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Abstract

Despite the wide utilization of amorphous solid dispersions (ASDs) for formulating poorly water-
soluble drugs, fundamental understanding of the structural basis behind their stability and dissolution
behavior is limited. This is largely due to the lack of high-resolution structural tools for investigating multi-
component and amorphous systems in the solid state. In this study, we present what is likely the first
publication quantifying the molecular interaction between drug and polymer in ASDs at an angstrom level
by utilizing '°F magic angle spinning (MAS) nuclear magnetic resonance (NMR) techniques. A variant of
9F-13C Rotational Echo and Double Resonance (REDOR) technique was developed to quantify interatomic
distances by implementing a super-cycled symmetry-based recoupling schedule and synchronized
simultaneous detection. We successfully deployed the technique to identify “head-to-head” and “head-to-
tail” packing of crystalline posaconazole (POSA). To probe molecular interactions between POSA and
hypromellose acetate succinate (HPMCAS) in the dispersion, as a major goal of this study, two-dimensional
(2D) 'H-"F correlation experiments were performed. The approach facilitated observation of inter-
molecular hydrogen-to-fluorine contacts between the hydroxyl group of the polymer and the difluorophenyl
group of the drug substance. Atomic distance measurement, utilizing the developed '"F-'*C REDOR
technique, revealed the close proximity of *Con-'"°F at 4.3 A. Numerical modeling analysis suggested a
possible hydrogen bonding interaction between the polymer O-H group as an acceptor and POSA fluorine
(O-H:--F) or difluorophenyl ring (O-H---Ph) as a donor. These '’F MAS NMR techniques, including 2D
F-'H hetero-nuclear correlation and '’F-*C atomic distance measurement, may shed light on the nature
(i.e. type and strength) of drug-polymer interactions in ASDs and offers a new high-resolution analytical

protocol for probing the microstructure of amorphous pharmaceutical materials.



1. Introduction

In the previous decade, approximately 40% of marketed drug products and 60% of new molecular
entities suffered from the poor aqueous solubility, belonging to Class II and IV of the biopharmaceutical
classification system (BCS).! Amorphous solid dispersions (ASDs), molecular mixtures of active
pharmaceutical ingredients (APIs) and polymers, have emerged as a key enabling formulation approach to
improve solubility and oral bioavailability of poorly water-soluble APIs.>* A key risk in the development
of ASDs lies in the use of the amorphous form, which is thermodynamically unstable and tends to
crystallize.” This risk is typically mitigated by the addition of polymer additives, which may inhibit drug
crystallization and improve the physical stability of ASDs.®’ However, the a priori rational selection of
polymer capable of inhibiting drug crystallization is poorly understood. It has generally been proposed that
inter-molecular interactions between drug and polymer can explain the ability of some polymers to
effectively inhibit drug crystallization, resulting in improved physical stability and oral bioavailability.
Taylor and coworkers observed a correlation between drug-polymer interactions and surface enrichment in
ledipasvir-copovidone dispersions, suggesting that it impacted drug release profiles.> Most recently, API
and polymer interactions between indomethacin (IND) and indomethacin methyl ester (INDester) as model
drugs, and poly(vinylpyrrolidone-co-vinyl acetate) (PVPVA) have been investigated by attenuated total
reflectance-FTIR (ATR-FTIR) spectroscopy.® The comparison suggests that hydrogen bonding interaction
plays a critical role to impact the initial dissolution rate of ASDs. Additionally, many studies reported a
general correlation between drug-polymer interactions and the polymers’ inhibitory effect on drug
crystallization.”'* Despite the apparently critical role of API-polymer molecular interactions in the stability
and bioavailability performance of ASDs, it is currently technically challenging to investigate structural
details in ASDs. The complexity of molecular interaction and the nature of amorphous materials require

high-resolution structural characterization.

A broad range of analytical techniques have been utilized to characterize ASDs."® For example,
powder X-ray diffraction (PXRD) detects and quantifies crystallinity;'¢ transmission electron microscopy
(TEM)'” and atomic force microscopy (AFM)'® probe morphological characteristics; infrared spectroscopy
(IR)", Raman spectroscopy?’, X-ray photoelectron spectroscopy (XPS)?!, and solid-state nuclear magnetic
resonance (ssSNMR)'' have been used to probe molecular interactions in ASDs. Pioneering in the study of
drug-polymer interactions in ASDs, Taylor and Zografi employed IR and Raman spectroscopy to
characterize molecular interactions in indomethacin-polyvinylpyrrolidone (PVP) and lyophilized
trehalose/maltose/raffinose-PVP amorphous dispersions.'®?° Since then, IR and Raman spectroscopy have
been increasingly utilized to explore drug-polymer interactions in various ASDs, e.g., in felodipine-PVP

dispersions by Marsac et al.*?, in curcumin-hydrophilic polymer dispersions by Meng et al.*, and in



nifedipine-polymer dispersions by Kothari et al.’. It has been shown that molecular interactions between
drug and polymer correlate with the physical stability and miscibility of ASDs.”?*# Strong inter-molecular
interactions greatly improve the resistance of amorphous API to recrystallization in ASDs’. Recently, high-
energy X-ray scattering and pair distribution function (PDF) analysis were applied to tentatively resolve
drug-drug and drug-polymer interactions in lapatinib dispersions**. By applying X-ray photoelectron
spectroscopy to study inter-molecular interactions in ledipasvir-copovidone ASDs, Taylor and coworkers
found that potential hydrogen bonding between the fluorine associated with drug molecules and amine
groups of polymers disrupts drug-drug interaction at drug loadings below 5% (w/w), playing a beneficial

2l However, detailed structural information of molecular

role in affecting the drug release profile.
interactions are still lacking, limiting understanding of the pattern and strength of drug-polymer interactions
and their resultant influence on drug dissolution and physical stability behavior.” > *® For example,
vibrational spectroscopy can qualitatively characterize the API and polymer interaction in ASDs by
evaluating frequency changes of the vibration of chemical bonds, but might lack the quantitative capability
to identify the strength of interaction.® In recent years, 2D MAS NMR homo- and hetero-nuclear
correlation experiments were employed to identify the nature of the interaction at molecular level. '* %!
These 2D methods probe the drug-polymer interaction by measuring their proximity and therefore offer
more sensitive and robust characterization than one-dimensional (1D) "*C and '*N cross polarization (CP)
techniques, as elaborated previously.”” For example, in our prior study of posaconazole (POSA) and
hypromellose acetate succinate (HPMCAS) ASDs, 2D 'H-"*C hetero-nuclear correlation (HETCOR)
experiments revealed two types of POSA-HPMCAS inter-molecular interactions: a hydrogen bond between
the POSA triazole ring and the HPMCAS hydroxyl group; and an electrostatic interaction between the
POSA carbonyl group and the HPMCAS carboxyl group. They were identified by inter-molecular
correlation peaks in 2D spectra of ASDs. A third type of interaction, a hydrogen bonding between the POSA
fluorine and a hydroxy proton of HPMCAS has been proposed based on indirect observation of interactions
between fluorine and aliphatic carbons of HPMCAS neighbored to the hydroxyl group in 1D F-'*C CP
spectra. However, high resolution details (e.g., drug-polymer proximity representing the strength of
interaction) are still missing. Techniques that can provide distance restraints of an amorphous molecule at
molecular level are largely absent. For example, the amorphous nature of ASDs hinders the application of

conventional diffraction techniques for structural characterization. Therefore, it is rare to see examples of

high-resolution structural characterization of amorphous pharmaceuticals.

Solid-state NMR (ssNMR) spectroscopy is a powerful technique to probe molecular structure by
measuring atomic distances in crystalline®® and non-crystalline materials®®, peptides and proteins®*, and

complex biological systems™®. For example, Rotational-echo double resonance (REDOR) NMR is the most



widely applied method for measuring the strength of dipolar coupling between two spin-1/2 nuclei, and
thereby determining molecular distances. REDOR utilizes rotor-synchronized pulses to recouple short- and
long-range dipolar couplings between pairs of hetero-nuclear spins, which is otherwise averaged by magic
angle spinning®®. REDOR measurements have been widely employed to measure distances among 'H, *H,
B, BN, F and *'P spins to obtain critical constraints for structural determination®”*. '°F has an inherently
high gyromagnetic ratio and high natural abundance. Therefore, the application of '°F for assessing distance
can enhance the sensitivity and increase the range of measurable inter-atomic distances***®. In addition,
about 30% of pharmaceutical compounds are fluorinated in order to modulate the properties of drug
molecules’’, and fluorine is usually absent from polymeric excipients*®. Therefore, the use of '"F-"*C
REDOR for distance measurements in ASDs has a great potential to probe inter-molecular distance between
API and polymer. Semi-quantitative structural analysis using '°F-'*C HETCOR spectra has been previously
demonstrated in polymers, pure APIs, and ASDs. Spiess et al. described the application of '’F-'*C HETCOR
for structural assignments in polymers*’. Dybowski and coworkers utilized '"F-'*C HETCOR to help
determine a polymorph of atorvastatin®’. Recently, by utilizing modern ultrafast MAS probes, 2D and 3D
experiments of hetero-nuclear correlation between '°F and '*C or 'H were applied to detect new molecular
interactions in ASDs?”+*°!-32_Quantitative determination of inter-nuclear proximities between '°F and other
nuclei such as 'H, N, *'P and "*C has the potential to provide rich structural details on small molecules
and proteins and techniques have greatly advanced over the past few decades®*®. In 1993, Burns and
Hagaman demonstrated the utility of "’F-'*C REDOR for identifying the local structure of organofluorides™.
F-13C REDOR has been used to measure a distance of up to 12 A on ["F]oritavancin-peptidoglycan
complexes®. Recently, Mei and her coworkers developed a 2D "“C-"*C resolved "F-'*C REDOR
experiment to measure multiple long-range distances in a 56-residue protein GBI, tripeptide formyl-MLF,

and membrane-bound influenza B M2 transmembrane peptide.

In this study, we developed and utilized '’F MAS NMR techniques to explore drug-polymer
interactions by measuring inter-molecular distances to uncover the nature of molecular interaction in a
pharmaceutical ASD. We selected a fluorinated drug molecule posaconazole (POSA) as a model compound,
and the commonly used ASD polymer hypromellose acetate succinate to prepare a POSA-HPMCAS
amorphous solid dispersion using a melt-quenching method. The structural details of crystalline POSA,
including “head-to-head” and “head-to-tail” packings, were qualitatively explored by '"F-'*C cross
polarization build-up curves and quantitatively captured by an improved '"F-'*C Rotational Echo and
Double Resonance technique. Our quantitative REDOR method was then applied to the POSA-HPMCAS
dispersion, and effectively determined the type of molecular interactions with the aid of geometric

calculations.



2. Materials and Methods
Materials

Crystalline POSA was obtained from Merck & Co., Inc. (Kenilworth, NJ, USA). The schematic
molecular structure of POSA with atoms numbered is shown in Figure 1A. Isotopically '*C-C44 labeled
POSA was synthesized for site-specific investigation. Hypromellose acetate succinate (HPMCAS) was
kindly provided by Ashland, Inc. (Wilmington, DE, USA) and its molecular structure is shown in Figure
1B. Both crystalline POSA and HPMCAS were utilized without further purification.

Preparation of Amorphous Materials

To facilitate the dissolution of crystalline POSA into HPMCAS matrix, the physical mixture was
initially blended and then underwent cryomilling. A physical mixture of 30 wt % POSA and 70 wt %
HPMCAS was cryomilled (SPEX CertiPrep 6750) at 10 Hz for five cycles using liquid nitrogen as a coolant.
Each cryomilling cycle was 2 minutes, followed by a 2-minute cooldown to prevent sample overheating.
The cryomilled sample was then melted at 453 K for 20 minutes and quenched to room temperature, in
order to prepare the POSA-HPMCAS amorphous solid dispersion. To easily transfer materials into NMR
rotors, the melt-quenched ASD was underwent grinding using a mortar and pestle. The amorphous POSA
(without polymer) sample was prepared using the same protocol, except the cryomilling step.
Thermogravimetric analysis (TGA) confirms the thermal stability of POSA up to 473 K. Differential
scanning calorimetry (DSC) measurements show the fingerprint glass transition temperature (7;) of POSA,
HPMCAS, and POSA-HPMCAS ASD are 331 K, 387 K and 360 K, respectively, as shown in Figure S4.7
Besides, '°C and "’F spectra (data not shown) before and after ssNMR experiments remain identical, which

further confirms the stability of the samples in this study.
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Figure 1. Schematic structures of (A) posaconazole and (B) hypromellose acetate succinate. Note that the
orange column in (A) represents the major molecular axis of the POSA molecule.

Solid-state NMR spectroscopy

MAS NMR experiments were performed on a 9.4 T Bruker AVANCE III HD spectrometer with
Larmor frequencies 0of 400.13 and 100.63 MHz for 'H and "*C nuclei, respectively, in the Biopharmaceutical
NMR Laboratory (BNL) of Preclinical Development at Merck Research Laboratories (Merck & Co., Inc.
West Point, PA). A commercial Bruker 4 mm HFX MAS probe in triple-resonance mode was used for all
experiments. Typical 'H, °F, and '*C 90° pulses were 2.5 ps, 2.5 ps, and 3.0 ps, respectively. All
experiments were conducted at a MAS frequency of 12 kHz, except the 1D '°F high power decoupling
experiment which was acquired at 5 kHz. Experimental data were processed using Bruker TopSpin applied
with Gaussian and Qsine-bell lineshape functions. 'H and "“C chemical shifts were referenced to
tetramethylsilane (TMS). "F spectra were referenced to Teflon at -122 ppm. During the 1D 'H-"C cross
polarization (CP) MAS experiments, the contact time for ramped CP transfer was 2.0 ms and a recycle
delay of 2.0 s was used. Due to the availability of two high-power amplifiers in BNL, SPINAL64 hetero-
nuclear decoupling with a radio-frequency (RF) power of 100 kHz was simultaneously applied on both 'H
and '’F channels, which significantly improved the spectral resolution of carbons (C15 and C17 in Figure
1A) directly bonded to the fluorine in POSA. To obtain CP build-up curves for semi-quantitative '*F-"*C
distance analysis, 1D ""F-*C CP spectra with contact times of 0.25 ms, 0.75 ms and 1.5 ms were acquired.
Each spectrum was collected using 4096 number of scans. A recycle delay of 20.0 s was used for full
magnetization recovery, giving approximately 24-hr experimental time for each spectrum. The '°F CP spin-
lock pulse was linearly ramped from 90 to 110%. 2D 'H-""F hetero-nuclear correlation (HETCOR)
experiments were conducted using a contact time of 5 ms. These 2D spectra were acquired with 16 points
in the indirect dimension and 32 scans in the direct dimension. A recycle delay of 5.0 s between consecutive
scans was used, giving approximately 0.7 hour experimental time for each 2D. Hetero-nuclear TPPM

decoupling with an RF field of 100 kHz was applied in the indirect proton dimension.

Rotational-echo double-resonance with supercycled symmetry-based recoupling schedule and
synchronized simultaneous detection

We utilized a *C-'"°F REDOR sequence shown in Figure 2 employing a SR4,* recoupling sequence
and simultaneous acquisition of REDOR dephased and reference signals S and Sy, respectively, for the
measurement of *C-'"F distance. It starts with a 'H 90 degree pulse and 'H-">C CP to enhance "*C signal
sensitivity. Two SR4,? schemes of equal duration, t, were inserted into a spin echo. The total delay 27 is
defined as the dipolar recoupling time. The hetero-nuclear dipolar coupling is restored by applying two

SR4,? schemes and the 7 pulse in the middle of the sequence on the fluorine channel. The & pulse applied



on the observed nuclei "*C refocuses isotropic chemical shifts. The application of the simultaneous 7 pulses
on “F nuclei prevents the refocusing of the recoupled hetero-nuclear dipolar coupling resulting in a
dephased spectrum S. In the absence of the 7 pulse on the '°F channel, the recoupled hetero-nuclear dipolar
coupling becomes refocused and gives a reference spectrum So. The use of the super-cycled symmetry-
based recoupling sequence SR4,” for hetero-nuclear dipolar recoupling can overcome the limitations of a
classical REDOR method, which enhances robustness to radio frequency inhomogeneity and homo-nuclear
dipolar interaction, and exhibits low demand on recoupling power and experimental optimization®**'. The
application of symmetry-based REDOR (S-REDOR) has been demonstrated for inter-atomic distance
measurements of 'H-"C, C-""N/"*N and 'H-""O spin pairs®> ®. The SR4,* recoupling scheme utilizes
super-cycled and rotor synchronized composite pulses employing m pulses as a basic element®” . SR4,?
requires an RF strength of twice the spinning frequency. High-power SPINAL64 decoupling is applied on
'H channel during REDOR period and acquisition. Reference REDOR spectrum Sy and dephased spectrum
S are simultaneously acquired in each scan. These pseudo 2D REDOR data were acquired with 1024 scans
for each t1 increment and with a total of 64 points of mixing time acquired. A recycle delay of 2.0 s between
consecutive scans was used, giving approximate 37-hr experimental time for each REDOR experiment.

Additional experimental parameters of '*C-'F REDOR experiments are included in the SI.

Numerical simulations for the REDOR sequence were performed using SIMPSON software®.
NMR experimental parameters including magnetic field, spinning speed, RF strength and pulse length were
included in the simulations. Chemical shift anisotropy of two fluorine atoms was also considered in
simulations. The powder averaging was accomplished by using 2184 Euler orientations with the
REPULSION algorithm®. Sy and S signals are obtained without and with the 7 pulse on the '°F channel.
Simulations employing a three-spin system denoted '*C-'°F-'°F were used in Figures 5, 6 and 9, except in
Figure 5D and Figure S2A. A four-spin system (**C, '*C, '°F and '°F) was considered in Figure 5D due to
peak overlapping of C49 and C51, and a two-spin system (**C, '°F) in Figure S2A was performed to
investigate the effect of dipolar truncation. The relative orientation of inter-atomic distances was fixed at
120°. Figure 9 compares different relative orientations of the same spin system by fixing inter-atomic
distances at angles of 180° and 60°, respectively. Experimental and simulated signal fraction (So-S)/So are

plotted as a function of the recoupling time 2t in Figures 5, 6, 9 and S2.
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Figure 2. NMR pulse sequence of *C-""F S-REDOR which recouples *C-'"°F dipolar interactions for
determining '*C-""F hetero-nuclear distances.

3. Results

Amorphous solid dispersions have become among the most widely applied formulation approaches
to improve the oral bioavailability of BCS Class II and IV drugs'. Polymer screening of ASDs, including
polymer type and concentration, is generally an important determinant of critical drug product quality
attributes, such as bioavailability, stability and manufacturability. Several others have reported correlations

between drug-polymer interactions and pharmaceutical attributes.”%>6

Consequently, in-depth
understanding of drug-polymer interactions may inform polymer selection during formulation development
by narrowing down the appropriate polymer types. In this study, POSA was utilized as a model system to

investigate molecular interactions at atomic level.

3.1 Probing molecular structure from semi-quantitative ’F MAS NMR

To support structural investigation of crystalline POSA and the POSA-HPMCAS dispersion, we
leveraged chemical shifts of °C and ""F atoms that we reported in our previous studies.’’ Briefly, '*C
chemical shift assignments of crystalline POSA were carried out utilizing 1D "*C-edited experiments, 2D
B3C-detected homo- and hetero-nuclear correlation experiments following our established protocol.”” Two
fluorine atoms were unambiguously identified in a 2D ""F-'°F homo-nuclear correlation experiment by
taking advantage of their different chemical environment (i.e., F1 is more shielded than the ortho-fluorine,
F2). However, full chemical shift assignments of POSA in the POSA-HPMCAS dispersion were
challenging due to broad spectral linewidth and peak overlapping. To unambiguously assign chemical shifts
in the POSA-HPMCAS dispersion, reference materials including neat amorphous POSA and neat
amorphous HPMCAS were measured by 1D and 2D ssNMR experiments®’. The assigned chemical shifts
of POSA in the POSA-HPMCAS dispersion are summarized in Table S1 and partially illustrated in Figure
S1. In comparison to neat amorphous POSA, most of the carbons show slight chemical shift perturbations
in POSA-HPMCAS dispersion. For example, chemical shift perturbations of C41 and C44 were observed.

These perturbations suggest chemical environment changes, which we propose to correspond to their



involvement in inter-molecular interactions with HPMCAS in 2D 'H-"*C correlation experiments.”’
Although 2D correlation experiments are well established for probing inter-molecular interactions,

knowledge of the strength and configuration of such interactions cannot be ascertained with this technique.

Hetero-nuclear dipolar recoupling using '°F-">C cross polarization (CP) has been used to semi-
quantitatively evaluate '’F-"*C distances in fluorinated materials’”"'. To compare inter-atomic proximities
in crystalline POSA, a semi-quantitative analysis of '°F-"*C proximities was performed using CP build-up
curves. In Figure 3A, 1D "*C-"F CP MAS spectra were acquired at contact times of 1.50 ms, 0.75 ms and
0.25 ms, and a 1D "H-">C CP spectrum was acquired using a long contact time (2 ms). The 1D "H-"*C CP
spectrum exhibits all thirty-seven '>C resonances of crystalline POSA, while only limited carbons are shown
in 1D "F-13C CP spectra and their intensity increases when acquired with longer contact times. This is
because magnetization transfer from '°F to *C in 1D ""F-edited *C CP spectra is constrained by distances,
and is favorable for only those carbons forming covalent bonds or spatially close. A short distance
corresponding to a strong dipolar coupling would result in a fast '*C-'’F CP intensity build-up rate, and vice
versa. In Figure 3B, the CP build-up rate of fluorine to covalent-bonded C17 is faster than to C16 which is
two-bonds away and to C5 at a further distance. Note that the corresponding distances labeled in Figure
3B are obtained from the crystallography structure’>. The "F-'*C build-up curve provides a semi-
quantitative method to probe inter-nuclear *C-'°F distances, while a quantitative protocol to measure *C-

F distances is still required for obtaining molecular details, e.g. bond length of intermolecular contacts.
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Figure 3. Semi-quantitative evaluation of *C-'’F distances in crystalline POSA from "*C-'°F CP build-up
curves. (A) 1D "*C-'H CP MAS spectrum at a contact time of 2 ms and 1D "*C-'"F CP MAS spectra acquired
at contact times of 1.50 ms, 0.75 ms and 0.25 ms; (B) CP build-up curves obtained by plotting peak
intensities of *C-'F CP MAS spectra as a function of contact time. Note that the bond distances are
obtained from a previous crystallography study’>.

3.2 Atomic *C-"°F distance measurements in crystalline POSA



Since its introduction in 1989, REDOR has been widely utilized method for measuring distances
of hetero-nuclear spins. It has been most widely used to recouple dipolar couplings and measure short- and
long-range distances*®. The dipolar coupling in solid state is suppressed by magic angle spinning in a
coherent manner. REDOR experiments utilize rotor-synchronized radio frequency pulses to operate on spin
coordinates and reintroduce dipolar couplings, which can be used to calculate precise distances. The dipolar

coupling constant, D, is calculated using equation 1.

D= l-loylysh/8n2r3 (1)

v1 and vys are the gyromagnetic ratios of / and S nuclei; r is the inter-nuclear distance between the
two spins; uo is the magnetic constant; and 7 is the reduced Plank constant. Conventional REDOR
sequences also recouple the unwanted homo-nuclear dipolar coupling between two spin 1/2 nuclei, such as
F-F dipolar coupling, which would interfere REDOR curve fitting.®' In this study, we introduced a super-
cycled symmetry-based SR4,* sequence for recoupling hetero-nuclear dipolar couplings while suppressing
F-YF homo-nuclear interactions. The REDOR sequence implemented in this study is shown in Figure 2.
BC-"F REDOR measurements were conducted in two steps to yield the reference spectrum (So) and the
dephased spectrum (S), which were acquired without (So) and with (S) the central © pulse in between
recoupling schemes on '°F channel, respectively. In addition, to eliminate the differences of T, decay during
the acquisition of Sp and S, we implemented simultaneous acquisition of Sy and S in the same scan. The
time period during which dipolar coupling is recoupled by the SR4,* sequence is termed the REDOR
recoupling time (271 in our sequence). Dipolar couplings result in signal attenuation after SR4,* sequences
when the middle n pulse is applied. Stronger dipolar couplings usually correspond to larger signal
attenuation. '°F-'C REDOR spectra of crystalline POSA, shown in Figure 4, were acquired at recoupling
times of 0.2 ms and 2.3 ms. The peak intensity attenuation varies for different carbon peaks, suggesting
differences in their distances to fluorine atoms. An example is highlighted on the right of Figure 4, wherein
C11 shows a negligible intensity decrease with an increment of recoupling time from 0.2 ms to 2.3 ms,
while C5 displays a significant signal dephasing. This agrees well with the crystalline POSA structure, in

which CS5 is spatially closer to the intra-molecular fluorine atoms in the difluorophenyl ring than C11.
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Figure 4. 1D "*C-""F REDOR dephased spectra of crystalline POSA at a dephasing time of 0.2 ms (top)
and 2.3 ms (bottom). Zoomed spectral regions of C11 and C5 peaks are highlighted and shown on the right.

A series of 1D REDOR reference spectra, S, and dephasing spectra, S, were acquired with different
recoupling times, and the dipolar dephasing fraction (S¢-S)/Sy is plotted as a function of REDOR recoupling
times. The resulting *C-'’F REDOR dephasing curves were used for *C-'°F distance determination.
Multiple simulated curves used for determining distances and experimental uncertainty are presented
(Figure 5). Root-mean-square deviations (RMSDs) between the experimental and simulated REDOR
values were calculated to evaluate the consistency between measurements and simulations. It is worthy to
note that quantitative ssNMR distance measurements by dipolar recoupling experiments are complicated
by the presence of multiple spins that couple simultaneously to each other, causing an effect known as
dipolar coupling truncation”. In this circumstance, the recoupled dipolar coupling interaction between a
two-spin pair is attenuated by the presence of nearby spins of similar or stronger couplings. In this study,
due to the presence of two fluorine atoms in proximity to carbons that show REDOR dephasing, dipolar
couplings of carbon to both fluorines were considered to compensate for the dipolar truncation effect.
Therefore, a three-spin (*C, "F and '°F) system was used for most of the simulations, if not otherwise

noted.

In Figure 5A-D, the typical *C-"°F REDOR dephasing curves of intra-molecular pairs (C5-F2 and
C16-F1/2) and inter-molecular pairs (C23-F1 and C49/51-F1) in crystalline POSA are shown. Note that
C49 and C51 resonances overlap in the 1D *C spectra. By fitting these dephasing curves, the '"F-"*C
distances were obtained: 2.7 £ 0.1 A (C5-F2), 2.4 0.3 A (C16-F1/2),3.3 +0.1 A (C23-F1) and 4.3 + 0.3



A (C49/51-F1). We compared fitting results of the C5-F REDOR curve from a two-spin (*C and '°F) versus
a three-spin (*C, "F and '"°F) system as shown in Figure S2. Both simulations provided similar distance,
taking into account experimental uncertainty. According to the known crystal structure’?, the C5-F1
distance is 5.7 A, which is much longer than C5-F2 distance of 2.8 A. When the F1 spin is far away, the
C5-F2 pair can be treated as a nearly isolated spin pair. The dipolar truncation effect from a weak coupling
becomes negligible. On the contrary, C16 is equidistant to two fluorines and thus the dipolar truncation
effect is stronger. In the case of C49 and C51, a simulation employing a four-spin (**C, *C, "F and "F)
system was conducted. The distance of F1 to C49 and C51 from these fittings was approximated to be the

same.

The inter-molecular distances are important for determining molecular packing of crystalline POSA.
An inter-molecular packing model based on the measured distances is shown in Figure 5E. The proximity
of F1 to C23 suggests intermolecular contacts between a difluorophenyl group and a triazole group of a
neighboring molecule, which defines a “head-to-head” packing pattern. The distance of F1 in one molecule
to aliphatic carbons C49 and C51 at the opposite end of another molecule implies a “head-to-tail” molecular
packing in the crystal lattice. Importantly, these results of interatomic "C-'°F distances are in well
agreement with the crystallography structure (3.3 A for C23-F1, 4.5 A for C49-F1 and 4.4 A for C51-F1)7%,

confirming '’F-"*C REDOR as an accurate method to quantify atomic distances.
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Figure 5. >C-""F REDOR dephasing curves and simulations for measuring intra-molecular distances of
(A) C5-F2 and (B) C16-F1/2, inter-molecular distances of (C) C23-F1 and (D) C49/51-F1 in crystalline
POSA. (E) Molecular packing model of crystalline POSA derived from "*C-'°’F REDOR distances. These
distances measured in ssNMR and single crystal X-ray diffraction studies match well’?.



Moreover, low NMR sensitivity due to limited natural abundance material often presents a
challenge for REDOR measurements, especially nuclei pairs with long distances. The REDOR dephasing
rate is slow for measuring over long distances, and therefore REDOR data of long recoupling times need
to be obtained. Due to signal loss from T, decay, REDOR sensitivity becomes compromised at extended
recoupling periods. One approach to improving sensitivity is to introduce '*C isotopic labeling. Herein, '*C-
C44 labeled crystalline POSA was evaluated for a long-distance pair by REDOR measurements. Figure
6A compares direct excitation spectra of natural abundance POSA and the '*C-C44 labeled POSA. The
sensitivity of the C44 signal was significantly improved, which facilitated the acquisition of REDOR data.
By simulating the REDOR dephasing curve in Figure 6B, the C44-F1 distance was determined to be 6.0 =
0.2 A, which corresponds to an inter-molecular contact between a difluorophenyl group and the opposite
end of an adjacent molecule. This result is consistent with the distance of 6.2 A from previous
crystallography data.”” In addition to crystalline materials, '*C isotopic labeling may be useful to quantify
atomic distance in amorphous materials, which usually have even lower NMR sensitivity and shorter T,

because of the inherently disordered nature.
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Figure 6. (A) 1D "“C direct polarization (DP) spectral comparison between *C-C44 isotopically labeled
and natural abundance POSA in the crystalline form. (B) REDOR dephasing curve and simulations for the
determination of inter-molecular distance of C44 and fluorine atoms. (C) The inter-molecular distance of
C44 and fluorine atoms representing the molecular packing of the difluorophenyl group and aliphatic
carbons in crystalline POSA.

The exploration of crystalline POSA has demonstrated REDOR to be a reliable method for
determining intramolecular and inter-molecular *C-'°F proximities. It is of interest to apply this REDOR
method to explore inter-molecular interactions between drug and polymer in ASDs. Different from
crystalline materials, the amorphous counterpart lacks long-range order, resulting in analytical challenges
for crystallography approaches. Meanwhile, the presence of amorphous polymer in the dispersion further

complicates the characterization. Therefore, both identification of drug-polymer interactions and



quantification of inter-molecular distances remain a technical challenge in pharmaceutical sciences. In the
following sections, we demonstrate the application of 'H-"’F correlation spectroscopy to qualitatively
identify POSA-HPMCAS interactions and *C-"’F REDOR quantification of inter-molecular distances in
POSA-HPMCAS dispersion at an atomic resolution.

3.3 POSA-HPMCAS Interaction Probed by 2D 'H-°F Correlation Spectroscopy

To probe POSA-HPMCAS interactions, 2D 'H-'F HETCOR correlations were utilized to identify
the proximity of the 'H and "’F networks. Figure 7A-C shows a comparison between 2D 'H-'"F HETCOR
spectra of crystalline POSA, amorphous POSA, and POSA-HPMCAS amorphous solid dispersion. For
crystalline POSA in Figure 7A, the fluorine correlations to aromatic protons at 7.5 ppm and aliphatic
protons at 1.5 ppm were identified. Fluorine correlations to aliphatic protons are likely related to inter-
molecular “head-to-tail” packing in crystalline POSA. A similar correlation between fluorine to aromatic
protons at 7.5 ppm and aliphatic protons at 1.5 ppm was observed for amorphous POSA in Figure 7B.
Interestingly, in the 2D 'H-""F HETCOR spectrum of the POSA-HPMCAS ASD, new correlations between
fluorine and protons at approximately 4 ppm appeared in Figure 7C, where 'H resonances around 4 ppm
were tentatively assigned as HPMCAS hydroxyl protons. Figure 7D shows 1D 'H cross-sections extracted
from 2D 'H-""F HETCOR, and the new 'H peak at around 4 ppm in POSA-HPMCAS dispersion is clearly
evident. This 'H-'""F correlation suggests an interaction between POSA and HPMCAS, likely between the
hydroxyl group of HPMCAS and the difluorophenyl group of POSA, as shown in Figure 7E. Such an
interaction has been previously attributed to the formation of hydrogen bond O-H: - -F-C between the POSA
fluorine and a polymer hydroxyl group.?’” 2D 'H-'""F hetero-nuclear correlation techniques provide direct
evidence for inter-molecular contact between the POSA difluorophenyl group and polymer hydroxyl groups.
However, CP-based experiments cannot quantify distances. Atomic distance measurement is needed to

evaluate the interaction strength between POSA and HPMCAS in an amorphous solid dispersion.
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HPMCAS dispersion (C). (D) 1D 'H cross-sections extracted from (A) at the '°F chemical shift of -114.1
ppm, -112.5 ppm and -112.5 ppm, respectively. (E) A schematic model of POSA and HPMCAS interactions
showing inter-molecular interactions in amorphous POSA (red) and inter-molecular correlations observed
in POSA-HPMCAS dispersion (black).

3.4 Atomic YF-"*C distance measurement in POSA-HPMCAS dispersions

Following the qualitative identification of a POSA-HPMCAS interaction in the ASD, we sought to
utilize the REDOR method to quantify the interaction by measuring the distance from POSA fluorines to
polymer carbons. Figure 8 shows the extracted 1D REDOR dephased spectra (S) at recoupling times of 0.2
ms and 2.3 ms. Both POSA carbons (e.g. C50) and HPMCAS carbons (peak at 61.2 ppm) exhibit signal
dephasing. Note that HPMCAS carbon at 61.2 ppm has been assigned as the carbon neighbored to the
hydroxyl group.?” At the recoupling time of 2.3 ms, the POSA C50 peak intensity decreases to ca. 50% in
comparison to that of 0.2 ms, suggesting a close proximity to fluorine atoms. The intra-molecular distances
of C50 to F1 and F2 are 19.7 A and 20.5 A, respectively,’”” which is too far to cause dephasing of C50
intensity. Therefore, we propose the dephasing effect is likely driven by inter-molecular “head-to-tail”
packing between aliphatic protons and fluorine, as shown in Figure 7E. In addition, the HPMCAS carbon
at 61.2 ppm exhibits 70% dephasing from 0.2 ms to 2.3 ms recoupling time, indicating an inter-molecular
dipolar coupling between the POSA fluorine and the HPMCAS carbon. This faster dephasing of the
HPMCAS carbon peak suggests that the distance of the POSA fluorine to the HPMCAS carbon is very
likely shorter than that to the POSA C50.
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Figure 8. 1D REDOR dephased spectra of POSA-HPMCAS dispersion at dephasing times of 0.2 ms (top)
and 2.3 ms (bottom). Signals of HPMCAS carbon and POSA C50 are highlighted on the right.

The REDOR dephasing curve of the HPMCAS carbon neighbored to a hydroxyl group in the
POSA-HPMCAS amorphous solid dispersion is shown in Figure 9. To the best of our knowledge, this is
the first published dataset of inter-molecular distance measurement in amorphous solid dispersions. To fit
the REDOR dephasing curve, we considered different configurations of a '*C-'’F-'°F three-spin system and
F chemical shift anisotropy (CSA) in the simulation. Figure 9A-B shows two geometries of F1 and F2
relative to a carbon atom. The intra-molecular distance of F1 and F2 is 4.67 A, which is extracted from
molecular conformation in crystalline POSA.” An ideal isolated Con-F1 spin pair is shown in Figure 9A,
in which the distance of F2 to Cop is the furthest and the dipolar truncation effect is the smallest. In the
other extreme scenario, equal distances of fluorine atoms to carbon are considered in Figure 9B, resulting
in the same dipolar coupling and a larger dipolar truncation effect. Both configurations were utilized for
simulating *C-'"’F REDOR data and gave "*Cop-'"F distances of 4.3 £ 0.2 A and 4.5 + 0.4 A, respectively.
Thus, the dipolar truncation effect has no significant impact on the '*C-'°F distance measurement. Such a
short distance rationalizes our previous observation that '*C-'F CP transfer is efficient between the

HPMCAS carbon and the POSA fluorine (Figure 3).
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Figure 9. REDOR simulations using a three-spin (‘°F, F and ""C) system for "*C-"°F distance
determination. (A) Straight-line and (B) triangle *C-""F-""F configurations.

Does the short Con-F distance indicate a strong molecular interaction in the POSA-HPMCAS
dispersion? Two geometric possibilities of the relative drug and polymer orientation might result in this
short Con-F distance, as shown in Figure 10. In the first scenario, fluorine is directly involved in the
hydrogen bond O-H---F-C between HPMCAS and POSA. To simplify the calculation, the geometric
influence of the sp® hybridization carbon (steric hindrance to the fluorine atom, resulting in # < 109 degree)
and an O-H---F angular cutoff at > 90 degree are assumed.”* On basis of the constant Cop-F distance, a
spherical coordinate system was established where the carbon next to the hydroxyl group was a fixed origin,
the oxygen of the hydroxyl group was placed along the z axis and the hydrogen of the hydroxyl group was
placed on the x-z plane. The coordinate of the fluorine atom is (r, 8, ), where r is the radial length of Con-
F distance, 8 is the polar angle and ¢ is the azimuthal angle. As shown in Figure 10A, the H---F hydrogen
bond distance varies with € and ¢, and ranges from 2.7 A to 5.9 A (Cou-F distance of 4.3 A). Given the
Con-F distance of 4.5 A, the H---F hydrogen bond distance varies from 2.9 A to 6.1 A while the plot is not

shown here. For more details related to the calculation, see Supporting Information.
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Figure 10. Two hypothetical hydrogen bonding complexes formed between POSA and HPMCAS
including interaction between the polymer O-H group as an acceptor and POSA fluorine (A) or
difluorophenyl ring (B) as a donor. The following geometric parameters are used: O-H covalent bond
distance of 0.97 A (typical value for alcohols by neutron diffraction),”” C-O covalent bond distance of 1.42
A (extracted from D-mannitol crystal),”® C-O-H angle of 110 degree (extracted from methanol crystal by
neutron diffraction),”’ C-C covalent bond distance of 1.38 A and C-F covalent bond distance of 1.36 A."

Another possible configuration is the formation of a hydrogen bond O-H---Ph (phenyl group, #
acceptor). Bond distance of hydrogen bond H- - -Ph is represented by H---M, where M is the center of phenyl
group as shown in Figure 10B. To simplify the calculation, the hydroxyl group was hypothesized to be
directional to the center of phenyl group, and the angle between the projection of the C-O bond on the
phenyl plane and the C-F bond in the phenyl group was defined as o. Figure 10B shows the bond distance
of H---M as a function of a, and it is within 2.6 A when the Cou-F distance is 4.3 A. The bond distance of



H---M is up to 2.8 A if the Con-F distance is 4.5 A, which is not shown in Figure 10. The detailed
calculation is provided in Supporting Information. It is worth noting that this calculation only considers
mathematical geometries, which includes some impossible distances according to physical chemistry, e.g.

<0 A at o of 180°.

4. Discussion
Exploring the molecular structure of amorphous solid dispersions is critical to predict

pharmaceutical properties, including physical stability and bioavailability,* 7 2> 785

and understanding
these pharmaceutical properties can further rationalize polymer selection for ASD formulations.
Consequently, an accurate measurement of intermolecular interactions is important to facilitate ASD
formulation development. NMR spectroscopy can provide a versatile set of tools to enable in-depth
molecular characterization of ASD microstructure. Solid-state NMR is the technique of choice in
identifying inter-molecular interactions including hydrogen bond, electrostatic and dipolar interactions
relevant to the physical structure of ASDs. Changes of chemical shifts provide direct evidence of new

interactions formed between drugs and polymers, and local structural and motional changes.®'

1D *C CP MAS has been used to observe molecular interactions in pharmaceutical dispersions by
detecting chemical shift changes at the interaction site.'"'* Recently, homo- and hetero-nuclear correlation
experiments were utilized to probe intermolecular interactions by detecting NMR signal transfer between
the drug molecule and an excipient. In a study of its drug-polymer hydrogen bonding network'?, Nie et al.
discovered a newly formed correlation between protonated clofazimine (CLF) and the carboxylate in
hypromellose phthalate (HPMCP) in a CLF-HPMCP amorphous solid dispersion by using 2D 'H-"H DQ
correlation experiments at 60 kHz MAS. We previously identified rich inter-molecular interactions in ASDs
of POSA and HPMCAS by a combination of 'H-1C, YF-13C, ’N-13C, and °F-'H correlation experirnents.27
Even though the 1D and 2D ssNMR toolbox provides a straightforward and qualitative approach to
characterize inter-molecular interactions in ASDs, it still lacks molecular details of the type and strength of
these interactions. To determine whether new bonds are formed, inter-molecular distance measurements

represent a more definitive approach in deriving molecular information about ASDs.

Based on the measured *C-'°F distance, two hydrogen bond patterns were proposed: O-H---F and
O-H---Ph (7 acceptor). As shown in Figure 10A, the distance of the hydrogen bond with fluorine (H---F)
in the POSA-HPMCAS ASD was estimated between 2.7 A to 5.9 A (Cou-F distance of 4.3 A) or 2.9 A to
6.1 A (Con-F distance of 4.5 A). Previously, the inter-molecular O-H:--F hydrogen bond was observed in

the crystalline structure of a fluorinated alcohol, which was solved by X-ray diffraction. By normalizing



the O-H covalent bond to 0.967 A, the distance of inter-molecular H---F hydrogen bond was determined to
be 2.01 A® Takemura et al. reported an intra-molecular O-H---F hydrogen bond in 2-
fluorophenyldiphenylmethanol by X-ray crystallographic analysis, and reported the H---F intra-molecular
hydrogen bond length at 2.23 A.*® In the Cambridge Structural Database, the mean value of the O-H:--F
hydrogen bond is 2.19 A.”* In addition, the formation of an intra-molecular O-H---F hydrogen bond was
detected in 1-fluorocyclopropyl-methanol liquid by microwave spectroscopy and quantum chemical
calculations.® The distance between the fluorine and the proton of the hydroxyl group was calculated to be
as large as 2.51 A, and regarded as a non-bonded distance because the sum of the van der Waals radii of
proton and fluorine is roughly same. It is worth noting that the van der Waals radii of a proton and a fluorine
(attached to phenyl group) is 1.20 A and 1.47 A, respectively.® Importantly, the calculated distance of the
H:--F hydrogen bond in the POSA-HPMCAS amorphous solid dispersion used in this study is at least equal
or larger than the sum of the van der Waals radii of proton and fluorine, implying a fairly weak or no
hydrogen bond of H---F. A similar conclusion can also be assessed from the classification of Jeffery,®

where hydrogen bonding is a weak interaction at distances > 2.2 A and bond angles > 90 degree.

Another possible configuration is the formation of the O-H---Ph (& acceptor) hydrogen bond. Note
that bond distance of H---Ph is represented by H---M, where M is the center of phenyl group. In Figure
10B, the bond distance of H---M is within 2.6 A (Con-F distance of 4.3 A) or up to 2.8 A (Cou-F distance
of 4.5 A). Different from the rare occurrence of the O-H---F hydrogen bond in Cambridge Structural
Database, many materials have been reported to form O-H:--Ph (n acceptor) hydrogen bonds and the mean
value is reported to be 2.50 A.”* For example, an inter-molecular hydrogen bond is formed between the OH
group and the phenyl group in a 2,2,2-trifluoro-1-(9-anthryl)ethanol crystal, and the proton was found to be
2.2 A away from phenyl group place.®” A similar inter-molecular O-H---Ph hydrogen bond was found in
tetraphenylborate salts, and the H---Ph bond length was reported as 2.17 A.*® Therefore, we propose that
the O-H---Ph hydrogen bond between POSA and HPMCAS is likely present in the POSA-HPMCAS
amorphous solid dispersion. Considering the complex nature of amorphous solid dispersion structures, two
types of hydrogen bond might co-exist. Reimann et al. studied the co-existence of O-H---Ph and O-H:--F
in clusters of fluorobenzene and fluoroform using infrared ion-depletion spectroscopy and ab initio

calculations.”

The quantification of inter-molecular distance allows us to discover possible interactions between
POSA and HPMCAS through O-H:--F and O-H:--Ph hydrogen bonds. To further confirm the existence of
such interactions, more distance restraints are required. The advancement of MAS NMR in the past many

years has offered a great potential to elucidate molecular details in pharmaceutical amorphous materials.



For example, '"O---'H distance measurements by REDOR have been used to determine the strength of
hydrogen bonding between two adjacent L-tyrosine molecules.** The distance of "’N---'H as a signature of
hydrogen bonding in 1,8-bis(dimethylamino)naphthalene was measured using a 2D '"N-'H dipolar
chemical-shift (DIPSHIFT) correlation experiment.” The strength of 'H-'"F dipole-dipole coupling for
measuring H---F hydrogen bond has been carried out in fluorinated organic molecules.”’ Most recently,
hydrogen bonding in the deep eutectic Lidocaine-Ibuprofen formulation has been identified using Nuclear
Overhauser Effect (NOE) build-up curves.”” Histidine N-H bond lengths can be efficienty measured by
frequency selective heteronuclear multiple quantum coherence (HMQC) and resonance echo saturation
pulse double resonance (RESPDOR) experiments.”® Moreover, our previous study has suggested a rich
category of POSA and HPMCAS interactions in the ASD.?’ It will be interesting to further uncover the
nature of these interactions by identifying the inter-atomic proximity. Therefore, development and
utilization of inter-molecular distance measurements by MAS NMR has the potential to improve the
structural characterization of ASDs at a molecular level and to facilitate the rational design of ASD

formulations.

5. Conclusion

In this study, we demonstrated the first example of quantitative measurement of drug-polymer
interactions in a POSA-HPMCAS amorphous solid dispersion. The '"F-'*C cross polarization build-up
curves were utilized to carry out semi-qualitative distance analysis in crystalline POSA, and a variant '°F-
13C Rotational Echo and Double Resonance (REDOR) technique was used to successfully identify the
structural details of crystalline POSA, including “head-to-head” and “head-to-tail” packings. The distances
measured by REDOR in crystalline POSA are consistent with crystallographic data, making REDOR an
accurate method to quantify molecular distances. Furthermore, the inter-molecular interactions in the
POSA-HPMCAS amorphous solid dispersion were qualitatively analyzed by 2D 'H-'F HETCOR, and a
correlation between the hydroxyl group of HPMCAS and the difluorophenyl group of POSA was assigned.
Such interaction was further investigated by a '’F-'*C REDOR method. By utilizing different spin systems
in REDOR simulation, we quantified the distance between '*C of the HPMCAS hydroxyl group and "°F of
POSA as 4.3 £0.2 A or 4.5 + 0.4 A. With the aid of geometric calculations, two hydrogen bond patterns
(O-H:--F and O-H---Ph) were proposed. This work represents the first direct atomic distance measurement
of amorphous solid dispersions. It also demonstrates the REDOR technique as a powerful tool for
investigating molecular details of drug-polymer interactions and providing a structural basis for polymer

selection during development of amorphous solid dispersions.
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