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Highlights 

• High MAS frequencies (60-111 kHz) are advantageous for 19F MAS NMR spectroscopy of 
organic solids and pharmaceutical formulations. 

• 1H decoupling is essential for 19F MAS NMR at MAS frequencies of 60-111 kHz. 
• Both dipolar and scalar-based 2D 19F-13C correlation experiments become feasible and 

efficient at a MAS frequency of 100 kHz. 
• High-sensitivity 1D and 2D 19F-detected spectra are acquired with nanomole-quantities of 

material.  
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Abstract 
19F magic angle spinning (MAS) NMR spectroscopy is a powerful tool for characterization of 
fluorinated solids. The recent development of 19F MAS NMR probes, operating at spinning 
frequencies of 60-111 kHz, enabled analysis of systems spanning from organic molecules to 
pharmaceutical formulations to biological assemblies, with unprecedented resolution. Herein, we 
systematically evaluate the benefits of high MAS frequencies (60-111 kHz) for 1D and 2D 19F-
detected experiments in two pharmaceuticals, the antimalarial drug mefloquine and a formulation 
of the cholesterol-lowering drug atorvastatin calcium. We demonstrate that 1H decoupling is 
essential and that scalar-based, heteronuclear single quantum coherence (HSQC) and 
heteronuclear multiple quantum coherence (HMQC) correlation experiments become feasible and 
efficient at the MAS frequency of 100 kHz. This study opens doors for the applications of high 
frequency 19F MAS NMR to a wide range of problems in chemistry and biology. 
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1. Introduction 
19F is a spin-½ nucleus with an intrinsically high gyromagnetic ratio, 100% natural 

abundance, and a very large chemical shift range, spanning over 300 ppm. These favorable 
magnetic and physicochemical properties render 19F a powerful NMR probe for structure and 
dynamics characterization of a wide range of organic and biological molecules [1-3]. Fluorine is 
absent from virtually all biological systems, yet it can be readily incorporated into proteins and 
nucleic acids [1, 4-7]. Fluorine atoms are also frequently introduced into pharmaceuticals to 
enhance metabolic stability and thereby improve therapeutic efficacy [8-10]. In the solid state, 19F 
NMR spectroscopy has been used to study a variety of fluorinated systems, including organic 
solids, active pharmaceutical ingredients (APIs) in pharmaceutical formulations, manmade 
polymers, fluorinated proteins, and protein assemblies [11-24]. 19F NMR observables are 
sensitive reporters on the structure and dynamics of fluorinated molecules. In solution, 19F 
paramagnetic relaxation enhancements (PREs) [25], pseudocontact shifts (PCS) [26], and 19F-
19F NOEs [27] are commonly used for structural characterization. In solids, the information-rich 
anisotropic interactions, such as chemical shift and dipolar tensors, are employed [28-30]. 
Furthermore, owing to the 19F high gyromagnetic ratio, distances as long as ca. 25 and 16 Å are 
accessible from 19F-19F and 19F-13C based experiments, respectively, making fluorine an attractive 
nucleus for small-molecule NMR crystallography and protein structure and dynamics 
characterization [20-23]. In the regime of MAS frequencies above 10-15 kHz, 19F anisotropic 
interactions are measured through various recoupling techniques [13, 14, 31]. While early 19F 
MAS NMR experiments were typically performed at spinning frequencies below 20-30 kHz, recent 
studies have shown that MAS frequencies of 40 kHz and above are beneficial and, in some cases, 
necessary to achieve the resolution and sensitivity required for the characterization of organic 
and biological materials [18-20, 32, 33].  

 
Figure 1. Molecular structure of mefloquine (a) and atorvastatin calcium (b). 19F atoms are colored magenta. 

Herein, we systematically evaluate the effect of high MAS frequencies, 60-111 kHz, and 1H 
decoupling in studies of the antimalarial drug mefloquine hydrochloride and a generic formulation 
of a cholesterol-lowering drug atorvastatin calcium (Fig. 1) on the resolution of 19F signals. For 
mefloquine, we show that the long coherence lifetimes of the 19F resonances at the MAS 
frequency of 100 kHz combined with 1H decoupling greatly improve the performance of 2D 
dipolar-based, 19F-19F finite-pulse radio frequency-driven recoupling (fpRFDR) [33-36] and 1H-19F 
heteronuclear correlation (HETCOR) experiments. Remarkably, with 100 kHz MAS, 2D scalar-
based correlation experiments become feasible and efficient. To our knowledge, this is the first 
demonstration of the 19F-13C heteronuclear multiple quantum coherence (HMQC) and 
heteronuclear single quantum coherence (HSQC) correlation spectra in the solid state. 
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2. Experimental 
2.1. Sample preparation 

Mefloquine hydrochloride (100% w/w API) was purchased from Acros Organics. 
Atorvastatin calcium was a generic formulation manufactured by Teva as 10 mg tablets (6% w/w 
API) or Apotex as 40 mg tablets (9% w/w API). Herein, we refer these samples as atorvastatin 
calcium I and II, respectively. All samples were ground and packed into 0.7 mm MAS rotors. Each 
rotor contained up to 300 μg of mefloquine hydrochloride, atorvastatin calcium I, or atorvastatin 
calcium II, corresponding to about 600, 27, and 40 nanomoles of API, respectively. 

 
Figure 2. Pulse sequences used herein to record 2D 19F-X correlation experiments: 2D T2-filtered 1H-19F HETCOR (a), 
2D 19F-19F fpRFDR (b), 2D 13C-19F HMQC (c), 2D 13C-19F HSQC (d), and 2D 19F-13C HETCOR (e). 2D T2-filtered 1H-
19F HETCOR phase cycle: φ0=y-y, φ1=y, φ2=xx-x-x yy-y-y, φrec=x-x-xx y-y-yy. 2D 19F-19F fpRFDR phase cycle: φ0=x, 
φ1=x-x, φ2=xx -x-x, φrec=x-x -xx, φRFDR follows the XY841 scheme [37]. 2D 13C-19F HMQC phase cycle: φ0=x-x, φ1=xx -
x-x, φrec=x-x -xx. 2D 13C-19F HSQC phase cycle: φ0=x*8 -x*8, φ1=x-x, φ2=xx -x-x, φ3=xxxx -x-x-x-x, φ4= x*8 -x*8, φrec=x-
xx-x -xx-xx. 2D 19F-13C phase cycle: φ0=y-y, φ1=xx-x-x yy-y-y, φrec=x-x-xx y-y-yy. Phases marked with an asterisk are 
incremented according to the States-TPPI scheme for phase-sensitive indirect detection [38]. The delays in the figure 
are 𝜏!"#$%& = 400 μs, 𝜏	= (1/3)*𝜈&, where 𝜈& is the MAS frequency, and Δ = 1/2J = 2 ms for J = 1JFC ~250 Hz. 

 
2.2. MAS NMR spectroscopy 

All experiments were performed on an 11.7 T Bruker Avance Neo NMR spectrometer 
equipped with a 0.7 mm HFXY probe (mefloquine and atorvastatin calcium I) and a 0.7 mm H/FX 
probe (atorvastatin calcium I and II). 1H, 19F, and 13C Larmor frequencies were 499.81 MHz, 
470.29 MHz, and 125.68 MHz, respectively. 1D spectra were recorded with 1H-19F cross-
polarization (CP) (atorvastatin calcium I) and 19F direct-polarization (DP) excitation (mefloquine 
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and atorvastatin calcium I and II) at MAS frequencies ranging from 60 to 111 kHz, with and without 
low-power time-proportional-phase-modulation (TPPM) 1H decoupling [39-41], ‘slTPPM’ 
sequence. 2D 19F-19F/1H/13C correlation spectra of mefloquine were recorded at the MAS 
frequency of 60 and/or 100 kHz. 2D 19F-19F correlation spectrum of atorvastatin calcium II was 
recorded at the MAS frequency of 111 kHz. The 2D experiments pulse sequences are shown in 
Fig. 2, and the experimental and processing parameters are detailed in Supporting Information 
Tables S1 and S2. All datasets were processed and analyzed with Bruker TopSpin 4.1.3. For 
mefloquine 1D 19F NMR spectra, the overlapping 19F peaks were fitted using the ‘solid lineshape 
analysis’ (SOLA) package for accurate line width analysis. The signal-to-noise ratios (SNRs) were 
calculated on spectra processed without apodization and correspond to the most intense peak. 

2.3. Calculation of Bloch-Siegert shifts 

The Bloch-Siegert shift Δ!", in units of ppm, for heteronuclear decoupling is governed by 
the equation: 

Δ!" =
(𝛾#$%𝐵&)'

𝜈(' − 𝜈)**'
∙ 10+ =

,𝛾#$% 𝛾)**- .
'
∙ 10+

𝜈(' − 𝜈)**'
𝜈&' 

with 𝜈( the Larmor frequency of the observed nucleus in units of Hz, 𝜈& the radiofrequency (RF) 
field magnitude (B1) in units of Hz, 𝜈)** the frequency of applied field in Hz, and 𝛾#$% and 𝛾)** are 
the gyromagnetic ratios of the observed and irradiated nuclei, respectively, in units of Hz/T [42, 
43]. Generally, Bloch-Siegert shifts follow a quadratic relation between the RF field, 𝜈&, and the 
difference in Larmor frequencies, Δ𝜈. 

To fit the experimental data, a general quadratic equation of the form 𝑦 = 𝑎𝑥' + 𝑏 was 
used, where: 

𝑎 =
,𝛾#$% 𝛾)**- .

'

𝜈(' − 𝜈)**'
∙ 10+ 

The theoretical value of parameter 𝑎 is -3.09·10-11 ppm/Hz2, calculated using the experimental 1H 
and 19F Larmor frequencies, see above, and known gyromagnetic ratios. Experimental data were 
fitted to the same equation using MATLAB [44] and the experimental value of 𝑎 was extracted. 

 

3. Results and Discussion 
19F 1D spectra of mefloquine and atorvastatin calcium I at a MAS frequency of 100 kHz are 

shown in Fig. 3a,b. In mefloquine, the 2CF3 and 8CF3 groups give rise to several distinct sets of 
signals each, corresponding to crystallographically inequivalent sets of fluorine atoms. Resolving 
individual resonances for the three crystallographically inequivalent molecules in the unit cell in 
1D 19F spectra is not possible, even with MAS frequencies as high as 40-60 kHz, 1H decoupling, 
or selective excitation pulses, necessitating 2D experiments [20]. This is the case even at the 
MAS frequency of 100 kHz with 1H decoupling, as shown in Fig. 3a. We note that, while we chose 
to use TPPM 1H decoupling, no comprehensive study of 1H decoupling schemes in 19F-edited  
fast MAS NMR experiments has been reported to date. 
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The two 19F resonances in the atorvastatin calcium I spectrum also correspond to the 
crystallographically inequivalent fluorine atoms in the crystal structure and were assigned by us 
in an earlier study [19], see Fig. 3b.  

The MAS frequency dependences of the line widths for 60-100 kHz spinning, with and 
without 1H decoupling, are shown in Fig. 3c,d. For mefloquine, 19F lines are getting progressively 
narrower with increasing MAS frequency, from 154 Hz (2CF3) and 256 Hz (8CF3) at 60 kHz to 
120 Hz (2CF3) and 180 Hz (8CF3) at 100 kHz. 1H decoupling reduces the line widths further, to 
92 Hz (2CF3) and 167 Hz (8CF3) at 100 kHz, see Fig. 3c. Interestingly, the combination of 
decoupling and higher MAS frequencies influences the 2CF3 and 8CF3 resonances differently. 
The widths of the 2CF3 and 8CF3 peaks with 1H decoupling at the MAS frequency of 60 kHz are 
105 and 212 Hz, but at the MAS frequency of 100 kHz without 1H decoupling the widths are 120 
and 180 Hz. As discussed above, each of the two peaks comprises multiple species 
corresponding to crystallographically inequivalent molecules in the unit cell and the isotropic 
chemical shifts of the individual species as well as 19F-19F and 19F-1H dipolar couplings contribute 
to the peak widths. The dipolar coupling contribution to the line widths is reduced with increased 
MAS frequency and decoupling. These results, together with our previous work on mefloquine 
and the 19F-19F distances in the mefloquine crystal structure [20], indicate that homonuclear 
dipolar couplings are a significant source of line broadening in mefloquine 19F spectra. The 
narrowest lines are achieved at the MAS frequency of 100 kHz when 1H decoupling is applied. 

 
Figure 3. a) 1H-decoupled 19F DP spectrum of mefloquine at the MAS frequency of 100 kHz. The spectrum 
was acquired with 4 scans; the SNR was 390. b) 19F CP and DP spectra of atorvastatin calcium I acquired 
at the MAS frequency of 100 kHz with 1H decoupling (black) and 111 kHz without 1H decoupling (magenta), 
respectively. The spectra were acquired with 1,024 and 80 scans; the SNR were 65 and 20, respectively. 
c) Effect of MAS frequencies and 1H decoupling on 19F line widths of mefloquine DP experiments. d) Effect 
of MAS frequencies and 1H decoupling on 19F line widths of atorvastatin calcium I in DP and CP experiments 
at the MAS frequencies 60-100 and 111 kHz, respectively. Low-power TPPM 1H decoupling RF fields were 
set to 1/8 and 1/4 of the MAS frequency for mefloquine and atorvastatin calcium I, respectively. Empty and 
filled symbols indicate line widths measured without and with 1H decoupling, respectively. Mefloquine 19F 
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peaks with chemical shifts of 16.2 ppm (8CF3) and 8.8 ppm (2CF3) are shown as triangles and squares, 
respectively. Atorvastatin calcium I 19F peaks with chemical shifts of -40.1 and -41.9 ppm are shown as 
triangles and squares, respectively. Mefloquine 19F peak assignments were reported in [20]. 

Interestingly, the influence of spinning frequencies and decoupling on 19F line widths of 
atorvastatin calcium I is markedly different from that for mefloquine, see Fig. 3d. In atorvastatin 
calcium I, 1H decoupling at the MAS frequency of 60 kHz results in lines narrowing from 492/357 
to 248/173 Hz, while in mefloquine, the line narrowing due to 1H decoupling was more modest, 
with line widths changing from 256/154 Hz to 212/105 Hz. A significant narrowing of atorvastatin 
calcium I 19F peaks is observed when applying 1H decoupling at all MAS frequencies tested here, 
60-111 kHz. Interestingly, with 1H decoupling, spinning faster than 60 kHz does not narrow the 
19F lines further. This implies that 1H-19F dipolar couplings contribute predominantly to the 19F line 
widths of atorvastatin calcium I at the MAS frequencies up to 111 kHz, confirming our previous 
report that in dilute systems 19F-19F dipolar couplings are practically negligible. 

 

  
Figure 4. Dependence of 19F peak intensities of mefloquine 19F resonances on the 1H decoupling RF field 
at 100 kHz MAS frequency. Peak intensities for mefloquine 19F peaks at 16.2 (8CF3) and 8.8 (2CF3) ppm 
are shown by triangles and squares, respectively. The optimal 1H decoupling RF field strength is indicated 
by the grey areas.  

The efficiency of low-power 1H TPPM decoupling [39-41] for 19F DP experiments of 
mefloquine at 100 kHz MAS is shown in Fig. 4. Optimal 1H decoupling is achieved at weak RF 
fields of 7.5 to 15 kHz, or about 1/8 the MAS frequency. Notably, small, but pronounced systematic 
shifts in the position of the 19F isotropic peaks as a function of the applied 1H decoupling RF field 
are observed (Fig. 5a). The frequency dependence of both CF3 peaks follow a quadratic function, 
suggesting as its cause a Bloch-Siegert shift [45-47]. The experimental values of a in a fit of the 
form y=ax2+b were -2.75·10-11 and -2.66·10-11 ppm/Hz2 for mefloquine 2CF3 and 8CF3 
resonances, respectively, very close to the calculated theoretical value of -3.09·10-11 ppm/Hz2 
(see the experimental section). We ruled out that the observed shifts originate from sample 
heating upon RF irradiation since the shift for increasing temperatures is in opposite direction to 
the shift induced by the RF irradiation (Fig. 5b). One possible explanation to the lower observed 
value of a is the use of a phase-modulated decoupling scheme, feasibly introducing a delay on 
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the order of tens of nanoseconds between the decoupling pulses and thus resulting in a lower 
effective RF field during the acquisition period. Given that the optimal RF fields for 1H decoupling 
are 7.5-15 kHz (see Fig. 5a grey area), any Bloch-Siegert shifts are expected to be small 
compared to the 19F line width (<0.01 ppm Bloch-Siegert shift versus >0.2 ppm line width, hence 
<5% error), and therefore should be negligible. 

 
Figure 5. Frequency changes of mefloquine 19F resonances in DP spectra at 100 kHz MAS frequency due 
to 1H decoupling (a,c) and temperature (b,d). Data for 2CF3 and 8CF3 19F peaks are shown by squares (a,b) 
and triangles (c,d), respectively. The optimal 1H decoupling RF fields (Fig. 4) are shown by the grey area. 
Magenta lines are the fits of the 2CF3 and 8CF3 curves data to the equation y=ax2+b. The experimental 
values of a are -2.75·10-11 and -2.66·10-11 ppm/Hz2 for the 2CF3 and 8CF3 resonances, respectively. 

2D dipolar-based 19F-detected correlation experiments were also recorded for mefloquine 
and atorvastatin calcium II as a function of MAS frequency. The 19F-19F fpRFDR and 1H-19F 
HETCOR spectra of mefloquine acquired at the MAS frequency of 60 and 100 kHz are shown in 
Fig. 6. As anticipated, spinning at 100 kHz drastically improves the spectral resolution and the 
sensitivity in both experiments. Quantitative line width and sensitivity enhancement analysis of 
the 2D 19F-19F fpRFDR spectra is shown in Supporting Information Fig. S1. These enhancements 
are due to the considerably longer coherence lifetimes for both 1H and 19F nuclei, consistent with 
prior observations for 1H-based MAS NMR experiments performed at MAS frequencies above 
100 kHz [48-51]. We also note that, for the HETCOR experiment, we incorporated a short spin-
echo block prior to the 1H chemical shift evolution period (Fig. 2a), to suppress broad signals. As 
shown in Supporting Information Fig. S2, this T2 filter cleans up the 1H 1D spectrum and enhances 
the resolution. Interestingly, the 2D T2-filtered 1H-19F HETCOR experiment gave rise to both intra- 
and intermolecular correlations for a CP contact as short as 200 μs, see Supporting Information 
Fig. S3. These contacts show that the resolution of both 1H and 19F is sufficient to detect 
crystallographically inequivalent 1H chemical shifts as well. This data set alone is insufficient to 
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accurately assign all the crystallographically inequivalent 1H-19F cross peaks, but, according to 
the crystal structure, we estimate that the observed correlations correspond to distances of up to 
about 5-6 Å. 

In comparison with 2D 19F-19F and 1H-19F correlation experiments, their 13C-19F counterparts 
are considerably more demanding, especially when 13C sites are at natural abundance. 13C-19F 
spectra are required for chemical shift assignment and structural characterization of fluorinated 
organic and biological molecules, and thus considerable efforts have been focused on making 
these experiments accessible [52, 53]. Indeed, we recently demonstrated 2D dipolar-based 13C-
19F spectra at frequencies of 60-100 kHz, which rely on 13C-19F CP transfers [19, 20]. While in 
some systems these are efficient, there are specific examples, notably involving CF3 groups, 
where 13C-19F CP is inefficient or fails altogether. Therefore, scalar-based transfers would be 
highly desirable and in principle should be attainable, given that one-bond 19F-13C scalar 
couplings, 1JFC, in many organic molecules are strong, ca. 250 Hz. Gratifyingly, at the MAS 
frequency of 100 kHz, the coherence lifetimes of 13C and 19F become sufficiently long under 1H 
decoupling for scalar-based transfers. 

  
Figure 6. a) 2D 19F-19F fpRFDR spectrum of mefloquine acquired at 100 kHz MAS. The RFDR mixing time 
was 16 ms. b) Expansions of 2D 19F-19F fpRFDR spectra acquired at the MAS frequencies of 60 and 100 
kHz, colored grey and magenta, respectively. c) Expansions of 2D T2-filtered 1H-19F HETCOR spectra 
acquired at the MAS frequencies of 60 and 100 kHz, colored grey and magenta, respectively. In panels 
(b,c), 1D traces through the 2D spectra are shown at the frequencies shown with grey dash lines. d) 19F-
19F network in mefloquine crystal with the corresponding intermolecular interfluorine distances depicted in 
the molecules comprising the unit cell. 

Indeed, at the MAS frequency of 100 kHz we have successfully acquired 2D 13C-19F HSQC 
and HMQC correlation spectra of mefloquine, see Fig. 7. As shown in Fig. 7b, both types of 
spectra exhibit high resolution, allowing for straightforward assignment of the two CF3 groups in 
the molecule and the respective carbon chemical shifts. Naturally, the HSQC and HMQC spectra 



10 
 

provide information on the carbons covalently bonded to fluorines, in contrast to the dipolar-based 
13C-detected 19F-13C HETCOR data sets (Fig. 7c). As shown in Fig. 7c, 13C-19F correlations of 
mefloquine 2CF3 and 8CF3 groups are observed in both, the HSQC and HETCOR spectra. The 
resolution and sensitivity of the 19F-detected HSQC spectrum are high enough to assign the 13C 
resonances of the crystallographically inequivalent trifluoromethyl groups. Furthermore, the 
HETCOR spectrum provides through-space 13C-19F correlations unattainable from scalar-based 
experiments. Taken together, these results illustrate that, ideally, both scalar- and dipolar-based 
13C-19F correlation experiments should be acquired, as they provide complementary information 
for resonance assignments and 3D structure determination. 

Finally, both, HSQC and HMQC experiments provide sufficient sensitivity (see Supporting 
Information Fig. S4), although recoupled multiple quantum coherence in the indirect 13C 
dimension in the 2D HMQC spectrum results in broader lines (see Supporting Information Figure 
S5), possibly due to different relaxation in the single- and multiple-quantum coherences [54]. 
However, the HMQC experiment is more sensitive and thus may be preferred for challenging 
samples. We note that the relative intensty of mefloquine 2CF3 peak in the HSQC and HMQC 
experiments is higher compared to the HETCOR experiment, likely due to its narrower line width 
(see Fig. 3). While mefloquine 8CF3 peak has somewhat lower relative intensity in the HSQC and 
HMQC experiments, it is likely that faster MAS frequencies will give rise to narrower 19F lines and 
thus higher sensitivity gains in 19F-edited J-based experiments. 

2D 1H-13C or 13C-1H HETCOR experiments are often used for structural analysis of organic 
solids, but the correlations observed in the spectra generally arise from nuclear pairs separated 
at shorter distances than in the respective 2D 1H-19F and 19F-19F correlation experiments. 
Generally, 19F-based experiments are significantly more sensitive and can provide correlations 
corresponding to longer distances of about 2 nm [55], due to the higher gyromagnetic ratios and 
scarcity of 19F. Moreover, the number of fluorinated moieties is usually considerably smaller than 
the number of protons in fluorinated organic molecules, thus the 19F-13C correlation experiments 
demonstrated here exhibit higher resolution and may aid in structural analysis and assignment of 
13C resonances. 

 
Figure 7. a) Structure of the mefloquine molecule depicting 19F-13C distances of up to 3.2 Å in the X-ray 
structure. b) Scalar-based 2D 13C-19F HSQC (magenta) and HMQC (blue) spectra. c) Dipolar-based 2D 
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19F-13C HETCOR (grey) and scalar-based 2D 13C-19F HSQC (magenta) spectra. All spectra were recorded 
at 100 kHz MAS. Resonance assignments are indicated. 

Naturally, experiments on mefloquine are less challenging than on atorvastatin calcium 
formulations, given that mefloquine is a pure crystalline compound containing two CF3 groups, 
while atorvastatin calcium comes as a 6-9% w/w API in the formulations and has one CF group 
per molecule. As we have reported recently, atorvastatin calcium I (Teva) and atorvastatin calcium 
II (Apotex) formulations are both crystalline and comprise different polymorphs [19], each 
associated with a distinct set of isotropic chemical shifts. The spectrum of atorvastatin calcium II 
exhibits at least four distinct 19F species with chemical shifts of -36.9, -37.3, -43.5, and -44.1 ppm, 
representing different crystalline environments, as shown in the 19F MAS spectrum acquired at 
the MAS frequency of 111 kHz, Fig. 8a. The two peaks centered around -37 and -44 ppm are 
about 620 Hz wide, considerably broader than in atorvastatin calcium I formulation (Fig. 3b,d). 
The presence of multiple species is further supported by its 2D 19F-19F fpRFDR spectrum, shown 
in Fig. 8b. Each of the two broad diagonal peaks consists of multiple resonances. Interestingly, 
the spectrum exhibits well-resolved cross peaks connecting a subset of peaks, -36.2 to -37.7 and 
-42.7 to -44.5 ppm. These cross peaks represent correlations within pairs of fluorine atoms with 
interfluorine distances of 15 Å or shorter [19]. We also note that, due to the long 19F T1 (23-27 s) 
in this sample, the DP fpRFDR spectrum shown in Fig. 8b was recorded by accumulating 128 
transients per t1 increment to reach a SNR of 11 in the first FID. Since the 1H T1 times are 
considerably shorter, ca. 3.5 s, the incorporation of 1H-19F CP transfer prior to the RFDR mixing 
period will enable 2D fpRFDR spectra to be recorded in a fraction of time compared to their DP 
counterparts. For example, in the case of atorvastatin calcium I, the SNR of 1H-19F CP spectrum 
was about three times higher compared to the DP counterpart, see Fig. 3 caption. Nevertheless, 
given the low, 9% w/w, API content in atorvastatin calcium II formulation and a total of no more 
than 40 nanomoles of API in the sample packed in a 0.7 mm rotor, the sensitivity of the fpRFDR 
experiment is remarkably high. 

 
Figure 8. a) 1D 19F DP spectrum of atorvastatin calcium II acquired at the MAS frequency of 111 kHz 
without 1H decoupling. The spectrum was recorded with 576 scans; the SNR was 40. b) 2D 19F-19F fpRFDR 
spectrum of atorvastatin calcium II acquired at the MAS frequency of 111 kHz without 1H decoupling. The 
RFDR mixing time was 100 ms. 
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4. Conclusions 
High MAS frequencies of 60-111 kHz are advantageous for 19F solid-state NMR 

spectroscopy. 1H decoupling during 19F evolution and detection periods results in significant line 
narrowing, and sufficiently long coherence lifetimes permit scalar-based 19F-13C correlation 
spectroscopy. 1H-19F dipolar couplings are not fully averaged, even at 111 kHz MAS, 
necessitating 1H decoupling. Both dipolar- and scalar-based correlation experiments become 
efficient at 100 kHz MAS, yielding high resolution and sensitivity in a reasonable amount of 
measurement time. We anticipate that both dipolar- and scalar-based spectra will become 
important in studies of fluorinated solids and that MAS frequencies faster than 111 kHz will result 
in additional resolution and sensitivity gains for challenging systems. 
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