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ABSTRACT
Purpose The purpose of this work is to examine the ability of
methods based on multinuclear and multidimensional solid-state
NMR (SSNMR) to perform detailed characterization of amor-
phous dispersions of ezetimibe adsorbed on mesoporous silica.
Methods Ezetimibe was loaded into two types of mesoporous
silica with average pore sizes of 2.5 and 21 nm. The mesoporous
materials were characterized by powder X-ray diffraction (PXRD),
vibrational spectroscopy, differential scanning calorimetry, and 1H,
13C, 19F, and 29Si SSNMR analysis including relaxation time mea-
surements. Interactions between the drug and silica were inves-
tigated using 1D and 2D SSNMR methods based on dipolar
correlation using cross-polarization (CP) and spin diffusion.
Results PXRD was used to show the absence of crystalline
ezetimibe in the mesoporous materials, and 19F SSNMR was
used to assess drug physical state and study mobility. 19F-29Si
CP methods were used to directly detect adsorbed ezetimibe.
1H-13C, 1H-19F, and 1H-29Si, and heteronuclear correlation and
1H homonuclear correlation experiments were used to inves-
tigate interactions between the drug and silica through 1H
environments.
Conclusions SSNMR methods were able to detect interac-
tions between the drug and the silica substrate. Differences
between the drug loaded onto silica with two different pore
sizes were observed, including differences in hydrogen bonding
environment and molecular mobility. These methods should be
useful for characterization of similar systems.

KEY WORDS amorphous dispersion . dipolar correlation .
mesoporous silica . powder X-ray diffraction . solid-state NMR

INTRODUCTION

Amorphous phases are increasingly utilized in pharmaceu-
tical development to enhance the dissolution performance of
drug molecules with poor aqueous solubility (1,2). Polymers
can be used to enhance the stability of amorphous systems
by formation of molecular dispersions, in which the poten-
tial for crystallization of the drug is greatly reduced while the
properties of the amorphous solid are improved (3,4). The
stabilization of amorphous drugs can also be accomplished
using porous adsorbent media loaded with drug (5). The
porous media generally have nanometer-sized pores that
constrain crystal growth by preventing the critical nucle-
ation size from being reached, leading to amorphous drug
trapped within the nanoporous solid (5). Mesoporous silica
is a commonly used material for preparation of such systems
because of its high surface area and large pore volume (5).
The high surface area leads to a high surface free energy,
promoting adsorption of drug molecules on the surface and
allowing the system to reach a lower free energy state (5).
Improvements in dissolution rate arise from the amorphous
nature of the drug and the high surface area of the porous
media (5). Drugs may be loaded into mesoporous silica and
related mesoporous materials such as folded polysilicate
sheets by methods such as solvent or supercritical fluid
evaporation or multiple solvent wetting (“impregnation”)
and drying steps (5,6). Direct sublimation and adsorption
of crystals into silica in physical mixtures has also been
observed (7,8). Because of the increasing interest in
mesoporous silica drug delivery, there is motivation to de-
velop new analytical approaches applicable to the study of
these materials, particularly methods that can directly probe
the interface between the drug and the silica substrate.
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The analytical techniques typically used to probe
mesoporous drug delivery systems include differential scan-
ning calorimetry (DSC) and modulated temperature DSC
(MDSC) to characterize glass transition temperatures (Tg),
powder X-ray diffraction (PXRD) to show the absence of
crystalline content, chromatographic or spectroscopic assays
to determine drug loading, and techniques to study surface
area and porosity (5). Solid-state NMR (SSNMR) is another
technique that has been applied to a limited extent in the
study of drugs confined in mesoporous materials (9–11). Be-
cause amorphous solids confined in nanometer-sized pores
can show different molecular dynamics, 13C SSNMR relaxa-
tion measurements have been employed to characterize these
materials (11). For example, a recent 13C relaxation study
showed mobility differences between amorphous indometha-
cin trapped in a folded-sheet mesoporous material and bulk
amorphous indomethacin (12). However, the use of SSNMR
in structural studies of drugs adsorbed tomesoporous solids, in
which the focus is upon interactions within the amorphous
drug or between the drug and the substrate, have been limit-
ed. SSNMR has been used extensively to study other types of
non-pharmaceutical guest molecules confined within
mesoporous silica and related materials (13).

The present work is directed towards using a selection of
SSNMR techniques to probe detailed structural aspects of a
mesoporous silica drug delivery system. Recently, spectro-
scopic techniques using two-dimensional (2D) solid-state
nuclear magnetic resonance (SSNMR) were shown to read-
ily discriminate between the formation of an amorphous
molecular dispersion and the presence of a phase-
separated mixture (14,15). These techniques are based the
NMR phenomenon of dipolar coupling, which occurs over
a short distance range of several Å, and offer an alternative
method to assess intermolecular association in cases where
existing approaches are not amendable. The SSNMR ap-
proaches used for amorphous dispersions were recently ex-
tended to the detection of nanometer-scale interactions in a
nanocrystalline drug-polymer dispersion (16). The present
study uses SSNMR to detect dipolar coupling between a
drug and mesoporous silica and directly probe adsorption
and molecular association in these systems. Ezetimibe, a
fluorinated drug, was chosen as the model system to exploit
the utility of 19F SSNMR techniques. Ezetimibe is marketed
as a treatment for elevated low-density lipoprotein choles-
terol and is currently the subject of clinical trials for safety
and efficacy (17). The structure of ezetimibe and the atomic
numbering scheme used in this work are shown in Fig. 1.
Because of the poor aqueous solubility of ezetimibe, efforts
have been made to improve exposure through use of nano-
crystalline and stable amorphous forms (18,19). Formula-
tions of ezetimibe adsorbed to mesoporous silica were
recently shown to yield enhanced oral exposure in an animal
model (19). In the present study, ezetimibe loaded onto two

types of mesoporous silica is probed using physical charac-
terization techniques including 19F SSNMR. Molecular mo-
bility of ezetimibe in the two types of silica is explored using
relaxation measurements. SSNMR techniques capable of
directly detecting ezetimibe adsorption onto silica are dem-
onstrated, including 19F-29Si cross-polarization, 1H 2D spin
diffusion, and 1H-13C, 1H-19F, and 1H-29Si heteronuclear
correlation experiments. The results are interpreted to show
structural and mobility differences between ezetimibe load-
ed onto two types of mesoporous silica and also to assess the
performance of the SSNMR techniques in this type of
analysis.

MATERIALS AND METHODS

Preparation of Materials

Two grades of mesoporous silica, Sylysia® 350 (SY350) and
740 (SY740), were used in this study (Fuji Silysia Chemical
Ltd., Research Triangle Park, NC, USA). The batch of
SY350 silica was reported to have a pore volume of
1.6 mL/g, an average pore size of 21 nm, and an average
particle size of 3.9 μm. The batch of SY740 silica was
reported to have a pore volume of 0.4 mL/g, an average
pore size of 2.5 nm, and an average particle size of 5.0 μm.
Ezetimibe (AK Scientific, Mountain View, CA, USA) was
loaded onto the mesoporous silica using the following pro-
cedure. A stock solution of 10 mg ezetimibe delivered as the
monohydrate in 100 μL acetone was prepared. This solu-
tion was diluted in acetone at volume ratios of 1:20, 1:10,
and 1:5 and each resulting solution was added to 200 mg of
solid SY350 or SY740 silica. The mixtures were allowed to
soak overnight, the remaining liquid was decanted off, and
the solids were dried under vacuum at 40°C for 1 week. The
different samples prepared with SY350 silica are referred to

Fig. 1 Chemical structure and atomic numbering scheme of ezetimibe.
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here as “ezetimibe-SY350” dispersions, while those pre-
pared with SY740 silica are referred to as “ezetimibe-
SY740” dispersions. Amorphous ezetimibe was prepared
by melting ezetimibe monohydrate at approximately
180°C and quenching in liquid nitrogen.

PXRD Analysis

X-ray diffraction patterns were obtained using reflection
geometry on an X’Pert Pro diffractometer equipped with a
real-time multistrip X’Celerator detector (Panalytical, Eind-
hoven, The Netherlands). The samples were flattened onto
zero-background silicon holders and analyzed at ambient
temperature and humidity. Samples were scanned in con-
tinuous mode from 2 to 40°θ (with a 2θ step size of 0.0167°).
CuKα radiation (1.54 Å) was used with a generator power
and current of 40 kV and 40 mA, respectively. The sample
was rotated with a 1 s revolution time. The incident beam
path was equipped with a 0.02 radian Soller slit, a 10 mm
beam mask, a 0.5° fixed anti-scatter slit, and a 10 mm
programmable divergence slit. The diffracted beam path
was equipped with a 10 mm programmable anti-scatter slit,
a 0.02 radian Soller slit, and a 0.02 mm nickel filter. Each
diffraction pattern required approximately 10 min to ac-
quire. To confirm the identity of the input drug phase,
Pawley refinement (20) of the experimental PXRD pattern
for crystalline ezetimibe monohydrate was performed using
the Reflex module within the Materials Studio version 5.0
software package (Accelrys, San Diego, CA, USA). The unit
cell from the previously reported crystal structure of
ezetimibe monohydrate was used as input for the Pawley
refinement (21). The Pawley fit of the crystalline input
material included a polynomial background correction,
pseudo-Voigt peak shape profiles, a Bragg-Brentano line
shift correction, and Berar-Baldinozzi lineshape asymmetry
correction (22,23).

DSC Analysis

DSC and MDSC experiments were performed using a
Q2000 instrument (TA Instruments, Inc., New Castle, DE,
USA). Samples with masses of 3 to 5 mg were heated in
closed aluminum pans with lids that were not crimped.
Nitrogen was used as purge gas with a flow rate of
20 mL/min. For DSC analyses, two heating rates of
10°C/min and 0.5°C/min were employed over a tempera-
ture range of 25 to 250°C. For MDSC experiments, samples
were heated from 0 to 250°C at 2°C/min using an ampli-
tude of ±0.32°C and a modulation period of 60 s. An
experiment on crystalline ezetimibe monohydrate was car-
ried out in quench-cool mode, where the sample was heated
to 180°C, cooled to 0°C, and then heated again to 300°C to
observe the glass transition. This method was chosen based

on prior DSC experiments that established the peak tem-
perature of the melting endotherm of crystalline ezetimibe
monohydrate as 162°C. Data analysis was performed using
the Universal Analysis 2000 software (TA Instruments, New
Castle, DE, USA). The instrument was calibrated using a
sample of sapphire for heat capacity and a sample of indium
for enthalpy and temperature.

Infrared and Raman Spectroscopy

IR spectra were obtained using a Perkin-Elmer Spectrum
One Fourier transform IR spectrometer equipped with a
DTGS (deuterated triglycine sulfate) detector (Perkin-
Elmer, Waltham, MA, USA). A total of 16 scans were
averaged at a resolution of 2 cm−1 for each of the spectra,
requiring approximately 10 min per spectrum. Spectra were
obtained using a single-bounce attenuated total reflectance
(ATR) accessory with a diamond window. Samples were
covered with a glass slide and pressed against the window
for analysis. Raman spectra were obtained using a Bruker
MultiRAM Fourier transform Raman spectrometer using a
resolution of 2 cm−1 with collection of the 180° scattered
signal (Bruker Optics, Billerica, MA, USA). The system is
equipped with a long-hold nitrogen-cooled germanium di-
ode detector (Bruker Optics, Billerica, MA, USA). Laser
excitation was performed using a 1 W, 1.064 μm diode-
pumped neodymium-doped yttrium aluminum garnet
(Nd:YAG) laser that was attenuated to 0.5 W for the anal-
yses presented here (Klastech GmbH, Dortmund, Germa-
ny). Samples were placed in 5 mm outer diameter
borosilicate glass tubes for analysis, and 512 scans were
acquired.

UV-Visible Spectroscopy

Solution-phase UV-visible spectra were recorded using a
Varian Cary 50 spectrometer (Agilent, Palo Alto, CA,
USA). Solutions were prepared using spectroscopic grade
acetonitrile and were scanned from 200 to 700 nm at a scan
rate of 50 nm/min to obtain the spectral properties of
ezetimibe. For quantitative measurements, calibration was
performed at three concentrations using an observation
wavelength of 231 nm (corresponding to the wavelength
with maximum absorbance for ezetimibe). A slit width of
1.5 nm and an integration time of 1 s were used. The
mesoporous solids were sonicated overnight to release drug
into acetonitrile prior to quantitative analysis to determine
the quantity of drug present.

Surface Area Measurements

Specific surface area was measured using a Tristar 3000
instrument (Micromeritics, Norcross, GA, USA). Nitrogen
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was used as the adsorbate in the experiments. The surface
area was calculated using a seventeen-point Brunauer-
Emmett-Teller (BET) model.

SSNMR Analysis

SSNMR experiments were performed using three NMR
instruments, an Avance spectrometer with a static field of
9.4 T, an Avance II+ spectrometer with a static field of
11.7 T, and an Avance III spectrometer with a static field of
16.4 T (Bruker Biospin, Inc., Billerica, MA, USA). These
spectrometers operate at 1H frequencies of 399.87, 500.08,
and 700.13 MHz, respectively. 13C, 29Si, and 19F SSNMR
spectra were obtained at 9.4 T and 11.7 T using a Bruker
4 mm magic-angle spinning (MAS) probe triply-tuned to
1H, 19F, and X-nucleus frequencies (where the X-nucleus
was either 13C or 29Si). Cross-polarization (CP) transfers
were performed at radiofrequency power levels of 40 to
80 kHz. The power level was ramped linearly downward
during the contact time on the 1H channel to enhance CP
efficiency (24). 19F CP-MAS spectra were obtained at an
MAS rate (νr) of 12.5 kHz using a 10 s relaxation delay. 13C
CP spectra were obtained with νr set to 8 kHz unless
otherwise noted and were recorded using a five-pulse total
sideband suppression (CP-TOSS) sequence with a 10 s re-
laxation delay (25). Edited 13C CP-TOSS spectra
containing only quaternary and methyl signals were
obtained using dipolar dephasing (also known as non-
quaternary suppression or NQS) during the TOSS period
and three subsequent rotor periods using a shifted echo
pulse sequence (25,26). 29Si spectra were obtained using
both DP-MAS and CP-MAS sequences. 1H heteronuclear
decoupling for 13C, 19F, and 29Si experiments was
performed at a radiofrequency (RF) power of 105 kHz using
the SPINAL-64 pulse sequence (27). 19F-29Si CP-MAS ex-
periments were performed using a ramp on the 19F channel
similar to that used for experiments that used 1H as the CP
source. A sample of sodium hexafluorosilicate (Sigma-Al-
drich, St. Louis, MO, USA) was used to optimize 19F-29Si
CP conditions (28). 1H spectra were obtained at several
fields using direct polarization at high MAS rates (referred
to here as the DP-MAS experiment) using a single excitation
pulse without decoupling during acquisition, and were also
obtained at 16.4 T using the windowed DUMBO homonu-
clear decoupling sequence during acquisition (29).

Reference materials were obtained from Sigma-Aldrich
(St. Louis, MO, USA). 13C spectra were referenced to
tetramethylsilane (TMS) using hexamethylbenzene as an
external standard via the methyl resonance at 17.36 ppm
(30). 19F spectra were referenced to CFCl3 by the unified
scale method (31), and further checked against an external
standard of flurbiprofen with a reported shift of −115.0 ppm
(32). 29Si spectra were referenced against TMS using an

external standard of tetrakis(trimethylsilyl)silane as the sec-
ondary reference, using the more intense deshielded peak at
−9.86 ppm for referencing (33). 1H spectra were referenced
externally to a sample of crystalline L-alanine, with the
methyl resonance set to 1.6 ppm; this value was determined
by addition of a small amount of liquid TMS to the rotor
containing L-alanine.

Proton spin–lattice relaxation times (1H T1) were deter-
mined via 19F- and 29Si-detected saturation recovery exper-
iments using CP using non-linear fitting of 16 time points. A
100-pulse saturation comb was used to suppress 1H magne-
tization. 19F spin–lattice relaxation times (19F T1) were
determined using a pulse sequence with CP enhancement
by non-linear fitting of 16 points (34). 19F spin–lattice relax-
ation times in the rotating frame (19F T1ρ) were determined
using an additional variable 19F spin-lock pulse after CP by
non-linear fitting of eight time points (35). During the 19F
variable pulse period of the 19F T1ρ measurement, the 1H
RF power was turned off to prevent drain via CP. Relaxa-
tion data was fitted using the Topspin software package,
version 1.3 (Bruker Biospin, Inc., Billerica, MA, USA).
Where noted, relaxation times were measured as five repli-
cate experiments, and the average is reported along with a
99.7% confidence interval (CI), which was calculated as ±
three times the standard deviation.

2D CP heteronuclear correlation (CP-HETCOR) exper-
iments between 1H and 13C, 19F, and 29Si nuclei were
obtained at 11.7 T using a 4 mm HFX probe with νr set
to 14 kHz and frequency-switched Lee-Goldburg (FSLG)
homonuclear decoupling at 105 kHz (36). The HETCOR
experiments were performed so that the entire spectrum was
recorded with F1>0 Hz, where F1 is the indirectly-detected
1H frequency dimension and F2 is the directly-detected
dimension. This approach avoids interference from quadra-
ture images and artifacts in the 1H spectrum at F1=0 Hz
that occur with the CP-HETCOR experiment.

Computational Methods

19F chemical shielding calculations were performed using a
molecular cluster extracted from the crystal structure of
ezetimibe monohydrate (21), after hydrogen positions were
optimized using a density functional theory (DFT) calcula-
tion with periodic boundary conditions using the DMol3
package in Materials Studio version 5 (Accelrys, San Diego,
CA, USA) (37,38). The HCTH/407 generalized gradient
approximation (GGA) density functional (also known as the
HCTH functional) was used with a double numerical basis
set with polarization functions on all atoms (the DNP basis
set) (37–40). A 2×1×1 k-point set was used for the hydro-
gen geometry optimization calculation. From the optimized
periodic structure, a cluster consisting of six ezetimibe mol-
ecules was selected that was chosen to provide nearest-
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neighbor surroundings for both fluorine sites. The Gaussian
09W package (Gaussian, Inc., Wallingford, CT, USA) was
used for gauge-including atomic orbital (GIAO) NMR
shielding calculations on the cluster (41). The B3LYP hybrid
density functional was used for the GIAO NMR calculations
(42). A locally-dense basis set was employed using the 6-
311+G(2d,p) basis set for the two central fluorine positions
and the 3-21G basis set for all other atoms (including other
fluorine atoms) in the molecular cluster (43).

RESULTS AND DISCUSSION

Initial Characterization

Initial solid-state characterization of the mesoporous silica
materials loaded with ezetimibe was performed using
PXRD, DSC, and 19F SSNMR spectroscopy. First, the
identity of the crystalline input material was determined
using PXRD. The PXRD pattern of crystalline input
ezetimibe was found to match that predicted from the single
crystal structure reported for a monohydrate phase of this
compound after Pawley refinement, as shown in Fig. 2a
(20,21). A weighted-profile residual value (Rwp) of 10.15%
and a non-weighted residual value (Rp) of 7.10% were
obtained from the Pawley refinement (22).

The PXRD patterns of the mesoporous silica samples
loaded with ezetimibe are shown in Fig. 2b. The drug
content for each sample determined by quantitative UV-
visible spectroscopy is also shown in Fig. 2b. The patterns
show no evidence of reflections that would indicate the
presence of crystalline components. Only a broad diffusive
scattering pattern caused by amorphous material is ob-
served in all three concentrations of drug in both SY350
and SY740 silica. The PXRD patterns for the ezetimibe-
SY350 dispersions exhibit diffuse scattering maxima in the
vicinity of about 22 °2θ. The patterns for the ezetimibe-
SY740 dispersions show maxima that are shifted to approx-
imately 23 °2θ, which corresponds to a smaller d-spacing
and is consistent with the smaller pore size within this grade
of silica. For comparison, the PXRD pattern of amorphous
ezetimibe prepared by the melt-quench procedure is also
shown in Fig. 2b. The maximum of the diffuse scattering in
amorphous ezetimibe appears at about 20 °2θ and differs
from the patterns obtained from the ezetimibe dispersions in
SY350 and SY740.

The presence of fluorine atoms in the structure of
ezetimibe allows for the use of the sensitive and specific
19F nucleus for an initial SSNMR assessment of the
ezetimibe-SY740 and ezetimibe-SY740 dispersions. Figure 3
shows the 19F CP-MAS spectra of the six batches prepared
for this study in comparison to input ezetimibe
monohydrate and amorphous ezetimibe. The two fluorine

resonances in crystalline ezetimibe are assigned as shown in
Fig. 3 based on the GIAO DFT calculation of 19F chemical
shielding using a molecular cluster taken from the reported
ezetimibe monohydrate crystal structure after hydrogen ge-
ometry optimization (21). The F1 position was calculated to
have an absolute chemical shielding of 313.7 ppm, which is
about 18 ppm more shielded than the calculated absolute

a

calculated

experimental

difference

Position (°2θ)
5 10 15 20 25 30 35 40

b

Position (°2θ)
5 10 15 20 25 30 35 40

ezetimibe-SY740
5% w/w

ezetimibe-SY740
8% w/w

ezetimibe-SY740
16% w/w

ezetimibe-SY350
2% w/w

ezetimibe-SY350
6% w/w

ezetimibe-SY350
16% w/w

amorphous
ezetimibe

Fig. 2 (a) Reflection PXRD patterns of the crystalline ezetimibe
monohydrate used as input in this study, compared to a Pawley fit against
a reported monohydrate crystal structure (see text). (b) Reflection PXRD
patterns of the mesoporous silica materials loaded with ezetimibe used in
this study and amorphous ezetimibe made by the melt-quench procedure.
The drug loading (in % w/w) determined by UV-visible spectroscopy is
shown for each of the mesoporous silica samples.
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shielding for the F2 position of 295.9 ppm. As a result, F1 is
assigned to the more shielded fluorine resonance observed
for ezetimibe monohydrate in Fig. 3 with a chemical shift of
−122.3 ppm, and F2 is assigned to the resonance at
−114.8 ppm. These two fluorine positions are not clearly
resolved in the broadened lineshapes observed for the drug-
loaded mesoporous silica samples in Fig. 3, although the
SY350 dispersions show evidence of increased intensity

towards the more shielded side of the 19F signals that could
be indicative of a change in fluorine environment (perhaps
involving F1) in comparison to the SY740 dispersions.

The spectra of the dispersions in Fig. 3 were each
obtained using 8,192 scans and a 10 s relaxation delay,
which required approximately 12 h. An increased number
of scans and a longer-than-necessary relaxation delay were
used to allow for detection of any crystalline material, if
present. No crystalline material is detected in the 19F spectra
of the dispersions, providing a sensitive means to exclude
crystalline content even with low drug levels. The variability
in the signal-to-noise of the 19F CP-MAS spectra in Fig. 3 is
caused by the differences in drug load. All of the spectra
were obtained using the same conditions, so that the mag-
nitude of the 19F CP-MAS spectrum for each sample corre-
lates with the drug content determined by UV-visible
spectroscopy. For example, at the lowest drug concentra-
tion, the SY740 silica showed slightly higher drug loadings
by UV-visible spectroscopy, which is reflected in the 19F
spectra. Finally, the 19F spectra obtained from the
ezetimibe-SY350 dispersions show more intensity in the
shielded region of the broad centerband lineshape in com-
parison to the spectra obtained from the ezetimibe-SY740
dispersions, which show a more symmetric lineshape. This
suggests a possible structural difference between the amor-
phous phases loaded on each type of silica.

Vibrational Spectroscopy and Thermal Analysis

Based on the PXRD and 19F SSNMR results, which showed
no detectable difference within each set of three samples
besides ezetimibe concentration, more detailed structural
analysis was progressed using the highest drug content dis-
persions (16% w/w) prepared from both the SY740 and
SY350 silica. Expanded regions of IR spectra of these two
batches obtained using ATR sampling are shown in Fig. 4,
where they are compared to the spectra of the input mate-
rials. Strong absorbance bands from the silica are observed
in the region between 1,250 and 650 cm−1. Both input silica
materials show a band at 1,632 cm−1, annotated in Fig. 4,
which is assigned to water bound to silanol groups in the
mesoporous structure. Another band assigned to water is
observed in both input silica materials at about 3,377 cm−1

(not shown). After drug loading, a strong band due to
ezetimibe is observed at 1,511 cm−1 in both dispersions,
which is slightly shifted from its position of 1,507 cm−1 in
crystalline ezetimibe.

The frequency of the carbonyl band at approximately
1,720 cm−1 (assigned to the C1-O1 stretching vibration) can
be related to hydrogen bonding differences in the disper-
sions. Shifts in carbonyl band positions occur as a result of
the interaction of the lone pairs on the oxygen with a
hydrogen donor group, which increases the electronic

-40 -60 -80 -100 -120 -140 -160 -180 -200
19F frequency (ppm from CFCl3)

F1

F2
ezetimibe
monohydrate

ezetimibe-SY740
5% w/w

ezetimibe-SY740
8% w/w

ezetimibe-SY740
16% w/w

ezetimibe-SY350
2% w/w

ezetimibe-SY350
6% w/w

ezetimibe-SY350
16% w/w

amorphous
ezetimibe

Fig. 3 19F CP-MAS spectra (νr=12.5 kHz) of crystalline ezetimibe
monohydrate, amorphous ezetimibe, and the mesoporous silica materials
loaded with ezetimibe used in this study. The assignments shown refer to
the numbering scheme given in the text. Each of the spectra of the
dispersions was obtained using 8,192 scans requiring 12 h of acquisition
time. The spectra of ezetimibe monohydrate and amorphous ezetimibe
were recorded using 128 scans. Spectra were obtained at 9.4 Tand 273 K.
The drug loading (in % w/w) determined by UV-visible spectroscopy is
shown for the mesoporous silica samples.
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polarization of the double bond. This in turn causes weak-
ening of the carbonyl bond, which shifts the frequency of the
carbonyl stretch to lower wavenumbers (44,45). The shift to
lower wavenumbers increases as the oxygen accepts shorter
hydrogen bonds. In the crystal structure of ezetimibe
monohydrate, the carbonyl group accepts a hydrogen bond
from a molecule of water of hydration, and consequently
this band appears with a maximum of 1,714 cm−1 in

crystalline ezetimibe. The amorphous ezetimibe produced
by the melt-quench procedure exhibits a band at
1,716 cm−1, indicative of longer hydrogen bonds to the
O1 acceptor. The carbonyl band is observed at
1,722 cm−1 in the ezetimibe-SY350 dispersion and at
1,718 cm−1 in the ezetimibe-SY740 dispersion. The
ezetimibe-SY740 dispersion shows evidence of shorter hy-
drogen bonds to the O1 acceptor than the ezetimibe-SY350
dispersion. These hydrogen bonds could be intermolecular
or could involve water and/or silica. Both dispersions show
reduced hydrogen bonding compared to crystalline and
amorphous ezetimibe. This effect provides important struc-
tural information, and is discussed in more detail below after
consideration of SSNMR results. FT-Raman spectra of the
samples (not shown) did not highlight any additional differ-
ences in the ezetimibe vibrational bands when loaded onto
either SY350 or SY740 that could be interpreted for addi-
tional insight into structural differences.

MDSC analysis was also performed on the two disper-
sions containing 16% w/w of ezetimibe. For the 16% w/w
ezetimibe-SY740 dispersion, the MDSC reversing heat flow
showed a Tg event at 88°C. A glass transition was not
detected for the 16% w/w ezetimibe-SY350 dispersion.
The lack of a glass transition detectable by MDSC is not
uncommon for mesoporous silica dispersions and has also
been observed for a dispersion of itraconazole on
mesoporous SBA-15 silica (5,46). A possible explanation
for this effect is that the layer of ezetimibe deposited on
the SY740 silica is too thin to yield a Tg because of the high
surface area of this type of silica. The pre-loaded surface
area of the SY740 silica used in this study was determined
by BET nitrogen adsorption to be 508 m2/g, while the
SY350 silica was determined to have a lower pre-loaded
surface area of 260 m2/g. The Tg observed for amorphous
ezetimibe was 64°C, and was obtained by MDSC after
creating amorphous ezetimibe in the pan by heating beyond
the melting point of crystalline ezetimibe monohydrate to
180°C, cooling, and reheating in the DSC pan.

Assessment of Differences in Drug Mobility Using 19F
Relaxation Times

19F T1 and T1ρ relaxation measurements were used as a
probe of mobility differences in the 16% w/w ezetimibe-
SY740 and ezetimibe-SY350 dispersions. Although not pre-
viously reported in an application to a mesoporous pharma-
ceutical dispersion, these experiments can be used in the
same manner as with 13C relaxation time measurements.
For example, 13C T1ρ analysis was recently employed to
demonstrate mobility differences of a drug in two different
pore sizes of mesoporous silica (11). 19F T1 and T1ρ relaxa-
tion analysis allows for greater sensitivity when lower
amounts of drug are present as with the present materials.

IR frequency (cm-1)

ezetimibe
monohydrate

ezetimibe-SY740
16% w/w

SY350

SY740

ezetimibe-SY350
16% w/w

 800 1000 1200 1400 1600

amorphous
ezetimibe

water

water

 1800  1700

Fig. 4 Comparison of ATR IR spectra of crystalline ezetimibe
monohydrate, amorphous ezetimibe, both input silica phases, and two
mesoporous silica dispersions with ezetimibe used in this study with 16%
w/w drug loading. The inset highlights changes in the carbonyl band (boxed
regions) for ezetimibe-SY740 (red) and ezetimibe-SY350 (blue).
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The sensitivity of the 19F nucleus, which has a relative
receptivity of that is nearly 5,000 times that of 13C, also
offers the possibility of replicate relaxation time measure-
ments with high signal-to-noise in a reasonable time (31).
This in turn allows for thorough assessment of both exper-
imental error and potential changes in relaxation time
caused by the effects of spinning forces or other potential
spinning effects such as the displacement of paramagnetic
O2 gas with N2 gas in the porous materials.

The 19F T1ρ values of the 16% w/w dispersions were
assessed as an indicator of molecular mobility in the kHz
frequency range for the amorphous drug (11), with the re-
sults summarized in Table I. The 19F T1ρ values were
determined using five replicate measurements (with each
experiment requiring 3 h) to obtain error estimates. The
19F T1ρ value of the 16% w/w ezetimibe-SY740 dispersion
was found to be longer than that of the 16% w/w ezetimibe-
SY350 dispersion. The average T1ρ times from the two
samples are within about 15% of each other. However,
the 99.7% CI ranges obtained from five replicate measure-
ments do not overlap, indicating that the difference in 19F
T1ρ times is significant. The shorter T1ρ time for ezetimibe
in the larger pore size SY350 silica is indicative of greater
molecular mobility in the kHz frequency range of the drug
in this material. These results are consistent with a recent
study that compared 13C T1ρ values of another drug loaded
onto SY740 and SY350 silica, which observed a similar
trend (11). In comparison, the T1ρ value measured for
amorphous ezetimibe produced by melt-quench was inter-
mediate between the two dispersions and is indicative of the
same general degree of molecular mobility in the kHz fre-
quency range amongst all three amorphous materials.

The 19F T1 values of the 16% w/w dispersions are also
reported in Table I. The 19F T1 value of the 16% w/w
ezetimibe-SY350 dispersion was observed to increase as
temperature was reduced. This observation is consistent
with the 19F nuclei in the ezetimibe-SY350 dispersion being
in the slow motional regime with respect to the Larmor
frequency. This trend agreed with that observed for amor-
phous ezetimibe produced by the melt-quench procedure,
where the 19F T1 value also increased at a lower tempera-
ture. However, the opposite trend was observed for the
ezetimibe-SY740 dispersion, which also exhibited much

shorter overall 19F T1 values. The observation that relaxa-
tion times obtained at higher temperatures were longer than
at low temperatures indicates that the drug in the smaller
pore size SY740 silica sits in the fast motional regime with
respect to the Larmor frequency. The 19F T1 results for the
ezetimibe-SY740 dispersion suggests faster aromatic ring
motion in the smaller pore size material, perhaps because
more drug surface area is exposed, allowing fluoroaryl
groups to move more rapidly at the surface. The high level
of residual acetone trapped in the ezetimibe-SY740 disper-
sion (see below) is a likely cause of the short relaxation times
and faster motion observed in this material.

13C and 29Si SSNMR Characterization

More detailed structural information can be gained using
SSNMR analysis of two important nuclei in this system, the
13C and 29Si nuclides, both of which offer high resolution
spectra but are considerably less sensitive that the 19F nu-
cleus. 13C CP-TOSS spectra of the 16% w/w ezetimibe-
SY740 and ezetimibe-SY350 dispersions are shown in
Fig. 5. The 13C spectral assignments given in Fig. 5 refer
to the numbering scheme shown for ezetimibe in Fig. 1. A
number of 13C resonances can be assigned as shown in
Fig. 5 for crystalline ezetimibe monohydrate based on
established 13C chemical shift trends although the aromatic
region is highly overlapped (47). In the dispersions, spectral
overlap in the region between 138 and 110 ppm prevents
assignments of specific resonances to the C4, C5, C7, C8,
C14, C15, C17, C18, C20, C21, C23, and C24 positions,
which are labeled “aromatics” in Fig. 5. The addition of 19F
decoupling to the 1H decoupling used in the 13C CP-TOSS
experiments did not offer any improvement in the resolution
of the amorphous ezetimibe because of the significant
broadening caused by the range of chemical shift environ-
ments in these amorphous materials (14).

Despite the overall similarity of the spectra, 13C CP-
TOSS experiments show the peak assigned to C1 to be
more deshielded in the ezetimibe-SY740 dispersion than
for the ezetimibe-SY350 dispersion. This peak has a maxi-
mum of 170.6 ppm in the ezetimibe-SY350 dispersion,
which shifts to 171.0 ppm in the ezetimibe-SY740 disper-
sion. The ezetimibe-SY740 dispersion thus shows evidence

Table I Summary of Relaxation Time Measurements for the Mesoporous Silica Materials Loaded with Ezetimibe Used in this Study and the Amorphous
Ezetimibe Produced by the Melt-Quench Process. All Measurements were Performed at 9.4 Twith νr set to 12.5 kHz. Error was Calculated as a 99.7% CI
as Described in the Text from Five Replicate Measurements

Relaxation time Measurement temperature (K) 16% w/w ezetimibe-SY740 16% w/w ezetimibe-SY350 Amorphous ezetimibe

19F T1ρ 298 4.81±0.08 ms 4.27±0.27 ms 4.43±0.10 ms
19F T1 298 0.94±0.02 s 3.17±0.13 s 5.98±0.08 s
19F T1 273 0.78±0.02 s 4.43±0.16 s 8.46±0.17 s
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of shorter hydrogen bonding to O1, as more deshielded 13C
carbonyl shifts occur with shorter hydrogen bonds (48). This
13C chemical shift trend for the dispersions is consistent with
the trend in IR frequency for the carbonyl band. Crystalline
ezetimibe exhibits a 13C shift for C1 of 171.8 ppm, again
consistent with a hydrogen bond between O1 and the
bound water of hydration. In the spectrum of amorphous
ezetimibe prepared by the melt-quench procedure, the C1
position shows a shift of 169.8 ppm, consistent with the
lengthening or loss of a hydrogen bond to O1. Unlike the
IR results, the 13C SSNMR results for the C1 resonance
suggest that both dispersions show shorter hydrogen bonds
involving O1 than amorphous ezetimibe. Finally, the overall
lineshape of the C1 resonance also changes between the
dispersions; like the changes seen in the 19F lineshape, this
suggests a change in the ezetimibe structural environment
between the two types of silica.

A strong signal from bound acetone is visible at approx-
imately 30 ppm in the 13C spectrum of the ezetimibe-SY740
dispersion in Fig. 5, which remained even after extensive
drying. The acetone is detected using CP, indicating that it
is bound within the solid. The presence of acetone in the
amorphous ezetimibe regions adsorbed within the silica may

be the cause of greatly increased ezetimibe mobility detected
by the relaxation time analysis for this material.

29Si DP-MAS spectra of the mesoporous silica samples
loaded with ezetimibe are shown in Fig. 6a. The spectra
were obtained with 1H decoupling and required a 60 s
relaxation delay. Resonances can be assigned based on
established chemical shift trends for 29Si in silica and silicate
materials (49). The assignments shown in Fig. 6a make use
of Qn notation, where Q is used to indicate that four
oxygens are attached to silicon, and where n is equal to
the number of bridging oxygen sites (i.e. Si-O-Si bridges).
No monomeric (Q0) or end-group (Q1) silicon sites are
observed in the spectra. Polymeric groups assigned to Q2,
Q3, and Q4 are observed. The

29Si DP-MAS spectra of the
16% w/w ezetimibe-SY350 and ezetimibe-SY740 samples
are indistinguishable from the spectra of their respective
input silica batches. 29Si CP-MAS spectra of the same
samples are shown in Fig. 6a. These spectra support the
assignments in Fig. 6a because the sites containing one (Q3)
and two (Q2) residual silanol groups show increased signal
intensity relative to their corresponding DP-MAS spectra.
The presence of ezetimibe in the mesoporous silica has little
to no discernible effect on either the 29Si DP-MAS or
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Fig. 5 13C CP-TOSS spectra
(νr=8 kHz) of crystalline
ezetimibe monohydrate,
amorphous ezetimibe, and two
mesoporous silica materials
loaded with 16% w/w ezetimibe.
The assignments shown refer to
the numbering scheme given in
Fig. 1. A peak assigned to residual
acetone is noted on the spectrum
of ezebimite loaded onto SY740
mesoporous silica. The red line is
a guide to the eye to highlight shift
changes in the C1 resonance
discussed in the text. Spectra
were obtained at 9.4 T and
273 K.
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CP-MAS spectra, suggesting that while these spectra report
on the internal structure of silica in mesoporous drug dis-
persions, other techniques are needed to study the interac-
tions between the drug and the silica.

19F-29Si CP SSNMR Experiments

CP between 19F and 29Si nuclei can potentially be used to
selectively observe the interface between ezetimibe and sil-
ica. 19F-29Si CP experiments have not been reported in a
study of a pharmaceutical mesoporous system although they
have been used to successfully characterize other materials

(28,50). The results of a 1D 19F-29Si CP experiment using a
5 ms contact time on the ezetimibe dispersion on SY740 are
shown in Fig. 7. The 19F-29Si CP spectrum is similar in
appearance to the 1H-29Si CP spectrum, indicating that all
of the silicon sites (Q2, Q3, and Q4) are able to participate in
dipolar coupling with the fluorine positions in ezetimibe,
suggesting that the ezetimibe is in close proximity to all
three types of silicon site. The spectrum shown in Fig. 7
required 18 h to obtain. No detectable 19F-29Si CP signal
was obtained after the same time period for the drug dis-
persed onto SY350. While very useful when signal is
obtained, this result shows that the 19F-29Si CP experiment
does not have sufficient sensitivity for low drug content
dispersions to be generally applicable without potentially
impractical experimental times.

1H SSNMR Experiments

The 1H DP-MAS spectra obtained at 700 MHz for the 16%
w/w dispersions of ezetimibe in the two grades of
mesoporous silica are shown in Fig. 8a. For comparison,
the similarly-obtained 1H DP-MAS spectra of crystalline
ezetimibe, amorphous ezetimibe obtained by the melt-
quench process, and SY350 and SY740 silica are also
shown. Crystalline ezetimibe displays distinct aromatic and
aliphatic 1H resonances; the more shielded of the aromatic
resonances at about 6 ppm most likely arises from
energetically-favorable aromatic π–stacking interactions,
which are not observed in amorphous ezetimibe. In the
16% w/w dispersion of ezetimibe in SY740, at least three
distinct resonances are resolved in the 1H spectrum in
Fig. 8a. Based on the spectra of the input materials, these
major 1H resonances are assigned to the aromatic protons in
ezetimibe, silanol groups on SY740 interacting with water,
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Fig. 6 (a) 29Si DP-MAS and (b) CP-MAS spectra (νr=8 kHz) of two
mesoporous silica materials with the highest ezetimibe loading. The assign-
ments shown refer to the number of bridging oxygen sites (see text).
Spectra were obtained at 9.4 T and 273 K.

-60 -80 -100 -120 -140
29Si chemical shift (ppm from TMS)

19F-29Si CP-MAS

1H-29Si CP-MAS

Fig. 7 Comparison of 19F-29Si CP-MAS spectrum of 16% w/w ezetimibe-
SY740 dispersion with the conventional 1H-29Si CP-MAS spectrum of the
same sample. The 19F-29Si CP-MAS spectrum was obtained with a 5 ms
contact time. Both spectra were obtained with νr=8 kHz. A similar
experiment performed on the sample containing 16% w/w ezetimibe
loaded onto SY350 silica yielded no signal after a similar experimental
duration. Spectra were obtained at 11.7 T and 273 K.
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and aliphatic groups in ezetimibe. Residual water in a
mesoporous silica material is normally associated with
silanol groups as a single, broad resonance, and isolated
silanol groups that do not interact with water (typically at
<2 ppm) were not observed in the SY740 spectrum (51,52).
The use of windowed DUMBO homonuclear decoupling in
conjunction with fast MAS to record the 1H spectrum of this
material, as shown in Fig. 8b, did not yield any significant

improvement in resolution (29). This indicates that the
broadening seen in the spectrum is not limited by 1H-1H
dipolar coupling but by the amorphous nature of the mate-
rial. The 1H chemical shifts of acidic silanol groups are
known to be sensitive to hydrogen bonding, and the largest
peak in the spectrum of SY740 in Fig. 8a at approximately
4.2 ppm is consistent with silanol groups engaged in hydro-
gen bonding with water with O…O lengths in the range of
2.8 to 3 Å (51). This peak deshields slightly in the 16% w/w
dispersion of ezetimibe in SY740, suggesting a stronger
hydrogen bonding environment in this material. This envi-
ronment may involve silanol interactions with ezetimibe, as
suggested by the hydrogen bonding effects on the O1 ac-
ceptor detected by IR spectroscopy and 13C SSNMR.

The 16% w/w dispersion in SY350 yields a 1H DP-MAS
spectrum with a significantly different appearance, with the
intensity from the silanol-water peak spread over a greater
chemical shift range in comparison to the spectrum of input
SY350. The aromatic signals from ezetimibe remain pro-
nounced in the 1H spectrum. The 1H spectrum of this
material recorded using the windowed DUMBO sequence,
shown in Fig. 8b, again did not offer any improvement in
1H resolution. Minor peaks with highly shielded chemical
shifts (<2 ppm) are also observed in the 1H spectra of the
input silica materials, particularly in the spectrum of SY350.
1H peaks in this range are commonly associated with isolat-
ed silanol groups not engaged in hydrogen bonding (52).
These results are also consistent with the weaker hydrogen
bonding effects observed for the O1 acceptor in the
ezetimibe-SY350 dispersion by IR spectroscopy and 13C
SSNMR. The observation of 1H spectra is seen to offer
more information about the silanol environment than 29Si
CP-MAS or DP-MAS spectra.

Although the 1H spectra of these materials are limited in
resolution, even at a field of 16.4 T, the resolution of the
spectra is sufficient to distinguish the two components of the
mesoporous dispersion, allowing potential correlations to be
observed using 2D 1H-1H spin diffusion experiments. This
experiment has been used successfully in recent studies of
other complex pharmaceutical materials (16,53,54). Spectra
were measured using mixing times of 10 μs, 1 ms, 10 ms,
25 ms, 50 ms, 100 ms, and 250 ms, with each 2D spectrum
requiring 3 h to obtain. Selected results of 2D 1H-1H spin
diffusion experiments performed on the ezetimibe-SY740
dispersion are shown in Fig. 9. The spectra shown in
Fig. 9 are representative of the extremes of the series of
mixing times, showing the appearance of the 2D spectrum
at relatively short (1 ms) and long (100 ms) mixing times. At
the 100 ms mixing time, the aromatic proton resonances
from ezetimibe in the 6–7 ppm region are observed to
correlate strongly with the large silanol-water peak at ap-
proximately 4.5 ppm. The spectra thus confirm the presence
of an interaction between the drug and the silica. The results
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Fig. 8 (a) 1H DP-MAS spectra (νr=35 kHz) of the mesoporous silica
materials loaded with ezetimibe and input materials used in this study. (b)
1H spectra obtained with DUMBO decoupling (νr=30 kHz). Spectra were
obtained at 16.4 T and 273 K.

Solid-State NMR of Ezetimibe Dispersions in Mesoporous Silica 2325



of the 2D 1H-1H spin diffusion experiments on the
ezetimibe-SY350 dispersion were inconclusive and are not
shown. The lack of a clear silanol-water signal in the 1H
spectra of the ezetimibe-SY350 dispersion leads to insuffi-
cient 1H resolution to detect ezetimibe-silanol correlations,
and illustrates a drawback of the 2D 1H-1H spin diffusion
approach. A heteronucleus can be employed to avoid this
situation at the expense of sensitivity as described below.

2D 1H-19F, 1H-13C, and 1H-29Si CP-HETCOR
Experiments

The 2D 1H-1H spin diffusion experiment is limited by the
resolution of the 1H spectrum, even at high static magnetic
field strengths. The detection of a heteronucleus allows use

of lower field strengths that are more widely available at the
expense of sensitivity. The 1H dimension of a heteronuclear-
detected 1H-X CP-HETCOR experiment can be used to
determine whether interactions are occurring between the
heteronuclei and the same type of proton environment (14).
In the present work, 1H-X CP-HETCOR experiments were
performed with X=13C, 19F, and 29Si to assess these in-
teractions using a modified approach to that presented
previously that is better suited to study of a mesoporous
silica dispersion (14). An additional 50 ms longitudinal
mixing period, wherein the magnetization is stored along
the z-axis to allow for extended 1H spin diffusion to occur,
was inserted prior to the CP transfer for comparison with
experiments performed without this period (16,54). In
Fig. 10, the results of these experiments performed with
both a standard 2 ms ramp CP period and with the addi-
tional 50 ms longitudinal mixing period are shown. Clear
correlations are observed involving the intense silanol-water
signal at a 1H shift of about 4.5 ppm in the 1H-19F and
1H-13C CP-HETCOR spectra obtained with an additional
50 ms of spin diffusion. The same correlation is also the
strongest correlation in the 1H-29Si CP-HETCOR experi-
ment performed in a similar manner. This indicates that 1H
environments in both ezetimibe and the silica substrate can
engage in spin diffusion to the silanol-water environments,
and thus that these two components are associated on the
scale of the spin diffusion length, which is in the tens of nm
under these conditions (14,16,54).

In Fig. 11, 1H-XCP-HETCOR experiments with X=13C,
19F, and 29Si are shown for the ezetimibe-SY350 dispersion.
The lack of a clear 1H resonance for silanol-water environ-
ments in this type of silica makes it more difficult to locate a
correlation that can provide connectivity information between
the silica and ezetimibe. This issue was seen previously in the
2D 1H-1H spin diffusion spectra of this material, and also
affects the spectra in Fig. 11. In spite of the use of a
heteronucleus, these experiments do not allow for additional
information about association between the two components.
However, the spectra do provide additional information that
can be linked to structural features. For example, the 1H-13C
CP-HETCOR spectrum obtained with 50ms of spin diffusion
shows evidence that aromatic carbon positions in the 110 to
130 ppm region are interacting strongly with more shielded
1H positions. These effects may be intramolecular and/or
intermolecular in nature, involving multiple silanol-water sites
or possibly other ezetimibe molecules.

19F- and 29Si-Detected 1H T1 Relaxation Time
Measurements

Heteronuclear-detected 1H T1 experiments are often used
to prove phase separation in amorphous systems where the
presence of multiple phase-separated components is
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suspected (14,15). The possibility of using 19F- and 29Si-
detected 1H T1 experiments to detect potential phase sepa-
ration was also explored in the present work to assess the

applicability of these measurements, and to determine if a
single homogenous 1H T1 could be detected in these inher-
ently heterogeneous dispersions. The observation of
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statistically different 19F- and 29Si-detected 1H T1 values
would imply that the drug-loaded mesoporous materials
are sufficiently phase separated as to not allow spin diffusion

to equalize relaxation times of protons in silica and in
ezetimibe. Unlike previous studies on drug dispersions in
organic polymers, the drug and silica components do not
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contain a common heteronucleus (such as 13C), which ne-
cessitates the comparison of separately-measured 19F-
detected and 29Si-detected 1H T1 values obtained for each
component (14,15).

1H T1 relaxation measurements were performed with
νr=12.5 kHz for both the 19F- and 29Si-detected experi-
ments, as the same rate must be used for both sets of
experiments to obtain comparable results because of the
effects of νr on spin diffusion (14). The greater νr used for
19F observation was chosen because it provides better reso-
lution for fitting but still allows for sufficient spin diffusion.
Five replicate measurements were made for each observed
nucleus. For the 16% w/w ezetimibe-SY350 dispersion, the
19F-detected 1H T1 value was determined to be 0.89±0.14 s
and the 29Si-detected 1H T1 value was found to be 0.86±
0.25 s at 298 K and 9.4 T. The greater error in the 29Si-
detected result reflects the lower signal-to-noise inherent in
each of the time points of the saturation recovery experiment,
even using a 12 h acquisition period. The 19F-detected exper-
iments, in comparison, required 3.6 h each. The 1H T1 values
for the SY350 silica and ezetimibe drug are similar and are
within the CI of the experiment, as would be expected for a
material that behaves as if it is a single phase.

For the 16% w/w ezetimibe-SY740 dispersion, the 19F-
detected 1H T1 value was determined to be 0.69±0.02 s and
the 29Si-detected 1H T1 value was determined to be 0.53±
0.09 s at 298 K and 9.4 T. This result was not expected
given that association was observed between the compo-
nents by the 2D experiments and single-phase behavior
was thus expected. To assess whether MAS suppression of
1H spin diffusion played a role in the difference observed
between these relaxation times, a single replicate was re-
measured at a much lower νr of 5 kHz (14). The 19F-
detected 1H T1 value was determined to be 0.67 s and the
29Si-detected 1H T1 value was determined to be 0.53 s,
showing no significant change from the results obtained with
νr set to 12.5 kHz and thus no indication of suppression of
spin diffusion by MAS. Single measurements were repeated
at 273 K with νr set to 5 kHz, and the 19F-detected 1H T1

value was observed to reduce to 0.50 s and the 29Si-detected
1H T1 value was found to be 0.38 s. Both T1 values thus
diminish with decreasing temperature, indicating fast mo-
tion, which is consistent with the 19F T1 results reported
previously. The potential effect of N2 ingress from the MAS
spinning gas on 1H T1 values was also considered. In this
study, the samples were equilibrated for several days in the
MAS rotor (while other spectra were obtained) before 1H T1

measurements were begun, and the 19F-detected 1H T1

measurements were performed before and after the 29Si-
detected 1H T1 measurements over a period of 5 days. No
trends in the measured relaxation times were observed that
could be indicative of additional N2 ingress during the
measurement period for either the ezetimibe-SY740 or

ezetimibe-SY350 dispersions. Finally, the 1H spectrum of
other types of mesoporous silica in rotors open to the spin-
ning gas is known to be sensitive to N2 ingress, but no
evidence was observed by 1H SSNMR of any substantial
changes in the spectra of the present samples after several
days of spinning (51). The result is thus unlikely to be an
experimental artifact.

Several phenomena could explain the differential 1H T1

values observed from the 16% w/w ezetimibe-SY740 dis-
persion. First, this material could be heterogenous on a scale
that is too large for 1H T1 equalization to occur via spin
diffusion (e.g. tens of nanometers). However, this is not in
agreement with the known pore size of the material (2.5 nm)
and it is unclear why this effect would not also be observed
for the ezetimibe-SY350 dispersion. Alternatively, the dif-
ferential 1H T1 results may arise because of the two-fold
increase in silica surface area in the ezetimibe-SY740 dis-
persion and the large number of silanol groups engaged in
hydrogen bonding (as observed by 1H SSNMR). Because of
this, there may not be enough protons in the bulk of the
silica to drive efficient spin diffusion, and 1H T1 relaxation
may occur at solid-gas surfaces more rapidly than spin
diffusion into the silica can occur, leading to differential
relaxation times. This is supported by the 1H SSNMR
spectrum of the ezetimibe-SY350 dispersion, which shows
the presence of interior silanol groups not engaged in hy-
drogen bonding. The differential 1H T1 results may be
related to the 19F T1 results discussed previously which
indicated fast motion in the drug portion of the 16%
w/w ezetimibe-SY740 dispersion. The presence of ace-
tone in the ezetimibe-SY740 dispersion, as detected by
13C SSNMR, might act as a plasticizer and further
influence the differential 1H T1 results by increasing
mobility in the amorphous drug phase and/or acting as
an efficient relaxation sink.

CONCLUSIONS

Amorphous dispersions of ezetimibe adsorbed onto
mesoporous silica were characterized using SSNMR and
other techniques to determine their structural and dynami-
cal properties and detect interactions between the drug and
the silica substrate. 19F CP-MAS experiments were found to
be a sensitive method for direct detection of amorphous
ezetimibe in these materials. Stronger hydrogen bonding
effects between the drug and the silica were observed for
the ezetimibe-SY740 dispersion, which was prepared using
silica with a larger surface area, through trends observed by
IR spectroscopy, 1H spectra of silanol-water environments,
and 13C spectra of ezetimibe. Differences in drug mobility
were also observed by 19F T1 and T1ρ experiments, with the
ezetimibe-SY740 dispersion exhibiting faster motion in the
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MHz frequency range and the ezetimibe-SY350 dispersion
showing faster motion in the kHz frequency range.

This study also demonstrated the application of several
2D SSNMR analysis methods to the direct detection of
interactions between drug and the mesoporous silica sub-
strate. The 2D SSNMR approach demonstrated here has
been applied to silica-supported materials in other fields but
has not previously been adapted for pharmaceutical appli-
cations. 1H 2D spin diffusion experiments performed at high
field provided a sensitive means of detecting interactions
between ezetimibe and the silica surface in both the
ezetimibe-SY740 and ezetimibe-SY350 dispersions, al-
though the interactions were unclear for the latter dispersion
because of limited 1H resolution. The 1H 2D spin diffusion
approach is applicable to both fluorinated and non-
fluorinated drugs assuming that sufficient 1H resolution
can be obtained. Multinuclear 2D HETCOR experiments
offered similar results, again showing interactions but also
being dependent on the achievable 1H resolution. A 1D
19F-29Si CP experiment, which takes advantage of the pres-
ence of fluorine in ezetimibe, was able to directly detect
short-range interactions between the ezetimibe and silica in
the ezetimibe-SY740 dispersion but not in the ezetimibe-
SY350 dispersion.

The set of experiments applied here should be capable of
analyzing many mesoporous systems of interest and would
also be useful in studies of batch-to-batch variability in
pharmaceutical development. The SSNMR methods can
be implemented on both low and high-field SSNMR sys-
tems using a variety of probe designs. The analyses shown
here were accomplished using less than 100 mg of each
material of interest, which allows for use of these approaches
even when drug supply is limited, such as during early-phase
pre-clinical drug development. While a broad set of
SSNMR experiments were applied in the present work, it
should be noted that other techniques not utilized here, such
as sensitivity enhancement via the Carr-Purcell-Meiboom-
Gill pulse sequence, may be useful in other situations such as
in structural studies of mesoporous silica excipients or to
enable 2D 19F-29Si CP correlation experiments (55).
SSNMR is also highly complementary to other structural
techniques, such as neutron vibrational spectroscopy, that
have recently been employed in studies of drugs in
mesoporous silica (56).
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