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€ DP IB Chemistry: HL 4

Your notes
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11.1.1Index of Hydrogen Deficiency

Index of Hydrogen Deficiency

= The degree of unsaturation orindex of hydrogen deficiency providesinformation about the number
of double or triple bonds in amolecule
= ThelHDis the numberof hydrogen molecules, H,, needed to convert the molecule to the
corresponding saturated, non-cyclic molecule
= There are two ways to solve IHD problems. One way is to draw the structure and identify rings and

double and triple bonds, counting each one as anIHD value of 1.

= Thesecondwayistouseaformula,
= Foracompound containing C,H,, IHD= (2x+2-y)/2
= Thisisalittle complicated, since for the formula to work you need to:

= ignoreOandS

= count halogensas hydrogen

= addone Candone H forevery nitrogenin the formula

CsHaa

IHD = (2x + 2 — y)/2
= (10 + 2 -12)/2
=0

ALKANE

e SATURATED
°NO RINGS

H H

H—C—C—H
H H
HD=02x+2 -y)/2

HD=(2x+2 -y)/2

=(B8+2-8)/2 =(4+2-4)/2
=1 =1
CYCLOALKANE SUBSTITUTED ALKENE
° 1 RING 1 DOUBLE BOND
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2 VAN CeHsOH

HD=(2x+2 —y)/2

IHD = (2x + 2 — y)/2 IHD = (2x + 2 — y)/2
=(10+2-8)/2 =(8+2—4)/2 =(12+2-6)/2
=2 =3 =4

DIENE CYCLIC DIENE PHENOL

+2 DOUBLE BONDS 1 RING » AROMATIC RING

-2 DOUBLE BONDS > 3 DOUBLE BONDS

Index of Hydrogen Deficiency Examples

@ Worked example

Deduce the Index of Hydrogen Deficiency in ethyne, CoH2, methylbenzene, C4H5CH3z, and propanone,

CH3COCHz3

Answer:

Answer 1: Ethyne, CoH, IHD= 2

TRIPLE BOND% H H
|
H—C=C—H + 2H, ——> H—C—C—H

IHD = (2x + 2 —y)/2
=4 +2-2)/2

=2

FULLY SATURATED|

Answer 2: Methylbenzene, C4H5;CH3z IHD= 4
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S o S 1 RING
H ¢ H 3 DOUBLE BONDS
H H H H H H H

e
+ 4H, ——> H—C—C—C—C—C—C—C—H

I A
H HHHHHH

FULLY SATURATED

IHD = (2x + 2 —y)/2
=(14+2-8)/2
=4

Answer 3: Propanone,CH3COCHz IHD =1

H O H H OHH
| L

H—C—C—C—H + H, ——> H—C—C—C—H
] [ .

H H H H H
=6+2-6)/2
=1

O Examiner Tip

Drawing out the structure is a much faster way to solve IHD problems, but using the formula is helpful
when you are struggling to draw the structure
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11.1.2 Mass Spectrometry

Determining Molecular Mass

When acompound is analysed in a mass spectrometer, vaporised molecules are bombarded with a
beam of high-speed electrons
These knock off an electron from some of the molecules, creating molecular ions:

Electron bombardment

MOLECULE *  MOLECULE's+ ¢

Molecular ion

The relative abundances of the detected ions form a mass spectrum: a kind of molecular fingerprint
that can be identified by computer using a spectral database

The peak with the highest m/e value is the molecularion (M*) peak which gives information about
the molecular mass of the compound

This value of m/zis equal to the relative molecular mass of the compound

The M+1peak

= The [M+1] peakis a smaller peak whichis due to the natural abundance of the isotope carbon-13
= The height of the [M+1] peak for a particularion depends on how many carbon atoms are presentin

that molecule; The more carbon atoms, the larger the [M+1] peakis
= Forexample, the height of the [M+1] peak for an hexane (containing six carbon atoms) ion will be
greater than the height of the [M+1] peak of an ethane (containing two carbon atoms) ion
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@ Worked example /

. . Your notes
Determine whether the following mass spectrum belongs to propanal or butanal

A
100
80 -

60

40 4

RELATIVE INTENSITY

20

O .||I||I N | Al | 1 -l oy
rrrrfrrrrrrrorryT IrrrrrrrrrrrrrrrTTrrT T rrTrIT T T T T I T I T I T T T T —

|

I
M 15 20 25 30 35 40 45 50 55 60 65 70 75/
m/e

Answer:

= The mass spectrum corresponds to propanal as the molecularion peakisat m/e =58
= Propanal arises fromthe CHzCH,CHO*ion which has a molecular mass of 58
= Butanal arises from the CHzCH>CH>,CHO*ion which has amolecular mass of 72
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Fragmentation Patterns

= The molecularion peak can be used toidentify the molecular mass of acompound
= However, different compounds may have the same molecular mass
= Tofurtherdetermine the structure of the unknown compound, fragmentation analysis is used
= Fragments may appear due to the formation of characteristic fragments or the loss of small
molecules
= Forexample, apeakat29is due to the characteristic fragment CoHs*
= | ossof small molecules giverise to peaks at 18 (H,0), 28 (CO), and 44 (CO»)

Alkanes

= Simple alkanes are fragmented in mass spectroscopy by breaking the C-C bonds
= M/evalues of some of the common alkane fragments are givenin the table below

m/e values of Fragments Table

Fragment m/e
CH; 15
C,H, 29
C,H, 43
C,Hq 57
CsHiy 71
C.H 85
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\ C,He N /
100 57 CsHay Your notes
56 113
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Mass spectrum showing fragmentation of alkanes

Halogenoalkanes

= Halogenoalkanes have often multiple peaks around the molecularion peak
= Thisis caused by the fact that there are differentisotopes of the halogens

Alcohols

= Alcohols often tend tolose a water molecule givingrise to a peak at 18 below the molecularion
= Anothercommon peakis found at m/e value 31 which corresponds to the CH,OH* fragment
= Forexample, the mass spectrum of propan-1-ol shows that the compound has fragmented in four
different ways:
= LossofHtoforma CzH;O* fragment withm/e =59
= Lossof awatermolecule to forma CzHg* fragment with m/e = 42
= LossofaCyHstoforma CHy,OH* fragment with m/e = 31
= Andtheloss of CH,OH to form a CyHs* fragment with m/e = 29

O Examiner Tip
Atable of mass spectral fragments lostisincludedin the IB Chemistry Data Booklet Section 28 soyou

don'tneedtolearn all the likely fragments
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11.1.3 Nuclear Magnetic Resonance Spectroscopy /

Your notes

How NMR works

= Nuclear Magnetic Resonance (NMR) spectroscopyis used for analysing organic compounds
= Only atoms with odd mass numbers show signals on NMR spectra and have the property of nuclear
spin
= InTHNMR, the magnetic field strengths of protons in organic compounds are measured and recorded
onaspectrum
= Samples areirradiated withradio frequency energy while subjected to a strong magnetic field
= Thenucleican alignthemselves with or against the magnetic field
= Protons ondifferent parts of a molecule (in different molecular environments) absorb and emit
(resonate) different radio frequencies
= Allsamples are measured against areference compound - Tetramethylsilane (TMS)
= TMS shows a single sharp peak onan NMR spectrum, at a value of zero
= Sample peaks are then plotted as a ‘shift’ away from this reference peak
= This givesrise to ‘chemical shift’ values for protons on the sample compound
= Chemical shifts are measured in parts per million (ppm)

Features of a NMR spectrum

= AnNMR spectrum shows the intensity of each peak against their chemical shift
= The areaundereach peakis proportional to the number of protonsin a particular environment
= The height of each peak shows the intensity/absorption from protons
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THE 3 MOLECULAR
ENVIRONMENTS OF ETHANOL

D,
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6 5 4 3
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CHEMICAL SHIFT &/ppm

Alow resolution TH NMR for ethanol showing the key features of a spectrum
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Chemical Environments

Chemical environments

Hydrogen atoms of an organic compound are said to reside in different chemical environments
= Eg.Methanolhas the molecular formula CH;OH
= There are 2 environments: -CHz and -OH

The hydrogen atoms in these environments will appear at 2 different chemical shifts
Different types of protons are given their own range of chemical shifts

Aldehyde HCOR 9.3-10.5
Alcohol ROH 0.5-6.0
Phenol Ar—0OH 4.5-70
Carboxylic acid RCOOH 9.0-13.0
Alkyl amine R—NH- 1.0-5.0
Aryl amine Ar—NH, 3.0-6.0
Amide RCONHR 5.0-12.0

O Examiner Tip

Typical proton chemical shift values are givenin Section 27 of the IB Chemistry Data Booklet. The
values alone do notidentify specific protons as the values occur overarange thatis sometimes
overlapping, but they canbe used in combination with other structuralinformation to help confirma

feature
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Interpreting an NMR Spectrum /

. . . . Your notes
= Protonsinthe same environment are chemically equivalent

= EachpeakonaNMRspectrumrelates to protonsin the same environment
= Peaksonalowresolution NMR spectrum refers to environments of an organic compound
= Eg.Ethanolhas the molecular formula CH3zCH,OH
= Thismolecule as 3 separate environments: -CHz, -CH», -OH
= So 3 peakswouldbeseenonitsspectrumat1.2 ppm (-CHz), 3.7 ppm (-CH») and 5.4 ppm (-OH)

@ @ @ THE 3 SIGNALS ON THE
THNMR SPECTRUM RELATES

%\ ETHANOL ] TO 3 MOLECULAR
ENVIRONMENTS ON ETHANOL
INTEGRATION TRACE
GIVES STEPPED HEIGHTS
> | |[PROPORTIONAL TO THE — CH,
© | |PEAK AREAS
pd 3H
a —CH,—
L
@] J
2H
5 —OH
=
&
O m l
[7))]
28]
<C
! | ! | ' I ! I ! | ! I ! |
70 60 50 40 30 20 10 00
&/ ppm

A low resolution NMR spectrum with integration trace

= Theareaundereachpeakis determined by computerand anintegration trace overlaid on the
spectrum

= Theintegrationtrace has steppedlines whose steps are in the same proportion as the peak areas

= This makes it easier to determine the relative abundance of the different proton environments
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@ Worked example ,

, , Your notes
Which of the following features can be found from a 'H NMR spectrum?
A. The total mass of hydrogen atoms present

B. The number of different hydrogen environments
C. Thefrequency vibration of C-O bonds

D. The firstionization energy of hydrogen

Answer:

The correct optionis B.

= AnNMR spectrum can tell you about the type of hydrogen environments and the relative
proportion of the Hs in those environments
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11.1.4 Infrared Spectroscopy 4

Your notes

How IR Spectroscopy works

All covalent bonds act rather like springs, as opposed torigid bars

Like springs, the bonds can vibrate in a number of different ways

The frequency of vibration occursin the infra-red region of the electromagnetic spectrum

If an organic moleculeisirradiated with infra-red energy that matches the natural vibration frequency
of its bonds, it absorbs some of that energy and the amplitude of vibration increases

Thisis known as resonance

SYMMETRIC STRETCHING SYMMETRIC BENDING

O L O S
e

ASYMMETRIC STRETCHING ASYMMETRIC BENDING
— D \
— _

Different modes of vibration in molecules. Each mode has a characteristic frequency of vibration

Infrared (IR) spectroscopy

Infrared (IR) spectroscopy is a technique used to identify compounds based on changes in vibrations
of atoms when they absorb IR of certain frequencies

A spectrophotometerirradiates the sample with IR radiation and then detects the intensity of IR
radiation absorbed by the molecule

IR energy is absorbed only if amolecule has a permanent dipole that changes as it vibrates
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= Symmetrical molecules such as O, orHy, are therefore IR inactive ,
= Theresonance frequency is the specific frequency at which the bonds will vibrate
= Ratherthandisplaying frequency, anIR spectrum shows a unit called wavenumber Your notes

= Wavenumberis the reciprocal of the wavelength and has units of cm-!

= Characteristic absorptions can be matched to specific bondsin molecules
= This enables chemists to determine the functional groups present

Absorption Range of Bonds

Characteristic infrared

Functional groups absorption range
contdaining the bond (in wavenumbers) (cm=1)

c-0 Hydroxy, ester 1040-1300

c=C Aromatic compound, alkene 1500-1680

Amid A A 1640-1690

C=0 esn-'ltlere cdrbonyl, cdrboxy 1670-1740

1710-1750

C=N Nitrile 2200 =8350

C-H Alkane 2850-2950

N—H Amine, amide 3300-3500

2500-3000

O-H Carboxyl, hydroxyl 3200-3600

= Duetosome absorption bands overlapping each other, other analytical techniques such as mass
spectroscopy should be used alongside IR spectroscopy to identify an unknown compound
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Interpreting an IR Spectrum /

. . . . Your notes
= The bestway tounderstand how to interpret an IR spectrumis by looking at examples and becoming

familiar with the characteristic features of anIR spectrum

@ Worked example

Examine the two spectra shown and determine which one belongs to propan-2-ol and which one

belongs to propanone
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Answer: ,

= |Rspectrum Ais propanone and spectrum Bis propan-2-ol. Your notes
= InIRspectrum A the presence of a strong, sharp absorption around 1710 cm~' corresponds to the

characteristic C=0O, carbonyl, group in a ketone.
= Inspectrum B the presence of a strong, broad absorption around 3200-3500 cm™' suggests that

thereis an alcohol group present, which corresponds to the -OH group in propan-2-ol.

Fingerprint Region

= Theregionbelow about1500 cmis called the fingerprint region and is unique to every molecule

= |thas many peaks that can be difficult to assign

= These peaksrepresent the complexvibrationalinteractions that occur between different bonds within
amolecule

= Thevalue of the fingerprint regionisin being able to compare the IR spectrum to a known compund
from a database and coming up with an exact match

= Thisis particularly useful, forexample, inidentifying a specific member of a homologous series

= Allmembers of the series will show the same type of bonds present, but no two molecules will have
the same fingerprint region

O Examiner Tip

Infrared datais found in Section 26 of the IB Chemistry Data Booklet so thereisno need to learn
specific wavenumberranges of bonds

Page 17 of 17

© 2015-2024 Save My Exams, Ltd. - Revision Notes, Topic Questions, Past Papers



https://www.savemyexams.com/?utm_source=pdf
https://www.savemyexams.com/

