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ABSTRACT: Noble metal oxides are highly valuable and act as a key | Chemical Shift Anisotropy

component of metal-oxide interfaces in oxide-supported noble metal o 027 X Pdo ‘5{:
catalysts, which play a crucial role in modern industrial society. Here, we P 407

investigate the structure of four common and stable noble metal oxides

using O solid-state NMR. The optimal isotopic labeling temperature

ensures the highest labeling efficiency while preserving the structure of the 0 7 P TR v e
oxides. The variation in characteristic signals for each noble metal oxide Quadrupolar Interaction

reveals oxygen species in different chemical environments, while the NMR 318 40

parameters related to chemical shift anisotropy and quadrupolar  RM:Os 369 m Iro, o X

interaction obtained from spectral fitting indicate more structural ‘ ‘
information. DFT calculations are used to assist spectral assignments for
various oxygen species. This work serves as a prerequisite for studying S e ol
solid-state NMR of oxide-supported noble metal catalysts.

B INTRODUCTION small molecules,”*™*° and explore the catalytic processes.”’ ~>*
However, to the best of our knowledge, 'O NMR has never
been performed to study the oxygen species on the interface in
oxide-support noble metal catalysts, which is considered crucial

Noble metal oxides, though scarce and costly, are highly valued
in modern industrial society.'~* Of particular importance are
oxide-supported noble metal catalysts, which play a crucial role

in various chemical reactions.’~'" Dispersing these metals as for the performances of the catalysts. It is partially because of
nanoparticles, nanoclusters, or single atoms on supports such the limited work on "’O NMR studies of noble metal oxides. In
as carbon materials, oxides, and zeolites increases the metal— oxide-supported noble metal catalysts (e.g, M,/ M, 0, with M,
support interfaces, thereby boosting the catalytic activity." =" as the noble metal and M,O, as the oxide support), the
Moreover, tailoring the metal-oxide interfaces by modifying the interfacial species such as M,-O-M,, are regarded as the active
composition and coordination environment results in catalysts sites.”> The 70O NMR chemical shifts of these interfacial
with adaptable activity and selectivity.'>~'” Since the structure oxygen species are expected to fall between the chemical shifts
of noble metal oxides is closely related to metal-oxide of the two simple oxides, i.e., noble metal oxide M,O, and the
interfaces,">'” obtaining the detailed structural information support oxide M;O,. Therefore, the oxygen species in noble
on these oxides is a critical step to developing the structure— metal oxide M,O, are worth investigating in detail with 7O
activity relationships as well as the rational design of oxide- solid-state NMR. Here, we choose several common and stable
supported noble metal catalysts. noble metal oxides—ruthenium(IV) dioxide (RuO,),

Solid-state nuclear magnetic resonance (NMR) is essential palladium(Il) oxide (PdO), rhodium(Il) oxide (Rh,O),

for investigating the structure and properties of materials and iridium(IV) dioxide (IrO,). PdO and Rh,O, have not

across diverse applications.”’** For example, applications of b . . 17 . .
31 T . . ) een investigated by 'O NMR before, while there is very
P solid-state NMR combined with probe molecules like TMP limited 7O NMR data of RuO,"® and IrO,* The results

:::;gf;i?j:ni::aglfejle;:gzzC:lzt?_zghg Oe ?c)) iﬁftaiicgi/[;ni should help to develop a deeper understanding of noble metal
a powerful technique for investigating the local structure of
oxides,”*™** and previous 7O NMR exploration on simple
metal oxides lay the foundation for subsequent studies on
various complex catalytic systems.”>™** 7O NMR has been
further developed to differentiate among bulk, surface, and
interfacial oxygen species in nanomaterials,”’~*> probe the
acidity and basicity,"*~*” identify the surface adsorption sites of
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Figure 1. TGA-DSC analysis of (a) RuO,, (b) PdO, (c) Rh,05, and (d) IrO,.
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Figure 2. XRD patterns of (a) RuO,, (b) PdO, (c) Rh,0;, and (d) IrO, before (yellow) and after (blue) high-temperature 7O isotopic labeling,
with JCPDS card data shown below. The insets display the unit cells of the oxides. Peacock blue and red spheres represent the noble metal and

oxygen atoms, respectively.

oxides and further research into oxide-supported noble metal
catalysts.

B RESULTS

We first conducted thermogravimetric analysis and differential
scanning calorimetry (TGA-DSC) tests on RuO,, PdO, Rh,0;,
and IrO, in an air atmosphere to follow the possible changes of
each oxide as a function of temperature (Figure 1). RuO,
shows a slight mass loss of 1.6% from room temperature to 800

13656

°C. Its DSC curve exhibits only one weak and broad
endothermic peak, which can be attributed to the removal of
surface water molecules and surface hydroxyl (Figure 1a).>*>’
Similarly, PdO and Rh,Oj; display a mass loss of 1.6 and 0.6%
in the tested temperature range, respectively (Figure 1b,c).>®
In addition to the minor weight loss at relatively low
temperatures, IrO, shows a more significant loss beginning at
around 510 °C, with an overall loss of 1.9% (Figure 1d). XRD
analysis reveals impurity diffraction peaks in the pristine
iridium oxide sample, which disappears after high-temperature

https://doi.org/10.1021/acsomega.5c00998
ACS Omega 2025, 10, 13655—-13663
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calcination (Figure 2d). Therefore, the additional mass loss is
attributed to the removal of these impurities.”®

Efficient 'O isotopic labelinﬁg is crucial for obtaining high-
quality 7O NMR spectra.”>*>*° This process typically requires
sufficiently high temperatures to ensure labeling efficiency, but
excessive temperatures may alter the oxide structures. To
ensure both isotopic labeling efficiency and structural stability,
we selected appropriate isotopic labeling temperatures based
on the TGA-DSC results (Figure 1): 700 °C for RuO,, 700 °C
for PdO, 800 °C for Rh,0;, and 800 °C for IrO,.

X-ray diffraction (XRD) analysis of the oxides is shown in
Figure 2, yellow lines. The crystal structure of the RuO,
belongs to the tetragonal system with space group P4,/mnm
(Figure 2a), in which Ru** is bonded to six equivalent O*~
atoms to form RuOg octahedra while O®” is bonded in a
trigonal planar geometry to three equivalent Ru** atoms.
Figure 2b shows that the crystal structure of the PdO belongs
to the tetragonal system with space group P4,/mmc. Pd** is
bonded in a square planar geometry to four equivalent O*~
atoms and O~ is bonded to four equivalent Pd** atoms to
form an OPd, tetrahedra. The crystal structure of the Rh,0;
belongs to the orthorhombic system with space group Pbca,
featuring two types of six-coordinated Rh* and three
inequivalent O*~ sites (Figure 2c). Each O*” is bonded to
four Rh*" ions with varying Rh—O bond distances and Rh—
O—Rh bond angles. Figure 2d exhibits the crystal structure of
IrO, (tetragonal P4,/mnm space group). In this structure, each
Ir*" is surrounded by equivalent O*7, forming an octahedral
coordination, while each 0>~ is coordinated with three
equivalent Ir*".

To further ensure that the oxides maintain consistent phase
structures before and after heating for isotopic labeling, X-ray
diffraction (XRD) was conducted on the oxides after being
heated in an 7O, atmosphere (Figure 2, blue lines). The
diffraction peaks for the oxides are found to be nearly identical.
These results guarantee that the obtained NMR spectra can
accurately reflect the original chemical environment of oxygen
species in the oxides. The XRD pattern of IrO, shows distinct
peaks corresponding to metallic iridium, matching JCPDS 46-
1044, with 26 values of 40.7°, 47.3°, and 69.1°, associated with
the (111), (200), and (220) crystal planes, respectively (Figure
2d). These peaks become sharper after the high-temperature
treatment, indicating that the metallic iridium may have
undergone grain growth. Moreover, the XRD reflections
marked with asterisks at 260 = 15.5°, 17.7°, and 20.1°, which
should arise from impurities, disappear after high-temperature
treatment, indicating the removal of these unwanted species.
This observation aligns with the slight mass loss starting
around 510 °C, as detected in the TGA-DSC analysis (Figure
1d). The results of TGA-DSC and XRD ensure that the
structures of the oxides do not change during the high
temperature isotopic labeling process before the acquisition of
high-quality 7O NMR spectra.

Figure 3 shows the 7O NMR spectra of RuO, enriched with
170, at 700 °C, acquired using the parameters listed in Table
SI. A peak centered at 927 ppm with strong sidebands is
observed at an external magnetic field of 20 T (Figure 3a).
Variable spinning speed experiment confirms that the center
band resonates at 927 ppm (Figure 3b). The frequency of the
peak remains at 927 ppm at 9.4 T, indicating very small
quadrupolar interactions (Figure 3c), therefore the quad-
rupolar interaction is not considered in the following
simulations for RuO,. The peak at 927 ppm can be attributed

2000 1500 1000 500 0 -500
170 shift / ppm

Figure 3. Experimental (black) and simulated (red) 7O solid-state
NMR spectra of RuO,. The 7O NMR measurements were recorded
at different external fields and spinning rates: (a) 20 T, 12.5 kHz; (b)
20 T, 15 kHz; and (c) 9.4 T, 20 kHz. 'H decoupling was applied
during acquisition and a recycle delay of 4 s was used. NMR
parameters used for simulation are shown in Table 1.

to the oxygen species in the bulk of RuO,, closely aligning with
the NMR shift obtained in the RuO,/Li battery system,” and
this observation is in agreement with the single oxygen site in
the structure (Figure 2a). The spectra show significant
spinning sidebands and the simulated spectra considering
chemical shift anisotropy (CSA) are presented in Figure 3 (red
lines), with the NMR parameters used for simulation,
including isotropic chemical shift (§,), CSA (Ac), and the
asymmetry parameter of CSA (7cgs), shown in Table 1. The
fitting shows that the oxygen species are subjected to strong
CSA with a Ao of =730 ppm and an #5cgy of 0.5. DFT
calculations of NMR parameters were performed to compare
with the experimental data (Tables 1 and S2). A difference of
approximately 4 ppm in centers of gravity (6cg) between 9.4
and 20 T is expected according to a calculated quadrupole
coupling constant (Cq) of 1.5 MHz, however, no difference is
observed in our experimental data (Figure 3), indicating that
the calculated Cq for RuO, is larger. The calculated Ac and
Ncsa are —783 ppm and 0.36, respectively, which are similar to
our experimental observation. The differences between
calculated and experimental values may be ascribed to the
fact that DFT calculations are performed using crystal
structures at 0 K.

Figure 4 shows the 7O NMR spectra of PdO enriched with
170, at 700 °C, acquired using the parameters listed in Table
S1. A sharp peak at —407 ppm can be observed at different
external magnetic fields, suggesting weak quadrupolar inter-
actions and this single peak is consistent with the single
environment of oxygen in the PdO structure (Figure 2b).
Similar to the case for RuO,, quadrupolar interaction is not
considered in the spectral simulations, and the fitting results
are shown in Table 1 and Figure 4 (red lines). Clearly, the

https://doi.org/10.1021/acsomega.5c00998
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Table 1. NMR Parameters Obtained by Simulating Experimental '’O MAS NMR Spectra of RuO, and PdO in Comparison to

the NMR Parameters According to DFT Calculations

Figure 4. Experimental (black) and simulated (red) '"O solid-state

S0/ ppm CQ/MHz asymmetry parameter (r[Q) Ac/ppm Ncsa
RuO, Exp. 927 (£1) ~0.6" —730 (+50) 0.5 (+0.1)
Calc. 1.5 0.87 —783 0.36
PdO Exp. —407 (1) ~0.6" 330 (£70) 0.9 (+0.1)
Calc. 1.1 0.03 236 0.31
“The Cq values are estimated based in Figure §1.28%0
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NMR spectra of PdO. The 'O NMR measurements were recorded at
different external fields and spinning rates: (a) 20 T, 17 kHz; (b) 20
T, 20 kHz; and (c) 9.4 T, 20 kHz. 'H decoupling was applied during
acquisition and a recycle delay of 4 s was used. NMR parameters used
for simulation are shown in Table 1.

oxygen species in PdO exhibit significantly weaker CSA
compared to RuO,.

Figure 5 presents the 7O NMR spectra of Rh,0; enriched
with 70, at 800 °C, acquired using the parameters listed in
Table S1. By comparing the spectra obtained with different
spinning speeds at 20 T, it is clear that three resonances
centered at —310, —350, and —392 ppm are observed for
Rh,0; (Figure Sab). Notably, O NMR signals obtained at
9.4 T exhibit more pronounced second order quadrupolar line
broadening, and shift toward lower frequencies (Figure Sc).
These results indicate relatively large quadrupolar interactions
for the oxygen species in the bulk part of Rh,O; and the
number of different signals is consistent with the structure
(Figure 2c). Although the coordination numbers of these three
oxygen species are the same, the variation in Rh—O bond
lengths and Rh—O—Rh bond angles can lead to differences in
their NMR parameters (Figure S2 and Table S3). The NMR
spectra are simulated considering both quadrupolar interaction
and CSA (Figure S, colored lines), and the corresponding
parameters are extracted (Table 2). The values of Cq are 2.3,
3.3, and 3.3 MHz, with Ao of —280, —450, and —355 ppm for
the peaks with &,,, of —308, —34S5, and —387 ppm, respectively.
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Figure 5. Experimental (black) and simulated (colored) 7O solid-
state NMR spectra of Rh,0;. The 7O NMR measurements were
recorded at different external fields and spinning rates: (a) 20 T, 17
kHz; (b) 20 T, 20 kHz; and (c) 9.4 T, 20 kHz. 'H decoupling was
applied during acquisition and a recycle delay of 4 s was used. NMR
parameters used for simulation are shown in Table 2.

The ranges of Rh—O—Rh bond angles for O2 and O3 sites are
very similar, while O1 has a smaller variation in bond angles
(Table S3). Therefore, the peak with the smallest value of Cq
(2.3 MHz) and Ao (—280 ppm) is tentatively assigned to O1
(8,0 = —308 ppm) (Table 2). Rh—O bond length distribution
is wider for O2 than O3 (Figure S2), thus the resonances with
a larger Ao (—450 ppm) and a smaller Ao (=355 ppm) are
tentatively assigned to O2 (6, = —34S ppm) and O3 (6, =
—387 ppm), respectively (Table 2). The DFT calculations for
Rh,0; indicate that O1, O2 and O3 are associated with Cqs of
2.5, 3.4, and 3.4 MHz (Tables 2 and S4), which agree well with
the experimental data. The calculated values of Ac for O1, O2,
and O3 are —144, —299, and —281 ppm, respectively, which
show some differences compared to the experimental values
but the sizes of calculated Ao follow the same order compared
to the experimental data. The DFT calculation results confirm
the spectral assignments. Again, these results demonstrate the

https://doi.org/10.1021/acsomega.5c00998
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Table 2. NMR Parameters Obtained by Simulating Experimental '’O MAS NMR Spectra of Rh,0; and IrO, in Comparison to
the Calculated NMR Parameters, and the dgs Obtained at 9.4 and 20 T

Oiso/ Ppm CQ/MHz nq

Rh,0, Exp. —308 (+2) 2.3 (+0.2) 0.2 (+0.1)
Calc. 2.5 0.12
Exp. —345 (£2) 3.3 (+0.2) 0.4 (+0.1)
Calc. 34 0.30
Exp. —387 (+2) 3.3 (+0.2) 0.2 (+0.1)
Calc. 34 0.12

IrO, Exp. 1102 (+4) 5.6 (+0.3) 0.2 (+0.1)
Calc. 6.2 0.18

Ocg/ppm

Ac/ppm Nesa 94T 20T assignment
—280 (+60) 0.2 (0.1) —318 -310 01

—144 0.67

—450 (+60) 0.2 (0.1) —369 —350 02

—299 0.68

—355 (+40) 0.4 (+0.1) —410 -392 03

—281 0.35

1037 1088

strong influences of bond lengths and bond angles on the
NMR parameters of oxygen ions.

The 'O NMR spectrum of IrO,, enriched with 7O, at 800
°C at 20 T and acquired using the parameters listed in Table
S1, shows a single signal (Figure 6a,b). This resonance shows a

1037

Sim.
(a) .
|
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|
|
I
1
!
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|

1600 1400 1200 1000 800 600 400

170 shift / ppm

Figure 6. Experimental (black) and simulated (red) '"O solid-state
NMR spectra of IrO,. The 7O NMR measurements were recorded at
different external fields and spinning rates: (a) 20 T, 15 kHz; (b) 20
T, 18 kHz; and (c) 9.4 T, 14 kHz. "H decoupling was applied during
acquisition and a recycle delay of 4 s was used. NMR parameters used
for simulation are shown in Table 2.

characteristic second-order quadrupolar line shape and shifts to
lower frequencies at a lower magnetic field strength (9.4 T,
Figure 6¢), similar to Rh,O; (Figure $). This data indicates the
presence of only one type of oxygen species, consistent with
the number of oxygen species in the structure (Figure 2d). The
intensities of the low-order spinning sidebands of IrO, are
small and very similar (Figure 6), implying very small CSA.
Therefore, CSA is not considered in the following simulation.
At the same time, the much larger line width of the center
band with a characteristic second order quadrupolar line shape
(e.g, the data obtained at 9.4 T) indicates a stronger
quadrupolar interaction compared to Rh,O;. The simulated

13659

spectra are presented in Figure 6 (red lines), with the NMR
parameters, including a large Cq of 5.6 MHz, obtained by
numerical simulation (Table 2). The calculated Cq and 7q for
IrO, are 6.2 MHz and 0.18, respectively, consistent with the
experimental results.

B DISCUSSION

By comparing the NMR parameters obtained in this study to
previous work, attempts were made to explore the relationship
between '"O NMR parameters and structural factors (i.e.,
coordination species, coordination number, bond length, and
bond angle) (Table SS). Previous research has shown that for
chemically similar metals in the same main group, such as BeO,
MgO, CaO, SrO, and BaO, there is a linear relationship
between bond length and chemical shift.”® Studies on silicates
have also shown that the chemical shift of oxygen species
increases with the elongation of the Si—O bond length, while
the values of C and 5 of oxygen sites are closely related to
the Si—O—Si bond angles and/or Si—O bond distances.' ™
However, these kinds of relatively simple correlations are not
found in oxides like Cu,O, Ag,O, Sc,0;, and Y,0,°7% In
some simple oxides, such as monoclinic ZrO,, there are two
distinct chemical environments for the oxygen species, with
significant variations in both bond lengths and bond angles. In
such cases, it is not sufficient to describe the changes in
chemical shifts using just one variable, such as bond length or
bond angle. Instead, correlations between coordination
number and chemical shift can be observed.””®” These
findings suggest that the NMR parameters of the 7O signal
are influenced by various factors, and establishing a relation-
ship between the structure and NMR parameters may not be
straightforward.

In this study, RuO, and IrO, share the same crystal structure
and space group, where O~ ions are bonded in a trigonal
planar geometry to three equivalent M*" atoms. Despite this
similarity, the oxygen species in RuO, and IrO, exhibit
significant differences in chemical shifts, CSA parameters, and
quadrupolar coupling constants, highlighting the influence of
coordination species. For oxides with different structures, e.g,,
RuO, and PdO, the differences in NMR parameters are
attributed to both the change in the coordinating metal atoms
and the variation in oxygen coordination numbers (three-
coordinated in RuQ, and four-coordinated in PdO). Different
coordination numbers significantly alter the local geometry,
leading to distinct M-O bond lengths and bond angles, which
in turn affect the NMR parameters. In Rh,O;, three distinct
tetrahedral ORhy species are observed. Among these species,
O1 has a relatively uniform bond angle distribution compared
to O2 and O3, resulting in a smaller Cq value. O2 and O3
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share similar bond angle distributions and thus exhibit
comparable Cus. However, O2 has a broader bond length
distribution than O3, leading to a larger Ac. This differ-
entiation between O1, O2, and O3 underscores the significant
effects of bond angles and bond lengths on NMR parameters.
The differences between the calculated CSA and the
experimentally obtained values can be attributed to several
possible factors. First, spin—orbit coupling is not considered in
the calculations presented in Tables 1 and 2, while its effects
can be complex and vary across different oxides (see Table S2
for the results incorporating spin—orbit coupling).®®~"°
Second, the CSA values may be overestimated due to
contribution from satellite transitions (see Figure S3 and
Table S6 for the attempts to eliminate these contributions).
Third, the Euler angles are not accounted for in the
simultaneous fitting of quadrupolar and CSA effects.”"”
Finally, the paramagnetic effects may originate from the
mixing of low-lying excited electronic states with the ground
state7,3 potentially influencing chemical shielding parame-
ters.

B CONCLUSIONS

In summary, by isotopically labeling noble metal oxides with
70, at appropriate temperatures, we identify distinct O
NMR signals that reveal significant variations in chemical
environments and provide valuable structural information. The
NMR spectra of RuO,, PdO, Rh,0;, and IrO,, which exhibit
pronounced CSA and quadrupolar effects, are fitted to extract
the related NMR parameters for the oxygen species. The DFT
results confirm the spectral assignments of the various oxygen
species. This demonstrates that solid-state NMR is highly
sensitive to the coordination environment of oxides. Although
this study primarily focuses on the bulk structures of noble
metal oxides, their surface and interfaces, which -either
constitute or are related to a significant portion of the oxide-
supported noble metal catalysts, are the key to related catalytic
processes. Future studies of these species should provide
crucial structural information on the active sites and help
establish structure—property relationships.

B METHODS

All noble metal oxides were purchased from Aladdin Scientific
Corporation and used as received.

Characterization. Thermogravimetric analysis and differ-
ential scanning calorimetry (TGA-DSC) test of the sample
were performed using a STA449F3 analyzer with a rate of 10
°C min™" in air. Power X-ray diffraction (XRD) was used to
identify the crystalline phase structure conducted at Philips
X’pert Pro X-ray diffractometer with a Cu ka (1 = 0.15418
nm) radiation. The operating voltage and current were set to
40 kV and 40 mA, respectively, with a scanning speed of 2
°/min.

The catalysts were isotopically labeled using commercial
70, gas (90% '"O, Cambridge Isotope Laboratories). The
enrichment process was carried out in a quartz tube with a
radius of 6 mm. The heating rate was set to 10 °C per minute
until the specified enrichment temperature was reached, after
which the tube was held at that temperature for 24 h. In a
typical process, RuO, (150 mg) was placed in a quartz tube
and heated at 700 °C for 1 h under vacuum to remove the
physically adsorbed water and impurities. After cooling to
room temperature, 'O, was introduced into the quartz tube,

which was then sealed and allowed to exchange at 700 °C for
24 h. Other noble metal oxides were isotopic labeled in the
same way but using different temperatures (700 °C for PdO,
800 °C for Rh,0;, and 800 °C for IrO,).

70 solid-state nuclear magnetic resonance (NMR) experi-
ments were conducted on a 9.4 T Bruker Avance III
spectrometer equipped at a Larmor frequency of 54.2 MHz
with a 3.2 mm HX probe and a 20 T Bruker Avance NEO
spectrometer at a Larmor frequency of 115.2 MHz with a 3.2
mm HX MAS probe. All samples were packed into laser-
marked rotors in an N, glovebox. The chemical shift of 7O
was referenced using H,O at 0.0 ppm. Dmfit package was used
to simulate all 7O NMR spectra.”’

DFT Calculation. The calculations were performed using
the Vienna Ab initio Simulation Package (VASP),”® applying the
generalized gradient approximation with the Perdew—Burke—
Ernzerhof (PBE) functional.”” The plane-wave kinetic energy
cutoff was set at 500 eV.*” Geometry optimizations were
finished when the Hellman-Feynman force on each relaxed ion
fell below 0.02 eV-A™". The convergence thresholds were set at
107° eV for geometric optimizations and 107% eV for electric
field gradients (EFG).”” We obtained optimized lattice
parameters of a = 4.540 A and ¢ = 3.1841 A, a = 3.110 A
and ¢ =5.367 A, a=5207 Aand c = 14.865 A, a = 4.528 A and
¢ = 3.121 A for bulk IrO,, PdO, Rh,0;, RuO,, with a
corresponding 6 X 6 X 8,8 X 8 X 5,5X 5X2,and 6 X 6 X 8
k-point mesh, respectively. The 7O NMR parameter
calculations for the P (2 X 2 X 2) supercell of the oxides
were carried out in accordance with the methodology outlined
in our previous work.*”

To calculate the quadrupole coupling constant (Cy) and
asymmetry parameter (7q), we used the following equations:

eQVyz
CHh = —=
Q h
Vix = Wy
]’l =
< Viz

where h is the Planck constant, e is the absolute value of the
electron charge, and V; (ii = XX, YY, or ZZ) are the
eigenvalues of the EFG tensor with [Vl > [Vl > [Vl To
calculate the quadrupolar parameters (Cq) for 7O, the
experimental quadrupole moment (Q) of —0.02558 barns®’
was used.

To calculate the anisotropy (Ac) and asymmetry parameter
(ncsa), we used the following equations:

5iso = (5XX + 5YY + 5YY)/3
Ao = b,y — (Byy + Oyy)/2

" — (5YY B 5xx)
oSA (522 - 5150)

where §; (ii = XX, YY, or ZZ) are the principal components of
the chemical shift tensor with 10,; — J;,,| > 10xx — il = 10yy
— Ol

150
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