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ANALYTICAL METHODS IN CHEMISTRY

COMBUSTION ANALYSIS

The organi c conpound is burned in Oxygen and the product gases
separated. The gases produced depend on the el enents present in the
origi nal conpound e.g.

El enent Pr oduct of conbusti on
C Co,
H H,0
S SG,
N N,
PROBLEM

Wien a sanpl e of an unknown hydrocarbon was burned in Oxygen the
foll ow ng gases were obtai ned:

Car bon di oxi de 5. 5440¢g
Wt er 0. 8100g

Cal cul ate the enpirical fornula of the hydrocarbon

ANSVEER:
Nunber of noles of CO, = 5. 5440
44
= 0.1260 nol es
=> Nunmber of noles of C = 0.1260 nol es
Nunber of noles of H,O = 0. 8100
18
= 0. 0450 nol es
=>  Nunber of noles of H = 0. 0900 nol es
=> Ratio C: H = 0.1260 : 0.0900
= 1.4 : 1
= 14 : 10

=> Enpirical fornmula is C,H,

Conbustion analysis has certain l[imtations:

* It produces enpirical, rather than nol ecul ar, fornulae
* It cannot detect Oxygen

Conbustion analysis is therefore usually used al ongsi de ot her nethods
of anal ysis.
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Infra Red Spectroscopy

The vi brational energy of a chemical bond is quantised - it can have
only certain values of energy. Mst vibrating bonds are in the ground
state.

I nfra Red radiati on contains
phot ons of the correct energy
to pronbte a ground state

vibrating bond into its first

1st excited state

excited state. The energy
requi red, AE, depends on the AE
type of bond and groups Ground state

attached to it.

In HdA this energy is 5.73 x 10-20 Joul es per nol ecul e.
IR radiation of this energy would therefore pronote a ground state
vibrating HC bond into its first excited state. W can cal cul ate

t he wavenunber of this radiation - it is 2883 cm1 (Check this!)

In the Infra Red spectroneter, IR radiation of varying wavenunber

(dropping from4000 to 700 cm1) is passed into the sanple. The
intensity of the radiation passing through the sanple is neasured
using an infra red detector:

— > Ll > —=]

I R source Sanpl e Det ect or

Let us suppose that the sanple contains H O gas.

Wien t he wavenunber reaches 2883 cml, it contains photons of exactly
the right energy to pronote a ground state vibrating HC bond into
its first excited state. The radiation is used up and does not pass

t hrough the sanple. The detector records a drop in the radiation
transmtted.

Wavenunbers above and bel ow 2883 cm1 contain photons of the wong
energy to excite the vibration and this radiation is not absorbed by
t he sanple. The detector records 100%transmttance.

The spectroneter presents this result as a graph called an 'Infra Red
Spectrum :

100 N

% transmttance

4000 2883 700
wavenunber/ cnr 1

As each bond has its own characteristic absorption wavenunber (see
SQA Data Booklet), Infra Red spectroscopy can be used to identify
certain functional groups in an organic nol ecul e.
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O
Y
Exanple: Infra Red spectrum of CHs_C/
Et hyl ethanoate NO— CH— cH
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MASS SPECTROSCOPY

The mass spectrometer is an instrunent which can be used to determ ne
the accurate formula mass and structural features of an organic
conpound.

Bef ore consi dering the analysis of nolecules we shall investigate how
the instrunent works by anal ysing a m xture of gaseous Chlorine

atons. This consists of 75%35CI and 25% 37C .
| The gaseous sanple is injected into an ionisation chanber.
(Solid or liquid sanples are vaporised first).

| In the ionisation chanber the sanple is bonbarded with
el ectrons. Positive ions are forned:

d + e -> a+ + 2e
a+ + e -> Cl 2+ + 2e
etc

| The positive ions are accelerated through a series of negative
slits.

| ONI SATI ON NEGATI VE MAGNETI C DETECTOR SCREEN DI SPLAY
CHAMBER CRID FI ELD OF MASS SPECTRUM

+

Sanpl e
(a)

35 36 37
mass nos.

| The positive ions are then deflected by a magnetic field.

The | ower the mass (m the greater the deflection.
The 35CI isotope in our sanple will be deflected nore than the
37C1 i sotope.

The greater the charge (e) the greater the deflection.
A d2+ jon would be deflected nore than a d+ ion.

The degree of deflection is thus proportional to e/m
Most of the ions created are 1+ so we will not consider
mul ti ply-charged ions any further.
| The mass of each ion is drawn as a peak on the mass spectrum

produced.

The area under the peak is proportional to the quantity of each
ion present so the peaks in our Chlorine sanple are in the

ratio 75%35CI : 25%37Cl or 3:1.
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MASS SPECTROSCOPY OF MOLECULES

Mass spectroscopic anal ysis of nolecules differs fromsingle atons in
one respect only: fragmentati on occurs in the ionisation chanber.

Usual |y the energy available in the ionisation chanber is nore than
sufficient to ionise the nolecul es. The excess energy breaks the
nol ecul es down into a conplex mxture of ions including the parent

i on.

Mass spectrum of Chl or onet hane CH,Cl

I oni sation of the CH,G occurs in the ionisation chanber:

CH,C + e ->  CHd+ + 2e
The ion then fragnments in the ionisation chanmber
CH,A + ->  CHgt + c

The mass spectrumtherefore contains peaks due to CH;A+ and CH,;*.

Noti ce that the mass spectrumis further conplicated by peaks due to
t he presence of isotopes in the nolecule.

35~ F
CH,>>d
+
% N C|'|337 a
CH, A
15 50 52 mass (amu)
Mass spectrum of Ethanol C,H;OH
CH,OH"
%
CH,
-+ 2 4 +
XHg A CH,CH,OH
15 28 31 46 mass (amu)

Note the appearance of C,H,* fragnent at mass 28.
This is due to dehydration of CHOH in the ionisation chanber:

CHOF  -> GHr  +  HO
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NUCLEAR MAGNETIC RESONANCE

The Hydrogen nucl eus, a proton, can have a spin of + 1/2 or - 1/2
just like an electron. The spinning positive charge generates a
magnetic field so the proton behaves like a tiny magnet.

If the proton is placed in an applied magnetic field its magnetic
field will alignitself with the field (Il ow energy) or against the
field (high energy). The energy difference Eis so |ow that the
protons distribute thenselves al nost equally between the two | evels:

S
S —— O= proton spinning AGAINST the applied field
N
©
0
= E
8
fel
(o)
< N
N N/ ~O~ proton spinning WTH the applied field

S

The energy difference E depends on the intensity of the applied
field. For a field strength of 14092 gauss the value of Eis 3.975 x
10-26 J. This corresponds to a radio frequency of 60 MHz (work this
out yourself!). Hence, if we irradiate these protons with 60 MHz

radiation they will absorb energy, flip their spins and junp to the
hi gher energy state:

S
S T\@q proton spinning AGAINST the applied field
N

14092
gauss

60 MHz

This is the principle behind the NVR spectroneter. The radio
frequency is held constant at 60 MHz and the applied magnetic field
is varied. Wien E reaches the energy corresponding to 60 MHz the
proton flips its spin and junps into the higher energy level. The
radiation emtted when it returns to the |lower level is detected and
used to mark the exact value of the applied field at which the
transition took place. The intensity of the radiation emtted depends
on the nunber of protons.

Surely transitions wll always occur at 14092 gauss if the applied
field is 60 MHz! Not so!! The environnment of the proton can affect
the strength of the applied field it actually experiences.

The applied field induces weak electric currents in the electrons in
t he bonds surroundi ng the proton. These currents produce a | ocal
magnetic field which opposes the applied field. The proton therefore
wi Il always experience a slightly reduced total field. This

reduction, or shift (&), is measured in parts per mllion of the

applied field e.g. for a proton experiencing a shift of 1 ppmthe
applied field will need to be raised to 14092. 014 gauss for the
proton to experience a true field of 14092 gauss.
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Exampl e 1: Met hane
The protons in CH, are all equivalent. The shift is 0.9 ppm

The NVR spectroneter plots a graph of shift vs. intensity:

NVR of Met hane

Intensity
10 9 8 7 6 5 4 3 2 1 0
shift/ppm
Exanpl e 2: 1, 2-Di brono 2-net hyl propane
s
Br—CIZ—CIZ—Br
CH, H

The -CH,-Br protons have a shift of 3.9 ppm

The CH;- protons have a shift of 1.9 ppm

NVR of 1, 2-Di bromo 2-nethyl propane

Intensity

10 9 8 7 6 5 4 3 2 1 o0
shift/ppm

Notice that the areas under the 1.9 ppmand 3.9 ppm peaks are in the

ratio 1:3 reflecting the ratio of the -CH,-Br and the CH;- protons in
t he nol ecul e.
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X-Ray Crystallography

X-ray crystal |l ography can be used to determ ne the precise three-
di nensi onal structure of organi c conpounds.

When a crystal of an organic conpound is exposed to X-rays of a
singl e wavel ength (e.g. 0.154 nm the atons of the crystal act as a
diffraction grating. The el ectrons of each atombend or 'diffract’

t he X-rays.

The nore electrons, the nore the X-rays are deflected. Large atons
i ke Oxygen (8 electrons) bend the X-rays nore than smaller atons
i ke Hydrogen (1 el ectron).

When individual diffracted waves are

i n-phase, the peaks and troughs add det ect or
t oget her and constructive

interference occurs. This increases

the intensity of the beam and

produces a bright spot on an

el ectroni c detector placed in front
of the beam

When individual diffracted waves are

det ect or

out - of - phase, the peaks and troughs
subtract and destructive
interference occurs. This reduces
the intensity of the beam and
produces only faint spots on the
det ect or.
The size and di stance between the I I
atons determ nes whether the I I
diffracted beamis in-phase or out-

@
of - phase and thus the pattern of
bri ght spots produced on the | I
detector can be used to determ ne ' |
t he t hree-di nensi onal shape of the X-ray diffraction pattern
mol ecul e. produced on phot ogr aphic

film
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Computer analysis of the X-ray diffraction patterns can produce
el ectron density maps of the nol ecul e

HQ
AN

e.g. 4-Methyl benzoic acid éﬁ>—<i:::>r—CH3
O

| 0.3 nm |

Fromthe electron density map the precise location of each atomin
t he nol ecul e can be determ ned. Heavier atons |ike Oxygen can be
identified by the greater intensity of the contours. Hydrogen atons,

with ow electron densities, are not easily detected.




