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ARTICLE INFO ABSTRACT

Handling Editor: Prof D Bryce Quadrupole central transition (QCT) NMR has recently been shown to be an effective way of obtaining high
spectral resolution for half-integer quadrupolar nuclei in slowly tumbling molecules in liquids. QCT NMR for
slowly tumbling molecules shares many common characteristics with conventional CT-based solid-state NMR for
half-integer quadrupolar nuclei. As a result, QCT NMR can be considered to be a cousin of solid-state NMR.
Experimental QCT NMR data reported so far in the literature strongly indicate that the optimal resolution
achievable in QCT NMR increases with the strength of the applied magnetic field (By). In this study, we showed
that, if the nuclear quadrupole interaction is the predominant relaxation mechanism, the minimal line width
(expressed in ppm) obtained in QCT NMR is proportional to By°>. In comparison, the corresponding field
dependence in CT-based solid-state NMR is only By2 We also demonstrated that the presence of shielding
anisotropy (SA) would significantly reduce the By 3 dependence in QCT NMR. We presented new o) (I=5/2)
QCT NMR results obtained at multiple magnetic fields up to 35.2 T and carefully examined a wide range of
previously reported QCT NMR data from the literature for Z7A1 (I =5/2), K (I = 3/2), ¥Sc I = 7/2), °Co (I =
7/2), "'Ga (I = 3/2), and ¥Rb (I = 3/2) nuclei. Our findings provide a general guideline for future QCT NMR

applications especially at ultrahigh magnetic fields.

1. Introduction

In recent years, there have been considerable interests in exploring
quadrupole-central-transition (QCT) NMR spectroscopy for half-integer
quadrupolar nuclei in slowly tumbling molecules in liquids [1-9]. This is
largely because half-integer quadrupolar nuclei are ubiquitous in the
Periodic Table but have been hard to study in solution especially for
slowly tumbling molecules such as large biological molecules. QCT NMR
utilizes the fact that, for half-integer quadrupolar nuclei (I > 1/2), only
the central transition (m; = +1/2 < —1/2) displays relatively long
transverse quadrupole relaxation times when the molecular tumbling
motion is slow (i.e., wo7.>1 where wy is the Larmor frequency of the
quadrupolar nucleus under study and 7, is the molecular rotational
correlation time) [10-16]. Thus, detection of relatively narrow QCT
signals offers an unique opportunity for studying quadrupolar nuclei in
slowly tumbling molecules. Since biological macromolecules are

naturally slow tumbling in aqueous solution under physiological con-
ditions, QCT NMR can potentially become an effective tool to reveal
information unobtainable by conventional spin-1,/2 based biomolecular
(H, 3¢, 5N, 3'p) NMR spectroscopy.

The general spectral features of QCT NMR signals in different
motional regimes have been extensively investigated in recent years. In
particular, Shen et al. [17] examined how the line width of a QCT NMR
signal can be influenced by different relaxation mechanisms including
the first- and second-order nuclear quadrupole interactions (Q¥ and
0®), magnetic shielding anisotropy (SA), and cross-correlation between
the SA and second-order quadrupole interactions (SA + Q®). They
showed that the line width generally displays a maximum at woz, = 1
and a minimum in the slow motion regime where wy7.>1. For a given
system, the minimal line width achievable in QCT NMR depends on the
interplay of all abovementioned relaxation mechanisms and the strength
of the applied magnetic field. In the literature, all QCT NMR data
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reported so far seem to strongly suggest that the spectral resolution of
QCT NMR signals increases with the applied magnetic field. However, a
systematic study on this aspect of QCT NMR has not been reported. The
objective of the present study is to investigate how the optimal spectral
resolution achievable in QCT NMR for half-integer quadrupolar nuclei
depends on the strength of the applied magnetic field (Bp). To this end,
we collected some new 70 (I = 5/2) QCT NMR data at multiple mag-
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netic fields from 11.7 T up to an ultrahigh magnetic field of 35.2 T. In
addition, we also carefully examined a wide range of previously re-
ported QCT NMR data from the literature. Examples include Z7A1 (I =
5/2), 3K (I = 3/2), *Sc (I = 7/2), %°Co (I = 7/2), "*Ga (I = 3/2), and
87Rb (I =3/2) QCT NMR data from a variety of chemical and biological
systems.

2. Theoretical background

In this section, we will present a brief theoretical background on the
optimal spectral resolution achievable in QCT NMR. Our main focus is to
examine how the line width of the QCT signal depends on the applied
magnetic field, By. For a half-integer quadrupolar nucleus with the nu-
clear spin quantum number of I, the transverse quadrupole relaxation
rate due to the first-order quadrupole interaction is known to take the
following form [18].

RS~ (aa)? U(w0) +J(2pn) @

where @y is the angular Larmor frequency of the nucleus under obser-
vation, and @q is known as the reduced angular nuclear quadrupole
frequency that is related to the quadrupole parameter (Py) in the
following fashion:
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In addition, the two quantities, a and f, are defined as
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The spectral density function, J(w), in Eq. (1) has the usual
definition:

J(w)
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It is important to note the absence of J(0) in Eq. (1) for RZ of QCT as
compared to the T, relaxation expressions for the satellite transitions
and from other nuclear spin interactions.

Previous studies [11,15,19] have shown that, in the slow-motion
regime (wo7.>1), the second-order quadrupole interaction becomes an
important relaxation mechanism and that its contribution to the trans-
verse relaxation (Rgz) can be written as:

e 149 (aaQ)T
Ry _63000{ wo J(0) ®)
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Analog of both the first-order R2 and the second-order RZ contri-
butions can also be found in the two-stage processes of spectral line
shape and T, relaxation due to molecular dynamics in solids [20,21].
Combining Egs. (1) and (6), the total line width of the QCT NMR signal
(expressed in ppm) is then determined by:

149 [(a@g)®]1?/ 1 .
31500{ oo } (E)J(O)}“O )

It can be readily shown that the line width expression given by Eq.
(7) reaches a maximum at
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It is also important to point out that, when the QCT signal reaches its
minimal line width in the slow motion regime wq7.>>1, the signal posi-
tion deviates from its true chemical shift position. Under this condition,
the signal position (in ppm) is determined by a combination of the
isotropic chemical shift (6;,) and the dynamic frequency shift (54):

0% = 8150 + 84 12)
where
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Interestingly, the above expression for §, is identical to the isotropic
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v

Fig. 1. Theoretical curve displaying the line width (in ppm) of the 170 NMR
signal over the entire range of motion. The calculation is based on Eq. (7) and
the following NMR parameters are used: I = 5/2, P, = 10 MHz, vy = 122 MHz
atBp = 21.1 T.
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value of the second-order quadrupole shift commonly referred to in
solid-state NMR [22]. In fact, the origin of the dynamic frequency shift is
indeed the isotropic part of the second-order quadrupole interaction.
Under the isotropic tumbling condition, the anisotropic part of the
second-order quadrupole interaction is averaged to zero.

Fig. 1 displays the general dependence of the QCT line width as a
function of wgz.. For fast motions where wy7,<1, the NMR signal is the
sum of all possible single-quantum transitions. This is the region of
conventional NMR. In the intermediate (w7, ~ 1) and slow (woz:> 1)
motions, however, only the QCT NMR signal can be observed in practice.
It is interesting to note that, on the basis of Egs. (9) and (11), the ratio
between minimum and maximum line widths is

(Avl /Z)QCT <A1/1 /2>QCT 1
Vo ) min Vo /) max ~10

Using typical values for 170 (I = 5/2, Pq = 10 MHz, vy = 122 MHz at
By = 21.1 T), this ratio is about 0.02. This means that the resolution
improvement in QCT NMR in this particular case is approximately 50-
fold. This estimate has been confirmed by experimental 170 NMR data
of neat glycerol [3]. It is also interesting to note that the ratio given in
Eq. (14) displays a weak dependence on the nuclear spin quantum
number I in the following fashion:

(5e). /) =)
Vo min Vo max Vo

where k = 0.521, 0.226, 0.152, 0.122, and 0.106 for I = 3/2, 5/2,7/2,
9/2, and 11/2, respectively. Clearly, Eq. (15) also shows an inverse

dependence on the applied magnetic field.
Now we turn our attention to the optimal spectral resolution
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obtainable in QCT NMR. As indicated by Eq. (11), (M) displays a
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Bj® dependence. This is an extraordinary result and was noted previ-
ously [6]. In comparison, the line width (in ppm) of the CT NMR signal
obtained with conventional solid-state NMR techniques such as magic
angle spinning (MAS) is proportional to By2 [22,23]. Thus, QCT NMR
should exhibit a higher intrinsic spectral resolution than conventional
CT-based solid-state NMR at ultrahigh magnetic fields. This was in fact
confirmed by 170 NMR results obtained for the [1704]oxalate—Al(IH)—0—
votransferrin complex at 21.1 T [2,24]. However, it is also important to
point out the difference between MAS-based NMR for solids and QCT
NMR for liquids for quadrupolar nuclei. The residual second-order
quadrupole line width in MAS spectra has the By? dependence, but is
independent of the SA. The SA is manifested by the presence of spinning
sidebands. In QCT NMR, in contrast, the line width is directly influenced
by the presence of SA (vide infra).

3. Experimental details

All chemicals were purchased from Sigma-Aldrich, unless otherwise
stated. Syntheses of [3,5,6—1703] -D-glucose, [5—170]—D—glucose, and
[’Olnicotinamide were described in previous studies [17,25]. [Rb
(C222)]Cl was prepared by dissolving RbCl and €222 in a 1:1 molar
ratio in glycerol. The ['7O]nicotinamide sample was prepared by dis-
solving 74 mg of [7Olnicotinamide in 0.567 g of neat glycerol. The
molecular structures of these compounds are shown in the Supporting
Information. All NMR data at 11.7, 14.1, and 16.4 T were obtained at
Queen’s University with standard 5 mm Bruker BBI probes for solution
NMR. The general approach to acquire QCT NMR signals is to apply an
excitation pulse that is shorter than the conventional 90° pulse by a
factor of (I + 2) [6]. Typically, relaxation delays on the order of 10-50
ms were used. NMR data at 21.1 T were collected at the National
Research Council Canada (Ottawa) with a Bruker PH BIOPE 5 mm H/X
solenoid probe. All NMR data at 28.2 and 35.2 T were acquired on a SCH
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Fig. 2. Variable-temperatures O NMR spectra of [3,5,6-1703]-D-glucose dissolved in glycerol at 21.1, 28.2, and 35.2 T. At each field, the signal with the optimal
spectral resolution (i.e., the smallest line width) is highlighted in red. The number of transients collected are 10240 (21.1 T), 8192 (28.2 T) and 2048 (35.2 T). A

recycle delay of 10 ms was used in all cases.
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magnet with a 3.2 mm HX MAS probe at the National High Magnetic
Field Laboratory (Tallahassee, Florida, USA) [26].

4. Results and discussion

Fig. 2 shows the 170 QCT NMR signals from [3,5,6-703]-D-glucose
dissolved in glycerol obtained at three magnetic fields, 21.1, 28.2, and
35.2 T. At each magnetic field, the spectral resolution of the 170 QCT
signals depends critically on sample temperature. While the optimal
spectral resolution occurs at the approximately the same temperature
(ca. 269-270 K) at the three magnetic fields, a strong field dependence is
clearly observed. The drastically improved spectral resolution seen at
the ultrahigh magnetic field of 35.2 T is due to a combination of two
factors. First, the minimal line width decreases with the applied mag-
netic field. For example, the smallest line width for the O5 signal is
approximately 14 ppm at 21.1 T, which decreases to 8 ppm at 28.2 T and
then reduces even further to 5 ppm at 35.2 T (vide infra). Second, the
chemical shift dispersion increases with the strength of the applied
magnetic field. Thus, the resolving power of QCT NMR is significantly
enhanced at high magnetic fields.

Fig. 3 shows another example of 170 QCT NMR signals as a function
of the applied magnetic field. Here only the 170 QCT NMR signals ob-
tained at the optimal resolution are shown for neat glycerol. Once again,
the spectral resolution is drastically improved from 16.4, to 21.1 and to
35.2 T. For example, at 16.4 T, the two 170 QCT NMR signals from the
two chemical functional groups of glycerol are severely overlapped,
whereas at 35.2 T they are completely resolved. Also as expected, the
positions of the 7O QCT signals are shifted towards higher chemical
shift values at higher magnetic fields, because of the presence of the so-
called dynamic frequency shift. We also observed that, for a given
sample, the condition for optimal QCT resolution is less sensitive to
sample temperature than the applied magnetic field. Another observa-
tion is that the overall sensitivity of the NMR experiment is also dras-
tically enhanced at high magnetic fields. In addition, as seen in Fig. 3,
the 170 QCT signals are shifted towards their true isotropic chemical
shift positions as the applied magnetic field increases. This is because the
dynamic frequency shift is inversely proportional to the square of the

35.2T

211 T

164T

80 40 O

-40 -80 -120 -160 -200
5('70)/ppm
Fig. 3. 70 QCT NMR signals of the optimal resolution for glycerol at 16.4,

21.1, and 35.2 T. All spectra were recorded at 243 K. The number of transients
collected is: 1,000,000 (16.4 T), 60,000 (21.1 T), and 20,000 (35.2 T).
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Fig. 4. Experimental 170 QCT NMR data obtained for neat glycerol, [5-70]-D-
glucose dissolved in glycerol, and ['”Olnicotinamide dissolved in glycerol
showing the minimal line width as a function of the applied magnetic field. The
slope of each straight line is given on the plot.

applied magnetic field, as predicted by Eq. (13).

Now we are ready to further quantify the field dependence of the
optimal resolution in QCT NMR experiments. Fig. 4 shows extensive 70
QCT data collected for three compounds: neat glycerol, [5-}70]-D-
glucose dissolved in glycerol, and ['”Olnicotinamide dissolved in glyc-
erol at multiple magnetic fields over a wide range (from 9.4 to 35.2 T).
We should point out that 70 QCT data for glycerol at 11.7 and 16.4 T
and [O]nicotinamide at 16.4 T are obtained in the present study
whereas all other 170 QCT NMR data shown in Fig. 4 are from the
literature [3,17,19]. We observe in Fig. 4 that, for glycerol, the minimal
line width data form a good straight line with a slope of —2.5, which is
close to the theoretical value of —3 as discussed earlier. For
[5—170]—D—g1ucose, however, the slope of the straight line is decreased to
—2.0, which is further reduced to —1.5 for [”Olnicotinamide. The
observed discrepancy among these three compounds can be readily
understood on the basis of the 170 SA values in these compounds. Shen
et al. [17] showed that the presence of SA would cause additional line
broadenings in QCT NMR signals through two relaxation mechanisms:
SA itself and SA + Q@ cross relaxation. As seen in Fig. 4, the reduced
field dependence of the optimal resolution in 70 QCT NMR is clearly
correlated with the 170 SA values in the three compounds: Pgs = 50 ppm
in neat glycerol [3], Psa = 200 ppm in [5-170]-D-glucose [19], and Pga
=500 ppm in [”O]nicotinamide [17]. Here the SA parameter is defined

as: Pgp = (azz 7w> \/1 + n%¢/3 where o6,y, 0y, and o, are the prin-

cipal components of the magnetic shielding tensor. However, it is also
important to point out that, despite of such a reduced field dependence
due to SA, the 170 QCT NMR data shown in Fig. 4 still suggest that a
higher magnetic field will result in a better spectral resolution. The
extrapolation of the data shown in Fig. 4 indicates that 170 QCT NMR
may enter the highly desirable sub-ppm territory at ultrahigh magnetic
fields above 70 T. Of course, this kind of ultrahigh magnetic field is not
currently available for NMR. However, we should note that, because
another parameter that determines the minimal line width of the 170
QCT NMR signal is the value of PQ(”O), it is still possible to achieve
sub-ppm resolution in 170 QCT for oxygen-containing functional groups
with relatively small PQ(UO) values. For example, Eq. (11) predicts that,
for PQ(17O) = 4 MHz such as the PO%’ group [27], the minimal line
width would be only 0.2 ppm at 21.1 T; see Fig. S2 in the Supporting
Information. In comparison, the values of PQ(17O) in neat glycerol,
[5-170]-D-glucose, and [V O]nicotinamide are all greater than 9 MHz.
To further broaden the scope of the present study, we examined all
previously reported QCT NMR studies in the literature where multiple
magnetic field data are available. In particular, in several pioneering
QCT NMR studies, Vogel and co-workers [16,28-32] reported 27A1 I=
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Fig. 5. Experimental line widths of QCT NMR signals as a function of the
applied magnetic field. All data were extracted from the literature as quoted in
the text. The slope of each straight line is given on the plot.

5/2), 1Ga(I= 3/2), Bse (1=7/2) QCT NMR data for various transferrin
(a 80 kDa protein) samples. More recently, Shen et al. [5] collected 5o
(I = 7/2) QCT NMR data for cyanocobalamin (vitamin Bj3) in glycer-
ol/water mixtures at 11.7, 14.6, 16.4, and 21.1 T. Peng and Wu reported
3K (1= 3/2) and ¥Rb (I = 3/2) QCT NMR results for KCl and Rb[C222]
Cl dissolved in glycerol at magnetic fields between 11.7 and 18.8 T [9].
It can be seen from Fig. 5 that most QCT NMR data follow closely the
expected Bg® dependence, except for °°Co. It is well known that SA
values are indeed rather small in metal ions such as AI**, Ga®* and Sc®*
and that the metal ion binding to transferrin is tight. In contrast, the >°Co
SA value in cyanocobalamin was determined to be very large, Psy =
1250 ppm [5], which is consistent with the value obtained from a
single-crystal >>Co NMR study of cyanocobalamin [33]. As a result, the
59Co QCT NMR data for cyanocobalamin shows a much weaker field
dependence.

Another factor that can introduce severe line broadenings for QCT
NMR signals is chemical exchange. As was shown by a recent 2*Na, 3K
and ¥Rb QCT NMR study [9], when alkali metal ions undergo fast ex-
change between free and bound states, the averaged QCT NMR signal
with the minimal line width is significantly broader than that predicted
by Eq. (11). However, despite of this complication due to chemical ex-
change, the reported QCT data still show better resolution at high
magnetic fields.

5. Conclusions

We have conducted a systematic study to examine the optimal
spectral resolution achievable in QCT NMR spectroscopy. We found that,
in the absence of SA and chemical exchange, the minimal QCT NMR line
width (expressed in ppm) displays a remarkable By field dependence.
This suggests that the greatest resolving power of QCT NMR can be
realized at ultrahigh magnetic fields. This conclusion is confirmed by
experimental QCT NMR data collected for a variety of quadrupolar
nuclei having I = 3/2, 5/2, and 7/2 in a wide range of chemical and
biological systems. We anticipate that most successful future QCT NMR
applications will likely be seen in studies of quadrupolar nuclei that have
relatively small SA values and do not undergo fast chemical exchange. It
is not difficult to imagine that, in the context of biological systems, best
candidates for future QCT NMR studies at ultrahigh magnetic fields may
include anions such as CI~ and cations such as Na*, K*, MgZ" and Zn?*.
Another advantage of QCT NMR is its simplicity. That is, it does not
require any specialized equipment and technique other than a strong
magnetic field. Coupled with the sensitivity gain at ultrahigh magnetic
fields, it is also possible to develop two-dimensional correlation spec-
troscopy utilizing QCT NMR signals for slowly tumbling biomolecules.
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