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Abstract 37 

Many recent studies have indicated that drug-polymer intermolecular interactions are an important 38 

aspect of amorphous solid dispersions (ASDs) and determine many of the properties of this type of 39 

formulations. In this review, a comprehensive overview is given of the latest insights with respect to 40 

intermolecular interactions in ASDs. The thermodynamic properties and theoretical considerations of 41 

the interactions are discussed, followed by a detailed and critical overview of the various solid-state 42 

analysis techniques used to probe interactions at the disposal of the formulation scientist. As the 43 

physical stability and the pharmaceutical performance of the ASD are its most crucial properties, the 44 

most recent understanding of the influence of drug-polymer interactions on these aspects is addressed 45 

as well. It is clear that intermolecular interactions may provide many advantages for ASDs but need to 46 

be weighed against the possible disadvantages. Further investigation into the interplay and trade-off 47 

between physical stability and dissolution properties is necessary in order to be able to take full 48 

advantage of the possible benefits of the interactions. 49 
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Abbreviations 55 

AAPS Amorphous-amorphous phase separation 

API Active Pharmaceutical Ingredient 

ASD Amorphous Solid Dispersion 

BCS Biopharmaceutics Classification System 

CP/MAS Cross polarization / Magic angle spinning 

DFT Density functional theory 

DVS Dynamic vapor sorption 

FT-IR Fourier transform infrared spectroscopy 

HPMCAS Hydroxypropyl methylcellulose acetate succinate 

HPMCP Hydroxypropyl methylcellulose phthalate 

LLPS Liquid-Liquid phase separation 

LoC Limit of congruency 

mDSC Modulated differential scanning calorimetry 

PAA Poly(acrylic acid) 

PC-SAFT Perturbed-chain statistical associating fluid theory 

PDF Pair distribution function 

PEO Poly (ethylene oxide) 

PEtOx Poly(Ethyl Oxazoline) 

PVP Poly(vinylpyrrolidone) 

PVPVA Poly(vinylpyrrolidone-co-vinylacetate) 

ssNMR Solid-state nuclear magnetic resonance 

Tg Glass transition temperature 

XPS X-ray photoelectron spectroscopy 

XR(P)D X-ray (powder) diffraction 

 56 
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1. Introduction 59 

In recent years, the formulation of poorly water-soluble drugs as amorphous solid dispersions (ASDs) 60 

has gained popularity as a means to enhance their solubility and bioavailability (Bhujbal et al., 2021a). 61 

The growing need for such enabling strategies is driven by the fact that an estimated 50-90% of new 62 

chemical entities are classified as poorly water-soluble according to the Biopharmaceutics 63 

Classification System (BCS)(Benet, 2013; Ricarte et al., 2019). When a drug is formulated as an ASD, it 64 

is molecularly dispersed within an inert carrier matrix, which disrupts the crystal lattice of the 65 

compound and lowers the energy required for the drug molecules to dissolve. This results in higher 66 

apparent solubility and faster dissolution compared to the pure crystalline material (Vaka et al., 2014). 67 

Pure amorphous drugs possess higher free energy compared to their crystalline counterparts, making 68 

them thermodynamically unstable (Van den Mooter, 2012), necessitating a carrier to stabilize the drug. 69 

The inert carrier is most often of polymeric nature and stabilizes the drug in a variety of ways, reducing 70 

the tendency for nucleation and crystal growth. The mobility of drug molecules is restricted in the 71 

polymer matrix due to steric hindrance from the polymer chains and the generally higher glass 72 

transition temperature (Tg) of the polymer, which increases the Tg of the system. Additionally, 73 

dispersing the drug in the polymer matrix reduces the free energy of the drug (Baghel et al., 2016a). 74 

Drug-polymer interactions can further stabilize the drug within the matrix, providing an additional 75 

energy barrier that must be overcome for drug molecules to aggregate and crystallize (Janssens and 76 

Van den Mooter, 2009). These interactions can include hydrogen bonding, halogen bonding, dipole-77 

dipole interactions, and ionic interactions, with their strength depending on the nature of the 78 

interaction and the functional groups involved(Huang et al., 2008; Mesallati et al., 2017; Mistry et al., 79 

2015; Xiang and Anderson, 2019). 80 

Research over the years has highlighted that intermolecular interactions influence every aspect of 81 

ASDs, from solubility in the polymer matrix to physical stability, maximum drug loading, and drug 82 

release. However, a comprehensive overview of how these interactions affect each aspect is still 83 

lacking. This review aims to provide a thorough summary of the theory behind intermolecular 84 

interactions in ASDs, the various methods to probe them, and their influence on maximum drug 85 

loading, physical stability, and drug release. 86 

 87 

 88 

 89 

 90 
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 91 

2. Background and theoretical considerations 92 

2.1. Thermodynamics of interactions 93 

Intermolecular interactions can generally be subdivided in ionic interactions and interactions between 94 

permanent or induced dipoles. The latter include van der Waals interactions (London, Keesom and 95 

Debye) and hydrogen bonding, which are all attractive interactions, unless the distance between the 96 

molecules becomes too small and the electron clouds of the atoms overlap, which causes repulsive 97 

forces. Generally, for poorly soluble drugs and ASDs, neutral interactions are most important and 98 

govern the properties of these systems. However, it has been reported in several instances that ionic 99 

interactions between drug and polymer can also be present (Li et al., 2022; Mesallati et al., 2017). The 100 

first part of this review will, however, focus on the neutral interactions as these are most important 101 

for ASDs and will facilitate the explanation of the theoretical concepts.  102 

 103 

Figure 1 104 

 105 

These interactions can be described be plotting the potential energy as a function of the distance 106 

between two molecules. When molecules are at a very short distance of each other, they will repel 107 

each other and when subsequently brought further apart, the molecules will be attracted to each 108 

other. The potential repulsive energy can be described by a/rm, whereas the attractive potential energy 109 

between the two molecules can be characterized by -b/rn (a and b are the repulsive and attractive 110 

coefficients respectively, and m and n are selected positive integers). The sum of the attractive and 111 

repulsive energies can be described as the total interaction energy Eint. The Lennard-Jones (L-J) model 112 

is one of the more simplistic, yet popular models to describe the attractive and repulsive behavior of 113 

two molecules (Wang et al., 2020). A typical representation of the behavior according to the L-J model 114 

can be found in Figure 1, where the total interaction energy can be described by the following 115 

equation: 116 
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In this equation, r is the distance between two molecules,  is the distance at which the potential 118 

energy V is equal to zero and  is the depth of the potential well. The minimum of the plot, where VLj 119 

= - and the distance between the molecules is equal to 21/6 , is the point where the greatest attractive 120 

energy occurs. This distance is also denoted as rmin. The interaction force between the two molecules 121 

can be described by the following equation:    122 
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The interaction force is the negative of the slope of the plot which depicts the potential energy as a 124 

function of the distance. A negative slope corresponds to a repulsive force and a positive slope 125 

corresponds to an attractive force. Below a distance of rmin, the interaction force will be repulsive and 126 

at distances larger than rmin, the force between the molecules will be attractive. If r = rmin, there will be 127 

no net force acting on the molecules, as the slope is zero. It has to be noted that the depiction in Figure 128 

1 only displays the potential energy of the two molecules and the kinetic energy is not taken into 129 

account. Consequently, the plot represents a situation where the molecules have no kinetic energy 130 

and are in constant positions to each other, which happens when there is no heat content (T = 0 K). If 131 

the molecules acquire kinetic energy, by adding heat, the total energy will increase according to the 132 

quantity of heat that was added. If VLJ remains below zero, the separation distance will remain finite, 133 

and the molecules will oscillate between the two separation distances at that energy level due to the 134 

alternation of attractive and repulsive forces (Malick, 2014).  135 

It has to be pointed out that the L J-model is straightforward for atoms and simple molecules. However, 136 

for more complex organic molecules, where the orientation of the molecules is important, the model 137 

is less clear-cut. In this case, the distance between molecules is approximated by the number of 138 

molecules in a certain volume unit, which can be described by the density of the material. 139 

Nevertheless, it is still a rough approximation for more complex molecules. Therefore, over the years, 140 

several alterations of the L J-model have been made in an attempt to improve it, such as for example 141 

the Mie potential (Lafitte et al., 2013), the Buckingham potential(Swindells and Sykes, 1938) and the 142 

Stockmayer potential (Stockmayer, 1941). The Mie potential is a more generalized case of the LJ 143 

potential, where the exponents 12 and 6 are replaced by the more general exponents m and n. The 144 

Buckingham potential is a more simplified version of the LJ potential and finally the Stockmayer 145 

potential can be defined as an LJ potential where an extra term was added to account for an electric 146 

dipole moment. However, the simplicity and often surprising accuracy of the L J-model have 147 

contributed to its popularity over the years (Stephan et al., 2020). 148 

2.2. Drug-polymer miscibility and solubility: the influence of interactions 149 

It has been described numerous times that having an ASD homogenously mixed at the molecular level 150 

is imperative for its stability (Chan et al., 2015; Meng et al., 2015; Qian et al., 2010; Yuan et al., 2014). 151 

When a drug is homogenously distributed in the polymer matrix, the distance between the drug 152 

molecules is maximal and the molecules have to travel further in order to aggregate and cause phase 153 

separation or crystallization, which requires more energy. Additionally, the polymer chains can provide 154 

more steric hinderance and the contact points with the polymer can be optimally used by the drug 155 
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molecules (Alonzo et al., 2012). It is important to note that most ASDs nowadays have a drug loading 156 

where the drug is above the solubility limit in the polymer, meaning that the drug is in a supersaturated 157 

state and there is a thermodynamic driving force for phase separation. However, the system can be 158 

kinetically stable if the dynamics are slow enough and if the system is below the miscibility limit 159 

(Marsac et al., 2006a). Miscibility can be described as the tendency of the supercooled liquid/glassy 160 

form of the drug to mix with the polymer. Solubility on the other hand describes the ability of the 161 

polymer to act as a solvent for a crystalline drug (Qian et al., 2010). If the drug loading is below the 162 

solubility limit, the ASD is thermodynamically stable, and there is no thermodynamic driving force for 163 

phase separation. However, the solubility of most small molecules in the polymer is usually quite low, 164 

meaning that in most ASDs, the drug is in de supersaturated state (Newman et al., 2012). 165 

Consequently, regarding the miscibility of these low molecular weight molecules in a polymer, the drug 166 

is in an unstable form with respect to the crystalline state. The miscibility limit is thus a metastable 167 

equilibrium, which in fact can be measured for a specific drug-polymer combination. Eventually over 168 

time, a miscible drug-polymer system would reach equilibrium with respect to the crystalline drug, and 169 

this equilibrium would be the solubility of the drug in the polymer (Malick, 2014). The solubility and 170 

miscibility limit of a drug in a polymer, together with data of the glass transition temperature (Tg) can 171 

be incorporated in a state diagram, which describes the phase behavior of the ASD as a function of the 172 

composition of the ASD and the temperature (Hu et al., 2022). An example of a state diagram can be 173 

found in Figure 2. 174 

 175 

Figure 2 176 

 177 

In order for a drug and polymer combination to form a miscible one-phase ASD system, with respect 178 

to thermodynamics, the free energy of mixing (Gmix) should be negative. This is represented by 179 

equation 3:  180 

∆𝐺௠௜௫ ൌ ∆𝐻௠௜௫ െ 𝑇∆𝑆௠௜௫.     (3) 181 

In the equation above, the enthalpy and entropy of mixing are respectively represented by ∆Hmix and 182 

∆Smix. These characteristics are dependent on the temperature of the environment and the 183 

composition of the mixture. The entropy and enthalpy of mixing can be described in further detail 184 

mathematically by the equations (4) and (5) respectively. This allows to understand the phase behavior 185 

of ASDs further and explore the factors that influence it. The entropy of mixing can be represented by 186 

the following equation(Malick, 2014): 187 
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∆𝑆௠௜௫ ൌ െ𝑅ሺ𝑛ௗ 𝑙𝑛∅ௗ ൅ 𝑛௣ 𝑙𝑛∅௣ሻ,    (4) 188 

Where R is the gas constant, n represents the number of moles of either the drug and the polymer and 189 

 describes the volume fraction of either the drug or polymer in the mixture. Since in a mixture the 190 

volume fraction   of the components is smaller than 1, the logarithms, which are used in the equation, 191 

will be negative. Consequently, the entropy of mixing will always be positive, contributing to a negative 192 

value for Gmix, and will always favor mixing over phase separation. This is to be expected, as mixing 193 

increases the disorder of the system, which means that the actual thermodynamic driving force for 194 

either phase separation or mixing is determined by the enthalpy of mixing. The enthalpy of mixing can 195 

be represented by the following equation:  196 

∆𝐻௠௜௫ ൌ 𝐻ௗ௣ െ ൫𝐻ௗௗ ൅ 𝐻௣௣൯.     (5) 197 

This equation indicates that the enthalpy of mixing is determined by the difference between the 198 

enthalpy of the pure mixture components and the enthalpy of the mixture. Since the entropy of mixing 199 

is relatively large in case of the mixing of a polymer and a small molecule (mainly the contribution of 200 

the API), it allows for a larger disadvantageous enthalpic contribution while still being able to reach 201 

negative free energy of mixing. The enthalpy of mixing will be negative (exothermic mixing) when the 202 

interactions between the drug and polymer are stronger and/or more abundant compared to the 203 

interactions in the pure ASD components. It is also possible that the cohesive interactions present in 204 

the pure components are stronger or similar to those in the ASD, resulting in endothermic or athermal 205 

mixing respectively (Baird and Taylor, 2012a; Malick, 2014). 206 

The importance of intermolecular interactions in drug-polymer miscibility can be highlighted by 207 

looking at the approaches that predictive methods use to estimate the miscibility of the components. 208 

The most well-known and popular method to predict drug-polymer miscibility is through the Flory-209 

Huggins (F-H) lattice theory (Hu et al., 2022). Whereas this theory is based on the free energy in a 210 

polymer-solvent system, a small molecule-polymer system can be considered as analogous and thus 211 

can be described by the F-H theory (Baird and Taylor, 2012a). The Gibbs free energy of mixing of the 212 

system can be calculated based on the position of the molecules in a lattice and on the interactions 213 

between the drug and polymer molecules. The free energy of mixing for an ASD can be characterized 214 

by the following equation: 215 

∆ீ೘೔ೣ

ோ்
ൌ 𝑛ௗ  𝑙𝑛𝜑ௗ ൅ 𝑛௣ 𝑙𝑛𝜑௣ ൅ 𝜒ௗ௣ 𝑛ௗ 𝜑ௗ    (6) 216 

Where R is the gas constant and T is the absolute temperature. The factor n describes the number of 217 

moles of either the drug or polymer and  describes the volume fraction of the respective component, 218 

whereas χ is the F-H interaction parameter. Upon closer inspection, it becomes apparent that the first 219 
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two terms of the right-hand side of eq. 6 represent the entropic contribution, as the terms are similar 220 

to the terms in eq. 4. Consequently, the third term in the equation represents the enthalpic 221 

contribution. As already described, entropy always favors mixing, which means that the enthalpic 222 

contribution is the determining factor that decides the thermodynamic favorability of mixing. More 223 

specifically, the F-H interaction parameter χ determines whether Gmix will become negative for that 224 

specific drug-polymer combination. If χ is negative or slightly positive, then the Gibbs free energy of 225 

mixing will become negative as well. If χ is positive, then Gmix will become positive, and mixing is 226 

thermodynamically unfavorable. The F-H interaction parameter is thus an indicator of whether or not 227 

the adhesive drug-polymer interactions are stronger or weaker than the cohesive interactions in the 228 

pure components (Malick, 2014).  229 

A disadvantage of the F-H theory is that it only takes into account nonspecific dispersive interactions 230 

and does not account for more specific interactions, such as hydrogen-bonding. This should be taken 231 

into consideration when determining χ for a drug-polymer combination that can interact via hydrogen-232 

bonds. For this reason, a modified F-H theory has been suggested to account for systems that can 233 

interact via these specific interactions. In the modified F-H theory, an extra free energy term (GH/RT) 234 

can be added, which represents the thermodynamical contribution of the specific interactions. This 235 

leads to the following equation: 236 

∆ீ೘೔ೣ

ோ்
ൌ 𝑛ௗ  𝑙𝑛𝜑ௗ ൅ 𝑛௣ 𝑙𝑛𝜑௣ ൅ 𝜒ௗ௣ 𝑛ௗ 𝜑ௗ ൅

∆ீಹ
ோ்

   (7) 237 

Another more recent approach to estimate solubility and miscibility was developed by Gross and 238 

Sadowski, and is a thermodynamic equation of state titled perturbed-chain statistical association fluid 239 

theory (PC-SAFT) (Gross and Sadowski, 2001). This equation of state approximates molecules by 240 

representing them as chains of spherical segments, and it takes into account multiple specific 241 

interactions such as hydrogen bonding. The PC-SAFT equation is generally expressed with respect to 242 

the residual Helmholtz energy, accounting for dispersive forces, repulsive forces, association and other 243 

interactions such as ionic and dipole-dipole interactions. 244 

From the equations above, it can be established that, in terms of thermodynamics, intermolecular 245 

interactions play a significant role in the miscibility and solubility of a drug in a polymer matrix. In the 246 

following sections, an overview will be provided of the different experimental and theoretical 247 

techniques to detect intermolecular interactions, and the influence of these interactions on the 248 

physical stability and pharmaceutical performance will be discussed. 249 
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3. Methods to probe the microstructure and detect intermolecular 250 

interactions 251 

The detection of intermolecular interactions between drug and polymer molecules can be performed 252 

both in the solid-state and in solution. Nevertheless, in this review, the discussion of the interaction 253 

detection methods focusses on the analysis in the solid-state. 254 

3.1. Spectroscopic methods 255 

3.1.1. Fourier transform infrared spectroscopy 256 

Infrared spectroscopy is a vibrational spectroscopy method, which allows to measure the vibrational 257 

motion of molecules (Christy et al., 2001). These vibrational motions are defined as the repetitive 258 

motions which go towards and away from the center of gravity. Molecules that can absorb infrared 259 

radiation display a change in the dipole moment during the vibrational motion. Infrared radiation can 260 

be absorbed by the molecule if the frequency and energy of the radiation match that which is required 261 

for the transition in state. This indicates that the molecular vibrations will transition from the ground 262 

state to a more excited state. The measurement of IR spectra is based on this principle of the molecular 263 

vibrations and is routinely used to characterize compounds, but also to investigate interactions (Larkin, 264 

2017). Traditional IR spectroscopy, where the intensity of each wavelength is checked separately, is 265 

used less often nowadays, as it is more time-consuming. Fourier transform infrared spectroscopy (FT-266 

IR) is applied more frequently, where data is collected over a wider range of wavelengths in the form 267 

of an interferogram, which is then subsequently Fourier transformed. 268 

FT-IR is also frequently used to investigate intermolecular interactions in ASDs. Usually, intermolecular 269 

interactions can be detected by observing shifts in the positions of peaks that correspond to interacting 270 

functional groups. Hydrogen bonding can for instance be detected by a shift of a C=O group, which is 271 

caused by a decrease of the double bonded character due to the hydrogen bond. For example, Dedroog 272 

et al. investigated the interactions between naproxen and poly(vinylpyrrolidone-co-vinylacete) 273 

(PVPVA) or fenofibrate and PVPVA in different organic solvents in the liquid-state, but also after drying 274 

of the solutions in the solid-state films. Via FT-IR measurements, the researchers could establish that 275 

naproxen and PVPVA interacted with several organic solvents and that naproxen and PVPVA also 276 

interacted with each other to different extents in different solvents. Figure 3 displays the FT-IR spectra 277 

of mixtures of PVPVA and naproxen in various solvents. The shoulder peak in the VP carbonyl stretching 278 

signal around 1636 cm-1 indicated the existence of hydrogen bonds between naproxen and PVPVA. It 279 

could be observed that stronger interactions were present in acetonitrile and dichloromethane 280 

compared to the other alcoholic solvents, as the shoulder peak already was present for the lowest 281 
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naproxen concentration of 10 wt% in acetonitrile and dichloromethane. Additionally, hydrogen bonds 282 

between drug and polymer could be observed as well in the films after drying of the solutions (Dedroog 283 

et al., 2022). Kothari et al. used FT-IR to evaluate the strength of hydrogen bonds between nifedipine 284 

and three different polymers, polyvinylpyrrolidone (PVP), hydroxypropylmethylcellulose acetate 285 

succinate (HPMCAS) and poly(acrylic acid) (PAA). It was observed that the strength of the 286 

intermolecular interactions with nifedipine were ranked in the following order: PVP > HPMCAS > PAA. 287 

Additionally, dielectric spectroscopy and X-ray powder diffraction (XRPD) were performed to 288 

investigate molecular mobility and crystallization kinetics respectively (Kothari et al., 2015a). 289 

Figure 3 290 

Chen et al. used FT-IR to investigate intermolecular interactions between several compounds and 291 

different polymers in ASDs before and after exposure to moisture. The compounds used in this study 292 

were felodipine, ketoconazole and griseofulvin, and the polymers were PVPVA and HPMCAS. For the 293 

ketoconazole ASDs, they could link drug release to the strength of the intermolecular interactions, as 294 

the ketoconazole/HPMCAS ASDs showed a faster drug release than the ketoconazole/PVPVA ASDs. 295 

The researchers explained that the difference in drug release could partially be attributed to a 296 

difference in intermolecular interaction strength, together with the lower crystallization tendency of 297 

ketoconazole and the ability of HPMCAS to maintain supersaturation (Y. Chen et al., 2015a). It was 298 

observed that the stronger ketoconazole/HPMCAS interactions lead to a higher degree of 299 

supersaturation and a stronger resistance of the interactions to disruption by water. FT-IR and 300 

attenuated total reflectance (ATR) -FT-IR, are one of the most applied methods to detect 301 

intermolecular interactions, due to the ease and speed of the measurements. Interpretation of the 302 

spectra can be straightforward, although it is sometimes hard to distinguish peaks shifts for 303 

overlapping peaks and interpret the observed changes. 304 

3.1.2. Raman spectroscopy 305 

Raman spectroscopy is another vibrational spectroscopy technique, similar to infrared spectroscopy, 306 

though it yields complementary information, as it relies on inelastic scattering of photons. Usually, 307 

monochromatic light is used to radiate the sample. The photons will interact with the molecular 308 

vibrations of the sample molecules, which results in the energy of the photons being shifted either 309 

up or down. These shifts yield information about the vibrational modes of the molecule. Note that 310 

only molecules who display a change in their polarizability are Raman active (as opposed to IR, which 311 

reflects changes in the dipole moment of molecules)  (Larkin, 2017; Vankeirsbilck et al., 2002). Similar 312 

to IR, changes in the chemical environment will be reflected in the Raman spectrum through changes 313 

in the peak position or peak shape, or by the appearance of new peaks (Palermo et al., 2012). It also 314 
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has been described that Raman may be more suited to detect non-specific interactions (e.g. 315 

hydrophobic interactions) in drug-polymer systems, which are rich in aromatic groups (Rawlinson et 316 

al., 2007). This is due to its working principle, which is based on changes in polarization. 317 

An example of Raman spectrometry being used to investigate intermolecular interactions can be found 318 

in the work of Keratichewanun et al. (Keratichewanun et al., 2015) where the researchers used Raman 319 

spectrometry and IR spectrometry to investigate the miscibility and intermolecular interactions 320 

between components in nifedipine-Soluplus® ASDs, which were produced using different 321 

manufacturing techniques. It was found that the drug interacted with Soluplus® via hydrophilic and 322 

hydrophobic interactions. The hydrophilic interactions could be identified using IR and the 323 

hydrophobic interactions were observable via Raman spectroscopy. Peak shifts could be seen for 324 

nifedipine in the spectral region of 790 to 820 cm−1, which is characteristic for aromatic hydrocarbons 325 

(Keratichewanun et al., 2015; Rawlinson et al., 2007). 326 

Additionally, Lu and Cuellar et al. (Lu et al., 2016) also investigated the formation of intermolecular 327 

interaction between felodipine using various techniques, including FT-IR and Raman spectroscopy. 328 

They reported a Raman peak shift that was observed in the region of 1200-1700 cm-1, which was a 329 

potential indication of intermolecular interactions. Following theoretical calculations, it became clear 330 

that the shifted Raman peaks corresponded to C-H bending, N-H bending and a combination of C-C 331 

and N-H bending peaks. Consequently, the shifts in these Raman peaks indicate the formation of 332 

hydrogen bonds(Lu et al., 2016).   333 

Admittedly, Raman spectroscopy is for many researchers often not the technique of first choice to 334 

investigate intermolecular interactions. Of the vibrational spectroscopic techniques, FT-IR is more 335 

popular for this purpose, despite the fact that Raman Spectroscopy can be used for samples dissolved 336 

in water, which is not the case for IR. Raman spectroscopy is rather used to investigate phase 337 

separation or to detect crystallinity in the ASD(X. Chen et al., 2015; Dohrn et al., 2021; Netchacovitch 338 

et al., 2017) . Additionally, Raman mapping is often used as well to examine the phase behavior of 339 

ASDs (Krummnow et al., 2023; Luebbert et al., 2018; Meng et al., 2015) or confocal Raman microscopy 340 

as well, which is a combination of traditional light microscopy and Raman spectroscopy. This technique 341 

provides chemical information of a certain region of interest in the sample. With respect to ASDs, it 342 

has for example been used to investigate changes in the phase behavior of the ASDs upon contact with 343 

water (Punčochová et al., 2016). 344 

3.1.3. Solid-State nuclear magnetic resonance 345 

Solid-state nuclear magnetic resonance (ssNMR) can be considered as one of the most versatile and 346 

accurate techniques in the toolbox of a formulation scientist, especially for the elucidation of the 347 
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physical structure of ASDs. A detailed description of the working mechanism of ssNMR is beyond the 348 

scope of this review but is thoroughly discussed in dedicated literature(Duer, 2004; Levitt, 2015). With 349 

respect to the solid-state characterization of ASDs, ssNMR can have multiple applications, ranging from 350 

detecting crystallinity and other solid forms of drug candidates, probing molecular miscibility, 351 

molecular dynamics, intra- and intermolecular interactions etc. (Kruk et al., 2012) With respect to 352 

investigating intra- and intermolecular interactions, ssNMR is often the technique of choice when it 353 

comes to exploring the type, strength and extent of different homo- and heteronuclear noncovalent 354 

intermolecular interactions. These interactions can range from ionic to dipolar and hydrogen bonding 355 

(Vogt et al., 2011)(Vogt et al., 2011).  356 

The most straightforward and popular method to detect drug-polymer intermolecular interactions is 357 

by observing spectral alterations like peak shifts (upfield or downfield, due to shielding or deshielding) 358 

or peak broadening in the one-dimensional spectrum of the ASD compared to the peaks in the spectra 359 

of the pure ASD components. These spectral alterations are the result of changes in the local chemical 360 

environment of the nuclei, which are inflicted by the interactions. The 13C nucleus is used most often 361 

for these types of experiments due to the wider resonance frequency range, which makes it easier to 362 

observe and interpret spectral changes, compared to for example the 1H nucleus, which has a narrower 363 

isotropic resonance region. Many researchers have investigated the intermolecular interactions in 364 

ASDs by comparing peak positions in one dimensional (1D) 13C spectra, which are measured most often 365 

via cross-polarization magic angle spinning (CP/MAS) experiments (Mistry et al., 2015; Okada et al., 366 

2020; Pugliese et al., 2021; Song et al., 2015). Other nuclei, which are prominent in a lot of APIs, such 367 

as 19F, 15N or 17O are also used in this regard and can provide additional complementary information. 368 

An example of this can be found in the work of Song et al. where the researchers performed 15N CPMAS 369 

NMR to investigate the protonation state of lapatinib in ASDs with various polymers. In the 15N-spectra 370 

of the ASD with hydroxypropyl methylcellulose phthalate (HPMCP), it was observed that there were 371 

two nitrogen populations for the amine group, which almost certainly corresponded to ionized and un-372 

ionized lapatinib (Figure 4). This indicated that salt formation occurred between lapatinib and HPMCP, 373 

whereas no salt formation was observed with the other polymers (Song et al., 2015). 374 

 375 

Figure 4 376 

 377 

Besides the standard one-dimensional NMR experiments, multi-dimensional NMR experiments are not 378 

only a great tool for structural characterization but can also be applied in the investigation of 379 

intermolecular interactions and miscibility of the ASD components. The most commonly used two-380 
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dimensional NMR techniques can roughly be divided in two main categories: correlation experiments 381 

and separation experiments (Paudel et al., 2014). In the correlation experiments, the correlations 382 

between either homo- or heteronuclear pairs originate from the coupling via dipolar or scalar 383 

interactions and are a reflection of the spatial proximity of the nuclei (either through space or through 384 

bonds). The most commonly used solid-state 2D NMR techniques are HETCOR, INEPT, MAS-J-HSQC, 385 

INADEQUATE, DQ/SQ, etc. The second type of experiments have as a goal to measure specific 386 

anisotropic interactions and include techniques that allow the measurement of chemical shift 387 

anisotropy, dipolar coupling or quadrupolar coupling. A large variety of different two-dimensional 388 

techniques to investigate intermolecular interactions exist and discussing them all would extend 389 

beyond the focus of this paper. Readers interested in this topic can be referred to a detailed review on 390 

solid-state NMR for ASDs by Paudel et al. (Paudel et al., 2014). 391 

An example of applying a two-dimensional NMR technique to investigate intermolecular interactions 392 

can be found in a paper by Lu et al. from 2019 where they performed 2D 13C-1H HETCOR NMR to 393 

investigate the interactions between posaconazole and HPMCAS (Lu et al., 2019). The experiments 394 

revealed a correlation between the triazole group of posaconazole and the hydroxyl group of HPMCAS, 395 

which suggested that these functional groups were in close proximity to each other and formed 396 

hydrogen bonds. Additionally, another intermolecular contact was detected by utilizing 13C- and 15N-397 

labeled posaconazole and performing 2D 13C-1H HETCOR NMR on the samples. A correlation was 398 

observed between the carbonyl of posaconazole and the carboxyl group of HPMCAS, which pointed in 399 

the direction of a drug-polymer interaction. Consequently, the combination of multiple NMR 400 

techniques allowed the elucidation of two types of interactions between posaconazole and HPMCAS 401 

(Lu et al., 2019). Improved miscibility is often a consequence of the presence of intermolecular 402 

interactions, and the assessment of the miscibility of ASDs is regularly performed via ssNMR 403 

relaxometry measurements. the proton spin-lattice relaxation time (T1H) and the proton spin-lattice 404 

relaxation decay time in the rotating frame (T1ρH), which are related to the process of spin diffusion, 405 

are associated with the domain size of phase separated domains. The maximum path length over which 406 

proton-proton spin diffusion can occur, can be described by L(6DTiH)1/2, where D denotes the spin 407 

diffusion coefficient (4-6x10-16 m2/s for solids) and TiH represents the relaxation time (either T1H or 408 

T1ρH). If the domain size exceeds the maximum path length for spin diffusion, then separate relaxation 409 

times will be measured for each of the mixture components. On the other hand, if the domains are 410 

smaller than the maximum path length, a similar relaxation time will be measured for each of 411 

components (Mehring, 1996; Wang et al., 2002, 2001). ssNMR relaxometry is often combined with 412 

other ssNMR spectrometric techniques in the characterization of the physical structure of ASDs. 413 

 414 
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Herein lies one of the key strengths of solid-state NMR, besides the high accuracy and robustness. The 415 

possibility of combining multiple one-dimensional and multi-dimensional NMR techniques and 416 

investigating different nuclei, often allows for an in-depth and detailed picture of the intermolecular 417 

interactions, miscibility and physical structure of the ASD. This often makes solid-state NMR the 418 

technique of choice when it comes to investigating intermolecular interactions. However, it also should 419 

be noted that equipment can be relatively expensive and measurement times can be quite long. 420 

Additionally, interpretation of the data and performing experiments correctly requires specific 421 

expertise. 422 

3.1.4.  X- ray photoelectron spectroscopy 423 

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analysis technique, which allows to probe 424 

the elemental composition of the first 10 nm of a solids outer surface (van der Heide, 2011). The 425 

technique can detect all elements from Lithium until uranium except for H and He, which are not 426 

detectable with XPS. Not only the elemental composition can be detected, but XPS can give an 427 

indication of the chemical environment of those respective elements (van der Heide, 2011). This 428 

surface analysis technique works by irradiating a sample with monochromatic x-rays in order to excite 429 

atoms, which in turn release photoelectrons, often referred to as the ‘photoelectric effect’. The kinetic 430 

energy of the released photoelectrons is determined and subsequently, the binding energy is 431 

calculated, which is a characteristic that is specific for each element, allowing identification of specific 432 

elements on the surface (van der Heide, 2011). 433 

With regard to ASDs, XPS is most often used to examine the composition of a particle surface in terms 434 

of drug to polymer ratio. An example of this can be found in the work of Borchardt-Setter et al. 435 

(Borchardt-Setter et al., 2024) where XPS was used to investigate the surface composition of two 436 

ternary ASDs containing posaconazole, PVP K12 and Span 80 or posaconazole, PVPVA and Span 80. It 437 

was found that, despite being miscible in the bulk of the formulation, XPS measurements revealed that 438 

posaconazole was depleted from the surface.  439 

XPS is less often applied as a tool to investigate intermolecular interactions compared to other 440 

spectroscopic techniques such as FT-IR and ssNMR. Nevertheless, it can still be used with this goal in 441 

mind, as was proven by for example Trasi et al. (Trasi et al., 2020). In this study, XPS was used to 442 

examine the protonation of lumefantrine in ASDs with several different polymers. It was found that 443 

the basic compound lumefantrine underwent salt formation with acidic polymers, which was 444 

demonstrated by the appearance of an additional N 1s peak around 402 eV, corresponding to the 445 

protonated nitrogen of lumefantrine. Varying degrees of salt formation could be detected with respect 446 

to the polymer that was used in the formulation of the ASD. The interactions between lumefantrine 447 
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and the polymers were corroborated by FT-IR measurements, where peak shifts were detected in the 448 

carbonyl region of the polymers (Trasi et al., 2020). Other examples exist where researchers observed 449 

hydrogen bonding (González Cortes et al., 2023; Maniruzzaman et al., 2015) and - stacking (González 450 

Cortes et al., 2023) between the components via XPS measurements. Admittedly, XPS is not the first 451 

technique of choice when it comes to probing intermolecular interactions, as it only provides 452 

information on the surface and not the bulk of the material and some issues have been reported with 453 

the reproducibility of the measurements (Pinder et al., 2024). Other techniques, which are applied 454 

more often with the aim to investigate intermolecular interactions, allow to acquire more detailed 455 

information about the types of interactions in the ASD. 456 

 457 

3.2. Other methods 458 

3.2.1.  (modulated) differential scanning calorimetry 459 

With respect to ASDs, (modulated) differential scanning calorimetry (mDSC) is mostly used to 460 

investigate drug-polymer miscibility, probe the crystallinity in the formulation or assess the solubility 461 

of the drug in the polymer matrix (Dedroog et al., 2020). However, some information on the 462 

intermolecular interactions between drug and polymer can still be distilled from mDSC experiments, 463 

although this is limited. For a certain binary drug-polymer combination, it is possible to estimate the 464 

Tg of the final ASD for different drug-polymer ratios by using the Gordon-Taylor equation (Gordon; 465 

Taylor, 1952): 466 

𝑇௚ ൌ
௄భ ೒்భା௄ಸௐమ ೒்మ

ௐభା௄ಸ
     (8) 467 

Where Tg, Tg1 and Tg2 are the glass transition temperatures of the final ASD, the amorphous drug and 468 

the polymer respectively. W1 and W2 are the weight fractions of the drug and polymer respectively. KG 469 

is a constant which can be calculated using the equation below: 470 

𝐾ீ ൎ
ఘభ ೒்భ

ఘమ ೒்మ
     (9) 471 

In this equation 1 and 2 represent the densities of the amorphous drug and the polymer respectively, 472 

and Tg1 and Tg2 are the glass transition temperatures of the amorphous drug and the polymer, which 473 

are the same as in the Gordon-Taylor equation . Besides the Gordon-Taylor equation, other equations 474 

are also used to estimate the Tg of the resulting ASD, such as the Fox (Fox, 1952) or Kwei (Kwei, 1984) 475 

equation. Nevertheless, the Gordon-Taylor equation is considered to be the most popular equation to 476 

estimate the glass transition temperature. The estimation of Tg according to the Gordon-Taylor 477 

equation assumes that ideal mixing takes place and that the strength of the drug-polymer interactions 478 



18 
 

is similar to the homomolecular interactions in the pure separate components. However, sometimes 479 

experimental Tg values can deviate significantly from the theoretical ones (Baghel et al., 2016b). 480 

Positive or negative deviations can occur due to heteromolecular interactions between drug and 481 

polymer being either stronger or weaker than the homomolecular interactions (Baghel et al., 2016b). 482 

Therefore, a positive deviation from the Tg values estimated via the Gordon-Taylor equation can 483 

indicate that strong intermolecular interactions are present between the drug and polymer in the ASD 484 

(See Figure 5) for a graphical presentation). A negative deviation, on the other hand, suggests that the 485 

homomolecular interactions are stronger than the drug-polymer interactions as a lower Tg indicates 486 

that less energy is required to increase the mobility to form the supercooled liquid. Admittedly, 487 

deviations from the ideal mixing behavior only provide qualitative information about whether or not 488 

some kind of interactions are present, and not which types of interactions it encompasses. 489 

Additionally, deviations are not always the direct result of intermolecular interactions, and it is also 490 

possible that intermolecular interactions may not lead to deviations from the predicted Tg values (Baird 491 

and Taylor, 2012b). Therefore, caution is advised when interpreting interactions via deviations of the 492 

predicted Tg values via the Gordon-Taylor equation. 493 

 494 

Figure 5 495 

 496 

Researchers have used this approach to investigate the possibility of interactions between the APIs 497 

sorafenib and regorafenib, and the polymers PVP and PVPVA (Liu et al., 2019). It was found that the 498 

experimental Tg values of the ASDs containing sorafenib showed a positive deviation from the 499 

predicted values, whereas the regorafenib ASDs displayed a negative deviation or matched the 500 

estimated values. This indicated that intermolecular interactions between the polymers and  sorafenib 501 

where stronger compared to those with regorafenib. These findings where then subsequently 502 

corroborated by solution NMR and computational methods (Liu et al., 2019). 503 

3.2.2.  Dynamic vapor sorption 504 

Dynamic vapor sorption (DVS) is a gravimetric analysis technique, which is routinely used to investigate 505 

how much solvent is sorbed by a solid sample. This is usually done by measuring the changes in mass 506 

of the sample as a function of the changing vapor concentration in the environment at a constant 507 

temperature. Water is mostly used as a solvent for this technique, although other organic solvents can 508 

be used as well (Hunter, 2016). Moisture sorption experiments can give insight into the moisture 509 

sorption properties of the material, which is a crucial factor in determining the stability and processing 510 
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characteristics of that material. Additionally, water vapor sorption measurements can also be applied 511 

to investigate the formation of solvates (Burnett et al., 2007) or hydrates (Vogt et al., 2006).  512 

Although DVS is not a technique that first comes to mind with respect to investigating the interactions 513 

in ASDs, it has been applied in this regard by Punčochová et al. (Punčochová et al., 2014) . In this work, 514 

the authors tried to relate deviations from the additivity of water sorption isotherms of individual 515 

components to intermolecular interactions in the ASDs. When predicting water sorption curves of 516 

binary mixtures, additivity of the individual component isotherms is assumed and can be described by 517 

the following equation: 518 

𝑊௠௜௫௧௨௥௘ ൌ  
ሺௐಲು಺ ௠ಲು಺ାௐ೛೚೗೤೘೐ೝ ௠೛೚೗೤೘೐ೝሻ

ሺ௠ಲು಺ା௠೛೚೗೤೘೐ೝሻ
    (10) 519 

Where W is the mass of the absorbed solvent for each specific dry component and m is the mass of 520 

the respective component in the mixture (Kachel et al., 2013). A deviation from this ideal additivity 521 

behavior can be interpreted as an indication of intermolecular interactions between drug and polymer 522 

and the intensity of the deviation as a sign of the strength of the interactions. The researchers 523 

measured the water sorption isotherms for ASDs containing valsartan and either PVP K30, Soluplus or 524 

Eudragit. The ASDs with PVP and Soluplus showed a significant negative deviation from the ideal 525 

isotherms as according to equation 10. The ASD containing valsartan and Eudragit displayed a positive 526 

deviation from the ideal isotherm, and thus had an increased water sorption. The results from the 527 

water sorption measurements could be correlated to the observations made in the ATR-FT-IR analysis. 528 

It was shown that in the ASDs containing PVP and Soluplus, the C=O peak of valsartan, which usually 529 

appears around 1605 cm-1, displayed a shift to lower wavenumbers, indicating interactions between 530 

the drug and polymer. For the ASD containing Eudragit, a shift to a higher wavenumber was observed. 531 

The differences in interactions between valsartan and the polymers also translated to different 532 

dissolution profiles for the ASDs (Punčochová et al., 2014). Similar approaches have been applied by 533 

other researchers as well after this study (Baghel et al., 2016c). 534 

Similar to mDSC, the use of DVS to investigate intermolecular interactions only provides an indication 535 

that intermolecular interactions might be present in the sample and can supply a measure for the 536 

extent of the strength of the interactions. However, it provides no qualitative information about what 537 

type of interactions might be present in the sample. Nevertheless, DVS can still be used as a 538 

complementary technique to provide additional evidence for the formation of intermolecular 539 

interactions. 540 
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3.2.3. X-ray atomic pair distribution function 541 

The pair distribution function (PDF) of X-ray scattering patterns can be obtained via Fourier 542 

transformation and although it does not probe intermolecular interactions in the true sense of the 543 

word, it can reveal information about long-range and short-range structural correlations between 544 

molecules(Billinge and Jensen, 2023; Terban and Billinge, 2022). The PDF method gives an indication 545 

of the probability of finding an atom at a certain distance of the origin point (Chen et al., 2021). PDF 546 

analysis can be used for a very wide variety of applications (Terban and Billinge, 2022) of which the 547 

discussion would go beyond the scope of this review. Nevertheless, some of the potential and most 548 

popular applications are for example, the determination of the molecular crystal structure (David and 549 

Shankland, 2008), phase quantification (Chen et al., 2001), the study of component miscibility (Chieng 550 

et al., 2013), measuring impurities (Terban et al., 2015), etc.  551 

Although PDF of X-ray scattering data is not generally used for the investigation of intermolecular 552 

interactions in ASDs, Chen et al. (Chen et al., 2023) have applied X-ray PDF in combination with ssNMR 553 

and principal component analysis in order to evaluate the molecular structure of amorphous 554 

posaconazole and investigate the intermolecular interactions in ASDs with posaconazole and HPMCAS. 555 

Next to characterizing the molecular structure of crystalline and amorphous posaconazole, the 556 

researchers measured changes in  the nearest neighbor peak in the PDF analysis of the X-ray diffraction 557 

data of the ASD as a function of the drug loading. Additionally, peak shifts for several carbon peaks of 558 

HPMCAS and posaconazole in the 13C ssNMR spectra of the ASDs were observed with respect to the 559 

drug loading. The PDF results and peak shifts in the 13C spectra were both incorporated in a PCA 560 

analysis. It was found that a similar trend of the first principal component was seen for both the PDF 561 

data and the ssNMR data, which indicated that both methods successfully displayed a monotonic 562 

change in the drug-polymer interactions as a function of the drug loading (Chen et al., 2023).  563 

Previously, another research group was also able to identify ion pair interactions in ASDs containing 564 

lapatinib and HPMC-E3 (De Araujo et al., 2017). This was done by extracting the intra- and 565 

intermolecular lapatinib and polymer functions from the total structure factors of pure lapatinib and 566 

polymer. Subsequently, the contributions of the polymer and the intramolecular lapatinib structure 567 

factors were subtracted, leaving the contributions of the drug-drug and drug-polymer interactions (De 568 

Araujo et al., 2017).  569 

As a stand-alone technique to investigate intermolecular interactions, the PDF method is not an ideal 570 

option, as the interpretation of the diffraction patterns is often challenging. Intra- and intermolecular 571 

distances can overlap, which can further complicate interpretation of the peaks (Chen et al., 2021). 572 

The PDF method also only detects the proximity of atoms, and it is difficult to distil information about 573 

interactions from it. Nevertheless, a combination of X-ray PDF analysis and other complementary 574 
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methods (such as ssNMR) can provide a significant advantage in interpreting the molecular structure 575 

of ASDs. 576 

3.3. In silico predictions of interactions 577 

A large amount of different in silico simulation methods and molecular modeling approaches have 578 

been developed in recent years, which can be used for a variety of purposes. With respect to ASDs, 579 

and simulating drug-polymer intermolecular interactions more specifically, three types of simulations 580 

are mainly used: docking studies, molecular dynamics and quantum mechanics (Nambiar et al., 2022). 581 

Within these simulation types, there is still a wide array of experiments which are available with 582 

different aims in mind. A more in-depth explanation of the different types of molecular modeling 583 

approaches which are used to investigate the various properties of amorphous solid dispersions can 584 

be found in a review by Nambiar, Singh and Mali et al. (Nambiar et al., 2022). 585 

The two main computational simulations, which are routinely used to investigate interactions between 586 

ASD components, are docking studies and molecular dynamics. Molecular docking simulations can be 587 

used to generate preliminary binding confirmations and predict the binding affinity between drug and 588 

polymer. Generally, if the calculated binding affinity between the two components is negative, then 589 

this a good indication that intermolecular interactions will be present in the physical ASD (Barmpalexis 590 

et al., 2019). Docking studies have been used in a number of recent investigations to simulate 591 

intermolecular interactions in ASDs (Budiman et al., 2022; Rosiak et al., 2024; F. Zhang et al., 2022). An 592 

example of this can be found in a study conducted by Rosiak et al. where the researchers investigated 593 

ASDs consisting of myricetin and PVP K30 (Rosiak et al., 2024). Molecular docking simulations, which 594 

were conducted by use of the Autodock 4.0 sofware, implied that hydrogen bonds were formed 595 

between the O-H group of myricetin and the C=O group of PVP K30. The existence of these hydrogen 596 

bonds was confirmed by analyzing the samples with FT-IR as well (Rosiak et al., 2024).  597 

Molecular dynamics, on the other hand, provides a tool to simulate the movement of all molecules in 598 

a complex system, such as an ASD, as a function of time, based on the physics that dictate the 599 

intermolecular interactions (Karplus and McCammon, 2002). This tool requires that the components 600 

of the system are parametrized by a force field that appoints the total energy of the system as a sum 601 

of potential energy functions (Ma et al., 2020). Different types of force fields exist, which all describe 602 

the energy of the system depending on the position of the atoms. Molecular dynamics simulations 603 

have been applied in multiple studies investigating the intermolecular interactions in ASDs (Aulifa et 604 

al., 2024; Becelaere et al., 2022; Kabedev et al., 2022). Becelaere and Van Den Broeck et al. (Becelaere 605 

et al., 2022) used molecular dynamics simulations to investigate drug-polymer interactions between 606 

flubendazole and poly(2-ethyl-2-oxazoline) (PEtOx). The researchers constructed customized force 607 
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fields for both flubendazole and PEtOx, which were then validated as well. It was observed in the 608 

molecular dynamics simulations that hydrogen bonds were present between flubendazole and PEtOx, 609 

and that there was a competition for hydrogen bond donor sites, which was dominated by PEtOx. The 610 

simulated hydrogen bonds were also confirmed to be present in the experimentally electrospun ASDs 611 

by ATR-FT-IR (Becelaere et al., 2022). In this study, a second computational method was used to 612 

simulate the interactions that would occur in the ASDs, namely density functional theory (DFT) 613 

calculations, which belong to the third and final group of in silico methods. 614 

The final type of computational methods which can be used to study intermolecular interactions is 615 

quantum mechanics, of which DFT calculations are an often-applied example, like it was used in the 616 

example in the paragraph above. DFT calculations allow for the investigation of non-bonding 617 

interactions via the construction of molecular complexes and the associated interaction energy 618 

(Mazurek et al., 2020). It is a rapid and powerful technique, which provides a ‘static snapshot’ of the 619 

molecular complexes (Nambiar et al., 2022) and is used as a computational approach in a variety of 620 

studies (Sarpal et al., 2019; Wang et al., 2017; S. Zhang et al., 2022). In one such study, Wang et al. 621 

used DFT calculations to predict interactions between PVP and resveratrol or griseofulvin (Wang et al., 622 

2017). It was predicted that hydrogen bonds would be formed between PVP and resveratrol, and the 623 

distances of the hydrogen bonds were calculated as well. It was verified by FT-IR analysis that in the 624 

ASD, hydrogen bonds between PVP and resveratrol could indeed be observed (S. Zhang et al., 2022). 625 

Of course, it has to be mentioned that the in silico simulations of intermolecular interactions are, in 626 

fact, obviously only predictions and are not a real reflection of the actual interactions that exist in the 627 

physical ASDs. Therefore, most studies that apply computational methods to simulate the interactions 628 

that could occur between ASD components, also utilize other methods to verify the predictions 629 

experimentally. Most often, these predictions are complemented with spectroscopic measurements 630 

such as ssNMR or FT-IR. Nevertheless, molecular modeling approaches can hold a significant benefit 631 

for researchers investigating intermolecular interactions, as the predictions can give useful insights 632 

into the functional groups that are involved in the interactions, help with the interpretation of other 633 

results or confirm observations made with other techniques. 634 

4. Influence of intermolecular interactions on the physical stability  635 

It is one thing to be able to detect intermolecular interactions in an ASD system, but the knowledge of 636 

interactions only holds real value if it is understood how these molecular interactions affect important 637 

end-product properties, such as the physical stability and the pharmaceutical performance. Obviously, 638 

the stability and dissolution of ASDs are very complex processes, which depend on a range of different 639 

factors besides intermolecular interactions. Nevertheless, drug-polymer interactions still play an 640 
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important role in both of these processes and it is crucial to understand every step and aspect of the 641 

process to be able to fully comprehend what exactly is occurring and how all steps are connected. 642 

Therefore, in this section and the next one, the influence of the drug-polymer interactions on the 643 

physical stability and the drug release from ASDs will be discussed. 644 

The physical stability of an ASD can be defined as the ability of the system to maintain its amorphous 645 

nature, while remaining a one-phase molecularly mixed dispersion. (Newman et al., 2012)(Bhujbal et 646 

al., 2021b)With respect to the physical stability of ASDs, several factors play a key role in determining 647 

the stability of the formulation upon storage. The loading of the drug with respect to drug-polymer 648 

solubility and miscibility (Chan et al., 2015; Meng et al., 2015; Qian et al., 2010; Yuan et al., 2014), the 649 

crystallization tendency of the drug (Van Eerdenbrugh et al., 2010), the Tg of the ASD system with 650 

respect to the storage temperature(Yoshioka et al., 1994), the humidity of the environment 651 

(Rumondor et al., 2009) and the presence of drug-polymer intermolecular interactions, of which the 652 

influence will be discussed below. 653 

Intermolecular interactions can influence the stability of ASDs in a variety of ways. As already discussed 654 

in the first section of this review, drug-polymer interactions can have a positive influence on the 655 

solubility and miscibility of drug and polymer (Bookwala and Wildfong, 2023). Multiple studies have 656 

already indicated that the drugs which interact with the polymer, have an improved solubility in those 657 

polymers compared to their solubility in polymers with less potential for intermolecular interactions 658 

(Bookwala et al., 2022; Knopp et al., 2015; Tao et al., 2009). Similar to the solubility, the drug-polymer 659 

miscibility can also be improved by the existence of intermolecular interactions, as was proven by 660 

Marsac et al. who investigated mixing between felodipine and nifedipine with PVP (Marsac et al., 661 

2006b). The researchers could correlate the interaction potential of the two APIs and PVP with the 662 

miscibility data of the two systems that were obtained in previous studies.  663 

Besides improving solubility and miscibility of the drug in the polymer, intermolecular interactions can 664 

also alter the molecular mobility of the drug molecules in the polymer matrix (Bookwala and Wildfong, 665 

2023; Kapourani et al., 2021). Generally, the higher Tg of the polymer compared to that of the 666 

amorphous API increases the Tg of the overall ASD system, leading to an antiplasticizing effect and a 667 

decreased molecular mobility of the API in the ASD (Baghel et al., 2016b). The reduced molecular 668 

mobility lowers the chance of AAPS and nucleation/crystallization, as the movement of the drug 669 

molecules is hampered (Yao et al., 2020). Drug-polymer intermolecular interactions can result in an 670 

additional reduction of the molecular mobility of the drug molecules in the ASD system, by decreasing 671 

the degrees of freedom of the API (Aso and Yoshioka, 2006) and also reducing the global mobility of 672 

the total ASD system (Bhardwaj et al., 2014). This was for instance established in a study by Kothari et 673 
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al. where the strength of the intermolecular interactions between nifedipine and three different 674 

polymers was correlated with the molecular mobility and the crystallization kinetics (Kothari et al., 675 

2015b). It was found that the strongest drug-polymer interactions could be observed between 676 

nifedipine and PVP, which resulted in the largest increase in the relaxation times and the highest 677 

reduction of the crystallization kinetics (Kothari et al., 2015b). As a demonstration of this, the dielectric 678 

loss of ASDs containing nifedipine and one of three selected polymers (PVP, PAA and HPMCAS) is 679 

depicted in Figure 6. The dielectric loss peak for the nifedipine-PVP ASD occurred at a much lower 680 

frequency compared to the other polymers, indicating a higher reduction of the mobility. 681 

Figure 6 682 

Lastly, drug-polymer interactions can also reduce the risk of nucleation and crystallization of the API in 683 

the polymer matrix, beyond the effect of reducing molecular mobility. As already mentioned, if the 684 

drug loading of the API in the ASD is above the drug-polymer solubility, then there is a thermodynamic 685 

driving force for phase separation and crystallization, as the system is considered a metastable state 686 

compared to the crystalline counterpart. The formation of a critical nucleus, the first step in the 687 

crystallization process, is associated with an increase in the free energy and the smaller this energy 688 

barrier is, the higher the chance of forming that critical nucleus is (Rams-Baron et al., 2018). If drug-689 

polymer interactions are present, then first of all, the free energy of the system is reduced, decreasing 690 

the driving force for phase separation (Malick, 2014). Additionally, the energy barrier that needs to be 691 

overcome in order for the drug molecules to come together and phase separation to occur is increased, 692 

as these intermolecular interactions need to be disrupted for that to happen (Krishna Kumar and 693 

Suryanarayanan, 2022). Zhang et al. showed, for example, that the nucleation rates of fluconazole 694 

were significantly decreased by HPMCAS and were attributed to strong intermolecular interactions 695 

and the larger monomer unit (Zhang et al., 2021). PVP K30, on the other hand, only had a minor 696 

inhibitory effect on the nucleation of fluconazole and poly (ethylene oxide) (PEO) even resulted in an 697 

increase of the nucleation rates (Zhang et al., 2021). Not only nucleation can be inhibited by the 698 

presence of drug-polymer interactions, but the crystal growth after nucleation can also be affected by 699 

the interactions. In a study by Kestur and Taylor, a correlation was observed between the crystal 700 

growth rate of amorphous felodipine and the strength of the drug-polymer interactions between 701 

felodipine and the polymers that were selected (Kestur and Taylor, 2010). The order of crystallization 702 

inhibition effectiveness was PVP > PVPVA > HPMCAS > PVAc, and the same order was observed with 703 

respect to the strength of the hydrogen bonding interactions between felodipine and the polymers. 704 

Consequently, it appeared that polymers which can form stronger interactions with the API inhibit 705 

crystallization to a larger extent (Kestur and Taylor, 2010). 706 
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A good example of the influence of intermolecular interactions on the stability of ASDs can be found 707 

in the comparison study of Wu and Van den Mooter (Wu and Mooter, 2023) where ASDs were 708 

manufactured with PVPVA and six different APIs. The APIs could be subdivided according to their 709 

crystallization tendency as a slow, moderate or fast crystallizer. In each crystallization category, an API 710 

with and without hydrogen bond donor groups was placed and for each API the maximum drug loading 711 

was determined in PVPVA and a stability study was performed on the respective ASDs. It was found 712 

that, in the same class of crystallization tendency, the APIs which contained hydrogen bond donor 713 

groups attained higher possible drug loadings compared to the drugs without donor groups (Wu and 714 

Mooter, 2023). Additionally, the ASDs which contained APIs that had hydrogen bond donor groups 715 

remained stable for a longer period of time compared to the APIs which did not contain hydrogen bond 716 

donor groups. 717 

In conclusion, with respect to the physical stability of ASDs, intermolecular interactions play a very 718 

important role. Drug-polymer interactions can improve the solubility of the drug in the polymer and 719 

the drug-polymer miscibility, which can lead to higher possible drug loadings as well. Besides this, 720 

interactions can reduce the molecular mobility of the drug in the polymer matrix. Lastly, intermolecular 721 

interactions can reduce the chance of nucleation and can slow down crystal growth kinetics 722 

significantly, which all leads to an improved physical stability. Interestingly, when it comes to spray 723 

dried ASDs or ASDs manufactured with other solvent-based techniques, it has been observed that 724 

drug-polymer interactions and conformations in solution can be transferred to the solid-state (Defrese 725 

et al., 2020). Interactions with the solvent are also of importance, thus the solvent that is used to 726 

manufacture the ASDs can impact properties of the ASDs in the solid-state as well (Dedroog et al., 727 

2022). 728 

5. Influence of intermolecular interactions on dissolution and 729 

supersaturation  730 

Besides the physical stability upon storage, another important property of ASDs is the release profile 731 

of the drug from the formulation. As it is the aim of ASDs to improve the oral bioavailability of poorly 732 

soluble drugs compared to the pure crystalline state, it is important that the drug can reach high 733 

concentrations and that the supersaturation can be maintained. It is generally assumed that the ideal 734 

release profile for an ASD system, if not intended for extended or targeted release, is a fast initial drug 735 

release from the formulation followed by the maintenance of supersaturation, which can lead to 736 

higher absorption and bioavailability. This type of release profile is commonly referred to as the 737 

‘spring-parachute’ effect, with the ‘spring’ referring to the fast initial drug release and the ‘parachute’ 738 
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representing the maintenance of the supersaturation (Shi et al., 2021). If the drug were to crystallize 739 

in the dissolution medium, then the benefits of the supersaturation are diminished. The dissolution of 740 

drug molecules from an ASD formulation is a complex process, which is influenced by a variety of 741 

factors such as the drug and its physicochemical properties, the way the formulation is designed and 742 

the polymer that is selected, which also relates to the drug-polymer interactions (Baghel et al., 2016d; 743 

Taylor and Zhang, 2016).  744 

The initial drug release is highly depending on the polymer that was selected for the formulation and 745 

the drug loading of the API in the polymer matrix (Y. Chen et al., 2015b; Indulkar et al., 2019). 746 

Depending on the drug-polymer combination, below a certain drug loading, the drug release rate is 747 

rapid and polymer-controlled. However, if the drug loading is increased above this critical limit, then 748 

the drug release becomes drug-controlled, and the rate and amount of drug release will sharply 749 

decrease. The drug loading above which drug release becomes drug-controlled, and the rate and 750 

extent of release drop significantly, is generally called ‘the limit of congruency’ (LoC)  (Indulkar et al., 751 

2019; Que et al., 2019; Saboo et al., 2019) . Above the LoC, upon contact with water, the rate of phase 752 

separation might be higher than the rate of drug dissolution, resulting in a drug-rich phase with a 753 

decreased drug release rate. It has been observed that intermolecular drug-polymer interactions play 754 

an important role in the establishment of the LoC. Que, Lou and Zemlyanov et al. have investigated 755 

the correlation between the LoC and intermolecular interactions in ASDs of ledipasvir and PVPVA (Que 756 

et al., 2019). The researchers found that the relatively low LoC of 5 - 7.5 wt% of the system could be 757 

attributed to the fact that drug-polymer interactions were saturated above 10 wt% and drug-drug 758 

interactions predominated above the LoC, as was seen in the NMR analysis. This lead to phase 759 

separation and surface drug enrichment, hampering the release of the rest of the drug and the 760 

polymer, which explained the drop in drug release for drug loadings above 7.5 wt%. (Que et al., 2019). 761 

This indicated that intermolecular interactions are in fact important in the establishment of the Loc. 762 

Interestingly, the same research group investigated the correlation between the strength of the 763 

intermolecular interactions and the LoC, by manufacturing ASDs with PVPVA and APIs with a common 764 

chemical scaffold (Que et al., 2021). A negative correlation could be observed between the strength of 765 

the intermolecular interactions and the LoC, meaning that APIs which did not interact or did not 766 

interact strongly with PVPVA, could reach higher LoC values and showed a higher drug release at larger 767 

drug loadings (Que et al., 2021). A follow-up study indicated that the interacting systems displayed a 768 

larger amount of polymer in the hydrophobic phase after contact with water, which was suggested to 769 

be a determining factor in the increase of the volume of the hydrophobic phase and the formation of 770 

an insoluble barrier after phase separation (Deac et al., 2023). However, most of these studies were 771 

performed on PVPVA-based systems and studies with other polymers are still limited. Hiew and co-772 
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workers compared PVPVA with enteric polymers in lumefantrine-based ASDs and found that the 773 

release behavior of the PVPVA-based ASDs was different compared to the enteric polymers (Hiew et 774 

al., 2022). The dissolution rate from the ASDs containing enteric polymers was governed by the release 775 

rate of the pure polymer and the drug release decreased with increasing drug loading. It was suggested 776 

that this was due to ionic interactions, which diminished hydration of the polymer carboxylate ions, 777 

limiting dissolution of the polymer (Hiew et al., 2022). 778 

As already mentioned, the improved drug release from ASDs can lead to high drug concentrations and 779 

a supersaturated solution as a consequence. Generally, the maximum theoretical supersaturation, 780 

which can be defined as the highest possible drug concentration where the drug is still present in the 781 

aqueous medium as free drug molecules is often termed the ‘amorphous solubility’ (Murdande et al., 782 

2010). When the drug concentration exceeds the amorphous solubility, liquid-liquid phase separation 783 

(LLPS) may occur, without the crystallization of the drug. The occurrence of LLPS entails the equilibrium 784 

between a drug-rich phase, existing as colloidal nano-droplets, and a water-rich phase where the 785 

concentration of the drug is similar to the amorphous solubility (see Figure7) (Ilevbare and Taylor, 786 

2013). The appearance of drug-rich nano-droplets and LLPS often happens in ASDs where a congruent 787 

polymer-controlled drug release is observed, as this is correlated with a higher rate and extent of drug 788 

release (Que et al., 2021). Drug-rich nano-droplets have been observed to act as a kind of ‘reservoir’ 789 

and could lead to higher drug plasma concentrations compared to ASD systems that lead to similar 790 

supersaturation degrees but do not form drug-rich aggregates (Saboo et al., 2019). It has been 791 

observed by Qian et al. that the LLPS onset point is also related to the intermolecular interaction 792 

between drug and polymer. The researchers found that stronger interactions resulted in a higher LLPS 793 

onset concentration and higher maximum achievable free drug. However, this effect depended on the 794 

type of interactions that were present between the drug and polymer. Hydrogen bonding appeared to 795 

be more sensitive to disruption by water and affected the LLPS onset point to a lesser extent (Qian et 796 

al., 2024). 797 

 798 

Figure 7 799 

 800 

The behavior of ASDs upon contact with the dissolution medium can be theoretically described using 801 

ternary phase diagrams of the API/polymer/water system. A paper by Krummnow et al. provided an 802 

excellent depiction of this, describing the pathways an API/polymer system can follow upon contact 803 

with water. Water that is absorbed in the ASD can lead to AAPS in the wet ASD, and simultaneously, 804 
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LLPS of the dissolved drug molecules can occur in the dissolution medium, forming drug-rich 805 

nanodroplets. Two ternary phase diagrams, depicting these two situations, can be found in Figure 8.  806 

Figure 8 807 

When it comes to the second part of the dissolution process, the maintenance of supersaturation after 808 

the initial drug release from the ASD formulation, a couple of factors play a determining role. The 809 

physicochemical properties of the drug, such as the crystallization tendency (Van Eerdenbrugh et al., 810 

2010), are important, but again also the polymer that was selected and the composition of the 811 

formulation are key factors in the whole process. It has been abundantly reported that the polymer is 812 

capable of prolonging and maintaining supersaturation and inhibiting crystallization of the drug in 813 

solution (Li et al., 2020). The presence of drug-polymer interactions also appears to be crucial for 814 

supersaturation and could limit nucleation and crystal growth of the drug molecules in solution (Y. 815 

Chen et al., 2015c; Que et al., 2018). Mendes, Andrzejewski and Pinto et al. investigated the 816 

supersaturation of sulfamethoxazole from ASDs which contained either Soluplus or Eudragit EPO and 817 

correlated the supersaturation results with the drug-polymer interactions (Mendes et al., 2020). It was 818 

observed that higher levels of sulfamethoxazole supersaturation could be attained when it was present 819 

in an ASD with Eudragit EPO compared to Soluplus. The increased supersaturation could be attributed 820 

to hydrogen bond formation between sulfamethoxazole and Eudragit EPO, which reduced nucleation 821 

by increasing the activation energy for the drug to nucleate and decreased crystal growth (Mendes et 822 

al., 2020). Ugur, Caggiano and Monson et al. indicated that not only the strength of the drug-polymer 823 

interactions play a role in supersaturation but also showed that it is a complex interplay between drug-824 

drug, drug-polymer and polymer-polymer interactions, where the interactions with water and the 825 

hydrophobicity of the polymer play a role in the drug release as well (Ugur et al., 2024). Furthermore, 826 

it was even shown by Li and Taylor that stronger drug-polymer interactions can lead to a larger 827 

solubility suppression when the ASD consisted of a poorly soluble polymer, allowing the tailoring of a 828 

more sustained release (Li and Taylor, 2018). A study by Ueda et al. discussed the trade-off that needs 829 

to be made considering the impact of intermolecular interactions on the supersaturation of the drug 830 

(Ueda et al., 2021). The researchers showed that drug-polymer interactions lead to a reduction of the 831 

chemical potential, causing a larger amount of polymer distributing in the drug-rich phase when LLPS 832 

occurs. This translates into a couple of advantages such as increased inhibition of crystallization (Ueda 833 

et al., 2019) and improvement of the size stability of the drug-rich nano-droplets (Ueda and Taylor, 834 

2020). However, increased amounts of polymer in the drug-rich phase also can cause a decrease in the 835 

amorphous solubility of the drug, leading to a decline in the amount of free dissolved drug molecules 836 

(Ueda et al., 2021).   837 
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Compared to the influence of drug-polymer intermolecular interactions on the physical stability of 838 

ASDs, which is quite straightforward, the effect of interactions on the dissolution process of the ASD is 839 

more complex. As discussed above, intermolecular interactions can influence the various stages of 840 

dissolution, going from the initial drug release to supersaturation and can affect these processes in 841 

both a negative and positive manner depending on the drug-polymer system. When designing an ASD 842 

formulation, both the advantages and disadvantages need to be considered and balanced against each 843 

other, while also holding the physical stability of the formulation in mind. It is however certain that, 844 

despite all the studies that already have been performed, further research is still necessary in order to 845 

elucidate the dissolution process in more detail. 846 

6. Conclusion 847 

This review provides a detailed overview of the role that intermolecular interactions play in the 848 

formulation and performance of amorphous solid dispersions. First, the thermodynamics and 849 

theoretical considerations of interactions in general were discussed in the first part of the review. An 850 

overview was given of all characterization techniques that are applied in research to investigate 851 

intermolecular interactions in the solid-state and several examples of applications were provided for 852 

each technique. The most useful and popular methods to detect interactions are the spectroscopic 853 

techniques, especially FT-IR and ssNMR. We consider ssNMR to be one of the most useful and versatile 854 

techniques when it comes to probing intermolecular interactions, due to the large variety of pulse 855 

sequences and the range of information that can be distilled from the measurements. Combinations 856 

with in silico simulation methods can be valuable to deepen the understanding of the type of 857 

interactions that are formed and the effect on the physical structure. 858 

 Finally, the role of drug-polymer interactions on the physical stability and drug release of ASDs was 859 

explored in more detail. Intermolecular interactions show a definite positive effect on the stability of 860 

ASDs, and stronger interactions usually lead to more stable dispersions, and can result in higher drug 861 

loadings. The effect of drug-polymer interactions on the drug release is less straightforward. Both 862 

positive and negative effects on the drug release have been attributed to intermolecular interactions, 863 

and many studies are trying to elucidate how they impact the dissolution process. Nevertheless, more 864 

work is still needed to acquire a more extensive comprehension of the process. 865 

It is clear that intermolecular interactions play a very important role in various aspects of the 866 

formulation and performance of ASDs. However, more systemic studies investigating the interplay and 867 

balance between physical stability and dissolution are warranted. A more in-depth understanding of 868 
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both of these processes needs to be achieved, but especially the combined effect of interactions on 869 

both of these aspects should be studied in more detail. 870 

  871 
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Figure Captions 876 

 877 

Figure 1: Graphical representation of the Lennard-Jones potential model. Intermolecular potential 878 

energy VL J in function of the distance of a pair of molecules. 879 

 880 

Figure 2: Graphical representation of a state diagram for an amorphous solid dispersion with 881 

different drug loadings in function of the temperature. The crystalline drug-polymer solubility line, 882 

the amorphous drug-polymer solubility line and the glass transition divide the diagram in six distinct 883 

regions. I: thermodynamically stable glass; II: Thermodynamically stable liquid; III: supersaturated 884 

glass; IV: supersaturated liquid; V: supersaturated and immiscible glass: VI: supersaturated and 885 

immiscible liquid. (adapted form Qian et al. 2010 with permission) 886 

 887 

Figure 3: FT-IR spectra of NAP, PVPVA, and 10, 20, and 30 wt % NAP and PVPVA in MeOH (A), EtOH 888 

(B), PrOH (C), ACN (D), and DCM (E). The following color code was applied: NAP in red, PVPVA in 889 

black, 10 wt % NAP in blue, 20 wt % NAP in orange and 30 wt % NAP in green. The transmittance is 890 

depicted in arbitrary units. (Reprinted with permission from Dedroog et al. 2022. Copyright 2025 891 

American Chemical Society.) 892 

 893 

 894 

Figure 4: 15N CPMAS NMR spectra of crystalline LB freebase, crystalline LB phthalate, amorphous LB 895 

freebase, and LB–HPMCP solid dispersions with drug loadings of 40%, 60%, 80%, in the spectral range 896 

of −225 to −400 ppm. (Reprinted with permission from Song, Yang, Cheng et al. 2015. Copyright 2025 897 

American Chemical Society.) 898 

 899 

Figure 5: Possible deviations from the ideal behavior of the glass transition temperature in function 900 

of the weight fraction of the drug, as predicted by the Gordon-Taylor equation. (Figure adapted from 901 

Baghel et al. 2016 with permission.) 902 

 903 

Figure 6: Dielectric loss behavior of NIF (blue ●) and NIF solid dispersions with PVP (black ●), 904 

HPMCAS (red ▼), and PAA (green ■) at 60 °C with (a) 10% and (b) 20% w/w polymer concentration. 905 

The loss curves have been normalized with respect to the maximum loss value. (Reprinted with 906 

permission from Kothari et al. 2015. Copyright 2025 American Chemical Society.) 907 

 908 

Figure 7: A visual representation of the dissolution of drug molecules from an ASD where the 909 

amorphous solubility is exceeded, and liquid-liquid phase separation occurs. Drug-rich nano droplets 910 

are formed and act as a sort of reservoir for the drug molecules in solution. 911 

 912 
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Figure 8: Schematic ternary phase diagram of an API/polymer/water system with schematic 913 

pathways of (a) water sorption and amorphous phase separation (according to (c)) and (b) ASD 914 

dissolution in water and liquid–liquid phase separation (according to (d)). The black circle depicts the 915 

dry ASD, and the blue dash-dotted line represents the path for (a) water sorption and (b) ASD 916 

dissolution. The gray solid line illustrates the miscibility gap (gray area) with gray dash-dotted tie 917 

lines. The red triangle denotes the feed point F for (a) amorphous phase separation and for (b) 918 

liquid–liquid phase separation. Gray diamonds denote the API-poor phase L1 and the API-rich phase 919 

L2. (reprinted from Krummnow et al. 2022 with permission) 920 

 921 

 922 

  923 
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