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Abstract 

 Thermally induced physico-chemical transformations in amorphous nimesulide were 

studied by means of differential scanning calorimetry (DSC), thermogravimetry, and Raman 

microscopy. The equilibrium glass transition temperature was found to be Tg
0 = 10 – 15 °C, 

and the relaxation motions were found to be temperature-dependent. Crystal growth from the 

amorphous phase was found to be crucially dependent on the presence of mechanical defects 

that serve as centers for heterogeneous nucleation. The large amounts of mechanical defects 

significantly decrease the activation energy of the macroscopic crystallization; the positions 

of the crystallization peaks and their asymmetry/shape remain however almost unchanged. At 

laboratory temperature, powdered nimesulide fully crystallizes within several hours, with an 

absolute majority of the crystalline phase being formed as the thermodynamically stable form 

I polymorph. Amorphous nimesulide does not crystallize from the free smooth surface (no 

trace of formed crystallites was found by optical microscopy after 30 days at laboratory 

temperature). Nimesulide was found to be very stable at temperatures above its melting point 

of 147.5 °C; thermal degradation starts to proceed slowly at 200 °C. Mutual correlations 

between the macroscopic and microscopic crystal growth processes and between the viscous 

flow and structural relaxation motions were discussed based on the values of the 

corresponding activation energies. A link between the cooperativity of structural domains, 
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parameters of the Tool-Narayanaswamy-Moynihan relaxation model, and microscopic crystal 

growth was proposed. 

 

Keywords: amorphous nimesulide; DSC; crystal growth; structural relaxation; viscous flow; 

particle size 

 

1. Introduction 

Nimesulide (NIM) belongs to the group of non-steroidal anti-inflammatory drugs 

(NSAIDs); its chemical formula is N-(4-Nitro-2-phenoxyphenyl)methanesulfonamide, i.e., 

C13H12N2O5S – see the inset in Fig. 1 for the nimesulide structure. [1, 2] It is used as a pain 

and inflammation medication and as a fever-reducing agent. In particular, nimesulide acts as a 

selective cyclooxygenase-2 inhibitor but also targets free radicals, proteolytic enzymes, and 

histamine. [3, 4] Biological activity is also exhibited by the 4-hydroxynimesulide, to which 

nimesulide is transformed after the drug intake. [5] The medicinal effect of nimesulide occurs 

quickly (within 15 min) after administration. [6, 7] 

The approval for nimesulide includes the treatment of acute pains, primary 

dysmenorrhea in adults, and symptomatic treatment of osteoarthritis. However, due to the side 

effects of nimesulide, including the increased risk of liver toxicity, which can even break into 

liver failure, nimesulide is not recommended for the long-term treatment of chronic arthritic 

pains. [1, 5, 8 - 11] In this regard, the European Medicines Agency in 2012 judged the 

potential risks associated with the nimesulide administration to be exceeded by the overall 

benefits of the treatment in a similar way as, e.g., in the cases of diclofenac and ibuprofen. 

The recommended maximum dose of nimesulide per treatment campaign is thus 200 mg/day 

for 15 days. [3] 
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Since the water solubility of nimesulide is very low (~ 10 mg·L-1 at 25 °C [12, 13]), 

the necessarily increased amounts of the drug being administered bear risks of potential over-

dosage in cases of varied systemic absorption of NIM. In order to increase the solubility of 

NIM and, as a consequence, to decrease the overall amount of the drug needed to be taken, 

the amorphous form of NIM is considered. In general, the bio-availability of amorphous drugs 

is multifold compared to that of their standard crystalline form. [14] However, the instability 

of the amorphous drugs and their potential spontaneous uncontrolled regression into the 

crystalline state is the main drawback of this approach. Nimesulide is classified as the III. 

GFA (glass-forming ability) class drug [15, 16], which suggests that it should not crystallize 

after amorphization. On the other hand, several studies report on the crystal growth in NIM 

being substantial very close to the laboratory temperature. [17 - 19] Besides this 

contradiction, detailed literature research has shown that, in general, the information about the 

thermo-kinetic behavior of NIM is practically non-existent. 

The goal of the present paper is to perform a complete thermo-kinetic characterization 

of as-prepared amorphous nimesulide. The study will be particularly focused on the thermal 

stability of the amorphous phase, microscopic and macroscopic crystallization kinetics, and 

kinetic predictions of the crystal growth rate at relevant storage temperatures, shedding light 

on the apparent contradiction regarding the crystallization tendency of NIM and its GFA 

classification. As was recently shown [20 - 22] for amorphous indomethacin and 

enzalutamide, the particle size of the powdered material daver (and the related amount of the 

mechanical defects in particular) is the main factor influencing the rapidity of the formation of 

the crystalline phase. Hence, also the present study on NIM will be performed in dependence 

on daver to confirm or adjust the information about this behavior. In addition to the crystal 

growth kinetics, also the kinetics of the glass transition and thermal degradation phenomena 

will be explored and described. The reader should be noted in advance that the main challenge 
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associated with the present study was the very quick proceeding formation of the crystalline 

phase, even at laboratory temperature, confirmed during the preliminary screening 

measurements. The experiments, evaluations, and corresponding discussions were conducted 

in this regard. 

 

2. Experimental 

Pure crystalline nimesulide (Sigma-Aldrich; secondary pharmaceutical standard 

certification with the purity > 99 % based on the thin-layer chromatography results; this purity 

was calculated as an average for all purchased NIM batches, where the lowest purity reported 

by the certificates of analysis was 99 %) in its stable polymorphic form (form I [23, 24, 25]) 

was used for the preparation of the amorphous NIM. The high purity of the purchased NIM 

material can also be inferred from the very sharp onset of the melting peak depicted in Fig. 1 

(impurities would cause the melting to either exhibit a pre-peak or to onset slowly/gradually). 

In particular, the crystalline nimesulide was placed in a glassy vial and melted in an oil bath 

(the temperature of the oil was set just above the melting point of NIM Tm = 147.5 °C [23, 

24]). The vial with the molten NIM was then quenched in the cold, stirred water, and the melt 

solidified into a glassy state. The yellow bulk glass was then broken (via gentle tapping using 

an agate mortar and pestle) and sieved so that a powder with a defined particle size range was 

obtained. In this way, the following powder size fractions were prepared: 50 – 125 µm, 125 - 

180 µm, 180 – 250 µm, 250 – 300 µm, 300 – 500 µm, and 500 – 1000 µm. Each powder 

fraction was prepared separately from a freshly amorphized NIM, and the corresponding 

crystallization kinetics measurements were performed immediately after the sieving 

procedure. Note that the powdering was performed at temperatures between 18 – 20 °C and 

took approx. 20 min; Raman spectroscopy measurements performed on the freshly prepared 
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NIM powders revealed no traces of the crystalline phase being formed as a consequence of 

this procedure.  

The crystallization kinetics of the amorphous NIM powders was measured non-

isothermally using a heat flow differential scanning calorimeter DSC Q2000 (TA 

Instruments) equipped with an autosampler, an RCS90 cooling accessory, and T-zero 

technology. The DSC was calibrated using the In, Zn, and Ga standards. The NIM samples 

were measured in hermetically sealed low-mass Al pans. The sample masses were approx. 

2 mg (accurately weighted to 0.01 mg). The crystallization experiments were for each NIM 

powder fraction realized as a series of heating scans at 20, 10, 5, 2, 1, and 0.5 °C·min-1 

(performed in this order) in the -10 – 180 °C temperature range. In addition, a supplemental 

measurement was performed for each particle size fraction at 0.5 °C·min-1 – these 

measurements were always done for a freshly prepared amorphous powder. The reason for 

these additional measurements was that the NIM samples measured during the original 0.5 

°C·min-1 experiments were waiting in line for the measurement for approx. 6 h (they were 

measured as the last ones in the corresponding 20 → 0.5 °C·min-1 series), and the samples had 

already heavily crystallized during this time. 

Apart from the crystallization experiments, the DSC instrument was also used to 

perform the structural relaxation cyclic measurements, based on which the glass transition 

kinetics can be described. In particular, the constant ratio CR cycles [26] (where heating rates 

q+ are similar to the preceding cooling rates) and the constant heating rate CHR cycles [27] 

(where always the same heating rate q+ is used) were performed in the glass transition region 

– from -40 to 30 °C. The cooling rates used in both series of cyclic experiments were q- = 0.5, 

1, 2, 3, 5, 7, 10, 15, 20, and 30 °C·min-1. In order to avoid sample degradation during the 

long-term relaxation cyclic experiments, the NIM powder was melted and quench-
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amorphized directly in the DSC pans so that a compact bulk with a defects-free surface was 

formed. The sample masses were approx. 3 mg. 

The thermal degradation of NIM was studied by means of the combination of 

thermogravimetry and differential thermal analysis using the STA (TGA) 449 F5 Jupiter 

instrument (Netzsch) equipped with a DSC/TG holder. The sample cell was purged with 

50 ml·min-1 of N2. The measurements were performed for as-purchased crystalline NIM 

placed in low-mass Al2O3 pans; the sample masses were approx. 2 mg (accurately weighted to 

0.01 mg). Similarly to the crystallization measurements, also the thermal degradation 

measurements were realized as non-isothermal heating scans - performed in the 30 – 500 °C 

temperature range at rates q+ = 1, 2, 3, 5, 7, 10, 15, 20, and 30 °C·min-1. 

The structural characterization of the NIM samples, i.e., the confirmation of their 

amorphous or crystalline character and the determination of the polymorphic form, were done 

by means of Raman spectroscopy. The instrument used was the DXR2 Raman microscope 

(Nicolet, Thermo Fisher Scientific) equipped with the 785 nm excitation diode laser (30 mW, 

laser spot size 3.1 μm) and CCD detector. The experimental settings for the Raman 

measurements were 10 mW laser power on the sample, 1s duration of a single scan, and 50 

scans summed in one spectrum. Morphology of the crystalline phase was previewed using the 

iScope PLMi (Euromex) optical microscope equipped with x40 and x80 high-quality 

objectives and Moticam visual camera. 

 

3. Results 

 The experiment that inspired the present study is depicted in Fig. 1 – it is the standard 

glass forming ability (GFA) measurement, as described in [15]. This measurement consists of 

three steps: 1) heating of the crystalline drug at 20 °C·min-1 above Tm; 2) cooling of the melt 

at 20 °C·min-1 below Tg; 3) heating of the amorphous drug at 20 °C·min-1 above Tm. Contrary 
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to the nimesulide being registered in the III GFA class [15] (which presumes no formation of 

the crystalline phase during the heating of the amorphous phase, i.e., during the second 

heating scan), our measurement performed for the as-purchased crystalline NIM has clearly 

shown partial crystallization during the second heating scan, which would enlist this drug in 

the II GFA class. Based on the comparison of the melting enthalpies, it can be estimated that 

approximately 22 % of the amorphous matrix crystallized. The fact that NIM seems to exhibit 

a higher crystallization tendency than reported in the literature has, together with a few similar 

indications [17 - 19], introduced a clear controversy worth investigating. The present section 

will be split into three parts, successively reporting on the glass transition, cold crystallization, 

and thermal decomposition measurements. 

 

3.1. Glass transition behavior 

 The glass transition behavior, i.e., the structural relaxation kinetics, was studied by 

means of the DSC technique. The constant ratio (CR) cycles for NIM are shown in Fig. 2A. 

The upper temperature limit was set only slightly above Tg so that the crystal growth was 

avoided, but the maxima of the relaxation peaks were still recognizable (except for the cycle 

performed at highest q+). The isotherm at 30 °C was set to 12 s, which is still enough for the 

relaxation processes to get the impact of the previous thermal history erased – i.e., to fully 

reach the kinetic equilibrium undercooled liquid state. Note that based on the theoretical 

simulations (as will be explained in detail in section 4.1.), the sample is within 0.3 °C from 

the structural equilibrium after the 12 s of annealing at 30 °C even following the highest 

applied heating rates. It can also be shown that the preservation of the exact cooling rate is 

critical only in the close vicinity of the glass transition, and the decrease of q- due to the 

insufficient cooling capacity (as demonstrated by the sharp break on the cooling curve 

performed at 30 °C·min-1) does not influence the evaluation of the relaxation kinetics. Since, 
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in the case of CR cycles, only the temperature corresponding to the maximum of the 

relaxation peak is relevant for further evaluations, the data shown in Fig. 2A were used as 

measured. 

 A different situation arose in the case of the CHR (constant heating rate) cyclic 

measurements – see Fig. 2B. After several testing measurements, the q+ = 10 °C·min-1 was 

found to be optimum: the q+ was high enough for the Δcp signal (heat flow corresponding to 

the difference between the heat capacities of the glass and undercooled liquid states) to be 

large enough to clearly display potential changes due to the relaxation processes, and 

simultaneously, the q+ was low enough for the full relaxation peak to be manifested before a 

significant crystal growth rate occurs. During the last heating step, the measurement was 

prolonged up to 40 °C to obtain more accurate information about the temperature dependence 

of heat capacity (cp-T) in the undercooled liquid state. This baseline was consequently 

implemented also for the previous heating steps (following higher q-) to precisely perform the 

normalization needed for further evaluations (detailed information will be presented in section 

4.1.). 

 As will be shown later, the evaluations of the data depicted in Fig. 2 exhibit high 

consistency, reproducibility, and correspondence with the nowadays top physico-chemical 

interpretations of the structural relaxation models. This may be considered a satisfactory 

criterion for the data quality and for the confirmation of the absence of potential data-

distortive effects. As such, the present approach may serve as a guideline for further studies of 

structural relaxation in systems that can be easily amorphized in bulk but show a high 

tendency towards crystallization due to the consequent processing (powdering, storage, etc.). 

 

3.2. Crystallization behavior 
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 The crystallization behavior of amorphous NIM (as recorded by DSC) is for the 

different prepared powder fractions shown in Fig. 3 – each graph corresponds to one particle 

size fraction with the insets being zoomed-in on the low q+ data. It needs to be reminded here 

that, apart from the measurement at 0.5 °C·min-1, all displayed DSC curves were measured in 

one sequel, with the order of the measurements being: 20 → 10 → 5 → 2 → 1 °C·min-1. The 

durations of these measurements (including the DSC equilibration phase) were approx. 19, 

30, 48, 105, and 201 min, respectively. This results in the following cumulative waiting times 

in the DSC queue: 0 min for 20 °C·min-1, 19 min for the 10 °C·min-1 measurement, 49 min 

for 5 °C·min-1, 97 min for 2 °C·min-1, and 202 min for the 1 °C·min-1 measurement. It has 

been pointed out that, technically, the waiting time is for each specific sample a little bit 

longer than expressed solely by the autosampler queue; the part of the measurement before 

the crystal growth reaches a significant rate may be accounted as well. However, not the 

whole part of the measurement is performed at the temperatures, where significant nucleation 

and/or growth rates occur, comparable to those at ~ 20 °C during the waiting in the 

autosampler queue. Specifically, we estimate the temperature interval between 10 – 30 °C to 

be comparable in the above-mentioned rates and yet not explicitly described by the kinetic 

model accounting for the experimental data corresponding to the orders of magnitude higher 

rates. This would give the following additional waiting times during which the nucleation 

and/or crystal growth could proceed but would not be directly described by the mathematics 

introduced later in section 4.2.: 1 min for 20 °C·min-1, 2 min for the 10 °C·min-1 

measurement, 4 min for 5 °C·min-1, 10 min for 2 °C·min-1, and 20 min for the 1 °C·min-1 

measurement. Note that the influence of the non-negligible nucleation and/or growth rates 

occurring during the cumulative waiting times will be expressed and explained by trends in 

kinetics showing the dependences on the waiting time itself. The original DSC measurements 

for the 0.5 °C·min-1 heating rate (not depicted in Fig. 3) that were performed after this sequel 
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and had the cumulative waiting time of ~ 403 min in the DSC autosampler tray have always 

shown that the corresponding sample was fully crystalline at the start of the measurement. 

Hence, the additional two sets of measurements at 0.5 and 3 °C·min-1 were performed for 

freshly prepared amorphous powders and 0 min waiting time – these DSC curves are shown 

in Fig. 3. 

 Whereas the DSC data exhibit standard (and similar) trends with q+, i.e., the shifts of 

the crystallization peaks to lower temperatures with decreasing q+, which are typical for 

simple thermally activated solid-state processes, the changes in the crystallization behavior 

with the average particle size daver are of considerably higher interest. Since the laboratory 

temperature (relevant for the samples waiting period in the DSC tray queue) oscillated in the 

21 ± 1 °C range (controlled by the recording thermometer), which is only very slightly above 

Tg (see Fig. 2A), the long-term crystal growth of amorphous API could be studied without 

any interference of the rapid glass-crystal GC growth [28, 29]. As such, the accelerating 

influence of the mechanically induced defects [30] on the crystal growth in amorphous drugs 

is clearly visible: In the case of the finest NIM powder (50 – 125 µm), the samples fully 

crystallized during the first 49 min it took to start the 5 °C·min-1 measurement. In the case of 

the 125 – 180 µm NIM powder, it took between 100 – 200 min for the sample to fully 

crystallize, and thus only the 1 °C·min-1 measurement showed a DSC record of fully 

crystalline material. For the coarser NIM powders with lower amounts of surface defects that 

could act as crystallization centers, the crystal growth was slower, and a certain portion of the 

amorphous material persevered unaltered for the 200 min it took to start the 1 °C·min-1 

measurement. The only exception was the 300 – 500 µm series, where the laboratory 

temperature increased to 24 °C. Evidently, even the ~ 2 °C temperature increase (compared to 

the maximum T reached for other series) was enough even for the coarse NIM powder to 

crystallize in the 100 – 200 min range, which resulted in the fully crystalline DSC signal 
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associated with the 1 °C·min-1 measurement. Importantly, the data from Fig. 3 demonstrate 

that NIM crystallizes under any practical conditions (slow/fast heating, fine/coarse powder), 

and its classification under the III GFA class is a result of rather anomalous behavior under 

very specific conditions.  

 In Figs. 4A and 4B, the comparison of the DSC curves obtained at similar q+ (0.5 and 

20 °C·min-1, respectively) for different powder sizes is shown. Whereas the DSC 

crystallization peaks show very little difference for the 0.5 °C·min-1 (Fig. 4A), a significant 

influence of daver on the crystallization rate and the position of the crystallization peak can be 

identified in the case of 20 °C·min-1 (Fig. 4A). This indicates a dominant effect of surface 

nucleation on the overall rate of the crystalline phase formation. At low q+, the surface gets 

saturated with nuclei formed during the slow heating, and the initial amount of the mechanical 

defects (acting as additional growth centers) is of minor importance – its relevance can be 

observed only for the finest (50 – 125 µm) and coarsest (500 – 1000 µm) powder fractions. 

On the other hand, in the case of high q+, the time spent at temperatures above Tg (where the 

nucleation occurs) is short, and the crystallization-accelerating influence of the mechanical 

defects is clearly recognizable from the gradual shift of the exothermic peaks. Once the 

measurement was started and the heating applied, the "surplus long-term" crystal growth 

occurring during the actual sample heating outside of that directly thermally inducted (as 

described by the standard solid-state kinetics) is negligible with respect to both the preceding 

waiting time and the actual intrinsic increase of growth rate with T. It should be furthermore 

noted that the nucleation proceeded to a certain extent even during the preparation of the first 

sample (the 20 min long powdering procedure at 18 – 20 °C). However, since the time frame 

for this preliminary nucleation was always very similar for all powder sizes (each powder size 

was prepared separately), the main factor for the crystallization speed is the number of defects 

(inversely proportional to the powder size). Regarding the long-term thermal stability of NIM, 
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simultaneous research (not shown in the present paper) has shown that the GC growth 

proceeds at temperatures close to 0 °C in amounts significant for the crystallization behavior 

to be altered anyway – hence the specific design of the present study (that takes into account 

the economic aspect of the study), where the only way to ensure that reproducible nucleation 

and no crystal growth occur is to prepare a freshly melt-quenched sample. These findings also 

suggest that the only chance to store the amorphous NIM long-term would be at temperatures 

> -20 °C, which yet remains to be tested. 

 Basic quantification of the crystallization and melting peaks characteristics is 

displayed in Figs. 4C – 4F. The melting peaks show a consistent appearance characterized by 

the extrapolated onset temperature of Tm = 146.7 ± 0.9 °C and melting enthalpy of ΔHm = 

104.4 ± 4.8 J·g-1. Whereas the melting enthalpy reflects the degree of crystallinity and seems 

to be very slightly lower at low q+, the Tm distinguishes between the NIM polymorphic forms 

I and II [23, 24], where the thermodynamically stable form I melts at 147.5 °C and the 

metastable form II melts at 145.8 °C. Due to the close vicinity of Tms of both polymorphic 

forms, the melting peaks are, in practice, merged together, and only the onset shifted to lower 

T indicates the low-T form II is present in considerable amounts. Supplemental research has 

shown that the polymorphic form II can be in larger amounts prepared by nucleating the 

amorphous NIM from the surface defects and then letting it isothermally crystallize just above 

Tg - see the Supplemental online material. In addition, at high q+, an additional very small 

melting peak occurs at ~ 128 °C, which to the authors' knowledge, was not yet attributed to 

any known NIM polymorphic form. This possibly new polymorphic form of NIM seems to be 

strongly metastable and forms only at higher energy surplus and local overheating associated 

with high q+. 

 The quantification of the characteristics associated with the crystallization peaks (peak 

maximum Tp and crystallization enthalpy ΔHc) is depicted in Figs. 4E and 4F – the data well 
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reflect the qualitative description introduced in the previous paragraphs. Particularly 

interesting is the significant decrease of ΔHc with decreasing q+, which is the direct 

consequence of the sample being partially crystalline prior to the start of the measurement. 

This directly indicates that crystal growth (as opposed to only nucleation) proceeds at 

temperatures just above Tg during the waiting period on the DSC tray queue. The ΔHc values 

also show how a very small temperature increase can massively accelerate the crystal growth 

even for coarse NIM powders (300 – 500 µm in this case). In addition to the characterization 

based on the Tm values, the potential occurrence of metastable polymorphic forms was also 

explored by means of Raman microscopy – see Figs. 5A and 5B. The excellent agreement 

between the spectra of the as-purchased and DSC-crystallized NIM powders confirms that the 

polymorphic form I grows dominantly during all present crystallization experiments. 

Regarding the morphology of the growing crystallites, the crystal growth originating from a 

scratch on a free surface of an amorphized NIM droplet is shown in Fig. 5C. The crystalline 

phase growing slowly at laboratory temperature takes the form of a quasi-neural-network that 

gets progressively denser and thicker. 

 

3.3. Thermal degradation behavior 

 The thermal degradation of NIM was measured by means of a combined DTA/TGA 

technique. An example of the two combined signals is for the measurement performed at q+ = 

15 °C·min-1 displayed in Fig. 6A. The mass loss TGA signal shows single-step decomposition 

with a relatively slow process onset at ~ 230 °C and a sharp cease near 340 °C. The 

complementary DTA signal shows a sharp endothermic melting peak at ~ 150 °C and, at 

further temperature increase, a slowly developing wide endothermic peak in the temperature 

range corresponding to the thermal decomposition of NIM. The endothermal character of the 

decomposition peak indicates that no (or minimal) burn/pyrolysis takes place. This was also 
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confirmed by the visual appearance of the mass residuum that had a tar (as opposed to char) 

character.  

 The complete set of TGA measurements is shown in Fig. 6B. Interestingly (and 

contrary to our previous experience with other materials), the reproducibility of the TGA 

measurements was not very good, with the curves shifting by ± 15 °C in temperature and with 

the mass residua differing by ± 5 % at high q+. Nonetheless, several clear trends can be 

recognized: 1) decomposition temperature increases with q+, as expected from the simple 

thermally activated kinetics; 2) the sharpness of the decomposition endset decreases with q+; 

3) mass residuum increases with q+ from ~ 0 to ~ 20 %, indicating a different reaction 

mechanism with incomplete decomposition to gaseous products (i.e., increased formation of 

tar-like residuum).  

 Similar decomposition behavior was for NIM reported in [17], where the 

decomposition in the N2 atmosphere proceeded in one major step (mass loss of approx. 73 %) 

in the ~ 280 – 350 °C temperature range, followed by a slow, gradual decay of further ~ 10 % 

of the original mass) in the 350 – 800 °C range, leaving the mass residuum at ~17 – 20 %. 

The same study has also reported the data on the NIM decomposition in air atmosphere, 

where the first step was almost identical, corresponding to the mass loss of approx. 65 %. The 

second decomposition step then occurred in the 400 – 700 °C range, accounting for the 

remaining 35 % of the mass, leaving no residuum. It was suggested in [31] that the two-step 

decomposition of NIM may proceed as a partial split-off and loss of the C12H9N2O3 molecule 

(~ 75 % of the overall mass), leaving only the CH3SO2 fragment for the secondary 

decomposition step. Nonetheless, the q+ dependence of the decomposition kinetics may 

suggest an involvement of a more complex mechanism, possibly the completion between the 

evaporation (preferred at low q+, when the thermal decomposition is not initiated yet) and true 



15 

disintegration of the molecular structure. Further investigation and confirmation of these 

hypotheses is indeed needed. 

 

4. Discussion 

 The base characterization of the amorphous NIM was presented in section 3. In the 

present section, the kinetics of these processes will be described in terms of the state-of-art 

kinetic models (sections 4.1 – 4.3.). Furthermore, mutual relationships between the relaxation, 

crystal growth, and degradation processes will be discussed in section 4.4.  

 

4.1. Glass transition kinetics 

 The two types of structural relaxation measurements (CR and CHR cycles) depicted in 

Fig. 2 were used to describe the glass transition kinetics in terms of the Tool-

Narayanaswamy-Moynihan (TNM) model [31 - 33]: 
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Enumeration of Eqs. 1 and 2 was in the present study done in accordance with the 

procedural guide published in [34]. In the first step, the activation energy of structural 

relaxation ∆h* was determined from the CR cycles based on the expression [35] relating the 

shift of the temperature corresponding to the maximum of the relaxation peak Tp (obtained 

during heating) with the cooling rate applied during the preceding step in the given cycle: 

 (3) 

 

The dependence expressed by Eq. 3 is depicted in Fig. 7A, providing the value of ∆h* = 305 ± 

8 kJ·mol-1. Almost perfect linearity of this dependence confirms [26] that no major data-

distortive effects (namely significant thermal lags within the system) were present. In 

addition, a similar evaluation was also applied to the simple heating scans Tg data of the as-

amorphized 300 – 500 µm powder samples. When used on measurements without the defined 

thermal history (as done within the CR cycles), the evaluation based on Eq. 3 is prone to 
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scans without erased previous thermal history provides a similar ∆h* value as the correct 

evaluation from the CR cycles. 

 In the continuation of the enumeration of Eqs. 1 and 2, the curve-fitting procedure 
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minimization of the SSR (sum of squared residue) was done using the Levenberg-Marquardt 

algorithm. The curve-fitting procedure has revealed that the CHR cycles data have 

significantly distorted peak tails. This happened most probably due to the thermal gradients 

in-between the bulk NIM sample and Al pan being gradually changed during the CHR cycles 

(also evidenced by the shift of the baseline – see Fig. 2B) as a consequence of the sample/pan 

interface being degraded due to the repeated thermal expansion and contraction stresses. This 

distortion is also clearly evident from the normalized CHR cycles data shown in Fig. 7B, 

which can further point to the capillary elevation forces influencing the distribution of the 

NIM melt within the Al pan during the rapid amorphization. Nonetheless, despite these slight 

distortions of the relaxation peaks tails and overall asymmetry, the curve-fitting procedure 

provided unambiguous information about the localization of the glass transition effect on the 

temperature axis, giving ln(A/s) = -120.2.  

 Since the curve-fitting was found to be not applicable to the determination of the β and 

x parameters, an alternative in the form of the simulation-comparative method [38] had to be 

applied. The basis of this method is the comparison of the experimental and theoretically 

simulated dependences of the height of the normalized relaxation peak Cp
max obtained during 

the CHR cyclic experiments that are normalized in the form of reduced heat capacity Cp
red so 

that Δcp = 1 and cpg = 0 (see Fig. 7B). The visualization of the simulation-comparative method 

application is for the present CHR cycles shown in Fig. 7C, where points correspond to the 

experimental Cp
max values (determined from Fig. 7B), and lines correspond to the 

theoretically simulated data for ∆h* = 305 kJ·mol-1, ln(A/s) = -120.2, and different 

combinations of β and x parameters. Note that colors indicate β values, and the vertical 

position of the lines indicates the non-linearity parameter x. In the first iteration, both 

parameters were simulated in the 0.3 – 0.9 range with the step of 0.1. Based on the minimum 

sum of squared residue SSR = 0.173, the best combination was found to be β ≈ 0.6 and x ≈ 
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0.5. In the second iteration, β was simulated in the 0.5 – 0.7 range with the step of 0.05, and x 

was simulated in the 0.4 – 0.6 range with the step of 0.05. The best obtained combination was 

β ≈ 0.55 and x ≈ 0.40 with SSR = 0.027. In the third (last) iteration, β was simulated in the 

0.52 – 0.58 range with the step of 0.02, and x was simulated in the 0.36 – 0.44 range with the 

step of 0.02. The best obtained combination was β ≈ 0.54 and x ≈ 0.40 with SSR = 0.008. 

 The description of NIM structural relaxation data appears to be in agreement with the 

archetypal behavior of low-molecular organic compounds. For example, a recent study [20] 

dealing with the structural relaxation of indomethacin (IMC) reported the activation energy of 

∆h*
IMC = 342 ± 7 kJ·mol-1 (compared to the present value for NIM ∆h*

NIM = 305 ± 8 kJ·mol-1). 

Similarly close are also the values of other TNM parameters: βNIM ≈ 0.54 vs. βIMC ≈ 0.53, and 

xNIM ≈ 0.40 vs. xIMC ≈ 0.32. Whereas the distribution of relaxation times expressed by β is 

fairly standard for a low-molecular glass that exhibits overshoots (relaxation peaks) of 

significant magnitude, the NIM non-linearity is rather low (although higher than that of IMC), 

indicating a strong interconnection of the NIM molecules (probably by the van der Waals 

forces). 

 

4.2. Cold crystallization kinetics 

 The non-isothermal DSC crystallization signals obtained for different NIM powder 

fractions (see Fig. 3) were first processed with regard to the subtraction of the thermo-kinetic 

background – the tangential area-proportional baseline [39] was used to separate the 

exothermic heat release (associated with the formation of thermodynamically stable 

crystalline phase) from the underlying baseline signal originating from the temperature 

dependence of the sample heat capacity. The crystallization peaks were consequently 

described in terms of the standard solid-state kinetic equation [40]: 

(5) ( )feAH
RTE

c
c =

−
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which models the DSC heat flow Φ by combining the crystallization enthalpy ΔHc, the pre-

exponential factor A, the apparent activation energy of crystal growth Ec, the universal gas 

constant R, temperature T, and the expression for a kinetic model f(α) (where α is the degree 

of amorphous-to-crystalline conversion). In the present study, the following three kinetic 

models were employed - the flexible autocatalytic Šesták-Berggren [40] (AC, Eq. 6) model, 

the nucleation-growth Johnson-Mehl-Avrami [41 - 43] (JMA, Eq. 7) model, and the zero-

order [44] (Eq. 8) model: 

              (6) 

(7) 

(8)  

where M, N, m, and n are the kinetic exponents of the given models.  

 Due to the complicated crystallization behavior (see Fig. 3), only the most flexible 

methods that can be adjusted to the changing crystallization kinetics could be used to 

enumerate Eq.5. In particular, the activation energy was determined using the Kissinger 

equation [45]: 

(9) 

which relates the shift of the temperature corresponding to the maximum crystallization rate 

Tp to the applied heating rate q+. With a known value of Ec, the recently developed method of 

single-curve multivariate kinetic analysis sc-MKA [46] was used to select the best kinetic 

model and determine q+-dependences of the pre-exponential A, crystallization enthalpy ΔHc 

and kinetic exponents of the appropriate kinetic models. The sc-MKA method is based on the 

following set of equations: 
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 where RSS is the sum of squared residue, n is the number of measurements, j is an index of 

the given measurement, Firstj is the index of the first point of the given curve, Lastj is the 

index of the last point of the given curve, Yexpj,k is the experimental value of the point k of 

curve j, Ycalj,k is the calculated value of the point k of curve j, and wj is a weighting factor for 

curve j. The Ycal is calculated on the basis of Eq. 1, with one of the appropriate models being 

implemented.  

 The Kissinger plots constructed on the basis of Eq. 9 for the NIM crystallization 

signals are shown in Figs. 8A and 8B. Whereas the temperatures corresponding to the 

crystallization peaks onsets Tons are relatively scattered, the temperatures corresponding to the 

peak maxima Tp show almost perfectly linear ln(q+·Tp
-2)-T-1 dependences. The dependences 

from Fig. 8B were used to evaluate two types of Ec: firstly, the activation energies were 

evaluated from the three points obtained for the fresh amorphous NIM powders (i.e., the 

datapoints obtained at 0.5, 3 and 20 °C·min-1); secondly, the Ec was determined from the 

datapoints obtained at heating rates 1 – 20 °C·min-1. Whereas the former should better 

represent the true behavior of freshly prepared amorphous NIM, the latter reflects the 

autocatalytically accelerated crystal growth (introduced into the decrease of Ec) during the 

above-Tg material storage (samples waiting for the DSC measurement in the tray queue). The 

corresponding crystallization activation energies are depicted in Fig. 8C. The data seem to 

converge towards the red line from the opposite directions – note the deviation of the 300 – 

500 µm datapoint, which was caused by the abnormally increased laboratory temperature 

during the measurement series. The convergence clearly demonstrates that the slow low-T 

crystal growth (proceeding just above Tg) is closely related to the mechanical defects and 

significantly affects the dominant crystallization (occurring during the heating step) only in 

the case of daver < 275 µm. 
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 Although the Ec errors for the evaluations made from only three datapoints (obtained 

at 0.5, 3 and 20 °C·min-1) should be in theory burdened with higher errors, the absolute 

magnitude of the corresponding error bars is still below 5 % of the Ec values. This makes 

these estimations of Ec accurate enough for practically all types of kinetic predictions. The 

following errors were obtained for the linear fits of the three-point data dependences 

measured for the powder fractions listed in parentheses: ± 7.2 kJ·mol-1 (50 – 125 µm), ± 8.2 

kJ·mol-1 (125 – 180 µm), ± 4.4 kJ·mol-1 (180 – 250 µm), ± 2.0 kJ·mol-1 (250 – 300 µm), ± 7.3 

kJ·mol-1 (300 – 500 µm), ± 3.8 kJ·mol-1 (500 – 1000 µm).  

As an alternative to the Kissinger method, the isoconversional methods [44] are often 

used to determine the E from E-α dependences. Whereas in the case of the present data, the 

isoconversional analysis does not add any new information and only supports the results 

obtained via the Kissinger equation, the course of the E-α dependences can still be of interest 

to certain readers – it is therefore included (together with a brief commentary) in the 

Supplemental online material. 

 Further enumeration of Eq. 5 requires the choice of the kinetic model function f(α). 

Based on a simple visual examination, the zero-order model can be ruled out – the onset 

edges of the crystallization peaks are not linear, and the endset edges are not steeply 

descending. To consider the applicability of the JMA model, the normalized transformative 

z(α) function [47] can be used:  

(12) 

where the degree of conversion corresponding to the maximum of this function αmax,z is a 

fingerprint of the JMA model. As was shown in [47], the r2 = 0.999 correlation is achieved in 

roughly 0.620 – 0.665 αmax,z interval, and the correlation r2 = 0.995 can be associated with the 

0.585 – 0.705 interval. These intervals are together with the present experimental data for 

NIM depicted in Fig. 8D. Since the majority of the data exhibits either borderline or no JMA 

( ) 2Tz =
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applicability, the autocatalytic AC model had to be used to describe the macroscopic NIM 

crystallization. 

 Based on the set of Eqs. 5, 6, 10, and 11, the sc-MKA method was applied with the 

fixed values of Ec (shown in Fig. 8C) to model the kinetics of the NIM crystallization peaks. 

To achieve maximum predictive ability, the approach introduced in [20 – 22, 46] was used 

based only on the data obtained at 0.5 °C·min-1. Whereas the determination of the AC kinetic 

exponents M and N was done solely in dependence on daver, the pre-exponential factor was 

calculated in two series, corresponding to the Ec values being determined either for the freshly 

prepared amorphous NIM (0.5 & 20 °C·min-1) or for the series reflecting the gradually 

accelerated crystal growth during waiting (1 – 20 °C·min-1). Using the two series of log(A/s-1) 

values, the kinetic predictions of the degree of crystallinity α formed at 21 °C were calculated 

for all NIM powders – see Figs. 9B and 9C. As can be seen in Fig. 9B, the fully amorphous 

NIM crystallizes rather independently from particle size daver (a similar conclusion was 

derived already based on Fig. 4A), and the scatter in the kinetic predictions represents an 

overall uncertainty associated with the crystallization of amorphous drugs (originating from 

the low amount of surface crystallization centers and being affected both positively and 

negatively by the presence of mechanical defects [30]). These calculations predict reaching 

the full crystallinity at 21 °C between 300 and 500 min. On the other hand, the "real-life" 

aging data reflecting the combined influences of the low-T nucleation, low-T crystal growth, 

and consequent crystal growth during heating show clear dependence on daver and on the exact 

temperature the sample was kept before the measurement (the latter follows from the 300 – 

500 µm data). If the dominant aspect of the NIM powder aging was the crystal growth, then, 

in theory, both series of predictions should be very similar. The diametrically different kinetic 

predictions clearly indicate that it is the nucleation that dictates both the low-T and high-T 

rate of the macroscopic crystallization. A similar akin conclusion was also reached in the case 



23 

of amorphous IMC [20]. Bearing in mind that the nucleation-driven predictions (calculated 

from the 1 – 20 °C·min-1 data) were less accurate in the case of coarse powders, it is 

confirmed that the nucleation in amorphous NIM originates primarily from the mechanical 

defects. The surface only saturates with homogeneous nuclei (crystallization centers) at 

temperatures 25 – 35 °C (as results from Fig. 4A), where the nucleation rate maximum can be 

expected.  

It should be noted that, technically, for the samples with a considerable (non-zero) 

waiting time before the measurement, the crystallization process starts from the partially 

crystalline state. In such cases, the crystal growth may proceed, e.g., from secondary nuclei or 

from the already existing crystalline phase. Considering the surface character of the 

crystallization in pharmaceuticals, this process is probable due to the limited space for the 

formation of active growth centers. Depending on the exact kinetic mechanism, this process 

can be modeled by means of Eqs. 5 – 8. However, this would require the a priori knowledge 

of the kinetic behavior of the non-degraded (fully amorphous) material. In addition, the 

mechanism would have to stay unchanged with the occurrence of the secondary nuclei or the 

large-scale glass/crystal interface. To verify the validity of the potentially accelerating 

influence of the partial crystallinity on the consequent crystal growth process, a DSC 

experiment with the following temperature history was performed for a freshly prepared NIM 

powder: 1) equilibration at -10 °C; 2) heating at 5 °C·min-1 to 49 °C; 3) cooling at 25 °C·min-

1 to -10 °C; 4) heating at 5 °C·min-1 to 70 °C. This measurement is shown in Fig. 9D. It is 

apparent that the presence of the crystalline phase shifts the onset of the crystallization to 

lower T, which agrees well with the simulated kinetics based on the corresponding set of 

kinetic parameters. However, the simulated data are not an exact prediction of the 

measurement depicted in Fig. 9D – the simulation predicts the crystallization to start earlier 

than observed experimentally. This indeed indicates that the influence of the presence of the 
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crystalline phase is significantly more complex than the sole autocatalytic growth mechanism 

(as described by the kinetic model itself). This finding corroborates the importance of the 

studies akin to the present one, which provide insight into the complexity of the nucleation-

growth processes. 

 

4.3. Thermal degradation kinetics 

Similarly to the determination of the crystal growth kinetics, the set of Eqs. 5 – 11 was 

also used to evaluate the TGA thermal decomposition data from Fig. 6B. Starting with the 

evaluation of the activation energy of decomposition Ed, the corresponding Kissinger plot 

(Eq. 9) is shown in Fig. 10A – the data correspond to the inflection points, where the 

decomposition proceeds at a maximum rate. Despite the low reproducibility of the TGA data 

(expressed by the large scatter of the datapoints and, accordingly, high statistical error of Ed 

evaluation), a clear linear trend is apparent in the data, indicating the activation energy of ~ 90 

– 115 kJ·mol-1. The average value of Ed,NIM = 102.4 ± 13.8 kJ·mol-1 is again very close to that 

of IMC [20] Ed,IMC = 106 ± 4 kJ·mol-1. As an alternative to the Kissinger method, the 

isoconversional methods [44] are often used to determine the E from E-α dependences - these 

are included in the Supplemental online material. 

  Using the average Ed value, the sc-MKA method (Eqs. 5, 6, 10, 11) was applied to 

identify the trends in the decomposition kinetics occurring with T and q+. Note that the 

preliminary testing has shown that neither the JMA model nor the nth-order model can 

satisfactorily describe the TGA data; hence, the autocatalytic Šesták-Berggren model was 

used. The results of the sc-MKA analysis, i.e., the q+ dependences of A, M, and N, are 

displayed in Figs. 10B – 10C. Note that the included lines are meant only to guide the eyes. 

Whereas logA shows a similar scatter in the data as the Kissinger plot (the temperature 

position of the decomposition curve is determined by the E & A combination), the model-
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based kinetics expressed by the kinetic exponents M and N shows a fairly uniform trend. The 

exponent M related to the degree of the autocatalytic reaction mechanism limits to 0 at low q+, 

which indicates that under the close-to-equilibrium conditions, the reaction is not accelerated 

by the presence of products. The exponent N also decreases towards 0 at low q+, suggesting a 

kinetic behavior close to the zero-order kinetics, which is characteristic of the whole surface 

being actively involved in the reaction and for the reaction interface moving from the surface 

inwards. It is noteworthy that the solid-state kinetics for thermal decomposition, as expressed 

by Eqs. 5 – 8, is valid regardless of the initial or final state of the degree of conversion α. 

 The above-introduced kinetic description of the NIM thermal decomposition was used 

to calculate kinetic predictions for long-term isothermal annealing above its Tm. The 

predictions were made for the annealing temperatures 150, 200, and 250 °C, which may 

represent certain thresholds for the processing of amorphous drugs – e.g., re-melting, spray-

drying, hot-melt extrusion and 3D-printing in solid dispersions with pharmaceutical polymers. 

The present calculations were done for the kinetic parameters corresponding to the lowest q+ 

(E = 102.4 kJ·mol-1, log(A/s-1) = 6.9, M = 0, N = 0.15), which was in previous works shown 

to best extrapolate between the non-isothermally obtained kinetic description and the low-T 

isothermal data. As is apparent from Fig. 11A, just above the NIM melting point (Tm = 147.5 

°C), the decomposition is practically ceased, with the full decomposition theoretically taking 

over 1.5 years (4.5 days for the first 1 wt.% of the mass to get decomposed). At 200 °C, which 

is typically used in the hot melt extrusion or 3D-printing with pharmaceutical polymers, the 

decomposition of NIM still proceeds very slowly, and the total degradation would take ~ 23 

days (5 h for the decomposition of the first 1 wt.%) – see Fig. 11B. However, further increase 

of temperature (even, e.g., during local overheating) starts to represent a potential danger of 

quick material degradation, as at 250 °C the full degradation would take only 48 min and the 

first 1 wt.% would decompose in less than 30 s. 
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4.4. Mutual relationships between structural relaxation, crystal growth, and viscous flow 

 Similarly to our previous study on amorphous IMC, also the present results obtained 

for NIM powders will be interpreted with regard to the existence of potential mutual 

relationships between the key thermo-kinetic processes/phenomena associated with the 

amorphous phase. The utilized literature data will be those related to the shear viscosity η of 

undercooled NIM melt (measured by rheometer) [19], main relaxation times τα (also denoted 

as α-relaxation; measured by broadband dielectric spectroscopy) [19], and microscopic crystal 

growth rate u (determined by optical microscopy) [19]. The published temperature 

dependences of these quantities were used to calculate the corresponding activation energies 

for these processes (Eη, Eτ, and Eu):  

(13) 

(14) 

(15) 

In Fig. 12A, these activation energies are compared with the present values determined for the 

present values of structural relaxation activation energy Δh*and activation energies of 

macroscopic crystallization Ec (determined for the finest and coarsest NIM powders). 

 Starting with the relationship between structural relaxation and viscous flow, it is 

believed that for certain materials [48, 49], these two processes are very similar (employing 

the same motions of the molecular/atomic entities) and exhibit similar activation energy. 

Whereas this relation may be in case of NIM considered valid above Tg (based on the 

conformity of Eη and Eτ), the enthalpy relaxation activation energy Δh* determined for the 

below-Tg temperature region is less than half of what would be expected based on the 

extrapolated Eη: ∆h* = 305 kJ·mol-1 vs. Eη ≈ 700 kJ·mol-1. This is an even greater discrepancy 

than reported [20] for amorphous IMC (∆h*
IMC = 340 kJ·mol-1 vs. Eη,IMC ≈ 450 kJ·mol-1). The 
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apparently consistently lower Δh* observed for amorphous drugs may be a consequence of 

only certain relaxation motions being involved in the below-Tg structural re-organization, 

which may be significantly different from the molecular dynamics associated with the self-

diffusion and viscous flow. 

 Continuing with the relationship between the microscopic and macroscopic 

manifestations of crystal growth, a rough agreement between the activation energies can be 

observed at higher T (50 – 70 °C) – see Fig. 12A. However, at T < 40 °C the macroscopic Ecs 

are significantly lower (by up to 100 kJ·mol-1) compared to the microscopically observed 

crystal growth. This finding most probably reflects the dominant effect of nucleation, which is 

intrinsically involved in the macroscopic manifestation of the crystal growth (crystallization 

recorded by DSC). The presence of nuclei decreases the energy barrier needed for the 

formation of the crystalline phase Ec, which is thus significantly lower than Eu (which solely 

monitors the growth of single crystals unaffected by the nucleation process). Worth 

mentioning is also the relatively good agreement between Ec calculated for the 500 – 1000 µm 

powder (behavior close to bulk NIM, where the crystal growth proceeds dominantly from the 

surface micro-cracks) and activation energies of the diffusionless glass-crystal GC growth 

Eu,GC (evaluated from the growth data published in [50]). This similarity suggests the 

continuity of the two processes between the microscale and the macroscale over a wide 

temperature scale.   

 Lastly, the relationship between the crystal growth and molecular dynamics 

responsible for viscosity and structural relaxation needs to be considered. The viscosity-

growth dependence is usually expressed via the Stokes-Einstein equations [51], which can be 

further modified according to Ediger [52] by including a so-called decoupling parameter. For 

NIM, the value of this parameter is ξ = 0.61 [19] (almost similar to for amorphous IMC: ξ = 

0.69 [20]). These values indicate a considerable degree of decoupling, where the temperature 
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dependence of crystal growth rate is weaker than that of viscosity. This is interpreted as the 

crystal growth kinetics not being fully driven by the global molecular mobility (which 

determines the η-T dependence). Apart from viscosity, the crystal growth rates are often 

related either to the α- or β-relaxation movements. However, Shi et al. [19] found these 

processes not to be significantly interlinked in the case of amorphous NIM (based on the non-

correspondence of the relaxation times τu with the time needed for one molecular layer to 

grow on the NIM crystal). In this regard, we want to propose the idea of the concept of 

cooperating regions [53, 54] being translated between the below-Tg and above-Tg temperature 

regions. From the quantitative point of view based solely on Δh* and lnA, the enthalpy 

relaxation times calculated for NIM using the TNM description introduced in section 4.1. and 

extrapolated to T > Tg are in quite good agreement with the τu reported in [19] – see Fig. 12B. 

Qualitatively, the decoupling growth-viscosity decoupling may also be the consequence of the 

high non-linearity of NIMs relaxation motions (expressed by low x = 0.40), which indicate 

high cooperativity of glass domains – assuming that the nature of this behavior persists at T > 

Tg.  

 

5. Conclusions 

 Thermal stability and overall thermokinetic behavior of amorphous nimesulide were 

studied by means of DSC, TGA, Raman, and optical microscopies. The finding that NIM can 

be only borderline characterized as the III GFA class amorphous drug has confirmed its 

hidden high tendency towards crystallization. As the Tg of NIM extrapolated to zero q+ is well 

below the laboratory temperature Tlab (Tg
q=0 = 10 – 15 °C), the structural relaxation motions 

are practically instantaneous even for the quenched-in amorphous/glassy material. This makes 

the powdering and akin processing of amorphous NIM relatively difficult due to the increased 

adhesiveness of the drug in an undercooled liquid state – the recommended route of 
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preparation for the fine NIM powder would be either the freeze-milling of the quenched-in or 

hot-melt-extruded amorphous ingot, or the spray-drying (which natively produces very fine 

particles). The description of the structural relaxation kinetics in terms of the TNM model can 

be based on the following set of parameters: ∆h* = 305 ± 8 kJ·mol-1, ln(A/s) = -120.2, x = 

0.40, β = 0.54. 

 Despite the lower Tg, which rules out a significant influence of the rapid glass-crystal 

growth at Tlab, the conventional crystal growth rate at the laboratory is still rapid enough for 

the powdered samples to fully crystallize in several hours. However, the key factor for the 

amorphous-to-crystalline transformation of NIM is the presence of the nuclei or adequate 

crystallization centers – e.g., mechanically induced defects. Whereas the asymmetry of the 

crystallization peaks remains almost unaltered with daver, q
+, or nucleation time, the activation 

energy of the macroscopic crystallization largely decreases with the number of nuclei that 

preferentially form at the mechanical defects, which leads to a rapid acceleration of the 

formation of the crystalline phase. This was confirmed for the quenched-in NIM droplets with 

smooth unaltered surfaces, which did not exhibit any traces of crystal formation at Tlab even 

after 30 days (verified by optical microscopy). The requirement of a free surface may favor 

the spray-dried or bulk-quenched amorphous NIM for long-term storage. 

 Nimesulide was found to be very stable in the Tm – (Tm + 35 °C) temperature range, 

which gives sufficient leeway for the standard routes of the melt processing, i.e., hot melt 

extrusion, melt-quenching, 3D-printing, etc. The activation energy of thermal decomposition 

was found to be Ed,NIM = 102.4 ± 13.8 kJ·mol-1. 

 Based on the literature data for viscosity and microscopic crystal growth, a discussion 

was conducted regarding Ediger’s decoupling parameter ξ the influence of the structural 

relaxation movements on the crystal growth process. In particular, the potential possibility of 
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translating the sub-Tg structural relaxation material characteristics into the material’s degree 

of cooperativity in the above-Tg temperature region was proposed.  
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Figure captions 

 

Fig. 1: Standard glass forming ability DSC measurement consisting of a heating scan of 

crystalline NIM (black curve) performed at 20 °C·min-1, followed by a cooling step 

at 20 °C·min-1 (blue curve) and a second heating step at 20 °C·min-1 (red curve). The 

exothermic effects evolve in the upwards direction. The inset shows the molecular 

structure of NIM.   

 

Fig. 2: A) Set of DSC CR cyclic relaxation measurements obtained for amorphous NIM. 

The arrows and symbols q- and q+ denote the parts of the DSC data in which the 

cooling and heating steps (respectively) of the CR cycles are shown. Absolute 

magnitudes of q- and q+ being applied in the corresponding steps of the cyclic 

program increase in the directions of the given arrows. 

 B) Set of DSC CHR cyclic relaxation measurements obtained for amorphous NIM. 

In the CHR measurements, q- varied, and q+ was always 10 °C·min-1. The arrow and 

symbol q- denote the parts of the DSC data which differ in accordance with applied 

q-. In the upper part of the graph (where cooling steps are depicted), the absolute 

magnitude of q- increases with the arrow. In the part where the heating steps are 

shown, the arrow denotes the increase of |q-| in the preceding cooling step. 

  

 

Fig. 3: Sets of DSC curves obtained for the following NIM powders: A) 50 – 125 µm, B) 

125 – 180 µm, C) 180 – 250 µm, D) 250 – 300 µm, E) 300 – 500 µm, F) 500 – 1000 

µm. The insets show regions zoomed-in on the data obtained at low q+. The 

exothermic effects evolve in the upwards direction. 

 

Fig. 4: A) Comparison of the DSC curves obtained for the studied NIM powders at 

0.5 °C·min-1. The exothermic effects evolve in the upwards direction. 

 B) Comparison of the DSC curves obtained for the studied NIM powders at 

20 °C·min-1. The exothermic effects evolve in the upwards direction. 

 C) Temperatures of extrapolated onset of the melting peak Tm determined for the 

NIM powders in dependence on q+ and daver. 

 D) Melting enthalpies ΔHm determined for the NIM powders in dependence on q+ 

and daver. 

 E) Temperatures of the maximum of the crystallization peak Tp determined for the 

NIM powders in dependence on q+ and daver. 

 F) Crystallization enthalpies ΔHc determined for the NIM powders in dependence on 

q+ and daver. 
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Fig. 5: A) Raman spectra for the amorphous, as-purchased (crystalline), and DSC 

crystallized NIM samples.  

 B) Raman spectra from graph A zoomed-in on the 700 – 1050 cm-1 range of Raman 

shift. 

 C) Optical micrograph (top-down view) of the NIM crystalline phase growing on the 

free surface of a quenched-in amorphous droplet. The crystallites are 

growing/spreading from a mechanical scratch on the droplet’s surface.  

 

Fig. 6: A) Thermogravimetric mass change (black-colored curve + the left axis) and DTA 

signal (red-colored curve + the right axis) obtained for the crystalline NIM heated at 

15 °C·min-1. Endothermic effects evolve in the upwards direction. 

 B) Full set of TGA curves obtained for the crystalline NIM at different q+. 

 

Fig. 7: A) The evaluation of Δh* according to Eq. 3 from the CR cycles (black-colored data) 

and from the simple heating scans of as-prepared amorphous NIM (red-colored data). 

The corresponding color code is also used for the Δh* values determined from these 

dependencies.  

 B) Set of normalized (transformed reduced heat capacity Cp
red) CHR heating scans. 

Arrows denote the q- values of the cooling steps preceding the depicted heating scans 

– the highest relaxation peaks correspond to the lowest q-. 

 C) Application of the simulation-comparative method to the CHR relaxation 

measurements of amorphous NIM – 1st round. Experimental data – points; simulated 

dependences – lines. The color codes denote the same β values; x increases as the 

dependences curvature (and the absolute values of Cp
max) decrease.  

 

Fig. 8: A) Kissinger plot (constructed from the DSC crystallization measurements) for the 

different powder fractions of amorphous IMC; the temperatures corresponding to the 

true onset of the crystallization peak were used. The encircled groups of data-points 

correspond to the data obtained for as-prepared samples with no waiting time. 

 B) Kissinger plot (constructed from the DSC crystallization measurements) for the 

different powder fractions of amorphous IMC; the temperatures corresponding to the 

maxima of the crystallization peaks were used. The encircled groups of data-points 

correspond to the data obtained for as-prepared samples with no waiting time. 

 C) Activation energies determined according to Eq. 9 from the data depicted in graph 

B. Full points were obtained by a linear fit of only two points (for 0.5 and 20 °C·min-

1), empty points were obtained by a linear fit of the data obtained for q+ = 1 – 20 

°C·min-1. The red line indicates an estimated convergence borderline. 

 D) Test of the JMA model applicability. Points represent experimentally obtained 

values averaged for all q+ scans performed for the given powder size. The dashed 

lines correspond to the estimated degrees of correlation with the JMA model [47]. 

 

Fig. 9: A) The AC kinetic exponents M and N determined by using the sc-MKA method on 

the crystallization data obtained at 0.5 °C·min-1. The two sets of logA values were 

calculated in correspondence with the determination of Ec (see Fig. 8C). 

 B) Kinetic predictions for isothermal crystal growth at 21 °C; the predictions were 

calculated using the M and N exponents shown in Fig. 9A and the “0.5 °C·min-1” 

variants of Ec and logA shown in Figs. 8C and 9A. 



35 

C) Kinetic predictions for isothermal crystal growth at 21 °C; the predictions were 

calculated using the M and N exponents shown in Fig. 9A and the “1 - 20 °C·min-1” 

variants of Ec and logA shown in Figs. 8C and 9A. 

 D) DSC experiment consisting of heating to 49 °C at 5 °C·min-1, cooling to -10 °C at 

25 °C·min-1, and repeated heating to 70 °C at 5 °C·min-1. 

 

Fig. 10: A) Kissinger plot constructed for the thermogravimetric data (Fig. 6B). 

 B)-D) AC kinetic parameters evaluated for the thermogravimetric data by using the 

sc-MKA method. The red lines are meant only to guide eyes. 

 

Fig. 11: Kinetic predictions calculated on the basis of the kinetic description obtained for the 

1 °C·min-1. The predictions were made for isothermal annealings at 150 °C (graph 

A), 200 °C (graph B), and 250 °C (graph C). 

 

Fig. 12: Comparison of temperature dependences of activation energies for different 

processes occurring in the amorphous NIM. The legend for indices is: η = viscous 

flow, τ = α-relaxation, u = microscopic crystal growth, c50-125 = DSC 

crystallization of fine powder, c500-1000 = DSC crystallization of coarse powder, 

uGCs = microscopic GC growth on the surface, uGCb = microscopic GC growth in 

bulk. 
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