Infrared Spectroscopy

1. Introduction

The light our eyes see is but a small part of a broad spectrum of electromagnetic radiation.
On the immediate high energy side of the visible spectrum lies the ultraviolet, and on the
low energy side is the infrared. The portion of the infrared region most useful for analysis
of organic compounds is not immediately adjacent to the visible spectrum, but is that
having a wavelength range from 2,500 to 16,000 nm, with a corresponding frequency range
from 1.9*10" to 1.2*10™ Hz.

Wisible

Photon energies associated with this part of the infrared (from 1 to 15 kcal/mole) are not
large enough to excite electrons, but may induce vibrational excitation of covalently
bonded atoms and groups. The covalent bonds in molecules are not rigid sticks or rods,
such as found in molecular model kits, but are more like stiff springs that can be stretched
and bent.. We must now recognize that, in addition to the facile rotation of groups about
single bonds, molecules experience a wide variety of vibrational motions, characteristic of
their component atoms. Consequently, virtually all organic compounds will absorb infrared
radiation that corresponds in energy to these vibrations. Infrared spectrometers, similar in
principle to the UV-Visible spectrometer, permit chemists to obtain absorption spectra of
compounds that are a unique reflection of their molecular structure. An example of such a

spectrum is that of the flavoring agent vanillin, shown below.
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The complexity of this spectrum is typical of most infrared spectra, and illustrates their use
in identifying substances. The gap in the spectrum between 700 & 800 cm™ is due to
solvent (CCl,) absorption. Further analysis (below) will show that this spectrum also
indicates the presence of an aldehyde function, a phenolic hydroxyl and a substituted
benzene ring. The inverted display of absorption, compared with UV-Visible spectra, is

characteristic. Thus a sample that did not absorb at all would record a horizontal line at
100% transmittance (top of the chart).

The frequency scale at the bottom of the chart is given in units of reciprocal centimeters
(cm™) rather than Hz, because the numbers are more manageable. The reciprocal
centimeter is the number of wave cycles in one centimeter; whereas, frequency in cycles
per second or Hz is equal to the number of wave cycles in 3*10'° cm (the distance covered
by light in one second). Wavelength units are in micrometers, mi ¢ r o n, sstéad of
nanometers for the same reason. Most infrared spectra are displayed on a linear frequency
scale, as shown here, but in some older texts a linear wavelength scale is used. A
calculator for interconverting these frequency and wavelength values is provided on the
right. Simply enter the value to be converted in the appropriate box, press "Calculate" and
the equivalent number will appear in the empty box.

Infrared spectra may be obtained from samples in all phases (liquid, solid and gaseous).
Liquids are usually examined as a thin film sandwiched between two polished salt plates
(note that glass absorbs infrared radiation, whereas NaCl is transparent). If solvents are
used to dissolve solids, care must be taken to avoid obscuring important spectral regions
by solvent absorption. Perchlorinated solvents such as carbon tetrachloride, chloroform
and tetrachloroethene are commonly used. Alternatively, solids may either be incorporated
in athin KBr disk, prepared under high pressure, or mixed with a little non-volatile liquid

and ground to a paste (or mull) that is smeared between salt plates.

2. Vibrational Spectroscopy

A molecule composed of n-atoms has 3n degrees of freedom, six of which are translations
and rotations of the molecule itself. This leaves 3n-6 degrees of vibrational freedom (3n-5 if
the molecule is linear). Vibrational modes are often given descriptive names, such as
stretching, bending, scissoring, rocking and twisting. The four-atom molecule of
formaldehyde, the gas phase spectrum of which is shown below, provides an example of
these terms. If a ball & stick model of formaldehyde is not displayed to the right of the

spectrum, press the view ball&stick model button at the lower right. We expect six


http://www.cem.msu.edu/~reusch/VirtualText/Spectrpy/UV-Vis/spectrum.htm#uv4

fundamental vibrations (12 minus 6), and these have been assigned to the spectrum
absorptions.

Gas Phase Infrared Spectrum of Formaldehyde, HC=0

(8] —
=
=
un
2 2785 eml
g ol CHf ch 1485 et
= Eyrn stretc CHz 1250 el
E sciszor  CH2 rock
o
& 2850 el
CH2 1750 el
asyrm stretch crm
! C=0
b Istlretlch. _ .
4000 3000 2000 1000 SO0

Frequency

The exact frequency at which a given vibration occurs is determined by the strengths of the
bonds involved and the mass of the component atoms. For a more detailed discussion of
these factors .In practice, infrared spectra do not normally display separate absorption
signals for each of the 3n-6 fundamental vibrational modes of a molecule. The number of
observed absorptions may be increased by additive and subtractive interactions leading to
combination tones and overtones of the fundamental vibrations, in much the same way that
sound vibrations from a musical instrument interact. Furthermore, the number of observed
absorptions may be decreased by molecular symmetry, spectrometer limitations, and
spectroscopic selection rules. One selection rule that influences the intensity of infrared
absorptions, is that a change in dipole moment should occur for a vibration to absorb
infrared energy. Absorption bands associated with C=0 bond stretching areusually very
strong because a large change in the dipole takes place in that mode.

Some General Trends:

i) Stretching frequencies are higher than corresponding bending frequencies. (It is
easier to bend a bond than to stretch or compress it.)

ii) Bonds to hydrogen have higher stretching frequencies than those to heavier



atoms.
iii) Triple bonds have higher stretching frequencies than corresponding double

bonds, which in turn have higher frequencies than single bonds.

(Except for bonds to hydrogen).

The general regions of the infrared spectrum in which various kinds of vibrational bands
are observed are outlined in the following chart. Note that the blue colored sections above
the dashed line refer to stretching vibrations, and the green colored band below the line
encompasses bending vibrations. The complexity of infrared spectra in the 1450 to 600 cm”
! region makes it difficult to assign all the absorption bands, and because of the unique
patterns found there, it is often called the fingerprint region. Absorption bands in the 4000
to 1450 cm™ region are usually due to stretching vibrations of diatomic units, and this is

sometimes called the group frequency region.
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3. Group Frequencies

Detailed information about the infrared absorptions observed for various bonded atoms
and groups is usually presented in tabular form. The following table provides a collection
of such data for the most common functional groups. More detailed descriptions for certain
groups (e.g. alkenes, arenes, alcohols, amines & carbonyl compounds) may be viewed
later. Since most organic compounds have C-H bonds, a useful rule is that absorption in
the 2850 to 3000 cm™ is due to sp® C-H stretching; whereas, absorption above 3000 cm™ is

from sp? C-H stretching or sp C-H stretching if it is near 3300 cm™.

4. Other Functional Groups



Infrared absorption data for some functional groups not listed in the preceding table are
given below. Most of the absorptions cited are associated with stretching vibrations.
Standard abbreviations (str = strong, wk = weak, brd = broad & shp = sharp) are used to
describe the absorption bands.

Functional Class Characteristic Absorptions

Sulfur Functions

S-H thiols 2550-2600 cm™ (wk & shp)

S-OR esters 700-900 (str)

S-S disulfide 500-540 (wk)

C=S thiocarbonyl 1050-1200 (str)

S=0 sulfoxide 1030-1060 (str)
sulfone 1325+ 25 (as) & 1140+ 20 (s) (both str)
sulfonic acid 1345 (str)
sulfonyl chloride 1365+ 5 (as) & 1180+ 10 (s) (both str)
sulfate 1350-1450 (str)

Phosphorous Functions

P-H phosphine 2280-2440 cm™ (med & shp)
950-1250 (wk) P-H bending

(O=)PO-H phosphonic

_ 2550-2700 (med)
acid
P-OR esters 900-1050 (str)

P=0O phosphine oxide 1100-1200 (str)
phosphonate 1230-1260 (str)
phosphate 1100-1200 (str)
phosphoramide 1200-1275 (str)

Silicon Functions

Si-H silane 2100-2360 cm™ (str)



Si-OR 1000-11000 (str & brd)
Si-CHs 1250+ 10 (str & shp)

Oxidized Nitrogen Functions

=NOH oxime
O-H (stretch) 3550-3600 cm™ (str)
C=N 1665+ 15
N-O 945+ 15

N-O amine oxide

aliphatic 960+ 20
aromatic 1250+ 50
N=0O nitroso 1550+ 50 (str)
nitro 1530+ 20 (as) & 1350+ 30 (s)

Theory

The infrared portion of the electromagnetic spectrum is divided into three regions; the nearmid-

and far- infrared, named for their relation to the visible spectrum. The farinfrared, approximately
400-10cm™ (100030 m) |l yi ng atrpvaaeeeegidn, hasdow erfergy and may be used

for rotational spectroscopy The mid-infrared, approximately 4000-400cm™ (30i1.4¢ m) may be
to study the fundamental vibrations and associatedotational-vibrational structure. The higher

energy nearlR, approximately 140004000cm™ (1.4i0.8e m) ¢ a noveeconeor Harenonic

vibrations. The names and classifications of these subregions are merely conventions. They are neither

strict divisions nor based on exact molecular or electromagnetic properties.

Infrared spectroscopy exploits the fact that nelecules have specific frequencies at which they rotate or
vibrate corresponding to discreteenergy levels Theseresonant frequenciesare determined by the
shape of the moleculapotential energy surfacesthe masses of the atoms and, by the assded

vibronic coupling. In order for a vibrational mode in a molecule to be IR active, it must be associated
with changes in the permanent dipole. In particular, in theBorn-Oppenheimerand harmonic
approximations, i.e. when themolecular Hamiltonian corresponding to the electroniaground statecan
be approximated by aharmonic oscillator in the neighborhood of the equilibrium molecular

geometry, the resonant frequencies are determined by theormal modescorresponding to the
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molecular electronic ground state potential energy surface. Nevertheless, the resonant frequencies can
be in a first approach related to the strength of the bod, and themass of the atomst either end of it.

Thus, the frequency of the vibrations can be associated with a particular bond type.

Simple diatomic molecules have only one bond,hich may stretch. More complex molecules have
many bonds, and vibrations can be conjugated, leading to infrared absorptions at characteristic
frequencies that may be related to chemical groups. For example, the atoms in a &doup,
commonly found in organic compoundscan vibrate in six different ways: symmetrical and

antisymmetrical stretching, scissoring rocking, waggingand twisting:
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The infrared spectra of a samplés collected by passing a beam of infrared light through the sample.
Examination of the transmitted light reveals how much energy was absorbed at each wavelength. This
can be done with anonochromatic beam, which changes in wavelength over time, or by using a
Fourier transform instrument to measure all wavelengths at once. From this, teansmittance or
absorbancespectrum can be produced, showing at which IR wavelengths the sample absorbs.
Analysis of these absorption characteristics reveals details about the molecular structure of the

sample.

This technique works almost exclusively on samples wittovalent bonds Simple sgectra are obtained
from samples with few IR active bonds and high levels of purity. More complex molecular structures
lead to more absorption bands and more complex spectra. The technique has been used for the

characterization of very complex mixtures.
Sample preparation

Gaseous samples require little preparation beyond purification, but a sample cell with a long

pathlength (typically 5-10 cm) is normally needed, as gases show relatiyeleak absorbances.

Liguid samples can be sandwiched between two plates of a high purity salt (commorslydium
chloride, or common salt, although a number of other salts suchs potassium bromideor calcium
fluoride are also used). The plates are transparenbtthe infrared light and will not introduce any
lines onto the spectra. Some salt plates are highly soluble in water, so the sample and washing

reagents must beanhydrous (without water).

Solid samples can be prepared in two major ways. The first is to crush the sample withraulling
agent(usually nujol) in amarble or agatemortar, with a pestle. A thin film of the mull is applied onto

salt plates andmeasured.

The second method is to grind a quantity of the sample with a specially purified salt (usually
potassium bromidg finely (to remove scattering effects from lar@ crystals). This powder mixture is
then crushed in a mechanicatlie pressto form a translucent pellet through which the beam of the

spectrometer can pass.
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It i s important to note that spectra obtained from different sample preparation methods will look
slightly different from each other due to differences in the samples' physical states.

The last technique is the Cast Film technique.

Cast film technique is usedmainly for polymeric compound. Sample is first dissolved in suitable, non
hygroscopic solvent. A drop of this solution is deposited on surface of KBr or NaCl cell. The solution
is then evaporated to dryness and the film formed on the cell is analysed ditc Care is important to
ensure that the film is not too thick otherwise light cannot pass through. This technique is suitable for

qualitative analysis.
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A beam of infrared light is produced and split into two separate beams. One is passed through the
sample, the oher passed through a reference which is often the substance the sample is dissolved in.
The beams are both reflected back towards a detector, however first they pass through a splitter
which quickly alternates which of the two beams enters the detector. Ehtwo signals are then

compared and a printout is obtained.
A reference is used for two reasons:
e This prevents fluctuations in the output of the source affecting the data

o This allows the effects of the solvent to be cancelled out (the reference is usuallyure form of

the solvent the sample is in)

Summary of absorptions of bonds in organic molecules

Main article: Infrared Spectroscopy Correlation Table
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Uses and applications

Infrared spectroscopy is widely used in both research and industry as a simple and reliable technique
for measurement, quality control and dynamic measurement. The instruments are now small, and can
be transported, even for use in field trials. With increasing technology in computer filtering and
manipulation of the results, samples in solution can now be measured accurately (water produces a
broad absorbance across the range of interest, and thus renders the spectra unreadable without this
computer treatment). Some machines will also automatically tell you what substance is being

measured from a store of thousands of reference spectra held in sige.

By measuring at a specific frequency over time, changes in the character or quantity of a particular
bond can be measured. This is especially useful in measuring the degree of polymerizatiopahymer
manufacture. Modern research machines can take infrared measurements across the whole range of
interest as frequently as 32 times a second. This can be done whilst simultaneous measurements are
made using other techniques. This makes thabservations of chemical reactions and processes

quicker and more accurate.

Techniques have been developed to assess the quality oflesves using infrared spectroscopy. This
will mean that highly trained experts (also called 'noses’) can be used moreasmgly, at a significant

cost saving.

Infrared spectroscopy has been highly successful for applications in both organic and inorganic
chemistry. Infrared spectroscopy has also been successfully utilized in the field of semiconductor
microelectronics: for example, infrared spectroscopy can be applied to semiconductors likdicon,

gallium arsenide gallium nitride , zinc selenide amorphous silicon,silicon nitride, etc.

Isotope effects

The different isotopes in a particular species may give fine detail in infrared spectroscopy. For
example, the QO stretching frequency of oxjnemocyaninis experimentally determined to be 832 and
788 cm*f o r°04°Q) a H@'®Q) respectively.
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By consideringthe GO as a spring, the wavelength of absor

S 2n\p
where k is the spring constant for the bond, an& is thereduced massf the A-B system:

mAMmpg

ma + mg
(m; is the mass of atom).

The reduced masses fot’0-°0 and **0-'%0 can be approximated as 8 and 9 respectively. Thus
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IR Spectroscopy Tutorial
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An important tool of the organic chemist isinfrared Spectroscopy, or "IR". IR spectra are acquired
on a special instrument, called an IR spectrometer. IR is used to gather information about

compound's structure, assess its pity, and sometimes to identify it.

Infrared radiation is that part of the electromagnetic spectrum between the visible and microwave

regions. Infrared radiation is absorbed by organic molecules and converted into energy of molecular
vibration, either stretching or bending. Different types of bonds, and thus different functional groups,
absorb infrared radiation of different wavelengths. A IR spectrum is a plot of wavenumber (Xaxis) vs

percent transmittance (Y-axis).

IR Spectroscopy Tutorial: Alkanes

The spectra of simple alkanes are characterized by absorptions due té i€ stretching and bending
(the Ci C stretching and bending bands are either too weak or of too low a frequency to be detected in
IR spectroscopy). In simple alkanes, which have very fewalnds, each band in the spectrum can be

assigned.

« CiH stretch from 3000 2850 cni*
« CiH bend or scissoring from 14761450 cm"
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« CiH rock, methyl from 1370-1350 cn"
« CiH rock, methyl, seen only in long chain alkanes, from 72320 cni’

The IR spectrum of ocine is shown below. Note the strong bands in the 30@850 cm' region due to
C-H stretch. The G-H scissoring (1470), methyl rock (1383), and lonaghain methyl rock (728) are
noted on this spectrum. Since most organic compounds have these features, thed¢ Wbrations are

usually not noted when interpreting a routine IR spectrum.

The region from about 1300900 cni® is called thefingerprint region . The bands in this region
originate in interacting vibrational modes resulting in a complex absorption pattern Usually, this
region is quite complex and often difficult to interpret; however, each organic compound has its own
unique absorption pattern (or fingerprint) in this region and thus an IR spectrum be used to identify a
compound by matching it with a sampe of a known compound.
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IR Spectroscopy Tutorial: Alkenes

Alkenes are compounds that have a carbenarbon double bond,i C=Ci. The stretching vibration of
the C=C bond usually gives rise to a moderate band in the region 168640 cm'.

Stretching vibrations of theT C=Ci H bond are of higher frequency (higher wavenumber) than those
of the 7 Ci Ci H bond in alkanes.

This is a very useful tool forinterpreting IR spectra: Only alkenes and aromatics show a €H stretch
slightly higher than 3000 cm. Compounds that do not have a C=C bond show-8 stretches only
below 3000 crit.

The strongest bands in the spectra of alkenes are those attributed to tharbon-hydrogen bending
vibrations of the =Ci H group. These bands are in the region 100650 cm' (Note: this overlaps the
fingerprint region ).

Summary:

« C=C stretch from 16801640 cm'

« =CiH stretch from 3100-3000 cm’

« =Ci H bend from 1006650 cni*
The IR spectrum of -octene is shown below. Note the band greater than 3000 ¢ifor the =Ci H
stretch and the several bands lower than 3000 ¢hfor i Ci H stretch (alkanes). The C=C stretch band
is at 1644 cnil. Bands for G H scissoring (1465) and methyl rock (1378) are marked on this spectrum;
in routine IR analysis, these bands are not specific to an alkene and are generally not noted because
they are present in almost all organic molecules (and they are in the fingerprint region). The bands at
917 cm' and 1044cnt *©attributed to =C&Mac173;H bends.
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It is interesting to overlay a spectrum of doctene with octane (shown below). Note how similar they
are, except for the bands due to C=C or C=(H stretches/bends.
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IR Spectroscopy Tutorial: Alkynes

Alkynes are compounds that have a carbeoarbon triple bond (iC[ ©. TheiC [ Cstretch appears
as a weak band from 226100 cni'. This can be an important diagnostic tool because very few

organic compounds show an absorption in this region.

A terminal alkyne (but not an internal alkyne) will show aCi H stretch as a strong, narrow band in
the range 33303270 cm". (Often this band is indistinguishable from bands resulting from other

functional groups on the same molecule which absorb in this region, such agtd-H stretch.)
A terminal alkyne will show a Ci H bending vibration in the region 700610 cmi.
Summary:

e 1CI[ Cstretch from 22602100 cm'
e 1CI[ CH: CiH stretch from 33303270 cnit
e 1CI[ CH: CiH bend from 700610 cm*



The spectrum of thexyne, a terminal alkyne, is shown below. Note thei@® stretch of the G H bond
adjacent to the carborrcarbon triple bond (3324), the carboncarbon triple bond stretch (2126), and
the Ci H bend of the GH bond adjacent to the carboncarbon triple bond (636). The other bands

noted are Q' H stretch, scissoring, and methyl rock bands from the alkane portions of the molecule.
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IR Spectroscopy Tutorial: Aromatics

The =Ci H stretch in aromatics is observed at 3108000 cni'. Note that this is at slightly higher

frequency than is hiei Ci H stretch in alkanes.

This is a very useful tool for interpreting IR spectra: Only alkenes and aromatics show ai® stretch
slightly higher than 3000 cnm'. Compounds that do not have a C=C bond showi® stretches only
below 3000 crit.

Aromatic hydro carbons show absorptions in the regions 1600685 cm'* and 15001400 cm® due to

carbon-carbon stretching vibrations in the aromatic ring.

Bands in the region 12561000 cm' are due to G H in-plane bending, although these bands are too

weak to be observedn most aromatic compounds.

Besides the CH stretch above 3000 cr, two other regions of the infrared spectra of aromatics

distinguish aromatics from organic compounds that do not have an aromatic ring:



« 20001665 cm® (weak bands known as "overtones")
e 900-675 cm' (out-of-plane or "oop" bands)

Not only do these bands distinguish aromatics, but they can be useful if you want to determine the
number and positions of substituents on the aromatic ring. The pattern of overtone bands in the
region 20001665 cm' reflect the substitution pattern on the ring. The pattern of the oop €H bending
bands in the region 908675 cm' are also characteristic of the aromatic substitution pattern. Details of
the correlation between IR patterns in these two regions and ringubstitution are available in the
literature references linked in the left frame (especially the books by Shriner and Fuson, Silverstein et.
al., and theAldrich Library of IR Spectra ).

In some instances, it is useful to remember that aromatics in genersthow a lot more bands than
compounds that do not contain an aromatic ring. If you are presented with two spectra and told that
one is aromatic and one is not, a quick glance at the sheer multitude of bands in one of the spectra can

tell you that it is the aromatic compound.
Summary:

« CiH stretch from 3100-3000 cnt'

« overtones, weak, from 20001665 cni"

« Ci C stretch (in-ring) from 1600-1585 cm*
« Ci C stretch (in-ring) from 1500-1400 cm®
« CiH "oop" from 900 -675 cni'

The spectrum of toluene is shown below. Ne the =0 H stretches of aromatics (3099, 3068, 3032) and
the 1 Ci H stretches of the alkyl (methyl) group (2925 is the only one marked). The characteristic
overtones are seen from about 2000665. Also note the carboftarbon stretches in the aromatic ring
(1614, 1506, 1465), the iplane Ci H bending (1086, 1035), and the 1 oop (738).
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IR Spectroscopy Tutorial: Alcohols

Alcohols have characteistic IR absorptions associated with both the @H and the C-O stretching
vibrations. When run as a thin liquid film, or "neat", the Oi H stretch of alcohols appears in the
region 35003200 cni* and is a very intense, broad band. Th€i O stretch shows up inthe region
126061050 cni*

« OiH stretch, hydrogen bonded 3508200 cni*
« Ci O stretch 12601050 cm’ (s)

The spectrum of ethanol is shown below. Note the very broad, strong band of thé B stretch (3391)
and the G O stretches (1102, 1055).
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IR Spectroscopy Tutorial: Ketones

The carbonyl stretching vibration band C=0 of saturated aliphatic ketones appears at 1715 chn
Conjugation of the carbonylgroup with carbon-carbon double bonds or phenyl groups, as in alpha,

beta-unsaturated aldehydes and benzaldehyde, shifts this band to lower wavenumbers, 148656 cm
1

Summary:

e C=0 stretch:
o aliphatic ketones 1715 cni
o U, -unbaturated ketones 1688666 cm'

The spectrum of 2butanone is shown below. This is a saturated ketone, and the C=0 band appears at
1715. Note the CH stretches (around 2991) of alkyl groups. It's usually not necessary to mark any of
the bands in he fingerprint region (less than 1500 cr).
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IR Spectroscopy Tutorial: Carbonyl Compounds

All carbonyl compounds absorb in the region 176A.665 cmi* due to the stretching vibration of the
C=0 bond. This distinctive carbonyl band is particularly useful for diagnostic purposes because it has
a characteristic high intensity and few other functional groups absorb in this region. Different

carbonyl compounds absorb in narrow ranges within the general carbonyl region.

The exact wavenumber of the C=0 stretch can give you clues as to whether the compound is a ketone,

aldehyde, ester, or carboxylic acid; furthermore it can tell you whether it is amlpha, beta carbonyl.

range type of compound such as:

saturated aliphatic if

17501735 cm* .
esters N

o

saturated aliphatic i

-1
17401720 cm | 2l des L,

17301715 cnm* U, -unbaturated esters R 1353' " “'*:r«":"‘u;:

saturated aliphatic a

=1
1715 cni Kotones G


http://orgchem.colorado.edu/hndbksupport/irtutor/carbonab.html

U, -unbaturated . oA

-1
1710-1665 cm aldehydes and ketones

IR Spectroscopy Tutorial: Aldehydes

The carbonyl stretch C=0 of saturated aliphatic aldehydes appe@ from 1740-1720 cnmi*. As in
ketones, if the carbons adjacent to the aldehyde group are unsaturated, this vibration is shifted to
lower wavenumbers, 17161685 cm'.

Another useful diagnostic band for aldehydes is the OZi H stretch. This band generally apears as
one or two bands of moderate intensity in the region 283P695 cm. Since the band near 2830 cthis
usually indistinguishable from other Ci H stretching vibration bands (recall that the G H stretches of
alkanes appear from 30062850 cni'), the presence of a moderate band near 2720 ¢ris more likely
to be helpful in determining whether or not a compound is an aldehyde.

If you suspect a compound to be an aldehyde, always look for a peak around 27201 often
appears as a shouldetype peak just to the right of the alkyl Ci H stretches.

Summary:

« HiC=0 stretch 28302695 cni"
e C=0 stretch:
o aliphatic aldehydes 17401720 cn*
o alpha, betaunsaturated aldehydes 1710685 cm'
The spectra of benzaldehyde and butyraldehyde are shown below. Note thae O=C stretch of the
alpha, betaunsaturated compound-- benzaldehyde-- is at a lower wavenumber than that of the

saturated butyraldehyde.

Note the O=Ci H stretches in both aldehydes in the region 2832695 cni', especially the shoulder
peak at 2725 crit in butyraldehyde and 2745 crit in benzaldehyde.
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IR Spectroscopy Tutorial: Carboxylic Acids

Carboxylic acids show a strong, wide band for thé®i H stretch. Unlike the O H stretch band
observed in alcohols, the carboxylic acid CH stretch appears as a very broad band in the region

3300-2500 cm', centered at about 3000 cih This is in the same region as theiG stretching bands of



both alkyl and aromatic groups. Thus a carboxylic acid shows a somewhat "messy" absorption
pattern in the region 33002500 cn', with the broad Oi H band superimposed on the sharp CH
stretching bands. The reason that the OH stretch band of carboxylic acids is so broad is becase

carboxylic acids usually exist as hydroge#bonded dimers.

« The carbonyl stretcB=0 of a carboxylic acid appears as an intense barmd 17601690 cnT. The
exact position of this broad band depends on whether the carboxylic acid is saturated or unsaturate
dimerized, or has internal hydrogen bonding
The Ci O stretch appears in the region 13201210 cni, and theOi H bend is in the regon 14401395
cm™ and 950910 cni', although the 14401395 band may not be distinguishable from CH bending

bands in the same region.

Summary:
e Of H stretch from 33002500 cm'
e C=0 stretch from 17601690 cnm'
e CiO stretch from 13261210 cnit
e OiH bend from 14401395 and 956910 cni'

The spectrum of hexanoic acid is shown below. Note the broad peak due toHDstretch superimposed
on the sharp band due to CH stretch. Note the C=0 stretch (1721), 0O stretch (1296), @H bends
(1419, 948), and CO stretch (126).
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IR Spectroscopy Tutorial: Esters



Cc

« The carbonyl stretchC=0 of aliphatic esters appears from 175A735cm’; t hat o f
unsaturated esers appears from 17301715 cn".

The Ci O stretches appear as two or more bands in the region 13A®00 cm',

Summary:

e C=0 stretch

o aliphatic from 1750-1735 cni"

o U, -unbaturated from 17301715 cm'
« Ci O stretch from 13061000 cm*

The spectra of ethy acetate and ethyl benzoate are shown below. Note that the C=0 stretch of ethyl
acetate (1752) is at a hi gunsaturatedester étrg/libentohte (L7863.n t
Also note the @ O stretches in the region 1301000 cni'.
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IR Spectroscopy Tutorial: Alkyl Halides

Alkyl halides are compounds that have a X bond, where X is a halogen: bromine, chlorine,
fluorene, or iodine (usually Br or Cl in the organic chemistry teaching labs). In generalZi X vibration
frequencies appear in the region 85815 cni’, sometimes out bthe range of typical IR
instrumentation. Ci Cl stretches appear from 850550 cni', while Ci Br stretches appear at slightly
lower wavenumbers from 696515 cni®. In terminal alky! halides, the Ci H wag of thei CH2X group is
seen from 13001150 cm'. Complicating the spectra is a profusion of absorptions throughout the
region 1250770 cm, especially in the smaller alkyl halides. Note that all of these bands are in the

fingerprint region.
In summary, the following bands are specific to alkyl halides:

« CiH wag (-CH,X) from 1300-1150 cn"

« Ci X stretches (general) from 856615 cmi'
o CiCl stretch 850550 cni
o CiBr stretch 690-515 cni

The spectra of bromopropane and Xchloro-2-methylpropane are shown below. Note the Br or Ci

Cl stretches in the region 85615cm™. They also show €Br or Ci Cl wag in the region 13001150 cm
1
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Even though both Xbromopropane and tchloro-1-methylpropane have similar spectra and the bands
that distinguish one from the other are in the fingerprint region, if the two spectra are overlayed,
examination of the fingerprint region readily shows that they are different compounds. (Shown

below.)
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IR Spectroscopy Tutorial: Amines

The Ni H stretches of amines are irthe region 33003000 cm'. These bands are weaker and sharper
than those of the alcohol ®H stretches which appear in the same region. In primary amines (RN},

there are two bands in this region, the asymmetrical NH stretch and the symmetrical N H stretch.

s asymmatric N-H A symmetric N-H
M -, stretch, higher wavenumber N - stretch, lower wavenumber

H H

Secondary amines (RNH) show only a single weak band in the 3368000 cm' region, since they have
only one N H bond. Tertiary amines (RsN) do not show any band in this region since they do not have
an Ni H bond.

(A shoulder band usually appears on the lower wavenumber side in primary and secondary liquid
amines arising from the overtone of the NH bending band: this can confuse interpretation. Méte the

spectrum of aniline, below.)

The Ni H bending vibration of primary amines is observed in the region 1650580 cni'. Usually,
secondary amines do not show a band in this region and tertiary amines never show a band in this
region. (This band can be @ry sharp and close enough to the carbonyl region to cause students to

interpret it as a carbonyl band.)

Another band attributed to amines is observed in the region 91665 cni'. This strong, broad band is

due toNi H wag and observed only for primary and scondary amines.



The Ci N stretching vibration of aliphatic amines is observed as medium or weak bands in the region
12501020 cm'. In aromatic amines, the band is usually strong and in the region 1338250 cn'.

Summary:

Ni H stretch 34063250 cm'
o 1° amine: two bands from 34003300 and 33368250 cnt

o 2° amine: one band from 3358310 cni

o 3° amine: no bands in this region
« NiH bend (primary amines only) from 16501580 cni"
« Ci N stretch (aromatic amines) from 13351250 cni"
« Ci N stretch (aliphatic amine9 from 1250/ 1020 cm'
« NiH wag (primary and secondary amines only) from 9165 cni*

The spectrum of aniline is shown below. This primary amine shows twoill stretches (3442, 3360);
note the shoulder band, which is an overtone of theiN bending vibration. The Ci N stretch appears

at 1281 rather than at lower wavenumbers because aniline is an aromatic compound. Also note thie N
H bend at 1619.
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The gpectrum of diethylamine is below. Note that this secondary amine shows only onéH\stretch
(3288). The G N stretch is at 1143, in the range for nofaromatic amines (125601020). Diethylamine

also shows an NH wag (733).
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Triethylamine is a tertiary amine and does not have an NH stretch, nor an Ni H wag. The QN
stretch is at 1214 crit (non-aromatic).
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IR Spectroscopy Tutorial: Nitro Groups

The Ni O stretching vibrations in nitroalkanes occur near 1550 crit (asymmetrical) and 1365 crit

(symmetrical), the band at 1550 cil being the strongerof the two.



If the nitro group is attached to an aromatic ring, theNi O stretching bands shift to down to slightly
lower wavenumbers: 15501475 cnm' and 13661290 cni™.

Summary:

« Ni O asymmetric stretch from 15501475 cn*
« Ni O symmetric stretch from 13601290 cm’

Compare the spectra of nitromethane andn-nitrotoluene, below. In nitromethane, the N O stretches
are at 1573 and 1383, while in nitrotoluene, they are a little more to the right, at 1537 and 1358.
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IR Spectroscopy Tutorial: How to analyze IR spectra

If you have followed thistutorial group -by-group, you will realize that in even rather simple, mone

functional molecules there are so many IR bands that it is not feasible to assign every band in an IR

spectrum. Instead, look for telttale bands-- the region from 40001300 cni' is particularly useful for

determining the presence of specific functional groups. You can rely on thB correlation charts

(linked in the left frame), but we recmmend (in fact, in organic chem 1 lab, weequire) that you

memorize the distinctive bands of the common functional bands:

35003300 cm* Ni H stretch
35003200 cm* Oi H stretch
31003000 cm* Ci H stretch
30002850 cm* Ci H stretch
17601665 cm® C=0 stretch
16801640 cm* C=C stretch

1&Mac251;, 2&Mac251;

amines

alcohols, a broad, strong
band

alkenes
alkanes
ketones, aldehydes, estel

alkenes

Begin by looking in the region from 40001300. Look at the G H stretching bands around 3000:

Are any or all to theright of 30007

Are any or all to the left of 30007

Indicates:

alkyl groups (present in most organic

molecules)

a C=C bond or aromatic group in the

molecule

Look for a carbonyl in the region 17601690. If there is such a band:

Is an Oi H band also present?

Is a Ci O band also present?

Is an aldehydic Q H band also present?

Indicates:
a carboxylic acid group
an ester

an aldehyde


http://orgchem.colorado.edu/hndbksupport/specttutor/irchart.html

Is an Ni H band also present? an amide

Are none of the above present? a ketone

(also check theexact position of the carbonyl bandor clues as to the type of carbonyl compound it is)

Look for a broad Oi H band in the region 35003200 cm". If there is such a band:

Indicates:

Is an Oi H band present? an alcohol or phenol

Look for a single or double sharp N H band in the region 34083250 cni'. If there is such a band:

Indicates:
Are there two bands? a primary amine
Is there only one band? a secondary amine
Other structural features to check for:

Indicates:

Are there Ci O stretches? an ether (or an ester if there is a carbonyl
re there Ci O stretches"

band too)
Is there a C=C stretching band? an alkene
Are there aromatic stretching bands? an aromatic

|l s there a CIC band analkyne

Are there -NO2 bands? a nitro compound

If there is an absence of major functional group bands in the region 4000300 cni* (other than Ci H

stretches), the compound is probably a strict hydrocarbon.

Also check the region fran 900650 cm’. Aromatics, alkyl halides, carboxylic acids, amines, and

amides show moderate or strong absorption bands (bending vibrations) in this region.

As a beginning student, you should not try to assign or interpret every peak in the spectrum.
Concentrate on learning the major bands and recognizing their presence and absence in any given

spectrum.


http://orgchem.colorado.edu/hndbksupport/irtutor/carbonylsir.html

In the organic chem teaching labs, you usually know what compound you started with and what
compound you are trying to make. For instance, if you are oxiding an alcohol to a ketone, your
product should show a carbonyl band but no hydroxyl band. If no carbonyl band is present, the
experiment was not successful. If both carbonyl and hydroxyl bands are present, the product is not

pure.

http://www.umsl.edu/~orglab/documents/IR/IR.html

Infrared Spectroscopy

Most of us are quite familiar with infrared radiation. We have seen infrared lamps keep food hot and often
associate infrared radiati with heat. While the generation of heat is a probable event following the
absorption of infrared radiation, it is important to distinguish between the two. Infrared is a form of radiatio
that can travel through a vacuum while heat is associated wittmdkion and kinetic energy of molecules.

The concept of heat in a vacuum has no meaning because of the lack of molecules and molecular motion.
Infrared spectroscopy is the study of how molecules absorb infrared radiation and ultimately convert it to
heat.By examining how this occurs, we will not only learn about how infrared radiation is absorbed, but we
will also learn about molecular structure and how the study of infrared spectroscopy can provide informatic
about the structure of organic molecules.idnared spectrum of a chemical substance, is very much like a
photograph of a molecule. However, unlike a normal photograph which would reveal the position of nuclei
the infrared spectrum will only reveal a partial structure. It is the purpose oftiniine to provide you

with the tools necessary to interpret infrared spectra, successfully. In some respects, this process is simila
reading an Xray of the chest. While most of us could easily identify the gross structural features of the che
suchas the ribs, most of us would need some guidance in identifying those features oathasiociated

with disease.

In order to interpret infrared spectra, having some idea or model of the physical process involved when a
molecule interacts with infired radiation would be useful. You may recall in introductory chemistry, the
discussion of how atoms interact with electromagnetic radiation led to the development of quantum theory
and the introduction of quantum numbers. The interaction of infrareati@divith molecules requires a

similar treatment. While the use of quantum theory is necessary to explain this interaction, most of us live
a world that appears continuous to us and we do not have much experience discussing phenomena that c
is disaete steps. The discussion that follows will attempt to develop a model of how molecules interact witl
infrared radiation that is based as much as possible on classical physics. When necessary, we will insert t
modifications required by quantum mechanitis model, while perhaps oversimplified, will contain the
physical picture that is useful to understand the phenomena and will be correct from a quantum mechanic.
standpoint.


http://www.umsl.edu/~orglab/documents/IR/IR.html

Let's begin first by considering two isolated atoms, a hydrogen andreneratom moving toward each other
from a great distance. What do you suppose will happen once the atoms approach each other and can feel €
others presence? The potential energy curve for tBe Holecule is shown in Figure 1. As the two atoms
approacteach other notice that the potential energy drops. If we recall that energy must be conserved, what
must happen to the kinetic energy? The two atoms must attract each other and accelerate toward each othel
thereby increasing their kinetic energy. Therd®in kinetic energy is illustrated by the dotted line in the

figure. At some point they will "collide™ as indicated by the part of the potential energy curve that rises steepl
at small interatomic distances and then the atoms will begin to move awagdich other. At this point, we

might ask, "Will the molecule of HBr survive the collision"? Unless some energy from this system is lost, say
by emission of a photon of light or collision by a third body to remove some energy, these are two ships
passingm the night. The kinetic energy resulting from the coulombic attraction of the two atoms will exactly
equal the drop in potential energy and the two atoms will fly apart. The spontaneous emission of a photon of
light is improbable, so this mechanism isikely to drop the HBr molecule into the welllost Probable from

a physical perspective, is the

Potential Energy Diagram for HBr
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Figure 1. The potential (solid line) and kinetic ener@lptted line) of HBr as a function of the separation of
the two nuclei. The kinetic energy at every point illustrated by the dotted line is equal to the potential ener
plus the small amount of kinetic energy associated with initial motion of the twei mlen separated at

large distances.



collision of our HBr with a third body which will remove some energy and result in the trapping of the HBr
molecule in the well. Though very excited, this molecule will now survive until other collisions with less
energetic molecules leads to an HBr molecule at the bottom of the well and the generation of heat (kinetic
energy) that would be experienced in the exothermic reaction of hydrogen and bromine atoms to form
hydrogen bromide. Let us now consider a hydrogemime molecule that has lost a little kinetic energy by
collision and has been trapped in the potential energy well of Figure 1. We might ask, "How would a
molecule that does not have enough kinetic energy to escape the well behave in this well? A mvdlecul
some kinetic energy below this threshold value (total energy slightly less than 0 in Fig. 1) will be able to
move within this well. The internuclear separation will vary within the limits governed by the available
kinetic energy. Since this motionvolves a stretching or compression of the internuclear distance it is
usually described as a vibration. Additional collisions with other molecules will eventually lead to the
dissipation of the energy associated with formation of the hydrogen bromideAidhe point we might

ask the following question. If we remove all the excess kinetic energy from HBr, what will be its kinetic anc
potential energy? Alternatively we might ask, "Will the hydrogen bromide molecule reside at the very
bottom of the well vien it is cooled down to absolute zero Kelvin?" Before we answer this question, let's
digress for a little and discuss the relative motions of the hydrogen and bromine atoms in terms of the
physics of everyday objects. Once we learn how to describe gstcelbbehavior of two objects trapped in

a potential energy well, we will return to the question we have just posed.

One model we can use to describe our hydrogen bromide molecule is to consider our HBr molecule to be
made up of balls of uneven mass cected to each other by means of a spring. Physicists found many years
ago some interesting properties of such a system which they referred to as a harmonic oscillator. Such a

system repeatedly interconverts potential and kinetic energy, depending onniietgring is exerting a

force on the balls or the momentum of the balls is causing the spring to be stretched or compressed. The

potential energy of this system (PE) is given by the parabola,

PE = k(x¥x0)2 1

where xxo is the displacement tiie balls from their equilibrium condition when the system is at rest and k
is a measure of the stiffness of the spring. While this simple equation does not apply to molecules, please
notice how similar the potential energy surface of the parabola (Ryusdo the bottom of the surface of
Figure 1. The constant k is used to describe chemical bonds and is referred to@e ttenstant As you

might imagine, it is a measure of the stiffness of the chemical bond.

Several other relationships weresebved that do carry over in describing molecular systems. For example,
they found that when a ball was suspended on a spring from a horizontal wall, the frequency of vibration o
oscillation,v, depended only on the mass of the ball and the stiffness of the spring. The term A is a constal
of the proportionality. By varying the mass of the ball and the stiffness of the spring, they were able to
uncover the following simple relationship betwdsquency, mass and force constant:

V:A\/E
m o



Suspending a ball and spring from a horizontal surface is a special case of the more general situation whe
you hare two more comparable masses attached to each other. Under these circumstances, when two sir
masses are attached to a spring, the relationship between frequency of vibration, mass and force constan
given by:

V:A\/E
H3

wherep, represents the product of the masses divided by their sum (m1m2/(m1+m2). This latter term is
found in other physical relationships and has been given the namedtized mass It can easily be seen

that equation 2 is a special case of the more general relationship given by equation 3. If we consider m1ta
much larger than m2, the sum of m1+ méhl and substituting this approximation into (m1m2/(ml1+m2)
m2. Substituting m2 into e@tion 3 where m2 is the smaller of the two masses gives us exactly the same
relationship as we had above when the ball was suspended from a horizontal wall. The horizontal wall is
much more massive than the ball so that the vibration of a smaller ba#rdydgtle effect on the wall.

Despite their simplicity, equations 2 and 3 play an important role in explaining the behavior of molecular
systems. However, before we discuss the important role these equations play in our understanding of
infrared spectrscopy, we need to review some of the properties of electromagnetic radiation, particularly
radiation in the infrared range.

The electromagnetic spectrum is summarized in Figure 2. On the extreme right we find radiowaves and sc
from right to left we acounter of terms which have become familiar to us; microwave, infrared, visible
ultraviolet and Xrays. All of these forms of electromagnetic radiation
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Figure 2. The electromagnetic spectrum.



are related to each other in enpie and obvious way. First let us discuss why we refer to these different
forms of light as electromagnetic radiation. Simply stated, all these forms of radiation have an electric and
magnetic field associated with them that varies as shown for thergjamdve in Figure 3. Only the electric
field is shown in this figure. If we were to include the magnetic field it would look exactly as the electric
field but would be rotated 90 ° out of the plane of the paper and would oscillate above and below the plang
of the paper like a sin or cos wave. In

infrared spectroscopy, only the electric field associated with the electromagnetic radiation is important anc

we will limit our present discussion to how this field varies with time. We called the light waveadsdoci
with Figure 4 a standing wave because this is how the electric field would

Electric Field of Light
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Figure 3. The electric field of light associated with a standing wave witixed wavelength.

vary if we took a picture of the wave. One of the properties of all electromagnetic radiation is that it travels
in a vacuum at the speed of 3 x 1010 cm/sec. Therefore, if we were to turn this standing wave "on" we
would observehis oscillating field rapidly passing us by. If we examine the electric field (or the magnetic
field which is not shown), we observe that the field is repetitive, varying as a cos or sin wave. The length c
the repeat unit along the x axis is called tla/@lengthj, and it is this property which varies continuous

from 106 cm (1010 microns) for radio waves down telB0cm (166 microns) for cosmic radiation. A unit

of length that is frequently used in infrared spectroscopy is the micron. A micron is equival@#t ¢onl|If

we were to "stand on the corner and watch all the wavelengths go by", since all electromagnetic radiation
would be traveling at 3 x 1010 cm/sec, the frequencgt which the shorter wavelengths would have to



pass by would have to increase mler to keep up with the longer wavelengths. This relationship can be
described in the following mathematical equation:

Av =c¢; (c =3 x 1010 cm/sec). 4

The frequency of the light times the wavelength of the light must equal the speed at whidht tise lig
traveling.

In addition to having wave properties such as the ones we have been discussing, electromagnetic radiatio
also has properties we would normally attribute to particles. These "particle like" properties are often
referred to as charactstics ofphotons We can discuss the wave properties of photons by referring to the
wavelength (egn. 4) and frequency associated with a photon. The energy of a single photon is a measure
property we would normally associate with a particle. Theioglahip which determines the energy

associated with a single photon of light, E, and the total energy incident at on a surface by monochromatic
light, ET, is given by:

E = hv (or equivalently, E = h d(, from equation % 5
ET=nhv6

whereh is Planck’'s constant and is numerically equal to 6.62716rg s and n is the number of photons.
Equations 4 and 5 tell us that photons with short wavelengths, in addition to having higher frequencies
associated with them, also carry more punch! Te¥gy associated with a photon of light is directly
proportional to its frequency.

At this point we are ready to return to a discussion of how infrared radiation interacts with molecules.
Following our discussion of balls and springs, you have probalyed that infrared spectroscopy deals

with the vibration of molecules. Actually, both rotation and vibration of molecules is involved in the
absorption of infrared radiation, but since molecular rotation is not usually resolved in most infrared spectr
of large organic molecules, we will ignore this additional consideration. In order to derive the relationship
between vibrational energy and molecular structure, it is necessary to solve the Schoedinger equation for
vibrationatrotational interactions. 8te solution of this equation is beyond the scope of this treatment, we
will simply use the relationship that is derived for a harmonic oscillator from this equation. As you see, the
guantum mechanical solution of a harmonic oscillator, equation 7, iskaiohasimple and very similar to

the relationship we obtained from considering the classical model of balls and springs.

2a\ i 25



Before discussing the impétions of equation 7, let's take a moment to see how similar it is to equations 3
and 5. From equation 5, we see that substituting equationvddsults in equation 7 except for theH

1/2) term. However we should point out that we have substituéediihational frequency of two masses on

a spring for a frequency associated with the number of wave maxima (or minima, null gtoihfmssing a
given point (or street corner) per unit time. We are able to do this because of the presence of the (n +1/2
term. Let's discuss the significance of the (n + 1/2) term before we returning to answer this question. The
previous time you encountered the Schroedinger equation was probably when studying atomic spectra in
Introductory Chemistry. An important conseqgue of this encounter was the introduction of quantum
numbers, at that time the principle quantum numNethe azimuthal quantum numbérthe magnetic, m

and spin quantum numbex, This time is no exception. Meet the vibrational quantum numberhdse

numbers arise in a very similar manner. The Schroedinger equation is a differential equation which vanish
unless certain terms in it have very discrete valuesnfbe allowed values are 0,1,2,... Let us now

consider the energy of vibration assted with a molecule in its lowest energy of vibration, n = 0.

According to equation 6, the energy of vibration is give | dryu , when n = 0, the zero point
energy.This equation allows us to answer the question posed earlier about what would happen to the
vibrational energy of a molecule at absolute zero. According to quantum theory the molecule would
continue to vibrate. From the relationship E = kwe can evaluate the vibrational frequency

1k

v = —
as Zr\u , the same as found by classical physics for balls and springs. This equation states that
the vibrational frequecy of a given bond in a molecule depends only on the stiffness of the chemical bond
and the masses that are attached to that bond. Similarly, according to equation 7, once the structure of a
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Figure 4. The potential energy surface for a HBr molecule illustrating how the vibrational energy levels
vary in energy with increasing vibrational quantum number.

is defined, the force constants and reduced uasalso defined by the structure. This also defines the
vibrational frequencies and energy of absorption. Stated in a slightly different manner, a molecule will not
absorb vibrational energy in a continuous fashion but will do so only in discrete stégianined by the
parameters in equation 7 and illustrated for the HBr molecule in Figure 4. We have pointed out that the
vibrational quantum number can have positive integer values including a value of zero. Upon absorption o
vibration energy, this vifational quantum number can change by +1 unit. At room temperature, most
molecules are in the n = 0 state.

Figure 4 illustrates the real vibrational levels for HBr. Notice that equation 7 predicts that the energy level
spacings should all be equal. Metaccording to Figure 4, the spacings actually converge to a continuum
for large values of n. For small values of n, n =0, 1, 2, equation 7 gives a good approximation of the
vibrational energy levels for HBr. Equation 7 was derived from the approximiiad the potential energy
surface is like a parabola. Near the minimum of this surface, around the zero point energy, this is a good
approximation. As you go up from the minimum, the resemblance decreases and the assumptions made i
solving the Schroedger equation no longer are valid.

Let us now return and question the wisdom of substituting the vibrational frequency of a molecule for the
frequency of electromagnetic radiation in equation 5. | hope at this point of the discussion this does not se
so absurd. If the vibrational frequency of the molecule, as determined by the force constant and reduced
mass, equals the frequency of the electromagnetic radiation, then this substitution makes good sense. In
this gives us a mechanism by which wa eavision why a molecule will absorb only distinct frequencies of
electromagnetic radiation. It is known that symmetrical diatomic molecules like nitrogen, oxygen and
hydrogen, do not absorb infrared radiation, even though their vibrational frequerciesha infrared

region. These homonuclear diatomic molecules have no permanent dipole moment and lack a mechanisn
interacting with the electric field of the light. Molecules like HBr and HCI which have a permanent dipole,
resulting from an unequal stiag of the bonding electrons, have a dipole which oscillates as the bond
distance between the atoms oscillate. As the frequency of the electric field of the infrared radiation
approaches the frequency of the oscillating bond dipole and the two ostitlaéesame frequency and

phase, the chemical bond can absorb the infrared photon and increase its vibrational quantum number by
This is illustrated in Figure 5. Of course, some HBr molecules

may not be correctly oriented toward the light to interadtthese molecules will not absorb light. Other
factors will also influence the intensity and shape of the absorption. However, when the frequency of the
electromagnetic radiation equals the vibrational frequency of a molecule, absorption of light doesdcc
this leads to an infrared spectrum that is characteristic of the structure of a molecule.

Up to now we have discussed molecules changing their vibrational quantum number by +1. A chAnge of
is also equally possible under the influence of infraestiation. This would lead to emission of infrared
radiation. The reason why we have not discussed this possibility is that most molecules at room temperatt
are in the ground vibrational level (n=0) and cannot go any lower. If we could get a lot ofiles)det say

with n = 1, use of infrared could be used to stimulate emis$inis.is how an infrared laser works.
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Figure 5. An HBr molecule interacting witelectromagnetic radiation. In order for this interaction to occur
successfully, the frequency of the light must equal the natural vibrational frequency of the HBr and the
electric field must be properly orientated.

We have previously discussed th&ared region of the electromagnetic spectrum in terms of the
wavelength of the light that is involved;4D n ((1-40)x104 cm) (Figure 3). According to equation 4, we

can also express this region of the electromagnetic spectrum in terms of the fyeafueerdight. There is

an advantage to discussing the absorption of infrared radiation in frequency units. According to equation &
energy is directly proportional to frequency. The energy associated with an absorption occurring at twice t
frequency ofanother can be said to require twice the energy. Occasionally, weak bands occur at twice the
frequency of more intense bands. These are called overtones and result when the vibrational quantum
number changes by +2. While these transitions are weak atftearetically forbidden (i.e. they occur with

an intensity of less than 5 % of the same transition that involves a change of +1 in the vibrational quantun
number) they are easy to identify when units of frequency are used. Sometimes absorption batkg &nvol
combination of frequencies occur. There is no physical significance to adding together waveldwegths

a physical significance to the addition of frequencies since they are directly proportional to energy. To
convert wavelength to frequencgaarding to equation 4, we need to multiply the speed of light by the
reciprocal of wavelength. Since the speed of light is a universal constant, a curious convention of simply
using the reciprocal of wavelength has evolved. Thus a peak abbld be expessed as 1/(5x30 cm) or

2000 cml. You will note that 2000 c#th is not a true frequency. A true frequency would have units of
cycles/sec. To convert 2000 €hto a true frequency one would need to multiply by the speed of light
(cm/sec). However, 2000rel is proportional to frequency and this is how frequency units in infrared
spectroscopy are expressed.



Functional | Type Frequencies| Peak Examples

Group cml Intensity | Figure No.

C-H sp3 hybridized R3GH 28503000 || M(sh) 6, 18, 22
sp2 hybridzed =CR-H 30003250 || M(sh) 7,13, 42
sp hybridized =C-H 3300 M-S(sh) || 13
aldehyde eH H-(C=0)R 2750, 2850 || M(sh) 14, 15

N-H primary amine, amide || RN-H2, RCONH2 | 3300, 3340 || S,S(br) || 18, 19

secondary amine, amid| RNR-H, RCONHR | 33003500 S(br) 20, 21

tertiary amine, amide | RN(R3), RCONR2 | none 22,23

O-H alcohols, phenols free OH 36203580 W(sh) 17, 24, 25

hydrogen bonded | 36003650 S(br) 24, 25, 28

carboxylic acids R(C=0)CH 35002400 S(br) 26, 27, 29, 30
C=N nitriles RC=N 22802200 S(sh) 31
C=C acetylenes R-C=C-R 22602180 W(sh) 32
R-C= C-H 21602100 | M(sh) 13
C=0 aldehydes R(C=O)H 17461720 || S(sh) 14
ketones R(C=0)R 17301710 S(sh) 35
esters R(CO2)R 17561735 || S(sh) 33, 34
anhydrides R(CO2CO)R 1820, 1750 || S, S(sh) | 36
carboxylates R(CO2)H 1600, 1400 || S,S(sh) || 37
c=C olefins R2C=CR2 16801640 W(sh) 10, 39, 40

R2C=CH2 16061675 M(sh) 9,35




R2C=C(OR)R 16001630 || S(sh) | 41

-NO2 nitro groups RNO2 1550, 1370 || S,S(sh) || 28

At this point we are ready to leave diatomic emlles and start talking about complex organic molecules.
Before doing so, it should be pointed out that the discussion that follows is an over simplification of the tru
vibrational behavior of molecules. Many vibrational motions of molecules are meh@anisvolve the

entire molecule. Analyze of such motions can be very difficult if you are dealing with substances of
unknown structure. Fortunately, the infrared spectrum can be divided into two regions, one called the
functional group region and the othee fingerprint region. The functional group region is generally
considered to range from 4000 to approximately 150 @nd all frequencies below 1500-dnare

considered characteristic of the fingerprint region. The fingerprint region involves naslgtrations,

usually bending motions, that are characteristic of the entire molecule or large fragments of the molecule.
Hence the origin of the term. Used together, both regions are very useful for confirming the identity of a
chemical substance. This generally accomplished by comparison to an authentic spectrum. As you becom
more proficient in analyzing infrared spectra, you may begin to assign bands in this region. However, if yo
are just beginning to interpret spectra of organic moleculeshdtsisto focus on identifying the

characteristic features in the functional group region. The functional group region tends to include motions
generally stretching vibrations, that are more localized and characteristic of the typical functional groups
found in organic molecules. While these bands are not very useful in confirming identity, they do provide
some very useful information about the nature of the components that make up the molecule. Perhaps mc
importantly, the frequency of these bands arelpédi and their presence or absence can be used confidently
by both the novice and expert interpreter of infrared spectra. The discussion which follows focuses primar
on the functional group region of the spectrum. Some functional groups are discussed detail than

others. You will find that all this information is summarized in Table 1 which should prove useful to you
when you try to interpret an unknown spectrum. Finally, you should bear in mind that although we have
developed a model that caniels understand the fundamental processes taking place in infrared
spectroscopy, interpretation of spectra is to a large extent an empirical science. Information about the natt
of a compound can be extracted not only from the frequencies that are presasd by peak shape and
intensity. It is very difficult to convey this information in Table form. It is only by examining real spectra

will you develop the expertise to accurately interpret the information contained within. Be sure to examine
the speata contained in this handout carefully. Whenever you interpret a spectrum and extract structural
information, check your assignments by examining the spectrum of a known substance that has similar
structural features.

Carbon-Hydrogen Stretching Frequercies

Let's take one more look at equation 6 and consider the echsfalvogen stretching frequencies. Since k and
mH are the only two variables in this equation, if we assume thatthlstetching force constants are
similar in magnitude, we would egpt the stretching frequencies of alHCbonds to be similar. This
expectation is based on the fact that the mass of a carbon atom

Table 1. A summary of the principle infrared bands and their assignments.

R is an aliphatic group.

and whatever elses attached to the carbon is much larger the mass of a hydrogen. The reduced mass for
vibration of a hydrogen atom would be approximately the mass of the hydrogen atom which is independer
of structure. All GH stretching frequencies are observed at apprately 3000 cnri, exactly as expected.



Fortunately, force constants do vary some with structure in a fairly predictable manner and therefor it is
possible to differentiate between different types &l Gonds. You may recall in your study of organic
chemisry, that the GH bond strength increased as the s character of-thdand increased. Some typical
values are given below in Table 2 for various hydridization states of carbon. Bond strength and bond
stiffness measure different properties. Bond strengtasures the depth of the potential energy well
associated with a-€l. Bonds stiffness is a measure of how much energy it takes to compress or stretch a
bond. While these are different properties, the stiffer bond is usually associated with a deegat potent
energy surface. You will note in Table 2 that increasing the bond strength also increaséstibadC
stretching frequency.

Table 2. Carbon Hydrogen Bond Strengths as a Function of Hybridization

Type of GH bond Bond Strength IR Freemcy

kcal/mol cm1

sp3 hybridized €H CH3CH2CH2H 99 <3000
sp2 hybridized €H CH2=CHH 108 >3000
sp hybridized eH HC= C-H 128 3300

C-H sp3 hybridization

Methyl groups, methylene groups and methine hydrogens on sp3 carbon atoms all abserb 2&5@and
3000 cml. While it is sometimes possible to differentiate between these types of hydrogen, the beginning
student should probably avoid this type of interpretation. It should be

pointed out however, that molecules that have local symmetiysuiblly show symmetric and asymmetric
stretching frequencies. Take, for example, a CH2 group. It is not possible to isolate an individual frequenc
for each hydrogen. These two hydrogens will couple and will show two stretching frequencies, a symmetri
stretching frequency in which stretching and compression of both hydrogens occurs simultaneously, and a
asymmetric stretching frequency in which stretching of one hydrogen is accompanied by compression of t
other. While these two motions will occur affdient frequencies, both will be found between the 2850

3000 cml envelope. This behavior is found whenever this type of local symmetry is present. We will find
other similar examples in the functional groups we will be discussing. Some examples of apetztining

only sp3 hybridization can be found in Figure§,5and located at the end of this discussion. These peaks are
usually sharp and of medium intensity. Considerable overlap of several of these bands usually results in
absorption that is fairlyntense and broad in this region.



C-H sp2 hybridization

Hydrogens attached to sp2 carbons absorb at-3280 crit'. Both aromatic and vinylic carbon hydrogen
bonds are found in this region. Examples of spectra that contain Griiytsjidization carbe found in

Figure 7. Examples of molecules that contain onfyGp! bonds along with other functional groups include
Figures 23, 24 and 25. Examples of hydrocarbons that contain both sp2 and sp3 hybridization can be four
in Figures 812. These peaksausually sharp and of low to medium intensity.

check fig 2325

C-H sp hybridization

Hydrogens attached to sp carbons absorb at 330D é&m examples of a spectrum that contains sp
hybridization can be found in Figure 13. These peaks are usualfy afé of medium to strong intensity.

C-H aldehydes

Before concluding the discussion of the carbon hydrogen bond, one additional typesiféch can be
distinguished, the &1 bond of an aldehyde. Thel€ stretching frequency appearsaadoublet, at 2750 and
2850 cml. Examples of spectra that contain-#Gtretch of an aldehyde can be found in Figures 14 and
15.

C-H exceptions

In summary, it is possible to identify the type of hydrogen based on hybridization by examinimigaitesi
spectra in the 3300 to 2750 ¢hregion. Before concluding, we should also mention some exceptions to the
rules we just outlined. Cyclopropyl hydrogens which are formally classified as sp3 hybridized actually have
more s character than 25 %. Carlborogen frequencies greater than 30001care observed for these
stretching vibrations. Halogen substitution can also affect thes@etching frequency. The-B stretching
frequencies of hydrogens attached to a carbon also bearing halogen subsatutdso be shifted beyond

3000 cml. This is illustrated in Figure 16. The last exception we will mention is an interesting case in
which the force constant is increased because of steric interactions. The infrared spectftsm of tri
butylcarbinol is giva in Figure 17. In this case, the hydrogens are sp3 hybridized but stretchindgithe C
bonds leads to increased crowding and bumping, and this is manifested by a steeper potential energy sur
and an increase in k, the force constant in equation 6.



Nitrogen Hydrogen Stretching Frequencies

Much of what we have discussed regardingl Gtretching frequencies is also applicable here. There are
three major differences between théd@nd NH stretching frequencies. First, the force constant fbf N
straching is stronger, there is a larger dipole moment associated withltheadd, and finally, the NH

bond is usually involved in hydrogen bonding. The stronger force constant leads to a higher frequency for
absorption. The MNH stretching frequency is ually observed from 3568200 cml. The larger dipole

moment leads to a stronger absorption and the presence of hydrogen bonding has a definite influence on
band shape and frequency position. The presence of hydrogen bonding has two major influgpeetsan
First, its presence causes the a shift toward lower frequency of all functional groups that are involved in
hydrogen bonding and second, the peaks are generally broadened. Keep these two factors in mind as yot
examine the following spectra, regkesk of what atoms and functional groups are involved in the hydrogen
bonding.

The N-H stretching frequency is most frequently encountered in amines and amides. The following
examples will illustrate the behavior of this functional group in a varietyraimstances.

Primary amines and amides derived from ammonia

The N-H stretching frequency in primary amines and in amides derived from ammonia have the same loca
symmetry as observed in CH2. Two bands, a symmetric and an asymmetric stretckeraerloliss not

possible to assign the symmetric and asymmetric stretches by inspection but their presence at approxima
3300 and 3340 cvh are suggestive of a primary amine or amide. These bands are generally broad and a
third peak at frequencies lowthan 3300 cri, presumably due to hydrogen bonding, is also observed. This
is illustrated by the spectra in Figures 18 and 18 fbuttyl amine and benzamide.

Secondary amines and amides

Secondary amines and amides show only one peak in theethffehis peak is generally in the vicinity of
3300 cml. This is illustrated in Figures 20 and 21. Again notice the effect of hydrogen bonding on the
broadness of the Nl peak.

Tertiary amines and amides

Tertiary amines and amides from secondamnas have no observableH\stretching band as is illustrated
in Figures 22 and 23.



N-H bending motions

You may recall that we will be ignoring most bending motions because these occur in the fingerprint regio
of the spectrum. One exception ig tk-H bend which occurs at about 1600-&nilhis band is generally

very broad and relatively weak. Since many other important bands occur in this region it is important to no
the occurrence of this absorption lest it be mistakenly interpreted as afuoittenal group. Figure 18
illustrates the shape and general intensity of the bending motion. Most other functional groups absorbing i
this region are either sharper or more intense.

Hydroxyl Stretch

The hydroxyl stretch is similar to the-N stretd in that it hydrogen bonds but does so more strongly. As a
result it is often broader than theHNgroup. In those rare instances when it is not possible to hydrogen
bond, the stretch is found as a relative weak to moderate absorption €86HDOm1. In tri-t-

butylmethanol where steric hindrance prevents hydrogen bonding, a peak at 360 @oserved as shown

in Figure 17. Similarly for hexanol, phenol, and hexanoic acid, Figures 24, 25, and 26, gas phase and liqu
phase spectra illustrate the effe hydrogen bonding on both theKDstretch and on the rest of the

spectrum. In should be pointed out that, in general, while gas phase spectra are usually very similar,
frequencies are generally shifted to slightly higher values in comparison to cedgdrase spectra. Gas

phase spectra that differ significantly from condensed phase spectra are usually taken as evidence for the
presence of some sort of molecular association in the condensed phase.

The hydroxyl group in phenols and alcohols usuallfound as a broad peak centered at about 33@Diom

the condensed phase as noted above and in the additional examples of Figures 24, 28, andR2©fEhe O
carboxylic acid, so strongly associated that thel @sorption in these materials, is ofteteexied to
approximately 2500 crfh. This extended absorption is clearly observed in Figures 26, 27, and 29 and serve
to differentiate the €M stretch of a carboxylic acid from that of an alcohol or phenol. In fact, carboxylic
acids associate to form inteotecular hydrogen bonded dimers both in the solid and liquid phases.

The nitrile group

The nitrile group is another reliable functional group that generally is easy to identify. There is a significant
dipole moment associated with the @ bond whch leads to a significant change when it interacts with
infrared radiation usually leading to an intense sharp peak atZZBIDcml. Very few other groups absorb

at this region with this intensity. The only exception to this is if another electronegtdivesuch as a

halogen is attached to the same carbon as the nitrile group. The spectrum in Figure 31 illustrates the typic
behavior of this functional group.

The carbon-carbon triple bond



The G= C bond is not considered to be a very reliable functional group. This stems in part by considering
that the reduced mass in equation 6 is likely to vary. However it is characterized by a strong force constan
and because this stretching frequency falla region where very little else absorbs, 22060 cm1, it can
provide useful information. The terminal carbon triple bond (2H) is the most reliable and easiest to
identify. We have previously discussed théiGtretching frequency; coupled with artdl at 3300 cri, the
presence of a band at approximately 21001cisia strong indication of th€= C-H group. The spectrum in
Figure 13 illustrates the presence of this group.

An internal-C= C- is more difficult to identify and is often missed. @s$ an electronegative atom such as
nitrogen or oxygen is directly attached to the sp hybridized carbon, the dipole moment associated with this
bond is small; stretching this bonds also leads to a very small change. In cases where symmetry is involve
such as in diethyl acetylenedicarboxylate, Figure 32, there is no change in dipole moment and this
absorption peak is completely absent. In cases where this peak is observed, it is often weak and difficult t
identify with a high degree of certainty.

The carbonyl group

The carbonyl group is probably the most ubiquitous group in organic chemistry. It comes in various
disguises. The carbonyl is a polar functional group that frequently is the most intense peak in the spectrun
We will begin by discussingome of the typical acyclic aliphatic molecules that contain a carbonyl group.
We will then consider the effect of including a carbonyl as part of a ring and finally we will make some
comments of the effect of conjugation on the carbonyl frequency.

Acyclic aliphatic carbonyl groups

Esters, aldehydes, and ketones

Esters, aldehydes, and ketones are frequently encountered examples of molecules exhibiting a C=0
stretching frequency. The frequencies, 1735, 1725, 1715 mapectively, a& too close to allow a clear
distinction between them. However, aldehydes can be distinguished by examining both the presence of th
C-H of an aldehyde (2750, 2850 €lh and the presence of a carbonyl group. Examples of some aliphatic
esters, aldehydes akdtones are given in Figures 14, 33, 34, 36, and 36, respectively.



Carboxylic acids, amides and carboxylic acid anhydrides

Carboxylic acids, amides and carboxylic acid anhydrides round out the remaining carbonyl groups
frequently found in aliphatimolecules. The carbonyl frequencies of these molecules; 1773
(carboxylic acid), 1641670 (amide) and 1800830, 17401775 cml (anhydride), allow for an easy
differentiation when the following factors are also taken into consideration.

A carboxylic acid can easily be distinguished from all the carbonyl containing functional groups by noting
that the carbonyl at 1760730 cml is strongly hydrogen bonded and broadened as a result. In addition it
contains an €M stretch which shows similar hydrogeoniaing as noted above. Spectra which illustrate the
effect of hydrogen bonding include Figures 27, and 29.

Amides are distinguished by their characteristic frequency which is the lowest carbonyl frequency observe
for an uncharged molecule, 164670 cm1(Amide I). In addition, amides from ammonia and primary

amines exhibit a weaker second band (Amide 11) at 463D cnT and 1550 cm respectively, when the
spectra are run on the solids. Amides from secondary amines do not have a hydrogen attaohgeiat nit

and do not show an Amide Il band. The Amide | band is mainly attributed to the carbonyl stretch. The
Amide Il involves several atoms including theHNbond. We will return to the frequency of the amide
carbonyl when we discuss the importance of cgafjion and the effect of resonance on carbonyl

frequencies. The spectra of benzamide, a conjugated amide (Figure 19}nattdyNacetamide (Figure 21)
clearly identify the Amide | and Il bands. The spectrum of N,N dimethyl acetamide (Figure 23) délsistnat
example of an amide from a secondary amine.

Anhydrides can be distinguished from other simple carbonyl containing compounds in that they contain ar
exhibit two carbonyl frequencies. However, these frequencies are not characteristic of each. dalbioery!

they are another example of the effects of local symmetry similar to what we have seen for the CH2 and
NH2 groups. The motions involved here encompass the entire anhy@ilé-QO-C=0-) in a symmetric

and asymmetric stretching motion of the twoboayls. The two carbonyl frequencies often differ in

intensity. It is not possible to assign the peaks to the symmetric or asymmetric stretching motion by
inspection nor to predict the more intense peak. However, the presence of two carbonyl frequénbes a
magnitude of the higher frequency (1800-tjrare a good indication of an anhydride. Figure 36 contains a
spectrum of an aliphatic anhydride.

Cyclic aliphatic carbonyl containing compounds

The effect on the carbonyl frequency as a redulicluding a carbonyl group as part of a ring is usually
attributed to ring strain. Generally ring strain is believed to be relieved in large rings because of the variety
of conformations available. However as the size of the ring gets smaller, tbis 3ptiot available and a
noticeable effect is observed. The effect of increasing ring stain is to increase the carbonyl frequency,
independent of whether the carbonyl is a ketone, part of a lactone, anhydride or lactam. The carbonyl
frequencies for a s&s cyclic compounds is summarized in Table 3.

Table 3. The Effect of Ring Strain on the Carbonyl Frequencies of Some Cyclic Molecules



Ring ketone: cral lactones: cril lactams: crl

Size

3 cyclopropanone: 1800

4 cyclobutanone: 1775 B-propiolactone: 1840

5 cyclopentanone: 1751 v-butyrolactone: 1750 y-butyrolactam: 1690
6 cyclohexanone: 1715 d-valerolactone: 1740 d-valerolactam: 1668
7 cycloheptanone: 1702 g—caprolactone: 1730 g—caprolactam: 1658

Carbon carbon double bond

Like the &G C bond, the C=C bond stretch is not a very reliable functional group. However, it is also
characterized by a strong force constant and because of this and because the effects of conjugation whicl
will see can enhance the intensity of thiststneng frequency, this absorption can provide useful and

reliable information.

Terminal C=CH2

In simple systems, the terminal carbon carbon double bond-f2@& the most reliable and easiest to
identify since the absorption is of moderate iniigrest 16001675 cml. We have previously discussed the
C-H stretching frequency of an sp2 hybridizedHCThe spectrum in Figure 9 illustrates the presence of this
group. In addition the terminal C=CH2 is also characterized by a strong band at appig@0@iEm1.

Since this band falls in the fingerprint region, some caution should be exercised in its identification.

Internal C=C

An internal norconjugated C=C is difficult to identify and can be missed. The dipole moment associated
with this bord is small; stretching this bonds also leads to a very small change. In cases where symmetry i
involved, such as in-dctene, Figure 10, there is no change in dipole moment and this absorption peak is
completely absent. In cases where this peak is oliketvs often weak. In 2:8ihydrofuran, Figure 39, it is
difficult to assign the C=C stretch because of the presence of other weak peaks in the vicinity. The band a
approximately 1670 crh may be the C=C stretch. In 2d8methoxy2,5-dihydrofuran, Figue 40, the

assignment at 1630 cfinis easier but the band is weak.

There is one circumstance that can have a significant effect on the intensity of both internal and terminal
olefins and acetylenes. Substitution of a heteroatom directly on the unsdtcaabon to produce, for
example, a vinyl or acetylenic ether, or amine leads to a significant change in the polarity of the G=C or C



C bond and a substantial increase in intensity is observed. The C=CdimyjBofuran is observed at
1617.5 cml and § one of the most intense bands in the spectrum (Figure 41). Moving the C=C bond over
one carbon gives 28ihydrofuran attenuates the effect and results in a weak absorption (Figure 39).

Aromatic ring breathing motions

Benzene rings are encountereeuently in organic chemistry. Although we may write benzene as a six
membered ring with three double bonds, most are aware that this is not a good representation of the struc
of the molecule. The vibrational motions of a benzene ring are not isblat@wvolve the entire molecule.

To describe one of the fundamental motions of benzene, consider imaginary lines passing through the cer
of the molecule and extending out through each carbon atom and beyond. A symmetric stretching and
compression of athe carbon atoms of benzene along each line is one example of what we might describe
a ring breathing motion. Simultaneous expansions and compressions of these six carbon atoms lead to ot
ring breathing motions. These vibrations are usually obddygeveen 1450 and 1600 <imand often lead

to four observable absorptions of variable intensity. As a result of symmetry, benzene, Figure 7, does not
exhibit these bands. However most benzene derivatives do and usually 2 or 3 of these bands aréysufficier
separate from other absorptions that they can be identified with a reasonable degree of confidence. The e
reliable of these bands are those observed at approximately 1450vbere GH bending motions are
observed. Since all organic molecules tt@itain hydrogen are likely to have aHbond, absorptions

observed at 1450 crhare not very meaningful and should usually be ignored. Two of the four bands
around 1600 cAl are observed iartho andmetaxylene, identified by the greek lettg¢and a tird band at

about 1500 chi is assigned (Figure 11 and 12). We will return to a discussion of these bands when we
discuss the effects of conjugation on the intensities of these motions.

Nitro group

The final functional group we will include in thikscussion is the nitro group. In addition to being an
important functional group in organic chemistry, it will also begin our discussion of the importance of using
resonance to predict effects in infrared spectroscopy. Let's begin by drawing a Kdkenasostructure for

the nitro group. You will find that no matter what you do, it will be necessary to involve all 5 valence
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electrons of nitrogen and use théo form the requisite number of bonds to oxygen. This will lead to a
positive charge on nitrogen and a negative charge on one oxygen. As a result of resonance, we will
delocalize the negative charge on both oxygens and as shown, this leads to ah stilertticee. Since the
structures are identical, we would expect the correct structure to be a resonance hybrid of the two. In termr
of geometry, we would expect the structure to be a static average of the two geometric structures both in
terms of bond disinces and bond angles. Based on what we observed for the CH2 and NH2 stretch, we
would expect a symmetric and an asymmetric stretch for #@elddnd in the nitro group halfway between

the N=0O and NO stretches. Since both of those functional groups dreavered in this discussion, we will
need to assume for the present that this is correct. Two strong bands are observed, oREGAI0IEGAN

and a second between 130890 cml, Figure 28.



Effect of resonance and conjugation on infrared frequencies

Let's continue our discussion of the importance of resonance but shift from the nitro group to the carboxyl
anion. The carboxylate anion is represented as a resonance hybrid by the following figure:
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Unlike the nitro group which contained functional groups we will not be discussing, the carboxyl group is
made up of a resonance hybrid between a carbon oxygen single bond and a carbon oxygen double bond.
According to resonance, we would expect th®@ ®ond to be an average between a single and double bond
or approximately equal to a bond and a half. We can use the carbonyl frequency of an ester ofIL#85 cm
describe the force constant of the double bond.haie not discussed the stretching frequency efa C

single bond for the simple reason that it is quite variable and because it falls in the fingerprint region.
However the band is known to vary from 1000 to 14001crRor purposes of this discussion, wi# use an
average value of 1200 efin The carbonyl frequency for a bond and a half would be expected to fall halfway
between 1735 and 1200 or at approximately 1469 ciirhe carboxyl group has the same symmetry as the
nitro and CH2 groups. Both a symmietand asymmetric stretch should be observed. The infrared spectrum
of sodium benzoate is given in Figure 42. An asymmetric and symmetric stretch at 1410 and-1560 cm
observed that averages to 14803 tnin good agreement with the average frequenegipred for a carbon
oxygen bond with a bond order of 1.5. While this is a qualitative argument, it is important to realize that the
carboxylate anion does not show the normal carbonyl and nor@asi6gle bond stretches (at

approximately 1700 and 1200 elh suggested by each of the static structures above.

In the cases of the nitro group and the carboxylate anion, both resonance forms contribute equally to
describing the ground state of the molecule. We will now look at instances where two or moaaces

forms contribute unequally to describing the ground state and how these resonance forms can effect the
various stretching frequencies.

Carbonyl frequencies

Most carbonyl stretching frequencies are found at approximately 170 Amotable exeption is the
amide carbonyl which is observed at approximately 1600 ciihis suggests that the following resonance
form makes a significant contributions to describing the ground state of amides:
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You may recall that resonance forms that lead to charge separation are not considered to be very importa
However the following information support the importance of resonance in amiday.cxystal structures

of amides show that in the solid state the amide functional group is planar. This suggests sp2 hybridizatior
at nitrogen rather than sp3. In addition the barrier to rotation about the carbon nitrogen bond has been
measured. Unlike the barrier of rotationnodst aliphatic @ bonds which are of the order of a few

kcal/mol, the barrier to rotation about the carbon nitrogen bond in dimethyl formamide is approximately 18
kcal/mol. This suggests an important contribution of the dipolar structure to the gratendfsnolecule

and the frequency of 1600 ein according to the arguments given above for the carboxylate anion, is
consistent with more {© single bond character than would be expected otherwise.

Conjugation of a carbonyl with and C=C bond is though¢&al to an increase in resonance interaction.
Again the resonance forms lead to charge separation which cleapplegasizes their importance.
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However tlis conjugative interaction is useful in interpreting several features of the spectrum. First it
predicts the small but consistent shift of approximately 18 .dmlower frequency, observed when

carbonyls are conjugated to double bonds or aromatic rifgs f8ature is summarized in Table 4 for a

variety of carbonyl groups. Next the dipolar resonance form suggests a more polar C=C than that predicte
for an unconjugated C=C. In terms of the change in dipole moment, contributions from this structure
sugges that the intensity of infrared absorption of a C=C double bond would increase relative to an
unconjugated system. Comparison of Figures 9, 10 and 35 with Figures 43;4ndH@ws this to be the

case. Conjugation is associated with an increase insityesf the C=C stretching frequency. Finally,
examination of Figures 486 reveals an intricacy not previously observed with simplecomjugated

carbonyls. The carbonyls of Figures-48 which are all conjugated appear as multiplets while those
unconjugted carbonyls such as those in Figures 14 and 35 appear as single frequencies. Note however tl
not all conjugated carbonyls appear as multiplets (Figures 15 and 47. Resolution of this additional
complicating feature can be achieved if we consider thigjugation requires a fixed conformation. For

most conjugated carbonyls, two or more conformations are possibls:cld#®rm is shown above and the
stransform is shown below.
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If the resonance interaction in these two forms differ, the effect of resonance on the carbonyl will differ
leading to similar but different frequencies. The presence of multiple carbonyl frequencies is a good
indication of a conjuga&t carbonyl. In some conjugated systems such as benzaldehyde and benzyl 4
hydroxyphenylketone (Figures 15 and 47), only one conformation by symmetry is possible and conjugatio
does not lead to any additional carbonyl frequencies.

Table 4. The effect 6conjugation on carbonyl frequencies



Nonconjugated
Compound

butanal

2-butanone

propanoic acid
ethyl propionate

butanoic anhydride

cis-cyclohexanel,2-
dicarboxylic

anhydride

Frequency

cml

1725

1717

1715
1740
1819
1750
1857

1786

Experimental infrared spectra

Conjugated
Compound

2-butenal

methyl vinyl ketone

propenoic acid
ethyl acrylate
2-butenoic
anhydride
1-cyclohexenel, 2
dicarboxylic

anhydride

Frequency

cml

1691
1700,
1681
1702
1727
1782
1722
1844

1767

benzaldehyde

acetophenone

benzoic acid
ethyl benzoate
benzoic
anhydride
phthalic

anhydride

Frequer

cml

1702

1685

1688
1718
1786
1726
1852

1762

Up to now we have been focusing in on theory and interpretation of infrared spectra. At this point we shou
spend some time discussing the practical aspects of how infrared spectra are obtained and the factors to
into consideration when trying to interpret the results. Let's first start by considering gas phase spectra.

Cells and gas phase spectra

These type of spectra were more a curiosity and of theoretical interest until the introduction of the combing
techniques of gas chromatogragkyurier transfer infrared spectroscopy (GTIR). The major advantages

of this method is that spectra can be oigd on micrograms of material and the spectra do not show the
effects of interations between molecules characteristic of condensed phase spectra. These spectra are us
obtained at elevated temperatures. Condensed phase spectra however will cobgnogtrtant because

of the fact that many compounds do not survive injection into a gas chromatograph. Currently, most
frequency correlations for various functional groups are reported for the condensed phase. Frequencies
observed in the gas phase arealiy slightly higher than those observed for the same functional group in

the condensed phase.



Gas phase spectra can also be taken at room temperature. All that is needed is a sample with a vapor
pressure of several millimeters and a pathlength of abdetimeter (10 cm). Cells with NaCl or KBr

windows are commercially available or can be built easily. Crystals of KBr are transparent fre250000
cm-1 and are perfectly acceptable for most uses. They have the disadvantage of being hydroscopic and n
be stored in a desiccator. Cells of sodium chloride are transparent fror6@0@dn1, less expensive and

less hydroscopic. These cells are also acceptable for routine spectra.

Cells and condensed phase spectra

Condensed phase spectra can be takemsolid or as a liquid. Comparison of the same sample in the liquid
and solid phase will differ. However the major differences observed will be in the fingerprint region. In
cases where infrared spectroscopy is used as a criteria of identity, tha sipeleir comparison should be
obtained under identical experimental conditions. Liquid phase spectra are the easiest to obtain. All that is
needed are two polished disks of NaCl or KBr, both commercially available. A thin film is prepared by
depositing a dyp of the liquid between the two plates and mounting them in the beam of the spectrometer.
This is referred to as a neat liquid. Glass is not a useful material in infrared spectroscopy because of the
strong absorptions due to the@igroup. The infraredpgctrum of quartz is shown in Figure 49.

Spectra of solids can be obtained in a variety of ways. The method of choice varies depending on the
physical properties of the material under consideration. We will list several methods that can be used
satisfatorily along with the limitations and advantages of each.

Neat Spectra (thin film)

In order to obtain an infrared spectrum of a solid, it is necessary to get light, mainly infrared through the
sample. This can be achieved in various ways and Weutiine some that have proven successful in the
past. A thin layer of a solid deposited as a solution on an infrared cell and allowed to evaporate has prove
successful with many solids. Solvents such as CHCI3, CH2CI2 and CCl4 have been frequenibeteen

The solid sample should have an appreciable solubility in one of these solvents. A drop of a solution left tc
evaporate will deposit a thin film of crystal that will often transmit sufficient light to provide an acceptable
infrared spectrum. This metd suffers from the disadvantage that a spectrum of the solvent must also be ru
to determine whether all the solvent has evaporated.

Nujol mull

A mull is a suspension of a solid in a liquid. Under these conditions, light can be transmittet theoug
sample to afford an acceptable infrared spectrum. The commercial sample of Nujol, or mineral oil, which i
a long chain hydrocarbon is often used for this purpose. Most solids do not dissolve in this medium but ca
be ground up in its presence. A dhmaortar and pestle is used for this purpose. If the grinding process gives
rise to small particles of solid with diameters roughly the same as the wavelength of the infrared radiation
being used, -5 microns, these particles will scatter rather tharstrainthe light. The effect of poor grinding



is illustrated in Figures 29 and 30 for a sample of benzoic acid. If you find this type of band distortions witt
either a Nujol mull or a KBr pellet (discussed below), simply continue grinding the sample upeintil
particles become finer.

The major disadvantage of using a Nujol mull is that the information inHestetching region is lost

because of the absorptions of the mulling agent. A spectrum of Nujol is shown in Figure 5. To eliminate th
problem, itmay be necessary to run a second spectrum in a different mulling agent that does not contain a
C-H bonds. Typical mulling agents that are used for this purpose are pertugrexrchlorohydrocarbons.
Examples include perchlorobutadiene, perfluorokeress a perfluorohydrocarbon oil (Figure 48).

KBr pellets

A KBr pellet is a dilute suspension of a solid in a solid. It is usually obtained by first grinding the sample in
anhydrous KBr at a ratio of approximately 1 part sample to 100 parts KiBouggh it is best to weigh the
sample (1 mg) in the KBr (100mg), with some experience it is possible to use your judgment in assigning
proportions of sample to KBr. The mixture is the ground up in an apparatus called a-Bliggkequently

used by dentts to prepare amalgams. The ground up sample mixture is then placed on a steel plate
containing a paper card with a hole punched in it. The sample is placed in the hole, making sure that som
sample also overlaps the paper card. Paper the thickness atarwy of a postcard is usually used and

the hole is positioned on the card so that it will lie in the infrared beam when placed on the spectrometer. .
second steel plate is placed over the sample and card and the steel sandwich is placed in gphgsisaulic

and subjected to pressures of 15000 psi for about 20 seconds. Removal of the paper card following
decompression usually results in a KBr pellet that is reasonably transparent both to visible light and infrare
radiation. Some trial and error may becassary before quality pellets can be obtained routinely. Samples
that are not highly crystalline sometimes prove difficult and do not produce quality pellets. However good
guality spectra can be obtained on most samples. The only limitation of KBt isighiaydroscopic.

Because of this, it is usually a good idea to obtain a spectrum run as a Nujol mull on your sample as well.
The two spectra should be very similar and since Nujol is a hydrocarbon and has no affinity for water, any
absorption in Nujobetween 340600 cml can be attributed to the sample and not to the absorption of
water by KBr.

PE 1600 FT Infrared Spectrometer

The operation of the Perkin ElImer 1600 FTIR, the instrument that you will be using in this laboratory, will
be demonsated. However before learning how to use it you should familiarize yourself with some of the
general operating features of the instrument and its capabilities and limitation. In addition this brief tutorial
will serve as a useful reminder once you haarrned how to use the instrument. A discussion of the
performance of a Fourier Transfer infrared spectrometer is beyond the scope of this publication. However
the following will summarize some of the essential features of the PE 1400. To begin withthe(PE a

single beam instrument. Unlike a double beam instrument that simultaneously corrects for absorptions du
to atmospheric water vapor and carbon dioxide, most FTIR spectrometers correct for the background
absorption by storing an interferogram datkground spectrum before recording your spectrum. An
interferogram contains the same information as a regular spectrum, frequency vs. intensity, but this
information is contained in the form of intensity vs. time. The Fourier Tranform is the mathempeimeds
which coverts the information from intensity and time to intensity and frequency. One of the major
advantages of a FTIR instrument, is that is takes on the order of a second to record an entire spectrum. Tl
makes it very convenient to record game spectrum a number of times and display an average spectrum.



Since the signal to noise ratio varies as the square root of the number of scans averaged, it is easy to obt:
good signal to noise on this type of instrument, even if you have veryséitiple. On a typical spectrum
you should average at least four spectra. Be sure you average a similar number of background spectra.

Looking at the keyboard of the instrument you will find keys with a permanent function. Two functions are
defined on somedys and these functions can be accessed by pressing the key directly or by a combinatiol
of the shift + function key. A number of other keys, those directly under the monitor, are defined by the
screen and their function may vary depending on the scréenn$trument has four active memory sites
where spectra can be stored and retrieved. These are called the background, x, y and z. Once the instrun
has been turned on and has passed the self tests, it is usually a good idea to allow the infrated source
warm up for 5 min. With the sample pathway empty , pressing "scan + background + the key under the
monitor prompt consistent with the number of scans you which to average" will produce a background
interferogram. Placing your sample in the beam andspg$scan x, y, or z + the number of scans you
desire" will produce an interferogram with the requisite number of scans that will be corrected for the
background and displayed on the screen. You may wish to record a spectrum, make some adjustments tc
if they improve the quality of the spectrum. Storing the second spectrum in a different memory region
allows you to evaluate the adjustments. If the first spectrum was stored in x and the second in y, pressing
or y allows you to retrieve either.

To plot your spectrum on the HP plotter, simply turn the plotter on, load paper on the plotter, and make sul
the plotter is equipped with at least one pen. Press "plot" and the monitor will tell you the number of peaks
the instrument has detected that satibfycurrent settings. The frequency of each peak identified as

meeting these criteria will be printed out. If the number of peaks is too large or too few peaks are identifiec
it may be necessary to change the current setting on the instrument. Sirsplycarecel + plot (the key is
located on the monitor)".

To change the peak threshold, press the following keys located on the monitor: press "setup”, "view",
"peaks”. You can change the threshold value using the number pad on the left of the cmsaksing the
threshold will decrease the number of peaks while decreasing the existing value will include more peaks.
Next press "execute”; and exit. Additional details and instructions are generally available at the instrument

When you are first legaing to make KBr pellets, you will be using a paper punch to produce a hole on a
paper card. You will need to adjust the size and position of the hole properly so that it will allow sufficient
infrared light to pass through the card. To monitor how madration is reaching the detector, press "shift

+ monitor and then the energy key under the monitor". This will let you know how much energy is reachinc
the detector. With nothing else in the beam except the paper card with the hole punched in, a7 st 60

of the energy should reach the detector. If you observe a reading much less than this, you may either hav
adjust the position of the aperture or enlarge it or both. The cancel key under the monitor will return you tc
normal mode.

The Degree ofUnsaturation

Once the molecular formula of an unknown is known, it is a simple matter to determine the degree of
unsaturation. The degree of unsaturation is simply the sum of the number ofcarbon multiple bonds



and rings. Each reduces the numbghydrogens (or any other element with a valance of one) by two. There
is a general formula that can be memorized and used:

unsaturation number, U = #C + 1/2 (X-N) where X=monovalent atoms, N=trivalent atoms, and
C=tetravalent atoms. Note thatvalent atoms are not counted.

Consider C6CI6 as an example: U = 6 +112 (60) = 7- 3 = 4; the degree of unsaturation is four. An
unsaturation factor of four is required for a single benzene ring.

Consider GHgNO as another example. U =5 + 1/2 (9-1) = 2. Clearly this compound cannot have a
benzene ring but the oxygen atom could be part of a carbonyl group.

Application of the degree of unsaturation to the interpretation of an infrared spectrum is quite
straightforward. Clearly some functial groups can be eliminated by composition. Amines, amides, nitriles
and nitro groups can be eliminated if the molecule does not contain any nitrogen. Alternatively everything
but amines can be eliminated if the molecular formula contains nitrogen atejrees of unsaturation.

Interpretation of Infrared Spectra--A Begi nner 6s Gui de

We have just concluded a discussion of a large number of frequencies and the functional groups that are
generally associated with these frequencies. At this point yyub® asking yourself how to begin to

interpret these frequencies with regards to obtaining information of molecular structure. There are a numb
of different approaches that can be used and often the best approach to use depends on the nature of the
information you would like to obtain from your infrared spectrum. For example, if you are repeating a
synthesis in the laboratory and you wish to determine whether you have successfully isolated the material
you intended to prepare, you may be able to comparespectrum to an infrared spectrum of an authentic
sample. In this case, you are using infrared analysis for establishing the identity of your sample. Assuminc
that your spectrum has been run under the same conditions, as your reference, i.e. redtBapgllet,

etc., you should be able to reproduce the spectrum of the reference material, peak for peak. The presence
some additional peaks in your spectrum may indicate a contamination with solvent, starting material or an
impurity that has not beeemoved. The presence of fewer peaks than your reference is of more concern.
This generally indicates a failure to obtain the desired material.

If the structure of the material of interest is unknown, then a more systematic analysis of your spectrum wi
be necessary. You should be aware that it is not usually possible to determine molecular structure from th
infrared spectrum alone. Usually, some supplemental spectroscopic and/or structural information (such as
molecular formula) is also necessary. B unknowns in this course, you will generally be using infrared
spectroscopy to differentiate between a few possible compounds. Frequently, this can be achieved by an
analysis of the functional groups in your spectrum. The discussion which follows, osee generalized
approach to analyze spectra. This approach should be applicable in a variety of different circumstances. I
portion of the discussion is not relevant to you, simply skip it and continue until it does become relevant.



The followingsteps should serve as a general protocol to follow and should prove useful regardless of the
structure of your unknown or whether the degree of unsaturation is known.

1. Look in the carbonyl region, typically 180®20 cml , for a strong absorption & So many classes of
compounds contain a carbonyl group (carboxylic acids, esters, amides, ketones, aldehydes, etc) and the
absorption is so obvious that it is the perfect starting point. If there is no carbonyl absorption, you have
eliminated a large maber of possibilities.

2. Examine the € stretching frequencies at 3000-dmAbsorption bands at frequencies slightly larger

than 3000 cnrl are indicative of vinyl or/and aromatic hydrogens. The presence of these peaks should be
consistent with theebree of unsaturation of your molecule. The absence of absorption above 300futm
the presence of some unsaturation in the molecular formula are consistent with a cyclic compound.

If your degree of unsaturation is 4 or greater, look for 2 to 4 alisonpeaks between 16A0150 cm1 and
weak peaks at 2000667 cml. These are characteristic of aromatic compounds.

3. Next look for a doublet at 2750 and 2850 trharacteristic of an aldehyde. The presence of these two
bands should also be accompaliiy a strong absorption at approximately 17001criviost spectra display
strong absorption in the 18a000 cml region. If your spectrum does, check to see if the carbonyl is a
closely spaced doublet or multiplet. Closely spaced multiplicity in the ogflbegion accompanied by-8
absorption at 3063100 cm1 is frequently characteristic of af) - unsaturated carbonyl compounds.
Check to make sure that the carbonyl frequency is consistent with conjugation.

4. If your unknown contains broad absawptfrom 36063000 cml, your molecule could have antDor

N-H stretch. Check the multiplicity of this peak. A doublet is characteristic of a primary amine or and amids
derived from ammonia. Check the carbonyl region at around-1680 cm1. Two bands inhis region are
consistent of an amide from ammonia or a primary amine. Remember a broad and relatively weak band a
about 1600 chi is characteristic of Nl bending. Usually you will only see this band in amines, since that
carbonyl group of the amide Ivinterfere. Be sure to look for the effect of hydrogen bonding which usually
results in a general broadening of the groups involved.

5. If the broad band starting at 3600-&nexpands to nearly 2400 eln look for the presence of a broad
carbonyl atapproximately 1700 c#h. This extremely broad OH band is only observed in carboxylic acids
and enols fronf-diketones. The presence of a relatively intense but broad band at approximately 1700 cm
is good evidence for a carboxylic acid.

6 . Do n 6t -interprgt yourspectrung Usually, it is not possible to arrive at a unique structure based
on infraredanalysis alone. Your goal is to determine the class of compound and other possible functional
groups (eg, double bonds, benzene rings). These can be confirmed with classification tests. Sometimes, t
information is confusing and you will have to deterenwmhich tests and which data are most reliable. You
can learn a great deal about your unknown from your spectrum but be sure to use other important physice
data such as melting point, boiling point and solubility characteristics of your unknown to/@assist

narrowing down the different structural possibilities.



Question:

For a GHsO compound, what is the degree of unsaturation? Write several possible structures for a
compound with this molecular formula.
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Infrared: Interpretation

Infrared spectroscgpis the study of the interaction of infrared light with matter. The fundamental
measurement obtained in infrared spectroscopy is an infrared spectrum, which is a plot of measured infra
intensity versus wavelength (or frequency) of light.

1. Introduction
2. The Orqin of Infrared Peak Positions, Intensities, and Widths
2.1.Peak Positions
2.2.The Origin of Peak Intensities
2.3.The Orgins of Peak Widths
2.4.The Origin of Group Frequencies
3. Spectral Interpretation by Application of Group Frequencies
3.1.0rganic Compounds
3.1.1.Functional Groups Containing the GO Bond
3.1.2.0rganic Nitrogen Compounds
3.1.3.0rganic Compounds Containing Halogens
3.2.Inorganic Compounds
4. |dentification
5. References
6. Outside Links

Introduction

In infrared spectroscopy, units called wavenumbers are normally used to def@vendtypes of lightThe
frequency, wavelength, and wavenumber are related to each other via the following equation(2):

C=VA
c = the speed of light (cm/sec)
v = frequency in Hertz (sec?)
A = wavelength in cm

W=1/A
W = wavenumber incm™?

A = wavelength incm
(1)

These equations show thaghi waves may be described by their frequency, wavelength or wavenumber
Here, we typically refer to light waves by their wavenumber, however it will be more convenient to refer t
a light wave's frequency or wavelength. The wavenumber of several diffgpest of light are shown in
table 1.
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Higher Frequency Lower Freguency
Higher Energy Lower Energy
Shorter Wavelength Longer Wavelength

Table 1. The Electromagnetic spectrum showing the wavenumber of sevierarditypes of light.

When a molecule absorbs infrared radiation, its chemical bonds vibrate. The bonds can stretch, contract,
bend. This is why infrared spectroscopy is a type of vibrational spectroscopy. Fortunately, the compl
vibrational motion da molecule can be broken down into a number of constituent vibrations called norma
modes. For example, when a guitar string is plucked, the string vibrates at its normal mode frequen
Molecules, like guitar strings, vibrate at specfic frequencies iereht molecules vibrate at different
frequencies because their structures are different. This is why molecules can be distinguished using infra
spectroscopy. The first necessary condition for a molecule to absorb infrared light is that the malstule m
have a vibration during which the change in dipole moment with respect to distancezsrooiThis
condition can be summarized in equation(2) form as follows:

au £ 0 du = change in dipole moment
ox dx = change in bond distance

2
Vibrations that satisfy this equation are said to be infrared active. T®kestietch of hydrogen chloride and

the asymmetric stretch of G@re examples of infrared active vibrations. Infrared active vibratanse the
bands seen in an infrared spectrum.

The second necessary condition for infrared absorbance is that the energy of the light impinging or
molecule must equal a vibrational energy level difference within the molecule. This condition can b
summarzed in equation(3) form as follows:

AEVib — hCW

AE,, = vibrational energy level difference in a molecule
h = Planck’s Constant (Joule-sec)
c = the speed of light (cm/sec)
W = wavenumber incm™

3)



If the energy of a photon does not meet the criterion in this equation, it will be transmittexidaniple and
if the photon energy satisfies this equation, that photon will be absorbed by the moleculdréBed:
Theoryfor more detail)

As any other analytical techniques, infrared spectroscopy works well on some samples, and poorly
others. Itis important to know the strengths amdaknesses of infrared spectroscopy so it can be used in the
proper way. Some advantages and disadvantages of infrared spectroscopy are listed in table 2.

Advantages Disadvantages

Solids, Liquids, gases, sewsolids, powders and

polymers are all analyze Atoms or monatomic ions do not have infrared spe

Homonucleadiatomic molecules do not posses

The peak positions, intensities, widths, and she .
infrared spectra

all provide useful information

Complex mixture and aqueous solutions @ifécult

Fast and easy technique o
to analyze using infrared spectroscopy

Sensitive techniqu@éMicrograms of materials can
detected routinely)

Inexpensive

Table 2. The Advantage and Disadvantage of Infrared Spectroscopy
The Orgin of Infrared Peak Positions, Intensities, and Widths
Peak Positions

The equation(4) gives the frequency of light that a molecule will absorb, and gives the frequency ¢
vibration of the normal mode excited by that light.

1 k
V=— (—)1/2 v = frequency in cm™?!

2T UL
k = force constant in N/cm

1L = reduced mass in Kg
()

Only two variables irequation(4) are a chemical bond's force constant and reduced mass. Here, the reduc
massrefers to(M:M,)/(M1+M,) whereM; and M, are the masses of the@o atoms, respectivelyrhese two
molecularproperties determine the wavenumber at which a molecule will absorb infrared light. No twc
chemical substances in the universe have the same force constants and atomic masses, which is wh
infrared spectrum of each chemical substance is uniquandestand the effect of atomic masses and force
constant on the positions of infrared bands, table 3 and 4 are shown as an example, respectively.

Table 3. An Example of anMass Effect
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Bond C-H Stretch in cm*

C-'H ~3000

C-°D ~2120
The reduced masses of'8 and G°D are different, but their force constants are the same. By simply
doublinlg the mass of the hydrogen atom, the catiyminogen stretching vibration is reduced by over
800cnT.

Table 4. An Example of an electronic Effect

Bond C-H Stretch in cm™*
C-H ~3000
H-C=0 ~2750

When a hydrogen is attached to a carbon with a C=0O bond, -HHesi@etch band position decrease to
~2750cnt. These two €H bonds have the same reduced mass but different force constants. The oxygen
the second molecule pulléeetron density away from the-B bond so it makes weaken and reduce tié C
force constant. This cause theHGstretching vibration to be reduced by ~250cm

The Origin of Peak Intensities

The different vibrations of the different functional groups ia tholecule give rise to bands of differing
intensity. This is becaus&(x is different for each of these vibrations. For example, the most intense banc
in the spectrum of octane shown in Figure 3 is at 2971, 2863aanh is due to stretching of theKCbond.

One of the weaker bands in the spectrum of octane is at 72@aah it is due to longhain methyl rock of

the carborcarbon bonds in octane. The change in dipole moment with respect to distance feHthe C
stretching is greater than that for theOGock vibration, which is why the-8 stretching band is the more
intense than &C rock vibration.

Anotherfactor that determines the peiakensity in infrared spectra is the concentration of molecules in the
sample. The equation(5) that relates concentration to absorbance is Beer's law,

A = &lc A = absorbance
¢ = absorptivity
| = pathlength

¢ = concentration
(5)



The absorptivity is the proportionality constant between concentration and absorbance, and is dependen
(oW &x)’. The absorptivity is an absolute measure of infrared absaehbatensity for a specific molecule at

a specific wavenumbeFor pure sample, concentation is at its maximum, and the peak intensities are tru
representations of the valuesapi/ ox for different vibrations. However, in a mixture, two peaks may have
different intensities because there are molecules present in different concentration.

The Orgins of Peak Widths

In general, the width of infrared bands for solid and liquid samples is determined by the number of chemic
environments which is related to therestgth of intermolecular interactions such as hydrogen
bonding.Figure 1.shows hydrogen bond in water molecules and these water molecules are in differel
chemical environments. Because the number and strength of hydrogen bonds differs with chemi
environment, the force constant varies and the wavenumber differs at which these molecules absorb infra
light.

05‘ H

/
o+ H/ \H‘Si"

- O T~ H
Hydrogen Bond

Figure 1. Hydrogen Bonding in water moleesil

In any sample where hydrogen bonding occurs, the nuamukrstrength of intermolecular interactions
varies greatly within the sample, causing the bands in these samples to be particularly broad. This
illustrated in the spectra of ethanol(Figif)d heanoic acid(Figl1)When intermolecular interactions are
weak, the number of chemical environments is small, and narrow infrared bands are observed.

The Origin of Group Frequencies

An important observation made by early researchers is that many fungfiongl absorb infrared radiation

at about the same wavenumber, regardless of the structure of the rest of the molecule. For exdmple,
stretching vibrations usually appear between 3200 and 28b@cmicarbonyl(C=0) stretching vibrations
usually appear lieeen 1800 and 1600¢mThis makes these bands diagnostic markers for the presence of ¢
functional group in a sample. These types of infrared bands are calledfigggugncies because they tell us
about the presence or absence of specific functionapgrimua sample.
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Figure 2. Group frequency and fingerprint regions of theinfidired spectrum

The region of the infrared spectrum from 1200 to 700" @sncalled the fingerprint region. This region

is notable for the large number of infrared bathkst are found there. Many different vibrations, including
C-0, GC and CN single bond stretches-i& bending vibrations, and some bands due to benzene rings are
found in this region. The fingerprint region is often the most complex and confusing regierpret, and

is usually the last section of a spectrum to be interpreted. However, the utility of the fingerprint region is th
the many bands there provide a fingerprint for a molecule.

Spectral Interpretation by Application of Group Frequencies
Organic Compounds

One of the most common application of infrared spectroscopy is to the identification of organic compound:
The major classes of organic molecules are showims categorandalso linked on the bottom page for
thenumber of collections adpectral information regarding organic molecules.

Hydrocarbons

Hydrocarbons compounds contain onhHGand GC bonds, but there is plenty of information to be
obtained from the infrared spectra arising fromGtretching and € bending.

In alkanes, whiclhave very few bands, each band in the spectrum can be assigned:

« CiH stretch from 3000/ 2850 cni*

« CiH bend or scissoring from 14761450 cm'

« CiH rock, methyl from 1370-1350 cm'

« CiH rock, methyl, seen only in long chain alkanes, from 72320 cm®

Figure 3.shows the IR spectrum of octane. Since most organic compounds have these featured{these C
vibrations are usually not noted when interpreting a routine IR spectrum. Note that the change in dipole
moment with respect to distance for thddGtretching iggreater than that for others shown, which is why
the GH stretch band is the more intense.
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Figure 3. Infrared Spectrum of Octane
In alkenes cmpounds, each band in the spectrum can be assigned:
« C=C stretch from 16801640 cm'

e =CiH stretch from 3100-3000 cm*
e =CiH bend from 1006650 cnit

Figure 4. shows the IR spectrum ebdtene. As alkanes compounds, these bands are not specific and are
geneally not noted because they are present in almost all organic molecules.
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Figure 4. Infrared Spectrum ofQctene



