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NMR nomenclature. Nuclear spin
properties and conventions for chemical
shifts

(IJUPAC Recommendations 2001)

Abstract: A unified scale is recommended for reporting the NMR chemical shifts
of all nuclei relative to the 'H resonance of tetramethylsilane (TMS). The unified
scale is designed to provide a precise ratio, =, of the resonance frequency of a
given nuclide to that of the primary reference, the 'H resonance of TMS in dilute
solution (volume fraction, ¢ < 1%) in chloroform. Referencing procedures are dis-
cussed, including matters of practical application of the unified scale. Special
attention is paid to recommended reference samples, and values of = for second-
ary references on the unified scale are listed, many of which are the results of new
measurements.

Some earlier recommendations relating to the reporting of chemical shifts
are endorsed. The chemical shift, &, is redefined to avoid previous ambiguities but
to leave practical usage unchanged. Relations between the unified scale and
recently published recommendations for referencing in aqueous solutions (for spe-
cific use in biochemical work) are discussed, as well as the special effects of work-
ing in the solid state with magic-angle spinning. In all, nine new recommendations
relating to chemical shifts are made.

Standardized nuclear spin data are also presented in tabular form for the sta-
ble (and some unstable) isotopes of all elements with nonzero quantum numbers.
The information given includes quantum numbers, isotopic abundances, magnetic
moments, magnetogyric ratios and receptivities, together with quadrupole
moments and line-width factors where appropriate.

1. INTRODUCTION

A distinguishing feature of nuclear magnetic resonance (NMR) is that signals are isotope-specific. In
other words, each signal can be firmly linked to a particular element and nuclide. Two features follow:
Firstly, there is a close connection with chemistry and, in particular, with the periodic table, since almost
all elements can be studied; secondly, the spin properties of each isotope need to be clearly tabulated
and firmly understood. It is a principal purpose of this document to provide such information.

Any scientific discipline relies for its effectiveness upon communication of ideas and results,
which can only occur if there is an agreed basis for the meaning of the terminology used. The process
of communication is greatly eased if there are universally recognized conventions for measurement and
reporting of quantities with their units and symbols. The aim of this document is to set down such a set
of meanings and conventions in relation to chemical shifts (and shielding) and to list resonance fre-
quencies for reference signals for each magnetically active nucleus.

Within IUPAC, Commission 1.5 has been responsible for molecular structure and spectroscopy.
Until now, this Commission has produced only three reports [1-3] specifically relating to NMR. The
two earlier reports refer to chemical shifts. The more recent of these two publications is 25 years old,
and the NMR world has changed beyond recognition since then. Recently, however, conventions for
chemical shifts of five nuclei of wide biochemical interest have been included in “Recommendations
for the presentation of NMR structures of proteins and nuclei acids” [4] by Commission 1.7,
Biophysical Chemistry. The current document addresses the same issue for general chemical usage and
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extends the conventions to the entire range of active nuclei, providing a more comprehensive guide to
the factors important in chemical shift referencing. A unified list of properties of NMR-observable
nuclei is also included herein.

2. NUCLEAR SPIN PROPERTIES

The phenomenon of NMR is based upon the magnetic properties of various isotopes of elements in the
periodic table. It is, therefore, important to have an accessible unified list of these properties. These are
contained in Tables 1-3 of this article, which include the following for each stable isotope and each
long-lived radioactive isotope with nonzero spin:

(i)  The nuclear spin quantum number, /, of the ground state of the nucleus.” This defines the magni-
tude of the spin angular momentum vector (and hence magnetic dipole moment—see below). The
z-component quantum number is then denoted by m;.

(ii) The standard isotopic natural abundance, x, expressed as a mole fraction in %.

(iii) The magnetic dipole moment, 4, of the nuclide, in terms of the nuclear magneton, gy It should
be noted that we have chosen to use the full vector magnitude of , given by:
lul / g = Iyl RUA + DI g ey
where yis the magnetogyric ratio and 7 is the Planck constant divided by 2w. Many lists prefer to
give only the maximum value of the z-component of u, namely, i, = ynl, frequently without
explicitly stating this fact. The sign of u given in Tables 1-3 refers to its direction compared to
the related spin angular momentum vector.

(iv) The magnetogyric ratio, ¥ (sometimes called the gyromagnetic ratio). The SI base units of this
quantity are (angular frequency) / (magnetic induction) normally given as rad st

(v)  The receptivity, of a nucleus in natural abundance, which influences the NMR signal strength. A
common definition [5] involves the proportionality of receptivity to }/3x1 (I + 1). In practice, it is
useful to list such receptivities relative to those of the commonly used nuclei 'H (proton) and 3¢,
giving receptivity ratios DP and DS, respectively. Both these quantities are given in Tables 1 and 2.

(vi) The quadrupole moment, Q, for nuclei with spin quantum number / > % (Tables 2 and 3 only).
These data fall naturally in the region of 1073 m?, i.e., fm”. However, quadrupole moments are
often expressed in units of 10728 m2, called a barn, where 1 barn = 100 fm?2.

(vii) The line-width factor, ¢, for quadrupolar nuclei. This is defined [5] by:

0= Q%I + 3122 - 1)] )

When taken in conjunction with the relative receptivity (e.g., as DC/0), this quantity gives a guide
to the ease with which spectra can be obtained for different quadrupolar nuclei in solution for sim-
ilar site symmetries and molecular mobilities. However, in practice, both symmetry and mobility
may vary widely, thus introducing variations that may amount to several powers of ten.

Table 1 gives the data for the spin—% nuclei in the periodic table, whereas Table 2 refers to
quadrupolar nuclei. These two tables omit the lanthanide and actinide nuclei, which are separately list-
ed in Table 3. Many of the data in Tables 1-3 have been taken from the ITUPAC “Green Book™ [6], but
additional information is included (particularly on resonance frequencies and quadrupole moments). A
version of Tables 1-3 has been published [7]. However, the tables given here contain revised resonance
frequencies for consistency with the recommended primary reference, as described in Section 3.5. In

(Text continues on p. 1804.)

"NMR is entirely concerned with the nuclear spin in the lowest-energy nuclear state, though Mssbauer spectroscopy involves
values of / in higher-energy nuclear states.
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Table 3 The spin properties of lanthanide and actinide nuclei®.

Isotope Spin Natural Magnetic Magnetogyric Quadrupole NMR
abundance moment ratio moment” frequency®
x/% gty y/107 rad s~ T Q/fm? Z 1%
141p, 52 100 5.0587 8.1907 -5.89 (30.62)
143Nd 1/ 12.2 -1.208 -1.457 -63.0 (5.45)
145Nd 712 8.3 -0.744 -0.898 -33.0 (3.36)
147gmd 72 14.99 -0.9239 -1.115 -25.9 4.17)
149§ m 72 13.82 -0.7616 -0.9192 7.4 (3.44)
Blgy 5/2 47.81 4.1078 6.6510 90.3 (24.86)
153gy 52 52.19 1.8139 2.9369 241.2 (10.98)
155Gd 312 14.80 -0.33208 -0.82132 127.0 (3.07)
157Gq 32 15.65 -0.43540 -1.0769 135.0 (4.03)
139TH 32 100 2.600 6.431 143.2 (24.04)
161py 502 18.91 -0.5683 -0.9201 250.7 (3.44)
163py 512 24.90 0.7958 1.289 264.8 (4.82)
1654 12 100 4732 5.710 358.0 (21.34)
167, 0 22.93 -0.63935 -0.77157 356.5 (2.88)
1697 172 100 ~0.4011 2218 - (8.29)
17lyp 172 14.28 0.85506 4.7288 - 17.499306°
1M3yp 5/2 16.13 -0.80446 -1.3025 280.0 (4.821)
151 712 97.41 25316 3.0552 349.0 (11.404)
176 yd 7 2.59 3.3880 2.1684 497.0 (8.131)
235yd 12 0.7200 -0.43 -0.52 493.6 1.841400f

#These nuclides are sufficiently little used that values for line-width factors and relative receptivities are not listed here. However,
for 199Tm, DP = 5.70 x 10 and D = 3.35, while for 7'Yb, DP = 7.89 x 10 and D€ = 4.63.

YFor the limits of accuracy, see ref. 28.

“Values in brackets are approximate (calculated from the magnetogyric ratios).

dLong-lived radioactive isotope.

®Reference: Yb(n-CsMes),(THF),, 0.171 M in THF solution (THF = tetrahydrofuran) [42].

fReference: UFg¢ (with ¢ = 10% of C¢Dy) [43].

addition, some new measurements of resonance frequencies are reported in Tables 1-3, and informa-
tion about solution conditions and relevant references has been added.

3. CHEMICAL SHIFTS
3.1 Background

Since the discovery of the chemical shift in 1950, NMR spectroscopy has become of vital importance to
chemistry and related disciplines. The term chemical shift refers to a difference in resonance frequency
(conventionally expressed as a fraction—see below) between nuclei in different chemical sites (or for
samples under different physical conditions). Such effects are caused by variations in shielding by the
electronic environment of the nuclei in question, and the concept of chemical shift is described by eq. 3:

v=-"L"g1-0) 3)
21

In this equation, the resonance frequency Vv (normally in the radio frequency region) is related to the
applied magnetic flux density B\, by the magnetogyric ratio of the nucleus and the shielding constant ©.

© 2001 IUPAC, Pure and Applied Chemistry 73, 1795-1818



NMR nomenclature 1805

In the International System of Units (SI), v is expressed in hertz, Hz, (and is normally in the range of
tens or hundreds of MHz), By, is in tesla, T, and o'is a dimensionless fraction (generally reported in parts
per million, ppm). Equation 3 is usually applied to the situation in isotropic media (liquids, solutions,
and gases), for which ¢ can be represented as a scalar quantity. However, the value of o depends on
molecular orientation in the applied magnetic field and can be represented by a scalar quantity only
because of the averaging caused by rapid isotropic molecular tumbling. Therefore, o is a second-rank
tensor and must be used in that form for many situations in the solid state and in liquid crystals (and
their solutions).

Whereas frequencies can be measured very precisely, the same cannot be said of B, Thus,
although in principle chemists would like to know the absolute value of o, it has long been recognized
that only relative values can normally be obtained with precision. Therefore, from the early days of
NMR the concept of a standard reference signal has been developed. This requires a number of choic-
es, among which are:

(i)  whether to base chemical shifts on resonance frequencies or on shielding,

(ii) which compound to use as a reference,

(iii) what further conditions to specify for the reference situation, and

(iv) whether to use separate references for different nuclei or to attempt to link them.

These matters will be dealt with in detail below.

In the early days of NMR, resonance was normally achieved by varying the applied field B,,. It
therefore seemed natural for positive chemical shifts to refer to situations where the sample resonated
at a higher field than that of the reference. Equation 3 shows that this corresponds to greater shielding
for the sample than for the reference—a convention that was popular with theoreticians, who are prin-
cipally concerned with o. The first clear consensus on an experimental reference compound for proton
NMR (by far the most popular nucleus at the time owing to its high sensitivity) was tetramethylsilane
(TMS), introduced in 1958 by Tiers [44]. However, both for proton NMR and for other nuclei, various
chemical shift scales were used, with some increasing in the direction of increasing magnetic field and
others increasing in the direction of decreasing field (which corresponds to increasing frequency).

The convention recommended by IUPAC in the 1972 document [1], which mostly concerned pro-
ton NMR, was that given in eq. 4:

VX,sample - VX,reference 6
5X,Sample = x10 “4)
vX,reference

in which the chemical shift of a resonance for nucleus X is defined. For protons referenced to TMS this
convention gives positive values with increasing frequency, and most proton chemical shifts then turn
out to be positive. A second IUPAC report [2] in 1976 extended the recommendations to include nuclei
other than protons, always with a high-frequency-positive convention.

Of course, since o'is, in principle, a tensor quantity, so is . However, the present document deals
only with the isotropic average value of &, which is the usual value of relevance for solution-state NMR.
The tensor properties of o and § may be the subject of a later document.

3.2 Recommendations endorsed

At this point, it is appropriate to list those recommendations of the previous two IUPAC reports on
NMR which relate to chemical shifts [1,2] (including presentation of spectra) and which we endorse,
with one exception noted under item 6. These relate to notational matters and are particularly directed
at publications in chemical journals. In several places, we use different wording from the original
reports and in some cases extended meanings:

© 2001 IUPAC, Pure and Applied Chemistry 73, 1795-1818
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The nucleus giving rise to the spectrum concerned should always be explicitly stated in full or in
abbreviation (e.g., 1B NMR or boron-10 NMR). The isotopic mass number should be given
except in cases without ambiguity. In the case of hydrogen NMR, the de facto usage is proton
NMR, deuterium NMR, or tritium NMR, in spite of the inconsistency of the wording.
Abbreviations such as PMR for proton NMR are strongly discouraged. The term “multinuclear
NMR?” is clumsy (a repeated word “nuclear”) and so is also to be discouraged. Where reference
to a variety of nuclei is required, multinuclear magnetic resonance should be written in full.

The graphical presentation of spectra should show frequency increasing to the left and positive
intensity increasing upwards.

The dimensionless scale for chemical shifts should be tied to a reference, which should be clear-
ly stated. The procedures used must be carefully defined.

The dimensionless scale factor for chemical shifts should generally be expressed in parts per mil-
lion, for which ppm is the appropriate abbreviation. The radio frequency of the reference, appro-
priate to the nucleus in question and to the spectrometer in use, should always be quoted, with
sufficient accuracy in relation to the numerical values of shifts listed. Unfortunately, older soft-
ware supplied by manufacturers to convert from frequency units to ppm in FT NMR sometimes
uses the carrier frequency in the denominator instead of the true frequency of the reference, which
can lead to significant errors.

The chemical shift scale should be defined with respect to resonance frequencies, with the appro-
priate sign convention (i.e., a positive sign should imply the sample resonates to high frequency
from that of the reference). In order to avoid ambiguities of sign, the term “chemical shift” should
not be used to describe variations in shielding.

The symbol & (lower case Greek delta) should be used for chemical shift scales with the sign con-
vention given above. Such a symbol should never be used to refer to shielding. These recom-
mendations cohere with the definition of the §-scale adopted in refs. 1 and 2. The definition of §
in eq. 4 leads to a value with no units, and the 1972 document recommended that “ppm” be not
stated explicitly (e.g., 6 = 5.00, not 6 = 5.00 ppm). However, this convention is widely ignored.
Therefore, we do not endorse the omission of “ppm” in reporting values of & (see Section 3.3).
The nucleus in question should be indicated as a subscript or in brackets, e.g., §- or 8(13C), unless
there is no ambiguity.

As far as possible, full information should be given in publications regarding any factor that might
influence chemical shifts, such as:

(i) The physical state of the sample (solid, liquid, solution, or gas), with additional relevant
facts where necessary.

(i1)  For solutions, the name of the solvent and the concentration of solute.

(iii)) The nature of the reference procedure, e.g., internal, external (coaxial tubes or substitution),
absolute frequency. (This aspect is discussed in detail in later sections of this article.)

(iv) The name of the secondary referencing compound local to the nucleus in question and its
concentration. Note, however, that no reference compound needs to be added to the sample
if the unified scale described in Section 3.5 is used, although a chemical shift value with
respect to a recommended secondary reference compound, obtained via the unified scale,
may still be quoted. In exceptional cases, where an isotope-specific secondary reference
compound must be used in the experimental measurement, a clear description of the refer-
encing procedure should be given.

(v)  The temperature and (if different from ambient) the pressure of the sample.

(vi) Whether oxygen and other gases have been removed from the sample.

(viil) Any chemicals present in the sample, in addition to the solvent and the compound under
investigation, and details of their concentrations.

© 2001 IUPAC, Pure and Applied Chemistry 73, 1795-1818
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3.3 Definition and reporting of ¢ scales

As mentioned above, the [UPAC Recommendation [1] dating from 1972 defined the proton chemical
shift scale in such a way that § has no quoted units but is presumed to be in ppm. However, this rec-
ommendation not to use “ppm’” has not received acceptance in practice. It is a simple matter to rewrite
eq. 4 in a general way that can lead validly to the units of ppm. We now define the chemical shift (for
any nucleus X, using its local reference substance) by eq. 5:

5X,sample = (VX,sample - VX,reference)/ VX,reference (5)

that is, without the factor of 10°. This leads, in general, to a very small number, M x 1072, Normal prac-
tice has been and will doubtless continue to be to use n = 6 and thus to express d in ppm. With eq. 5 as
the definition of 8, eq. 6 provides a simple procedure for calculating the value of § in ppm from meas-
ured frequencies:

(VX sample ~ VX.ref )/ Hz

_ ,sample ,reference

5X,sample /ppm - /MH (6)
vX,reference Z

where the factor of 10 difference in the units of numerator and denominator is appropriately repre-
sented by the units ppm.

This redefinition allows values to be quoted also in parts per billion, ppb = 1072, (as is appropri-
ate for some isotope effects) by expressing the numerator in eq. 6 in millihertz (mHz). Alternatively, the
units of eq. 6 could be altered to give % (relevant for some heavy-metal chemical shifts), but ppm will
undoubtedly remain as the most common usage. [UPAC therefore recommends that the chemical shift
0 be defined by eq. 5 and that & normally be expressed in ppm.

3.4 Referencing procedures

Accurate and consistent referencing is easy to visualize but hard to implement. For mobile isotropic
media (liquids, solutions, and gases) there are several possible methods:

(a) Internal referencing, where the reference compound is added directly to the system under study.
This method is used almost universally for 'H and '3C NMR. However, it is clearly limited by the
solubility, miscibility, or mutual reactions of the sample components and may be difficult to
implement for many samples in which a variety of nuclei are studied.

(b)  External referencing, involving sample and reference contained separately in coaxial cylindrical
tubes. A single spectrum is recorded, which includes signals from both the sample and the refer-
ence compound.

(c)  Substitution method: The use of separate cylindrical tubes for the sample and reference com-
pound, with (in principle) spectra recorded individually for each. It is similar to external refer-
encing in that sample and reference materials are not mixed, but there are significant differences
in the two procedures, as described later, which arise because of the common use of precise
field/frequency locking (usually via the ’H signal of a deuterated solvent). If locking is not used,
the magnet should not be reshimmed between running the sample and reference solutions, since
this changes the applied magnetic field.

(d) Referencing via direct measurement of the absolute frequency of the field/frequency lock signal,
usually provided by the %H resonance of an internally contained deuterated compound (frequent-
ly the solvent). This method is discussed more fully in Section 3.6.

(e) Application of magic-angle spinning, usually with the substitution method, but also conceivably
with coaxial tubes—see Section 3.8.

These methods all have various advantages and disadvantages. For (a) the shielding of the reference
nucleus depends, to a greater or lesser extent, on the solvent, on the solute under study, and on the con-
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centration of both solute and reference owing to the effects of intermolecular interactions. These effects
may be minimized by a judicious choice of solvent and reference compound, but they cannot be elim-
inated. External reference procedures (b) generally require corrections arising from differences in bulk
magnetic susceptibility between sample and reference. These corrections depend on the geometry
employed for the sample containers. For the usual coaxial cylindrical arrangement, the correction is [45]

(Strue - 5obs) = k(Ksample - Kreference) )

where k refers to the relevant volume magnetic susceptibility (in rationalized units) and ideally k = +1/6
for a tube perpendicular to By, k = —1/3 for a tube parallel to B, (as is usual for a superconducting mag-
net), and k = O for a tube inclined at the magic angle. These theoretical factors are calculated for infi-
nite cylinders. In practice, they depend on the length of the liquid column and other geometrical factors
that are not always under control. No correction is needed for spherical samples, but the production of
a truly spherical sample cell is generally not feasible. [Equation 7 is consistent with SI notation. A cor-
responding expression in cgs form would substitute kCgS = 4mkgy along with a Ay, term numerically
equal to Ax/4m. Many lists of magnetic susceptibility data give ), rather than k.]

The substitution method uses the fact that, with the advent of stable, internally solvent-locked
spectrometers, it has become feasible to obtain accurate data by measuring the spectra of sample and
reference in two separate experiments. If the sample and the reference compound are each dissolved in
the same solvent at low concentration (which, where feasible, we recommend), the substitution method
is equivalent to use of an internal reference, except that the reference substance does not contaminate
the sample or interact with it, chemically or physically. If the reference compound is a nearly neat lig-
uid with only a small amount of the deuterated “solvent” to serve as a lock, the measured chemical shifts
may be slightly different from those obtained with an internal reference because of differing molecular
interactions. It might appear that a magnetic susceptibility correction would be needed if the suscepti-
bilities of sample and reference differ, but this is not the case. With the field/frequency lock established
via the deuterated solvent, the applied magnetic field simply shifts slightly to maintain the magnetic
induction inside the sample tube constant so as to keep the 2H nuclei on resonance. There is, thus, a dis-
tinct difference between the commonly used internally locked system, in which the magnetic induction
B is maintained constant and an unlocked (or externally locked) system in which the applied field H,,
is constant.

If the lock signal of the sample differs from that of the reference, a lock correction may need to
be applied according to:

lock lock
6true = 5measured + (5sample - 5reference) ®)

Except for very strongly hydrogen-bonded systems [46—48], no primary isotope effects between proton
and deuterium have been firmly established, and none are expected on theoretical grounds. Hence, the
difference between deuterium lock frequencies in eq. 8 may be obtained from a table of proton chemi-
cal shifts. However, when polyhydrogenated groups are involved, corrections may be needed for sec-
ondary isotope effects [46] arising from 'H > %H replacement. When high precision is required the
measurement of the shift difference between the locks may be obtained via direct observation of the
deuterium spectrum of the two solvents, placed in coaxial tubes.

However, for most modern spectrometers, the manufacturers have incorporated compensating
procedures for lock changes, largely for the users’ convenience of retaining the spectral window in the
same position on the screen or chart. Unfortunately, these procedures vary between manufacturers and
between spectrometers of different ages from the same manufacturer, so no completely general com-
ments on this question can be made here. NMR spectroscopists must refer to the relevant operating
manual for details. In most cases with modern instruments, the effect is to keep the magnetic field inside
the samples constant when different lock compounds are used. In such situations, the correction term
in brackets in eq. 8 is not necessary. Of course, the accuracy of the result clearly depends on what the
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manufacturers use for the term in brackets, generally present in a “look-up” table in the spectrometer
software. We recommend that manufacturers give clear, explicit, and accurate guidance on their pro-
cedures in this matter and quote their “look-up” tables prominently.

Another situation where isotope shifts have some effect is when signals of the reference com-
pound are affected, for instance for 19F measurements. In this case, the signal is split into four lines with
intensities approximately 27:27:9:1 because the natural-abundance isotopic ratio 3130l s ca. 3:1.
Since CFCly is firmly accepted as the local reference for 19F it is not reasonable to suggest a new alter-
native. It is recommended that the reference signal is that of CF(35CI)2(37C1).

Earlier IUPAC documentation [1,2] did not suggest any specific composition for the reference
sample, or choice of solvents. Ideally, for most referencing methods, a nonpolar solvent consisting of
nearly spherical molecules should be used, and measurements should be extrapolated to zero reference
concentration. Clearly, such procedures are not generally feasible, so that caution always needs to be
exercised when comparing shift data from different sources.

3.5 Unified scale

As NMR studies of various nuclei were initiated, each was, of necessity, treated independently, with
some substance containing the nuclide being studied selected as a reference compound. The result is a
vast collection of data in the literature for multinuclear magnetic resonance based on a large array of
reference compounds. The proliferation of reference substances is, however, unnecessary and in some
ways unhelpful. In a given magnetic field, all resonance frequencies form a single spectral range, and
it is only because different nuclides resonate at markedly different frequencies that use of separate ref-
erences has arisen. With modern instruments, in which all frequencies are derived from a single source,
it is therefore possible to relate the observed frequencies of all nuclides in a particular sample to that of
a single primary reference—preferably the proton resonance of T™S."

There are, however, two reasons for wishing to retain the concept of a separate reference for each
nucleus: (7) It is convenient to speak of, say, an aromatic 13C resonance at x ppm from the 13C line of
TMS, rather than always quoting a frequency to many significant figures, and (if) many data tabulations
are available with values only expressed relative to separate heteronuclear references. Thus, for a uni-
fied scale to be of practical use, there must be agreed frequency relations between a set of commonly
used secondary (heteronuclear) references and the primary reference. Measurements of such relations
have been reported sporadically since the time of early double-resonance experiments [49], and it has
been proposed to relate the separate reference frequencies to a primary standard originally defined for
a magnetic field such that the "HT™MS signal is at exactly 100 MHz. These frequencies have been given
[49] the symbol = (capital Greek xi), and some tabulations have been presented [5,14,50-52]. However,
it is clearer and more appropriate for users of modern high-field NMR spectrometers simply fo define
Z as the ratio of the secondary (isotope-specific) frequency to that of 'H in TMS in the same magnetic
field. Therefore, it is convenient to express = as a percentage by the use of eq. 9:

21%=100(v* / vi¥is) )
where v%’,‘?s is the measured 'H frequency of TMS. The use of percentage ensures that values of = with
this recommendation are numerically identical to those based on the earlier [49] definition.

Recently, the question of a unified reference has been addressed for multinuclear studies in bio-
molecular NMR: Wishart et al. [53] surveyed the relevant literature, pointed out inconsistencies in

*TMS has a low boiling point (28 °C), which can be advantageous in facilitating removal from nonvolatile samples after use, but
can in other circumstances be a severe disadvantage. To overcome this problem, a substance such as [(CH3);Si],C (m.p. 267 °C),
can be used as a reference [54] and the results converted to the TMS standard.

© 2001 IUPAC, Pure and Applied Chemistry 73, 1795-1818



1810 R. K. HARRIS et al.

existing practices, and proposed the use of a single internal reference—for their purposes, one that is
highly soluble in water (sodium 2,2-dimethyl-2-silapentane-5-sulfonate, DSS*, preferably deuterated at
the CH, positions). Operationally, as discussed in the following sections, it is often easier to obtain the
necessary heteronuclear frequency data directly via the lock signal than to make additional measure-
ments with various reference materials for different nuclei.

TUPAC recommends that a unified chemical shift scale for all nuclides be based on the proton res-
onance of TMS as the primary reference. This recommendation is in line with the “Recommendations
for presentation of NMR structures of proteins and nucleic acids”, recently promulgated [4] by IUPAC
in conjunction with the International Union of Biochemistry and Molecular Biology and the
International Union of Pure and Applied Biophysics, which include recommended = values for several
nuclei of importance in such studies for aqueous solutions, but which uses the proton resonance of DSS
as the primary standard because of its solubility in water (see Section 3.9).

In conformity with other areas in physical chemistry, it would be desirable to define a precise
standard state—for example, pure liquid TMS or TMS at infinite dilution in CDCl; at 293 K and 1 bar.
[Indeed, in principle a better standard might be 3He or 12Xe in the gaseous state at a very low pressure
(see ref. 55 and references therein), but this is not practicable.] However, in this document we concen-
trate on aspects that are of immediate practical utility. Temperature and pressure effects on chemical
shifts for solutions and solid samples are sufficiently small for the lighter elements to be generally
ignored for most chemical usage of NMR (largely carried out at ambient probe temperature and pres-
sure), so we make no detailed recommendations regarding these parameters. References 55 and 56 con-
tain some data on the temperature dependence of 'H and 3C resonances for TMS. Variations of solvent
and/or change in sample concentration are known to have important effects on many chemical shifts,
but they are relatively small for a symmetrical, nonpolarizable molecule like TMS.

To assess the magnitude of the concentration effect, measurements have been obtained [12] of the
proton chemical shift for TMS in solutions of volume fractions, ¢ =0.01%, 1%, and 80% in CDCl; (see
the Appendix). The 'H NMR frequency of TMS (¢ = 1%) in chloroform is essentially at the infinite
dilution level, the value for a ¢ = 0.01% solution differing by of the order of 1077% in =, which is nor-
mally reported to only 107%%. However, for a ¢ = 80% solution Z'is 9 x 10°5% larger than for a ¢ =
1% solution. Therefore, for the primary reference in multinuclear magnetic resonance, we recommend
a dilute solution (approximately ¢ = 1% or less) of TMS in CDCl;. This recommendation does not pre-
clude the use of TMS in other solvents as alternative references for TH NMR, and it is consistent with
the use of DSS in aqueous solutions (see Section 3.7).

These recommendations should not be taken in any way to preclude the design and implementa-
tion of experiments to measure specific properties, such as very high precision relative frequency meas-
urements and special sample arrangements designed to minimize certain molecular interactions. Data
will continue to be reported in the most effective way for the purpose at hand, but we believe that adop-
tion of the unified chemical shift scale will facilitate comparison of the vast majority of NMR frequen-
cy measurements. The choice of the base reference as the proton signal of TMS is in accord with the
virtually universal use of this signal as a reference for proton NMR.**

If the recommendation for use of a unified scale is widely adopted, future measurements should
be reported as = values. However, to assure consistency with data already in the literature, it is impor-
tant to have a set of = values of sufficient accuracy to permit conversion between the primary TMS ref-
erence and at least one secondary homonuclear reference for each nuclide (other than 1H). Tables 1-3
list values of = for a number of commonly used secondary references, which are hereby recommended

*The name sodium 3-(trimethylsilyl)propane-1-sulfonate is strictly the correct one for this compound.

**With hindsight, it might have been better to choose the 2s;i signal of TMS since that is arguably even less susceptible to out-
side influence than the 'H resonance (silicon being at the symmetry center of the molecule). However, because of the large
amount of literature based on the proton signal, we recommend that the primary reference remain the H signal of TMS.
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for further use. These values come from a number of sources, as indicated in the tables. However, it
should be noted that a number of these compounds are hazardous [for example, Me,Se, Me,Te,
Ni(CO),, and, especially, Me,Hg]. The unified scale has the advantage that its use avoids direct han-
dling of any secondary references (see Section 3.6). For most of the nuclides listed in Table 3, there are
few data available, and the values of = are simply approximations based on magnetogyric ratios.

However, for Tables 1 and 2, values of = are stated for almost all nuclides to 107°%. For 69 of the
most commonly studied nuclides, careful measurements of = have been made specifically for the pur-
pose of this tabulation. The frequencies of 13C and 2°Si were determined for samples of TMS in dilute
solution in CDCly [12,13,15]. The remaining 67 measurements were made [9] by the substitution
method (as described in the Appendix). Since all observation frequencies and the %H lock frequency are
derived from a single source, the measured frequencies (=) are reproducible to better than 107% and
are reported to 107%. Experimental details are given in the Appendix. Values of = for the remaining
30 nuclides in Tables 1 and 2 are taken from published values, which have been converted to be con-
sistent with the choice of the 'H signal for TMS in very dilute solution as the primary reference. The
literature cited should be consulted for details of the experimental procedure and for estimates of exper-
imental precision and accuracy.

For 'H and 13C NMR, internal referencing has been used almost exclusively, primarily to avoid
bulk magnetic susceptibility effects, which can be of the same magnitude as some chemical shift dif-
ferences that are interpretable with regard to chemical structure. The recommended reference for these
nuclides is, therefore, TMS in a dilute solution in CDC13, and for consistency this reference is recom-
mended also for 2°Si. For most other nuclides, magnetic susceptibility effects are small relative to
chemical shift differences, and many of the published data have been reported relative to an external or
replacement reference, often a neat liquid where feasible. To provide maximum utility, most of the
entries in Tables 1 and 2 refer to such neat liquids or concentrated solutions, usually with a minimum
amount of deuterated substance added to provide a stable lock. Of course, a very large number of such
reference materials and lock substances could be used, but as described in Section 3.6, it is relatively
simple to convert from one to another if necessary.

Values of = can generally be determined to 107%%, which represents resonance measurement dif-
ferences of only 0.01 ppm for nuclides with large values of yto 0.5 ppm for nuclides with very low y
values (an imprecision that is usually negligible compared with their generally large chemical shift
ranges). Under the unified scale, chemical shifts can thus be reported to a precision that is often depend-
ent on line-width or other sample-related factors, rather than instrumental factors. Since literature data
for a number of nuclides are usually referred to a secondary reference and hence are often of consider-
ably lower precision, small discrepancies in values of = are of little practical consequence in most
instances.

3.6 Practical application of the unified scale

Modern NMR spectrometers invariably include field/frequency locking and frequency synthesizers, so
that all frequencies are reliably interrelated by locking to a master clock frequency. There are two ways
in which this fact can be used to determine chemical shifts, either directly on the = scale or with respect
to a recognized reference for the nucleus in question. These two ways are equivalent to the use of the
conventional internal reference and substitution methods, respectively. In the former case, if a nucleus
X is to be studied, and the sample can be prepared with a small amount of TMS, then two direct fre-
quency measurements made while maintaining the same ’H locking conditions will provide the chem-
ical shift of X on the unified scale according to eq. 9. If this procedure is applied to a series of samples,
the effect is to replace “medium effects” on the shielding of X (given by measurements using a refer-
ence compound containing the nuclide X) by medium effects on the shielding of 'Hin TMS. In gener-
al, this should result in a reduction of medium effects due to the referencing procedure, which is desir-
able. Clearly, the substitution method can be used similarly and is particularly valuable when it is not
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convenient to add TMS to the sample. Equation 9 is still pertinent. However, as noted in Section 3.4,
medium effects may vary to some extent if different concentrations of sample and reference are used.
In the future, reporting of chemical shift data as = values may become more common and accept-
able. Conversion of = values to conventional chemical shifts relative to a reference of an X-containing
compound requires only subtraction of the = value of a suitable homonuclear reference, as given in

Tables 1 and 2, followed by division by the = value of the homonuclear reference. Thus:

- 10% (= = =
5)( /ppm =10 (“’X,sample - “’X,reference) / =X, reference (10)

The widespread use of a %H lock for NMR measurements on isotropic samples suggests a modi-
fication of the substitution approach, since the relevant reference frequency should not vary with time.
Thus, the chemical shifts of the X nuclei can, in principle, be determined on the unified (TMS-based)
scale merely by measuring the resonance frequency of the sample and using a predetermined reference
frequency for the nuclide in question. Thus, only one (sample) tube is required and no reference sub-
stance needs to be added. The predetermined reference frequency is obtained by measuring the proton
resonance of TMS under similar conditions to the sample (i.e., with the same lock compound) in a sin-
gle experiment for the spectrometer being used. Then, the frequency of the usual secondary reference
for the X nucleus can be calculated using the predetermined value of Vyyq:

Vreference = YTMS X Ereference /100% (11)

where E ¢ ... takes the appropriate value given in Tables 1-3. Thence, the chemical shift (or the value
of Ey) for the sample can be readily derived. If the lock substance in the sample solution is not the same
as that of the reference solution, a lock correction must be applied (eq. 8).

As an example, suppose that a 77Se resonance has been measured on a compound dissolved in

acetone-dg, resulting in a value:

1% =76344 378 Hz

sample

On this spectrometer, the 'H resonance of a ¢ = 1% solution of TMS in CDClI; has been found at
400 103 342 Hz when the spectrometer was installed. The reference frequency of selenium is then, from
Table 1:

400 103 342 Hz x 19.071 513 =+ 100 = 76 305 761 Hz

The proton chemical shifts of the resonances of the lock compounds are:
0y(CHCI3) = 7.27 ppm and &yy(acetone) = 2.17 ppm

Then:
o,

Se, sample

= (76 344 378 — 76 305 761)/76.305 761 + (2.17 — 7.27) = 501.0 ppm

Since this is still basically a substitution method, an error will arise if the ’H frequency of the solvent
has been influenced by the particular sample used. For many samples that consist of dilute solutions the
error is small, and for many nuclei with large chemical shift ranges the error introduced in this way is
probably smaller than would occur if a homonuclear (X) reference were used in the conventional man-
ner.

Reporting of Zy and Jyx measurements in future heteronuclear magnetic resonance studies will
ultimately lead to a large set of consistent data, provided that values of Z'y ¢ are established and used
consistently in all future work. Therefore, particularly for comparison with chemical shifts reported rel-
ative to a homonuclear (X) reference via conventional internal referencing procedures, it is essential that
the values of = in Tables 1 and 2 represent the accepted values for the substances listed (which are the
“best” available at the present time). We therefore recommend that the defined local chemical shift scale
zero values are established as those listed in Tables 1 and 2, and that such definitions are not subject
to future change arising from remeasurement even where this results in increasing accuracy for the ref-
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erence compound in question. However, the values of = for “rare earth” nuclei in Table 3 should be
regarded as provisional, pending more accurate measurement.

The Unified Scale offers many advantages over other methods of referencing. However, serious
errors can occur in reading and displaying frequencies in some spectrometers unless care is taken. The
software in NMR spectrometers is continually evolving, and even some spectrometers of relatively
recent vintage are configured to display frequencies that are rounded off or that appear with many dig-
its that do not correctly represent the frequency of a peak indicated by the cursor. The correct informa-
tion is available in the appropriate parameter tables, but the authors of this document have found that in
instruments that are several years old it may be necessary to seek the correct file and not rely on what
appears to be an “obvious” display. Although the situation has improved with the latest version of com-
mercial instruments, we strongly recommend that each user verify that his/her own instrument correct-
ly determines one or more values of = as given in Tables 1-3.

3.7 Alternative reference compounds

Many of the elements have more than one proposed reference compound for the chemical shift scale
mentioned in the literature. The majority are secondary reference standards chosen for convenience.
Although our recommendation stands for the compounds listed in Tables 1 and 2, there are some situ-
ations where an alternative reference has to be used. One of these cases occurs when lH, 13C, ISN, 29$i,
and other nuclei have to be referenced in highly polar solvents such as water, where TMS is only very
sparingly soluble. For those situations, DSS or its partially deuterated form, Me;SiCD,CD,CD,SO;Na,
is the recommended primary reference [53,57]. {Sodium 3-(trimethylsilyl)propanoate (TSP) is another
salt that has been suggested [58].} When DSS is used as a reference, it has been recommended [4] that
"H chemical shifts be denoted by the symbol &qq to distinguish them from those referenced to TMS.
However, the resonances of DSS and TMS, both dissolved in the same solvent, are very close: On the
scale with TMS as zero, DSS has a chemical shift of = 0.0173 ppm in dilute aqueous solution, while
in dilute solution in di[(2H3)methyl] sulfoxide (DMSO-dy), the chemical shift of DSS is 6 = — 0.0246
ppm [4]. For most purposes, these differences are negligible (falling well below the anticipated range
of solvent effects), and data from the TMS and DSS scales may be validly compared without correction
for the different 'H reference.

Table 4 repeats the recommended values of = from ref. 4, along with data for additional refer-
ences proposed in the literature for nitrogen, and compares them with our recommendations in Tables

Table 4 Alternative secondary references.

Isotope Alternative secondary references Recommended secondary references?
Reference Sample NMR Literature Reference Sample NMR
compound conditions frequency compound conditions  frequency

E/ % E/ %

'H DSS Internal 100.000 000 4 ™S Internal®  100.000 000

’H DSS Internal 15.350 608 4 TMS Internal® 15.350 609

Bc DSS Internal 25.144 953 4 T™S Internal®  25.145 020

3lp (CH;0);PO  Internal 40.480 864 4 H,PO, (85%) External  40.480 742

N NH; (liquid) External 10.132 912 4 CH3NO, External 10.136 767

5N [(CH;5)4N]I Internal® 10.133 356 59,60

N [(CH;5)4N]T Internal® 7.223 885 59 CH;NO, External 7.226 717

See Tables 1 and 2.
"Volume fraction ¢ =1% in CDCl;.
€0.075 M in DMSO-d,.
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1 and 2. For 13C studies in aqueous solution, ref. 4 recommends using the 3¢ methyl resonance of DSS,
rather than that of TMS, as the secondary reference. Carbon-13 chemical shifts based on DSS and TMS
differ by about 2 ppm, which can cause confusion if not clarified. We recommend that when 13C chem-
ical shifts are referenced to DSS, that point should be made clear by using a notation such as 5DSS(]3C).

Reference 4 recommends use of trimethyl phosphate (internal) as a secondary reference for 3p
studies in aqueous solution, whereas Table 1 recommends 85% phosphoric acid (external), which has
been used more widely, particularly for chemical systems where use of an internal reference is not fea-
sible. The two secondary references differ by about 3 ppm, so it is important to specify which is being
used.

Several reference compounds have been used historically for nitrogen NMR, partly resulting from
the very different properties and natural abundances of the two nuclides (**N and !>N). Nitromethane
as either an internal or external reference has been the most widely used for 14N and to some extent for
5N, while liquid ammonia has been a popular external reference for I5N. Ammonium and tetramethy-
lammonium salts have been used as internal references for both '*N and !°N. Reference 4 recommends
liquid NH; as a secondary reference for BN in aqueous solutions, since most biochemical applications
of >N NMR have used this reference. In Tables 1 and 2 we recommend nitromethane as a reference, in
line with common usage in many other applications. The values of = for different nitrogen reference
compounds are presented in Table 4, along with those for tetramethylammonium iodide, which has been
suggested as an internal reference for both 14N and N since the tetrahedral geometry results in sharp
lines for both isotopomers.

For most of the nuclei listed in Tables 1 and 2, = values are listed for only one homonuclear ref-
erence, since conversions to other reference compounds can be readily made from literature values.

3.8 Magic-angle spinning

It has been shown [61-63] that, in theory, bulk isotropic magnetic susceptibility effects are eliminated
by spinning an infinitely long cylindrical sample with its axis at the magic angle (54.7°) to the static
magnetic field of an NMR spectrometer. Therefore, in principle, magic-angle spinning (MAS) can be
used in the external referencing method to obtain chemical shifts free from bulk susceptibility problems.
Whereas this technique was proposed in the context of solid-state NMR (see below), its utility applies
equally well to the solution state [64,65]. In practice, an infinitely long cylinder is not necessary to
reduce bulk susceptibility effects on chemical shifts to an acceptable level. Strictly speaking, to correct
for isotropic bulk magnetic susceptibility effects, it is also not necessary to spin at the magic angle, but
merely to orient the cylinder containing the sample at the magic angle (see eq. 7). However, spinning
may narrow the lines significantly and so is normally essential for accurate chemical shift measurement.

3.9 Solids

Sample-handling procedures differ substantially for solids from those appropriate for solutions, and
there are clear advantages to using suitable solids as secondary references. This is almost always done
using sample replacement. However, the spectrometers are generally used without field/frequency lock-
ing, so that the resulting chemical shifts are inevitably less accurate than those for solutions. This is not
a significant problem, because line-widths are usually substantially greater than those for solutions and
they impose an upper limit to accuracy. High-resolution NMR of solids almost invariably relies on
magic-angle spinning, and, as discussed in Section 3.8, this eliminates the effects of differences in bulk
isotropic magnetic susceptibilities. Early papers [61,62] addressed this matter, and a recent review by
VanderHart [45], which refers to both liquids and solutions, further discusses the influence of MAS for
referencing spectra. Unfortunately, the situation is simple only for systems with isotropic magnetic sus-
ceptibility. VanderHart [45] discusses the case of anisotropic susceptibility, but there has been to date
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little experimental work in this area. However, in general it may be taken that, within the accuracy of
measurement, referencing by sample replacement under MAS conditions in an unlocked but stable
spectrometer is to a good approximation equivalent to the substitution method as described in Section
3.5.

Several papers [66—68] take advantage of the MAS technique to suggest secondary solid stan-
dards for practical use in solid-state NMR. For example, the 3¢ signals of solid adamantane, glycine,
hexamethylbenzene, and [(CH;);Si],Si have been referenced to those for liquids and solutions using
MAS, and data were reported to accuracies in the region of 0.004—0.04 ppm.

Chemical shift referencing for solid-state NMR is not yet at the stage where much further discus-
sion is warranted here, so the only recommendation that we make is for referencing procedures to be
always clearly and carefully stated in publications.

4. SUMMARY OF RECOMMENDATIONS

In addition to the endorsements of earlier Recommendations stated in Section 3.2 above, IUPAC re-
commends the following:

(a) Equation 5 should be used to define chemical shift scales, with symbol 6 and with ppm (or ppb
or %, as appropriate) explicitly stated after the numerical values. Equation 6 provides a simple
way to calculate chemical shift values in ppm.

(b) The 'H signal of tetramethylsilane in dilute solution (ca. volume fraction ¢ = 1% in CDCly)
should be used as the primary internal or substitution reference for the resonance frequencies (and
hence chemical shifts) for all nuclei. However, for aqueous solutions, the recommendations of ref.
4 are supported.

(c) The secondary references listed in Tables 1 and 2 may be used for the nuclei of the various ele-
ments, with their = taking the fixed values given (not subject to revision).

(d) Internal referencing may be used for solutions, but its limitations should be recognized.

(e) For solution-state measurements, referencing via an internal %H lock signal may be used, either
to give the value of = directly or to calculate the chemical shift with respect to the relevant sec-
ondary reference (via eq. 8, where relevant).

(f)  Referencing by the substitution method with field/frequency lock spectrometers may also be used
for solutions.

(g) External referencing for either liquids or solids may be carried out with magic-angle spinning.

(h) External referencing by means other than (f) and (g) is to be discouraged unless corrections are
applied for bulk magnetic susceptibility effects.

(i) In all circumstances, and especially where strict adherence to these Recommendations is not fea-
sible, details of experimental procedures should be given clearly so that results may be validly
intercompared.
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APPENDIX

As noted in the body of this document, a number of new experimental measurements have been made
to verify values of = for various nuclides. Experimental details are given here.

Concentration dependence of oy (TMS) [12]. Measurements were made with a Varian VXR-
500S spectrometer, sample at ambient probe temperature (about 23 °C), locked onto the signal for
CDCI,. Measured 'H frequencies were as follows:

¢=0.01%: 499.872 5048 MHz
¢©=1%: 499.872 5054 MHz
¢ =80%: 499.872 5495 MHz

Z for 13C and 2°Si. Three measurements were made of = (]3C) for TMS in CDCl; at ¢ = 1%, all
at ambient probe temperature using the following spectrometers: Varian VXR-5008S [13], = = 25.145
0188%; Varian Unity-300 [12], == 25.145 0202%; and Varian Inova-500 [13], ='=25.145 0196%. The
reported value [15] (Table 1) of = (29Si) for TMS in CDCl; at ¢ = 1% was obtained at ambient probe
temperature using a Bruker Avance-400 spectrometer.

Other values of Z. Most of the remaining 67 new measurements presented in Tables 1 and 2 were
made by the substitution method (as described above) with a Bruker Model MSL spectrometer, operat-
ing at a nominal frequency of 300 MHz for 'H, and with corrections applied for the lock signals (see
equation 8) [9]. However, = was measured for the following nuclei using a Bruker Avance-400 spec-
trometer: 2H, 170, #Sc, 4Ti, **Ti, >Mn, " As, 8!Br, 87Rb, 1271, 131Xe, 133Cs, 13°Ba, and 137Ba. The
2INe value was measured [9] using a Chemagnetics Infinity 600. All 67 measurements were made at
ambient probe temperature, approximately 298-300 K. The replacement reference samples used were
either a concentrated solution (m = 4.75 mol kg_l, @ = 80%) of TMS in CDCl; or a ¢ = 1% solution
of TMS in CDCl;. In the former case, the values have been converted to refer to TMS (o =1%) in
CDCIj; (see above).
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