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Abstract 

The crystal structure of the low-temperature form II of butamben has been solved in a 
P21/c space group very similar to that of form I. Form II possesses virtually the same 
packing as that of the high-temperature form I and the dimorphism is mainly represented 
by a small discontinuous change in the size of the unit cell and in its enthalpy. Due to the 
small enthalpy difference between the two polymorphs of 375 J⋅mol−1, it will be difficult 
to predict the change in the stability hierarchy by computer-aided methods. The pressure-
temperature phase diagram, constructed using volume and enthalpy differences between 
the two phases at ordinary pressure, corresponds to a case of overall enantiotropy, as the 
I-II and I-L equilibrium lines diverge with increasing pressure. This conclusion is 
confirmed by the experimental pressure-temperature phase diagram obtained with 
differential thermal analysis measurements under pressure. 
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1 Introduction 

1.1 Butamben 

Butamben, p-aminobenzoic acid butyl ester, or butyl 4-aminobenzoate, is a local 
anaesthetic whose formula is provided in Figure 1. 

 
Figure 1. Molecular structure of butamben C11H15NO2 with M = 193.24 g⋅mol-1 
 
Together with benzocaine and isobutamben, butamben belongs to a series of esters of p-
aminobenzoic acid with anaesthetic properties that have been found to exhibit crystalline 
polymorphism.1 In a previous article, the pressure-temperature (P-T) phase diagram 
involving forms II and III of benzocaine was investigated2 resulting in a case of 
enantiotropy turning to monotropy on increasing the pressure similar to the 
paradigmatic case of the sulphur P-T phase diagram, or the first case of the four cases 
formerly described and drawn by Bakhuis Roozeboom.3-5 
As part of a study into the polymorphism of these esters and out of a more general interest 
into the comparison between topological and experimental P-T phase diagrams, the 
construction of the P-T phase diagram of the dimorphism of butamben is reported in the 
present article together with the crystal structure of the low-temperature polymorph. 

1.2 Available data from the literature 

The room temperature structure of butamben was recognized to be monoclinic by 
Watanabe in 2002 and solved in 2004 by Caira et al.6,7 The latter found a monoclinic P21/c 
structure with parameters a = 8.3508(5) Å, b = 5.2093(4) Å, c = 25.626(2) Å, β = 
95.372(2)°, and a density of  1.156 g⋅cm-3 at 298(2) K.7 The CIF of the structure is available 
in the Cambridge Structural Database (CSD) under the reference EZAVIK.  
According to Schmidt,1 the commercial powder of this monoclinic butamben (form I) 
melts at 330.5 K (onset) with a melting enthalpy of 23.9 kJ⋅mol-1 (123.68 J⋅g-1). In addition, 
this author reported that on cooling the commercial sample at a rate of 5 K⋅min-1, a phase 
transition to another form, thus named form II, was observed. On heating, the form II to 
form I transition was found to occur at 285.1 K (onset) with an enthalpy of 0.8 kJ⋅mol-1 
(4.16 J⋅g-1). 
Recently, the dimorphism of butamben was reinvestigated by Svärd et al.8 They reported 
the X-ray powder diffraction profile of form II in addition to melting data near those 
previously found: TI→L = 330.56 K (L = liquid), ∆I→LH = 24.7 kJ⋅mol-1 (127.82 J⋅g-1), while 
the transition enthalpy  at TII→I = 282.93 K was reported to be  ∆II→IH = 0.39 kJ⋅mol-1 (2.02 
J⋅g-1), i.e. twice as small as that reported by Schmidt.1 In addition Svärd et al. determined 
the temperature dependence of the specific heats of form I and of the melt in the form Cp 
/J⋅mol-1⋅K-1 = k1T /K + k2 with k1,I = 1.2399 J⋅mol-1⋅K-2, k2,I = -57.7 J⋅mol-1⋅K-1 and k1,L = 
0.3752 J⋅mol-1⋅K-2 and k2,L = 257.4 J⋅mol-1⋅K-1.8 



2 Experimental 

2.1 Materials 

Butamben (purity ≥ 98%) was purchased from Fluka and used as such. 

2.2 Differential Scanning Calorimetry (DSC) 

Temperatures (onset) and heats of transition have been obtained with a Q100 thermal 
analyser from TA Instruments at various rates. The analyser was calibrated using the 
melting point of indium (Tfus = 429.75 K and ∆fusH = 28.45 J g-1). Butamben specimens were 
weighed using a microbalance sensitive to 0.01 mg and sealed in aluminium pans. 

2.3 Densitometry of the melt as a function of temperature 

Liquid density as a function of temperature was measured with a DMA-5000 Density 
Meter from Anton-Paar. A melted specimen was introduced in the apparatus equilibrated 
at a temperature above the temperature of fusion. Data were obtained at isothermal steps 
while slowly cooling in the temperature range from 363 to 323 K. Dry air and bi-distilled 
water were used as calibration standards in the temperature range. The temperature was 
controlled at ±1 mK and measurements were performed when temperature fluctuations 
were smaller than ± 0.5 mK. 

2.4 High-resolution X-ray powder diffraction 

XRPD measurements were performed with a vertically mounted INEL (Artenay, France) 
cylindrical position-sensitive detector (CPS-120) using the Debye–Scherrer geometry and 
transmission mode (angular step 0.029° over a 2θ-range of 2 to 112°). Monochromatic 
Cu-Kα1 (λ = 1.54056 Å) radiation (35 kV, 35 mA) was selected by means of a focusing 
incident-beam germanium monochromator. Measurements as a function of temperature 
were carried out using a liquid nitrogen 700 series Cryostream Cooler from Oxford 
Cryosystems. Cubic Na2Ca3Al2F4 was used for external calibration. The PEAKOC 
application from DIFFRACTINEL software was used for the calibration as well as for the 
peak position determinations after pseudo-Voigt fittings and lattice parameters were 
refined by way of the least-squares option of the FullProf suite.9,10 

Butamben samples were introduced in a Lindemann capillary (0.5-mm diameter). The 
capillaries were rotated perpendicularly to the X-ray beam during the experiments to 
improve the averaging of the crystallite orientations. Before each isothermal data 
acquisition, the samples were allowed to equilibrate for about 10 min, and each 
acquisition time was no less than 1 h. The heating rate in-between data collection was 
1.33 K min-1. Patterns were recorded on heating in the temperature range from 100 K up 
to the melting point. 

2.5 High-pressure differential thermal analysis (HP-DTA) 

HP-DTA measurements have been carried out at constant applied pressure with two 
differential thermal analyzers. For the temperature of fusion, an in-house constructed 
apparatus similar to that designed by Würflinger was used.11 The copper-beryllium 



Bridgman pressure cell allows pressures up to 300 MPa and temperatures up to 393 K. It 
uses chromel-alumel thermocouples as thermal sensors. The sensitivity of the latter does 
not allow to detect low energy signals; therefore, for the II-I transition measurements, an 
MV1-30 high-pressure cell was used, developed at the Institute of High Pressure Physics 
(Polish Academy of Science), with Peltier elements as thermal sensors.12 In both devices, 
a similar pressure range was scanned and the measurements were carried out at the same 
heating rate of 2 K min-1. To determine the melting temperature as a function of pressure 
and to ascertain that in-pan volumes were free from residual air, specimens were mixed 
with an inert perfluorinated liquid (Galden®, from Bioblock Scientifics, Illkirch, France) 
as a pressure-transmitting medium, and the mixtures were sealed into cylindrical tin pans. 
To verify that the perfluorinated liquid was chemically inactive and did not interfere with 
the melting temperature of butamben, preliminary DSC measurements were carried out 
with a Galden®-butamben mixture on the Q100 analyser of TA instruments without 
applied pressure. 

2.6 Structure Solution from Powder Diffraction  

For the structure solution of the low temperature form II, 24 hours of diffraction intensity 
was accumulated at 120 K. The program DASH 3.4.5 was employed and the powder 
pattern was truncated from 6.12 to 55.5◦ in 2θ (λ-Cu-Kα1), corresponding to a real space 
resolution of 1.65 A� . The background was subtracted with a Bayesian high-pass filter. 
Twenty peak positions for indexing were obtained by fitting with an asymmetry-
corrected pseudo-Voigt function.13,14 They were indexed with the program DICVOL91.15 
A monoclinic unit cell was obtained. The figures of merit given by DICVOL were M(20) = 
11.4 and F(20) = 18.3 (0.0176, 62). Although these values were relatively low, the unit cell 
was selected due to its similarity with the high temperature phase. Pawley refinement 
was used to extract integrated intensities and their correlations, from which the space 
group was determined using Bayesian statistical analysis.16 The extinction symbol C1-1 
had the highest probability directly followed by P21/a. Despite the high probability, it was 
not possible to fit the pattern against space group C2 as several reflections violate the 
extinction rules for this space group. The high temperature form of butamben has space 
group P21/c,7 so P21/c while inverting the a and c axes of the unit cell was chosen for 
further investigation. It resulted in a Pawley χ2 of 6.154. Simulated annealing was used to 
solve the crystal structure from the powder pattern in direct space. The starting molecular 
geometry was taken from the published room temperature form from the Cambridge 
Structural Database (reference code EZAVIK).7 In 30 simulated annealing runs, the same 
crystal structure was found 30 times. The profile χ2 of the best solution was 25.89, which 
is four times the Pawley χ2; this is a good indication that the correct solution has been 
found.  
For the Rietveld refinement, data up to 64° 2θ were used, which corresponds to 1.45 A�  
real-space resolution. The Rietveld refinement was carried out with TOPAS-Academic.17 
Bond lengths, bond angles, and planar groups were subjected to suitable restraints, 
including bonds to H atoms. A global Biso (isotropic temperature parameter) was refined 
for all non-hydrogen atoms, with the Biso of the hydrogen atoms constrained at 1.2 times 
the value of the global Biso. The inclusion of a preferred-orientation correction with the 
March-Dollase formula was tried for directions (100), (010), and (001).18 None of the 
directions made a significant difference to the Rwp value (coefficient for comparison 
between measured and calculated powder pattern). The molecular geometry was 
checked with Mogul, which compares each bond length and bond angle with 



corresponding distributions from single-crystal data.19 No unusual bond lengths, angles, 
torsion angles or rings were found. 
Supplementary crystallographic data can be found in the CCDC, deposit number 2087260, 
and obtained free of charge from the Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data request/cif/. 

3 Results 

3.1 Crystal structure of the low-temperature form II  

The Rietveld refinement progressed smoothly and produced a good fit with χ2 = 1.724, 
R′p = 14.706, R′wp = 14.834 (values after background correction), Rp = 4.587, and Rwp = 
6.405 (values before background subtraction). Biso refined to 0.2(2) Å2. Crystal data and 
the details of the structure refinement have been compiled in the Supporting information 
Table S1. The structure was found to be monoclinic, space group P21/c (Z = 4), with cell 
parameters a = 8.2634(5) Å, b = 4.7330(2) Å, c = 27.626(2) Å, β = 95.604(5)° and a unit-
cell volume of 1075.3(1) A� 3. The result of the Rietveld refinement is shown in Figure 2 
and the unit-cell in Figure 3. The molecular structure with the same atom labels as in the 
cif EZAVIK, form I, can be found in the Supporting information Figure S1. The atom 
coordinates have been compiled in the Supporting information Table S2 and a full 
powder X-ray diffraction pattern obtained for this polymorph is available in the 
Supporting information Figure S2. 

 

Figure 2. Rietveld refinement of butamben form II at 120 K. Experimental (red) and 
calculated (black) profiles, and obs-calc difference (blue) with peak positions (vertical 
segments in black). 



 
Figure 3. Unit-cell of the low-temperature form II of butamben at 120 K with the following 
atom colour coding: O = red, N = blue, C = black, H = pink. 

3.2 Calorimetric data of the phase equilibria 

The onset temperatures and heats of transition for the phase transitions II→I and I→L 
from several runs at various heating rates have been compiled in Table S3, in which it can 
be seen that the enthalpy changes are virtually independent of the heating rate. Thus, the 
mean values have been determined with all the data points, leading to 1.94(50) J⋅g−1 (or 
375 J⋅mol−1) for the II→I transition and 128.7(4.4) J⋅g−1 for the fusion of form I. On the 
other hand, it can be seen that the onset temperatures slightly depend on the heating rate, 
although this dependence vanishes for heating rates lower than 10 K⋅min-1 (Figure 4). 
Therefore, the mean onset temperatures were determined with values obtained at 
heating rates equal to and lower than 10 K⋅min-1 resulting in the following values: TII→I = 
282.9(2) K and TI→L = 330.2(3) K. 

 
Figure 4. (a) Differential scanning calorimetry curve of butamben form II (m = 9.91 mg) 
heated at a 0.5 K min-1 rate and (b) dependence on the heating rate of the onset 
temperatures of the II-I and I-L transitions. 
 

a b 



3.3 Specific volume as a function of temperature 

Values of the specific volume of molten butamben as a function of temperature obtained 
with density measurements have been reported in the Supporting information Table 
S4. They have been fitted to the following equation: 
 
vliq /cm3⋅g-1 = 0.7169(9) + 0.000720(3) T/K   (r2 = 0.99992)  (1) 
 
Lattice parameters and specific volumes of both forms, obtained from two series of high-
resolution X-ray diffraction patterns at various temperatures (Figure 5), have been 
compiled in Supporting information Table S5. The dependence of the specific volumes 
of forms I and II on the temperature have been fitted to the following equations with v in 
cm3⋅g-1 and T in K: 
 
vI = 0.790(7) + 2.69(22) ×10-4 T     (r2 = 0.93)  (2) 
 
vII = 0.830(4) + 3.08(4.32) ×10-5 T + 3.4(1.1) ×10-7 T2  (r2 = 0.98)  (3) 
 

 
Figure 5. One series of high-resolution X-ray powder diffraction patterns of butamben 
polymorphs: low-temperature form II from 102 K to 280 K, high-temperature form I from 
292 K to fusion. A number of peaks with the same Miller indices have been coloured in 
grey and identified by a letter: a = 0 0 2, b = 1 0 0, c = 1 0 -2, d = 0 0 4, e = 1 0 -4, f = 0 1 3, 
g = 1 0 4. 
 

3.4 The phase equilibria under pressure 

The onset temperatures of the II→I and I→L phase changes from at a number of different 
pressures up to 370 MPa are presented in Figure 6. It can be seen that the transition 
temperatures, for the solid-solid equilibrium as well as for the melting equilibrium, 
linearly depend on the pressure and the fitted equations are as follows: 
 
PI-II /MPa = 9.24(33) T /K −2594(99)   (r2 = 0.991)   (4) 
 
PI-L /MPa = 7.02(17) T /K −2319(60)   (r2 = 0.980)   (5) 



 
The temperatures and pressures for the two equilibrium curves can be found in 
Supporting information Table S6, and the related HP-DTA peaks in Supporting 
information Figure S4. 
 

 
Figure 6. Pressure of the II→I (open squares) and I→L phase equilibria (open circles) as 
a function of the onset temperatures obtained by high-pressure differential thermal 
analysis. The lines are linear fits to the data (eqs. 4 and 5). 

4 Discussion 

4.1 Crystal structure of the low-temperature form II 

Although the structure of form II has been solved at a lower temperature than that of form 
I, it can be seen that the two structures are very similar in their lattice parameters, in their 
packings (see Figure 7), and in their X-ray powder patterns (see Figure 5). Moreover, the 
hydrogen bonding is virtually the same in the two structures (see Table 1) in which atom 
N1 behaves as a donor through its two H-atoms and as an acceptor in a third hydrogen 
bond (see Figure 8). The hydrogen-bond patterns form centrosymmetric infinite chains 
parallel to the ab plane in both cases (see the Supporting Information Figure S5). 
Moreover, in form II as reported by Caira et al. for form I, “the L-shaped molecular 
conformation allows the amino-and carbonyl- groups to engage an intermolecular bonding 
and the hydrophobic alkyl chains to interdigitate“.7 The similarities of the two forms 
notwithstanding, a clear discontinuous change can be observed in the peak positions 
between 280 K (form II) and 292 K (form I), which rules out that the structures are exactly 
the same (See Figure S3 in the Supporting Information). 



 
Figure 7. Packings of the butamben form I (red) and form II (blue), both viewed along 
axis b with lattice parameters a = 8.3508 Å, b = 5.2093 Å, c = 25.626 Å, β = 95.372° for 
form I at 298 K, and a = 8.2634 A� , b = 4.7330 A� , c = 27.626 A� , β = 95.604° for form II at 120 
K. 
 
 
Table 1.  Hydrogen bonds in the structures of polymorphs I and II of butamben 

Polymorph II Ia II Ia II Ia II Ia 
Bond D-H···A d(D-H) /Å d(H···A) /Å d(D···A) /Å Angle (D-H···A) /° 
N1-H6···N1 0.894 0.860 2.314 2.394 3.201 3.253 172.12 176.35 
N1-H5···O1 0.868 0.860 2.029 2.113 2.876 2.950 164.75 164.32 

a from CIF EZAVIK 
 
 

 
Figure 8. Detail of the hydrogen bonding pattern in butamben form II, which exhibits an 
infinite zig-zag chain N1···H6-N1···H6 along the b axis with lateral N1-H5···O1 bonds, 
while N1 is linked to aromatic carbon C4.  Hydrogen bonds in yellow. 
 
The difference in the two structures mainly consists of a small change in the orientation 
of the butyl chain, as shown in Figure 9. The two butyl-chain conformations should be 
very similar in energy as the values of the O-C-C-C torsion angles remain very similar 
(70.4° for form II at 120 K, and 73.1° for form I at RT). Therefore, the small difference in 
enthalpy between the two phases is probably mainly due to the slightly stronger 
hydrogen bonds in form II (Table 2), although the change in the torsion angles also points 
to a better packing and a somewhat stronger van der Waals contribution for the butyl 
chain. 
 
 



 
Figure 9. The conformations of the butamben molecule in forms I (red) and II (blue). By 
superimposing the two phenyl rings, it can be seen that the main difference consists of a 
small change in the orientation of the aliphatic chain with the O-C-C-C torsion angles 
respectively 73.1° and 70.4°. 

4.2 The melting temperature of form II at ordinary pressure 

The calorimetric transition data obtained in this study and used in the analysis below are 
very close to those found by Svärd et al.8 The same is true for the data obtained by Schmidt 
except for the enthalpy of the solid-solid transition, which is twice as large compared to 
the data in the present study and in that of Svärd et al.8,20 In the following, only the mean 
values from Table S3 have been used. 
Because form II transforms into form I below room temperature, its melting temperature 
cannot be observed experimentally. Nevertheless, it can be calculated using the equation 
proposed by Yu2,21 in its simplified form, i.e. neglecting the difference between the specific 
heats of the two polymorphs: 
 

𝑇𝑇𝐼𝐼𝐼𝐼→𝐿𝐿 = Δ𝐼𝐼𝐼𝐼→𝐼𝐼𝐻𝐻+Δ𝐼𝐼→𝐿𝐿𝐻𝐻
Δ𝐼𝐼𝐼𝐼→𝐼𝐼𝐻𝐻
𝑇𝑇𝐼𝐼𝐼𝐼→𝐼𝐼

+∆𝐼𝐼→𝐿𝐿𝐻𝐻𝑇𝑇𝐼𝐼→𝐿𝐿

         (6) 

 
This leads to a melting temperature for form II of TII→L = 329(16) K, while its enthalpy of 
fusion following Hess’ law (∆II→LH = ∆II→IH + ∆I→LH) equals ∆II→LH = 131(5) J⋅g-1 using the 
values mentioned in the results section on the calorimetric data (Table S3).  

4.3 Thermal expansion of the liquid and volume changes at TI→L and TII→L 

Using eq. 1, the mean expansivity of liquid butamben can be calculated with the 
expression v(T) = v0 (1 + αvT) in which αv represents the expansivity. For the liquid, it is 
found to be αv,L = 1.005(4) ×10-3 K-1 close to the average value of about 1.20(25) ×10-3 
K−1.22 With eqs. 1 to 3, the volume changes on melting are found equal to ∆I-Lv = 0.076 
cm3⋅g-1 and ∆II-Lv = 0.078 cm3⋅g-1. These changes can also be represented as the ratio 
between the volume of the liquid and that of the solid leading to vL/vI = 1.09 at TI-L and 
vL/vII =1.09 at TII-L. These two values are somewhat smaller, but nonetheless quite close 
to the average increase in specific volume on melting of 11% for small organic molecules 
including APIs.22-24 

4.4 Thermal expansion of forms I and II and the volume change at TII→I 

It can be seen in Supporting information Figure S6 that on heating, the II→I phase 
transition is accompanied with an increase in the unit-cell parameters a and b and a 
decrease in the unit-cell parameter c and the angle β (see also the polynomial fits of the 



unit-cell parameters in Table S7). It can be seen in Figure 10 that these changes give rise 
to a very small increase in the specific volume at the temperature at which the II-I 
equilibrium shifts. With eqs. 2 and 3, the volume change at the transition temperature 
TII→I = 282.9 K is found to be ∆II→Iv = 0.0006 cm3⋅g-1, a very small positive value. 

 
Figure 10. Left-hand panel: specific volume of form II (filled red circles) and form I (open 
blue squares) and the liquid (black circles) as a function of temperature with Tk the 
Kauzmann temperature. Filled black circles correspond to the supercooled liquid phase. 
Inset: close-up of the positive volume change of the II→I transition. Right-hand panel: 
graphic representation of the thermal expansion tensor of form I (bottom-right) at 300 K 
and form II (top-left) at 250 K.  
 
For the mean expansivity of form I, αv,I, a value of 3.40 ×10-4 K-1 is found with eq. 2.  In the 
case of form II, the quadratic equation eq. 3 needs to be approximated by a linear 
equation: 
 
vII /cm3⋅g-1 = 0.8183(14) + 1.62(7) ×10-4 T /K  (r2 = 0.97)   (3’) 
 
The mean expansivity with eq. 3’ becomes αv,II = 1.98(9) × 10-4 K-1, which virtually 
matches the average value of 2 ×10-4 K-1 for the expansivities reported for solids of organic 
compounds in general25 and for pharmaceuticals.22,23,26-30 The expansivity of form I, 
obtained from eq. 2 (αv,L = 3.4(3) × 10-4 K-1), is considerably larger than this average and 
the expansivity of form II, which is most likely caused by the small temperature range at 
which the expansion has been determined in addition to the fact that this range lies close 
to the melting point of form I. 
 
In order to account for the anisotropy of the intermolecular interactions, the second-rank 
thermal-expansion tensor has been calculated from the lattice parameters as a function 
of temperature for phases I and II.  Owing to the monoclinic symmetry of both phases, 
thermal-expansion tensors are defined by the orthonormal principal coefficients (α1, α2, 
α3) with the α2 eigenvector being parallel to the two-fold unit-cell axis b.  The eigenvalues 
as a function of temperature have been compiled in the Supporting information Table S8. 
The 3D thermal-expansion tensor is represented in Figure 10 at 250 K for phase II and at 
300 K for phase I. The overall expansivity αv, as discussed above, is higher in the high-
temperature phase I. In Figure 10 (as well as in Table S8 in the Supporting information) 
the existence of negative eigenvalues (α1) can be observed close to the crystallographic c 



axis together with small values in α3 (close to the a axis), whereas the maximum 
deformation of the cell can be observed in the α2 direction, parallel to the b two-fold 
crystallographic axis. It implies that the α2 direction (i.e. along b) is the soft direction, 
while the ac plane (containing the α1 and α3 eigenvectors)  is a hard plane for both phases 
I and II.31 In both phases, the hard plane contains the centrosymmetric infinite hydrogen 
bonded chains and the interlocked butyl chains (see Figure S5), while in the b direction 
the stacking mainly depends on van der Waals interactions and zigzag hydrogen-bond 
chains that have some flexibility in their displacement. 

4.5 Topological Pressure-Temperature diagram involving the condensed 

phases 

Two-phase equilibrium curves in the pressure-temperature space involving two 
polymorphs or a crystalline solid and its liquid can be described over a considerable range 
of pressures by a straight line. The slopes of these equilibria, dP/dT, can be calculated 
with the Clapeyron equation: 
 

 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= Δ𝑆𝑆
Δ𝑣𝑣

= Δ𝐻𝐻
𝑇𝑇Δ𝑣𝑣

           (7), 
 
if the temperatures, enthalpy changes, and volume changes are known for the phase 
transformations at ordinary pressure. 
 
For equilibrium I-II, with values TII→I = 282.9 K, ∆II→IH = 1.94(50) J⋅g-1, and ∆II→Iv = 0.0006 
cm3⋅g-1, it is found that dP/dTII→I = 11 MPa⋅K-1. 
For equilibrium I-L, with values TI→L = 330.2 K, ∆I→LH = 128.7(4.4) J⋅g-1, and ∆I→Lv = 0.076 
cm3⋅g-1, it is found that dP/dTI→L = 5.1(7) MPa⋅K-1. 
 
The purpose of the topological method is to identify to which of the four cases of 
dimorphism, established by Bakhuis-Roozeboom,3,5 the case under study belongs to and 
not necessarily to provide a highly accurate pressure-temperature phase diagram. 
Concerning the dimorphism of butamben, it belongs to case 2, overall enantiotropy, 
because the slope of the I-II equilibrium line is much steeper than the slope of the I-L 
equilibrium curve, thus indicating that the two curves diverge on increasing pressure. 
This implies that the II-L equilibrium curve, the melting of form II, must also diverge in 
relation to both curves with increasing pressure. 

4.6 Experimental phase diagram involving the condensed phases 

The high-pressure data shown in Figure 6 unambiguously confirm that the dimorphism 
of butamben corresponds to a case of overall enantiotropic behaviour.3,5 The two 
equilibrium curves of I-II and I-L diverge as the pressure increases so that each 
polymorph exhibits its own stable phase region regardless of the pressure. The phase 
diagram can be improved by locating the other equilibrium curves together with the triple 
points leading to a complete topological representation of the phase diagram, as 
described in the following section. 

4.6.1 Location of the triple points 



4.6.1.1 Triple point I-II-L 

The I-II-L triple point is the intersection of the I-II and I-L experimental equilibrium 
curves. By setting eqs. 4 and 5 equal to each other, the triple point coordinates can be 
estimated as: TI-II-L = 124(15) K, PI-II-L = −1448(282) MPa. Such a triple point is metastable 
because it occurs at negative pressure implying that the system is in an expanded state. 
 
The I-II-L triple point can be used to place the II-L equilibrium in the phase diagram. The 
melting point of form II has been calculated above using the Clapeyron equation (eq. 7). 
This melting point is in itself also a triple point, or at least its temperature will be very 
close to the triple point II-L-V, V being the vapour in equilibrium with the solid and the 
liquid at fusion. Thus, the II-L-V triple point possesses the coordinates: T = 329.4 K, P = 0 
MPa. Because the II-L curve, taken as a straight line passes through triple points II-L-V 
and I-II-L whose coordinates were calculated above, the equation for the II-L equilibrium 
is found to be: 
 
PII-L /MPa = −2322 + 7.1 T /K        (8). 
 

4.6.1.2 Triple points involving the vapor phase 

In the same way as triple point II-L-V has been determined, the triple points I-II-V and I-
L-V can be defined too. The temperatures of the II→I transition and of the fusion of form 
I have been determined by DSC experiments. During these experiments the dead volume 
in the capsules will be filled by the vapor of butamben, which may bring it close to the 
equilibrium vapor. In any case, even out of equilibrium, the difference between the triple 
point temperature and the transition temperature obtained by DSC may differ less than 
the actual measurement error and can thus be set equal. 
 
Once the triple points involving the vapour phase have been established, the equilibrium 
vapour pressure can be calculated with the following approach. The boiling point of 
butamben has been predicted by ACD/Labs PhysChem Suite32 to be 325.68 °C (TL→V = 
598.83 K) together with an enthalpy of vaporization ∆L→VH of 56.782 kJ⋅mol-1 (or 293.84 
J⋅g-1). Using these values, the vaporization curve in the pressure-temperature phase 
diagram can be described by a Clausius-Clapeyron type equation: 
 
ln(PV) = –∆L→VH/(RT) + BL→V        (9) 
 
in which PV is the vapor pressure in Pa and ∆ L→VH is the enthalpy change of vaporization 
in J⋅mol-1 with R, the gas constant, equal to 8.3145 J⋅mol-1⋅K-1, and PV = 1.0133 ×105 Pa at 
the boiling temperature. Using this information, the constant BL→V is found to be equal to 
22.93. Introducing this value in eq. 9 together with TI-L = 330.2 K, i.e. the temperature of 
the I-liquid-vapor triple point, the vapor pressure at this triple point is found to be 9.5 Pa. 
At a triple point involving two condensed phases in equilibrium, the vapour pressure of 
both phases must be the same. According to Hess’ law, the sublimation enthalpy is the 
algebraic sum of the melting and vaporization enthalpies (∆subH = ∆fusH +∆vapH), the P-T 
sublimation curves of forms I and II can be determined by repeating the approach with 
the vaporization curve. 
Thus, at the melting point of form I, TI-L-V = 330.2 K, the pressure is known to be 9.5 Pa and 
the enthalpy of sublimation of form I is ∆I→VH = ∆I→LH + ∆L→VH = 81.655 kJ⋅mol-1. With the 



Clausius Clapeyron equation (eq. 8), this leads to a value for BI→V of 31.99. For form II, the 
vapour pressure at the II-L-V can be calculated with the vapour pressure curve for the 
liquid, which leads to PII-L-V = 9.0 Pa. Using the sublimation enthalpy of form II, ∆II→VH = 
∆II→LH + ∆L→VH, which equals 82.030 kJ⋅mol-1 and the triple point temperature TII-L-V = 
329.4 K, BII→V is found to be 32.15. 
Setting the Clausius–Clapeyron equations describing the sublimation curves of forms I 
and II equal, results once again in TI-II-V = 282.9 K (because this approach is equivalent to 
eq. 6) and the value of the sublimation pressure at the triple point I-II-V is found to be PI-

II-V = 6.6 ×10-2 Pa. Thus, in conclusion of this section, the coordinates of triple points 
involving the vapour phase are: 
I-L-V: PI-L-V = 9.5 Pa, TI-L-V = 330.2 K 
II-L-V: PII-L-V = 9.0 Pa, TII-L-V = 329.4 K 
I-II-V: PI-II-V = 6.6 × 10-2 Pa, TI-II-V = 282.9 K. 
Although the pressure values are negligible in terms of the pressure coordinate in MPa in 
the topological phase diagram, they do demonstrate the consistency in the 
thermodynamic ranking of the phases and the phase transitions. 

5 Concluding remarks 

The structures of forms I and II strongly resemble each other with virtually no difference 
in their packings. They both contain infinite chains of hydrogen bonds within the ac 
monoclinic plane. The similarity of the polymorphic structures and the small difference 
in enthalpy make it hard to point out the cause of the change in the stability hierarchy 
between the two solid phases, not in the least, because the enthalpy difference is clearly 
within the error of the energy differences that computer-aided energy calculations can 
provide even if experimentally the change in enthalpy can be observed (cf. Figure 3 and 
Table S3 in the supporting information). 
 
This does not imply that the phase transition does not exist, however. Although the 
geometries of the molecules are very similar, it is clear that as a function of temperature 
a reversible volume change occurs at about 283 K. The discontinuity in the specific 
volume is accompanied by a discontinuity in the specific enthalpy (observed by DSC and 
by high-pressure DTA) and combined these discontinuities are the classic thermodynamic 
signature of a first-order phase transition. Such a transition is, according to the Ehrenfest 
classification,33,34 characterized by “a jump in the first-order derivatives of the Gibbs energy, 
∆S and ∆V”.35,36 Similar and even more unusual cases can be found in the literature. For 
example, Coles et al. found the same packing in two polymorphs of 3-chloromandelic acid, 
and they named them “isostructural polymorphs”.37 On a more mundane level are 
polymorphs with small orientational differences in the aliphatic chain that clearly 
demonstrate discontinuities in specific volume and enthalpy; examples of these cases are 
chlorpropamide,38-41 and tolazamide.42  
 
A complete topological pressure-temperature phase diagram of the dimorphism of 
butamben with four triple points is provided in Figure 11. It is an example of an overall 
enantiotropic system. It demonstrates once more that with the Clapeyron equation, data 
obtained at ordinary pressure can be used to construct a realistic topological pressure-
temperature phase diagram and to determine the overall phase behaviour in terms of the 
four cases of dimorphism described by Bakhuis Roozeboom. Similar phase diagrams can 



also be found in some recently studied cases: benzylthiouracil,43 trinitrotoluene,44 and 
nimesulide.45 
For butamben, the experimental and calculated slopes of the two-phase equilibrium 
curves are numerically not exactly the same: 9.24 and 7.02 MPa⋅K-1 for the experimental 
dP/dT values of the I-II and I-L equilibria, against 11 and 5.14 MPa⋅K-1 for the calculated 
(eq. 7) ones, respectively. However, both results clearly lead to the same topological 
conclusion of overall enantiotropy. It can be concluded that at room temperature, form I 
remains stable up to at least 120 MPa. In addition, because the I-II equilibrium curve is 
quite steep, it can be inferred that the shift of the equilibrium from form II to form I (with 
a small volume change) hardly depends on the pressure. Because it shifts right on 
increasing the temperature, it can be concluded that the transition is mainly entropy-
driven, even if the enthalpy change is rather small for such a transition.  
 
The volume change on melting corresponds to a ratio vliquid/vsolid of 1.09 for the two forms, 
i.e. close to the average value of 1.11 previously inferred from data involving 10 active 
pharmaceutical ingredients.27 It is also close to the conclusion of Goodman et al., who 
reported “a ratio of  solid to liquid density at the triple point of 1.12... with an estimated 
average uncertainty of about 6%” (i.e., 1,12(7))“.46 Whether this ratio approaches a 
constant value, as previously questioned27 remains to be answered through more 
experimental work. 
 
From a pharmaceutical perspective, a reversible phase change at 283 K (10°C) is rather 
problematic as during storage and transportation the surroundings of the drugs may 
easily pass through this temperature multiple times causing sudden increases and 
decreases of the crystal volume resulting in mechanical stresses in the formulation. This 
may cause disintegration of the crystals and of the tablets that contain the drug. In the 
case of butamben, the volume change may be small, but it remains a point of concern that 
will need to be kept in mind. 
The pressure dependency of the phase transition could also be problematic in the case of 
tabletting. In the present case the slope of the I-II equilibrium is rather steep. The 
experimental slope of 9.24 MPa⋅K-1 indicates that for each degree of warming, the 
pressure of the equilibrium increases with 9 MPa. Thus, if the phase transition occurs at 
10°C under ordinary conditions, at 20°C the equilibrium will be at 90 MPa and at 30°C at 
180 MPa. These numbers are clearly still in the working zone of tabletting and although 
the equilibrium is easily reversible, it may cause the tabletting to be much less effective. 
One remedy for butamben, based on its phase diagram, would be to carry out tabletting 
at higher temperatures avoiding the phase equilibrium. 
 



 
Figure 11. Topological pressure-temperature phase diagram for the dimorphism of 
butamben. Stable (filles circles) and metastable (half-filled circles) triple points: 1 = I-
liquid-vapor, 2 = II-liquid vapor, 3 = I-II-vapor, 4 = I-II-liquid. Two-phase equilibrium 
lines: 1-2 = liquid-vapor, 1-4 = I-liquid, 2-4 = II-liquid, 3-4 = I-II, 1-3 = I-vapor, 2-3 = II-
vapor. Black lines = stable, dashed lines = metastable, open lines = super-metastable 
phase equilibria. 
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