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Abstract A combination of differential scanning calo-

rimetry and hot-stage microscopy with image analysis has

been used to investigate the polymorphism of sulfathiazole.

The use of light intensity profiles obtained from the HSM

images, as an alternative way to present results of the HSM

analysis, was found to be useful in describing and verifying

thermal events. The approach provides a unique insight

into the polymorphic transformations and thermal behav-

iour exhibited by this compound. The results of the

experiments show that sulfathiazole tends to crystallise as

mixtures of polymorphs, even though the literature meth-

ods for producing pure polymorph were followed.

Keywords DSC � HSM � Image processing �
Polymorphic transformation

Introduction

Crystallisations of active pharmaceutical ingredients

(APIs) particularly those that possess multiple polymorphic

forms are amongst the most critical, yet least understood

pharmaceutical processes. Statistically, about 85% of APIs

exhibit polymorphism and 50% have multiple polymorphic

forms [1]. The polymorphs of a crystal can exhibit a variety

of structures, which have different inter- and intra-molec-

ular interactions. Thus, they have different free energies

and consequently different physico-chemical properties

and mechanical behaviours [2]. These have an impact on

downstream process operations, such as isolation, filtering

and drying, and can affect the therapeutic properties of the

final product. For this reason, an extensive characterisation

of all known solid forms of the API is necessary in order to

understand and differentiate them properly. Solid state

characterisation has become an integral part of the drug

development process and its importance has been recog-

nised from scientific as well as regulatory concerns. It has

been used to provide information about the therapeutic

properties of the polymorphs of a drug substance such as

their bioavailability, rate of dissolution and stability. It also

has been used to assess the success of the crystallisation

control approach in producing certain polymorphs [3, 4]

and certain crystal properties [5–7]. In addition, the

obtained knowledge on the solid state properties of the API

could assist in generating a valuable protection of intel-

lectual property, e.g., through a patent [2].

Thermal analysis is one of the established solid state

characterisation techniques. Its application to characterise

pharmaceutical products has been extensively reviewed in

the literature [8–12]. One of the most widely used thermal

analysis techniques for the investigation of polymorphism

is differential scanning calorimetry (DSC). The technique

basically involves the application of a heating/cooling

signal to a sample and the subsequent measurement of the

temperature and enthalpy changes associated with thermal

events such as melting and polymorphic transformation

[13]. The popularity of DSC is due to its simplicity and

rapidity of measurement, requirement for a small sample

size and ability to provide detailed information about the

physical and energetic properties of a sample [14].

Another thermal analysis technique for the investigation

of polymorphism is hot-stage microscopy (HSM). The

technique combines microscopy and thermal analysis, and

allows visual observation of the behaviour of a sample

through a microscope during heating or cooling [15]. This
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visual technique easily distinguishes a polymorphic trans-

formation from the melting process [16]; hence HSM is

very useful to provide information for the confirmation of

the thermal events that are observed using other techniques.

Some examples of the application of HSM in the thermal

analysis of pharmaceuticals have been comprehensively

presented by Vitez and Newman [17]. Recent technological

advances have expanded the capabilities of the visual

techniques, for example with the use of software, which not

only captures the image, but also performs an image

analysis, for example by computing the total light intensity.

The latter may be calculated as the sum or average of the

grey levels in all pixel (pixel value ranges from black = 0

to white = 255). As the image becomes brighter, the light

intensity value becomes higher. The application of image

analysis to evaluate HSM results is very attractive because

of its ability to translate visual effects, which other tech-

niques may not be able to provide, into quantitative

information. The introduction of an alternative way of

presenting HSM results may broaden the application of

HSM since it is conventionally used to confirm results

of other thermal analysis techniques only. Some visual

techniques, including optical microscopy, non-invasive

video imaging systems and Lasentec’s in-process video

microscopy, have successfully utilized image analysis in

the investigation of the dynamics of product quality, such

as size and shape of particulates in real-time and in situ

[18–22]. However, based on authors’ knowledge, the use of

image analysis to evaluate HSM results has never been

reported.

Although solid state properties of different polymorphs

of a compound may be different, very often, they are only

marginally different. For this reason, it is essential to dif-

ferentiate them using a variety of characterisation tech-

niques to avoid making erroneous conclusions. In addition,

the interpretation of an individual characterisation tech-

nique always requires support from other techniques. A

reliable combined technique that can quickly differentiate

between different polymorphs and determine if a solid

contains a pure polymorph or a mixture of polymorphs

would be preferable. Combined or coupled thermal anal-

ysis techniques were found to provide quicker ways for

interpretation of polymorphic phenomena, while at the

same time, the sensitivity, the reliability and the robustness

of the results remain of high quality [23, 24]. This is

illustrated by a coupling of DSC and HSM, which have

proved to be very successful in the study of phase diagrams

and polymorphic transformation [25–28]. Based on their

works, visual observation through HSM was found to be a

more sensitive indicator of phase changes than the DSC

measurements alone; the changes happening on the surface

of the crystals could clearly be seen using HSM even when

the DSC showed no thermal event [26]. Very recently, a

DSC coupled to a photovisual system (i.e., a microscopy

connected to a camera) has been employed to confirm the

presence of volatile solvents in raw materials of indinavir

sulphate, which was shown by liberation of bubbles during

volatilization process upon heating [29].

Sulfathiazole has been chosen as the model system in

this study. At present, it has five known polymorphs that

are well characterised and clearly described in the literature

[30–32]. Although the polymorphism of sulfathiazole has

been extensively and repeatedly investigated by various

researchers [33–36], it remains difficult to produce a pure

polymorph; most of the time, the desired polymorph con-

tains impurities from at least one other form [37–40].

In this paper, examples are presented of complementary

application of DSC and HSM with image analysis in the

investigation of sulfathiazole polymorphism. The image

analysis tool used in this work allows the selection of

regions of interest and restricts image analysis to each

selected region only. The aim of this work is two-fold: (i)

to give a contribution to the methods of investigating

polymorphism through a combined approach of DSC-HSM

with image analysis, and (ii) to gain more understanding on

the polymorphism of sulfathiazole.

Methods and materials

Materials

Sulfathiazole was purchased from Sigma-Aldrich with

a purity of 98%. The solvents used are deionised water,

1-propanol, acetone and chloroform. Except water, all

other solvents were analytical reagent grade purchased

from Fisher Scientific.

Crystallisation of the polymorphs

Four different sulfathiazole polymorphs were generated

using methods available in the literature [34, 38, 41] as

shown in Table 1. One of the polymorphs (i.e., form II)

was generated using two different methods. It is known that

there are some inconsistencies in the enumeration of the

sulfathiazole polymorphs in the literature [30, 42]. In this

work, the enumeration of the polymorphs follows the

convention proposed by Apperley and co-researchers [30].

In order to further clarify the identity of the polymorphs,

the Cambridge Structural Database (CSD) reference codes

are quoted in the bracket.

All of the crystallised solids were vacuum filtered and

subsequently, those crystals obtained from water, were

immediately dried in a hot air oven at 105 �C for 15 min,

whereas crystals obtained from other solvents were dried in

a desiccator.
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Thermal analysis of polymorphs

DSC: The thermal behaviour of the polymorphs was

examined using a TA Instruments DSC Q10. About 8 mg

of sample was weigh into an aluminium pan and sealed

hermetically. Analysis was carried out by heating the

sample from 100 to 240 �C at heating rates of 2, 10 and

20 �C min-1 under constant purging of nitrogen at

40 mL min-1. An empty aluminium pan was used as a

reference in all the runs. Results were analysed using TA

Instruments Universal Analysis 2000.

HSM: The thermal behaviour of the polymorphs was

visually examined using a Mettler Toledo FP90 hot-stage

system and a Leica DMLM microscope from 100 to 250 �C

at a heating rate of 10 �C min-1. Microscopic observations

during experiments were displayed on a computer screen and

recorded using a JVC colour video camera.

HSM image analysis

MATLAB image processing toolbox (Matworks, Inc.) was

used to compute mean values of light intensity of greyscale

images in the HSM video clips. The computation was based on

the average of grey levels in all pixel (pixel value ranges from

black = 0 to white = 255). An algorithm for the computation

is presented as a flowchart in Fig. 1. In this paper, the mean

light intensity values of the HSM greyscale images is pre-

sented as percentage HSM light intensity, defined as a per-

centage of an average greyscale intensity value divided by the

largest value of average greyscale intensity.

Results and discussion

Crystals obtained by method 1

The DSC curves of the crystals obtained by method 1 at

various heating rates are presented in Fig. 2. The onset of

the first peak was observed between 121 and 131 �C, with

the peak maxima increased from 124 to 136 �C, with

increasing heating rates. The shifting of the onset of the

peak and the peak maximum to higher temperatures as the

heating rate increases is due to the effect of ‘‘thermal lag’’

within the system. The effect comes about as the result of

the thermal lag between the DSC’s furnace and the bottom

of the sample pan, and/or the lag between the bottom of the

sample pan and the sample, and/or the lag throughout the

sample [43]. Therefore, although the use of a higher

heating rate will reduce the experimental time, the thermal

lag may affect the accuracy of the results. It can also be

Table 1 Preparation methods

to produce different polymorphs

of sulfathiazole

Method

no.

Polymorph to be

produced

Procedure

1 I (SUTHAZ01) Heating 0.5 g of sulfathiazole in 50 mL of 1-propanol in a flask on a hot

plate to dissolution, followed by natural cooling at 25 �C

2 II (SUTHAZ05) Rapid cooling of a saturated aqueous solution of sulfathiazole at 60 �C

(0.5 g in 100 mL water) from 80C to 4 �C at a set rate of 10 �C min-1 in

a crystalliser

3 III (SUTHAZ02) Slow cooling of a saturated aqueous solution of sulfathiazole (0.5 g in

100 mL water) at a rate of 0.1 �C min-1 from 80 to 20 �C in a crystalliser

4 IV (SUTHAZ) Natural cooling to 20 �C a saturated solution of sulfathiazole in a 50:50

mixture of acetone: chloroform at 50 �C (1.3 g in 100 mL)

5 II (SUTHAZ05) Boiling to evaporate a saturated aqueous solution of sulfathiazole at 60 �C

(0.8 g in 50 mL water) in a beaker on a hot plate until almost dry

Select regions of interest (ROI) on the first 
frame using the roipoly command 

Get a video file using 
the uigetfile command  

Read first frame of video sequence 
using the read command 

Convert the coloured video 
image to greyscale using 
the rgb2gray command 

Compute average 
greyscale values for the 

selected ROI

Last frame? 

Get next 
frame

Plot average greyscale 
values against temperature  

No

Yes

Fig. 1 An algorithm for the computation of mean light intensity

values of greyscale images in the HSM video clips
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observed from Fig. 2 that the baseline of the curves is

increasingly offset with an increase in the heating rate. The

height and width of the peak are also increased, which

consequently increased the detection limit, but reduced the

resolution as demonstrated by the appearance of an unre-

solved peak for the run at a heating rate of 20 �C min-1,

whereas for the run at a heating rate of 2 �C min-1, the

peak is undetected. In order to compromise with all these

effects, a heating rate of 10 �C min-1 was chosen for the

subsequent thermal analysis experiments.

Figure 3 shows the DSC curve and the HSM light

intensity of the crystals, while Fig. 4 shows the snapshots

of selected crystals during HSM analysis. Both experi-

ments, DSC and HSM, were conducted at a heating rate of

10 �C min-1. Based on the DSC curve in Fig. 3, it can be

seen that there are three major peaks. The peak with a

maximum at 203.2 �C corresponds to the melting peak of

form I, while the peak at a maximum of 197.9 �C corre-

sponds to the melting peak of form II. Form I and form II

are enantiotropically related, in which form I is stable from

its melting point of 202 �C down to 116.5 �C, while form

II is a stable form below 116.5 �C [44]. Some crystals of

form I may have transformed into form II at room tem-

perature during storage and when they were heated in the

DSC experiment, some of them transformed back into form

I. The formation of the peak at the maximum of 130.5 �C

may correspond to a polymorphic transformation from

form II to form I. The thermal lag effect mentioned earlier

may have contributed to the difference between the

obtained transition temperature at 130.5 �C and that from

the literature at 116.5 �C [44]. These events, which were

implied by the results of the DSC analysis, were verified by

the HSM analysis. HSM shows no melting at the expected

polymorphic transformation peak at 130.5 �C, but it shows

an optical property change, as can be observed by the

difference between the highlighted crystals in Fig. 4a and

b. The change reduced the brightness and thus the light

intensity of the crystals as indicated in Fig. 3 by the

reduction in the HSM light intensity from 130.5 �C

onwards. The same visual observation through a HSM had

been reported in the case of lithium sulphate salt in which a

transformation of one of its polymorphs to another was

accompanied by a striking change in birefringence [45].

Melting of form II was indicated by a small increase in the

value of the light intensity, while melting of form I was

shown by the continuous increase in the value of the light

intensity as all the crystals have melted. Figure 4 shows the

melting of form II and form I in (c) and (d), respectively.

The profile of the HSM light intensity shown in Fig. 3

was computed from all crystals on the frame (ROI 1),

which is fairly comparable to the profile of the sample’s

DSC curve. In order to investigate the capability and sen-

sitivity of the HSM light intensity in describing thermal
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Fig. 4 Images of sulfathiazole crystals obtained by method 1 during

HSM analysis taken at a 100.0 �C; b 142.6 �C; c 198.8 �C; and d
203.9 �C
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events of individual crystals, two ROI were selected; one

was selected around a crystal that melts at 197.9 �C (ROI

2) and another around a crystal that melts at 203.2 �C (ROI

3), as highlighted in Fig. 4c and d, respectively. The

computed profiles of light intensity are shown in Fig. 5. It

can be seen that all profiles indicate an optical property

change with a decrease in the light intensity from 130.5 �C

onwards. The profile of ROI 3, however, shows a larger

decrease in the light intensity compared to the profile of

ROI 2, but this is believed to be due to the difference in the

appearance of the images since ROI 2 is more blurred than

ROI 3. The absolute changes in the HSM light intensity

depend on the fraction of ROI pixels that are filled with the

crystal. The ROI 2 and ROI 3 profiles show the melting of

crystals at 197.9 �C and 203.2 �C, respectively, with a

sharp increase in the light intensity. The ROI 3 profile also

shows a small peak that corresponds to the melting of a

crystal in ROI 2, which demonstrates the sensitivity of the

HSM light intensity to the changes happening on the sur-

face of the crystals due to the melting of adjacent crystals.

The results of DSC and HSM with image analysis show

that the sulfathiazole crystals obtained by method 1 contain

a mixture of form I and form II.

Crystals obtained by method 2

Figure 6 shows the profiles of the DSC curve and the HSM

light intensity of the crystals produced by method 2. Fig-

ure 7 shows the snapshots of the crystals during HSM

analysis. Based on Fig. 6, the DSC curve indicates the

presence of three major endotherm peaks. The first peak at

a maximum of 168.5 �C was not a melting peak as verified

by the HSM analysis. The peak resulted from a change in

the optical properties of the crystals, as shown by the

difference in the appearance of the highlighted crystals

between (a) and (b) in Fig. 7. The phenomenon was indi-

cated by fluctuation in the HSM light intensity profile

between 159.3 �C to a temperature slightly above 168.5 �C

and it was probably due to a transformation of form III to

form I, since the transformation was reported to occur in a

temperature range of 150–170 �C [34]. The second peak at

100 120 130.5 140 160 180 220

50

60

70

80

90

100

Temperature / oC

H
SM

 li
gh

t i
nt

en
si

ty
 / 

%

197.9 203.2

Optical 
property
change

Form I
melts

Form II 
melts

ROI 3

ROI 2

ROI 1

Fig. 5 HSM light intensity profiles of sulfathiazole crystals obtained

by method 1 at three different ROIs; all crystals on the frame (ROI 1);

a crystal that melts at 197.9 �C (ROI 2) and a crystal that melts at

203.2 �C (ROI 3)

120 140

70

80

90

100

H
S

M
lig

ht
in

te
ns

ity
/%

Temperature / oC

-2

-1

0

1

D
S

C
he

at
fl

ow
/W

g−1

HSM light intensity
(ROI 1)

DSC heat flux

Optical
property
change

Form III
melts

Form II
melts

Form I
melts

159.3 168.5 174.5 197.2 202.5

Fig. 6 DSC curve and HSM light intensity of sulfathiazole crystals

obtained by method 2

200 µm 200 µm

200 µm 200 µm

(c)

Complete 
melting 

(e) (f)

(d)

198.8°C

202.6°C 204.0°C

 Melting of
 form II 

176.1°C

 Melting of
 form III 

Melting of 
form I 

(a) 200 µm

120.1°C

(b) 200 µm

169.1°C
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d 198.8 �C; e 202.6 �C and f 204.0 �C
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a maximum of 197.2 �C on the DSC curve corresponds

to a melting peak of form II, whilst the third peak at a

maximum of 202.5 �C corresponds to a melting peak of

form I. The melting of form II and form I were verified by

HSM analysis as shown in Fig. 7d and e, respectively, and

the subsequent increase in the HSM light intensity value at

the corresponding melting temperatures in Fig. 6. The

HSM analysis was able to detect melting of form III as

shown in Fig. 7c and as indicated in Fig. 6 by a small

increase in the HSM light intensity value at 174.5 �C. This

melting of form III was barely detected by the DSC.

According to a report [35], a single melting peak of form II

at its melting temperature can only be obtained if the

crystals were purely form II. If only the slightest amount of

form I present, form I will crystallise during the melting

process of form II [35]. This indicates that the crystals

obtained are actually a mixture of form I, form II and form

III.

The HSM light intensity profiles for various ROI were

presented in Fig. 8. ROI 2 was selected to represent a

crystal that melts at 174.5 �C as highlighted in Fig. 7c, ROI

3 represents crystals that melt at 197.2 �C as shown in

Fig. 7d and ROI 4 represents a crystal that melts at

202.5 �C as shown in Fig. 7e. All profiles show a sharp

increase in the light intensity at the corresponding melting

temperatures of their represented crystals. Although there

are some discrepancies between the value of temperatures

to represent melting at inflection points shown by the HSM

light intensity and the DSC heat flux peak maximum, the

relative errors are very small, i.e., between 0.1% and 0.7%.

The fluctuation of the HSM light intensity profile between

159.3 and 169.4 �C that corresponds to the change in the

optical properties of the crystals was shown by ROI 3 and

ROI 4, but it was not shown by ROI 2. This result confirms

that the phenomenon shown by the crystal in ROI 4

between 159.3 and 169.4 �C was due to a transformation of

form III to form I. A similar phenomenon displayed by a

crystal in ROI 2, on the other hand, was probably just due

to a surface property change, since the crystal should not

undergo a polymorphic transformation as it melted at its

melting temperature of 197.2 �C (corresponding to melting

temperature of form II crystals). Nevertheless, the HSM

light intensity profiles of individual crystals in this case

have been demonstrated to help in confirming the presence

of form I, form II and form III in the crystals obtained by

method 2.

Crystals obtained by method 3

The obtained DSC curve and the HSM light intensity for

the sulfathiazole crystals from method 3 are presented in

Fig. 9. Three endotherm peaks were shown by the DSC

curve. The first peak had a maximum of 121 �C, the second

at 162 �C and the third at 203.5 �C. The third peak cor-

responds to the melting peak of form I. The formation of

the second peak is in agreement with the observation by

previous researchers [34], who deduced that form III

transforms into form I in the temperature range of 150–

170 �C without showing any melting (of form III at

175 �C). This polymorphic transformation event implied

by the results of the DSC analysis was confirmed by the

HSM analysis. No melting, but a change in optical property

of the crystals, was observed as shown by the difference

between the highlighted crystals in Fig. 10a and b. The

formation of the first peak lies within a range of tempera-

tures that recently reported to correspond to the dehydra-

tion of a hydrate [46]. The HSM analysis confirmed this by

showing no thermal event in the vicinity of 121 �C. This

120 140 159.3 169.4

60

70

80

90

100

Temperature / oC

H
SM

 li
gh

t i
nt

en
si

ty
 / 

%

ROI 2

ROI 3

ROI 4

Optical 
property
change

Form III
melts

Form II
melts

174.5 197.2202.5

Form I 
melts

Fig. 8 HSM light intensity profiles of sulfathiazole crystals obtained

by method 2 at three different ROIs; a crystal that melts at 174.5 �C

(ROI 2); crystals that melt at 197.2 �C (ROI 3) and a crystal that melts

at 202.5 �C (ROI 4)

100 121 140 162 180

80

90

100

H
SM

 li
gh

t i
nt

en
si

ty
 / 

%

Temperature / oC

-4

-3

-2

-1

0

1
D

SC
 h

ea
t f

lo
w

 / 
W

 g
−1

203.5199

DSC heat flow

Noise

Form I
melts

Form II
melts

Optical property
change

HSM light intensity
(ROI 1)

Fig. 9 DSC curve and HSM light intensity of sulfathiazole crystals

obtained by method 3

614 M. R. Abu Bakar et al.

123



can be explained by the fact that the liberation of water

vapour during vaporization process could not be visually

detected unless the sample was heated while immersed in

silicone oil. The HSM light intensity profile of all crystals

in the frame (ROI 1) presented in Fig. 9 shows that the

responses to the thermal events that occurred below 170 �C

were slightly disturbed by noise caused by the slight

movement of some of the crystals, which has been

observed to occur during heating. It is reported that besides

an optical property change, a polymorphic transformation

may also result in a movement of crystals since the trans-

formation events may be accompanied by a change in

volume of the crystals [47]. This observation demonstrates

a limitation of the HSM light intensity profile in that it can

be very sensitive to noise due to crystal movements.

Figure 11 compares the HSM light intensity profiles

computed from three different ROIs: all crystals on the

frame (ROI 1), a crystal that melts at 199 �C (ROI 2) and a

crystal that melts at 203.5 �C (ROI 3). As was expected,

ROI 2 does not show any light intensity change at 121 �C

as detected by the DSC since the crystal should not

undergo polymorphic transformation. Besides showing a

sharp increase in the light intensity due to melting at

197.5 �C, ROI 2 also shows a sharp increase in the light

intensity at 170.8 �C, which corresponds to a change in the

crystal’s optical property. This result implies that the

change in optical property may not necessarily be due to

the polymorphic transformation, but could also be due to a

change in the surface property of the crystals due to the

effect of increasing temperature. ROI 3, on the other hand,

shows an increase in the light intensity profile at 165 �C,

which is 5.8 �C lower than in ROI 2 but within the tem-

perature range for transformation of form III to form I

crystals (150–170 �C) reported in the literature [34]. It is

therefore possible that the sharp increase in the HSM light

intensity for ROI 2 and ROI 3 at 170.8 �C and 165 �C,

respectively, was caused by two different events. ROI 3

also shows a change in the HSM light intensity due to

melting at 203.5 �C, but the change shows a sharp decrease

instead of a sharp increase. This peculiarity may be due to

the presence of shadow, which darkens the selected region.

However, in this case, only the change of the profile is of

interest; the direction of the change is not important. The

profiles of ROI 2 and ROI 3 seemed to be smoother

compared to the profile of ROI 1. These results demon-

strate that the HSM light intensity profile is strongly

affected by the ROI sample location; the effect of noise and

disturbances to the profile could be minimised through a

proper selection of the ROI. The results of DSC and HSM

with image analysis indicate that the sulfathiazole crystals

obtained by method 3 initially comprised form II and form

III crystals.

Crystals obtained by method 4

The results of the DSC and HSM analyses of the sulfat-

hiazole crystals obtained using method 4 are presented in

Fig. 12. Some images of the crystals during HSM analysis

are shown in Fig. 13. The DSC curve indicates the pres-

ence of two endotherm peaks. The first peak maximum

occurs at 142.5 �C whereas the second peak maximum

occurs at 203 �C. The trend of the curve is in accordance

with the results obtained by previous researchers [3, 34], in

which the first peak was said to be due to the transforma-

tion of form IV into form I, whereas the second peak

indicated the melting of form I. The HSM analysis con-

firmed that the first peak was not a melting peak since no

melting was observed between 100 and 149 �C, as
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Fig. 10 Images of sulfathiazole crystals obtained by method 3 during

HSM analysis taken at a 132.3 �C; b 169.4 �C; c 199.4 �C; and d
204.6 �C

100 120 140

50

60

70

80

90

100

Temperature / oC

H
SM

 li
gh

t i
nt

en
si

ty
 / 

%

170.8

Optical
property
change

Form I
melts

Form II
melts

ROI 1

ROI 2

ROI 3

165 199 203.5

Fig. 11 HSM light intensity profiles of sulfathiazole crystals

obtained from method 3 at three different ROIs; all crystals on the

frame (ROI 1); a crystal that melts at 199 �C (ROI 2) and a crystal

that melts at 203.5 �C (ROI 3)
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indicated by the images of the crystals in Fig. 13a and b.

There was, however, a change in the crystals’ optical

property as clearly shown by the difference in brightness of

the highlighted crystals between (a) and (b) in Fig. 13. The

HSM light intensity profile presented in Fig. 12 shows a

decrease from 140 �C upwards until it stabilised above

150 �C. A slow decrease of light intensity value is shown

from 180 �C until suddenly the value increased very fast

starting from a temperature that corresponds to the melting

of form I. The result signifies the capability of the light

intensity profile to identify the beginning of the melting

event earlier, since it is very sensitive to the changes

happening on the surface of the crystals. The HSM analysis

was able to detect a crystal that melts at 175.1 �C as shown

by the highlighted crystal in Fig. 13c. It was not detected

by either the DSC analysis or the HSM light intensity

profile computed from all crystals in the frame (ROI 1)

presented in Fig. 12.

Figure 14 shows the HSM light intensity profiles com-

puted from three different ROIs: all crystals on the frame

(ROI 1); a crystal that melts at 175.1 �C (ROI 2), which is

highlighted in Fig. 13c and a crystal that melts at 203 �C

(ROI 3), which is highlighted in Fig. 13d. Generally, ROI 3

and ROI 1 are similar in the pattern of their profiles. This

implies that most of the crystals in the sample had similar

properties to the selected crystal in ROI 3. The profile of

ROI 2 displays a sharp increase from 175.1 �C that cor-

responds to the melting of the crystal of form III. It also

displays a slight fluctuation between 140 and 145 �C, but

no significant decrease in light intensity was observed,

which indicates the crystal did not undergo a polymorphic

transformation. Despite its sensitivity to noise, the results

illustrate the capability of the HSM light intensity to

describe the thermal events of an individual crystal. The

results of DSC and HSM with image analysis show that the

sulfathiazole crystals obtained by method 4 initially con-

tain crystals of form IV and a trace amount of form III.

Crystals obtained by method 5

Figure 15 shows the profiles of the DSC curve and the

HSM light intensity of the crystals from method 5, while

Fig. 16 shows the snapshots of the crystals during HSM

analysis. The DSC curve indicates the presence of three

major endotherm peaks. The first peak at a maximum of

161 �C corresponds to a change in the optical properties of

the crystals. This is verified by the HSM analysis as shown

by the difference in the brightness of the highlighted

crystals between Fig. 16a and b. As mentioned previously,
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Fig. 12 DSC curve and HSM light intensity of sulfathiazole crystals

obtained by method 4
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Fig. 13 Images of sulfathiazole crystals obtained by method 4 during

HSM analysis taken at a 100.1 �C; b 149.1 �C; c 175.1 �C; and d
202.9 �C
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a peak formation in a temperature range of 150–170 �C

may be due to a transformation of form III to form I.

However, the HSM light intensity profile computed from

all the crystals on the frame (ROI 1) presented in Fig. 15

does not show any change in optical property of the crys-

tals. This may be due to the averaging-out effect that makes

the event undetectable in the HSM light intensity profile.

The melting of the crystals at 197 and 203 �C are illus-

trated by the HSM light intensity profile in Fig. 15 as two

consecutive sharp increases.

Figure 17 compares the HSM light intensity profiles

between the one computed from all crystals in the frame

(ROI 1) with another from a crystal that melts at 197 �C

(ROI 2) as highlighted in Fig. 16c. The HSM light intensity

profile of ROI 2 differentiates itself from the profile of ROI

1 by not indicating melting at 203 �C. The results signify

the potential of the HSM light intensity profile to provide a

unique description of the changes happening to individual

crystals. The results of a combined approach of DSC and

HSM with image analysis show that the sulfathiazole

crystals obtained by method 5 initially contain crystals of

form II and form III.

Conclusions

The crystallisation of sulfathiazole polymorphs was

investigated by a combined DSC-HSM with image analysis

approach. The approach provides synergistic benefits of

two characterisation techniques and the use of image

analysis gives a unique insight into the thermal behaviour

of the polymorphic system. The capability of the HSM

image analysis to provide alternative and quantitative ways

of presenting the HSM results has been demonstrated. It

translates visual effects, which other characterisation

techniques may not be able to provide, into quantitative

information. Despite its sensitivity to noise, the light

intensity profile obtained from HSM image analysis was

found to be capable of describing thermal behaviour of

individual crystals and very sensitive to the changes hap-

pening on the surface of these crystals. With these unique

capabilities, the HSM image analysis allows verification of

thermal events, particularly in confirming the formation of

mixtures of polymorphs. The results of the experiments

showed that, although the methods to produce pure poly-

morphs were used, most of the time sulfathiazole crystal-

lised as mixtures of polymorphs.
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