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Abstract
This paper describes a study of the solvent mediated polymorphic transformation (SMPT) of the
metastable α tegafur to the thermodynamically stable β tegafur in several solvents. Phase
transformation in acetone, ethanol, i-propanol, toluene, and water at 22 °C were described with the
solid state kinetic model P2, and rate constants for this process were in the range from 0.028 min-1
to 0.0056 min-1. In all the employed solvents an induction time was observed. Kinetic, solubility
and scanning electron microscopy data indicated that nucleation kinetics corresponded to secondorder power function and, according to the kinetic model, nuclei growth rate was constant in the
examined SMPT. Surface nucleation was observed, and possible nucleation mechanism was
given. The phase transition rate depended linearly on the difference between the equilibrium
solubilities of α and β tegafur in the respective solvent, i.e. supersaturation.

Introduction
Different crystalline forms of the same molecular entity are known as polymorphs.
Polymorphism is a very common phenomenon in chemical manufacturing, for example, in
pigment, food and, most of all, in the pharmaceutical industry1, where at least two thirds of active
pharmaceutical compounds have more than one solid form2–5. One of the tasks for the
pharmaceutical industry is to find and select the solid forms with the optimal characteristics for the
intended use, because the solubility, dissolution rate, and bioavailability of drug substances are
influenced by polymorphism. Therefore it is a common requirement in the pharmaceutical
industry that a manufactured compound must be in one, strictly defined crystalline phase3,5. To
ensure product stability, the thermodynamically stable polymorph in ambient conditions is
normally chosen for manufacturing. However, due to enhanced dissolution or bioavailability
profiles, a metastable form might be chosen for manufacturing. To ensure that polymorphs do not
1
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transform over time, the polymorphic stability must be evaluated with respect to ambient, storage,
and packaging conditions. The stability of polymorphs under certain temperature and pressure
conditions is defined by their free energy, with the most stable polymorph having the lowest free
energy in the given conditions3–5.
Crystallization is the most common method of chemical compound isolation from solution on a
Crystallization of polymorphs often follows Ostwald’s rule of stages7, which postulates that
crystallization in a polymorphic system progresses from supersaturated state to equilibrium state
in stages. Thus, according to Ostwald’s rule of stages, the metastable form should crystallize first
and then the system should move through each possible polymorphic structure before the
thermodynamically stable polymorph crystallizes. In the majority of cases the thermodynamically
stable polymorph in given conditions is isolated, however, the solvent used for crystallization can
affect the crystallization outcome and it might promote the crystallization of a specific metastable
polymorph. The metastable polymorph will attempt to transform to the stable form if possible, and
therefore it is important to study polymorphic transformation ‘reactions’ to determine the factors
influencing the outcome of a polymorphic crystallization. One type of polymorphic transformation
‘reaction’ drawing attention is solvent mediated polymorphic transformation (SMPT)4,8–10. This is
a process, where the metastable polymorph interacts with a bulk solvent phase, and gradually
transforms to the more stable polymorph by a process of dissolution and crystallization. SMPT is
interpreted as a three-step process – dissolution of the metastable phase, nucleation of the stable
phase, and growth of the stable phase11,12. The driving force in this process is the difference
between the solubilities and dissolution rates of both polymorphs, which consequently determines
the supersaturation level during the crystallization of the thermodynamically stable form. SMPTs
have been extensively studied over the years8,9,13–30, however, there are no comprehensive studies
on the choice of solvent on the SMPTs. Such studies might be useful for pharmaceutical industry
in order to use SMPTs in pharmaceutically active compound manufacturing. SMPTs can be used
to produce the thermodynamically stable polymorph if crystallization from a solvent gives a
metastable polymorph. On the other hand, if a metastable polymorph is desired, knowledge of
possible SMPTs of the respective system is important, because there might be situations when
metastable polymorph crystallizes, and through unwanted SMPT subsequently transforms to the
thermodynamically stable polymorph.
Here we study SMPT of the metastable α tegafur to the thermodynamically stable β tegafur in
several popular solvents from different solvent classes: aprotic polar, aliphatic aprotic apolar,
2
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hydrogen bond donor and aromatic apolar. Both polymorphs of tegafur are produced
commercially; therefore knowledge of this polymorphic system SMPTs might be relevant for
pharmaceutical industry. The pharmaceutically active compound used in this research, tegafur (5fluoro-1-(tetrahydrofuran-2-yl)pyrimidine-2,4(1H,3H)-dione) (Figure 1), is an antitumor agent,
widely used in the treatment of various malignancies, particularly gastrointestinal and breast
pharmaceutical literature31–33, but only the α and β modifications are used for therapeutic
purposes.

Figure 1. Molecular structure of tegafur (5-fluoro-1-(tetrahydrofuran-2-yl)pyrimidine-2,4(1H,3H)dione).

1.

Materials and methods

1.1. Materials
Commercial samples of the α and β tegafur were supplied by JSC Grindeks (Latvia). Acetone,
cyclohexane, ethanol, i-propanol, and toluene of analytical grade were purchased from
commercial sources, and deionized water (electrical conductivity <0.1µS) was prepared by
Adrona, Crystal 5 (Latvia). Solvents were used without further purification. All of the reagents
used were certified >99% pure.

1.2. Methods
1.2.1. Solvent mediated polymorphic transformations
The SMPT was investigated in acetone, cyclohexane, ethanol, i-propanol, toluene, and water.
Slurrying was performed in Erlenmeyer flasks, where 0.5 g of α and β tegafur mixture at the
weight ratio of 1:1 was added to 5 mL of solvent, and suspended for 5 min, 30 min, 3 h, and 72 h
at room temperature (22±1°C). The mixture of α and β tegafur was weighed on an analytical
balance (BOECO, Germany, d = ±0.0001 g), and homogenized by shaking for 5 min in a Retsch
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MM 300 shaker (Retsch GmbH, Germany) with the shaking frequency of 10 Hz. Slurrying was
performed using an orbital shaker, Biosan OS-10 (Latvia) at a stirring rate of 200 rpm.
The transformation of α tegafur to the stable β tegafur was monitored and quantified via ex-situ
powder X-ray diffraction (PXRD) analysis. Quantification of the polymorphic composition for the
dry residue was carried out as described in Section 1.2.3.

comparison experiments were performed, where α and β tegafur mixtures were placed in glass
PXRD sample holders (~0.2 g) and moistened with the appropriate solvents (100 µL) using a
micropipette (±0.3 µL). Sample compositions were quantified using PXRD.
Analogous experiments were performed with pure metastable α tegafur to ensure that such
treatment does not promote phase transition even for samples without β tegafur impurities.

1.2.2. The kinetics of solvent mediated polymorphic transformations
Acetone, ethanol, i-propanol, toluene, and water solutions (~100 mL) saturated with respect to α
tegafur were prepared by stirring excess α tegafur for ~3h at 22±1 °C. The excess tegafur was
filtered off and the clear solution was used for SMPT. In order to ensure that the solution was
saturated with respect to α tegafur, PXRD patterns of filtrates were recorded. Solution
concentration was determined as described in Section 1.2.5.
SMPT kinetics experiments were performed at 22 °C in a thermostated (Grant TC120, an
accuracy ±0.1°C; England) glass flow-through cell (250 mL) with a magnetic stirrer. 1.0 g of α
tegafur (used as received) was added to the saturated solution and the solid phase was monitored
every 10 min for a period of 2 h throughout the transformation. The stirring of the slurry was
stopped for 20 seconds to allow the suspended solid particles to settle. Solid phase samples (~10
mg) for polymorphic composition determination were collected with a metal spoon from the
suspension.. The collected solid phase was quickly filtered through a 2-3 µm filter paper using a
glass filter funnel with Buchner flask under reduced pressure. The quantity of α tegafur in the
sample was monitored and quantified via ex-situ powder X-ray diffraction (PXRD) analysis. The
PXRD patterns for dry samples were recorded and analyzed as described in Section 1.2.3.
The tegafur concentration in solution was measured every 20 to 40 min throughout SMPT.
Samples for solution concentration measurements were gathered at the same time as solid phase
samples for polymorphic composition determination were collected. Approximately 2 mL of
saturated solution was filtered through a 0.20 µm syringe filter and then 1.00 mL of clear solution
4
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was transferred to a preweighed vial with micropipette (± 10 µL). The solution was left to
evaporate at room temperature, weighed and the tegafur solubility was calculated. Two parallel
experiments were performed.

The samples were analyzed with a Bruker D8 Advance and Bruker D8 Discover powder X-ray
diffractometers (Bruker AXS, Karlsruhe, Germany), equipped with a PSD LYNXEYE detectors.
The measurements were performed with Cu Kα radiation (1.54180 Å) at room temperature. The
following conditions were used: step-scan mode with a step size of 0.02 °; scan speed: 0.2 °/min;
2θ range: 8.0 ° – 20.0 °; voltage: 40 kV; current: 40 mA; divergence slit: 0.6 mm; anti-scattering
slit: 8 mm.
PXRD calibration was performed using mixtures of 5.0 %; 10.0 %; 20.0 %; 50.0 %; 80.0 %;
90.0 % and 95.0 % β tegafur in α tegafur (~0.3 g total sample weight). The mixtures were weighed
using an analytical balance and samples were homogenized by shaking for 5 min in a Retsch MM
300 shaker with the shaking frequency of 10 Hz. The powder samples were packed into glass
holders and pressed by a glass slide to ensure coplanarity of the powder surface with the surface of
the holder.
The quantitative phase analyses were performed using fundamental parameter based Rietveld
software BGMN34. Structure data necessary for quantitative analysis were acquired from the
Cambridge Structural Database (CSD) structures with the reference codes BIPDEJ for α tegafur
and BIPDEJ02 for β tegafur.
PXRD patterns for calibration samples, and samples collected from experiments were recorded
and analyzed identically.

1.2.4. Scanning electron microscopy (SEM)
SEM imaging was performed using Quanta 200 SEM (FEI, Holland) system. Samples were
initially gold coated using a K550X sputter coater (EMITECH, UK) and subsequently scanned
using an acceleration voltage of 5.0 kV at a working distance of approximately 10 mm. SEM
analyses were performed for the same samples that were used for PXRD analysis.

1.2.5. Tegafur solubility measurements

5

CrystEngComm Accepted Manuscript

1.2.3. The PXRD analysis

CrystEngComm

Page 6 of 24

An excess amount of the thermodynamically stable β tegafur was added to 15 mL of acetone,
cyclohexane, ethanol, i-propanol, toluene, and water, and was left to stir overnight at 22±1 °C.
The saturated solution was filtered through a 0.20 µm syringe filter and then 10.0 mL of clear
solution was transferred to a preweighed vial. Solution was left to evaporate at room temperature,
weighed and tegafur solubility was calculated. Solubility of the metastable α tegafur was

transformation to the thermodynamically stable β tegafur. PXRD patterns of filtrate were recorded
to ensure that the solubility of the desired polymorph was determined. Two parallel experiments
were performed.

1.2.6. Crystallographic face indexing
Crystallographic face indexing was undertaken using single crystal X- ray diffractometer
Nonius Kappa CCD diffractometer (Bruker AXS, Karlsruhe, Germany) with Mo Kα radiation
(0.71073 Å) at 60 kV and 30 mA. Data were collected at room temperature. Face indexing was
performed using Collect software35.

2.

Results and discussion

2.1. The characterization of starting materials
The α and β forms of tegafur were analyzed using PXRD and were confirmed to have
equivalent peak positions to those simulated from crystal structure data (CSD, reference codes
BIPDEJ and BIPDEJ02) (Figure 2). No impurities of other polymorphs or any contamination were
detected in the starting materials. A preferred crystal orientation was observed for α tegafur,
because of its needle-like crystal morphology. Typical crystal shapes of both polymorphs are
given in Figure 3.

6
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Figure 2. The experimentally measured (black line) and calculated (grey line) PXRD patterns of α
and β tegafur.

Figure 3. Photomicrographs of α and β tegafur crystals.

Table 1. Crystallographic information of α and β tegafur36.

α tegafur

β tegafur

System

triclinic

monoclinic

Space group

P -1

P 21/n

a, Å

8.994(8)

11.891(5)

b, Å

16.612(9)

14.556(2)

c, Å

5.981(5)

5.062(1)

α, °

86.40(6)

90

β, °

94.06(15)

99.05(2)

γ, °

80.29(8)

90

Z

4

4
7
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Figure 4. Crystal packing of (A) α tegafur and (B) β tegafur. Hydrogen atoms are omitted for clarity.

Crystallographic information of α and β tegafur is given in Table 1. The base motif of α and β
tegafur crystal structures is a tegafur molecule dimer with a R22 (8) motif where tegafur molecules
are connected via two N2-H···O7 hydrogen bonds (Figure 4). The dimers are not identical in both
polymorphs, because the crystal structure of α tegafur consists of two conformationally different
molecules (A and B), whereas β tegafur has one molecule in its asymmetric unit and conformation
of this molecule matches the conformation of molecule B in α tegafur37. Dimers in α tegafur are
formed between conformationally identical molecules, that is, one α tegafur dimer is formed by
two A molecules, and the second by two B molecules. Tegafur dimers in the α polymorph are
cross-linked by weak C5-H···O9 and C11-H···O8 hydrogen bonds, whereas in β tegafur dimers
are stabilized by weak C5-H···O7 and C12-H···F14 hydrogen bonds. It is worth noting that
tegafur dimers in α form forms between the same enantiomers (there are two enantiomerically and
conformationally different dimers), whereas in β tegafur dimers forms between two
enantiomerically different molecules37. Crystallographic face indexing of α tegafur crystals (see
Section 2.4) indicated that crystal growth along the a axis is promoted. This is because of
8
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relatively easy tegafur dimer access to the growing surface and the possibility to form multiple
weak hydrogen bonds between F14, O8, O9 and C5-H, C11-H. Hydrogen bonds in β tegafur are
distributed more evenly and they are stronger than in α tegafur. The same groups are involved in
hydrogen bonding for β tegafur, with the difference that instead of C11-H hydrogen, C12-H forms

chains in the b direction, however no preferred crystal growth orientation is observed for β
tegafur.

2.2. Quantitative phase analysis

Figure 5. The dependence of calculated β tegafur weight fraction (ωβ calc.) upon the actual β tegafur
content in the sample (ωβ actual). Statistical probability p < 0.05.

The calibration curve of α and β tegafur mixture is given in Figure 5. The homogenous
composition of the analysed mixtures and equivalent extinction effects for both polymorphs
should ensure that the diffraction peak intensity of each phase depends linearly on the phase
weight fractions in the sample38. It is evident that the correlation was not completely linear and the
calculated content of β tegafur in the samples was up to 2 % higher than was actually weighed.
We believe that this was because of the preferred orientation of α tegafur, different degree of
crystallinity for both polymorphs and possible microabsorption. Nevertheless, experimental data
can be described with linear equation y = (1.02 ± 0.01) x, with R2 value of 0.9990. The method
used was found to be linear in the range 0 – 100 % with limit of detection (LOD) and limit of
9
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quantification (LOQ) calculated39 to be 3.0 and 9.2 %, respectively. The method was found to be
precise with relative standard deviation (RSD) of 2.0 %. Statistical probability (p) used was p <
0.05. Relatively high LOD, LOQ and RSD values are because of the fast scan speed (0.2 °/min)
used in the experiments. In order to maintain consistency, scan speed used for calibration was the
same as further used in SMPT quantitative analysis. Scan speed of 0.2 °/min was chosen because

2.3. Solvent mediated polymorphic transformations
Initially SMPT experiments for α and β tegafur mixture with the weight ratio of 1:1 were
performed to estimate the approximate phase transition rate. The results of the slurry bridging
experiments showed that in all the employed solvents the metastable form converted into the
thermodynamically stable form. The weight fraction of β tegafur in the starting material was 50 ±
2 %. The weight fractions of β tegafur in the samples after slurry bridging experiments with
various solvents are given in Figure 6.

Figure 6. The weight fraction of β tegafur in the samples after slurrying a 1:1 mixture of α and β
tegafur for 5 min, 30 min, 3 h and 72 h in acetone, ethanol, i-propanol, water, toluene, and
cyclohexane. Dashed line (···) represents the weight fraction of β tegafur in the sample after the
experiment, where no slurrying was performed and the sample was only moistened and dried in
ambient temperature (indicated as “moistened/dried starting material”).

It is known3,5,40–42 that substantial phase transition from one phase to another in a polymorph
mixture can be promoted even by a solvent addition (without any external influence). This is
because both polymorphs of the substance dissolve in the solvent added and then the stable
polymorph in the given conditions will crystallize. In order to evaluate the impact of residual
10
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solvent on SMPT during the drying, experiments where samples were only moistened and dried
were performed. The weight fractions of β tegafur after these experiments are given in Figure 6
and are indicated as “moistened/dried starting material”.
Experiments showed that phase transformation took place over a period of time which varied
across the solvents studied. Almost complete phase transition to the thermodynamically stable β

transition was slower in i-propanol and toluene, and complete phase transition to the β polymorph
was observed only after more than 3 h of slurrying. Minor changes (<10%) in the weight fraction
of β tegafur were observed for samples slurried in cyclohexane for 3 days. We believe that no or
only minor phase transition occurred in cyclohexane because of its aprotic apolar nature and the
negligible solubility of tegafur in this solvent. It is also possible that the observed negligible
weight fraction changes in cyclohexane could be related to sample homogeneity and accuracy of
PXRD method (RSD = 2.0 %).
As previously mentioned, the experiments where no slurrying was performed, but sample was
only moistened and dried, were carried out for comparison purposes. This procedure gave a major
increase in the weight fraction of β tegafur for samples that were moistened with water and
toluene, but for samples that were moistened with acetone, cyclohexane, ethanol, and i-propanol
increase in the weight fraction of β tegafur were minor. One of the explanations for such results
could be as follows. As previously mentioned, SMPTs are considered as three-step processes
consisting of the dissolution of the metastable phase, nucleation of the stable phase, and growth of
the stable phase. All these stages and, hence, the phase transition extent are affected by the solvent
and solid phase interaction time; therefore it is possible that phase transition extent was affected
by the solvent evaporation time. Acetone, ethanol, and i-propanol are relatively volatile compared
to water and toluene, and accordingly, the phase transitions in acetone, ethanol, and i-propanol had
less time to occur. In order to understand solvent effect on studied SMPT, and to find out factors
affecting this phase transformation, more detailed phase transformation kinetics experiments were
performed.

2.4. The kinetics of solvent mediated polymorphic transformations
During our first SMPT kinetics experiments we noticed that the sample drying time had an
impact on the extent of phase transition – samples, dried at ambient temperature, had increased β
tegafur content. This was because the thermodynamically stable β tegafur crystallized from the
11
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saturated tegafur solution that was sampled together with the solid phase, i.e., phase transition to β
tegafur partially occurred during sample drying, not only during the slurrying. In order to avoid
this effect, samples for SMPT kinetic experiments were quickly filtered using a glass filter funnel
with Bunsen flask under reduced pressure.
Kinetics experiments with cyclohexane were not performed, since only negligible changes in the

experiments.
For a further data analysis it is worth mentioning that in the previously discussed experiments
samples were treated with pure solvents, but in kinetics experiments tegafur-saturated solvents
were used to separate tegafur dissolution effects.
The results of the kinetics experiments performed at room temperature (22±1 °C) represent a
series of plots documenting the composition of the solid phase during the SMPT, as detected with
the PXRD method. Figure 7 shows the composition of the solid phase during the SMPT in
acetone, ethanol, i-propanol, toluene, and water. These data were used to generate an additional
data plot where phase transition kinetics curves were normalized to the state where a complete
transition to β tegafur was observed (Figure 8). This means that the time when a complete phase
transition was observed was considered as 100%. Using this approach we could compare the
reaction rate and reaction path in all the solvents used. This figure clearly demonstrates that the
phase transition models were the same in all the solvents, and the only factor that changed was the
phase transition rate. An induction time was observed at the beginning of phase transitions in all
solvents. We cannot clearly assure whether the observed delay of the phase transition is an
induction time or the time that is necessary for β tegafur crystals to grow; however, we believe
that this was the limiting step in investigated SMPTs. We see that the induction times in all the
solvents were proportionally the same – about 10% of the phase transition time. It is worth noting
that the LOD of our quantitative analysis method was 3.0 %, therefore the observed induction time
might be the time that was necessary to overcome this 3.0 % range.
Solution concentration throughout SPMT stayed at the level of α tegafur solubility, and started
to decay only when all α tegafur transformed to the stable β tegafur (Figure 9). This means, that
the overall rate of consumption of supersaturation by β tegafur crystal growth was lower than the
overall rate of α tegafur dissolution. This case is denoted as “nucleation-growth controlled
polymorphic transformation”16.

12
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Figure 7. The weight fraction of β tegafur during the SMPT from α tegafur to β tegafur in acetone,
ethanol, i-propanol, toluene, and water at 22 °C. Line added as a guide.

Figure 8. The weight fraction of β tegafur during the SMPT in acetone, ethanol, i-propanol, toluene,
and water at 22°C, normalized to the state where the transition to β tegafur is complete.
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Figure 9. Solution concentration (●), and weight fraction of β tegafur in the solid phase (○) during
the SMPT from α tegafur to β tegafur in acetone at 22 °C. The dashed line (---) represents the
solubility of α tegafur, continuous line (—) represents the solubility of β tegafur.

The induction time was followed by a gradual increase of the thermodynamically stable β
tegafur fraction. SEM analysis of the sample, where β tegafur was first detected using PXRD
method, revealed that the blocky β tegafur crystal were in contact with the surface of α tegafur
needle-like crystal side faces (Figure 10). Although it is possible that α and β tegafur crystals
simply agglomerated together during the sample filtration and drying, the fact that it was not
possible to separate these crystals without damaging them, indicated that β tegafur, most likely,
nucleated epitaxially on the surface of α tegafur. Observed epitaxially driven polymorphic
transformations are common in SMPTs8,9,14,21,23,25,43. The surface of the α tegafur here acted as a
nucleation substrate for the β tegafur by either decreasing the solution-nucleus interfacial energy,
by topographical contribution or by a crystal lattice match9. The surface nucleation might have
also been a consequence of a local lattice disorder or amorphous region that had similarity to
crystallizing β tegafur8.

Figure 10. SEM images of the solid phase of SMPT in acetone taken at 60 min. Scale bar 40 µm.

14
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In order to estimate the nucleation mechanism and understand which α and β tegafur crystal
faces were in contact, crystal face indexing was performed for both polymorphs. Crystals, where β
tegafur was in contact with α tegafur (like those in Figure 10), were not suitable for β tegafur

face indexing were collected at 300 min, when individual β tegafur crystals suitable for crystal
face indexing were in the sample. Appropriate β tegafur crystals were picked out from the phase
mixture. Face indexing of α tegafur crystals were performed for sample collected at 60 min.
SEM images showed that β tegafur nucleated on one of the needle-like crystal side faces, while
crystallographic face indexing of α tegafur crystal (Figure 11.A) indicated that these faces were
{001}, {011} and {010}. A visual comparison of epitaxially nucleated β tegafur crystal
morphology and indexed crystal morphology (Figure 11.B) indicated that crystal face family
{100}, {110} or {010} must be in contact with α tegafur surface. Intermolecular distance and
molecule alignment analysis along these faces revealed that there was a good agreement at a
molecular level between the {110} face of β tegafur and {010} face of α tegafur crystal (Figure
12), while no match was observed along other crystal faces. Possible lattice match between {100},
{110} and {010} face of β tegafur and {001}, {011} and {010} face of α tegafur was examined
using EpiCalc 5.0 software44. The lattice matching calculations indicated that there was no lattice
matching between any of the studied faces (EpiCalc data can be found in the Supporting
Information).
However, it should be taken into account that crystal surface molecules are not static – they
change their position, arrangement and conformation45,46, and therefore they could arrange into the
state, which promoted the growth of β tegafur. This means that the nucleation of the β tegafur
might be favoured by the surface molecule rearrangement. The {110} surface of β tegafur and the
{010} surface of α tegafur have similar tegafur molecule arrangement at the surface and distances
between tegafur dimers are the same for both polymorphs in relevant directions. Because of this,
nucleation of β tegafur on {010} face of α tegafur might be initiated by minor surface tegafur
dimer displacement, conformation change, rotation. The strongest hydrogen bond donor and
acceptor groups are involved in dimer formation and interactions between dimers are relatively
weak. These weak interactions at the growing surface are less efficient at directing the orientation
on an incoming dimer synthon and therefore tegafur dimers at the surface are relatively mobile.
Figure 13 shows, that tegafur dimer arrangement similar to that in β tegafur, could be achieved by
15
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minor α tegafur surface molecule rotation. Such local lattice disorder would spread and eventually

Figure 11. Single crystal face indexing of α and β tegafur.

Figure 12. Schematic model of β tegafur growing on the α tegafur surface (010). Hydrogen atoms are
omitted for clarity.

Figure 13. Schematic representation of tegafur dimer rearrangement on the α tegafur surface to
initiate the growth of β tegafur. Hydrogen atoms are omitted for clarity.

In order to quantitatively compare SMPT rates in different solvents, experimental data were
described with appropriate kinetic model. Solid-state kinetics models are theoretical, mathematical
descriptions of experimental data and usually are expressed as rate equations47. Many solid-state
kinetics models have been developed based on certain mechanistic assumptions, while other
models are more empirical and may have little mechanistic meaning. Models currently used in
16
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solid-state kinetic studies are classified according to their mechanistic features, such as nucleation,
geometrical contraction, diffusion, and reaction order47. SEM imaging of the studied SMPT
revealed that the phase transition took place on the solid phase surface (the phase transition was
heterogeneous), therefore attempts were made to describe experimental data points with the most
common solid-state kinetic models47. Evaluation of observed phase transformation nature and

sate kinetics models. The best correlation was observed when the experimental data points were
fitted to the power model P2:

α = (kt ) 2

(1),

where k is the phase transition rate constant, α is the weight fraction of β tegafur in sample, and t
is time. The correlation of the experimental data with the theoretical model and phase transition
rate constants in each solvent are given in Table 2. Rate constants were calculated using MS Excel
Solver optimization software, based on the least squares method48,49.
Table 2. The P2 model rate constants of SMPT and correlation coefficients, depending on the solvent
used; the experiment was performed at 22 °C.

Solvent

Rate constant, min-1

Correlation with P2 model, R2

Acetone

0.028

0.92

Ethanol

0.023

0.96

i-Propanol

0.0090

0.92

Water

0.0065

0.98

Toluene

0.0056

0.98

The power law model P2 used here assumes that the nucleation rate follows the power law,
while nuclei growth is assumed to be constant47,50,51. Nuclei and crystal growth was constant,
because it took place through crystallization from saturated α tegafur solution. The limiting step in
nuclei growth was the transport of the tegafur molecule to the crystallization zone. Diffusion of
tegafur molecules was expected to occur at a constant rate throughout the phase transition, because
the studied phase transition occurred in solution, which was saturated with respect to α tegafur
(supersaturation was constant during phase transformation). Taking this into account, nuclei
growth rate can be assumed to be constant. This means that the rate-controlling step in the
examined SMPT was the nucleation. There are two scenarios for nucleation51. The first option is a
simultaneous formation of all nuclei; the second option is that nucleation occurs stepwise, with
17

CrystEngComm Accepted Manuscript

crystal growth morphology indicated that experimental data were in agreement with power solid-

CrystEngComm

Page 18 of 24

nuclei forming over a period of time. SEM imaging (Figure 10) shows that β tegafur crystals,
observed in the sample where β tegafur was first detected, had deviations in the crystal size. This
indicates that nucleation in the examined SMPT occurred over a period of time. Besides, it is very
unlikely that all the nucleation sites would have approximately the same reaction (phase transition)
activation energy minimum, which would be necessary for a simultaneous nucleation. Clearly,

gradually spread to the other nucleation sites in a rising activation energy order. Since nuclei and
crystal growth was constant, this nucleation behavior can be described with a second-order power
function.
The fact that the best experimental and theoretical data correlation was observed for the 2
dimensional model indicates that the phase transition rate most likely was proportional to the
surface area of the β tegafur crystals formed51. With that said, we can conclude that in the
examined SMPT β tegafur crystals nucleation corresponds to a second-order power function, their
growth rate was constant, and the phase transition rate was proportional to the β tegafur crystal
surface area.
Despite the fact that solubility and phase transformation kinetic data suggested that this phase
transformation was limited by nucleation, the correlation between SMPT rate constant and the
difference between α and β tegafur solubility in the respective solvent was observed: a faster
phase transition was observed for the samples slurried in solvents where the difference in
polymorph solubilities was high (Figure 14). This trend in the SMPT from α tegafur to β tegafur
was described with equation:

k = (0.72 ± 0.07)∆sol. + (0.005 ± 0.001)

(2),

where ∆sol. is difference between α and β tegafur equilibrium solubilities in the respective
solvent, and k is the rate constant of the SMPT in the same solvent. The correlation coefficient was
R2=0.97. This correlation means that the driving force in the studied SMPT was excess
concentration above the equilibrium concentration of β tegafur, i.e. supersaturation with respect to
β tegafur. Supersaturation provided the necessary driving force to overcome the energy barrier to
promote β tegafur nuclei and crystal growth3. In this case supersaturation coincided with the
difference between α and β tegafur equilibrium solubility in the respective solvent, because the
solution concentration throughout the phase transformation was fixed at the equilibrium
concentration of α tegafur. Such solution concentration profile also means that the driving force
was constant throughout the SMPT. Higher tegafur supersaturation in the solution promoted faster
18
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phase transformation to the thermodynamically stable β tegafur, because of the increased degree
of local organization in the solution necessary for crystallization46, and faster tegafur molecule
transfer to the crystallization zone (molecules were relatively close). Absolute tegafur solubility
and the difference between polymorph solubilities depends on the chosen solvent, however, the
free energy (∆G) difference between polymorphs does not depend on the solvent28. This means

and the SMPT rate depended only on the difference between polymorph solubilities
(supersaturation). The only SMPT step that might be affected by solvent choice was β tegafur
nucleation52–55. Tegafur molecules were solvated in the solution, similar to the surface of
molecular aggregates and crystals. In order to nucleate and continue crystallization, tegafur
molecules had to be desolvated, and solvent molecules on the nuclei or crystal surface had to be
replaced by incoming tegafur molecules. This process, most likely, was affected by the nature of
the solvent and its electron donor/acceptor properties, because strong solute-solvent interaction
would inhibit desolvation and therefore nuclei growth, while weak solute-solvent interaction
would not have a significant impact on nuclei growth.

Figure 14. Correlation between SMPT rate constant in acetone, ethanol, i-propanol, toluene, and
water, and difference between α and β tegafur solubility (∆sol.) in respective solvent. Correlation
equation y=(0.72±0.07)x +(0.005±0.001); R2=0.97.

3.

Conclusions
The SMPT from α tegafur to β tegafur in acetone, cyclohexane, ethanol, i-propanol, toluene,

and water at 22 °C is nucleation-growth controlled and it can be described with the P2 power
model. The rate constants for this process were in the range from 0.028 min-1 to 0.0056 min-1. In
all the employed solvents an induction time (about 10% of the time required for complete phase
transition) was observed, indicating that nucleation and/or initial crystal growth was the limiting
19
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factor for SMPTs performed in saturated solutions. In the examined SMPT the nucleation of β
tegafur crystals corresponded to second-order power function, nuclei and crystal growth rate was
constant, and the phase transition rate was proportional to the β tegafur crystal surface area.
Surface nucleation was observed in studied SMPT. Crystal habit investigation indicated that β

with α tegafur crystal. The SMPT rate depended linearly on the supersaturation level, i.e.
difference between α and β tegafur equilibrium solubility in the respective solvent.
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Here we show that solvent mediated polymorphic transformation rate depends linearly on the
difference between equilibrium solubilities of tegafur polymorphs.
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