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Spectroscopic identification of
organic compounds

Analytical techniques

- qualitative analys
inami

: the detection of the presence but not the quantity of a substance
for example, forbidden substances in an athlete’s blood

us

- quantitative analysis: the measurement of the quantity of a particular substance in a
mixture; for example, the alcohol levels in a driver’s breath

- structural analysis: a description of how the atoms are arranged in molecular
structures; for example, thy ination of th of anaturally i
artificial product.

g

« Infrared spectroscopy is used to identify the bonds in a molecule.

. is used to de lative atomic and molecular masses. The
fragmentation pattern can be used as a fingerprint technique to identify unknown
substances or for evidence for the arrangements of atoms in a molecule.

- Nuclear magnetic resonance spectroscopy is used to show the chemical
environment of certain isotopes (hydrogen, carbon, phosphorus, and fluorine) ina
molecule and so gives vital structural information.

Mass spectrometry

Determining the molecular mass of a
compound

Fragmentation patterns

‘The ionization process in the mass spectrometer involves an
electron from an electron gun hitting the incident species and
removing an electron:

X(@)+e - X¥(Q) +2e

Very energetic collisons lead to *fragmentation patterns”.
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What does the relative abundance tell
us?
Full analysis of a mass spectrum can be a complex process. We make use of the mass
difference between the peaks to identify the pieces which have fallen off. You are
expected to recognize the mass fragments shown below. You are not expected to
‘memorise the details as the data are given in section 28 of the IB data booklet.
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30 The simplified mass spectrum of a compound with empirical formula C;Hs is shown below.
(a) Explain which ions give rse to the peaks shown. [ hemon " ragrention |
(b) Deduce the molecular structure of the compound. s o
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The degree of unsaturatior/IHD e (' - (' -#
Riaein Satur_ated non- Indeyf 9f hydrogen \ ‘
cydic target deficiency (IHD) w- C=c¢co "
CoHe | CHs _ 1
CzHy C3Hg 2
: cyclobutane and but-1-ene, C,Hg CaHro 1 J _’_ZM
C,H<OH | C,H<OH 0 CoL 2
C,H0 | C,H0 1 - C-( -~
C,HCI | CoHsCl 0 ST

The number of H, molecules required to convert molecule x into a saturated, non-cyclic molecule.

Exercises

31 Deduce the IHD of the following by copying and completing the table below.

Molecule = Corresponding saturated non-cyclic molecule IHD

CoHe Vlexans 4 .
CH;COCH;3 fropn-2- of \ I
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&) CH3C=CCOCH;



Topic 11 and 21.notebook

October 20, 2015

Different regions of the electromagnetic spectrum give
different information about the structure of organic
molecules

. O: the d between or troughs
- frequency (v): the number of waves which pass a point every second.

Type of electromagnetic | Typical frequency (v) /s | Typical wavelength
radiation )/m

radio waves (low energy) 3x10° 10 q '

microwaves 3x 10 102

infrared 3x 107 10

visible: 3x 105 107

ultraviolet 3x10' 10*

Xrays 3% 10% 100 |

gamma rays greater than 3 x 102 less than 10-1¢
- Radio by certain nucli, causi reverse their spin.

NMR and can give i i of certain

atoms.
- Mi This can give

information about bond lengths. It is not necessary to know the details at this level.
. ati d hem tostretch or bend.

‘This gives information about the bonds in a molecule. O I
+ Visible light: i light can |

information about the electronic energy levels within the atom or molecule. )

h i g levels.
¥ i der of 4 f
which provide direct evidence of

molecular and crystal structure.

Infrared (IR) spectroscopy

The natural frequency of a chemical bond R

A chemical bond can be thought of as a spring. Each bond vibrates and bends ata = =

i d strength and the masses of the atoms.
Light atoms, for example, vibrate at higher frequencies than heavier atoms and ®
‘multiple bonds vibrate at higher frequencies than single bonds. o

These vibrations are increased when energy in the IR region of the electromagnetic spectrum is

absorbed.
However, this only occurs if the bond is permananetly polar or has temporary dipoles when
vibrating .
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Bond Wavenumber / cm-! Intensity

[ strong

= medium-weak; multiple bands

=0 strong

c=C variable

O—H, hydrogen bonded in strong, very broad

carboxylic acids

CH 2850-3090 strong

O-H, hydrogen bonded in | 3200-3600 strong

alcohols and phenols

N-H 3300-3500 strong

lso be identified by the distinctive shs their signals for

example, the O—H bond gi ignal and the C=0 bond gives a sharp signal.

IR spectrum for a sample of pure
heroin
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I

Does the sample contain heroin?

The fingerprint region below 1500 cm-' can be used to positively identify a compound:

infracted spectrum of propan-1-0l, CH3CHZCHZOH I p—
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The environment of the H is important because electrons affect the energy required to flip the nucleus.
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A simple NMR spectrum looks like this:
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TMS is chosen as the standard because:
Ithas 12 hydrogen atoms all of which are in exactly the same environment. That produces a single peak , but it also
a strong peak (because there are lots of hydrogen atoms).
The clectrons in the C-H bonds are closer to the hydrogens as Si is less clectroncgative than C. That means that thes
hydrogen nucloi are the most shiclded from the external magnetic field, and so they intcract with radio waves with
a higher frequency  than almost all othe H-environments
“The net effect of this is that TMS produces a single peak on the spectrum at the extreme right-hand side. Almost
everything else produces peaks to the left of it
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‘Worked example o
‘The NMR spectrum of acompound which has the molecular formula C;H,0 is =
shown here. i
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chemical shift/ppm N
4) Draw the full structural formulas and give the names of the three possible
isomers of C;H,0. Al\ﬂ\

H S L%
Wentify the substance responsible for the peak at 0 ppm and sate s purpose. =) 4§ ) wa'\ @
) 1dentify the unknown compound from the number of peaks i the spectrum.

Identify the group responsible for the signal at 0.9 ppm.
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Identfy the compound.
A CHCH,CH, B CH,CH,CHO CHyCH,COCH, D CHyCH,CH,CH,CH,

43 Thelow resolution 'H NMR spectrum of a fuel ¥ EShown.
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45 Describeand expian the 'H NMR spectrum of CH,CH;OH.
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High-resolution '"H NMR spectroscopy
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Worked example

Predict the splitting pattern produced by a neighbouring —CH,— group.

Solution

‘There are 22 different combinations.
i
T T 12

Both protons aligned with | One proton aligned with Both protons aligned
external magnetic field. and one against external against external magnetic
magnetic field. field.

f1,2,1.

Three lines are produced with relative i

Number of chemically equivalent Splitting patterns with relative intensities

protons causing splitting
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Worked example
The 'H NMR spectrum of a compound with the empirical formula C,H,0 is shown.

R” \°-<"r\ H JL_A

—— > IUD = |

(2) Deduce the molecular formula of the compound. <J C‘- ”‘ ol
(b) Draw possible structures of molecules with this molecular formula.
(c) Use section 27 of the IB data booklet to identify a structure which is consistent

with the 'H NMR spectrum and account for the number of peaks and the l ?

splitting patterns in the spectrum.
(NN

Exercises

46 (a) Draw the molecular structure of butanone.

(b) Use section 27 of the |B data booklet to pradict the high resolution 'H NMR spectrum of
butanone. Your answer should Include the chemical shift, the number of hydrogen atoms, and
the splitting pattern for the different ervironments of the hydrogen atoms.

47 Comparethe 'H NMR spectra of ethanal and propanone. Your answer should refer to number of
peaks, and the areas and splitting pattern of each peak.
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X-ray diffraction

X-ray crystallography works by shining X-rays onto a very pure crystal of the substance you are interested in.
The X-rays are diffracted  (bent from their original path) when they interact with regions of high electron
density and produce a diffraction pattern  that can be converted into an electron density map

solid crystalto  X-ray diffraction
be analysed pattern

Q o1 6z 03 08 osem

X rays are in scattered X rays have travelled different
phase as they distances so may be out of phase
enter the i

We use monochromatic x-rays (waves of equal wavelength ,‘.h,-,,g.erzm

so that we can easily relate the diffraction pattern and the

crystal structure. d

Why must we carry this out with the sample in a solid state?

path difference

The electron density map produced by
anthracene.

The information can be used to calculate:
» Bond lengths
« Bond angles

Why can we not see the hydrogens in this
diffraction pattern?

R d
Exeruses The angle of diffraction depends on the a

)D' Which analytical technique would give bond length and bond angle dat wavelength. If the X-rays have different
metal complex? wavelengths, different diffraction angles/pattern
would be obtained. It would be impossible to
When monochromaric X rays are directed towards a crystal, some undery match the angles with the wavelengths.

by the term monochromatic and why Is this Important in X-ray crystallog ”

/71 Why do hydrogen atoms not appear In an electron density map produc 52 Theat <t ha o i
e atoms M e a re r arrangemen
A2 Bxplain why a sample must be In the solid state when X-ray diffraction Is an ordered diffrction paﬂz-ln is to be produced.
structure.

@ simplified electron density map of a compound Is shown.

Hydrogen atoms have a low electron density.

53 (a) CH.CH,

(b) Hydrogen atoms do not appear because of
their low electron density

() The saturated non-cyclic compound is CH

IHD = (16 - 8) = 4 (the IHD of a berzene
ring = 4)

(a) Identfy the compound from Its bond length data.
(b) Explain why not all the atoms are shown In the electron density map.
(c) Deduce the degree of IHD of the compound.
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e\
9 The infrared spectrum of a substance, X, with e,mpﬁal formula C;H;O is given below.

0.8
8 J
E 0.6+
g 0.4
~ 021
0 T T T T T T T T T T T3 T T T T T
3000 2000 1000
wavenumber/cm-!

(a) Explain why the structural formula of X cannot be:
>

ol L A
S e S— C‘\ H/ B \C/OH
H oy % A\

D21 &)
(b) The 'H NMR spectrum of X consists of three peaks. Deduce the structural formula of X and
the relative areas under each peak. (2)

(Total 4 marks)
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6 Infrared spectroscopy is commonly used as an analytical technique by inorganic, physical and

organic chemists.

(a) Explain why hydrogen bromide is IR active whereas bromine is IR inactive.

(b) The IR spectrum, mass spectrum, and 'H NMR spectrum of an unknown compound, X, of
molecular formula CgH, g0, are as follows.
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(i) In the IR spectrum, identify the bond responsible for each of the absorptions labelled I,
Il, and Il (3)
(ii) In the mass spectrum, deduce which fragments the miz values at 102, 57, and 45
correspond to. (3)

(iiii) Identify the peak at 11.5 ppm in the 'H NMR spectrum.

(iv) State what inf can be obtained from the i ion traces in the 'H NMR
spectrum about the hydrogen atoms responsible for the peak at 1.2 ppm.

(v) Deduce the structure of X.

(vi) CH;COOCH,CH,CH; is an isomer of X. Deduce two differences between the 'H NMR
spectrum of this isomer and that of X.

6 (a) (stretcheaMbrations In) HBr Involve change
In bond dipole / (stretches/vibrations In) Br,
do not Invole change In bond dipole [l

® O I:0-H
Il: C—H
Il G=0 Bl
Award [2] for C—H for | and O—H for |l
(i) mvz 102: molecular lon peak /
(CH,),COO0H* / GH, 0 / M+
Mz 57: (CHy),G* / (M—COOH)* / G Hy*
myz 45: COOH* @
Penalze missing + once ony.
(ili) (H of) COOH group

(iv) nine hydrogens In the same
environment / (CHg),C— (group)
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(vi) no peak at 11.6 ppm In spectrum of
Isomer / different chemical shift values
four peaks (Instead of two) / different
number of peaks;

Three of these peaks can be spit in actual
spectrum, so alow for this in answers if
exactly four peaks Is not stated.

different Integration trace / different

areas under the peaks / Integration trace
would have a 3:2:2:3 peak area

ratlo [2 max]
Do not award mark Iif Incorrect peak area
ratios are given for the structure drawn
in ).
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