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Abstract: The interpretation of infrared (IR) spectra is a critical technique in analytical chemistry, providing 
valuable insights into molecular structures and functional groups. This paper presents a practical approach to IR 
spectroscopy, focusing on the methodology for accurately interpreting spectral data. Key concepts include the 
fundamentals of IR spectroscopy, such as the interaction of infrared light with matter, and the significance of 
various absorption peaks corresponding to specific molecular vibrations. The paper details systematic procedures for 
analyzing spectra, including peak identification, functional group analysis, and the use of reference spectra. 
Practical examples illustrate common challenges and solutions in spectral interpretation, emphasizing the 
integration of IR data with complementary analytical techniques. The approach outlined aims to enhance the 
accuracy and efficiency of spectral analysis, offering a valuable resource for both novice and experienced 
practitioners in the field. 
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The vibrational spectrum of a molecule is considered to be a unique physical property and is 

characteristic of the molecule. As such, the infrared spectrum canbeusedasa fingerprint for identification by the 
comparison of thespectrum from an ‗‗unknown‘‘ with previously 
recordedreferencespectra.Thisisthebasisofcomputer-basedspectral searching. In the absence of a suitable 
referencedatable.itis possible to effect a basic interpretation of 
thespectrumfromfirstprinciples,leadingtocharacterization,and possibly even identification of an unknown 
sample. 

 
This first principles approach is based on the fact that structural features of the molecule, whether they 

arethebackboneofthemoleculeorthefunctionalgroupsattachedtothemolecule,producecharacteristicandreproduci
bleabsorptionsinthespectrum.Thisinformationcanindicatewhetherthereisbackbonetothestructureand,ifso,wheth
erthebackboneconsistsoflinearorbranchedchains.Next it is possible to determine if there is unsaturation and/or 
aromatic rings in the structure. Finally, it is possible to deduce whether specific functional groups are present.If 
detected, one is also able to determine local orientation of the group and its local environment and/or location 
inthestructure.Theoriginsofthesample,itsprehistory,andthemannerinwhichthesampleishandledallhaveimpacton 
the final result. Basic rules of interpretation exist and,if followed, a simple, first-pass interpretation leading 
tomaterial characterization is possible. This article addressesthese issues in a simple, logical fashion. Practical 
examplesare included to help guide the reader through the basicconceptsofinfraredspectralinterpretation. 
 
 

INTRODUCTION 
 

The qualitative aspects of infrared spectroscopy are 
ofthemostpowerfulattributesofthisdiverseandversatile analytical technique. Over the years, much hasbeen 
published in terms of the fundamental absorptionfrequencies (also known as group frequencies) which arethe 
key to unlocking the structure – spectral relationshipsof the associated molecular vibrations. Applying 
thisknowledgeatthepracticalroutineleveltendstobea mixture of art and science. While many purists willargue 
against this statement, this author believes that itisnotpossibletoteachapersontobecomeproficientasan 
interpretive spectroscopist by merely presenting 
theknownrelationshipsbetweenstructureandtheobservedspectra. Instead, the practical approach, which has 
beenadopted in this text, is to help the reader appreciate thevisual aspects of the spectroscopy and how to 
interpretthese relative to the structure and chemistry of the sample.This is achieved by recognizing 
characteristic shapesand patterns within the spectrum, and by applying theinformation obtained from 
published group frequencydata, along with other chemical and physical data fromthesample. 
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Includedinthetextisadiscussionoftheinterrelation-ships that exist between the practical side of 

acquiringthe spectrum, the chemistry and physics of the 
sampleunderstudy,thephysicalinteractionsofthesamplewithits environment, and the impact of the structure on 
thespectrum.Inessence,theinterpretationofinfraredspectraismuchmorethansimplyassigninggroupfrequencies.Th
e spectrum is rich in information, and this article isintended to help the reader to extract the maximumusing the 
knowledge available for the sample and 
theacquiredspectraldata.Oneimportantfactortobearinmindisthatasuccessfulinterpretationisbasednotonlyonthep
resenceofparticularbandswithinthespectrum,butalsotheabsenceofotherimportantbands.Completeclasses of 
compounds can be rapidly excluded during theinterpretationbytheuseofno-bandinformation. 
Itmustbe  understood  that  this  article  addressesthe issue of infrared spectral interpretation from 
theperspectiveoftheaverageoperatorofaninfraredinstrument.Itisnotadetailedtreatiseonthetheoryof infrared 
spectroscopy where the modes of vibrationarediscussedintermsofgrouptheory,andwheremathematical models 
are used to compare theoreticaland observed values for the fundamental vibrations of 
amolecule.Therearemanyexcellenttextsthatcoverthissubject.(1–4)Instead,thisarticle focuses on  the day-to-day 
problems associated with characterizing a material orattempting to perform some form of identification. Oneof 
the main challenges in presenting a text on spectralinterpretation is to form a balance between the 
theorythatisneededtoappreciatethelinksbetweenmolecularstructure and the observed spectrum and the 
practice.Forthisreason,aminimumamountofrelevanttheoryis included in the next section, which provides a 
basicunderstanding of why the spectrum exists, how it isformed, and what factors contribute to the 
complexityof observed spectra. It has been assumed that the readerhas a fundamental knowledge of molecular 
theory andbonding, and that there is an understanding of basicstructures,inparticularfororganiccompounds. 
Infraredspectralinterpretationmaybeapplied  toboth organic and inorganic compounds, and there 
aremanyspecializedtextsdealingwiththesecompounds,incombination and as individual specialized texts. 
Thereare too many to reference comprehensively, and 
thereaderisdirectedtoapublicationthatprovidesabibliography of the most important reference texts.(5)However, 
the most informative general reference textsareincluded,(6–14)withbooksbySocrates(10)andLin-Vien(11)being 
recommended for general organics, andbyNakamoto(13)andNyquistet al.(14)forinorganics(salts and 
coordination compounds). There are numerousspecializedtextsdealingwithspecificclassesofmaterials,and 
undoubtedly polymers and plastics form the largestindividualclass.(15–17)Inthisparticularcase,textsbyHummel 
and Scholl(16)and Koenig(17)provide a goodbasicunderstanding. 
Thefollowingcommentsaremaderelativetothecon-ventionsusedwithinthisarticle.Thetermfrequencyis used for 
band/peak position throughout, and this isexpressedinthecommonlyusedunitsofwavenum-ber(cm—1).  The 
average modern infrared instrument 
recordsspectrafromanupperlimitofaround4000cm—1 
(byconvention)downto400 cm—1asdefinedbytheopticsoftheinstrument(commonlybasedonpotassium 
  
bromide,KBr).Forthisreason,whenaspectralregionisquoted in the text, the higher value will be quoted 
first,consistentwiththenormalleft-to-right(hightolowcm—1)representation of spectra. Also, the terms infrared 
band,peakandabsorptionwillbeusedinterchangeablywithinthetexttorefertoacharacteristicspectralfeature. 
The spectral group frequencies provided in this textwere obtained from various literature sources 
publishedoverthepast30years,andmostoftheseareincludedin the cited literature. Every attempt to ensure 
accuracyhas been taken; however, there will be instances 
whenindividualfunctionalgroupsmayfalloutsidethequotedranges. This is to be expected for several reasons: 
theinfluencesofotherfunctionalgroupswithinamolecule,theimpactofpreferredspatialorientations,andenviron-
mental effects (chemical and physical interactions) on themolecule. 
The preferred format for presenting spectral data forqualitative analysis is in the percentage 
transmittanceformat,whichhasalogarithmicrelationship(log10)withrespect to the linear concentration format 
(absorbance).Thisformat,whichisthenaturaloutputofmostinstruments (after background ratio), provides the 
bestdynamic range for both weak and intense bands. In thiscase, the peak maximum is actually represented as 
aminimum, and is the point of lowest transmittance for aparticularband. 
 
 

 THE ORIGINS OF THE INFRAREDSPECTRUM 
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Inthemostbasicterms,theinfraredspectrumisformedas a consequence of the absorption of 
electromagneticradiationatfrequenciesthatcorrelatetothevibrationofspecificsetsofchemicalbondsfromwithinamo
lecule.First,itisimportanttoreflectonthedistributionofenergypossessed by a molecule at any given moment, 
defined asthesumofthecontributingenergyterms(Equation1): 

 

EtotalDEelectronicCEvibrationalCErotationalCEtranslational(1)The translational energy relates to the 
displacement ofmolecules in space as a function of the normal thermalmotions of matter. Rotational energy, 
which gives riseto its own form of spectroscopy, is observed as thetumbling motion of a molecule, which is the 
result ofthe absorption of energy within the microwave region.The vibrational energy component is a higher 
energyterm and corresponds to the absorption of energy by amolecule as the component atoms vibrate about 
the meancenter of their chemical bonds. The electronic 
componentislinkedtotheenergytransitionsofelectronsastheyaredistributedthroughoutthemolecule,eitherlocalize
dwithin specific bonds, or delocalized over structures, suchas an aromatic ring. In order to observe such 
electronictransitions,itisnecessarytoapplyenergyintheformofvisibleandultravioletradiation(Equation2): 

 
EDhn frequency/energy (2) 
Thefundamentalrequirementforinfraredactivity,lead-ingtoabsorptionofinfraredradiation,isthattheremustbe a 
net change in dipole moment during the vibrationfor the molecule or the functional group under 
study.Another important form of vibrational spectroscopy isRaman spectroscopy, which is complementary to 
infraredspectroscopy. The selection rules for Raman spectroscopyare different to those for infrared 
spectroscopy, and inthis case a net change in bond polarizability must beobserved for a transition to be Raman 
active. The remain-
ingtheoreticaldiscussioninthisarticlewillbelimitedtoaverysimplemodelfortheinfraredspectrum.Thereaderisenco
uragedtorefertomorecompletetexts(2–4)fordetaileddiscussionofthefundamentals. 
Whileitwasstatedthatthefundamentalinfraredabsorptionfrequenciesarenottheonlycomponenttobeevaluatedinas
pectralinterpretation,theyaretheessenceand foundation of the art. For the most part, the basicmodel of the 
simple harmonic oscillator and its modifica-tion to account for anharmonicity suffice to explain 
theoriginofmanyofthecharacteristicfrequenciesthatcanbe assigned to particular combinations of atoms 
withinamolecule.FromasimplestatementofHooke‘slawwecan express the fundamental vibrational frequency of 
amolecularensembleaccordingtoEquation(3): 
  
ofabondbetweentwoatomiccenters.Thefundamental,whichinvolvesanenergytransitionbetweenthegroundstate 
and the first vibrational quantum level, is essen-tially unaffected by the anharmonicity terms. 
However,transitions that extend beyond the first quantum level(to the second, third, fourth, etc.), which give 
rise toweakerabsorptions,knownasovertones,areinfluencedby anharmonicity, which must be taken into 
accountwhen assessing the frequency of these higher frequencyvibrations. 
Having defined the basis for the simple vibration ofan atomic bond, it is necessary to look at the moleculeas a 
whole. It is very easy to imagine that there is aninfinite number of vibrations, which in reality wouldlead to a 
totally disorganized model for interpretation.Instead, we describe the model in terms of a 
minimumsetoffundamentalvibrations,basedonathreefoldsetofcoordinate axes, which are known as the normal 
modesof vibration. All the possible variants of the 
vibrationalmotionsofthemoleculecanbereducedtothisminimumset by projection on to the threefold axes. It can 
be 
shownthatthenumberofnormalmodesofvibrationforagivenmoleculecanbedeterminedfromEquations(4)and(5): 
numberofnormalmodesD3N—6(nonlinear)  (4) 
D3N—5(linear) (5) 
whereNisthenumberofcomponentatomsinthemolecule. 
In practice, apart from the simplest of compounds, mostmolecules have nonlinear structures, except where a 
spe-cificfunctionalgrouporgroupsgenerateapredominantlineararrangementtothecomponentatoms.Ifwecalcu- 
  
nD1¸k 
  
(3) 
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latethenumberofmodesforasimplehydrocarbon,such 
  
2pc  
wheren fundamentalvibrationfrequency,k  reduced mass. The reduced mass, 

m2/(m1  m2), where m1and m2are 
thecomponentmassesforthechemicalbondunderconsideration. 
Thissimpleequationprovidesalinkbetweenthestrength(orspringiness)ofthecovalentbondbetweentwo atoms (or 
molecular fragments), the mass of the inter-
actingatoms(molecularfragments)andthefrequencyofvibration.Althoughsimpleinconcept,thereisarea-sonably 
good fit between the bond stretching vibrationspredictedandthevaluesobservedforthefundamentals.This simple 
model does not account for repulsion 
andattractionoftheelectroncloudattheextremesofthevibration,anddoesnotaccommodatetheconceptofbonddissoci
ationathighlevelsofabsorbedenergy.Amodelincorporatinganharmonicitytermsiscommonlyusedtointerpretthede
viationsfromidealityandtheoverallenergy–spatialrelationshipduringthevibration 
  
asmethane(nonlinear,tetrahedralstructure),avalueof 
nineisobtained.Thiswouldimplythatninesetsofabsorp-tion frequencies would be observed in the spectrum 
ofmethane gas. In reality, the number observed is far less,correspondingtotheasymmetricandsymmetricstretch-
ing and bending of the CH bonds about the centralcarbon atom. The reason for the smaller than 
expectednumberisthatseveralofthevibrationsareredundantordegenerate, that is, the same amount of energy is 
requiredfor these vibrations. Note that although a small numberof vibrational modes is predicted, and in fact 
observed,the appearance of the methane spectrum at first glanceis far more complex than expected, especially 
at higherspectral resolutions (<1 cm—1). At relatively high resolu-tions, a fine structure is superimposed, 
originating fromrotational bands, which involve significantly lower 
energytransitions.Eachofthesetsofvibrational – rotationalabsorptions manifest this superimposed fine 
structurefor low-molecular-weight gaseous compounds, methanebeingagoodexample.Severalmedium-
molecular-weight 
  
 
  
compoundsmayalsoshowevidenceofsomefinestruc-
turewhenstudiedinthevaporstate.Forexample,itiscommontoobservethesharpfeature(orspike)assignedtotheQ-
branchofthevibrational–rotationalspectrum,asindicatedbythevaporspectrumofacetone(Figure1).If we proceed 
up the homologous series from methane(CH4)ton-
hexane(C6H14),thereare20componentatoms,whichwouldimply54normalmodes.Inthiscasethepictureisslightlym
orecomplex.Methaneisauniquemolecule,andonlycontainsonetypeofCHgroup–noother types of bond exist in 
this molecule. In hexane thereare several types of bond and functionality. For reference,asimpletwo-
dimensionalrepresentationofthestructure 
isprovidedinFigure2(a). 
As we can see, there are two terminal methyl groups(CH3) and four connecting methylene groups 
(CH2).EachofthesegroupshasitscorrespondingCHstretching and bending vibrations (see later text for theactual 
absorption frequencies). Also, the methyl groupsare linked to a neighboring methylene group, which isin turn 
linked to neighboring methylene groups, and soon.Theselinkagesfeaturecarbon – 
carbonbonds.Forinterpretation, we view the CH groups as functionalgroups, giving rise to the common group 
frequencies,and the CC linkages as the backbone, producing 
theskeletalvibrations.Asarule,agroupfrequencymaybe applied generally to most compounds featuring 
thecorrespondingfunctionalgroup.Incontrast,theskeletalvibrations are unique to a specific molecule. The 
groupfrequencieshelptocharacterizeacompound,andthe 
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Figure1VaporspectrumofacetonewithcharacteristicQ-branchslitting,denotedbyQ.CopyrightCoatesConsulting. 
  
combinationofthebandsassociatedwiththesegroupfrequenciesandtheskeletalfrequenciesareusedtoidentifyaspeci
ficcompound.Thelatterformsthebasisoftheuseofreferencespectraforspectralmatchingbyvisualcomparisonorbyco
mputer-
basedsearching,fortheidentificationofanunknownfromitsinfraredspectrum.Thegroupfrequenciesmaybeviewedq
uantitatively,as well as qualitatively. A given absorption band assignedto a functional group increases 
proportionately with 
thenumbertimesthatfunctionalgroupoccurswithinthemolecule.Forexample,inthespectrumofn-
hexane,theintensitiesmeasuredforthegroupfrequencyabsorptionsassignedtomethylandmethylenecorrespondtof
ourmethylenegroupsandtwomethylgroupsona  rel-
ativebasis,whencomparedwithotherhydrocarboncompoundswithinahomologousseries.Forexample,ifweexamin
etheCHstretching(orbending)bandintensitiesforCH3andCH2,wewillobservethattherelativeintensitiesofCH3toC
H2decreasewithincreaseinchainlength.Restated,thereislessmethylcontribu-
tionandmoremethylenecontributionwithincreaseinchainlength/molecularweight.Thereverseholdstrueifweexam
inethespectraoflinearhydrocarbonswithchain 
lengthsshorterthanthatofhexane. 
If we apply these ideas to a different  hexane iso-mer, such as isohexane (2-methylpentane), we 
wouldseesignificantdifferencesinthespectrum.Thesecanbeexplained by evaluating the structure (Figure 2b), 
whichcontains three methyl groups, two methylene groups, anda group that contains a single hydrogen 
attached to car-bon (the methyne group). This adds a new complexityto the spectrum: the main absorptions 
show differencesin appearance, caused by the changes in relative bandintensities, splittings of absorptions 
occur (originatingfrom spatial/mechanical interaction of adjacent 
methylgroups),andchangesareobservedinthedistributionsofthe CC skeletal vibrations, in part due to the 
splitting bythe methyl side chain. Further discussions concerning theimpact of chain branching are covered 
later in this article.ComparisonofFigures3and4providesagraphicalrepre-sentation of the aspects discussed for 
the hexanes of struc-turallysimilarcompounds,i.e.n-heptaneandisooctane. 
From a first-order perspective, the idea of the quan-titative aspects of the group frequencies carries throughfor 
most functional groups, and the overall spectrum isessentially a composite of the group frequencies, 
withbandintensitiesinpartrelatedtothecontributionofeach 
  
 
HHHH HH  C   C   CH 
HC   C   C   H 
    
  
HH HHH 
HCC C H 
HC C CH 
H HH H 
  
functional group in the molecule. This assumes that thefunctional group does give rise to infrared 
absorptionfrequencies(mostdo),anditisunderstoodthateach 
  
(a) H 
  
HHHH 
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(b) H 
  
grouphasits ownuniquecontributionbasedonitsextinc- 
tioncoefficient(orinfraredabsorptioncross-section). 
  
Figure2Structures for hexane isomers: (a)n-hexane and 
(b)isohexane(2-methylpentane).CopyrightCoatesConsulting. 
  
Returningtothefundamentalmodel,weshouldnowlookatthelargerpicture.Inreality,weassignthe 
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symmetric vibration. While this might be less intuitive, itis still a rational concept, and therefore easy to 
understandandaccept.Again,weseeagoodexamplewiththeCHstretch of an aliphatic compound (or fragment), 
wherewe observe the asymmetric CH stretch of the methylandmethylenegroups(2960and 2930cm—
1,respectively)occurring at slightly higher frequency than symmetricvibrations (2875 and 2855 cm—1, 
respectively for 
methylandmethylene).Forthemostpart,thissimpleruleholdstrueformostcommonsetsofvibrations.Naturallythere 
are always exceptions, and a breakdown of therationalemayoccurwhenothereffectscomeintoplay, 
  
Figure3Attenuatedtotal reflectance (ATR) spectrum of 
n-heptane.CopyrightCoatesConsulting. 
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Figure 4ATR spectrum of 2,2,4-trimethylpentane (isooctane).CopyrightCoatesConsulting. 
 
observed absorption frequencies in the infrared 
spectrumtomuchmorethatjustsimpleharmonic(oranharmonic)stretching vibrations. In practice, we find that 
variousother deformation motions (angular changes), such 
asbendingandtwistingaboutcertaincenterswithinamolecule,alsohaveimpact,andcontributetotheoverallabsorptio
n spectrum. By rationalizing the effort needed 
tomovetheatomsrelativetoeachother,onecanappreciatethatittakeslessenergytobendabondthantostretchit. 
Consequently, we can readily accept the notion thatthe stretching absorptions of a vibrating chemical 
bondoccurathigherfrequencies(wavenumbers)thanthecorresponding bending or bond deformation 
vibrations,withtheunderstanding,ofcourse,thatenergyandfrequencyareproportionallyrelated.Agoodexampleist
he CH set of vibrations, observed in the hydrocarbonspectra, and in virtually all organic compounds. Here, 
thesimple CH stretching vibrations for saturated aliphaticspeciesoccurbetween3000and2800 cm—
1,andthecorresponding simple bending vibrations nominally occurbetween1500and1300cm—1. 
Nextinourunderstandingisthatitcantakeslightly 
moreenergyto exciteamoleculetoanasymmetricthana 
  
such as induced electronic, spatial or entropy-relatedeffects. 
There are many other spatially related scenarios thattend to follow well-orchestrated patterns, examples 
beingin-planeandout-of-planevibrations,thedifferencesbetweencisandtransspatialrelationships,andavarietyof 
multicentered vibrations that are defined as twistingor rocking modes. Many of these are exhibited with theCH 
vibrations that occur in saturated, unsaturated andaromatic compounds. Molecular symmetry of the staticor 
the dynamic (during vibration) molecule has a largeimpact on the spectrum, in addition to factors such 
asrelative electronegativity, bond order and relative massoftheparticipatingatoms. 
Finally, while discussing the vibrational origins ofinfrared spectra, it is worth commenting that 
furthercomplexitymaybenotedinthe  spectrum,  beyondwhat is expected based on the fundamentals. As 
noted,transitions to higher energy levels, although theoreti-
callynotallowed,canoccurandthesegiverisetoovertone bands, which in the mid-infrared region occurat 
approximately twice the fundamental frequency forthe first overtone. Higher overtones exist, typically 
thesecond (3 fundamental) and third (4  fundamental),and sometimes higher, and these are observed, 
withextremely low intensity, relative to the fundamental in thenear-infrared spectral regions, between 800 and 
2500 nm(12500and4000cm—
1).Othertypesofbandsthatcanaddcomplexitytoaspectrumarecombinationbands(sumanddifference), bands due 
to transitions from energy stateshigher than the ground state or ‗‗hot bands‘‘, and bandsdue to interactions 
between a weaker overtone or com-bination band and a fundamental of the same or similarfrequency, known 
as Fermi resonance bands. In the lat-ter case, two relatively strong absorptions are observed,where normally 
only a single absorption is expected forthefundamental.(3) 
As additional functional groups are added to a basicbackbone structure, forming a more complex 
molecule,additionalbandsareobserved,eitherdirectlyassociatedwith the fundamental vibrations of the 
functional groups,or indirectly relatedto interactionsbetween component 
  
 
  
functional groups or the basic substructure. Such interac-
tionscanbesevere,andresultinoverwhelmingdistortionsin the appearanceof the spectrum, a 
goodexamplebeinghydrogenbonding.Thiswillbedealtwithindepthlater. 
 
 
3 SPECTRAL INTERPRETATION BYAPPLICATION OF VIBRATIONALGROUPFREQUENCIES 
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Thissectionincludestabulateddatarelative  to  themostsignificantgroupfrequenciesforthemostcommonfunctional 
groups and structural components found inorganiccompounds.Briefreferenceisalsomadetosimpleinorganic 
compounds, in the form of simple ionic species.Moredetailedlistingscanbefoundinpublishedliterature,and the 
reader is encouraged to acquire one or more ofthesereferencetexts.(9–13)Asalreadyindicated,theuseof tabulated 
data is only a part of the interpretationprocess, and other facets of the spectrum must be takenintoaccount. 
To help gain an understanding of infrared spectralinterpretation,itisinstructivetostartattherootofmostorganic 
compounds, namely the fundamental backboneor the parent hydrocarbon structure. We shall start withthe 
simple, aliphatic hydrocarbon, which is at the rootof most aliphatic compounds. Aliphatic hydrocarbonsexist in 
simple linear chains, branched chains and incyclic structures – examples of the linear and branchedchain 
scenarios were provided earlier for hexane isomers.Any one molecule may exist with one or more of 
thesecomponent structures. The infrared spectrum can 
provideinformationontheexistenceofmostofthesestructures,eitherdirectlyorbyinference. 
The introductionof unsaturation in the form of adouble or triple bond has a profound impact on 
thechemistryofthemolecule,andlikewiseithasasignificantinfluence on the infrared spectrum. Similarly, the same 
isobservedwhenanaromaticstructureispresentwithinamolecule.Infraredspectroscopyisapowerfultoolfor 
identifying the presence of these functionalities. Itprovides information specific to the group itself, 
andalsoontheinteractionofthegroupwithotherpartsof the molecule and on the spatial properties of 
thegroup.Examplesoftheseincludeconjugationbetweenadoublebondandanotherunsaturatedcenter,anaromaticri
ng or a group, such as a carbonyl (CO), and theorientation or location of the double bond within themolecule, 
such as cis or trans and medial or terminal. Itshouldbenotedthatcis/transrelationshipsarenotspecificto 
unsaturated hydrocarbons, and the terminology isreferenced elsewhere, such as with secondary 
amidestructures.Again,theassociatedchangesinthespatial 
  
arrangementofthe  groups  involved  is  reflected  inthe infrared spectrum as additional bands and 
addedcomplexity. 
As we move on to simple organic compounds, whereoneormorefunctionalgroupsorheteroatomsareaddedto the 
molecule, we see many changes occurring in thespectrum.Theseresultfromthebondingassociatedwiththe 
functional group, and also local disturbances to thebasic backbone spectrum that relate again to spatialchanges 
and also to local and neighboring electroniceffects. Examples of such functionalities are halogens,simple oxygen 
species, such as hydroxy and ether groups,andaminocompounds.Carbonylcompounds,wheretheadded 
functional group includes the CO bond, alsoprovide very profound contributions to the spectrum,and because 
of the wide diversity of these compoundstheyarebestdealtwithasaseparateclass. 
A  very  characteristic  group  of  compounds,   fromaspectralpointofview,arethemultiple-bondednitrogen 
compounds, such as cyanides and cyanates.Thesetypicallyhaveverycharacteristicabsorptions,which are easy to 
assign, and are free from spectralinterferences.Thesamecanbe said for some ofthe hydrides of heteroatoms, such 
as sulfides (thiols),silanes, and phosphines. Finally, there are other, oxygen-
containingfunctionalgroups,asencounteredinthenitrogen-oxy (NOx), phosphorus-oxy (POx), silicon-
oxy(SiOx),andsulfur-oxy(SOx)compounds.Thesearesometimes more difficult to identify from first 
principles,and  a knowledge  of  the  presence of  the  heteroatomis helpful. The spectra are characteristic, but 
many ofthe oxy absorptions occur within a crowded and 
highlyoverlappedregionofthespectrum,mainlybetween1350and950 cm—
1.Also,manyofthesecompoundsfeatureCObonding,whichiscommoninotherfrequently encountered 
functionalitiessuch as ethersandesters. 
 
 TheHydrocarbonSpeciesandMolecularBackbone 
In this section we include the characteristic absorptionfrequenciesencounteredfortheparenthydrocarbonspecies 
and the associated backbone or substituent group.Thisincludesaliphaticandaromaticstructures.Thespectral 
contributions are characterized, as previouslynoted, as C   H stretching and bending  vibrations  
andCCvibrations(stretching  and  bending),  which  forthe most part are unique for each molecule, and 
aregenerally described as skeletal vibrations.  In the  caseof aromatic compounds, ring CCC stretching 
andbendingvibrationsarehighlycharacteristic,andarediagnostic.Likewise,thesamecanbesaidfortheunsaturated 
carbon – carbon multiple bonding in alkeneandalkynestructures. 
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Table1Saturatedaliphatic(alkane/alkyl)groupfrequenciesGroupfrequency(cm—1)
 Functionalgroup/assignment 
Methyl(−CH3) 
2970–2950/2880–2860 MethylCHasym./sym.stretch1470–1430/1380–1370 MethylC  Hasym./sym. 
bend1385–1380/1370–1365 gem-Dimethylor‗‗iso‘‘-(doublet) 
1395–1385/1365 Trimethylor‗‗tert-butyl‘‘(multiplet) 
Methylene( CH2) 
2935–2915/2865–2845 MethyleneC—Hasym./sym.stretch 
  
Table2 Olefinic(alkene)groupfrequencies 
 
  
Origin  Groupfrequency, Assignmentwavenumber(cm—1) 
 
  
CDC 1680–1620 AlkenylCDCstretch 
1625 Aryl-substitutedCDC 
1600 ConjugatedCDC 
C—H 3095–3075 Terminal (vinyl)C—Hstretch 
C3040–3010 
3095–3075 Pendant(vinylidene)C—H 
  
1485–1445 Methylene C—H bend 
  
3040–3010 
  
stretch 
  
-ortrans-C H 
  
750–720 Methylene—(CH2)n—rocking 
1055–1000/1005–925 (n½3) ringvibrations 
Methyne( CH−) 
2900–2880 MethyneC—Hstretch 
1350–1330 Methyne C—Hbend 
1300–700 SkeletalC—Cvibrations 
Specialmethyl(−CH3)frequencies 
2850–2815 Methoxy,methyletherO—CH3, 
  
Medial,cis 
stretch 
C  H 1420–1410 VinylCHin-planebend1310–1290 VinylideneCHin-plane 
bend 
C  H 995–985 915–890 Vinyl CH out-of-plane bend895–885 VinylideneCHout-of-plane 
bend 
C—H  970–960 trans-C—H out-of-plane bend700(broad) cis-C—Hout-of-planebend 
 
  
  
2820–2780 
  
C—Hstretch 
  
 Methylamino,N—CH3,C—Hstretch 
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100 
  
 
  
80 
 SaturatedAliphaticandAlicyclicCompounds 
SeeTable1.TheC Hstretchvibrationsformethyl 60 
and methylene are the most characteristic in terms 40 
ofrecognizingthecompoundasanorganiccompound 
containingatleastonealiphatic fragmentorcenter.The 20 
bendingvibrationshelptotellmoreaboutthebasic 0 
structure.Forexample,astrongmethylene/methylband 
(1470cm—1)andaweakmethylband(1380cm—1),plusa band at 725 – 720 cm—1  (methylene rocking vibration)is 
indicative of a long-chain linear aliphatic structure 
  
 
 
 
 
 
 
 

 
  
(note that splitting may be observed for the 1470 and720 cm—1bands,whichisindicative ofalong-
chaincompound,andisattributedtoacrystallinityandahighdegree of regularity for the linear backbone 
structure).In contrast, strong methyl bands, showing 
significantsplitting,andacomparativelyweakermethylene/methylband indicate chain branching, and the 
possibility ofisopropyl or tert-butyl substituents (depending on 
theamountofsplitting,andtherelativebandintensities).Acomparisonbetweenlinearandbranchedchainhydrocarbo
ns can be seen in Figures 3 and 4, where in thecase of isooctane, both isopropyl and tert-butyl 
groupsarepresent. 
 
 UnsaturatedCompounds 
See Table 2. As already commented upon, the saturatedhydrocarbon CH stretching absorptions all occur 
below3000cm—1.Anybandstructuresobservedbetween3150 
and3000 cm—1arealmostexclusivelyindicativeofunsaturation (CDC—H) and/or aromatic rings. The 
  
Figure 5ATR spectrum of 1-hexene. Copyright Coates Con-sulting. 
 
unsaturated hydrocarbons featuring CC, with attachedhydrogens,usuallyoccuraseitherasingleorapairof 
absorptions, in the ranges indicated in Table 2. Asnoted,thenumberofbandsandtheirpositionsareindicative of 
the double bond location and the spatialarrangementaroundthedoublebond.ThepositionoftheCC stretching 
frequency does vary slightly as a functionof orientation around the double bond, but it is lessinformative than 
the CH information. The CH out-of-plane bending is typically the most informative 
relativetothelocationandspatialgeometryofthedoublebond,whereterminalandmedialdoublebondsmaybeclearly
differentiated. Figure 5 provides a good example with thespectrumof1-
hexene,whichcontainstheterminalvinylgroup.Notethatafullysubstituted,medialdoublebondhas only the C   C as 
the sole indicator of the presenceofthedoublebond,unlessthebondisconjugatedwithasecondunsaturatedsite. 
  
  
 
  
Table3Aromaticring(aryl)groupfrequencies 
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Origin  Groupfrequency, Assignmentwavenumber(cm—1) 
 
  
C C Ca 1615–1580 Aromatic ring stretchC C Ca 1510–1450 Aromatic ring stretchC H 3130–3070
 AromaticCHstretch 
C H 1225–950(several) AromaticCHin-plane 
bend 
C H 900–670(several) AromaticCH 
out-of-planebend 
770–730 710–690 Monosubstitution(phenyl) 
770–735 1,2-Disubstitution(ortho) 
810–750 900–860 1,3-Disubstitution (meta) 
860–800 1,4-Disubstitution(para)‗‗Combi‘‘b2000–1660(several)Aromaticcombination 
bands 
 
  
aCCCusedasanapproximationoftheuniquearomatic  ringbonding. 
b ‗‗Combi‘‘denotesassignmenttocombinationbands. 
 
 AromaticCompounds 
See Table 3. The existence of one or more aromaticringsinastructureisnormally  readily  determinedfrom the C  
H and C  C  C ring-related vibrations. TheCH stretching occurs above 3000 cm—1 and is typicallyexhibited as a 
multiplicity of weak-to-moderate bands,compared with the aliphatic CH stretch. The structureof the bands is 
defined by the number and positions of theCH bonds around the ring, which in turn are related tothe nature 
and number of other substituents on the ring.NotethatthesameappliestotheCHout-of-planebend-ing vibrations, 
which are frequently used to determine thedegreeandnatureofsubstitutiononthering–examplesare 
providedinFigure 6(a– c), withthe  comparison  ofthe three xylene isomers. This picture often 
becomesmorecomplexifmultiple-orfused-ringstructuresexist 
inacompound.Theothermostimportantsetofbands 
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80 
 
60 
 
40 
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are the aromatic ring vibrations centered around 1600and 1500 cm—1, which usually appear as a pair of 
bandstructures, often with some splitting. The appearance andratio of these band structures is strongly 
dependent onthepositionandnatureofsubstituentsonthering. 
 
 AcetylenicCompounds 
See Table 4. Although acetylenic compounds are not verycommon, the spectrum associated with the CC 
structurecanbecharacteristic.Itisinstructivetonotetheimpact 
  
Figure 6 ATRspectraofxyleneisomers:(a) o-xylene,1,2-dimethylbenzene;(b) m-xylene,1,3-dimethylbenzene;(c) p-
xylene,1,4-dimethylbenzene.CopyrightCoatesConsulting. 
 
Table4Acetylenic(alkyne)groupfrequencies 
 
  
Origin  Groupfrequency, Assignmentwavenumber(cm—1) 
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C  C 2140–2100 Terminal alkyne(monosubstituted) 
CΞC 2260–2190 Medialalkyne 
  
onthecarbon–carbonbondstretchingasafunctionof C 
  
(disubstituted) 
  
increase in bond order for the series of single-, double-,andtriple-bondedcarbon: 
 
C—Cstretch:¾1350–1000cm—1(skeletalvibrations)CDCstretch:1680–1620cm—1 
CΞCstretch:     2260–2100cm—1 
  
C—H 3320–3310 AlkyneC—Hstretch 
—H 630(typical) AlkyneC—H bend 
 
  
 
Thisincreaseinbondorderproducesacorrespondingincreaseinbondstrength,whichinturnincreasestheforce 
  
 
  
 
  
constant,k(seeEquation3),supportingtheHooke‘slawmodeldescribedearlier. 
As noted in Table 4, the position of the CC bond isinfluenced by whether the group is terminal or medial.The 
single hydrogen of the terminal acetylene itself isvery characteristic, reflecting the labile nature of 
theacetylenicC—H. 
 SimpleFunctionalGroups 
Obviously,thereisapotentiallybroadnumberofmolecularfragmentsthatcanbeconsideredtobefunctional groups 
attached to an organic structure orbackbone. This section features the most simple andmost common of the 
functional groups,CX, i.e. thehalogens  (X F,  Cl,  Br  and  I),  hydroxy  (X OH),oxy  or  ether  (X OR,  where  R  
alkyl),  and  amino(X NH2, NH or  N). With the exception of thecarbonyl functionality, these three basic 
functional groupscover most of the common occurrences in simple organiccompounds. Note that for the 
oxy/hydroxy and aminofunctionalities, these are molecular fragments, and theycontribute their own set of 
characteristic absorptions tothe spectrum of the compound. In fact, the bondingbetween the functional group 
and the backbone is onlyone part of the overall picture used for the spectralinterpretation. 
 
 HalogenatedCompounds 
See Table 5. In principle, the interpretation of the spectraof molecules containing one or more halogens 
wouldseem to be straightforward. The functionality is simple,with just a single atom linked to carbon to form 
the group.With the polar nature of this group, one would expect thespectral contribution to be distinctive. In 
reality, this isnotalwaysthecase. 
Inaliphaticcompounds,theCXbondtypicallypossessesauniquegroupfrequency,whichmaybe 
 
Table5Aliphaticorganohalogencompoundgroupfrequencies 
 
  
Origin  Groupfrequency, Assignmentwavenumber(cm—1)a 
 
  
C—F 1150–1000 Aliphaticfluorocompounds, 
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assignedtothehalogen–carbonstretching.Whenasinglehalogen is present, the determination of this group 
isstraightforward. However, if more than one halogen ispresent, the interpretation is usually more complex. 
Insuch cases, the result varies depending on whether 
thehalogensareonthesameordifferentcarbonatoms,and,ifondifferentatoms,whethertheatomsarecloseneighbors.T
his is particularly the case with small molecules, andthe resultant spectral complexity arises from the 
factthatthereisrestrictedrotationaboutthecarbon–carbonbond. 
Single bonds usually exhibit free rotation, which 
wouldnormallymeanthattherearenopreferredspatialorientationsforthemolecules.However,owingto  
thesizeofthehalogenatom,relativetothecarbonandhydrogenthat  form  the  backbone,  the  molecules  
tendtoexhibitcertainspecificconformations,where  thespatialinteraction  between  neighboring  halogen  atomsis 
minimized, and each conformation provides its owncontribution to  the   overall  spectrum.  It  is   
importanttoappreciatethat  this  issue  of  spatial  orientation  hasanimpactevenonhigh-molecular-
weightcompounds,suchasthepolyhalogenatedpolymers,e.g.poly(vinylchloride). Here preferred orientations 
have an impact onthe crystallinity of the polymer, and this in turn has asignificant impact on both the spectrum 
and the physicalpropertiesofthe material. 
Anotherimportantissuetoconsiderwithhalogensubstituents is the high electronegativity of the 
halogenatom.Thiscanhaveanoticeableimpactonthespectrumof neighboring group frequencies, including 
adjacenthydrogen atoms. In such cases, significant shifting ofthe CH frequencies can occur – the direction of 
theshiftbeingdependenton  the  location  of  the  C  H,andwhetherthehalogenaddsorextractselectrondensity 
from the CH bond – adding strengthens (higherfrequency) and extracting weakens (lower frequency).The same 
influences can be observed with halogen-substituted carbonyl compounds, such as acyl halidesand a-
substituted acids, where the bond strength of thecarbonyl group is increased (see section 3.3). In 
mostcases,bothashifttohigherfrequencyandanincreaseinabsorptionstrengthforthebandareobserved. 
Table 5 only presents the group frequencies for thealiphaticcompounds,becausenowell-definedC—X 
  
C—Fstretch 
C—Cl 800–700 Aliphaticchlorocompounds, 
C—Clstretch 
C—Br 700–600 Aliphaticbromocompounds, 
C—Brstretch 
C—I 600–500 Aliphaticiodocompounds, 
 C—Istretch  
aNote that the ranges quoted serve as a guide only; the actual rangesare influenced by carbon chain length, the 
actual number of halogensubstituents,andthemolecularconformationspresent. 
  
absorptionsareobservedforhalogen-substitutedaro- 
matic compounds. The presence of a halogen on anaromatic ring can be detected indirectly from its elec-tronic 
impact on the in-plane CH bending vibrations.Normally, we do not consider the in-plane bending bandsto be 
of use because, as pointed out earlier, these occur ina spectral region that is crowded by other important 
groupfrequencies. However, in the case of a halogen-
substitutedring,theintensityofthesevibrationsisenhancedrelative 
  
 
  
to other absorptions by as much as three to four times.Forreference,itisinformativetocomparetheintensitiesfor 
these bands, between 1150 and 1000 cm—1, for thespectraoftolueneandchlorobenzene(Figure7aandb). 
  
Table6 Alcoholandhydroxycompoundgroupfrequencies 
 
  
Origin  Groupfrequency, Assignmentwavenumber(cm—1) 
 
  
O—H 3570–3200(broad) Hydroxygroup,H-bonded 
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 HydroxyandEtherCompounds 
See Table 6  for  alcohols  and  hydroxy  compounds. 
  
 
3400–3200 
 
3550–3450 
  
OH stretch 
Normal ‗‗polymeric‘‘ OHstretch 
DimericOHstretch 
  
Thehydroxyfunctionisprobablyoneofthemostdominant and characteristic of all of the infrared 
groupfrequencies. In most chemical environments, the hydroxygroupdoesnotexistinisolation,andahighdegree 
of association is experienced as a result of extensive 
  
3570–3540 Internally bonded OH stretchO H 3645–3600(narrow) Nonbondedhydroxygroup, 
OHstretch 
3645–3630 Primaryalcohol,OHstretch 
3635–3620 Secondaryalcohol,OHstretch 
  
hydrogenbondingwithotherhydroxygroups.These 
  
3620–3540 
3640–3530a 
  
Tertiaryalcohol,OHstretchPhenols,OHstretch 
  
hydroxy groups may be within the same molecule 
(intramolecular hydrogen bonding) or they most likelyexist between neighboring molecules 
(intermolecularhydrogenbonding).Theimpactofhydrogenbondingis to produce significant band broadening 
and to lowerthe mean absorption frequency. The lowering of 
thefrequencytendstobeafunctionofthedegreeandstrengthofthehydrogenbonding.Incompoundssuchascarboxylic
acids,whichexhibitextremelystronghydrogenbonding, forming a stable dimeric structure, a 
highlycharacteristic,large shifttolowerfrequenciesis observed. 
 
100 
 
80 
 
60 
 
40 
 
20 
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O H 1350–1260 Primaryorsecondary,OHin-planebend 
1410–1310 Phenolortertiaryalcohol,OHbend 
720–590 Alcohol, OH out-of-planebend 
C O 1050b Primary alcohol, CO stretch1100b Secondaryalcohol,CO 
stretch 
¾1150b Tertiary alcohol,C—Ostretch 
¾1200b Phenol,C—Ostretch 
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a Frequencyinfluencedbynatureandpositionofotherringsubstituents. 
bApproximatecenterofrangeforthegroupfrequency. 
 
In special circumstances, where the  hydroxy  groupisisolated–eitherbecauseofsterichindranceeffectsor  because  
the  sample  is  in  the   vapor  state  or   ina dilute solution of a nonpolar solvent – the band 
ischaracteristicallynarrow,andisobservedatthenatural,higher frequency. This absorption is important for 
thecharacterization of certain hindered phenol antioxidants,a commercially important class of compounds in 
the food,polymer,andformulatedoilindustries. 
  
 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
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It must be appreciated that while the hydroxy absorp-tion is singly one of the most important bands in 
theinfrared spectrum, other vibrations are also importantfor the actual characterization of the compound. Alco-
hols exist as three distinct classes – primary, secondaryandtertiary–distinguishedbythedegreeofcarbonsub-
stitution on the central hydroxy-substituted carbon, asingle substitution being primary, double 
substitutionbeing secondary, and triple substitution being tertiary.This is an important fact, because the 
chemistry andoxidationstabilityofthealcoholarestronglyinfluenced 
bythedegreeofsubstitution.Whetheranalcoholispri-
reflectedin the position of the OH stretch absorption, but 
typicallythisisdeterminedbytheotherabsorptions,inparticu- 
  
Figure7ComparisonofATRspectraof(a)chlorobenzeneand(b)toluene.CopyrightCoatesConsulting. 
  
lartheC O stretchingfrequency.Anotherabsorptionoflowerimportance,butoftencharacteristic,isassigned 
  
 
  
to another form of bending vibration, the out-of-planebend or wagging vibration of the OH. The OH bend-ing 
vibrations are broadened by hydrogen bonding as isthe stretching absorption, but often to a lesser extent.The 
differences between primary and secondary alcoholscan be appreciated from Figure 8(a) and (b), where 
thespectraof1-and2-octanolarepresented. 
See Table 7 for ethers and oxy compounds. In somerespects,ethersarerelatedtoalcoholandhydroxy 
 
100 
 
 
 
50 
 
 
 
 
0 
  
compounds, where the hydrogen of the hydroxy groupis replaced by an aliphatic (alkyl) or aromatic 
(aryl)molecularfragment.Havingstatedthat,theoverallappearance of an ether spectrum is drastically 
differentfromthatofarelatedalcohol.Thisisduetotheoverwhelming effect of hydrogen bonding on the 
hydroxygroup.However,manyoftherelationshipsthatexistforthe CO component of the alcohol carry over to 
thecorresponding ether. The relationships that pertain toprimary, secondary, and tertiary structures remain 
intact.Themaindifferenceisthatonenowconsidersthebondingonbothsidesoftheoxygen,becauseifcarbonisonbothsi
des, then two ether bonds exist. Ethers can exist assimple ethers (same group both sides) and mixed 
ethers(different groups both sides). Infrared spectroscopy isfairly sensitive for differentiating these ether 
functions,especially when the structures are mixed aliphatic oraliphatic/aromatic. 
 
 AminoCompounds 
  
 
(a) 
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50 
  

 
  
SeeTable8.Insomerespects,theinfraredspectraandthecharacteristicgroupfrequenciesofaminestendto 
Table8AmineandaminocompoundgroupfrequenciesOrigin Groupfrequency, Assignment 
wavenumber(cm—1) 
  
 
  
Primaryamino 
N—H 3400–3380 Aliphaticprimaryamine, 
N C3345–3325 NHstretch 
0 —H 3510–3460 Aromaticprimaryamine, 
N C3415–3380 NHstretch 
  
 
(b) 
  

 
  
—H 1650–1590 Primaryamine,NHbend 
—N 1090–1020 Primaryamine,CNstretch 
Secondaryamino 
  
Figure8ATRspectraof(a)primary(1-octanol)and(b)sec-ondary(2-octanol)alcohols.CopyrightCoatesConsulting. 
Table 7 Ether and oxy compound group frequenciesOrigin Groupfrequency, Assignment 
wavenumber(cm—1) 
 
  
C—H 2820–2810 Methoxy, C—H stretch(CH3—O—) 
—O—C 1150–1050 Alkyl-substitutedether, 
C—Ostretch 
—— Cyclicethers,large 
rings,C—Ostretch 
  
N  H 3360–3310 Aliphaticsecondaryamine, 
NHstretch 
N H 3450 Aromaticsecondaryamine, 
NHstretch 
N  H 3490–3430 Heterocyclicamine, 
NHstretch 
N  H 3350–3320 Iminocompounds, 
NHstretch 
N  H 1650–1550 Secondary amine, NHbendN 1190–1130 Secondaryamine, 
CNstretch 
Tertiaryamino 
C—N 1210–1150 Tertiaryamine,CNstretch 
Aromaticamino 
  
f—O—H 1270–1230 Aromaticethers, 
  
 
C   N 1340–1250 Aromaticprimaryamine, 
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C O 1250 
  
890–800a 
  
aryl—Ostretch — 
  
CNstretch 
  
C—O—OC ¾ 
  
8C90–820a 
  
Epoxyandoxiranerings 
C   N 1350–1280 Aromaticsecondaryamine, 
  
——— 
  
Peroxides,COOstretch 
  
CNstretch 
  
a  Typicallyveryweak,andnotverycharacteristicintheinfrared.Tend 
  
C   N 1360–1310 Aromatictertiaryamine, 
CNstretch 
  
tobemorecharacteristicintheRamanspectrum.   
  
 
  
parallelthoseofalcoholsandethers.Beforeproceeding,thereisanimportantdistinctiontobemadebetweenthe 
nomenclature used to describe alcohol 
structures,comparedwiththatusedforamines.Thetermsprimary,secondary, and tertiary are used to describe 
amines, butthesubstitutionrelatestothenitrogen,nottheadjoiningcarbon (as with alcohols). The terminology used 
isNH2primary,NH secondary and N tertiary. As 
before,thesestructuraldifferencesareimportant,andtheystronglyinfluencethechemistryandthereactivityofthenitro
gen and the NH group (primary and secondary).Again,theinfraredspectrumisverydiagnostic,anditis possible to 
differentiate readily the functional 
groupstructures,especiallyfortheprimaryandsecondaryaminocompounds(seeFigure 9a– 
cforanexamplecomparisonofprimary,secondary,andtertiaryaromaticamines). 
Aswithhydroxycompounds,hydrogenbondingisimportant,buttheeffecttends to be weaker 
thanforthehydroxygroup,andtheoveralleffectonthespectrumisslightlylesspronounced.Thissituationaltersin the 
related ammonium and amino salts, where 
stronghydrogenbondingisexperienced,andacorrespondingbroadeningoftheassociated 
NHabsorptionsisobserved.Notethatonlytheprimaryandsecondaryaminesexhibitthemostcharacteristicgroupfreq
uencies,whichareassociatedwiththe  NHbond.  
Tertiaryaminesareverycomparabletoethers,andthemaindiagnosticinformationisgatheredfromtheCNvibrationso
nly.Animportantexceptionisthemethylamino(anddimethyl-
amino)group,whichlikeitscounterpart(methoxyinethers)hasacharacteristicCHstretchingvibrationatlowerthanthe
normalCHstretchingfrequencyfor 
methyl. 
 
 The CarbonylGroup 
  
100 
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Carbonylcompoundsarenotonlychemicallyimportant,but are also important in the interpretation of 
infraredspectra.TheCOabsorptionisalmostalwaysoneofthemost characteristic in the entire spectrum, and it is 
alsomost likely to be the most intense spectral feature. Table 9provides an example listing of some of the 
commoncarbonylfrequenciesasafunctionoftheparticulartypeof carbonyl group. In essence, a ketone is 
consideredthe root compound, with an aldehyde being a 
specialcase,wherethecarbonylgroupisterminal,andonlyhasonesubstituent,theotherbeingasinglehydrogenatom.A
ll of the other carbonyl compounds, in a way, can 
beconsideredtobederivedfromthebaseketonestructure,whereoneorbothalkyl(oraryl)substituentsarereplacedbya
notherfunctionality,e.g.fromasinglehydroxygroup,inthecaseofcarboxylicacids,totwoethergroups,asinthecaseofa
norganiccarbonate. 
  
 
Figure 9 ATR spectra of (a) primary (aniline), (b) secondary(N-methylaniline) and (c) tertiary (N,N-
dimethylaniline) aro-maticamines.CopyrightCoatesConsulting. 
 
The actual diagnostic carbonyl absorption frequencyis dependenton theelectroniccharacteristics 
ofthesubstituent group, which in turn define very much thechemical characteristics and reactivity of the 
specificcarbonyl compound. Spatial and structural factors canbeimportant,  in particular  ring  stress, as in the  
caseof lactones (cyclic esters) and lactams (cyclic amides).In this  case, the  greater the  ring stress, the higher 
isthe carbonyl absorption frequency. In common withprevious observations for a double-bonded 
functionality,conjugation plays an important role in the observedcarbonyl frequency. This includes connection 
to an 
aromaticringorconjugationtoaCDCoranotherCDO. 
  
 
  
 
  
Table9 Examplecarbonylcompoundgroupfrequencies 
Groupfrequency(cm—1)  Functional   group1610–1550/1420–1300 Carboxylate(carboxylicacid 
  
the hydrogen-bonded OH of most carboxylic acids. Theimpact of this overlap can be appreciated by referenceto 
the spectrum of butyric acid, provided in Figure 10.OtherbandsthatareassociatedwiththeC—Oand 
  
 
1680–1630 
  
salt)Amide 
  
O H components tend to be less pronounced, and 
sometimesmaybeoverlappedwithotherfingerprint 
  
1690–1675/(1650–1600)a Quinoneorconjugatedketone1725–1700 Carboxylicacid 
1725–1705 Ketone1740–1725/(2800–2700)b Aldehyde 
1750–1725 Ester 
1735 Six-memberedringlactone1760–1740 Alkylcarbonate 
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1815–1770 Acid(acyl)halide 
1820–1775 Arylcarbonate 
1850–1800/1790–1740 Open-chain acidanhydride1870–1820/1800–1775 Five-membered ring 
anhydride 
2100–1800 Transitionmetalcarbonyls 
 
  
aLowerfrequencybandisfromtheconjugateddoublebond. 
bHigherfrequencybandcharacteristicofaldehydes,associatedwiththeterminalaldehydicC—Hstretch. 
 
Aspreviouslydiscussed,aloweringoftheparentgroupfrequency is observed. This effect is important for 
thedifferentiation of certain types of carbonyl compound,in the determination of whether the carbonyl group 
isdirectly or indirectly attached an aromatic ring, e.g. theability to differentiate aryl acetates from alkyl 
benzoates.Inthecaseoftheacetate,theringisjoinedtothe‗‗etheroxygen‘‘oftheestergroup,andisnotconjugatedwiththe
carbonyl,whereaswiththebenzoate,theringisdirectlyconjugated with the group, and the carbonyl 
absorptionfrequencyiscorrespondinglylowered. 
Often,thefrequencyrangesforthedifferentclassesofcarbonylcompoundoverlap,andthecarbonylfrequencyaloneis 
not sufficientto characterize thefunctionalgroup.Inmostcases, spectralinformationfromtheother component of 
the functional group is used for thecharacterization. Carboxylic acids are a good example,where the CO, COH 
and OH vibrations are highlycharacteristic. Similarly,esters (C  O  C)  and 
amides(CNandNH)areotherfrequentlyencounteredexamples. The frequencies provided earlier for 
theseadditional functionalities(CO, CN, and NH) ingeneral apply, although the actual observed 
frequenciesmay differ slightly, being modified by the carbonyl group.It is worthwhile returning momentarily to 
carboxylicacids, because they are unique, in so far as the 
hydroxygrouphasdirectinteractionwiththecarbonylgroup,by the formation of a stable dimeric hydrogen-
bondedstructureinthecondensedphase(solidandliquid).Note that this structure disappears in the vapor state. 
Acharacteristicbroadfeatureintherange3300–2500cm—1,that overlaps the CH stretching region, and with 
asecondaryabsorptioncloseto2600cm—1,isobservedfor 
  
absorptions of the molecule. These are located in theranges1320–1210cm—1(C—O stretch)and 960–850cm—
1(hydrogen-bondedO—Hout-of-planebending). 
 OtherFunctionalGroupsAssociatedwithHeteroatoms 
Potentially there are very large numbers of differentorganic-based compounds that are associated with one 
ormore heteroatoms. These are in addition to the simplehalogen-andamino-
basedcompoundsthathavealreadybeencovered.Adetaileddiscussionofsuchcompoundsis beyond the scope of 
this article. A few illustrativeexamplesareincludedhereinordertoprovidethereaderwith a feel for the spectral 
contributions of commonlyencounteredcompoundsthatfeatureheteroatoms.Theseincludetriple-
bondedandcumulateddouble-bondednitrogen compounds, such as cyano and cyanato com-pounds, hetero-oxy 
compounds, such as nitro, sulfoxy,phosphoroxy and silicoxy compounds, and thiols andthio-substituted 
compounds. Many of these belong toimportant compound classes, and complete texts 
existthatfocusonthespectralattributesofsuchcompounds. 
 
 Multiple-bonded and Cumulated Double-bondedNitrogenCompounds 
Nitrogen compounds featuring triple or cumulated doublebonds,suchascyanidesornitriles( C N)andcyanates( O  
C  N),allprovideauniquespectrum,typicallywithasingle,normallyintenseabsorptionat2280–2200cm—1 
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Figure 10 Transmission spectrum of n-butyric acid. CopyrightCoatesConsulting. 
  
  
 
  
(for cyano compounds) and 2285 – 1990 cm—1 (cyanates,isocyanates, thiocyanates, etc.). The band is assigned 
tothestretchingvibration,whichistheasymmetricstretchin 
  
Table11Examplegroupfrequenciesforsimplehetero-oxycompounds 
 
  
Groupfrequency(cm—1) Functionalgroup/assignment 
  
thecaseofthecumulateddouble-bondedcompounds(the   
  
symmetric stretch is typically weak, and is not diagnosticofthegroup). 
Double-bondednitrogengroups,suchasiminogroups(C N )andazogroups( N N ),exhibitabsorptionsclose to the 
carbonyl (CO) and alkene (CC) doublebondstretchingregion.Whiletheyarecharacteristicfor 
thefunctionalgroup,theyaresometimesdifficulttoassignfromfirstprinciplesbecauseoftheoverlapwithother 
  
Nitrogen-oxycompounds 
1560–1540/1380–1350a Aliphatic nitrocompounds1555–1485/1355–1320a Aromaticnitrocompounds1640–
1620/1285–1270a Organicnitrates 
Phosphorus-oxycompounds 
1350–1250 Organicphosphates(POstretch) 
1050–990 Aliphaticphosphates 
  
common functional groups in the region. For example,dependent on substitution or location, theCDN— 
groupcanoccurinthesamespectralregionastheCDOofan 
  
1240–1190/995–850 
  
(P O Cstretch) 
Aromatic phosphates(P—O—Cstretch) 
Sulfur-oxycompounds 
  
amide. Examples of the group frequencies for a fewcommon multiple-bonded and cumulated double-
bondedcompoundsareprovidedinTable10. 
 
 Hetero-oxyCompounds 
  
1335–1300/1170–1135a Dialkyl/aryl sulfones1420–1370/1200–1180a Organic  sulfates1365–1340/1200–1100a
 Sulfonates 
Silicon-oxycompounds 
1095–1075/1055–1020 Organicsiloxaneorsilicone 
  
ThegroupofcompoundscoveredherefeatureX—O 
  
 
1110–1080 
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(Si O  Si) 
Organicsiloxaneorsilicone 
  
(whereXDnitrogen,sulfur,phosphorus,andsilicon)and 
  
 (Si—O—C)  
  
XO vibrations. In general, the characteristic absorp-
tionsspanasimilarrangetothatcoveredbythecorrespondingcarbon – oxygen  compounds,  with  mostof the 
stretching frequencies observed within the mainfingerprintspectralregion(1500–400cm—1).Many 
ofthecompoundscanbeconsideredtobeanalogsofethers,especiallywhenanalkoxygroupispresent,featuring the 
XOC linkage. Interestingly, the nitrogroup(NO2)  is  isoelectronic  with  the  carboxylateiongroup(CO2—
),andbothprovideverysimilarspectra for  the main functional  group.  See Table 
11forexamplegroupfrequenciesforhetero-oxycom-pounds. 
 
 ThiolsandThio-substitutedCompounds 
Thiols and thio-substituted compounds, by definition, canbeconsideredtobethedirectanalogsoftheequivalent 
 
Table10Examplesofnitrogenmultipleandcumulateddoublebondcompoundgroupfrequencies 
  
a Asymmetric/symmetricXO2 stretch(NO2andSO2). 
 
oxygenated compounds such as alcohols and ethers.Unliketheoxygen-containinganalogs,theequivalentCSandC  
S  H  stretching  vibrations  tend  to  giverise to very weak absorptions in the infrared spectrum.The  C  S  and  S  
H  bonds  are  highly  
polarizable,andhenceproducestrongerspectralactivityintheRamanspectrumthantheinfraredspectrum.Thehigher
mass of sulfur, compared with oxygen, results in thecharacteristic group frequencies occurring at 
noticeablylower frequencies than the oxygen-containing analogs,as noted in Table 12 for compounds 
containing S  Hand CS bonds. The thiol SH is probably the onlyinfrared absorption that can be considered to be 
of usefor the general characterization of these compounds,and most of the others are obtained by inference, 
orfromknowledge  of  the  compound  type.  Catenationisauniquechemicalcharacteristicofsulfur,where 
  
  theformation of S—S bonds in extended chains is 
  
Groupfrequency(cm—1) Functionalgroup/assignment 
 
  
2280–2240 Aliphaticcyanide/nitrile 
2240–2220 Aromatic cyanide/nitrile 
2260–2240/1190–1080 Cyanate(   OCNandC   OCN 
stretch) 
2276–2240 Isocyanate(NCOasym.stretch) 
2175–2140 Thiocyanate(—SCN) 
2150–1990 Isothiocyanate(—NCS) 
1690–1590 Open-chainimino(—CDN—) 
 1630–1575 Open-chainazo(—NDN—)  
  
common,hencetheinclusionhereoftheSSstretchingfrequencies. 
 
 SimpleInorganics 
Characterization of compounds via infrared spectroscopyis not limited to organic compounds. Any 
inorganiccompoundthatformsbondsofa  covalent  naturewithinamolecular  ion  fragment,  cation  or  anion,will 
produce a characteristic absorption spectrum, withassociatedgroup frequencies.In a manner,certainaspects 
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Table12Commongroupfrequenciesforthiolsandthio-substitutedcompounds 
Groupfrequency(cm—1)  Functionalgroup/assignment2600–2550 Thiols(S—Hstretch) 
710–685 Thiolorthioether,CH2—S— 
  
4 THE PRACTICAL SITUATION –OBTAININGTHESPECTRUMANDINTERPRETINGTHERESULTS 
 
Uptothispoint,thefundamentalsofinterpretationhavebeendiscussedfromthemostbasicconceptsofinfrared 
  
660–630 
  
(C Sstretch) 
Thioethers, CH3S(CSstretch) 
  
absorptionbyamolecularspeciesandtheimpactofchemicalfunctionalityon theresultant spectrum. Inmany 
  
715–670 Arylthioethers,f—S(C—S 
  
ways,thisdiscussionhastreatedthemoleculeasamoreor 
  
 
705–570 
620–600 
500–430 
500–470 
  
stretch) 
Disulfides (C—S stretch)Disulfides (S—S stretch)Aryldisulfides(S—Sstretch) 
  
less isolated species, with no consideration of the physicalstate of the actual sample or the environment in 
whichthemoleculeexists.Physicalstateandthemolecular, 
  
 Polysulfides(S—Sstretch)  
 
Table13Examplegroupfrequenciesforcommoninorganicions 
Groupfrequency(cm—1)  Functionalgroup/assignment1490–1410/880–860a Carbonateion 
1130–1080/680–610a Sulfateion 
1380–1350/840–815a Nitrateion1100–1000 Phosphateion 
  
chemicalandphysicalenvironmentshaveaprofound 
effect on the infrared spectrum. As a result, it is just asimportanttounderstandandinterprettheseeffectsasit is to 
perform the fundamental interpretation of thefunctionalgroupsfromfirstprinciples. 
Thisparticularsectionmaybeoneofthemostimportant for many of the readers, because it reflectsthe real world, 
that is taking a sample, preparing it 
foranalysis,andmakinguseofalloftheavailableinformationonthesampleandthespectrumorspectraobtained. 
Notethatsometimesthereareseveraloptionsinthe 
  
1100–900 
a 
  
Silicateion 
  
waythatasamplemaybehandledforinfraredanalysis. 
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3300–3030/1430–1390 Ammoniumion 
  
2200–2000 Cyanideion,thiocyanateion,andrelatedions 
 
  
aTypically, the first absorption is intense and broad, and the secondhas weak to medium intensity and is 
narrow. Both often exist asmultiple band structures, and this may be used to characterize 
individualcompounds. 
 
 
have already been covered for inorganic compounds inthe form of salts of carboxylic acids and amino 
andammoniumcompounds,whichcanbeextendedtometalcomplexes, chemical fragments associated with hetero-
oxy groups (nitrates, sulfates, phosphates, silicates, etc.),and transition metal carbonyl compounds. All 
complexionic compounds (containing more than one atom) andcoordination compounds produce characteristic 
spectra.Manyoftheassociated  group  frequencies  can  beused diagnostically for characterization. The 
structureandorientationoftheionorcomplex,bothasanisolated entity or within a crystal lattice, are 
importantfactorsthataffecttheappearanceandnatureoftheinfrared spectrum. Hydration of compounds (water 
ofcrystallization) also has a large effect on the spectrum,andoftenaddsalotofcomplexity,intheformofadditional 
absorption bands and structure to existingbands.Thesubjectisfartoobroadtobecoveredinthis article, and only a 
few example group frequenciesareincludedhere  (Table 13).  The  reader  is  directedto the recommended 
standard texts for more detailedinformation.(13,14) 
  
It is often beneficial to consider the different options.Before we start to examine the situation it is important 
tounderstand the importance of the interpretation and 
todeterminetherealrequirements.Herearesomeexamplescenarios: 
1. Thesample(orspectrum)isa‗‗totalunknown‘‘and an identification is required – examples includeforensic 
samples, environmental waste samples, ornew discovery samples, where a new material 
hasbeensynthesizedordiscovered. 
2. The sample (or spectrum) is an unknown and itneeds to be characterized or classified – examplesinclude 
commercial applications where new additivesor components are included in a material to pro-vide a specific 
property; in such cases this could beconsidered the basis of competitive product analy-sis. 
3. The sample generally is known but the existence ofa specific chemical class needs to be determined –
examplesincludecontaminantanalysis,  analysisfor toxicology or environmental reasons, materialadditives,etc. 
4. The sample is a complete known and the inter-pretation is required to confirm the material com-position 
and/or quality – examples include productqualitycontrolandtheconfirmationof  a  struc-ture or functionality of 
a newly synthesized mate-rial. 
  
 
  
There are clearly many other scenarios that can beconsidered, and the examples presented may cross 
overintomorethanoneofthesescenarios.However,theideahere is to help define a strategy for the 
interpretation.For the  most part, this text will focus on scenarios 1and 2, although a passing reference may be 
made to theothers. Note also that there are two ways to address theinterpretation: 
 
oneistoattempttoassignasmanybandsaspossibleusinggroupfrequencytables; 
the other is to attempt to build up a picture usinginformationfromkeyspectralbands(withaknowl-
edgeofthegroupfrequencies)andrationalizingthespectrum relative to the sample as known, and anyknown 
history, including the sample preparation andpresentationtechnique. 
 
Thelatterapproach is the best way to go, andistypicallyfarmorerewarding.  Also,  it  is  
seldomthatallbandsintheinfrared  spectrum  of  a  samplecanbefullyoraccuratelyassigned.There  are  
toomanyambiguitiesandcoincidencesforadefinitiveinterpretation to be obtained from the spectra of 
mostmaterials–remembering,ofcourse,thatthesamplemaybeamixture. 
Tobegin,letusstartfromeitherthepointwherea spectrum has been generated or where a sample ispresented. In 
practice, these are very different startingpoints. The latter is always preferred because with thesample in hand 
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it is possible to gain a lot of first-handinformation about nature which will ultimately help in thefinal 
interpretation. The term ‗‗unknown‘‘ is used 
becausethisishowpeopleoftenviewtheinterpretationprocess;however,inrealitythereareseldomtrueunknowns–
inotherwords,thereasonfortheinterpretation  itselfoften provides implied information about the 
sample.Evenifapersonpresentsaprerecordedspectrum,itisusuallyaccompaniedbysomeadditionalinformation.Thi
s at minimum should include a knowledge of howthesamplewasprepared,whetheritisasolid,liquid,or gas, or 
some mixed state, and maybe some physicalcharacteristics(color,appearance,meltingpoint/boilingpoint, etc.). 
For the benefit of presenting a completepicture,we shall assume thatthe sample is availableand that we have the 
opportunity to perform additionaltests and measurements on it. Further, more detaileddiscussions of this 
practical approach can be found in theliterature.(18–20) 
 
 SampleHistory 
Asnoted,weareseldomdealingwithatrueunknown,andtypicalsituationsincludethefollowing: 
  
asampleoffibertakenorextractedfromaparticularenvironment; 
acontaminantremovedfromamaterial; 
asuspiciousliquidfoundleakingoutofsomedrums;aresidueextractedfromasurface; 
aresidualliquidorsolidremainingafterstorageortreatmentofaproduct; 
extracted additives or components from a commercialproduct; 
amassthatwasproducedafteraspecificchemicalreaction; 
● orsimplyamanufacturedproduct. 
Most people can equate with these different sets ofcircumstances. Each one brings information about 
thesample. 
In the case of a fiber, if it is organic, then it typicallyfitswithincertainclassesofpolymericmaterials.  Itmay have 
orientation properties, which will influencethe appearance of the infrared spectrum, depending onhow it is 
sampled, and if there is more than one fiber,then the original material may have been a blend. Theenvironment 
from where the sample was taken will beimportant because there may be surface 
contaminantsthatmayproducespuriousbandsinthe  spectrum,which may be removed by some sample 
pretreatment,suchaswashingwitha  solvent.  Alternatively,  
thefibermaybecoated,ordegraded,thermallyorbyoxidation. 
The characterization of contaminants is a commonapplication for infrared spectroscopy. For this type ofexercise 
it is necessary to know the importance of thecontaminantandwhyitisbelievedtobeacontaminant.Was it extracted 
from a liquid or solid matrix? if so,what type of matrix, and what was the composition of thematrix? Is it 
possible that the contaminant originatedfrom the matrix  itself,  as a breakdown  product? – ifso, then there 
should be some chemical similarities orcommon heritage. Was it embedded within a matrix, suchas a 
plastic/polymer film or a sheet of paper? – if so, isthe contaminant itself potentially contaminated by 
thematrix? This is especially important for interpretation,because the matrix may have a very intense 
infraredspectrumofitsown. 
Forextractedmaterials,suchasadditivesremovedfroma polymer, it is important to know something about 
thepolymer matrix – few extractions are 100% efficient, anditiscommontohavecarry-
over.Inmanysuchcases,thespectrumobtainedreflectsthatofamixtureratherthanapure compound. Things to bear 
in mind here are what theoriginalbasepolymerswere,whatotheradditivescouldbe present, and what material, 
usually a solvent, was usedfortheextraction. 
  
 
  
Looking at residues and residual products of a 
reactionissimilartotheconceptofcharacterizingacontaminant.Residuesformedwithinproductsareoftentheresultof 
a breakdown reaction or an unexpected 
interactionbetweencomponents.Ifderivedfromoneormoreofthecomponents, then a knowledge of all of the 
ingredientsis essential – again we would be looking for chemicallyrelated species in the residue, and reference 
spectra ofeachoftheingredientswouldbeimportantinattemptingto characterize the material. In the case of a 
reactionproduct, spectra for the reactants and any solvents orsubstrates(catalysts,etc.)usedwouldbehelpful. 
Finally, the identification of an end product from itsinfrared spectrum is common practice. By 
definition,unlessthefinalproductisapurechemical,mostmanufacturedproductsaremixtures,oftenfeaturingblende
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dsolidand/orliquidcomponentsfrompercentagerange concentrations to trace amounts. Often at issue 
ishowmuchcanbeidentifiedfromtheinterpretationofasinglespectrum.Itisoften 
necessarytoperformsomeformofpreconcentrationononeormoreingredients,or to perform a chemical 
modification to change thespectral response of one or more of the major ingredients.This latter operation may 
help to remove the spectralinterferences from a major component for 
determiningthepresenceofminorcomponents. 
 
 PhysicalCharacteristicsoftheSample 
From considerations based on the discussions in thesectionabove,agoodworkingknowledgeofthesampleallows 
one to determine basic information about thesample. This information can help in the determination ofthe best 
method of sampling. It can also help to indicate ifany special treatments to the sample are necessary 
beforeproceeding,suchastheremovalofresidualsolvents,ortheneedforselectiveextraction,intheeventthatthesampl
ehasmorethanonephase,orisknowntobe a mixture. Beyond this there are other importantphysical characteristics 
of the sample that can assist theinterpretation process. As indicated, physical state canbe very important. For 
example, it has been noted thatnitro compounds are isoelectronic with organic acid 
salts.Manysimplenitrocompoundsareliquids,whereassimplecarboxylatesareusuallysolids. 
There are, however, many other physical characteristicsand attributes that can be linked to the sample and 
itschemistry. This in turn can be linked to important 
spectralfeaturesintheinfraredspectrum.Twoimportantcharac-teristics are color and odor. Nitrogen compounds 
oftenhave color associated with them, e.g. nitro-
substitutedcompoundsoftenhaveacharacteristicyellowororangecolor, especially substituted phenols and 
amines. Sim-ilarly,unsaturatednitrogencompounds,suchasazo 
  
compounds, and highly conjugated olefinic compounds,such as carotenes, are similarly colored. This can be 
usedas a guide to look for the specific functionality in thespectrum. 
Likewise, odor can be a useful guide. This author isnotadvocatingthatapersonshouldinhalethevaporof a sample 
directly, for obvious reasons. However, 
ifundercautioussamplingconditionsacharacteristicodorisdetected,thenthiscanprovideavaluableinsightregard-
ing the presence of particular functional groups. Commonexamples are alcohols, esters, and ketones, which 
oftenpossess relatively pleasant fragrances, especially whenassociated with some degree of unsaturation. An 
almond-like odor might indicate a nitro compound, benzaldehyde,oracyanocompound(caution!),afish-
likeodorisoftenassociated with amino or amido compounds, and a putridor‗‗bad-
cheese‘‘odorisassociatedwithcertaincarboxylicacids.Withtime,onecanbuildupamentallibraryofcom-mon odors 
and fragrances, and these can be very 
valuableforinitialmaterialscreening,byhelpingonelookforthepresenceofspecificfunctionalgroups. 
Volatilityandflammabilitycanbeusefulguides.Most volatile compounds tend to have a relatively lowmolecular 
weight, and they usually are unassociated. Thislatter point helps to rule out certain hydrogen-bondedspecies, 
such as carboxylic acids, amines, and multiplehydroxy-substituted compounds (such as glycols). If 
asampleissubmittedforsomeformofcombustionanalysis,itisworthwhilemonitoringhowitburns.Ifitburnswithacle
an,bluishflame,thatmightindicatethatthesampleisoxygenated(alcoholorether).Ifithasayellowand/orsmoky 
flame, it indicates an excess of carbon, possibleunsaturation or an aromatic compound. The latter 
canproduceaverysmokyflame. 
 
 TheChemistryoftheSample 
First, there are issues relating to solubility. The old adage,like dissolves like, is very appropriate. Nonpolar 
materialssuch as hydrocarbons tend to be more soluble in nonpolarsolvents, such as hydrocarbons or 
chlorinated solvents,whereaspolarmaterialsfavorsolventssuchasmethanoland acetone, and in extreme cases 
their solubility maybe limited  to the  most polar  solvents,  such as water.If a material is potentially identified 
from its infraredspectrumasacarboxylicacidoranaminocompound,thenit is worthwhile to check the pH. Also, it 
is worthwhileto check its ability to form a salt – carboxylic acids reactwith sodium carbonate or sodium 
hydroxide to form acarboxylate salt, and amines react with dilute mineralacids, such as hydrochloric acid, to 
form amine salts(aminehydrochlorideswithhydrochloricacid). 
Certain compounds react with water; examples areacidhalidesandacidanhydrides.Alternatively,these 
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compounds will react with alcohols and amines to formesters and amides. The formation of such derivatives 
iscommon practice in the identification of organic com-pounds, and can be extremely informative in a 
definitiveidentification by infrared spectroscopy. Other chemicalmodifications that can be equally informative 
are for theidentificationof olefinic orunsaturated compounds.Asimplereactionwithbromine(caution–
useinsolution,orprepare  in  situ)  will  often  confirm  the  presence  ofa double bond. The reaction product can 
be helpful incharacterizingthenatureoftheunsaturation,especiallyin the case of a cis configuration, which is 
often spectrallymasked byotherabsorptionsintheregion. 
One similar modification, which is strictly not 
chemicalinnature,isdeuteriumexchange.Inthiscase,acompoundwith either a labile hydroxy group or an amino 
group isplaced in equilibrium with a deuterated solvent, such asdeuterium oxide (heavy water). The 
replacement of theOH in the molecule by OD, in the case of 
hydroxycompounds,canhelpintheconfirmationofthehydroxygroup, and it can shift an overlapping hydroxy 
functionfrom the CH stretching and bending regions, 
therebyassistinginthedeterminationofthebackbonestructure.Note that the shift induced by the replacement of 
OHbyODisnearlyasmuchas1000cm—1. 
Finally,animportantchemicalcharacteristictobe 
understoodishydrogenbonding.Theinfraredspectrumis a wonderful tool for helping to monitor the presenceof 
this phenomenon. However, one must be aware ofthe fact that hydrogen bonding is usually 
concentrationdependent.  If  a  hydroxy  compound  is  examined  
inanonpolarsolvent,oneshouldbeawarethatthehydroxygroupspectrum,inparticularbandsassignedto the 
stretching vibration, will change shape, 
position,andintensityasafunctionofconcentration.Also,diagnostically,ifthehydroxygroupbandsdonotchange 
significantly with concentration, then this is astrong indication of intramolecular (internal) hydrogenbonding. 
This latter information is important in 
helpingtodeterminethespatialrelationshipsofhydroxygroupswithinamolecule. 
The last two sections might seem to be obvious 
basicknowledgeinthechemistryandphysicalpropertiesofamaterial. However, just simple observations of the 
typedescribedcanbeinvaluableindeterminingthepresenceof specific functional groups when used in 
combinationwiththeinfraredspectrum.Likewise,theuseofnegativespectral information, viz. the absence of a 
characteristicgroupfrequency,isequallyimportant.Forexample,ifasamplehasanalmond-
likeodor,butdoesnothaveastrongbandbetween2200and2000 cm—1,thenthecompound is more likely to be a nitro 
compound orbenzaldehydethanacyanocompound.Ifanaldehydic 
  
carbonyl group is absent, then the compound probablycontainsanitrogroup. 
 
 TheInfraredSamplingMethod 
The final appearance of the infrared spectrum is veryimportant in the interpretation process. Where 
possible,italwayshelpstobeabletostudythesampleasitoccursnaturally, without any form of physical 
modification. Thiseliminates the possibility of any interactions, or evenchemical modifications. A common 
method for handlingsolid samples is known as the compressed alkali metalhalide pellet method (KBr pellet or 
disk method). Thismethod of sample preparation is prone to difficulties, andit often requires a skilled operator 
to produce good-quality spectra on a routine basis. A poor samplingtechnique with this method can lead to 
spectral 
artifactsanddistortions,allofwhichcancausedifficultiesintheinterpretation.Furthermore,somecompoundsmayrea
ctwith KBr, causing either a liberation of the 
halogen(oxidants)orhalogenexchange(halidesalts).Theactofapplyingpressurecanalsochangetheappearanceof the 
spectrum, especially when a material exists inmore than one polymorphic form. The pressure maycause one 
polymorphto dominate,  thereby changingthe entire absorption band distribution of the 
spectrum.Thisisespeciallyaproblemwithcertainpharmaceuticalproducts. 
Otherpretreatmentmethods,such as meltsandcastfilms for solid samples, can cause similar problems. 
Thecooling process (from melts) or the casting process caninduce preferential crystallization of a particular 
form ofthe material, and sometimes preferred orientationscanresult. All of these effects can give rise to 
nonrepresenta-tivespectra,whichcancauseinterpretationproblems. 
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Withliquids,itisalwaysbeneficialtoexaminethesample as it is received. Liquid transmission cells havebeen used 
successfully in the past, but care and attentionmustbepaidtothenatureofthewindowmaterialandto the cell 
pathlength. Low-molecular-weight materialsusually require very short pathlengths in order to obtain agood-
quality spectrum with most of the absorption bandson-scale. If too many bands bottom out, it is difficult 
toascertain the relative intensity of certain key functionalgroups, and sometimes key factors, such as band 
splitting,may be missed. Also, if the sample is of low molecularweight, and volatile, it is important to ensure 
that the cellsealsadequately. 
In recent years, focus has been placed on reflectancemethodsofmeasurement,primarilyfromthesurfaceof a 
sample. The most common methods are diffusereflectance, specular reflectance and/or transflectance,and ATR. 
Generally, these are nondestructive meth-ods,andrequireonlyaminimumamountofsample 
  
 
  
preparation. The specular and transflectance methodshavefoundgreatestusewithmicroscope-basedmethodsof 
spectral measurement. Diffuse reflectance and ATRare important laboratory methods, and both lend them-
selves to rapid and reproducible sampling. However, bothmethods have an impact on the spectrum, and 
neithermethodnecessarilyprovidesatruespectrumofthesam-
plefreefromsomeformofdistortionoraberration.ATRisthesimplesttohandle,anditsmainlimitationisthatitprovides
aspectrumwherethespectrumintensityacrossthe spectrum increases as a function of wavelength. Bothdiffuse 
reflectance and specular reflectance can be themostdifficulttohandle,becausebothmethodscancausesevere band 
distortions, linked to surface and refrac-tive index phenomena. In all three cases, the nature andthe origin of the 
distortions are understood, and can beassigned to known physical properties. If necessary, soft-
warealgorithmscanbeappliedtocorrectformostofthedistortions – a wavelength correction function in the caseof 
ATR (for qualitative use), and a spectrum transfor-mation, known as the Kramers – Kronig transform, in 
thecaseofsurfacereflectancedistortions. 
Oneothertechniquethatisnotsocommonbutis 
importantforcertain‗‗difficult-to-
handle‘‘samplesisphotoacousticspectroscopy.Theaccessory,whichalsofunctionsasthedetector,providesatrueabso
rptionspectrumfromasampledirectly,withnosamplemodification.Itisparticularlygoodforsamplesthatnaturallyha
vehighabsorption,suchascarbon-filledmaterials,andformaterialsthatareagoodthermalconductor. As with ATR 
spectra, there is a wavelengthdependenceofthepeakintensityacrossthespectrum. 
The entire subject of sample handling is very broad,and generally falls outsidethe scope of this article.However, 
its impact on the final infrared spectrum anditsresultantimpactontheinterpretationprocesscanbe very profound. 
Therefore, the reader is encouragedto read specific texts that address the subject in greaterdetail.(21–23) 
 
 
5 AN OVERVIEW TO INFRAREDSPECTRALINTERPRETATION–SOMESIMPLE RULES 
ANDGUIDELINES 
 
Thisfinalsectionisareviewoftheideaspresentedsofaras to how to go about the interpretation of an 
infraredspectrum. With it, there is the implied understanding 
thattheinfraredspectrumisonlyonesourceofinformation,and additional information is most likely required for 
asatisfactory analysis of the spectrum. The following area set of simple guidelines to help a person through 
theearlystagesofrationalizinganinfraredspectrumandto 
  
gettothefirststagesofaninterpretation.However,notethatthisisnotadefinitivesetofrules. 
First,itisimportanttoappreciatethatthereareoftenrecurringpatternsinthespectrumthatarecharacter-
isticofcertainclassesorcompoundsand/orfunctionalgroups.Suchpatternscanbefarmorediagnosticintheinterpretat
ionprocessthanmerelyisolatedgroupfrequencies.Examplesincludetheoverallappearanceofthehydrogen-
bondedhydroxyfunctionality,thepat-
ternsassociatedwithunsaturationandaromaticity,andthecombinationsofbandsusedtocharacterizediffer-
entcarbonylcompounds.Tostart,itisworthwhiletodetermineifthecompoundisorganic(evidenceofCHfunctionality
)andifthereisacharacteristicchainorringassociated withthe compound.Havingdeterminedthis, 
itisworthwhiletoreflectonthecomplexityofthespectrum,andtoseeif oneortwocharacteristicfunction-alities, 
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associated with simple functional groups (OH,NH, CO, etc.) are present. Often, the like-to-like ruleapplies– 
thatis,asimplespectrumisusuallyindicativeof 
asimplemolecularstructure,andviceversa. 
If the spectrum clearly indicates multiple functionality,thenbeawarethatmutualinteractionmaybeoccurring,and 
this may be causing some deviations from ideality,relative to the common group frequency assignments.Also, 
remember that multiple functionality might reflect acomplex structure, but it might also reflect that the 
sampleisamixture.Inbothcases,anappreciationoftheexistenceofspectralcoincidencesisveryimportant.Forexample,
a strong absorption between 1250 and 1150 cm—1 can 
beassignedtonumeroustypesofchemicalbonds,fromtheCFgrouptotheSiOgroup.Acarefulassessmentoftheothersp
ectralfeatures,andmostlikelyanunderstandingofthenatureofthesample,willusuallyhelpinresolvingsomeoftheses
pectralcoincidencesituations.Theuseofknown relative band intensities for certain 
functionalgroupscanalsobehelpfulin  determining  whetherbandoverlapisoccurring,andinparticularwhetherthe 
bands from a group are being obscured by othermore intense bands. A good example is the overlap ofthe cis 
CH out-of-plane bending vibration, which istypically overlapped by the (CH2)nrocking vibrationoflong-
chainaliphaticcompounds. 
Also, if multiple functionality exists, some form ofseparationschememaybeinordertohelpdetermineif the sample 
is a mixture and, if so, to help separatesomeofthecomponents.Whilethismaynotalwaysbenecessary – 
therearemanycommercialmixturesidentifiablefromtheoriginalspectrum – itisoftenrequired for a more definitive 
evaluation of a samplefrom its infrared spectrum. An example of such a mixtureis provided in Figure 11. The 
spectrum of this four-component mixture can be interpreted from a knowledgeofthecomponents–
acetone,methanol,dichloromethane 
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molecular ion (carbonate, sulfate, nitrate, ammonium,etc.) or a covalent species (chloroform, 
dichloromethane,methanol, water, etc.). In this case, the physical propertiesareimportant–
ifthematerialisacrystallinesolid,thenitismostlikelyasalt;ifitisamobile,possiblyvolatile,liquid,thenthelatterprobabl
yapplies.Notethattherearealways exceptions, e.g. bromoform and iodoform, 
simplecovalentcompounds,arecrystallinesolids(bothmeltatlowtemperatures,whereassaltsdonot).Oneotherclasso
f compounds worth mentioning here is simple polymers,such as polyethylene and polytetrafluoroethylene, 
bothof which exhibit very simple spectra when obtained fromthinfilms. 
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Figure 11 ATR spectrum of a commercial solvent mixturecontaining methanol, dichloromethane, toluene and 
acetone.CopyrightCoatesConsulting. 
 
andtoluene.However,theuseofseparationtechniques,suchaswater-basedsolventextraction,andpartialdistillation 
can help in determining the identity of thecomponents. 
Finally,intermsofusingthefirst-assessmentrulesoutlined in the remainder of this section, it is important 
toincorporate all known chemical and physical 
information,includingpertinenttestdata,suchasthepresenceofunsaturation,whichmaybeusedtocorroboratethespe
ctraldataforasuspecteddouble  bond.  Rememberthatsimple  information,  such  as  color  and  odor,  
canbeequally  important – highly  conjugated  compoundsandnitrocompounds  often  give  rise  to  
significantcolor, and numerous functionalgroups, such as 
esters,ketones,unsaturation,andnitrogroups,havehighlycharacteristicfragrancesorodors,  even  in  the  
solidstate. 
The following first assessment guide is based on theexamination of critical spectral regions for evidence 
ofhighly characteristic molecular backbones or fragmentsand functional groups. An important point to 
rememberhereisthatnegativeinformation,intheformofno-bandregions,  is  extremely  important,  and  
helpstoeliminatemajorclassesofchemicalcompounds,thereby reducing the number of possibilities in the 
finalinterpretation. 
 
 AQuickDiagnosticAssessmentofanInfraredSpectrum 
 
 Step1:OverallSpectrumAppearance 
Is the spectrum simple? Are there only a few maincharacteristicabsorptionbands,saylessthanfive? 
Ifthespectrumissimple,asdefined,then thecompoundmaybealow-molecular-
weightorganicorinorganiccompound,suchasasimplesaltofacommon 
  
Aresome  of  the  bands  broad?  Hydrogen  bond-ing possibly exists and can be exhibited in hydrates,water 
solutions, alcohols, ammonium compounds, aminocompounds, etc. Note that some inorganics may exhibita 
combination of both broad and very narrow bands,evenforcertainhydratedspecies.Theseareoftenrelated to the 
crystalline structure of the compound andthe symmetry of certain aspects of the molecular/ionicstructure. 
 
 DiagnosticStep2:TestingforOrganicsandHydrocarbons – Absorptions in the Region3200–2700cm—1 
Well-defined and characteristic absorptions in this regionare normally characteristic of carbon- and hydrogen-
containingspecies,andareassignedtovariousformsofCHstretching. 
Arethereabsorptionsabove3000cm—1?Ifyes,then 
thecompoundislikelytobeunsaturated(containsCC)oraromatic.Ifisolatedabsorptionsoccurat3010and/or3040 
cm—1, then the absorbing species is mostly simpleolefinicunsaturation. 
Is themain absorptionbelow 3000 cm—1? If so, 
thecompoundisprobablyaliphatic.Ifthemainabsorptionsareapproximately 2935and2860cm—
1,andtherearealsoabsorptions at 1470 and 720 cm—1, then the 
compoundprobablycontainsalonglinearaliphaticchain. 
 
 DiagnosticStep3:TestingforHydroxyorAminoGroups–AbsorptionsintheRegion 
3650–3250cm—1 
Hydroxy or amino groups mainly dominate this 
region,bothgivingrisetoverycharacteristicbandprofiles.Thepresence or absence of hydrogen bonding is well 
delin-eated in this region. One other characteristic 
vibrationthatisobservedinthisregion,whichisunlikelytobeconfusedwithanyotherfunctionalgroup,istheCHstretch
ofaterminalalkyne(acetyleniccom-pound).Thisexhibitsarelativelynarrowabsorptionat 
  
 
  
3300 cm—1, and is associated with a  second (C   C) bandat2200cm—1. 
Isthemainabsorptionbandintheareabroad?Ifso,thecompoundisprobablyahydroxyoraminogroup.Knowledgeofth
epresenceofnitrogenoranitrogenous base (pH or titration) helps to support anaminocompound. 
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Arethereadditionalmoderatetointensebandsintheranges1600–1300,1200–1000and800–600cm—1?If so, the 
compound is likely to be a simple hydroxycompound.Rememberthatthesimplehydrogen-bondedOH 
absorption of a hydroxy (alcohol) function has a verycharacteristicshape. 
If the feature is relatively sharp and occurs between3670 and 3550 cm—1, the compound probably contains 
anon-hydrogen-bonded hydroxy group, often an alcoholor phenol with a sterically hindered OH group. 
Notealsothatthisspectralfeatureisalsoexhibitedbycertaininorganics and minerals, and is indicative of a 
‗‗free‘‘OH group, either on the surface, or embedded within 
acrystallattice,andfreefrominteractionswithotherionsorgroups. 
 
 Diagnostic Step 4: Testing for CarbonylCompounds–AbsorptionsintheRegion1850–1650cm—1 
A major band in this region usually indicates the presenceof a CO group (carbonyl compound). Note that cer-
tain CN (imino) and NN (azo) groups may interfere,examplecompoundsbeingpurines. 
Is the absorption at the high end of the range, e.g.1775 cm—
1orabove?Ifyes,thecompoundprobablycontainsareactivecarbonyl,suchas  an  
anhydride,acidhalide(acylhalide)ora-halogenatedcarbonyl,orastrained-
ringcarbonyl,suchasalactone,oranorganiccarbonate. 
Istheabsorptioninthemiddleofthe range,1750–1700cm—1?Ifyes,thecompoundisprobablyasim-ple carbonyl 
compound, such as a ketone, an aldehyde,anester,oracarboxylicacid. 
Is the absorption at the low end of the range, e.g. below1700 cm—1? If yes, the compound is probably an amide 
ora carboxylate (carboxylic acid salt). Note that 
conjugationwithanothercarbonylgroup,oradoublebondoraromatic ring, will lower the carbonyl absorption 
by30– 50 cm—1.Therefore, conjugatedaldehydes,ketones,esters, and carboxylic acids may fall into this lower 
endcategory. If conjugation with a double bond is present,then a second strong absorption should be 
observednearby, between 1650 and 1600 cm—1. In the case of theinvolvement of an aromatic ring, it is 
important to lookfor evidence of the characteristic aromatic absorptions(seeDiagnosticStep6). 
  
 DiagnosticStep5:TestingforUnsaturation–WeaktoModerateAbsorption intheRegion 
1670–1620cm—1 
Note that this is not a particularly definitive diagnosticwithoutthesupportofothercorroboratingabsorptions. 
A relatively narrow, weak-to-moderate absorption,normallycenteredaround1650 cm—1,isindicativeofolefinic 
unsaturation (CC). A lowering of this fre-quency, accompanied by intensification of the band, ischaracteristic of 
conjugation with another double bondstructure, such as CC, CO or an aromatic ring 
(seecommentsinDiagnosticStep4). 
Thetestforunsaturationnormally  involves  a  checkforCHpeaksabove3000cm—
1,andtypicallyasasingle,orpossiblyapair,ofabsorptions(dependentonconfigurationofthedoublebond)at 3085 
cm—1and/or3025cm—1–nottobeconfusedwiththemultipleband 
situationforaromatics(seeDiagnosticStep6). 
Are there single or multiple bands between 1000 and880 cm—1(CHout-of-
planebending)?Ifso,this,incombination with the 1650 and 3010 and/or 3040 cm—1bands, can be used as an 
assignment of unsaturation.Thisiseitherterminal  (or  vinyl CH  CH2),  with  apairofbands,normallylocated  
about  990 cm—1  andclose to 900cm—1, or trans unsaturation (CH  CH), 
withabandcenteredaround965–960cm—1.Asingleband around 890cm—1, in conjunction with the other 
unsaturation absorptions, can indicate a vinylidene (orpendant,CCH2)typeofolefinicdoublebond. 
Note that a cis configuration (CHCH) is sometimeshardtocharacterize,becausethenormallycharacteristicCH out-
of-plane bending is broad, with only a moderateabsorption,andoccursinaregion(around700 cm—
1)whereitcanoverlapwithabsorptionsfromotherstructural components, such as long-chain 
aliphatics,aromatics,andhalogencompounds. 
 
 DiagnosticStep6:Testingfor 
Aromatics –Well-definedAbsorptionsintheRegion1615–1495cm—1 
One,buttypicallytwo,setsofbandsintheregion,withoneset around 1600 cm—1 and the other around 1500 cm—
1,are consistent with an aromatic compound. Sometimestheabsorptionsoccurassinglebands,atothertimesone or 
more of the band sets may appear split, as 
anasymmetricdoublet.Thisassignmentisusuallyconfirmedbythepresenceofotherbandsinthespectrum. 
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Arethereaseriesofweak-to-moderateabsorptionsintheregion3150 – 3000 cm—1, which can be assignedto 
aromatic CH stretching? These usually support thepresence of the 1600/1500 cm—1 aromatic ring bands 
(seeDiagnosticStep2). 
  
 
  
For simple aromatic compounds, a series of weakabsorptionsmay be observed between 2000 and1700 cm—1. 
These are multiple  combination bands 
thatarenoticeablyweak,andaretypicallynottobeconfusedwithanisolatedweakcarbonylabsorption. 
The CH bendingvibrationscan also beused tosupport the presence of an aromatic structure. If therearemedium-
to-strongabsorptions,sometimesmorethanone, between 850 and 670 cm—1, these can be assigned toCH out-of-
plane bending on an aromatic ring. Thesesupport the assignment of the 1600/1500 cm—1 bands, andthe 
locations of the bands are often indicative of thenature of the substitution of the aromatic ring. For 
simplestructures, it is possible to differentiate mono-, di- (ortho,metaandpara),andcertainpoly-
substitutions.Notethata single, strong band may support simple ortho (around750cm—1) or 
para(around830cm—1) substitution. 
Many organic compounds have multiple band struc-tures in the region 1150 – 950 cm—1. The in-plane 
CHbendingvibrationsofaromaticcompoundstypicallyoccurin this region, and can exist as complex band struc-
tures(multiple,well-
definedbands).Theytendnottobediagnosticformanycompoundsbecauseofconflictandoverlapwithotherfunctional
groupabsorptions,includ-ingsomeskeletal(backbone)vibrations.However,theyare clearly observable in simple 
hydrocarbons as weak-to-moderateabsorptions,andinhalogen-substitutedaromatic compounds (such as 
chlorobenzenes) as charac-teristicstrongabsorptions. 
 
 Diagnostic Step 7: Testing for Multiple Bonding(Oftenwitha BondOrderof 2or 
Higher)–AbsorptionintheRegion2300–1990cm—1 
Multiply bonded nitrogen compounds and cumulatedmultiple bond compounds, such as cyanides 
(nitriles),cyanates,isocyanates,thiocyanates,anddiazocom-pounds, exhibit characteristic absorptions in the 
region2300–1990cm—1.Cyanideabsorptionsvaryfromweaktomoderate to strong, depending on the nature of 
othersubstituents in the molecule. Conjugation, including sub-stitution on an aromatic ring, modifies the 
intensity of thisabsorption. 
If the absorption band is extremely strong, the groupis more likely to be a three-center functionality, such as 
acyanate,anisocyanate,orathiocyanate. 
Acetylenes and alkyne substituents also exhibit a weak-to-moderate absorption within the same spectral 
region.If the acetylenic function is internal (medial), then 
theabsorptioncanbeextremelyweak.However,aterminalalkyne group (CC) band may have moderate 
intensity,and this is supported by a characteristic CH stretchingabsorptionaround3310cm—1.Arelativelylow-
frequency 
  
C   H bending vibration around 630 cm—1 also confirmstheterminalalkynevibration. 
Metalcarbonylshave  unique  bonding,  where  
thebondorderbetweenthecarbonandoxygenisbetweentwoandthree,andwheretheadditionalelectronsareprovided
bydpback-bondingfromtheaccompanyingtransition metal atom. The multiply bonded CO 
groupprovidesanextremely intense absorption band closeto2000 cm—1(typicallybetween2100and1900 cm—
1),theactualposition  of  the  band(s)  and  the  
complexityofthebandsbeingdependentonthestructureofthecompound. 
Notethatanisolatedweak-to-moderateintensityabsorptionabovethespecifiedregion,andtypicallybetween 2700 
and 2400 cm—1, is not normally associatedwith a multiply bonded compound. These 
absorptionsareusuallyfromhydridevibrations,suchasfromsilanes(SiH), thiols and sulfides (SH), phosphines 
(PH),arsines(AsH),  boranes  (B  H),  etc.  Knowledge  oftheexistence ofthe  accompanying  heteroatom  helpsin 
the assignment of the XH bonds in these com-pounds. 
Thisconcludesthesummarydataforafirst-passassessmentofaninfrared  spectrum,  based  on  
themostcommonandcharacteristicgroup  frequencies.The technique is not foolproof, but for many 
simplecompounds,ifonesystematicallyappliesthediagnostictestsonthespectrumfromasample,aspresentedabove, 
it is possible to gain some understanding of thechemical functionality. It is always hoped that 
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moreinformationcan  be  gained  from  the  sample,  eitherby first-hand knowledge or by asking questions, or 
byperforming additional tests. Once a basic interpretationis accomplished, and the sample is broadly 
characterized,itisrecommended that reference spectra are usedtotry 
toobtainamoreexactmatchtothesample.Alwaysbearinmindthatthesamplecouldbe  amixture, such as a 
commercially formulated/compoundedmaterial. In such cases, an exact match may not bepossible, unless the 
reference spectrum exists for theformulation. 
 
 
ABBREVIATIONS AND ACRONYMS 
 
ATR     AttenuatedTotalReflectance 
 
 
RELATEDARTICLES 
 
InfraredSpectroscopy (Volume12) 
QuantitativeAnalysis, InfraredTheory of InfraredSpectroscopy 
  
 
  

REFERENCES 
 
[1] H.A. Szymanski,R.E. Erickson,InfraredBandHand-book, PlenumPress, NewYork, 2 Volumes, 1970. 
[2] P. Gans,VibratingMolecules:anIntroductiontotheInterpretation of Infrared and Raman Spectra,         

Chapman&Hall,London,1975. 
[3] N.B. Colthrup, L.H. Daly, S.E. Wiberley, Introduction toInfrared and Raman Spectroscopy, Academic 

Press, SanDiego,CA,1–73,1990. 
[4] J.M. Hollas,ModernSpectroscopy,3rdedition,JohnWiley&Sons,NewYork,1996. 
[5] J.P. Coates,‗TheInterpretationofInfraredSpectra:PublishedReferenceSources‘,Appl.  Spectrosc.  Rev.,31(1–

2),179–192(1996). 
[6] L.J. Bellamy,InfraredSpectraofComplexMolecules,Chapman&Hall,NewYork,Vol.1,1975. 
[7] L.J. Bellamy, Advances in Infrared Group Frequencies,Infrared Spectra of Complex Molecules, Chapman 

& Hall,NewYork,Vol.2,1980. 
[8] Chanthati, Sasibhushan Rao. (2021). How the Power of Machine – Machine Learning, Data Science and NLP Can Be 

Used to Prevent Spoofing and Reduce Financial Risks. 10.13140/RG.2.2.18761.76640. 
[9] D. Steele, Interpretation of Vibrational Spectra, Chapman&Hall,London,1971. 
[10] N.B. Colthrup, L.H. Daly, S.E. Wiberley, Introduction toInfrared and Raman Spectroscopy, Academic 

Press, SanDiego,CA,1990. 
[11] G. Socrates, Infrared Characteristic Group Frequencies,JohnWiley&Sons,NewYork,1994. 
[12] D. Lin-Vien, N.B. Colthup, W.G. Fateley, J.G. Grasselli,Infrared and Raman Characteristic Frequencies of 

OrganicMolecules,Academic Press, SanDiego,CA, 1991. 
[13] B. Smith, Infrared Spectral Interpretation, a SystematicApproach, CRC Press,Boca Raton,FL,1999. 
[14] Naga Ramesh Palakurti, 2023. "Evolving Drug Discovery: Artificial Intelligence and Machine Learning's Impact in 

Pharmaceutical Research" ESP Journal of Engineering & Technology Advancements 3(3): 136-147. [Link] 
[15] Naga Ramesh Palakurti, 2022. "AI Applications in Food Safety and Quality Control" ESP Journal of Engineering & 

Technology Advancements 2(3): 48-61. [Link] 
[16] Chanthati, S. R. (2024). An automated process in building organic branding opportunity, budget Intensity, 

recommendation in seasons with Google trends data. Sasibhushan Rao Chanthati. 
https://doi.org/10.30574/wjaets.2024.12.2.0326 

[17] Kumar Shukla, Nimeshkumar Patel, Hirenkumar Mistry, 2024.‖ Securing The Cloud: Strategies and Innovations In 
Network Security For Modern Computing Environments” Volume 11, Issue 04 pp. 1786-1796. [Link] 

[18] Muthukumaran Vaithianathan, Mahesh Patil, Shunyee Frank Ng, Shiv Udkar, 2024. "Verification of Low-Power 
Semiconductor Designs Using UVM", ESP Journal of Engineering & Technology Advancements 4(3): 28-44. 

[19] Doctor, A., B. Vondenbusch, and J. Kozak. "Bone segmentation applying rigid bone position and triple shadow check 
method based on RF data." Acta of Bioengineering and Biomechanics, 13.2 (2011): 3-11.  

[20] Jaseem Pookandy, Enhancing Customer Relationship Management with Salesforce: A Comprehensive Review, 
International Journal of Computer Engineering and Technology (IJCET), 15(4), 2024, pp. 64-84 

https://espjeta.org/Volume3-Issue1/JETA-V3I3P107.pdf
https://espjeta.org/Volume2-Issue3/JETA-V2I3P111.pdf
https://doi.org/10.30574/wjaets.2024.12.2.0326
https://www.irjet.net/archives/V11/i4/IRJET-V11I4289.pdf


International Conference on Exploring AI, IOT, Science & Technology (ICEAIST)-2024 

 

36 Special Issue of ICEAIST-24 
 

[21] Muthukumaran Vaithianathan, Mahesh Patil, Shunyee Frank Ng, Shiv Udkar, 2024. "Energy-Efficient FPGA Design 
for Wearable and Implantable Devices" ESP International Journal of Advancements in Science & Technology (ESP-IJAST) 
Volume 2, Issue 2: 37-51. 

[22] Julian, Anitha , Mary, Gerardine Immaculate , Selvi, S. , Rele, Mayur & Vaithianathan, 
Muthukumaran (2024) Blockchain based solutions for privacy-preserving authentication and authorization in 
networks, Journal of Discrete Mathematical Sciences and Cryptography, 27:2-B, 797–808, DOI: 10.47974/JDMSC-1956 

[23] Muthukumaran Vaithianathan, 2024. "Digital Signal Processing for Noise Suppression in Voice Signals", IJCSPUB - 

INTERNATIONAL JOURNAL OF CURRENT SCIENCE (www.IJCSPUB.org), ISSN: 2250-1770, Vol.14, Issue 2, page 

no.72-80, April-2024, Available: https://rjpn.org/IJCSPUB/papers/IJCSP24B1010.pdf 

[24] Muthukumaran Vaithianathan, "Real-Time Object Detection and Recognition in FPGA-Based Autonomous Driving 
Systems," International Journal of Computer Trends and Technology, vol. 72, no. 4, pp. 145-152, 2024. Crossref, 
https://doi.org/10.14445/22312803/IJCTT-V72I4P119 

[25] Muthukumaran Vaithianathan, Mahesh Patil, Shunyee Frank Ng, Shiv Udkar, 2023. "Comparative Study of FPGA and 
GPU for High-Performance Computing and AI" ESP International Journal of Advancements in Computational Technology 
(ESP-IJACT) Volume 1, Issue 1: 37-46. [PDF] 

[26] Muthukumaran Vaithianathan, Mahesh Patil, Shunyee Frank Ng, Shiv Udkar, 2024. "Low-Power FPGA Design 
Techniques for Next-Generation Mobile Devices" ESP International Journal of Advancements in Computational Technology 
(ESP-IJACT) Volume 2, Issue 2: 82-93. [PDF] 

[27] Dhamotharan Seenivasan, Muthukumaran Vaithianathan, 2023. "Real-Time Adaptation: Change Data Capture in Modern 
Computer Architecture" ESP International Journal of Advancements in Computational Technology (ESP-IJACT) Volume 
1, Issue 2: 49-61. [PDF] 

[28] Muthukumaran Vaithianathan, Mahesh Patil, Shunyee Frank Ng, Shiv Udkar, 2024. "Integrating AI and Machine 
Learning with UVM in Semiconductor Design" ESP International Journal of Advancements in Computational Technology 
(ESP-IJACT) Volume 2, Issue 3: 37-51. [PDF] 

[29] Chanthati, Sasibhushan Rao. (2021). A segmented approach to encouragement of entrepreneurship using data science. World 

Journal of Advanced Engineering Technology and Sciences. https://doi.org/10.30574/wjaets.2024.12.2.0330, [link]  

[30] Patel, N. (2024, March). SECURE ACCESS SERVICE EDGE(SASE): ―EVALUATING THE IMPACT OF CONVEREGED 
NETWORK SECURITYARCHITECTURES IN CLOUD COMPUTING.‖ Journal of Emerging Technologies and 
Innovative Research. https://www.jetir.org/papers/JETIR2403481.pdf 

[31] Vishwanath Gojanur , Aparna Bhat, ―Wireless Personal Health Monitoring System‖, IJETCAS:International Journal of 
Emerging Technologies in Computational and Applied Sciences,eISSN: 2279-0055,pISSN: 2279-0047, 2014. [Link] 

[32] Mistry, H., Shukla, K., & Patel, N. (2024). Transforming Incident Responses, Automating Security Measures, and 
Revolutionizing Defence Strategies throughAI-Powered Cybersecurity. Journal of Emerging Technologies and 
Innovative Research, 11(3), 25. https://www.jetir.org/ 

[33] Aparna Bhat, ―Comparison of Clustering Algorithms and Clustering Protocols in Heterogeneous Wireless Sensor 
Networks: A Survey,‖ 2014 INTERNATIONAL JOURNAL OF SCIENTIFIC PROGRESS AND RESEARCH (IJSPR)-
ISSN : 2349-4689 Volume 04- NO.1, 2014. [Link] 

[34] Shashikant Tank Kumar Mahendrabhai Shukla,  Nimeshkumar Patel, Veeral Patel, 2024.‖ AI BASED CYBER 
SECURITY DATA ANALYTIC DEVICE‖, 414425-001, [Link] 

[35] Aparna Bhat, Rajeshwari Hegde, ―Comprehensive Study of Renewable Energy Resources and Present Scenario in 
India,‖ 2015 IEEE International Conference on Engineering and Technology (ICETECH), Coimbatore, TN, India, 2015. 
[Link] 

[36] Sarangkumar Radadia Kumar Mahendrabhai Shukla ,Nimeshkumar Patel ,Hirenkumar Mistry,Keyur Dodiya 2024.‖ 
CYBER SECURITY DETECTING AND ALERTING DEVICE‖, 412409-001, [Link] 

[37] Aparna K Bhat, Rajeshwari Hegde, 2014. ―Comprehensive Analysis Of Acoustic Echo Cancellation Algorithms On 
DSP Processor‖, International Journal of Advance Computational Engineering and Networking (IJACEN), volume 2, 
Issue 9, pp.6-11. [Link] 

[38] Nimeshkumar Patel, 2022.‖ QUANTUM CRYPTOGRAPHY IN HEALTHCARE INFORMATION SYSTEMS: 
ENHANCING SECURITY IN MEDICAL DATA STORAGE AND COMMUNICATION‖, Journal of Emerging 
Technologies and Innovative Research,   volume 9, issue 8, pp.g193-g202. [Link] 

[39] Bhat, A., & Gojanur, V. (2015). Evolution Of 4g: A Study. International Journal of Innovative Research in 
ComputerScience & Engineering (IJIRCSE). Booth, K. (2020, December 4). How 5G is breaking new ground in the 
construction industry. BDC Magazine.https://bdcmagazine.com/2020/12/how-5g-is-breaking-new-ground-in-the-
constructionindustry/. [Link] 

[40] Nimeshkumar Patel, 2021.‖ SUSTAINABLE SMART CITIES: LEVERAGING IOT AND DATA ANALYTICS FOR 
ENERGY EFFICIENCY AND URBAN DEVELOPMENT‖, Journal of Emerging Technologies and Innovative Research, 
volume 8, Issue 3, pp.313-319. [Link]  

[41] Bhat, A., Gojanur, V., & Hegde, R. (2014). 5G evolution and need: A study. In International conference on electrical, 
electronics, signals, communication and optimization (EESCO)—2015.[Link] 

[42] A. Bhat, V. Gojanur, and R. Hegde. 2015. 4G protocol and architecture for BYOD over Cloud Computing. In 
Communications and Signal Processing (ICCSP), 2015 International Conference on. 0308-0313. Google Scholar. [Link]. 

https://doi.org/10.47974/JDMSC-1956
https://rjpn.org/ijcspub/papers/IJCSP24B1010.pdf
https://doi.org/10.14445/22312803/IJCTT-V72I4P119
https://www.espjournals.org/IJACT/2023/Volume1-Issue1/IJACT-V1I1P107.pdf
https://www.espjournals.org/IJACT/2024/Volume2-Issue2/IJACT-V2I2P112.pdf
https://www.espjournals.org/IJACT/2023/Volume1-Issue2/IJACT-V1I2P106.pdf
https://www.espjournals.org/IJACT/2024/Volume2-Issue3/IJACT-V2I3P104.pdf
https://doi.org/10.30574/wjaets.2024.12.2.0330
https://wjaets.com/sites/default/files/WJAETS-2024-0330.pdf
https://www.jetir.org/papers/JETIR2403481.pdf
https://citeseerx.ist.psu.edu/document?repid=rep1&type=pdf&doi=bc2c7c9168904fa671475f4a6c60ae16e0083b81
https://www.jetir.org/
http://www.ijspr.com/citations/v4n1/IJSPR_0401_102.pdf
https://www.ijspr.com/citations/v4n1/IJSPR_0401_102.pdf
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=nMlKa5wAAAAJ&citation_for_view=nMlKa5wAAAAJ:UeHWp8X0CEIC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=o-xDC1kAAAAJ&citation_for_view=o-xDC1kAAAAJ:UeHWp8X0CEIC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=o-xDC1kAAAAJ&citation_for_view=o-xDC1kAAAAJ:UeHWp8X0CEIC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=o-xDC1kAAAAJ&citation_for_view=o-xDC1kAAAAJ:UeHWp8X0CEIC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=nMlKa5wAAAAJ&citation_for_view=nMlKa5wAAAAJ:IjCSPb-OGe4C
https://www.iraj.in/journal/journal_file/journal_pdf/3-78-140955037406-11.pdf
https://www.jetir.org/papers/JETIR2208626.pdf
https://scholar.google.com/scholar?oi=bibs&hl=en&cites=4880596433768276440&as_sdt=5
https://www.jetir.org/papers/JETIR2103432.pdf
https://scholar.google.com/scholar?oi=bibs&hl=en&cites=8265388790515586242&as_sdt=5
https://scholar.google.com/scholar?q=A.+Bhat%2C+V.+Gojanur%2C+and+R.+Hegde.+2015.+4G+protocol+and+architecture+for+BYOD+over+Cloud+Computing.+In+Communications+and+Signal+Processing+%28ICCSP%29%2C+2015+International+Conference+on.+0308--0313.
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=o-xDC1kAAAAJ&citation_for_view=o-xDC1kAAAAJ:u5HHmVD_uO8C

