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ABSTRACT: A solvent-assisted solid-to-solid polymorphic transition, which was assumed to be one of the key processes for the 

occurrence of preferential enrichment (PE), has been proved to occur by means of temperature-controlled video-microscopy (TCVM) 

and time-resolved in situ X-ray powder diffraction (XRPD) measurement during crystallization of two typical first-generation of 

chiral racemic compounds (1 and 2) showing an excellent PE phenomenon. 

INTRODUCTION 

Preferential enrichment (PE) is a unique spontaneous enantio-

meric resolution phenomenon applicable to racemic crystals; by 

repeating simple recrystallization of a certain kind of racemic 

crystals under nonequilibrium conditions at high supersatura-

tion, alternating enrichment of two enantiomers occurs largely 

in the mother liquor and slightly in the deposited crystals with 

full reproducibility (Figure 1a).1,2 This phenomenon, which 

contrasts with the well-known preferential crystallization of ra-

cemic conglomerates composed of a mixture of homochiral R 

and S crystals,3,4 originates from regular chiral fluctuation or 

symmetry breaking after the polymorphic transition of an incip-

ient metastable polymorphic form into a thermodynamically 

more stable form during crystallization from the highly super-

saturated solution of a certain kind of racemic crystals (Figure 

S1).5-10 Thus, the mechanism of PE has been interpreted in terms 

of a nonlinear complexity phenomenon including two unique 

processes: a solvent assisted solid-to-solid polymorphic transi-

tion and subsequent selective redissolution into the mother liq-

uor of the excess one enantiomer from the transformed disor-

dered crystals.11-21  

With respect to the second process, the kinetic and thermo-

dynamic origin has been unveiled in terms of the unique non-

linear solubility properties of the two enantiomers after the oc-

currence of polymorphic transition under PE crystallization 

conditions using high supersaturation, together with the ternary 

phase diagram that is consistent with the mechanism of PE.22,23 

As to the first process, we have judged the occurrence of poly-

morphic transition during crystallization indirectly by the in situ 

ATR-FTIR spectroscopy which can detect a change in the hy-

drogen bonding mode in small particles (< ca. 1m ) as well 

as both solute and solvent molecules. By comparing the IR 

spectrum just before crystallization with that after crystalliza-

tion, we predicted the occurrence of polymorphic transition.11-

21 However, some compounds showing an excellent PE phe-

nomenon failed to give an appreciable IR spectral change dur-

ing crystallization, due most likely to a small change in the hy-

drogen bonding mode upon the polymorphic transition. There-

fore, the use of other in situ techniques to observe polymorphic 

transition directly during crystallization was indispensable.  

 

Figure 1. (a) Features of preferential enrichment (PE) of a ra-

cemic crystal in case of substantial enrichment of (R) enantio-

mer in the mother liquor after the first recrystallization of chiral 

racemic organic compounds. (b) Molecular structures of 1 and 

2 showing PE, and 3 failing to show it. 

Here we report the successful direct observation of poly-

morphic transition during crystallization by the combined use 

of temperature-controlled video-microscopy (TCVM)24,25 and 

time-resolved in situ XRPD measurement26 under PE condi-

tions with regard to typical first-generation of organic com-

pounds, 1 and 2 (Figure 1b), for which the PE behavior, and the 

crystal structure and physicochemical properties of the depos-

ited stable  form crystal were fully characterized.5,6 

EXPERIMENTAL SECTION 

General. Melting points were measured by differential 

scanning calorimetry (DSC) at the scanning rate of 5°C/min. 



 

The in situ Fourier transform infrared (FTIR) spectra were rec-

orded in solution and suspension by using the attenuated total 

reflection (ATR) method on ReactIR 45m. XRPD patterns were 

recorded at a continuous scanning rate of 1° 2θ/min using Cu 

Kα radiation (40 kV, 40 mA) with the intensity of the diffracted 

X-ray being collected at intervals of 0.02° 2θ. A graphite mon-

ochromator was used to remove Cu Kβ radiation.  

Experimental setup of TCVM. The homemade apparatus 

(ANACRISMAT) used is shown in Figure 4. We used standard 

HPLC glass vials as an observation cell containing 1 mL of sol-

vent. The cell was inserted into the temperature controlled unit 

thermostatted by Peltier elements and observed by a microscope 

(Nikon Eclipse TE2000-U). Sequential image acquisitions were 

performed from minutes to hours.  

Experimental setup of in situ XRPD measurement. In 

situ XRPD data were collected using a homemade prototype 

diffractometer (Figure S3).27 This apparatus has an original go-

niometer with an inverted geometry (–/–). Its association 

with a dedicated reactor, with a transparent bottom to X-rays, 

provides the possibility to identify solid(s) in suspension, all 

along a crystallization process (time and temperature depend-

ent), without any sampling. The detector is a LYNXEYETM
 

(Bruker, Germany) and the beam (Ni filtered) comes from an 

X-ray tube with a copper anticathode. The in situ XRPD meas-

urement was carried out at a 9 min interval for the first 225 min 

and at a 240 min interval from 225 to 1300 min. 

Preparation of samples. In the case of TCVM: Racemic 1 

(100 mg) was dissolved in a mixture of EtOH and 2-PrOH (1/1 

v/v, 1 mL) by heating to give a 10 fold supersaturated solution 

(versus the solubility at 20°C), while 2 (64.9 mg) was dissolved 

in EtOH (1 mL) by heating to give a 20 fold supersaturated so-

lution. The resulting solution was filtrated through a 0.45 m 

membrane filter to remove any invisible microcrystals and pour 

into the observation cell. The cell was set in the temperature 

control unit preheated at 60°C. The cell temperature was cooled 

and kept at 20°C until crystallization began.  

 

RESULTS AND DISCUSSION 

Crystal structures and melting point diagrams. Racemic 

crystals of both 1 and 2 are classified as a “mixed crystal” (i.e., 

solid solution) composed of two enantiomers. Their stable race-

mic crystal structures are almost identical and are called a -

form (Figure S2). Only difference between them is that one hy-

droxy group attached to the asymmetric carbon atom is orienta-

tionally disordered for racemic 1 (occupancy factor: 67/33), 

whereas such a disorder was not noted for racemic 2. The -

form crystals are most commonly found for the first-generation 

compounds showing PE. It was proposed that polymorphic 

transition of the initially formed metastable -form into the sta-

ble -form was essential for the occurrence of PE (Figure S2), 

because the -form crystal structure was very often observed as 

a stable form for analogous compounds, such as racemic 3 

which failed to show PE.5,11-15 As an example to support this hy-

pothesis, we observed that the polymorphic transition of a -

form into another form suddenly occurred to induce PE and 

since then the -form was never obtained.7 

The melting point diagrams of 1 and 2 were previously con-

structed by differential scanning calorimetry (DSC) analysis 

(Figure 2).5,6 The measured samples were prepared in a kinet-

ically controlled manner so that the obtained crystalline samples 

should contain both the metastable and stable forms. The dia-

gram for 1 showed two flat convex curves (standing for two 

couples of liquids and solids; the one at low temperatures cor-

responding to the metastable phase ); at the initial stage of 

crystallization two endothermal peaks were observed by DSC 

analysis for crystals of less than 30% ee and more than 80% ee 

but not in the range of 40-70% ee. These results indicate that 

the two curves correspond to a mixed crystal composed of two 

enantiomers (Figure 2a). On the other hand, for 2, the two phase 

curves intersect at two points around 35% ee; one steep curve 

in the range of less than 35% ee corresponded to a non-stoichi-

ometric racemic compound, and the other flat one in the range 

of more than 35% ee was assigned to a mixed crystal of two 

enantiomers (Figure 2b).  

 

 
Figure 2. Melting-point diagrams of (a) 1 and (b) 2. White and 

black circles represent the temperatures of the beginning and 

the end of fusion of the stable polymorph, respectively, while 

white and black squares in panel (a) are those of the metastable 

polymorph. Data cited from refs 5 and 6. 

In situ ATR-FTIR measurement. We previously pro-

posed the mode of the -to-polymorphic transition during 

crystallization for racemic 2 by means of the in situ ATR-FTIR 

measurement (Figure 3a).5 In the present study, we measured 

the in situ ATR-FTIR spectra for racemic 1 in the range of 

1260-1160 cm-1 corresponding to S-O stretching vibrations dur-

ing crystallization and the obtained spectra were compared with 

those of racemic 2. The spectra of 2 changed for the first 90 min, 

whereas no appreciable spectral change was noted for 1 during 

the whole crystallization process (Figure 3b). We suggested that 

polymorphic transition, which was induced by rearrangement 

of hydrogen bonds, occurred fast enough to be detected by the 

in situ IR spectroscopy for racemic 2, whereas that of racemic 

1 was too slow to be detected and/or involved no drastic change 

around the sulfonate ion during crystallization. These results 

may be associated with the ordered or fairly disordered R and S 

molecular arrangement in the resulting deposited crystals of 2 

or 1, respectively. Nevertheless, since the stable crystal struc-

tures of racemic 1 and 2 were almost identical, the polymorphic 

transition of 1 is most likely to be a -to- type, too. To confirm 

whether racemic 1 and 2 show a similar type of polymorphic 

transition during crystallization, we performed the TCVM and 

time-resolved in situ XRPD observation for their crystallization.  



 

 
Figure 3. (a) In situ ATR-FTIR spectra during crystallization 

from a 20 fold supersaturated EtOH solution of racemic 2, cited 

from ref 3. Comparison of spectra at the beginning (solid line, 

—) and the end (dotted line, ···) of crystallization with the spec-

tra in the solid state of racemic 2 (dashed line, ---, δ-form crystal 

structure) and racemic 3 (dashed and dotted line, -·- ·-, γ-form 

crystal structure). Black arrows indicate the absorptions corre-

sponding to the δ- or γ-form supramolecular structure. (b) In 

situ ATR-FTIR spectra during crystallization from the 10 fold 

supersaturated solution of racemic 1 in a mixture of EtOH and 

2-PrOH (1/1 v/v). Comparison of spectra in solution (blue bro-

ken line, - - -) just before crystallization, in the suspensions at 

the beginning (green solid line, —) and the end (red dotted 

line,···) of crystallization, and in the solid-state (black dashed 

line, ---, -form crystal structure). 

 

 
Figure 4. A temperature controlled video microscope. (a) Over-

view, (b) a temperature control unit and (c) an observation cell. 

Temperature-controlled video-microscopy (TCVM). 

By using the optical video microscope connected to a tempera-

ture controller between 0 and 80 °C (Figure 4), we could con-

tinually observe not only the crystallization process by cooling 

but also the dissolution behavior of the deposited crystals by 

heating.  

In the case of 1, the racemic crystals were dissolved in a 

mixture of ethanol and 2-propanol (1/1 v/v) by heating to give 

a 10 fold supersaturated solution (vs its solubility at 20 °C). The 

resulting hot solution (60 ~ 70 °C) was filtered through 0.45 m 

membrane filter and the filtrate was poured into the observation 

cell pre-warmed at 60 °C (Figure 4c). Then the cell was cooled 

and kept at 20 °C until crystallization began. First transparent-

leaf-shaped crystals were deposited, and second crystals with a 

dendritic habit appeared by heterogeneous nucleation onto the 

leaf-shaped crystals and gradually grew (Figure 5a, b and 

Movie S1).  

 

 
Figure 5. Time sequence showing microscope images of race-

mic 1 during crystallization from the 10 fold supersaturated 

EtOH/2-PrOH (1/1 v/v) solution at 20 °C. (a) t = 4 s in Movie 

S1; the metastable leaf-shaped and the stable dendrite crystals 

nucleated onto the leaf-shaped crystals are highlighted as red 

and blue squares, respectively. The left-side inset indicates the 

magnification of the right-side crystals. (b) t = 33 s; the stable 

crystals grow on the surface of the metastable crystals. (c) t = 

37 s; the metastable crystals started to dissolve when the solu-

tion was heated to 70 °C. d) t = 45 s; dissolution of leaf-shaped 

and stable dendrite crystals. The white arrow corresponds to 50 

m. 

To examine whether the first and second generation of 

crystals are the same polymorph or not, the suspension contain-

ing both crystal habits was gradually heated up to 70 °C (Figure 

5c and t = 37 s in Movie S1). At the first stage, the leaf-shaped 

crystals changed from clear to opaque (the transition lasts for 2 

s from t = 37 s in Movie S1), keeping its habit and size, due to 

a solid-state phase transition (SSPT). If it were a solution-me-

diated phase transition (SMPT), we should observe the dissolu-

tion of the metastable phase and nucleation of the stable phase. 

However, crystals keep their leaf habit and the speed of the 

phase transition is in agreement with the assumption that SSPT 

is faster than SMPT. At the second stage, all crystals with leaf 

and dendritic habits dissolved (t = 66 s in Movie S1). This crys-

tallization and dissolution process was reproducible. Thus, it 



 

has been confirmed that the first formed clear leaf-shaped crys-

tals are a metastable form and the second dendrites are a stable 

form. Furthermore, it is noteworthy that the initial formation of 

metastable leaf-shaped crystals followed by a polymorphic 

transition was fully reproducible and the stable dendrites never 

acted as the crystal seed to grow the same form. 

In the case of racemic 2, a similar crystallization and disso-

lution process was reproducibly observed starting from a 20 

fold supersaturated ethanol solution at 20 °C. As soon as the 

metastable tiny leaf-shaped crystals formed, the stable dendrites 

nucleated and grew onto the surface of the metastable crystals 

at 20 °C (Figure 6b, Movie S2). When the temperature was in-

creased to 70 °C (Movie S3), we observed the dissolution of 

leaf-shaped crystals followed by that of dendritic crystals, sim-

ilar to the case of racemic 1. 

Thus, we could confirm the presence of two polymorphs 

for racemic 1 and 2 by TCVM observation. Both compounds 

showed a similar crystallization and dissolution behavior.  

 

 
Figure 6. Time sequence showing microscope images of race-

mic 2 during crystallization from a 25 fold supersaturated EtOH 

solution at 20 °C. (a) t = 9 s in Movie S2; the metastable leaf-

shaped crystal is highlighted as a red square. (b) t = 20 s; the 

stable dendrite crystals nucleated on leaf-shaped crystal are 

highlighted as a blue circle. (c) t = 47 s; the stable dendritic 

crystals grown onto the surface of the metastable crystal are 

highlighted as a blue square . (d) t = 64 s; leaf crystals started to 

dissolve when the solution was heated to 70 °C. The white ar-

row corresponds to 50 m. 

 

Time-resolved in situ XRPD measurement. We used the 

in situ XRPD apparatus with a modified optical system to ob-

serve the deposited crystals on the bottom of the vessel (Figure 

7). A double-jacketed vessel with an observation cell and a ther-

mostat to control the solution temperature by circulating the 

coolant was used (Figure S3). 

The preliminary time-resolved in situ XRPD measurement 

was carried out for racemic 1 and 2 under the PE crystallization 

conditions. The experimental results indicated that the depos-

ited crystals of 1 exhibited sufficient diffraction intensities, 

whereas the diffraction intensities of 2 were too low due to the 

absence of a heavy atom in the molecule. The optimal crystalli-

zation conditions for the in situ XRPD measurement for race-

mic 1 were determined; starting from a 11 fold supersaturated 

EtOH/2-PrOH (1/1 v/v) solution at 10 °C without stirring.  

 

 
Figure 7. Observation cell (double jacketed vessel) wrapped 

with insulating material. (a) Side view without insulating mate-

rial, (b) side view with insulating material, (c) bottom view, (d) 

top view, and (e) overview. In this experiment, the bottom hole 

was covered by KAPTON® thin film (7.5 µm). 

With respect to the time-resolved XRPD patterns for race-

mic 1, major transition points are denoted by arrows 1-3 in Fig-

ure 8. First crystals were detected (arrow 1 in Figure 8) 9 min 

after the beginning of the experiment. Between the 4th and 5th 

scans (between 36 and 45 min, arrow 2), a polymorphic transi-

tion occurred, which should correspond to the nucleation and 

crystal growth of stable dendrite crystals onto the metastable 

leaf-shaped crystals observed by TCVM at 20 °C. Between the 

6th and 9th XRPD patterns (arrow 3), it is difficult to conclude 

on the exact nature of the solid phase(s). One has to keep in 

mind that these XRPD patterns are collected under stagnant 

conditions. Therefore, strong preferential orientation effects 

could occur (i.e. modifications of peak intensities). Moreover, 

maturation of the phase can occur which could additionally 



 

change the crystallinity and the shape of the particles. After 90 

minutes (10th scan), the subsequent evolution seems to consist 

in a simple maturation of the final δ-phase (Figure S4a). This 

maturation does not show any sign of further evolution after 465 

minutes (Figure S4b). After the last measurement, the deposited 

crystals were separated from the solution and the conventional 

powder XRPD measurement was carried out. The powder pat-

tern simulated from the single crystal data (-form) of racemic 

1 was identical to this experimental pattern (Figure 8). How-

ever, due to a limited number of diffraction peaks, the determi-

nation of the lattice parameters of the metastable crystal was not 

successful. 

 

 
Figure 8. In situ XRPD patterns of 1. Conditions: In EtOH/2-

PrOH (1/1 v/v, 11 fold supersaturation), at 10 °C, and time in-

terval 9 min. These in situ diffraction patterns were compared 

with that of the dry final powder sample and that simulated from 

the single crystal data (-form) of racemic 1. Since the crystal-

lization should be induced by the KAPTON® thin film used as 

a cover of the observation window, crystallization upon this in 

situ XRPD measurement was faster than that upon the TCVM 

observation.  

 

CONCLUSIONS 

By using both TCVM and time-resolved in situ XRPD meas-

urement, we have clearly observed the crystal growth and pol-

ymorphic transition processes during crystallization for two 

typical first-generation of chiral racemic organic compounds 

(racemic 1 and 2) showing PE. The TCVM observation of both 

compounds indicated that the metastable transparent-leaf-

shaped crystals were formed first, followed by a heterogeneous 

nucleation of the stable form onto the surface of the first-formed 

crystals to give the second stable dendritic crystals. We clearly 

evidenced a solid-state phase transition in one case (racemic 1). 

This mode of polymorphic transition has turned out to differ 

from our speculation that the transition might occur inside each 

crystal. By the time-resolved in situ XRPD measurement for ra-

cemic 1, the drastic diffraction pattern change corresponding to 

the polymorphic transition of the metastable -form to the stable 

-form was observed in conformity with the TCVM observa-

tion.  

By the combined use of three real-time methods (in situ 

ATR-IR spectroscopy, TCVM, and time-resolved in situ XRPD 

measurement), we can obtain various information on a crystal-

lization process, i.e., changes in intermolecular interaction, 

morphology and crystal lattice. The in situ ATR-IR spectros-

copy is useful in the case that relatively fast polymorphic tran-

sition occurs with a drastic rearrangement of hydrogen bonds. 

The TCVM is a valuable method to observe the dissolution be-

havior of the deposited crystals at elevated temperatures as well 

as the crystallization process at lower temperatures. The time-

resolved in situ XRPD measurement provides a decisive proof 

of polymorphic transition. It is highly desired that the determi-

nation of the lattice parameters of metastable forms becomes 

feasible by using the in situ XRPD data. 
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Figure S1. General mechanism of PE in the case of crystallization from a highly 

supersaturated solution of a slightly S-rich first-generation organic compound. 

Homochiral 1D molecular association a) in solution and b) in the metastable crystal, and 

heterochiral 2D molecular association c) in the transformed crystal after polymorphic 

transition, followed by d) selective redissolution of the excess S enantiomer into the 

solution and e) deposition of nonracemic mixed crystals enriched with the opposite R 

enantiomer. 
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Figure S2. Schematic representation of the intermolecular interactions in the - and -

form crystals. The -form crystals were commonly found as a stable form for the 

compounds showing PE. 
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Figure S3. Overview of in situ X-ray diffractometer. The right and left sides are an X-ray 

source and a semiconductor detector, respectively. The observation cell is set in the cell 

holder.  

 

 

 

 

 

 

 

 

 

 



 5 

 

Figure S4. In situ XRPD patterns of 1. Conditions: In EtOH/2-PrOH (1/1 v/v, 11 fold 

supersaturation), at 10 °C. (a) From 90 to 170 min with 9 min interval, and (b) 225 to 

1300 min with 240 min interval. These in situ diffraction patterns were compared with 

that of the dry final powder sample and that simulated from the single crystal data (-

form) of racemic 1. 
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Movie S1. TCVM movie for crystallization from a 10 fold supersaturated EtOH/2-PrOH 

(1/1 v/v) of 1 at 20 to 70 °C. The duration of the crystallization process recorded is 114 

min (6840 s). Since the movie length is 66 s, 1 s in the movie corresponds to 103 s in the 

actual time. 

 

Movie S2. TCMV movie for crystallization from a 20 fold supersaturated EtOH of 2 at 

20 °C for 1 min, followed by heating to 70 °C. The duration of the crystallization process 

recorded is 417 min (25020 s). Since the length of the movie is 72 s, 1 s in the movie 

corresponds to 4320 s in the actual time. 

 

Movie S3. TCMV movie for dissolution behavior of deposited crystals of 2 in EtOH by 

heating from 20 to 70 °C. The initial crystallization conditions are the same as in Movie 

S2. The duration of the dissolution process recorded is 16 min (960 s). Since the length 

of the movie is 9 s, 1 s in the movie corresponds to 106 s in the actual time. 

 


