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Abstract

This review describes the latest developments in the field of 17O NMR spectroscopy of organic and 

biological molecules both in aqueous solution and in the solid state.  In the first part of the 

review, a general theoretical description of the nuclear quadrupole relaxation process in isotropic 

liquids is presented at a mathematical level suitable for non-specialists.  In addition to the first-

order quadrupole interaction, the theory also includes additional relaxation mechanisms such as the 

second-order quadrupole interaction and its cross correlation with shielding anisotropy.  This 

complete theoretical treatment allows one to assess the transverse relaxation rate (thus the line 

width) of NMR signals from half-integer quadrupolar nuclei in solution over the entire range of 

motion.  On the basis of this theoretical framework, we discuss general features of quadrupole-

central-transition (QCT) NMR, which is a particularly powerful method of studying biomolecules 

in the slow motion regime.  Then we review recent advances in 17O QCT NMR studies of 

biological macromolecules in aqueous solution.  The second part of the review is concerned with 

solid-state 17O NMR studies of organic and biological molecules.  As a sequel to the previous 

review on the same subject [G. Wu, Prog. Nucl. Magn. Reson. Spectrosc. 52 (2008) 118-169], the 

current review provides a complete coverage of the literature published since 2008 in this area.
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1. Introduction

Oxygen is one of the most common elements present in organic and biological molecules 

such as proteins, nucleic acids, lipids, and carbohydrates.  Oxygen-containing functional groups 

often play key roles in maintaining both structures and functions of biomolecules.  The chemistry 

involving the oxygen element is rich, and in many cases oxygen is the focal point of many 

important chemical and biological processes ranging from respiration to photosynthesis.  

However, from the NMR perspective, oxygen is always an “ugly duckling” within the family of 

elements found in organic and biological molecules such as hydrogen (H), carbon (C), nitrogen 

(N), and phosphorus (P).  The reason that it is difficult to perform NMR experiments for oxygen 

is because the only NMR-active stable oxygen isotope, 17O, has some unfavourable nuclear 

properties.  First of all, 17O has a very low natural abundance (0.037%).  Consequently, nearly 

all 17O NMR studies require 17O isotopic labeling for the molecular system under investigation.  

Sometimes this can be difficult, especially for organic and biological molecules.  Second, the 

magnitude of the 17O magnetogyric ratio is considerably smaller than that of 1H (e.g., the Lamor 

frequencies of 1H and 17O nuclei at 14.1 T are 600 and 81 MHz, respectively), which results in a 

lower intrinsic NMR receptivity for 17O.  Third, 17O has a nuclear spin quantum number (I) of 

5/2.  This class of quadrupolar nuclei (I > 1/2) experience the nuclear electric quadrupole 

interaction (QI) [1], which is often much larger than the other nuclear spin interactions 

encountered by magnetic nuclei (i.e., magnetic shielding, dipole-dipole, and indirect spin-spin 

interactions).  As a result, the strong QI usually gives rise to broad NMR signals for quadrupolar 

nuclei.  However, it is important to point out that QI-induced line broadening effects have 

distinctly different features, depending on whether the quadrupolar nuclei are studied in solution or 

in the solid state.  In solution, when the QI is coupled with molecular tumbling motion, the life-
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times of the nuclear Zeeman energy levels are generally very short, leading to short transverse 

relaxation times (T2) for NMR detectable coherences.  Therefore, the poor spectral resolution for 

quadrupolar nuclei in solution is intrinsic.  In the solid state, however, while the QI can also cause 

NMR resonances from a powdered sample to spread out over a large frequency range (i.e., very 

broad spectral lines), the T2 times can be rather long, as a result of the restricted molecular motion 

in solids.  This is to say that the intrinsic resolution in solid-state NMR spectra of quadrupolar 

nuclei is high.  This is analogous to the difference between homogenous and heterogeneous line 

broadenings often encountered in NMR spectra for spin-1/2 nuclei.  More importantly, it is 

possible to detect only the central transition (CT, mI = 1/2  mI = –1/2) for solid samples [1, 2].  

The benefit of detecting the CT is that this transition is free from the first-order QI, and is only 

broadened by the second-order QI.  Further, because the second-order QI is inversely 

proportional to the strength of the applied magnetic field, it is highly desirable to carry out solid-

state NMR experiments for quadrupolar nuclei at very high magnetic fields.  In addition, there are 

solid-state NMR techniques such as magic-angle spinning (MAS) [3, 4], dynamic-angle spinning 

[5, 6], double-rotation (DOR) [7-9], multiple-quantum MAS (MQMAS) [10, 11], and satellite 

transition MAS (STMAS) [12] that can be used to either reduce or completely remove the spectral 

broadening from the second-order QI.  It is precisely for this line of reasoning that significant 

effort was devoted in the last decade to explore solid-state 17O NMR as a primary tool for studying 

organic and biological molecules.  With the solid-state 17O NMR approach, high-quality 17O 

MAS NMR spectra can now be obtained for large biological molecules such as protein-ligand 

complexes at high magnetic fields (e.g., 35.2 T).  The 17O quadrupole coupling (QC) and 

chemical shift (CS) tensors are remarkably sensitive to molecular interactions such as hydrogen 

bonding and metal-ligand interactions, making 17O NMR a valuable probe.  Very often, 17O NMR 
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can provide complementary information as compared with the more conventional 1H, 13C and 15N 

NMR techniques. 

Interestingly, while for many years solid-state NMR appeared to be the only viable approach 

for studying 17O in large biological molecules, it was discovered in recent years that it is also 

possible to obtain 17O NMR spectra for large biomolecules in aqueous solution.  The new 

approach is based on a unique feature of the nuclear quadrupole relaxation process when the 

rotational correlation time (c) of the molecule under study becomes much longer than the 

reciprocal of the nuclear Larmor frequency (i.e., c >> 1/0, known as the slow motion region).  

Quite remarkably, although the nuclear relaxation theory for half-integer quadrupole spins has 

been documented in the literature for many decades [2, 13-26], the basic concept is not widely 

known to researchers in the field of NMR spectroscopy.  One reason for this obscurity is that 

there have been only scattered reports in the literature that deal with nuclear quadrupole relaxation 

in the slow motion region.  Another possible reason is perhaps due to the fact that none of the 

standard NMR textbooks cover this topic to any extent.  The nuclear quadrupole relaxation theory 

suggests that, for any half-integer quadrupolar nucleus I > 1/2, the decays of both longitudinal 

magnetizations (T1) and transverse coherences (T2) over time are comprised of (I + 1/2) 

exponentials.  Whereas the multi-exponential nature of the T1 process does not have any 

significant implication in practice, the multi-exponential T2 process affects profoundly the NMR 

spectral appearance of quadrupolar nuclei in liquids.  This multi-exponential T2 process gives rise 

to (I + 1/2) Lorentzian components whose position and line width depend critically on the degree 

of molecular tumbling motion.  In the slow motion region, however, only the component 

associated with the CT can be detected in practice.  In a sense, this situation is similar to what we 

have encountered in solid-state NMR studies of half-integer quadrupolar nuclei as discussed 
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earlier.  The approach that utilizes the detection of CT signals for slowly tumbling molecules in 

solution was then termed as quadrupole-central-transition (QCT) NMR [27].  

The main goal of the present review is to describe recent advances in 17O NMR studies of 

organic and biological molecules both in aqueous solution and in the solid state.  The first part of 

the review deals with 17O QCT NMR studies of biomolecules in solution.  While we do not intend 

to review the entire QCT NMR literature here, some historical perspectives are not only important 

for recognizing the pioneering contributions from previous researchers in this area, but also helpful 

for the reader to understand the subject.  In fact, the nuclear quadrupole relaxation theory has its 

origin from electron paramagnetic resonance (EPR) studies of transition metal ions.  This is 

because the zero-field splitting (ZFS) interaction for unpaired electrons with S > 1/2 takes the 

identical form as the nuclear quadrupole interaction in NMR studies for I > 1/2 nuclei.  Some 

early contributions in the EPR literature laid the theoretical foundation for understanding nuclear 

quadrupole relaxation [28-33].  Over the past several decades, the multi-exponential nature of the 

quadrupole relaxation processes was reported in NMR studies of 23Na (I = 3/2) [34-40], 87Rb (I = 

3/2) [40, 41], 39K (I = 3/2) [40], 43Ca (I = 7/2) [42, 43], 51V (I = 7/2) [27, 44, 45], 11B (I = 3/2) [46-

48], 27Al (I = 5/2) [49-56], 45Sc (I = 7/2) [56, 57], and 69/71Ga (I = 3/2) [56, 58], and 17O (I = 5/2) 

[59-62].  In 1996, Aramini and Vogel [63] published a brief review on QCT NMR studies of 

quadrupolar metal ions in metalloproteins.  Recently, Shen et al. [64] reported a 59Co (I = 7/2) 

QCT NMR study of cobalamins in solution.  In addition to these QCT NMR studies, there are 

also three other areas where the multi-exponential quadrupole relaxation was known to be 

important.  One is related to multiple-quantum-filtering (MQF) NMR for quadrupolar nuclei in 

solution [65-69].  Another one is about the interference effects between quadrupolar and dipolar 

interactions that can be observed in NMR spectra of spin-1/2 nuclei when they are J-coupled to 
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quadrupolar nuclei [70-74].  The third area is concerned with various dynamic processes in solid 

materials [75-77].  In the first part of this review, we will present a comprehensive theory of 

nuclear quadrupole relaxation that forms the basis of 17O QCT NMR spectroscopy.  We will then 

describe recent 17O QCT NMR studies of biological macromolecules in aqueous solution.

The second part of the review is concerned with solid-state 17O NMR studies of organic and 

biological molecules.  Some related works were discussed in two early reviews [78,79].  This 

subject was also reviewed in this Journal in 2008 [80].  Since significant progress has occurred in 

the field during the last decade, it is a good time to update the reader on the new developments.  

As this review article was intended to be the sequel to the 2008 review [80], we decided to provide 

a complete coverage of the literature published in this area since 2008.  As a result, there will be 

some unavoidable overlaps with several other reviews on the same subject published at various 

times over the last decade [81-85].  One important reason for this review to cover 17O NMR 

studies carried out both in solution and in the solid state is related the fact that the QCT NMR 

methodology shares many similarities with the conventional solid-state NMR approach for 

studying half-integer quadrupolar nuclei.  In this review, we will not cover synthetic 

methodologies for preparing 17O-labeled organic and biological compounds.  The reader can 

consult either the original literature quoted in this review or other related review articles published 

in recent years [86-89].

2. 17O NMR of biological macromolecules in aqueous solution

For many decades, solution 17O NMR applications have been exclusively limited to studies 

of small molecules.  Compared with the extraordinary success achieved in NMR studies of I = 1/2 

nuclei such as 1H, 13C, and 15N, many half-integer quadrupolar nuclei are not even accessible by 
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NMR, especially in the context of studying biological macromolecules in aqueous solution.  As 

mentioned earlier, the common misconception about the inapplicability of solution 17O NMR to 

large biomolecules is that the rapid nuclear quadrupole relaxation process would lead to extremely 

broad NMR signals.  This incorrect argument came about largely because the nuclear quadrupole 

relaxation theory is not widely known in the NMR community, even though the theory itself was 

established many decades ago.  In addition, very few practical examples of QCT NMR exist in 

the literature that could have helped researchers understand the rather complex quadrupole 

relaxation process.  Meanwhile, the complex nature of the nuclear quadrupole relaxation theory 

often becomes an obstacle for non-experts, which further limits its exposure to many new NMR 

practitioners.  In this section, we will first present a general theoretical description of nuclear 

quadrupole relaxation processes in liquids including some new developments.  Our goal is to 

condense the somewhat complicated mathematics to a level suitable for non-experts.  

Furthermore, as there are different conventions about different quantities and terms, it is often very 

difficult for beginners to navigate the relevant literature.  Here we wish to provide the reader with 

a consistent theoretical treatment that is not only helpful for understanding the subject, but also 

produces general expressions/equations useful for practical data analysis.  The more advanced 

readers can find further details in the original literature mentioned earlier.  After establishing this 

general theoretical framework for QCT NMR, we will then discuss new 17O QCT NMR studies of 

biological macromolecules in aqueous solution.  

2.1. Nuclear quadrupole relaxation in liquids

For half-integer quadrupolar nuclei (I > 1/2) in molecules undergoing isotropic tumbling, the 

predominant relaxation pathway is via the nuclear QI, which arises from the interaction between 



  

9

the nuclear quadrupole moment and the fluctuating electric field gradient (EFG) at the nucleus.  

The QI can be described by a second-rank tensor with three principal components being defined as 

ii (ii = xx, yy, and zz).  These QC tensor components are further linked to the electric field 

gradient (EFG) tensor components (eqii) by

(1)𝜒𝑖𝑖[MHz] = 𝑒2𝑄𝑞𝑖𝑖/ℎ

where Q is the nuclear quadrupole moment, e is the elementary charge, and h is Planck’s constant. 

It is well known that the three EFG tensor components are not independent, because they must 

satisfy the condition: eqzz + eqyy + eqxx = 0.  Thus, we also have zz + yy + xx = 0.  Following 

the convention introduced by Cohen and Reif [1], we can define the three QC tensor components: 

zz  yy  xx.  Very often, the following two quantities are actually reported from NMR 

spectral analyses: the nuclear quadrupole coupling constant (CQ) and the asymmetry parameter 

(Q).  They are related to the QC (or EFG) tensor components in the following fashion:

(2)𝐶𝑄 = 𝜒𝑧𝑧 = 𝑒2𝑄𝑞𝑧𝑧/ℎ

(3)𝜂𝑄 =
𝜒𝑥𝑥 ‒ 𝜒𝑦𝑦

𝜒𝑧𝑧
=

𝑞𝑥𝑥 ‒ 𝑞𝑦𝑦

𝑞𝑧𝑧
       (0 ≤ 𝜂𝑄 ≤ 1)

In the literature, one can find another well established parameter, PQ, known as the quadrupole 

product parameter, that sometimes is more convenient to use, since CQ and Q are often coupled 

together, especially in the context of nuclear quadrupole relaxation studies.  PQ is defined as:

(4)𝑃𝑄 = 𝐶𝑄 1 +
𝜂2

𝑄

3

The Zeeman energy level diagram for a half-integer (I = n+½) spin in a strong magnetic field 

consists of (2I+1) levels.  Typically, we label them as |1>, |2>, … |2I+1> in the order of 

decreasing magnetic quantum number.  The single-quantum coherence elements (coherence order 

p = 1) of the density matrix can then be written as σ12, σ23, … σ(2I)(2I+1).  The diagonal elements 
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of the density matrix correspond to populations (coherence order p = 0) and can be expressed as 

σ11, σ22, … σ(2I+1)(2I+1).  The time evolution of the single-quantum coherence elements and the 

populations are characterized by the transverse and longitudinal relaxation rates, respectively.  

According to the Redfield relaxation theory [3], the time evolutions of the single-quantum 

coherence elements and the populations, assuming the first-order QI as the sole relaxation 

mechanism, are given by the following differential equations:

(5)
𝑑
𝑑𝑡( Δ𝜎11(𝑡)

Δ𝜎22(𝑡)
⋯

𝜎2𝐼 + 1,2𝐼 + 1(𝑡)) =‒ 𝑅(1)( Δ𝜎11(𝑡)
Δ𝜎22(𝑡)

⋯
𝜎2𝐼 + 1,2𝐼 + 1(𝑡))

(6)
𝑑
𝑑𝑡( 𝜎12(𝑡)

𝜎23(𝑡)
⋯

𝜎2𝐼,2𝐼 + 1(𝑡)) =‒ 𝑅(2)( 𝜎12(𝑡)
𝜎23(𝑡)

⋯
𝜎2𝐼,2𝐼 + 1(𝑡))

where  (i = 1, 2, … , 2I+1) measures the deviation of the populations from Δ𝜎𝑖𝑖(𝑡) = 𝜎𝑖𝑖(𝑡) ‒ 𝜎𝑒𝑞
𝑖𝑖

their thermal equilibrium values,  (i = 1, 2, …, 2I) describes the time evolution of the 𝜎𝑖,𝑖 + 1(𝑡)

single-quantum coherences, R(1) is the (2I+1) × (2I+1) longitudinal relaxation matrix, and R(2) is 

the 2I × 2I transverse relaxation matrix.

In this review, as we are concerned with 17O (I = 5/2) NMR, we will use the case of I = 5/2 

as an example to illustrate some basic features of the nuclear quadrupole relaxation process.  

However, whenever possible, we will include theoretical expressions for a general half-integer spin 

I > 1/2.  For spin-5/2 nuclei in a strong magnetic field, the nuclear Zeeman energy levels are 

shown in Fig. 1.  If the first-order QI is the only relaxation mechanism, the general set of 

differential equations of Eqs. (5) and (6) become:
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(7)
𝑑
𝑑𝑡(Δ𝜎11

Δ𝜎22
Δ𝜎33
Δ𝜎44
Δ𝜎55
Δ𝜎66

) =‒ 𝑅(1)(Δ𝜎11
Δ𝜎22
Δ𝜎33
Δ𝜎44
Δ𝜎55
Δ𝜎66

) =‒ 𝐾( 𝐴1 𝐷1 𝐸1

𝐷1 𝐵1 𝐹1

𝐸1 𝐹1 𝐶1

0 0 0
𝐺1 0 0
0 𝐺1 0

   

0   𝐺1 0
0 0 𝐺1

0 0 0

𝐶1 𝐹1 𝐸1

𝐹1 𝐵1 𝐷1

𝐸1 𝐷1 𝐴1
)(Δ𝜎11

Δ𝜎22
Δ𝜎33
Δ𝜎44
Δ𝜎55
Δ𝜎66

)
with

(7a)𝐴1 = 40𝐽1 + 20𝐽2

 (7b)𝐵1 = 56𝐽1 + 36𝐽2

(7c)𝐶1 = 16𝐽1 + 56𝐽2

(7d)𝐷1 =‒ 40𝐽1

(7e)𝐸1 =‒ 20𝐽2

(7f)𝐹1 =‒ 16𝐽1

(7g)𝐺1 =‒ 36𝐽2

and

(8)
𝑑
𝑑𝑡(𝜎12

𝜎23
𝜎34
𝜎45
𝜎56

) =‒ 𝑅(2)(𝜎12
𝜎23
𝜎34
𝜎45
𝜎56

) =‒ 𝐾(𝐴2

𝐷2

𝐸2

𝐷2

𝐵2

0

𝐸2 0 0
0 𝐹2 0

𝐶2 0 𝐸2

0 𝐹2 0 𝐵2 𝐷2

0 0 𝐸2 𝐷2 𝐴2
)(𝜎12

𝜎23
𝜎34
𝜎45
𝜎56

)
with

(8a)𝐴2 = 24𝐽0 + 48𝐽1 + 28𝐽2 ‒ 𝑖(32𝑄1 ‒ 8𝑄2)

 𝐵2 = 6𝐽0 + 36𝐽1 + 46𝐽2 ‒ 𝑖( ‒ 4𝑄1 + 10𝑄2)

(8b)

(8c)𝐶2 = 16𝐽1 + 56𝐽2 ‒ 𝑖( ‒ 16𝑄1 + 16𝑄2)



  

12

(8d)𝐷2 =‒ 8 10𝐽1

(8e)𝐸2 =‒ 12 5𝐽2

(8f)𝐹2 =‒ 36𝐽2

Further, the common terms in Eqs. (7) and (8) are:

(9) 𝐾 =
3𝜋2

1000𝑃2
𝑄

and

(10)𝐽𝑛 =
𝜏𝑐

1 + (𝑛𝜔0𝜏𝑐)2

(11)𝑄𝑛 = 𝑛𝜔0𝜏𝑐𝐽𝑛

In the above equations, Jn (n = 0, 1, 2) and Qn (n = 1, 2) are the real and imaginary parts of the 

normalized spectral density function, respectively, and 0 = 20 where 0 is the Larmor frequency 

of the nucleus under detection.  We note that, in Eq. (7), all of the R(1) matrix elements are real.  

Thus, they describe decays of population differences over time.  In contrast, the diagonal matrix 

elements of the R(2) matrix, as seen in Eq. (8), contain imaginary components.  The real matrix 

components of Eq. (8) lead to decays of the transverse coherences whereas the imaginary parts 

give rise to the so-called dynamic frequency shifts of the NMR signals (vide infra).

For I = 5/2, because Eqs. (7) and (8) cannot be solved analytically, the general approach is to 

solve them numerically.  In general, the time evolution of the total longitudinal magnetization has 

three exponential components: 

(12)𝑀𝑧(𝑡) ‒ 𝑀𝑧(𝑡 = ∞) = ∑
𝑛 = 𝐼,𝐼𝐼,𝐼𝐼𝐼𝐴

(1)
𝑛 exp ( ‒ 𝑅(1)

𝑛 𝑡)

where An
(1) and Rn

(1) are the amplitude and longitudinal relaxation rate of the nth component, 

respectively.  Similarly, the transverse magnetization also contains three distinct exponential 

components with different decaying rates.  In addition, the three components exhibit the so-called 
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dynamic frequency shifts.  Thus, the time evolution of the total transverse magnetization for spin-

5/2 nuclei can be written as:

(13)𝑀𝑥,𝑦(𝑡) = ∑
𝑛 = 𝐼,𝐼𝐼,𝐼𝐼𝐼𝐴

(2)
𝑛 𝑒𝑥𝑝[ ‒ (𝑖Ω𝑛 + 𝑅(1)

𝑛 )𝑡]

where An
(2) and Rn

(2) are the amplitude and transverse relaxation rate of the nth component, 

respectively, and n is the dynamic (angular) frequency shift of the nth component.  The 

components I, II, and III are related to the central transition (CT), 1st pair of satellite transitions 

(ST1), and 2nd pair of satellite transitions (ST2) as defined in Fig. 1.  For I = 5/2, analytical 

expressions for the dynamic frequency shifts (in the units of angular frequency, rad s–1) can be 

given as [21]:

(14)Ω𝐼 = 𝐾( ‒ 16𝑄1 + 16𝑄2)

(15)Ω𝐼𝐼 = 𝐾( ‒ 4𝑄1 + 10𝑄2)

(16)Ω𝐼𝐼𝐼 = 𝐾(32𝑄1 ‒ 8𝑄2)

Fig. 2 shows the complete results for these quantities from numerical calculations for I = 5/2 

nuclei from the work of Zhu and Wu [90].  We should note that these numerical results were 

reported in several earlier EPR [32, 33] and NMR studies [19, 69].  The most important features 

in Fig. 2 are related to the dependence of transverse relaxation rates as a function of 0c.  In 

particular, while the transverse relaxation rates for the two components related to ST1 and ST2 

(components II and III) increase monotonically with 0c, the transverse relaxation rate for the CT 

(component I) first increases with 0c, reaches a maximum at 0c = 1, then decreases as 0c is 

further increased.  This immediately suggests that the CT signal can become relatively narrow if 

0c >> 1 (i.e., in the slow motion region).  As also indicated in Fig. 2, when 0c >> 1, the 

amplitude of the CT signal is reduced to only about 26% of the total signal intensity.  However, 

the simple fact that there is a possibility for the CT signal to become narrow (or long lived) under 
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the slow motion condition provides a new way of studying half-integer quadrupolar nuclei such as 

17O in biological macromolecules in aqueous solution as long as 0c >> 1.  This is the central 

concept of QCT NMR.  In comparison, as seen in Fig. 2, all three components for the longitudinal 

relaxation rates show a similar dependence on 0c, and the component I has the predominant 

amplitude over the entire range of motion.  Fig. 2 also shows the dynamic frequency shifts (in 

ppm) over a large range of 0c.  d for the CT (component-I) is nearly always negative whereas 

d for the ST1 (component-II) is very small.  It is possible for d from the ST2 (component-III) 

to become very large; but ST2 is usually too broad to be observable in practice.  

On the basis of the numerical results given in Fig. 2, we can calculate theoretical NMR 

spectra for I = 5/2 nuclei over the entire range of molecular motion (i.e., from 0c << 1 to 0c >> 

1).  Fig. 3 shows theoretical 17O NMR spectra as a function of molecular motion.  When 0c  

0.5, one expects to see a single Lorentzian line with its line width being proportional to c.  When 

0c is increased between 1 and 5, the multi-Lorentzian features begin to appear.  In principle, 

each spectrum should contain three Lorentzian lines.  But very often the third component is hard 

to observe.  Thus, in this motional range, each spectrum is practically always bi-Lorentzian.  

When 0c is further increased to be greater than 5, only the Lorentzian component from the CT 

can be observed, so the total spectrum becomes a single Lorentzian line.  In addition, the dynamic 

frequency shift causes the observed CT signal to be shifted from the true chemical shift position 

toward a lower frequency position, as indicated in Fig. 3. 

Let us further examine the quadrupole relaxation properties for I = 5/2 nuclei as a function of 

the degree of molecular tumbling in solution.  It is important to do this analysis in three different 

motion regimes: (i) fast motion (0c << 1, also known as the extreme narrowing condition), (ii) 

intermediate motion (0c  1), and (iii) slow motion (0c >> 1). 
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The fast motion region. The condition of 0c << 1 usually holds for small organic molecules 

at moderate magnetic fields.  So all spectral density functions would have the same value, i.e., J0 

= J1 = J2 = c.  As such, it is well known that the transverse and longitudinal quadrupole 

relaxation processes display the same rate:

(17)𝑅(1) = 𝑅(2) =
12𝜋2

125 𝑃2
𝑄𝜏𝑐

According to Eq. (17), the line width of the NMR signal from a quadrupolar nucleus increases with 

c.  This equation appears in most NMR textbooks when discussing quadrupole relaxation 

processes.  However, it is important to note the fast motion condition under which this equation is 

derived.  As mentioned earlier, a common mistake is to apply Eq. (17) to systems where the fast 

motion condition is no longer valid.  As will be shown below, the line width of the NMR signal 

from systems in the slow motion regime, for example, exhibits an exactly opposite dependence on 

c as that described by Eq. (17).

The intermediate motion region. When 0c  1, the three spectral density functions would 

have different values (i.e., J0  J1  J2).  This situation is often referred to as the intermediate 

motion region or the near extreme narrowing condition.  Now, both the transverse and 

longitudinal processes should contain three exponential components.  In practice, however, they 

both can still be approximated to be “nearly exponential”, as Halle and Wennerström [20] noted.  

Using a perturbation treatment, Halle and Wennerström [20] obtained the following analytical 

expressions for the approximate quadrupole relaxation rates:

(18)𝑅(1) =
6𝜋2

625𝑃2
𝑄(2𝐽1 + 8𝐽2)

(19)𝑅(2) =
6𝜋2

625𝑃2
𝑄(3𝐽0 + 5𝐽1 + 2𝐽2)
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In fact, Eq. (18) is a reasonably good approximation for the longitudinal relaxation process even in 

the slow motion limit.  For the transverse relaxation, however, Eq. (19) works well only for 0c 

 1.5.

The slow motion region. For biological macromolecules or medium-size molecules at very 

high magnetic fields, it is most likely that they will be in the slow motion limit, i.e., 0c >> 1.  

Under such a circumstance, J0 >> J1  4J2.  Thus, RII
(2) and RIII

(2) become so much larger than RI
(2) 

that their contributions to the observable signal are negligible.  Thus, the NMR spectrum once 

again exhibits a single Lorentzian line whose line width is determined by RI
(2) alone (i.e., the QCT 

signal).  Now the QCT signal would have a full width at the half height (FWHH) of 

(20)Δ𝜈1/2 =
𝑅(2)

𝐼

𝜋 =
3𝜋

1000𝑃2
𝑄(16𝐽1 + 56𝐽2)≅7.2 × 10 ‒ 3(𝑃𝑄

𝜈0)2 1
𝜏𝑐

Note that, in Eq. (20), the line width of this QCT signal is inversely proportional to c, which is 

exactly opposite to the situation under the extreme narrowing condition as predicted by Eq. (17).  

In addition, the dynamic frequency shift of the QCT signal, if expressed in ppm, can be written as:

(21)Δ𝛿𝑑 = 𝛿𝑜𝑏𝑠 ‒ 𝛿𝑖𝑠𝑜 =
Ω𝐼

2𝜋𝜈0
× 106≅ ‒ 6 × 103(𝑃𝑄

𝜈0)2

where obs is the observed QCT signal position and iso is the true isotropic chemical shift.  Eq. 

(21) confirms that, in the slow motion limit, the observed QCT signal always appears at a lower 

frequency position than the true isotropic chemical shift position.  In practice, the true value of 

iso can be obtained by extrapolation in a plot of obs vs (0)–2, provided that QCT signals are 

observed at multiple magnetic fields (vide infra). 

While the aforementioned theoretical description of the nuclear quadrupole relaxation 

process in isotropic liquids was documented in the literature for many decades, NMR experimental 

verification of these predictions over the entire range of motion had not been conducted until 



  

17

recently.  In 2011, Zhu et al. [91] examined the natural abundance 17O NMR spectra for neat 

liquid glycerol over a temperature range from 242 to 339 K.  Within this temperature range, the 

viscosity of glycerol changes over 4 orders of magnitude, from 5.3  10–2 Pa · s at 340 K to 1.7  

103 Pa · s at 240 K [92].  This makes glycerol an ideal system to cover a wide range of motion.  

As seen in Fig. 4, the 17O NMR spectrum obtained at 339 K exhibits two resonances at 12 and 10 

ppm with an integrated intensity ratio of 1:2, each having a line width of approximately 2.4 kHz.  

The two 17O NMR resonances correspond to the two chemically different OH groups in glycerol.  

As the temperature of the sample is decreased (so c increases), the spectral lines are broadened 

drastically.  For example, at 282 K, the line width exceeds 15 kHz.  As a result, the two 17O 

NMR signals cannot be resolved.  When the sample temperature is further decreased, the 17O 

NMR signal of glycerol actually becomes narrow again and, most remarkably, at 242 K, the two 

sharp 17O NMR resonances now due to the CT signals only (line width of 2.1 kHz) reappear again.  

It is striking that, for glycerol, the spectral resolution observed at 242 K is even somewhat better 

than that observed at 339 K.  Also seen from Fig. 4, the CT signals are shifted from the true 

chemical shift positions towards the low frequency direction, due to the presence of the dynamic 

frequency shift.  Zhu et al. [91] then compared the experimentally determined R1, R2 and d with 

numerical calculations based on Eqs. (7), (8), and (14).  As seen from Fig. 5, the agreement is 

reasonable considering the fact that 0c covers nearly four orders of magnitude.

As mentioned earlier, because closed-form solutions to Eqs. (7) and (8) do not exist for I = 

5/2, numerical diagnolization of these matrices is required for every step of 0c.  This numerical 

procedure can become cumbersome and sometimes blocks the physical insights.  In 2016, Wu 

[93] proposed an approximate analytical expression that can be used to describe the transverse 

relaxation rate due to the first-order QI for the observable NMR signal over the entire range of 
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motion.  Let us first define two quantities for the sake of brevity.  The first is known as the 

quadrupole frequency as defined in the literature [1, 2]: 

(22)𝜔𝑄 = 2𝜋𝜈𝑄 = (2𝜋)
3𝑃𝑄

2𝐼(2𝐼 ‒ 1)

The second quantity is defined as follows:

(23)𝑎 = 𝐼(𝐼 + 1) ‒
3
4

Note that a in Eq. (23) is slightly different from that originally defined in the literature [1, 2].  But 

this form of a will considerably simplify the expressions to be developed in the following sections.  

Using a and Q, we can write the approximate analytical expression introduced by Wu [93] as:

(24)𝑅𝑄
2 =

1
𝑇𝑄

2
=

1
15(𝑎𝜔𝑄)2[𝐽1 + 𝐽2𝛽]

where

𝛽 =
2

𝐼(𝐼 + 1) ‒
7
4

=
2

𝑎2 ‒ 1

(25)

Wu [88] further noted that this general expression gives the exact analytical expression for I = 3/2 

[4, 5].  By comparing with the results from numerical simulations, Wu [93] showed that Eq. (24) 

works quite well for I = 5/2, 7/2, and 9/2.  The 17O transverse relaxation rates collected for 

glycerol [91] were very well reproduced by Eq. (24).  From here on, we will use Eq. (24) 

exclusively to describe the transverse relaxation rate due to the first-order QI.

2.2. General features of QCT NMR

In the previous section, we have described the general multi-exponential nature of 

quadrupole relaxation processes.  As our main goal is to search for the condition of optimal 

spectral “resolution”, we will focus only on the transverse quadrupole relaxation process (thus line 
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width) from here on.  The main objective of this section is to further examine several additional 

relaxation mechanisms that are important for the spectral resolution in QCT NMR studies.  As 

mentioned in the previous section, it is possible to detect relatively sharp CT signals in the slow 

motion region.  In fact, according to Eq. (24), the line width of the CT signal would be infinitely 

narrow if 0c  .  Of course, this is not the case.  In 2016, Shen et al. [94] confirmed 

experimentally that, when the molecular tumbling motion is sufficiently slow, the relaxation 

contribution from the first-order QI is indeed negligible, but the second-order QI now becomes the 

predominant relaxation mechanism for the CT signal, as the theory had long predicted [16, 23-25].  

Following Werbelow [25], one can write the following general expression for the transverse 

relaxation rate of the CT signal due to the second-order QI relaxation (Q2) as: 

 (26)𝑅𝑄2
2 = ( 149

63000)[(𝑎𝜔𝑄)4

𝜔2
0

]𝐽0

Clearly, the dependence on J0 in Eq. (26) suggests that this Q2 relaxation mechanism causes the 

line width of the CT signal to increase with c.  In addition, as the contribution from the second-

order QI is inversely proportional to the square of the magnetic field, its contribution to the line 

width, according to Eq. (26), can be significantly reduced at very high magnetic fields.

Now once we combine Eqs. (24) and (26), we obtain a general expression for the line width 

(in s–1) of the observable NMR signal over the entire range of motion:

(27)Δ𝜈𝑡𝑜𝑡𝑎𝑙1
2

=
𝑅𝑄

2

𝜋 +
𝑅𝑄2

2

𝜋 = Δ𝜈𝑄1
2

+ Δ𝜈𝑄21
2

It is important to emphasize that Eq. (27) is applicable to any value of I > 1/2.  For completeness, 

we also give the general expression of the dynamic frequency shift for the CT signal for any value 

of I > 1/2 [26]: 

(28)Ω𝐼 =‒
1

15(𝑎𝜔𝑄)2(𝑄1 ‒ 𝑄2)
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Interestingly, at the slow motion limit (0c >> 1), Eq. (28) becomes:

(29)Ω𝐼 =‒
𝑎2

30(𝜔2
𝑄

𝜔0)
Eq. (29) is identical to the so-called isotropic second-order quadrupole shift (which is how much 

the center of gravity of the CT powder pattern observed in sold-state NMR is shifted from the true 

chemical shift position) [95].  This reveals an intrinsic link between the dynamic frequency shift 

observed for the QCT signal in liquids and the second-order quadrupole shift for the CT signal in 

solids.  In fact, as stated by Werbelow and London [26], “the second-order dynamic and static 

frequency shifts are different manifestations of the same phenomenon.” 

Now let us return to Eq. (27) to further examine the general behaviour of the line width as a 

function of motion.  It can be readily be shown that the line width reaches an maximum at c = 

(0)–1 and a minimum point at:

(30)𝜏𝑐 = 5
21

149
𝑎2 + 7
𝑎𝜔𝑄

with the minimum line width being:

(31)(Δ𝜈𝑡𝑜𝑡𝑎𝑙1
2

)
𝑚𝑖𝑛

=
1

300𝜋
149
21 𝑎2 + 7[(𝑎𝜔𝑄)3

𝜔2
0

]
For I = 5/2 where a = , Eqs. (30) and (31) become: 8

(33)𝜏𝑐≅
2.6
𝜔𝑄

(34)(Δ𝜈𝑡𝑜𝑡𝑎𝑙1
2

)
𝑚𝑖𝑛

≅0.25(𝜔3
𝑄

𝜔2
0
)≅5.3 × 10 ‒ 3(𝑃3

𝑄

𝜈2
0
)

Once again, if we assume PQ(17O) = 10 MHz and 0 = 122 MHz (21 T for 17O), Eqs. (33) and (34) 

predict that a minimal line width of only 356 Hz (or < 3 ppm at 21 T) can be reached at c = 2.8  

10–7 s.  This would be a truly remarkable spectral resolution for 17O QCT NMR!  Unfortunately, 

as we will show below, the actual limit of spectral resolution in 17O QCT NMR can be 
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considerably higher than the prediction from Eq. (34) because of the presence of other relaxation 

mechanisms (vide infra).  For now, it is also interesting to compare the minimum line width 

achievable in 17O QCT NMR, according to Eq. (34), with the line width of the CT signal detected 

in solid-state NMR.  According to Eq. (34), if the line width of the QCT signal is expressed in 

ppm, it is proportional to (PQ/0)3.  In comparison, the total breadth (in ppm) of the CT signal 

detected in solid-state NMR experiments is proportional to (PQ/0)2.  Thus, the QCT NMR 

approach should have a greater resolving power than the conventional solid-state NMR at high 

magnetic fields.

What about the upper limit of c for Eq. (27) to be valid?  Because the Q2 relaxation 

mechanism operates through the time modulation of the anisotropic part of the second-order 

quadrupole shift, Eq. (27) is valid only when 1/c is much greater than the breadth of the CT 

powder pattern.  If we use the square root of the second moment (M2) of the CT powder pattern as 

a measure of its breadth [90], the condition for Eq. (27) to be valid can be written as: 

(35)𝜏𝑐 <  
1

2𝜋 𝑀2
=

7
23

45
𝑎2

𝜔0

𝜔2
𝑄

=
7

23
45
𝑎2(𝜔0

𝜔𝑄)( 1
𝜔𝑄)

Beyond this point, the NMR CT signal is no longer Lorentzian but rather displays asymmetric 

features similar to those of the CT powder pattern, as Baram et al. [16] showed.  Here, if we 

assume PQ(17O) = 10 MHz and 0 = 122 MHz (21 T for 17O), Eq. (35) gives c < 71 s.  In 

practice, this condition will cover all biological macromolecules suitable for NMR studies.

So far, we have considered three distinct motional regions.  Now after considering the 

second-order QI, it is more informative to divide the entire motion regime into four regions: (i) fast 

motion, c << 1/0, (ii) intermediate motion, c ≈ 1/0, (iii) slow motion, 1/0 < c ≈ 1/Q < 

(0/Q)/Q, and (iv) ultra-slow motion, c > (0/Q)/Q.  These regions are indicated 

schematically in Fig. 6.  From the perspective of QCT NMR, it is important to operate in the slow 
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motion region.  Several factors may allow one to have some control over the degree of molecular 

tumbling motion.  Obviously, the hydrodynamic size of the molecule under study is a key factor.  

For a given molecule, one may use solvent viscosity (e.g., typically glycerol/water mixture for 

studies of biological molecules) and sample temperature to further modify the value of c.  

Because it is really the product between c and 0 that determines the nuclear quadrupole 

relaxation process, one may also select the ideal magnetic field (0) to achieve an optimal spectral 

resolution.

In the discussions so far, we have assumed that the QI is the sole relaxation mechanism 

(either through the Q or Q2 pathways or both).  In reality, it is often the case that shielding 

anisotropy (SA) is also important for any half-integer quadrupolar nucleus for two reasons.  First, 

the magnitude of the SA contribution to the powder pattern of the CT signal at moderate or high 

magnetic fields often becomes comparable to that of the second-order QI.  This is particularly 

true for 17O in most oxygen-containing functional groups.  Second, at the slow motion limit, both 

SA and second-order QI contributions to the transverse relaxation rate have the same dependence 

on the spectral density J0.  In addition, as is well known in solid-state NMR, the interplay 

between CS and QC tensors has a profound effect on the actual shape of the CT powder pattern 

[96].  In liquids, the same tensor interplay is reflected by the fact that the secular contributions of 

the transverse relaxation for the CT arise from the anisotropic (orientation dependent) part of the 

second-order QI and SA.  Because these two quantities are independent tensor properties, their 

cross correlation must be considered.  Indeed, Shen et al. [97] recently found experimental 

evidence that both SA and the cross correlation between the second-order QI and SA are important 

in 17O QCT NMR.  Their experimental results will be discussed later.  For now, let us first 

develop a general expression for the cross correlation between Q2 and SA.  For simplicity, we 
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assume that both QC and CS tensors are axially symmetric.  Then we can write the second-order 

quadrupole shift (in angular frequency units) under the static condition as [1]:

(36)𝜔(2)
𝑄 (𝜃) =‒

𝑎2

16(𝜔2
𝑄

𝜔0)[ ‒
72
35𝑃4(𝜃) +

32
21𝑃2(𝜃) +

8
15]

where P2 and P4 are the 2nd and 4th Legendre polynomials, respectively, and  is the angle between 

the unique QC tensor component and the applied magnetic field.  Following Spiess [98], we 

define the three principal components of the magnetic shielding tensors as xx, yy, and zz where 

zz  iso   xx  iso   yy  iso  and iso = (xx+yy+zz)/3.  Very often, it is useful to 

define the following quantities:

 (37)Δ𝜎𝐶𝑆 = 𝜎𝑧𝑧 ‒
𝜎𝑥𝑥 + 𝜎𝑦𝑦

2

(38)𝜂𝐶𝑆 =
𝜎𝑦𝑦 ‒ 𝜎𝑥𝑥

𝜎𝑧𝑧 ‒ 𝜎𝑖𝑠𝑜

For an axially symmetric CS tensor, CS = 0.  We can then write the signal shift (in angular 

frequency) due to SA as:

(39)𝜔𝐶𝑆(𝜃') = 𝜔0[1 ‒ (𝜎𝑖𝑠𝑜 +
2
3Δ𝜎𝐶𝑆𝑃2(𝜃'))]

where  is the angle between the unique CS tensor component and the magnetic field.  When the 

CT is subject to Q2 and SA simultaneously, the total signal shift becomes:

(40)𝜔𝑡𝑜𝑡𝑎𝑙 = 𝜔(2)
𝑄 (𝜃) + 𝜔𝐶𝑆(𝜃')

When the molecule of interest undergoes isotropic tumbling in solution, both  and  

become time dependent, resulting in a time-dependent signal shift, i.e., total(t).  This represents a 

fluctuation of the local magnetic field at the nucleus along the B0 direction (the z-axis).  Using the 

random field model [99], we can evaluate the secular (or adiabatic) contribution of total(t) to the 

CT transverse relaxation rate by computing the following auto-correlation function:
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(41)𝑅2 = ∫∞
0 〈𝜔𝑡𝑜𝑡𝑎𝑙(𝑡 ‒ 𝜏)𝜔𝑡𝑜𝑡𝑎𝑙(𝑡)〉𝑑𝜏

Using the following well-known correlation functions,

(42)〈𝑃𝑙(𝜃(𝑡 ‒ 𝜏))𝑃𝑙'(𝜃(𝑡))〉 =
𝛿𝑙,𝑙'

2𝑙 + 1𝑒 ‒ 𝑙(𝑙 + 1)𝐷𝑅𝜏

where l (or l ) can be either 2 or 4, and DR = (6c)–1 is the diffusion constant in isotropic liquids, 

one can readily obtain the following results:

(43)𝑅2 = 𝑅𝑄2
2 + 𝑅𝑆𝐴

2 + 𝑅𝑄2/𝑆𝐴
2

where the  term is given in Eq. (26), the  term is given by [2]:𝑅𝑄2
2 𝑅𝑆𝐴

2

(44)𝑅𝑆𝐴
2 =

4
45(𝜔0Δ𝜎𝐶𝑆)2𝜏𝐶

and the third Q2/SA cross correlation term is written as:

(45)𝑅𝑄2/𝑆𝐴
2 =

8
315𝑎2𝜔2

𝑄Δ𝜎𝐶𝑆(3𝑐𝑜𝑠2𝛽𝐶𝑆 ‒ 1
2 )𝜏𝐶

In Eq. (45), the term (3cos2 CS  1)/2 stems from the transformation between the principal axis 

systems between the QC and CS tensors.  We should note that, in the above derivations of Eqs. 

(44) and (45), since both QC and CS tensors were assumed to be axially symmetric, only one Euler 

angle CS is needed.  For general cases, two additional Euler angles, CS and CS, are required to 

relate the principal axis systems of the QC and CS tensors.  Under such circumstances, Eqs. (44) 

and (45) can be modified simply by replacing CS with PSA:

(46)𝑃𝑆𝐴 = Δ𝜎𝐶𝑆 1 +
𝜂 2

𝐶𝑆

3

and the geometric factor (3cos2 CS  1)/2 with the following expression:

1
2

{3𝑐𝑜𝑠2𝛽𝐶𝑆 ‒ 1 + 𝑠𝑖𝑛2𝛽𝐶𝑆(𝜂𝐶𝑆𝑐𝑜𝑠2𝛼𝐶𝑆 + 𝜂𝑄𝑐𝑜𝑠2𝛾𝐶𝑆) +
𝜂𝐶𝑆𝜂𝑄

3 [(𝑐𝑜𝑠2𝛽𝐶𝑆 + 1)𝑐𝑜𝑠2𝛼𝐶𝑆𝑐𝑜𝑠2𝛾𝐶𝑆 ‒ 2𝑐𝑜𝑠𝛽𝐶𝑆𝑠𝑖𝑛2𝛼𝐶𝑆𝑠𝑖𝑛2𝛾𝐶𝑆]}
(47)
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It is important to further comment on the Q2/SA cross correlation term as expressed in Eq. 

(45).  First, the Q2/SA term is independent of the magnetic field. Second, since both CS and 

(3cos2 CS  1)/2 can be either positive or negative, the sign of the Q2/SA term can also be either 

positive or negative.  The consequence is that the Q2/SA term can be of either benefit or nuisance 

in terms of the line width of a QCT signal, depending on the intrinsic tensor interplay in a 

particular functional group.  

Now combining Eq. (24) from Section 2.1 with Eq. (43), we have a general expression for 

the transverse relaxation rate of any half-integer I > 1/2 quadrupolar nucleus over the entire range 

of motion:

(48)𝑅𝑡𝑜𝑡𝑎𝑙
2 = 𝑅𝑄

2 + 𝑅𝑄2
2 + 𝑅𝑆𝐴

2 + 𝑅𝑄2/𝑆𝐴
2

Eq. (48) is applicable in the fast, intermediate, and slow motion regimes as defined previously.  In 

the ultra-slow motion regime, the Redfield relaxation theory is no longer valid, and the QCT signal 

will become non-Lorentzian.  Fortunately, as mentioned earlier, most biological macromolecules 

suitable for solution NMR studies would lie outside the ultra-slow motion regime.  Of course, Eq. 

(48) does not include other relaxation mechanisms such as dipole-dipole and indirect spin-spin 

interactions, as they are known to have negligible contributions to the relaxation of half-integer 

quadrupolar nuclei.

Let us now discuss the experimental results that led to the discovery of Shen et al. [92] about 

the importance of the Q2/SA cross correlation.  Fig. 7 shows the 17O QCT NMR signals from 

[17O]nicotinamide as reported by Shen et al. [97].  We should note that, while the 17O QCT signal 

displays similar temperature dependence at various magnetic fields, the minimal line width (in 

ppm) decreases drastically with the increase of the applied magnetic field.  For example, the 
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FWHH is decreased from 41 ppm (2200 Hz) observed at 9.4 T to only 6 ppm (1250 Hz) at 35.2 T.  

Using Eq. (48), Shen et al. [97] were able to fit the 17O line width data (in ppm), as shown in Fig. 

8, and obtained the following 17O NMR parameters for [17O]nicotinamide: PQ = 9.0  0.2 MHz, 

PSA = 620  50 ppm, and CS = 90.  They further carried out solid-state 17O NMR 

measurements for [17O]nicotinamide and confirmed the 17O NMR parameters obtained from the 

QCT NMR spectral analysis.  Shen et al. [97] pointed out the two reasons as to why it is 

preferable to express the QCT line width data in units of ppm rather than Hz.  First, the ppm scale 

is a better measure for describing the resolving power as a function of the applied magnetic field.  

Second, this allows better separation of data in Fig. 8 for visual inspection.  Fig. 8 also illustrates 

how the four individual relaxation contributions (Q, Q2, SA, and Q2/SA) change over the entire 

motional range for nicotinamide.  In the fast motion region (0c < 1), Q is the predominant 

relaxation mechanism.  Beyond the intermediate motion regime (0c  1), while the contribution 

from Q gradually diminishes as 0c is increased, Q2, SA and Q2/SA become increasingly 

important at high 0c values.  For example, at close to the minimal line width (0c  100), the 

individual contributions are Q(35%), SA(35%), Q2/SA(18%), and Q2(12%).  The situation is 

very different at 0c  1000, where the individual contributions are Q(1%), SA(54%), 

Q2/SA(27%), and Q2(18%).  Clearly, in all these cases, the contribution from the cross 

correlation term Q2/SA cannot be ignored.

Now that we have established general expressions for both the line width and position 

(dynamic frequency shift) of the QCT signal, we will turn our attention, in the remainder of this 

section, to another two basic aspects of QCT NMR: signal intensity and nutation behaviour of the 

CT signal in the slow motion regime.  It is well known in solid-state NMR studies of half-integer 

quadrupolar nuclei that, when the RF field is much smaller than the QI (the so-called selective 
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excitation condition), the relative excitation of the single-quantum coherences (mI  mI 1) during 

the duration of an RF pulse (tp) is given by [100,101]: 

(49)
〈𝐼

𝑚𝐼,𝑚𝐼 ‒ 1
𝑥,𝑦 〉

∑ ‒ 𝐼 + 1
𝑚𝐼 = 1 〈𝐼

𝑚𝐼,𝑚𝐼 ‒ 1
𝑥,𝑦 〉 =

3 𝐼(𝐼 + 1) ‒ 𝑚𝐼(𝑚𝐼 ‒ 1)
2𝐼(𝐼 + 1)(2𝐼 + 1) 𝑠𝑖𝑛( 𝐼(𝐼 + 1) ‒ 𝑚𝐼(𝑚𝐼 ‒ 1)𝜔1𝑡𝑝)

where 1 is the B1 field strength generated by the RF pulse.  Thus the QCT signal (mI = ½) 

exhibits a maximal excitation when

(50)𝑡𝑝 =
1

𝐼(𝐼 + 1) ‒ 𝑚𝐼(𝑚𝐼 ‒ 1)(
𝜋

2
𝜔1 ) =

1

𝐼 +
1
2

𝑡𝑝(90°)

where tp(90) is the standard 90 pulse width in solution NMR.  Eq. (50) suggests that the 

effective 90 pulse width for the CT signal should be shorter than a conventional 90 pulse, tp(90),  

by a factor of (I + ½).  In addition, substituting Eq. (50) back to Eq. (49), one can show that, after 

an effective 90 pulse is applied to the CT, the relative spectral intensity of the CT signal is

(51)
〈𝐼𝐶𝑇

𝑥,𝑦〉
∑ ‒ 𝐼 + 1

𝑚𝐼 = 1 〈𝐼
𝑚𝐼,𝑚𝐼 ‒ 1

𝑥,𝑦 〉 =
3

4𝐼(𝐼 + 1)

For I = 5/2 nuclei such as 17O, Eq. (51) suggests that the largest CT signal amplitude generated by 

applying a single RF pulse is only 3/35  8.6% of the total signal intensity.  These features of 

QCT spectroscopy are quite similar to those encountered in solid-state NMR experiments.  As a 

result, Eqs. (49)-(51) are also true for liquid samples in the slow motion limit, as first 

experimentally demonstrated by Butler and Eckert [27].  

From the discussions presented in this section, one can easily appreciate the striking 

similarities between the QCT NMR approach and solid-state NMR.  Similar to the case in solid-

state NMR, the QCT NMR approach also benefits tremendously from high magnetic fields.  In 

2017, Gan et al. [102] reported an impressive example of 17O QCT NMR.  In particular, as shown 
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in Fig. 9, they obtained 17O QCT NMR signals from [3,5,6-17O3]-D-glucose on a Series-Connected 

Hybrid (SCH) magnet at magnetic fields up to 35.2 T (1.5 GHz for 1H).  This SCH magnet at the 

National High Magnetic Field Laboratory (Tallahassee, Florida, USA) is the highest NMR magnet 

currently available (2019) with ppm homogeneity.  For [3,5,6-17O3]-D-glucose, the line widths of 

the 17O QCT signals at 35.2 T are about 5 ppm.  In comparison, they are about 20 ppm at 18.6 T.  

The main reason for this drastic field dependence is that the SA contributions are relatively small 

in oxygen-containing functional groups in carbohydrate molecules.  As mentioned earlier, for 

other oxygen-containing functional groups where large 17O SA values may be present, it is 

important to find the optimal magnetic field that can produce the minimum line width for the 17O 

QCT signal.

2.3. 17O QCT NMR studies of biological macromolecules

As mentioned earlier, the multi-exponential nature of the quadrupole relaxation was 

recognized in several pioneering 17O NMR studies of biological molecules.  In particular, Gerlt 

and co-workers [59] recognized the possibility of having relatively long transverse relaxation times 

for the 17O CT signal in the slow motion regime.  Later, Oldfield and co-workers [60-62] reported 

the first set of 17O NMR spectra for C17O ligands bound to peroxidases, myoglobins, and 

hemoglobins in aqueous solution.  In these systems, the values of 0c were found to be about 5.8 

~ 10.  The observed 17O NMR signals for protein-bound C17O ligands were shown to have 

relatively narrow line widths (ca. 200 Hz at 11.7 T), as seen in Fig. 10.  However, because the 

value of CQ(17O) in C17O is quite small (< 1 MHz), it was not entirely clear whether the multi-

exponential relaxation properties of 17O would produce similarly narrow signals from other 

oxygen-containing functional groups with much larger CQ values (ca. CQ = 620 MHz).  In 
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addition, because the values of 0c for the protein systems studied by Oldfield and co-workers 

[60-62] at the then available magnetic fields were still not large enough to be considered to be in 

the slow motion region as defined in Section 2.2, the observed 17O NMR signals for protein-bound 

C17O ligands were, strictly speaking, not true QCT signals.  For example, neither the (I + 1/2) 

scaled nutation nor dynamic frequency shifts were observed in these studies [60-62].

The first detection of true 17O QCT signals from biological macromolecules was reported by 

Zhu et al. in 2009 [103], nearly 20 years after Oldfield’s pioneering work on 17O NMR of C17O-

hemoprotein complexes [55-57].  Zhu et al. [103] chose to study two reasonably large proteins: 

human serum albumin (HSA, 66 kDa) and ovotransferrin (OTf, a dimer of 80 kDa).  In the case 

of HSA, they observed 17O QCT signals from a HAS-[17O2]palmitic acid complex, as shown in 

Fig. 11.  Two important features in Fig. 11 are worth commenting.  First, the 17O QCT signal 

becomes considerably narrower at 21.14 T than that seen at 11.74 T as well as shifting toward 

high-frequency as a result of a smaller dynamic frequency shift.  Second, the nutation behaviour 

of the 17O QCT signal shown in the inset of Fig. 11 is what is expected from Eq. (50).  Using the 

field dependence of the experimental dynamic frequency shifts, according to Eq. (21), Zhu et al. 

[103] obtained that iso = 297 ppm and PQ = 9.3 MHz for the HAS-[17O2]palmitic acid complex.  

For the OTf-Al-[17O4]oxalate complex, they observed two types of 17O QCT signals from the 

protein-bound [17O4]oxalate ligand.  The different signals were attributed to the different “ends” 

of the oxalate ligand with one “end” coordinating to the metal center and the other being “open”.  

The two “ends” display quite different iso values (a difference of more than 30 ppm), as well as 

noticeably different PQ values (a difference of ca. 0.8 MHz).  The high-quality 17O QCT signals 

recorded at 21.1 T make the point particularly convincingly that protein samples at the sub-

millimolar level (< 1 mM) in aqueous solution can be properly studied.  This study provided the 
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first confirmation that 17O QCT NMR is indeed feasible for studying large biological molecules in 

aqueous solution.

In 2010, Zhu and Wu [90] published a comprehensive 17O QCT NMR study of three ligand-

protein complexes: avidin-[17O2]biotin (a tetramer of 66 kDa), OTf-Al-[17O4]oxalate (80 kDa), and 

pyruvate kinase-Mg-ATP-[17O4]oxalate (PK, a tetramer of 240 kDa).  Fig. 12 shows the 17O QCT 

NMR spectra for these ligand-protein systems obtained at three magnetic fields.  The 17O QCT 

signals are gradually shifted towards high-frequency as the applied magnetic field is increased.  

More importantly, the QCT signal position (in ppm) changes linearly with (1/0)2 as predicted by 

Eq. (21).  This provides a means of obtaining the true 17O chemical shift (iso) and the quadrupole 

product parameter (PQ), as illustrated in Figs. 12(b) and 12(d).  From such an analysis, Zhu and 

Wu [90] reported the following values of iso and PQ for each oxygen site in these two proteins: 

OTf-Al-oxalate: O1, iso = 283 ppm, PQ = 7.85 MHz; O2, iso = 275 ppm, PQ = 7.62 MHz; O3, iso 

= 231 ppm, PQ = 6.08 MHz; O4, iso = 222 ppm, PQ = 6.14 MHz. PK-Mg-ATP-oxalate: O1, iso = 

293 ppm, PQ = 8.42 MHz; O2, iso = 258 ppm, PQ = 7.38 MHz; O3, iso = 243 ppm, PQ = 6.92 

MHz; O4, iso = 228 ppm, PQ = 6.65 MHz.  As also seen from Fig. 12, the spectral resolution can 

be drastically improved when the QCT signals are recorded at high magnetic fields.  Most 

remarkably, four well resolved 17O QCT NMR signals are observed for the protein-bound oxalate 

ligand at 21.14 T, reflecting the different chemical environments around all four oxygen atoms of 

the same oxalate molecule (vide infra).  Such high spectral resolution was truly unprecedented in 

17O NMR for biological macromolecules.  Another interesting observation from the 17O QCT 

spectra of PK-Mg-ATP-[17O4]oxalate shown in Fig. 12(c) is that the small signal from free 

[17O4]oxalate ligands displays a comparable line width as the 17O QCT signals from the protein-

ligand complex.  But the protein-ligand complex (MW  240 kDa) is nearly 3000 times bigger 



  

31

than the free ligand (MW = 88 Da)!  This illustrates the advantage of 17O QCT spectroscopy in 

studying biological macromolecules.  From the line widths of the 17O QCT signals, Zhu and Wu 

[90] also determined the value of τc for the two ligand-protein complexes at 298 K: OTf-Al-

oxalate, τc = 65  10 ns; PK-Mg-ATP-oxalate, τc = 180  10 ns.  These τc values are in qualitative 

agreement with predictions from the Stokes-Einstein relation.  This means that the oxalate ligand 

is tightly bound to the protein in both cases; otherwise, any ligand exchange or local flexible 

motion would have caused much shorter τc values.   

In the work by Zhu and Wu [90], the authors further attempted to interpret the experimental 

17O NMR parameters obtained for the two protein-bound oxalate ligands on the basis of their 

relationships with structural features.  They utilized the crystal structures of the Fe(III) analog of 

the OTf-Al(III)-oxalate complex (PDB ID 1RYO) [104] and of the PK-Mg-ATP-oxalate complex 

(PDB ID 1AU5) [105].  The oxalate binding environment in the two ligand-protein complexes are 

depicted in Fig. 13 including the hydrogen bonding environment around the oxalate ligand.  In 

these two proteins, the oxalate ligand binds to a metal center in the same bidentate fashion.  In the 

study, the authors referred to the side of the oxalate bound to a metal center as the “coordination 

end” and other side as the “open end”.  As seen from Fig. 13, the “open end” of the oxalate ligand 

is usually involved in hydrogen bonding.  On the basis of previously known hydrogen bonding 

and metal binding effects on 17O NMR parameters [106-113], Zhu and Wu [90] assigned the O1 

and O2 signals to the “open end” and the O3 and O4 signals to the “coordination end” of the 

oxalate ligand.  Furthermore, in both complexes, one of the two oxygen atoms on the 

“coordination end”, O4, also forms a very strong hydrogen bond.  In the OTf-Al-oxalate complex, 

this strong hydrogen bond is formed between O4 and a water molecule with the O4···Ow distance 

being 2.88 Å.  In the PK-Mg-ATP-oxalate complex, O4 is hydrogen bonded to and the NH3
+ 
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group of the Lys 269 residue with the O4···N distance being 2.53 Å.  In each case, the presence 

of this hydrogen bond involving O4 allows further differentiation between the two oxygen atoms 

on the same “coordination end”, because hydrogen bonding interactions are known to give rise to 

smaller iso and PQ values.  The same principle can also be applied to distinguish the two oxygen 

atoms on the “open end” of the oxalate ligand.  For example, in the OTf-Al-oxalate complex, O1 

is strongly hydrogen bonded to the side chain of Arg 124 with the O···N being 2.66 Å, but O2 is 

involved in two hydrogen bonds where the O···O and O···N distances are 2.80 and 2.75 Å, 

respectively.  Thus, O2 has slightly smaller iso and PQ values than O1.  Zhu and Wu [90] 

showed that different metal-ligand and hydrogen bonding interactions around the oxygen atoms of 

an oxalate ligand can cause iso and PQ to change by 65 ppm and 2.35 MHz, respectively.  This 

nicely illustrates the sensitivity of 17O NMR parameters toward chemical bonding.  On the basis 

their experimental results, Zhu and Wu [90] finally concluded that “the upper limit of the 

molecular size suitable for 17O QCT can be readily increased to 400-500 kDa.”  This would be a 

truly exciting perspective.

In 2016, Young et al. [114] reported an important 17O QCT NMR study where enzymatic 

intermediates of tryptophan synthase (TS, a tetramer of 143 kDa) were probed under the conditions 

of active catalysis.  TS is an enzyme that catalyzes the final two steps of L-tryptophan 

biosynthesis.  The function of TS also requires pyridoxal-5-phosphate (PLP) as a co-factor.  TS 

consists of two subunits ( and ) and typically a TS tetramer is formed as 22.  The  subunits 

catalyze the formation of indole and glyceraldehyde-3-phosphate, while the  subunits catalyze the 

final step of tryptophan formation by condensing indole and L-serine.  This final step is a PLP-

dependent reaction.  Scheme 1 highlights some of the important reaction intermediates that are 

believed to exist during the final step of L-tryptophan biosynthesis.  Young et al. [114] set out to 
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investigate the protonation state of the L-serine carboxylate group in various reaction intermediates 

by using 17O-labeled substrate, [1,2-17O2]-L-serine.  As seen in Fig. 14, because the 17O QCT 

signals associated with the E(Q3)indoline intermediate exhibit dynamic frequency shifts, they appear 

at lower frequencies than that from the free substrate.  After obtaining the 17O QCT signals at 

three magnetic fields, Young et al. [114] were able to obtain the isotropic 17O chemical shifts for 

the two carboxylate oxygen atoms: 233 and 243 ppm.  They noted that these values were 

considerably lower (more up-field shifted) than the typical chemical shifts for fully deprotonated 

carboxylate anions.  In this study, the authors observed 17O QCT NMR signals from four reaction 

intermediates: E(Q3)indoline, E(Q3)2AP, E(A-A), and E(A-A)(BZI).  The first two are quinonoid 

analogs and the latter two are aminoacylate intermediates.  They found that both the quinonoid 

intermediates exhibit small 17O isotropic chemical shifts whereas the corresponding values for the 

two aminoacrylate intermediates were in the normal range.  After performing quantum chemical 

calculations, Young et al. [114] concluded that the unusually small 17O isotropic chemical shifts 

observed for the E(Q3)indoline and E(Q3)2AP intermediates are caused by the increased electron 

density within the  bonding network in the canonical quinonoid structure.  The work by Young 

et al. [114] represents the first attempt to use 17O QCT NMR in chemical enzymology.  The true 

power of 17O QCT NMR lies in its suitability to study biological macromolecules in aqueous 

solution.  Indeed, as Young et al. [114] properly pointed out, 17O QCT NMR is a remarkable 

method, because “such measurements can be performed under conditions of active catalysis, 

catching kinetically competent intermediates in the act of chemical transformation.”  

As the field of 17O QCT NMR of biological macromolecules is still in its infancy, it is a 

perfect time for beginners to consider future research in this new area.  There are so many 

interesting biological molecules and, perhaps more importantly, biological processes, for which 
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17O QCT NMR will be able to provide a unique angle of study.  The 17O QCT NMR approach 

will be particularly powerful when more ultrahigh magnetic fields become available to the NMR 

community (e.g., the 35.2 T SCH magnet [102] at the National High Magnetic Field Laboratory as 

mentioned earlier).  We anticipate that 17O QCT NMR will become a routine technique to 

complement currently available NMR methods for studying biological macromolecules in aqueous 

solution.

3. Solid-state 17O NMR studies of organic and biomolecules

3.1. Small organic and biological molecules

A complete compilation of solid-state 17O NMR data published prior to 2007 for organic 

functional groups was given in the 2008 review [80].  Here we will focus only on reports that 

have appeared since.  Over the past decade, accumulation of solid-state 17O NMR data (QC and 

CS tensors) for new oxygen-containing functional groups has continued to grow at a steady pace.  

While there are still some challenges for 17O-labeling of certain functional groups, solid-state 17O 

NMR tensors have been determined for a large number of small organic and biological molecules.  

These NMR tensors provide important information about the chemical bonding and molecular 

structure.  All new solid-state 17O NMR parameters for small organic and biological molecules 

since 2008 are tabulated in Appendix A.  

In 2008, Yamauchi et al. [115] reported a solid-state 17O NMR study of the parallel and anti-

parallel -sheet structures of an alanine tripeptide, Ala-[17O]Ala-Ala.  The parallel and anti-

parallel structures formed by Ala-Ala-Ala appear to exhibit different hydrogen bonding 

environments at the central Ala residue, as illustrated in Fig. 15.  The two crystallographically 

distinct Ala-Ala-Ala molecules are denoted as A and B in each case.  The observed high-quality 
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17O MAS spectra (shown in Fig. 16) result from the use of a high magnetic field (21.8 T) for 

acquiring NMR data and high 17O incorporation (90%) into the sample.  For the anti-parallel Ala-

[17O]Ala-Ala sample, the authors reported the following 17O NMR parameters: molecule A, iso = 

302 ppm, CQ = 8.7 MHz, Q = 0.40; molecule B, iso = 270 ppm, CQ = 8.7 MHz, Q = 0.35.  For 

the parallel Ala-[17O]Ala-Ala sample, the authors reported the same set of 17O NMR parameters 

for molecules A and B: iso = 293 ppm, CQ = 8.7 MHz, Q = 0.30.  Yamauchi et al. [115] 

attributed the observed differences in 17O chemical shifts between the two structures as well as the 

difference between the two molecules within each structure to the angle between the C=O and 

NH bond vectors.  Although it is not generally possible to attribute experimental 17O NMR 

parameters to just one particular aspect of the hydrogen bonding geometry, within the well-defined 

-sheet structures of Ala-Ala-Ala, the explanation made by Yamauchi et al. [115] seems very 

likely to be valid.  We also note that, within these highly similar -sheet structures, the 

experimental CQ(17O) values appear to be rather insensitive to the hydrogen bonding geometries.  

Also in 2008, Wu et al. [116] reported a solid-state 17O NMR study of p-nitro-[1-

17O]benzaldehyde.  The aldehyde group (HC=O) is expected to have large values of CQ(17O) and 

CSA [80].  The authors observed that, at 11.75 and 21.14 T, the static 17O NMR spectra of p-

nitro-[1-17O]benzaldehyde cover a range of over 1200 ppm.  On the basis of spectral analysis of 

both MAS and static 17O NMR spectra, the authors reported the following 17O NMR tensors for p-

nitro-[1-17O]benzaldehyde: CQ = 10.7 MHz, Q = 0.45; 11 = 1050, 22 = 620, 33 = 35 ppm.  It 

is clear that the span ( = 11  33) of the 17O CS tensor for the aldehyde functional group is more 

than 1000 ppm.  The authors further discovered that 17O QC and CS tensor components are 

correlated in all carbonyl compounds.  In particular, they showed that 11 and 22 components are 

correlated with CQ in a linear fashion.  Wu et al. [116] also pointed out an interesting spectral 
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feature in carbonyl compounds.  That is, when both CQ and  are large, the tensor interplay 

makes the total breadth of the 17O NMR powder pattern rather insensitive to the strength of the 

magnetic field.  In a series of studies published in 2008, Yamada et al. [117-121] reported 

determination of 17O NMR tensors for a variety of 17O-labeled amino acids.

In 2009, Zhu et al. [122] used solid-state 17O NMR to probe the tautomerism of -keto 

acids.  As seen in Scheme 2, when the keto group is in the hydrated form, the functional group is 

known as a gem-diol.  In contrast, its dehydrated form is just a regular keto group.  In solution, 

an equilibrium exists between the keto and gem-diol tautomers.  -Keto acids including -keto 

amino acids and their analogs are important molecules in biosynthesis and degradation of amino 

acids.  The keto form of -keto acids can be readily transformed into a gem-diol functional group, 

which are found in many enzymatic reaction intermediates.  Two classic -keto acid compounds 

exhibiting these distinct keto and gem-diol groups in the solid state are lithium pyruvate 

monohydrate (in the gem-diol form) and sodium pyruvate (in the normal keto form); see Scheme 2.  

Note that in lithium pyruvate monohydrate, the “water molecule” is in fact covalently bonded to 

the C2 atom of pyruvate, rather than simply being a water of hydration as the name “monohydrate” 

often implies.  As a result, the two 17O-labeled compounds are denoted as: sodium [2-

17O]pyruvate and lithium [2,2-17O2]pyruvate.  The static 17O NMR spectra of sodium [2-

17O]pyruvate and lithium [2,2-17O2]pyruvate are shown in Fig. 17.  Zhu et al. [122] also reported 

17O MAS NMR spectra for these two compounds.  The two functional groups apparently exhibit 

very different 17O QC and CS tensors: for the keto form, δiso = 543 ppm, CQ = 10.8 MHz, ηQ = 

0.48, δ11 = 1020, δ22 = 640, δ33 = 40 ppm; for the gem-diol form, δiso = 62 ppm, CQ = 8.5 MHz, ηQ 

= 1.0, δ11 = 140, δ22 = 45, δ33 = 0 ppm.  Thus, upon hydration, δiso(17O) and CQ(17O) of the keto 

group change by 480 ppm and 2.3 MHz, respectively.  
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In 2010, Wu et al. [123] reported a solid-state 17O NMR study of C-nitrosoarenes 

(ArN=O).  C-nitrosoarenes are important compounds in organic chemistry, coordination 

chemistry, and biochemistry.  Nitroxyl (HN=O) can be considered to be related to C-

nitrosoarenes.  C-nitrosoarenes are also known to form stable complexes with heme proteins such 

as cytochrome P450, myoglobin, and hemoglobin.  Thus, coordination chemistry of C-

nitrosoarene is an important subject.  Scheme 3 depicts three basic binding modes that are known 

for mononuclear C-nitrosoarene metal complexes.  Wu et al. [123] obtained solid-state 17O NMR 

data for four 17O-labeled C-nitrosoarene compounds: p-[17O]nitroso-N,N-dimethylaniline 

([17O]NODMA), SnCl2(CH3)2([17O]NODMA)2, ZnCl2([17O]NODMA)2, and [17O]NODMA·HCl.  

Fig. 18 shows the 17O MAS spectra for C-nitrosoarene compounds.  These compounds generally 

exhibit strong spinning sidebands even at a sample spinning frequency of 35 kHz.  This spectral 

feature suggests that the 17O CSA values are very large in these compounds.  The most extreme 

case is seen for [17O]NODMA where the spinning sideband manifold covers 3000 ppm.  Another 

interesting feature in the spectra shown in Fig. 18 is that the four C-nitrosoarene compounds 

display very different iso(17O) values.  For example, if one compares the results between 

([17O]NODMA) and [17O]NODMA·HCl, protonation of the nitroso group causes a change in 

iso(17O) by ca. 1000 ppm.  Similarly, the CQ(17O) values observed for the four C-nitrosoarenes 

also lie in a wide range (between 9.6 and 15 MHz).  These CQ(17O) values are among the largest 

so far experimentally measured by solid-state 17O NMR for organic compounds.  The authors also 

reported 17O CS tensor components by analyzing static 17O NMR spectra.  Among the four C-

nitrosoarene compounds, [17O]NODMA has the most anisotropic 17O CS tensor: δ11 = 2900, δ22 = 

750, δ33 = 100 ppm.  Interestingly, the static 17O NMR spectra observed for [17O]NODMA are 

similar to those reported by Oldfield et al. [119] for [17O2] bound to picket fence porphyrin (an 
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oxyheme model), hemoglobin, and myoglobin.  However, the spectral analysis by Oldfield et al. 

[124] yielded a very large 17O CSA but a small CQ(17O) (< 2 MHz).  In 2000, Kaupp et al. [125] 

performed extensive DFT calculations and concluded that the value of CQ(17O) for the terminal 

oxygen of the O2 ligand in oxyheme complexes should be on the order of 17 MHz.  Of course, 

this value should be considered as the rigid-lattice value for the O2 ligand in oxyheme systems.  

Nonetheless, it appears that simple fast Fe-O2 axial rotation motion as proposed by Oldfield et al. 

[124] can explain some but not all aspects of the experimental observations.  This is still an 

unresolved issue in the literature.  In light of the new results reported by Wu et al. [123] on 

[17O]NODMA, it is necessary to re-examine oxyheme complexes at ultrahigh magnetic fields.

In 2011, Zhu et al. [126] investigated how the 17O NMR tensor from a phenolic oxygen 

depends on the protonation or ionization state of the functional group.  In particular, they studied 

the phenolic oxygen in L-tyrosine.  For the first time, they were able to record solid-state 17O 

NMR spectra simultaneously for a neutral phenol group and its corresponding phenolate.  As 

illustrated in Scheme 4, the phenolic functional group in L-tyrosine generally has a pKa of 10 in 

aqueous solution.  However, Tyr residues in proteins may exhibit very different values of pKa.  

In many cases, the overall conformation and biological activity of proteins depend critically on the 

ionization equilibrium of Tyr side chains.  Zhu et al. [126] recorded solid-state 17O NMR spectra 

for L-tyrosine samples prepared under both neutral and very basic conditions and subsequently 

determined the 17O NMR tensors.  They further focused on the changes of the 17O CS tensor 

orientation in two ionization states and discovered a “cross-over” effect for both the 17O and 13C 

CS tensors.  Fig. 19 illustrates this “cross-over” effect found for the phenol group.  One can 

clearly see that, between the two ionization states, the 17O and 13C CS tensors of the phenol group 

change their orientations in the molecular frame of reference in such a way that the directions of 
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the 11 and 22 components are interchanged.  As a result, it is necessary to examine shielding 

changes along the same direction in the molecular frame rather than to compare apparent changes 

in individual tensor components.  The observed 1122 “cross-over” effect in the 13C CS tensor 

provides an explanation as to why only the 22 component of the 13C CS tensor displays weak 

sensitivity toward phenol ionization, an observation made earlier by Herzfeld et al. [127].  Zhu et 

al. [126] also compared the sensitivity of the 17O and 13C CS tensors toward the ionization state of 

the phenol group.  They found that, upon phenol ionization, both the 11 and 22 components of 

the 17O CS tensor become more deshielded, whereas the corresponding components of the 13C CS 

tensor change in opposite directions, thus substantially reducing the effect on the isotropic 13C 

chemical shift.  As a result, iso(17O) displays a net change nearly 6 times larger than does 

iso(13C).  This drastically increased sensitivity of the 17O chemical shift is potentially a better 

NMR probe for monitoring the ionization state of Tyr side chains in proteins.

As seen from the above discussions, most solid-state 17O NMR studies of organic and 

biological molecules report on 17O NMR spectra obtained under either MAS or static conditions.  

While these spectra contain rich information about 17O NMR tensors, the major problem is the 

limited spectral resolution that is due to the residual line broadening from the second-order QI.  

Although advanced solid-state NMR techniques such as DAS [5,6], DOR [7-9], MQMAS [10,11], 

and STMAS [12] can completely remove the second-order QI, they have been rarely used in 17O 

NMR studies of organic and biological molecules.  Before 2008, there were only a handful of 

such applications in 17O NMR studies of organic and biological molecules [128-134].  In 2011, 

Wong et al. [135] presented a beautiful study where they combined 17O DOR and MQMAS spectra 

obtained at multiple magnetic fields to achieve complete spectral resolution of eight 

crystallographically distinct oxygen sites in monosodium L-glutamate monohydrate (MSG).  As 
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seen from Fig. 20, the second-order quadrupole line shape in the 17O MAS spectrum of MSG 

recorded at 14.1 T is about 8000 Hz.  The observed spectral features suggest the presence of 

multiple oxygen sites, but it is not possible to analyze the MAS spectrum directly due to severe 

spectral overlap.  In contrast, the second-order QI anisotropy is completely removed in the 17O 

DOR spectra while maintaining the isotropic shift, thus each oxygen site gives rise to a sharp 

isotropic peak.  The line width for the individual peaks in the 17O DOR spectra of MSG recorded 

at 14.1 T is about 100-200 Hz (< 3 ppm).  However, one major limitation of the DOR technique 

is that, because the outer-rotor spinning frequency is typically less than 2 kHz with the currently 

available DOR probes, the presence of a large number of spinning sidebands in the 17O DOR 

spectra shown in Fig. 20 complicates the spectral analysis.  Nonetheless, Wong et al. [135] 

showed that, by varying the outer-rotor spinning frequency, collecting DOR spectra at multiple 

magnetic fields, and combining with 3QMAS data, they were able to obtain a full set of 17O NMR 

parameters for the 8 oxygen sites in MSG.  Furthermore, Wong et al. [135] attempted to use the 

highly accurate NMR data obtained from 17O, 1H, and 13C for MSG to refine the crystal structure.  

They showed that optimization of the positions of O and H atoms from the original X-ray crystal 

structure led to better agreement between the experimental and theoretical NMR spectra; see Fig. 

21.  This was the first demonstration of “NMR crystallography” to include 17O NMR data.  To 

extend this idea further, one should try to obtain NMR information from all magnetic nuclei 

available in the molecule under study in order to refine a crystal structure with an NMR 

crystallography approach.  Indeed, Wong et al. [136] recorded solid-state 1H, 13C, 17O and 27Al 

NMR spectra for tris(2,4-pentanedionate-O,O)aluminium(III) or -Al(acac)3.  Among the four 

magnetic nuclei, two of them are quadrupolar.  Then they showed that a fully optimized crystal 
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structure produced the best results when all the highly accurate experimental 1H, 13C, 17O and 27Al 

chemical shifts were treated equally.

In 2012, O’Dell et al. [137] used solid-state NMR to study crystalline taurine (2-

aminoethane-1-sulfonic acid, H3N+-CH2CH2-SO3
–).  In this study, the authors reported solid-state 

NMR spectra for 1H, 13C, 14/15N and 17O nuclei and determined the first set of 17O NMR tensors for 

a sulfonate functional group (–SO3
–).  Combining with the solid-state 33S NMR data on taurine 

from a previous study [138], O’Dell et al. [137] demonstrated how to utilize experimental solid-

state NMR data collected for all magnetic nuclei in this organic molecule to evaluate DFT 

calculations.  In 2013, Rees et al. [139] combined solid-state NMR, DFT and X-ray diffraction 

techniques to investigate the hydrogen bonding interaction in several acid salts of dibenzoates, 

MH(PhOO)2 (M = Li, K, Rb, Cs).  The authors obtained both 17O MAS and DOR NMR spectra 

from which reliable 17O NMR parameters for all crystallographically distinct oxygen sites were 

reported for this series of compounds.  As mentioned earlier, an ideal NMR crystallography 

approach should utilize information for all magnetic nuclei in a chemical compound.  However, a 

practical concern is that, since quantum chemical calculations of NMR properties may have 

different degrees of accuracy for different elements across the periodic table, it is not entirely clear 

whether a unified treatment of all NMR active nuclei within the molecule may be possible in the 

context of NMR crystallography. 

It is well known that metal ions are often important for both structural and catalytic functions 

of many biological molecules.  Since metal-ligand interactions often involve oxygen-containing 

functional groups, solid-state 17O NMR is a clear choice for studying metal-ligand interactions 

[110-123].  In 2012, Zhu et al. [140] demonstrated the determination of 17O NMR tensors in two 

terminal oxo-metal complexes: 17OTi(IV)(TMP) and 17OCr(IV)(TMP), where TMP is 
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5,10,15,20-tetramesitylporphyrin.  In these two compounds, the oxygen atom is triply bonded to a 

metal atom and the complex can be described as a general type of OMLn.  The experimental 17O 

NMR results shown in Fig. 22 suggest that these terminal oxo metal complexes exhibit rather small 

CQ(17O) values ( 2 MHz) but very large CSAs ( = 11 – 33  2000 ppm).  These 17O NMR 

parameters are similar to those that are known for the oxygen atom involved in an OE triple 

bonds such as OC and ON+.  In these OE functional groups, because the second-order 

quadrupole broadenings are very small, the 17O MAS spectra display spinning sideband manifolds 

that resemble those from spin-1/2 nuclei; see Fig. 22.  Zhu et al. [140] further analysed the 

individual molecular orbital (MO) contributions to the total magnetic shielding.  The major 

paramagnetic shielding contribution was found to arise from the magnetic-field-induced mixing 

between (OM) and *(OM) MOs.  This means that, when the external magnetic field is 

perpendicular to the OM triple bond, the 17O nucleus experiences the greatest paramagnetic 

shielding effect.  It turns out that this is a common feature in all terminal phosphide [141], carbide 

[142], nitrido [143] and oxide compounds.  Zhu et al. [140] discovered that the chemical shift 

anisotropy can be correlated to the mean inverse cube of the 2p electron radius, <r–3>2p, among the 

isoelectronic carbide (C4–), nitride (N3–), and oxide (O2–) compounds.  That is, because the 

increasing nuclear charge in the isoelectronic series causes a contraction of the 2p electrons from 

carbide, nitride, to oxide, the value of  thus increases accordingly from 13C, 15N to 17O.  

Moreover, the very small CQ(17O) value found in the OM triple bond reveals the fact that the 

oxygen 2s electrons play essentially no role in the OM bonding.  As Zhu et al. [140] pointed out, 

terminal oxo compounds represent one of the rare cases where the oxygen nucleus simultaneously 

experiences highly anisotropic magnetic shielding, but a highly symmetric electric field 
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distribution.  This seemingly paradoxical trend can be considered to be a textbook case to 

illustrate the fundamentally different origins of these two types of NMR interactions. 

In 2012, Hagaman et al. [144] reported a solid-state 17O NMR study of benzoic acid 

adsorption on metal oxide surfaces.  The authors found that chemical reactions did not occur 

when benzoic acid was dry mixed with mesoporous silica.  However, if benzoic acid was dry 

mixed with nonporous titania and alumina, metal-oxygen bonds were formed on the metal oxide 

surface.  This was an interesting study demonstrating the potential of solid-state 17O NMR of 

amorphous metal oxide materials.  The authors also reported basic 17O NMR parameters for three 

simple organic compounds: benzoic acid, p-anisic (4-methoxybenzoic) acid, and methyl-p-anisate.

In 2015, Kong et al. [145] reported a solid-state 17O NMR study of N-acyl-imidazoles.  

These compounds were prepared as precursors to form acyl-enzyme complexes, which will be 

further discussed in Section 3.7.  Several N-acyl imidazoles were found to exhibit unusual 17O 

isotropic chemical shifts in the range between 380 and 450 ppm, which clearly lie outside the 

normal 17O chemical shifts for amides including aromatic amides (often less than 350 ppm).  

Because some twisted amides are known to display 17O chemical shifts in the range of 400500 

ppm, Kong et al. [145] speculated that the C(O)–N amide bonds in some N-acyl imidazoles may 

also be twisted.  It is interesting to note that these N-acyl imidazoles can be readily hydrolyzed in 

aqueous solution, which is consistent with the known characteristics of twisted amides.  To fully 

explore the relationship between 17O NMR tensor parameters and molecular structure, Kong et al. 

[145] decided to simultaneously collect solid-state 17O NMR and single-crystal X-ray diffraction 

data for three representative N-acyl imidazoles of the type R-C(17O)-Im: R = p-methoxycinnamoyl 

(MCA-Im), R = 4-(dimethylamino)benzoyl (DAB-Im), and R = 2,4,6-trimethylbenzoyl (TMB-Im), 

as shown in Scheme 5.  Surprisingly, they found that only the crystal structure of DAB-Im 
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displays a small twist around the C(O)–N amide bond.  The authors further performed plane-

wave DFT calculations to evaluate the dependence of 17O NMR parameters on the torsion angle 

between the conjugated acyl group and the C(O)–N amide plane.  They found that the angular 

dependence of the 17O NMR parameters on the Ar–C(O) bond rotation is very similar to that 

previously observed for the C(O)–N bond rotation in twisted amides.  The study of Kong et al. 

[145] showed that, when interpreting the observed 13C, 15N, 17O NMR chemical shifts as well as 

other spectroscopic data such as IR in carbonyl compounds, it is important to consider bond 

rotations on both sides of the carbonyl functional group.

In 2015, Lu et al. [146] reported a solid-state 17O NMR study of two compounds containing 

an O-N single bond: hydroxylammonium chloride ([H17O–NH3]Cl) and sodium trioxodinitrate 

monohydrate (Na2[17ONNO2]·H2O, Angeli’s salt).  These compounds are known to be 

particularly important in the context of nitroxyl (HNO) biochemistry [147-149].  Furthermore, the 

hydroxylammonium cation, [HO–NH3]+, is electronically related to the hydrogen peroxide 

molecule (HO–OH).  Lu et al. [146] found that the characteristic 17O NMR parameters for an 

ON single bond are associated with large CQ values ( 13–15 MHz) but rather small CSAs (  

100–250 ppm).  Such a CQ/ combination is opposite to that seen for the terminal oxo metal 

compounds [140] discussed earlier.  It is also interesting to note that a distinctly different CQ/ 

combination was observed in compounds containing an O=N double bond (e.g., C-nitrosoarenes, 

Ar-N=O for which both CQ and  are very large, CQ  16 MHz and   3000 ppm) [123].  In the 

literature prior to 2015, very little had been reported on 17O NMR tensors in compounds containing 

the ON functional group.  It can also be argued that hydroxylammonium chloride and Angeli’s 

salt can be considered as an acid/base pair (i.e., H–O–N  –O–N + H+).  Thus, a direct 

comparison between the 17O NMR tensors in these two compounds reveals the effect of 
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protonation/deprotonation on the oxygen nucleus.  The results reported by Lu et al. [146] suggest 

that the protonation/deprotonation effects for the O–N bond are similar to those previously known 

for the phenolic oxygen atom [126].  Another important point illustrated by the work of Lu et al. 

[146] is that it is critical to examine the orientations of the individual 17O NMR tensor components 

within the molecular frame of reference.  More recently, there were three solid-state 17O NMR 

studies dealing with peroxide compounds.  Zhang et al. [150] reported a static 17O NMR spectrum 

for a peroxide dianion (O2
2–) encapsulated inside a cryptand anion receptor.  They reported a 

large CQ(17O) value (16.6 MHz) and a small  (225 ppm) for O2
2–.  These are very similar to 

those observed for [HO–NH3]+ as discussed earlier [146].  Gupta et al. [151] determined the 17O 

NMR tensors for the peroxo moiety in ammonium oxoperoxo(pyridine-2,6-dicarboxylato) 

vanadate(V) hydrate.  In this bioinorganic V(V) complex, the peroxido ligand is coordinated to 

the V(V) center in a side-on fashion.  The authors reported a similar CQ(17O) value, 15.5 MHz, as 

that for O2
2– reported by Zhang et al. [150].  But the 17O CSA was found to be very large ( = 

655 ppm) in the peroxido-V(V) complex.  More specifically, the significantly deshielded 11 

component of the 17O CS tensor is responsible for the large CSA, which also results in a large 

iso(17O) value of 620 ppm.  The authors then performed a DFT calculation and found the 

direction of 11 to be in the V-peroxido plane approximately perpendicular to the O–O bond.  

From the DFT calculations, they were able to attribute the large deshielding effect on 11 to a 

particular pair of occupied and unoccupied MOs.  The occupied MO in question is mainly in-

plane oxygen π* atomic orbital with a small admixture from the V dxy orbital.  The unoccupied 

MO is an admixture of O pz and dyz (or dxz) orbitals.  Since the energy gap between this pair of 

MOs is rather small, the magnetic field induced mixing of them would produce a large 

paramagnetic shielding effect in the 11 direction.  Very recently, Ehinger et al. [152] investigated 
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the reactivity of peroxides in electrophilic epoxidation reactions.  They found that the 17O 

chemical shifts for organic peroxides provide a good measure of reactivity.  In particular, they 

observed that the large 17O deshielding due to the presence of an energetically high-lying lone pair 

on oxygen and a low-lying *(O-O) orbital is linked to high electrophilic epoxiation reactivity.

In 2017, Gao et al. [153] reported simultaneous measurement of 17O and 15N NMR tensors in 

S-nitrosothiols (R-S-N=O or RSNO).  RSNOs are important organic compounds in several areas 

ranging from nitric oxide (NO) chemistry to post-translational modification of proteins [154-157].  

RSNO compounds are generally not stable and sometime can only be detected as short-lived 

reaction intermediates [158-162].  Gao et al. [153] performed solid-state 17O NMR experiments to 

obtain QC and CS tensors in two representative RSNO compounds: S-nitroso N-

acetylpenicillamine (SNAP) and S-nitrosoglutathione (GSNO); see Scheme 6.  They also carried 

out quantum chemical computations to investigate how the syn and anti conformation of the 

compound would change the NMR tensors.  They found that both 17O and 15N NMR tensors in 

RSNO compounds are similar to those reported for Ar-N=O compounds [140].  They proposed 

that possible extensions of the same solid-state 17O NMR approach may include studies of N- and 

O-nitroso compounds and post-translational nitrosation of proteins.

Water occupies a special place in the development of 17O NMR.  Not surprisingly, the first 

17O NMR signal was detected in liquid water [163].  The 17O quadrupole moment was first 

measured in a microwave spectroscopic study for gaseous HDO [164].  The first measurement of 

a 17O QC tensor in the condensed phase was conducted for ice [165-167].  In 2015, Michaelis et 

al. [168] used solid-state 17O NMR to study water molecules in crystalline amino acids and 

dipeptides.  While crystalline hydrates had been studied previously [169-171], the work by 

Michaelis et al. [168] represents the most thorough investigation of crystalline amino acid hydrates 
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to date.  They also observed multiple well-resolved signals in the 17O MAS NMR spectra of 

several amino acids and dipeptides where the carboxylate group was also labelled with 17O, in 

addition to the water of hydration.  As an example, the 17O MAS NMR spectrum of uniformly 

17O-labeled L-cysteine·HCl·H2O (obtained at 21.1 T with a sample spinning frequency of 20 kHz), 

as shown in Fig. 23, exhibits three sets of signals: C=O, iso = 345 ppm, CQ = 8.45 MHz, Q = 

0.05; C–O–H, iso = 176 ppm, CQ = 7.2 MHz, Q = 0.26; H2O, iso = 31 ppm, CQ = 7.0 MHz, Q = 

0.90.  In this work, solid-state 17O NMR spectra were generally recorded at multiple magnetic 

fields, from which the first set of 17O CS tensor data were reported for bound water molecules.  

Since the 17O CSA for water molecules is known to be relatively small, its contribution to the 17O 

NMR spectra is difficult to measure accurately even at 21.1 T.  For the bound water molecules, 

the iso(17O) values were found to vary in a range of approximately 40 ppm, reflecting the different 

degrees of hydrogen bonding around the bound water molecule.  Michaelis et al. [168] also noted 

that, for the bound water molecules, there is a disagreement between experimentally observed 

CQ(17O) values and computational results, regardless of the methodology (periodic DFT vs. 

molecular-cluster models) and crystal structure (X-ray vs. neutron structures) used.  They 

hypothesized that this discrepancy may be due to the dynamic effect on the observed 17O EFG 

tensor.  It will be certainly important to carry out a variable-temperature study on a model system 

in the future.  In a follow-up study, Keeler et al. [172] showed that the value of CQ(17O) for the 

bound water in Ba(ClO3)2·H2O increases as the temperature of the sample decreases.  In 2016, 

Nour et al. [173] also reported solid-state 17O NMR spectra for a series of solid hydrates, for which 

a complete set of 17O QC and CS tensor parameters were determined.  Very recently, Keeler et al. 

[174] reported a solid-state 17O NMR study of structural water in lanthanum magnesium nitrate 

hydrate, [La2Mg3(NO3)12·24H2
17O] (LMN).  In this hydrated crystal, there are four distinct water 
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environments each comprising of six individual equivalent waters.  They performed 2D 17O 

3QMAS at three high magnetic fields (18.8, 21.1, and 35.2 T).  The remarkably high resolution so 

achieved allowed the authors to resolve all four types of water molecules and extract a complete 

set of 17O NMR parameters.  This is an extraordinary achievement demonstrating the potential of 

solid-state 17O NMR in revealing subtle structural differences among the water molecules in a 

network.  It would be very interesting if one could find similar examples in organic and biological 

solids.

One of the very active research areas where solid-state NMR has become an indispensable 

tool is in the characterization of active pharmaceutical ingredients (APIs) [175,176].  In recent 

years, solid-state 17O NMR has emerged as a new technique for studying pharmaceutical 

compounds.  As we have mentioned earlier, synthesis of 17O-labeled pharmaceutical molecules 

can be a challenge before carrying out a solid-state 17O NMR study.  Scheme 7 shows the 

pharmaceutical compounds examined in recent solid-state 17O NMR studies.  In 2013, Kong et al. 

[177] reported a detailed solid-state 17O NMR study of two important pharmaceutical compounds: 

salicylic acid and o-acetylsalicylic acid (Aspirin).  They managed to introduce 17O labels to a total 

of 7 oxygen sites in these two compounds.  As seen from Fig. 24, the 17O MAS NMR spectra of 

salicylic acid and Aspirin recorded at 21.1 T are considerably better than those obtained at 14.1 T. 

A common structural feature of many carboxylic acids including salicylic acid and Aspirin is that 

molecules form hydrogen bonded dimers in the crystal lattice.  In each dimer, the O···O 

separation is approximately 2.6 Å, corresponding to a medium-strength hydrogen bond.  In the 

17O MAS NMR spectra shown in Fig. 24, two signals were observed in each case for the 

carboxylic acid group, corresponding to the C=O and C–O–H types of oxygen atoms.  

Interestingly, the 17O chemical shifts are quite different in the two compounds.  For example, the 
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C=O and C–O–H signals in [1,2-17O2] salicylic acid have 17O isotropic chemical shifts of 284 and 

168 ppm, respectively, while the corresponding 17O chemical shifts in [1,2-17O2]Aspirin are 273 

and 215 ppm.  Furthermore, the 17O quadrupole parameters observed for the two types of oxygen 

atoms are also quite different in salicylic acid and Aspirin.  The authors attributed the observed 

discrepancy between salicylic acid and Aspirin as due to the different shapes of the double-well 

potentials for proton movement within each dimer.  That is, as illustrated in Scheme 8, the 

double-well potential is nearly symmetric in Aspirin, but very asymmetric in salicylic acid.  This 

hypothesis was further confirmed by recording variable-temperature solid-state 17O NMR spectra 

for salicylic acid and Aspirin.  From the temperature dependence of (17O), Kong et al. [177] 

were able to extract the energy asymmetry (E) of the double-well potential: E = 3.0  0.5 kJ 

mol–1 for Aspirin and E > 10 kJ mol–1 for salicylic acid.  In addition to the carboxylic acid 

functional groups, Kong et al. [177] also reported 17O NMR parameters for the phenolic oxygen in 

salicylic acid ( = 89 ppm, CQ = –8.3 MHz, Q = 0.60) and for the ester functional group in Aspirin 

(C=O,  = 369 ppm, CQ = 8.7 MHz, Q = 0.20; C–O–C,  = 203 ppm, CQ = –9.5 MHz, Q = 0.60).  

Kong et al. [177] also reported solid-state 13C and 1H NMR data for salicylic acid Aspirin.  For 

example, the 1H chemical shifts for the hydrogen bonded carboxylic acid protons were found to be 

12.3 and 11.7 ppm for Aspirin and salicylic acid, respectively.  Utilizing the experimental 

multinuclear solid-state NMR data collected from the two compounds, Kong et al. [177] found that 

plane-wave DFT calculations can very well reproduce the experimental results.  Another 

important solid-state 17O NMR study also appeared in 2013.  In this study, Vogt et al. [178] 

investigated the hydrogen bonding in four different forms of diflunisal including a particular 

polymorph, a co-crystal with pyrazinamide, and two amorphous dispersions with polymers.  The 

authors concluded that solid-state 17O NMR spectra can offer unique insight into hydrogen 
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bonding interactions in these pharmaceutical solids and that one should use this technique to 

complement other conventional 1H, 13C and 19F NMR methods.  

In 2015, Kong et al. [179] reported the first solid-state 17O NMR study of metallodrugs.  

In particular, they investigated two platinum anticancer drugs: Carboplatin and Oxaliplatin.  It is 

an interesting fact that, over the past 30 years, while several thousand platinum-based anticancer 

drug molecules have been developed in research laboratories, only about two dozens have ever 

gone into clinical trials [180].  Among them, Carboplatin and Oxaliplatin are the only second-

generation platinum-based anticancer drugs that have gained international marketing approval.  

As seen from Scheme 7, in both Carboplatin and Oxaliplatin, the interaction between the 

carboxylate group and the Pt(II) metal center can be described as being monodentate, O=C–O–

Pt(II).  From the perspective of 17O NMR, the non-Pt-coordinated oxygen atom can serve as an 

internal reference, so that one can more easily investigate the effect of metal binding by comparing 

the 17O NMR parameters from the two oxygen atoms.  Kong et al. [179] reported the 17O CS and 

QC tensors in these two important Pt(II) anticancer drugs.  Upon coordination to Pt(II), both 17O 

CS and QC tensors of the carboxylate oxygen atom display large changes.  For example, the 

values of iso(17O) for the directly bonded and non-Pt-coordinated oxygen atoms within the same 

carboxylate group differ by 200 ppm.  This may be the largest 17O coordination shift recorded to 

date.  Kong et al. [179] further examined the 17O CS tensor components in the molecular frame of 

reference and identified the large shielding increase in the direction within the O=C–O–Pt plane 

and perpendicular to the O–Pt bond to be the primary source for the large 17O coordination shift.  

The authors interpreted this finding as evidence that the  donation from the non-bonding orbital 

on the oxygen atom to the empty dyz orbital on Pt(II) increases the energy gaps between (Pt–O) 

and unoccupied MOs, thus reducing the paramagnetic shielding contribution along the direction 
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perpendicular to the O–Pt bond.  It was certainly not a total surprise that 17O NMR is particularly 

sensitive to the metal-carboxylate interactions as compared with other NMR-active nuclei such as 

14N, 35Cl, and 195Pt, which were previously used in the study of Pt(II) complexes [181].

In 2017, Kong et al. [182] reported a solid-state 17O NMR study of two 2-acylbenzoic acids 

and an anticoagulant drug, warfarin.  As seen in Schemes 7 and 9, the common feature in these 

compounds is that each exists as a dynamic equilibrium between chain and cyclic tautomers in 

solution, but as a closed structure in the solid state.  For warfarin, the chain tautomer has a keto 

functional group at O3 whereas the cyclic tautomer is a hemiketal around O3.  For 2-acylbenzoic 

acids, as illustrated in Scheme 9, the dynamic equilibrium in solution is between chain (keto and 

gem-diol forms) and cyclic tautomers.  In the solid state, the cyclic structure of 2-acylbenzoic 

acid is a cyclic phthalide compound containing three important functional groups (lactone, cyclic 

hemiacetal, and cyclic hemiketal).  Kong et al. [182] showed that the dynamic equilibrium 

provides an easy way of introducing 17O labels onto all three oxygen positions, either selectively or 

uniformly, from 17O-labeled water.  For example, the lactone part of the molecule can be readily 

17O-labeled through the carboxylic acid group in the open chain forms in solution.  The cyclic 

hemiacetal and hemiketal groups can be 17O-labeled via the keto/gem-diol equilibrium in the 

presence of 17O-enriched H2O, in a similar way as that reported for -keto acids [123].  Fig. 25 

shows the 17O MAS spectra obtained for the four samples of 2-acylbenzoic acids with different 

labelling schemes.  Kong et al. [182] further obtained 17O NMR spectra for these compounds 

under the static condition.  From these experimental data, they were able to determine a complete 

set of 17O QC and CS tensors.  Then they performed the same measurement and spectral analysis 

for [3-17O]warfarin.  We should note that, since the keto-hemiketal equilibrium is ubiquitous in 



  

52

pharmaceutical molecules, similar solid-state 17O NMR studies could be carried out on other 

pharmaceutical compounds.

As mentioned earlier, 17O isotopic labeling is often a pre-requisite for any solid-state 17O 

NMR study.  To date, 17O-labeling of organic and biological molecules has been exclusively 

through chemical synthesis.  In 2017, Métro et al. [183] reported a new way of synthesizing 17O-

labeled compounds.  In particular, they showed that 17O-labeling of a variety of inorganic and 

organic compounds can be achieved by mechanochemistry.  The reported new ball milling (BM) 

protocols are fast, user-friendly, and low-cost.  This is a significant advance in the field.  As 17O-

labeling of the targeted molecules in terms of cost and difficulty associated with conventional 

chemical synthesis is a major obstacle in many 17O NMR studies, the work by Métro et al. [183] 

will help make the 17O-labeling more accessible thus widen the scope of solid-state 17O NMR.

In 2017, Keeler et al. [184] reported a detailed solid-state 17O NMR study of small 

biomolecules.  This landmark work covered five important areas: (i) synthesis of uniformly-

13C,15N,17O-labeled biomolecules, (ii) characterization of 17O NMR tensors, (iii) 17O MQMAS at a 

very high magnetic field, (iv) 15N-17O and 17O-13C distance measurement, and (v) heteronucelar 

(13C/17O and 1H/17O) correlation spectroscopy.  This study was the most comprehensive study to 

date directed towards uniformly-13C,15N,17O-labeled biomolecules.  In particular, they 

synthesized three uniformly-13C, 15N, 17O-labeled compounds: two Fmoc-protected amino acids 

(Fmoc-L-[U-13C,15N, 70% 17O]-leucine and Fmoc-L-[U-13C,15N, 70% 17O]valine) and one 

dipeptide (N-Ac-[U-13C,15N, 70%17O]-L-Val-L-Leu).  By performing both 17O MAS and static 

NMR experiments at two magnetic fields (17.6 and 21.1 T), they were able to measure a total of 

seven 17O NMR tensors in these compounds.  Further, they obtained a beautiful 2D 17O 3QMAS 

spectrum for N-Ac-[U-13C,15N, 70%17O]-L-Val-L-Leu at 35.2 T.  As shown in Fig. 26, the three 
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oxygen groups, C=O, C-OH, and N-C=O, are well resolved in the isotropic dimension.  Of 

course, one unavoidable nuisance of going to 35.2 T is that the large 17O CSAs often produce a 

large number of spinning sidebands.  The main goal of the study by Keeler et al. [184] was to 

demonstrate various forms of heteronuclear correlation experiments for studying 17O in 

biomolecules.  Their main results related to areas (iv) and (v) will be further discussed in Sections 

3.3 and 3.4.  Overall, this study represents a milestone in the development of solid-state 17O NMR 

for biomolecules.  We anticipate that greater future effort will be focused on studies of uniformly-

13C,15N,17O-labeled biomolecules.

3.2. Low-barrier hydrogen bonds

Hydrogen bonding is one of the most important driving forces in many chemical and 

biological processes [185, 186].  Among the many spectroscopic techniques that have been used 

to study hydrogen bonding interactions, solid-state 17O NMR is a particularly sensitive probe, as 

discussed extensively in the 2008 review [80].  In this section, we will focus on new applications 

of solid-state 17O NMR in probing a special class of hydrogen bonds known as low-barrier 

hydrogen bonds (LBHBs) [187-198].  In 2016, Kong et al. [199] combined solid-state 1H, 13C, 

17O NMR experiments and molecular dynamics (MD) simulation to investigate the LBHBs in two 

classical 1,3-diketones: dibenzoylmethane and curcumin.  The crystal structures of 

dibenzoylmethane and curcumin [200, 201] indicate that each compound exists as the enol form in 

the solid state (Scheme 10) and that the O1···O2 separation is quite short (2.463 Å in 

dibenzoylmethane and 2.446 Å in curcumin).  As a result, the potential curve for proton 

movement between the two heavy atoms is expected to exhibit a double-well shape with the barrier 

height being comparable to the zero-point energy, and thus representing a classic case of LBHB.  
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In the case of a LBHB, Kong et al. [199] argued that the traditional preoccupation with asking 

where the proton resides between the donor and acceptor of a hydrogen bond needs to be replaced 

by consideration of the nuclear quantum effect (i.e., the nuclear wavefunction, zero-point motion, 

and quantum tunnelling).  Kong et al. [199] set out to investigate this nuclear quantum effect by 

multi-nuclear solid-state NMR.  

Solid-state 1H, 13C and 17O NMR spectra obtained under MAS conditions for 

[17O2]dibenzoylmethane and [17O2]curcumin are shown in Fig. 27.  This was the first solid-state 

17O NMR study of 1,3-diketones.  In the 1H MAS spectra, the enolic protons appear at 17.5 and 

16.8 ppm for dibenzoylmethane and curcumin, respectively.  These are typical 1H chemical shifts 

for a LBHB.  Interestingly, the 13C chemical shifts for the C1 and C3 atoms differ by about 5 ppm 

in both compounds.  Not too surprisingly, the 17O chemical shift difference between the two 

oxygen atoms in each of the O···H···O LBHBs is even larger: 72 and 43 ppm for 

dibenzoylmethane and curcumin, respectively.  From the 17O MAS spectra shown in Fig. 27, 

Kong et al. [199] determined three 17O NMR parameters (iso, CQ and Q) for each oxygen atom in 

the two compounds.  They further obtained the 17O CS tensors in these two compounds by 

recording static 17O NMR spectra at two magnetic fields.  After obtaining a full set of solid-state 

NMR parameters, Kong et al. [199] performed plane-wave DFT calculations.  They showed that 

the proton probability distribution (or the nuclear wavefunction) within the LBHB plays an 

important role in the interpretation of the observed solid-state NMR parameters.  In order to 

obtain a visualization of the 3D proton probability map, Kong et al. [199] carried out plane-wave 

DFT molecular dynamics (MD) simulations.  The 3D proton probability distributions obtained for 

dibenzoylmethane and curcumin are shown in Fig. 28.  One should note that these results were 

obtained from a classical ab initio MD trajectory and that they should be treated to give a 
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qualitative description of the quantum mechanical wavefunction of the H1 proton across an 

asymmetric LBHB potential.  Nonetheless, it is clear that, in both compounds, the proton is 

significantly delocalized between the O1 and O2 atoms (i.e., along the direction of the LBHB).  

For example, as seen from Fig. 28, the proton delocalization occurs over a range of ~0.6 Å along 

the x direction.  In contrast, the proton motion is restricted within a narrow range of ~0.2 Å in 

both y and z directions.  This immediately suggests a rather flat potential energy surface along the 

LBHB direction.  The study of Kong et al. [199] suggests that, as an intrinsic feature of LBHBs, 

the proton nuclear wavefunction should be the basis of a unified treatment of experimental results 

obtained by complementary experimental techniques such as solid-state NMR, X-ray or neutron 

diffraction, IR, and elastic neutron scattering.

While structural and spectroscopic characteristics of LBHBs are well documented, the 

energetics of LBHBs remain difficult to address experimentally.  The original proposal for the 

role that LBHBs play in enzymatic reactions was concerned with the amount of energy that a 

LBHB can supply, and our understanding of this fundamental aspect of LBHBs is far from 

complete.  In 2017, Lu et al. [202] presented a detailed investigation of the O···H···N LBHB in 

crystalline nicotinic acid.  Let us first consider a general hydrogen bond formed between a 

carboxylic acid (AH) and a pyridine derivative (B).  In this case, AH and B are the hydrogen 

bond donor and receptor, respectively.  In general, the nature of the hydrogen bond is intrinsically 

linked to the difference between the pKa values of AH and HB+ groups, i.e., pKa = pKa(AH) – 

pKa(HB+).  Three major types of hydrogen bonds are illustrated in Scheme 11.  When pKa is 

very large, the H atom will be covalently bonded to the donor atom, i.e., O–H, resulting in a highly 

asymmetric potential energy curve.  A similar situation exists when pKa << 0, except that now 

of course the H atom would be covalently bonded to the acceptor atom, i.e., H–N.  However, 



  

56

when the two pKa values are nearly matched (i.e., pKa  0), a LBHB is expected to form in which 

the H atom is significantly delocalized or shared between the two heavy atoms.  In a LBHB of the 

type O2=C–O1···H···N, it may be possible for the carboxylate group to undergo a 180 flip motion 

causing an interchange of the chemical environments of O1 and O2.  The central hypothesis of the 

work of Lu et al. [202] is that, as this carboxylate flip motion must break the LBHB, the energy 

barrier of this flip motion would directly reflect the energetics of the LBHB. 

To test this idea, Lu et al. [202] first collected solid-state 1H, 2H, 15N, and 17O NMR spectra 

to identify the nature of the HB in crystalline nicotinic acid.  As seen in Fig. 29, the crystal 

structure of nicotinic acid suggests that the molecules are linked by simple two-center OHN HBs 

to form a zig-zag chain along the crystallographic b-axis.  It is well known that the precise 

position of an H atom cannot be reliably determined from X-ray diffraction data.  Very often, one 

utilizes the difference map (the Fo-Fc map), as shown in Fig. 29(b), to visualize the approximate H 

atom position.  For example, the distance between the maximum position of the residual electron 

density map and the O atom is 1.160 Å.  Of course, the true O···H distance must be greater than 

this value, which clearly proves the existence of an elongated O···H bond in nicotinic acid, as a 

standard O–H covalent bond is 0.98 Å.  The 1H chemical shift for the H atom of interest was 

found to be 16.2 ppm, which is within the range for LBHBs, ca. 16-20 ppm.  The observed 

primary isotope shift for nicotinic acid, p1H(2H) = (1H)  (2H) = +0.8 ppm, is also typical of a 

LBHB [186].  The experimental CQ(2H), 128 kHz, is also significantly smaller than that expected 

for a regular O–H covalent bond,  200 kHz.  Overall, the 1H and 2H NMR parameters found for 

nicotinic acid are quite similar to those reported for the OHO LBHBs in dibenzoylmethane and 

curcumin, as discussed earlier.  In addition, Lu et al. [202] obtained the 15N chemical shift tensor 

for [15N]nicotinic acid.  All these structural and NMR parameters led Lu et al. [202] to conclude 
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that an OHN type of LBHB is present in nicotinic acid crystals.  Now let us examine the 

variable temperature 17O MAS NMR spectra for [1,2-17O2]nicotinic acid; see Fig. 29(f).  At 247 

K, the 17O MAS spectrum displays two signals, each having a characteristic second-order 

quadrupole line shape.  As the temperature of the sample is increased, the two 17O NMR signals 

first show broadening, then merge into one signal (coalescence), and finally sharpen up.  These 

spectral features suggest a two-site exchange process between O1 and O2.  Overall, as seen from 

Fig. 29(f), the simulation on the basis of a 180º flip model of the COO– group reproduced very 

well the experimental 17O MAS spectra.  Lu et al. [202] also recorded a 2D 17O exchange 

spectroscopy (EXSY) spectrum for [1,2-17O2]nicotinic acid obtained under the MAS condition, 

Fig. 29(g), to provide direct evidence of a chemical exchange process between the O1 and O2 

signals.  The authors obtained the following parameters for the carboxylate rotational barrier: H‡ 

= 11.5  0.5 kcal mol–1 and S‡  0 cal mol–1 K–1.  Their DFT calculations indicated that, in the 

absence of LBHB, the rotational barrier of the carboxylate group in nicotinic acid crystals is about 

3.8 kcal mol–1.  Thus, breaking the LBHB in nicotinic acid requires 7.7  0.5 kcal mol–1.  Lu et 

al. [202] interpreted this value as the LBHB enthalpy (HHB), assuming that the HB interaction in 

the transition state of the carboxylate rotation is negligible.  To supplement their experimental 

results, Lu et al. [202] performed periodic DFT calculations using the CASTEP code [203].  

Computations would provide an independent evaluation of the energy barrier for the carboxylate 

rotation in nicotinic acid.  Their calculations suggested that the rotational barriers (H‡) in the 

presence and absence of the LBHB are 12.6 and 4.5 kcal mol–1, respectively.  Thus, the difference 

can be attributed to HHB, which is 8.1 kcal mol–1.  This computed value is in good agreement 

with the experimental one.  According to Hibbert and Emsley [186], three HB energy categories 

can be defined as very strong (>24 kcal mol–1), strong (12-24 kcal mol–1), and weak (2-12 kcal 
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mol–1).  Thus, Lu et al. [202] concluded that the LBHB enthalpy in nicotinic acid is clearly not 

strong.  This immediately suggests that the common belief that all LBHBs must be particularly 

strong is questionable.  However, the authors did speculate that the LBHB in nicotinic acid may 

represent the lower limit of LBHB energy.  Further research in this direction would potentially 

produce some very important findings.

3.3. Paramagnetic coordination compounds

All the molecular systems discussed in this review up to this point have been diamagnetic.  

In the literature, far fewer NMR studies are concerned with paramagnetic molecules, despite their 

ubiquity and importance in chemistry.  The major problem in NMR studies of paramagnetic 

materials is the hyperfine interaction between magnetic dipoles of unpaired electrons and atomic 

nuclei.  Because this hyperfine interaction is considerably larger than the typical nuclear spin 

interactions encountered in NMR studies of diamagnetic molecules (e.g., nuclear quadrupole, 

magnetic shielding, dipole-dipole interactions, etc.), the NMR signals from paramagnetic 

molecules display two distinct features: (1) the resonances can lie outside the normal chemical 

shift range for diamagnetic molecules and (2) the signals can be very broad.  Despite these 

unfavourable spectral properties, it is still possible to use solution [204] and solid-state [205] NMR 

techniques to study organic and biological systems containing paramagnetic metal ions.  In this 

regard, most NMR studies of paramagnetic compounds utilize 1H and 13C as probes, since H and C 

atoms, generally being far away from the paramagnetic metal center, experience relatively weak 

hyperfine interactions.  The situation is quite different for oxygen atoms, which very often are 

directly bonded to the paramagnetic metal center.  As a result, 17O NMR signals will be affected 

significantly by the paramagnetic effects.  In 2015, Kong et al. [206] reported the first solid-state 
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17O NMR study of paramagnetic coordination complexes.  They reported static and MAS 17O 

NMR spectra for several paramagnetic coordination compounds containing V(III) (d2, S = 1), 

Cu(II) (d9, S = 1/2), and Mn(III) (d4, S = 2) ions.  This work showed that, in some cases, it is 

possible to detect solid-state 17O NMR signals even for the oxygen atoms that are directly bonded 

to paramagnetic metal ions.  This work opens up new possibilities for solid-state 17O NMR 

applications.  To illustrate the basic spectral features associated with paramagnetic compounds, 

we examine the static and MAS 17O NMR spectra from two paramagnetic V(III) coordination 

complexes: V([17O2]acac)3 and K3V([17O4]oxalate)3·3H2O.  As shown in Fig. 30, the 17O NMR 

signals seen in the static spectrum of V([17O2]acac)3 span over a spectral range of over 1800 ppm.  

In comparison, the 17O NMR signals in the MAS spectrum of the same compound are considerably 

narrower, but appear at around −1300 ppm.  A total of six 17O NMR signals were detected for 

V([17O2]acac)3, in agreement with its crystal structure where six oxygen atoms from the three acac 

ligands comprise crystallographically non-equivalent oxygen sites.  Interestingly, the six signals 

display paramagnetic shifts differing by more than 500 ppm.  In contrast, the isotropic 17O 

chemical shifts for the six oxygen atoms in a diamagnetic analog, Al([17O2]acac)3, differ by only 5 

ppm [136].  As also shown in Fig. 30, K3V([17O4]oxalate)3·3H2O represents an interesting case 

where two different types of oxygen atoms are present: direct chelating (O1, O2, O3) and non-

chelating (O4, O5, O6) oxygen atoms.  In this case, the 17O NMR signals from O1-O3 appear 

around –1200 ppm and O4-O6 signals are at 350 ppm.  Similar to what we discussed earlier about 

the so-called “coordination shift” in the two Pt(II)-carboxylate complexes, the paramagnetic 

“coordination shift” seen in K3V([17O4]oxalate)3·3H2O exceeds 1500 ppm.  In diamagnetic metal 

oxalates, such “coordination shifts” are typically only 60 ppm.  
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In paramagnetic molecules, the paramagnetic shift is the sum of the orbital (from all paired 

electrons) and hyperfine (from unpaired electrons) contributions.  To generalize this concept, one 

can define a paramagnetic shift tensor in the following fashion:

(52)𝛿𝑖𝑖 = 𝛿𝑜𝑟𝑏
𝑖𝑖 + 𝛿ℎ𝑓

𝑖𝑖

where 

(53)𝛿ℎ𝑓
𝑖𝑖 = (𝐴𝑖𝑖

ℏ )𝑔𝜇𝐵𝑆(𝑆 + 1)
3𝛾𝑁𝑘𝑇

In Eq. (53), Aii is the principal component of the hyperfine coupling tensor, N is the nuclear 

magnetogyric ratio, g is the free electron g-value, B is the Bohr magneton, k is the Boltzmann 

constant, and T is the absolute temperature.  The isotropic part of the hyperfine coupling tensor is 

known as the hyperfine coupling constant (HFCC), Aiso.  Applying Eqs. (52) and (53) to the 

results obtained for K3V([17O4]oxalate)3·3H2O at 353 K, we obtain an estimate of Aiso/h  3.3 MHz 

for the oxygen atom directly bonded to V(III) and Aiso/h  0.2 MHz for the non-chelating oxygen 

atoms.  The conventional technique for measuring HFCCs is electron paramagnetic resonance 

(EPR) spectroscopy.  However, the very weak hyperfine interactions on the order of 0.2 MHz are 

very difficult if not impossible to measure even with the state-of-the-art electron nuclear double 

resonance (ENDOR) and electron spin echo envelop modulation (ESEEM) techniques [207-209].

Here, solid-state 17O NMR seems to offer an alternative way of accessing those “remote” oxygen 

sites.  In the work by Kong et al. [206], the largest paramagnetic shift was that from 

Mn(III)([17O2]acac)3, ca. 7500 ppm, the size of which is due to the high S value in this Mn(III) 

complex.

Another interesting finding in the study of Kong et al. [206] is that they were unable to 

observe solid-state 17O NMR signals from the oxygen atoms directly bonded to a Cu(II) (S = 1/2) 

center.  For example, in [Cu([17O2]-DL-alanine)2]·H2O, the oxygen atom directly bonded to the 
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Cu(II) ion was not visible.  The authors attributed this invisibility to the fact that Cu(II) ions have 

relatively long electron spin-lattice relaxation times, ca. typically 10–9 s.  It is well known [2] that, 

when the condition of 2Ae << 1 (where e is the electron relaxation time and A is the HFCC) is 

not satisfied, the NMR signals in the paramagnetic system would be too broad to be detectable.  

However, Kong et al. [206] found that the directly chelating oxygen atoms in an 

antiferromagnetically coupled di-Cu(II) metal-organic-framework compound can actually be 

detected by solid-state 17O NMR.  The authors speculated that the antiferromagnetic coupling 

between the two Cu(II) ions significantly shortens the electron relaxation times.  Another 

contribution from the study by Kong et al. [206] is that they demonstrated the use of quantum 

chemical calculations in qualitatively reproducing the observed 17O paramagnetic shifts over a 

range of more than 10000 ppm.  It is clear that solid-state 17O NMR for paramagnetic 

coordination compounds can be used as a complementary technique to EPR studies.  While these 

preliminary solid-state 17O NMR results for paramagnetic coordination compounds are 

encouraging, it is important to extend this approach to other systems of particular importance in 

biological systems.  This entire area remains unexplored.

3.4. Two-dimensional heteronuclear correlation spectroscopy

Heteronulear correlation spectroscopy is an indispensible tool for structural elucidation of 

biomolecules by solid-state 13C and 15N NMR [210].  While significant effort has been devoted to 

the development of similar heteronuclear correlation techniques suitable for studying half-integer 

quadrupolar nuclei [211-213], it is still a difficult task to establish heteronuclear correlation 

involving 17O in biomolecules.  In this section, we will first discuss recent reports in the literature 

concerning heteronuclear correlation between 17O and other dilute spins 15N and 13C, and then turn 
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our attention to 1H-17O correlation experiments.  In 2009, Hung et al. [214] reported a 

comprehensive solid-state 17O NMR study demonstrating heteronuclear 17O15N correlation NMR 

spectroscopy for biomolecules.  In particular, they showed that heteronuclear 17O/15N 

connectivity can be established via a dipolar-mediated heteronuclear multiple-quantum correlation 

(D-HMQC) experiment.  The pulse sequence for this 2D 17O/15N D-HMQC experiment is shown 

in Fig. 31(a). In this study, the dipolar recoupling was achieved under the rotary-resonance 

recoupling (R3) condition [215], using the n = 1 R3 condition where the B1 field (1) is equal to the 

sample spinning frequency, R.  As seen from the crystal structures of glycine·HCl and uracil, 

shown in Fig. 32, the N-O contacts in these compounds are not in the form of isolated 15N-17O spin 

pairs.  Rather, for each 15N (or 17O) spin, there are multiple N-O contacts arising from intra- and 

inter-molecular interactions. For example, the N atom in glycine·HCl exhibits two close 

intramolecular N-O contacts (with the N-O1 and N-O2 distances being 2.74 and 3.65 Å, 

respectively) and one close intramolecular N-O contact (the N-O1 distance is 2.94 Å).  Since the 

level of 17O-labeling is generally far less than 100%, the actual probability for the N atom to 

simultaneously have two 17O close neighbors (a three spin system) also plays a role in the effective 

dipolar coupling.  After considering all these factors, the authors showed that the root-sum-square 

dipolar coupling (Drss) can be used as a general measure of the N-O proximity, which then can 

account for the observed correlation signals in the 17O/15N D-HMQC spectra.  For example, in the 

2D NMR D-HMQC spectrum of [ND3, 1-13C,15N,17O2]glycine·DCl, shown in Fig. 32(c), the 15N 

resonance is correlated both O1 and O2 resonances, suggesting that they are all in spatial 

proximity.  As seen from the F2 projection, the O2-N signal (the low-frequency one) displays 

considerably weaker intensity than that of O1-N.  The authors attributed this intensity discrepancy 

to the fact that the values of Drss for O1-N and O2-N are 108 and 58 Hz, respectively.  In the 
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regular spin-echo 17O MAS spectrum, also shown in Fig. 32, the two sites exhibit comparable 

signal intensities.  In the case of uracil, two 17O/15N correlation peaks were observed as seen from 

Fig. 32(b).  Since the Drss values for N1-O and N3-O proximities in uracil are similar, 173 vs 219 

Hz, the relative signal intensities in the 15N projection of the 2D D-HMQC spectrum resemble 

those observed in the 15N CP/MAS spectrum of the same compound.  However, unlike the case of 

glycine·HCl, the O2 and O4 resonances in [1,3-15N2, 2,4-17O2]uracil are not resolved at the 

magnetic field used in the study (14.1 T). 

The low sensitivity of 2D D-HMQC experiments involving 17O is always a main concern.  

In the study by Hung et al. [214], the authors observed that the maximum 17O/15N D-HMQC 

intensity was 5-7% of the corresponding spin-echo experiment when the recoupling evolution time 

was set approximately equal to the inverse of the effective dipolar coupling constant.  In this 

study, the 17O NMR signal was directly detected whereas 15N was in the indirect dimension.  One 

can readily extend the D-HMQC experiment by using indirect detection, which is to say direct 

detection of the signal from the spin-1/2 nucleus rather than the quadrupolar nucleus.  For 

example, in D-HMQC experiments between 17O and 13C nuclei, it is desirable to directly detect the 

13C NMR signal as (13C) is nearly twice (17O).  Furthermore, the 13C signal can be generated 

from 1H through cross polarization (CP).  The 13C/17O D-HMQC pulse sequence is shown in Fig. 

31(b).  

Recently, Keeler et al. [184] demonstrated a 13C-17O correlation experiment based on the Z-

filtered Transferred Echo Double Resonance (ZF-TEDOR) sequence, which is commonly used in 

studies of spin-1/2 nuclei such as 13C/15N [216].  The 13C/17O ZF-TEDOR pulse sequence is 

shown in Fig. 31(c).  In this experiment, 13C-17O heteronuclar dipolar recoupling was achieved 

with REDOR sequences of -pulses.  Fig. 33 shows the 2D 13C-17O correlation spectrum of N-
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acetyl-[U-13C,15N; 70% 17O]-L-Val-L-Leu (N-Ac-VL).  Two types of 13C/17O correlation peaks 

were observed.  One type is the correlation peak across each of the two 13C=17O bonds in N-Ac-

VL, that is the amide group in the Val residue (denoted as NCO) and the carboxylic acid group on 

Leu (denoted as CO).  The other type of correlation peaks are those between 13C and 17O 

separated by two bonds: 13C(Val)  NC17O and 13C(Leu)  C17O.  As mentioned earlier, the 

correlation peak intensities depend on the effective dipolar couplings.  For the two types of 

13C/17O proximities seen in Fig. 33, the effective dipolar couplings are approximately 2200 and 

200 Hz for one- and two-bond 13C-17O distances, respectively.  As Keeler et al. [184] noted, in 

the spectrum shown in Fig. 33, two expected correlation peaks within the Leu residue, 17OH  C1 

and 17OH  C, were absent, due to very low signal intensities.  This observation suggests that 

the dipolar recoupling efficiency by the REDOR sequence depends also on the 17O QI interaction 

including relative tensor orientations, in addition to the internuclear distance.  This may be an 

issue with other dipolar recoupling schemes involving 17O as well.  We should point out that, in 

collecting the 13C/17O ZF-TEDOR spectrum shown in Fig. 33, the authors used a mixing time of 

2.4 ms, for the purpose of detecting both one- and two-bond correlations.  As a result, the 

recoupling efficiencies were only 1.4 and 0.4% for the C=17O  C1 and C=17O  C 

correlations, respectively.  One can imagine that the 13C/17O correlation experiment can also be 

used for the purpose of 17O signal assignment. Under such a circumstance, a short mixing time (ca. 

1.0 ms) can be employed.  According to the 1D ZF-TEDOR build-up curves reported by Keeler et 

al. [184], the 13C/17O ZF-TEDOR efficiency would be about 2%.  Keeler et al. [184] also 

attempted the 15N-17O ZF-TEDOR experiment.  The very low sensitivity of the experiment 

prevented them from obtaining a 2D 15N-17O correlation spectrum; nonetheless, a 1D 15N-17O ZF-

TEDOR spectrum for N-Ac-VL was reported.
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Another type of useful heteronuclear correlation experiment is to establish correlation 

between 17O and 1H for organic and biological molecules.  In 2013, Vogt et al. [178] reported a 

preliminary 2D 1H17O CP-HETCOR spectrum for a [17O]diflunisal-pyrazinamide co-crystal 

sample.  As shown in Fig. 34, the authors utilized a short contact time of 1 ms during CP to 

observe two 1H-17O correlation peaks for a [17O]diflunisal-pyrazinamide co-crystal sample with a 

moderate MAS frequency of 25 kHz.  The stronger correlation peak was assigned to be due to the 

directly bonded 17O2–1H having the O-H distance of 1.0 Å, whereas the weaker one was attributed 

to a close 17O-1H contact across an intramolecular hydrogen bond, 17O1···1H–O3 where the O···H 

distance is about 1.7 Å.  This illustrates that it is possible to obtain information about the key 

hydrogen-bonding feature in a pharmaceutical co-crystal without the knowledge of its crystal 

structure.  This 2D 1H17O CP-HETCOR spectrum also makes it possible to separate two 

overlapping 1H signals from phenolic and carboxylic acid groups.  On the basis of solid-state 17O 

NMR data, the authors concluded that the hydrogen-bonding environments are quite different in 

different polymer dispersions of disflunisal.  However, the major problem with this 1H17O CP-

HETCOR experiment is its very low sensitivity.

The ideal solution to boost the overall sensitivity in 1H-17O correlation experiments is 

through proton detection.  Another important issue is that, because 1H is an abundant spin, it is 

necessary to suppress/remove the strong homonuclear 1H-1H dipolar couplings in any 1H-17O 

dipolar recoupling scheme.  While proton detected 1H{X} D-HMQC has been demonstrated for 

half-integer quadrupolar nuclei such as 23Na [217-219], 43Ca [220], 35Cl [221], 71Ga [222], to our 

knowledge, only an unpublished preliminary report [223] appeared dealing with 1H{17O} D-

HMQC and D-HSQC for organic solids prior to 2017.  Two important publications appeared in 

2017.  Venkatesh et al. [224] showed the use of the Dipolar Refocused INEPT (D-RINEPT) 
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sequence [225] to establish correlation between 1H and 17O via proton detection for [1,2-17O2]-

histidine·HCl·H2O.  The 17O  1H D-RINEPT pulse sequence is shown in Fig. 31(d).  In this 

work, the authors used the symmetry-based  sequence [226] for 1H-17O dipolar recoupling, SR42
1

which can also simultaneously eliminate 1H-1H homonuclear dipolar couplings.  Fig. 35(a) shows 

the RAPT enhanced 1D 17O QCPMG spectrum of [1,2-17O2]-histidine·HCl·H2O.  Because the 

level of 17O labelling in the sample was only 3.5%, the total data acquisition time was 8 h.  Most 

interestingly, the 2D 17O  1H D-RINEPT spectrum shown in Fig. 35(b) displays two correlation 

peaks.  On the basis of the crystal structure of the compound, the authors assigned the peak with 

the 1H chemical shift of 17.2 ppm to be due to Ha, which is hydrogen bonded to Oa of an adjacent 

histidine molecule in the crystal lattice with the Ha···Oa distance being 1.58 Å.  The other 

correlation peak with the 1H chemical shift of 12.7 ppm is between Hb and Ob, which form a 

weaker intermolecular hydrogen bond with the Hb···Ob distance being 1.94 Å.  As seen from the 

projection of the 2D spectrum shown in Fig. 35(b), at the moderate magnetic field of 9.4 T used in 

the study, it was not possible to resolve the two oxygen signals in the conventional 1D MAS 

spectrum for this compound.  In the 2D 1H-17O correlation spectrum, however, the two 

overlapping 17O NMR signals were nicely resolved in the 1H dimension.  As the authors noted, 

the total data acquisition time for the 2D 17O  1H D-RINEPT experiment was 32 h, which is 

quite reasonable considering the low 17O enrichment of the sample.  Also in 2017, Keeler et al. 

[184] reported a 2D 1H-17O correlation spectrum for N-Ac-VL at 17.6 T (750 MHz for 1H).  In 

this work, they used the same 17O  1H D-RINEPT transfer as discussed earlier, except that the 

dipolar recoupling scheme was the R3 condition.  The authors were able to show that a single 1H 

resonance is correlated to two oxygen signals, revealing an intermolecular hydrogen bond, 17O–

1H···17O, in this model dipeptide, N-Ac-VL.  
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Very recently, Carnahan et al. [227] extended the work of Venkatesh et al. [223] and 

reported 2D 1H-17O correlation spectra for Fmoc-[1,2-17O2]-alanine·H2O, potassium hydrogen 

[17O4]maleate, 2-chloro-[1,2-17O2]nicotinic acid, [1,2-17O2]isonictinic acid, and [1,2-17O2]-L-

alanine.  As an example, Fig. 36 shows the solid-state 17O NMR result reported for Fmoc-[1,2-

17O2]-alanine·H2O.  The RAPT-enhanced 1D 17O spin-echo NMR spectrum of the compound was 

obtained in 2.4 h achieving a signal-to-noise ratio (SNR) of  12.  The use of a RAPT-enhanced 

QCPMG boosted the SNR to 99 within the same experimental time, 2.5 h.  Clearly, at 9.4 T, the 

two signals, C=17O and C-17OH, from the carboxylic acid group display significant spectral 

overlaps.  In comparison, each RAPT-enhanced 2D 17O  1H D-RINEPT correlation spectrum 

was obtained in 4.8 h.  As seen in Figs. 36(f) and (g), with a short recoupling time of 160 s, only 

the C-17OH group was detected, which reveals the 1H chemical shift for the C-OH to be 14.0 ppm.  

When a longer recoupling time of 960 s was used, the 17O signal from the C=17O group was 

observed from a correlation peak connecting to the aromatic protons, 7.5 ppm.  So the advantage 

of the 17O  1H D-RINEPT experiment is not only to gain enhanced sensitivity but also better 

spectral resolution.

In principle, one can combine either D-HMQC or D-RINEPT with MQMAS and STMAS to 

make a 3D experiment where the correlation peak would be isotropic in the indirect dimension of 

17O.  Indeed, Martineau et al. [228] successfully applied this experiment in the studies of half-

integer quadrupolar nuclei in inorganic aluminophosphate materials.  However, its application in 

17O NMR for organic and biological molecules has not yet been explored.  This would certainly 

be a new research direction worth pursuing in the future.

3.5. Measurement of internuclear distances and J-coupling constants
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In the previous section, we discussed dipolar-mediated heteronuclear correlation 

spectroscopy.  In many cases, it is also desirable to determine the precise distance between two 

spins through dipolar coupling measurement.  Earlier studies on internuclear distance 

measurement involving 17O in organic and biological molecules were reviewed in 2008 [80].  

Here we focus on new developments that have appeared in the literature since then.  In 2009, 

Hung et al. [214] demonstrated the use of 17O{15N} REDOR and 15N{17O} REAPDOR to measure 

dipolar couplings between 17O and 15N in two small biomolecules: [ND3, 1-

13C,15N,17O2]glycine·DCl and [1,3-15N2, 2,4-17O2]uracil.  In the 17O{15N} REDOR experiment, 

since the dipolar recoupling  pulses are applied on the 15N channel, the REDOR fraction S/S = 

(S – Sr)/S (S and Sr are reference and dipolar-diphased spectra, respectively) can be analyzed in a 

similar fashion as that widely used in the studies of spin-1/2 nuclei.  The only complication is that 

each of the two O atoms in [ND3, 1-13C,15N,17O2]glycine·DCl have several neighboring 15N spins.  

To treat this kind of multi-spin problem, the authors used the concept of Drss, as discussed earlier, 

and focused on the initial portion of the REDOR build-up curve (i.e., S/S < 0.2).  As seen in Fig. 

37, the two oxygen signals of the C=17O and C17OH groups display clearly different dependencies 

on the dephasing time, immediately suggesting that they experience different effective dipolar 

couplings to the surrounding 15N nuclei.  From the best-fit curves, the authors obtained Drss values 

of 89  9 and 46  6 Hz for the C=17O and C17OH resonances, respectively.  These Drss values are 

about 82% and 79% of the values computed from the crystal structure of glycine·HCl [229].  One 

limitation of the aforementioned 17O{15N} REDOR experiment is that the 17O signals must be 

resolved.  This condition is clearly not met for the 17O signals arising from [1,3-15N2, 2,4-

17O2]uracil at 14.1 T, as previously seen in Fig. 32.  An alternative to 17O{15N} REDOR, as Hung 

et al. [214] demonstrated, is the 15N{17O} REAPDOR experiment [230].  In this experiment, the 
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15N signals (often generated through 1H  15N CP) are directly detected, and the dipolar dephasing 

is achieved by applying an adiabatic-passage pulse on the 17O channel.  The duration of this 

adiabatic-passage pulse is typically chosen to be of 1/3 of the rotor period.  The adiabatic-passage 

process for half-integer quadrupolar nuclei under the MAS condition, first described by Vega 

[231], has also found other applications in solid-state NMR [232].  In the REAPDOR experiment, 

the adiabatic-passage pulse causes level mixings between various eigenstates of the quadrupolar 

Hamiltonian, which leads to incomplete averaging of the heteronuclear dipolar coupling if the 

pulse duration is less than a full rotor period.  Hung et al. [214] further tested the variability of 

15N{17O} REAPDOR data at various MAS frequencies and found that all data were within 15% 

around the universal REAPDOR fitting curve proposed by Goldbourt et al. [233].  Hung et al. 

[214] also pointed out that, since the level of 17O labelling is often far less than 100%, it is 

important to consider partial 17O labelling when calculating effective dipolar couplings.

In 2010, Gullion et al. [234] used the 13C{17O} REAPDOR method to assess glycine 

incorporation into proteins. They found that, under water stress, soybean leaves when exposed to 

13CO2 and 17O2 incorporated 13C-17O doubly labeled glycyl residues into leaf protein or protein 

precursors.  This finding allowed them to suggest that water stress suppresses photorespiration in 

soybean leaves.  In 2012, Antzutkin et al. [235] applied 15N{17O} REAPDOR to study hydrogen 

bonding in amyloid- (A) fibrils.  They synthesized two selectively 17O and 15N labeled A 

peptides: N-acetyl-Lys-Leu-Val18(17O)-Phe-Phe20(15N)-Ala-Glu-NH2 (denoted as Ac-A(16-22)-

NH2[Val18(17O, Phe20(15N)] and Glu-Val-His-Gln-Lys-Leu-Val18(17O)-Phe-Phe-Ala21(U-13C,15N)-

Glu-Asp-Val-Gly (denoted as A(11-25)[Val18(17O), Ala21(U-13C,15N)]).  These A fragment 

peptides were known to be capable of forming fibrils adopting different anti-parallel -sheet 

structures.  As seen in Fig. 38, Ac-A(16-22)-NH2 forms an anti-parallel -sheet with the 17 + k  
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21 – k register (k = –1, 0, …, 5); see Fig. 38(a).  For A(11-25), two different fibril structures can 

form depending on the pH of the incubated solution.  When the fibrils are formed at pH 2.4, the 

anti-parallel -sheet structure adopts a 17 + k  22 – k register (k = –3, –2, …, 8), as shown in 

Fig. 38(b).  When the incubation solution is at pH 7.4, the anti-parallel structure has a register of 

17 + k  20 – k (k = –5, –4, …, 8); see Fig. 38(c).  It is clear that, among the three anti-parallel 

-sheet structures, only the first two would produce inter-strand C=17O···H-15N hydrogen bonds 

for the given 17O and 15N labeling schemes.  A typical O···N distance from such inter-strand 

C=17O···H-15N hydrogen bonds is 2.7 Å, which corresponds to a dipolar coupling constant of 75 

Hz between the 17O and 15N nuclei.  Indeed, the 15N{17O} REAPDOR data confirmed these 

expectations.  Several years later, Wei et al. [236] combined the same 15N{17O} REAPDOR 

technique with Fourier-Transform Ion Cyclotron Resonance Mass Spectrometry (FTICR-MS) to 

investigate polymorphism exhibited by A peptides.

Recently, Keeler et al. [184] also carried out distance measurements for multiple 13C/17O and 

15N/17O distances in N-Ac-VL by using 13C{17O} ZF-TEDOR and 15N{17O} REAPDOR methods.  

The longest C-O distance measured was that between C8 (L) and O2 (NCO), 2.73 ± 0.15 Å, with 

the corresponding dipolar coupling constant being 291.3 Hz.  The longest N-O distance measured 

was from an intermolecular contact between N1(VN) and O3 (L-CO), 3.21 ± 0.20 Å, with the 

corresponding dipolar coupling constant being 68.86 Hz.  Again, the excellent work by Keeler et 

al. [184] sets a gold standard for future distance measurements involving 13C/17O and 15N/17O spin 

pairs in biomolecules.

One of the problems of REDOR and REAPDOR experiments is that they do not work well 

under very fast MAS conditions.  In addition, REDOR-type  pulses recouple homonuclear 

dipolar interactions.  In 2010, Chen et al. [237] introduced the Symmetry-based Resonance-Echo 
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Saturation-Pulse Double Resonance (S-RESPDOR) experiment.  The S-RESPDOR sequence is 

related to the R-RESPDOR experiment first proposed by Gan [238] for distance measurement 

between 13C and 14N (spin-1) nuclei.  The S-RESPDOR experiment differs from REAPDOR in 

two aspects.  First, the REDOR-type  pulses on the spin-1/2 channel are replaced by the 

symmetry-based  sequence.  Second, the adiabatic-passage pulse on the 17O channel is SR42
1

replaced by a saturation pulse.  Chen et al. [237] applied the S-RESPDOR sequence to measure 

the 13C4-17O4 bond length in [30%, 17O]-L-tyrosine·HCl.  They obtained a C4-O4 distance of 1.366 

Å, which compares well with the value of 1.374 Å reported in the crystal structure [239].

Compared with 17O-13C and 17O-15N heteronuclear dipolar couplings, J-couplings between 

17O and 13C or 15N are usually very small.  As a result, they are always obscured by the 

experimental line widths in MAS NMR spectra.  In 2009, Hung et al. [214] showed that, by 

carefully measuring both homonuclear and heteronuclear spin-echo signals, they were able to 

detect the signal modulations by small J-couplings.  As shown in Fig. 39, while both the 17O 

homonuclear and 17O/13C heteronuclear spin-echo signals for [ND3, 1-13C,15N,17O2]glycine·DCl 

decay exponentially, the latter exhibit additional modulations due to 1J(13C,17O).  One way of 

highlighting this kind of J-modulation is to examine the ratio between hetero- and homonuclear 

spin-echo signals, which was defined as the quotient SQ() = SHET()/SHOM().  Hung et al. [214] 

were able to fit the experimental SQ() data with the following equation:

] (54)𝑆𝑄(𝜏) = 𝐴𝑐𝑜𝑠(𝜋𝐽𝜏)exp [ ‒ 𝜏(1/𝑇 '
2 𝐻𝐸𝑇 ‒ 1/𝑇 '

2 𝐻𝑂𝑀)

where A is a normalization constant, T2 HET and T2 HOM are the refocusable transverse dephasing 

time constants observed in the heteronuclear and homonuclear spin-echo experiments, 

respectively.  For [ND3, 1-13C,15N,17O2]glycine·DCl, they obtained 1J(13C1,17O1) = 24.7  0.2 and 

1J(13C1,17O2) = 25.3  0.3 Hz. In these experiments, it is critical to have highly efficient proton 
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decoupling so that the transverse dephasing time constants for 17O are reasonably long (ca. 30-40 

ms).  For this reason, the authors employed a partially deuterated glycine·HCl sample.  In the 

same study, Hung et al. [214] also reported that 2J(17O1,17O2) = 8.8  0.9 Hz for [ND3, 1-

13C,15N,17O2]glycine·DCl.  For [1,3-15N2, 2,4-17O2]uracil, they performed 15N homonuclear and 

15N/17O heteronuclear spin-echo experiments and reported the measurement of two very small 

hydrogen-bond-mediated J-coupling: 2hJ(15N1,17O4) = 6.7  0.4, 2hJ(15N3,17O4) = 4.8  0.5 Hz. The 

J-couplings reported by Hung et al. [214] were the first examples of the kind involving 17O in 

organic solids.

In the final part of this section, we turn our attention to the determination of dipolar and J 

couplings between 1H and 17O.  Once again, the earlier studies by van Beek et al. [240] and 

Brinkmann and Kentgens [241, 242] on 1H-17O correlation and distance measurement were 

reviewed in 2008 [80].  In 2012, Goswami and Madhu [243] investigated the 1H-17O dipolar 

recoupling effect on the satellite and multiple-quantum transitions of 17O in a sample of brucite, 

Mg(17OH)2.  In particular, they combined the separated-local-field (SLF) experiment with 

STMAS and 3QMAS.  In the SLF part of the experiment, a symmetry-based recoupling scheme 

of the type  was applied on the 1H channel after the /2 pulse on 17O.  They observed the R185
2

expected 1H-17O dipolar splittings in both STMAS and 3QMAS spectra.  As expected, the 1H-17O 

dipolar splitting for the 3Q transition was nearly three times of that seen for the ST.  Using 

numerical simulations, the authors were able to obtain a 1H-17O distance of 1.01  0.01 Å, which 

compares well with the value of 0.995  0.008 Å determined from a neutron diffraction study 

[244].

Recently, Carnahan et al. [227] reported a comprehensive study probing O-H bonding in 

several small biomolecules.  The key advancement in this study is the use of proton detection for 
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both dipolar and J-coupling measurements between 1H and 17O.  As seen in Fig. 40, the proton 

detection was achieved by the same 17O  1H D-RINEPT coherence transfer as discussed earlier.  

In addition, the authors used the symmetry-based  sequence in the SLF part of the SR42
1

experiment.  The  sequence is particularly suited for very fast MAS experiments because it SR42
1

requires the RF field (1) to be twice of the MAS frequency (R).  For example, when R = 50 

kHz, 1 = 100 kHz is required for the  sequence.  As an example, Fig. 40(b) displays the SR42
1

typical dipolar dephasing curve obtained for Fmoc-[1,2-17O2]alanine·H2O.  A short dipolar 

recoupling time was used in the D-RINEP block so that only the one-bond 1H-17O dipolar coupling 

was measured.  From the numerical simulations of the dipolar oscillation curve shown in Fig. 

40(b), Carnahan et al. [227] obtained a 1H-17O dipolar coupling constant of 13.5  0.5 kHz for 

Fmoc-[1,2-17O2]alanine·H2O, which corresponds to a O-H distance of 1.06  0.02 Å.  The 

numerical simulations took into account the 17O  1H D-RINEPT magnetization transfer and 

relative orientations of the dipolar vector, 17O CS and QC tensors in the molecular frame.  To 

measure 1J(1H, 17O), Carnahan et al. [227] used a “J-resolved block” before the D-RINEPT 

transfer for proton detection, as shown in Fig. 40(c).  The experiment was run in an interleaved 

manner where the “dashed”  pulse on the 1H channel shown in Fig. 40(c) was turned on every 

other transient.  This is reminiscent of the combined homonuclear and heteronuclear spin-echo 

experiments demonstrated by Hung et al. [214].  As a result, the final signal on the 1H channel is 

modulated by the J-coupling in the following fashion:

(55)𝑆𝑄(𝜏) = 𝐴𝑐𝑜𝑠(𝜋𝐽𝜏)exp ( ‒
𝜏

𝑇𝑆𝐷)
where A is a normalization constant, TSD is a phenomenological damping exponential decay time 

constant, and  is the J-evolution time.  Note the similarity between Eqs. (54) and (55).  In 
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practice,  was increased in integer multiples of 2R.  Fig. 40(d) shows the J-modulation data for 

Fmoc-[1,2-17O2]alanine·H2O.  A best-fit of the experimental data with Eq. (54) yielded 1J(1H,17O) 

= 58  3 Hz and TSD = 34 ms.  The authors noted that this TSD value was similar to the spin 

diffusion time constant of 30 ms measured with 2D 1H spin-diffusion NMR experiments of the 

same compound.  This observation strongly suggests the origin of the damping of the J-dephasing 

curve to be the 1H spin diffusion in the solid sample.  Interestingly, the value of 1J(1H,17O) in 

Fmoc-[1,2-17O2]alanine·H2O is about only half of that found in isolated silanols on the surface of 

silica, 108 Hz [245] (vide infra).  Carnahan et al. [227] also noted that, to measure reliable J-

couplings, it is necessary to set the magic angle very precisely (error < 0.02).  As also seen in 

Figs. 40(a) and (c), for both dipolar and J coupling measurements, Carnahan et al. [227] further 

utilized RAPT on the 17O channel to enhance sensitivity and pre-saturation on 1H to reduce T1 

noise.  

Using this new approach, Carnahan et al. [227] simultaneously determined the O–H 

distances and 1J(1H,17O) in the O–H groups of five organic compounds where the O–H is involved 

in different degrees of hydrogen bonding.  They discovered that the magnitude of 1J(1H,17O) 

generally increases as the O–H bond length is decreased, and that both of these quantities were 

also correlated to the 1H chemical shift for the H atom in the O–H group.  While these 

correlations are certainly not totally unexpected, this study was the first time that these quantities 

were simultaneously determined for the same series of organic compounds in the solid state.  In 

general, as the covalent O–H bond is lengthened as a result of O–H···O or O–H···N hydrogen 

bonding, the magnitude of 1J(1H,17O) is expected to decrease.  Of course, 1H chemical shift has 

long been used as a measure of the hydrogen bonding strength.  For example, they found that 

isonicotinic acid exhibits an O–H distance of 1.23  0.02 Å, 1J(1H,17O) of 35  7 Hz, and a 1H 
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chemical shift of 17.9 ppm.  The crystal structure of isonicotinic acid suggests that isonicotinic 

acid molecules form hydrogen-bonded ribbons along the crystallographic b-axis [246].  The 

intermolecular O–H···N hydrogen bond is nearly linear with the O···N distance being 2.582 Å.  

Similar to the case of nicotinic acid discussed in Section 3.2, isonicotinic acid is most likely 

another case of a molecule containing an LBHB.  This means that the covalent O–H bond should 

be considerably lengthened.  As a result, the magnitude of 1J(1H,17O) is only about one-third of 

that for an unperturbed covalent O–H bond such as that found in MCM-41 silica.  The 1H 

chemical shift of 17.9 ppm observed for isonicotinic acid is also indicative of the formation of a 

LBHB.  One extreme case among the organic compounds studied by Carnahan et al. [227] is 

potassium hydrogen maleate, which is a classic case of a symmetric O···H···O hydrogen bond 

[185].  In this compound, the O···O distance is 2.427 Å as reported from a neutron diffraction 

study [247], which leads to the O···H distance being 1.215 Å.  In this case, the experimentally 

measured 1J(1H,17O) should be properly designated as 1hJ(1H,17O), a trans-hydrogen bond J-

coupling [248].  This was the first measurement of 1hJ(1H,17O) by solid-state NMR.  To 

supplement their experimental data, Carnahan et al. [227] also performed careful plane-wave DFT 

calculations on both molecular structures (O–H bond distances) and NMR parameters including 1H 

chemical shifts and 1J(1H,17O) for a set of 25 nicotinic acid derivatives with known crystal 

structures.  The experimentally observed trends were nicely reproduced by plane-wave DFT 

computations, as seen in Fig. 41.  Although the observed correlations between 1J(1H,17O) and rOH 

and between 1J(1H,17O) and  (1H) are not totally unexpected, it is still remarkable to see that these 

NMR parameters were simultaneously determined to such a high degree of accuracy.  The study 

by Carnahan et al. [227] demonstrates the potential of solid-state 17O NMR in producing detailed 

structural information in organic and biological molecules.
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3.6. Detection of molecular motion in organic solids

We have shown in previous sections that solid-state NMR is a powerful technique in 

obtaining structural information for organic and biological molecules.  Another important aspect 

of solid-state NMR is that it can be used to detect molecular motion in solid materials.  Compared 

with other physical methods, solid-state NMR stands out in its applicability to study motion over a 

very large range of timescales (from 10–12 to 102 s).  While the most common solid-state NMR 

approach for studying dynamic processes is based on 2H (I = 1) NMR [249], in many cases, the 

functional group of interest contains only non-hydrogen atoms.  In this section, we will review 

recent examples where solid-state 17O NMR was used to gain information about molecular motion 

in organic solids.  In 2012, Kong et al. [250] reported a solid-state 17O NMR study of three 

crystalline sulfonic acids: 2-aminoethane-1-sulfonic acid (taurine, T), 3-aminopropane-1-sulfonic 

acid (homotaurine, HT), and 4-aminobutane-1-sulfonic acid (ABSA).  These sulfonic acid 

compounds exist as zwitterionic structures in the solid state, NH3
+RSO3

–, where the –SO3
– 

groups participate in various degrees of OHN hydrogen bonding.  The main goal of the study 

by Kong et al. [250] was to monitor the rotational dynamics of sulfonate (–SO3
–) groups.  Fig. 42 

shows the variable-temperature 17O NMR spectra of a static powder sample of ABSA recorded at 

21.1 T.  Clearly, the 17O NMR line shapes display strong temperature dependence.  The 

observed spectral changes can be satisfactorily simulated assuming that the SO3
– group in ABSA 

undergoes 3-fold rotations or jumps in the solid state.  Between 253 and 352 K, the 3-fold jump 

rates were experimentally determined to be between 102 and 105 s−1.  An Arrhenius analysis of 

these data yielded the activation energies (Ea) for this process: Ea = 48 ± 7, 42 ± 3 and 45 ± 1 kJ 

mol−1 for T, HT, and ABSA, respectively.  This was the first solid-state 17O NMR application to 
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probe –SO3
– rotational dynamics.  Kong et al. [250] further hypothesized that, since the rotation 

of the –SO3
– group to interchange the three oxygen positions must break the O···H–N hydrogen 

bonds around the –SO3
– group, the activation energies for the –SO3

– rotation might be correlated 

with the total hydrogen bonding energy for the O···H–N hydrogen bonds involved.  This study is 

a good example illustrating how solid-state 17O NMR can produce information about dynamic 

processes occurring in organic solids. 

In 2014, Wang et al. [251] used solid-state 17O NMR to study the dynamics of gas molecules 

such as CO2 adsorbed in metal-organic framework (MOF) compounds.  For example, Fig. 43 

shows the variable-temperature 17O NMR spectra of C17O2 adsorbed in CPO-27-Mg.  The authors 

found that the dynamic motion of CO2 within the void spaces of MOFs can be quite complex.  

The best model that gives good agreement between experimental and simulated spectra is a 

combination of two types of motion: localized wobbling and non-localized hopping.  The authors 

further argued that the advantage of solid-state 17O NMR as an excellent probe of CO2 motion is 

the result of interplay between 17O QI and CSA.  Wang et al. [251] discovered that the CO2 

dynamics also reflects the metal-CO2 binding strength, which is related to the CO2 adsorption 

capability of MOFs. 

In 2014, Adjei-Acheamfour and Böhmer [252] presented a detailed analysis of the time-

domain stimulated echo NMR experiment for studying ultra-slow motions in half-integer spin 

systems.  In particular, the authors examined the ultra-slow motion of water molecules in 

hexagonal ice Ih.  They found that, at 180 K, the correlation time of the motion is on the order of 

10–3 s with an Ea value of 24 kJ mol−1.  This activation barrier was thought to arise from the water 

on-site reorientation process.  The authors also noted that a larger barrier of 50 kJ mol−1 for water 

translational jumps was reported for ice Ih from an earlier 17O line shape analysis [253].  In 2014, 
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Yamada et al. [254] revisited the issues encountered in 17O line shape analysis and reported an Ea 

value of 56 kJ mol−1.  In 2015, Adjei-Acheamfour et al. [255] extended their stimulated-echo 17O 

NMR approach to study THF clathrate hydrate.  Later, Adjei-Acheamfour et al. [256] designed a 

dynamic filtering experiment and obtained clear evidence for heterogeneous water dynamics in 

THF clathrate hydrate on the millisecond time scale.

Also in 2015, Adjei-Acheamfour et al. [257] presented a general theoretical treatment of the 

2D EXSY experiment for studying half-integer quadrupolar nuclei.  To illustrate this technique, 

the authors recorded a 2D 17O EXSY spectrum for THF-d8 clathrate hydrate; see Fig. 44.  On the 

basis of a dynamic model proposed by Ba et al. [253], Adjei-Acheamfour et al. [257] simulated the 

main features observed in the 2D EXSY spectrum.  They also showed that 2D spectral simulation 

can be further improved by considering the 1H-17O dipolar interactions as well.  However, their 

simulation ignored the 17O CSA.  While this may be a valid assumption for water molecules at 

low magnetic fields, inclusion of both second-order QI and CSA is clearly needed as a general 

approach (vide infra). 

In 2016, Nava et al. [258] used solid-state 17O NMR to investigate the rotational dynamics of 

carbonate anion (CO3
–2) inside a hexacarboxamide cryptand cage.  In this case, the three oxygen 

atoms of the carbonate anion are involved in a total of six O··· H–N hydrogen bonds with the 

O···N distances varying from 2.611 to 2.977 Å; see Fig. 45.  Another interesting structural 

feature is that he CO3 plane is roughly perpendicular to the pseudo-C3 axis of the cryptand 

molecule.  As seen in Fig. 45, the 17O NMR line shapes depend on the sample temperature, 

suggesting that the carbonate anion, while encapsulated inside the cryptand cage, experiences 

considerable molecular motion.  The 17O NMR spectrum recorded at 223 K exhibits a 

characteristic line shape due to the second-order QI and CSA, from which the following 17O NMR 
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tensor parameters were obtained: CQ = 7.5 MHz, Q = 0.7, iso = 170 ppm, 11 = 266, 22 = 194, 33 

= 50 ppm.  Nava et al. [258] then analyzed the VT 17O MAS spectra assuming that the carbonate 

anion undergoes 3-fold jumps.  They obtained an activation energy (Ea) of 22 kJ mol–1.  This 

value is surprisingly small, considering the fact that the carbonate anion is tied up by a total of six 

hydrogen bonds as noted earlier.  A 3-fold rotation of the carbonate anion would have to break 

these hydrogen bonds.  As seen earlier, the 3-fold jumps of the –SO3
– group in crystalline sulfonic 

acids have Ea values on the order of 42-48 kJ mol–1 [249].  This discrepancy in the Ea values can 

be attributed to the difference in the hydrogen bonding geometry between the two classes of 

systems.  In sulfonic acids, the hydrogen bonds are approximately in the plane perpendicular to 

the C3 axis, whereas in the CO3-cryptand system they are nearly parallel to the C3 axis.  As a 

result, the “transition state” of the 3-fold jumps of the carbonate anion experiences some residual 

hydrogen bonding interactions, thus lowering the Ea value.  

Similar to the case of carbonate anion, if a carboxylate moiety (–COO–) undergoes a 2-fold 

flipping motion, 17O NMR would be a more sensitive prove than 13C NMR.  This is because the 

2-fold flipping motion changes the orientations of the 17O QC and CS tensors on each oxygen atom 

whereas the 13C CS tensor is invariant of this motion.  The first demonstration of solid-state 17O 

NMR in probing this kind of motion was reported by Lu et al. [202].  On the basis of 1D 17O 

MAS and 2D EXSY NMR spectra, the authors showed that the –COO– group in nicotinic acid 

undergoes 2-fold flipping in the solid state.  As already discussed in Section 3.2, because the 2-

fold flip of the –COO–group in nicotinic acid must break the O···H···N LBHB, the measured 

rotational barrier fro the 2-fold flip motion has some implications of the LBHB strength.

Recently, Beerwerth et al. [259] reported a comprehensive solid-state 17O NMR study of 

dimethyl sulfone (DMSO2).  DMSO2 is a classic case where the molecule possesses the C2V 
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symmetry and is known to undergo 2-fold jumps in the solid state.  In this study, the authors 

combined three different solid-state 17O NMR methods: time-domain stimulated echo experiment, 

line shape analysis for both static and MAS spectra, and 2D EXSY experiment.  Combining all 

the solid-state 17O NMR data collected for DMSO2, the authors reported an Ea value of 83 kJ mol−1 

for the 2-fold flipping motion.  The authors concluded that solid-state 17O NMR can potentially 

cover a larger dynamic range than solid-state 2H and 13C NMR.

From a fundamental NMR theory point of view, we should note that all the aforementioned 

solid-state 17O NMR studies were based on detection of the CT signal.  In general, the 17O CT 

signal is subject to the second-order QI and CSA.  At currently available magnetic fields, the total 

breadth of the 17O CT signal from most organic functional groups is less than 1 MHz.  As a result, 

17O CT signal can be used to detect only relatively slow molecular jumps (rates < 106 s–1).   

However, 17O satellite transitions (STs) are much wider than CT, which should be sensitive to fast 

motion.  Indeed, Hung et al. [260] recently provided a unified treatment of molecular motion over 

the entire 17O NMR timescale.  They discovered that solid-state 17O CT NMR signals exhibit a 

two-stage transition.  In the first stage, the CT signal is sensitive to the slow motion.  But when 

the motion approaches to the 17O Larmor frequency, a second transition occurs corresponding to 

the onset of the motional averaging of all STs.  This can extend the motion range of solid-state 

17O NMR to the order of 1010 s–1.  While Hung et al. [260] chose an inorganic salt NaNO3 to 

demonstrate the extremely large motional range accessible by solid-state 17O NMR, there is no 

reason to believe that the same would not occur in organic solids.

3.7. Large biological molecules

For many decades, solid-state 17O NMR holds the promise to become a useful probe for 
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studying large biological molecules.  However, the pace of development has been rather slow.  

The pioneering contributions in this area by Oldfield [124, 261, 262], Ando [263-266], Watts 

[267], Cross [110, 268] and their co-workers were already discussed in the 2008 review [80].  

Here we will report on the new progress made in the field ever since.

In 2008, Wong et al. [269] obtained solid-state 17O NMR spectra for a 28-residue synthetic 

peptide, DYQSLQIGGLVIA[17O-G]ILFILGILVLSRR (molecular mass = 3042 Da), where a 

single glycine residue was labeled by 17O ( 40%).  This phospholemman transmembrane (PLM) 

domain peptide is denoted as 17O-[gly14]-PLM.  As illustrated in Fig. 46, PLM is believed to 

form an -helical tetramer unit within the lipid bilayer.  To make the NMR sample, the authors 

reconstituted the 17O-[gly14]-PLM peptide in a dipalmitoylphosphatidylcholine (DPPC) lipid 

bilayer membrane with a lipid/peptide molar ratio of 25:1 with a total sample mass of about 22 mg, 

in which only 14% ( 3 mg) was 17O-[gly14]-PLM.  As a result, the 17O content in the 17O-

[gly14]-PLM sample is quite low.  To boost NMR sensitivity, Wong et al. [269] employed 

frequency switched Gaussian pulses to enhance the CT signals.  In addition, as the T1(17O) is 

rather short, a short recycle time (80 ms) was used, which allowed accumulation of a large number 

of transients (2-3 106) within a reasonable period of time.  Under these conditions, it took about 

50 h to acquire an 17O MAS spectrum for 17O-[gly14]-PLM at either 14.1 or 18.8 T.

In 2010, Zhu et al. [270] presented a comprehensive solid-state 17O NMR study of two 

large protein-ligand complexes of size ranging from 64 to 80 kDa.  One of the systems was an 

avidin-[17O2]biotin complex.  Avidin is a glycoprotein isolated from hen egg-white.  The 

functional form of Avidin is a tetramer with a total molecular weight of about 64 kDa that can bind 

biotin molecules with extremely high affinity (Kd = 10–15 M).  Fig. 47 shows the 17O MAS spectra 

of avidin-[17O2]biotin at 21.14 T, from which Zhu et al. [270] obtained the following 17O NMR 



  

82

parameters: CQ = 5.8 MHz, Q = 0.4, and iso = 270 ppm.  These 17O NMR parameters are typical 

of deprotonated carboxylate groups [80].  Because each avidin tetramer unit can bind up to four 

biotin molecules, the dilution factor of the avidin-biotin complex is 16 kDa per [17O2]biotin.  In 

the experiment, ca. 20 mg solid avidin-[17O2]biotin were packed into a 4-mm MAS rotor and the 

17O enrichment level in [17O2]biotin was ca. 18%.  The second system examined by Zhu et al. 

[270] is an even larger protein-ligand complex, OTfAl(III)[17O4]oxalate (ca. 80 kDa).  As each 

OTf can bind two oxalate molecules, the dilution level of OTfAl[17O4]oxalate complex is ca. 40 

kDa per ligand.  As seen in Fig. 48, the 17O MAS NMR spectra of OTfAl[17O4]oxalate displays 

a strong dependence on the magnetic field strength.  As expected, significant improvement in 

spectral resolution was achieved at the highest magnetic field, 21.14 T.  Zhu et al. [270] were able 

to simulate the 17O MAS spectra shown in Fig. 48 and determine 17O NMR parameters for all four 

oxygen atoms of the oxalate ligand.  The reported iso and CQ values for OTfAl[17O4]oxalate 

are remarkably similar to those reported from the 17O QCT study for the same ligand-protein 

complex in aqueous solution [90].  This suggests that the same structure exists in both solid and 

solution states.  As discussed in Section 2.3, it is possible to assign the four 17O NMR signals of 

the oxalate on the basis of the chemical environment (hydrogen bonding and metal-ligand 

interaction) around the Al(III) binding pocket.  Zhu et al. [270] further demonstrated that the 17O 

NMR parameters, together with 27Al and 13C NMR parameters obtained for the same protein-

ligand complex, can be used for structural refinement in order to obtain a more accurate geometry 

of the ligand molecule.  The authors pointed out that this aspect of “NMR crystallography” in the 

context of proteins should be further explored in the future. 

Zhu et al. [270] also used the OTfAl[17O4]oxalate complex as a benchmark case to assess 

the general sensitivity limit of solid-state 17O NMR experiments at 21.14 T, since this case is the 



  

83

most dilute protein system investigated to date.  The OTfAloxalate sample used by Zhu et al. 

[270] is made of ca. 25 mg solid protein which contains only ca. 30 g of [17O4, 50% 17O]oxalate.  

To obtain high-quality 17O MAS spectra for such a large biomolecular system, Zhu et al. [270] 

optimized the following experimental conditions.  First, they utilized a very high magnetic field, 

21.14 T.  Second, they used a recycle time of 30 ms, since they discovered that solid proteins 

generally have 17O T1 values on the order of a few milliseconds (10–3 s).  Thus the 17O NMR data 

can be collected very rapidly.  Third, they used hyperbolic secant (HS) pulses to obtain a 

sensitivity enhancement of the CT by a factor of 2.  Other sensitivity enhancement methods such 

as rotor-assisted population transfer (RAPT) and double frequency sweep (DFS) yielded similar 

enhancement factors.  Zhu et al. [270] concluded that it should be feasible to study biological 

molecules as large as 300 kDa by 17O MAS NMR at 21.14 T, assuming that the 17O enrichment 

level is 90% and data acquisition time is 48 h.  As the work by Zhu et al. [270] showed, solid-

state 17O NMR spectroscopy is a particularly attractive technique for studying protein-ligand 

interactions.

In 2016, Tang et al. [271] reported a solid-state 17O NMR study where they attempted to 

investigate unstable intermediates formed in enzymatic reactions.  The target enzyme in this study 

is one of the serine proteases, chymotrypsin (26 kDa) [272].  In a simplistic view, the hydrolysis 

reaction catalyzed by the serine protease occurs in two steps.  The first is known as the acylation 

step, whereby the substrate forms a covalent bond with the oxygen atom of the hydroxyl sidechain 

from Ser 195 generating an acyl-enzyme intermediate.  This process breaks the amide or ester 

bond of the substrate, thus releasing the N-terminal portion.  The second step is deacylation, 

which breaks the ester bond in the acyl-enzyme intermediate through hydrolysis.  When the 

substrate contains a suitably stable leaving group, the formation of the acyl-enzyme intermediate 
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occurs rapidly and the hydrolysis of the acyl-enzyme (or deacylation) is the rate-limiting step.  In 

chymotrypsin, while the main catalytic function is carried out by three residues known as the 

“catalytic triad” including Ser 195, His 57, and Asp 102, another important feature that also plays 

an important role in the process of reaction is a common structural motif known as the “oxyanion 

hole” present in all serine proteases.  As illustrated in Scheme 12, the two NH groups from the 

Ser 195 and Gly 193 residues point toward the oxyanion hole so that they can serve as hydrogen 

bond donors to stabilize the oxygen on the scissile amide/ester bond in the tetrahedral transition 

state.  The oxyanion hole is utilized by the enzyme in both the acylation and deacylation steps.  

Tang et al. [271] hypothesized that, since the carbonyl oxygen atom of the substrate is located at 

the center of the oxyanion hole, 17O NMR should be a useful probe, especially given the known 

sensitivity of 17O NMR parameters to hydrogen bonding interactions.  To test this hypothesis, 

they decided to use substrate analogs that are known to form relatively stable acyl-enzyme 

intermediates.  In general, acyl-enzyme intermediates are unstable in aqueous solution.  Tang et 

al. [271] showed that the acyl-enzyme intermediates can be readily trapped in the solid form by 

quickly freeze-drying the solution.  Fig. 49 shows the 17O MAS NMR spectra of three acyl-

enzyme intermediates: p-N,N-dimethylamino-[17O]benzoyl-chymotrypsin (DAB-CHT), trans-o-

methoxy-[17O]cinnamoyl-chymotrypsin (oMC-CHT), and trans-p-methoxy-[17O]cinnamoyl-

chymotrypsin (pMC-CHT).  Each 17O MAS spectrum consists of a central signal flanked by two 

weak spinning sidebands.  Tang et al. [271] found that both the isotropic 17O chemical shift (δiso) 

and CQ display a systematic decrease: DAB-CHT > oMC-CHT > pMC-CHT. This trend is 

correlated with the stability of these acyl-enzymes in aqueous solution.  Thus, the solid-state 17O 

NMR data indicates that the stronger the hydrogen-bonding interaction in the oxyanion hole, the 

more stable is the acyl-enzyme intermediate. 
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Tang et al [271] carried out further quantum chemical computations to investigate the 

relationship between 17O NMR parameters and hydrogen bonding interactions in the oxyanion 

hole.  They designed a computational model for the hydrogen bonding environment in the 

oxyanion hole of chymotrypsin.  In particular, they identified the following two structural 

parameters that determine the placement of the carbonyl oxygen atom in the oxyanion hole: the Cβ-

Oγ-C1 bond angle (θ) and the Cα-Cβ-Oγ-C1 dihedral angle (φ), as shown in Fig. 50.  When these 

two structural parameters are changed, the two O···N hydrogen bond distances in the oxyanion 

hole can vary drastically from 2.45 Å (a strong hydrogen bonding) to 3.46 Å (no hydrogen 

bonding).  The quantum chemical calculations for the acyl-enzyme model showed that both 

hydrogen bond distance (i.e., the O···N distance) and direction (i.e., the O···H–N angle) are 

important factors to determine the observed δiso and CQ values.  While Tang et al. [271] 

investigated a model enzyme, this new solid-state 17O NMR approach shows great potential to be 

useful in studies of many other enzymes.

3.8. Metal-organic frameworks

Since the publication of the 2008 review [80], another new area of solid-state 17O NMR 

applications is in the study of metal-organic frameworks (MOFs).  MOFs are hybrid inorganic-

organic materials that generally have very high porosity [273].  MOFs have been shown to be 

useful materials in many applications such as gas adsorption, catalysis, sensors, drug storage and 

delivery.  The organic linkers in MOFs are usually oxygen-containing functional groups as shown 

in Scheme 13.  In 2013, He et al. [274] demonstrated for the first time that solid-state 17O NMR 

can be used to study MOFs.  They showed that synthesis of 17O-labeled MOFs can be achieved in 

a cost-effective fashion.  In this study, solid-state 17O NMR spectra of four 17O-labeled MOFs 
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were reported.  In general, 17O NMR signals arise from either chemically different oxygen species 

or chemically identical but crystallographically non-equivalent oxygen sites.  For example, as 

seen in Fig. 51, three distinct sets of signals are observed in the 17O MAS NMR spectrum of Zr-

UiO-66.  These signals can be assigned to the three key components connecting the basic building 

block Zr6O4(OH)4(1,4-BDC)6 into a 3D network:, 3-O2–, iso = 386 ppm, CQ = 2.0 MHz, Q = 

0.50; COO–, iso = 278 ppm, CQ = 7.1 MHz, Q = 0.85; 3-OH, iso = 65 ppm, CQ = 6.5 MHz, Q = 

0.60.  The assignment for the capping 3-OH groups was confirmed by performing a 1H  17O 

cross polarization experiment; also see Fig. 51.  Many MOFs are known to exhibit a high degree 

of framework flexibility.  As a result, the unit cell of the MOF structure can change considerably 

upon adsorption of guest molecules.  In some cases, this can lead to a phase transformation.  He 

et al. [274] showed that solid-state 17O NMR is a sensitive probe of such a phase transition in 

MOFs.  In particular, they used MIL-53(Al) as an example to demonstrate how solid-state 17O 

NMR can be used to monitor such a phase transition.  As already discussed in detail in Section 

3.3, Kong et al. [206] reported solid-state 17O NMR spectra of MOFs containing paramagnetic 

metal centers.  We anticipate that more solid-state 17O NMR applications will appear in this new 

area.  The reader can consult excellent review articles in this area [275, 276].  One potential new 

direction is to combine solid-state 17O with 1H and 13C NMR in the NMR crystallography approach 

to determine new MOF structures [277].

3.9. Enhancement of 17O NMR signals by dynamic nuclear polarization

The intrinsically low sensitivity of NMR spectroscopy has long been known as its Achilles 

heel.  This is because different spin states due to the nuclear Zeeman effect have nearly the same 

populations at the magnetic field strength achievable with the current technology.  Thus, the issue 
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of sensitivity in NMR experiments has always been a central problem.  History has shown that 

every time a new technique that can improve the sensitivity of NMR experiments is invented, new 

NMR applications immediately follow.  One recent example of this trend is that the pioneering 

work by Griffin and co-workers [278-280] in the development of dynamic nuclear polarization 

(DNP) at high magnetic fields to boost NMR sensitivity has led to a wide range of new 

applications.  Most DNP-NMR applications rely on a two-step process: (1) 1H NMR signals are 

enhanced by the DNP effect and (2) the enhanced 1H NMR polarization is then transferred to dilute 

spins such as 13C and 15N.  In 2012, Michaelis et al. [281] successfully enhanced the 17O NMR 

signals from a static sample of water/glycerol glass at 82 K with a biradical polarizing agent, 

TOTAPOL.  As shown in Fig. 52, they were able to observe a signal enhancement of 80 for the 

17O NMR signal.  Such signal enhancement can be viewed as an equivalent of experimental time 

saving by a factor of more than 6000.  In this work, DNP-enhanced 17O NMR signals were 

achieved by the same two-step process as mentioned earlier for 13C and 15N.  DNP-enhanced 17O 

QCPMG, 1H-17O SEDOR, and 1H-17O HETCOR experiments were also demonstrated.  Later, 

Michaelis et al. [282] showed that it is also possible to directly transfer the electron polarization to 

17O nuclei in water, urea, and phenol using trityl (OX063) radical as the polarizing agents.  They 

reported the largest 17O NMR signal enhancement as being greater than 100.  One major 

limitation of these two initial studies is that 17O DNP-NMR experiments were performed for static 

samples.  In 2013, Blanc et al. [283] successfully demonstrated that DNP-enhanced 17O NMR 

experiments can be done under the MAS condition for inorganic solids at the 17O natural 

abundance.  In 2015, Perras et al. [284] implemented the PRESTO sequence for polarization 

transfer between 1H and 17O nuclei.  They showed that the benefit of using the PRESTO sequence 

is two-fold.  First, undistorted line shapes for the 17O signals can be obtained.  Second, the 
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PRESTO sequence gives rise to three times more 17O signals than the conventional CP.  In 2017, 

Brownbill et al. [285] demonstrated 17O MAS DNP of Mg(17OH)2 at a very high magnetic field, 

18.8 T.  Very recently, Wolf et al. [286] reported detection of natural abundance 17O NMR 

signals from battery anode materials by using Mn(II) dopants as endogenous polarization agents.  

While these significant DNP developments for detecting 17O NMR signals in inorganic materials, 

the same methodologies have yet to be applied in studies of organic and biological molecules.  

But the sensitivity enhancement offered by DNP offers an opportunity to perform otherwise very 

insensitive experiments such as 13C/17O and 15N/17O correlation and 2D MQMAS for organic and 

biological molecules.  This possibility remains to be an extremely attractive new direction for 

future research. 

4. Conclusions

This review article presents a complete coverage of new advances that have occurred since 

2008 in the field of 17O NMR studies of organic and biological molecules.  These new 

developments are grouped into two seemingly unrelated but intrinsically linked categories: (i) 17O 

QCT NMR studies of biological macromolecules in aqueous solution and (ii) solid-state 17O NMR 

studies of organic and biological molecules.  The logic behind putting them together in the same 

review article is that the QCT NMR approach, which utilizes some special nuclear quadrupole 

relaxation properties associated with slow molecular tumbling motion in liquids, in fact shares 

many commonalities with the conventional solid-state NMR methodology for studying half-integer 

quadrupolar nuclei.  The advances in 17O QCT NMR in the last decade have filled a gap in the 

field of 17O NMR.  The results discussed in this review show unequivocally that one should 

consider 17O NMR as a valid tool in the study of biological macromolecules both in aqueous 
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solution and in the solid state.  As some of the major technical obstacles in terms of 17O-labeling 

and NMR instrumentation are quickly disappearing, the field of 17O NMR of organic and 

biological molecules, especially biological macromolecules, should enjoy an accelerating 

expansion in the next decade.  
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Appendix A

Tabulation of solid-state 17O NMR parametersa for organic and biological molecules published in the literature since 2008.

Compounds iso 
(ppm)

CQ
(MHz)

Q 11 
(ppm)

22 
(ppm)

33 
(ppm)

Remark Ref.

Organic molecules

p-Nitrobenzaldehyde 545 10.7 0.45 1050 620 35 MAS+Static [116]

L-Ala MAS+Static [117]
O1 287 7.90 0.30 480 344 37
O2 267 6.70 0.69 424 295 82

L-Ala·HCl MAS+Static [118]
C=O 328 8.30 0.01 540 425 19
O-H 177 7.30 0.21 335 109 87

Fmoc-L-Ala MAS+Static [119]
O3(C=O) 305 7.90 0.18 478 409 28
O4(O-H) 180 7.05 0.15 325 108 107

Fmoc-L-Ser
O1(C=O) 337 8.35 0.04 559 422 34
O2(O-H) 168 7.60 0.35 324 92 88

L-Phe·HCl MAS+Static [120]
C=O 355 8.55 0.08 590 455 20
O-H 180 7.41 0.26 323 120 98
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L-Val·HCl
C=O 354 8.41 0.06 578 454 30
O-H 182 7.35 0.18 330 117 99

-Gly MAS+Static [121]
Site-A 285 7.48 0.48 470 318 67
Site-B 280 7.10 0.50 468 318 54

Na [2-17O]pyruvate 543 10.8 0.48 1020 640 40 MAS+Static [122]
Li [2,2-17O2]pyruvate 62 8.5 1.0 140 45 0

[17O]NODMA·HCl 263 10.8 0.4 450 260 100 MAS+Static [123]
ZnCl2([17O]NODMA)2 600 9.6 1.0 1260 480 60
SnCl2Me2([17O]NODMA)2 717 10.5 0.9 1450 600 100
[17O]NODMA 1200 ()15.0 0.3 2900 750 100

L-[-17O]Tyr 81 8.5 0.68 129 62 52 MAS+Static [126]
L-[-17O]Tyr·HCl 87 8.5 0.74 127 71 63
Na2(L-[-17O]Tyr) 140 7.9 0.46 212 178 30

Na(L-[17O]glutamate)·H2O DOR+3QMAS [135]
P2 256.0 7.3 0.40 417 313 39
P4 277.5 7.6 0.45 454 324 54
P1 250.7 7.5 0.48 402 297 52
P3 269.5 7.6 0.50 407 295 107
P5 280.0 7.7 0.50 429 301 109
P7 292.0 6.9 0.45 437 343 97
P6 284.0 6.9 0.45 427 328 97

-Al([17O]acac)3 MAS+DOR [136]
Site-1 268.6 6.9 0.8   
Site-2 266.6 6.9 0.8   
Site-3 264.7 6.9 0.8   



  

92

Site-4 268.4 6.9 0.8   
Site-5 264.7 6.9 0.8   
Site-6 273.7 7.1 0.8   

Ice-Ih  6.43 0.935    Static at 150 K [253]
THF clathrate 17O-hydrate  6.43 0.935    Static at 140 K

Taurine MAS+Static [137]
O1 170.4 ()6.70 0.14 203 192 115
O2 179.0 ()6.65 0.16 213 199 125
O3 187.4 ()6.80 0.05 217 205 139

Homotaurine [250]
O1 174.4 ()7.15 0.08 212 182 129
O2 172.2 ()6.75 0.15 215 189 113

4-Aminobutane-1-sulfonic acid
O1 172.8 ()6.40 0.10 210 183 126
O2 177.0 ()7.25 0.09 220 183 127
O3 173.6 ()7.00 0.12 205 192 124

Benzoic acid MAS [141]
O1 236 5.4 0.99   
O2 233 5.6 0.98   

p-Anisic acid
O1 247 5.8 0.90   
O2 200 6.5 0.39   

Methyl-p-anisate
C=O 328 8.2 0.15   

C-O-C 129 9.1 0.29   

Glycerol/D2O/H2
17O 0 6.8 0.95    Static DNP [281]

Urea 150 7.5 0.5    Static DNP [282]
Phenol 100 8.3 0.95    Static DNP

80 8.3 0.95    MAS
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17OTi(TMP) 1021 2.0 0.0 1600 1600 125 MAS [140]
17OCr(TMP) 1250 1.6 0.07 1900 1900 50

Aspirin MAS+Static [177]
C-O1-H 215 ()6.60 0.35 360 208 77

C=O2 273 6.50 0.65 400 376 43
-O3H 203 ()9.50 0.60 335 183 91

Salicylic acid
C-O1-H 168 ()7.40 0.16 308 123 73

C=O2 284 7.10 0.45 425 375 52
-O3H 89 ()8.30 0.60 162 96 9

[17O]Diflunisal (form I) MAS [178]
C=O1 293.6 7.91 0.39   

C-O2-H 161.5 7.20 0.20   
[17O]Diflunisal/pyrazinamide

C=O1 305.7 8.24 0.29   
C-O2-H 168.9 7.22 0.21   

Benzoic acid MAS+DOR [139]
Site-1 236.5 5.96 0.92   
Site-2 224.8 5.61 0.81   

LiH benzoate
Site-1 315.8 12.36 0.08   
Site-2 236.4 7.94 0.40   
Site-3 236.3 6.21 0.88   
Site-4 220.9 4.70 0.88   

KH benzoate
Site-1 257.6 7.40 0.69   
Site-2 227.4 6.41 0.16   

RbH benzoate
Site-1 255.7 6.96 0.32   
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Site-2 239.7 6.37 0.99   
CsH benzoate

Site-1 233.6 6.44 0.18   
Site-2 226.7 5.51 0.99   

[H17ONH3]Cl 90 ()14.7 0.71 125 113 32 MAS+Static [146]
Angeli’s salt

O3 265 ()13.5 0.40 395 258 142

SNAP 1310 14.0 0.3 3010 817 103 Static [153]
GSNO 1060 12.0 0.4 2610 750 180

[K2(DMF)2][CO17O2
mBDCA-5t-H6]

170 7.5 0.7 266 194 50 MAS+Static [258]

[K2(DMF)2][17O2
mBDCA-5t-H6]

260 ()16.6 0.0 335 335 110 Static [150]

Carboplatin MAS+Static [179]
C=O 326 8.15 0.15 522 422 34

C-O-Pt 134 ()6.50 0.33 369 99 66
Oxaliplatin

C=O1 327 8.20 0.05 503 425 41
C=O2 320 8.10 0.00   

C-O3-Pt 138 ()5.90 0.40 411 64 67
C-O4-Pt 135 ()5.90 0.30   

MCA-Im 360 9.10 0.00 644 470 34 MAS+Static [145]
DAB-Im 410 10.00 0.10 729 513 12
TMB-Im 438 10.20 0.20 770 543 3

Arg·H2
17O 26 7.0 0.88    MAS [168]

Asn·H2
17O 0.5 7.0 0.95 23 1 22 MAS+Static



  

95

Asp·H2
17O 4 6.9 0.92 27 16 23

[U-17O]Cys·HCl·H2O
H2O 31 7.0 0.90 47 39 7
C=O 345 8.45 0.05   

C-O-H 176 7.2 0.26   
[17O2]GlyGly·HCl·H2

17O
H2O 28.5 6.9 0.9 57 17 12
C=O 343 8.5 0.1   

C-O-H 166 7.4 0.3   
GlyGln·H2

17O 8.5 7.1 0.95 31 3 9
His·H2

17O 14 7.1 0.95 33 22 12

[U-17O]-Oxalic acid·2H2O MAS+Static [173]
H2O 9.2 7.02 0.76 26 3 2
C=O 309 8.32 0.06 497 413 17

C-OH 184 6.77 0.17 333 149 70
Li2(SO4)·H2

17O 7 6.6 0.86 5 1 25
K2(C2O4)·H2

17O 1.1 6.62 0.95 29 24 49
NaClO4·H2

17O 17 7.35 0.72 4 9 37
Ba(ClO3)2·H2

17O 19.7 6.91 0.97 35 14 10

Ba(ClO3)2·H2
17O 21 6.9 0.98    MAS, 300 K [172]

21 6.9 0.98 37 30 4 Static, 300 K
21 7.4 0.95 37 30 4 MAS, 170 K
21 7.5 0.92 37 30 4 MAS, 105 K

La2Mg3(NO3)12·24H2
17O 3QMAS+Static [174]

Site-1 5 7.1 0.83 28 22 22
Site-2 2 7.1 0.83 45 25 25
Site-3 0 6.6 0.83 47 23 23
Site-4 3 6.8 0.90 56 24 24

[17O2]Dibenzoylmethane MAS+Static [199]
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O1 210 ()6.2 0.50 367 307 38
O2 282 ()6.2 0.76 480 401 47

[17O2]Curcumin
O1 252 ()6.0 0.90 393 367 10
O2 209 ()6.2 0.65 337 313 35

[1,2-17O2]Nicotinic acid MAS+Static [202]
O1 179 7.0 0.0 339 219 21
O2 329 8.3 0.0 521 377 89

2-Formylbenzoic acid MAS+Static [182]
O1 225 8.40 0.45 353 232 90
O2 303 8.30 0.05 501 410 2
O3 54 8.65 0.90 99 43 20

2-Acetylbenzoic acid
O1 245 8.10 0.48 352 248 135
O2 295 8.00 0.10 527 363 5
O3 78 9.20 0.75 118 76 40

[3-17O]Warfarin 72 9.00 0.95 127 55 34

Fmoc-L-Leu MAS+Static [184]
C=O 338 8.3 0.0 524 351 139

C-OH 161 7.3 0.2 364 76 44
Fmoc-L-Val

C=O 337 8.4 0.0 496 360 156
C-OH 169 7.2 0.1 366 94 46

N-Ac-VL
N-C=O 286 8.1 0.4 489 331 39

C=O 329 8.2 0.0 539 359 89
C-OH 165 7.2 0.2 361 82 51

[5-17O]-D-glucose 66 12.4     17O QCT [94]

[17O]Nicotinamide (vitamin B3) 305 8.5 0.3 523 403 11 MAS+Static [97]
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Dimethyl sulfone 163 6.75 0.11 213 193 83 MAS+Static [259]

Fmoc-L-Ala·H2O 1H-detected [227]
Site-1 173 ()7.1 0.18   
Site-2 305 ()7.9 0.18   

KH [17O4]maleate
C-O···H 239 ()6.3 0.52   

C-O 322 8.6 0.13   
2-Cl-nicotinic acid

C=O 363 8.9 0.00   
C-O-H 176 ()7.2 0.12   

Isonicotinic acid
C=O 356 9.3 0.10   

C-O-H 190 ()6.4 0.13   
L-Ala

Site-1 260 6.9 0.63   
Site-2 293 8.0 0.27   

NH4[VO(17O2)(H2O)
(C5H3N(COO)2] ·1.3H2O

620 ()15.5 0.55 1040 435 385 MAS+Static [151]

H2O2 195 ()16 0.8 362 227 7 Static [152]
Acetone 625 12 0.6 1185 705 15
Methyltrioxorhenium 820 ()4 1326 629 506

Biological molecules

Ala-[17O]Ala-Ala [115]
Anti-parallel 302

270
8.7
8.7

0.40
0.35










MAS

Parallel 293 8.7 0.30   

[17O-gly14]PLM/DPPC 322 7.8 0.2    MAS [269]
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Avidin-[1,2-17O2]biotin 270 5.8 0.4    MAS [270]
OTf-Al(III)-[17O4]oxalate

O1 219 5.75 0.70 347 251 59
O2 237 6.30 0.70 365 269 77
O3 274 7.70 0.45 418 370 34
O4 282 7.90 0.35 426 378 42

DAB-CHT 323 10 0.6 626 366 24 MAS [271]
oMC-CHT 319 9.5 0.6 580 356 20
pMC-CHT 288 7.0 0.8 507 319 37

Metal-organic frameworks

C17O2 in CPO-27-Zn 75.0 0.295 0.0 101 62 62 analysis of ST [251]

Zr-UiO-66 MAS [274]
-COO– 278 7.1 0.85   
3-O2– 386 2.0 0.50   
3-OH 65 6.5 0.60   

MIL-53(Al)-lp
2-OH 22 6.1 0.60   
-COO– 232 7.9 0.58   

MIL-53(Al)-np
2-OH 24 6.5 0.85   

-COO– site 1 256 6.9 0.85   
-COO– site 2 206 5.5 0.85   

H2O 12 2.5 0   
-Mg3(HCOO)6

O site 1 230 6.8 0.80   
O site 2 289 8.0 0.45   

CPO-27-Mg
Ph-O– 87 9.1 0.60   

2-COO– 226 7.3 0.10   
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1-COO– 251 7.1 0.70   

aThe sign of CQ shown in parentheses was inferred from quantum chemical computations.
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Glossary of abbreviations

ABA Acetylbenzoic acid
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ABSA 4-aminobutane-1-sulfonic acid
API active pharmaceutical ingredient
ATP adenosine triphosphate
BM ball milling
CHT chymotrypsin
CP cross polarization
CPO-27-Mg Mg2(2,5-dioxido-1,4-benzenedicarboxylate)(H2O)2·8H2O
CS chemical shift
CSA chemical shift anisotropy
CT central transition
CW continuous wave
DAB 4-(dimethylamino)benzoyl
DAS dynamic-angle spinning
DFS double frequency sweep
DFT density functional theory
D-HMQC dipolar-mediated heteronuclear multiple-quantum correlation
DNP dynamic nuclear polarization
DOR double rotation
DPPC dipalmitoylphosphatidylcholine
D-RINEPT dipolar-mediated refocused insensitive nuclei enhanced by polarization transfer
EFG electric-field gradient
ENDOR electron nuclear double resonance
EPR electron paramagnetic resonance
ESEEM electron spin echo envelop modulation
EXSY exchange spectroscopy
FBA formylbenzoic acid
FWHH full width at the half height
FTICR-MS Fourier transform ion cyclotron resonance mass spectrometry
GSNO S-nitrosoglutathione
HB hydrogen bond
HETCOR heteronuclear correlation
HFCC hyperfine coupling constant
HS hyperbolic secant
HSA human serum albumin
HT homotaurine
Im imidazole
LBHB low-barrier hydrogen bond
LMN lanthanum magnesium nitrate hydrate
MAS magic-angle spinning
MCA p-methoxycinnamoyl
MD molecular dynamics
MO molecular orbital
MOF metal-organic framework
MQF multiple-quantum filtering
MQMAS multiple-quantum magic-angle spinning
MSG monosodium L-glutamate monohydrate
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NA nicotinic acid
NODMA nitroso-N,N-dimethylaniline
OTf ovotransferrin
oMC o-methoxy-cinnamoyl
PDB protein data bank
PK pyruvate kinase
PLM phospholemman transmembrane
PLP pyridoxal-5-phosphate
pMC p-methoy-cinnamoyl
PRESTO phase-shifted recoupling effects a smooth transfer of order
QC quadrupole coupling
QCPMG quadrupole Carr-Purcell-Meiboom-Gill
QCT quadrupole central transition
QI quadrupole interaction
RAPT rotor-assisted population transfer
REAPDOR rotational-echo adiabatic-passage double resonance
REDOR rotational echo double resonance
RF radio-frequency
R-RESPDOR rotary resonance echo saturation pulse double resonance
RSNO S-nitrosothiol
SA shielding anisotropy
SCH series-connected hybrid
SEDOR spin-echo double resonance
SLF separated local field
SNAP S-nitroso N-acetylpenicillamine
SNR signal-to-noise ratio
S-RESPDOR symmetry-based resonance echo saturation pulse double resonance
ST satellite transition
STMAS satellite transition magic-angle spinning
TMB 2,4,6-trimethylbenzoyl
TS tryptophan synthase
VT variable temperature
ZFS zero-field splitting
ZF-TEDOR z-filtered transferred echo double resonance
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Figure Captions 

ǀ1> 5/2

ǀ2> 3/2

ǀ3> 1/2

ǀ4> -1/2

ǀ5> -3/2

ǀ6> -5/2

34 (CT)

state mI

23 (ST1)

12 (ST2)

56 (ST2)

45 (ST1)

Fig. 1. Zeeman energy levels, state labels, and density matrix elements corresponding to single-
quantum coherences for I = 5/2 nuclei. CT = central transition, ST1 = first pair of satellite 
transitions, and ST2 = second pair of satellite transitions. Reproduced with permission from Ref. 
[90].
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Fig. 2. Theoretical results for (a) longitudinal relaxation rates and (b) corresponding amplitudes, 
(c) transverse relaxations rates and (d) corresponding amplitudes, and (e) dynamic frequency shifts 
(in ppm) for I = 5/2 nuclei. These curves result from numerical solution of Eq. (12) for (a) and (b), 
Eq. (13) for (c) and (d), and Eqs. (14), (15) and (16) for (e); for discussion, see text. Reproduced 
with permission from Ref. [90].
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Fig. 3. Theoretical 17O NMR line shapes as a function of 0c. All spectra were calculated using 
the numerical results shown in Fig. 2 and the following parameters: PQ = 8.5 MHz, iso = 0 ppm, 
and 0 = 81.36 MHz (14.09 T). The total line shapes are shown in red and individual components 
are shown in blue (component-I), purple (component-II), and black (component-III). The dynamic 
frequency shift is shown as d. Reproduced with permission from Ref. [90].
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Fig. 4. Experimental (upper traces) and simulated (lower traces) 17O NMR spectra (21.14 T) of 
glycerol at different temperatures. The total line shapes are shown in red. The green and purple 
components are due to the two chemically different OH groups in glycerol. Reproduced with 
permission from Ref. [91].
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Fig. 5. Experimental (data symbols) and theoretical (solid lines) results on 17O relaxation rates (R1 
and R2) and dynamic frequency shifts (d) as a function of 0c for glycerol at two magnetic 
fields. Reproduced with permission from Ref. [91].
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Fig. 7. Experimental 17O QCT NMR signals of [17O]nicotinamide dissolved in glycerol. The 
magnetic field at which the signal was recorded is shown at the top of each panel. Reproduced with 
permission from Ref. [94].
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Fig. 8. (a) Experimental (data symbols) and best-fit (solid lines) line widths (in ppm) of the 17O 
QCT NMR signal observed for [17O]nicotinamide dissolved in glycerol as a function of 0c. (b) 
Illustration of contributions from individual relaxation mechanisms for [17O]nicotinamide at 14.1 
T. Q = first-order QI; Q2 = second-order QI; SA = shielding anisotropy; Q2/SA = cross correlation 
between Q2 and SA. Reproduced with permission from Ref. [94].
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Fig. 9.  Experimental 17O QCT NMR signals from [3,5,6-17O3]-D-glucose in glycerol acquired at 
270 K with 2048, 8192 and 20480 scans for 35.2, 28.1 and 18.8 T, respectively, and with 0.01 s
recycle delay. Reproduced with permission from Ref. [102].
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Fig. 10. (a) Experimental 17O NMR spectral line shape obtained for sperm whale MbC17O at 11.7 
T. (b) simulated line shape. (c) Lorentzian peaks used in (b) having line widths of 196 Hz for the 
narrow component and 910 Hz for the broad component. Reproduced with permission from Ref. 
[61].
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Fig. 11.  Experimental 17O QCT NMR spectra of [17O2]palmitic acid (20% 17O atom) bound to 
human serum albumin (HSA) (3 mM in phosphate buffer pH 7.5). The inset illustrates the distinct 
nutation response from the 17O QCT signal (open squares) as compared with that of water (filled 
circles). Reproduced with permission from Ref. [103].
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Fig. 12.  Experimental (upper traces) and best fitted (lower traces) 17O QCT signals and the 
associated data analysis for (a, b) OTf-Al-[17O4]oxalate (1.5 mM protein concentration) and (c, d) 
PK-Mg-ATP-[17O4]oxalate (0.8 mM protein concentration), respectively. The spectra were 
recorded at three magnetic fields.  Reproduced with permission from Ref. [90].
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Fig. 13.  Partial crystal structures of (a) OTf-Al-oxalate and (b) PK-Mg-ATP-oxalate to illustrate 
the oxalate binding environment. For the sake of clarity, the following axial ligands are omitted: 
Tyr188 and Asp63 at the Al center in (a) and Glu271 and -phosphate at the Mg center in (b); w 
indicates the oxygen of a water molecule. Reproduced with permission from Ref. [90].
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Fig. 14. 17O QCT NMR spectra of the E(Q3)indoline intermediate in tryptophan synthase (TS) 
obtained at three magnetic fields. Signals from the enzyme-bound intermediates are marked with *. 
Reproduced with permission from Ref. [114].
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Fig. 15. Crystal packing in anti-parallel -sheet and parallel -sheet structures formed by Ala-
[17O]Ala-Ala. Each crystal has two unique molecules, A and B, in the unit cell. The circled oxygen 
atoms indicate the presence of two magnetically distinct 17O sites in each crystal. Reproduced with 
permission from Ref. [115].
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Fig. 16. Experimental (lower trace) and simulated (upper trace) 17O MAS spectra of Ala-[17O]Ala-
Ala samples obtained at 21.8 T. (a) anti-parallel -sheet structure and (b) parallel -sheet structure. 
Reproduced with permission from Ref. [115].
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Fig. 17. Experimental (lower trace) and simulated (upper trace) 17O NMR spectra obtained for 
stationary powder samples of sodium [2-17O]pyruvate and lithium [2,2-17O2]pyruvate at different 
magnetic fields. Reproduced with permission from Ref. [122].
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Fig. 18. Experimental (lower trace) and simulated (upper trace) 17O MAS spectra (left column) and 
“total” MAS line shapes (right column) of (a) [17O]NODMA·HCl, (b) ZnCl2([17O]NODMA)2, (c) 
SnCl2Me2([17O]NODMA)2, and (d) [17O]NODMA. A “total” MAS line shape was obtained by 
adding up all spinning sidebands to the center band. All spectra were recorded at 21.14 T. The 
sample spinning frequencies were (a) 22 kHz, and (b, c, d) 35 kHz. Reproduced with permission 
from Ref. [123].
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Fig. 19. Illustration of the 17O and 13C CS tensor orientations in the molecular frame of reference 
(left) and the 11-22 “cross over” effects between protonated and deprotonated phenol groups 
(right). Reproduced with permission from Ref. [126].
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(b) 

(a) 

Fig. 20.  (a) A magnetic field dependent 17O 3Q/DOR plot obtained for monosodium L-
[17O4]glutamate monohydrate. It displays a series of isotropic peaks from DOR and MQMAS 
measurements at different fields. (b) Experimental (bottom traces) and simulated (upper traces) 
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DOR and MAS NMR spectra at various applied fields and rotor spinning frequencies. Reproduced 
with permission from Ref. [135].
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Fig. 21. High-resolution 17O, 1H and 13C solid-state NMR comparison between the experimental 
and the DFT results. The 17O DOR NMR spectrum was acquired at 18.8 T, and 1D-windowed 
DUMBO 1H and 13C CP/MAS spectra at 14.1 T. The δDOR peaks are indicated by the oxygen-
labelled, otherwise are spinning-sidebands. Reproduced with permission from Ref. [135].
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Fig. 22. Experimental (top trace) and simulated (lower trace) 17O MAS spectra of (a)  
17OTi(TMP) and (b) 17OCr(TMP) at two magnetic fields. Reproduced with permission from 
Ref. [140].
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Fig. 23. Experimental and simulated 17O MAS spectra of uniformly 17O-labeled L-
cysteine·HCl·H2O at 21.1 T. The sample spinning frequency was 20 kHz. The three types of 
oxygen atoms are: H2O (green), O=C-OH (red), and C=O (blue). Reproduced with permission 
from Ref. [168].
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Fig. 24. Experimental (lower blue trace) and simulated (upper red trace) 17O MAS NMR spectra of 
(a) [1,2-17O2]salicylic acid, (b) [3-17O]salicylic acid, (c) [1,2-17O2]Aspirin, (d) [3-17O]Aspirin, and 
(e) [4-17O]Aspirin. The sample spinning frequency was 14.5 and 22.0 kHz for spectra collected at 
14.1 and 21.1 T, respectively. Spinning sidebands are marked by asterisks (*). Reproduced with 
permission from Ref. [177].
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Fig. 25. Experimental (blue trace) and simulated (red trace) 17O MAS NMR spectra of (a) 2-[3-
17O]formylbenzoic acid (FBA) (recycle delay 20 s; 1508 transients), (b) 2-[1,2-17O2]FBA (recycle 
delay 20 s; 1024 transients), (c) 2-[3-17O]acetylbenzoic acid (ABA) (recycle delay 20 s; 3408 
transients), and (d) 2-[1,2,3-17O3]ABA (recycle delay 20 s; 3024 transients). All spectra were 
obtained at 21.1 T with a sample spinning frequency of 31250 Hz. The signal marked with * is 
from the ZrO2 rotor. Reproduced with permission from Ref. [182].
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Fig. 26.  1D and 2D 17O MAS NMR spectra of [U-13C, 15N,70% 17O]-N-Ac-Val-Leu. Line 
structure (a) of NAc-Val-Leu illustrating the positions labeled with 17O (NCO, CO, and COH). 
Experimental (b) and simulated (c) 1D 19-kHz MAS 17O MAS NMR spectra where the 
centerbands are indicated with asterisks (*). Slices (d) of the anisotropic dimension of the 2D 
3QMAS spectrum of N-Ac-Val-Leu extracted at the isotropic frequency of the centerbands of each 
17O signal. (e) 2D 3QMAS spectrum of [U-13C, 15N, 70% 17O]-N-Ac-Val-Leu with the centerbands 
indicated with dashed horizontal lines and circles, the remaining peaks in the spectrum are due to 
spinning sidebands. All spectra were recorded at 35.2 T (1500 MHz for 1H). Reproduced with 
permission from Ref. [184].
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Fig. 27. Solid-state 1H, 13C and 17O NMR spectra of (a) [1,2-17O2]-dibenzoylmethane and (b) [1,2-
17O2]-curcumin. Reproduced with permission from Ref. [199].
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Fig. 28. Probability density distributions of H1 in (a) dibenzoylmethane and (b) curcumin. Each 
point in the MD trajectory is transformed into the respective coordinate system shown in the inset. 
The origin of this coordinate system is at the center of mass of the O1 and O2 atoms, and the O1-
O2-C2 plane forms the x-y plane. The top row shows the integrated projection of the probability 
density distribution along the y-axis and z-axis as a function of the x-coordinate. Reproduced with 
permission from Ref. [199].
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Fig. 29. (a) Nicotinic acid (NA) molecules form hydrogen bonded zig-zag ribbons along the 
crystallographic b axis. (b) Electron density difference map of NA at 180 K. (c) 1H (60 kHz) and 
2H (22 kHz) MAS spectra of NA and [1-2H]NA, respectively. (d) Experimental (black trace) and 
simulated (red trace) 2H MAS spectra of [1-2H]NA. The simulated spectrum was deliberately 
shifted for easy comparison. (e) 1H-15N 10 kHz CP/MAS HETCOR spectrum of [15N]NA. f) 
Experimental (left) and simulated (right) variable temperature 17O MAS spectra of [1,2-17O2]NA.  
(g) 2D 17O EXSY spectrum of [1,2-17O2]NA at 266 K. A mixing time of 100 ms was used. All 
NMR spectra were recorded at 21.1 T (900 MHz for 1H). Reproduced with permission from Ref. 
[202].
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Fig. 30. Molecular structures (a, d, where hydrogen atoms are omitted for clarity), experimental 
and simulated static (b, e) and MAS (c, f) 17O NMR spectra (21.1 T) of V([17O2]acac)3 and 
K3V([17O4]oxalate)3⋅3H2O. Simulated sub-spectra for individual sites are also shown. The sample 
spinning frequency was 62.5 and 55.0 kHz in (c) and (f), respectively. Reproduced with permission 
from Ref. [206]. 
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Fig. 31. Pulse sequence schemes used in heternuclear correlation experiments involving 17O.  a) 
17O/15N D-HMQC; b) 13C/17O D-HMQC; c) 13C/17O ZF-TEDOR; d) 17O  1H D-RINEPT; for 
further details see text.
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(a) 

(b) 

(c) 

(d) 

Fig. 32. Partial crystal structures of (a) glycine·HCl and (b) uracil. The color coding is: H, white; 
C, grey; N, blue, O, red; Cl, green. The isotopically enriched sites are labelled within the insets. 2D 
17O/15N D-HMQC spectra of (c) [ND3, 1-13C,15N,17O2]glycine·DCl and (d) [1,3-15N2, 2,4-
17O2]uracil. Skyline projections are shown along the F1 and F2 dimensions. In (c), the 1D 17O MAS 
spectrum (dotted red line) of the same sample is also shown for comparison. Adapted with 
permission from Ref. [214].
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Fig. 33. 2D 13C-17O ZF-TEDOR spectrum of N-Ac-Val-Leu recorded at 21.1 T. Correlations 
between 13C and 17O are indicated on the line structure of N-Ac-Val-Leu in the inset. A mixing 
time of 2.4 ms was used. The total experiment time was 4 days. Reproduced with permission from 
Ref. [184].
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Fig. 34. 2D 1H17O CP-HETCOR spectrum (16.4 T) of [17O]-diflunisal-pyrazinamide co-crystal. 
The sample spinning frequency was 25 kHz. Reproduced with permission from Ref. [178].



  

154

Fig. 35. Solid-state 1H and 17O MAS NMR results for [1,2-17O2]-histidine·HCl·H2O at 9.4 T with a 
sample spinning frequency of 50 kHz.  (a) Comparison of 1D 17O MAS spectra obtained with 
RAPT enhanced QCPMG (upper trace) and from the columns of the 2D 17O  1H D-RINEPT 
spectrum at different 1H chemical shifts (middle and lower traces).  Simulated line shapes for the 
second-order quadrupole interaction are shown as red lines.  (b) RAPT enhanced 2D 17O  1H D-
RINEPT correlation spectrum (a total experiment time of 32 h). Reproduced with permission from 
Ref. [224].
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Fig. 36. Solid-state 17O NMR spectra of Fmoc-[1,2-17O2]-alanine·H2O acquired with (a) a RAPT-
enhanced spin-echo and (b) RAPT-enhanced QCPMG. (c) shows the spectral simulations. (d) and 
(e) are columns extracted from 2D  RAPT-enhanced 17O  1H D-RINEPT correlation spectra 
shown in (f) (recoupling time 160 s) and (g) (recoupling time 960 s).  All spectra were 
obtained at 9.4 T with 50 kHz MAS. The geometry-optimized single crystal structure of Fmoc-
alanine·H2O is shown as an inset. Reproduced with permission from Ref. [227].
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Fig. 37. Experimental (data symbols) and best-fit (solid curves) 17O/15N REDOR fractions as a 
function of the dephasing time for [ND3, 1-13C,15N,17O2]glycine·DCl.  The horizontal dash line 
marks S/S = 0.2. Reproduced with permission from Ref. [214].
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Fig. 38. Schematic diagram hydrogen bonding in putative models of amloid fibrils of (a) Ac-A(16-

22)-NH2, (b) A(11-25) (incubated in aqueous solution at pH 2.4 for 80 days with seeding), and (c) 
A(11-25) (incubated in aqueous solution at pH 7.4 for 20 days). Three anti-parallel arrangements 
with different registers are shown: (a) 17 + k  21  k; (b) 17 + k  22  k; (c) 17 + k  20  k. 
Selectively isotopically labeled fragments involved in C=17O···H-15N hydrogen bonds are 
highlighted by yellow ovals and black circles. Reproduce with permission from Ref. [235].
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Fig. 39. Experimental (open diamond) and best-fit (solid curve) 17O homonuclear spin-echo signal 
intensities of (a) O1 and (b) O2 for [ND3, 1-13C,15N,17O2]glycine·DCl as a function of the mixing 
time. Experimental (filled diamond) and best-fit (solid curve) 17O/13C heteronuclear spin-echo 
signal intensities of (c) O1 and (d) O2 for [ND3, 1-13C,15N,17O2]glycine·DCl as a function of the 
mixing time. Experimental (filled square) and best-fit (solid curve) quotients, SQ() = 
SHET()/SHOM(), as a function of the mixing time for (e) O1 and (f) O2 for [ND3, 1-
13C,15N,17O2]glycine·DCl. Adapted with permission from Ref. [214].



  

159

(c) 

(b) 

(a) 

(d) 

Fig. 40. (a) Pulse sequence for measuring 1H-17O dipolar couplings through proton detection.  (b) 
Experimental (black filled circles) and simulated (red solid curve) dipolar dephasing curves 
obtained for Fmoc-[1,2-17O2]alanine·H2O. (c) Pulse sequence for measuring 1H-17O J-couplings. 
(d). Experimental (black filled circles) and best-fit (red solid curve) J-dephasing curves obtained 
for Fmoc-[1,2-17O2]alanine·H2O. In (a) and (c), rotor-assisted population transfer (RAPT) was 
used to enhance the 17O CT signal. In (c), the “dashed” 1H  pulse was turned on every other 
transient. Reproduced with permission from Ref. [227].
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Fig.  41. Comparison of experimental and calculated (a) O-H bond lengths and (b) J-couplings 
for OH groups participating in different degrees of hydrogen bonding (see text). (c) Correlation 
between calculated J-couplings and O–H distances.  (d) Correlation between calculated J-
couplings and 1H chemical shifts.  Reproduced with permission from Ref. [227].
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Fig. 42. Experimental (left) and simulated (right) static 17O NMR spectra of 4-aminobutane-1-
sulfonic acid (ABSA) obtained at 21.1 T. Reproduced with permission from Ref. [250].
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Fig. 43. Experimental (a) and simulated (b, c, and d) static 17O NMR spectra of C17O2 adsorbed in 
Mg2(2,5-dioxido-1,4-benzenedicarboxylate)(H2O)2·8H2O (CPO-27-Mg). The sample has a molar 
ratio CO2:Mg of 0.1. The spectra were obtained at different temperatures at 9.4 T. Reproduced 
with permission from Ref. [251].
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Fig. 44. (a) Experimental 2D 17O EXSY spectra of THF-d8 clathrate hydrate recorded for a mixing 
time of 10 ms at 156 K. (b) Simulated 2D EXSY spectrum considering a simple six-site jump 
model and inclusion of 17O-1H dipolar interactions.  (c) Simulated 2D EXSY spectrum without 
considering 17O-1H dipolar interactions. Reproduced with permission from Ref. [257].
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Fig. 45.  (a) Partial crystal structure of the CO3-cryptand system illustrating the hydrogen bonding 
environment around the CO3

2– anion. (b) Experimental (blue) and simulated (red) static 17O NMR 
spectra of the CO3-cryptand at different temperatures. Adapted with permission from Ref. [258].
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Fig. 46. A schematic model of a tetramer phospholemman transmembrane (PLM) transmembrane 
domain protein embedded inside a lipid bilayer membrane. The red sphere represents the 17O-
labeled sites of gly-14 residue; the vertical dashed line represents the bilayer normal axis. 
Reproduced with permission from Ref. [269].



  

166

Fig. 47. (a) Partial crystal structure of avidin/biotin complex (PDB 1avd). Only the asymmetric 
unit (Chains A and B) is shown. (b) Experimental (upper) and simulated (lower) 17O MAS spectra 
of avidin/biotin complex obtained at 21.1 T. Reproduced with permission from Ref. [270].
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Fig. 48. Experimental (upper) and simulated (lower) 17O MAS spectra of OTf-Al-[17O4]oxalate 
obtained at three magnetic fields. In each case, both the total spectrum and individual components 
are shown. Reproduced with permission from Ref. [270].
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Fig. 49. Experimental (blue) and simulated (red) 17O MAS NMR spectra of (a) p-N,N-
dimethylamino-[17O]benzoyl-chymotrypsin  (DAB-CHT), (b) trans-o-methoxy-[17O]cinnamoyl-
chymotrypsin (oMC-CHT), and (c) trans-p-methoxy-[17O]cinnamoyl-chymotrypsin (pMC-CHT). 
The weak signal marked with * at 380 ppm is from the ZrO2 rotor. Reproduced with permission 
from Ref. [271].
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Fig. 50. (a) A computational model for Oγ-acetyl-chymotrypsin. The Cα-Cβ-Oγ-C1 dihedral angle 
(φ) and Cβ-Oγ-C1 bond angle (θ) are defined. The two hydrogen bonds between backbone amide 
protons from Ser195 and Gly193 and the carbonyl oxygen atom are shown to highlight the 
oxyanion hole. (b) Definition of torsional angles 193 and 195 for describing the directions of the 
two hydrogen bonds in the oxyanion hole of acyl-enzymes. Reproduced with permission from Ref. 
[271].



  

170
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Fig. 51. The 3D framework structure (top left), metal coordination environment (top right), 17O 
MAS and CP-MAS spectra of Zr-UiO-66. Reproduced with permission from Ref. [274]. 
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Fig. 52. Static 17O NMR spectra (5 T) of glycerol/D2O/H2
17O (60/30/10% by weight) recorded at 

82 K. The final concentration of H2
17O was ~7.4%. (a) Simulated spectrum, (b) CP-echo with 

microwave on (128 scans), (c) CPMG with microwave on (16 scans), (d, e) CP-echo with 
microwave off (4864 scans). Reproduced with permission from Ref. [281]. 
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Scheme captions 

Scheme 1. An abridged catalytic cycle for the tryptophan synthase (TS) -subunit reaction. 
Reproduced with permission from Ref. [114].
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Scheme 2. Hydration/dehydration equilibrium between keto and gem-diol functional group (top) 
and molecular structures of sodium [2-17O]pyruvate and lithium [2,2-17O2]pyruvate (bottom). 
Reproduced with permission from Ref. [122].
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Scheme 3. (a) Basic binding modes of monometallic C-nitrosoarene complexes. Molecular 
structures of (b) [17O]NODMA·HCl, (c) ZnCl2([17O]NODMA)2, (d) SnCl2Me2([17O]NODMA)2, 
and (e) [17O]NODMA (NODMA = nitroso-N,N-dimethylaniline). Reproduced with permission 
from Ref. [123].
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Scheme 4. Ionization (acid-base) equilibrium of a Tyr side chain and the corresponding 17O and 
13C chemical shift changes. Reproduced with permission from Ref. [126].
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Scheme 8.  Illustration of the concerted double proton transfer in a carboxylic acid dimer and the 
corresponding double-well potential curve. Reproduced with permission from Ref. [177]. 
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Reproduced with permission from Ref. [182].
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Scheme 10. Molecular structures of (a) dibenzoylmethane and (b) curcumin. Reproduced with 
permission from Ref. [199].
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Scheme 11. Characteristic 1D potential energy curves for the proton movement across (a) regular 
O–H···N HBs, (b) O···H···N LBHBs, and (c) regular O···H–N HBs. Reproduced with permission 
from Ref. [202].
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Scheme 12. Formation and hydrogen bonding environment of the oxyanion hole in serine 
proteases.
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Scheme 13. Molecular structures and abbreviated names of common organic linkers used in 
MOFs.
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