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Abstract 

Crystalline and amorphous materials usually possess distinct physiochemical properties due to 

major variations in long-range as well as local molecular packing. An enhanced fundamental knowledge of 

the molecular details of crystalline-to-amorphous interconversions is necessary to correlate the 

intermolecular structure to material properties and functions. While crystal structures can be readily 

obtained by X-ray crystallography, the microstructure of amorphous materials has rarely been explored due 

to a lack of high-resolution techniques capable of probing local molecular structures. Moreover, there is 

increasing interest in understanding the molecular nature of amorphous solids in pharmaceutical sciences 

due to the widespread utilization of amorphous active pharmaceutical ingredients (APIs) in pharmaceutical 

development for solubility and bioavailability enhancement. In this study, we explore multi-dimensional 
13C and 19F magic angle spinning (MAS) NMR spectroscopy to study molecular packing of amorphous 

posaconazole (POSA) in conjunction with the crystalline counterpart. Utilizing methods integrating homo-

nuclear and heteronuclear 1H, 13C, and 19F correlation spectroscopy and atomic 19F-to-13C distance 

measurements, we identified the major differences in molecular packing between crystalline and amorphous 

POSA. The intermolecular “head-to-head” interaction along the molecule’s major axis, as well as the “head-

to-tail” molecular packing perpendicular to the major axis in POSA crystals, were recapitulated by MAS 

NMR. Furthermore, critical inter-molecular distances in the crystal lattice were determined. Most 

importantly, the “head-to-tail” contact of two neighboring molecules was found to be preserved in 

amorphous POSA, suggesting localized molecular order, whereas crucial interactions for “head-to-head” 

packing are absent in the amorphous form resulting in long-range disorder. Our study, likely one of the first 

documented examples, provide molecular-level structural details to understand the molecular mechanism 

of crystalline-to-amorphous conversion of fluorine-containing drug substances occurring in drug processing 

and development and establish a high-resolution experimental protocol for investigating amorphous 

materials.   



1. Introduction 

Organic solids, commonly categorized in their supramolecular structures as crystalline or 

amorphous materials, have numerous applications ranging from pharmaceutics1, 2 to electronics3, 4. Active 

pharmaceutical ingredients (APIs) have traditionally been formulated as solids in their crystalline form in 

many pharmaceutical products. However, solid state APIs can adopt different molecular structures and 

packing arrangements in the crystal lattice, a phenomenon known as polymorphism5. The consistency of 

molecular packing of API crystals is crucial for ensuring the delivery of drug products of the same 

physicochemical properties such as solubility, stability, and manufacturability. More recently, amorphous 

forms of APIs are increasingly recognized for delivering poorly water-soluble drug substances due to 

improved solubility and bioavailability compared to crystalline counterparts6. In the industrial production 

of amorphous solids, three-dimensional (3D) molecular packing in crystals is purposefully disrupted 

generating solids possessing long-range disorder. Analogously to crystal polymorphism, amorphous solids 

might exist in different phases, referred as polyamorphism. Polyamorphism has been reported for ice7, 

triphenyl phosphite (TPP)8, n-butanol9 and D-mannitol10, 11. Even though amorphous solids have been 

generally known for being disordered, localized molecular packing and intermolecular contacts have not 

been fully explored. Such information is important for understanding the stability of amorphous solids 

manufactured by different methods. It is known that amorphous solids are unstable in their pure form and 

have a strong tendency to recrystallize. To characterize structural details of amorphous materials, many 

techniques have been utilized, for example Infrared spectroscopy (IR)11, 12,12, Raman spectroscopy10, and 

X-ray scattering7, 8, 11, 13,13, whereas these methods lack the spatial resolution to probe fine details of the 3D 

molecular packing of amorphous systems. Neutron and X-ray pair function analysis of glassy materials can 

delineate intermolecular distances from intra-molecular atom-atom correlations, thereby revealing the 

weakening of inter-molecular correlations in the glassy form of several drug molecules13. However, the 

analysis is complicated by broad peaks of the amorphous drugs, spectral interferences from pharmaceutical 

excipients, and detailed interaction information was still missing. It remains a technical challenge to explore 

inter-molecular packing of crystalline and amorphous organic solids. 

 

Solid-state nuclear magnetic resonance spectroscopy (ssNMR) has emerged as an extremely 

powerful analytical technique for characterization of pharmaceutical solids, including polymorphism, 

structure determination, and interactions14-24. The development of NMR crystallography enables validation, 

refinement, and de novo structure determination of both crystalline and microcrystalline solids25-44. NMR 

crystallography is a hybrid approach that integrates magic angle spinning (MAS) NMR with molecular 

modeling, quantum calculations, and other techniques such as powder X-ray diffraction (PXRD) to solve 

molecular structures of small molecules45-49. Potential structure candidates are generated based on atomic 



connectivity and further optimized upon theoretical energy minimization50. Density functional theory (DFT) 

calculations of NMR parameters of these structural candidates can correlate with experimental NMR 

observables to determine the correct structure with the lowest root-mean-square (rms) error. Most 

commonly, chemical shift tensors and proton spin diffusion (PSD) data have been used for structure 

determination. Harper and coworkers published a series of investigations by measuring and modeling 

accurate chemical shift tensors of 13C and 15N atoms in organic solids to refine their crystal structures40-44. 

An integrated method of PSD data in conjunction with 1H and 13C chemical shifts and DFT chemical shift 

calculations has been used to determine thymol structure with high-resolution36. The de novo crystal 

structure of a drug molecule as large as 422 g/mol is determined by a similar protocol33.  To probe for 

molecular packing and intermolecular interactions, Brown and coworkers developed an approach of using 
1H DQ (double quantum) build-up rate and maximum intensities for quantitative analysis of intra- and inter-

molecular 1H-1H proximities in gamma-indomethacin with the support of density matrix simulations51. 

Moreover, the NMR chemical shift calculation of the full crystal and an isolated molecule yield chemical 

shift changes due to hydrogen bonding and CH-pi interactions which are formed in a crystal lattice51, 52. In 

addition, distance constrains have been applied to NMR crystallography in determining molecular 

configuration with 13C and 15N isotopic labeling53, 54, in which 13C-15N rotational-echo double-resonance 

(REDOR) hetero-nuclear dipolar recoupling measurements are utilized55. REDOR is one of the most 

reliable NMR methods to measure distances by recoupling dipolar interactions. Due to the low natural 

abundance and low gyromagnetic ratio of 15N in organic solids, 15N-13C distance constrains are not 

commonly used in NMR crystallography due to the low sensitivity.  For a subset of molecules containing 
31P and/or 19F, one potential solution to this issue is to measure distances between these 100% natural 

abundance isotopes and 13C. Rienstra and coworkers demonstrated applicability of 13C-31P REDOR for 

refinement of candidate crystal structures, and showed that the 13C-31P distance is exceptionally informative 

for NMR crystallography27. Since about 30% of FDA-approved small molecule drugs contain fluorine, a 

distance measurement method based on 19F-13C REDOR could have many potential applications in 

pharmaceutical sciences, such as structure determination of APIs and intermolecular interaction studies of 

API-API and API-excipients. For its high sensitivity, 19F MAS NMR has been demonstrated as a powerful 

technique for probing molecular details of small molecules and biomolecules.    

 
19F NMR spectroscopy has been widely employed for quantification56, 57, studying molecular 

interactions24, 58, 59, assessing molecular mobility60, 61, identifying molecular orientations62, and structural 

characterizations of fluorine-containing solids 63-67. Fluorine chemical shift tensor measurements combined 

with computational calculations provide insight into local electronic environments around 19F-sites59,62,62, 63, 

68, 69. In addition, 19F-1H and 19F-13C correlations are sensitive probes of molecular conformation and 



interactions in bulk materials and pharmaceutical solid dispersions56-59, 63-65. Qualitative and quantitative 

analyses of poximities of 19F to other nuclei have been widely utilized to probe molecular structures. 2D 
13C-19F hetero-nuclear correlation spectroscopy (HETCOR) was applied to determine the hetero-nuclear 

proximity between avagacestat and a polymer and can probe fluorine-carbon distances of up to 8 Å70. High-

resolution 3D ssNMR techniques developed by Lu et al. can simultaneously provide 1H-1H, 1H-19F, and 19F-
19F correlations of the crystalline aprepitant in the formulated drug product71. 19F-19F correlations capable 

of probing interatomic distances of the order of 2 nm in large protein assemblies have been reported by 

Wang et al.72. Quantatitive distance measurements between 19F and other nucleri such as 1H, 15N, and 13C 

have been demonstrated in biomolecules by REDOR73-75. For example, 1H-19F distances of a peptide were 

determined in model peptide solids using a REDOR sequence73. Intramolecular 13C-19F dipolar coupling of 

fluroine-substitied cholesterol embeded in lipid bilayer was determined by a 13C-19F REDOR experiment. 

The reduced dipolar coupling compared to a rigid bond implicates internal molecular mobility62.  

Shcherbakov et al. employed 1D and 2D REDOR to measure 13C-19F distances of up to 10 Å in proteins76 

at MAS frequencies of 25 kHz to 40 kHz, which could potentially be used for structure determination. 

Polenova and coworkers have demonstrated the importance of fast MAS frequencies of 40 kHz - 60 kHz 

for consistently establishing long-range 19F-19F correlations72. They also reported a combination of 19F fast 

MAS and DNP that resulted in a 100-fold signal enhancement on HIV-1 capsid protein assemblies, which 

enables the detection of long-range intra- and inter-molecular 19F-13C correlations inaccessible by 

conventional experiments71. Therefore, 13C-19F REDOR technique has great potential for simultaneously 

measuring intra- and inter-molecular distances in fluroine-containing pharmaceutical solids in both 

crystalline and amorphous forms.  

 

In this study, we develop an approach employing 19F MAS NMR in combination with 1H, 15N, and 
13C NMR techniques to probe long-range order in crystalline solids and molecular packing of amorphous 

solids using a model compound posaconazole (POSA). POSA is the active pharmaceutical ingredient (API) 

of a second-generation triazole antifungal drug (Noxafil, Merck & Co., Inc., Kenilworth, NJ, USA). It is a 

rod-like molecule which contains rich chemical functional groups on both ends of the molecular structure, 

including difluorophenyl and triazole rings at one end and a triazolone ring, a hydroxyl group, and aliphatic 

carbons at the other end, as shown in Figure 1A. It has been recently reported that the glass form of POSA, 

prepared via vapor deposition, exhibits aligned smectic packing. 77, 78. A combination of 13C chemical shifts, 
19F CSA, and 13C-19F transfer measurements allows for qualitative assessment of molecular structure and 

packing in the unit cell. Intra- and inter-molecular distances of 19F to 13C were obtained by 13C-19F REDOR 

experiments and confirmed by the crystal structure. Furthermore, we determined intra- and inter-molecular 



13C-19F distances in the amorphous forms of POSA prepared by melt-quenching, which are critical for 

identifying major differences in molecular packing during crystalline-to-amorphous interconversions.  

 

2. Experimental Section 

2.1. Materials 

Crystalline posaconazole (POSA) was provided by Merck & Co., Inc., Kenilworth, NJ, USA.  

Isotopically 13C/15N labeled POSA [IUPAC: 4-(4-(4-(4-(((3S,4R)-4-((1H-1,2,4-triazol-1-yl)methyl)-4-(2,4-

difluorophenyl)tetrahydrofuran-3-yl)methoxy)phenyl)piperazin-1-yl)phenyl)-2-((2S,3R)-2-

hydroxypentan-3-yl)-2,4-dihydro-3H-1,2,4-triazol-3-one-5-13C1,2-15N2] was synthesized for site-specific 

investigations by ssNMR. The 13C and 15N-enriched sites are labeled in red in Figure 2C. Amorphous 

POSA was prepared by cooling POSA melt to room temperature via contact with an aluminum block. 

Following gentle grinding in a mortar and pestle, amorphous POSA powder was stored in a desiccator at 

room temperature prior to ssNMR measurements. The nature of crystalline POSA and amorphous POSA 

were confirmed by powder XRD patterns shown in Figure S1. 

 

2.2. Solid-State Nuclear Magnetic Resonance (ssNMR) Spectroscopy  

Experiments were performed using a Bruker Avance III HD 400 triple-resonance spectrometer 

operating at 1H frequency of 400.13 MHz in the Biopharmaceutical NMR Laboratory (BNL) of Preclinical 

Development, MRL, Merck & Co., Inc. West Point, PA 19486, USA. All experiments were carried out at 

298 K and a MAS frequency of 12 kHz. Experimental data were processed in Bruker TopSpin software. 
13C and 19F spectra were obtained with a Bruker 4 mm triple-resonance HFX MAS probe tuned to 1H, 19F, 

and 13C frequencies. 13C and 1H spectra were obtained with the HXY MAS probe in double-resonance mode 

tuned to 1H and 13C frequencies. 1D 1H13C and 19F13C cross-polarization (CP) transfers were performed 

at a radio frequency (rf) strength of 80-100 kHz; the power level was ramped linearly during the contact 

time over a depth of 15 to 20 kHz on the 1H or 19F channel to enhance CP efficiency, respectively.  1H and 
19F hetero-nuclear decoupling of 100 kHz was performed using SPINAL-64 pulse sequence during 

acquisition. 13C-edited spectra were obtained using standard CP combined with polarization inversion and 

simultaneous phase inversion (CPpispi) pulse sequence79. 1H and 13C spectra were referenced to 

tetramethylsilane (TMS). 19F spectra were referenced to Teflon at -122 ppm.  In 1D 13C-19F REDOR 

experiments, 13C 180o pulse of 8 µs was applied to refocus the 13C chemical shift during the REODR mixing 

period. The 19F rf-field strength was 83.3 kHz in the REDOR period. REDOR simulations were performed 

using the SIMPSON software. 19F and 13C pulse lengths were matched to experiments in the simulation. 

Multi-spin simulation considering two 19F and two carbons are tested and found to give similar fittings to a 



three-spin (two 19F and one 13C) model. 19F chemical shift anisotropy (CSA) values are measured at 12 kHz 

MAS and included in simulation of REDOR dephasing curve. 

 

3. Results  

We have previously identified the interesting crystalline-to-amorphous conversion of POSA upon 

compression and proposed interparticulate interactions as a mechanism of amorphization57. Amorphous 

posaconazole (POSA) is the preferred form to its crystalline counterpart in the formulated drug product due 

to improved solubility and bioavailability. Therefore, it is critical to understand the molecular mechanism 

of POSA’s crystalline-to-amorphous conversation. The goal of this study is to understand key structural 

differences of crystalline and amorphous solids underlying changes in physical properties of POSA using 

ssNMR. We firstly combine chemical shift analysis and 1H-13C, 19F-19F,19F-1H, and 19F-13C correlation and 

transfer experiments to probe molecular differences of crystalline and amorphous POSA. 13C-19F REDOR 

measurements are then implemented for quantitative depiction of molecular packing by determining 

intermolecular distances. These results have successfully derived the first structural model of molecular 

packing of amorphous POSA.  

 

3.1. Chemical Shift Assignments of Crystalline and Amorphous Posaconazole 

It is often challenging to fully assign the resonances of small molecules in pharmaceutical NMR 

studies due to the low sensitivity from natural abundance species. To provide site-specific investigations in 

this study, we aim to provide unambiguous peak assignment of POSA. The 1D 13C CP MAS spectrum of 

crystalline POSA acquired with a 2-ms contact time has 26 peaks of 37 inequivalent carbons exhibiting 

significant peak overlapping, as shown in Figure 1B. By referencing the solution NMR chemical shifts80 

and following the previously published protocol for assigning ssNMR resonances24, we have successfully 

identified all 13C peaks. For example, to differentiate carbon CHn groups (n = 0 - 3) of different multiplicities, 

the 1D 13C-edited spectra in Figures 1C and 1D were acquired to selectively show carbons with the desired 

multiplicity and therefore greatly facilitate resonance assignments in the peak-overlapping area. A 

quaternary carbon (C34) from an aromatic group and a CH group (C23) from the triazole ring both have a 
13C resonance of 149.7 ppm, and appear as one combined peak in the 1D 13C CP MAS. They appear as two 

separate peaks in a quaternary carbon selective CP spectrum in Figure 1C and a CH-selected CP spectrum 

in Figure 1D. 13C-edited spectra also allowed us to assign the broad peak around 128 ppm to a combination 

of one CH group (C19) and two quaternary carbons (C14, C37). Moreover, 19F-bonded 13C has peak 

splitting due to the hetero-nuclear dipolar coupling (Figure 1F, top). Therefore, it is helpful to utilize 19F 

decoupling for assigning these carbons. Two 1D 13C CP experiments in Figure 1F were acquired with the 

application of 19F decoupling during acquisition (on) and without (off). Due to the decoupling of the strong 



19F-13C dipolar interaction, 19F covalently-bonded carbons show significant sensitivity improvement and 

therefore new isolated peaks are assigned to fluorinated carbons C15 and C17.  

 

 
Figure 1. Molecular structure and one-dimensional (1D) 13C- and 19F-edited MAS NMR spectra of 
crystalline POSA. (A) Schematic structure of POSA with carbon numbering labeled. The arrow indicates a 
hypothetical “head-to-tail” molecular axis; (B) 1D 1H13C CP spectrum with 2 ms contact time; (C) 1D 
13C-edited CP spectrum with negative -CH2 peaks (red), positive -C peaks (black), and -CH peaks vanished; 
(D) 1D 13C-edited CP spectrum selective for -CH peaks (blue). -CH2 and -C peaks are vanished; (E) Pulse 
sequence of 13C CP MAS with (on) and without (off) 19F hetero-nuclear decoupling; (F) 13C CP MAS 
spectra of fluorine-bonded carbons recorded with (bottom) and without (top) 19F hetero-nuclear decoupling. 
All spectra were acquired at a MAS frequency of 12 kHz. 
 

Preliminary 13C chemical shift assignments obtained based on the above-mentioned 1D 

experiments were further refined and confirmed with a 2D 13C-1H HETCOR experiment, in which the 

addition of 1H dimension correlates 13C and 1H in proximity and assists with identifying peaks in crowed 

regions with an improved resolution. Figure 2A shows site-specific, one-bond 13C-1H correlations of 

crystalline POSA acquired with a short contact time of 100 µs.  For isolated carbon peaks, the chemical 

shift of covalently bonded protons was also assigned. The assignment of 13C and 15N resonances at the 



aliphatic end of POSA was further assisted by a 15N-13C correlation experiment. C44, N42, and N43 in the 

triazolone ring were 13C and 15N isotopically enriched, and therefore allow for the direct observation of one-

bond and two-bond 15N-13C correlations as shown in Figure 2B. Note that for materials of natural 

abundance, the detection of 15N-13C correlations is challenging due to extremely low sensitivity and may 

be possible using DNP-enhanced NMR16. More importantly, correlations of natural abundance C41 and 

C46 with labeled N42 were also observed and assigned in the spectrum. The unambiguous assignment of 

C41 and C46 is important for the study of intermolecular packing of crystalline POSA, which will be 

discussed in a later section. We applied these experimental protocols to both crystalline and amorphous 

POSA and obtained full 13C chemical shift assignments (summarized in Table 1). A plot of chemical shift 

differences for each carbon site in the two forms is shown in Figure S2. Chemical shift differences are 

observed and may suggest changes in molecular packing between the crystalline and amorphous forms. For 

example, C2, C4, C5, and C6 show chemical shift changes > 2 ppm and are mostly aliphatic carbons 

localized close to difluorophenyl and triazolone rings of the molecule, which exhibit rich intra- and inter-

molecular contacts in the crystalline form. It is possible that reorientation of the aromatic rings in the 

amorphous form causes chemical shift changes in these carbon sites. 

 

 

 
Figure 2. (A) 2D 1H-13C HETCOR spectrum of crystalline POSA with a short contact time of 100 µs, 
acquired at MAS frequency of 12 kHz. 13C assignments are labeled in the 1D projection displayed on top 
of the 2D spectrum. (B) 1D (top) and 2D (bottom) 15N-13C correlation spectra of crystalline POSA showing 
one-bond and two-bond correlations. Note the correlation between natural abundance C41 and C46 and 
isotopically labeled N42 are highlighted. (C) A representative molecular structure of the aliphatic end of 
POSA, where isotopically labeled N42, N43, and C44 are highlighted in red.   
 



Table 1. 13C chemical shifts of crystalline and amorphous POSA. 

13C No. Crystalline 
POSA 

Amorphous 
POSA 

2 67.2 70.8 
3 38.4 39.7 
4 45.4 37.0 
5 82.2 84.4 
6 66.5 70.8 
8 151.4 151.5 
9 115.0 114.5 
10 116.9 116.7 
11 145.3 146.3 
12 116.9 116.7 
13 115.0 114.5 
14 128.5 127.0 
15 158.8 159.2 
16 105.4 104.9 
17 163.2 163.5 
18 110.0 111.9 
19 128.2 127.5 
20 56.3 56.2 
23 149.7 151.1 
25 146.4 145.8 
27 49.3 49.8 
28 48.2 49.8 
30 48.2 49.8 
31 49.3 49.8 
34 149.7 151.0 
35 116.9 116.7 
36 122.0 122.1 
37 127.9 127.0 
38 121.1 122.1 
39 116.9 116.7 
41 153.9 153.4 
44 135.1 134.9 
46 65.1 63.7 
47 69.2 68.9 
49 22.2 24.0 
50 9.2 11.1 
51 22.2 21.3 

 
 
3.2. Intramolecular and Intermolecular Proximities in Crystalline and Amorphous Solids 
13C-1H proximities in Crystalline Posaconazole 



 Bond lengths and interatomic distances of crystalline solids are valuable inputs for structural 

determination. Herein, we utilized 2D 1H-13C hetero-nuclear correlation (HETCOR) to probe interatomic 

proximities in crystalline POSA in a semi-quantitative manner. This analysis focuses on the 13C-enriched 

C44 of crystalline POSA, based on its high spectral sensitivity. A series of 2D 13C-1H HETCOR spectra 

with mixing times ranging from 100 µs to 3000 µs were acquired and shown in Figure 3A, and plots of 

peak intensity versus contact times for C44-H44 one-bond and C44- H36/38 multi-bond transfers were 

extracted and shown in Figure 3B. The build-up curve of 1H-13C HETCOR magnetization transfer reflects 

the atomic distance between carbon and protons. C44-H44 and C44-H36 distances are 1.7 Å and 3.5 Å, 

respectively, as measured in X-ray single crystal structure81. The one-bond C44-H44 build-up curve quickly 

reaches its maximum at 100 µs mixing while the 4-bond C44-H36/38 build-up curve is still growing at 

2000 µs mixing. Therefore, the 2D 1H-13C HETCOR signal build-up curve can serve as a semi-qualitative 

method for probing 13C-1H proximity. It is worth noting that H44 is involved in intra- and intermolecular 

contacts in the crystalline lattice 81, which may impact its NMR relaxation profile and the CP transfer to 

C44.  

 

 
Figure 3. (A) 2D 13C-1H HETCOR spectra showing correlations between 13C-labled C44 and protons (1-5 
bonds). Contact times are 100, 400, 1000, 2000, and 3000 µs from left to right, respectively; (B) Plots of 
peak intensity as a function of mixing times extracted from 2D 13C-1H HETCOR spectra in (A).  
 
19F-19F and 19F-1H Proximities in Crystalline and Amorphous Posaconazole 

In this section, 19F NMR is utilized to explore the molecular structure and inter-molecular packing 

of POSA in crystalline and amorphous forms. 2D 19F-19F and 19F-1H experiments are highly sensitive 

methods to characterize fluorinated molecules and provide rich chemical shift, bond distance, and molecular 

contact information. The para-fluorine (F1) located in a more isolated chemical environment is more 

shielded than the ortho-fluorine (F2) and thus is assigned to a lower chemical shift of -113.4 ppm. The 2D 

19F-19F RFDR (Radio-Frequency Driven Recoupling) correlation spectrum in Figure 4A shows intra-

molecular correlations between F1 and F2. The 2D 19F-1H HETCOR spectrum with 100 μs mixing time in 



Figure 4B correlate both fluorine sites with aromatic protons at around 7 ppm in the same ring. Interestingly, 

para-fluorine (F1) shows an additional contact with aliphatic protons around 2 ppm, which is preliminarily 

assigned to H50/H49. Since the intra-molecular distance of C50 and F1 is approximately 19 Å based on the 

POSA single-crystal structure81 (shown in Figure 4E), correlations of F1 and aliphatic 1H in this 2D 

spectrum are very likely due to inter-molecular contacts between the difluorophenyl ring of one molecule 

and the aliphatic carbons of another molecule as shown in Figure 4D. Moreover, the 2D 19F-1H HETCOR 

spectrum in Figure 4C recorded with a 1 ms contact time reveals that F2 is also close to aliphatic protons 

from other molecules, but is further away than F1. Similarly, such inter-molecular contacts are retained in 

amorphous POSA by the observation of 19F correlations with aliphatic protons in a similar experiment 

(Figure 4D). Very interestingly, these results suggest that a close inter-molecular proximity in crystalline 

POSA is retained in its amorphous form. 

 

 
Figure 4. 2D 1H-1H and 1H-19F correlation spectra of crystalline and amorphous POSA. (A) 2D 19F-19F 
RFDR spectrum of crystalline POSA with a 1 ms contact time showing an intramolecular correlation 
between fluorine atoms; 2D 1H-19F HETCOR spectra of crystalline POSA with 100 µs (B) and 1 ms (C) 



contact times; (D) 2D 1H-19F HETCOR of amorphous POSA using a 1 ms contact time. All spectra were 
acquired at a MAS frequency of 12 kHz. (E) A hypothetical model showing intra- and inter-molecular 19F-
1H contacts in crystalline POSA. 

 

Intra- and Intermolecular 19F-13C Distance Measurements in Crystalline and Amorphous Posaconazole. 
19F-13C correlations further elucidate spatial connectivities in POSA molecules thanks to the 

complete assignments of 19F and 13C atoms. For example, chemical shift assignments of two fluorine atoms 

and covalently bonded carbons in crystalline POSA were further corroborated by a 2D 19F-13C HETCOR 

correlation spectrum shown in Figure 5A. This heteronuclear correlation experiment has been recently 

developed to faciliate the resonance assignment of fluorinated proteins.82 With a short mixing time of 400 

µs and no 1H decoupling, peaks correlating fluorine and covalently bonded carbon atoms are observed in 

the spectrum. To probe 19F and 13C contacts at a longer distance, 1D CP transfers with 1H decoupling at 

short and long mixing times are probed and shown in Figure 5B. The spectral comparison to crystalline 

POSA (top two spectra in Figure 5B) shows intra-molecular (carbon numbers in purple) and inter-

molecular (carbon numbers in red) 19F-13C correlations. The C23-F correlation suggests a “head-to-head” 

packing between two molecules. Other carbons including C49, C50, and C51 also exhibit inter-molecular 

correlations with fluorine, indicating an “head-to-tail” packing. Both packing models are observed in the 

single-crystal X-ray structure. It is worthy of note that the “head-to-tail” packing has also been 

demonstrated in the 19F-1H correlation in Figure 4D. 1D spectra of amorphous POSA acquired at short and 

long mixing times are shown in the bottom two spectra in Figure 5B. Identical carbon resonances from the 

intra-molecular 19F-13C transfer are observed (carbon numbers in purple). While C49, C50, and C51 peaks 

show up in the long CP spectrum (the bottom spectrum in Figure 5B), the C23 peak does not appear. This 

suggest the “head-to-head” packing has disappeared in the amorphous state of POSA, but the “head-to-tail” 

contact is still retained. Figure 5C demonstrates a model of both “head-to-head” and “head-to-tail” 

packings in crystalline POSA. 

 



 
Figure 5. Intra- and inter-molecular 13C-19F contacts from 1D and 2D MAS NMR correlations. (A) 2D 13C-
19F HETCOR spectrum with a short 400 µs contact time and without proton decoupling during acquisition 
(for identifying directly bonded 19F-13C spin pairs). The pulse sequence with and without proton decoupling 
during acquisition is shown on the right; (B) 1D 19F13C CP spectra of crystalline (top two) and amorphous 
(bottom two) POSA with short (400 µs) and long (2000 µs) contact times. (C) A representative model 
showing inter-molecular contacts of crystalline POSA. Carbons involved in intra- and inter-molecular 19F-
13C contacts are labeled in purple and blue, respectively. Representative distances are obtained from the X-
ray crystallography structure81.  
 

To obtain quantitative information of structural restraints, we utilized rotational-echo double-

resonance (REDOR) experiments to measure 13C-19F atomic distances. Such experiments measure inter-

atomic distances by recoupling hetero-nuclear dipolar coupling of a spin pair55. 13C-19F REDOR curves of 



amorphous POSA and simulations are shown in Figure 6 and the distances determined are summarized in 

Table 2, together with corresponding distances in crystalline POSA measured by ssNMR and single-crystal 

X-ray diffraction81. The distance restraints in amorphous POSA provide likely the first documented case of 

Å-level characterization of pharmaceutical glass. 

 

 
Figure 6. 13C-19F REDOR measurements of carbon-fluorine distances in amorphous POSA. C5 and C3 are 

representative examples of intra-molecular contacts with fluorine. C49/51 and C23 are inter-molecular 

contacts with fluorine. The comparisons of 13C-19F distances in crystalline and amorphous POSA are 

included in Figure S3 and Table 2.  

  

The comparison of 13C-19F distances in crystalline POSA by ssNMR and single-crystal X-ray 

diffraction measurements has been reported in our previous study and confirmed the robustness of 13C-19F 

REDOR experiments. Briefly, taking C5-F distance measurements as an example (Figure S3), the curve 

fitting shows a distance of 2.7 ± 0.1 Å. This agrees well with the shortest distance of 2.8 Å among a few 

C5-F1 and C5-F2 contacts (Table 2). The weaker 13C-19F dipolar coupling is truncated by the strong 

coupling of the C-F pair at a shorter proximity and therefore does not impact the fitting (multi-spin fitting 

results not shown). The short intra-molecular distances (C5-F and C3-F) remain the same for crystalline 

and amorphous POSA, suggesting the absence of large-scale molecular conformational changes at one end 

of the molecule between the two forms. The inter-molecular 13C-19F distances between aliphatic carbons 

(C49/51) and fluorine atoms are also comparable in crystalline and amorphous POSA (Figure S3). This 

quantitative data further confirms the inter-molecular “head-to-tail” contact previously identified in Figure 

4E and 5B. Interestingly, a major 13C-19F distance difference is identified at C23. C23-F shows a short 

distance of 3.3 ± 0.1 Å in crystalline POSA, identifying the close inter-molecular C23-F1 and C23-F2 

contacts. In comparison, it becomes 6.2 ± 0.3 Å in the amorphous form, which agrees well with the intra-

molecular C23-F1 and C23-F2 distances. The absence of a short C23-F distance suggests the “head-to-

head” packing in crystalline form disappears in the amorphous form. 

 

Table 2. Comparison of intra- and inter-molecular 13C-19F distances in crystalline and amorphous POSA 
determined by ssNMR and single-crystal X-ray diffraction81.  
 



C and F 
spin pairs 

XRD (Å) 81 ssNMR (Å) 
crystalline 

crystalline amorphous 
Inter  intra 

C3-F1 6.7 7.3 4.3 ± 0.3 4.3 ± 0.3 C3-F2 7.3 4.5 
C5-F1 4.6 5.7 2.7 ± 0.1  2.9 ± 0.1 C5-F2 5.4 2.8 

C49/51-F1 4.5/3.2 20.5/22.2 4.3 ± 0.3 4.5 ± 0.3 C49/51-F2 4.5/4.9 21.1/22.3 
C50-F1 5.7 19.7 5.0 ± 0.4 4.5 ± 0.2 C50-F2 5.2 20.5 
C23-F1 3.3 6.7 

3.3 ± 0.1 6.2 ± 0.3 
C23-F2 3.9 5.6 

 
3.3. Probing Molecular Interactions in Crystalline and Amorphous POSA from 19F Chemical Shift 

Anisotropy (δCSA) Measurements  

According to Shcherbakov et al., when 19F chemical shift anisotropy (CSA) exceeds the MAS 

frequency by two-fold,  the REDOR dephasing curve deviates from its ideal shape and its variance depends 

on the CSA value76. Therefore, fluorine CSA values are measured and included in simulations of the 

REDOR dephasing curve at a regular MAS rate. In addition, 19F CSA is also a sensitive NMR parameter 

for changes of structure, interactions, and molecular dynamics,83-85 and thus can be utilized to probe the 

difference between crystalline and amorphous POSA. For these two reasons, we measured δCSA of two 

fluorine sites in both crystalline and amorphous forms. The deconvolution of 19F spectra are shown in 

Figure 7A and 7B, chemical shift tensors extracted by lineshape fitting are summarized in Table 3, and 

corresponding principle components (δ11, δ22, and δ33) are included in Table S1. Among these values, F1 

in both forms has a smaller absolute δCSA than F2, suggesting a relatively more flexibility. This can be 

explained by F1 being isolated from other chemical groups, and its motion is less hindered. A previous 

study reported δCSA values of 47-63 ppm in crystalline fluorosubstituted tryptophans85. Our results show 

relatively large δCSA values of two fluorine atoms in both crystalline and amorphous forms, suggesting a 

relative high rigidity. This finding might be explained by the similar “head-to-tail” contacts in both forms. 

This inter-molecular interaction between the difluorophenyl ring and aliphatic end present a locally-packed 

structure. However, the amorphous form exhibits a profound lack of long-range order, as seem from the 

disappearance of the “head-to-head” packing. It results in molecular mobility, which may rationalize the 

slightly smaller CSA of amorphous POSA. The measurement of 19F CSA can be further improved at a lower 

MAS frequency.  

  



 
Figure 7. 19F chemical shift tensors of (A) crystalline and (B) amorphous POSA. The deconvolutions of 
two fluorine sites are shown as red and blue areas.  
 

Table 3. 19F isotropic and anisotropic chemical shift parameters of crystalline and amorphous POSA 

including isotropic chemical shift (δiso) and chemical shift anisotropy (δCSA). 
 19F sites δiso (ppm) δCSA (ppm) 

Crystalline 
F1 -113.4 66.2 

F2 -108.8 -78.1 

Amorphous 
F1 -112.8 62.5 

F2 -109.9 -75.0 

 

4. Discussion 

Head-to-head and Head-to-tail Packing of Crystalline and Amorphous Posaconazole 

POSA molecules form “head-to-tail” and “head-to-head” molecular packings in the crystal lattice 

as shown in the crystal structure in Figure 8A, which is stabilized by rich hydrogen bonding interactions81. 

In particular, the hydroxyl group at the aliphatic end acts as a hydrogen bond acceptor for a triazole group 

at the difluorophenyl end of an antiparallel molecule; the triazole group also acts as a hydrogen bond donor 

to the hydroxyl group of another antiparallel molecule, leading to a “head-to-tail” packing structure. In 

addition, the C-H···O=C hydrogen bond between triazolone groups is responsible to the parallel molecules 

in a direction perpendicular to the molecular major axis (Figure 1A). Moreover, there is also “head-to-head” 

interaction of the same end along the molecule’s major axis. The difluorophenyl group acts a hydrogen 

bond donor to the triazole group. The C-H bond ortho to both fluorine atoms is directed to the triazole to 

form C-H···N-C hydrogen bonding. By having these interactions, “head-to-tail” chains are linked to form 



2D planes. We simplify the “head-to-tail” and “head-to-head” packing schemes in POSA crystals in a 

schematic model shown in Figure 8B.   

 

 
Figure 8. Molecular packings of crystalline POSA. (A) View along the b axis of the crystal structure. (B) 
A schematic view of inter-molecular packing in the crystal lattice. (C) Hypothetic models of “head-to-head” 
and “head-to-tail” packing of POSA molecules generated based on ssNMR data. “Head-to-head” packing 
is presented by molecules 2 and 4; molecules 3 and 4 represent “head-to-tail” packing.  

 

 These packing structures have also been identified based on three sets of ssNMR results. The inter-

molecular correlation between the difluorophenyl ring and aliphatic chains in Figure 4E suggests the 

“head-to-tail” packing. The 19F-13C magnetization transfer in Figure 5B identifies the close proximity 

between C23 and fluorine atoms and between C49, C50, and C51 and fluorine atoms, confirming the “head-

to-head” and “head-to-tail” packing, respectively. Finally, REDOR has identified the short C49/51-F and 

C23-F distances in Figure 6 and Table 2, as the atomic-level distance restraints identify the two kinds of 

packing. These results successfully recapitulate key features of molecular packing pattern in POSA and 

construct a molecular packing model of crystalline POSA in Figure 8C, which features the “head-to-head” 

and “head-to-tail” alignments.  

 



 
Figure 9. Schematic model of a “head-to-tail” packing in amorphous POSA. 
 

Furthermore, we investigated molecular packing of amorphous POSA, of which the microstructure 

had not been explored in detail previously. Differences in molecular packing upon amorphous formation 

are clearly indicated by chemical shift perturbations, changes of anisotropic chemical shifts, differences in 
13C-19F correlation spectra, and inter-molecular distance changes. Significant chemical shift changes of a 

few carbon sites at the difluorophenyl end suggest variations in molecular packing upon amorphization 

(Table 1). The difluorophenyl ring also shows slightly increased mobility in amorphous POSA than the 

crystalline counterpart indicated by relatively reduced absolute 19F CSA (Table 3). Enhanced mobility is 

consistent with a general understanding that amorphous solids are often associated with increased molecular 

dynamics, due to the lack of long-range packing. Site-specific changes in molecular packing were further 

observed in 13C-19F correlation experiments in Figure 5B. With most intra-molecular correlations 

conserved in crystalline and amorphous POSA solids, inter-molecular magnetization transfers from 

opposite ends of the molecule are also retained due to the “head-to-tail” packing. However, “head-to-head” 

packing resulting from inter-molecular interactions of the difluorophenyl ends of neighboring molecules in 

a crystal lattice is missing in the amorphous form, as identified by semi-quantitative 19F-13C CP experiments 

(Figure 5B) and quantitative REDOR measurement (Table 2). These structural restraints help to construct 

a schematic model in Figure 9, which uncover a lack of long-range order and a tendency towards local 

“head-to-tail” packing.  

 

Typically, glasses were regarded as homogeneous disordered materials, when prepared by melt-

quenching or liquid-cooling. The previous study by Ediger and coworkers77 utilized Infrared spectroscopy 

(IR) and ellipsometry to explore molecular orientation inside POSA glasses. In this likely the first study on 



molecular packing of amorphous POSA, the order parameter Sz from IR, indicating the average molecular 

orientation of the long molecular axis, and birefringence from ellipsometry, calculated from a uniaxially 

anisotropic Cauchy dispersion model and the refractive indices, were utilized. It was found that molecules 

are oriented for the POSA glasses produced by physical vapor deposition (PVD). Such amorphous POSA 

were deposited into films at different substrate temperatures, and were found to have different molecular 

orientations. At near-glass transition temperature Tg, the deposited POSA glasses show the "nematic-like" 

structure, in which molecules are mostly neighbored to one another and perpendicular to the interface of 

POSA films and the substrate upon deposition. It is worth noting that molecules are assumed to be 

centrosymmetric in their study and have possibilities of both parallel and antiparallel packings. This 

“nematic-like" packing structure is proposed to be supported by the surface equilibrium and the molecule’s 

rod-like shape.77 Interestingly, no preferential orientation was detected for the amorphous POSA film 

obtained by melt-quenching in IR and ellipsometry measurements. Different from ellipsometry and IR 

which focus on macroscopically preferential orientation, ssNMR determines inter-molecular structure by 

quantifying homo- or hetero-nuclear distances at atomic level. Semi-quantitative 19F-13C correlations and 

quantitative distance restraints in our study uncover a “head-to-tail molecular packing in melt-quenching 

POSA glasses. This offers one of the few examples identifying inter-molecular packing in amorphous 

materials at atomic level. The “head-to-tail” packing of two POSA molecules in glasses, as identified by 

the highly similar C49-F, C50-F and C51-F distances in crystalline and amorphous POSA, is not surprising 

if considering the strong hydrogen bond acceptor-donor pairs at the opposite ends of the molecule as 

described in Etter’s rules, e.g. 2-aminopyrimidine and carboxylic acid86. It is worthy of note that the ssNMR 

does not require specifically prepared amorphous materials, e.g. glass condensed on the substrate surface 

via PVD, and thus can analyze samples produced from major ASD processes. These structural findings are 

critical to understanding the relationship between microstructure of amorphous materials and physical 

properties and thus guiding the application of amorphous materials in the pharmaceutical industry. More 

distance restraints in future studies, e.g. those which offer identifications of intermolecular contacts across 

the entire lengthy of the molecule, can further uncover the full packing structure of the neighboring 

molecules in amorphous POSA. 

 

MAS NMR as a High-Resolution Technique for Probing Molecular Details of Amorphous Materials 

It is of great scientific interest to understand fundamental physiochemical mechanism of amorphous 

natures for its utilization in numerous technologies and applications. For example, the pharmaceutical 

excipient of D-mannitol has two amorphous phases, namely SCL and Phase X, which own different glass 

transition temperatures, free energies, densities, and hydrogen bonds.10, 11 Zhu et al. utilized flotation 

method to quantify density and found that Phase X is 2.1% less dense than SCL. Furthermore, the difference 



in Near IR (NIR) spectra of D-mannitol has been observed at 6198 cm-1 and 6820 cm-1, which corresponds 

to stronger and weaker hydrogen bonds respectively. NIR spectra suggest that Phase X has the strong 

hydrogen bonds in comparison to SCL. Clearly, D-mannitol polyamorphism appears to arise from the 

competing demands of hydrogen bonds and packing efficiency. Besides, variations in molecular packing 

from crystalline to amorphous materials usually result in noticeably different physiochemical properties 

such as dissolution rate and stability12, 87. For this reason, solid dosages may be formulated in amorphous 

form for enhanced bioavailability. It becomes critical to understand the change of molecular packing in 

crystalline form during thermal or mechanical amorphization processes. Therefore, it is important to 

develop methods for investigating the difference of molecular packing between crystalline and amorphous 

forms to better understand the structure-property relationships of amorphous materials. While single-crystal 

X-ray diffraction has been a prominent technique in solving 3D crystal structure, characterization of 

molecular structure and molecular packing of amorphous materials remains a challenging task. 

Conventional methods, such as IR, Raman spectroscopy, and powder X-ray diffraction, have been utilized 

to explore the molecular details of amorphous solids; however, none of them can provide distance 

constrains for understanding amorphous molecular packing at atomic level.  

 

In recent years, ssNMR has been utilized as a powerful tool to gain structural insights on structure, 

interactions, and dynamics of pharmaceutical materials at molecular or atomic resolution. There have been 

an extensive amount of studies focusing on crystalline drug substance and products. Recently, the structural 

investigation on amorphous pharmaceuticals has attracted increased attention due to the emerging drug 

products formulated from the amorphous form. For example, our previous study has identified rich 

molecular interactions between POSA and different polymers, HPMCAS and HPMCP, in amorphous 

formulations by utilizing 2D 1H-13C, 19F-13C, 15N-13C, and 19F-1H correlation experiments59. Mistry et al. 

investigated the formation of API-polymer hydrogen bonding in amorphous solid dispersions of 

ketoconazole and poly(acrylic acid) using 13C and 15N MAS NMR88. Munson and coworkers reported the 

various hydrogen-bonding species of amorphous indomethacin through self-interactions by deconvolution 

of 13C CPMAS spectra of the isotopically labeled carboxylic acid region, and investigated the role of 

polymers in the disruption of API-API hydrogen bonding17. Tatton el al. applied 2D 14N-1H dipolar hetero-

nuclear multiple-quantum coherence (HMQC) experiments to demonstrate the presence of intermolecular 

hydrogen bonding interactions in an amorphous dispersion of nicotinamide palmitic acid89. These studies 

serve as successful examples investigating molecular interactions in the multicomponent drug products. 

However, the fundamental mechanism of structural change of drug substances, i.e., crystalline-to-

amorphous conversation has rarely been explored at molecular resolution. In this study, we utilize 19F as a 

sensitive probe to study the structure of a fluorine-containing small-molecule drug POSA and characterize 



long- and short-range order to understand the different packing in crystalline and amorphous forms. The 
19F-based techniques help to overcome the challenge of low sensitivity of natural abundance materials and 

provides site-specific structural information. Various 2D 19F-19F, 19F-1H, and 19F-13C correlation 

experiments provide qualitative and semi-quantitative identification of molecular structures. Using 13C-19F 

REDOR experiments, we are able to determine both intra- and inter-molecular 13C-19F distances of up to 

6.2 Å. These distance constraints are important for deriving the high-resolution inter-molecular packing 

model of molecules in amorphous forms, which is extremely challenging for other routine techniques. 

Moreover, cutting-edge ssNMR techniques including dynamic nuclear polarization (DNP) and ultrafast 

MAS (up to 110 kHz spinning) have been remarkably advanced in the past few years90. We have previous 

developed a sample preparation protocol to utilize DNP for in-situ characterization of POSA amorphous 

formulations16. Most recently, Emsley and coworkers have made an applauding progress on 19F DNP and 

obtained an enhancement of 10091. Besides, spectra acquired at ultrafast MAS have shown largely enhanced 
19F sensitivity and resolution, which enables 3D experiments to characterize drug products at natural 

abundance92. Therefore, 19F MAS NMR characterization of pharmaceutical materials will be significantly 

benefited if combined with DNP and ultrafast MAS. While more than 30% of FDA-approved small-

molecule drug substances containing fluorine (and the lack of spectral interferences due to the absence of 

fluorine in pharmaceutical excipients), we expect 19F-based methods for probing molecular packing to be 

widely applicable to structural determination of fluorine-containing APIs in both crystalline and amorphous 

forms in drug substances and products.  

 

5. Conclusion 

We present a ssNMR investigation of molecular packing in crystalline and amorphous materials 

using POSA as a model system and obtain comprehensive details on the microstructure and local order of 

amorphous solids. A combination of high-resolution 1D and 2D hetero-nuclear ssNMR experiments reports 

semi-quantitatively the structural differences between crystalline and amorphous POSA. Particularly, 19F-
19F, 1H-19F and 13C-19F correlation techniques identify site-specific intra- and inter-molecular contacts for 

uncovering high resolution details. Moreover, 13C-19F REDOR provides atomic distance measurements for 

further refinement of the packing model in amorphous POSA. Our study has proposed likely the first 

atomic-level structural model of local “head-to-tail” packing in amorphous pharmaceuticals by taking 

POSA as an example. We provide structural details for a fundamental understanding of molecular packing 

change in the crystalline-to-amorphous interconversion. The MAS NMR method presented in this work 

will open new avenues for molecular understanding of amorphous materials and its correlation with 

functions and properties.  
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