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A B S T R A C T   

Amorphisation within the final dosage form, i.e. in situ amorphisation, seeks to circumvent the potential stability 
issues associated with poorly soluble drugs in amorphous solid dispersions (ASDs). Microwave irradiation has 
previously been shown to enable in situ preparation of ASDs, when a high amount of microwave absorbing water 
was introduced into the final dosage form by conditioning at high relative humidity. In this study, an alternative 
to this conditioning step was investigated by introducing crystal water in form of sodium dihydrogen phosphate 
(NaH2PO4) di-, and monohydrate, in compacts prepared with 30 % w/w celecoxib (CCX) in polyvinylpyrrolidone 
K12 (PVP). As controls, compacts prepared with NaH2PO4 anhydrate and without NaH2PO4 were included in the 
study. The quantification of amorphous CCX after microwave irradiation showed an increase in CCX amorphicity 
for compacts containing NaH2PO4 di-, and monohydrate with increasing irradiation time. Complete amorph-
isation of CCX in compacts containing NaH2PO4 di-, and monohydrate was observed after 6 min, while no 
appreciable amorphisation was observed for the control compacts containing NaH2PO4 anhydrate and without 
NaH2PO4. Modulated differential scanning calorimetric analysis revealed that a homogenous ASD was formed 
after 12 min and 6 min for compacts containing NaH2PO4 di-, and monohydrate, respectively. Thermal gravi-
metric analysis indicated that NaH2PO4 monohydrate showed higher dehydration rates compared to the dihy-
drate, which in turn resulted in higher compact temperatures, and overall increased the rate of amorphisation 
and reduced the microwave irradiation time necessary to achieve a homogenous ASD. The present results 
confirmed the suitability of NaH2PO4 di- and monohydrate as alternative sources of water, the primary micro-
wave absorbing material, for in situ microwave amorphisation. The use of crystalline hydrates as water reservoirs 
for in situ amorphisation circumvents the time-consuming and highly impractical conditioning step previously 
reported in order to achieve complete amorphisation. Additionally, it allows for easier and more accurate 
adjustment of the compacts water content, which directly affects the temperature reached during microwave 
irradiation, and thus, the rate of amorphisation.   

1. Introduction 

Amorphous solid dispersions (ASDs) based on molecular dispersion 
of a drug in a polymer matrix, are amongst the most popular enabling 
formulation strategies for improving the dissolution rate, apparent sol-
ubility and ultimately, the oral bioavailability of poorly soluble drug 
molecules (Baghel et al., 2016; Laitinen et al., 2013; Rodriguez-Aller 
et al., 2015; Van den Mooter, 2012). As neat amorphous drugs are 
inherently unstable and tend to recrystallise over time, the 
anti-plasticising effect of a polymer can delay or even prevent drug 
recrystallisation (Grohganz et al., 2013; Kissi et al., 2018; Rumondor 
et al., 2011; Van Duong and Van den Mooter, 2016). However, ther-
modynamic stabilisation can only be ensured if drug loading in the 

polymer is kept below the equilibrium solubility of the drug in the 
polymer (Bhugra and Pikal, 2008; Singh et al., 2011; Van den Mooter, 
2012). 

Industrially, ASDs are usually manufactured using melt quenching or 
solvent evaporation techniques, such as hot melt extrusion or spray 
drying (Tran et al., 2019; Vasconcelos et al., 2016). For every unit 
operation taking place after ASD formation, e.g. particle size reduction, 
mixing, dry granulation, tabletting, and/or coating, the risk of unin-
tended phase separation, nucleation and recrystallisation increases 
(Be‾rziņš et al., 2019; Dhumal et al., 2007; Otte et al., 2012; Thakral 
et al., 2015). Thus, the stability challenges associated with ASDs are 
both short-term during manufacturing, but also long-term during 
transportation and storage (Blaabjerg et al., 2019; Edueng et al., 2019; 
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Trasi et al., 2017; Xie and Taylor, 2017). Amorphisation of a crystalline 
drug in situ, i.e. within the final dosage form, immediately prior to 
administration or as a last manufacturing step, has been proposed as a 
mean to overcome the stability challenges associated with ASDs 
(Grohganz et al., 2014; Priemel et al., 2016; Priemel et al., 2013). 

Amorphisation of a crystalline drug and formation of ASDs can be 
induced by several means, including activation in situ by immersion of 
the dosage form in water prior to -, or upon dissolution (Doreth et al., 
2016; Priemel et al., 2016; Priemel et al., 2013). The proposed mecha-
nism entails solubilisation of a small amount of the drug in parallel with 
plasticisation of the polymer, followed by diffusion of the dissolved drug 
into the swelling polymer (Doreth et al., 2016). Amorphisation of a 
crystalline drug by microwave irradiation has also been reported (Isaac 
et al., 2013; Kerc et al., 1998; Maurya et al., 2010; Moneghini et al., 
2008). Amorphisation by microwave irradiation involves a material 
with intrinsic dielectric properties, coupling with the electromagnetic 
field generated in the microwave cavity. This coupling requires the 
presence of dipolar molecules which, when subjected to electromagnetic 
waves, generate heat by friction when the molecules try to realign with 
the oscillating electric field (Mishra and Sharma, 2016; Vollmer, 2003). 
As relative few drugs and commonly utilised pharmaceutical excipients 
are dipolar and thereby susceptible to microwave radiation, the uti-
lisation of microwaves for heating and preparation of ASDs requires the 
addition of a dipolar excipient (Bergese et al., 2003; Wong, 2008). Water 
is such an example of a dipolar molecule and absorbs radiation at the 
applied frequency of common household microwave ovens (2.45 Ghz) 
(Kaatze, 1997; Lunkenheimer et al., 2017). 

In previous work by Doreth et al. (2017, 2018), Edinger et al. (2018)) 
and Hempel et al. (2020), more than 20 % w/w unbound water was 
introduced into drug and polymer compacts by a lengthy conditioning 
step at high relative humidity, and subsequently facilitated in situ 
preparation of ASDs by microwave irradiation. In these systems, the 
water adsorbed during the conditioning period affected the in situ 
amorphisation process in two ways; i) plasticising of the polymer by the 
adsorbed water and, ii) heating as the adsorbed water absorbs the mi-
crowave radiation. In combination, these effects drive the dissolution of 
drug into the polymer, as the temperature surpasses the glass transition 
temperature (Tg) of the plasticised polymer. In these studies, the degree 
of amorphisation was reported to depend on numerous factors such as 
the overall drug loading, the particle size of the drug and the polymer, 
the Tg of the polymer, the water content of the compacts, whether 
step-wise or continuous irradiation was used, as well as the energy input 
during microwave irradiation (Doreth et al., 2017; Doreth et al., 2018; 
Edinger et al., 2018; Hempel et al., 2020). A recent review by Qiang 
et al. (2020) further highlighted the current status on the subject of in 
situ microwave amorphisation. 

The aim of this study was to investigate whether the high humidity 
conditioning step to introduce unbound water as the primary microwave 
absorbing material for in situ microwave preparation of ASDs, could be 
circumvented by the addition of crystal water by means of an inorganic 
salt hydrate. The di- and monohydrate form of sodium dihydrogen 
phosphate (NaH2PO4) were investigated as a source of microwave 
absorbing material, while anhydrous NaH2PO4 was utilised to assess the 
effect of the inorganic salt carrying no crystal water. Celecoxib (CCX) 
and polyvinylpyrrolidone K12 (PVP) were chosen as the model drug and 
polymer, respectively, for the present study, as this system has previ-
ously been shown to be able to form an ASD upon microwave irradiation 
(Edinger et al., 2018; Hempel et al., 2020). 

2. Material and methods 

2.1. Materials 

Celecoxib (CCX, MW = 381.37 g/mol) was purchased from Fagron 
(Rotterdam, Netherlands) and polyvinylpyrrolidone K12 (PVP, Kolli-
don® 12 PF, MW = 2000–3000 g/mol) was kindly gifted from BASF 

(Ludwigshafen, Germany). NaH2PO4 di-, mono-, and anhydrate were 
kindly gifted by Merck (Darmstadt, Germany). Magnesium stearate 
(MgSt) was purchased from UNIKEM (Copenhagen, Denmark). All ma-
terials were used as received. 

2.2. Compact preparation 

All compacts were produced from physical powder mixtures of 30 % 
w/w CCX in PVP, with the addition of 0.5 % w/w MgSt (lubricant), and 
NaH2PO4 di-, or monohydrate to achieve an equal amount of crystal 
water in the final compacts. The drug and excipients were sieved (<125 
µm) before weighing and geometric mixing. Compacts of approximately 
200 mg were compacted with a 6 mm flat faced punch and die set at a 
200 kg load using a Gamlen Tablet Press 1 (GTP-1) from Gamlen In-
struments (Nottingham, United Kingdom). The compacts were prepared 
immediately prior to in situ amorphisation and stored for a maximum of 
24 hours in sealed containers at ambient temperature and humidity. The 
composition of the investigated compacts can be found in Table 1. 
Compacts containing NaH2PO4 anhydrate or no NaH2PO4 were included 
in the study as controls. NaH2PO4 anhydrate content in the control 
compacts was adjusted to achieve a polymer-NaH2PO4 ratio equal to 
that of the dihydrate compacts. 

2.3. In situ amorphisation by microwave irradiation 

The microwave irradiation of the compacts was performed using a 
Microwave 3000 oven from Anton Paar GmbH (Graz, Austria) equipped 
with dual magnetrons and a rotating sample assembly operating at 3 
rpm. The compacts were placed in separate Ø8 mm screw cap glass vials 
sealed with PTFE caps from Anton Paar GmbH (Graz, Austria), ensuring 
a closed environment for each compact but not obstructing the evapo-
ration of water from the compacts upon heating. All the compacts were 
microwave irradiated at a frequency of 2.45 GHz and a power output of 
900 W for 2, 4, 6, 8, or 10 min, respectively. Compacts containing 
NaH2PO4 dihydrate were additionally microwave irradiated for 12 min, 
to investigate whether formation of homogenous ASDs was possible 
within a reasonable time-range. To absorb the excess microwave radi-
ation during processing, and avoid magnetron damage through radia-
tion reflection, 16 vials were filled with 1.5 mL demineralised water and 
positioned in groups of two in the rotating sample assembly. These 
water-filled vials were positioned in separate sample wells in the as-
sembly to avoid passive heating of the compacts placed in the adjacent 
wells. A built-in infrared temperature probe was used to track the 
temperature of the compacts during microwave irradiation. The 
compact temperature of each sample was measured every 20th sec on the 
bottom of each sample vial and reported as mean ± standard deviation 
(SD) of the recorded temperature at each time point mean (n = 3). 

2.4. Solid state analysis 

All compacts were subject to solid state analysis prior to -, and after 
microwave irradiation. Transmission Raman spectroscopy (TRS) was 
performed and partial least-squares regression (PLS) modelling of 

Table 1 
Composition of investigated compacts. The stated relative amount of crystal 
water in the compacts is included in the content of NaH2PO4 di-, and 
monohydrate.  

Excipient dihydrate monohydrate anhydrate (no 
NaH2PO4) 

CCX [% w/w] 22.4 16.6 23.7 29.9 
PVP [% w/w] 52.1 38.8 55.4 69.6 
MgSt [% w/w] 0.5 0.5 0.5 0.5 
NaH2PO4 hydrate [% 

w/w] 
25.0 44.1 20.4 0.0 

Crystal water [% w/w] 5.8 5.8 0.0 0.0  

T.P. Holm et al.                                                                                                                                                                                                                                 
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spectra was utilised to quantify the relative amount of crystalline/ 
amorphous CCX in the compacts. X-ray power diffraction (XRPD) was 
used to confirm the Raman spectroscopy data with regards to residual 
CCX crystallinity as well as to assess the dehydration of NaH2PO4 di-, 
and monohydrate in the compacts. Modulated differential scanning 
calorimetry (mDSC) and thermogravimetric analysis (TGA) were used to 
investigate the homogeneity of formed ASDs, determine the Tg and 
quantify the moisture content of the formed ASDs, respectively. Finally, 
multivariate curve resolution (MCR) modelling of variable-temperature 
XRPD (VT-XRPD) data was conducted to investigate the dehydration 
behaviour of neat NaH2PO4 dihydrate. 

2.4.1. Transmission Raman spectroscopy 
Using a RXN1 Microprobe from Kaiser Optical Systems (Ann Arbor, 

MI, USA), TRS was performed with a pharmaceutical area transmission 
(PhAT) probe in a microscope setup using an excitation wavelength of 
785 nm, laser power of 200 mW, and a fixed focus 780 nm collimator 
from Thorlabs Inc. (Newton, NJ, USA). Raman shift from 150-1900 cm− 1 

was measured with a spectral resolution of 5 cm− 1, 4 s of exposure time 
and averaged by 5 acquisitions for each spectrum. A dark frame was 
collected before each measurement and subsequently subtracted each 
spectrum. The relative amount of crystalline/amorphous CCX in the 
compacts was measured through a 5x objective, utilising a 1 mm spot 
size and the Raman scattered light collected by the PhAT probe. The 
HoloGRAM MicroPhAT software (version 4.1) from Kaiser Optical Sys-
tems (Ann Arbor, MI, USA) was used for data acquisition. The instru-
mentation was in accordance with the setup reported by Edinger et al. 
(2018). 

2.4.1.1. Partial least-squares regression modelling. The PLS model used in 
the present study was based on the work by Edinger et al. (2018), who 
designed the model for compacts containing CCX and PVP with drug 
loadings of 10, 30 and 50 % w/w and amorphous drug fractions of 0, 25, 
50, 75 and 100 % w/w. The PLS modelling was performed using the 
MATLAB software (version 9.0.0) from MathWorks (Natick, MA, USA) 
with the PLS Toolbox (version 8.1.1) extension from Eigenvector 
Research Inc. (Manson, WA, USA). 

The PLS model presented by Edinger et al. (2018) was validated for 
use with compacts additionally containing NaH2PO4. For this validation, 
compacts containing 30 % w/w CCX in PVP, and 25 % w/w NaH2PO4 
dihydrate, were prepared according to the method described in section 
2.2, with a relative amorphous drug content of 0, 25, 50, 75 and 100 % 
w/w (Table 2, n = 3). To avoid crystallisation, amorphous CCX was 
prepared as a 30 % w/w ASD by physically mixing CCX and PVP fol-
lowed by heating for 5 min at 170 ◦C in an UF55 oven from Memmert 
GmbH (Schwabach, Germany). The resulting ASD was cooled, gently 
ground using a mortar and pestle, and the melt quench process was 
repeated to ensure the formation of a homogeneous ASD. The prepared 
ASD was then gently ground, sieved (<300 μm), and mixed with crys-
talline CCX and PVP to obtain the desired amorphous content. Subse-
quently, the CCX-PVP blend was mixed with NaH2PO4 dihydrate and 
MgSt (Table 2). The powder mixtures were compacted and subsequently 
analysed by TRS, as stated in section 2.2 and 2.4.1, respectively. The 
validation set yielded a root mean square error of prediction (RMSEP) of 
3.5 % and coefficient of determination (R2) of 0.99, thus validating the 
PLS model for prediction of the ratio of amorphous to crystalline CCX in 
the presence of NaH2PO4. 

2.4.2. X-Ray powder diffraction 
The crystallinity of CCX and the dehydration of NaH2PO4 di-, and 

monohydrate were assessed by XRPD. All compacts were gently ground 
using a mortar and pestle prior to analysis. Diffractograms were 
collected using an X’Pert PRO X-ray powder diffractometer equipped 
with a PIXcel detector from PANalytical (Almelo, The Netherlands). The 
ground samples were placed and flattened on aluminium sample plates 
prior to analysis in a reflection-spinner sample stage. Diffractograms 
were collected from 4-36 ◦2θ using a CuKα radiation source (45 KV, 40 
mA, λ=1.54187 Å) with a step size of 0.026 ◦2θ and a scan speed of 
0.067 ◦2θ/s. Collection and analysis of diffractograms were performed 
using the X’Pert Data Collector software (version 2.2i) and X’Pert 
HighScore Plus software (version 2.2.4) from PANalytical (Almelo, The 
Netherlands), respectively. 

2.4.2.1. Variable-temperature X-Ray powder diffraction. Temperature 
dependent solid-state changes of NaH2PO4 dihydrate were monitored by 
VT-XRPD. The measurements were conducted using a Cryo & Humidity 
Chamber (CHC) temperature-controlled sample stage from Anton Paar 
GmbH (Graz, Austria) in addition to the equipment and software stated 
in section 2.4.2. A sieved NaH2PO4 dihydrate sample (particle size 75- 
125 μm) was loaded in a CHC sample holder (0.8 mm depth) fitted 
with a zero-background insert and heated in steps of 2 ◦C at a rate of 6 
◦C/min, from 24-120 ◦C. The diffractograms were collected from 14-25 
◦2θ using a CuKα radiation source (45 KV, 40 mA, λ = 1.54187 Å) with a 
step size of 0.026 ◦2θ and a scan speed of 0.404 ◦2θ/sec, yielding a scan 
time of 40 sec. The combined heating and analysis step (20 s heating at 6 
◦C/min and 40 s scan time) summed to an underlying heating rate of 2 
◦C/min, which is comparable to the heating rate applied during mDSC 
and TGA measurements. 

Handling, processing and MCR modelling of the collected diffracto-
grams were performed using the MATLAB software with the PLS 
Toolbox extension (as described in section 2.4.1.1). MCR modelling was 
performed on the raw diffractograms as previously reported and 
detailed by Christensen et al. (2013) and de Juan et al. (2014), respec-
tively. The alternating least-squares (ALS) algorithm was constrained to 
non-negativity on both estimated concentration and signal profiles, as 
well as equality and closure constraints on the former. The algorithm 
was limited to three components, corresponding to the three hydrate 
states of NaH2PO4 in the relevant temperature range, and 11 iterations 
resulted in 98.3 % explained variance. 

2.4.3. Differential scanning calorimetry 
The Tg of the ASDs formed after microwave irradiation was deter-

mined for all compacts using mDSC. The measurements were performed 
on a Discovery DSC from TA-Instruments-Waters LCC (New Castle, DE, 
United States) under a nitrogen gas purge of 50 mL/min. A sample of 5-7 
mg of gently ground compact was transferred to aluminium Tzero pan, 
lightly flattened with a metal stamper, and the pan crimped with an 
aluminium Tzero hermetic lid. The samples were cooled to -20 ◦C, kept 
isothermal for 2 min and scanned at a rate of 3 ◦C/min to 170◦C with a 
modulation amplitude of 1 ◦C every 50 sec. For Tg determination of the 
neat compounds and the ASDs, the samples were first in situ quench 
cooled directly in the aluminium Tzero pans with pin holed hermetic 
lids. These samples were then heated to 10-30 ◦C above the melting 
point or the Tg, kept isothermal for 5 min (to allow for mixing and water 
evaporation), cooled to -20 ◦C, and kept isothermal for 2 min. Subse-
quently, mDSC thermograms were recorded at a scanning rate of 3 ◦C/ 
min to 170 ◦C with a modulation amplitude of 1 ◦C every 50 sec. The Tg 
was determined using the Trios software (version 4.5.0) from TA- 
Instruments-Waters LCC (New Castle, DE, USA) as the half height of 
the transition in the reversing heat flow signal, including change in heat 
capacity associated with the transition, and reported as the mean of 
three independent sample measurements (n=3). 

For neat NaH2PO4 di- and monohydrate, a sieved sample of 

Table 2 
Composition of compacts included in the PLS validation set.  

Relative crystalline CCX content 100 % 75 % 50 % 25 % 0 % 
CCX:PVP ASD (30 %) [% w/w] 0.0 18.6 37.2 55.9 74.5 
Crystalline CCX [% w/w] 22.4 16.8 11.2 5.6 0.0 
PVP [% w/w] 52.1 39.1 26.1 13.0 0.0 
MgSt [% w/w] 0.5 0.5 0.5 0.5 0.5 
NaH2PO4 dihydrate [% w/w] 25.0 25.0 25.0 25.0 25.0  

T.P. Holm et al.                                                                                                                                                                                                                                 
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approximately 3.5 mg (particle size 75-125 µm) was transferred to an 
aluminium Tzero pan and no lid was used to allow water to evaporate. 
The sample was scanned from 5-120 ◦C at a heating rate of 2 ◦C/min. 

2.4.4. Thermogravimetric analysis 
The moisture content in the compacts was determined, before and 

after exposure to microwave irradiation, by TGA performed on a Dis-
covery Thermogravimetric Analyser from TA-Instruments-Waters LCC 
(New Castle, DE, USA) under a nitrogen gas purge of 25 mL/min. A 
sample of 8-15 mg gently ground compact was loaded, distributed and 
flattened in a flame-cleaned platinum pan and heated at 10 ◦C/min from 
ambient temperature to 150 ◦C. The moisture content was determined as 
the weight loss at 120 ◦C using the Trios software (version 4.5.0) from 
TA-Instruments-Waters LCC (New Castle, DE, USA). The corrected 
moisture content (MCcorr) was calculated by subtracting the w/w % 
contribution from NaH2PO4 anhydrate in the compacts to allow com-
parison of moisture solely associated with the formed ASD (PVP and 
CCX). All measurements were conducted in triplicates (n=3). 

For neat NaH2PO4 di- and monohydrate, a sieved sample of 
approximately 10 mg (particle size 75-125 µm) was transferred to a 
platinum pan and scanned from 25-120 ◦C, at a heating rate of 2 ◦C/min. 
The first derivative of the weight loss from the TGA (DTG) was pre-
processed with Savitzky-Golay smoothing (90-point window, second 
degree polynomial of 1st order derivative) (Savitzky and Golay, 1964). 
Analysis was performed with the Trios software (version 4.5.0) from 
TA-Instruments-Waters LCC (New Castle, DE, USA). 

3. Results and discussion 

For inorganic salt hydrates to act as effective water reservoirs, 
complete in situ amorphisation by microwave irradiation of compacts 
needs to be achievable within a reasonable time frame. As dielectric 
heating by microwaves necessitates unbound molecules, utilising the 
crystal water in a hydrated excipient requires dehydration of said 
excipient within the drug-polymer compact (Mishra and Sharma, 2016). 
The initial heating of a compact by microwave irradiation would pri-
marily rely on excipients and/or unbound water (e.g. in the polymer) 
absorbing the electromagnetic waves and, in turn, initiate dehydration 
of a hydrated excipient as the temperature of the compact increases. 
Upon dehydration of the hydrated excipient, crystal water is released, 
and is, as a result, available for heating by the electromagnetic waves. 

Using compacts composed of CCX, PVP and NaH2PO4 di-, or mono-
hydrate as a model-system, the effect of hydrate properties on in situ 
amorphisation kinetics and phase behaviour was evaluated. 

3.1. In situ amorphisation of celecoxib 

The fraction of crystalline CCX and the temperature of the compacts 
as a function of microwave irradiation time are illustrated in Fig. 1. To 
aid the description of the in situ amorphisation process, Fig. 1 is split into 
three phases, i.e. phase I-III. 

During phase I (the initial 0-2 min of microwave irradiation), no 
significant amorphisation of CCX was observed in either of the com-
pacts. The apparent lack of amorphisation is suggested to be due to 
insufficient heating of the compacts in this phase. The temperatures 
increased almost identically for all compacts during phase I. During the 
initial 1.5 min, the temperature increase was directly proportional to the 
microwave irradiation time, however, at the end of phase I, a temper-
ature plateau appears to be reached at approximately 65-70 ◦C. 

During phase II (2-6 min of microwave irradiation), higher temper-
atures were observed for the NaH2PO4 di-, and monohydrate compacts 
compared to the control compacts prepared with NaH2PO4 anhydrate 
and without NaH2PO4. The higher temperatures obtained in the 
NaH2PO4 di-, and monohydrate compacts suggest that a dehydration 
took place during microwave irradiation, and the released water 
responded to the microwave radiation causing further heating of the 
compacts. Furthermore, the released crystal water subsequently plasti-
cised the polymer (see section 3.3). As the polymer was plasticised, the 
Tg and viscosity decreased which drove the dissolution of CCX into the 
polymer. With a drug loading of 30 % w/w, the concentration of CCX in 
PVP was below the equilibrium solubility at room temperature (25 ◦C) of 
approximately 40 % w/w (Rask et al., 2016). Interestingly, during phase 
II, the compacts prepared with NaH2PO4 dihydrate displayed an overall 
lower heating rate and lower end-phase temperature as compared to the 
compacts prepared with NaH2PO4 monohydrate. After 6 min of micro-
wave irradiation, the recorded temperature was approximately 93 ◦C 
and 111 ◦C for the NaH2PO4 di- and monohydrate compacts, respec-
tively. Complete amorphisation of CCX was confirmed by both TRS and 
XRPD analysis at the end of phase II for compacts prepared with both 
NaH2PO4 di-, and monohydrate. The diffractograms of NaH2PO4 di-, and 
monohydrate compacts subjected to microwave radiation at 900 W for 6 
min displayed only Bragg peaks corresponding to the crystal form of the 

Fig. 1. Relative crystalline fraction of CCX 
(filled symbols) and temperature (open sym-
bols) of compacts as a function of microwave 
irradiation time. All compacts prepared with 
CCX in PVP (30 % w/w drug loading) with 
NaH2PO4 dihydrate (squares, blue), mono-
hydrate (diamonds, red), anhydrate (circles, 
black) and without NaH2PO4 (triangles, green), 
were microwave irradiated at 900 W. I-III in-
dicates the three phases observed during the 
microwave irradiation. The crystalline CCX 
fraction was predicted by PLS modelling of TRS. 
Mean +/- SD (n=3).   
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NaH2PO4 anhydrate (Fig. 2). Since the Bragg peaks solely corresponded 
to the NaH2PO4 anhydrate, complete dehydration of the di-, and mon-
ohydrate was confirmed by the end of phase II (Fig. 2). No appreciable 
amorphisation was observed in the control compacts prepared with 
NaH2PO4 anhydrate and without NaH2PO4 (Figs. 1 and 2). 

During phase III (6-10 min of microwave irradiation), CCX remained 
fully amorphous in the NaH2PO4 di-, and monohydrate compacts and 
crystalline (<5 % amorphous CCX) in the control compacts. The tem-
perature was stable for all compacts at approximately 92 ◦C and 107 ◦C 
for the NaH2PO4 di- and monohydrate compacts, respectively. In the 
control compacts, the temperature was approximately 64 ◦C and 68 ◦C 
for compacts with NaH2PO4 anhydrate or without NaH2PO4, respec-
tively. The lack of amorphisation of CCX in the control compact is 
attributed to the negligible heating, owing to the lack of sufficient mi-
crowave absorbing material as well as the absence of a plasticiser to 
lower the Tg of PVP. These results confirmed the need for a microwave 
absorbing material in the compacts to achieve complete microwave- 
induced in situ amorphisation. 

3.2. Availability of crystal water 

To gain a mechanistic understanding of the process of in situ 
amorphisation induced by microwave radiation using inorganic salt 
hydrates as water reservoirs for heating, the dehydration behaviour of 
NaH2PO4 dihydrate was investigated by means of TGA and DSC analysis. 
VT-XRPD was used to correlate the weight loss and heat flow with the 
changes in the crystal structure of NaH2PO4 di-, and monohydrate upon 
dehydration. 

Fig. 3 displays the thermograms from TGA, 1st derivative of TGA 
(DTG) and DSC of the neat NaH2PO4 dihydrate. According to weight loss 
calculations from the TGA, the dehydration of NaH2PO4 dihydrate 

occurred in two distinct steps, corresponding to the stoichiometric loss 
of two water molecules at 43.0 ◦C and 51.4 ◦C, respectively (total weight 
loss 21.6 % w/w, Fig. 3, TGA). In the temperature range 25.0-43.0 ◦C, a 
weight loss of 9.4 % w/w was observed, corresponding to the dehy-
dration of NaH2PO4 dihydrate to NaH2PO4 monohydrate. In succession, 
the dehydration of NaH2PO4 monohydrate to NaH2PO4 anhydrate took 
place with an onset of 43.0 ◦C and complete dehydration at 51.4 ◦C, with 
a weight loss of 12.2 % w/w relative to the original molecular weight. 
The DTG thermogram displays the rate of weight loss (%/min), with the 
maximum rate of weight loss for the first and second dehydration 
observed as peaks at 34.8 ◦C and 47.8 ◦C, respectively (Fig. 3, DTG). As 
can be seen in Fig. 3, a higher rate of dehydration was observed for 
NaH2PO4 monohydrate compared to NaH2PO4 dihydrate (-1.5 and -0.6 
%/min, respectively). The dehydration rate as well as the dehydration 
onset temperature observed for the second dehydration of NaH2PO4 
dihydrate (monohydrate to anhydrate) was confirmed by analysis of 
neat NaH2PO4 monohydrate, yielding comparable results (Fig. 3). The 
two-step dehydration process indicates the presence of two distinct 
water binding sites in the NaH2PO4 dihydrate, with the strength of the 
hydrogen bonds between each water molecule and the neighbouring 
phosphate being of different magnitude, owing to a structural asym-
metry associated with the phosphate species of NaH2PO4 dihydrate 
(Bartl et al., 1976; de Jager and Prinsloo, 2001). This structural asym-
metry associated with NaH2PO4 dihydrate has been proposed to be 
responsible for the low onset temperature and wider temperature range 
for the dehydration from NaH2PO4 dihydrate to monohydrate, than 
from NaH2PO4 monohydrate to anhydrate, resulting in an overall lower 
dehydration rate (Ghule et al., 2001). The two endothermic events 
observed at around 35 ◦C and 45 ◦C in the DSC thermogram correspond 
to the loss of water observed in the weight loss profile (Fig. 3, DSC). The 
complete dehydration and formation of NaH2PO4 anhydrate was 
observed at temperatures around 49-51 ◦C (Fig. 3, TGA and DSC). The 
slight deviation in the observed weight loss for NaH2PO4 dihydrate 
compared to the theoretical value (23.1 % w/w), as well as the onset of 

Fig. 2. X-ray powder diffractograms of compacts subjected to microwave ra-
diation at 900 W for 6 min. CCX in PVP (30 % w/w drug loading) with 
NaH2PO4 dihydrate (blue), monohydrate (red), anhydrate (black) and without 
NaH2PO4 (green). Diffractograms were normalised and diffractograms of neat 
NaH2PO4 di-, mono- and anhydrate as well as crystalline CCX included to aid 
interpretation (in brackets). Position of Bragg peaks from published crystal 
structure of CCX (polymorphic form III) indicated below the collected dif-
fractogram (Lu et al., 2006; Vasu Dev et al., 1999). Prominent, characteristic 
Bragg peaks are marked with asterisk (*). 

Fig. 3. Thermal analysis of NaH2PO4 dihydrate (blue). TGA, DTG and DSC 
thermograms recorded at 2 ◦C/min. Thermograms of neat NaH2PO4 mono-
hydrate (red) was included for reference. 
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the first endothermic event below 25 ◦C, is likely a result of slight 
dehydration upon sample preparation prior to initiating the thermal 
analysis, as NaH2PO4 dihydrate is known to slowly loose crystal water 
when exposed to open air at room temperature (Bartl et al., 1976). In the 
literature, different dehydration temperatures for NaH2PO4 di- and 
monohydrate have previously been reported, ranging from 35-50 ◦C and 
60-100 ◦C, respectively (de Jager and Prinsloo, 2001; Ghule et al., 
2001). The experimentally determined dehydration temperatures for 
NaH2PO4 di- and monohydrate (Fig. 3) in this study was found to be 
significantly lower than those reported by Ghule et al. (2001), however, 
in line with the dehydration around room temperature as observed by 
Bartl et al. (1976). 

A MCR model with three components, corresponding to the three 
hydration states of NaH2PO4 (di-, mono- and anhydrate) in the relevant 
temperature range, was constructed based on VT-XRPD data to provide 
additional structural information, and yielded signal-, and 

corresponding concentration profiles as visualised in Fig. 4A and 4B. 
Upon heating of NaH2PO4 dihydrate, interconversions between the hy-
drate states were observed in two distinct temperature ranges. The 
predicted concentration profiles displayed dehydration from NaH2PO4 
dihydrate to NaH2PO4 monohydrate at 34-48 ◦C, and from NaH2PO4 
monohydrate to NaH2PO4 anhydrate at 52-72 ◦C. Thus, pure NaH2PO4 
monohydrate was only present in a narrow temperature range (48-52 
◦C) and complete dehydration to the anhydrate was achieved at a 
temperature of 72 ◦C. The signal profiles predicted from the experi-
mental XRPD data by MCR modelling (Fig. 4B) were in agreement with 
the published crystal structures of NaH2PO4 di-, mono-, and anhydrate 
(Bartl et al., 1976; Catti and Ferraris, 1974, 1976), and confirmed the 
transitioning hydrate states associated with the dehydration of NaH2PO4 
dihydrate observed by thermal analysis (Fig. 3). 

The overall dehydration behaviour of NaH2PO4 di-, and mono-
hydrate confirmed the observations made during microwave irradiation. 
The temperature measured in situ by the infrared probe suggested a two- 
step heating mechanism for the compacts prepared with NaH2PO4 di-, 
and monohydrate, i.e. first a material independent heating (phase I) and 
subsequently a second step associated with the dehydration and subse-
quent availability of water for microwave absorption and heating (phase 
II, Fig. 1). The observed temperature difference between compacts based 
on NaH2PO4 di- and monohydrate upon microwave irradiation (phase II 
and III, Fig. 1), is assumed to be caused by the dehydration kinetics and 
thus, time dependent on the availability of crystal water for heating 
(Fig. 3). However, further studies are needed to obtain a complete 
mechanistic understanding of the effect of dehydration kinetics of hy-
drated excipients on the temperature achieved upon microwave 
irradiation. 

It should be noted that the results from TGA suggested that full 
dehydration according to the temperature measurements from the mi-
crowave setup occurred already in phase I (Fig. 1). Nevertheless, a 
temperature increase was first observed in phase II after approximately 
4 min. The temperature recorded in situ during microwave irradiation by 
the infrared probe should be interpreted with some care, as they are 
associated with some inherent uncertainty as a result of the imple-
mentation, i.e. the recorded temperature is that of the glass vial surface 
and not the compact temperature. Hence, it is likely that the true tem-
perature of the compacts is initially overestimated in phase I, as the glass 
vial is passively heated in the microwave cavity. On the other hand, as 
the dehydration and subsequent heating are initiated during phase II 
and III, the temperature is likely to be somewhat underestimated as a 
result of a time delay due to the convection heating from the compact to 
the glass vial surface. This is further supported by the observation that 
most of the in situ amorphisation occured between 2 and 4 min, never-
theless, the initiation of the primary temperature increase was recorded 
only after approximately 4 min (Fig. 1). 

3.3. Formation of a homogenous amorphous solid dispersion 

The thermal properties of the compacts prepared with NaH2PO4 di-, 
mono-, and anhydrate, and without NaH2PO4 were further investigated 
by TGA and mDSC both prior to -, and after microwave irradiation. To 
confirm that water evaporated from the compacts upon microwave 
irradiation, the moisture content of the compacts was determined pre- 
and post-microwave irradiation by TGA (Fig. 5A). The corrected mois-
ture content (MCcorr) describes the relative moisture content without the 
contribution from NaH2PO4 anhydrate and thus solely associated with 
the ASD components (CCX and the hygroscopic PVP). MCcorr for the 
compacts containing NaH2PO4 di-, and monohydrate was 9.7 ± 0.6 % 
w/w and 11.1 ± 0.3 % w/w prior to microwave irradiation, respectively 
(Fig. 5A). Upon heating of the compacts by microwave irradiation, the 
moisture content dropped significantly between 2 and 4 min for both the 
NaH2PO4 di-, and monohydrate compacts (Fig. 5A). As the majority of 
the water in these compacts was initially crystal bound in the NaH2PO4, 
the weight loss indicated partial or full release of the crystal water. After 

Fig. 4. A) MCR predicted relative concentration profiles of the identified 
components as a function of temperature, based on the experimental XRPDs. 
Component 1 (blue) corresponding to NaH2PO4 dihydrate, component 2 (red) 
to monohydrate and component 3 (black) to anhydrate. B) Predicted signal 
profiles from the MCR modelling of experimental XRPDs. Component 1 (blue) 
corresponding to NaH2PO4 dihydrate, component 2 (red) to monohydrate and 
component 3 (black) to anhydrate. Vertical lines indicate the position of Bragg 
peaks from published crystal structures (Bartl et al., 1976; Catti and Ferraris, 
1974, 1976). 
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6 min of microwave irradiation and complete amorphisation of CCX in 
the NaH2PO4 di-, and monohydrate compacts (Fig. 1), the MCcorr 
decreased to 6.0 % w/w and 4.9 % w/w, respectively. Based on these 
observations, it appeared that the moisture associated with the bulk PVP 
at room temperature (3-5 % w/w) was largely unaffected by the in situ 
amorphisation process and confirmed the observations of a critical 
moisture content of polymers, with associated restricted mobility and 
thus ability to respond to the electromagnetic field, as reported by Heng 
et al. (2010). This result was supported by analysing the moisture con-
tent of the control compacts (containing NaH2PO4 anhydrate or pre-
pared without NaH2PO4) before and after 10 min of 
microwaveirradiation. For both control compacts, the MCcorr was 
approximately 5 % w/w independent of microwave irradiation time (4.9 
± 0.1 - 4.7 ± 0.7 % w/w and 5.0 ± 0.2 - 5.3 ± 0.6 % w/w for compacts 
prepared with NaH2PO4 anhydrate and without NaH2PO4, respectively). 

The mDSC analysis of the microwave irradiated compacts containing 
NaH2PO4 di- and monohydrate initially displayed two distinct Tg’s 
suggesting the presence of two separate amorphous phases (Fig. 5B) 
(Baird and Taylor, 2012; Qian et al., 2010). The two amorphous phases 
can be attributed to a drug-rich and a polymer-rich phase, with the 
corresponding glass transitions denoted Tg

1 and Tg
2, respectively 

(Fig. 5B). The Tg’s of the neat CCX and PVP were 58.0 ± 0.1 ◦C and 108.2 
± 0.1 ◦C, respectively. Following 6 min of microwave irradiation, 
complete amorphisation of CCX was achieved (Fig. 1, phase III) and, at 
this time point, the ASD prepared with NaH2PO4 dihydrate consisted of 
two amorphous phases with a Tg

1 of 47.4 ± 1.6 ◦C and a Tg
2 of 87.0 ± 4.0 

◦C (Fig. 5B). Following 10 min of microwave irradiation, Tg
1 increased to 

50.5 ± 0.9 ◦C and Tg
2 to 91.5 ± 0.4 ◦C. The minor shift in Tg

1 and Tg
2 

indicates a slight change in the composition of the ternary amorphous 
drug-rich and polymer-rich phase, respectively, which can be attributed 
to a decrease in moisture content in the systems. The ratio of heat ca-
pacity change (∆Cp) associated with Tg

1 and Tg
2 in the NaH2PO4 dihydrate 

compacts indicates the relative ratio between the amorphous phases at 
each specific time point (Paudel et al., 2013) and supported the theory 
that the amount of drug-rich phase increased upon continued heating by 
microwave irradiation, whereas the polymer-rich phase decreased as the 
∆Cp associated with Tg

2 approached zero (Fig. 5C). Nevertheless, the 
NaH2PO4 dihydrate compacts remained a two-phase amorphous system 
after 10 min of exposure to microwave irradiation. Extending the period 

of microwave irradiation of compacts prepared with NaH2PO4 dihydrate 
to 12 min, however, facilitated the formation of a one-phase homoge-
nous ASD, as evident by a single glass transition with a Tg of 50.7 ± 0.6 
◦C (Fig. 5B). 

In case of the compacts prepared with NaH2PO4 monohydrate, a 
second glass transition (Tg

2) was only observed in the compacts micro-
wave irradiated for 4 min (Fig. 5B). The decrease in moisture content of 
the compacts and simultaneous increase in Tg, as microwave irradiation 
continued, indicates anti-plasticisation as a result of dehydration. After 
6 min of microwave irradiation, the compacts prepared with NaH2PO4 
monohydrate formed a homogeneous ASD, as evident by a single glass 
transition (Fig. 5B). Comparing the NaH2PO4 di-, and monohydrate 
compacts, much higher temperatures were achieved in the monohydrate 
compacts compared to the dihydrate compacts (Fig. 1), which explains 
the shorter microwave irradiation time needed for the monohydrate 
compacts to form a homogeneous ASD. As evident from Table 3, no 
significant difference was observed in the Tg of the ASD obtained 
following quench cooling of a system consisting of only CCX in PVP as 
compared to systems prepared with NaH2PO4 di-, mono-, or anhydrate. 
These results suggest that the crystalline NaH2PO4 did not immediately 
impact the resulting ASD when suspended in the ASDs formed from CCX 
in PVP. 

4. Conclusions 

The addition of an inorganic salt hydrate, NaH2PO4 di-, or mono-
hydrate, to compacts prepared for in situ amorphisation by microwave 
irradiation, was investigated. The efficiency of microwave-induced in 
situ amorphisation was hypothesised to be affected by the dehydration 

Fig. 5. A) Corrected moisture content (MCcorr), B) 
glass transition temperature (Tg) and C) heat capacity 
change (∆Cp) associated with the glass transitions of 
the NaH2PO4 dihydrate (squares, blue) and mono-
hydrate (diamonds, red) compacts (CCX in PVP, 30 % 
w/w drug loading) as a function of microwave irra-
diation time (at 900 W). Tg

1 and ∆Cp1 (solid), Tg
2 and 

∆Cp2 (dashed). The range of MCcorr for control com-
pacts with NaH2PO4 anhydrate and without NaH2PO4 
is marked in grey. Mean +/- SD (n=3).   

Table 3 
Glass transition temperatures (Tg) of quench cooled ASDs (CCX in PVP, 
30 % w/w drug loading) with NaH2PO4 di-, mono- and anhydrate. Mean 
+/- SD (n=3).  

Quench cooled sample Tg [◦C] 
CCX:PVP 102.7 ± 2.0 
CCX:PVP:NaH2PO4 dihydrate 101.5 ± 0.3 
CCX:PVP: NaH2PO4 monohydrate 101.7 ± 1.0 
CCX:PVP: NaH2PO4 anhydrate 101.6 ± 1.8  
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temperature and kinetics, in turn affecting the compact temperature. 
Addition of NaH2PO4 di-, and monohydrate to compacts containing CCX 
and PVP was shown to be a feasible source of water for the in situ for-
mation of homogenous ASDs. Hence, using crystal water presents a 
feasible way of circumventing the lengthy conditioning used in previous 
studies on microwave induced in situ amorphisation. The dehydration 
behaviour of NaH2PO4 di-, and monohydrate was shown to affect the 
heating of the compacts with the monohydrate displaying a higher 
dehydration rate and, in turn, a higher absolute temperature obtained 
upon microwave irradiation as compared to the dihydrate. With a higher 
absolute temperature, the microwave irradiation time to achieve a ho-
mogenous ASD was reduced. The option of tailoring the absolute tem-
perature of compacts during microwave irradiation, merely by choice 
and concentration of an inorganic salt hydrate in the compact, makes 
future transitions to new drug-polymer combinations (including less 
hygroscopic polymers) a more conceivable task. 
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Edueng, K., Bergström, A.S.C., Gråsjö, J., Mahlin, D., 2019. Long-term physical (in) 
stability of spray-dried amorphous drugs: relationship with glass-forming ability and 
physicochemical properties. Pharmaceutics 11 (9), 425. 

Ghule, A., Murugan, R., Chang, H., 2001. Thermo-Raman studies on NaH2PO4•2H2O for 
dehydration, condensation, and phase transformation. Inorg. Chem. 40 (23), 
5917–5923. 
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