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Paramagnetic complexes have been widely used as drugs1,2 and
organic semiconductors3 and as molecular devices.4 In pharmacol-
ogy, morphologies of a drug compound are known to alter the
effectiveness of drugs as well as thermal stability.5,6 In material
science, polymorphs have distinctive optical and electronic proper-
ties.7 Paramagnetic systems have been also utilized as building
blocks of self-assembled nanomaterials; the supramolecular struc-
tures determine their unique properties.8 Thus, distinguishing
polymorphs or supramolecular structures in paramagnetic complexes
is essential in characterizing drugs and advanced materials contain-
ing paramagnetic ions.

X-ray crystallography is the most useful technique to obtain
structural information of paramagnetic systems in solids, but only
for systems that can be crystallized. For noncrystalline samples,
powder X-ray diffraction (PXRD) can distinguish between samples
with different structures. However, the identification of polymorphs
is often not trivial, especially if the PXRD patterns are similar or
broad. Also, quantitative PXRD analysis can be difficult because
the diffraction intensities depend on crystallite size, preferred
orientations of crystallites, and other factors.9

Solid-state NMR (SSNMR) is a powerful method for character-
izing polymorphs of diamagnetic systems including drugs.5,10,11In
particular,13C chemical shifts obtained by magic angle spinning
(MAS) are sensitive probes of molecular packing.5,11,12In contrast,
applications of SSNMR to paramagnetic systems have been very
limited, owing to large hyperfine shifts and associated line
broadening. Despite previous excellent studies,13 lack of effective
methodologies has hindered high-resolution13C SSNMR for
paramagnetic systems. Recently, our group developed a novel
method using very fast MAS (VFMAS; spinning speedg20 kHz)
to attain high-resolution13C and1H SSNMR spectra for paramag-
netic systems,14,15and SSNMR of paramagnetic materials is gaining
renewed attention in various interesting applications.16,17

In the present study, we discuss the possibility of distinguishing
polymorphs of Cu(II) paramagnetic complexes by13C VFMAS
SSNMR. We demonstrate that13C SSNMR spectra for polymorphs
of paramagnetic complexes display unusually large differences in
line widths and spectral positions. As an application, we demonstrate
SSNMR characterization of solid-state reactions for paramagnetic
systems for the first time.

To examine the possibility of distinguishing polymorphs for
paramagnetic systems by13C SSNMR, we performed experiments
on R- andâ-forms of polycrystalline Cu(II)(8-quinolinol)2 [CuQ2].
CuQ2 has been studied as an anti-leukemia agent,2 and itsâ-form
is thermally more stable.18 As shown in the molecular structures
in the insets of Figure 1a,b, theR-form exhibits an interesting

molecular-chain-like supramolecular structure in (a), whereas the
â-form has a dimerlike structure in (b). Figure 1a,b shows13C
VFMAS SSNMR spectra of (a)R- and (b)â-CuQ2. Assignments
to chemical groups obtained by13C-1H dipolar dephasing14 are
also displayed in (a) and (b) (see the Supporting Information (SI)).
With the excellent resolution obtained by VFMAS, it is clear that
the two polymorphs of this complex show significantly distinctive
13C spectra. TheR-form exhibits peaks displaying large hyperfine
shifts at 683, 630,-301, -360 ppm, whereas theâ-form has no
corresponding peaks in these regions. In the region from 50 to 300
ppm, theR-form shows five lines (233, 187, 148, 124, 98 ppm),
while theâ-form shows seven lines (246, 222, 198, 179, 145, 137,
98 ppm). Because anR-CuQ2 complex has a structure very similar
to that of aâ-CuQ2 complex (rmsd) 0.179 Å), the significant
difference in the spectral features should be attributed to paramag-
netic effects. To confirm this, as shown in Figure 1c,d, we carried
out ab initio calculations of the shifts17 for six non-protonated13C
(red bars) and 1213CH (blue bars) in monomeric (c, top)R- and
(d, top)â-CuQ2. Although the calculateddiamagneticshifts show
only small differences of 1.9 ppm in absolute values on average
between the two forms, the two polymorphs clearly present
distinctive calculated shifts of 35 ppm difference on average (see
SI). This confirms that hyperfine shifts are exceptionally sensitive
to small structural differences between the two polymorphs. We
found that ab initio calculations for the tetramer (c and d, bottom)
better reproduce the experimental shifts forR-CuQ2 and for the
50-300 ppm region ofâ-CuQ2; this indicates that intermolecular
interactions notably influence the chemical shifts. In (d), more lines
are predicted than in (c), reflecting that two Qs are equivalent in
R-CuQ2, but the symmetry is reduced inâ-CuQ2.18 The calculations
for theâ-form (d top) monomer and (d bottom) tetramer predicted
the presence of the peaks around 650 and-350 ppm, yet these
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Figure 1. (a, b) 13C MAS spectra of (a)R-form and (b)â-form Cu(8-
quinolinol)2 (CuQ2) obtained at13C frequency of 100.6 MHz without
decoupling under VFMAS at 20 kHz with corresponding X-ray structures.18

The experimental time was (a) 21 min and (b) 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), Cu (orange); the Cu-Cu
distances are (a) 3.84 Å and (b) 3.44 Å. (c, d) Shift positions obtained by
ab initio calculations for (c)R-CuQ2 and (d)â-CuQ2 in the (top) monomeric
and (bottom) tetrameric forms. See the SI about the details of the
experiments and the ab initio calculations.
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peaks are not observed in Figure 1b presumably because of
paramagnetic relaxation outlined below. Because inR-CuQ2 the
corresponding signals show considerably shorterT2 (0.2-0.4 ms)
than signals at 50-300 ppm (0.8-3.2 ms) and theâ-form has
shorterT2 for the signals in the latter region (0.4-1.2 ms), the
missingsignals inâ-CuQ2 are likely to be quenched by enhanced
paramagnetic relaxation. Therefore, we conclude that13C SSNMR
under VFMAS provides a unique solution to distinguish polymorphs
for paramagnetic systems through shifts and relaxation properties.

As an important application of the present method, we examine
the possibility of characterizing solid-state reactions by13C SSNMR.
Solid-state reactions of organic compounds have gained increasing
attention.19 However, characterization of solid-state reactions is often
intractable, particularly when the products are not soluble or
distinguishable in solution. Figure 2a,b show13C VFMAS SSNMR
spectra of (a)R-CuQ2 and (b) the product obtained by heating
R-CuQ2 for 2 h in acrucible in a sand bath maintained at 210°C,20

which leads to formation ofâ-CuQ2. Comparison of Figure 2b with
Figure 1b clearly suggests that the primary product of the reaction
is â-CuQ2. To quantify R-CuQ2 remaining in the product, we
examined the spectral regions around 650 and-350 ppm (arrows
in Figure 2b), where lines affected by large hyperfine shifts are
observed forR-CuQ2. Using the spectrum in Figure 2a as a reference
spectrum, we found thatR-CuQ2 in the product was under the
detection limit (e5%) (see SI for additional data). Thus, the SSNMR
analysis showed that the reaction yielded pureâ-CuQ2. Although
PXRD can distinguish between two polymorphs, quantitative
analysis is difficult as explained above. With the ab initio-based
signal assignments, SSNMR also yields site-resolved information
on chemical environments. Therefore, this SSNMR approach
provides an excellent means that permits quantitative analysis of
coexisting polymorphs or compounds if excitation efficiencies and
relaxation effects are properly considered (see SI).

We applied this technique to characterize a solid-state reaction
from amorphous-likepink-form(P-form) of Cu(II)(imidazole)2 [Cu-
(Im)2] to polycrystallineblue-form(B-form) Cu(Im)2.21 Cu(Im)2 is
an anticorrosion material,22 and a model of imidazolate-bridged
Cu(II) centers in the active site of superoxide dismutase (SOD).21

Figure 2c,d shows13C VFMAS SSNMR spectra for (c) P-Cu(Im)2

and (d) B-Cu(Im)2 obtained by heating P-Cu(Im)2 at 215°C. On
the basis of the isotropic shift positions and the line widths of13C
SSNMR, one can distinguish between these two forms of Cu(Im)2.
The spectra span∼800 ppm, confirming that these compounds are
paramagnetic materials. The line widths of P-Cu(Im)2 in Figure 2c
are considerably broader than those of B-Cu(Im)2 in Figure 2d.
The broad line widths in (c) presumably reflect disorder in the

P-form, which displays broader PXRD. In (c), seven lines are
identified; the line positions (822, 686, 623, 575, 387, 311, 104
ppm) are different from those in (d) (782, 661, 402, 247 ppm).
The absence of the peak at 575 ppm in (d) clearly suggests that
B-form is the primary product here.

In conclusion, we have demonstrated that13C SSNMR using
VFMAS is a highly sensitive tool to distinguish different poly-
morphs or supramolecular structures of paramagnetic complexes.
We also applied this technique to characterize solid-state reactions
involving rearrangements of polymorphs for paramagnetic systems.
Although only conversions of the polymorphs were demonstrated,
it is likely that this method is applicable to other types of reactions
and useful for characterization of various drugs and advanced
materials.
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Figure 2. (a, b)13C MAS spectra of (a)R-CuQ2 and (b)â-CuQ2 obtained
by heatingR-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 inâ-CuQ2. (c, d) 13C MAS spectra of (c)
P-Cu(imidazole)2 (Cu(Im)2) and (d) B-Cu(Im)2 obtained by heating P-
Cu(Im)2 at 215°C for 1 h. The spinning speeds were (a, b) 20.0 kHz and
(c, d) 25.0 kHz; the experimental time was (a) 21 min, (b) 86 min, and (c)
684 min, and (d) 68 min. # denotes a signal from a free imidazole.
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