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Abstract

The stability hierarchy between different phases of a chemical compound can be
accurately reproduced in a topological phase diagram. This type of phase diagrams may
appear to be the result of simple extrapolations, however, experimental complications quickly
increase in the case of crystalline trimorphism (and higher order polymorphism). To ensure
the accurate positioning of stable phase domains, a topological phase diagram needs to be
consistent. This paper gives an example of how thermodynamic feedback can be used in the
topological construction of phase diagrams to ensure overall consistency in a phase diagram

based on the case of piracetam crystalline trimorphism.



1. Introduction

In a recent article, a pressure-temperature phase diagrams for the trimorphism of
piracetam has been obtained through a topological approach [1]. An annotated version of the
stable pressure-temperature (P-T) phase diagram proposed in Figure 4 of reference [1] is
provided here in Figure 1. It appears that the final phase diagram of the quoted article is not in
accordance with the data reported therein. For topological constructions of phase diagrams,
feedback systems can be used, which can help identify and avoid inconsistencies, even if the
process of constructing phase diagrams can be complicated. In the present paper, an example

will be given of how inconsistencies in a topological phase diagram can be identified.

P l-11l-lig.

-1l

VP (vapor)

Figure 1. Annotated version of the topological pressure-temperature phase diagram presented

in Figure 4 of reference [1]. The stable phase regions for forms I, Il, and Ill, are indicated in
accordance with ref. [1] as are the two-phase equilibria with line a: I-11, line b: I-111, and line
c: 1I-111 and the resulting triple points.

The construction of the topological phase diagram depicted in Figure 1 was based on
experimental differential scanning calorimetry (DSC) and X-ray diffraction data reported in
the Tables 3, 4, and 7 of reference [1]. In addition, the temperature and enthalpy change of the
transition 11—liq was provided in the text in reference [1]. These data have been summarized
in Table 1 in the present paper. For the solid-solid transition between forms Il1 and Il, neither
the transition enthalpy nor the transition temperature were reported in the original publication;
however, according to Figure 1, Ty, should be higher than Ty;,_,, by simple extrapolation of
the two-phase equilibrium I1-111 to the temperature axis (P = 0). The II-11l equilibrium has a

steeper slope in Figure 1 than equilibrium 11I-1 and the two equilibria cross at increased



positive pressure, thus by deduction from Figure 1 the following transition temperature
sequence can be obtained: Ty < Ty < Thisne

The diagram in Figure 4 of reference [1] (here Figure 1) has been constructed using
the alternation rule and the Clapeyron equation:

P_AS_AH O
dT AV TAV

with dP/dT the slope of a two-phase equilibrium in the pressure-temperature phase diagram,
AS the entropy change associated with the equilibrium, AV the volume change, AH the
enthalpy change, and T the temperature at which the two-phase equilibrium has been
observed. The alternation rule, which is a direct result of the intersecting Gibbs-energy
surfaces for the different phases, states that equilibria passing through a triple point will
change their stability ranking with one level and it implies that the stability ranking of the
phase equilibria around a triple point will alternate between two levels of stability [2].

For the topological construction of P-T phase diagrams, data obtained at ordinary
pressure (i.e. pressure conditions in a closed DSC pan) are generally used in the Clapeyron
equation and equilibrium lines are approximated by straight lines. In particular solid-solid
equilibria are straight over extensive temperature and pressure ranges and using this approach
in the correct way leads to reliable P-T phase diagrams, as was demonstrated in the case of
paracetamol [3,4], benzocaine [10], adamantane derivatives [5-7] and other organic
compounds [8-11]. The inequalities between the slopes of the different equilibria can be
determined once the respective enthalpy changes, volume changes, and equilibrium
temperatures have been determined. Making use of the alternation rule, the stability ranking
of the different equilibria in the phase diagram can be determined. For trimorphism, this has

been demonstrated for ferrocene by two of the present authors in 2002 [12].



Table 1. Data from the text and from Tables 4 and 7 in reference [1] for the phase

transitions of the three most prevalent forms of piracetam

Transition T? T AH? AV AV® (dP/dT) "
/°C IK gt lem®mol™  /omPgt  /MPaK®
-1 91.9° 365 24.8 - - -
g7¢ 360 - 4.71 0.0331 2.08
N 100.9° 374 26.8 - - ;
97¢ 370 - 6.18 0.0435 1.67
- lig 139.4° 4124 2113 16.97 0.1194 4.29
l1-lig 1415° 4145  211.8° 16.59 0.1167 4.38
I-lig 149.8° 4228 187 11.29 0.07942 5.57

®From Table 4 in reference [1].

®The temperatures in kelvin have been obtained by adding 273 to the temperatures in degrees
Celsius as in Table 7 of reference [1].

‘By DSC as indicated in Table 4 of reference [1].

9By X-ray diffraction as indicated in Table 4 of reference [1].

®By calculation, page 170 in [1]

"From Table 7 in reference [1]

9Calculated by dividing the values in the fifth column by the molar weight of piracetam
142.156 g mol™.

"From Table 7 in reference [1], and verified by applying equation 1.

2. On the interpretation of the calorimetric data

The topological construction of P-T phase diagrams depends for a large part on the
interpretation of data obtained by DSC and X-ray diffraction under ordinary conditions. Thus,
the applied data will be considered before discussing the actual construction of the phase
diagram. Concerning the DSC results, it is mentioned on page 168 of the paper of reference
[1]: “Randomly, for some experiments carried out by DSC on Form II at 10 °C min™, we get
a transformation of Form 11l at a higher temperature, i.e. 127.5 °C (figure 1, curve b). This
could not be ascribed to a transformation into Form I, the latter occurring at a lower
temperature. We therefore hypothesized that this transformation could be the Form 111 toward
Form Il transformation, followed by the melting of Form Il and recrystallization into Form 1.”

The hypothesis is incorrect for several reasons. Firstly, no enthalpy data are provided

for the transition discussed in the citation above, which presumably is from form 11l to form



1. Using a Hess cycle and starting from form Ill, it is a thermodynamic fact that AH_, +
AH ;1 + AH . = 0 and thus that AHyy_,;, = AHy, + AH,,; (The direction of the transition
I 111 or 11— 11 defines the sign of the enthalpy change). Thus with the data in Table 1, one
finds AHj ) =268 -248=21 g'l. It implies that the peak for the AHy;_,;; must be very
small in relation to those of the two other solid-solid transitions. Considering curve ‘b’ in
Figure 1 in reference [1] (see the annotated Figure A.1 in the Appendix of the present paper),
it can be seen that the peak is actually of the same magnitude as the solid-solid transitions
observed in curve ‘@’ (Ill—1) and curve ‘e’ (II—>1) (see Figure A.1 in the Appendix below).
To verify the size of the peak in form *b’, the curves have been enlarged and the sizes of the
three solid-solid peaks relative to the melting peak of form I, which in each curve is the form
that melts, have been determined by weighing (see Appendix). Thus, if AH_iq = 187 J g*
(taken as 100 %), a relative peak size of 15 % in curve ‘a’ for AHy,_, equals 28 J g™ and a
relative peak size of 12 % in curve ‘e’ for AH;_, equals 22.4 J g™. The enthalpy of the
unknown transition, AHyx, has a relative surface of 15 % and equals therefore 28 J g;
hence transition I11—x is most likely I11—1 and certainly cannot be I11—11 as it was originally
assigned in reference [1], because the enthalpy represented by the peak in curve ‘b’ is far too
large for the AHy_,i = 2 J g™ of the 11111 transition.

Secondly, once the solid-solid peak in curve ‘b’ in Figure 1 of reference [1] had been
assigned to the Ill—II transition, it was assumed by the authors that the small endo-
exothermic effect observed a few degrees higher was the fusion of form Il and
recrystallization into form I, which then melts at its normal temperature. However, if form 1l
melts and the melt turns into form I, the overall enthalpy will have to be equal to the transition
enthalpy of 11—1 as in thermodynamics the path is not important, only the initial and the final
state. Neglecting heat capacity differences, one would expect a positive enthalpy of about
24.8 J g* for the sum over the processes of melting and recrystallization. Determining the
area of the endo-exo peak relative to the melting peak of form I, one finds a value of about
1%, which is equal to an enthalpy of 1.9 J g This cannot coincide with the proposed
transitions of 1l—lig—1, because the enthalpy of the summed peaks is much too low.

A last point to be made is that with the data in Table 1, the slope of the IlI-II
equilibrium can be calculated. The enthalpy change AHy_,;; was found to be 2 J g™ In the
same way, by thermodynamic cycle, the volume change from 11l to Il can be calculated as
AVt + AV + AV = 0 and thus AV ~ 0.0103 cm® g* using the data in Table 1

(again it has to be kept in mind that the direction of the arrow defines the sign of the volume



change). Using the enthalpy and volume changes together with the transition temperature of
11— 11 of 400.5 K (127.5 °C as observed in reference [1]; see the quotation above), the slope
of the equilibrium is found to be 0.48 MPa K™, which is a shallower slope than those of the
two other equilibria. This, however, is in contradiction with the proposed phase diagram in
Figure 1, where equilibrium I11-11 has the steepest slope. One ought to conclude therefore that
the phase diagram is inconsistent with the available data. This will be discussed in more detail

below.

3.- Construction of the P-T diagram using the data in Table 1

Once the data obtained by DSC and X-ray diffraction has been verified, the
subsequent step is tracing the equilibrium lines using the Clapeyron equation (1). At the
intersections of the equilibrium lines, the positions of the triple points can be found, which
make up the framework of a topological P-T phase diagram. In the case of trimorphism, the
number of triple points in a phase diagram incorporating the liquid and the vapor phase
amounts to 10 as established in 1890 by Riecke [13]. For reference, the P-T phase diagram
containing all 10 triple points provided in Figure 3 of reference [1], has been reproduced in
Figure 2A. In Figure 2B, the phase diagram is provided that is based on the data in Table 1

and constructed in accordance with thermodynamics.

3.1.- Triple points I-11-lig, I-111- lig and 11-111-lig

The three triple points I-11-lig, I-111-lig, and 11-111-lig have the liquid phase in common
implying that two melting equilibria and one solid-solid equilibrium intersect each other in
each of the triple points. As stated in the introduction, two-phase equilibria can be safely
considered straight over a considerable pressure and temperature range. Thus, using the
Clapeyron equation and starting at the measured or otherwise obtained melting points in

Table 1, the equations describing the melting equilibria for each polymorph can be obtained:

P|-|iq (/MP&) =557 T|-|iq (/K) - 2355 (2)
P||-|iq (/MP&) =4.38 T||-|iq (/K) - 1815 (3)
Piiriig (/MPa) = 4.29 Tyjig (/K) — 1770 4)

The pressure of each melting point (at ordinary pressure) can be safely written as 0 MPa,
because the equilibrium lines are very steep relative to the pressure and the error over the

values of the vapor pressures, which themselves are in the order of pascal, by taking 0 MPa



will be negligible. Setting egs. 2 and 3 equal leads to triple point I-11-lig, egs. 2 and 4 lead to
I-111-lig, and egs. 3 and 4 lead to 1I-111-lig. The pressure and temperature coordinates can be
found in Table 2 and their schematic positions are given in Figures 2A and B.

Table 2. Coordinates of triple points I-11-lig, I-111-lig, I1-111-lig, and I-11-111 derived
from the data provided in Table 1
Triple point P /MPa T/K Position in Figures
2A and 2B

I-11-lig 170 453 Point 6

I-111-lig 195 458 Point 7

H-11-lig 457 518 Point 8

I-11-111 -84 320 Point 9
3.2.- Triple point I-11-111 and equilibrium curve 11-111 obtained by triple points

The triple point I-11-111 only involves solid phases. In the same way as for the solid-

liquid equilibria, the expressions for the equilibrium curves I-11 and I-111, intersecting in I-11-

111, can be obtained using the data in Table 1:

Pri (/MPa) = 2.08 T (/K) — 749 (5)
P (/MPa) =167T (/K) - 618 (6)
Setting egs. 5 and 6 equal leads to the (P,T) coordinates of the I-1I-111 triple point of 320 K

and -84 MPa. The values have been compiled in Table 2 together with the data on the triple
points containing the melt. Schematically, the triple point has been placed in Figure 2B as
well.

It can be observed that the I-1I-111 triple point is located in the negative-pressure or
expanded-phase domain, i.e. the triple point I-11-111 must be metastable (Table 2, Figure 2B).
Considering the data in Table 1, this is not surprising as the slope of equilibrium 1l—1 from its
transition temperature of about 90°C is steeper with 2.08 MPa K™ than the slope of
equilibrium I1—1 with 1.67, which has a transition temperature that is located at a higher
temperature of about 100 °C. This can only mean that the two equilibria diverge with
increasing pressure and that the triple point involving these solid phases must be located at



negative pressure (see curve a and b in Figure 2B). However, this finding is inconsistent with
the phase diagram in Figure 1, where the I-11-111 triple point is located at positive pressure.
The 11I-111 equilibrium calculated above with approximate experimental values leading
to a slope of 0.48 MPa K™, and which would confirm a negative triple point if it indeed
occurs at 127°C, can also be calculated using two triple points through which the equilibrium

must pass, I-11-111 and I1-111-lig. It results in the following expression:
Pu-mi (/MPa) =271T (/K) - 952 (7)

The slope of this equilibrium (line ¢ in Figure 2B) is higher than both other solid-solid
transitions in accordance with the proposed phase diagram in Figure 1, however, which of the
two slopes for the 1I-111 equilibrium should be considered the right one? It can also be seen
that the sequence Ty, < Ty < Ty as found for Figure 1 in the introduction does not hold
anymore and has become Ty < Ty < Ty in Figure 2B. The strength of the topological
method resides in consistency in the calculated triple points and phase equilibria, which

unfortunately is lacking in this case.

3.3.- Equilibrium I-111 and its triple point I-111-lig

The phase diagram in Figure 2B, which has been constructed with the data in Table 1
and the equations 2 — 7 derived therefrom, highlights another problem as well. It can be seen
that the I-111 equilibrium (line b), which is defined by eq. 6 obtained by experimental data,
cannot intersect its triple point in point k in Figure 2B (point 7 in Figure 2A). This is once
again an inconsistency making it impossible to construct a thermodynamically consistent

phase diagram.

4.- Discussion

Comparing the topological phase diagram constructed in the present paper using the
data from Table 1 in Figure 2B with the one obtained in the original paper [1] (in the present
text in Figure 2A), it can be seen that they are not the same. The experimental data compiled
in Table 1 do not give rise to a positive pressure for the triple point I-11-111. The inconsistency
is mentioned in the original paper on page 171 [1]: “As seen on the phase diagram, since the
-1 equilibrium line passes through points 5 and 6 and the 111l equilibrium line through
points 4 and 7, the slope of the Il-I equilibrium line is necessary lower than that of the 11—l
equilibrium one. According to the calculated slopes (table 7), this should have been the



opposite, although very close values. But the calculation gives the slope at the origin with the
approximation that the two-phase equilibrium curve is treated as a straight line. This is not
completely true and may explain the disagreement between the calculation and the
thermodynamic construction.”

Although the remark may appear innocent enough that a slight adjustment of a small
difference in the slope may explain and solve the inconsistency, it does in fact invalidate
either the experimental results or thermodynamics itself. It may be possible that the
experimental error allows the inversion of the slopes, but in that case the data will need to be
improved before constructing the phase diagram, as the data are not conclusive. If however,
the data and therefore the slopes are correct, the reasoning in the quotation above would imply
that the equilibria I1-1 and I11-1 cross each other twice, once at negative and once at positive
pressure. This was already excluded by Riecke in 1890, who limited the number of triple
points in a phase diagram to one per possible triplet (i.e. I-1I-111, I-11-lig, etc.) [13], because
two-phase equilibria are monotonically rising or descending curves that can therefore only
cross once, as required by thermodynamics [2]. In addition, from our experience,
experimentally obtained solid-solid and even solid-liquid equilibria are in fact straight lines
over considerable pressure and temperature ranges, for example piracetam [14], cysteamine
hydrochloride [15], and benzocaine [16] and many others [5-11,17-32]. The strength of the
topological approach lies in the consistency of the results from different approaches. When
there is no consistency in a topological phase diagram, the thermodynamic basis for that

phase diagram vanishes.



1= I-lig-vap
2 = ll-lig-vap
3 = lll-lig-vap
4 =|-lll-vap

5 = I-ll-vap

6 = I-ll-lig

7 = I-lll-lig

8 = lI-lll-liq

9 = I-lI-l

10 = lI-lll-vap

- T

P ||-|||-|i$

\ HI-lig 11-lig ;s
-11-111 9 I-liq

Figure 2. (A). The topological P-T phase diagram redrawn after the one presented in Figure 3
of reference [1]. The triple points have been numbered as indicated in the original figure. The
equilibrium curves can be found through the triple points they cross, 5-9-6: I-11, 4-9-7: I-1Il,
10-9-8: lI-11l. The stability hierarchy of the equilibria has not been indicated. (B). The
pressure-temperature phase diagram of piracetam with the two-phase equilibria obtained with
the data in Table 1. The solid-solid equilibria are marked by letters a: I-11 (slope 2.08 MPa K

Y, bz 1-111 (1.67 MPa K™, and c: 11-111 (2.71 MPa K™). In addition, the solid-liquid equilibria
I-liq (5.57 MPa K™), 11-lig (4.38 MPa K™, and 111-liq (4.29 MPa K™) are represented. Point k
is the intersection of I-lig and Il1-lig, which ought to coincide with the triple point I-111-lig

(point 7 in Figure 2A), implying that I-111 (line b) must pass through this point; this is not
possible with the data from Table 1.
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5. Concluding remarks

Topological phase diagrams do not necessarily provide an accurate description of the
position of triple points and of two-phase equilibria. In fact, those positions are as accurate as
experimental data and extrapolations can cause them to be. Nonetheless, the phase behavior
and in particular the stability hierarchy of the phases involved can be accurately reproduced in
a topological phase diagram. This may seem contradictive, but it implies that the overall
position of the stability domains of the different phases relative to each other can be
accurately determined. To ensure the accurate positioning of stable phase domains, the
consistency within a topological phase diagram needs to be verified.

In the present paper, a number of feedback systems for the construction of topological
phase diagrams has been highlighted. Thermodynamic cycles for state functions such as
enthalpy and specific volume allow for example the determination of missing enthalpy
changes between phases as demonstrated above. Moreover, hierarchies within the phase
diagram must remain consistent, for example the hierarchy of the slopes of the different
transitions dP/dT.; < dP/dT\,; < dP/dTy.;;;, which is implied by the monotonicity of the
equilibrium curves [2], but as well for experimental data such as Ty < Ty.y < T and
AHyjn < AHy < AHy-1. The consistency of the measurement data may be obvious, but it
does function as a feedback system, when extrapolations lead to other results. What to do
when feedback fails to confirm consistency depends on each individual case, but a first reflex

should be a thorough review of the experimental data.
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Appendix
Estimation of the enthalpy changes from the DSC curves reported in Figure 1 of
reference [1] by weighing the peaks or measuring their areas as triangles, both results related

to the area of peak A (the melting peak of Form I) taken equal to 100% of 187 J/g.

The method leads to results similar to those provided in reference [1], even if slightly less

accurate.

11



Transition Value from [1] Present estimate

-l 24.8 J/g 20.8 J/g
-l 26.8 J/g 24.5 g
HI—>11* + 2 Jig* +3.7 Jg*

* Since this transition is not observed, its enthalpy can be calculated from experimental data
with AHy + AH L + AHys = 0.

I IR
Form Ill — Form |

B

area B=12.11014.1%
of area A= 24.5 J/g
melting
of

Figure 1 curve a Form |

=

Form Il— Form | A
areaC=121013.2% =
of area A= 20.8 J/g melting 100%

of 187
Figure 1 curve e Form| | Y9

m—=1 11—l

areaD ~12.2t015 %
of area A=25.4J/g

area E-E'~1.1%
of area A =2 J/g

melting

of
Form |
Figure 1 curve b

Figure A.1. Annotated differential scanning calorimetry curves for piracetam form Il on

heating following Figure 1 from reference [1].
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