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I. INTRODUCTION
In the past 15 years workers in the field of NMR have
witnessed theoretical and instrumental advances that
have culminated in the detection and routine use of
isotopically rare nuclei in magnetic resonance studies.
17
O magnetic resonance, however, remains a relatively
unexploited area despite the obvious biological and
chemical importance of the oxygen atom. The difficulty
in studying 17O is due to a combination of low natural
abundance (0.037%) and the existence of an electric
quadrupole moment (spin quantum number /= 5/2) that
has the general effect of broadening the spectral lines
due to efficient quadrupolar relaxation. Presently, to
obtain 17O spectra requires extensive signal averaging
or the use of 17O-enriched compounds. The effort of
exploring molecular dynamics and chemical structure
via 17O magnetic resonance is rewarded by spectra

replete with information concerning fundamental
chemical phenomena. With 17O NMR it is possible to
monitor directly the hydrogen-bonding interaction, the
exchange of water between two magnetically nonequivalent sites in both biological and inorganic
systems, hydration and solvation interactions, and
exchange reactions involving the oxygen atom. It thus
represents a method of obtaining associated kinetic and
thermodynamic data. Chemical structure is revealed via
17
O chemical shifts, and quadrupolar relaxation data
provide information concerning the electronic environment of the 17O nucleus. Finally, 17O relaxation data give
information concerning molecular motion, since the
quadrupolar interaction tensor is time-modulated via
molecular tumbling, and this interaction is the primary
relaxation mechanism for the 17O nucleus.
This review will present those concepts most essential
to the understanding of 17O magnetic resonance. Emphasis will be placed on the presentation of work that
has clearly demonstrated the benefits of employing 17O
NMR in studies of chemical systems. Hence many older,
yet classic 17O NMR papers will be discussed. We have
not attempted to present an exhaustive review of the
literature and therefore some worthy articles have not
been cited.

II. 17O QUADRUPOLAR INTERACTIONS
The 17O nucleus has a spin / = 5/2 and a quadrupole
moment Q = - 2 . 6 X 10~26 cm2 (1, 2). Thus the 17O
nucleus possesses an ellipsoidal charge distribution and
is capable of interacting with electric field gradients

Duplication of Bulletin of Magnetic Resonance, in whole or in part by any means for any purpose is illegal.

118

Bulletin of Magnetic Resonance

induced by the nuclear electrostatic environment. In the
liquid state this time-dependent coupling is a very
efficient mechanism of relaxation, and spin-lattice
relaxation times for 17O are normally of the order of
milliseconds (3-6). In addition, the electric field gradient
induced by the nuclear and electronic structure of the
molecule in the solid state results in an intrinsic perturbation of the nuclear spin states giving rise to energy
splittings that are independent of external fields. Transitions between these nuclear quadrupolar energy levels
are in the radio-frequency region. Studies of nuclear
quadrupole transitions elicit information concerning the
principal axes of the field gradient, electronic wave
functions, and electrostatic potentials existing in
molecular solids.
In the study of quadrupolar effect in solids, there are
essentially two cases of interest that can be summarized
in the system's Hamiltonian. Assuming an axially
symmetric quadrupole gradient, the Hamiltonian containing the nuclear Zeeman and quadrupolar terms can
be written as
3C=-Tn

- P ) = 3CZ + 3C Q

(1)

The magnetic field is applied along the z'-axis, and
z-axis refers to the z-component in the principal axis
system of the field gradient tensor. The following definitions apply to Eq. (1): e = charge of the, proton; eq =
electric field gradient in the z direction about which the
molecule has axial symmetry; Q = quadrupole moment;
h = Planck's constant divided by 2TT; I = angular
momentum operator; lz. = angular momentum operator
in the direction of the field gradient; lz< = angular
momentum operator in the Zeeman field direction; 7n =
magnetogyric ratio; and / = eigenvalues of I2. 3CZ is a
Hamiltonian term describing the Zeeman interaction,
and 3CQ is the quadrupolar contribution to 3C.
The first case of interest, often referred to as the
strong external field case, involves treating the quadrupolar interaction as a small perturbation to the coupling between the nuclear magnetic dipole moment and
the large static field (3CZ » 3CQ). On the other hand,
under weak external field conditions 3CQ is treated as the
main Hamiltonian, and in the absence of an applied field
pure quadrupole transitions can be observed. Spectra
of solid materials will reveal the quadrupolar splittings of
the Zeeman energy levels, the Zeeman splittings of the
quadrupolar levels, or the pure quadrupolar resonances
depending on the strength of the applied field. In the
liquid state the quadrupolar interactions do not shift the
Zeeman energy levels, but can induce transitions
between the levels, thereby effecting relaxation. This
review deals primarily with liquid-state 17O NMR.

A. Quadrupolar Relaxation
In the extreme motional narrowing condition we have
for the 17O quadrupolar relaxation rate (7):

r.

(2)

125

where ij is an asymmetry parameter of the electric field
gradient, e2qQIh is the quadrupolar coupling constant,
and TC is the correlation time for molecular reorientation.
Hence, in the interpretation of quadrupolar relaxation
data there are three factors to consider:
(i) the asymmetry parameter,
d2V
dy>

2

dx

d2V
dz-

where V is the electrostatic potential at the nucleus and
?7 measures the deviation of the field gradient tensor
from axial symmetry;
(ii) the electric field gradient at the nucleus,
eq = d2V/dz2;
(iii) the rotational correlation time, TC, if isotropic motion
can be assumed.
One advantage in measuring relaxation times of
quadrupolar nuclei is that if the coupling constant can be
measured independently, an unambiguous value for TC
can be determined since the quadrupolar relaxation is
usually the dominant mechanism and quadrupolar relaxation is mediated via intramolecular interactions. Quadrupole coupling constants of 17O have been measured
from microwave data for S=C=O (2), carbon monoxide
(9), water (1), and formaldehyde (10). In general, changing the parameters in Stokes' equation (rc =
4ira3r]*/3kT, where a is the molecular radius, /ris Boltzmann's constant, T is absolute temperature, 77* is viscosity) will broaden or narrow the 17O resonance lines.
Qualitatively, decreasing viscosity and molecular radii
and increasing temperature will yield narrower 17O lines
and thus produce better-resolved spectra under conditions of motional narrowing that generally prevail in
solutions. Quadrupolar relaxation occurs via a timemodulated interaction between the nuclear electric
quadrupole moment and the electronic field gradient at
the nucleus. In the liquid state, time modulation of this
interaction is due primarily to molecular rotational
motion, and therefore determination of relaxation rates
provides information concerning molecular dynamics.
The motional analysis is simplified because, unlike 13C or
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H relaxation mechanisms, there is only one dominant
interaction and it is normally entirely intramolecular in
origin.
The relaxation times due to quadrupolar effects can
be four or five orders of magnitude less than relaxation
times due to dipolar interactions. In the case of fast
isotropic motion and assuming axial symmetry, the
efficiency of quadrupolar relaxation is quadratic in the
magnitude of the quadrupole moment and the electric
field gradient and directly proportional to the molecular
correlation time. The electric field gradient tensor varies
for the same nucleus in different molecules and has
been calculated for some simple covalent molecules.
Calculations of the field gradient are difficult, and an
accurate value for the gradient implies that the wave
function employed in the calculation represents a very
good approximation to the electronic structure of the
molecule. If the basis set employed in these calculations
consists only of the valence orbitals, a Sternheimer
shielding correction must be employed. Attempts of
varying success have been made to calculate the quadrupolar coupling constant in C17O (11-14). A detailed
discussion of these calculations is presented in a monograph on this topic by Lucken (15).
Christ and Diehl (8) determined quadrupole coupling
constants from 17O line-width data obtained on a series
of monohydroxy alcohols. They found that the coupling
constants ranged from 3 to 10 MHz and the line widths
(100 to 1000 Hz) were approximately proportional to
viscosity and molar volume. Although 17O line widths
tend to be relatively large (vV2 = 120 Hz for H217O at
neutral pH), recent work with metal carbonyl compounds have demonstrated line widths below 10 Hz for
Cr, Mo, W, and Fe carbonyl compounds (16). Line widths
of approximately 1000 to 4000 Hz (dependent on ketone
concentration in a dioxane solvent) for meta- and
para -hydroxyacetophenone in solution have been obtained (17). Clearly, line widths in solution can vary over
a very large range, and theoretical studies are awaited
detailing contributions to the line width from molecular
motions and variations in the electric field gradient over
a series of 17O compounds.
In general, slow motional processes such as chemical
exchange have an effect on transverse relaxation times
(7"2) but not on longitudinal relaxation times (T,). The
validity of this statement is based on the fact that only
molecular motions at the Larmor frequency w0 and at 2<oo
are effective in causing spin-lattice relaxation for the
quadrupolar relaxation mechanism. Even though motional narrowing conditions prevail, it is not possible to
measure spin-lattice relaxation rates from the line width
unless chemical exchange processes can be accounted
for. In 17O relaxation studies it is of particular importance
to measure both 7", and T2, since oxygen is often in a

chemical group that is involved in a direct exchange with
the solvent (for example, carbonyl or carboxyl groups in
aqueous solvents) or bound to an atom capable of
undergoing exchange (for example, the hydroxyl group).
The difference in the relaxation rates can often provide
direct information concerning exchange processes.
Relaxation studies on H217O have shown that longitudinal and transverse relaxation rates are equivalent in
the ranges pH < 5 and pH > 9. There is a significant
contribution to the transverse relaxation rate in the
region about neutral pH due to a slowing of proton
exchange, thereby revealing the 170-1H indirect coupling
manifested in an increased line width (18). Although 7, is
pH-independent for water, the line width is approximately twice as large in neutral water as it is at the pH
extremes where fast exchange results in the temporal
averaging of the spin-spin coupling effects.
The majority of the reported 17O relaxation studies
have been conducted on water. The prevalence of
water-relaxation studies is partially due to the availability of water enriched to high concentrations in 17O and
also to the central role of water as the solvent in both
biological and inorganic systems. The water-relaxation
rates serve in monitoring solute motions (the premise
being that a certain fraction of the water solvent is
associated with the solute and that the motion of the
solute can be indirectly monitored by determining the
motional characteristics of the bound water), chemical
exchange phenomena involving the water molecule, and
the compartmentalization of water in certain biological
systems. Representative examples of these studies will
be presented.
Studies of spin-lattice relaxation times of pure water
as a function of temperature have led to conflicting data
and a controversy concerning the temperature dependence of the 17O quadrupolar coupling constant in water.
Assuming a Debye classical rotational diffusion model
as the means by which time modulates the quadrupolar
interaction, the curve generated for the dependence of
T, on temperature was interpreted as implying that the
electric field gradient at the oxygen nucleus is temperature dependent and that the quadrupolar coupling
constant exhibits a minimal value near 40°C (4). The
concept of a temperature-dependent coupling constant
for H217O is not unreasonable if one considers the effects
of temperature on the hydrogen-bonded structure of
water. Changes in the hydrogen-bonding associations
would naturally lead to modifications in the field gradient
at the oxygen nucleus, since this gradient has its origins
in the molecular orbital. However, these modifications in
the field gradient may occur on a time scale too fast to
be resolved by NMR methods. In another study it was
reported that over the interval from 5° to 95°C the 17O
coupling constant was temperature independent (19). In
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an effort to resolve the conflicting data, Hindman et al (5)
repeated these experiments obtaining a large number of
data points that convincingly demonstrated that ln( 7",) is
a smooth function of 1/7"over the temperature range
studied ( - 1 7 ° to 95°C) and that the temperature
behavior was non-Arrhenius. It was also found (5) that
the measured 17O relaxation times were generally longer
(differing by as much as 40% at high temperatures) than
those presented in the previous two studies (4, 19). The
faster relaxation was attributed to the presence of
paramagnetic impurities.
The expression previously cited for the quadrupolar
relaxation rate suggests three possible variables that
could feasibly be temperature dependent: (i) the asymmetry parameter, (ii) the quadrupolar coupling constant,
and (iii) the rotational correlation time. The asymmetry
parameter and the quadrupolar coupling constant
depend on the electronic structure of the molecule,
which can be modified by short range interactions such
as hydrogen bonding. Anisotropic rotation may also
lead to non-Arrhenius relaxation behavior. Finally, the
existence of different relaxation processes that depend
on temperature is an alternative explanation of the
observed relaxation behavior. In later studies (20, 21), it
was found that the non-Arrhenius temperature dependence of T, for H217O could be interpreted as the sum of
two Arrhenius terms. Considering all the above hypotheses, it is concluded that there exist different relaxation
processes, but that a single mechanism dominates at
the temperature extremes. The high-temperature
process is thought to involve the rotation of weakly
bonded or non-hydrogen-bonded water molecules,
whereas the low-temperature relaxation mechanism
results from a simultaneous rupture of hydrogen bonds
and molecular rotation.
17
O relaxation rates of water in protein solutions have
been used to obtain information regarding the orientational relaxation times of the protein molecules (6, 22).
The hypothesis is that the solvent water molecules sense
the motion of the protein molecules and that this interaction will be reflected in relaxation times that differ
from those measured in pure water. 17O relaxation rates
have been studied as a function of field strength (22),
and the observation that the magnetic field dependence
of the spin-lattice relaxation times for 1H, 2H, and 17O of
water in aqueous solutions of Iysozyme is essentially the
same, implied that solvent exchange between the protein and the bulk solvent involves the entire water
molecule. However, a model that includes the bulk
water, the protein-associated water, and exchange
between the two sites does not satisfactorily explain the
observed data. It was suggested that the protein
molecule imparted to its associated water a correlation time that directly reflected the motional char-

acteristics of the solute protein. For a recent discussion of the water-protein interaction, see Koenig et al
(23).
In general, useful molecular-dynamics information
can be obtained from relaxation studies of samples in
aqueous solvents where the water-solvent resonance is
the signal of interest. An advantage of studying 17O NMR
in systems involving exchange is that the transfer of the
entire water molecule is followed, thus eliminating any
ambiguity that can arise in proton or deuterium data.
Longitudinal and transverse relaxation rates for
aqueous suspensions of dark-adapted chloroplasts
have been used to estimate the average lifetime of a
water molecule inside a thylakoid (24).
The physical state of water in cellular systems is
presently a subject of intense investigation. Waters of
hydration, water-transport processes, water structure,
hydrogen-bonding interactions, and the compartmentalization of water in cellular and organellar systems can
be conveniently studied by 17O NMR. The determination
of NMR parameters of enriched H217O in cellular, wholetissue, and macromolecular systems has distinct advantages: spectra consist of only one resonance, acquisition times are short, and spectra are rich in biologically
meaningful information. 17O NMR has been advantageously employed in studies of biological tissue samples. Nonexponential spin-lattice relaxation behavior in
frog muscle was interpreted as reflecting the existence
of distinct populations of water molecules in the sample
(25). It was suggested that a rapid water exchange was
occurring between the free and bound water fractions.
From other studies of H217O in frog skeletal muscles it
was concluded that there was a motional restriction of
most of the muscle water when compared with pure
water, as evidenced by observing T2 < 7", in the tissue
samples (26). The precise anatomical locations of the
bound water in these studies was not conclusively
determined.

B. Nuclear Quadrupole Resonance
Since the nuclear spin for 17O is / = 5/2, the nucleus
can assume six different orientations in a magnetic field.
These transitions are degenerate if the electrostatic field
at the nucleus is symmetric (cubic symmetry or higher).
In the presence of an asymmetric electronic environment there is a splitting of the energy levels into five
nondegenerate transitions. The Zeeman plus quadrupolar contributions to the Hamiltonian are given in Eq.
1 for the case of axial symmetry. In the strong-field case
application of first-order perturbation theory gives the
states illustrated in Figure 1 with intensities proportional
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to 5:8:9:8:5. In Figure 1 we have
3e2qQ

/3cos20 -

(3)

where 6 is the angle between Ho and the electric field
gradient. The splitting of the Zeeman levels is a function
of field orientation as is evidenced by the 0 dependence
of o)Q. Note that in this analysis the quadrupolar interaction shifts the m = 1/2 and - 1/2 levels equally so that
the central transition occurs at co = yH0. However, a
second-order perturbation analysis predicts an angular
m
- 5/2

Q=0

Q<0

-y3Co-4co Q

- 3/2

-

ySCo

1/2

+ 1/2

2COQ

+ 3/2-

•yko

+ 5/2

equation for the pure quadrupolar interaction for spin
/ = 5/2 (28). If 7] is taken into account in perturbation
treatment, one finds that the selection rule A m = ± 1 is
violated and A m = ±2 transitions are observed. With
knowledge of the dependence of the intensity of the
quadrupolar resonance on the orientation of the crystal
axes with respect to the rf field, the axis of symmetry of
the field-gradient tensor can be assigned. The intensity
of the transition is maximum when the rf field and the
symmetry axis are orthogonal, and zero when the rf field
and the symmetry axis of the field gradient tensor are
colinear. Clearly, 17O pure quadrupole resonance
provides a method of characterizing the electric field
gradient at the nucleus. As has been previously mentioned, the 17O quadrupolar coupling constant could be
a parameter that would provide information concerning
hydrogen-bonding interactions in the solid state. Edmonds and co-workers chose the various forms of ice to
investigate the hydrogen-bonding effects on the 17O
quadrupole coupling constant (29, 30). Three transitions
are observed, corresponding to A m = ± 1 and A m =
±2. The asymmetry parameter and quadrupole coupling constant were obtained from the experimentally
determined resonance frequencies and the solution of
the secular equation. They concluded that 17O quadrupole coupling constants are relatively insensitive (as
compared with deuterium) to short-range structural
changes. However, in a study of paraelectric and ferroelectric KH2PO4, Blinc et al (31) found that in the
ferroelectric phase where one oxygen is covaiently
bound to hydrogen and another oxygen participates in a

± 5/2
CO

CO

Figure 1. Quadrupolar splittings of nuclear Zeeman energies
for 17 O(/=5/2).
dependence of the central transition frequency. In
solid-state 17O magnetic resonance it is possible to
resolve these splittings and thus determine the quadrupolar coupling constant. However, in the liquid state
this interaction is averaged by rapid molecular tumbling.
The broad lines observed in 17O liquid spectra reflect the
efficient quadrupolar relaxation mechanism. These
interactions are treated in detail in the books of
Abragam (7) and Slichter (27) and references therein.
In a nonspherical field, radio-frequency (rf) radiation
induces transitions among the orientations of the 17O
quadrupolar nucleus. For / = 5/2 two resonances occur
in the pure quadrupole spectrum illustrated in Figure 2.
If both these frequencies can be determined it is possible to obtain the quadrupolar coupling constant and
asymmetry parameter from the solutions of the secular

±3/2

± 1/2
Figure 2. Energy levels for 17O pure quadrupole resonance
assuming axial symmetry.
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hydrogen bond, there is a substantial difference in the
quadrupolar coupling constants. In the paraelectric
phase all oxygen sites are chemically equivalent and the
observed 17O quadrupolar coupling constant is an average of those corresponding to the covalently and
hydrogen-bonded oxygens.
17
O pure quadrupole resonance studies have also
been conducted on quinones (32) and potassium dihydrogen phosphate (31). Recent work using the double
resonance technique has allowed the detection of fine
structure (interpreted as intramolecular dipolar interactions within the water molecule of hydration) in polycrystalline Ba(CIO3)2 • H217O (33). 17O quadrupole coupling
constants and asymmetry parameters of some organic
solids have been determined by employing nuclear triple
resonance techniques (34). The nuclear quadrupolar
coupling constant for enriched urea oriented in a lyotropic liquid crystal has been determined (35).

III. 17O SPECTRAL PARAMETERS
A. Chemical Shifts in Diamagnetic
Compounds
A compilation of chemical shifts for a large number of
organic molecules was presented in a classic paper by
Christ et al (36). In comparing data it should be noted
that in the majority of cases they measured the 17O

chemical shifts at natural abundance, and thus there is
often a substantial error (up to 5 ppm) in the reported
shifts, primarily due to the broad resonances and poor
signal-to-noise ratios. Experience in this laboratory
indicates that, in general, reproducible chemical shifts to
within 0.3 ppm are obtainable only for enriched materials with line widths of less than 200 Hz. Solvent suppression pulse sequences and methods of eliminating
coherent noise can be effectively employed to avoid
memory overflow before the appearance of the signal of
interest (37). Methods of determining accurate 17O NMR
parameters for materials at natural abundance have
been discussed by Canet et al (38).
The range of observed 17O chemical shifts for diamagnetic molecules is approximately 1000 ppm. A representative tabulation of 17O shifts characteristic of common
functional groups is presented in Figure 3. We hasten to
point out that the chemical shift ranges illustrated in
Figure 3 can only be considered approximate. The lack
of a well-defined absorption range for a given group is
due to the very strong effects exerted by hydrogen
bonding (17, 39) and pH on the 17O nuclear screening
constant. For example, recent work in this laboratory
(17) has revealed intramolecular hydrogen-bonded aryl
ketones with chemical shifts as far upfield as 440 ppm
(2,4,6,-trihydroxybenzaldehyde). 170 chemical shifts are
normally reported relative to an external water reference, thereby eliminating solvent effects that can con-

Figure 3.17O chemical shifts in ppm relative to water at 0 ppm.
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siderably shift an internal H2170 resonance. In general,
resonances due to single-bonded oxygen occur at
higher field than those due to the double-bonded oxygen. Figgis et al (40) found a linear relationship between
the chemical shifts of double-bonded oxygen compounds and the reciprocal of the lowest-energy
electronic transition. This study demonstrated the role
of the paramagnetic term in the total screening constant
in determining the 17O chemical shifts of these compounds. It has been shown that the diamagnetic term for
the nuclear shielding of 170 can only account for a
maximum shift of about 26 ppm (49). Therefore, in
general, the dominant term in the total screening constant for )7O chemical shifts is the paramagnetic term.
An order-of-magnitude estimate of the paramagnetic
term, <jp, in the total screening constant is given by
1
o,n

(r3)

(4)

where AE O n has the meaning of an average electronic
excitation energy of the molecule and ( > denotes an
expectation value. Thus the paramagnetic term is
proportional to two factors: (i) the inverse of the excitation energy required for an electronic transition from the
ground state to an excited state (the lowest energy
transition for a carbonyl group is often an n —-ir* orbital
rearrangement) and (ii) the inverse cube of the average
radial value of a 2p electron. If the paramagnetic term is
written in its complete form for the z-component of the
screening constant we have
2L,
\ / #•» I

,.7

^

(5)

2L
I r\\

t r\\

Z 1 — \ / *»

AEo,n

Note that ap is dependent on the orbital angular momentum operator, L. This expression can be related to the
observation that single-bonded oxygen generally appears to higher field than compounds containing
double-bonded oxygen. Alcohols, for example, have
oxygen bonded to hydrogen via <r bonds, which, by
definition, have zero angular momentum. On the other
hand, double-bonded oxygen containing ir bonds has a
nonzero angular momentum about the bond-axis direction and the net result is a substantial paramagnetic
shift.
A consistent explanation of 17O chemical shifts of
carbonyl compounds may not be possible in terms of the
AEon"1 factor. For example, in a series of aryl ketones
there was no significant correlation between AE 0'„for
the n-* ir* transition and the 17O chemical shifts (50).
This may be due to the fact that the ap term requires a
summation over all | n), i.e., over the energies of all
ground-to-excited electronic states. However, in the aryl

ketones the n —- ir* transition lies relatively close in
energy to the ir —>• ir* transition, and thus the neglect of
all but AE0,n (n-*ic*) may lead to a significant error. In
this study of para -substituted acetophenones Sardella
and Stothers (50) found that a progressive increase in
electron-withdrawing power induces an increasing paramagnetic (downfield) shift. In the acetophenone
molecule there is the possibility of a polarized form of
the carbonyl group with the negative charge largely
delocalized on the oxygen atom. The carbon atom then
bears a net positive charge, which can be delocalized on
the ring structure in the ortho and para positions. An
electron-releasing group in the para position has a
stabilizing effect on the ring system when the para
position is positively charged and there is a simultaneous increase in electron charge density at the oxygen
nucleus relative to the covalent compound. This
modification in the electron distribution about the oxygen nucleus results in an expansion of the electronic
orbitals and a consequent decrease in (r~3) and <rp,
with the net effect being an upfield shift. The observation
that there is a qualitative correlation between the magnitude of the downfield shift and increasing electronwithdrawing character of the para substituent can thus
be interpreted in terms of the decreasing predominance
of resonance forms that increase the negative charge
density at the carbonyl oxygen. More recently, the
chemical shifts and line widths of 17O-enriched monomethoxy- and -hydroxy-substituted acetophenones
were measured, and an interpretation in terms of
stabilizing resonance structures that affected <JP through
the (r~3) factor was found to be consistent with the
observed shifts (17).
Theoretical calculations of 17O nuclear screening
constants have been performed at the ab initio level
(51-53) and semiempirically employing INDO and
CNDO/S molecular orbital calculations (54-58).
Semiempirical calculations demonstrate that 17O
chemical shift differences in carbonyl compounds are
primarily determined by the minimum energy n -> ir*
electronic transitions, in agreement with the empirical
results of Figgis et al (40). The calculations performed by
Webb and co-workers (56-58) have been reasonably
successful in predicting 17O chemical shift trends. Triple
perturbation theory has been employed to calculate
paramagnetic contributions to the 17O shielding constants in water (59).
The chemical shifts of H217O in various anionic and
cationic diamagnetic electrolytes as a function of concentration have been documented (60). An estimated
shift for the acidic and basic water species was calculated to be +40 ppm for H3O+ and - 7 0 ppm for OH",
relative to water. Preliminary data on chemical shifts of
H217O on dilution in various solvents was presented with
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the conclusion that hydrogen-bond breaking shifts the
17
O resonance of water to high field. A 36 ppm upfield
shift was observed upon transfer of water from the liquid
to the vapor phase (61). Assuming that each water
molecule in the liquid state participates in four hydrogen
bonds (two via proton donation and two via donation of
the oxygen electrons) at room temperature, the abovementioned data suggest that rupture of all four of these
bonds results in a 36 ppm upfield shift. Reuben (39)
found that at infinite dilution in acetone, water shifts by
12 ppm upfield. Assuming that at very low water concentrations in acetone, all the water protons are associated
with the carbonyl group and that in dioxane a water
molecule forms, on the average, 3/2 hydrogen bonds
(via proton donation), then one can estimate the effect of
proton donation on the water oxygen as a 12 ppm
downfield shift and proton acceptance by the oxygen
nucleus results in a 6 ppm downfield shift.
Extrapolating to infinite dilution of acetone in water
gives an upfield shift of 52 ppm relative to pure acetone
(39). Hence, saturation of the carbonyl oxygen with
hydrogen bonds results in very strong upfield shifts. One
explanation of the hydrogen-bonding effects on the
carbonyl oxygen observed by 17O NMR is attributed to
increased contributions of the polar bond >C-O~ to the
total wave function. Moreover, the AEon1 term in <rpalso
predicts changes in the 17O chemical shift in the appropriate direction upon hydrogen bonding. The lowest
energy transition for the carbonyl chromophore is the
n->-7r* electronic transition. An n^-ir* transition (i.e.,
the promotion of a nonbonding n electron into the
antibonding ir* orbital) involves an electronic redistribution whose net effect is a transfer of electron density
from oxygen to carbon. Hence increasing -it* character
in the carbonyl bond relative to the ground state could
conceivably result in a downfield shift for the 17O
resonance.
If the optical spectrum for acetone is run in a
hydrogen-bonding solvent relative to an inert solvent, a
hypsochromic or blue shift is observed. The water solvent can hydrogen-bond to the oxygen lone pairs of the
carbonyl group, and an n-*w* transition now requires
extra energy to rupture the hydrogen bond and thus
greater overall energy to promote the n electron to the
IT* orbital. Since the n-^-v* transition shifts to higher
energy and this is the transition that often determines
the paramagnetic screening constant for 17O, it is clear
that A f 0~n decreases and as a consequence ap decreases when the carbonyl group participates in a
hydrogen bond. A nice illustration of this effect was
presented in a graph of 17O chemical shift versus Xmax
(n-+•**) for acetone in a series of solvents varying in
their abilities to form hydrogen bonds (50). A linear
correlation between magnitude of upfield shift and

hydrogen-bonding power of the solvent was clearly
demonstrated for a series of five solvents. For acetone in
hexane solvent \ max = 280 nm and 5 (17O) = -580 ppm,
whereas for acetone in water Xmax = 265 nm and 8 (17O) =
-535 ppm.
It is easily seen that 17O chemical shifts are highly
sensitive to hydrogen-bonding interactions and thus
represent a useful and unexploited tool for hydrogenbonding investigations. It may also be worthwhile in
studies of hydrogen bonding to investigate the potential
of employing relaxation techniques. The basic premise
is that these short-range interactions will have substantial effects on the field gradient and the asymmetry
parameter, given a system with the proper temporal
characteristics.
Interestingly, the 17O resonance for the carboxyl
group falls approximately midway between the alcohol
and ketone resonances. There is a sparse literature
concerning the actual electronic structure of the carboxyl group in solution, and it is felt that 17O NMR may
represent one productive means of attacking this problem. 17O chemical shifts of the carboxyl group of amino
acids (44) and a dipeptide (43) have been found to be
sensitive functions of pH. Deprotonation of the carboxyl
group of the dipeptide cation caused the carboxyl resonance to move downfield by 19 ppm (43). The distribution of electron density within the peptide bond is also
sensitive to the ionic state of the amino and carboxyl
groups. In the amino acids (alanine and glycine) a downfield shift occurs as the pH is varied between 1.0 and
7.0, and an upfield shift in the pH region 7.0 to 11.0 (44).
Thus the carboxyl group is sensitive to deprotonation of
the ammonium group in the basic pH region and deprotonation of the carboxyl group in the acidic range.
Chemical shifts and line widths of enriched amino acids
(62) and monosaccharides (63) have been reported.
A compilation of 17O chemical shifts and a discussion
of substituent effects for aliphatic aldehydes and ketones were presented (64). Recent chemical shift determinations and discussions of factors affecting the
screening constants have been presented for alcohols
(41), cyclohexanones (65), polyoxoanions (66,67), ethers
and esters (68), nitrogen compounds (69), and
phosphorus compounds (70). An extensive survey of 17O
chemical shifts for various organic and inorganic compounds was recently compiled in Klemperer's review
(71).
In compounds exhibiting keto-enol tautomerism,
(dependent on the equilibrium concentrations) it is
sometimes possible to determine relative concentrations of the two forms. For example, it has been possible
to measure equilibrium constants of the two enol forms
in 17O-enriched asymmetric 0-diketones (72).
In general, full exploitation of present NMR methods
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requires compounds labeled with 17O. Although it is
possible to obtain chemical shifts and line widths for
some compounds at natural abundance (and this can
sometimes be a difficult task) study of a wide range of
molecules of varying solubilities and molecular weights
will often require incorporation of 17O into the molecule.

B. 17O Exchange Reactions
Methods of following exchange reactions involving
oxygen include mass spectrometry, infrared spectroscopy, and 17O NMR. Other than using 17O NMR, isotopeexchange measurements often require separation and
purification steps, which are normally lengthy
procedures. The advantage of 17O kinetic measurements
is that this method provides a direct and uninterrupted
means of following the time evolution of an exchanging
group. It is possible to study slow-exchange processes
by following the change in 17O signal area over time or to
study fast-exchange processes by 17O line-shape
analyses. 17O NMR line-width measurements have been
used to determine the rate of oxygen exchange between
arsenite ion and solvent water (73). There is an extensive
literature about 17O NMR measurement of exchange
rates of water molecules between the first coordination
sphere of paramagnetic ions and the bulk solution (74).
Granot and Fiat (75) have treated the effects of chemical
exchange on transverse relaxation rates of nuclei in
solutions containing paramagnetic ions. A ; study of
water exchange in Ni(H2O)62+ provides a representative
treatment of experimental data and results (76). The
majority of the work cited in Subsection III D of this
review deals with chemical exchange in paramagnetic
systems.
Studies of oxygen-isotope exchange reactions as
probes of reaction mechanisms have been discussed
extensively for a wide variety of organic compounds
employing both 17O and 18O (77). Greenzaid and coworkers measured oxygen exchange in acetaldehyde as
a function of acid concentration (78), in acetone (79),
and in a series of cycloalkanones (80). Oxygen exchange
in the carbonyl group of cyclic ketones has also been
investigated (81). An interesting study of oxygen exchange in acetylacetone in the presence of a simultaneous keto-enol equilibrium revealed different k exchange
for the keto and the enol forms (42). It is possible to
measure either the decay of a signal from a group
enriched in 17O or the growth of a signal that is undergoing exchange with 17O-labeled water.
In solutes that are not water soluble, it is possible to
employ a mixed dioxane-H217O solvent and follow the
growth of the exchanging resonance. Alternatively,
insoluble solutes can be vortexed with enriched water
over a period of time and the water can be easily

removed from the biphasic mixture. Kinetic parameters
can then be determined from exchange between the
labeled compound and ordinary water.
A weak resonance may introduce a source of error
into attempts to measure area values. For example,
during the course of an exchange between a carbonyl
group and enriched water, the initial signals have a low
signal-to-noise ratio, consequently making areas relatively difficult to measure accurately. However, the
potential of 17O NMR in kinetic and thermodynamic
studies is clearly indicated in the relatively few works
that have appeared in the literature.

C. Indirect Interactions
Spin-spin couplings of 17O with other nuclei are often
difficult to observe due to large 17O line widths overlapping the fine structure resulting from fast relaxation
times and chemical exchange. It appears that in a dilute
water solution (hence damping proton exchange) 1H-17O
couplings should be observable. A 1:2:1 17O triplet has
been observed with a splitting of 82 Hz in water diluted in
acetone (82).
It is possible to eliminate the line broadening by
proton decoupling as demonstrated in water at neutral
pH (83) or the broadening can be studied via line-shape
analysis to obtain the coupling constants (84). In the
latter study two bond spin-spin coupling constants were
determined for oxygen in ether, aldehyde, acid, and
ester groups. Alei (85) measured 17O coupling with 35CI in
CIO4~ ion to be 86 Hz. It was possible to measure the
coupling in this molecule because 35CI relaxation is
inefficient due to its position at a site of cubic symmetry.
On the other hand, CIO3~ resulted in a single resonance
due to the fast 35CI relaxation. J -coupling constants with
17
O have been measured for 95Mo-17O in aqueous molybdate (86); 31P-17O (87); and 17O-35CI, 17O-51V, 17O-53Cr,
17
O-55Mn, and 17O-95Mo (88).
An interesting application of 17O spin-spin couplings
has been in the identification and characterization of the
stable H3O+ species (89). The 17O spectrum revealed a
perfect quartet with ^O.H = 107 Hz.

D. Chemical Shifts in Paramagnetic
Compounds
A substantial literature on 17O NMR has accumulated
on the study of hyperfine interactions between the
unpaired electrons in paramagnetic molecules and ions
and the 17O nucleus. This interaction results from the
nonzero probability of finding an unpaired electron of
the paramagnetic compound delocalized onto the ligand
(in the case of an aquo complex), which gives rise to
unpaired electron density at the oxygen nucleus.
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The hyperfine coupling constant, A , can be calculated from the observed paramagnetic chemical shift, Aco,
from
Aco

=-S(S+

(6)

3kTyn
where the coupling constant A , given in MHz, is a
measure of the energy of interaction between the unpaired electronic spin and the nucleus, 7eand yn are the
gyromagnetic ratios of the electron and nucleus respectively, and S is the eigenvalue of the electron spin
operator. In addition, once the hyperfine coupling constant is determined it is possible to calculate the electron spin density from

(7)

A=

2S

where P"(rN) is the probability per unit volume of finding
an electron with spin a in the volume element dr at point
rw(90).

M + 3 .;o

M+ 2

It is possible through the systematic study of hyperfine coupling constants of a series of ions to obtain
information regarding the mechanism of spin-density
transfer. It is instructive to note that the hyperfine
coupling constants in MHz for Ti 3+ (A = 4.4) and V 3+ (A =
5.0) are positive whereas Fe2+ (A = -11), Co 2+ (A = -17),
and Ni 2+ (A = -28.2) exhibit negative coupling constants. Ti 3+ and V3+ have one and two electrons, respectively, in t2g electronic levels whereas Fe 2+ has four
unpaired electrons, two in f 2 5 and two in eg electronic
levels; Co 2+ has three unpaired electrons, one in the t2g
level and two in the eg electronic level; and finally Ni 2+
has two unpaired electrons in the eg level. The conclusion is that unpaired electrons in the t2g level make a
positive contribution to the 17O hyperfine coupling
constant, whereas unpaired electrons in the eg level
make a negative contribution. These results are thought
to be due to electronic exchange interactions for the
case in which f2g electrons are involved and to the
overlap interaction in the case of electrons occupying eg
levels. A more comprehensive analysis of the data and
theoretical calculations of the hyperfine coupling constants are detailed in the work by Chmelnick and Fiat
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Figure 4. Theoretical spin densities in electrons/a.u.3 vs
number of unpaired electrons in the doubly and triply charged
complexes. (An a.u. is one Bohr radius, 5.291 X 10~11m.)

Figure 5. Experimental spin densities in electrons/a.u.3 vs
number of unpaired electrons in the doubly and triply charged
complexes.
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(90). Figures 4 and 5 illustrate the linear relationship
between the experimentally determined spin density
and the number of unpaired electrons for divalent and
trivalent metal ions as well as the linear relation between
the theoretically calculated spin densities at the 17O
nucleus and the number of unpaired electrons.
17
O chemical shifts of the majority of the aqueous
complexes of the rare earth ions have been reported by
Lewis et al (91). The rare earth elements from Ce to Sm
induced paramagnetic shifts in the aqueous solvent and
the remainder of the ions gave diamagnetic shifts. The
mechanism of interaction is thought to be due to the
formation of bonding and antibonding orbitals from
overlap of the oxygen sp orbitals and the rare earth 6s
orbital. A bonding electron can undergo a transition to
the antibonding orbital via configuration interaction with
its spin parallel to the spin of the rare earth cation. This
results in a spin of the opposite polarity at the oxygen
nucleus. The final result is that spin-orbit coupling tends
to align the unpaired spin in the antibonding orbital
antiparallel to the Zeeman field for the rare earth series
through Sm and parallel to the external field for the rest
of the series. The spin at the oxygen atom is of the
opposite polarity, which explains the induced shifts.
From the temperature dependence of 170 spin-spin
relaxation times of aqueous metal ions in solution, it is
possible to estimate the electron spin transverse relaxation time of the ion. The relaxation times of the unpaired
electron in the first half of the transition metal ions (74),
Ni2+ ion (92), Mn(lll) tris(acetylacetonate) (93), Co2+ ion
(94), rare earth ions (95), and the Fe2+ ion (96) have been
estimated from 17O data.
The effective utilization of 17O NMR in studies of the
molecular dynamics of paramagnetic and diamagnetic
complexes in solution and in studies of chemical exchange has been demonstrated in studies of the hydration of ions in solution. Studies of the hydration of
diamagnetic ions give information in regard to the ion
effect on the chemical shift of the bound water
molecules. The 17O chemical shifts of water molecules
bound to Al3+ was found to be approximately 11 ppm to
low field and most probably may be ascribed to the
hydrogen-bonding interactions that occur within the
hydrated complex (97). Temperature-dependence
studies of the NMR spectrum of the bound and nonbound water molecules and line-shape analysis yielded
the 17O nuclear relaxation rates of the bound and nonbound water, the coordination number as well as the
rates of exchange between the bound and nonbound
water sites. In addition, the thermodynamic parameters
characterizing the exchange reaction can be obtained.
The correlation time for the aqueous complex of metal
ion and water molecules of hydration was found to
conform approximately to a model that ascribes the

governing correlation time for H217O to the reorientation
of the entire complex. Calculations have shown that the
changes in the electric field gradient due to the presence
of the charged ion are negligible (98).
Clearly, 17O NMR studies of the hydration of paramagnetic ions have made a significant contribution to this
field and possibly represent the most effective method in
acquiring many of the important parameters. Theoretical and experimental aspects of many of the important
concepts in paramagnetic studies have been presented
in an important monograph on this subject by La Mar et
al (99). Paramagnetic shifts, along with many other
aspects of the chemical applications of 17O magnetic
resonance, have been treated in a review article by
Silver and Luz(100).

IV. CONCLUSIONS
In this review we have attempted to treat those theories that are essential to the understanding of 17O NMR
and those applications that most clearly demonstrate
the unique potential of this nucleus in spectral studies.
Abundant new information is expected from studies of
17
O as a nuclear probe of hydrogen bonding in liquids
and solids, chemical exchange reactions, and the role of
water in biological systems. Other areas of great
promise are the characterization of molecular structure
through study of 17O quadrupolar interactions and the
nuclear screening constants, of hydration in inorganic
systems, and of relaxation rates, mechanisms, and
molecular dynamics. Finally, it should be emphasized
that while 17O NMR as a research tool is still far from
being fully exploited, it is expected to be very useful in a
number of diverse and varied disciplines.
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