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Infrared (IR) Spectroscopy
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1-Introduction

Review:       

Electromagnetic Radiation

Electromagnetic radiation is made of magnetic and electrical field sinusoidal waves, oscillating at the right angle with each other and propagation direction:

    






Properties of light: Light (electromagnetic radiation) has dual wave-particle properties. wave properties are defined as amplitude A the higth of wave, wavelength  and frequency v number of waves per second, as shown in the below:
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(NOTE: Frequency refers to number of crests of
waves of same wavelength that pass by a point
in one second.)




Frequency is inversely proportional to wavelength : v = c / 
c is the speed of light : 3.00 x 108 m/s,   in m and v in Hertz (Hz) or 1/s

particle properties of radiation is defined energy of photon E:

E = h v and E = hc / 
 E is energy in J/ photon and h = Plank constant which is 6.634 x 10-34 J.s.

Mathematical formula of sinusoidal wave: 

y = A sin (2v t + 

y is the electrical filed, A is the maximum value of y (amplitude), t is time, v is frequency in Hertz (Hz) or 1/s and is the phase angle.

Electromagnetic Spectrum:  

Higher frequency and higher energy

------------------------------------------------------------------------------------------------------(
Radio Frequency  |  Microwave  |  Infrared  |     Visible  |    Ultraviolet  |   X-ray  | Gamma  ray

                RF                                       IR             VIS               UV                                  
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       Shortest wavelength

       m, cm,                      mm          > 700 nm     700-400 nm     < 400 nm    < 100 nm     <0.1nm

IR radiation has the wavelengths greater than 700 nm.   IR spectroscopy is based on absorption of IR radiation by a molecule which causes stretching, bending and motion of chemical bond.   The absorbed wavenumber v- = 1 /  in cm giving wavenumber in cm-1 to identify a particular chemical bond and study the molecular structure.    For example,  = 2500 nm,  1 nm = 10-9 m , 1 cm = 10-2 m ,   in cm : 

2500 nm x (10-9 m / 1nm) x ( 1cm / 10-2 m) = 2.5 x 10-4 cm

v-  = 1/ (2.5 x 10-4 cm) = 4000 cm -1

2-Theory of IR Spectroscopy


IR radiation has three regions:

	IR Region 
	in nm range 
	v-  in cm-1

	Near 
	780-2500
	12800-4000

	Middle 
	2500 – 5x104
	4000-200

	Far 
	5x104 - 106
	200-10

	Mostly used 
	2500-15000
	4000-670


IR radiation with initial intensity of Io enters through sample. After passing through sample IR radiation is absorbed by sample and the intensity of IR radiation is decreased to I:

             Io                                   I

IR ----------------- > Sample ------------> 

Io = initial intensity of IR radiation

I = intensity of IR radiation after passing through sample.

I < Io     Some of the radiation has been absorbed by sample.

A = absorbance = log (Io / I)

T = transmittance = I / Io
A is directly proportional to the concentration of sample.  

Absorption of IR causes excitation between vibrational levels making different motions of chemical bond : 




The different motions of chemical bond are shown in the below:
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Chemical bond is shown like spring.  

A presents symmetric stretching bond.   B presents asymmetric stretching bond.  Bond length is changed upon stretching mode.

C shows bending mode in plane.   D shows bending mode out of plane. 

Bond angle is changed upon bending mode. 

Also, you can visit the following web site:  

http://www.chemistry.ccsu.edu/glagovich/teaching/316/ir/vibration.html
A vibrational mode is active in IR if the dipole moment of bond is changed upon vibration:                   -

                   < -------- A – B ------ >

Hook’s Law:  Wavenumber v- is measured in IR spectrum.  How the wavenumber is changed?  Hook’s law is shown in the below;

  v- = 1 /2c (k / 

  v- = wavenumber in cm-1
c = speed of light : 3.00 x 1010 cm/s

k = force constant in dynes/cm which depends on the bond strength.  Stronger chemical bond , higher k

= reduced mass in g :    in a chemical bond:  A- B, if the mass of atom A is mA g and mass of B is mB g the reduced mass can be calculated by the following formula:

= (mA x mB) / (mA + mB)

lower reduced mass, higher wavenumber.

3-IR Spectrum

The following figure shows a sample of IR spectrum:

the infra-red spectrum of propan-1-ol, CH3CH2CH2OH:
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The vertical axis is percent Transmittance (%T) and the horizontal axis is the wavenumber in cm-1.  In the above spectrum the wavenumber at 2994 cm-1 is corresponded to stretching mode of C-H bond. The broad band at 3335 cm-1 is corresponded to O-H which has participated in chemical bond.

	Characteristic IR Absorption Frequencies of Organic Functional Groups

	
Functional Group
	Type of Vibration 
	Characteristic Absorptions (cm-1) 
	Intensity

	Alcohol
	

	O-H
	(stretch, H-bonded)
	3200-3600
	strong, broad

	O-H
	(stretch, free)
	3500-3700 
	strong, sharp

	C-O
	(stretch)
	1050-1150 
	strong

	Alkane
	

	C-H
	stretch
	2850-3000 
	strong

	-C-H
	bending
	1350-1480 
	variable

	Alkene
	

	=C-H
	stretch
	3010-3100 
	medium

	=C-H
	bending
	675-1000 
	strong

	C=C
	stretch
	1620-1680 
	variable

	Alkyl Halide
	

	C-F
	stretch
	1000-1400 
	strong

	C-Cl
	stretch
	600-800 
	strong

	C-Br
	stretch
	500-600 
	strong

	C-I
	stretch
	500 
	strong

	Alkyne
	

	C-H
	stretch
	3300 
	strong,sharp
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	stretch 
	2100-2260
	variable, not present in symmetrical alkynes 

	Amine
	

	N-H
	stretch
	3300-3500 
	medium (primary amines have two bands; secondary have one band, often very weak)

	C-N
	stretch
	1080-1360 
	medium-weak

	N-H
	bending
	1600 
	medium

	Aromatic
	

	C-H
	stretch
	3000-3100 
	medium

	C=C
	stretch
	1400-1600 
	medium-weak, multiple bands

	Analysis of C-H out-of-plane bending can often distinguish substitution patterns

	Carbonyl
	Detailed Information on Carbonyl IR

	C=O
	stretch
	1670-1820
	strong

	(conjugation moves absorptions to lower wave numbers)

	Ether
	

	C-O
	stretch
	1000-1300 (1070-1150) 
	strong

	Nitrile
	

	CN
	stretch
	2210-2260 
	medium

	Nitro
	

	N-O
	stretch
	1515-1560 & 1345-1385 
	strong, two bands


	IR Absorption Frequencies of Functional Groups Containing a Carbonyl (C=O)

	Functional Group
	Type of Vibration 
	Characteristic Absorptions (cm-1) 
	Intensity

	Carbonyl
	

	C=O
	stretch
	1670-1820
	strong

	(conjugation moves absorptions to lower wave numbers)

	Acid
	

	C=O
	stretch
	1700-1725
	strong

	O-H
	stretch
	2500-3300
	strong, very broad

	C-O
	stretch
	1210-1320
	strong

	Aldehyde
	

	C=O
	stretch
	1740-1720
	strong

	=C-H
	stretch
	2820-2850 & 2720-2750
	medium, two peaks

	Amide
	

	C=O
	stretch
	1640-1690
	strong

	N-H
	stretch
	3100-3500
	unsubstituted have two bands

	N-H
	bending
	1550-1640
	

	Anhydride
	

	C=O
	stretch
	1800-1830 & 1740-1775
	two bands

	Ester
	

	C=O
	stretch
	1735-1750 
	strong

	C-O
	stretch
	1000-1300
	two bands or more

	Ketone
	

	acyclic
	stretch
	1705-1725 
	strong

	cyclic
	stretch
	3-membered - 1850
4-membered - 1780
5-membered - 1745
6-membered - 1715
7-membered - 1705
	strong

	,-unsaturated 
	stretch
	1665-1685
	strong 

	aryl ketone
	stretch
	1680-1700
	strong


4- Applications

IR spectroscopy is used to identify chemical bonds in a molecule.  As a consequence the molecular structure can be studied.  IR spectroscopy is used for qualitative analysis to determine the functional groups and molecular structure.  
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