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11.1.1 Index of Hydrogen Deficiency

Index of Hydrogen Deficiency

The degree o f  unsaturatio n o r index o f  hydro gen deficiency pro vides info rmatio n abo ut the

number o f do uble o r triple bo nds in a mo lecule

The IHD is the number o f hydro gen mo lecules, H , needed to  co nvert the mo lecule to  the

co rrespo nding saturated, no n-cyclic mo lecule

There are two  ways to  so lve IHD pro blems. One way is to  draw the structure and identify rings and

do uble and triple bo nds, co unting each o ne as an IHD value o f 1.

The seco nd way is to  use a fo rmula,

Fo r a co mpo und co ntaining C H , IHD= (2x+2-y)/2

This is a little co mplicated, since fo r the fo rmula to  wo rk yo u need to :

igno re O and S

co unt halo gens as hydro gen

add o ne C and o ne H fo r every nitro gen in the fo rmula

2

x y
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Index of Hydrogen Deficiency Examples

Worked example

Deduce the Index o f Hydro gen Deficiency in ethyne, C H , methyl benz ene, C H CH , and

pro pano ne, CH COCH

Answer:

Answer 1: Ethyne, C H IHD= 2 

Answer 2: Methylbenz ene, C H CH IHD= 4  

2 2 6 5 3

3 3

2 2 

6 5 3, 
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Answer 3: Pro pano ne,CH COCH IHD = 1

Exam T ip

Drawing o ut the structure is a much faster way to  so lve IHD pro blems, but using the fo rmula is

helpful when yo u are struggling to  draw the structure

3 3  
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11.1.2 Mass Spectrometry

Determining Molecular Mass

When a co mpo und is analysed in a mass spectro meter, vapo rised mo lecules are bo mbarded

with a beam o f high-speed electro ns

These kno ck o ff an electro n fro m so me o f the mo lecules, creating mo lecular io ns:

The relative abundances o f the detected io ns fo rm a mass spectrum: a kind o f mo lecular

fingerprint that can be identified by co mputer using a spectral database

The peak with the highest m/e value is the mo lecular io n (M ) peak which gives info rmatio n abo ut

the mo lecular mass  o f the co mpo und

This value o f m/z  is equal to  the relative mo lecular mass  o f the co mpo und

T he M+1 peak

The [M+1] peak is a smaller peak which is due to  the natural abundance o f the iso to pe carbo n-13

The height o f the [M+1] peak fo r a particular io n depends o n ho w many carbo n ato ms are present

in that mo lecule; The mo re carbo n ato ms, the larger the [M+1] peak is

Fo r example, the height o f the [M+1] peak fo r an hexane (co ntaining six carbo n ato ms) io n will

be greater than the height o f the [M+1] peak o f an ethane (co ntaining two  carbo n ato ms) io n

+
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Worked example

Determine whether the fo llo wing mass spectrum belo ngs to  pro panal o r butanal

Answer:

The mass spectrum co rrespo nds to  pro panal as the mo lecular io n peak is at m/e = 58

Pro panal arises fro m the CH CH CHO  io n which has a mo lecular mass o f 58

Butanal arises fro m the CH CH CH CHO io n which has a mo lecular mass o f 72

3 2
+

3 2 2
+ 
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Fragmentation Patterns

The mo lecular io n peak can be used to  identify the mo lecular mass  o f a co mpo und

Ho wever, different co mpo unds may have the same mo lecular mass

To  further determine the structure o f the unkno wn co mpo und, f ragmentatio n analysis is used

Fragments may appear due to  the fo rmatio n o f characteristic f ragments  o r the lo ss o f small

mo lecules

Fo r example, a peak at 29 is due to  the characteristic fragment C H

Lo ss o f small mo lecules give rise to  peaks at 18 (H O), 28 (CO), and 44 (CO )

Alkanes

Simple alkanes are fragmented in mass spectro sco py by breaking the C-C bo nds

M/e values o f so me o f the co mmo n alkane fragments are given in the table belo w

m/e values o f  Fragments Table

2 5
+

2 2
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Mass spectrum showing fragmentation of alkanes

Halogenoalkanes

Halo geno alkanes have o ften multiple peaks aro und the mo lecular io n peak

This is caused by the fact that there are different iso to pes o f the halo gens

Alcohols

Alco ho ls o ften tend to  lo se a water mo lecule giving rise to  a peak at 18 belo w the mo lecular io n

Ano ther co mmo n peak is fo und at m/e value 31 which co rrespo nds to  the CH OH  fragment

Fo r example, the mass spectrum o f pro pan-1-o l sho ws that the co mpo und has fragmented in

fo ur different ways:

Lo ss o f H to  fo rm a C H O  fragment with m/e = 59

Lo ss o f a water mo lecule to  fo rm a C H  fragment with m/e = 42

Lo ss o f a C H  to  fo rm a CH OH  fragment with m/e = 31

And the lo ss o f CH OH to  fo rm a C H  fragment with m/e = 29

2
+

3 7
+

3 6
+

2 5 2
+
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+
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11.1.3 Nuclear Magnetic Resonance Spectroscopy

How NMR works

Nuclear Magnetic Reso nance (NMR) spectro sco py is used fo r analysing o rganic co mpo unds

Only ato ms with o dd mass numbers  sho w signals o n NMR spectra and have the pro perty o f

nuclear spin

In H NMR, the magnetic field strengths o f pro to ns in o rganic co mpo unds are measured and

reco rded o n a spectrum

Samples are irradiated with radio  frequency energy while subjected to  a stro ng magnetic field

The nuclei can align themselves with o r against the magnetic field

Pro to ns o n different parts o f a mo lecule (in different mo lecular enviro nments) abso rb and emit

(reso nate) different radio  frequencies

All samples are measured against a reference co mpo und – Tetramethylsilane (T MS)

TMS sho ws a single sharp peak o n an NMR spectrum, at a value o f z ero

Sample peaks are then plo tted as a ‘shift’ away fro m this reference peak

This gives rise to  ‘chemical shift’ values fo r pro to ns o n the sample co mpo und

Chemical shifts are measured in parts per millio n (ppm)

Feat ures of  a NMR spect rum

An NMR spectrum sho ws the intensity o f each peak against their chemical shift

The area under each peak is pro po rtio nal to  the number o f pro to ns in a particular enviro nment

The height o f each peak sho ws the intensity/abso rptio n fro m pro to ns

1
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A low resolution H NMR for ethanol showing the key features of a spectrum1
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Chemical Environments

Chemical environment s

Hydro gen ato ms o f an o rganic co mpo und are said to  reside in different chemical enviro nments

Eg. Methano l has the mo lecular fo rmula CH OH

There are 2 enviro nments: -CH  and -OH

The hydro gen ato ms in these enviro nments will appear at 2 different chemical shifts

Different types o f pro to ns are given their o wn range o f chemical shifts

Exam T ip

Typical pro to n chemical shift values are given in Sectio n 27 o f the IB Chemistry Data Bo o klet. The

values alo ne do  no t identify specific pro to ns as the values o ccur o ver a range that is so metimes

o verlapping, but they can be used in co mbinatio n with o ther structural info rmatio n to  help

co nfirm a feature

3

3
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Interpreting an NMR Spectrum

Pro to ns in the same enviro nment are chemically equivalent

Each peak o n a NMR spectrum relates to  pro to ns in the same enviro nment

Peaks o n a lo w reso lutio n NMR spectrum refers to  enviro nments o f an o rganic co mpo und

Eg. Ethano l has the mo lecular fo rmula CH CH OH

This mo lecule as 3 separate enviro nments: -CH , -CH , -OH

So  3 peaks wo uld be seen o n its spectrum at 1.2 ppm (-CH ), 3.7 ppm (-CH ) and 5.4 ppm (-

OH)

A low resolution NMR spectrum with integration trace

The area under each peak is determined by co mputer and an integratio n trace  o verlaid o n the

spectrum

The integratio n trace  has stepped lines who se steps are in the same pro po rtio n as the peak

areas

This makes it easier to  determine the relative abundance o f the different pro to n enviro nments

3 2

3 2

3 2
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11.1.4 Infrared Spectroscopy

How IR Spectroscopy works

All co valent bo nds  act rather like springs, as o ppo sed to  rigid bars

Like springs, the bo nds can vibrate in a number o f different ways

The frequency o f vibratio n o ccurs in the inf ra-red regio n o f the electro magnetic spectrum

If an o rganic mo lecule is irradiated with inf ra-red energy  that matches the natural vibratio n

f requency  o f its bo nds, it abso rbs so me o f that energy and the amplitude o f vibratio n increases

This is kno wn as  reso nance

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

Inf rared (IR) spect roscopy

Inf rared (IR) spectro sco py is a technique used to  identify co mpo unds based o n changes in

vibratio ns  o f ato ms when they abso rb  IR o f certain f requencies

A spectro pho to meter irradiates the sample with IR radiatio n and then detects the intensity  o f

IR radiatio n abso rbed by the mo lecule

IR energy  is abso rbed o nly if a mo lecule has a permanent dipo le  that changes as it vibrates
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Symmetrical mo lecules such as O  o r H , are therefo re IR inactive

The reso nance f requency is the specific frequency at which the bo nds will vibrate

Rather than displaying frequency, an IR spectrum sho ws a unit called wavenumber

Wavenumber is the recipro cal o f the wavelength and has units o f cm

Characteristic abso rptio ns can be matched to  specific bo nds in mo lecules

This enables chemists to  determine the f unctio nal gro ups  present

Abso rptio n Range o f  Bo nds

Due to  so me abso rptio n bands o verlapping each o ther, o ther analytical techniques such as mass

spectro sco py  sho uld be used alo ngside IR spectro sco py  to  identify an unkno wn co mpo und

2 2

-1

Interpreting an IR Spectrum

The best way to  understand ho w to  interpret an IR spectrum is by lo o king at examples and

beco ming familiar with the characteristic features o f an IR spectrum
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