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Abstract 

Amorphous riboflavin (free base) could be produced for the first time via high energy 

ball milling of a commercial crystalline form (Form I). Importantly, this solid state 

amorphization process allowed to circumvent chemical degradation occurring during 

melting as well as the lack of suitable solvents, which are required for amorphization 

via spray- or freeze-drying. The amorphous state of riboflavin was thoroughly 

characterized, revealing a complex recrystallization pattern upon heating, involving two 

enantiotropic polymorphic forms (II and III) and a dihydrate. The glass transition 

temperature (Tg) and heat capacity (Cp) jump of the amorphous form were determined 

as 144°C and 0.68 J/g/°C. Moreover, the relative physical stability of the different 

physical states has been elucidated, e.g., at room temperature: I > II > III. The following 

rank order was observed for the dissolution rates in water at 37 °C during the first 4 h: 

amorphous > III ≈ II> I. Afterwards, a dihydrate crystallized from the solutions of 

amorphous and metastable crystalline riboflavin forms, the solubility of which was well 

above the solubility of the stable Form I. 
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1. Introduction 

 

Drugs can exist in different physical states, like stable and metastable polymorphic 

forms [1]–[4], or in an amorphous form [5], [6]. These different forms can potentially 

have a strong repercussion on their key properties, including in particular their stability 

during storage [7], [8] and their solubility in aqueous body fluids [9], [10]. Thus, the 

physical state of a drug might substantially impact the therapeutic efficacy of the 

treatment. In general, the solubility of a drug increases when the Gibbs free energy of 

the physical form increases. Thus, often an improvement in solubility comes at the 

expense of physical stability [11], [12]. Controlling and manipulating the physical state 

of drugs is, hence, an important practical challenge, in particular for the formulation of 

poorly soluble drugs [13]–[16]. Furthermore, the physical state of a drug might change 

during manufacturing and long-term storage [17]. This is why it is essential to explore 

as thoroughly as possible all the physical states of a drug, their physical (and chemical) 

(in)stabilities, as well as their solubility and dissolution kinetics [18], [19]. 

 

Several processes can be used to render a drug amorphous, including melt quenching 

[20], hot melt extrusion [21], [22],[23], spray-drying [24], [25], freeze-drying [26], [27], 

high shear granulation [28] and mechanical milling [29]. The technology “KinetiSol® 

Dispersing” combines the effects of fusion/heat and frictional/shear energies [30]. Melt 

quenching and hot melt extrusion have the disadvantage of the need to heat the 

material up to its melting point, which often induces unacceptable thermal degradation. 

Spray-drying and freeze-drying require the dissolution of the drug in a solvent, which 

can also induce chemical changes like mutarotation [31]. Moreover, finding an effective 

and non-toxic solvent is often a challenge for poorly soluble drugs. Contrary to the 

previous techniques, the amorphization upon milling occurs directly in the solid state, 

so that it does not require any heating or dissolution stages of the drug. Milling, thus, 

often allows rendering drugs amorphous without any chemical changes, so that it 

appears as an interesting alternative to the other amorphization techniques. 
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Riboflavin (C17H20N4O6) free base, also known as vitamin B2, is a coenzyme in 

oxidation and reduction reactions [32]. It is essential for cell growth, and commonly 

used in parenteral nutrition [33]. Even if it is considered to be a “water soluble” vitamin 

[34], its solubility in this solvent is very limited, as it only reaches around 0.08 mg/mL 

at 30°C [35]. Evidence of polymorphism was briefly mentioned in the literature along 

with different hydrates [36], [37]. However so far, to the best of our knowledge, only 

the crystalline structure of the commercial form (Form I) could be determined and was 

found to be orthorhombic (space group P212121) [38]. Moreover, little is known about 

its amorphous state, which cannot be obtained by quenching the liquid (because of a 

pronounced chemical degradation upon melting), nor by spray- or freeze-drying due to 

the lack of an appropriate solvent [35], [39]. 

 

The objective of this paper was to use high energy milling to prepare and thoroughly 

characterize the amorphous state of riboflavin (free base), which is currently poorly 

investigated (including for instance the determination of its glass transition temperature 

and the related heat capacity jump). Special attention was paid to the recrystallization 

mechanism of the amorphous form upon heating, which revealed to be complex, 

involving two polymorphic forms. Moreover, the relative stability of the different 

physical states of riboflavin were to be established and their dissolution kinetics in 

water at 37 °C to be monitored. 
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2. Materials and Methods 

 

2.1. Materials 

Riboflavin free base (purity 98%), also known as vitamin B2, was purchased from 

ACROS organics (Geel, Belgium). The material was used as received. Ultra-pure 

water was obtained from Veolia (Vendin le Vieil, France), acetonitrile (HPLC grade) 

from Carlo Erba (Val de Reuil, France), formic acid and dimethyl sulfoxide from Sigma 

Aldrich (Seelze, Germany). 

 

2.2. Ball milling  

Ball milling was performed at room temperature (RT) using a high energy planetary 

mill (Pulverisette 7 Fritsch, Idar Oberstein, Germany). About 1.1g samples were placed 

into ZrO2 milling vessels (40mL), containing 7 milling balls (ZrO2, Ø = 15mm) in order 

to have a ball/sample ratio of 75:1 w/w. The rotation speed of the solar disk was set to 

400 rpm. The reverse mode was selected, so that after each milling cycle, the direction 

of rotation changed. This rotation speed corresponded to an average acceleration of 

the milling balls of 5 g (g = 9.81 m/s2 being the acceleration of gravity). Milling cycles 

(20 min) were alternated with pause periods (10 min) in order to prevent heating of the 

samples during the process. Heat-sensitive stickers on the milling vessels indicated 

that the temperature of the latter reached approximately 35°C under the given 

conditions [40]. The milling times (tm) were varied between “zero” (non-milled material) 

and 32 h, as indicated. 

 

2.3. Thermogravimetric analysis (TGA)  

TGA measurements were performed using the Q500 apparatus from TA instruments 

(Guyancourt, France). A small amount of sample (between 5 and 8 mg) was placed 

into an open aluminum pan on a weighing scale. Both, the sample and the weighing 

scale, were kept in a dry atmosphere using a constant flow rate (50 mL / min) of highly 

pure nitrogen gas (99.999 %). The temperature reading was calibrated with the 
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measurements of the Curie points of alumel and of nickel (provided by TA instruments). 

The mass reading was calibrated using certified calibration weights (TA instruments). 

All scans were performed at 5 °C/min from room temperature to 550 °C. 

  

2.4. Differential Scanning Calorimetry (DSC)  

DSC thermograms were recorded with a Q20 apparatus from TA Instruments 

(Guyancourt, France), connected to a refrigerated cooling system. During all 

measurements, the calorimeter head was flushed (50 mL/min) with highly pure 

nitrogen gas (99.999 %). Temperature and enthalpy readings were calibrated using 

pure indium at the same scan rates as used during the measurements. Small sample 

sizes (between 2 and 5 mg) were used to provide good thermal conductivity and sharp 

enthalpic events. The samples were placed in open aluminum pans (container without 

lid) to allow the release of free water, potentially adsorbed during the milling process. 

Only when heating to temperatures above the degradation temperature of riboflavin, 

hermetic high-pressure aluminum pans were used (to avoid any contamination of the 

DSC cell). For all samples, a preliminary 20 min annealing at 90°C was performed in 

the DSC in order to remove, as much as possible, the water absorbed during the 

sample preparation. All scans were performed using an average heating rate of 

5 °C/min.  

 

2.5. Hyper Differential Scanning Calorimetry (Hyper DSC) 

Hyper DSC scans were recorded at a heating rate of 300 °C/s using the Flash DSC2+ 

from Mettler Toledo (Viroflay, France), under argon flushing. The high scanning rate 

allowed by-passing transformations which are kinetically slow, like recrystallizations or 

polymorphic transformations.  

 

2.6. Powder X-Ray Diffraction (PXRD)  

Powder X-ray diffraction measurements were performed with a PanAlytical X’PERT 

PRO MPD (Almelo, The Netherlands) diffractometer (λCuK = 1.5418 Å for combined 
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K1 and K2), equipped with an X’celerator detector (Almelo, The Netherlands) 

allowing acquisition of diffraction patterns from 2θ= 3 to 60 °, with a scan step of 

0.0167 °/s. Samples were placed into Lindemann glass capillaries (Ø = 0.7 mm), 

installed on a rotating sample holder to avoid artifacts due to preferential orientations 

of crystallites. Thermal treatment of the samples was performed in the calorimeter, 

followed by sample removal from the DSC pan and immediate PXRD analysis. In some 

specific cases, to observe the evolution of the sample upon heating, the sample was 

placed on a metallic plate, in an Anton Paar chamber at atmospheric pressure. The 

heating rate was set to 5 °C/min. 

 

2.7. 1H Nuclear Magnetic Resonance (NMR)  

NMR analyses were conducted on a Brucker AVANCE 300 MHz apparatus 

(Rheinstetten, Germany) at 20°C. A few milligrams of material were dissolved in 

0.5 mL dimethyl sulfoxide in 5 mm diameter NMR tubes. For each sample, 64 scans 

were recorded (1 scan/s) to improve the signal statistic. 

 

2.8. Scanning electron microscopy (SEM)  

SEM pictures were taken to determine the morphology of the particles, using a JEOL 

Field Emission apparatus (JSM-7800F, Tokyo, Japan). Samples were mounted on a 

SEM stub, using ribbon carbon double-sided adhesive. To avoid surface charging, 

samples were chromium coated (100 Å) by electro-sputting under vacuum prior to SEM 

observations. The observations were performed at 2 kV acceleration voltage, with 

small probe current and the lowest objective lens aperture to reduce beam damage on 

the sample surface. 

 

2.9. Riboflavin dissolution kinetics 

Excess amounts of riboflavin (about 150 mg) were exposed to 10 mL ultra-pure water 

in amber flasks. The latter were placed into a horizontal shaker (37 °C, 80 rpm; GFL 

3033; Gesellschaft fuer Labortechnik, Burgwedel, Germany). At predetermined time 
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points, 300 µL samples were withdrawn, filtered (PVDF syringe filter 0.22 µm, Agilent 

technologies, Santa Clara, USA) and analyzed for their riboflavin content by reverse 

phase HPLC-UV analysis (Waters Alliance 2695 separation module, Waters 2489 

UV/vis detector) as follows: 10 µL samples were injected into a polar column (Luna 

omega 3 µm C18 100 Å, 150 x 4.6 mm; Phenomenex, Le Pecq, France). The flow rate 

was set to 0.8 mL/min. The mobile phase was a 85:15 (v:v) blend of 0.1% aqueous 

formic acid solution and acetonitrile. The column was kept at room temperature and 

the detection wavelength was set to 270 nm. The calibration curve was determined for 

riboflavin concentrations ranging from 0.1 to 40 mg/L (R² > 0.999). Each experiment 

was performed in triplicate. Mean values +/- standard deviations are reported. 

 

 

3. Results and Discussion 

 

3.1. Solid state amorphization by milling 

The blue curve at the top of Figure 1 shows the X-ray diffraction patterns of commercial 

riboflavin (used as received) recorded at room temperature. It shows many Bragg 

peaks, which are characteristic of a crystalline state and their positions correspond to 

that of Form I, recently determined by Guerain et al. [38]. The black curve in Figure 2 

shows the TGA scan of a commercial riboflavin (Form I), recorded upon heating 

(5 °C/min). It shows a significant weight loss (about 70%) starting above 250 °C, 

revealing a pronounced thermal degradation of the vitamin. Figure 2 also shows the 

heating DSC scan (5 °C/min) of riboflavin placed in a hermetically closed, high-

pressure pan (run 1). It reveals a sharp endothermic peak around 290 °C, which 

superimposes on a wide exothermic event. The endotherm corresponds to the melting 

of Form I, while the exotherm is due to the chemical degradation revealed by TGA 

(Figure 2). It is worth noting that degradation starts slightly before melting, indicating 

that the degradation is not due to the melting process itself. This degradation was 

already reported in literature [41] and prevents from accurately determining the melting 
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temperature of the vitamin and from safely obtaining the amorphous form via a 

classical quench of the liquid. Figure 3 shows the 1H NMR spectra of both, crystalline 

(Form I) and melted riboflavin, after dissolution in dimethyl sulfoxide. The two spectra 

show significant differences, as many new peaks appeared after the melting (e.g. 

between 2.0 and 2.3 ppm, between 3.8 to 4.2 ppm, between 7.1 to 7.8 ppm and at 

11.3 ppm). These peaks confirm the chemical degradation of riboflavin upon melting 

and the impossibility to obtain the amorphous state by quenching the melt. To 

overcome this hurdle, we tried to obtain the amorphous state directly in the solid state, 

by milling [42] the crystalline Form I. 

 

The red curve in Figure 1 shows the X-ray diffraction patterns of riboflavin Form I after 

32 h milling. It can be noticed that all Bragg peaks have completely disappeared, 

leading to the appearance of a large halo of diffusion, characteristic for an amorphous 

form. The red curve in Figure 2 shows the corresponding heating DSC scans 

(5 °C/min): recorded using an open pan from 45 to 240 °C (run 2) and a hermetically 

closed, high pressure pan from 240 to 310 °C (run 3). This latter type of pan was used 

to avoid the contamination of the DSC cell by the degradation products generated upon 

melting. The 2 vertical slashes separate the two runs. Run 2 shows a heat capacity 

(Cp) jump (ΔCp = 0.68 J/g/°C), characteristic of a glass transition. This proves that a 

direct “crystal to glass transformation” occurred during the milling process. The red 

curve in Figure 3 shows the 1H NMR spectrum of amorphous riboflavin obtained by 

milling Form I (32 h). It appears to be identical with the spectrum of the commercial 

riboflavin, except for one peak at 2.09 ppm, which is attributed to an acetone residue 

[43], stemming from the cleaning of the NMR tube. Moreover, no signs of chemical 

degradation were detected compared to the spectrum of the quenched liquid. It, thus, 

appears that mechanical milling is able to safely produce amorphous riboflavin, making 

it possible to determine for the first time the glass transition temperature of this 

compound: Tg = 144°C. 
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3.2. Polymorphism of riboflavin 

In Figure 2 (red curve), further heating of the milling induced amorphous riboflavin 

(run 2) reveals two exothermic events. The first one occurs at around 185 °C (H1 = 

58.2 J/g) and is characteristic of a recrystallization. The diffractogram of the milled 

material subsequently heated to 200°C, recorded at room temperature (i.e. just above 

the first exotherm), is reported in Figure 1 (black curve). It shows well defined Bragg 

peaks, characteristic of a crystalline state. Moreover, these peaks are clearly different 

from those characteristic for Form I (see for instance characteristic peaks marked with 

a  or  in Figure 1). This indicates that the recrystallization occurred at 185°C toward 

another crystalline form of riboflavin, called “Form III” ([37]). The second exotherm in 

run 2 (red curve in Figure 2) occurs at around 230 °C (H2 = 34.1 J/g) and is 

characteristic of a “crystal to crystal” transformation. The diffractogram of the milled 

material recorded at room temperature after subsequent heating to 240°C (i.e. just 

above the second exotherm), is also reported in Figure 1 (green curve). It shows well 

defined Bragg peaks, which are different from those of Forms I and III (see for instance 

characteristic pics marked with a ,  or  in Figure 1). This confirms that the second 

exotherm indicates a polymorphic transformation, and puts into evidence a further 

polymorphic form of riboflavin, called “Form II” [37]. Above 240 °C, run 3 shows an 

endothermic peak due to the melting of Form II, being superimposed with the 

exothermic peak due to the degradation of riboflavin (red curve in Figure 2). It can be 

noted that the melting of Form II is depressed compared to the melting of Form I. 

The green and black curves in Figure 3 show the 1H NMR spectra of both, Form II and 

Form III. They appear to be identical with the spectrum of Form I, with an additional 

peak attributed to residual acetone (as for the milled material, please see above). 

Furthermore, no sign for vitamin degradation was observed, which indicates that the 

polymorphic forms of riboflavin can be safely produced by the described milling and 

subsequent heating procedures. 
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3.3. Influence of the milling time upon recrystallization 

Figure 4 shows XRD patterns of riboflavin recorded after various milling times ranging 

from “zero” (no milling) to 32 h. A progressive flattening and broadening of the Bragg 

peaks can be noted. The decrease in peak heights indicates the increasing 

amorphization of the material, while the broadening signals both: size reduction and 

the deformation of the remaining crystallites induced by the mechanical impacts of the 

milling balls. After 6 h milling, the Bragg peaks totally disappeared, indicating that the 

material was fully amorphized. No further evolution of the X-ray diffraction patterns can 

be detected for longer milling times (up to 32 h). 

The corresponding heating DSC scans (5 °C/min) are illustrated in Figure 5. They 

show the progressive development of a heat capacity (Cp) jump at the glass transition 

temperature (Tg = 144°C), followed by a crystallization exotherm. The Cp jump 

becomes stationary from 6 h milling, which confirms that the amorphization upon 

milling is complete after that time period. The evolution of the exotherm is more 

complex: It shows in particular a shift from 160 to 180 °C, which reveals an increasing 

stability of the amorphous fraction for increasing milling times. Moreover, noticeable 

modifications of the thermograms are still observed for longer milling times. In 

particular, a second exotherm develops after the recrystallization. It is already 

detectable after 3 and 6 h milling through a shouldering on the right-hand side of the 

recrystallization exotherm and then shifts toward higher temperatures up to 230 °C 

after 32 h milling. This exothermic peak clearly corresponds to the polymorphic 

transformation “Form III → Form II” identified in section 3.2. This indicates that the 

structural composition of the recrystallized fraction depends on the milling time. To 

analyze this point in more detail, the structure of the recrystallized material has been 

investigated by XRD. 

Figure 6 shows XRD patterns of riboflavin recorded at room temperature after milling 

for 50 min, 6, 12 or 32 h and subsequent heating (5 °C/min) to 210, 176, 195 and 

200 °C, respectively (i.e. after recrystallization of the milled materials). It shows that for 

50 min milling and heating to 210 °C, the X-ray diffraction patterns of the recrystallized 
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material only shows the Bragg peaks of Form I, while Bragg peaks characteristic for 

Forms II and III cannot be detected. This indicates that for short milling times the 

portion of riboflavin, which has been transformed into an amorphous state (Figure 4) 

recrystallizes entirely towards the initial Form I. This can be explained by the numerous 

remaining crystallites of Form I after 50 min milling, which act as seeds for the 

recrystallization of Form I upon heating. Interestingly, complete amorphization upon 

milling for milling times > 6 h and subsequent heating leads to the crystallization of 

different polymorphic forms: as it can be seen in Figure 6, the X-ray diffraction patterns 

of the samples, which had been milled for 6, 12 or 32 h, followed by heating to 176, 

195 and 200 °C, do not show the Bragg peaks of Form I. Instead, they show the Bragg 

peaks of the Forms II and III. Moreover, with increasing milling time the Bragg peaks 

characteristic of Form III become more pronounced, while those of Form II decrease 

and finally disappear after 32 hours of milling. This indicates that riboflavin is fully 

amorphized upon milling for more than 6 h and recrystallizes as a mixture of Forms II 

and III, with a proportion of Form III, which increases with increasing milling time. Such 

a behavior could be due to the apparent stabilization of amorphized riboflavin with 

increasing milling time, shifting the recrystallization range toward higher temperatures, 

at which the nucleation and growth rates of Form III are higher than those of Form II. 

 

3.4. Phase diagram of riboflavin 

To determine the relative stability of Forms I, II and III, it is necessary to rank their 

melting temperatures. However, the melting temperatures of Forms I and II cannot be 

accurately determined due to the strong degradation accompanying the melting 

process (see runs 1 and 3 in Figure 2). Moreover, the melting of Form III cannot be 

observed as it is preceded by the conversion “Form III → Form II” (see run 2 Figure 2). 

To overcome these difficulties, the three forms have been analyzed by flash DSC at a 

heating rate of 300 °C/s. Such a high heating rate makes it possible to by-pass the 

transformation “Form III → Form II” in order to observe the melting of Form III, and 

strongly limit the degradation accompanying the melting process. The corresponding 
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scans are reported in Figure 7 and do not show any trace of the transformation “Form 

III → Form II”, nor noticeable degradation. It appears that the melting temperatures of 

the three forms rank as follows: Tm(I)>Tm(III)>Tm(II). Moreover, the exothermic 

character of the transformation “Form III → Form II” seen in run 2 in Figure 2 indicates 

that the entropy of Form III is higher than that of Form II. As a result, these two forms 

are enantiotropically related as schematized in the Gibbs free enthalpy diagram 

reported in Figure 8. 

 

3.5. Dissolution kinetics of the different forms of riboflavin 

In order to monitor the dissolution kinetics of the different riboflavin forms, sufficient 

sample quantities were required (about 150 mg). Form I was used as received. The 

amorphous form was obtained by milling Form I for 32 h in a high energy planetary mill 

(Pulverisette 7 Fritsch). Samples of Forms III and II were produced as follows: milling 

of Form I for 32 h in the planetary mill, followed by heating in a DSC Tzero open pan 

(5 °C/min) to either 200 or 250 °C, respectively. This procedure was repeated several 

times in order to produce the required amounts (150 mg). The obtained samples were 

slightly hand milled and the powders pooled.  

Figure 9 shows SEM pictures of the different powders used for dissolution testing. 

Amorphous riboflavin and Form I powders consisted of tiny particles. The amorphous 

particles formed aggregates, those of Form I were needle-shaped. In contrast, the 

particles of Form II and Form III were much larger, because they were prepared by 

manual milling (versus planetary milling). But at higher magnification, also in these 

cases, tiny needle-shaped crystals could be observed.  

The dissolution kinetics of these powders in ultra-pure water at 37 °C under non-sink 

conditions (excess of solid riboflavin) are illustrated in Figure 10. Clearly, amorphous 

riboflavin led to the highest concentration of dissolved riboflavin within the first few 

hours: up to around 1860 mg/L. But at later time points (after 24 h), this concentration 

decreased to about 330 mg/L, and then leveled-off. In contrast, Form I was much less 

soluble (around 90 mg/L) and reached its plateau concentration within the first few 
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hours. Forms II and III reached intermediate concentrations of dissolved riboflavin 

during the first 4 h: about 450 mg/L. But the latter decreased again, reaching plateau 

values of approximately 350 and 300 mg/L, respectively, after about 7 d. 

 

The observed vitamin dissolution patterns can be explained as follows: The solubility 

of the amorphous riboflavin is highest, leading to the highest observed dissolved 

vitamin concentrations. However, at later time points (after at least 4 h), the vitamin 

recrystallizes into a less soluble form (red curve in Figure 10). Form I exhibits the 

lowest solubility (which is consistent with the highest melting point observed by flash 

DSC, Figure 7), leading to the lowest concentrations of dissolved riboflavin. Forms II 

and III have intermediate solubilities, resulting in intermediate dissolution rates. 

However, also in these cases a different form precipitates at later time points during 

the experiment. 

 

To better understand which riboflavin form crystallizes during the dissolution 

measurements, the solids obtained after 7 d were separated by filtration, dried (under 

vacuum, room temperature, overnight) and analyzed by XRD and TGA. Figure 11 

shows the XRD patterns of the residue obtained at the end of the dissolution study of 

amorphous riboflavin. Interestingly, it differs from those of Forms I, II and III (see in 

particular the peak at 4.3 °), but seems to be similar to that of a dihydrate reported in 

the literature [31]. The TGA scan (5 °C/min) of the residue, which is reported in the 

insert of Figure 11, shows a mass loss of close to 6.0 % between 20 and 80 °C, while 

a mass loss of 9.2 % would be expected for the dehydration of a dihydrate. The 

difference may be attributed to a slight dehydration occurring during the vacuum drying 

prior to TGA analysis. Moreover, the evolution of the diffractogram of the recrystallized 

solid upon heating (5 °C/min) to 60 °C – i.e. in the temperature range, in which the 

water loss was observed – is also reported in Figure 11. It shows the progressive 

appearance and disappearance of some Bragg peaks, which ultimately leads to a X-

ray diffraction patterns characteristic of Form II. All these results, thus, indicate that the 
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amorphous riboflavin dissolved in water, recrystallized toward a dihydrate form, whose 

dehydration upon heating led to the metastable anhydrous Form II. Please note that 

identical behaviors were observed for samples, which recrystallized after the 

dissolution of Forms II and III. The precipitation of the same dihydrate form upon 

dissolution of amorphous riboflavin and Forms II and III can explain the similar plateau 

values observed at late time points for these different forms.  
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4. Conclusion 

 

Amorphous riboflavin (free base) could be obtained for the first time: via high energy 

milling of a commercial crystalline form (Form I). This solid state amorphization 

technique was used to avoid the pronounced degradation of the riboflavin, which 

occurs during melting (and, thus, prevents obtaining the amorphous form via quench 

cooling of the melt). The glass transition temperature (Tg = 144°C) and the Cp jump at 

Tg (∆Cp= 0.68 J/g/°C) could, hence, accurately be determined.  

Upon heating, amorphous riboflavin was found to show a rich pattern of physical 

transformations which enlightens the polymorphism of this vitamin. It shows in 

particular a recrystallization toward Form III occurring at 185 °C (H1 = 58.2 J/g), 

followed by a polymorphic transformation toward Form II occurring at 230°C (H2 = 

34.1 J/g). These two forms appear to be enantiotropically related and the relative 

stability of the three polymorphs at room temperature appears to rank as follow: I > II > 

III. 

Finally, the dissolution kinetics of the different forms in water were evaluated and 

revealed the following order in the dissolution rates during the first 4 h: 

amorphous>Forms III ≈ Form II>Form I. After 4 h, a drop in the amount of dissolved 

riboflavin occurred for the amorphous and metastable crystalline forms due to a 

recrystallization toward a dihydrate. However, the plateau values were above the 

solubility of Form I, revealing definitely the faster dissolution of the metastable forms 

(II, III and amorphous) over the stable crystalline Form I. 
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CAPTIONS: 

 

Figure 1: X-Ray diffraction patterns of riboflavin Form I recorded at room 

temperature before and after different mechanical and thermal treatments. 

From top to bottom: before milling (Form I); after 32 h milling (amorphous 

form); after 32 h milling and subsequent heating to 200°C (Form III); after 

32 h milling and subsequent heating to 240°C (Form II). 

Figure 2: TGA scan (5 °C/min) of commercial riboflavin (Form I) and DSC heating 

scans (5 °C/min) of non-milled (run 1) riboflavin as well as of milled 

riboflavin (Form I) (runs 2 and 3). The symbol (//) separates run 2 (using a 

standard open aluminum pan) from run 3 (using a hermetically sealed pan). 

Figure 3: 1H NMR spectra of riboflavin Form I non-milled (as received), quenched 

from the melt, milled for 32 h, as well as of riboflavin Form II and Form III. 

To better see the small peaks and avoid anarchic superimposition of the 

different spectra, the highest peaks have been clipped. 

Figure 4: XRD patterns of riboflavin Form I recorded after different milling times (tm) 

ranging from zero (no milling) to 32 h. The milling times are reported on 

the right-hand side of each diffraction pattern. 

Figure 5: DSC scans (5 °C/min) of riboflavin Form I recorded after different milling 

times (tm) ranging from zero (no milling) to 32 h. The milling times are 

reported on the left-hand side of each thermogram. 

Figure 6: XRD patterns recorded at room temperature of riboflavin, which had been 

milled for 50 min, 6, 12 or 32 h, and subsequently heated (5 °C/min) to 210, 

176, 195 or 200°C, respectively.  

Figure 7: Flash DSC scans (300 °C/s) of Forms I, II and III of riboflavin. 

Figure 8: Phase diagram of riboflavin. The arrows indicate the trajectory of riboflavin 

during the milling and subsequent heating of Form I. 

Figure 9: SEM pictures of the different riboflavin powders used for dissolution 

measurements.  

Figure 10: Dissolution kinetics of the different forms of riboflavin in ultra-pure water at 

37°C under agitation (80 rpm) and non-sink conditions: A large excess of 

non-dissolved vitamin was provided throughout the experiments. 
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Figure 11: XRD patterns of the solid which reprecipitated during the dissolution study 

of amorphous riboflavin in water. The samples were heated at 5 °C/min 

followed by an isothermal of about 13 min (scan duration) at different 

temperatures (as indicated). Insert: TGA scan (5 °C/min) of the 

reprecipitated solid (without heating).  
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