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The title compound, bis(4-butyloxyacetophenon)azine, exhibits a rich phase behavior. It has two different 
crystal phases and one liquid crystal phase before the transition to the isotropic liquid. The liquid 
crystalline phase is nematic. All the phase transitions of the compound are reversible. In particular, the 
solid-solid transition at 83 °C is single-crystal-to-single-crystal as proven by optical and electron 
microscopy and X-ray diffraction analysis and it shows a remarkable degree of reversibility: single 10 

crystals can undergo several cycles of transitions between the two phases without any damage. The 
crystal phase stable at lower temperature has been fully characterized by single crystal X-ray analysis. It 
shows an arrangement of the molecules in layers in the plane (a, b), with the layers piled up along c 
without interdigitation of the alkyl tails of molecules belonging to consecutive layers. The crystal phase 
stable at higher temperature is disordered.  15 

Introduction 

Polymorphism discloses challenging problems in 
crystallography.1 The occurrence of different crystal forms for the 
same chemical substance was early observed in pure elements 
and minerals,2 often crystallizing in high symmetry space groups. 20 

With the progress of the structural information it was also found 
in organics, so that it can be considered an intrinsic feature of the 
solid state. Here comes the first challenging problem about 
polymorphism: does every compound has more than one crystal 
form? And, if yes, how many different crystalline forms can be 25 

obtained for a given compound?1,3 
Polymorphism can be classified in different ways. Thermotropic 
polymorphism means that the different polymorphs are obtained 
by action of temperature (i. e. by heating or cooling). In other 
cases, different crystal phases can be obtained by action of 30 

solvents.4 If the transition from one form to the other is 
reversible, the polymorphism is classified as enantiotropic, if it is 
not, the polymorphism is named monotropic. A classification of 
polymorphism based on morphological features leads to the 
concept of topotaxy.5 In a topotactic transition there is a well 35 

defined relation between the orientation of the crystal axes before 
and after the transition.6 If that relation is a one-to-one 
correspondence, the transition transforms a single crystal of one 
polymorph into a single crystal of the other polymorph, i. e. it is a 
single-crystal-to-single-crystal transition (hereafter SCSC 40 

transition). Topotactic transitions are rare. In most cases of solid 
state polymorphism, there is no relation between the orientation 
of the crystal axes before and after the transition, so a single 
crystal of one polymorph is transformed in a mosaic of very small 
single crystals of the other polymorph randomly oriented with 45 

respect to each other, and the corresponding diffraction pattern is 

completely analogous to that produced by a powder sample. 
Actually, topotactic transitions are unique, because in these 
transitions the movement of microscopic individuals (atoms, 
molecules) is strongly correlated in space (and time) over 50 

macroscopic distances. An additional, intriguing feature 
sporadically observed in SCSC transitions is the thermosalient 
effect:7 during the transition, single crystals  undergo jumps and 
leaps over distances greater than crystal’s dimensions. Both 
topotacticity and thermosalient effect are challenging problems in 55 

crystallography. It is not presently known what conditions must 
be met in order to have a SCSC transition and, within this, to 
have a thermosalient transition. 
  In the present paper we report on a case of SCSC transition in 
the compound bis(4-butyloxyacetophenon)azine, hereafter C4F3, 60 

whose chemical diagram is shown in Scheme 1. 
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Scheme 1 Chemical diagram of the studied compound. 

This compound was synthesized several years ago, together with 
similar compounds having terminal chains of different length,8 as 65 

model compounds of  liquid-crystalline polymers.9 In the original 
paper8 it was only stated, based on polarizing microscopy, that 
C4F3 undergoes a topotactic transition. Here we report a 
complete characterization of the transition based on optical and 
elctron microscopy, thermodynamic measurements and structural 70 

analysis. 

Results and discussion 
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Thermodynamic, optical and electron microscopy 

characterization 

C4F3 exhibits a rich phase behaviour, as evidenced by the DSC 
thermograms reported in Fig. 1. There is an enantiotropic solid 
state transition at 83 °C (∆H = 8.74 kJ/mol). Melting is at 121 °C 5 

(∆H = 20.30 kJ/mol) with formation of a liquid crystalline (LC) 
phase having a fair interval of stability. The liquid crystal phase 
transforms in the isotropic liquid (IL) at 160 °C through a first 
order transition (∆H = 0.90 kJ/mol). As it is evident from Fig. 1, 
all the phase transitions of C4F3 are reversible and show thermal 10 

hysteresis.   

 
Fig. 1 DCS thermograms of C4F3 on heating and cooling. Scanning rate 

10 K/min. 

We note, from Fig. 1, the small supercooling of the IL to LC  15 

transition (about 1 °C) and of the solid-solid transition (about 3 
°C) as compared with the LC to crystal transition that supercools 
considerably (about 21 °C).10 The liquid crystal phase was 
identified as nematic.8 In Fig. 2 we report the thread-like texture 
of the liquid crystal phase, which is compatible with a nematic 20 

liquid crystal phase.11 

 
Fig. 2 Texture of the liquid crystal phase of C4F3 observed at 135 °C 

(crossed polarizers). Magnification factor 50x. 

 25 

The solid state transition at 87 °C is a SCSC transition. In Fig. 3 a 
single crystal of C4F3, in the form of a thin lozenge, is 
photographed at the polarizing microscope under crossed 
polarizers at 70 °C (crystal phase I), at 95 °C, after the transition 
to the crystal phase II, and then again at 70 °C after the reverse 30 

transition to phase I has occurred: only a reversible  change of 
interference colours is observed at the transition. No large 
variation is observed in the shape and dimensions of the crystal, 
and this can suggest that the structural variations associated with 
the solid state transition are small.  35 

 
Fig. 3 (a) One single crystal of C4F3 at 70 °C, crossed polarizers; (b) the 
same crystal at 95 °C after the solid-solid transition, crossed polarizers; 

(c) the same crystal again at 70 °C after cooling from (b), crossed 
polarizers. 40 

 Single crystals as that of Fig. 3 can be subjected to many 
consecutive cycles of transitions  between phases I and II without 
any damage. In Fig. 4 are reported SEM images of a single 
crystal of C4F3 never subjected to the solid state transition, while 
in Fig. 5 are reported SEM images of a single crystal from the 45 

same batch, after five consecutive cycles of transitions between 
phases I and II. The images are taken at room temperature. 
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Fig. 4 (a) SEM images of a lozenge crystal of C4F3 as prepared. The 
scale bar is 300 µm. (b) SEM image of a portion of the surface of the 

lozenge. The scale bar is 3 µm. 

 
Fig. 5 (a) SEM images of a lozenge crystal of C4F3 that has been 5 

previously subjected to five consecutive cycles of transitions between 
phases I and II. The scale bar is 500 µm. (b) SEM image of a portion of 

the surface of the lozenge. The scale bar is 3 µm. 

No distortion, crack or fracture is present in the SEM images of 
Fig. 5, even at high enhancement level. This is confirmed in the 10 

collection of SEM images of ESI, in which also the lateral faces 
of the crystals are scanned. The surface morphology does not 
show significant differences too. In both cases the surface of the 
crystal is compact and, at higher enhancement level, it reveals a 
common pattern, whose traces are evident in Figs. 4(b) and 5(b) 15 

(and in Figs. S10-S12 of ESI), suggesting a terraced morphology. 
The surface morphology is confirmed by the AFM measurements 
reported in Fig. 6 and ESI. 

 

Fig. 6 AFM height image of the top of a lozenge crystal previously  20 

subjected to five cycles of transition between phases I and II. Same batch 
but different specimen as compared to that of Figs. 4 and 5. The scale bar 

is 1 µm. 

In particular, the steps of the terraces are small, being only few 
nanometers deep. 25 

In ESI are reported movies of the transition recorded at the 
optical microscope for two different single crystal specimens: 
under polarized light (movie1, same crystal specimen of Fig. 3) 
and non polarized light (movie2). 
  In particular, in movie1, by slowing down the rate of 30 

reproduction, it is clearly seen that the line of the front phase is 
very well defined: it starts at a border of the lozenge, quickly 
spanning the whole crystal up to the opposite border; an estimate 
of the linear speed of progression of the phase front (the habit 
plane) is 4 mm/s.12 These features are typical of displacive 35 

diffusionless transitions.13 In any case, looking at the movies of 
the SCSC transition (movies 1 and 2 in ESI) one has a strong 
feeling of an elastic wave propagating across the crystal. This is 
noteworthy if we  consider that before the transition single 
crystals are very fragile (lozenges like that of fig. 3 must be 40 

manipulated very carefully and are easily broken in pieces by 
small pressure with a metal tip), while at the transition it is as if 
they were plastic, getting deformed without being broken or 
shattered. This has some resemblance with the traditional lattice-
instability theories of melting.14 45 

 

Structural characterization of the crystal polymorphs 

The X-ray molecular structure of C4F3 in the phase I is shown in 
Fig. 7. 

 50 

Fig. 7 ORTEP diagram of C4F3, crystal phase I at 173 K. Thermal 
ellipsoids are drawn at 30 % probability level. Only the most populated  

orientation of the disordered alkyl tails is shown.  

The two phenyl rings are not coplanar, making a dihedral angle of 
63.31(7)°. This is achieved mainly through a torsion around the 55 

N−N bond (C11−N1−N2−C13 = -137.7(3)°). A similar result has 
been found in several crystal structures containing the 
dimethylbenzalazine moiety15 and can be explained on the basis 
of the low torsional potential around the bond N−N (less than 1 
kcal/mol for torsion angles between 100° and 180°).16 It is 60 

noteworthy, however, that in the compound analogous to C4F3, 
but with a propanoyloxy tail (instead of butanoyloxy), the torsion 
angle around the bond N−N is 180° and the conformation of the 
dimethylbenzalazine core is nearly planar.17 The terminal tails of 
the molecule are disordered over two sites; in one case the two 65 

split positions correspond to the trans planar conformation and to 
a conformation with one gauche-type bond (shown in Fig. 7). The 
conformational disorder of the tails is consistent with the packing, 
shown in Fig. 8. 
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Fig. 8 C4F3, phase I. (a) A sheet of molecules viewed down b; (b) the 

same sheet viewed down a. 

Sheets of layered molecules are formed by lattice translations in 
the plane (a, c). The sheets are parallel to the lattice planes (0 k 0) 5 

and have equations y=1/4 and y=3/4 (only the latter is shown in 
Fig. 8(b)). This implies that reflection 020 should be very strong 
and 010 very weak.18 In fact, the reflection 020 is the most 
intense of the whole diffraction pattern. Within the sheets, 
molecules are layered along c with the long molecular axis tilted 10 

with respect to c; moreover, there is no interdigitation between 
molecules of adjacent layers. This is consistent with the thermal 
motion and the conformational disorder of the terminal atoms of 
the tails.  

 15 

Fig. 9. Face indexing of a thin lozenge of C4F3 at 25 °C (phase I). The 
crystal is fastened to the tip of a glass fiber by a drop of epoxy glue. 

A comparison between Fig. 8 and Fig. 9, in which the faces of a 
single crystal of C4F3 are indexed, allows to deduce that 
molecules are layered along the macroscopic direction 20 

corresponding to the thickness of the lozenges.  
In Fig. 10 are reported X-Ray rotation photographs of a single 
crystal of C4F3 at 25 °C (phase I) and at 95 °C (phase II). 

 
Fig. 10. X-Ray rotation photographs of a single crystal of C4F3 (MoKα). 25 

The rotation axis is b. (a) T = 25 °C, phase I; (b) T = 95 °C, phase II. The 
same crystal, rotation angle and exposure time was used in photographs 

(a) and (b). 

Although the nature of single crystal is substantially preserved 
during the transition, the quality of the diffraction pattern of the 30 

high temperature polymorph is poorer and is characterized by a 
strong reduction of the number of reflections, in particular in the 
high sinθ/λ region. Actually, no reflection beyond θ = 16° was 
recorded with MoKα radiation even for large crystals and long 
exposure times. This, of course, can prevent the solution of the 35 

crystal structure by direct methods that, in fact, failed. The 
diffraction pattern of the high temperature polymorph was 
indexed according to a triclinic cell similar to the cell of 
polymorph I. In Table 1, the cell parameters are given for the two 
polymorphs. 40 

Table 1. Cell parameters of the two polymorphs of C4F3. 

Phase a (Å) b (Å) c (Å) α  (°) β  (°) γ  (°) 
Ia 6.266(1) 7.749(1) 23.654(7) 94.58(2) 92.72(2) 93.35(5) 
IIb 6.331(1) 8.375(1) 23.202(7) 99.34(2) 85.61(2) 94.23(1) 

a: measured at 25 °C; b: measured at 95 °C. 

In Fig. 11 is reported the volume of the unit cell as a function of 
the temperature. The volume was determined from the cell 
parameters measured for the same single crystal at different 45 

temperature on the kappaCCD diffractometer. The sudden change 
of volume at the transition (∆V ≅ 40 Å3) is evident.  

 
Fig. 11 Volume of the unit cell of C4F3 measured at different 

temperatures. The line is only a guide for the eye. 50 

The diffraction patterns of Fig. 10 indicate that the high 
temperature phase of C4F3 is a disordered one. In the absence of 
a complete structural determination we can only discuss some 
hypotheses on the structural features of phase II. A possibility is 
that the transition involves a strong conformational disordering of 55 

the terminal alkyl chains. This hypothesis, however, can be 
accepted only in part. In fact, the enthalpy of fusion per 
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methylene group in compounds containing long alkyl chains is 
0.98 kcal/mol.19 That would yield, for C4F3, a value of 16.4 
kJ/mol, well higher than the experimental value. So the alkyl tails 
of C4F3 in phase II are not liquid-like but keep a significant 
degree of order.8 Another perhaps significant observation is that 5 

the reflection 020, the most intense in the diffraction pattern of 
phase I, has low relative intensity in the diffraction pattern of 
phase II. With reference to Fig. 8(b), this can suggest that in 
phase II molecules are tilted with respect to the planes (0k0). 
Moreover, molecules could be tilted in different symmetric 10 

orientations with subsequent static disorder. This picture would 
also be consistent with the shortening of the c axis (and 
enlargement of b axis) in phase II (see Table 1). From that 
shortening, one could estimate the tilt angle of the long molecular 
axis (in the plane bc) with respect to the planes (0k0) as ± 11°. 15 

Experimental Part 

Materials and methods. Differential scanning calorimetric 
analysis was performed with a Perkin Elmer Pyris instrument 
under flowing N2, at 10 K/min scanning rate. Transition 
temperatures were taken at peak onset.10b Temperature controlled 20 

optical microscopy was performed with a Zeiss Axioskop 
polarizing microscope equipped with a Mettler FP90 heating 
stage. 1H-NMR spectra were recorded with a Varian spectrometer 
operating at 200 MHz. SEM micrographs of single crystals of 
C4F3 were recorded on a FESEM FEI Nova NanoSEM 450. 25 

Crystals were deposited on a carbon tape and sputtered with a 
DentonVacuum Desk V HP using a Gold/Palladium target. 
Atomic force microscopy (AFM) height images have been 
obtained operating in tapping mode at room temperature with a 
Veeco Caliber microscope using standard silicon cantilevers 30 

TESP-MT and a resonant frequency and force constant of about 
350 kHz and 50 Nm−1, respectively. 
Synthesis. C4F3 was prepared by reaction of 4,4’dihydroxy-
α,α’-dimethylbenzalazine with butanoyl chloride in 
chloroform/pyridine mixture (1/1 by volume), according to the 35 

recipe given in ref. 8. The raw product was purified by column 
chromatography (silicagel plus chloroform as eluent). Final 
recystallization was performed by cooling to 4 °C a boiling  
ethanol solution of the product. δH (200 MHz; CDCl3, 25 °C) 
1.07 (6 H, tr), 1.82 (4 H, m), 2.41 (6 H, s), 2.56 (4 H, tr), 7.18 (4 40 

H, d, 3J = 8.8 Hz), 7.99 (4 H, d, 3J = 8.8 Hz) ppm. Single crystals, 
in the form of thin lozenges, were obtained by slow evaporation 
from different solvents or solvent mixtures. In particular, the 
lozenges shown in Figs 3-6 and in the movies 1 and 2 were 
obtained from chloroform/hexane. The crystal whose diffraction 45 

pattern is shown in Fig. 10 was obtained from ethanol. 
X-Ray analysis. All data for the crystal structure analysis were 
measured on a Bruker-Nonius KappaCCD diffractometer, 
equipped with Oxford Cryostream 700 apparatus, using graphite 
monochromated MoKα radiation (0.71073 Å), at variable 50 

temperatures. Reduction of data and semiempirical absorption 
correction were done using the SADABS program.20 The 
structure was solved by direct methods (SIR97 program21) and 
refined by the full-matrix least-squares method on F2 using the 
SHELXL-97 program22 with the aid of the WinGX23 software. 55 

Crystal, collection and refinement data are given in Table 2. Non-
hydrogen atoms were refined anisotropically; H atoms were 

determined stereochemically and refined by the riding model. For 
all H atoms, the isotropic displacement parameter was not refined 
but set equal to 1.2 times the equivalent isotropic displacement 60 

parameter of the carrier atom (1.5 in the case of methyl H atoms). 
The analysis of the crystal packing was performed using the 
program Mercury.24  

Table 2. Crystal, collection and refinement data for C4F3 (phase I) 

 C4F3 
Empirical formula C24 H28 N2 O4 

M 408.48 
System triclinic 

Space group P-1 
a /Å 6.1550(19) 
b / Å 7.6400(18) 
c / Å 23.508(7) 
α /° 96.36(3) 
β / ° 91.92(3) 
γ /° 94.01(3) 

V / Å3 1095.0(5) 
Z 2 

T / K 173 
ρcalc /g·cm-3 1.239 

Reflns collected 8814 
Unique reflns (Rint) 4382 (0.0404) 

R1 [I  > 2σ(I)] 0.0629 
wR2 [all data] 0.1905 

Max. peak/ hole (e·Å-3) 0.309, -0.330 

Conclusions 65 

We have reported on a rare case of single-crystal-to-single-crystal 
transition in a compound that also exhibits a nematic liquid 
crystalline phase before the transition to the isotropic liquid. The 
transition between the two crystal phases is thermotropic and 
reversible. In DSC analysis, the solid-solid transition and the 70 

isotropic liquid to nematic transition are characterized by a small 
supercooling as compared with the nematic to crystal transition.  
Remarkably, the transition can be performed on the same single 
crystal several times, without damage of the crystal and 
substantial change of the surface morphology, as we have 75 

demonstrated by advanced microscopy techniques (SEM and 
AFM). The low temperature crystal phase has a layered structure. 
The crystal phase stable at higher temperature is disordered: the 
transition probably involves a partial orientational disordering of 
the molecules within the layers. 80 
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The title compound has two crystal phases related by an enatiotropic single-crystal-to-single-crystal 
transition and a nematic liquid crystalline phase before the isotropic liquid phase.  
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