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21.1.1 High Resolution NMR

High Resolution NMR

In the �rst part o f NMR spectro sco py, we have seen that the nuclei o f H ato ms behave as tiny

magnets and can interact with an applied magnetic �eld

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

o f nuclear spin

Table sho wing nuclei which po sses spin

They can align themselves with the external magnetic �eld (lo wer energy state) o r against the

external �eld (higher energy state)

Energy fro m the radio  frequency end o f the electro magnetic spectrum can excite the nuclei and

cause them to  ‘�ip’ between a lo wer and higher energy state - this is reso nance

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

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

(reso nate) di�erent radio  frequencies

The magnetic �eld strengths o f pro to ns in o rganic co mpo unds are measured and reco rded o n a

spectrum
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The reso nance energy  is unique to  speci�c H ato ms in mo lecules that are lo cated in the same

chemical enviro nment

Info rmatio n fro m the spectrum tells us the number o f di�erent H enviro nments

A reminder abo ut lo w reso lutio n NMR:

A low resolution  H NMR for ethanol showing the key features of a spectrum

Tet ramet hyl silane

The ho riz o ntal scale o n an NMR spectrum represents chemical shif t  (δ)

Chemical shift is measured in parts per millio n (ppm) o f the magnetic �eld strength needed fo r

reso nance in a reference chemical called tetramethylsilane, abbreviated to  T MS

1
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The displayed formula of tetramethylsilane

TMS is used universally as the reference co mpo und fo r NMR as its methyl gro ups are particularly

well shielded and so  it pro duces a stro ng, single peak at the far right o f an NMR spectrum

The signal fro m the carbo n ato ms in TMS is de�ned as having a chemical shift o f 0 ppm

The NMR reference peak for TMS
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Chemical Shif t

The chemical shift values o f peaks o n an H NMR spectrum give info rmatio n abo ut the likely types

o f pro to n enviro nment in a co mpo und

The chemical shift values can be used to identify speci�c proton environments

Peak Split t ing

High reso lutio n NMR gives mo re co mplex signals giving mo re structural details

The signals so metimes appear to  be split into  a number o f sub-peaks called do ublets, triplets

and quartets

This is kno wn as multiplicity

The splitting pattern o f each peak is determined by the number o f pro to ns in neighbo uring

enviro nments

The co mplex signal pro duced indicates the number o f pro to ns o n adjacent carbo n ato ms

Neighbo uring pro to ns pro duce weak magnetic �elds that can interact with each o ther

Depending o n ho w that interactio n takes place, it allo ws yo u to  determine the number o f

neighbo uring pro to ns

Suppo se yo u have a particular view po int o n an issue

Yo u ask yo ur neighbo ur’s o pinio n

Yo ur neighbo ur co uld reinfo rce yo ur argument and make yo ur belief stro nger

Alternatively, yo ur neighbo ur co uld co ntradict yo ur argument and make it weaker

1
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Aligned and opposite spins on neighbouring protons

If the spin o f a neighbo uring pro to n is aligned with the spin o f the pro to n in questio n, the

magnetic �eld fro m this spin strengthens the magnetic �eld

The reso nance is stro nger and results in a slightly higher chemical shift

The magnetic �eld fro m the spin o n a neighbo uring pro to n that spins against the �rst pro to n

weakens the magnetic �eld

The reso nance is weaker and results in a slightly lo wer chemical shift

The resulting high reso lutio n NMR peak sho ws a split into  a do ublet - two  equal peaks

This pattern can o nly be o btained when there is o ne neighbo uring pro to n so  it gives us useful

info rmatio n abo ut the structure o f the mo lecule

When there are two  neighbo uring pro to ns, there are fo ur po ssible co mbinatio ns, but two  o f them

have the same o utco me o n �eld strength, so  three separate peaks are o btained

Table sho wing the e�ect o f  two  neighbo uring pro to ns o n peak splitting
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The resulting peak is split as a triplet

This is what is seen when a pro to n is next to  a -CH - gro up.

When there are three neighbo uring pro to ns, there are eight po ssible co mbinatio ns, fo ur with the

same o utco me, so  fo ur separate peaks are seen, called a quartet

This is what is seen when a pro to n is next to  a –CH  gro up, in o ther wo rds, a pro to n that is next to

the end o f a chain

The number o f split peaks is related to  the neighbo urs fo llo wing what is termed the n+1 rule

Where there are n neighbo urs there are n+1 split peaks

H NMR peak splitting patterns table

2

3

1
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In summary, an NMR spectrum pro vides several types o f info rmatio n

number o f signal gro ups...    ...the number o f di�erent pro to n enviro nments

chemical shif t ...     ...the general enviro nment  o f the pro to ns

peak area...     ...the relative number o f  pro to ns  in each enviro nment

multiplicity...    ...ho w many pro to ns  are o n adjacent ato ms

In many cases, this info rmatio n is su�cient to  deduce the structure o f an o rganic mo lecule but

o ther fo rms o f spectro sco py are used in co njunctio n with NMR to  co n�rm structural info rmatio n

21.1.2 X-Ray Crystallography

X-Ray Crystallography

When visible light waves interact with o bjects the light is scattered, transmitted and re�ected –

this gives us info rmatio n abo ut the macro sco pic wo rld

Ho wever, at the scale o f ato ms, the wavelength o f visible light (380−700 nm) is far to o  large to

interact with ato ms and mo lecules in this way

Inter-ato mic distances are in the o rder o f 10 m (1nm) which co rrespo nds to  the wavelength o f X-

rays

The structural technique o f single crystal X-ray crystallo graphy can be used to  identify the bo nd

lengths and bo nd angles o f crystalline co mpo unds

The technique of X-ray crystallography forms di�raction patterns which allow the structure of crystals to

be deduced

As X-rays pass thro ugh the di�erent layers o f a crystal they are refracted and re�ected in

co nsecutive planes

The scattered waves interfere and are at di�erent phases when they hit the detecto r

The result is a co mplex pattern at the detecto r which can be interpreted to  give regio ns o f high

and lo w electro n density co rrespo nding to  the lo catio n o f ato ms within the crystal structure

-9
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X-ray Scattering

Const ruct ive and dest ruct ive int erf erence

Co nstructive interference o ccurs when two  waves are in phase with the peaks aligned

The result is the waves reinfo rce each o ther creating a wave with larger amplitude:

Constructive interference of waves
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Destructive interference o ccurs when two  waves are o ut o f phase by 180  with o ne peak aligned

with the tro ugh o f ano ther

The result is the waves cancel each o ther o ut

If they have the same amplitude, it is co mplete cancelling and is called co mplete destructive

interference

Destructive interference of waves

The di�ractio n pattern o btained depends o n the co mplex relatio nship between the angle o f

incidence, the wavelength and the distance and o rientatio n between the ato ms

A map o f electro n density can be determined fro m the di�ractio n pattern, just as the weave o f a

fabric can be determined by ho lding the fabric up to  the light

Early uses o f X-ray crystallo graphy were to  study the structure o f io nic so lids, such as so dium

chlo ride

Co nto ur lines co nnect po ints o f equal density and sho w regio ns where electro n density is

highest

o
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An electron density contour map for sodium chloride showing the position of sodium and chloride ions.

The larger ions are the chloride ions.

X-ray crystallo graphy can be applied to  o rganic co mpo unds which are able to  fo rm so lid

crystalline structures

Hydro gen ato ms have very lo w electro n density so  they barely sho w up in electro n density maps,

but the po sitio n o f o ther ato ms is evident and can be used to  measure internuclear distance and

bo nd angle
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An electron density map for naphthalene showing the location of the carbon atoms in two adjoining

hexagonal rings

The structure o f co mplex bio lo gical mo lecules such as DNA has been determined by X-ray

crystallo graphy
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21.1.3 Structure Identi�cation Problems

Structure Identi�cation Problems

The chemists' to o lkit includes a range of analytical techniques that enable the

structure of compounds to be deduced

Summary table o f  analytical techniques

These techniques are rarely used in iso latio n, but to gether pro vide co rro bo rating evidence fo r

elucidating chemical info rmatio n o n newly disco vered o r synthetic co mpo unds

Pro blem so lving typically invo lves taking multiple pieces o f spectro sco pic data abo ut the same

unkno wn co mpo und and co ming up with a likely structure
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Worked example

An unkno wn co mpo und, X, o f mo lecular fo rmula,C H O, has the fo llo wing MS, IR and 1H NMR

spectra.

MS o f  X

4 8
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IR spectrum o f  X
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H NMR spectrum o f  X

Deduce the structure o f X using the info rmatio n given and any o ther additio nal info rmatio n in the

Data bo o klet. Fo r each spectrum assign as much spectro sco pic info rmatio n as po ssible.

Answer

Mass Spectrum

The mo lecular io n peak is at m/z = 72, which co rrespo nds to  the relative mo lecular mass o f

C H O

M = (12 × 4) + (8 × 1) +(16) = 72

The large peak at  m/z = 43 co uld co rrespo nd to  CH CH CH  o r CH CO  indicating the lo ss

o f CH O o r C H fro m X, that is (M - 43)

The peak at  m/z = 29 co uld co rrespo nd to  CH CH   indicating the lo ss o f C H O fro m X, that

is (M - 29)

IR Spectrum

There is a stro ng abso rptio n in the range 1700−1750 cm  which co rrespo nds to  C=O, based

o n Sectio n 26 o f the Data bo o k

This suggests an aldehyde o r keto ne is present (it canno t be an ester o r carbo xylic acid as

o nly o ne o xygen is in the fo rmula)

H NMR Spectrum

The H NMR spectrum sho ws three pro to ns enviro nments

The peak aro und chemical shift 1.0 ppm co uld co rrespo nd to  a pro to n o n the end o f a chain, -

CH

The peaks aro und chemical shift 2.2 - 2.7 ppm co uld co rrespo nd to  a pro to n next to  a

carbo nyl gro up RCH CO-

The peak splitting is a quartet, singlet and triplet

A quartet and triplet in the same spectrum usually co rrespo nds to  an ethyl gro up, CH CH ,

fo llo wing the n+1 rule

The singlet indicates an iso lated pro to n enviro nment

Putting the info rmatio n to gether the structure o f X is
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The structure of X is butanone

Page 15 of 15
For more help visit our website www.exampaperspractice.co.uk


