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Abstract

Amorphous solid dispersions (ASDs) utilize the kinetic stability of the amorphous state to 

stabilize drug molecules within a glassy polymer matrix. Therefore, understanding the 

glassy-state stability of the polymer excipient is critical to ASD design and performance. 

Here, we investigated the physical aging of hydroxypropyl methylcellulose acetate 

succinate (HPMCAS), a commonly used polymer in ASD formulations. We found that 

HPMCAS exhibited conventional physical aging behavior when annealed near the glass 

transition temperature (Tg). In this scenario, structural recovery was facilitated by α-

relaxation dynamics. However, when annealed well below Tg, a sub-α-relaxation process 

facilitated low-temperature physical aging in HPMCAS. Nevertheless, the physical aging 

rate exhibited no significant change up to 40K below Tg, below which it exhibited a near 

monotonic decrease with decreasing temperature. Finally, infrared spectroscopy was 

employed to assess any effect of physical aging on the chemical structure of HPMCAS, 

which is known to be susceptible to degradation at temperatures 30K above its Tg. Our 

results provide critical insights necessary to understand better the link between the 

stability of ASDs and physical aging of the glassy polymer matrix.
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Introduction

The low aqueous solubility for the high number of newly-discovered drug 

molecules remains a pervasive challenge in the field of controlled drug delivery.1,2 In the 

case of oral drug delivery, the drug concentration gradient across the membrane of the 

gastrointestinal tract directly influences the bioavailability of the drug substance.1 Poor 

aqueous solubility reduces this concentration gradient, resulting in low bioavailability. This 

state of affairs presents the enduring challenge of achieving the high dose requirement 

for drugs with low bioavailability without exacerbating relevant negative consequences 

(e.g., high material demand and associated waste, drug product instability, pill burden 

and its detrimental effect on patient compliance,3,4 etc.). Addressing this challenge makes 

the design and formulation of oral drug products difficult and complex. However, many 

formulation strategies have been developed through the clever application of pre-existing 

technologies.5–12 These strategies are currently commercially utilized to circumvent the 

poor solubility issue and increase oral bioavailability. 

One of the most promising approaches for increasing the bioavailability of low 

solubility drugs is amorphous solid dispersions (ASDs).13–15 ASDs are composed of an 

active pharmaceutical ingredient (or drug) that is molecularly dispersed into a glassy 

polymer matrix, creating a solid dispersion in the amorphous state. The technique skillfully 

exploits the glassy polymer excipient’s disordered structure and reduced mobility to 

stabilize the drug in an amorphous state. Upon dissolution of the ASD, the amorphous 

drug molecules are stabilized by the polymer excipient, maintaining their glassy state in 

solution despite their propensity to recrystallize.16,17 These stabilized drug-polymer 

particles exhibit a higher apparent aqueous solubility than the pure amorphous drug and 

the bulk crystalline form, allowing for much higher uptake through the gastrointestinal 

tract.18,19 This benefit demonstrates the need to understand the critical aspects of the 

amorphous state in relation to ASD design and performance. 

The amorphous state is a non-equilibrium state achieved by rapid cooling of a 

glass-forming liquid from the equilibrium melt state to the glassy state.20 At the glass 

transition, there is no change in the material structure.21 Despite this fact, the glassy state 

exhibits structural rigidity and a modulus on the order of 109 Pa. Glasses are 

Page 3 of 30 Soft Matter



4

thermodynamically out of equilibrium and possess excess energy with respect to the 

equilibrium state. Therefore, when a glassy material is held isothermally below the glass 

transition temperature (Tg), its thermodynamic properties (e.g., volume and enthalpy) 

evolve towards the equilibrium to a more stable state, through a spontaneous process 

called glassy-state structural relaxation.22,23 Accompanying structural relaxation are 

changes in the physical properties of the glassy material that significantly affect its 

performance and function – a process termed physical aging. To quantify the extent of 

structural relaxation or physical aging in the amorphous state, Tool defined the fictive 

temperature (Tf).24 The concept of the fictive temperature and its calculation via 

calorimetric measurements have been employed generally across different polymers and 

model systems.25–29 In all cases, the calculation is vital to determining the evolution of 

physical properties over time in the glassy state. Additionally, Tf measurements at longer 

aging times (tas) capture the behavior of aged glasses as they approach the equilibrium 

state. Interpolating such data yields essential parameters such as the aging rate and the 

time required to reach equilibrium. Undoubtedly, structural relaxation will influence the 

performance of ASDs, which rely on the stability of the glassy state to stabilize drug 

molecules against crystallization.30

Recent studies of the physical aging behavior of various materials suggest the 

possible existence of intermediate equilibrium glassy states, challenging the conventional 

understanding whereby one explicit equilibrium is approached over time.31–40 This 

proposition is evidenced by sub-Tg endotherms that are decoupled from the glass 

transition, particularly in polymer systems annealed at temperatures well-below the 

system Tg. Hodge et al. first observed and modelled these sub-Tg endotherms in polymer 

systems,41,42 but the exact physical origins remain unclear.43 In the case of ASDs, the 

implications of these endotherms are particularly meaningful, as ASDs are typically stored 

and processed at temperatures well-below Tg. For example, intermediate equilibrium 

glassy states would obfuscate the glassy behavior of the system, making it more 

challenging to predict ASD stability during storage and use. This unique consideration 

presents a new design constraint for ASDs, the ramifications of which we know very little. 

Together with the importance of the amorphous state for ASD stability, these recent 

findings pose a unique opportunity to further our knowledge of the intricate relationship 

Page 4 of 30Soft Matter



5

between the amorphous state and ASD performance. Of particular interest is the 

possibility that physical aging deep in the glassy state, at temperatures relevant to storage 

of ASDs, might promote a different mode of relaxation towards equilibrium.35,44

However, investigating this relationship directly via calorimetric studies is 

challenging, particularly because ASDs are multi-component systems. They primarily 

consist of a drug and polymer, but may require additional excipients as needed. Even 

when disregarding these additional excipients and focusing on the binary drug-polymer 

system, phase separation may occur, driven by the system’s affinity for thermodynamic 

stability.45 In turn, phase separation is further influenced by relative drug-polymer 

concentrations, drug-polymer interactions, and environmental factors (e.g., high relative 

humidity and storage temperature).46,47 Upon phase separation, the drug molecules no 

longer remain stable in the polymer matrix and may begin to crystallize, compromising 

the benefit of ASD technology.48–55 Naturally, the effect of physical aging on phase 

separation and, consequently, drug stability in the dispersion comes into question. On the 

one hand, the densification of the glassy polymer that follows upon aging is expected to 

kinetically stabilize drug molecules within the glass, preventing drug recrystallization in 

the matrix. At the same time, the thermodynamic drive towards glassy equilibrium tends 

to draw drug molecules together, promoting drug recrystallization as physical aging 

concentrates the drug molecules via densification. Therein lies the paradoxical and 

complex nature of the interplay between physical aging and ASD drug stability. This 

relationship has been most often explored using equilibrium measurements on as-

processed polymers and ASD systems subjected to isothermal annealing protocols (i.e., 

stability studies), high relative humidity, or added water content.56–61 However, there 

remains a dearth of studies on the non-equilibrium physical aging behavior of 

pharmaceutical polymer systems,62–64 with only one recent study by Lapuk et al. on 

poly(vinylpyrrolidone).65 This dearth represents the challenge of accurately investigating 

the implications of drug presence on the physical aging of the multi-component ASD 

system, prompting a study on a pure polymer excipient system. Therefore, this current 

work seeks to contribute complementary isothermal calorimetric physical aging studies, 

in which aging proceeds from equilibrium, on another common polymer excipient used in 

the pharmaceutical industry.
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For this study, we selected hydroxypropyl methylcellulose acetate succinate 

(HPMCAS) as the model polymer excipient. HPMCAS is a highly functionalized natural 

cellulose derivative and is provided in three grades with ranging acetyl and succinyl side 

group content.66,67 These three grades offer a range of hydrophobicity and pH activity as 

needed for their application.67 A specific grade of HPMCAS may be selected to best 

promote drug-polymer interactions or to dissolve and release the drug at a specific point 

in the digestive tract. Despite such multi-purpose utility for pharmaceutical systems, the 

physical aging behavior of pure HPMCAS has yet to be fully explored. Here, we performed 

physical aging studies on HPMCAS at aging temperatures (Tas) of 313K, 333K, 343K, 

353K, 363K, 373K, 383K, 388K for aging times up to 600 min. We demonstrate the distinct 

mechanisms for physical aging of HPMCAS at Ta near Tg and below Tg – 40K. The aging 

behavior well below Tg breaks from convention as there is significant thermodynamic 

evolution at temperatures as low as Tg – 80K, where kinetic stability is expected to be 

dominant.68 The low-temperature relaxation is not due to the normal α-relaxation 

dynamics but an entirely different mode of relaxation more pertinent to local secondary 

relaxation or sub-α-relaxation. These results call into question the mechanisms through 

which the low-temperature relaxation occurs and in turn, the perceived drug stability in 

HPMCAS formulations.

Experimental Methods

Materials. The HPMCAS (see chemical structure in Figure 1) was provided by Lonza 

Pharma. Specifically, three grades of AQOAT® from Shin-Etsu Chemical Co. were 

provided: HPMCAS-LF, -MF, and -HF. Each grade of HPMCAS has a different 

percentage of the total mass consisting of acetyl and succinyl groups: LF with acetyl and 

succinyl mass percentages of 8% and 15%, MF with 9% and 11%, and HF 12% and 7%, 

respectively. Polystyrene (PS) was used as a model system to compare its physical aging 

behavior to HPMCAS. The PS (weight-average molecular weight 16,400 g/mol) was 

purchased from Polymer Source Inc. and used as received. Succinic acid was purchased 

from Sigma® and used as received.
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Figure 1. Chemical structure of HPMCAS. The acetyl and succinyl groups are highlighted in red 
and blue, respectively.

Thermal Analysis Equipment. A Thermogravimetric Analyzer Q50 (TA Instruments) 

was used to establish the temperature range of analysis for HPMCAS. A 5 – 10 mg 

sample of HPMCAS was placed in a platinum pan and heated to 873K at 20K/min under 

an inert nitrogen atmosphere, during which the mass of the sample was measured.

Differential scanning calorimetry was used to measure glass transitions and 

physical aging. All calorimetric measurements and physical aging experiments were 

performed using a differential scanning calorimeter (DSC) 2500 (TA Instruments) 

equipped with an RCS90 cooler. The DSC furnace chamber was constantly flushed with 

nitrogen. Approximately 5 mg of material were placed into aluminum hermetically-sealed 

pans with a pinhole on the sealed lid so that any residual moisture or volatiles may escape 

during thermal analysis. A pinhole was also made in the reference pan for parity between 

sample and reference. Temperature calibrations were performed for the DSC using a 

melting temperature measurement for indium, and heat capacity calibrations were 

performed using sapphire standards.

Methodology of Tg and Tf Calculation. All reported Tg were calculated on heating using 

available tools in the TRIOS software. The Tg calculation tool computed the midpoint Tg. 

The Tg of the primary polymer studied in this work, HPMCAS-LF, was calculated to be 

392.8 ± 0.2K. A table containing the Tg values of all polymers in the study is presented in 

the supporting information (S.I. Table 1).

For a given down-jump aging experiment to the annealing temperature, Ta, 

samples were annealed between 1 – 600 min. The evolution of aging was monitored by 

determining Tf as a function of time. All of the re-heating step data, including the unaged 

reference curve were compiled and processed to calculate Tf using a custom Python 

script created by Abate et al.69 After minimizing the mean squared error between the 
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unaged reference curve and aging curves outside the temperature range of the glass 

transition and enthalpy recovery, the Python script employed the Moynihan method of Tf 

calculation for each aging data.70 A sample calculation is presented in the supporting 

information (S.I. Figure 1). These Tfs were then plotted as a function of log10 time. A slope 

representing the aging rate at a given Ta was obtained by applying a linear fit of the Tf 

data for the range of time that yields the greatest R-square value.

TGA Analysis. The TGA data for HPMCAS-LF is shown in S.I. Figure 2. The onset of 

degradation started at ~ 473K. To confirm chemical and thermal stability at and below 

this temperature, we performed isothermal degradation studies at the following 

temperatures: 398K, 403K, 413K, 423K, 443K, 473K. These results revealed a negligible 

mass loss rate (<0.01 mg per hour) at temperatures below 423K. Considering the TGA 

results and thermal stability data provided by the manufacturer, we determined 423K to 

be the maximum temperature for calorimetric studies. This maximum temperature 

allowed for a well-defined melt line for all aged heat capacity data, which is crucial for Tf 

determination. We also note that overlapping melt lines served as another indication of 

negligible degradation. The TGA data for HPMCAS-MF and -HF are presented in 

supporting information (S.I. Figures 3 and 4), and both exhibit similar degradation 

behavior to HPMCAS-LF. 

Aging Protocol. The thermal protocol for physical aging is schematized in Figure 2. All 

cooling and heating steps were performed at 20K/min. Prior to aging, the polymers were 

heated to 403K and held isothermally for 10 min to equilibrate and erase thermal history. 

In addition, the isothermal step ensured the removal of any moisture. For the physical 

aging component, the samples were cooled to the desired Ta and held isothermally at 

aging times from 1 up to 600 min. After aging, the samples were cooled to a low 

temperature and re-heated to 423K; this heating step recorded the sample response and 

featured the typical endothermic peak indicative of enthalpy recovery. Upon re-heating to 

423K, the samples were held isothermally to erase thermal history before undergoing the 

next aging cycle. After the final re-heat for the 600 min aging, the samples were again 

cooled and re-heated twice to obtain the post-aging reference curve. When compared to 

the unaged reference curve, this post-aging curve acts as a check to ensure the 
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amorphous properties of the samples were not affected during the aging protocol. 

Generally, such checks are performed after each aging step instead of only at the end of 

a series of aging steps. Experiments where the checks after each aging step were 

included showed that the isothermal hold after each aging step was sufficient to erase 

any aging effect. Ultimately, these checks between aging steps were removed to reduce 

any potential thermal degradation effects by reducing the total experimental time at 

temperatures above Tg. Though the TGA results indicated a negligible level of 

degradation at the maximum temperature, degradation would no longer be negligible at 

sufficiently long protocol times.

Figure 2. Illustration of the physical aging protocol employed in this study. The sample was aged 
at Ta for ta (solid blue lines) up to 600 min and the subsequent thermogram on re-heating (red 
lines) was collected and analyzed for Tf calculation. At the end of the protocol, the reference curve 
was reproduced and compared with the first reference curve (purple lines) to ensure that there 
was no significant degradation.
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FTIR Measurements. A Nicolet iN10 MX (Thermo Scientific, Waltham, MA) was 

employed for FTIR measurements on unaged and aged HPMCAS-LF and succinic acid. 

Aged HPMCAS-LF were prepared using a protocol similar to that of physical aging. The 

samples were heated to 403K and held isothermally for 10 min. Upon re-heating to 423K, 

the samples were cooled to either 353K or 388K and aged up to 600 min. These samples 

were then cooled to room temperature and immediately taken for FTIR analysis. The 

detectors were cooled using liquid nitrogen before data collection. Two hundred fifty-six 

measurement scans at different locations for all of the samples were taken and compiled 

to generate the absorbance plots with the Kubelka-Munk function applied.  

Results and Discussion

Physical Aging Behavior. The calorimetric data obtained on heating after aging 

HPMCAS-LF for up to 600 min were compiled in Figure 3. At Ta above 373K (Figure 3a, 
b, c), pronounced endothermic peaks appeared near Tg. These endothermic peaks were 

representative of enthalpy recovery that occurred at Tg and grew with increasing ta. In 

agreement with classic observations of physical aging, this trend represented the access 

to the α-relaxation process for enthalpy recovery, where the growing endothermic peak 

reflected the similarly increasing extent of structural relaxation over ta.
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Figure 3. A compilation of re-heating thermograms after aging at ta for Ta = (a) 388K, (b) 383K, 
(c) 373K, (d) 363K, (e) 353K, (f) 333K.

At Ta = 363K (Figure 3d), the endothermic peaks began to decouple from the 

specific heat step underlying the glass transition. The extent of this decoupling was 

dependent on ta. With short ta, the decoupling was complete as the broad endotherm was 
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resolved before the Tg. In contrast, at long ta the endothermic peak was sharper and 

resolved near Tg.

The complete decoupling of enthalpy recovery and the glass transition at all ta 

examined was evident for samples aged at Ta well below Tg (Ta < Tg – 40K) (Figure 3e, 
f). This is in direct contrast to the observed behavior at Ta near Tg (Figure 3a, b, and c), 

where the endotherms were primarily resolved near Tg. The complete decoupling at Ta 

below Tg – 40K hinted at the presence of a different enthalpy recovery mechanism that 

does not involve α-relaxation. This additional mechanism was accessed at low Ta but was 

able to fully recover the effects of physical aging such that the α-relaxation was accessed 

only to devitrify the polymer. 

Such behavior does not agree with the current conventional understanding of 

physical aging. Previous attempts by Hodge et al. to describe this low temperature 

endotherm exclusively on the basis of the α-relaxation via the Tool-Narayanaswamy-

Moynihan model71 required atypical small stretching exponents and/or non-linear 

parameters (<0.3).41,42,72 While HPMCAS exhibits chemical complexity during physical 

aging, as discussed below, it is worth noting that similar low temperature peaks have 

been observed in other glasses aged well below Tg including metals,31,73,74 polymer 

nanospheres,32,33 polyethers,35 a plastic crystal,75 phase change materials,76 sucrose,77 

and other polymers with vastly different structures.36,44,78–80 In this regard, our work 

contributes to the general discussion on the lower temperature aging response of glasses. 

Regardless of the origin of this phenomenon, its implications can have a significant impact 

on the view of drug stability in HPMCAS ASDs, i.e., the focus of the current study.

Auxiliary aging studies were performed to vet these findings further and provide a 

comparative measure for the observed physical aging behavior. First, to determine if the 

composition of the side groups had any effect on the lower temperature aging behavior, 

the other two grades of HPMCAS (HPMCAS-MF and -HF) were aged at Ta = 388K and 

353K (S.I. Figures 5 and 6). Both grades exhibited the same low temperature aging 

behavior as HPMCAS-LF, where enthalpy recovery on heating was completed before Tg. 

Second, to exclude the possibility that the observations were due to an artifact of the 

instrument or data analysis procedure, 5 – 10 mg of PS was aged at four different 
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temperatures, with the lowest temperature being Tg – 50K (S.I. Figure 7). All PS samples 

were subjected to a similar aging protocol described previously, with the only change 

being the total temperature range. PS did not exhibit the same broad endothermic peaks 

as HPMCAS, even at Ta = Tg – 50K (relative Ta where HPMCAS showed noticeable low-

temperature endotherms on heating). Instead, PS showed minimal enthalpy recovery 

near Tg (S.I. Figure 7d). These additional studies provide evidence, to an extent, that the 

observed physical aging behavior was a material property of HPMCAS, but not unique to 

it.

In the context of HPMCAS as a polymer excipient in ASDs, this behavior is of 

interest as these low Tas begin to resemble ambient temperatures used for stability 

studies required for drug product approval. Despite the seemingly low extent of enthalpic 

recovery at these Tas (Figure 3e, f), the endotherms reflecting this process remained 

noticeable even at the time scale of 600 min, a relatively short ta with respect to those 

employed in stability studies that reach at least several months in scale.

Aging Rate Analysis. Figure 4 compiles and illustrates the change in Tf – Ta over the 

log10 ta at each Ta. The Ta was subtracted from the Tf as Ta represents the theoretical limit 

of Tf at infinite ta. As expected, each set of Tfs exhibited a decreasing trend over time. At 

Ta near Tg, signs of plateau approach were visible at longer aging times. One notable 

observation in Figure 4 was that despite signs of Tf – Ta plateau, the Tf – Ta values did 

not explicitly reach 0 for Ta near Tg after 600 min of aging. This behavior indicated a partial 

enthalpy recovery at long ta even when aged at temperatures near Tg, in line with 

behaviors observed with other polymer systems.81
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Figure 4. The evolution of Tf – Ta over time for each Ta. We note the Tf plateau for Ta = 388K, 
383K, and 373K within 600 min of aging.

A linear fit of the Tf – Ta data in Figure 4 produced the aging rate at a given Ta, 

represented by the slope of the linear fit. Additional information (e.g., fit range, aging rate, 

R-square value) on the linear fits for each of the Tas is available in the supporting 
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information (S.I. Table 2). Figure 5 presents the aging rate of HPMCAS-LF as a function 

of Ta. A general decreasing trend was apparent over the range of Tas investigated. More 

importantly, there were two regimes over the Ta range with different behaviors. At Ta near 

Tg, the aging rate remained relatively stable as Ta decreased. Once Ta decreased to below 

353K (Tg – 40K), the aging rate decreased significantly. This trend in the aging rate was 

similar to that seen in other bulk polymer systems, where with decreasing Ta, the aging 

rate increased to a maximum and then decreased.82–85 Though the aging rate of 

HPMCAS-LF near Tg was stable before it decreased, the general trend was reflected. 

More notably, the transitional regime between these two behaviors (Ta = ~343K – 363K) 

coincided with the temperature range in which the continuous shift of endotherms toward 

lower temperatures led to full enthalpy recovery below Tg, as seen in the change across 

Figure 3d-f. These different regimes suggested that there exists a secondary mechanism 

that affected the polymer aging rate. According to conventional temperature dependence 

of the α-relaxation time, if the α-relaxation was solely responsible for HPMCAS aging at 

low Ta, the aging rate should approach zero at the ta examined in this study. The contrary 

evidence in Figure 5 indicated significant thermodynamic evolution in HPMCAS at low 

Ta, likely through a secondary relaxation mechanism. However, evidence of the low Ta 

kinetic stability remained as signified by the notable decrease in the aging rate.
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Figure 5. The aging rate of HPMCAS as a function of Ta.

The origin of the low-temperature aging behavior remains a heavily discussed topic 

in the field, with several possible explanations: Johari-Goldstein β-relaxations having 

similar properties to that of the α-relaxation,86 sub-Rouse modes87 resulting from the 

intrinsic heterogeneous nature of glass relaxation,88 a recently identified slow Arrhenius 

mode,89 an alternative equilibrium mechanism separate from the absolute glassy 

equilibrium state,32,35,44 or other sources related to the experimental process itself.90 

Though the exact origin remains debated, HPMCAS undoubtedly exhibited similar 

physical aging behavior to several different systems, where a low-temperature endotherm 

is present and completely decoupled from the glass transition event.35,39,91 Regardless, 

there exist differences specific to this polymer system that require separate and further 

consideration.

TGA data confirmed that HPMCAS does not degrade below 473K under an inert 

atmosphere when heated at standard rates. Nevertheless, due to the large time scales 
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involved, HPMCAS-LF undergoes modifications to its chemical structure over time during 

physical aging. Figure 6a shows FTIR spectra of HPMCAS-LF as it was aged at 388K, 

represented by FTIR spectra taken immediately after aging. A similar data set for 

HPMCAS-LF aged at 353K is available in supporting information (S.I. Figure 8). There 

were no notable differences in the observed chemical changes between HPMCAS-LF 

aged at 388K and 353K. The highlighted region 1 in Figure 6a shows the broadening of 

IR peaks representative of changes to the chemical environment of the hydroxyl (-OH) 

groups. This peak broadening reflected the internal manufacturer-provided thermal 

stability data, where heat treatment at 423K resulted in free succinic acid content. The 

free succinic acid produced a new range of chemical environments for -OH groups 

(proposed mechanism illustrated in Figure 6b), resulting in the broadening of the peaks 

in that region. This particular chemical change was not expected to have impacted the 

glassy state of the polymer system since the reference curves obtained before and after 

the aging protocol remained identical across all Ta.

Furthermore, the highlighted region 2 in Figure 6 shows the development of two 

distinct features over the course of physical aging. A small broad peak developed near 

2100 cm-1 and a shouldering of the 1750 cm-1 peak occurred. The exact origin of the 

former remains unclear. However, FTIR analysis of acetylated and succinylated cellulose 

exhibited this 2100 cm-1 peak, though there was no further explicit consideration due to 

its relatively small magnitude.92,93 These observations led us to conclude that this feature 

was not anomalous and did not represent any significant chemical change that affected 

the polymer system. On the other hand, the developing shoulder feature near 1750 cm-1 

was commonly present in acetylated cellulose systems as a double peak near the 

carbonyl range, specifically at 1750 and 1650 cm-1.94–97 Since the untreated HPMCAS did 

not exhibit the characteristic double peak, we concluded that throughout physical aging, 

there was an increase in relative representation of acetylated side groups. This 

conclusion was in line with the thermal stability behavior of HPMCAS that produced the 

broadening of peaks in the highlighted region 1 in Figure 6. 

To further vet this hypothesis that free succinic acid content was producing these 

changes, the FTIR data of the pure succinic acid, aged HPMCAS-LF, and untreated 
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HPMCAS-LF was compared (S.I. Figure 9). The aged HPMCAS-LF and succinic acid 

spectra shared the broad feature in region 1 and the shouldering peak in region 2, 

providing a rudimentary but compelling evidence that confirmed the influence of succinic 

acid to the chemical environment.

Figure 6. (a) FTIR spectra of untreated HPMCAS-LF and HPMCAS-LF aged at Ta = 388K for 
100, 200, 400, and 600 min. Features in region 1 broaden with ta, indicating changes to the 
chemical environment of -OH groups. In region 2, two features develop with ta: a small broad peak 
near 2100 cm-1 and a shoulder peak that breaks away from the primary 1750 cm-1 peak, as 
denoted by the red arrows. (b) The degradation of succinyl groups in HPMCAS producing free 
succinic acid at temperatures greater than or equal to 423K. The resulting free succinic acid 
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introduced new chemical environments for various -OH, -CH, and C=O bonds (highlighted in 
yellow ovals) that contributed to the highlighted changes in (a).

The FTIR spectra confirmed that chemical changes were occurring throughout ta. 

Additionally, these chemical changes when aged at 388K and 353K were identical. 

Despite these chemical changes, a comparison of reference curves before and after the 

aging protocol across all Tas showed no signs of change to Tg or mass loss (i.e., the step 

change in glass transition remained the same). Considering these observations, we 

suggest that the low-temperature aging behavior of HPMCAS may only be partially 

attributed to the free succinic acid content in the sample. The free succinic acid molecules 

could act as local plasticizers on the scale of the side-groups without affecting the global 

Tg of the sample. These plasticizing molecules provided the local molecular mobility 

required to allow the system to partially relieve the physical aging effects at temperatures 

below the global Tg. This rationale applies only to this cellulose derivative and requires 

further experimental confirmation. Therefore, we acknowledge and reference the ongoing 

discussions on the potential origins of the observed low-temperature physical aging 

behavior and that such explanation is not necessary for other systems.35,39,44,80,86,90

HPMCAS has long been considered an excellent polymer excipient for ASDs due 

to its amphiphilic side groups and natural biodegradability.66 The results in this study 

offered added insight into how HPMCAS stabilizes drugs in ASDs from the perspective 

of physical aging. The potential for local molecular mobility below Tg undermines the 

notion that ASD storage below Tg – 50K guarantees the prevention of drug 

recrystallization via kinetic stability.68 This property of HPMCAS allowed for enthalpy 

recovery without tapping into the more global α-relaxation. More importantly, it opened 

the possibility of notable structural relaxation well-below Tg and implied the access to a 

thermodynamic pathway to phase separation within ASDs even at Ta as low as 60K below 

Tg. Additionally, the aging rate was comparably lower at Ta < 353K than at Ta > 353K but 

still well within a magnitude of order across the entire Ta range. This was a quantitative 

confirmation that even at Ta = Tg – 80K, the HPMCAS-LF system still aged at an 

appreciable rate. These aging behaviors are of particular interest because thermal 

processing of polymer excipients and stability testing of ASDs typically require the Tas 

studied in this work. In such cases, both the physical aging behavior of HPMCAS and the 
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corresponding chemical changes will play a pivotal role for drug stability in HPMCAS 

ASDs. 

Conclusion

The physical aging behavior of HPMCAS was investigated using calorimetric 

techniques to probe its enthalpy recovery. HPMCAS exhibited a distinct enthalpy recovery 

at temperatures well below Tg upon aging at Ta < 353K. This was evident in the 

thermogram plots as a low temperature endotherm that resolved below Tg. Tf calculations 

from these thermograms showed partial approach toward equilibrium to a plateau even 

at temperatures near Tg and at ta up to 600 min. From these Tf time evolutions, the 

physical aging rate was calculated and the results indicated a significant but small 

difference in the aging rate between HPMCAS aged near Tg and that of HPMCAS aged 

well-below Tg. To further probe the source of this behavior, FTIR results were performed 

and they revealed chemical changes occurring over the course of aging. We hypothesize 

that these chemical changes contributed to the HPMCAS enthalpy recovery behavior. 

Upon aging, the functions of HPMCAS as an ASD excipient are expected to change, 

where thermal processing dictates the potential for molecular mobility well-below Tg and 

in turn, phase separation in the ASD. This study warrants future investigations into how 

exactly HPMCAS exhibits the observed structural recovery behavior and the full extent of 

its effects on ASD drug stability and performance. 
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