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ABSTRACT 

We recently found that indomethacin (IMC) can effectively act as a powerful crystallization 

inhibitor for polyethylene glycol 6000 (PEG) despite the fact that the absence of interactions 

between the drug and the carrier in the solid state was reported in the literature. However, in 

the present study, we investigate the possibility of drug-carrier interactions in the liquid state to 

explain the polymer crystallization inhibition effect of IMC. We also aim to discover other 

potential PEG crystallization inhibitors. Drug-carrier interactions in both liquid and solid state 

are characterized by variable temperature Fourier transform infrared spectroscopy (FTIR) and 

cross-polarization magic angle spinning 13C nuclear magnetic resonance spectroscopy 

(CP/MAS NMR). In the liquid state, FTIR data show evidence of the breaking of hydrogen 

bonding between IMC molecules to form interactions of the IMC monomer with PEG. The 

drug-carrier interactions are disrupted upon storage and polymer crystallization, resulting in 

segregation of IMC from PEG crystals that can be observed under polarized light microscopy. 

This process is further confirmed by 13C NMR since in the liquid state, when the IMC:PEG 

monomer units ratio is below 2:1, IMC signals are undetectable because of the loss of cross-
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polarization efficiency in the mobile IMC molecules upon attachment to PEG chains via 

hydrogen bonding. This suggests that each ether oxygen of the PEG unit can form hydrogen 

bonds with two IMC molecules. The NMR spectrum of IMC shows no change in solid 

dispersions with PEG upon storage, indicating the absence of interactions in the solid state, 

hence confirming previous studies. The drug-carrier interactions in the liquid state elucidate the 

crystallization inhibition effect of IMC on PEG as well as other semi-crystalline polymers such 

as poloxamer and Gelucire®. However, hydrogen bonding is a necessary but apparently not a 

sufficient condition for the polymer crystallization inhibition. Screening of crystallization 

inhibitors of semi-crystalline polymers discovers numerous candidates that exhibit the same 

behavior as IMC, demonstrating a general pattern of polymer crystallization inhibition rather 

than a particular case. Furthermore, the crystallization inhibition effect of drugs on PEG is 

independent on the carrier molecular weight. These mechanistic findings on the formation and 

disruption of hydrogen bonds in semi-crystalline dispersions can be extended to amorphous 

dispersions and are of significant importance for preparation of solid dispersions with consistent 

and reproducible physicochemical properties. 
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INTRODUCTION 

Despite being considered as one of the most powerful strategies to overcome the limited 

solubility and dissolution rate of poorly water soluble active pharmaceutical ingredients (APIs) 

which account for approximately 40% of marketed drugs and most current drug development 

candidates,1 the application of solid dispersions has been largely restricted by physical stability 

problems leading to bioavailability variation.2, 3 This emphasizes the need of further 

mechanistic understanding of solid dispersions at the molecular level in order to improve 

product qualities. 

In a system containing API and carrier, the properties of each component as well as their mutual 

interactions cooperatively dictate the performance of solid dispersions. In fact, as the carrier 

normally constitutes the largest part of the formulation, its characteristics will greatly contribute 

to the properties and behavior of solid dispersions.4, 5 However, studies on solid dispersions 

have mainly focused on how carriers affect properties of APIs. There have been only few 

studies dealing with the influence of APIs and preparation processes on the properties of carriers 

as well as the behavior of the carriers in the system.  

For amorphous carriers, although the amorphous state of the carriers remain unchanged in either 

the absence or presence of APIs, the modifications in their conformation under the influence of 

solvent quality,6 pH,7, 8 ionic strength9 or mechanical stress10 might result in significant 

differences in drug-carrier interactions, the drug stabilization and supersaturation maintenance 

effect of the carriers.5 The story becomes even more complicated with semi-crystalline carriers 

like polyethylene glycol. On the one hand, the presence of PEG either accelerated, slowed down 

or had no influence on the crystallization process of APIs; on the other hand, APIs have been 

found to affect the crystallization of the polymer11, 12 that in turn might influence the 

microstructure and hence the physicochemical properties and the pharmaceutical performance 

of the system.4 Therefore, thorough understanding of the behavior of both APIs and carriers 
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will be of great importance for preparation of solid dispersions with consistent and reproducible 

performance. 

In a recent paper, we reported that indomethacin acted as an effective crystallization inhibitor 

of PEG13 and at certain drug loading, the drug was able to maintain the amorphous state of PEG 

for months or even years. Increasing the drug content results in higher stability and slows down 

the crystallization rate of the amorphous polymer. In addition, depending on the interplay 

between the crystallization rate of PEG and the diffusion rate of indomethacin upon changing 

the drug loading, the crystallization of the polymer may give rise to a single amorphous phase 

or generate amorphous–amorphous phase separation, producing a polymer-rich domain and a 

drug-rich domain which exhibits two distinct glass transition temperatures (Tgs). These 

observations demonstrate a wide range in physicochemical properties of PEG-IMC dispersions 

as a result of the complex nature in crystallization of the system, which should be taken into 

account during preparation and storage. 

IMC is indeed not the only API that impedes the crystallization of PEG but it is, to the best of 

our knowledge, the first low molecular weight drug that can retain amorphous PEG for such 

long periods. Other APIs including chlorpropamide, aceclofenac,11 ibuprofen, benzocaine,12 

temazepam14 could also decrease the growth rate of PEG crystals, yet the polymer still 

crystallized extremely fast within few minutes. The first idea that comes to mind as an 

explanation for the inhibition effect of IMC on the PEG crystallization would be specific drug-

carrier interactions. However, all studies involving PEG-IMC solid dispersions consistently 

reported the absence of any interactions.15-17 Another research question is whether other PEG 

crystallization inhibitors do exist, or is this an exclusive characteristic of IMC? Therefore, the 

present work aims to elucidate the origin of the inhibition effect of IMC on the PEG 

crystallization, and to discover other potential PEG crystallization inhibitors. 
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EXPERIMENTAL SECTION 

Materials 

The main model API, γ-IMC (melting point – Tm: 161oC, Tg: 45oC), was purchased from Fagron 

(Saint-Denis, France). The α polymorph of IMC was prepared by the method described by 

Kaneniwa et al.,18 starting with dissolving an excessive amount of γ-IMC in ethanol at 80°C. 

The undissolved drug was filtered off then deionized water was added to the saturated ethanol 

solution of IMC. The precipitated crystals were obtained by filtration and dried in a 

phosphorous pentoxide containing desiccator under vacuum at room temperature. Amorphous 

IMC was generated by melting γ-IMC at 165°C in 3 minutes, followed by quench cooling in 

liquid nitrogen. The material was then stored over phosphorous pentoxide at -25°C. 

Other APIs including suprofen (Tm: 124oC, Tg: 8oC), indoprofen (Tm: 212oC, Tg: 50oC), 

fenoprofen (Tm: 170oC, Tg: 36oC) and fenofiobrate (Tm: 81oC, Tg: -19oC) were obtained from 

Sigma-Aldrich (St. Louis, MO, USA). Flurbiprofen (Tm: 115oC, Tg: -6oC) was purchased from 

Acros Organics N.V. (Geel, Belgium). Ketoprofen (Tm: 95oC, Tg: -3
oC) was supplied by Tokyo 

Chemical Industry Co. (Tokyo, Japan). Ibuprofen (Tm: 77oC, Tg: -45oC) and tiaprofenic acid 

(Tm: 96oC, Tg: -6
oC) were purchased from Certa N.V. (Braine-l'Alleud, Belgium) and Roussel 

Uclaf S.A. (Romainville, France), respectively. 

PEG 6000 (Tm: 60oC) was obtained from Sigma-Aldrich (Geel, Belgium) while PEG 100,000 

(Tm: 66oC) and PEG 8,000,000 (Tm: 66oC) were purchased from Sigma-Aldrich in Steinheim, 

Germany. PEG 4000 (Tm: 60oC) and PEG 20,000 (Tm: 65oC) were supplied by Fagron N.V. 

(Waregem, Belgium) and Merck KGaA (Darmstadt, Germany), respectively. 

The other semi-crystalline polymers namely poloxamer 188 (Lutrol F68, Tm: 54oC), poloxamer 

338 (Lutrol F108, Tm: 59oC) and poloxamer 407 (Lutrol F127, Tm: 57oC) were all purchased 

from BASF (Ludwigshafen, Germany). Gelucire 50/13 (Tm: 50oC) and Gelucire 44/144 (Tm: 
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44oC) were obtained from Gattefossé (Saint-Priest, France). All chemicals were of reagent 

grade or better and were used as received without further purification. 

Sample Preparation 

PEG-APIs dispersions were prepared by heating the mixture of the two components to ca. 5°C 

above the melting points of the APIs under stirring and keeping the samples at this temperature 

for 3 minutes to ensure complete melting, followed by solidification of the melt. The samples 

were stored at room temperature in a desiccator containing phosphorus pentoxide. 

Modulated Differential Scanning Calorimetry (m-DSC) 

Thermal properties of dispersions were analyzed on a Q2000 m-DSC (TA instruments, 

Leatherhead, UK), equipped with a refrigerated cooling system RCS90 under inert dry nitrogen 

purge at a flow rate of 50 ml/min. Indium and n-octadecane were used for temperature 

calibration. Melting enthalpy and heat capacity were calibrated using indium and sapphire 

disks, respectively.  

The samples were crimped in aluminium pans then kept isothermal at ca. 5°C above the melting 

temperatures of APIs during 3 minutes before cooling to -75°C at a cooling rate of 20°C/min. 

Afterwards, the samples were subjected to heating from -75°C to ca. 5°C above the melting 

points of the APIs using an underlying heating rate of 5°C/min with a modulation amplitude 

and period of ±0.636 °C and 40 s, respectively. All samples were analyzed in duplicate. DSC 

thermograms were acquired using Thermal Advantage software and analyzed by Universal 

Analysis software (version 4.4, TA Instruments). 

X-ray Diffraction (XRD) 

Diffraction patterns of samples were measured in transmission mode between 4° ≤ 2θ ≤ 40° 

with 0.0167° step size and 200 s counting time per step using an automated X’pert PRO 

diffractometer (PANalytical, Almelo, The Netherlands) with a Cu tube (Kα λ = 1.5418 Å). The 
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generator was set at 45 kV and 40 mA. The X’pert Data Collector was used for data acquisition, 

and data analysis was performed using the X’Pert Data Viewer and X’Pert HighScore Plus 

(PANalytical, Almelo, The Netherlands). 

Fourier Transform Infrared Spectroscopy 

FTIR spectra were recorded on a Bruker Tensor II spectrophotometer (Bruker Optics GmbH, 

Ettlingen, Germany) utilizing a Golden Gate single attenuated total reflectance (ATR) 

accessory equipped with a temperature controller (Specac Ltd., Kent, UK) covering a 

wavenumber range from 400 to 4000 cm-1. The final spectrum was the average of 64 scans 

accumulated using Bruker’s Opus software 7.0, taken at 4 cm-1 resolution. The FTIR spectra of 

PEG-APIs dispersions were collected in both solid and liquid state at different temperatures.  

13C Nuclear Magnetic Resonance Spectroscopy 

13C CP/MAS NMR spectra were acquired using a Varian Unity Inova 400 spectrometer (Varian 

Inc., Palo Alto, USA) operating at a static magnetic field of 9.4 T. The aromatic signal of 

hexamethylbenzene was used to determine the Hartmann–Hahn condition for cross-polarization 

and to calibrate the carbon chemical shift scale (132.1 ppm). Magic angle spinning was 

performed at 5400 Hz, unless otherwise specified, making use of ceramic Si3N4 rotors. 

Potassium bromide was used to adjust the magic angle.  

Other spectral parameters used were a 90° pulse length of 5.1 μs, a spectral width of 50 kHz, 

an acquisition time of 25 ms, a contact time for cross-polarization of 2 ms for IMC and 

dispersions and 0.125 ms for PEG, and a pulse delay of 7.5 s. High power proton decoupling 

was set to 65 kHz during the acquisition time. The proton spin–lattice (T1H) relaxation times 

were measured via the chemical shift selective carbon nuclei by the inversion-recovery method. 

A preparation delay of five times the longest T1H decay time was always respected.  
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The 13C NMR spectra of PEG-APIs dispersions were collected in both solid and liquid state at 

different temperatures. Temperature was calibrated using lead nitrate. Samples were 

equilibrated at each temperature at least 10 minutes before data acquisition.  

Polarized Light Microscopy (PLM) 

Sample morphology and birefringence were investigated using an Olympus BX60 polarizing 

optical microscope (Olympus, Hamburg, Germany) equipped with a THMS600 hot stage and 

a TMS93 temperature controller (Linkam Scientific, Tadworth, UK). Samples were spread 

between two glass slides and kept at ca. 5°C above the melting points of APIs for 3 minutes on 

the hot stage before being cooled to room temperature at the cooling rate of 20°C/min. The 

presence of birefringence under polarized light was visualized and captured using a digital 

camera.  

RESULTS 

Screening of PEG Crystallization Inhibitors 

A large screening of APIs was conducted to identify drugs that exhibit a similar behavior as 

IMC on PEG crystallization. Among these APIs, only 5 drugs namely ketoprofen, flurbiprofen, 

suprofen, tiaprofenic acid and fenoprofen can inhibit the crystallization of PEG during DSC 

measurements at drug loadings from at least 55%, 60%, 60%, 60% and 65%, respectively 

(Figure 1). As illustrated in the figure, at drug weight fractions below these minimum inhibition 

concentrations, melting peaks of PEG in the range from 35°C to 50°C and the preceding 

crystallization events were observed in the DSC thermograms. In contrast, when the drug 

loadings were above the critical values, no exothermic and endothermic events of PEG were 

detected, indicating the complete amorphous nature of the polymer. No crystallization signal of 

PEG was observed in all samples upon cooling (data not shown). 
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Figure 1. DSC thermograms with heat flow signal vs. temperature for samples containing 

different loadings of drugs in dispersions with PEG upon heating after being cooled from 

the melt.  

In PEG-based dispersions, ketoprofen, suprofen, tiaprofenic acid and flurbiprofen exhibited 

time-dependent Tg shifting in a manner similar to that of IMC.13 In this set of DSC experiments, 

PEG-APIs dispersions containing 50% drug loading were kept isothermal at ca. 5°C above the 

melting temperatures of the APIs during 3 minutes before cooling to 5°C at the cooling rate of 

2°C/min. The samples were then stored at 5°C inside the DSC cell for predetermined time 

intervals and subsequently cooled to -75°C then directly heated to ca. 5°C above the melting 

points of the drug compounds at the heating rate of 5°C/min. 

At the beginning, the dispersions showed only one Tg, representing a single homogeneous 

amorphous phase of the drug and the polymer (Figure 2). The evolution of a second Tg was 

noticed after a certain period as a result of PEG crystallization while amorphous drug remained 

intact, indicating amorphous-amorphous phase separation that forms a polymer-rich domain 

with lower and constant Tg1, and a drug-rich domain with higher and continuously increasing 

Tg2 upon storage. The heat capacity jump at Tg1 dramatically decreased due to the crystallization 
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of amorphous PEG before Tg1 disappeared, demonstrating vanishing of the polymer-rich 

domain. The heat capacity jump at Tg2 was rising as the ratio of drug/polymer in the drug-rich 

domain continued to increase until the decrease in amorphous polymer fraction in this region 

dominates the increase in amorphous drug, thus ultimately reducing the total size of the drug-

rich domain. 

 

Figure 2. DSC thermograms with reversing heat flow signal vs. temperature for 

dispersions of 50% drug loading. Dispersions were stored inside the DSC cell for different 

time periods at 5°C.  

The aforementioned data suggested that the crystallization inhibition of PEG is a general pattern 

of various drugs rather than a particular behavior of IMC. An interesting question is why these 

APIs inhibit the crystallization of PEG while many others do not. In our recent paper,13 we 

argued that unelucidated factor(s) must play a role in the crystallization inhibition effect of IMC 

on PEG because no interaction between these two components was repeatedly reported in 

literature.15-17 For ketoprofen, the absence of interactions with PEG was found by Margarit et 

al.19 whereas Schachter et al. observed the opposite.20 Flurbiprofen was able to form hydrogen 

bonding with PEG as reported by Ozeki et al21 and Lacoulonche.22, 23 No data on interaction 
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was available for dispersions of PEG with suprofen or tiaprofenic acid. The discrepancy in the 

drug-carrier interactions between PEG and these polymer crystallization inhibitors emphasizes 

the need for further elucidation. 

The Role of Hydrogen Bonding in the Polymer Crystallization Inhibition 

Due to the fact that all of these APIs contain a carboxylic acid functional group (Figure 2), 

hydrogen bonding is expected between the hydroxyl moiety of APIs and ether oxygen of PEG 

or between the end-standing hydroxyl groups of PEG and the acid carbonyl and/or benzoyl 

carbonyl of the APIs. As a matter of fact, the number of ether oxygens (135) present in PEG 

6000 is much larger than the two hydroxyl end groups, thus the hydroxyl moiety of the drugs 

are more likely to donate a hydrogen in hydrogen bonding to the PEG ether acceptor group. In 

order to investigate the importance of drug-carrier interactions between IMC and PEG on the 

crystallization inhibition effect of the drug on the polymer, two derivatives of IMC with the 

carboxyl hydroxyl being substituted by an OCH3 (ester) and NH2 (amide) were synthesized. 

The synthetic procedures are provided in Supporting information, section S1.  

 

Figure 3. DSC thermograms with heat flow signal vs. temperature for dispersions of PEG 

and ester or amide derivative of IMC containing different loadings of the IMC derivatives. 
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Figure 3 shows that when the hydroxyl moiety of IMC was substituted by the methoxy group, 

the new derivative was unable to inhibit the polymer crystallization any longer, even at an 

extremely high drug loading of 90%, as exhibited by the melting peaks of PEG at ca. 45°C. The 

amide derivative, in contrast, could still effectively maintain the amorphous state of PEG at as 

low as 60% drug concentration because the new compound was able to form hydrogen bonds 

with PEG by donating a hydrogen of the amide group to the ether oxygen of the polymer. 

Exactly the same phenomenon was observed for ketoprofen and its methoxy or amide derivative 

in dispersions with PEG (see Supporting information, Section S2 and Figure S1). 

 

Figure 4. DSC thermograms with heat flow signal vs. temperature for dispersions of PEG 

and fenofibrate and its hydrolyzed derivative containing different loadings. 

Figure 4 depicts another example of the influence of hydrogen bonding on the crystallization 

inhibition effect of API on PEG as studied by DSC. Fenofibrate contains only proton acceptor 

groups and the API is therefore impossible to interact with PEG via hydrogen bonding. 

Consequently, this compound lacks the inhibition effect on the PEG crystallization process as 

exhibited by the crystallization and melting peak of PEG in dispersions containing up to 90% 

of drug loading. In contrast, the hydrolyzed derivative of fenofibrate showed a totally different 
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behavior: fenofibric acid is a surprisingly strong crystallization inhibitor of PEG with the 

complete polymer amorphization observed at as low as 40% weight fraction. The hydrolysis 

process of fenofibrate to obtain fenofibric acid is supplied in Supporting information, section 

S3.  

These examples clearly demonstrate that compounds that can form interactions with PEG are 

able to retain the amorphous nature of the polymer in their dispersions whereas non-interacting 

additives are unable to inhibit the crystallization of PEG. In order to verify the presence or 

absence of drug-carrier interactions in these systems, various spectroscopic techniques have 

been applied as outlined below. 

FTIR Spectroscopic Investigation of PEG-IMC Interactions 

IMC exists in various monotropic polymorphs, namely α, β, γ, δ, ε, ζ, η as well as an unnamed 

crystal form;24-26 the γ form is the stable form. XRD data show that the raw material of IMC 

was the γ form and it was transformed into the α polymorph in solid dispersions with PEG (data 

not shown), thus α-IMC will be used as a reference to analyze FTIR spectra of its PEG-based 

solid dispersions. 

Due to the fact that PEG and polymorphs of IMC exhibited very broad OH vibration bands 

between 3400 to 2500 cm-1 and this stretching region was superimposed on the CH bands (See 

Supporting information, Figure S2), it was troublesome to detect any changes in this region. 

Therefore, only the carbonyl stretching vibration region from 1800 to 1600 cm-1 was examined 

to identify any interactions between IMC and PEG.  

It is known from single crystal structure data that γ-IMC forms cyclic dimers between 

carboxylic acid groups with one pair of molecules packed in an asymmetric unit,27 so that the 

vibration at 1713 cm-1 must correspond to the asymmetric stretch of acid carbonyl of the dimer 

(Figure 5). The band at 1690 cm-1 is assigned as benzoyl carbonyl. α-IMC exists as chains of 

molecules interacting through the acid moiety with a set of three crystallographically 
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inequivalent molecules per unit cell in which two molecules form a hydrogen bonded 

carboxylic acid dimer, while the carboxylic acid of the third molecule is hydrogen bonded to 

one of the amide carbonyls of the dimer.28 Both vibrations at 1680 and 1649 cm-1 are assigned 

to hydrogen bonded acid carbonyl of the dimer while non-hydrogen bonded acid carbonyl group 

at the end of molecular chains could account for the weak peak at 1734 cm-1; the band at 1691 

cm-1 corresponds to the benzoyl carbonyl stretching. Amorphous IMC consists mainly of cyclic 

dimers with a small fraction of molecules hydrogen bonded to form a chain,29, 30 thus vibration 

bands of both asymmetric acid carbonyl of cyclic dimer at 1707 cm-1 and non-hydrogen bonded 

acid carbonyl stretch at 1735 cm-1 are detectable. Benzoyl carbonyl vibration shows a band at 

1679 cm-1.29 PEG displays no peak in the carbonyl stretching region. 

 

Figure 5. FTIR spectra of PEG, γ-IMC, α-IMC and amorphous IMC in the spectral region 

between 1800-1600 cm-1 at room temperature.  

In the solid state, after almost 1 year of storage at room temperature, the formation of solid 

dispersions with PEG did not modify any peak position in the FTIR spectrum of α-IMC, 

indicating the absence of any specific interactions between the two components (Figure 6A). 

This is strongly consistent with the data reported in literature.15-17 At 165°C which is above the 
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melting points of γ-IMC (161°C) and PEG (60°C), the dispersions exist in the liquid (molten) 

state and exhibit two remarkable changes in their FTIR spectra (Figure 6B).  

 

Figure 6. FTIR spectra of the carbonyl stretching region of PEG, IMC and their 

dispersions containing different drug loadings in (A) solid state at room temperature and 

(B) liquid state at 165°C. 

Firstly, the asymmetric carbonyl stretching vibration of IMC cyclic dimer at 1712 cm-1 

significantly decreased in intensity with the reduction of drug loading before this band 

completely disappeared in dispersions containing 50% IMC. The presence of polymer has 

displaced IMC self-interactions in the cyclic dimer by drug-polymer interactions and the 

disruption effect reached the highest level at the weight fraction of 50% PEG where the amount 

of polymer was sufficient to entirely disrupt IMC dimers. Secondly, the benzoyl carbonyl band 

of IMC at 1682 cm-1 remarkably shifted to higher wavenumber as the polymer content 

increased. Yuan et al.30 recently demonstrated that 19% of amorphous IMC was hydrogen 

bonded through its carboxylic acid and benzoyl carbonyl groups. Therefore, the increase in 

wavenumber of the benzoyl carbonyl stretching vibration could be attributed to the conversion 

of this functional group from hydrogen bonded to non-hydrogen bonded in the presence of PEG.  
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Temperature-variable FTIR Spectroscopic Investigation of PEG-IMC Dispersions 

It must be noted that at 165°C, vibrational bands of amorphous IMC in the carbonyl stretching 

region appear at higher wavenumbers compared to those at room temperature. The peak 

positions at room temperature of the benzoyl carbonyl at 1679 cm-1, asymmetric carbonyl of 

the cyclic dimer at 1707 cm-1 and the non-hydrogen bonded carbonyl at 1735 cm-1 (Figure 5) 

shifted to 1682, 1712 and 1737 cm-1, respectively when the temperature increased to 165°C 

(Figure 6B). To gain further insight into spectroscopic behavior of IMC, temperature-variable 

FTIR spectroscopy was utilized.       

Figure 7 shows the temperature-dependent FTIR spectra of IMC and its 70% dispersions with 

PEG in the temperature range from 40 to 180°C. For pure amorphous IMC (Figure 7A), the 

stretching vibration bands of the benzoyl carbonyl at 1681 cm-1 and cyclic dimer carbonyl at 

1707 cm-1 at 40°C shifted to higher wavenumber as temperature increased as a result of the 

disruption of hydrogen bonds whereas the position of the non-hydrogen bonded carbonyl 

stretching vibration remained more or less constant at 1734 cm-1.  

 

Figure 7. FTIR spectra as a function of temperature of the carbonyl stretching region of 

(A) IMC and (B) PEG/IMC dispersions containing 70% IMC. 

In the presence of 30% weight fraction of PEG (Figure 7B), heating led to a shift of the benzoyl 

carbonyl and non-hydrogen bonded carbonyl bands to higher wavenumbers while the stretching 
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vibration of the carbonyl of the cyclic dimer at 1710 cm-1 diminished rapidly in intensity due to 

the disappearance of hydrogen bonds between drug molecules. The disruption of the cyclic 

dimer of IMC in dispersions with PEG was much faster than that in pure amorphous IMC upon 

increasing temperature, suggesting that the presence of PEG was an additive driving force to 

the heat to break up drug self-hydrogen bonding to form drug-carrier interactions.  

At 165°C, the peak position of the non-hydrogen bonded carbonyl stretching vibration band of 

IMC did not seem to be affected, regardless of the amount of PEG in the dispersions (Figure 

6B), indicating the absence of hydrogen bonding between the hydroxyl end group of the 

polymer with carbonyl groups of IMC. Consequently, the drug-carrier interactions must be 

between the hydroxyl moiety of IMC and the ether oxygen of PEG. This reasoning is 

compatible with the limited number of hydroxyl end groups of PEG in comparison with the 

abundance of ether oxygens.  

Unfortunately, the stretching vibration region of the hydroxyl group of IMC is too broad (Figure 

S1) and hinders the identification of any changes in this region as a result of hydrogen bonding. 

Therefore, the more sensitive spectroscopic technique 13C NMR31-34 will be employed to further 

probe specific PEG-IMC interactions. 

NMR Spectroscopic Investigation of PEG-IMC Interactions 

Figure 8 shows 13C CP/MAS NMR spectra of α-IMC, PEG and their solid dispersions 

containing 1:1 molar ratio of IMC to PEG monomer. As depicted by the figure, α-IMC exhibited 

signals being split into three peaks for most carbons, which could be explained by the presence 

of three types of conformationally different molecules packed in an asymmetric crystalline unit 

cell. The peaks of α-IMC have been previously assigned.35, 36 Apparently, after approximately 

1 year of storage at room temperature, there was no change in the signals of α-IMC in the solid 

dispersions compared to those of the pure drug, indicating the absence of any specific 
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interactions between IMC and PEG in the solid state, hence confirming FTIR results and 

previous studies.15-17  

Pure PEG showed a broad peak at 71.5 ppm which is composed of a sharp resonance of highly 

mobile PEG in amorphous domains at 70 ppm, superimposed on a broad resonance 

corresponding to PEG in crystalline domains centered at 72 ppm.37 The broadening of the 

resonance of crystalline PEG results from the interference of the decoupling field frequency 

and the frequency of rotational oscillation of PEG helices.38 In solid dispersions with IMC, the 

PEG signal appears at 71.0 ppm and becomes much sharper, suggesting signifcantly decreased 

crystallinity of PEG in the presence of IMC.  

 

Figure 8. 13C CP/MAS NMR spectra at room temperature of α-IMC, PEG and their solid 

dispersions containing 1:1 molar ratio of IMC to PEG monomer units after ca. 1 year of 

storage at room temperature. Asterisk denotes a spinning sideband. 

While IMC and PEG showed no specific interactions in the solid state, IMC self-hydrogen 

bonding was being disrupted and displaced by drug-polymer interactions in the liquid state as 

previously described by the FTIR data. The evidence of interactions between IMC and PEG in 

their liquid mixtures can be found in 13C NMR spectra as demonstrated in Figure 9.  
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In this set of experiments, solid dispersions of IMC and PEG were carefully packed in NMR 

rotors and heated at 165°C in an oven to obtain the molten mixtures before cooling to ambient 

temperature. The samples were then reheated during NMR measurements. Ideally, the 

measuring temperature should be maintained at 165°C to ensure no crystallization during the 

experiments, yet this temperature is much higher than the working limit of the equipment and 

extremely risky because spinning of the molten samples at high rate might push out the rotor 

cap. For those reasons, the temperature was kept at 75°, which is ca. 20°C and 30°C above the 

melting point of PEG and the glass transition temperature of IMC, respectively. At this 

temperature, the drug and polymer exist as a liquid mixture.  

 

Figure 9. 13C CP/MAS NMR spectra of amorphous IMC, PEG and their dispersions 

containing different molar ratios of IMC to PEG monomer units at 75°C. 

IMC showed much broader peaks in these samples compared to those of the crystalline α-

polymorph, indicating the amorphous nature of the drug (Figure 9). Only the methyl and 

methoxy signals were rather sharp due to fast rotation. In molten dispersions at 75°C containing 

a 1:1 ratio of IMC to PEG monomer units, all IMC 13C NMR signals between 90-180 ppm 
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became undetectable. Only the sharp methyl and methoxy signals were still weakly observed. 

This can be explained by the loss of cross-polarization efficiency in the mobile IMC molecules 

upon attachment to polymer chains via hydrogen bonding. Only carbon resonances having a 

relatively high number of protons i.e. of the methoxy groups at 55.4 ppm and methyl groups at 

13.3 ppm can be observed despite of the weak cross-polarization efficiency. The same 

phenomenon was already observed for 2:1 molar ratio dispersions, suggesting that each oxygen 

of a PEG unit can form hydrogen bonds with two IMC molecules.  

In molten mixtures containing more IMC e.g. molar ratios of 3:1 and 6:1, the number of drug 

molecules was larger than the number of hydrogen bonding forming oxygen centers of the 

polymer and the excess of IMC was not involved in hydrogen bonding with PEG. These non-

interacting drug molecules have lower rotational mobility and can be cross-polarized more 

efficiently than the interacting ones, explaining why the 13C NMR signals of the resulting free 

IMC become much stronger and visible in the range from 90-180 ppm. In contrast, the signals 

of IMC in samples containing higher amounts of polymer e.g. 1:2, 1:3 and 1:5 were 

continuously decreasing in intensity before vanishing due to the dilution effect (Figure 9). For 

NMR measurements using direct polarization, the IMC signals in this kind of samples can 

always be easily detected (Supporting information, Figure S3), confirming the cross-

polarization-driven changes in IMC signal intensity. 

While the intensity of IMC signals was largely dependent on the ratio of IMC to PEG monomer, 

the resonance of PEG at 71.0 ppm shifted upfield with increasing drug concentration, indicating 

that the methylene groups of PEG which are in interaction with IMC appear in the shielding 

region of the hydrogen bond donating carboxylic groups of IMC. Additionally, the PEG signals 

also became broader, owing to the lower mobility of the polymer in more viscous and highly 

drug-concentrated mixtures (Figure 10). 
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Figure 10. 13C CP/MAS NMR spectra of PEG in dispersions containing different ratios 

of IMC to PEG monomer units at 75°C. 

 

Figure 11. 13C CP/MAS NMR spectra at room temperature of IMC and its dispersion with 

PEG in a 1:1 molar ratio of IMC to PEG monomer units within 1 hour of solidification 

from the melt. Asterisks denote spinning sidebands. The spinning rate was increased to 

5600 Hz to avoid overlap between the spinning sidebands and the carboxylic acid 

resonance of IMC. 
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Immediately after solidification from the melt, the 1:1 dispersions still remained in the 

amorphous state and the IMC signals became much more intense than at 75°C owing to the 

improved cross-polarization efficiency due to the lower drug molecular mobility (Figure 11). 

As compared to solidified IMC, only small changes were observed for the peaks corresponding 

to the carboxylic group at 178.8 ppm and the aromatic ring at 130.6 ppm, most likely due to the 

hydrogen bonding with the polymer. 

The Disruption of PEG-IMC Interactions upon Storage 

The interactions between IMC and PEG were further monitored upon solidification. During 

storage, due to the crystallization of PEG, the drug-polymer interactions will be disrupted and 

displaced by self-interactions of IMC molecules that form cyclic dimers and molecular chains 

via hydrogen bonding before amorphous IMC crystallizes to the α-form. Figure 12 displays 

time-resolved FTIR spectra of 60 weight% IMC dispersions with PEG upon storage at room 

temperature.  

 

Figure 12. FTIR spectra of (A) CH and (B) carbonyl stretching region of PEG/IMC 

dispersions containing 60 weight% IMC as function of storage time at room temperature. 

Initially, IMC showed a negligible stretching vibration band of cyclic dimer carbonyl (Figure 

12B). This vibration evolved rapidly and then became significantly evident at ca. 1693 cm-1 
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after 14 hours when amorphous PEG in the dispersions began to transform into the crystalline 

state as can be seen in Figure 12A. The band continued to develop upon storage. Meanwhile, 

the stretching vibration of the benzoyl carbonyl at ca. 1678 cm-1 was increasing in intensity and 

shifting to lower wavenumber whereas the vibration corresponding to the non-hydrogen bonded 

carbonyl at 1731 cm-1 stayed at the same position but was significantly decreased in intensity, 

both due to the formation of hydrogen bonds between free drug molecules. The data 

demonstrate that the hydrogen bond formation and disruption in the dispersions of IMC and 

PEG are reversible.  

Spectroscopic Investigation of Interactions between PEG and IMC Derivatives 

As previously illustrated in Figure 3, the methoxy ester derivative of IMC was unable to inhibit 

the crystallization of PEG at any drug loading. One might reason that the absence of the 

crystallization inhibition effect is due to the absence of hydrogen bonding with the polymer 

because the methoxy ester of IMC does not contain proton donating groups to interact with the 

ether oxygen of PEG.  

This idea was confirmed by FTIR data (Figure 13). Evidently, the formation of both solid and 

liquid dispersions with PEG did not lead to any changes in the carbonyl vibration region of the 

IMC methoxy ester, indicating the absence of any specific drug-polymer interactions. This was 

further verified by 13C NMR. Figure 14 shows the 13C CP/MAS NMR spectra of molten 

dispersions of IMC methoxy ester in PEG. No modifications in terms of both chemical shift 

and intensity could be detected, demonstrating a non-interacting mixture. This also rejects the 

interaction between the hydroxyl end groups of PEG with the carbonyl moiety of IMC. 
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Figure 13. FTIR spectra of the carbonyl stretching region of the dispersion of PEG and 

IMC methoxy ester in the solid state at room temperature (top) and in the liquid state at 

100°C (bottom). The melting point of IMC methoxy ester is ca. 91°C. 

 

Figure 14. 13C CP/MAS NMR spectra of dispersions of PEG and IMC methoxy ester 

containing a 1:1 molar ratio of IMC derivative to the PEG monomer units in the liquid 

state at 100°C. The contact time for cross-polarization was set at 6 ms to acquire stronger 

signals. 
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For another derivative of IMC, the DSC data showed that when the carboxylic hydroxyl moiety 

of IMC was substituted by an amide group, the new compound could still effectively inhibit 

PEG crystallization as shown in Figure 3. The preservation of the polymer crystallization 

inhibition effect of the amide derivative could be attributed to the interactions between the two 

components via the donation of a hydrogen bond from the amide moiety of the derivative to the 

PEG ether acceptor group.  

 

Figure 15. FTIR spectra of the carbonyl and amide N-H stretching region of dispersions 

of PEG and the amide derivative of IMC in solid state at room temperature and in liquid 

state at 230°C. The melting point of the amide derivative of IMC is ca. 220°C. 

Figure 15 shows the FTIR carbonyl and amide stretching regions of dispersions of PEG and the 

amide derivative of IMC in the molten and solid state. Primary amides have been reported to 

form preferred hydrogen-bond motifs involving cyclic dimers and chains39, 40 which are 

partially breaking up on melting producing weakly linked molecules.41 Accordingly, in the 

liquid state, the vibration of the liquid IMC derivative at 1589 cm-1 (red curve) is assigned as 

dimer carbonyl while the band at higher wavenumber of 1677 cm-1 must correspond to the 

stretching vibration of the hydrogen bonded benzoyl carbonyl.  

Following the formation of molten dispersions with PEG (blue curve), both carbonyl bands 

shifted to higher wavenumbers, indicating the disruption of the IMC derivative intermolecular 
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interactions to form hydrogen bonding between the amide moiety of the derivative and the ether 

oxygen of PEG. The positions of infrared peaks in the amide stretching region are more or less 

unchanged. Upon solidification, the FITR patterns of the amide derivative of IMC in the 

dispersions with PEG and those of the pure derivative are exactly the same, demonstrating the 

disappearance of heteromolecular interactions in the solid state. 

FTIR Spectroscopic Investigation of PEG-APIs Interactions 

FTIR spectroscopy was applied with a view to verify if interactions pattern in dispersions of 

PEG with IMC and its derivatives can be found in other PEG-APIs dispersions. Fenofibrate 

showed no crystallization inhibition effect on PEG as described earlier in Figure 4. This 

discrepancy was evidently associated with the absence of any drug-polymer specific 

interactions between fenofibrate and PEG in their dispersions in not only solid but also liquid 

state (Figure 16). It is obvious that the stretching vibration bands of fenofibrate including ester 

carbonyl on the left and ketone carbonyl in the middle42 were all unaltered in the presence of 

PEG. The signals on the right are assigned to in-plane benzene ring stretching vibrations. 

Interestingly, the hydrolyzed product of fenofibrate which is fenofibric acid acted as a powerful 

crystallization inhibitor for PEG (Figure 4). Based on the data obtained for other APIs, one 

might rationally attribute this to its interactions with PEG. Figure 17 shows the partial FTIR 

spectra of dispersions of PEG and fenofibric acid in liquid and solid state. Being a 

monocarboxylic acid, fenofibric acid molecules may link to each other by hydrogen bonds into 

cyclic dimers, catamers (linear chains) or heterogenic associations involving the hydroxyl 

moiety and ketone carbonyl.40, 43, 44 The formation of dispersions with PEG in liquid state results 

in the displacement of drug-drug interactions by drug-polymer interactions that in turn leads to 

the shift of carbonyl stretching vibrations. Similar to the aforementioned PEG-APIs mixtures, 

the specific interactions between fenofibric acid and PEG vanished upon solidification of the 

dispersions.  
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Figure 16. FTIR spectra of the carbonyl stretching vibration region of dispersions of PEG 

and fenofibrate in solid state at room temperature and in liquid state at 90°C. The melting 

point of fenofibrate is ca. 81°C.  

 

Figure 17. FTIR spectra of the carbonyl stretching vibration region of dispersions of PEG 

and fenofibric acid in solid state at room temperature and in liquid state at 190°C. The 

melting point of fenofibric acid is ca. 180°C. 
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The spectroscopic investigations yielded a universal and consistent result that all PEG 

crystallization inhibitors can interact with PEG in their liquid dispersions whereas compounds 

which do not form interactions with the polymer are unable to maintain the amorphous nature 

of PEG. Furthermore, the drug-carrier interactions disappeared upon solidification, regardless 

of the interaction pattern in the molten mixture.  

 

Figure 18. FTIR spectra of the carbonyl stretching region of dispersions of PEG with 

ibuprofen and indoprofen at ca. 10°C above the melting point of the drugs, which are 

85°C and 220°C, respectively. 

However, many APIs contain carboxylic acid groups that can interact with PEG like IMC, yet 

their inhibition effect on PEG crystallization is absent. As illustrated in Figure 18, stretching 

vibrations of ibuprofen and indoprofen in the carbonyl stretching region significantly shifted to 

higher wavenumbers in dispersions with PEG due to the disruption of drug-drug interactions to 

form drug-polymer hydrogen bonding. However, PEG still crystallizes extremely rapidly in 

dispersions with both compounds, demonstrating the inability of these drugs to inhibit the 

crystallization of the polymer despite of substantial drug-polymer hydrogen bonding. 
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Accordingly, the interactions between APIs and PEG is a necessary but not sufficient condition 

for the polymer crystallization inhibition effect. 

The Influence of Polymer Molecular Weight on the Crystallization Inhibition Effect of 

IMC 

Due to the fact that molecular weight of PEG may govern various properties of the polymer 

including crystallinity,45 crystallization rate,14, 46, 47 drug-polymer miscibility48 and 

microstructure,45 it is worthwhile elucidating whether the crystallization inhibition effect of 

APIs depends on polymer molecular weight. The DSC data demonstrated that there was almost 

no difference in the crystallization inhibition behavior of IMC on PEG when the polymer 

molecular weight varied from 4000 to 6000, 20,000, 100,000 or even 8,000,000 Dalton. In this 

wide range of molecular weight, the same drug loading of 50 – 55% IMC was required to 

maintain the polymer in the amorphous state during DSC measurements (data not shown).  

The Crystallization Inhibition Effect of IMC on Other Semi-crystalline Polymers 

The effect of IMC and other PEG crystallization inhibitors on the crystallization process of 

other semi-crystalline polymers like different types of poloxamer and Gelucire 44/14® has been 

also probed by DSC. The crystallization inhibition effect of APIs still exhibited in dispersions 

with the two polymers. For poloxamer, this effect was independent on the ratio of ethylene 

oxide and propylene oxide portion in the triblock copolymer as the crystallization of poloxamer 

188, 338, 407 was completely impeded in samples containing the same amount of IMC of at 

least ca. 50% (data not shown). 

DISCUSSION 

Required Conditions for Polymer Crystallization Inhibition 

The screening for PEG crystallization inhibitors discovered several candidates including 

ketoprofen, suprofen, tiaprofenic acid, flurbiprofen, fenoprofen, not to mention their amide 
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derivatives and fenofibric acid, suggesting that the PEG crystallization inhibition effect is a 

general characteristic of numerous APIs and not limited to IMC. These PEG crystallization 

inhibitors share a common structure which is a proton donating functional group like carboxylic 

or amide that can form hydrogen bonds with the ether oxygen of PEG. However, as discussed 

for ibuprofen and indoprofen, these two drugs also contain carboxylic groups and are able to 

interact with PEG as shown in FTIR spectra (Figure 18) but cannot maintain the amorphous 

nature of PEG. This indicates that hydrogen bonding is a necessary but not sufficient condition 

for the polymer crystallization inhibition.  

The other condition might be the strength of PEG-API hydrogen bonds. When the carboxylic 

moiety of IMC was substituted by an amide group, the difference in the molecular weight 

between the two compounds (1 Dalton) is negligible. Nevertheless, 60% weight fraction of the 

amide derivative is needed to completely inhibit PEG crystallization whereas it is only 52% for 

IMC. Likewise, to prevent PEG from crystallization, the weight fraction required for ketoprofen 

and its amide derivative are 55% and 65%, respectively. This discrepancy can be attributable 

to the stronger hydrogen bonding capacity of the carboxylic group as compared to the amide 

group, which is in turn originating from higher electronegativity of the oxygen atom (3.5) than 

that of the nitrogen atom (3.0). The hydrogen bonding strength might also explain the absence 

of the PEG crystallization inhibition effect of ibuprofen: it is likely that the α-methyl group 

causes steric hindrance and by this obstructs optimal hydrogen bonding between ibuprofen and 

PEG.  

Another factor that might contribute to the PEG crystallization inhibition by APIs is the 

crystallization tendency of the amorphous drugs. All crystallization inhibitors reported in this 

work belong to Class III, only flurbiprofen is found in Class II in the classification scheme of 

crystallization tendency of organic molecules proposed by Baird et al.,49 meaning that these 

APIs have high glass forming ability. This is logical because if APIs are not able to maintain 
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their glassy state in dispersions with PEG but undergo fast crystallization, they cannot hydrogen 

bond with the polymer anymore and hence are impossible to inhibit polymer crystallization. 

This explains why indoprofen can form hydrogen bonding with PEG but does not act as a 

polymer crystallization inhibitor: it belongs to Class I in the crystallization tendency scheme 

that has low glass forming ability and the drug crystallizes extremely rapidly in dispersions with 

PEG upon solidification. 

“Lock and Key” Model of Drug Molecules 

We showed in Figure 9 that for the sample composed of a 2:1 molar ratio of IMC to PEG 

monomer units, no IMC 13C NMR signal was detected anymore between 90-180 ppm due to 

the loss of efficient cross-polarization as a consequence of a too high mobility of IMC 

molecules upon adherence to PEG chains, suggesting that each PEG monomer unit could 

hydrogen bond to two IMC molecules. This is a striking observation because the 2:1 ratio of 

IMC to PEG monomer units corresponds to the 94:6 weight ratio, suggesting that only 6 

weight% of PEG in the dispersions with IMC is already sufficient to eliminate the cross-

polarization efficiency of IMC.  

Due to the fact that the size of an IMC molecule is much larger than that of the PEG monomer, 

the attachment of two drug molecules to each ether oxygen may seem unlikely at first sight 

because of steric hindrance. Nevertheless, the perfect arrangement of IMC molecules along the 

polymer chains could be possible as a result of π-π stacking between aromatic rings of 

neighbouring IMC molecules as illustrated in Figure 19. Each IMC molecule can be considered 

as a combination of “lock and key” in which the aromatic ring is the “lock” that promotes π-π 

stacking to align the drug molecules parallel to each other and perpendicular to the polymer 

chains in order to minimize steric hindrance of the bulky moieties while the carboxylic acid 

group is the “key” that fastens the “locking” to the polymer chains via hydrogen bonding. 
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Figure 19. “Lock and key” model of drug molecules supports the formation of hydrogen 

bonds between IMC and PEG in dispersions containing a 2:1 molar ratio of IMC to PEG 

monomer units. 

The Independence of Crystallization Inhibition Effect of Drug on Polymer Molecular 

Weight 

Because hydrogen bonding plays a critical role in PEG crystallization inhibition, it is now 

unambiguous why the inhibition effect of APIs on PEG crystallization is independent on 

polymer molecular weight. Accordingly, it only depends on the molar ratio of API:PEG 

monomer or the number of hydrogen bond forming centers. IMC, for example, has a minimum 

inhibition concentration of ca. 50% regardless of polymer molecular weight, which is 

corresponding to a molar ratio of IMC to PEG monomer of approximately 1:8. Assuming that 

each IMC molecule forms a single hydrogen bond to one PEG oxygen in a 50 weight% IMC 

sample, the ratio 1:8 implies that in order to prevent PEG from crystallization, at least 1/8 of 

the monomer units of PEG must be involved in hydrogen bonding with IMC.  

It has been found that crystalline PEG has a helical structure containing seven monomers with 

two turns per repeat unit in the fiber period of 19.3 Å50 while in the molten state, the helical 

structure disintegrates to a completely disordered structure of random coils.51 The 

crystallization of PEG from the melt therefore requires the folding of random coils into small 
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clusters before these clusters gather and coalesce into lamellae.52-54 When 1/8 of the monomer 

units of PEG is locked in hydrogen bonding with IMC, no more than one repeat unit of helical 

structure can be folded, hence the polymer crystallization is completely inhibited.  

Yang et al. explained this phenomena by the stiffness that prevents polymer chains from 

folding.55 An apparent consequence of the role of hydrogen bonding in PEG crystallization 

inhibition by APIs is that increasing the drug loading will result in more PEG monomer units 

being blocked or in other words, the polymer chains become much stiffer. In addition, higher 

drug content leads to increased viscosity that restricts diffusional movements required for 

nucleation and crystal growth. For poloxamer, changing the ratio of ethylene oxide and 

propylene oxide co-monomer in this triblock copolymer does not result in a difference in the 

total number of hydrogen bond forming oxygen atoms, explaining that the crystallization 

inhibition effect of APIs on poloxamer is independent on the grade of this semi-crystalline 

carrier. 

Reversible Formation and Disruption of Hydrogen Bonds 

From the APIs viewpoint, it was found that ca. 50% IMC is needed to inhibit PEG 

crystallization. This value is well correlated with the drug loading for which the asymmetric 

carbonyl stretching vibration of the IMC cyclic dimer completely disappeared (Figure 6B). The 

presence of 50 weight% of the polymer is sufficient to fully displace IMC self-interactions by 

drug-carrier interactions, leading to the disappearance of the IMC cyclic dimer infrared band 

concurrently with the complete inhibition of polymer crystallization. Similarly, in solid 

dispersions with amorphous carriers such as poly(vinylpyrrolidone) and poly(vinylpyrrolidone-

co-vinyl acetate), the fraction of IMC cyclic dimer always decreases as the polymer content 

increases before disappearing at a certain polymer weight fraction.29, 30, 56 

The hydrogen bond formation and disruption in PEG-based solid dispersions is a reversible 

process. In the molten mixture, API self-interactions are displaced by drug-polymer interactions 
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while during solidification of the system, the pattern is opposite: the hydrogen bonds between 

API and PEG are displaced by drug self-interactions upon crystallization of PEG. During 

storage, when PEG starts to crystallize, the driving force for polymer chain folding has to be 

found in the disruption of hydrogen bonding between the API and PEG. Consequently, the API 

will be excluded from PEG crystals as a result of thermodynamic driving forces.  

In addition to the fact that the entrapment of API in crystalline PEG is entropically unfavorable, 

the API itself also has a strong enthalpic driven tendency to crystallize, resulting in the rejection 

of the API from the PEG crystals.57 The exclusion of amorphous API out of PEG crystals 

generates drug-rich domains, explaining the second Tg as illustrated in Figure 2. The high 

concentration of API in these domains in combination with its reduced Tg due to the presence 

of amorphous PEG with extremely low Tg will induce self-interactions between drug molecules 

and hence the nucleation and crystal growth of API crystals. The segregation of API from PEG 

crystals can be observed with polarized light microscopy (Figure 20). An overview of the 

formation and disruption of hydrogen bonds in PEG/API dispersions is illustrated in Figure 21. 

A similar process of reversible formation and disruption of interactions could also hold for 

amorphous dispersions. 

 

Figure 20. Polarized light microscopic illustration of the segregation of IMC from PEG 

crystals in solid dispersions containing 70% drug loading upon solidification. 
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Figure 21. Overview of the formation and disruption of hydrogen bonds in PEG/API 

dispersions. (a) Crystalline PEG with folded chains and crystalline API with drug-drug 

hydrogen bonding. (b) In the molten mixture, PEG exists as completely disordered 

random coils. API self-interactions are disrupted and replaced by drug-polymer 

interactions. (c) Upon solidification, random coils of PEG fold into small clusters before 

these clusters coalesce into lamellae, resulting in polymer crystallization. (d) Polymer 

chain folding disrupts drug-polymer interactions. (e) Due to the disruption of hydrogen 

bonding between the drug and the polymer, the API is excluded from PEG crystals. (f) 

The segregation of amorphous API from PEG crystals generates drug-rich domains. (g) 

The formation of drug-drug self-interactions in drug-rich domains leads to the API 

crystallization.  

Implications of Interactions on Physicochemical Properties of Dispersions 

As discussed above, the drug-carrier interactions gradually become disrupted during storage, 

the rate and extent of which depend on the strength of the hydrogen bonding between API and 

PEG, on the interplay between drug-carrier and drug-drug interactions as well as on the 
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crystallization tendency of the carrier itself. The latter is dependent on polymer molecular 

weight, storage temperature, humidity, mechanical stress and other factors. As a consequence, 

the physicochemical properties and behavior of identical dispersions of PEG and API can be 

significantly different depending on how and how long they are stored, how much drug-carrier 

interactions are disrupted as well as on the degree of crystallinity of PEG and API in the 

samples. This might result and explain the discrepancy and irreproducibility in pharmaceutical 

performance of PEG-based solid dispersions both in vitro and in vivo. For example, Dubois and 

Ford reported the poor reproducibility of release rates from solid dispersions of PEG 6000 

containing glutethimide58 and phenylbutazone15. This research group also found that the 

dissolution from aged capsules containing temazepam and PEG 6000 prepared by liquid filling 

was erratic with high standard deviations.59  

Furthermore, PEG-APIs specific interactions play a significant role in the formation and 

composition of an eutectic system. The interactions also dictate the effect of PEG molecular 

weight on the dissolution behavior of the incorporated drugs: APIs which exhibit specific 

interactions with the polymer have higher eutectic composition with and faster dissolution for 

lower molecular weight carrier while the molecular weight of PEG has no influence on the 

eutectic composition and dissolution profiles for compounds which do not interact with the 

polymer.60 Considering the importance of drug-carrier interactions on the properties and 

performance of solid dispersions, the conclusion about the absence or presence of interactions 

between drugs and carriers must be made based on spectroscopic investigations of the systems 

not only in the solid state but also in the liquid or molten state.  

It is interesting to note that IMC can inhibit the crystallization of PEG and reduce the 

crystallinity of the polymer not only immediately after preparation of the dispersions when 

drug-polymer interactions are detectable but also in the solid state after a long storage time 

during which the interactions were completely vanished. In a previous paper, we anticipated 
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that PEG exhibited biphasic crystallization behavior in dispersions with IMC with an initial fast 

phase within weeks and a second slow phase within months or years until its crystallinity 

reaches the value of the raw material of ca. 86%.13 However, 13C NMR data demonstrated that 

even after almost 1 year of storage, when no drug-carrier interactions can be detected, the 

crystallinity of PEG in dispersions with IMC is still much lower than that of the raw material. 

 

Due to the fact that long PEG chains are not perfectly ordered, the resulting structure upon 

crystallization still contains fractions of amorphous material surrounding crystalline segments, 

making PEG a semi-crystalline carrier. The molecularly dispersed drugs reside predominantly 

in the amorphous PEG domains rather than in the crystalline moiety.20, 61, 62 The presence of a 

fraction of IMC in the interphase will inhibit the crystallization of the polymer even without 

any interactions. In other words, these IMC molecules hinder the ordering of the polymer chains 

and induce defects in the PEG crystalline network, preventing it from growing. In the absence 

of IMC, molten PEG solidifies rapidly and its crystallinity increases to the extent of the raw 

material within weeks. Studying the microstructure of PEG-IMC solid dispersions e.g. by small 

angle X-ray scattering might provide insights into this phenomenon.  

CONCLUSIONS 

In this study, the formation and disruption of interactions in PEG-based dispersions have been 

well-characterized by spectroscopic methods. FTIR and NMR spectroscopy revealed strong 

PEG-IMC interactions in their liquid dispersions. Hydrogen bonding between the two 

components plays a critical role in the crystallization inhibition effect of IMC on PEG. IMC is 

also able to inhibit the crystallization of other semi-crystalline polymers such as poloxamer and 

Gelucire®. The screening of crystallization inhibitors for semi-crystalline polymers resulted in 

numerous candidates that exhibit the same behavior as IMC, demonstrating a general pattern of 

polymer crystallization inhibition. However, hydrogen bonding is a necessary but apparently 
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not a sufficient condition for the polymer crystallization inhibition: APIs should also have high 

glass forming ability to interact with the carrier and the drug-carrier interactions must be strong 

enough to hinder the polymer from crystallization. The PEG crystallization inhibition by drugs 

is independent on polymer molecular weight; it only depends on the amount of hydrogen bond 

formation i.e. the molar ratio of drug to PEG monomer units. In the molten mixture, each PEG 

monomer unit could form hydrogen bonds with two IMC molecules, possibly due to the perfect 

arrangement of drug molecules along the carrier chains that in turn is originating from π-π 

stacking between the aromatic rings of neighbouring IMC molecules. The interactions between 

API and PEG become weaker and disrupted upon solidification that results in the exclusion of 

the API from PEG crystals, indicating the reversibility of formation and disruption of hydrogen 

bonds in solid dispersions. The physicochemical properties and pharmaceutical performance of 

PEG-based solid dispersions depend on how and how long the samples are stored, how much 

drug-carrier interactions are disrupted as well as on the crystallinity of both drugs and the 

carrier. These mechanistic findings elucidate the discrepancy in physicochemical properties of 

PEG-based solid dispersions reported in the literature and are of great importance for 

preparation of solid dispersions with consistent and reproducible performance. 
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