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The aim of this case study was to investigate the effect of processing routes on material surface properties 
as a function of surface energetics. Inverse Gas Chromatography (IGC) was employed for determination of 
surface energy distributions and surface acid-base properties of crystalline, milled and amorphous 
Indomethacin samples.

Introduction 
 

Crystalline active pharmaceutical ingredients can 
become amorphous either intentionally (i.e. 
spray-drying, freeze-drying, extrusion etc.) or 
unintentionally during different manufacturing 
processes (e.g. blending and micronization).   

 

Even though they may be produced via all above 
processing routes, these amorphous regions  can 
be manifested throughout the entire crystal, or 
affect only the surface of crystal, or even at 
localised points of the surface. Hence, the 
physical properties and ultimate behaviour of 
these materials may vary dramatically [1]. The 
changes in behaviour subsequently can relate to 
difficulties in product formulation and even the 
final product attributes, such as wet granulation 
of micronised drugs and performance variability 
in inhalation products. 

 

 

 

 

 
Finite concentration Inverse Gas Chromatography 
(IGC) experiments allow for the determination of 
surface energy distributions which more 
accurately describe the anisotropic surface 
energy for real materials. In this case study, the 
surface energy heterogeneity and surface acid-
base properties of Indomethacin were measured 
to investigate the effects of different processing 
routes on material surface properties. 

 

Indomethacin was used as model compound for 
this work. It is an anti-pyretic and anti-
inflammatory drug used in many pharmaceutical 
preparations [2, 3]. It has been proposed to have 
up to four polymorphic forms, though α- and γ-
forms are the most commonly studied [4]. 
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Theory 
 

The state-of-the-art injection technology of the 
iGC SEA allows the precise control of the injection 
size, therefore different amount (mole, n) of 
probe vapour can be chosen to pass through the 
sample column to achieve different surface 
coverages, n/nm. If a series of probe vapours is 
injected at the same surface coverage, the 
surface energy and free energy can be 
determined. Consequently, the injections of 
probe vapours at different surface coverages will 
result in a distribution of surface energy as a 
function of surface coverage, which is referred as 
a surface energy profile. The determination of 
surface energy heterogeneity by iGC SEA can, 
therefore, be described as a mapping technique.  
Detailed methodology has been described 
elsewhere [5].    

 

Method 
Material – Indomethacin 

Indomethacin (>98% purity, γ-form) was provided 
by Novartis Pharmaceuticals Ltd. (Basel, 
Switzerland). Crystalline Indomethacin was used 
as received (Figure 1). 

 
Figure 1. Molecular structure of Indomethacin 

 

Preparative Techniques  

Amorphous Indomethacin was prepared by 
quench cooling. About 150mg of as-received 
crystalline Indomethacin was weighted into a 
circular aluminium weighing boat and was heated 
on a hotplate at a temperature above its melting 
point: 175°C. The sample was heated for about 5 
minutes and until it was fully vitrified – with no 

apparent crystallinity, bubbles or signs of 
decomposition. The glassy Indomethacin was 
then grinded gently into powder form using 
pestle and mortar. 

 

Another sample of crystalline Indomethacin was 
subjected to milling using a ceramic ball mill 
apparatus. About 7g of crystalline Indomethacin 
and 20 ceramic balls (approximate 13.5mm in 
diameter) were placed in a sealed 1L ceramic jar 
(mass ratio 1:40). The ball mill apparatus was 
rotated on a Pascall Engineering 1600-VS-A roller 
mixer at a setting of 10 for a period of two hours. 

 

All samples were sieved to a particle size fraction 
of 90-106μm to minimize any dependence on 
particle size and focus on differences in surface 
properties. Quench cooled and milled samples 
were kept in dessicator prior to any IGC 
measurements. 

 

Characterisation of Samples 

Powder X-ray diffraction (PXRD) and differential 
scanning calorimetry (DSC) were performed to 
confirm the presence of amorphous form and/or 
any disordered forms. Measurements were 
performed immediately after quench cooling and 
milling as disordered Indomethacin is known to 
be highly unstable, with a relatively low glass 
transition temperature (Tg between 42~45°C) [6, 
7].  

 

PXRD diffractograms of all samples were obtained 
by using a X’Pert Pro diffractometer (PANalytical 
B.V., Almelo, The Netherlands). Samples were 
gently consolidated in a flat aluminium sample 
holder and scanned from 5° to 60° 2θ with a Cu 
Kα radiation generated at 40kV and 40mA. About 
8mg of sample was crimped in an aluminium DSC 
pan. Samples were heated from 25°C to 180°C at 
a ramping rate of 20°C/min, under a nitrogen gas 
flow of 50mL/min. The calorimeter was calibrated 
with indium.  

http://en.wikipedia.org/wiki/File:Indometacin_skeletal.svg


 

Surface Energy Heterogeneity 

All analyses were carried out using iGC Surface 
Energy Analyzer (SMS, Alperton, UK) and the data 
were analysed using both standard and advanced 
SEA Analysis Software. For all experiments, about 
500mg of samples were packed into individual 
silanised glass column (300mm long by 4mm 
inner diameter) using the SMS Column Packing 
Accessory.  

 

Samples were run at a series of surface coverages 
with alkanes and polar probe molecules to 
determine the dispersive surface energy 
distribution as well as the specific free energy of 
adsorption. For the analysis, method of Dorris 
and Gray was employed for dispersive 
component [8]. Each column was conditioned for  
a period of 2 hours at 30°C and 0% RH with 
helium carrier gas prior to any measurements. All 
experiments were conducted at 30°C with 10sccm 
total flow rate of helium gas, using methane for 
dead volume corrections.  

 

Results 
Characterisation of Indomethacin Samples 

Figure 2 shows the PXRD diffractograms of the as-
received crystalline Indomethacin and processed 
Indomethacin samples. Complete absence of 
diffraction peaks in the diffractograms 
(amorphous halo) of quench cooled Indomethacin 
revealed that the sample was completely 
amorphous. Milled Indomethacin, on the other 
hand, shows merely a small reduction in 
crystallinity, in particular over the range of angle 
15° to 25° 2θ, presumably due to formation of 
disordered regions on the milled surfaces.  

 

DSC thermograms of all samples are depicted in 
Figure 3. Crystalline Indomethacin (γ-form) shows 
a distinct endotherm as its melting peak, at 
temperature onset  160°C. However, for milled 
Indomethacin, there are two endotherms with 
onsets at 154°C and 160°C, which were reported 

as the melting peaks of metastable α- and γ-form 
of Indomethacin polymorphs. It is therefore 
assumed that a small fraction of the disorder 
regions may have transformed into the α-
Indomethacin.  

 

For quench cooled Indomethacin, the DSC 
thermograms exhibited an additional endotherm 
at 45°C ±5°C, and an exothermic event in the 
range of 100 – 140°C. These thermal events can 
be associated with the glass transition (Tg) of the 
sample, and recrystallization of amorphous 
Indomethacin. Only one melting peak was 
observed at 152°C onset, implying that quenched 
cooled sample crystallised entirely into the α-
Indomethacin.  
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Figure 2. PXRD diffractograms of crystalline form, ball-
milled and quench cooled Indomethacin samples.    
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Figure 3. Thermograms of crystalline form, ball-milled 
and quench cooled Indomethacin samples.    



 

Dispersive Surface Energy Heterogeneity 

Dispersive (s
D) surface energy profiles for the 

crystalline, milled and quench cooled 
Indomethacins are displayed in Figure 4.  

 

Dispersive surface energy profiles show similar 
shapes for the crystalline and quench cooled 
Indomethacin, with the quench cooled form 
having marginally higher dispersive surface 
energy values across the surface coverage range 
measured. Even crystalline sample shows some 
degree of heterogeneity.  This could be due to 
different crystal facets having different surface 
energies.  This phenomena has been observed 
previously for several different materials [9, 10].  

 

Between the three samples, milled Indomethacin 
has much higher dispersive surface energy values 
across the entire range of surface coverages 
measured. In addition, the milled sample 
exhibited a fairly homogenous dispersive surface 
energy profile.  

 

Data in Figure 4 is fitted to a an empirical function 
and converted into a normalized distribution to 
display the surface energy results in a more clear 
manner in Figure 5. Milled Indomethacin has a 
higher average value, but a narrower distribution. 
The difference in surface energy between the 
minimum and maximum values determined is 
only ~2.5 mJ/m2 (γs

D
min 41.26 mJ/m2, γs

D
max 43.77 

mJ/m2).  

 

It is clearly shown that the quench cooled 
Indomethacin does have a slightly higher average 
dispersive surface energy value and wider 
variation of surface sites ~8.8 mJ/m2 (γs

D
min 34.81 

mJ/m2, γs
D

max 43.62 mJ/m2), compared to the 
crystalline Indomethacin with a variation of ~7.6 
mJ/m2.  

 

As mentioned earlier, there was no evidence of 
any bulk amorphisation in milled Indomethacin 
from PXRD and DSC results. Therefore, the higher 

surface energy values on milled surfaces could be 
due to formation of defect sites, kinks, steps etc. 
or exposure of higher energy crystal facets during 
the milling process. 

 

It has been demonstrated that dispersive surface 
energy profiles can be used to detect subtle 
changes on the surface properties, and to 
differentiate materials prepared from different 
processing routes, i.e. quench cooling and milling. 
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Figure 4. Dispersive surface energy profiles of 
Indomethacin samples.    
 

0

1

2

3

4

5

6

7

8

30 32 34 36 38 40 42 44 46 48 50

A
re

a 
In

cr
e

m
e

n
t 

[%
]

Dispersive Surface Energy [mJ/m2]

Crystalline

Milled

Quench Cooled

 
Figure 5. Dispersive surface energy distributions of 
Indomethacin samples.    

 

Acid-Base Surface Energy and Electron Donor-
Acceptor Properties 

The acid-base (s
AB) component of the surface 

energy was determined using the Good-Van Oss-



 

Chadury approach and applying the Della Volpe 
scale [11].  Figure 6 depicts that the crystalline 
Indomethacin has the lowest specific (acid-base) 
surface energy values, meanwhile the milled and 
quench cooled samples have measurably higher 
surface energy values. Specific (acid-base) surface 
energy values indicate a more uniform 
distribution on the quench cooled sample, 
whereas the milled sample is more 
heterogeneous (Figure 7).   

 

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0.00 0.02 0.04 0.06 0.08 0.10

Sp
e

ci
fi

c 
Su

rf
ac

e
 E

n
e

rg
y 

[m
J/

m
2
]

Surface Coverage [n/nm]

Crystalline

Milled

Quench Cooled

 
Figure 6. Specific (acid-base) surface energy profiles of 
Indomethacin samples.    
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Figure 7. Specific (acid-base) surface energy 
distributions of indomethacin samples.    

 

The Gutmann acid-base theory was applied to 
determine the electron donor-acceptor 
properties of the material surfaces. Figure 8 
shows that  all samples have higher base number 
(Kb), than acid number (Ka) across the entire 

surface coverage range measured, implying 
Indomethacin surfaces are more basic in nature. 
This also shows that all surfaces possess higher 
concentration of electron-donating functional 
groups. 

 

Ka/Kb ratio profiles in Figure 9 clearly depicts that 
crystalline Indomethacin has the lowest electron 
donor values, followed by quench cooled sample 
which has marginally higher electron donor 
values. The milled Indomethacin has the higest 
electron donor values. Although both processed 
Indomethacins have disordered/amorphous 
regions, their surface properties are notably 
different, as detected by iGC SEA. 
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Figure 8. Gutmann acid and base number profiles of 
Indomethacin samples.    
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Figure 9. Gutmann acid and base ratio profiles of 
Indomethacin samples. 
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Conclusions 
 

Surface properties of Indomethacin with different 
processing routes were investigated.  Although 
quench cooling and milling both produced 
disorder and amorphous regions, their surface 
properties were measurably different as 
determined by IGC.  The milled Indomethacin 
sample had a relatively higher dispersive surface 
energy and higher surface basicity (electron 
donor capability).  These properties could cause 
the sample to interact differently with other 
surfaces (i.e. excipients, devices, and processing 
equipment).  Therefore, both final product state 
(crystalline or amorphous) and processing route 
must be controlled to maintain the final product’s 
desired physical properties.   
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