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ABSTRACT: We have examined the 17O quadrupole-central-transition
(QCT) NMR signal from [17O]nicotinamide (vitamin B3) dissolved in
glycerol. Measurements were performed at five magnetic fields ranging from
9.4 to 35.2 T between 243 and 363 K. We found that, in the ultraslow motion
regime, cross-correlation between the second-order quadrupole interaction
and magnetic shielding anisotropy is an important contributor to the
transverse relaxation process for the 17O QCT signal of [17O]nicotinamide.
While such a cross-correlation effect has generally been predicted by relaxation
theory, we report here the first experimental evidence for this phenomenon in solution-state NMR for quadrupolar nuclei. We
have discussed the various factors that determine the ultimate resolution limit in QCT NMR spectroscopy. The present study
also highlights the advantages of performing QCT NMR experiments at very high magnetic fields (e.g., 35.2 T).

1. INTRODUCTION

Quadrupole-central-transition (QCT) NMR spectroscopy for
half-integer quadrupolar spins (I > 1/2) in isotropic liquids is
based on the fact that, in the slow motion regime, the
transverse relaxation rate constant (thus the line width) for the
only detectable NMR signal (i.e., the QCT signal) is inversely
proportional to both the molecular rotational correlation time
(τC) and the Larmor frequency (ω0) of the nucleus under
study.1−8 As a result, it is possible to observe relatively narrow
QCT NMR signals from otherwise hard to study quadrupolar
nuclei for slowly tumbling molecules in solution.9−14 Indeed,
several recent studies have utilized this idea in 17O (I = 5/2)
NMR studies of biological macromolecules in aqueous
solution.15−17 Of course, this basic principle of QCT NMR
spectroscopy is valid only when the first-order quadrupole
interaction is the predominant relaxation mechanism. Recently,
we discovered that, when the molecular motion is ultraslow, the
first-order quadrupole relaxation mechanism diminishes for the
QCT signal and the second-order quadrupole interaction
becomes a dominant relaxation mechanism.18 Under such a
circumstance, the transverse relaxation rate constant of a QCT
signal is proportional to τC, thus making it undesirable to record
QCT signals at exceedingly long τC values. However, since this
second-order quadrupole contribution is still inversely propor-
tional to ω0

2, recording QCT signals at very high magnetic
fields would still be beneficial in reducing this relaxation
contribution to the line width. The latest example is the
remarkable line width reduction observed for the 17O QCT
signals from [3,5,6-17O3]-D-glucose at 35.2 T.19 Unfortunately,
many quadrupolar nuclei also experience considerable shielding

anisotropy (SA). Since the SA contribution to the transverse
relaxation rate is proportional to ω0

2, QCT signals will be
significantly broadened by the SA relaxation at very high
magnetic fields. In practice, it is important to search for an
optimal combination of τC and ω0, at which the QCT signal
exhibits the narrowest line width. For small molecules, τC can
be readily tuned over several orders of magnitude by a
combination of the choice of solvent and sample temperature.18

For biological macromolecules in aqueous solution, however,
the control of τC is relatively limited.16 Furthermore, the
optimal condition also depends critically on the interplay of
second-order quadrupole interaction and SA. In our previous
study, the second-order quadrupole and SA relaxation
mechanisms were treated independently.18 Some time ago,
Werbelow20 provided a theoretical analysis predicting that
cross-correlation between the second-order quadrupole inter-
action and SA can be observable for QCT signals in the slow
motion regime. However, to our knowledge, no experimental
evidence has ever been reported in the literature for this
phenomenon in solution-state QCT NMR studies. It is worth
noting that cross-correlation between two tensorial properties is
commonplace in solid-state NMR.21 A similar cross-correlation
effect between the dipolar interaction and SA has long been
utilized in solution-state NMR experiments for studying
spin-1/2 nuclei (i.e., TROSY).22−26
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In this study, we set out to examine the possibility that cross-
correlation between the second-order quadrupolar interaction
and SA could be important for the 17O QCT signal from
[17O]nicotinamide (vitamin B3). The reason for choosing
[17O]nicotinamide as a test system is because the carbonyl
oxygen atom in the amide functional group is known to exhibit
relatively large 17O SA.27−29 In comparison, in our recent 17O
QCT NMR study of [5-17O]glucose, for which the 17O SA is
rather small,30 we did not observe any cross-relaxation effect.18

2. THEORY
It has been well established that, for half-integer quadrupolar
nuclei, I > 1/2, the nuclear quadrupole transverse relaxation
process generally contains (I + 1/2) components, resulting in a
multiexponential NMR signal. Under the slow motion limit
(ω0τC > 1), however, it is very often the case that only the CT
signal is observable. If the first-order quadrupole interaction is
the only relaxation mechanism, an approximate analytical
expression was recently proposed to describe the transverse
relaxation rate31
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It is clear from eq 1 that the relaxation contribution to the CT
from the first-order quadrupole interaction vanishes when ω0τC
≫ 1. Under such a circumstance, we showed recently that the
second-order quadrupole interaction would become the
predominant relaxation mechanism for the CT.18 The secular
contribution of the CT transverse relaxation is determined by
the anisotropic (orientation dependent) part of the second-
order quadrupole interaction. Following Cohen and Reif,32 we
can write the second-order quadrupole shift (in angular
frequency units) from an axially symmetric tensor (ηQ = 0)
under the static condition as
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where P2 and P4 are the second and fourth Legendre
polynomials, respectively, and θ is the angle between the
unique QC tensor component and the applied magnetic field. It
is often the case that the CT also experiences an anisotropic
chemical shift. Assuming the chemical shift tensor is also axially
symmetric (ηCS = 0), the signal shift (in angular frequency) can
be written as33
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where ΔσCS = σzz − (σxx + σyy)/2 = σ∥ − σ⊥ and θ′ is the angle
between the unique CS tensor component and the magnetic
field. Combining eqs 4 and 5, we obtain the total shift of the
CT signal as

ω ω θ ω θ= + ′( ) ( )total Q
(2)

CS (6)

When the molecule of interest undergoes isotropic tumbling in
solution, both θ and θ′ become time dependent, resulting in a
time-dependent signal shift, i.e., ωtotal(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,34 we
can evaluate the secular (or adiabatic) contribution of ωtotal(t)
to the CT transverse relaxation rate by computing the following
autocorrelation function

∫ ω τ ω τ= ⟨ − ⟩
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R t t( ) ( ) d2
0 (7)

Using the following well-known correlation functions
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where l (or l′) can be either 2 or 4 and DR = (6τC)
−1 is the

diffusion constant in isotropic liquids, one can readily obtain
the following results
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where the first two contributions are from the second-order
quadrupole interaction (Q2) and SA, respectively, whereas the
third term is the cross-correlation between them (Q2/SA).
Their expressions are

ω
ω

τ=
+ −

−

⎡
⎣⎢

⎤
⎦⎥

⎛
⎝
⎜⎜

⎞
⎠
⎟⎟R

I I
I I

298
875

3
16

( 1)
(2 1)2

Q2
3

4
2 2

2
Q

2

0

2

C
(10)

ω σ τ= ΔR
4

45
( )2

SA
0 CS

2
C (11)

ω σ β τ=
+ −

−
Δ −⎛

⎝⎜
⎞
⎠⎟R

I I
I I

2
35

( 1)
(2 1)

3 cos 1
22

Q2/SA
3

4
2 2 Q

2
CS

2

C

(12)

In eq 12, the term (3 cos2 β − 1)/2 stems from the
transformation between the principal axis systems between the
QC and CS tensors. The results of eqs 10−12 are fully
consistent with those previously derived by Werbelow.20 It is
important to further comment on the Q2/SA cross-correlation
term as expressed in eq 12. First, the Q2/SA term is
independent of the magnetic field. Second, since both ΔσCS
and (3 cos2 β − 1)/2 can be either positive or negative, the sign
of the Q2/SA term can 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.
We should also note that, in the above derivations of eqs 9−12,
QC and CS tensors were assumed to be axially symmetric. For
general cases, eqs 9−12 can be modified simply by replacing CQ
and ΔσCS by PQ = CQ(1 + ηQ

2)1/2 and PSA = ΔσCS(1 + ηCS
2)1/2,

respectively, as well as the geometric factor (3 cos2 β − 1)/2 by
the following expression:
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3. EXPERIMENTAL SECTION
[17O]Nicotinamide was prepared by following a literature
procedure.35 The 17O enrichment level in [17O]nicotinamide
was estimated by solution 17O NMR to be about 10%. The
solution sample used for 17O QCT experiments was prepared
by dissolving 74 mg of [17O]nicotinamide in 0.567 g of neat
glycerol. 17O QCT signals were recorded at five magnetic fields,
9.4, 11.7, 14.1, 21.1, and 35.2 T. The experiments at 35.2 T
were performed with the series-connected hybrid (SCH)
magnet at NHMFL.19 The 13C spin−lattice relaxation times
(T1) were determined by the inversion−recovery method for
nicotinamide dissolved in glycerol at 11.7 T over a temperature
range between 278 and 388 K. Static 17O NMR spectra were
acquired for a solid sample of [17O]nicotinamide at 14.1 and
21.1 T. 17O MAS spectra were recorded at 21.1 T with a Bruker
2.5 mm HX MAS probe. All 17O chemical shifts were
referenced to an external sample of H2O(liq). Spectral
simulations were performed with DMFit.36

4. RESULTS AND DISCUSSION
4.1. The Hydrodynamic Model. As a first step of our

investigation, it is necessary to determine a hydrodynamic
model for properly describing molecular tumbling of
nicotinamide in glycerol. The general Stokes−Einstein−
Debye (SED) model is based on

τ
η

=
V
kTC

h
(14)

where Vh is the hydrodynamic volume of the solute molecule, η
is the viscosity of the solvent, k is the Boltzmann constant, and
T is the absolute temperature. This model is valid when the size
of the solute molecule is much larger than the solvent molecule,
i.e., the so-called “stick” limit. In the case of nicotinamide
dissolved in glycerol, because the sizes of solute and solvent
molecules are comparable, the SED model of eq 14 can be
extended to the following Gierer−Wirtz model37

τ
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In the above equation, as and a are the hydrodynamic radii of
the solvent and solute molecules, respectively. The Gierer−
Wirtz model can properly describe the rotational dynamics for
cases where solute and solvent molecules are of similar sizes
(the slip limit). For example, when as = a, f = 0.16. This means
that the “effective” hydrodynamic volume in the slip limit is
considerably smaller than Vh. For glycerol, the temperature
dependence of its viscosity, η, has been well established38 and
used in our previous study of D-glucose dissolved in glycerol.18

To test this hydrodynamic model (eqs 15 and 16), we
measured the 13C spin−lattice relaxation time (T1) for
nicotinamide dissolved in glycerol. The measurements were
carried out at 11.7 T over a temperature range between 278 and
388 K (data are listed in the Supporting Information). Figure 1

shows the experimental T1 data for all 13C nuclei from
nicotinamide dissolved in glycerol. For 13C nuclei, the main
relaxation mechanisms are the 1H−13C dipole−dipole and 13C
shielding anisotropy (SA) and their contributions to T1 are
well-known39
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When we initially applied eqs 15−19 to fit the 13C T1 data
shown in Figure 1, we found that only the T1 data recorded at
high temperatures (>308 K) can be properly fitted with the
following parameters: f Vh = 17 × 10−30 m3, PSA = 140 (C2, C4,
C5, C6) and 155 (C3, CO) ppm, RDD = 23.316 kHz (for a
CH bond length of 1.09 Å), and long-range RDD = 3.8 kHz
(for C3 and CO). On the basis of the crystal structure of
nicotinamide,40 Vh can be estimated to be 144 × 10−30 m3;
therefore, f = 0.12 for nicotinamide dissolved in glycerol. This f
value is in good agreement with the prediction from eq 16. The
PSA values listed above are also consistent with the known 13C
CS tensors for similar molecules.41 Further examination of the
low-temperature (<308 K) T1 data suggests an effective
hydrodynamic volume of greater than 17 × 10−30 m3. This
can be explained by the tendency of nicotinamide molecules to
self-associate most likely through hydrogen bonding at low
temperatures.42 Indeed, the 1H NMR spectra of nicotinamide
show that the signals from the amino protons display a high-
frequency shift as the sample temperature is decreased (data are
shown in the Supporting Information), which is indicative of

Figure 1. Experimental (symbols) and calculated (blue and black
traces) 13C T1 data measured at 11.7 T for nicotinamide dissolved in
glycerol. The atomic numbering is shown in the inset.
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hydrogen bond formation. Therefore, we introduced a simple
“two-size model” to simultaneously fit the experimental 13C T1
data for the entire temperature range. For T < 308 K, we used
f Vh = 45 × 10−30 m3. As seen from Figure 1, this model
produces a satisfactory fit of the experimental 13C T1 data. As
will be shown in the next section, this hydrodynamic model
also works well for 17O NMR data.
4.2. 17O NMR Results. Now that we have established a

suitable hydrodynamic model for describing nicotinamide
tumbling in glycerol, we turn our attention to 17O NMR
results. First, let us examine the 17O NMR signal of
[17O]nicotinamide at 11.7 T in both the fast (ω0τC < 1) and
slow (ω0τC > 1) motion regimes. As seen from Figure 2, in the

fast motion regime, the observed 17O NMR signal originates
from all degenerate transitions and appears at the true chemical
shift position, δiso = 303 ppm. The line width of this 17O NMR
signal decreases when the temperature of the sample is
increased. In comparison, in the slow motion regime, the
only observable 17O NMR signal is the so-called QCT signal.

The position of the QCT signal (in the present case, 200 ppm)
is known to be significantly shifted from δiso to a lower
frequency due to the so-called dynamic frequency shift.4 The
dynamic frequency shift is proportional to (ω0)

−2, as will be
discussed in detail in a later section. More importantly, as seen
from Figure 2, the line width of the 17O QCT signal initially
decreases as the temperature is lowered (<283 K), reaches a
minimum (at 263 K), and then increases with the further
decrease of the sample temperature (<263 K). As a result, it is
possible to observe a relatively narrow 17O QCT signal at
certain low temperatures. For example, at 263 K, the full width
at half-height (fwhh) of the 17O QCT signal for [17O]-
nicotinamide is about 1800 Hz (26 ppm), which is smaller than
that observed at 363 K, 2450 Hz (36 ppm).
To fully understand the various factors that determine the

QCT line width, we recorded the 17O QCT signal for
[17O]nicotinamide at five different magnetic fields ranging
from 9.4 to 35.2 T. As seen from Figure 3, while the 17O QCT
signal displays similar temperature dependences at various
magnetic fields, the minimal line width (in ppm) decreases
drastically with the increase of the applied magnetic field. For
example, the fwhh is decreased from 41 ppm (2200 Hz)
observed at 9.4 T to only 6 ppm (1250 Hz) at 35.2 T. This
general behavior is similar to what we previously reported for
[17O]-D-glucose.18,19 All of these results demonstrate the
tremendous gains in both sensitivity and resolution by carrying
out 17O QCT NMR experiments at very high magnetic fields
(e.g., 35.2 T). As demonstrated in previous studies,15−18 from
the field-dependent positions of the 17O QCT signal, as shown
in Figure 4, one can obtain the following 17O NMR parameters
for [17O]nicotinamide: PQ = 8.7 ± 0.5 MHz and δiso = 302 ± 2
ppm.
Figure 5a displays all of the 17O line width data (in ppm)

obtained for [17O]nicotinamide. There are two reasons that the
line width data are expressed in units of ppm rather than Hz.
First, this is a better measure of describing the resolving power
as a function of the applied magnetic field. Second, this allows
better separation of data for visual inspection. Using the
hydrodynamic model established from the 13C T1 data as
explained earlier, we were able to fit all of the 17O NMR line
width data shown in Figure 5a using eqs 9−12 and the
following 17O NMR parameters for [17O]nicotinamide: PQ =
9.0 ± 0.2 MHz and PSA = −620 ± 50 ppm. Here we used β =

Figure 2. Experimental 17O NMR spectra of [17O]nicotinamide
dissolved in glycerol at 11.7 T in the fast (a) and slow (b) motion
regimes.

Figure 3. Experimental 17O QCT NMR signals of [17O]nicotinamide dissolved in glycerol. The magnetic field strength is shown at the top of each
panel.
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90° or (3 cos2 β − 1)/2 = −0.5 on the basis of previous solid-
state 17O NMR studies of amides.27−29 Figure 5b 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 (ω0τC < 1), Q is the
predominant relaxation mechanism. In the slow motion regime
(ω0τC > 1), while the contribution from Q gradually diminishes
as ω0τC increases, Q2, SA, and Q2/SA become increasingly

important at high ω0τC values. For example, at close to the
minimal line width (ω0τC ≈ 100), the individual contributions
are Q (35%), SA (35%), Q2/SA (18%), and Q2 (12%). The
situation is very different at ω0τC ≈ 1000, where the individual
contributions are Q (1%), SA (54%), Q2/SA (27%), and Q2
(18%). Clearly, in all of these cases, the contribution from the
cross-correlation term Q2/SA cannot be ignored.
To further confirm the 17O NMR tensor parameters

extracted from the above analysis, we recorded solid-state 17O
NMR spectra for [17O]nitotinamide at 14.1 and 21.1 T. Figure
6 shows the 17O MAS and static NMR spectra at 21.1 T.

Following a well-established procedure for spectral fitting,27 we
obtained both the QC and CS tensors and their relative
orientation: CQ(

17O) = 8.5 ± 0.2 MHz and ηQ = 0.3 ± 0.1;
δiso(

17O) = 305 ± 2 ppm, δ11 = 523 ± 10, δ22 = 403 ± 10, δ33 =
−11 ± 10 ppm; α = 73 ± 5, β = 90 ± 2, γ = 90 ± 2°. These
parameters give PQ = 8.6 ± 0.2 MHz and PSA = −485 ± 20
ppm. We should point out that, while these values appear to be
somewhat smaller than those obtained from the QCT signal
analysis described earlier, the small reductions in both PQ (4%)
and PSA (22%) can be attributed to the strong hydrogen
bonding effects present in solids.43−45

Now in order to have a better understanding of the condition
under which the cross-correlation term Q2/SA may become
important, we use 17O QCT NMR as an example to evaluate
individual contributors (Q, Q2, SA, and Q2/SA) in two typical
cases: case 1, PQ = 9 MHz and PSA = 600 ppm; case 2, PQ = 10
MHz and PSA = 50 ppm. The first case is typical of what is seen
from a general carbonyl compound, and the second case
resembles those from hydroxyl groups in carbohydrate
molecules (e.g., glucose). Here we are particularly interested
in the magnetic field dependence. The line width for a QCT
signal can be calculated from eqs 1−3 and 9−12. Because the
situation also depends on τC, we performed line width
calculations using two typical τC values for relatively slow
molecular tumbling motion: τC = 5 × 10−8 and 5 × 10−7 s. As
seen from Figure 7a, when τC = 5 × 10−8 s in case 1, the most
important contributors to the line width are Q and SA. At τC =
5 × 10−8 s, the value of ω0τC increases from 16 to 78 when
ν0(

17O) is changed from 50 to 250 MHz. In this case, because
Q and SA display opposite field dependences, the line width
exhibits a minimal point as a function of ν0(

17O). In

Figure 4. Dependence of the 17O QCT signal position observed for
[17O]nicotinamide dissolved in glycerol on the applied magnetic field.
In each case, the 17O QCT signal was referenced to an external sample
of H2O(liq).

Figure 5. (a) Line width (in ppm) of the 17O QCT signal observed for
[17O]nicotinamide dissolved in glycerol as a function of ω0τC. (b)
Illustration of individual relaxation mechanisms for [17O]nicotinamide
at 14.1 T.

Figure 6. Experimental (black trace) and simulated (red trace) 22 kHz
MAS (a) and static (b) 17O NMR spectra of a solid sample of
[17O]nicotinamide. Both spectra were recorded at 21.1 T.
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comparison, for case 2 at τC = 5 × 10−8 s, Q is the predominant
factor and its contribution to the line width decreases
monotonically with the increase of ν0(

17O), as seen in Figure
7b. At τC = 5 × 10−7 s, the value of ω0τC is between 160 and
780, which can be considered to be in the ultraslow motion
regime. Now in case 1, SA and Q2/SA are predominant factors;
see Figure 7c. In case 2, however, Q2 and Q2/SA are the most
important for the most part, i.e., ν0(

17O) > 100 MHz, as seen
from Figure 7d. One general conclusion drawn from the data
shown in Figure 7 is that the resolution limit in 17O QCT NMR
can be greatly improved by utilizing ultrahigh magnetic fields
for case 2 but not so much for case 1.

5. CONCLUSIONS

We have observed the 17O NMR signal from [17O]nicotinamide
dissolved in glycerol over a large range of motion where the
molecular rotational correlation time changes more than 4
orders of magnitude. A simple “two-size” hydrodynamic model
was developed on the basis of the 13C T1 data measured for
nicotinamide between 278 and 388 K. This hydrodynamic
model was then used to interpret the 17O QCT NMR results
obtained at five magnetic fields ranging from 9.4 to 35.2 T. We
demonstrate that the Q2/SA cross-correlation term is an
important contributor to the total line width of the 17O QCT
signal for nicotinamide. Now we have a complete under-
standing of the four components of the quadrupolar relaxation
mechanism: Q, Q2, SA, and Q2/SA. We have also applied the
theoretical expressions developed in this study to some typical
cases encountered in 17O QCT NMR and discussed the
resolution limit achievable with QCT NMR spectroscopy for
slowly tumbling macromolecules. The results reported in this
study show that the advent of very high magnetic fields (e.g.,

35.2 T) brings significant benefits in both sensitivity and
resolution of 17O QCT NMR spectroscopy.
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