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11.1.1Index of Hydrogen Deficiency

Index of HydrogenDeficiency

= Thedegree of unsaturationorindexof hydrogendeficiency providesinformationabout the
numberof double ortriple bondsinamolecule
= ThelHDis the numberofhydrogenmolecules,Hy,needed to convert the molecule to the
corresponding saturated, non-cyclic molecule
= There are two ways to solve IHD problems. One wayis to draw the structure and identifyrings and
double and triple bonds, countingeach one as anIHD value of 1.
= Thesecond wayis to use aformula,
» Foracompound containing CyHy, IHD=(2x+2-y)/2
= Thisisalittle complicated, since forthe formulato workyouneed to:
= ignoreOand S
= counthalogens as hydrogen
= addone CandoneHforeverynitrogeninthe formula
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Index of Hydrogen Deficiency Examples

@ Worked example

Deduce the IndexofHydrogen Deficiencyin ethyne, CoHo, methyl benzene, C¢HsCHz, and
propanone, CHzCOCHz3

Answer:

Answer 1: Ethyne, CoHo IHD=2

Answer 2:Methylbenzene, C4HsCHz IHD=4
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Answer 3:Propanone,CHzCOCHz IHD =1

O Exam Tip

Drawing out the structure is amuch fasterwayto solve IHD problems, but using the formulais
helpfulwhenyouare strugglingto draw the structure
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11.1.2 Mass Spectrometry

Determining Molecular Mass

Whenacompoundis analysed inamass spectrometer,vaporised molecules are bombarded
withabeam of high-speed electrons
These knock off anelectronfromsome of the molecules, creatingmolecularions:

Electron bombardment

MOLECULE *  MOLECULE's + ¢

Molecular ion

Therelative abundances of the detected ions formamass spectrum:akind of molecular
fingerprint that can be identified by computerusing a spectral database

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

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

The M+1peak

The [M+1] peakis asmallerpeak whichis due to the natural abundance of theisotope carbon-13
The height of the [M+1] peak fora particulariondepends onhow many carbonatoms are present
inthat molecule;The more carbonatoms, the largerthe [M+1] peakiis
= Forexample,the height of the [M+1] peak foranhexane (containing sixcarbonatoms)ion will
be greaterthanthe height of the [M+1] peak of an ethane (containingtwo carbonatoms)ion
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@ Worked example

Determine whetherthe following mass spectrumbelongs to propanal orbutanal

Answer:

= The mass spectrumcorresponds to propanalas the molecularionpeakis at m/e=58
= Propanal arises fromthe CHzCH,CHO*ionwhichhas amolecularmass of58
= Butanalarises fromthe CH3zCH,CH,CHO*ionwhichhas amolecularmass of 72
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Fragmentation Patterns

= Themolecularionpeak canbe used to identifythe molecular mass of acompound
= However, different compounds mayhave the same molecularmass
= To furtherdetermine the structure of the unknown compound, fragmentation analysis is used

= Fragments mayappeardue to the formation of characteristic fragments orthe loss of small
molecules

= Forexample,apeakat29is due to the characteristic fragment CoHs*
= Lossofsmallmolecules giverise to peaks at 18 (H,0),28 (CO),and 44 (COy)

Alkanes

= Simple alkanes are fragmented inmass spectroscopybybreaking the C-C bonds
= M/evalues of some of the common alkane fragments are givenin the table below

my/evalues of Fragments Table
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Mass spectrum showing fragmentation of alkanes
Halogenoalkanes

= Halogenoalkanes have often multiple peaks around the molecularion peak
= Thisis caused bythe factthat there are differentisotopes of the halogens

Alcohols

= Alcoholsoftentendtolose awater molecule givingrise to apeak at 18 below the molecularion
= Anothercommonpeakis found at m/evalue 31whichcorresponds to the CH,OH*fragment
= Forexample,the mass spectrumof propan-1-olshows that the compound has fragmented in
fourdifferent ways:

= |lossofHtoformaCzH;O*fragmentwith m/e=59

= |ossofawatermoleculeto formaCzHg* fragment with m/e=42

= |lossofaCyHsto forma CH,OH* fragment with m/e= 31

= Andtheloss of CH,OHto forma CoHs*fragment with m/e=29
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11.1.3 Nuclear Magnetic Resonance Spectroscopy

How NMRworks

= Nuclear Magnetic Resonance (NMR)spectroscopyis used foranalysing organic compounds
= Onlyatoms withodd mass numbers show signals onNMR spectraand have the propertyof
nuclear spin
= InTHNMR, the magnetic field strengths of protons in organic compounds are measured and
recorded onaspectrum
= Samples areirradiated withradio frequencyenergywhile subjected to a strongmagnetic field
= Thenucleicanalignthemselves with oragainst the magnetic field
= Protonsondifferent parts of amolecule (indifferent molecularenvironments) absorb and emit
(resonate) differentradio frequencies
= Allsamples are measured against areference compound - Tetramethylsilane (TMS)
= TMSshows asingle sharp peak onanNMR spectrum, at avalue of zero
= Sample peaks are thenplotted as a ‘shift’ awayfrom this reference peak
= This givesrise to ‘chemical shift’values forprotons onthe sample compound
= Chemical shifts are measured inparts per million (ppm)

Featuresof aNMRspectrum

= AnNMRspectrumshows theintensityof each peak against theirchemical shift
= The areaundereachpeakis proportional to the numberof protonsinaparticularenvironment
= The heightofeachpeak shows theintensity/absorptionfromprotons
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A low resolution 'H NMR for ethanol showing the key features of a spectrum
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Chemical Environments
Chemical environments

= Hydrogenatoms of anorganic compound are said to reside indifferent chemical environments
= Eg.Methanolhas the molecularformula CHzOH
= There are 2environments:-CHzand -OH

= The hydrogenatomsinthese environments will appearat 2different chemical shifts
= Differenttypes of protons are giventheirownrange of chemical shifts

O Exam Tip

Typical protonchemical shift values are givenin Section 27 of the IB ChemistryDataBooklet.The
values alone do notidentifyspecific protons as the values occuroverarange thatis sometimes
overlapping, but theycanbe used incombinationwith otherstructuralinformationto help
confirmafeature
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Interpreting anNMR Spectrum

= Protonsinthe same environment are chemically equivalent
= EachpeakonaNMRspectrumrelates to protonsinthe same environment
= PeaksonalowresolutionNMR spectrumrefers to environments of an organic compound
= Eg.Ethanolhas the molecularformula CH3zCH,OH
= This molecule as 3 separate environments:-CHz,-CH,,-OH
= So 3 peakswould beseenonits spectrumat1.2ppm (-CHz),3.7 ppm(-CH>y)and 5.4 ppm (-
OH)

A low resolution NMR spectrum with integration trace

= Theareaundereachpeakis determined bycomputerand anintegrationtrace overlaid onthe
spectrum

= Theintegrationtrace has stepped lines whose steps are inthe same proportion as the peak
areas

= This makes it easierto determine the relative abundance of the different proton environments

Page 11 of 13
For more help visit our website www.exampaperspractice.co.uk



E=l

Exam Papers Practice

11.1.4 Infrared Spectroscopy

How IRSpectroscopy works

Allcovalent bonds actratherlike springs, as opposed to rigid bars

Like springs, the bonds canvibrate inanumberof different ways

The frequencyofvibrationoccurs inthe infra-red regionof the electromagnetic spectrum

If anorganic moleculeisirradiated withinfra-red energy that matches the natural vibration
frequency ofits bonds,itabsorbs some of that energy and the amplitude of vibrationincreases
This is known as resonance

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

Infrared (IR) spectroscopy

Infrared (IR)spectroscopy is atechnique used to identifycompounds based onchanges in
vibrations of atoms whentheyabsorb IR of certainfrequencies
Aspectrophotometerirradiates the sample with IRradiationand thendetects the intensity of
IRradiationabsorbed bythe molecule

IRenergy is absorbed onlyif amolecule has apermanent dipole that changes as it vibrates
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= Symmetricalmolecules suchas O; orHs, are therefore IRinactive

= Theresonance frequency is the specific frequencyat which the bonds will vibrate
= Ratherthandisplayingfrequency,anIRspectrumshows aunit called wavenumber
= Wavenumberis the reciprocal of the wavelength and has units of cm-!

= Characteristic absorptions canbe matched to specific bondsinmolecules
= This enables chemists to determine the functionalgroups present

AbsorptionRange of Bonds

= Dueto some absorptionbands overlappingeachother,otheranalytical techniques such as mass
spectroscopy should be used alongside IRspectroscopy to identifyanunknowncompound

Interpreting anIRSpectrum

= The bestwaytounderstand how to interpretanIRspectrumis bylookingatexamples and
becoming familiarwith the characteristic features of anlIRspectrum
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