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High-resolution solid-state NMR �SSNMR� of paramagnetic systems has been largely unexplored
because of various technical difficulties due to large hyperfine shifts, which have limited the success
of previous studies through depressed sensitivity/resolution and lack of suitable assignment
methods. Our group recently introduced an approach using “very fast” magic angle spinning
�VFMAS� for SSNMR of paramagnetic systems, which opened an avenue toward routine analyses
of small paramagnetic systems by 13C and 1H SSNMR �Y. Ishii et al., J. Am. Chem. Soc. 125, 3438
�2003�; N. P. Wickramasinghe et al., ibid. 127, 5796 �2005��. In this review, we discuss our recent
progress in establishing this approach, which offers solutions to a series of problems associated with
large hyperfine shifts. First, we demonstrate that MAS at a spinning speed of 20 kHz or higher
greatly improves sensitivity and resolution in both 1H and 13C SSNMR for paramagnetic systems
such as Cu�II��DL-alanine�2 ·H2O �Cu�DL-Ala�2� and Mn�acac�3, for which the spectral dispersions
due to 1H hyperfine shifts reach 200 and 700 ppm, respectively. Then, we introduce polarization
transfer methods from 1H spins to 13C spins with high-power cross polarization and dipolar
insensitive nuclei enhanced by polarization transfer �INEPT� in order to attain further sensitivity
enhancement and to correlate 1H and 13C spins in two-dimensional �2D� SSNMR for the
paramagnetic systems. Comparison of 13C VFMAS SSNMR spectra with 13C solution NMR spectra
revealed superior sensitivity in SSNMR for Cu�DL-Ala�2, Cu�Gly�2, and V�acac�3. We discuss signal
assignment methods using one-dimensional �1D� 13C SSNMR 13C– 1H rotational echo double
resonance �REDOR� and dipolar INEPT methods and 2D 13C / 1H correlation SSNMR under
VFMAS, which yield reliable assignments of 1H and 13C resonances for Cu�Ala-Thr�. Based on the
excellent sensitivity/resolution and signal assignments attained in the VFMAS approach, we discuss
methods of elucidating multiple distance constraints in unlabeled paramagnetic systems by combing
simple measurements of 13C T1 values and anisotropic hyperfine shifts. Comparison of experimental
13C hyperfine shifts and ab initio calculated shifts for �- and �-forms of Cu�8-quinolinol�2

demonstrates that 13C hyperfine shifts are parameters exceptionally sensitive to small structural
difference between the two polymorphs. Finally, we discuss sensitivity enhancement with
paramagnetic ion doping in 13C SSNMR of nonparamagnetic proteins in microcrystals. Fast
recycling with exceptionally short recycle delays matched to short 1H T1 of �60 ms in the presence
of Cu�II� doping accelerated 1D 13C SSNMR for ubiquitin and lysozyme by a factor of 7.3–8.4
under fast MAS at a spinning speed of 40 kHz. It is likely that the VFMAS approach and use of
paramagnetic interactions are applicable to a variety of paramagnetic systems and nonparamagnetic
biomolecules. © 2008 American Institute of Physics. �DOI: 10.1063/1.2833574�

I. INTRODUCTION

More than one-third of the elements in the Periodic
Table exhibit paramagnetism. In nature, paramagnetic metal
ions are essential as reaction centers in metalloenzymes.1,2

Organometallics or metal coordination complexes containing
paramagnetic ions play indispensable roles in modern mate-
rials science3 and synthetic chemistry4 in solid forms. A va-
riety of paramagnetic organic complexes have been devel-
oped as bioactive compounds including anticancer and

antitumor drugs,5 which are often administered as solid sub-
stances. Their morphologies and structures in solids substan-
tially differentiate stability and bioavailability of these
drugs.6,7 In contrast, development of novel paramagnetic
complexes has been often hindered by lack of efficient char-
acterization methods, in particular, for noncrystalline solids.

High-resolution solid-state NMR �SSNMR� using magic
angle spinning �MAS� is a powerful technique for character-
ization and structural analysis of diamagnetic systems in sol-
ids, including noncrystalline organic materials and
biomolecules.8–10 13C and 1H SSNMR have been the most
widely used methods for diamagnetic organic solid
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materials.8,10,11 In contrast, for paramagnetic systems, large
spectral dispersion due to hyperfine shifts traditionally im-
posed severe technical difficulties in high-resolution 13C and
1H SSNMR studies.12 Although SSNMR of 31P, 7Li / 6Li, and
other abundant spins has been shown to be effective for
analysis of paramagnetic inorganic systems,13 these options
are often not available for a variety of paramagnetic com-
plexes. For paramagnetic systems, various techniques devel-
oped for diamagnetic systems have failed because of the
large shift dispersion due to hyperfine shifts. For example,
insufficient 1H or 1H– 1H rf decoupling for paramagnetic
systems typically caused severe loss of resolution in 1H and
13C SSNMR spectra because large spectral bandwidths in
paramagnetic systems are not effectively excited by limited
rf fields that have been available at traditional SSNMR
probes. Also, large hyperfine shifts mask the diamagnetic
shifts that are characteristic of chemical groups, making sig-
nal assignment difficult without isotope labeled samples.14,15

Despite previous novel attempts on the challenging
systems,14–18 it has been difficult to establish SSNMR meth-
odologies applicable to a broad range of paramagnetic sys-
tems. Our group recently introduced a simple and effective
approach for SSNMR of paramagnetic systems using fast
MAS at a spinning speed of 20 kHz or more, which we call
very-fast MAS �VFMAS� approach.19,20 This approach has
substantially simplified SSNMR spectroscopy of paramag-
netic systems by eliminating strong anisotropic interactions
such as 1H– 13C and 1H– 1H dipolar couplings and 1H and
13C pseudocontact shifts by VFMAS without rf pulses. In a
framework of the VFMAS approach, our group and others
have established methods for signal assignments, sensitivity
enhancement, and structural elucidation for routine applica-
tions of 13C and 1H SSNMR analysis on unlabeled paramag-
netic materials.19–26 Potential targets of the applications in-
clude a wide variety of paramagnetic systems such as
drugs,27 catalysts,22 coordination polymers,23 hemes,26,28

nanocomposites,29 and nanoparticles.30 These SSNMR stud-
ies on small paramagnetic systems also stimulated recent
progress in SSNMR of paramagnetic biomolecules.31–34 Ap-
plications of SSNMR using paramagnetic interactions for na-
tively nonparamagnetic biomolecules are also gaining
momentum.33,35,36

In this review, we will provide an overview of our recent
progress of the VFMAS approach on small paramagnetic
systems for sensitivity enhancement, signal assignment, and
structural elucidations. We will also discuss an approach for
sensitivity enhancements in 13C cross polarization MAS
�CPMAS� of hydrated proteins in microcrystals by 1H T1

reduction with paramagnetic ion doping and fast signal ac-
quisition.

II. 1H SSNMR FOR PARAMAGNETIC SYSTEMS

A. Spinning-speed dependence and sensitivity
of 1H MAS NMR

In Fig. 1, we show 1H MAS SSNMR spectra of unla-
beled Cu�II��DL-Ala�2 ·H2O ��a�–�c�� and Mn�III��acac�3

��d�–�f�� at different spinning speeds. At 5 kHz MAS, in
Figs. 1�c� and 1�f�, no signals are identified for these systems

because of line broadening due to large 1H– 1H couplings
and 1H anisotropic hyperfine shifts. Clearly, very limited res-
olution and sensitivity are obtained by the conventional
MAS. In contrast, as shown in Figs. 1�a� and 1�d�, VFMAS
dramatically improves the sensitivity and resolution for both
systems. Excellent sensitivity and resolution are displayed
for Cu�DL-Ala�2 at 24 kHz in Fig. 1�a�. The results demon-
strate that VFMAS efficiently removes broadening due to
1H– 1H dipolar couplings and 1H hyperfine shifts.20 Al-
though only weak signals for NH2 are observed at −144 and
−178 ppm, this is because the NH2 protons are directly co-
ordinated to Cu�II� and subject to significant anisotropic hy-
perfine shifts.14 As discussed previously, the assignments can
be obtained by separate two-dimensional �2D� 13C / 1H
chemical-shift correlation NMR under VFMAS,25 except for
NH2, for which the assignment was adopted from the previ-
ous 2D NMR study.14 For Mn�acac�3, the spectrum in Fig.
1�d� shows numerous sidebands remaining even under VF-
MAS at 27.8 kHz. However, the center peaks are well re-
solved, as shown in the inset. A large number of sidebands
arise from anisotropic hyperfine shifts. The anisotropies in
the hyperfine shifts are primarily attributed to pseudocontact
shifts �also called dipolar shifts�, which are proportional to
�S+1�S /RIS

3, where S is an electron spin number, and RIS is
the distance between the nuclear spin I and the electron spin
S at the paramagnetic metal center.12,17 Because S for
Mn�III� is 2 �cf. S= 1

2 for Cu�II��, it is reasonable that more
sidebands were observed for Mn�acac�3. The linewidths in
�a� and �d� are comparable to those for diamagnetic systems.
The large spectral dispersion of 1H chemical shifts provides
excellent resolution, which allows for the characterization of
paramagnetic systems by one-dimensional �1D� 1H SSNMR.

B. Sensitivity of 1H SSNMR under VFMAS

The surprising feature of 1H SSNMR for paramagnetic
systems under VFMAS is its high sensitivity.20 For example,
the 1H spectra in Figs. 1�a� and 1�d� were obtained for
�15 mg of the samples in total experimental times of only
18 and 12 ms, respectively. We recently used the high sensi-
tivity for characterizing paramagnetic systems at as low as

FIG. 1. 1H MAS spectra of Cu�DL-Ala�2 ·H2O ��a�–�c�� and Mn�acac�3

��d�–�f�� at spinning speeds of �a� 24, ��b� and �e�� 10, ��c� and �f�� 5, and �d�
27.8 kHz obtained at 1H frequency of 400.2 MHz with one-pulse excitation
and a rotor-synchronous echo with four scans for each spectrum. The two
insets in �a� and �d� are the expanded regions of NH2 signals in �a� and
centerline position in �d�. The sample amount was 17 and 14 mg for
Cu�DL-Ala�2 and Mn�acac�3, respectively. The assignment was based on
separate 2D 13C / 1H correlation NMR experiments and Ref. 14. Total ex-
perimental times were only 18 ms ��a�–�c�� and 12 ms ��d�–�f��. The spectra
in �b�, �c�, and �f� are vertically expanded as indicated.
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20 nmol �� several �g� by 1H SSNMR within experimental
times of 2–10 min.20 By contrast, there has been a popular
conception that the sensitivity of SSNMR for paramagnetic
systems is significantly lower than that for diamagnetic sys-
tems because of paramagnetic broadening. Here, we briefly
outline how this conception is not necessarily true after the
introduction of the VFMAS approach. Sensitivity of Fourier
transform NMR with a matched window function is gener-
ally given by37

� = �s�t�2�1/2�tmax/T�1/2/�N, �1�

where s�t� is an envelope function of a free induction decay
�FID�, tmax is an acquisition period of a FID, T is a recycle
time or an interval between two scans, the factor �s2� is the
average signal power, and �N denotes the root-mean-squared
�rms� noise amplitude in a unit bandwidth. For simplicity, we
assume that s�t� is given by an exponential decay, as s�t�
=exp�−t /T2�. When tmax is matched to T2, as tmax=cT2 for a
given constant c, �s2� is independent of T2. Thus, the sensi-
tivity, �, depends only on the receiver duty factor, �tmax /T�.
In SSNMR experiments, T is usually adjusted to kT1

�k�3� and, hence, tmax /T= �c /k�T2 /T1. In this case,

� = ��1 − exp�− 2c�	/2�1/2�T2/kT1�1/2/�N. �2�

For 1H SSNMR of diamagnetic systems, T2 /T1 is only about
0.03%–0.1% �T2�0.3 ms and T1�0.3–1 s�. On the other
hand, for small paramagnetic systems under VFMAS, T2 /T1

is as large as 5%–30% �T2�0.1–0.3 ms and T1�1–2 ms�
because of enhanced resolution by VFMAS and short 1H T1

values. Hence, when sidebands are sufficiently suppressed by
VFMAS and reasonable resolution is obtained, the theoreti-
cal sensitivity of 1H SSNMR for paramagnetic systems can
be 10–30-fold greater than that for diamagnetic systems with
our VFMAS approach.20 As will be discussed below, the
sensitivity enhancement by fast recycling under VFMAS is
also highly effective for 13C SSNMR of paramagnetic sys-
tems.

III. 13C SSNMR OF PARAMAGNETIC SYSTEMS
UNDER VFMAS

A. Spinning-speed dependence of 13C MAS spectra

Figures 2�a�–2�c� show the spinning-speed ��R /2�� de-
pendence of 13C MAS SSNMR spectra of unlabeled
Cu�DL-Ala�2 obtained with high-power continuous wave
�cw� 1H rf decoupling �100 kHz�. In Fig. 2�a�, at �R /2�
=5 kHz, only one signal assigned to the CH3 group is visible
around 200 ppm, reflecting the fact that this 13CH3 has a
relatively small anisotropic hyperfine shift. Signals for
13CO2

− and 13CH are within the noise level because of the
signal splitting into many sidebands and the line broadening.
On the other hand, Fig. 2�c� obtained at �R /2�=24 kHz
clearly displays three peaks for the CH3 �172 ppm�, CO
�−191 ppm�, and CH �−276 ppm� groups in Cu�DL-Ala�2

with improved resolution and sensitivity. Figure 2�d� shows
the 13C VFMAS spectrum at �R /2�=24 kHz without 1H rf
decoupling. The resolution in �d� is superior to that in �c�, in
particular, for the CH signal. This suggests that VFMAS ef-
ficiently removes 1H– 13C dipolar couplings regardless of

large 1H resonance offsets and anisotropic shifts for para-
magnetic interactions, while 1H rf decoupling is more sensi-
tive to these interactions. For systems with larger anisotropic
shifts or spectral dispersions in 1H shifts, the effects are more
significant. Figures 3�a� and 3�b� show 13C MAS spectra of
Mn�acac�3 at �a� �R /2�=10 kHz and �b� 26.3 kHz under
high-power 1H cw rf decoupling �100 kHz�. Both spectra
show limited resolution. In contrast, the 13C VFMAS spec-
trum of Mn�acac�3 obtained at 26.3 kHz without 1H rf de-
coupling �Fig. 3�c�� shows notable resolution enhancement.
This clearly demonstrates the effectiveness of our VFMAS
approach for paramagnetic systems having extremely large
hyperfine shifts.

B. Sensitivity enhancement by polarization transfer

Cross polarization38 �CP� has been one of the indispens-
able techniques in 13C SSNMR. However, large shift disper-
sion due to hyperfine shifts has made this technique ineffec-
tive for many paramagnetic systems. In a few successful
cases, including the initial high-resolution 13C SSNMR for
paramagnetic systems by Chack et al.,39 signals within a lim-
ited bandwidth ��200 ppm� were observed at a lower field
�1H frequency �200 MHz�.39,40 For systems having larger
shift dispersion, CP transfer efficiency is suppressed because
large resonance offsets cause deviations from the Hartmann–
Hahn condition with the limited rf intensities that are avail-
able in conventional MAS probes. We recently demonstrated
that further sensitivity enhancement in 13C SSNMR spectra
for paramagnetic systems can be obtained using polarization
transfer from 1H spins with the strong rf fields available in

FIG. 2. 13C MAS spectra of Cu�DL-Ala�2 · �H2O� obtained at 13C NMR
frequency of 100.6 MHz with ��a�–�d�� a single � /2-pulse excitation, �e�
adiabatic CP, and �f� dipolar INEPT. The spectra in �a�–�c� were acquired at
spinning speeds of �a� 5, �b� 10, and �c� 24 kHz under high-power 1H cw rf
decoupling �100 kHz� with a recycle delay of 0.1 s. The spectra in �d�, �e�,
and �f� were acquired without 1H rf decoupling and with a recycle delay of
100, 50, and 3.5 ms, respectively. For each spectrum, a total experimental
time was 1 min with ��a�–�d�� 614, �e� 1200, or �f� 13 556 scans. A rotor-
synchronous echo ��R-�-�R� was used prior to a signal acquisition. In �f�, the
dipolar INEPT pulse sequence �Ref. 25� was used with �=27 �s. The spec-
tra in �e� and �f� are scaled so that all the spectra display a common noise
level in the figure. The recycle delays for �a�–�d� and �f� were matched to
three times of 13C and 1H T1, respectively. The recycle time in �e� was
restricted by a rf duty factor �1%� to prevent a probe arcing. The 13C pulse
widths for � /2 and �-pulses were 2.5 and 5.0 �s, respectively. In the CP
experiment, the 13C rf field was swept from 107.5 to 124.5 kHz during a
contact time of 0.5 ms, while the 1H RF field was kept constant at 92 kHz.
The spinning sidebands are indicated by * in the spectra. The sample
amount was 15 mg.
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VFMAS probes.19 Figure 2�e� shows the 13C CP-VFMAS
spectrum of Cu�DL-Ala�2 obtained with high-power ramped
CP. Because of short 1H T1 values, it is possible to acquire a
greater number of scans within a given experimental time.
Clearly, the sensitivity was significantly enhanced in
Fig. 2�e�, compared with �d�. The sensitivity enhancement
factors in Fig. 2�e� are 2.2–3.6 and 1.2, compared with the
spectrum in Fig. 2�d� for protonated and nonprotonated 13C
signals, respectively. More recently, our group and others
introduced dipolar insensitive nuclei enhanced by polariza-
tion transfer �INEPT� sequence41 for paramagnetic systems,
which permits us to further reduce recycle times by polariza-
tion transfer using only short rf pulses.22,25 As a result, as
shown in Fig. 2�f�, further sensitivity enhancement is pos-
sible. Compared with the spectrum in Fig. 2�b� under mod-
erate MAS at 10 kHz, which was utilized in previous 13C
SSNMR studies for paramagnetic systems,14 the enhance-
ment factors are 6.0, 4.4, and 8.2 for 13CH3, 13CO2

−, and
13CH3, respectively. Thus, the excellent sensitivity and reso-
lution in Fig. 2�f� were obtained in only 1 min, despite the
relatively small sample amount ��15 mg�, which can be ac-
commodated in the VFMAS probe. The sensitivity in
Fig. 2�f� is superior or comparable to that of the 13C CPMAS
spectrum of equimolar amount of L-Ala �11.2 mg�.25 We will
discuss signal assignment of the spectrum in a later section.

We also demonstrated the possibility of sensitivity en-
hancement by polarization transfer under VFMAS for
samples possessing extremely large hyperfine shifts such as
Mn�acac�3.25 Figure 3�d� shows a 1D 13C VFMAS spectrum
of Mn�acac�3 obtained by a rapid repetition of the dipolar
INEPT sequence �1.5 ms/scan� in a common experimental
time with �a�–�c� �10 min�. The spectrum was obtained by
setting �=9 �s �0.237�R�, which provides favorable polar-
ization transfer for both 13CH and 13CH3 groups by dipolar
INEPT �see Ref. 25 about the pulse sequence and the defi-
nition of ��, where �R denotes a rotor cycle. The resulting
spectrum displays strong signals only for protonated 13C be-
cause of the short effective transfer period. Clearly, a rela-
tively complicated spectrum in Fig. 3�c� is simplified in �d�

because of the semiselective enhancement for protonated 13C
signals. The signal assignment in Fig. 3�d� was obtained by a
separate 13C– 1H rotational echo double resonance �REDOR�
experiment.19 The sensitivity enhancement factors in this ap-
proach for protonated 13C are up to 2.8 and 20, compared
with the spectra in �c� ��R /2�=26.3 kHz� and in �a�
��R /2�=10 kHz�, respectively.

C. Comparison of 13C VFMAS spectra with 13C
solution NMR spectra

It has long been a problem for synthetic chemists and
materials scientists that solution NMR analysis of paramag-
netic systems is often subject to severe paramagnetic broad-
ening because of long electron spin relaxation times in iso-
lated paramagnetic molecules in solution.42 Particularly, 13C
NMR is often problematic because of its low sensitivity.
Since excellent sensitivity was demonstrated above for para-
magnetic systems, we compared the sensitivity of 13C SS-
NMR with that of 13C solution NMR in order to test the
possibility of utilizing 13C SSNMR as a practical analytical
tool.

Figure 4 shows 13C NMR spectra of ��a� and �d��
Cu�DL-Ala�2, ��b� and �e�� Cu�glycine�2, and ��c� and �f��
V�acac�3 in solids under VFMAS ��a�–�d�� and in solution
��d�–�f��. For comparison and simplicity, both solid and so-
lution NMR spectra were obtained with single pulse excita-
tion in a common field strength �9.4 T� and with comparable
experimental conditions. Although longer experimental times
��d� 3 h and �e� 1 h� were used to compensate for the smaller
sample amount in the saturated solutions used for �d� and �e�,
no signals were identified for either case; we also confirmed
that no signals were visible with recycle delays of 0.1, 1, and
3 s in an experimental time of 30 min. The low sensitivity
for these solution samples of Cu�DL-Ala�2 and Cu�Gly�2 may
be attributed to electron spin relaxation, which is much
slower in solution, and to extreme paramagnetic broadening
induced by the slow relaxation.14

By contrast, SSNMR spectra in Figs. 4�a� and 4�b�

FIG. 3. 13C MAS spectra of Mn�acac�3 obtained at 13C NMR frequency of 100.6 MHz with ��a�–�c�� a single � /2-pulse excitation and �d� dipolar INEPT. The
spectra in �a� and �b� were acquired at spinning speeds of �a� 10 and �b� 26.3 kHz under high-power 1H cw rf decoupling �100 kHz� with a recycle delay of
45 ms. The spectra in �c� and �d� were acquired at 26.3 kHz without 1H rf decoupling and with recycle delays of 15 and 1.5 ms, respectively. For each
spectrum, a total experimental time was 10 min with ��a� and �b�� 13 110, �c� 39 940, or �d� 364 540 scans. A rotor-synchronous echo ��R-�-�R� was used prior
to a signal acquisition. In �d�, the dipolar INEPT pulse sequence �Ref. 25� was used with �=9 �s. The spinning speed for �c� and �d� was 26.3 kHz. The
spectra in �c� and �d� are scaled so that all the spectra display a common noise level in the figure. The recycle delays for �c� and �d� were matched to three
times of 13C and 1H T1, respectively. The recycle times in �a� and �b� were restricted by a rf duty factor �1%� to prevent a probe arcing. The 13C and
1H� /2-pulse widths were 1.7 �s. The spinning sidebands are indicated by * in the spectra. The sample amount was 14 mg.
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clearly show excellent sensitivity and resolution after only
�a� 2 and �b� 9 min of signal acquisition. Even in the case of
a highly soluble complex, V�acac�3, the sensitivity in 13C
SSNMR in �c� is still superior to that in the corresponding
solution NMR spectrum in �f� even without polarization
transfer. The 13C solution NMR of V�acac�3 in �f� exhibited
peak positions �1110, 40, and −180 ppm� similar to those in
SSNMR in �c�. This result suggests that the electronic struc-
ture of V�acac�3 may be similar in solution and in the solid.
It is noteworthy that multiple signals assigned to the same
chemical groups in �c� suggest the reduced symmetry in
solids,19 which is consistent with a recent high-resolution
x-ray crystallography study.43 The signal assignments in the
SSNMR spectra in Figs. 4�a�–4�c� were made based on our
recent work, 13C– 1H REDOR19 and/or the dipolar INEPT
method.25 These results suggest that 13C VFMAS SSNMR
offers effective means for analyzing relatively small para-
magnetic complexes for which 13C solution NMR spectra are
difficult to observe or analyze.

D. Assignment and connectivity by recoupling
and 2D 13C/ 1H and 13C/ 13C correlation methods

2D 13C / 1H correlation NMR has been widely used for
spectral assignments and structural analysis of interesting

materials such as polymers and biomolecules.10,37 This
method is particularly useful when SSNMR characterization
is carried out for unlabeled samples, although applicability of
this method to paramagnetic systems was not established be-
cause of difficulties in polarization transfer and 1H and
1H– 1H rf decoupling until our recent introduction of the
VFMAS approach.19 With the broadband polarization trans-
fer methods and 1H– 1H decoupling by VFMAS,20 we can
routinely apply 2D 13C / 1H correlation SSNMR for paramag-
netic systems, which provides assignments and connectivity
of chemical groups.19

Figure 5 shows the 2D 13C / 1H chemical-shift correlation
spectra of Cu�Ala-Thr� obtained with �c� dipolar INEPT
transfer and �d� adiabatic CP transfer, together with 1D 13C
spectra obtained using �a� 13C– 1H REDOR �Ref. 19� and �b�
dipolar INEPT �Ref. 25� pulse sequences. The spectrum in
Fig. 5�c� was acquired with the dipolar INEPT transfer using
a short � of 4.0 �s ��R /2�=25.0 kHz�, which limits the ef-
fective polarization transfer time to a relatively short period;
thus, strong signals should be assigned to protonated 13C.26

The excellent resolution in �c� was obtained after 6 h of sig-
nal acquisition for this moderately complex unlabeled
sample. The signal assignments indicated in Fig. 5�a� were
performed on the basis of comparison of the signal intensi-
ties of the 1D dipolar INEPT spectra obtained with �=4 and
�=13 �s �b� and 13C– 1H REDOR experiments �a�.19,25 Our
group and others have previously shown that 1D 13C– 1H
REDOR �Ref. 19� and 1D dipolar INEPT �Refs. 22 and 25�
methods can be used in combination with numerical simula-
tions to identify chemical groups for paramagnetic systems.
For example, in �a�, it is clear that 13CH, 13CH3, and non-
protonated 13C signal intensities are distinctively dephased
by the 13C– 1H REDOR sequence to �13%, �60%, and
�90%, respectively.26 This is consistent with our numerical
simulations and experiments for model compounds.19,25 In
the dipolar INEPT experiment in �b�, nonprotonated 13C
show only minimum signals at �=4 �s while CH and CH3

signals are observed. As predicted by simulations, when �
was increased to 18 �s, the CH signal decreased slightly and
CH3 signal increased considerably.25 Thus, these methods
allow us to distinguish different chemical groups for assign-
ments. If needed, these methods can be combined in 2D
13C / 1H correlation experiments, offering excellent means of
signal assignments for relatively complicated paramagnetic
systems.

Next, we examined the connectivities of the chemical
groups for signal assignments. The spectrum in Fig. 5�d� was
obtained with high-power adiabatic CP transfer of a contact
time of 0.3 ms. Interestingly, long-range cross peaks between
13C and 1H separated by more than one bond are visible
�green circles�. Tracing the long-range cross peaks allows us
to identify the connectivity of chemical groups for the unla-
beled metal-peptide complex, as indicated by a blue solid
line �Thr� and a red dotted line �Ala�. Except for 13CO2

− in
Thr, all the chemical groups including the OH group in Thr
are correlated through the long-range cross peaks between
1H and 13C separated by two bonds.26 Because many organic
compounds including peptides often consist of the same set

FIG. 4. Comparison of �a�–�c� 13C solid-state NMR �SSNMR� and �d�–�f�
13C solution NMR for ��a� and �d�� Cu�DL-Ala�2, ��b� and �e�� Cu�Gly�2,
and ��c� and �f�� V�acac�3. SSNMR spectra were obtained with single pulse
excitation under VFMAS at �a� 24.0, �b� 23.8, and �c� 27.5 kHz. The sample
amount was �a� 15, �b� 22, and �c� 13.5 mg. The total experimental time was
�a� 1.7 min �1024 scans�, �b� 8.5 min �5120 scans�, and �c� 8.5 min �5120
scans�. Solution NMR spectra were obtained by single � /2-pulse excitation
with 1H wideband alternating-phase low-power technique for zero-residual-
splitting �WALTZ-64� decoupling, as described in Sec. VII. The sample of
�d� 3.8, �e� 2.6, and �f� 13 mg was dissolved into 0.7 ml of ��d� and �e�� D2O
or �f� deuterated dimethyl sulfoxide �DMSO� in a standard 5 mm NMR
tube. The saturated solutions were used for �d� and �e�. The experimental
times were �d� 3 h �102 400 scans�, �e� 1 h �34 000 scans�, and �f� 8 min
�4096 scans�. The total experimental time for solution-state NMR was ad-
justed so the sensitivity can be compared with that of SSNMR based on
signal intensity. The signals indicated by # in �f� are solvent signals. For �d�
and �e�, we confirmed that no signals were visible with recycle delays of 0.1,
1, and 3 s within an experimental time of 30 min.
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of chemical groups, this assignment approach based on long-
range couplings provides a useful means for identifying the
connectivity of chemical groups in 2D 13C / 1H correlation
SSNMR for unlabeled paramagnetic systems. As will be dis-
cussed below, the obtained assignments can be used as a
basis for structural measurements with 13C T1 and 13C aniso-
tropic hyperfine shifts.

The resolution obtained here is encouraging, suggesting
that signals for larger peptides/proteins selectively 13C la-
beled at several sites around the metal center are likely to be
well resolved in 2D 13C / 1H chemical-shift correlation SS-
NMR with VFMAS. With the natural abundance of 13C at
only 1% yielding the excellent sensitivity in Fig. 5 for the
Cu-dipeptide complex, we can expect sufficient sensitivity in
2D 13C / 1H correlation SSNMR for 13C-labeled peptide-
metal complexes as large as 100 residues after 10 h of signal
accumulation, assuming similar spin parameters. For appli-
cations to such 13C-labeled samples, we also performed a
preliminary 2D 13C / 13C chemical-shift correlation SSNMR
experiment for uniformly 13C- and 15N-labeled Cu�DL-Ala�2,
as shown in Fig. 6. For 10 mg of the sample, a nicely re-
solved 2D 13C / 13C correlation spectrum in Fig. 6 was ob-
tained in only 3 s by the usage of short recycle delays of
3 ms. Clearly, the connectivity of the carbon backbones is
identified in Fig. 6. Based on the obtained sensitivity, similar
sensitivity is expected for a 100-residue 13C-labeled
protein-Cu complex sample of 10 mg within 8.3 h.

FIG. 5. �Color online� ��a� and �b�� 1D 13C MAS spectra obtained using �a� 13C– 1H REDOR experiment �Ref. 19�, and �b� dipolar INEPT transfer �Ref. 25�
for 16 mg of Cu�Ala-Thr� · 1

2H2O. ��c� and �d�� 2D 13C / 1H correlation NMR spectrum obtained with �c� dipolar INEPT transfer with �=4 �s, and �d� adiabatic
CP transfer for the same sample. All the data were collected at –10 °C without 1H rf decoupling at a spinning speed of 25 kHz. The total experimental times
were �a� 1.2 h, �b� 5.6 min, �c� 6.1 h, and �d� 35 h. The widths of 1H � /2-pulse and 13C �-pulse were 1.75 and 3.50 �s, respectively. In �c�, a total of 50 t1

complex points were recorded with a t1 increment of 20 �s, recycle delays of 3 ms, and 32 768 scans for the real/imaginary component of each t1 point. In
�d�, 13C rf field amplitude was linearly swept from 72 to 78 kHz with an adiabatic amplitude sweep during a contact time of 0.3 ms, while 1H rf field was kept
at 100 kHz. A total of 100 t1 complex points were recorded with a t1 increment of 10 �s, recycle delays of 50 ms, and 11 776 scans for the real/imaginary
component of each t1 point. The spinning sidebands are denoted by *. The signal assignments in �c� were obtained from the experiments in �a� and �b�. In �d�,
the connectivity-based assignments were presented by color-coded lines for Ala �red dotted line� and Thr �blue solid line�. In �d�, green circles denote cross
peaks between 13C– 1H pairs that are not directly bonded.

FIG. 6. �Color online� A 2D 13C / 13C chemical-shift correlation NMR spec-
trum of uniformly 13C- and 15N-labeled Cu�DL-Ala�2 �10 mg�. The spec-
trum was acquired at a spinning speed of 40 kHz with 1H– 13C polarization
transfer by dipolar INEPT method at –5 °C. 13C– 13C dipolar mixing was
performed by the radio-frequency-driven dipolar recoupling �RFDR� se-
quence with a train of 4 �s 13C � pulses rotor synchronously applied with
one pulse in every rotor cycle during a mixing period of 1.6 ms without 1H
decoupling. With short recycle delays of 3 ms, the spectrum was collected in
a total experimental time of only 3 s. 13C– 13C polarization transfer during
the RFDR mixing was found to be more efficient without 1H decoupling in
the fast MAS condition, compared with the data obtained under 200 or
100 kHz 1H rf decoupling.
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IV. STRUCTURAL INFORMATION
FROM PARAMAGNETIC SYSTEMS

We recently demonstrated that the VFMAS approach al-
lows for elucidation of structural information on paramag-
netic systems.25,26 Both the relaxation times and the aniso-
tropic hyperfine �pseudocontact� shifts contain information
on the distance between 13C spins and paramagnetic metal
ions. We demonstrate that by combining measurements of
13C T1 values and 13C anisotropic hyperfine shifts, multiple
distance constraints in a paramagnetic system can be eluci-
dated for an unlabeled sample, for which structural charac-
terization by SSNMR is generally difficult even for diamag-
netic systems. In addition, we show that hyperfine shifts are
exceptionally sensitive probes of molecular structures for
paramagnetic systems. Using this property, we demonstrate
applications of the VFMAS approach for distinctions of
polymorphs or different supramolecular structures for para-
magnetic systems.

A. Metal-13C distance from 13C T1 values

Longitudinal relaxation times of SSNMR signals due to
paramagnetic relaxation �T1p� are known to be inversely pro-
portional to R6, where R is the distance between nucleus of
our interest I �e.g., 13C� and a metal center M if we assume
that electron spin S is localized at the metal center.2 In the
analysis of 1H T1 values, 1H– 1H spin diffusion typically
complicates the analysis; hence, in this study we limit our
focus to dilute nuclei such as 13C and 15N. Although the R
dependence of T1p has been a well established relationship,12

because of difficulties in assignments, only a few applica-
tions of this technique have been performed to selectively
13C- and 2D-labeled systems.16

With the reliable signal assignment methods discussed
above, we recently revisited this problem for broader appli-
cations to unlabeled paramagnetic systems. In paramagnetic
solids, T1p of 13C and other spin-1 /2 nuclei is dominated by
relaxation due to dipolar spin interactions between the elec-
tron spin in the paramagnetic metal ion, S, and an observed
nucleus, I �Solomon relaxation�.44 The orientation-averaged
relaxation time for the nuclear spin I in rigid solids is given
by44,45

1/T1p = �2/15��dIS�2S�S + 1�
 �S

1 + ��I − �S�2�S
2

+
3�S

1 + �I
2�S

2 +
6�S

1 + ��I + �S�2�S
2� , �3�

with

dIS = �0	
I
S/�4�R3� , �4�

where dIS is the dipolar coupling constant between I and S,
and �S is a correlation time of the electron spin state, SZ�t�,
�I is the NMR frequency of the spin I, �S is the electron
paramagnetic resonance �EPR� frequency for the spin S, �0

is the magnetic permeability, 	 is the Planck constant, and 
K

is a magnetogyric ratio for spin K �K= I or S�. This equation
is valid when an isotropic g-tensor can be assumed for the S
spin. When ��S�S�2�1, which means that the EPR frequency

�S is, as is usually the case, greater than the EPR linewidth
��1 /�S�,44 the relaxation is introduced by the dipolar term in
the form of SZI�.44,46 This interaction causes transitions only
between nuclear spin states in the Solomon relaxation
mechanism. Then, Eq. �3� is reduced to

1/T1p = �2/5��dIS�2S�S + 1�
�S

1 + �I
2�S

2 . �5�

We assume that only one paramagnetic center exists in a
complex and that the paramagnetic relaxation within the
complex is a dominant relaxation mechanism. Since �S can
be considered as a constant for a given paramagnetic center,
it is possible to determine relative distances �Ri /Rj�, using
the relationship �Ri /Rj�= �T1p

i /T1p
j�1/6, where Rk denotes a

distance between the paramagnetic metal and the kth I spin
in the complex, Ik, and T1p

k is T1p value for the spin Ik.
To examine the validity of this approach, we measured

13C T1 for Cu�DL-Ala�2 and Mn�acac�3 with known x-ray
structures.47,48 Table I shows 13C T1 values obtained by the
inversion recovery method for Cu�DL-Ala�2 and Mn�acac�3.
In Table I, the relative distances estimated from the T1 val-
ues, �R /RCO�T1, are compared with corresponding distances
from x-ray structures, �R /RCO�x-ray, where RCO denotes the
shortest M – 13CO2

− and M – 13CO distances for Cu�DL-Ala�2

and Mn�acac�3, respectively. We also calculated 13C-M dis-
tances estimated from 13C T1 of SSNMR, RT1, using a set of
�R /RCO�T1 and �RCO� adopted from the x-ray structures.
Please note that only one distance was borrowed from the
x-ray structures for each molecule to calculate RT1. For the
CH3 groups, which have relatively fast relaxation rates in
diamagnetic systems: �1 /T1dia�, T1p was obtained by 1 /T1p

= �1 /T1−1 /T1dia�, where T1dia of 75 ms was adopted from the
T1 value obtained for L-alanine. For other chemical groups,
we neglected the effect assuming that T1dia�T1p. Table I
clearly shows that the relative distances estimated from the
13C T1 values agree reasonably well with those from x-ray
distances.

Relatively small but noticeable difference between Rx-ray

and RT1 was observed for 13CH3 for both Cu�DL-Ala�2 �17%�
and Mn�acac�3 �6%–11%�. We consider that the difference
can be attributed to intercomplex paramagnetic relaxation.
When intercomplex paramagnetic couplings are included, the
T1 relaxation rate is calculated as the sum of the relaxation
rates due to all the metal centers in neighboring complexes
as

1/T1p
k = �

N0
1/T1p

k
N, �6�

where 1 /T1p
k
0 and 1 /T1p

k
L �L�0� denote relaxation rates

due to intra- and intercomplex dipolar couplings, respec-
tively, and 1 /T1p

j
N is given by Eq. �3� for the metal ion in the

Nth molecule. Based on the x-ray structure of Cu�DL-Ala�2,
we estimated intracomplex contributions �1 /T1p

k
0� / �1 /T1p

k�
to be 91%, 90%, and 46% for CO2, CH, and CH3, respec-
tively, where we included Cu�II� within 10 Å from 13C of
interest in this calculation. Similarly, for Mn�acac�3, the es-
timated values of �1 /T1p

k
0� / �1 /T1p

k� were 97%–98%, 90%–
94%, and 50%–63% for CO, CH, and CH3, respectively.
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Hence, the intercomplex contribution to the T1 values is not
negligible for the 13C having a longer intracomplex distance
to a metal �i.e., for 13CH3 groups in the above case�. On the
other hand, because of the R6 dependence of T1p, for ex-
ample, 50% of the intercomplex contribution shortens the
estimated distance by only 12%. This intercomplex relax-
ation effect well explains that RT1 estimated from T1p in
Table I are slightly shorter for CH3 than those from x-ray
diffraction �Rx-ray�. Thus, relatively accurate distances were
obtained from the simple analysis of 13C T1 values without
including the intercomplex effects. In larger molecules, the
intercomplex relaxation effect will be less because the den-
sity of paramagnetic metal ions is lower. Although only rela-
tive distances can be measured by this method, a set of ab-
solute distances can be determined by combining the relative
distances with one absolute distance determined from a mea-
surement of 13C anisotropic hyperfine shifts, as will be dis-
cussed in the next section.

It is also noteworthy that when R and S are known, the
electron spin correlation time �S can be estimated from
Eq. �3�. For Cu�DL-Ala�2, we obtained �S=1.1�10−11 s from
T1 of 8.7 ms for 13CO2

−. The inverse of this value
�9.1�1010 Hz� agreed well with electron-electron spin cou-
pling constant 2J�6.7�1010 Hz estimated from heat mea-
surements at low temperatures �2–50 K�.47 Thus, 13C T1 SS-
NMR measurements in paramagnetic systems provide a way
to estimate electron spin couplings, which are sensitive to
metal-metal distances. For Mn�acac�3, for which 2J or EPR
line shape is unknown, the present SSNMR data yielded �S

�1�10−11 s from 13C T1 of 13CO �1.2 ms� and the known
Mn– 13CO distance �2.86 Å�. It is quite interesting that 13C
SSNMR can provide information on the electron spin corre-
lation time �S for this sample, for which EPR analysis has not
been effective.49

B. Metal-13C distance from anisotropic
hyperfine shifts

It has been reported that anisotropic hyperfine shifts ob-
served in 13C and 2D SSNMRs provide useful information
on 13C–M distances �R� for selectively 13C- and/or
2D-labeled paramagnetic systems.16,50 As 13C T1 measure-
ments, 1 /R3 dependence of the anisotropic hyperfine shifts
has been rarely utilized for SSNMR of unlabeled paramag-
netic systems because of the difficulty in signal assignment
and the limited sensitivity/resolution. We recently examined
the effectiveness of this strategy in 13C SSNMR for unla-
beled paramagnetic systems, based on the signal assignment
available from the VFMAS approach.26 In this section, we
provide additional data that confirm the effectiveness.

Table II shows 13C anisotropic shifts for Cu�DL-Ala�2

and Mn�acac�3 obtained from spinning sideband analysis of
13C MAS spectra. Following the work by Antzutkin et al.,51

we defined a span of the anisotropic hyperfine shift, �aniso, as
�zz−�iso=��zz, where ��zz� ��xx� ��yy and ��kk

=�kk−�iso �k=x ,y ,z�. The principal values for Cu�DL-Ala�2

were obtained from sideband analysis using Herzfeld and
Berger’s method51,52 for the spectrum acquired under slow
MAS �5 kHz� with strong 1H rf decoupling, which removed
the effect of 1H– 13C dipolar couplings. Although recoupling
techniques under VFMAS may provide more accurate 13C
anisotropic shifts with improved resolution, in this study, we
focused on confirming the feasibility of measuring distances
from the anisotropic hyperfine shifts. For Mn�acac�3, the
spinning sideband analysis was possible for the data obtained
under VFMAS at 20 kHz without decoupling, since 1H– 13C
dipolar couplings do not contribute to the spinning sideband
patterns significantly because of the large hyperfine shift. For
CH3 of Cu�DL-Ala�2, the anisotropic shift was too small to
be precisely determined by Herzfeld and Berger’s method.

TABLE I. Relative metal-13C distances estimated from 13C T1p values and x-ray structure for Cu�DL-Ala�2 and
Mn�acac�3.

Sample
Chemical

group

13C T1p

�ms�a

13C �iso

�ppm� �R /RCO�T1
b �R /RCO�x-ray

c RT1 �Å�d Rx-ray �Å�

Cu�DL-Ala�2 CO2 8.7�0.1 −192 ¯ 1 ¯ 2.74
CH 13.9�0.3 −277 1.08�0.005 1.02 2.97�0.01 2.81
CH3 50.4�1.9 172 1.34�0.009 1.57 3.67�0.03 4.18

Mn�acac�3

CO

1.2�0.1 517 ¯

1–1.02

¯

2.86–2.93
1.5�0.5 1298 1.04�0.05 2.97�0.16
2.7�0.6 848 1.14�0.05 3.26�0.13
4.0�0.5 110 1.22�0.03 3.48�0.08

CH 3.4�0.1 349 1.18�0.01 1.13–1.16 3.38�0.04 3.23–3.31

CH3

6.5�0.4 −560 1.32�0.02
1.46–1.51

3.77�0.06
4.25–4.3311.0�0.3 −122 1.44�0.02 4.12�0.05

11.5�0.4 −57 1.45�0.02 4.15�0.05

aFor the CH3 groups, we corrected the T1p values using 1 /T1p=1 /T1−1 /T1dia, where we adopted T1dia

=75�2 ms, which was obtained for L-Ala.
b�R /RCO�T1= ��T1p for the corresponding 13C� / �T1p for CO2

− or CO��1/6 For Mn�acac�3, the shortest T1 for
13CO of 1.2 ms was selected as the reference.
cThe values denote the range of relative distances between the metal center and crystallographically nonequiva-
lent carbons for the same chemical groups. RCO=2.74 and 2.86 Å for Cu�DL-Ala�2 and Mn�acac�3, respectively.
dRT1= �R /RCO�T1�RCO�x-ray, where �RCO�x-ray is the same as RCO defined in c.
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For this system, we assumed the axial symmetry ��xx=�yy�
and determined the anisotropic shift, �aniso, from simulation
of sideband patterns. In analysis of the anisotropic hyperfine
shifts, we assumed an isotropic g-tensor and a point electron
dipole at the metal center. We assume that the system has a
relatively weak or negligible spin-orbit coupling interaction.
The contribution of diamagnetic shifts was not included. For
the simplified nuclear-electron spin dipolar interactions,
�aniso is given by16,17

�aniso = 2c��0/4�R3� , �7�

where c=g2�B
2S�S+1� /3kBT, T is the temperature, kB is

Boltzmann’s constant, �B is the Bohr magneton, and g is the
isotropic value of the electron g-tensor. By substituting
known constants in Eq. �7�,2 we obtain �aniso in units of
ppm

�aniso = �1.661 � 106S�S + 1�	/�R3T� �ppm� , �8�

where we adopted the g value of 2.0023 for a free electron
spin �ge� and R and T are in units of Å and K, respectively.
Equations �7� and �8� are valid for any nuclear spins to be
observed. When the experimental g value is known, it is
recommended using the g value in place of ge in Eq. �8�. The
effects of the g-anisotropy on the distance measurements will
be discussed elsewhere. The metal-13C distances estimated
from this equation �Rshift� and the experimental �aniso are
given in Table II, together with the corresponding x-ray dis-
tances, Rx-ray.

In the above analysis, the pseudocontact shifts within a
complex are considered as a primary source of paramagnetic
anisotropic shifts. However, it is known that contributions
from intercomplex hyperfine couplings are not negligible,
particularly for small complexes.16 For CO2

− or CO groups,
their anisotropic diamagnetic chemical shifts are relatively
large ��33−�iso�70 ppm�. For these reasons, the hyperfine
shift tensors notably deviate from the axial symmetry. In
spite of the substantial simplifications, Rshift and Rx-ray agree
reasonably well for Cu�DL-Ala�2 and Mn�acac�3. The differ-
ence between Rshift and Rx-ray was within 0.48 and 0.50 Å

for Cu�DL-Ala�2 and Mn�acac�3, respectively, where the
maximum deviation was obtained for 13CO2

− or 13CO.
The reasonable agreement is consistent with the previous
2D SSNMR studies of anisotropic hyperfine shifts for selec-
tively 2D-labeled paramagnetic systems including
Mn�acac-3-d�3.50 For the CH groups, which are located rela-
tively close to the metal centers in both compounds, the dif-
ference is within 0.22 Å. The modest deviation in the esti-
mated distances is reasonable considering that �aniso has
1 /R3 dependence, and that intercomplex pseudocontact shifts
generally do not cancel out intracomplex shifts completely.
As discussed in the Appendix, �aniso is relatively insensitive
to the effects of the intercomplex shifts. In contrast, the
asymmetry parameter � is very sensitive to the intercomplex
shifts. Although intercomplex shifts are not negligible in
general,16 it appears safe to estimate distances based on the
anisotropic hyperfine shifts for 13C located in close proxim-
ity to the metal center �i.e., 13C having large hyperfine
shifts�, because intracomplex shifts are often dominant for
such nuclei. Care should be exercised in the analysis of Rshift

when metal ions are likely to form a cluster. In such a case,
it is possible that intercomplex paramagnetic anisotropic
shifts are even larger than intracomplex shifts, and thus in-
tercomplex couplings need to be explicitly considered. For
molecules with known structures, information on supramo-
lecular structures may be elucidated by quantitative analysis
of �. If necessary, the effects of the intercomplex shifts may
be partially removed by dilution of paramagnetic metals with
equivalent diamagnetic metals.16

The obtained absolute distances from the analysis of
�aniso can be combined with relative distances estimated
from 13C T1 values for distance measurements. The combi-
nation is particularly useful because signal overlap often for-
bids resolving all the signals in 13C SSNMR spectra in un-
labeled systems. Because a few alternatives are available for
elucidating structural constraints for unlabeled paramagnetic
systems in noncrystalline solids, our strategy to obtain mul-
tiple distances from 13C T1 and anisotropic hyperfine shifts in
13C SSNMR provides a useful means of structural measure-

TABLE II. Experimental 13C anisotropic hyperfine shifts for 13C spins of Cu�DL-Ala�2 and Mn�acac�3 together
with metal-13C distances determined from the data �Rshift� and the x-ray crystal structure �Rx-ray� �Refs. 47 and
48�.

Sample S
Chemical

group

13C �iso

�ppm� �aniso
a�ppm� Rshift �Å�b Rx-ray �Å�

Cu�DL-Ala�2
1
2

CO2
− −240 −331�4 2.33�0.01 2.74

CH −320 −149�10 3.04�0.07 2.81
CH3 190 53�2 4.30�0.05 4.18

Mn�acac�3

2

CO 611 744�27 3.55�0.04 2.98–3.02
CH 358 918�32 3.38�0.04 3.25–3.32

CH3

−76 −421�15 4.38�0.05
4.22–4.40−137 464�18 4.24�0.05

−637 −310�21 4.85�0.11

aWhen �aniso�0, �ZZ=�11; when �aniso�0, �ZZ=�33. �aniso=��ZZ��ZZ−�iso, where �iso is the isotropic shift.
In the ideal axially symmetric case, �aniso=��11 and ��22=��33=−��11 /2, where ��kk=�kk−�iso and �11

��22��33.
b�aniso��zz−�iso  ��1.661�106S�S+1�	 / �R3T� �ppm� was used to obtain Rshift with T=297 and 282 K for
Cu�DL-Ala�2 and Mn�acac�3, respectively.
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ments for paramagnetic complexes, combined with the high-
resolution and reliable assignments obtained through the VF-
MAS approach.

By combination of the two approaches discussed in �A�
and �B�, we recently determined all the seven distances26

between Cu�II� and 13C for unlabeled Cu�Ala-Thr�, as shown
in Fig. 7, which displays a comparison of the SSNMR dis-
tances with the x-ray distances.53 The SSNMR distance for
RCO �between Cu and 13CO of Ala� was obtained from the
pseudocontact shifts while the rest of the distances were ob-
tained from the relative distances �Rj /RCO� from 13C T1p

values.26 The SSNMR distances agreed reasonably well with
the corresponding x-ray distances within 12%. It should be
emphasized that the structural analysis was made possible
with the assignments we obtained in Fig. 5.

C. Elucidating polymorphs by evaluating 13C
experimental hyperfine shifts with ab initio calculation

Paramagnetic systems are widely used as drugs and ma-
terials in solid forms. In pharmacology, characterization of
different morphologies for drug compounds is essential be-
cause the morphologies modulate the bioavailability and sta-
bility of the drug.7,54 Morphologies in solid materials are
known to alter their properties.55 In this section, we discuss
our recent applications of the VFMAS approach for exami-
nation of polymorphologies in paramagnetic systems.

Figures 8�a� and 8�c� show 13C VFMAS spectra of �a�
�-form and �c� �-form of Cu�8-quinolinol�2 �CuQ2� with
corresponding molecular structures. Assignments to chemi-
cal groups were obtained by the 13C– 1H REDOR method.
CuQ2 has been studied as an antileukemia agent,56 and its
�-form is thermally more stable.57 Thus, we used the system
as a suitable model for demonstrating the feasibility of dis-
tinguishing polymorphs in a drug compound by SSNMR.
The �-form shows an interesting molecular-chain-like su-
pramolecular structure as shown in the inset in Fig. 8�a�,
while the �-form has a dimerlike structure in Fig. 8�c�. For
both forms, the VFMAS spectra show excellent resolution.
Clearly, the two polymorphs of this complex can be distin-

guished from the 13C VFMAS spectra collected in 1 h for
small amounts of the unlabeled samples ��15 mg�.

Because an �-CuQ2 complex has a very similar structure
to a �-CuQ2 complex �RMSD=0.179 Å�, the significant dif-
ference in the spectral features should be attributed to para-
magnetic effects. To confirm this, as shown in Figs. 8�b� and
8�d�, we carried out ab initio calculations of the shifts21,22 for
6 nonprotonated 13C �red bar with square� and 12 13CH �blue
bar with circle� in �b� �- and �d� �-CuQ2. Recent studies
reported that ab initio calculations of 13C shifts are effective
for paramagnetic systems in solids.21,22 Although the calcu-
lated diamagnetic shifts show only small difference of
1.9 ppm in absolute values on average between the two
forms, the two polymorphs clearly present distinctive calcu-
lated hyperfine shifts ��15 ppm on average�. This confirms
that hyperfine shifts are exceptionally sensitive to small
structural differences between the two polymorphs. In �d�,
more lines are predicted than in �b�, reflecting that two Q’s
are equivalent in �-CuQ2, but the symmetry is reduced in
�-CuQ2.27 The calculations for the �-form �d� show the pres-
ence of the peaks around 650 and −350 ppm. However, these
peaks are not observed in Fig. 8�c� probably because of en-
hanced paramagnetic relaxation, as described below. Because
in �-CuQ2 the corresponding signals show considerably

FIG. 7. �Color online� An x-ray structure of Cu�II��Ala-Thr� · 1
2H2O together

with the distances between Cu and 13C �thin white line� obtained from
SSNMR experiments and those from the x-ray structure �Ref. 53� �in paren-
theses�. The atoms are color coded in the online figure as follows: yellow
�C�, blue �N�, red �Cu�, and pink �O�, where hydrogens are omitted.

FIG. 8. �Color online� ��a� and �c�� 13C MAS spectra of �a� �-form and �c�
�-form Cu�8-quinolinol�2 �CuQ2� obtained at 13C frequency of 100.6 MHz
without decoupling under VFMAS at 20 kHz with corresponding x-ray
structures �Ref. 57�. The experimental time was �a� 21 and �c� 42 min for
15 mg of the samples. Spinning sidebands are indicated by *. Atoms in the
structures are color coded: C �gray�, N �blue�, O �red�, and Cu �orange�; the
Cu–Cu distances are �a� 3.84 and �c� 3.44 Å. ��b� and �d�� Shift positions
obtained by ab initio calculations for �b� �-CuQ2 and �d� �-CuQ2 in the
tetrameric forms. The positions of the predicted shifts for CH and nonpro-
tonated carbons are indicated by filled circles �blue� and squares �red�, re-
spectively. See Ref. 27 about the details of the experiments and the ab initio
calculations.
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shorter T2 �0.2–0.4 ms� than signals at 50–300 ppm
�0.8–3.2 ms�, and the �-form has shorter T2 for the signals
in the latter region �0.4–1.2 ms�, the missing signals in
�-CuQ2 are likely to be quenched by the enhanced paramag-
netic relaxation.

In Figs. 9�a� and 9�b�, we demonstrated that this VF-
MAS approach can be used for characterizing a solid-state
thermal reaction of �-CuQ2 in which �-CuQ2 was heated for
2 h in a crucible in a sand bath.27 The assignments in Figs.
9�a� and 9�b� were obtained from a comparison of the ab
initio calculations with the experimental shifts. The spectrum
of the reaction product in Fig. 9�b� is nearly identical to the
spectrum in Fig. 8�c� for �-CuQ2. More quantitative analysis
of using the spectra in Figs. 8�a� and 8�c� as reference spectra
showed that the product is �-CuQ2 with purity of 95% or
higher. Our additional study showed that SSNMR analysis
provides quantitative information on polymorphs when mul-
tiple polymorphs coexist in a sample.27

V. APPLICATIONS OF PARAMAGNETIC SSNMR
TO BIOMOLECULES

Recent success in applications of paramagnetic interac-
tions for biomolecular solution NMR �Refs. 2 and 58� and
our progress in SSNMR studies of paramagnetic
systems19,20,25,26 have stimulated SSNMR studies of para-
magnetic biomolecules. Jovanovic and McDermott15 and
Pintacuda et al.32 demonstrated excellent resolution in 2D
13C / 13C or 13C / 15N correlation SSNMR spectra of 13C- and
15N-labeled paramagnetic metalloproteins such as cyto-
chrome P450 BM-3 and Cu�II�–Zn�II� superoxide dismutase.
Balayssac et al. recently showed that long-range distances
�over 10 Å� can be elucidated for paramagnetic metallopro-
teins in solids.34 In these studies, however, SSNMR signals
near the metal center �R�5 Å� have not been observed, pre-
sumably because a traditional CPMAS approach was used in
these studies. SSNMR methods for small unlabeled para-
magnetic compounds using VFMAS can serve as a basis of
methodologies to examine metal binding structures in para-
magnetic metalloproteins. It is also noteworthy that use of
paramagnetic interactions in nonparamagnetic biomolecular
SSNMR becomes a powerful approach. Buffy et al. have
utilized the paramagnetic broadening on 13C linewidths to
measure distances of 13C sites in membrane bound peptides
from the membrane surface with Mn�II� doping in water
phase.59 Nadaud et al. recently used spin labeling to obtain

long-range distance constraints.33 Our group recently pro-
posed an approach to improve sensitivity in 13C SSNMR for
nonparamagnetic proteins with paramagnetic ion doping by
acquiring signals with unusually short recycle delays that are
matched to 1H T1 values �50–100 ms� reduced by paramag-
netic relaxation enhancement.35 We briefly outline this ap-
proach here at the end of this review.

Figure 10 shows 13C CPMAS spectra of microcrystals of
��a� and �b�� lysozyme and ��c� and �d�� ubiquitin in D2O ��a�
and �c�� with and ��b� and �d�� without 10 mM
Cu�II�Na2EDTA complex �Cu-EDTA�. The recycle delays
were set to three times 1H T1. The spectra were collected
with common experimental times of ��a� and �b�� 2 h and
��c� and �d�� 4 h. For comparison, the spectra were scaled so
that the spectra for the same protein display a common noise
level. It was found that Cu-EDTA doping reduces 1H T1

values of the proteins from 0.5–0.8 s to �60 ms by a factor
of 8–13, allowing for substantial acceleration of the 13C SS-
NMR experiments with the fast repetition approach. Thus,
the spectra in Figs. 10�a� and 10�c� show significant sensi-
tivity enhancements by a factor of 2.7–2.9, compared with
those obtained without Cu-EDTA in �b� and �d�. In order to
avoid sample heating, we introduced rotor-synchronous
�-pulse decoupling at a spinning speed of 40 kHz in these
experiments.35 For heat sensitive samples, it is recommended

FIG. 9. �Color online� ��a� and �b�� 13C MAS spectra of �a� �-CuQ2 and �b� �-CuQ2 obtained by heating �-CuQ2 at 210 °C for 2 h, with ab initio based
assignments. n denotes the site indicated in the inset �n=2–10�; n� is the corresponding site in the nonequivalent Q in �-CuQ2. The spinning speeds were
20.0 kHz; the experimental time was �a� 21 and �b� 86 min.

FIG. 10. 13C CPMAS spectra of protein microcrystals for ��a� and �b��
lysozyme and ��c� and �d�� ubiquitin prepared in D2O obtained ��a� and �c��
with and ��b� and �d�� without 10 mM Cu-EDTA at 13C NMR frequency of
100.6 MHz. The recycle delays were �a� 0.18, �b� 1.50, �c� 0.18, and �d�
2.50 s. The spectra were acquired at a spinning speed of 40 kHz with
�-pulse-train decoupling with XY-8 phase cycle. In the decoupling scheme,
a �-pulse with the width of 2.5 �s was rotor synchronously applied at the
end of every rotor cycle �25 �s�. Signals were accumulated during acquisi-
tion periods of 20 ms with �a� 36 000, �b� 4 800, �c� 72 000, and �d� 5680
scans in a common total experimental time of ��a� and �b�� 2 or ��c� and �d��
4 h at –5 °C. During the CP period of 1.0 ms, the 13C rf field was swept
from 53 to 71 kHz, while the 1H rf field was kept at 102 kHz. All the
spectra were processed with Gaussian line broadening of 15 Hz.
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to use the low-power two pulse phase modulation �TPPM�
decoupling sequence, which we developed to attain more
efficient decoupling with weak 1H rf irradiation at rf inten-
sity of �10 kHz in the fast spinning condition.60 Further
applications of this method in more advanced 2D and three-
dimensional experiments will be demonstrated in our future
studies.

VI. CONCLUSION

In this review, we demonstrated that VFMAS provides
unprecedentedly high sensitivity and excellent resolution in
both 1H and 13C SSNMR for a broad range of paramagnetic
systems. Experimental results showed that 1H SSNMR spec-
tra under VFMAS at 24–28 kHz display enhanced sensitiv-
ity by a factor of 12–18, compared with the sensitivity under
moderate MAS at 10 kHz, for Cu�DL-Ala�2 and Mn�acac�3.
We confirmed that the sensitivity of 1H VFMAS spectra for
paramagnetic systems can be 10–30 fold greater than that of
diamagnetic systems. We also demonstrated that the VFMAS
approach provides a foundation for a variety of methodolo-
gies such as polarization transfer, signal assignments by re-
coupling, and 2D correlation NMR, which have been long
unattainable without isotope labeling in 13C and 1H SSNMR
of paramagnetic systems. With the excellent sensitivity and
resolution together with reliable signal assignments, we dem-
onstrated methods of elucidating multiple distance con-
straints in unlabeled paramagnetic systems by combing SS-
NMR measurements of 13C T1 values and anisotropic
hyperfine shifts. We also discussed an application of VFMAS
SSNMR for distinguishing polymorphs by evaluating 13C
experimental hyperfine shifts in comparison with ab initio
chemical-shift calculations for the �-form and �-form of
Cu�8-quinolinol�2. Finally we introduced applications of
paramagnetically enhanced relaxation to improve sensitivity
in 13C SSNMR of ubiquitin and lysozyme by recycling ex-
periments with unusually short delays ��60 ms�, which are
matched to short 1H T1 values in the presence of doped para-
magnetic ions. It is most likely that the VFMAS approaches
presented here can be applied to a wide variety of paramag-
netic and nonparamagnetic systems, including biomolecules.

VII. MATERIAL AND METHODS

A. Sample preparation

Cu�II��DL-Ala�2 · �H2O�, Cu�II��Ala-Thr� ·1 /2�H2O�,
and Cu�II��8-quinolinol�2 were prepared following Refs. 14,
53, and 61, respectively. All the materials required for the
synthesis were purchased from Sigma-Aldrich Co. �St.
Louis, MO�. L-Ala, Cu�II��Gly�2, V�III��acac�3, and
Mn�III��acac�3 used for the measurement were also pur-
chased from Sigma Aldrich Co. Ubiquitin and lysozyme mi-
crocrystals were prepared following Ref. 62 with minor
modification.35

B. Solid-state NMR spectroscopy
and experimental aspects

All the SSNMR spectra were acquired at 9.4 T �400 and
100 MHz for 1H and 13C NMR, respectively� with a Varian

Infinityplus 400 NMR spectrometer using a Varian 3.2 mm
MAS double-resonance T3 NMR probe and a homebuilt
2.5 mm MAS double-resonance probe except for the spectra
in Figs. 6 and 10, which were collected using a 1.8 mm MAS
double-resonance probe developed at Dr. Ago Samoson’s
Laboratory at National Institute of Chemical Physics and
Biophysics, Estonia. The 3.2, 2.5, and 1.8 mm MAS probes
provide a stable spinning up to 24, 28, and 40 kHz, respec-
tively. All the data were processed with Varian Spinsight
software or NMRPipe software.63

For the single � /2-pulse excitation experiments in 13C
SSNMR, a rotor-synchronous echo sequence was used. In
this sequence, a signal was excited by a � /2-pulse and then
acquired after two rotation periods, at the middle of which a
�-pulse was applied in order to refocus large isotropic
chemical shifts in paramagnetic complexes. Since the spec-
tral width of the paramagnetic complexes is large �up to
200 kHz at 9.4 T�, it is difficult to obtain a flat baseline
without the echo sequence. For 13C NMR, recycle times of
the single pulse excitation experiments were set to three
times 13C T1 values or Mdec times a 1H rf decoupling period,
whichever is longer, where Mdec=100 and 75 for the 3.2 and
2.5 mm MAS probes, respectively. The value Mdec was se-
lected for protecting the probes from arcing. For polarization
transfer with CP, a ramp CP �Ref. 64� or an adiabatic CP
sequence65 was used to compensate for variation of
Hartmann–Hahn conditions for systems with different reso-
nance offsets. In these sequences, 13C rf field was swept
from ��1CP−�CP /2� to ��1CP+�CP /2�, while 1H rf was kept
constant. In the adiabatic sequence, rf field for 13C follows
the tangential shape given by �1�t�=�1CP+�CP�tan���t /�ct

−1 /2�� / �2 tan�� /2��� �0� t��ct� during a contact time �ct,
where �=2.498 rad. In the CP experiment, the recycle time
was set to Mdec�ct. In the dipolar INEPT sequence, the re-
cycle times were set to three times 1H T1 values. See Ref. 25
about the pulse sequences.

Because paramagnetic-isotropic shifts have 1 /T depen-
dence �Curie’s law� in the high temperature approximation,66

a spinning speed and a rf duty factor were found to affect
observed chemical shifts. Because of this, severe line broad-
ening can be induced by the temperature distribution over a
sample heated by fast spinning. To suppress the broadening,
cooling air �−10 to 23 °C� was used at the flow rate of
140–160 �ft�3 /h using a Varian VT stack. It is recommended
that the experimental conditions are optimized to minimize
the thermal distribution using standard samples such as
Pb�NO3�2 �Ref. 67� Cu�DL-Ala�2 for higher resolution. For
experimental simplicity, we indicated the temperature of
cooling air rather than that of a sample. Unless otherwise
mentioned, cooling air at room temperature �23 °C� was
used. The typical temperature difference between a sample
and the cooling air �T was 4, 11, and 29 °C for the 3.2 mm
MAS probe with cooling air at 24 °C at spinning speeds of
10, 15, and 22 kHz, respectively. The temperature difference
approximately followed the relationship �T=0.0607
��R /2��2, where �R /2� is in a unit of kHz. For the 2.5 mm
MAS probe, �T is 4, 24, and 47 °C at �R /2� of 10, 20, and
28 kHz, following �T=0.0600��R /2��2.
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C. Solution NMR

All the 13C solution NMR spectra were acquired using a
Bruker Avance spectrometer �1H 400 MHz� with a Bruker
5 mm beta borium borate probe. To obtain the maximum
spectral bandwidth �1400 ppm�, a signal was acquired with-
out digital filtering in a sampling interval of 7 �s. All the
data were processed with NMRPipe software.63 In each spec-
trum, a Gauss function of 100 Hz was applied as a window
function prior to Fourier transform. The baseline rolling was
corrected with a sixth order polynomial function. The sample
was dissolved in 0.7 ml of deuterated solvent and placed in a
5 mm standard NMR tube.

APPENDIX: EFFECTS OF INTERCOMPLEX
13C–M PSEUDOCONTACT SHIFTS
IN DISTANCE MEASUREMENTS

1. Theoretical estimation of intercomplex
pseudocontact shifts

The spin interactions between an electron spin and a
nuclear spin are characterized by a Fermi contact shift and a
pseudocontact shift �dipolar shift�. While the former interac-
tion is isotropic, the latter is generally anisotropic. The spin
Hamiltonian due to the pseudocontact shift can be given by

HD = �dB0 · DEN · I , �A1�

where I represents a nuclear spin angular momentum, �d is a
constant given by c�0 /4�, c=g2�B

2S�S+1� / �3kBT�, and B0

denotes a static magnetic field vector. We assumed that an
electron is localized at a paramagnetic metal center. DEN is
the electron-nuclear dipolar coupling tensor defined by its
matrix element ��, �=x, y, or z as follows�:

�DEN��� = �1/r3����� − 3�r�r��/r2	 , �A2�

where r is a vector between a paramagnetic metal center and
a nucleus of our interest I, and r= r, and r� is the
�-component of r ��=x ,y ,z�. When the shift is represented
by the sum of two pseudocontact shifts from the same kind
of metal ions, the effective shift tensor is given by

SEN = �d�DEN
0 + DEN

1� , �A3a�

where DEN
0 and DEN

1 are tensors due to intracomplex and
intercomplex interactions, respectively. Using unitary matrix
Vk, DEN

k �k=0,1� can be diagonalized as

�dDEN
k = dkVk�1 0 0

0 1 0

0 0 − 2
�Vk

−1, �A3b�

where dk=�d /Rk
3 and R0 and R1 are given by vectors be-

tween I and S for the intracomplex and intercomplex cou-
plings, respectively. SEN can be also diagonalized as

SEN = T��3 0 0

0 �2 0

0 0 �1
�T−1, �A4�

where T is a unitary matrix, �2� �3� �1 and �2�3�0,
and �1 is equivalent to ��ZZ or �aniso from its definition.

Because DEN
k is traceless, �1+�2+�3=0. By calculating

Tr�SEN
2�, we obtain

�� j
2 = 6d0

2 + 6d1
2 + 2�d

2 Tr�DEN
0DEN

1�

= 6d0
2 + 6d1

2 + 2�d
2 Tr��V0DEN

0V0
−1�

��V0V1
−1V1DEN

1V1
−1V1V0

−1�	 . �A5�

Here, V0V1
−1 denotes a unitary matrix transferring the system

from the principal axis frame for DEN
1 to that for DEN

0.
V0V1

−1 can be represented by Euler transformation as

V0V1
−1 = Rz���Ry���Rz�
� . �A6�

Using Eqs. �A3a�, �A3b�, and �A5�, Eq. �A6� can be rewrit-
ten as

�� j
2 = 6d0

2 + 6d1
2 + 2d0d1�− 3 + 9 cos2 �� . �A7�

With this equation, we evaluate how the intercomplex inter-
action alters the principal value �1. Using �1=−��2+�3� and
�2−�3=��1, we obtain �� j

2= �3+���1
2 /2. With this

equation and Eq. �A7�,

�1
2 = �2/�3 + ��	�6d0

2 + 6d1
2 + 2d0d1�− 3 + 9 cos2 ��	 .

�A8�

The range of � is 0���1. From d0d1�0 and 0���1,

�1
2 � 4�d0

2 + d1
2 + 2d0d1� = 4�d0 + d1�2, �A9�

where the equation is valid when �=0 and �=0. This is the
case, when r0=r1 or the two principal axis frames for DEN

0

and DEN
1 coincide. In such a case �1=2d0+d1. On the

other hand, we can also deduce

�1
2  �12/�3 + ��	�d0

2 + d1
2 − d0d1�

 9d0
2/4 + 3�d1 − d0/2�2, �A10�

where the equation is valid when �=� /2 and �=1. If we can
assume the intracomplex interaction is stronger than inter-
complex interaction, R0�R1. In such a case, the minimum of
�1 is given by �1=3d0 /2 when d1=d0 /2 �R1=1.26R0�.
Thus, DEN

1 does not completely cancel out DEN
0 even in the

“worst” case.

TABLE III. Intercomplex shift dependence of the 13C–M distance calcu-
lated from pseudocontact shifts for 13CH3 in Cu�DL-Ala�2.

Index k rk �Å�a
�aniso�
�ppm�b ��

b
Estimated

r0 �Å�

0 4.19 −57.6 0.001 4.19
1 4.93 −56.2 0.650 4.22
2 5.5 55.2 0.579 4.24
3 5.56 45.8 0.946 4.52
4 5.62 48.8 0.887 4.42
5 6.12 49.7 0.596 4.40
6 6.61 43.7 0.726 4.59
7 7.24 48.7 0.767 4.43
8 7.53 45.8 0.837 4.52
9 7.91 42.6 0.780 4.63

ark denotes the kth shortest 13C–M distance from Cu�II� in neighboring
molecules for a 13CH3 group. r0 denotes the intracomplex 13C–Cu distance.
b�aniso� and �� were calculated by diagonalizing the added pseudocontact
shift tensor using Eqs. �A3a�, �A3b�, and �A4�.
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From Eqs. �A9� and �A10�, the effects of intercomplex
pseudocontact shifts can be roughly estimated. For example,
when R1=2R0, 0.8172d0� �1�1.06252d0. This changes
the estimated distance only be from −3% to 7%. When R1

=21/3R0�1.26R0, 0.752d0� �1�1.52d0. Thus, even
when R1 is comparable to R0, this alters the estimated dis-
tance only by −13% to 10%. On the other hand, � can
change from 0 to 1 in the latter case. In this sense, the largest
principal value �1 is a relatively robust parameter available
for estimating R0 even without knowledge of the intercom-
plex tensor DEN

1

2. Intercomplex 13C–M paramagnetic anisotropic
shifts calculated from x-ray structures

Tables III and IV show intercomplex pseudocontact shift
dependence of the calculated pseudocontact shift �aniso ��3�
for 13CH3 groups in Cu�DL-Ala�2 and Mn�acac�3, respec-
tively. To estimate the effects, we added pseudocontact shift
tensors up to ten closest metal centers from the 13CH3 and
obtained the principal value with the maximum absolute
value ��ZZ� from the added tensor. The �aniso� and �� in the
tables denotes �aniso �or �ZZ� and � obtained from the added
tensor. We estimated the 13C-metal distance, r0� from �aniso�
using Eq. �8� The effects were calculated only for the CH3

groups, since the intercomplex effects are likely to be the
most significant for the chemical group. Nevertheless, it is
clear that the effect of the intercomplex pseudocontact shifts
on the estimated distance r0� is moderate, although the �
value substantially fluctuates by the added tensor.
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