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NMR spectroscopy

A 900MHz NMR instrument with a 21.2 T magnet at
HWB-NMR, Birmingham, UK, being loaded with a sample.

Nuclear magnetic resonance
spectroscopy, most commonly known
as NMR spectroscopy, is the name
given to a technique which exploits the
magnetic properties of certain nuclei.
This phenomenon and its origins are
detailed in a separate section on nuclear
magnetic resonance. The most
important applications for the organic
chemist are proton NMR and carbon-13
NMR spectroscopy. In principle, NMR is
applicable to any nucleus possessing
spin.

Many types of information can be
obtained from an NMR spectrum. Much
like using infrared spectroscopy to
identify functional groups, analysis of a
1D NMR spectrum provides information
on the number and type of chemical
entities in a molecule. However, NMR
provides much more information than
IR.

The impact of NMR spectroscopy on the natural sciences has been substantial. It can,
among other things, be used to study mixtures of analytes, to understand dynamic effects
such as change in temperature and reaction mechanisms, and is an invaluable tool in
understanding protein and nucleic acid structure and function. It can be applied to a wide
variety of samples, both in the solution and the solid state.
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Basic NMR techniques

The NMR sample is prepared in a
thin-walled glass tube - an NMR tube.

When placed in a magnetic field, NMR active nuclei
(such as 1H or 13C) absorb at a frequency
characteristic of the isotope. The resonant
frequency, energy of the absorption and the
intensity of the signal are proportional to the
strength of the magnetic field. For example, in a 21
tesla magnetic field, protons resonate at 900 MHz.
It is common to refer to a 21 T magnet as a 900
MHz magnet, although different nuclei resonate at a
different frequency at this field strength.

In the Earth's magnetic field the same nuclei
resonate at audio frequencies. This effect is used in
Earth's field NMR spectrometers and other
instruments. Because these instruments are
portable and inexpensive, they are often used for
teaching and field work.

Chemical shift
Depending on the local chemical environment, different protons in a molecule resonate at
slightly different frequencies. Since both this frequency shift and the fundamental resonant
frequency are directly proportional to the strength of the magnetic field, the shift is
converted into a field-independent dimensionless value known as the chemical shift. The
chemical shift is reported as a relative measure from some reference resonance frequency.
(For the nuclei 1H, 13C, and 29Si, TMS (tetramethylsilane) is commonly used as a
reference.) This difference between the frequency of the signal and the frequency of the
reference is divided by frequency of the reference signal to give the chemical shift. The
frequency shifts are extremely small in comparison to the fundamental NMR frequency. A
typical frequency shift might be 100 Hz, compared to a fundamental NMR frequency of 100
MHz, so the chemical shift is generally expressed in parts per million (ppm).[1]

By understanding different chemical environments, the chemical shift can be used to obtain
some structural information about the molecule in a sample. The conversion of the raw data
to this information is called assigning the spectrum. For example, for the 1H-NMR spectrum
for ethanol (CH3CH2OH), one would expect three specific signals at three specific chemical
shifts: one for the CH3 group, one for the CH2 group and one for the OH group. A typical
CH3 group has a shift around 1 ppm, a CH2 attached to an OH has a shift of around 4 ppm
and an OH has a shift around 2–3 ppm depending on the solvent used.
Because of molecular motion at room temperature, the three methyl protons average out
during the course of the NMR experiment (which typically requires a few ms). These
protons become degenerate and form a peak at the same chemical shift.
The shape and size of peaks are indicators of chemical structure too. In the example
above—the proton spectrum of ethanol—the CH3 peak would be three times as large as the
OH. Similarly the CH2 peak would be twice the size of the OH peak but only 2/3 the size of
the CH3 peak.
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Modern analysis software allows analysis of the size of peaks to understand how many
protons give rise to the peak. This is known as integration—a mathematical process which
calculates the area under a graph (essentially what a spectrum is). The analyst must
integrate the peak and not measure its height because the peaks also have width—and thus
its size is dependent on its area not its height. However, it should be mentioned that the
number of protons, or any other observed nucleus, is only proportional to the intensity, or
the integral, of the NMR signal, in the very simplest one-dimensional NMR experiments. In
more elaborate experiments, for instance, experiments typically used to obtain carbon-13
NMR spectra, the integral of the signals depends on the relaxation rate of the nucleus, and
its scalar and dipolar coupling constants. Very often these factors are poorly understood -
therefore, the integral of the NMR signal is very difficult to interpret in more complicated
NMR experiments.

J- coupling

Multiplicity Intensity Ratio 

Singlet (s) 1 

Doublet (d) 1:1 

Triplet (t) 1:2:1 

Quartet (q) 1:3:3:1 

Quintet 1:4:6:4:1 

Sextet 1:5:10:10:5:1 

Septet 1:6:15:20:15:6:1 

Some of the most useful information for structure determination in a one-dimensional NMR
spectrum comes from J-coupling or scalar coupling (a special case of spin-spin coupling)
between NMR active nuclei. This coupling arises from the interaction of different spin
states through the chemical bonds of a molecule and results in the splitting of NMR signals.
These splitting patterns can be complex or simple and, likewise, can be straightforwardly
interpretable or deceptive. This coupling provides detailed insight into the connectivity of
atoms in a molecule.
Coupling to n equivalent (spin ½) nuclei splits the signal into a n+1 multiplet with
intensity ratios following Pascal's triangle as described on the right. Coupling to additional
spins will lead to further splittings of each component of the multiplet e.g. coupling to two
different spin ½ nuclei with significantly different coupling constants will lead to a doublet
of doublets (abbreviation: dd). Note that coupling between nuclei that are chemically
equivalent (that is, have the same chemical shift) has no effect of the NMR spectra and
couplings between nuclei that are distant (usually more than 3 bonds apart for protons in
flexible molecules) are usually too small to cause observable splittings. Long-range
couplings over more than three bonds can often be observed in cyclic and aromatic
compounds, leading to more complex splitting patterns.
For example, in the proton spectrum for ethanol described above, the CH3 group is split 
into a triplet with an intensity ratio of 1:2:1 by the two neighboring CH2 protons. Similarly, 
the CH2 is split into a quartet with an intensity ratio of 1:3:3:1 by the three neighboring 
CH3 protons. In principle, the two CH2 protons would also be split again into a doublet to 
form a doublet of quartets by the hydroxyl proton, but intermolecular exchange of the
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acidic hydroxyl proton often results in a loss of coupling information.
Coupling to any spin ½ nuclei such as phosphorus-31 or fluorine-19 works in this fashion
(although the magnitudes of the coupling constants may be very different). But the splitting
patterns differ from those described above for nuclei with spin greater than ½ because the
spin quantum number has more than two possible values. For instance, coupling to
deuterium (a spin 1 nucleus) splits the signal into a 1:1:1 triplet because the spin 1 has
three spin states. Similarly, a spin 3/2 nucleus splits a signal into a 1:1:1:1 quartet and so
on.
Coupling combined with the chemical shift (and the integration for protons) tells us not only
about the chemical environment of the nuclei, but also the number of neighboring NMR
active nuclei within the molecule. In more complex spectra with multiple peaks at similar
chemical shifts or in spectra of nuclei other than hydrogen, coupling is often the only way
to distinguish different nuclei.

Second- order (or strong) coupling
The above description assumes that the coupling constant is small in comparison with the
difference in NMR frequencies between the inequivalent spins. If the shift separation
decreases (or the coupling strength increases), the multiplet intensity patterns are first
distorted, and then become more complex and less easily analyzed (especially if more than
two spins are involved). Intensification of some peaks in a multiplet is achieved at the
expense of the remainder, which sometimes almost disappear in the background noise,
although the integrated area under the peaks remains constant. In most high-field NMR,
however, the distortions are usually modest and the characteristic distortions (roofing) can
in fact help to identify related peaks.
Second-order effects decrease as the frequency difference between multiplets increases, so
that high-field (i.e. high-frequency) NMR spectra display less distortion than lower
frequency spectra. Early spectra at 60 MHz were more prone to distortion than spectra
from later machines typically operating at frequencies at 200 MHz or above. 

Magnetic inequivalence
More subtle effects can occur if chemically equivalent spins (i.e. nuclei related by symmetry
and so having the same NMR frequency) have different coupling relationships to external
spins. Spins that are chemically equivalent but are not indistinguishable (based on their
coupling relationships) are termed magnetically inequivalent. For example, the 4 H sites of
1,2-dichlorobenzene divide into two chemically equivalent pairs by symmetry, but an
individual member of one of the pairs has different couplings to the spins making up the
other pair. Magnetic inequivalence can lead to highly complex spectra which can only be
analyzed by computational modeling. Such effects are more common in NMR spectra of
aromatic and other non-flexible systems, while conformational averaging about C-C bonds
in flexible molecules tends to equalize the couplings between protons on adjacent carbons,
reducing problems with magnetic inequivalence. 
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Correlation spectroscopy 
Correlation spectroscopy is one of several types of two-dimensional nuclear magnetic
resonance (NMR) spectroscopy. This type of NMR experiment is best known by its
acronym, COSY. Other types of two-dimensional NMR include J-spectroscopy, exchange
spectroscopy (EXSY), Nuclear Overhauser effect spectroscopy (NOESY), total correlation
spectroscopy (TOCSY) and heteronuclear correlation experiments, such as HSQC, HMQC,
and HMBC. Two-dimensional NMR spectra provide more information about a molecule than
one-dimensional NMR spectra and are especially useful in determining the structure of a
molecule, particularly for molecules that are too complicated to work with using
one-dimensional NMR. The first two-dimensional experiment, COSY, was proposed by Jean
Jeener, a professor at Université Libre de Bruxelles, in 1971. This experiment was later
implemented by Walter P. Aue, Enrico Bartholdi and Richard R. Ernst, who published their
work in 1976.[2]

Solid- state nuclear magnetic resonance
A variety of physical circumstances does not allow molecules to be studied in solution, and
at the same time not by other spectroscopic techniques to an atomic level, either. In
solid-phase media, such as crystals, microcrystalline powders, gels, anisotropic solutions,
etc., it is in particular the dipolar coupling and chemical shift anisotropy that become
dominant to the behaviour of the nuclear spin systems. In conventional solution-state NMR
spectroscopy, these additional interactions would lead to a significant broadening of
spectral lines. A variety of techniques allows to establish high-resolution conditions, that
can, at least for 13C spectra, be comparable to solution-state NMR spectra.
Two important concepts for high-resolution solid-state NMR spectroscopy are the limitation
of possible molecular orientation by sample orientation, and the reduction of anisotropic
nuclear magnetic interactions by sample spinning. Of the latter approach, fast spinning
around the magic angle is a very prominent method, when the system comprises spin 1/2
nuclei. A number of intermediate techniques, with samples of partial alignment or reduced
mobility, is currently being used in NMR spectroscopy.
Applications in which solid-state NMR effects occur are often related to structure
investigations on membrane proteins, protein fibrils or all kinds of polymers, and chemical
analysis in inorganic chemistry, but also include "exotic" applications like the plant leaves
and fuel cells. 

NMR spectroscopy applied to proteins 
Much of the recent innovation within NMR spectroscopy has been within the field of protein
NMR, which has become a very important technique in structural biology. One common
goal of these investigations is to obtain high resolution 3-dimensional structures of the
protein, similar to what can be achieved by X-ray crystallography. In contrast to X-ray
crystallography, NMR is primarily limited to relatively small proteins, usually smaller than
35 kDa, though technical advances allow ever larger structures to be solved. NMR
spectroscopy is often the only way to obtain high resolution information on partially or
wholly intrinsically unstructured proteins.
Proteins are orders of magnitude larger than the small organic molecules discussed earlier 
in this article, but the same NMR theory applies. Because of the increased number of each
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element present in the molecule, the basic 1D spectra become crowded with overlapping
signals to an extent where analysis is impossible. Therefore, multidimensional (2, 3 or 4D)
experiments have been devised to deal with this problem. To facilitate these experiments, it
is desirable to isotopically label the protein with 13C and 15N because the predominant
naturally occurring isotope 12C is not NMR-active, whereas the nuclear quadrupole moment
of the predominant naturally occurring 14N isotope prevents high resolution information to
be obtained from this nitrogen isotope. The most important method used for structure
determination of proteins utilizes NOE experiments to measure distances between pairs of
atoms within the molecule. Subsequently, the obtained distances are used to generate a 3D
structure of the molecule using a computer program.

See also
• In vivo magnetic resonance spectroscopy
• Low field NMR
• Magnetic Resonance Imaging
• Nuclear Magnetic Resonance
• NMR spectra database
• NMR tube - includes sample preparation
• Protein nuclear magnetic resonance spectroscopy
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The "Invariant Sections" are certain Secondary Sections whose titles are designated, as being those of Invariant Sections, in the notice that says that the
Document is released under this License. If a section does not fit the above definition of Secondary then it is not allowed to be designated as Invariant.
The Document may contain zero Invariant Sections. If the Document does not identify any Invariant Sections then there are none. 
The "Cover Texts" are certain short passages of text that are listed, as Front-Cover Texts or Back-Cover Texts, in the notice that says that the Document
is released under this License. A Front-Cover Text may be at most 5 words, and a Back-Cover Text may be at most 25 words. 
A "Transparent" copy of the Document means a machine-readable copy, represented in a format whose specification is available to the general public,
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and the license notice saying this License applies to the Document are reproduced in all copies, and that you add no other conditions whatsoever to
those of this License. You may not use technical measures to obstruct or control the reading or further copying of the copies you make or distribute.
However, you may accept compensation in exchange for copies. If you distribute a large enough number of copies you must also follow the conditions in
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Version under precisely this License, with the Modified Version filling the role of the Document, thus licensing distribution and modification of the
Modified Version to whoever possesses a copy of it. In addition, you must do these things in the Modified Version: 
1. Use in the Title Page (and on the covers, if any) a title distinct from that of the Document, and from those of previous versions (which should, if there

were any, be listed in the History section of the Document). You may use the same title as a previous version if the original publisher of that version
gives permission.

2. List on the Title Page, as authors, one or more persons or entities responsible for authorship of the modifications in the Modified Version, together
with at least five of the principal authors of the Document (all of its principal authors, if it has fewer than five), unless they release you from this
requirement.

3. State on the Title page the name of the publisher of the Modified Version, as the publisher.
4. Preserve all the copyright notices of the Document.
5. Add an appropriate copyright notice for your modifications adjacent to the other copyright notices.
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6. Include, immediately after the copyright notices, a license notice giving the public permission to use the Modified Version under the terms of this
License, in the form shown in the Addendum below.

7. Preserve in that license notice the full lists of Invariant Sections and required Cover Texts given in the Document's license notice.
8. Include an unaltered copy of this License.
9. Preserve the section Entitled "History", Preserve its Title, and add to it an item stating at least the title, year, new authors, and publisher of the

Modified Version as given on the Title Page. If there is no section Entitled "History" in the Document, create one stating the title, year, authors, and
publisher of the Document as given on its Title Page, then add an item describing the Modified Version as stated in the previous sentence.

10. Preserve the network location, if any, given in the Document for public access to a Transparent copy of the Document, and likewise the network
locations given in the Document for previous versions it was based on. These may be placed in the "History" section. You may omit a network
location for a work that was published at least four years before the Document itself, or if the original publisher of the version it refers to gives
permission.

11. For any section Entitled "Acknowledgements" or "Dedications", Preserve the Title of the section, and preserve in the section all the substance and
tone of each of the contributor acknowledgements and/or dedications given therein.

12. Preserve all the Invariant Sections of the Document, unaltered in their text and in their titles. Section numbers or the equivalent are not considered
part of the section titles.

13. Delete any section Entitled "Endorsements". Such a section may not be included in the Modified Version.
14. Do not retitle any existing section to be Entitled "Endorsements" or to conflict in title with any Invariant Section.
15. Preserve any Warranty Disclaimers.
If the Modified Version includes new front-matter sections or appendices that qualify as Secondary Sections and contain no material copied from the
Document, you may at your option designate some or all of these sections as invariant. To do this, add their titles to the list of Invariant Sections in the
Modified Version's license notice. These titles must be distinct from any other section titles. 
You may add a section Entitled "Endorsements", provided it contains nothing but endorsements of your Modified Version by various parties--for example,
statements of peer review or that the text has been approved by an organization as the authoritative definition of a standard. 
You may add a passage of up to five words as a Front-Cover Text, and a passage of up to 25 words as a Back-Cover Text, to the end of the list of Cover
Texts in the Modified Version. Only one passage of Front-Cover Text and one of Back-Cover Text may be added by (or through arrangements made by)
any one entity. If the Document already includes a cover text for the same cover, previously added by you or by arrangement made by the same entity
you are acting on behalf of, you may not add another; but you may replace the old one, on explicit permission from the previous publisher that added the
old one. 
The author(s) and publisher(s) of the Document do not by this License give permission to use their names for publicity for or to assert or imply
endorsement of any Modified Version. 

5. COMBINING DOCUMENTS 
You may combine the Document with other documents released under this License, under the terms defined in section 4 above for modified versions,
provided that you include in the combination all of the Invariant Sections of all of the original documents, unmodified, and list them all as Invariant
Sections of your combined work in its license notice, and that you preserve all their Warranty Disclaimers. 
The combined work need only contain one copy of this License, and multiple identical Invariant Sections may be replaced with a single copy. If there are
multiple Invariant Sections with the same name but different contents, make the title of each such section unique by adding at the end of it, in
parentheses, the name of the original author or publisher of that section if known, or else a unique number. Make the same adjustment to the section
titles in the list of Invariant Sections in the license notice of the combined work. 
In the combination, you must combine any sections Entitled "History" in the various original documents, forming one section Entitled "History"; likewise
combine any sections Entitled "Acknowledgements", and any sections Entitled "Dedications". You must delete all sections Entitled "Endorsements." 

6. COLLECTIONS OF DOCUMENTS 
You may make a collection consisting of the Document and other documents released under this License, and replace the individual copies of this
License in the various documents with a single copy that is included in the collection, provided that you follow the rules of this License for verbatim
copying of each of the documents in all other respects. 
You may extract a single document from such a collection, and distribute it individually under this License, provided you insert a copy of this License into
the extracted document, and follow this License in all other respects regarding verbatim copying of that document. 

7. AGGREGATION WITH INDEPENDENT WORKS 
A compilation of the Document or its derivatives with other separate and independent documents or works, in or on a volume of a storage or distribution
medium, is called an "aggregate" if the copyright resulting from the compilation is not used to limit the legal rights of the compilation's users beyond
what the individual works permit. When the Document is included in an aggregate, this License does not apply to the other works in the aggregate which
are not themselves derivative works of the Document. 
If the Cover Text requirement of section 3 is applicable to these copies of the Document, then if the Document is less than one half of the entire
aggregate, the Document's Cover Texts may be placed on covers that bracket the Document within the aggregate, or the electronic equivalent of covers
if the Document is in electronic form. Otherwise they must appear on printed covers that bracket the whole aggregate. 

8. TRANSLATION 
Translation is considered a kind of modification, so you may distribute translations of the Document under the terms of section 4. Replacing Invariant
Sections with translations requires special permission from their copyright holders, but you may include translations of some or all Invariant Sections in
addition to the original versions of these Invariant Sections. You may include a translation of this License, and all the license notices in the Document,
and any Warranty Disclaimers, provided that you also include the original English version of this License and the original versions of those notices and
disclaimers. In case of a disagreement between the translation and the original version of this License or a notice or disclaimer, the original version will
prevail. 
If a section in the Document is Entitled "Acknowledgements", "Dedications", or "History", the requirement (section 4) to Preserve its Title (section 1) will
typically require changing the actual title. 

9. TERMINATION 
You may not copy, modify, sublicense, or distribute the Document except as expressly provided for under this License. Any other attempt to copy, modify,
sublicense or distribute the Document is void, and will automatically terminate your rights under this License. However, parties who have received
copies, or rights, from you under this License will not have their licenses terminated so long as such parties remain in full compliance. 

10. FUTURE REVISIONS OF THIS LICENSE 
The Free Software Foundation may publish new, revised versions of the GNU Free Documentation License from time to time. Such new versions will be
similar in spirit to the present version, but may differ in detail to address new problems or concerns. See http:/ / www. gnu. org/ copyleft/ .
Each version of the License is given a distinguishing version number. If the Document specifies that a particular numbered version of this License "or
any later version" applies to it, you have the option of following the terms and conditions either of that specified version or of any later version that has
been published (not as a draft) by the Free Software Foundation. If the Document does not specify a version number of this License, you may choose any
version ever published (not as a draft) by the Free Software Foundation. 

How to use this License for your documents 
To use this License in a document you have written, include a copy of the License in the document and put the following copyright and license notices
just after the title page: 

Copyright (c) YEAR YOUR NAME. 
Permission is granted to copy, distribute and/or modify this document 
under the terms of the GNU Free Documentation License, Version 1.2 
or any later version published by the Free Software Foundation; 
with no Invariant Sections, no Front-Cover Texts, and no Back-Cover Texts. 
A copy of the license is included in the section entitled "GNU 
Free Documentation License". 

If you have Invariant Sections, Front-Cover Texts and Back-Cover Texts, replace the "with...Texts." line with this: 
with the Invariant Sections being LIST THEIR TITLES, with the 
Front-Cover Texts being LIST, and with the Back-Cover Texts being LIST. 

If you have Invariant Sections without Cover Texts, or some other combination of the three, merge those two alternatives to suit the situation. 
If your document contains nontrivial examples of program code, we recommend releasing these examples in parallel under your choice of free software
license, such as the GNU General Public License, to permit their use in free software. 

http://www.gnu.org/copyleft/.
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