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Abstract

An amorphous material can have vastly higher mobility on the surface than in the bulk and shows
fast surface crystallization as a result. Most amorphous materials contain multiple components,
but the effect of composition on surface dynamics remains poorly understood. In this study, the
surface mobility of amorphous indomethacin was measured using the method of surface grating
decay in the presence of moisture and the surfactant Tween 20. It is found that both components
significantly enhance the surface mobility, and their effects are well described by the principle of
concentration-temperature superposition (CTS); that is, the same surface dynamics is observed at
the same 7Tg-normalized temperature 7/7,, where Ty the composition-dependent glass transition
temperature. For systems showing CTS, the mechanism of surface evolution transitions from
viscous flow at high temperatures to surface diffusion at low temperatures at 1.04 T,. For the
surfactant-doped system, the 7, used is the value for the surface layer to account for the surface
enrichment of the surfactant (measured by X-ray Photoelectron Spectroscopy). At high surfactant
concentration (> 10 % by weight), the surface-grating decay rate in the surface diffusion regime is
limited by the large, slow diffusing surfactant molecules; in this case, CTS holds only for the
viscous flow regime. The CTS principle allows the prediction of the surface dynamics of multi-

component amorphous materials.



Introduction

There has been significant progress in developing amorphous pharmaceutical formulations to
enhance solubility and bioavailability over the traditional crystalline formulations. ' It is
recognized that the free surface of an amorphous drug can have vastly higher mobility than the
bulk,”?leading to fast surface crystallization*® and eliminating the advantage of the amorphous
drug over its crystalline counterpart. In the first measurement of surface diffusion in an amorphous
drug, Zhu et al. used the method of surface grating decay and showed that surface diffusion in
amorphous indomethacin (IMC) is one million times faster than bulk diffusion at the glass
transition temperature 7,.° Later work investigated the surface diffusion in other amorphous drugs,
including nifedipine,’ griseofulvin, 8 posaconazole,® and itraconazole.’ In all the amorphous drugs
studied to date, surface diffusion is enhanced over bulk diffusion by 4 to 8 orders of magnitude

when compared at Ty and shows strong correlation with surface crystal growth.®

Previous studies of the surface mobility of amorphous drugs have focused on pure drugs. An
amorphous formulation, however, usually contains other components such as a dispersion polymer
and a surfactant. It is important to understand how the other components influence the surface
mobility of host molecules.”!%!! Apart from functional excipients, moisture is often present in a
formulation, either taken up from the environment or left over from the manufacturing process. In
this work, we investigate the effect of moisture and the surfactant Tween 20 on the surface
dynamics of amorphous IMC; see Scheme 1 for the structures of IMC and Tween 20. Moisture is
known to enhance the molecular mobility in amorphous formulations and accelerate
physical!2:13:14:15 16 and chemical !7-!® transformations. Surfactants in amorphous formulations

help improve the wetting and dissolution of hydrophobic drugs'®:?°
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We find that moisture and Tween 20 significantly increase the surface mobility of amorphous IMC.
For both dopants, the effects are well described by the principle of concentration-temperature
superposition (CTS); that is, the same surface dynamics is observed at the same temperature
relative to the composition-dependent glass transition temperature 7. The mechanism of surface
evolution changes from viscous flow at high fluidity (high dopant concentration and high
temperature) to surface diffusion at low fluidity, and the transition occurs around 7" = 1.04 T} for
both pure and doped IMC. For Tween 20, the 7, used refers to that of the surface layer where the
surfactant accumulates. At a high Tween 20 concentration (> 10 %), the slow diffusing dopant
molecules limit the surface evolution in the surface-diffusion regime and CTS holds only for the
viscous flow regime. According to the CTS, the effect of a dopant on surface mobility can be
understood as a first approximation from the shift of 7. This result is relevant for predicting the

surface mobility of multi-component amorphous formulations.

Materials and Methods

Indomethacin (IMC, purity > 99%) was purchased from Sigma-Aldrich and Tween 20 from EMD
Millipore Corporation. Both were used as received. IMC/Tween 20 mixtures were prepared by
cryomilling (SPEX CertiPrep 6750) with liquid nitrogen as coolant. Each mixture (1 g) was milled

at 10 Hz for 5 cycles, each lasting 2 minutes with a 2-minute cooldown between cycles.

Differential scanning calorimetry (DSC) was performed with a TA Instrument Q2000 unit
equipped with a refrigerated cooler. About 5 mg of material was weighed into an aluminum pan
and analyzed under 50 mL/min N; purge. 7, was determined as the onset of the glass transition

during 10 K/min heating.

To make a surface grating, a master pattern was placed on a viscous liquid of IMC (pure or doped)
at 7y + 40 K and peeled off after vitrification at 7, - 20 K. This yielded a glass film with a sinusoidal
surface contour. Master gratings of different wavelengths were obtained as follows: for A = 1000
nm and 1984 nm, plastic gratings purchased from Rainbow Symphony were used; for A = 729 nm
and 1478 nm, the masters were duplicated from a DVD or CD, respectively, through a UV-curing
polymer (Norland Optical Adhesive 61); for A = 553 nm, 3322 nm or 8248 nm, the masters were

duplicated from a glass grating (Spectrum Scientific) through the same transfer polymer. All



masters were coated with 10 nm gold before use (Sputter deposition system, Leica ACE600). The
thickness of each embossed glass film was 50 — 100 pum, much larger than the wavelength of any

surface grating used, ensuring that the evolution of the top surface was unaffected by the substrate.

The flattening of a surface grating over time was monitored by Atomic Force Microscopy (AFM,
Bruker Veeco Multiple Mode IV), laser diffraction, or optical microscopy (Nikon Optiphot 2).
AFM was performed in the tapping mode at room temperature; the height profile was Fourier
transformed to obtain the amplitude of the sinusoidal surface. Laser diffraction was used to
determine faster decay than feasible with AFM. A HeNe laser (A = 632.8 nm, Uniphase Corp.)
passed through a sample film perpendicularly and the first-order diffraction in transmission was
recorded with a silicon amplified detector (Thorlabs) interfacing with a National Instruments
LabVIEW program. The grating amplitude was verified to be proportional to the square root of
diffraction intensity. For long measurements at temperatures below the room temperature, an
optical microscope was placed in a walk-in cold room and used to record the diffraction pattern of
the surface grating through a Bertrand lens. The incident light was 530 nm obtained by filtering
white light with a 20 nm band-pass filter. The sample temperature was controlled with a Linkam
microscopic temperature stage or a custom-made mini-oven. The three methods yielded identical

results within experimental error when applied to the same decay process.

For control of environmental humidity, nitrogen purge was used to obtain the dry condition (0 %
RH) and saturated salt solutions to obtain elevated humidity: Potassium Acetate (21% RH),
Potassium Carbonate (43%), Magnesium Nitrate (51%), Potassium lodide (67%), Sodium
Chloride (75%), Potassium Chloride (84%), Potassium Nitrate (92%).2* For AFM measurements,
each surface grating sample was stored in a sealed container of constant RH and removed
periodically for analysis. For laser diffraction measurements, a saturated salt solution was placed

in the custom-built temperature stage and sealed with the sample (see the inset of Figure 2a).

X-ray Photoelectron Spectroscopy (XPS) was performed with a Thermo Scientific K-alpha
equipped with an Al Ko X-ray source (1486.6 eV). XPS was used to determine the surface
compositions of amorphous IMC/Tween 20 films. Each film was prepared by melting a mixture

of interest, annealing at 343 K for 1 min, and quenching to room temperature by contact with an



aluminum block. The films were kept in a desiccator before measurements. The X-ray spot size
was 400 um. The pass energy was 200 eV (1 eV step resolution) for survey scans and 50 eV (0.1
eV step resolution) for high-resolution scans. The XPS data were analyzed using the Avantage
software (Thermo Scientific) and the CI 2p peak at 200.2 eV of benzyl chloride was used to
calibrate the binding energy. The peak area of each element was converted to its surface atomic
composition using the Relative Sentivity Factor.?® The mass fraction of Tween 20 at the free

surface was calculated as follows:

(4 xc1j0—1)'MT20 (1)

W =
720 ™ (4 Xc1/0—1)"Mt20 —26 Xc170°MmcC

where xcio is the ratio of the Cl and O peaks, Mimc and Mtz are the molecular weights of IMC
and Tween 20, and the factors 4 and 26 are the numbers of oxygen atoms in each IMC and Tween

20 molecule, respectively.

Results and Discussion



Both dopants investigated in this work, water and
Tween 20, enhance the bulk mobility of
amorphous IMC. Figure 1a shows the DSC traces
of IMC doped with Tween 20. Each mixture
exhibits a single glass transition temperature (7g)
whose value decreases with increasing Tween 20
concentration. These results indicate that IMC
and Tween 20 are miscible in the range of
concentration tested.?® Figure 1b plots the T, of
the mixture against the concentration of Tween
20 as well as the literature data on water. 2’ For
both dopants, the effect on IMC T} is well fitted
by the Gordon-Taylor equation:*®

W1Tg1+kW2ng

Tg mix — Watkwy (2)

Where wi is the weight fraction of water or
Tween 20, w> is the weight fraction of IMC, Tg1
is the T, of water (135 K)*’ or Tween 20 (208 K,
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Figure 1. (a) DSC traces of Tween 20/IMC
mixture for 7. (b) T, vs. the concentration of
water?” or Tween 20 in IMC. The dashed lines
are fits to the Gordon-Taylor equation.

measured by DSC in this work), T is the Ty of IMC (315 K), and % is a model parameter treated

here as a fitting constant. For water as the second component, k = 0.11,%7 and for Tween 20, k =

0.46.



Effect of Moisture on IMC Surface Mobility.
Figure 2 shows the typical surface grating decay
curves. For a laser-diffraction measurement
(Figure 2a), a homemade sample cell was used
to maintain the temperature and humidity of the
sample (see the drawing in the inset). The
headspace between the sample and the saturated-
salt solution was minimized to ensure rapid
equilibration of humidity. The intensity of the
first-order diffraction peak [/ was found to
decrease exponentially over time. For an AFM
measurement (Figure 2b), the amplitude of the
sinusoidal surface grating, /4, was measured as a
function of time and is seen to decrease
exponentially. Considering the fact that I oc A2,
the decay curves were fitted to the function, / =
Io exp(—2Kt) for the diffraction data and /& = ho
exp(—Kt) for the AFM data, where K is the decay

constant.

Figure 3 shows the decay curves of a 1000 nm
wavelength IMC surface grating at different RH
at 298 K and 303 K. With increasing RH, the
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Figure 2. (a) IMC surface grating decay at 303 K
and 75 % RH measured by laser diffraction.
Inset: experimental setup. @Copper block for
temperature control. @Laser. ®Saturated salt
solution for humidity control. @Surface grating.
®First-order diffraction. (b) IMC surface grating
decay at 303 K and 21 % RH measured by AFM.
Inset: AFM images at two time points. REMOVE
COLOR SCALE. The scale bar corresponds to 1
pm in length.

decay rate significantly increases. At 298 K, it took two days for the grating amplitude to decrease

50 % under the dry condition, while it only took several minutes at 92 % RH. The curves running

through the data points are the exponential fits, from which we obtain the surface-grating decay



constant K. In Figure 3c, K is plotted against RH at
298 K and 303 K. From 0 to 92 % RH, K increases by
roughly 4 orders of magnitude at each temperature.
The decay constant shows a stronger dependence on
RH at higher RH values and this reflects a change of

surface-evolution mechanism (see below).

According to Mullins, a sinusoidal surface grating

decays exponentially with a decay constant K given
by:%’

K=Fq +A¢+ A +O¢ +Bg*  (3)

where ¢ = 21t/ is the spatial frequency of the grating
with A being the grating wavelength and the different
terms correspond to the different mechanisms of
surface evolution: viscous flow (F), evaporation-
condensation (4 and A’), bulk diffusion (C), and
surface diffusion (B). For amorphous materials,
viscous flow and surface diffusion are often found to
be the two leading mechanisms,® with viscous flow
being the collective movement of a liquid and surface
diffusion the migration of individual atoms or
molecules in the surface layer. For each decay

mechanism, the decay rate has a characteristic
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Figure 3. (a) Decay curves at 298 K and
different RH. (b) Decay curves at 303 K
and different RH. The solid lines are
exponential fits. (¢) Humidity dependence
of the decay constant, K, for IMC surface
gratings at 303 K and 298 K.

dependence on the grating wavelength; for example, K oc A~! for viscous flow and K oc A # for

surface diffusion. This is the basis for a wavelength test of the decay mechanism. By this test, Zhu

et al. showed that for pure IMC, viscous flow and surface diffusion are the dominant mechanisms

for surface evolution® and we apply the same test to the binary systems of this study.



Figure 4a shows the wavelength dependence of the
decay constant K for IMC at 303 K and different
RH. At 75 % RH, K is proportional to A,
consistent with the viscous flow mechanism,
whereas at 0 % RH and 21% RH, a stronger
wavelength dependence is observed, K o A™
indicating the surface diffusion mechanism. This
transition of the surface-evolution mechanism is
confirmed by the exposure of nanoparticles during
grating decay. Ruan et al. showed that despite its
high chemical purity, indomethacin contains trace
amount of nanoparticles and these nanoparticles
can be exposed or remain embedded depending on
the mechanism of surface evolution. ** If the
mechanism is viscous relaxation, the particles flow
with the liquid and remain embedded; however, if
the mechanism is surface diffusion, they become
exposed as the fast-diffusing IMC molecules vacate
the peaks of the surface grating for the valleys.
Figure 4b shows the AFM images of the surface
gratings after partial decay from the initial
amplitude of 100 nm to 30 nm at four RH levels at
303 K. Nanoparticles are exposed during decay at
0 % RH and 21 % RH, but not observed at high
67 % RH; at 51% RH, we observe an intermediate
behavior with hints of particle exposure. These
results are in agreement with the change of the

surface-evolution mechanism concluded above.

In Figure 5, the surface grating decay constant is

plotted against the 7y-normalized temperature. The
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Figure 4. (a) Wavelength dependence of IMC
at different humidity levels at 303 K. (b)
AFM images of IMC surface gratings at 303
K at different RH. The initial grating
amplitude was 100 nm and the samples were
observed after the amplitudes decayed to 30
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black open circles correspond to dry IMC at different temperatures;® the other symbols correspond
to moist IMC at different RH at 298 and 303 K. In this format, the data points approximately
collapse to a common trend regardless of whether they were measured as a function of RH at a
fixed temperature or as a function of temperature under a dry condition. Also plotted in Figure 5
is the viscosity of pure IMC?! using the second y axis. At high fluidity (high 7/Ty), the decay
constants K track the viscosity, K oc 777!, confirming the assignment of the surface-evolution
mechanism as viscous flow. At low fluidity (low 7/7%), the decay is faster than the viscosity trend,
indicating a change of the surface-evolution mechanism with the new decay mechanism being

surface diffusion by the wavelength test (Figure 4a).

This data collapse seen in Figure 5 means that the surface grating of water-containing IMC decays
at approximately the same rate as that of dry IMC if the comparison is made at the same
temperature normalized by 7. We call this result Concentration-Temperature Superposition (CTS),
in analogy to Time-Temperature Superposition (TTS) in polymer dynamics,?? Rate-Temperature
Superposition (RTS) in vapor deposition,** and Time-Water Superposition in describing the effect
of water on polymer dynamics.***> According to CTS, the effect of moisture on surface dynamics
can be understood on the basis of the temperature effect on surface dynamics in the dry material
and a decrease of 7Ty by water absorption. For both dry and moist IMC, surface evolution occurs
by viscous flow at high fluidity and by surface diffusion at low fluidity, with the transition
occurring near 7' = 1.04 T for the 1000 nm wavelength surface grating. This principle is potentially
useful for predicting the effect of a second component on surface mobility and we show below that

it is also valid for a surfactant as a second component.



Effect of Surfactant Tween 20 on IMC Surface
Mobility.

Figure 6a shows the typical data on the effect of
Tween 20 on IMC surface mobility. Here we
compare IMC containing Tween 20 at different
concentrations at 303 K. As the Tween 20
concentration increases, the surface grating
flattens at a faster rate. For these samples, the time
required to flatten the grating decreases from one
day for pure IMC to 10 seconds if 15 % Tween 20
is present. The curves through the data points are
the exponential fits, from which we obtain the
decay constants K.

In Figure 6b, the decay constants of IMC

containing Tween 20 are plotted against
temperature. For comparison, we also plot the
decay rate of pure IMC® and its bulk viscosity.’!
The doping of Tween 20 greatly accelerates the
surface grating decay. Note that at 1 % or 5 %
Tween 20, the K vs. temperature plot shows a
kink, as seen with pure IMC. This suggests a
change of the mechanism of surface evolution. To
investigate this, a wavelength test similar to that in
Figure 4a was performed for the 5 % sample and
the result is shown in Figure 7. This test
established that the decay mechanism is viscous
flow at a high temperature (318 K) and surface

diffusion at a low temperature (298 K).
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Figure 6. (a) Surface-grating decay kinetics of
IMC containing Tween 20 at 303 K. The solid
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At 15 % Tween 20, there is no obvious kink in the K vs T curve and the decay mechanism is
presumably viscous flow at all the temperatures investigated. At 10 % Tween 20, there is a weak

hint of a kink, possibly indicating a transition to surface diffusion at low temperatures.

To test the validity of CTS in describing the 0 S sPemC e 4
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surfactant and will be addressed later. for the surface enrichment of Tween 20.

Given that a surfactant can preferentially enrich at the surface of an amorphous drug,?® we
investigated whether this effect occurs in Tween 20 doped IMC and thus leads to the imperfect
data collapse in Figure 8a. Surfactants are known to enrich at the air/water interface and Yu et al.
reported recently that the same can occur at the free surface of the amorphous drugs. We measured
the surface concentration of Tween 20 using XPS.3”-3 Figure 9 shows the spectra of Cl 2p and O

Is in our samples. With increasing Tween 20 concentration, the Cl peak decreases and the O peak



increases. From these results, the surface concentrations of Tween 20 were calculated (eq. 1) and

the results are given in Table I and plotted in Figure 9c.

Figure 9c shows that the surface concentration of Tween
20 is systematically higher than its bulk concentration.
This finding is consistent with the recent report on other
drug-surfactant systems.*® Given that Tween 20
plasticizes IMC (Figure 1), its enrichment on the surface
means that the surface 7 is lower than the bulk 7. To
calculate the surface 7y of IMC containing Tween 20,
we assume that the same plasticizing effect in the bulk
(Figure 1b) occurs in the surface region. The calculation
was performed using eq. 2, whose parameters were
obtained by fitting the bulk data. The results of this
calculation are shown in Table I. According to this
calculation, the surface Ty is 6 — 8 K below the bulk 7.
This effect qualitatively explains why in Figure 8a the
surfactant-doped samples as a group show faster surface

dynamics relative to pure IMC.

For a quantitative test of our conclusion, in Figure 8b,
we replot the data in Figure 8a using the surface glass
transition temperature 7gys as the normalizing
temperature. We observe significantly improved data
collapse. The overall pattern is similar to that for water-
containing IMC (Figure 5). At high fluidity (high 7/7%),
the decay constants K track the viscosity, K oc 77,
confirming viscous flow as the surface-evolution

mechanism. At low fluidity (low 7/T%), the two lighter-
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Figure 9. XPS spectra of Cl 2p (a) and O
Is (b) of IMC containing Tween 20 at
concentrations indicated. (c) Surface
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doped mixtures (1 and 5 %) join the trend of pure IMC; their decay rates are faster than the

viscosity trend, indicating a new mechanism for surface evolution. The transition occurs near 7" =



1.04 T, and the new mechanism was determined to be surface diffusion by the wavelength test
(Figure 7). For these lighter-doped mixtures, we observe a collapse of data points with pure IMC;

that is, the systems follow CTS.

For the two heavier-doped mixtures (10 and 15 %), the deviation from the viscosity trend at low
fluidity is less pronounced. This indicates that surface diffusion is slower in these systems,
allowing viscous flow to dominate surface evolution down to lower temperatures. These two
systems do not follow the CTS behavior of IMC containing water and IMC containing Tween 20

at low concentrations.

The inhibitory effect of Tween 20 on the surface diffusion in amorphous IMC is analogous to the
observation of Zhang et al. They reported that 1 % of polystyrene (PS) by weight in amorphous o-
terphenyl (OTP) has little effect on the rate of surface-grating decay in the viscous-flow regime,
but a significant inhibitory effect in the surface-diffusion regime.’ They explained the effect as
follows: in the viscous-flow regime, PS and OTP flow together, whereas in the surface-diffusion
regime, the faster-diffusing OTP vacates the peaks of a surface grating while the slower diffusing
PS is stranded behind, resulting in a slower apparent decay rate. The same explanation appears to
apply to Tween 20 doped IMC. Tween 20 is a larger molecule than IMC with a molecular weight
of 1227.5 g/mol to IMC’s 357.8 g/mol, and it could be strongly oriented in the surface layer as a
surfactant.>** These let surface Tween 20 molecules have a deeper penetration into the bulk and
slower surface diffusion than IMC molecules.>*"**> At low concentrations (1 and 5 %), our results
indicate that the Tween 20 molecules can flow and surface-diffuse with the IMC molecules,
resulting in the master-curve behavior in Figure 8b. At high concentrations (10 and 15 %), the
inhibitory effect of Tween 20 becomes noticeable in the surface-diffusion regime, where the slow-
diffusing molecules are stranded in the surface regions vacated by IMC, causing a slow surface-
grating decay. With water as the dopant, the complexity described above for PS® and Tween 20
does not arise. Water is a faster diffuser than the IMC host molecules; in the viscous-flow regime,
water flows with the host molecules; in the surface-diffusion regime, water never gets stranded in
the regions vacated by the host molecules. As a result, the IMC-water mixtures show CTS in the

entire concentration range.



Table I. Bulk and surface concentrations of Tween 20 and 7,

bulk % Bulk Cl/O surface Cl/O surface % T, K Tys, K
0 0.250 - - 315 -
1 0.245 0.231 (0.0042) 3.99 (0.95) 312 306
5 0.227 0.215 (0.0012) 7.87 (0.28) 304 298
10 0.207 0.188 (0.0020) 14.6 (0.53) 294 286
15 0.187 0.171 (0.0004) 19.8 (0.11) 285 278

In each parenthesis is the standard deviation calculated from three measurements of the same sample.

In Figure 10, we plot the data on the two dopants 0 4
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temperature near 1.04 7, and the transition viscosity T/T or T/T,,
approximately 107 Pas. Figure 10. Grating decay constants of pure or

doped IMC as a function of temperature.

Conclusion

This study has found that moisture and the surfactant Tween 20 can significantly accelerate the
surface mobility of amorphous indomethacin. The magnitude of the acceleration is well described
by the principle of Concentration-Temperature Superposition (CTS). According to CTS, the same
surface dynamics is observed at the same temperature relative to the composition-dependent glass
transition temperature 7,. The evolution mechanism changes from viscous flow at high fluidity to
surface diffusion at low fluidity with the transition occurring near 1.04 7§ for both pure and doped
IMC. For Tween 20, CTS is observed after taking into account its surface enrichment effect
characterized by XPS. In the high-temperature region where viscous flow dominates surface

evolution, CTS holds for all the systems, whereas in the low-temperature region where surface



diffusion dominates surface evolution, CTS is observed for IMC containing moisture at any
concentration and for Tween 20 at lower concentrations (1 and 5 %). At higher Tween 20
concentrations, we observe deviation from CTS and attribute the effect to the large difference
between the surface diffusion rates of the guest and host molecules. We anticipate that CTS can
be used for predicting surface mobility in multi-component amorphous materials. Given that fast
surface dynamics enables fast crystal growth at the free surface of amorphous drugs, the two
dopants investigated here, water and surfactant, are expected to accelerate the surface
crystallization process. It is of interest to learn whether the previously observed correlation
between the surface diffusion coefficient and the surface crystal growth rate for pure systems still
holds for binary systems.® If so, CTS could be extended to predict crystal growth rates in multi-
component amorphous formulations. Given the high degree of surface enrichment observed in
some drug-surfactant systems,’® it is of interest to learn whether CTS holds under such extreme

conditions.
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