the highest peak (most intense peak) it identifies the most common fragment produced
during mass spectrometer analysis.

Heavy Isotopes: H,O has a molar mass of 18 gmol™. It would be expected that the parent peak on a
mass spectrum would appear at an m/e ratio of 18. Some questions will include odd peaks such as an
m/e of 20. See Q.5 on p.114 — The peaks at m/e 19 & 20 in this question are attributed to H,O
containing the heavy oxygen isotope with a RAM of 18.
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Atomic structure

isptopes and relative atomic
Ma%S [cont.]

Measuring relative atomic mass

B The mass spectrometer is the instrument used to separate different atoms and measure their relative
atomic masses. The instrument actually compares the masses of ions which have one positive charge,
e.g. Ne*, This is effectively the same as comparing atomic masses because losing an electron makes very
little difference to the mass. (@) area of

electric field
- | +
! i I . (@ high voltage
(® vaporisec 4+ ‘electron gun’
____________ — sample @ circuit
---- = injection 4
point -
) @ metzal plate
K with slit
t
i
1
: — (@ vacuum Principle of a mass spectrometer
: pump
@ detector | | connection

W to printout recorder

# The magnetic field deflects ions in the beam into a detector at the end of the tube. Lighter ions are
deflected more easily than heavier ions.
8 The strength of the magnetic field is gradually increased so that ions of increasing mass enter the detector.
B The mass of an ion is indicated by the strength of the magnetic field needed to deflect it into the detector.
B The greater the number of ions hitting the detector at any time, the greater the output signal from the
detector.
B A mass spectrometer printout shows: 1. the relative atomic mass of each type of atom;
2. the percentage number of each type ol atom.
m The average mass of isotopes of an element can be calculated from mass spectrometer readings.

Example: Mass spectrometer printout for Calculation of average A, of magnesium isotopes:
magnesium

- 19 10 11
79 Average7100><24+100><25+mo><26

= 18,96 +2.5+2.86

110 1|3 = 24,32

1 t 1 1 1 1
23 24 25 26 27 28
Relative atomic mass
Refer to the mass spectrometer diagram above.
(a) Identify by number the part of the mass spectrometer which:

(i) forms positive ions by bombarding the sample with high speed electrons

% Abundance

(i) accelerates the positive ions

(iii) narrows positive ions into a beam

(iv) deflects positive ions
(b) Why must the tube be evacuated before the sample is introduced?

(¢) Which beamn contains heavier particles, X or Y?

The three naturally occurring isotopes of neon have relative atomic masses of 22, 21 and 20. The percentage of
these isotopes is 9.2%, 0.3% and 90.5%, respectively.

(a) Write symbols for each of these neon isotapes.

(b) Calculate the average relative atomic mass of neon.

Copper has two naturally occurring isotopes with relative atomic masses of 63 and 65. The average relative atomic
mass for copper is 63.5. Write the symbeol for the more abundant copper isotope.




Chemical Analysis — Student Booklet
The Mass Spectrometer

Introductory information

e The Mass Spectrometer separates atoms and molecules on the basis that they have different masses.

e It does this by turning atoms and molecules into positive ions ie. knocking an electron off the atom.

e These ions are sped up by negatively charged plates (the negative charge attracts the positive ions).

e These ions are passed through a magnetic field and they are deflected because moving electrically charged
particles produce their own magnetic field.

Determining an unknown RAM
Basically, the amount that a particle is deflected by the Mass Spectrometer is used to determine its mass with reference to
another particle with known mass eg. carbon-12, and the amount that carbon-12 is deflected.

Determining Masses of Particles
A compound such as 2-methylbutane can be analysed in a
Mass Spectrometer. As it is ionised by a high voltage

100 43 electron stream it can be broken up into smaller fractions
T CHSHERECH, eg. the peak height at m/z 15 is CH,, m/z 72 is the whole
g ] CH; 5 compound, and m/z 29 would be a CH3;CH; fragment.
§ 50- 2 m/z 27 is
2 27 .
fﬁ § m/z 43 is
i 2 .
5| | I‘ 7| m/z 57 is
0 T T T T : T T = T lI T L T L T T 1' T T T T T 1
0 20 40 60 80 100
m/z
Calculating the RAM of Mercury (Hg) This is a mass spectrum of mercury (Hg).

How many isotopes appear on the mass spectrum?

b2
O
I

B
T

The relative abundance (% abundance) for each isotope
can be calculated by comparing the peak heights of each
isotope against the total of all the peak heights added
together. The peak heights are measured by a detector
which records the number of ions hitting it, and hence the

L ! electrical current that these ions produce.
196 197 198 199 200 201 202 203 204

Mass number

Total Peak Height = 100

=
T

Relative number of atoms
[
T

W
T

[0)

Mass Number Peak Height (% of?o?gfgéj;;ﬁ?eight)
198
199
200
201
202

204

RAM(Hg) = = a.m.u

100
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Interpretation of the mass spectra of a number of
organic compounds—data analysis
; AT e
B Purpose )
In1his exercise you wili match the key features of the mass spectrum to the sructural
features of some simple organic compounds.

B Theory

Mass specirometry is used for the qualitative analys's of a number of simple organic
compounds. The identity of the compounds can be determined from the unigue
fingerprint specirum that each gives. A high-energy beam of electrons bombards the
molecules knocking out electrons and forming positive jons. The pasitive lon formed
when the original molecule loses a single electron is called the parent molecular jon,
Bombardment can cause the parent molectlle to fragment: it loges an eleciran to form
a sritaller positive fon and a uncharged free radical. Further fragmentation of these
“fragments produces & range of positive fons thet are recorded and measured by the
detector. The most abundant ion formed Is called the base peak and is assigned a
relative abundance of 100%. Amounts of all other fragments are measured relative to
the base peak.

& Procedure

Each of three samples Is injected in tum Into the evacuated reaction chamber of the mass
spectrometer. The fragmentation spectra produced are shown in Figures 37.1-37.3,

B Questions
(Questions 16 refer to Figure 37.1.
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Figure 37,1 G specirum and formula of pentan-3-of

1 What is the mass io charge ralio, m/e, of the parent melecular on of
pentan-3-ol?

2 “What is the mass of the fon that forms the base peai?

3 Draw an equation to represent the formation of this ion,

4 What is the mass of the uncharged fragment left when the base peak is formed?
Does this fragment also form s an ion and appear on the mass spectrum?

5 The base peak ion can undergo a reamangement 1o lose a molecule of water,

Write an equation to represent the rearrangemeat, What is the m/e of the fon that
results?
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6 Complete Table 37.1 identifying possible structures that produce peaks at m/e as
indicated. :
Questions 7-9 refer to Figure 37.2.

100+
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mfe
[ ICRIEdP Mass spectrum and formula of hexane

7 What is the mass difference between the peaks marked by the letiers A B, C and
D in the spectrum?
8 What fragment does thig represent?

9 Wiite equations or draw a diagram to show the successive fragmentation from

/e 86,71, 57,43, 29,15,

Questions 10 and 11 refer to Figure 37.3.

100
/0
B0 h— €
G- OH,— CH,
= ethyl ethanoate
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10 20 30 e

HITCKI®EYP Mass spectrum and formula of ethy! ethancate

10 Draw and complete Table 37.2 summartzing the major peaks in the spectrum.

11 The peak at m/e 61 is formed after fragmentation of the parent molecular ion and
then the rearrangement of two hydrogen atoms. Give the formula of the uncharged
fragment remaining.
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Spectroscopic Analysis — Data Table

Colorimetry UV-visible Spectroscopy Atomic Absorption Infrared Nuclear Magnet
Spectroscopy Resonance
Samples able to
be tested
How are the

samples treated?

How is the
wavelength of
electromagnetic
radiation
determined?

How is
concentration
determined?
(The formation
of calibration
curves)

How is
absorbance
measured?

How is the
instrument
calibrated?

Quialitative or
Quantitative?
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Analytical Instruments — Data Table

Instrument Principles of Use Qualitative Quantitative Samples Tested
Measure Measure
TLC e  Sample spotted on origin Rs none Water soluble and less
e  Standards spotted on origin polar compounds
e Liquid solvent passes up through the solid stationary phase
e  Separation due to solubility in mobile phase and level of adsorption to stationary phase
HPLC e  Sample injected into column 28 Peak area on Organic compounds that
e High pressure is applied chromatogram | are too big to vaporise
e Liquid solvent (the eluent) carries sample through the solid stationary phase easily or those that
e Separation due to solubility in mobile phase and level of adsorption to stationary phase decompose on heating
GLC e Sample injected into column at high temperature and is vaporised R Peak are on Gaseous samples or
e Carrier gas (inert such as nitrogen) carries sample through the liquid stationary phase (high (generally smaller | chromatogram | those that are easily
boiling point hydrocarbon or ester on a solid support) molecules pass vaporised (molecular
e  Separation due to solubility in mobile phase and level of adsorption to stationary phase thrOU_gfllIm)OSt masses< 300)
quickly
Colorimeter | o  Light passed through a coloured filter (colour selected that is absorbed well by the sample) Concentration | Most metals as coloured
e Detector measures the amount of light absorbed determined compounds and a few
e  Standards run first to create a calibration curve through anions as coloured
e Test sample has absorbance measured and this figure is compared to the calibration curve in reference toa | compounds
order to determine the concentration calibration
curve
UV/Vis e Monochromator used to select a single wavelength () of light (in the UV and visible part of the Only by Concentration | Most metals as coloured
spectrum that is absorbed best by the test sample comparing determined compounds and a few
e  Detector measures the amount of light absorbed absorption spectra through anions as coloured
e Standards run first to create a calibration curve refer.ence_ toa | compounds
e Test sample has absorbance measured and this figure is compared to the calibration curve in calibration
order to determine the concentration curve
AAS e Cathode lamp emits light specific to the sample test metal Only the test Concentration | All metals and metalloids
e  Sample is vaporised in a flame and atoms are left in the ground state metal will absorb determined
e Light passes through sample and into a monochromator which selects only the wavelength of the wavelengths through
interest to be passed to the detector of light being reference to a
e Detector measures the amount of light absorbed emitted by the calibration
excited metal curve

Standards run first to create a calibration curve
Test sample has absorbance measured and this figure is compared to the calibration curve in
order to determine the concentration

atoms in the
cathode lamp
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Analytical Instruments
Identify the following instruments and name two components that help you in your choice.

Marrow
beam
R NN g
_ — Light detectar
Light Manachromator |
SOUFCS fwavalangth Recordar
i " aslactor) Eampla
Silit aalution
Instrument
Features

Atornic vapour
in flarma A

= 4
Light baarn y \\
Lamp smits light I8 chopped / \
of wavelangth into pulses / \
raquirsd to I
i Foo S

sncits slectrona T

Detector measurss

Solution of sampls .
copmyediintane Mmoo st e P o
Instrument
Features
Sampls call
for aclution
“ of aampla N
' S, Monochromator
Infrared sourcs e |
ﬁf"i‘ -------------- .':"‘%_
. {alactrically = o e
hresabesd filarment) /meuﬁ} A\
Horm " ¥
N — - / ;
L I I{ I
Refarence call ._ Ui
for solvert only Infrared
Instrument detactor
Features

Explain the role of the monochromators in analytical instruments.
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Rotating mirar
[baam choppar)

Semitransparant
rnirrar

o =¥ T

1
o = i - Datactor
Radiation Manochrameator : Sampls call Chart
OIS ! recardsr
siit E
i -
Instrument Mirror U """ Mimar
Referancs call
Features
Discuss the role of the reference cell.
Sampla
njection
pert Dratector
|_'_| oo
N L 3
Chart
recarder
Chen
Calurnn
Instrument
Carrier gas
{usually
Features nitragen)
Datectar to
measure kan
currant
lan collector
Magnetic fiskd
at right anglas to
plane of diagram
: _ Charged plates to
P provide skectric fisld
%PIHE:H .
o Filament to provids
Lﬂr:mﬂ;;n I_ [ bombarding akctrons
am
Instrument Tovacuum pump
Features
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Licuid

Syrings for
; injecting
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Solid
atationary
phaas

Datactor

Instrument
Features
Sample tube
— Fols of
magnst
i D
i
Instrument Radio Lrieis
frequency Recordar
trarmrmitter
Features
Sarnple ariginal by i - — Sabhvent
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adsor=d
— Gomponsnt 2
Salid stationary ——
phase Gomponent 3:
__ l=ast atronghy
adsorbad
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.
B
Instrument
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Elusnt ——
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Outcome 1: Evaluate the suitability of techniques and instruments used in

chemical analysis

Refer to Table 8.1 on p.120 and compare with this table below.

Technique Typical Analytes What the technique does and reveals
Gravimetric H,0, NaCl, Ag e Precipitates dissolved ions
Analysis ¢ Determines the concentration of ions in consumer goods
e Won’t work for ions that do not precipitate: NH,", CH;COO", NO3, Na*, K*
Mass Any element or e lonises and fragments molecules and separates them according to mass/charge ratios
Spectrometry | compound that can | e Determines RIM & RAM of elements
be volatilised e Helps determines the structure of molecules
e Molecules must be volatile without degrading
Volumetric | Acid/Base and e Uses standard solutions to determine the concentration of acid/base and redox reagents in
Analysis Redox mixtures eg. alcohol in wine
e Many sources of experimental error eg. unclear end-points, uncertainties in instruments
TLC Dyes, amino acids, | e Separates components in mixtures according to solubility in solvents and adsorption to
Water soluble and stationary phase
less polar ¢ Results are often not clear and well defined — is a simple, crude technique
compounds
GLC Foods, drugs, ¢ Qualitative = Rt value
biological samples | e Quantitative = area under peak on chromatogram
e Can only use gaseous samples or those that are easily vaporised (molecular masses< 300)
o Samples that caramelise cannot be analysed
HPLC Foods, drugs, ¢ Qualitative = Rt value
biological samples | e Quantitative = area under peak on chromatogram
e Can only use gaseous samples or those that are easily vaporised (molecular masses< 300)
e Samples that caramelise cannot be run
AES Many metals: Ca, ¢ Qualitative method where emitted light is passed through a prism to produce a
Na, Mg characteristic emission spectrum
e Emission spectra are produced by electrons being excited between energy levels within an
atom
o All elements have a unique emission spectrum due their unique electron configurations
AAS Most metals: Cu, e Determines the concentration of metals in mixtures
Fe, Zn o Standard solutions produce calibration curves to which unknown solutions are compared
o Absorption of light specific to an element is due to electrons being excited between energy
levels within the atom
UV-Visible Low molecular e Determines the concentrations of organic molecules through the absorption of light in the
mass organic UV-Visible part of the electromagnetic spectrum
chemicals such as o Absorption wavelength is selected by scanning the molecules absorption across a range of
asprin wavelengths
¢ Selected wavelength will be one where thre molecule of interest absorbs well and where
other molecules in the mixture will not absorb strongly
IR Organic molecules | e Lower energy EMR causes changes in bonds which absorb at typical wavelengths
Quantitative for o |dentifies functional groups and reveals a lot about the structure of molecules
determining SO, ¢ Quantitative when a selected wavelength is chosen and standards are run to produce a
HCN & CS; levels calibration curve
in the atmosphere
NMR Organic molecules | e Magnetic fields and radiowaves cause energy splits in the nucleus of atoms

¢ Reveals a lot about the structure of molecules by identifying C & H environments
e No’ of peaks = no’ of H environments

e Chemical shift identifies the type of H environment

¢ Relative peak area = no’ of protons in a particular environment

e Peak splitting identifies the no’ of protons neighbouring a H environment
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