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Introduction

When chemists isolate a new compound, one of the first steps to confirm its identity is to analyze its nuclear
magnetic resonance (NMR) spectrum. NMR spectroscopy offers a window into the electronic environment
surrounding each nucleus, and for organic molecules the most valuable information often comes from the
characteristic absorptions of functional groups. These absorptions—often referred to as chemical shifts—serve as
fingerprints that help distinguish alcohols, ketones, aromatics, and many other motifs. In this article we will explore
the typical NMR signatures of common functional groups, explain how to interpret them, and highlight advanced
techniques that sharpen the resolution of complex spectra. Whether you are a student learning the basics or a
seasoned spectroscopist refining your analysis, this guide will deepen your understanding of functional group
absorptions and how they shape the overall NMR landscape.

Why Functional Group Absorptions Matter

NMR is prized for its ability to provide detailed structural information without destroying the sample. Each nucleus in
a molecule experiences a local magnetic field that is perturbed by the surrounding electrons. Functional groups—
such as carbonyls, heteroatoms, or conjugated systems—alter this field, shifting the resonance frequency of
nearby protons or carbons. By correlating these shifts with known patterns, chemists can rapidly identify the
presence of specific functional groups, assess purity, and even deduce substitution patterns on aromatic rings.

Because functional group absorptions are highly reproducible under standardized conditions, they become a
cornerstone of routine analysis. They also provide the foundation for automated spectral interpretation, where
databases match observed chemical shifts to a library of known compounds. Understanding these signatures is
therefore essential for anyone working in synthetic chemistry, natural product isolation, or pharmaceutical
development.

Basic Principles of NMR Chemical Shifts

Shielding and Deshielding

The chemical shift (;Be of a nucleus is measured relative to a reference compound—typically tetramethylsilane (TMS)

for ~1H and ~13C NMR. Shielding occurs when electrons in the vicinity of a nucleus produce a local magnetic field

that opposes the external field, moving the resonance to higher field (lower ;B’a Deshielding—often caused by
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Typical ;B & eaepes for Protons

e Alkanes: 0.0-2.5 ppm

e Alkenes: 4.5-6.5 ppm

e Alkynes: 2.0-3.0 ppm

e Aromatic: 6.0-8.5 ppm

o Alkyl halides: 2.5-4.0 ppm

¢ Alcohols: 1.0-5.0 ppm (depends on hydrogen bonding)
e Aldehydes: 9-10 ppm



¢ Keto/ester/amide: 2-5 ppm (carbonyl-bearing protons are absent; ~13C shifts are key)
e Carboxylic acids: 10—-13 ppm (protons often exchange with solvent)

Typical ;B & aepes for Carbons

e Alkanes: 0-35 ppm

Alkenes: 100-150 ppm

e Aromatics: 110-160 ppm

e Carbonyl carbons (ketone, aldehyde, ester, amide): 160—220 ppm
e Carboxylic acids: 170-190 ppm

¢ Halogenated carbons: 120-140 ppm (depends on substitution)

Characteristic Absorptions of Common Functional Groups

Alkanes

Alkanes exhibit simple, sharp singlets or multiplets depending on neighboring protons. Methanes typically appear
around 0.9 ppm, methylenes near 1.2-1.4 ppm, and methyl groups adjacent to heteroatoms shift slightly downfield
(~1.5 ppm). Integration follows the number of protons, providing a straightforward check of the carbon skeleton.

Alkenes

Protons on sp”2 carbons resonate between 4.5 and 6.5 ppm. Vinyl protons often show doublets of doublets or
multiplets due to geminal and vicinal coupling. The chemical shift is influenced by conjugation and substitution;
tetrasubstituted alkenes may appear closer to 5.5 ppm, while terminal alkenes (CH2=CH-) generate signals near
5.8-6.2 ppm.

Alkynes

Alkyne methine protons (-C"aC-H) resonate at 2.0-3.0 ppm, while terminal alkynes (C"aC—-H) appear near 2.5-3.0
ppm. The coupling constants for alkynes are typically large ("H80-90 Hz) for vicinal protons, but the signals are often
weak due to low proton density.

Alcohols

Hydroxyl protons are highly variable. In protic solvents they often exchange, leading to broad, sometimes
undetectable peaks. In non-protic solvents, they appear between 1.0 and 5.0 ppm, shifting downfield with
increasing hydrogen bonding or electron-withdrawing substituents. The ; &+Fo6¢0 (adjacent to O) usually resonate at
3.0-4.5 ppm and often show multiplets due to coupling with neighboring methylene or methyl groups.

Ethers

Protons ; to an ether oxygen resonate between 3.0 and 4.5 ppm. For simple diethyl ether, the methylene protons
appear as a singlet at 3.65 ppm. In more complex ethers, the multiplicity reflects neighboring heteroatoms and
substitution patterns.

Aldehydes

Aldehyde protons are unmistakably downfield, typically between 9.0 and 10.0 ppm. They often appear as singlets
because the adjacent carbonyl carbon has no hydrogens. Coupling with adjacent methylene groups can produce
doublets of doublets, but the signal remains sharp and highly diagnostic.

Keto, Esters, and Amides

These functional groups lack protons on the carbonyl carbon; thus, the key information comes from ~13C NMR.
Carbonyl carbons appear between 160 and 220 ppm. Ketones usually resonate around 190-200 ppm, esters near



165-175 ppm, and amides slightly lower, 165-180 ppm. In *"1H NMR, ; &+F6¢0 adjacent to carbonyls appear at 2.0-
4.0 ppm, often as multiplets due to coupling with neighboring protons.

Carboxylic Acids

Carboxylic acid protons are exchangeable and typically broadened or absent in protic solvents. When observed,
they appear between 10.0 and 13.0 ppm. The carbonyl carbon of carboxylic acids resonates at 170-190 ppm. In
~13C spectra, the carboxyl carbon is often the most downfield signal.

Nitriles

Nitrile carbons resonate near 110-120 ppm in ~13C NMR, while adjacent methylene protons (if present) appear at
2.5-3.5 ppm. The absence of protons on the nitrile carbon itself means the ~"1H spectrum is largely unaffected, but
the nitrile signature is unmistakable in ~13C data.

Aromatic Systems

Aromatic protons fall between 6.0 and 8.5 ppm. Substitution patterns influence the multiplicity: monosubstituted
benzene shows a complex multiplet, while para disubstituted rings produce two doublets. The chemical shift of
aromatic carbons spans 110-160 ppm, with quaternary carbons typically appearing near 140—160 ppm.

Halogenated Compounds

Halogens deshield nearby protons by 0.5-1.5 ppm. For example, a bromomethyl group appears around 3.5-4.5
ppm, and a chloromethyl group near 3.5 ppm. In ~13C NMR, halogenated carbons shift downfield by 10—-20 ppm
relative to their unsubstituted counterparts.

Coupling Patterns and Integration: Decoding the Spectrum

Spin—Spin Coupling
Protons on adjacent carbons interact through bonds, producing multiplets that reflect the number of neighboring
protons (n+1 rule). For instance, a CH3 group adjacent to a CH2 will appear as a quartet (3+1). Coupling constants
(J) provide additional clues: typical values are 7—8 Hz for vicinal coupling, 1-2 Hz for long-range coupling, and >10
Hz for geminal coupling.

Integration

Integration directly correlates to the number of protons contributing to a signal. In complex molecules, integration
helps assign signals to specific fragments, ensuring that the total number of protons matches the molecular
formula. Discrepancies often indicate impurities or incomplete reactions.

Multiplicity and Overlap

In crowded spectra, signals may overlap, obscuring fine details. Techniques such as selective decoupling or two-
dimensional NMR help resolve overlapping multiplets. When interpreting multiplets, consider both the number of
neighboring protons and the presence of heteroatoms that can alter coupling constants.

Advanced NMR Techniques for Functional Group Analysis

DEPT (Distortionless Enhancement by Polarization Transfer)

DEPT experiments differentiate CH, CH2, and CH3 carbons in *13C NMR. A DEPT-45 spectrum shows all
carbons, while DEPT-90 displays only CH and CH3. DEPT-135 inverts the sign of CH signals relative to CH3,
enabling rapid assignment of carbon types. This is invaluable when a molecule contains multiple carbonyls and



aliphatic carbons.

HSQC (Heteronuclear Single Quantum Coherence)

HSQC correlates each proton directly bonded to a carbon. The resulting 2D map shows *1H on one axis and *13C
on the other, with cross-peaks indicating one-bond connectivity. HSQC is especially useful for assigning signals in
complex mixtures where overlapping peaks are common.

HMBC (Heteronuclear Multiple Bond Correlation)

HMBC provides long-range (2-3 bond) ~1H-"13C correlations. This technique is essential for connecting
fragments, identifying functional groups that lack directly attached protons (e.g., carbonyl carbons), and confirming
connectivity in natural products.

NOESY and ROESY (Nuclear Overhauser Effect Spectroscopy)

NOESY and ROESY reveal spatial proximity between protons (through-space interactions). While not directly
related to chemical shift, these experiments help determine stereochemistry and conformations, which can
influence the appearance of functional group absorptions.

Diffusion-Ordered Spectroscopy (DOSY)

DOSY separates signals based on diffusion coefficients, effectively distinguishing different
molecules in a mixture. This is particularly useful when a functional group signature is shared
across multiple components.

Common Pitfalls and How to Avoid Them
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