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Abstract

Fluorination is a versatile and valuable modification for numerous systems, and 'F NMR
spectroscopy is the premier method for their structural characterization. '*F chemical shift
anisotropy is a sensitive probe of structure and dynamics, even though '°F chemical shift tensors
have been reported for only a handful of systems to date. Here, we explore y-encoded R-
symmetry based recoupling sequences for the determination of '°F chemical shift tensors in fully
protonated organic solids at high, 60-100 kHz MAS frequencies. We show that the performance
of ""F-RNCSA experiments improves with increasing MAS frequencies, and that 'H decoupling is
required to determine accurate chemical shift tensor parameters. In addition, these sequences
are tolerant to Bs-field inhomogeneity making them suitable for a wide range of systems and
experimental conditions.



1. Introduction

High sensitivity, high natural abundance, and the lack of background signals make '°F an
attractive probe for studies of organic and biological systems by NMR spectroscopy [1-3].
Fluorinated moieties are common in pharmaceuticals [4-6] and can be readily incorporated into
proteins and nucleic acids for NMR studies [1]. The '°F chemical shift tensor (CST) is exquisitely
sensitive to the local electronic environment, structure, and dynamics. In general, CSTs for spin-
1/2 nuclei can be measured using different magic-angle spinning (MAS) NMR techniques,
including chemical shift anisotropy (CSA) recoupling experiments at slow (below 10 kHz),
moderate (10-40 kHz) and fast (above 40 kHz) MAS frequencies [7], while '°F CSTs have so far
been determined mostly from static powder patterns [8-12], spinning sideband patterns at MAS
frequencies below 35 kHz [13-21], or recoupling experiments at MAS frequencies below 5 kHz
[22, 23]. For example, the MREV-8 recoupling sequence can be used to decouple the "F-'°F
homonuclear dipolar couplings and Scheler and Harris used this strategy to measure '*F CSTs
of fluorinated adamantane and polyvinylidene fluoride (PVDF) at the MAS frequency of 3 kHz with
'H decoupling [22]. Qiang and Schmidt-Rohr implemented MREV-8 in a 2D experiment to
measure '°F CSTs in scarcely protonated polymer samples, polytetrafluoroethylene (PTFE) and
Nafion, at the MAS frequency of 2.5 kHz and without 'H decoupling [23]. However, these
experiments are not applicable when i) strong '°F homonuclear dipolar couplings are present and
distort the line shapes, ii) the molecule contains several '°F atoms whose resonances overlap,
and iii) the concentration of the sample is limited, resulting in low sensitivity. In those
circumstances, fast MAS frequencies (=60 kHz) are required.

The R-symmetry based (RN,") recoupling experiments introduced by Levitt and coworkers
[24-26] do not have an upper limit for MAS frequency. The recoupling blocks are composed of a
series of N n-pulses extending over n rotor periods, with each pulse having an alternating phase
of £(v/N)*180°. The combination of the three symmetry numbers, N, n, and v, determines which
terms in the interaction Hamiltonian are recoupled [24]. Suitable combinations of symmetry
numbers can be devised to recouple the CSA at arbitrary conditions [24-28], including high MAS
frequencies of 60-111 kHz, which are readily attainable in the current commercial MAS NMR
probes. The RNCSA experiments utilize the y-encoded subset of RN.-symmetry pulse
sequences to recouple either the first-rank (o1) or the second-rank (02) spatial components of the
CSA interaction [27]. While powerful, RN»'-symmetry experiments only inform on the magnitude
of the CSA interaction, and the sign of the anisotropy has to be obtained by other methods. Titman
and coworkers used the R12s*-symmetry pulse sequence in a 2D '°F anisotropic-isotropic
correlation spectrum at the MAS frequency of 65 kHz of PVDF with "H-"°F dipolar couplings of
8.6 kHz for nearest proton-fluorine pairs, and showed by simulations that these couplings have
no appreciable effect on the recoupled '°F CSA line shape [29]. However, since the R-symmetry
CSA recoupling sequences reintroduce heteronuclear dipolar couplings, for systems containing
a large number of hydrogens, such as fluorinated pharmaceuticals and biological assemblies, 'H
decoupling is required, as shown here.

In this report, we present '’F RNCSA based experiments for measurements of '°F CSTs in
fully protonated systems at high (60-100 kHz) MAS frequencies. We judiciously selected three
samples, a generic formulation of the blockbuster cholesterol-lowering drug Atorvastatin calcium,
the antimalarial drug Mefloquine in crystalline form, and crystals of a frequently used fluorinated



amino acid, 5-fluoro-L-tryptophan (5F-L-Trp). These molecules were selected because they
contain either a trifluoromethyl group (Mefloquine) or fluorinated aromatic groups (Atorvastatin
calcium and 5F-L-Trp), and 5F-L-Trp is commonly introduced into proteins [17, 18, 21, 30-32].
The chemical structures of the molecules under study are shown in Figs. 2a, 3a, and 4a.

For all three samples, we carefully assessed the performance of different RN, sequences
with respect to the spinning frequency, 'H decoupling schemes, and robustness towards B; field
homogeneity and off-resonance effects. Our findings are the basis for establishing general
experimental conditions for determining accurate '°F CSA parameters in RNCSA experiments
and highlight the power of fast MAS frequencies for such experiments.

2. Experimental
2.1. Sample preparation

Mefloquine hydrochloride was purchased from Acros Organics and used without further
recrystallization. Atorvastatin calcium generic formulation (10 mg tablets, 6% w/w active
pharmaceutical ingredient) was manufactured by Teva and used as is. The excipients are not
fluorinated. Both Mefloquine and Atorvastatin calcium were packed into 0.7 and 1.3 mm MAS
rotors. 5F-L-Trp was purchased from Advanced ChemBlocks and re-crystallized at room
temperature from water (30%) / ethanol (70%) mixture. For MAS NMR experiments, the 5F-L-Trp
sample was packed in a 1.3 mm MAS rotor.

2.2. MAS NMR spectroscopy

All experiments were performed at 11.7 T on Bruker Avance Neo and Avance Il NMR
spectrometers, equipped with wide-bore 0.7 mm HFXY and 1.3 mm HFX MAS probes,
respectively. 'H and "°F Larmor frequencies were 499.81 MHz and 470.29 MHz (Avance Neo
spectrometer) and 500.13 MHz and 470.59 MHz (Avance lll spectrometer), respectively. MAS
frequency was controlled to +10 Hz by Bruker MAS Il controller. The probe temperature was set
to 235 K and corresponded to about 298 K at the sample.

For slow MAS experiments (10 kHz spinning frequency), a 1.3 mm HFX MAS probe was
used. A direct polarization (DP) '°F spectrum was recorded for Mefloquine, using 8 scans, a
recycle delay of 5 s, a pulse length of 2.35 ps, and SPINAL-64 [33] 'H decoupling (85 kHz) during
the acquisition period. For Atorvastatin calcium and 5F-L-Trp, "H-"°F cross polarization (CP) with
a 82-100% linear ramp on 'H for '°F excitation was carried out. The 'H and '°F RF fields during
the CP step were 75 and 45 kHz, respectively, and the contact time was 1.5 ms. The 'F
Atorvastatin calcium spectrum was collected with 8,192 scans, a 8 s recycle delay, a 'H pulse
length of 2.35 ps, and SPINAL-64 [33] "H decoupling (89 kHz) during the F acquisition period.
For 5F-L-Trp, the 'H and '°F RF fields during the CP step were 77 and 48 kHz, respectively, and
the contact time was 0.5 ms. The '®F 5F-L-Trp spectrum was collected with 256 scans, a 4 s
recycle delay, a 'H pulse length of 2.2 ps, and SPINAL-64 [33] 'H decoupling (89 kHz) during '°F
acquisition period.

Experiments with spinning frequencies 260 kHz were recorded using 0.7 mm HFXY and 1.3
mm HFX probes, with '"H and "°F n/2 pulse lengths of 1.0 and 1.2 us, and 2.5 and 2.14 s,
respectively. Low-power time-proportional-phase-modulation (TPPM) 'H decoupling during '°F
acquisition [34] was employed, and the RF power was set to V4 the spinning frequency, 15, 20,
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and 25 kHz at 60, 80, and 100 kHz MAS, respectively. For 'H decoupling during RN," blocks,
either a "H n-pulse was applied for every ‘N’ pulses (‘n-decoupling’) or continuous-wave (CW)
irradiation was employed with the RF power set to 1/2 of the MAS frequency. Here, heteronuclear
decoupling is achieved by a homonuclear recoupling condition (‘(HORROR’) shown to be effective
due to the “self-decoupling” effect [35, 36]. '°F chemical shifts are referenced with respect to
trifluoroacetic acid (100 uM in 25 mM sodium phosphate buffer, pH 6.5) as an external reference

(0 ppm).
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Figure 1. Schematic depiction of '®F RNCSA pulse sequences used. (a) One R14s% block. (b) Conversion of a single
T-pulse to a 270°-90° composite pulse [37]. (c) One composite (270°-90°) R143® block. (d) CP-based '°F RNCSA with
a short spin echo prior to acquisition for suppression of ring-down and baseline distortion. (e) DP-based 'F RNCSA
experiment with either (f) spin echo or (g) triple pulse excitation [38] prior to acquisition for suppression of ring-down
and baseline distortion. The spin echo-based '°F RNCSA phase cycle is: @o = Yyyy -y-y-y-¥; @1 = YYyy -y-y-y-y; @2 = X-
XY-Y; @3 =XXXX YYYY -X-X-X-X -Y-Y-Y-Y; Qrec = X-y-XYy -XyX-y. The triple-pulse excitation phase cycle (911, @12, P13, Prec) iS
as described in [38].

The 'F RNCSA pulse sequences used in this study are illustrated in Fig. 1. A single R14°
t1 increment is shown in Fig 1a, a single R-symmetry 1 pulse and composite R-symmetry pulse
[37] in Fig. 1b, and a single 270°-90° composite R14s° (cR14s°) t1 increment in Fig 1c. For
Mefloquine and 5F-L-Trp spectra, 16 transients were summed over each t1 increment (dw = nz,.),
and the recycle delays were 5 and 4 s, respectively. For the Atorvastatin calcium spectrum, a total
of 64 transients were added for each t1 increment, and the recycle delay was 5 s. CP-based "°F
RNCSA spectra were recorded for Atorvastatin calcium and 5F-L-Trp (Fig. 1d), and a DP-based
spectrum for Mefloquine (Fig. 1e). CP-based '°F RNCSA experiments were performed with a 60-
100% tangential ramp and a 80-100% linear ramp on 'H for Atorvastatin calcium and 5F-L-Trp,



respectively. For Atorvastatin, the 'H RF fields during CP were 156, 68, and 85 kHz at MAS
frequencies of 60, 80, and 100 kHz, respectively, and the '°F RF fields were 96, 12, and 15 kHz
at MAS frequencies of 60, 80, and 100 kHz, respectively. For 5F-L-Trp, the 'H and "°F RF fields
during CP were 120 and 40 kHz, respectively, at a MAS frequency of 60 kHz. For ring-down
suppression, a spin echo was implemented before the acquisition period in all DP-based
experiments at 100 kHz MAS and all CP-based experiments at 60 and 100 kHz MAS (Fig. 1f). In
DP-based experiments at 60 kHz MAS, triple-pulse excitation [38] (Fig. 1g) was used for the same
purpose.

Considering the magnitude of '°F CSA and MAS frequencies used here, we selected R-
symmetry pulse sequences that recouple the oz-spatial component of the CSA interaction. In
these R-symmetry pulse sequences the scaling factor for homonuclear dipolar couplings is zero,
and therefore "°F-"°F dipolar couplings do not affect the recoupled line shape [27]. In addition, the
02-RNCSA sequences have a smaller scaling factor, thus they are better suited for the large "°F
CSA values of 15-180 ppm as shown previously [13-15, 29]. The RF powers required for the R-
symmetry pulse sequences used in this work are N/2n times the MAS frequency for 1-pulse based
sequences or N/n times the MAS frequency for composite sequences.

2.3. CSA convention
The CST parameters are defined according to the Haeberlen-Mehring-Spiess convention
[39-41] as follows:
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where §;,, is the isotropic shift, §, is the reduced anisotropy, n is the asymmetry parameter, and

6;; are the principal components of the CST.

2.4. Data processing
All 2D '*F RNCSA spectra were processed by Fourier transform in the direct dimension and
real Fourier transform in the indirect dimension. No apodization was used.

2.5. "F RNCSA line shape fitting

All simulations were performed using the software package SIMPSON v4.2.1 and the ‘opt’
package for the fitting scripts [42, 43]. Simulations were performed for a single '°F spin system
containing only the chemical shift interaction. Averaging was carried out over 678 REPULSION-
distributed pairs of {a, B} Euler angles with 8 y angles for the standard '°F RNCSA sequences,
and 986 ZCW-distributed pairs of {a, B} Euler angles with 8 y angles for the composite '°F RNCSA
sequences. The fitting script optimized three parameters of the spin simulation: '°F §,, 1, and
exponential apodization. Other experimental parameters and those set by the R-symmetry
numbers were fixed.

2.6. Spinning sideband analysis

For reference, the CSA parameters of Atorvastatin calcium [19], Mefloquine, and 5F-L-Trp
were determined from slow MAS experiments through spinning sideband analysis. The CSA
parameters were extracted by fitting the spinning sideband intensities using the Herzfeld-Berger
analysis [44] as implemented in the HBA program [45].




3. Results and Discussion

'“F CSA parameters were determined for Atorvastatin calcium by recording a CP-excitation
spectrum at the MAS frequency of 10 kHz, and the R12s*-spectra at 60 and 100 kHz (Fig. 2).
Atorvastatin calcium represents a relatively simple system with a weak "°F homonuclear dipolar
coupling network, due to the low concentration (6% w/w) of the active pharmaceutical ingredient
(API) in the formulation. The spectrum exhibits two narrow resonances with isotropic shifts of
-40.1 and —41.9 ppm, consistent with our previous report [19]. The CSA parameters determined
from the spinning sideband analysis of the slow-MAS spectrum and those extracted from the
R12s*-spectra are in good agreement (Table 1). The fits for the '’F-RNCSA line shapes recorded
at the MAS frequency of 60 kHz are somewhat better than those for the line shapes recorded at
100 kHz. The difference is due to the greater amount of sample packed in a 1.3 mm rotor
compared to a 0.7 mm rotor, hence the higher sensitivity of the spectra recorded at the MAS
frequency of 60 kHz.
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Figure 2. Spectrum and '°F CSA line shapes of Atorvastatin calcium (a) recorded with CP-excitation at the MAS
frequency of 10 kHz (b) and R125* RNCSA sequence at the MAS frequency of 60 kHz (c, d) and 100 kHz (e, f). 'H -
decoupling was applied to remove 'H-'F dipolar couplings. The experimental spectra and the fits are shown in black
solid lines and red dotted lines, respectively. R125* spectra were recorded with 19 (60 kHz MAS) and 32 (100 kHz
MAS) t; transients, respectively, resulting in approximately the same CSA evolution period.



For microcrystalline 5F-L-Trp, "F CSA parameters were extracted from a 'H-""F CP
spectrum recorded at a MAS frequency of 10 kHz and from a R12s* spectrum acquired at a 60
kHz MAS frequency (Fig. 3, Table 2). Similar to Atorvastatin calcium, the 'F CSA parameters
determined by both methods are within experimental error.
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Figure 3. Spectrum and '°F CSA line shapes of 5F-L-Trp (a) recorded with "H-'9F CP at the MAS frequency of 10 kHz
(b) and R125* RNCSA acquired at 60 kHz MAS (c). 'H mr-decoupling was applied to remove 'H-"°F dipolar couplings.
The experimental spectra and the fits are shown in black solid and red dotted lines, respectively. The R125* spectrum
was collected with 38 t; transients.

In contrast to Atorvastatin and 5F-L-Trp, Mefloquine poses a challenge for CSA
measurements using single-pulse excitation at slow MAS frequencies because of large
homonuclear '°F-'°F dipolar couplings of the CF3 groups, both intra- and intermolecular [46].
Indeed, the effect of these couplings is evident from the line widths observed at the MAS
frequency of 10 kHz, see Fig. 4b. Therefore, we chose the RN," sequences that recouple 02-CSA
interactions while simultaneously decoupling homonuclear dipolar couplings. The CSA
parameters extracted from R12s*-spectra recorded at MAS frequencies of 60 and 100 kHz are,
therefore, more accurate than the slow-MAS parameters, see Fig. 4c,d and Table 3.
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Figure 4. '9F spectrum and CSA line shapes of Mefloquine (a) recorded with single-pulse excitation at the MAS
frequency of 10 kHz (b) and R12s5* RNCSA acquired at 60 kHz (c, d) and 100 kHz (e, f). 'H m-decoupling was applied
to remove "H-'9F dipolar couplings. The experimental spectra and the fits are shown in black solid and red dotted lines,
respectively. R12s* spectra were collected with 38 (MAS frequency of 60 kHz) and 64 (MAS frequency of 100 kHz) t4
transients, respectively, resulting in approximately the same CSA evolution period.

We also examined the effect of heteronuclear 'H decoupling on the Mefloquine '°F RNCSA
line shapes acquired at the MAS frequency of 100 kHz. As shown in Fig. 5, 'H couplings result in
considerable broadening of the RNCSA lines, which translates into larger experimental errors in
both the reduced anisotropy (0.5-3 ppm, up to 6%) and asymmetry parameter (0.3-0.7 vs. 0.2-
0.4) of the CST (Table 4). The choice of the decoupling scheme did not result in a noticeable
difference: both, n-decoupling and CW irradiation were equally efficient. As a note, it should be
mentioned that 'H decoupling will be most important at slower MAS frequencies for 'F RNCSA
experiments in fully protonated systems.



Previously, Titman and coworkers postulated that 'H-'°F dipolar couplings 8.5 kHz
(corresponding to a distance shorter than ~2.35 A) adversely affect line shapes at a MAS
frequency of 65 kHz [29]. However, their simulations did not consider the effect of an extensive
dipolar coupled network of "H spins. Such a network can introduce significant line broadening, as
observed by us for Mefloquine, where, even at the MAS frequency of 100 kHz, 'H decoupling is
necessary to eliminate these couplings. Conversely, it is possible that for systems devoid of
protons (e.g., fully deuterated molecules) spinning at 100 kHz may not require 'H decoupling
during "F RNCSA experiments.
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Figure 5. Effect of 'H decoupling on Mefloquine '°F RNCSA line shapes recorded at a MAS frequency of 100 kHz. Left
and right are line shapes recorded with R125* and R145® sequences, respectively. Top and bottom are line shapes
extracted for peaks with isotropic chemical shifts of 16.2 and 8.8 ppm, respectively. Line shapes recorded without and
with n- and CW-decoupling are depicted in black, purple, and blue, respectively. R125* and R14s° spectra were collected
with 64 and 32 t; transients, respectively.

We therefore examined the performance of the 'H-decoupled '*F RNCSA at different MAS
frequencies of 60, 80, and 100 kHz (Fig. 6). The recoupling efficiency increases with the increased
spinning frequency, the relaxation-induced central peak decreases, and all features become
narrower. Irrespective, the reduced anisotropy and asymmetry parameters extracted from the
corresponding RNCSA line shapes all are within experimental error (Table 5).
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Figure 6. 'H-decoupled Mefloquine '°F RNCSA line shapes recorded at MAS frequencies of 100 kHz (purple), 80 kHz
(blue), and 60 kHz (black). Left and right are R125* and R145° line shapes, respectively, and top and bottom are peaks
with isotropic chemical shifts of 16.2 and 8.8 ppm, respectively. T-pulse 'H decoupling was applied in all experiments.
R125* spectra were collected with 38 (MAS frequency of 60 kHz), 51 (MAS frequency of 80 kHz), and 64 (MAS
frequency of 100 kHz) t; transients, respectively, resulting in approximately the same CSA evolution period. R145°
spectra were collected with 19 (MAS frequency of 60 kHz), 26 (MAS frequency of 80 kHz), and 32 (MAS frequency of
100 kHz) t1 transients, respectively, resulting in approximately the same CSA evolution period.

We also performed "F RNCSA experiments using a broader range of R-symmetry numbers
for recoupling the o»-spatial component of the CSA interaction while suppressing the
homonuclear '°F-"°F dipolar couplings. The following '*F RNCSA spectra at a MAS frequency of
60 kHz were recorded for Mefloquine and 5F-L-Trp: R10¢%, R10;", R127%, R14s°, R20¢%, R14¢°,
R12s*, and R14s°. In addition, we replaced the R-symmetry T-pulses in two sequences, R10¢°
and R14¢°, with 270°-90° composite pulses [37] (Fig. 1b,c), in order to evaluate the performance
of the cR104° and cR14s° schemes on the line shapes (Fig. 7). Of the R-symmetry numbers tested,
the R127*, R145°, R14¢°, R125*, R145°, and cR14s° sequences worked well in all instances. Since
low-power 'F RNCSA experiments possess small scaling factors [27], R12/* and R14¢°
sequences are expected to be better suited for larger '°F CSAs and/or higher magnetic fields.
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Figure 7. '°F RNCSA line shapes of Mefloquine and 5F-L-Trp at a MAS frequency of 60 kHz MAS using different R-
symmetry sequences. The line shapes for two Mefloquine peaks at isotropic shifts 16.2 ppm (left) and 8.8 ppm (middle)
as well as the line shapes for 5F-L-Trp (right) are shown. The R-symmetry numbers are indicated on the left and the
corresponding RF power is indicated on the right. All spectra were collected with 38 t transients, except for cR109° and
cR145, which were collected with 48 and 24 t4 transients, respectively. 'H t-decoupling was used during t1 evolution
period of all sequences, but R145% and cR144°, for which by 'H CW-decoupling was employed.

The effect of a radio frequency (RF) field mismatch on the overall performance of '°F
RNCSA experiments for the systems investigated here was evaluated. Prior studies reported that
sensitivity to a RF mismatch depends on specific combinations of symmetry numbers in RN
sequences [37, 47-50]. Here, we show that a RF field mismatch for the R127*, R14¢°, R14¢°,
R12s*, and R14s° experiments (Fig. 8 and Supplementary Table S1) affects all sequences to a
very similar extent. The overall RF profile is non-linear and results in large errors in the measured
CSA parameters when excessive RF power is applied. In practice, this indicates that for spectra
that contain several '°F peaks dispersed over a large spectral width (a common case in '°F NMR
since the chemical shift range is >300 ppm), a single '°F RNCSA experiment will not suffice
because of large off-resonance effects. In those instances, separate '°F RNCSA experiments
need to be performed for different spectral regions with individual peaks set on resonance.
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Figure 8. Effect of RF field mismatch on the '°F reduced anisotropy in RNCSA experiments of Mefloquine (peaks at
16.2 (a) and 8.8 (b) ppm) and microcrystalline 5F-L-Trp (c). All experiments were performed at a MAS frequency of 60
kHz. §,values extracted from R1274, R145%, R14¢°%, R12;5*, and R145° experiments are shown as squares, stars, circles,
triangles, and diamonds, respectively. The number of t; transients and "H decoupling schemes are as described in the
legend of Fig. 7. RF field mismatch effect was measured by recollecting the "°F-RNCSA experiment with an adjusted
9F RF field during the CSA recoupling period (t1), followed by fitting of the obtained line shapes.

The data shown in Fig. 8 reveal a large variation in §,values when RF power is mis-set to
high values, while under-estimating the RF field has relatively modest effects on the spectra.
When the RF power is within 10% of the correct value, the reduced anisotropy is still within
experimental error (Supplementary Table S1). Similar effects were seen for the Atorvastatin
calcium spectra recorded at a MAS frequency of 100 kHz (Fig. S1, Supplementary Table S2). The
relatively small effect on the 'F RNCSA line shapes from under-estimating the RF field suggests
that the B1 inhomogeneity plays a smaller role than RF field mismatch, since B1 inhomogeneity
usually leads to lower effective RF fields away from the center of the coil [51].
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To assess the off-resonance effects on 'F RNCSA line shapes, expected from the above
RF field mismatch tests, we performed the R12s* experiment on Mefloquine with irradiation
frequencies positioned on- and off-resonance (Fig. 9a-f). Irradiating 40 ppm off-resonance results
in severely broadened recoupled line shapes, and at 80 ppm off complete loss of the RNCSA line
shape is observed. Since a 270°-90° composite pulse had been reported to be more robust to an
RF mismatch, albeit at the expense of significantly higher required RF power [37], we tested the
cR144° sequence on Mefloquine (Fig. 9g-1). Indeed, setting the irradiation frequency 40 ppm off
resonance only modestly affects the recoupled line shape, while 80 ppm off-resonance irradiation
results in an increased central peak. Fortunately, the reduced anisotropy and asymmetry
parameters extracted from the spectra are within the experimental error (Table 6).

Of note is the intensity of the zero-frequency peak in the '°F RNCSA line shape, which
progressively increases as the excitation pulses are set off resonance by 40 and 80 ppm. This
peak originates from relaxation and/or experimental imperfections, such as RF field
inhomogeneity and pulse imperfections. Interestingly, the relative contribution of the zero-
frequency feature to the cR14¢° line shape is relatively modest, attesting to the robustness of the
composite pulse- based sequence.
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Figure 9. Off-resonance effects on the recoupled line shape in 'F RNCSA experiments of Mefloquine at a MAS
frequency of 60 kHz. R125* (a-f) and cR14s® (g-I) line shapes of Mefloquine peaks with isotropic shifts 16.2 ppm (a-c,
g-i) and 8.8 ppm (d-f, j-1) with on-resonance irradiation at 13 ppm (a, d, g, j), 40 ppm off-resonance irradiation (b, €, h,
k), and 80 ppm off-resonance irradiation (c, f, i, I).

We also evaluated the performance of the cR14s° experiment at a MAS frequency of 100
kHz for Mefloquine (Fig. 10 and Table 7). Comparison of the line shapes with those collected at
60 kHz reveals that the features are more distinct at the faster spinning frequency. In addition,
the asymmetry of the CSA extracted at 100 kHz agrees better with the values observed using the
R125* experiment at 100 kHz MAS frequency (Table 3). Importantly, given the improved RF
capabilities of the 0.7 HFXY MAS probe and the large spectral width of cR14s° at a MAS frequency
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of 100 kHz, this sequence is advantageous for determining large '°F CSAs free of inaccuracies
due to large RF mis-matches, as shown by simulated cR14s° line shapes (Fig. S2).

6,,=162ppm

3 2 a1 o 1 2 3 3 2 4 o 1 2 3
9F frequency (kHz) OF frequency (kHz)
Figure 10. 'H-decoupled "°F cR14° line shapes of Mefloquine at MAS frequencies of 60 kHz (black) and 100 kHz
(purple) for peaks with isotropic chemical shifts of 16.2 (left) and 8.8 ppm (right), respectively. cR14s% spectra were
recorded with 24 (MAS frequency of 60 kHz and CW 'H decoupling) and 40 (MAS frequency of 100 kHz and mr-pulse
'H decoupling) t transients, respectively, resulting in the same CSA evolution period.

4. Conclusions

Accurate '°F CSA parameters were extracted from RNCSA experiments performed at high MAS
frequencies of 60-100 kHz. These spinning frequencies are well suited for the recoupling of '°F
CSA of most fluorinated aromatic and CF3 groups, common in pharmaceuticals and "°F-labeled
proteins. For highly protonated systems, "H decoupling is required, even at MAS frequencies as
high as 100 kHz. While ""F-RNCSA is sensitive to RF mis-set and off-resonance effects,
implementation of composite R-symmetry pulses makes the experiment more robust and,
therefore, more accurate. The high-frequency "*F-RNCSA experiments presented and evaluated
here open doors for accurate CSA measurements of homonuclear dipolar coupled '°F spins. We
anticipate that the methodologies illustrated here for three select examples will find broad
applications to a wide variety of fluorinated organic and biological molecules.
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Table 1. '°F chemical shift anisotropy parameters of Atorvastatin calcium extracted from direct
pulse excitation and RNCSA experiments.*

Direct excitation/ R125%/ R125%/
biso (PPM) wr =10 kHz wr = 60 kHz wr =100 kHz
401 S5 (ppm) 57.9 57.5 56.3
n 0.5 0.4 0.6
419 b5 (ppmM) 55.2 53.9 53.4
n 0.6 0.7 0.8

*The R12s* spectra were recorded using 1.3 mm HFX (60 kHz) and 0.7 mm HFXY (100 kHz)
probes.
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Table 2. '°F chemical shift anisotropy parameters of 5F-L-Trp extracted from direct pulse
excitation and RNCSA experiments.*

Direct excitation/ R125%/
diso (PPM) wr =10 kHz wr =60 kHz
65 (ppm) 53.3 52.3
44.1 n 0.1 0.4

*The R12s* spectra were recorded using a 1.3 mm HFX probe.
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Table 3. '"F chemical shift anisotropy parameters of Mefloquine extracted from direct pulse
excitation and RNCSA experiments.*

Direct excitation/ R125%/ R125%/
biso (PPM) wr =10 kHz wr = 60 kHz wr =100 kHz
16.2 S5 (ppm) 37.5 41.8 39.3

n 0.3 0.1 0.1
8.8 b5 (ppmM) 40.4 49.5 447
’ n 0.2 0.0 0.3

18

*The R12s* spectra were recorded using 1.3 mm HFX (60 kHz) and 0.7 mm HFXY (100 kHz)
probes.




Table 4. '"F chemical shift anisotropy parameters of Mefloquine extracted from RNCSA
experiments with and without 'H decoupling during the 'F RNCSA period, at 100 kHz MAS
frequency. r, CW, and ‘none’ designate n-decoupling, CW-decoupling, and no "H decoupling.

R125* R145°
biso (PPM) T Cw none T CW none
16.2 8, (ppm)| 43.1 43.2 443 447 445 44.0
n 0.2 0.2 0.3 0.4 0.4 0.4
88 8, (ppm)| 51.3 52.0 54.5 51.6 52.7 52.0
n 0.4 0.4 0.7 0.4 0.3 0.6
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Table 5. 'F chemical shift anisotropy parameters for Mefloquine extracted from RNCSA
experiments at different MAS frequencies.

R125* with n-decoupling[R14s® with n-decoupling

8.0 (PPM) 100 kHz 80 kHz 60 kHz|100 kHz 80 kHz 60 kHz
5, (ppm)| 431 | 438 | 442 | 447 [ 461 | 46.2
16-2ppm| = 02 | 01 | 01| 04 | 04 | 04
8, (ppm)| 51.3 | 52.3 | 54.0 | 51.6 | 53.8 | 54.6
88ppm | 04 | 02 | 04 | 04 | 05 | 06
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Table 6. '"F chemical shift anisotropy parameters of Mefloquine extracted from cR14s°
experiments performed at a MAS frequency of 60 kHz for different on- and off-resonance
irradiation frequencies .

40 ppm 80 ppm
diso (PPM) On-resonance off-resonance off-resonance
d5 (ppm) 36.5 36.0 32.2
16.2
6.2 ppm 0 0.1 0.1 0.0
65 (ppm) 45.9 454 41.1
8.8 ppm 0 0.1 0.1 0.2
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Table 7. '"F chemical shift anisotropy parameters of Mefloquine extracted from cR14s°
experiments performed at MAS frequencies of 60 and 100 kHz.*

diso (PPM) 60 kHz 100 kHz
d5 (ppm) 36.5 37.7
16.2
6.2 ppm 7 0.1 0.2
d5 (ppm) 45.9 44.5
8.8
bpm 7 0.1 0.3

*The cR14s° spectra were recorded using 1.3 mm HFX (60 kHz) and 0.7 mm HFXY (100 kHz)
probes.
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