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Q=0:+0:

Q= ApucH (Teutectic)

Highlights

- Ten eutectic binary phase diagrams are exploited with new thermodynamic approach.
- Heats of melting of binary mixtures are considered from solid state up to melting.

- Linear relationship is found between heat of melting and mole fraction.

- Extrapolated values at x = 0 and x = 1 are interpreted as melting enthalpies.

- A mathematical model is proposed to explain the experimental data.

Abstract



Starting from ten eutectic binary phase diagrams, the heat absorbed to melt completely a
binary mixture from its solid state was plotted as a function of the mole fraction of one of the
two components of the system. Surprisingly, a linear relationship was found for all the studied
systems. The extrapolated total heat values at pure component composition (i.e. x =0 and x =
1) obtained via the heat capacity experimentally determined for each compound were
interpreted as the melting enthalpies of the pure components at the eutectic temperature, for
each binary system. A mathematical model is proposed that takes into account an ideal liquid

state and an enthalpy in the liquid state independent of the temperature.
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1. Introduction

Among all known binary phase diagrams, the eutectic system describes the behavior of two
solids that do not mix in the solid state [1, 2]. The two solids in equilibrium at a given
temperature may be two solid solutions coming from each pure component of the diagram,
where the crystal lattice of a pure component can accept only a limited number of species of
the other pure component (and vice versa). In that case we talk about phase diagram with
partial miscibility in the solid state. If there is no miscibility in the solid state between both
components, the invariant eutectic then goes from x = 0 to x = 1, and the solids in equilibrium
at a given temperature are the pure components [1].

It is well known that, for a eutectic system, the plot of the enthalpy (in J.mol* or J.g™%) of
the eutectic reaction as a function of the composition (mole or mass ratio, respectively) of one
component of the mixture is linear on either side of the eutectic point, and the maximum of
the enthalpy is obtained at the eutectic point (Tammann plot) [3]. The eutectic reaction occurs
at constant temperature, which is why we can talk about enthalpy. Owing to the Tammann
plot, the eutectic point as well as the limits of the eutectic invariant can be determined
precisely.

In this paper, we were interested in the total heat absorbed by a binary mixture, from its

solid state up to melting, that is to say the sum of the heat absorbed during the eutectic



reaction and the heat absorbed when passing through the solid-liquid two-phase domain. It
was previously shown that, for a eutectic system involving mixtures of n-alkanes with partial
miscibility in the solid state, a linear relationship could exist between the global heat of
melting and the composition [4]. For that, a theoretical approach was proposed but never
published [4]. Computation of the course of the specific heat capacity as a function of the
temperature was also proposed for DSC curves of binary mixtures [5]. A calculation of the
“specific enthalpy of fusion of the binary mixtures” led to a linearity of the corresponding plot
as a function of the mass fraction of one component. Experimental melting enthalpy versus
mass fraction has also been reported for the pluronic F127 - ketoconazole system [6]. A
linearity of the plot was proposed based only on three experimental points. However,
compared to the mean straight line, a deviation of these three points has been noticed.

The aim of this paper is to bring insight into the work initiated in Ref. [4] with the
application of the theoretical background to six already published experimental binary
systems, involving ten different solid-solid equilibria. Only eutectic systems with complete
demixtion in the solid state will be investigated here in order to bring a thermodynamic
meaning of the total heat values extrapolated for the pure component compositions (x = 0 and
1). Melting enthalpies were calculated at the eutectic temperature, i.e. at a temperature
different from that of the melting temperature, using the Kirchhoff’s law and taking into
consideration the specific heat capacity data determined experimentally. The values thus

obtained were then compared.

2. Experimental section

2.1. Materials

Table 1 reports suppliers and purities of all the chemical materials used for this work.
Moreover, the 1:1 stoichiometric compound between lidocaine and L-menthol (molecular
mass: 390.6 g.mol™?) was prepared as reported in Ref [7]. It is noteworthy that menthol is a
polymorphic compound, i.e. it can crystalize into different crystalline structures that have de
facto different physical and chemical properties. In ordinary conditions of temperature and
pressure, L-menthol crystallizes in its most stable polymorph called o [8 - 10]. It has been
recently demonstrated that pure B L-menthol can be prepared by quenching molten L-menthol

from 60 °C to lower temperatures (between -80 and -25 °C) [9]. For the present study, B L-



menthol was also prepared by thermal quenching of the molten mixtures from 60 to -80 °C.
After each heat capacity measurement for 3 L-menthol, the thus-obtained solid phase was then
analyzed by differential scanning calorimetry to certify the 100% purity of the 3-menthol
prepared samples. The thermograms obtained are presented in supplementary data (Figure
S1).

Table 1. Sample purity description

o Final purity
Component CAS number Source Purification method
(mass %)
Lidocaine 137-58-6 Sigma-Aldrich None 98.5
L-menthol 2216-51-5 Acros Organics None 99.7
s-ibuprofen 51146-56-6 Acros Organics None 99
RS-ibuprofen 15687-27-1 Acros Organics None 99
Salol 118-55-8 Acros Organics None >99
Stearic acid 57-11-4 Alfa Aesar None 98
Vitamin C 50-81-7 Acros organics None 99
Acetaminophen 103-90-2 Sigma Aldrich None 98
Prolabo sublimation/ >09
D-camphor 464-49-3 condensation [11]
Acros organics None 97
Sigma-Aldrich None >08
DL-camphor 76-22-2 _
Acros organics None 96
Indium 7440-74-6 Mettler-Toledo None 99.99
Zinc 7440-66-6 Mettler-Toledo None 99.99
Water 7732-18-5 - Millipore® filtration Ultra pure
Naphthalene 91-20-3 Acros organics None 99

2.2. Thermo-analytical measurements

The differential scanning calorimetry experiments were performed using an 822e and a
DSC3 thermal analyzers from Mettler-Toledo (Switzerland). An empty aluminum pan was
placed in the reference area. Indium and zinc (purity of 99.99%, Table 1) from Mettler-

Toledo, were used for temperature and enthalpy calibration of the DSC devices (Trs = 156.6


https://tools.wmflabs.org/magnustools/cas.php?cas=137-58-6&language=fr&title=Lidoca.C3.AFne
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https://tools.wmflabs.org/magnustools/cas.php?cas=7440-74-6&language=fr&title=Indium

°C and AssH = 28.45 J.g™* for indium, and Trs = 419.6 °C and ArsH = 107.5 J.g™* for zinc).
The DSC samples were weighed in aluminum pans using a microbalance sensitive to 10 ug
and were hermetically sealed at room temperature.

The thermograms were represented as the evolution of heat flow versus the scanned
temperature in Celsius degrees. The temperatures were determined at the onset of the signal
for the pure compounds. For the binary mixtures, the eutectic temperature was taken at the
onset of the first signal, corresponding to the eutectic reaction. The end of the thermal
transformation (liquidus or solubility curve) was found out at the extremum of the second
signal.

The specific heat capacities (Csat) Were measured at saturated vapor pressure by means of
the Differential Scanning Calorimeters 822e and DSC3. In order to do so, an experimental
procedure was adapted, based on the use of a sapphire reference at a scan rate of 15 K.min™
under atmosphere of either dry air or nitrogen (flow rate: 60 mL.min). For each sample, a
run was first recorded with an empty aluminum pan topped with its unsealed lid, then a
second run was recorded in the same conditions after introducing a translucid sapphire
spherical piece (mass ~23 mg determined with accuracy of 1 pg) inside the pan, and finally
the sapphire was replaced by a known quantity of sample, then the pan was hermetically
sealed before recording the third run. The experiments were performed on different samples
(up to n = 6) and the values were averaged. Temperature ranges were chosen regarding the
solid state or the liquid state temperature domain of stability. The mass of each sample was
checked after recording the third run. The method was validated with liquid and solid specific
heat capacity measurements (n = 10) of pure liquid water and ice, respectively. Naphthalene
(n = 6) was also used to validate the Csat measurements. As far as the heat capacity of liquid
water is concerned, the average percentage deviation between our experimental data and two
different literature references, namely Osborne et al. [12] and Chase [13], was 0.2% for both
references (0.4% maximum deviation in both cases). For the heat capacity of ice, the average
percentage deviation between our experimental data and two different literature references,
namely Osborne [14] and Handa et al. [15], was 1.1% and 0.9%, respectively (4.1% and 3.7%
maximum deviations, respectively; notably at few low temperatures). For naphthalene, the
average percentage deviation between our experimental data and the data reported by Chirico
et al. [16] was 1.1% and 1.8% for the solid state and the liquid state, respectively (10.5% and
4.8% maximum deviations, respectively; notably at few low temperatures). These

comparisons, also proposed as supplementary data (Figures S2 and S3 for water and



naphthalene, respectively), comfort the fact that our experimental Csa determination is quite
accurate even if some data will be thereafter compared to other data found in the literature.
The total heat associated to the melting of the solid mixtures was obtained by integrating
the DSC curves from the eutectic temperature to the liquidus endset temperature, i.e. from the
baseline starting before the onset of the invariant peak to the baseline after the endset of the
liquidus transformation. All the Q values presented in this work were calculated from
published DSC profiles [7, 11, 27-29].
2.3.Theoretical background

Let us consider a eutectic system with partial miscibility in the solid state on both sides of
the diagram (Figure 1). At a given composition X, the solid is heated from the solid state
(initial state) to the liquid state (final state), assuming that the initial state is located
infinitesimally below the eutectic invariant at a temperature Te-s, and the final state is located
at the liquidus point. The initial temperature is constant whatever the composition while the

final temperature varies with the composition, since it follows the liquidus curve.

T 4
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Ttinal = Tiiq

Tinitial = TE=

Xk X Xm

Figure 1. Eutectic system with partial miscibility in the solid state.



The two solid solutions in equilibrium at Te-s are Sk and Swm, with respective compositions
Xk and xm. Their associated enthalpies are Hk and Hw (Figure 2).

For a given composition X, the proportion of solid Sk is (Xm - X)/(Xm - Xk) and the
proportion of solid Swm is (X - Xk) / (Xm - Xk).

Then, the enthalpy of the system in the solid state Hsol (X) is given by:

Hsol (X) = [(Xm - X) / (Xm - Xk)] Hk +. [(X —Xk) / (Xm - Xk)] Hm

The final state (liquid state) is assumed to be an ideal state. Then, the associated enthalpy is
H"9(x) = (1- x).Ha" + x.Hg"

This enthalpy will be considered independent of temperature.

However, it has to be noticed that the enthalpy of the liquid sample is not given at the same
temperature as the enthalpy of the solid sample. It is the reason why the “enthalpy difference”
between both states will be called Q(x).

From Te-s to Tiiq, the sample will absorb a heat quantity equal to: Q(x) = H"9(x) - H®!(x);
therefore,

Q(X) = (1- X).Ha" + x.Hg" - [(xm - X)/(xm — XK)].Hk - [(X - XK)/(Xm - Xk)].Hm

but also

Q(X) = HA"™ + (xk Hm - Xm HK)/(Xm - Xk) + X.[Hg" - HA + (Hk — Hw)/(xm - X)] (1)

Neglecting the temperature-dependence of H, this relationship is a linear function of x, as
represented in Figure 2 (Curve 2). Curve 1 represents the extension of the curve from the solid

solutions.



T = Ttinal B

Xk X Xm

Figure 2. Enthalpy diagram related to the eutectic system presented in Fig. 1

Now, if we consider that the two components are not at all miscible in the solid state, we get
a complete demixtion, implying that xx = 0 and xm = 1. It comes out that Hk= Ha® and
Hw=Hg*", that is to say the enthalpies of the pure solids at Tes. Consequently, Q(x) = (1- X)
Hald + x HBM9 - [(1 - x) HA®' + x Hs*].

Hence, Q(x = 0) = Qa = Ha" (Trus(A)) - HA™ (TE),

and Q(x = 1) = Qg = HB (Trys(B)) - He* (Te).

These two quantities correspond to the extrapolated values of the straight line whose
expression has been established in Eq. (1). As previously said, the enthalpy in the liquid state
is not at the same temperature as the enthalpy in the solid state. So, in first approach, Q cannot

be directly linked to a melting enthalpy.

To try to give a meaning to these quantities, the Q values will be compared to the melting
enthalpies of the corresponding pure component at a given temperature. For that, calculation

of ArisH will be done using the following equation (Kirchhoff’s law):



AfL‘SH(T):Afus|_|(-|-fus)_J.TTfUS(C _Cp,sol)'dT (2)

p.lig

3. Results and discussion

To be able to calculate the melting enthalpy, at different temperatures, of all the pure
compounds used in this study, the specific heat capacities were experimentally determined
using the experimental procedure based on sapphire reference, as described in the
experimental section. The experimental results were fitted using a linear regression, the
coefficients of which are reported in Table 2. The relative standard uncertainty of the Csat
values was determined in percentage by calculating the average of each Csa (AT = 1 °C)
standard deviation over the mean Csat (up to n=6).
The experimental heat capacity data were tabulated with their corresponding standard
uncertainties, as well as the standard relative deviation, as supporting information (from Table
S1 to Table S10). Furthermore, the experimental Csx data obtained for the present work
regarding seven of the studied compounds were compared to the ones found in the literature.
All the comparison graphs are also provided as supporting information for stearic acid,
acetaminophen, salol, b-camphor, bL-camphor, s-ibuprofen, and Rs-ibuprofen (Figures S4 to

S10, respectively).

Table 2. Regression coefficients for the experimental heat capacities (Csa) determined for all
the studied compounds: Csx (J.molt.K?1) = aT + b, with temperature (T) in Kelvin. The

temperature range used is also specified.

Csat

Temperature a b ]
r relative standard

range (°C J.mol1.K2 J.mol1.K1
ge (°C) ( ) ( ) uncertainty (%)

Solid o [-20;32] 1.092 + 0.008 -68.0£21 0.99879 1.3

L-menthol Solid B [-69;-47] 1.041 + 0.026 -66.4+£57 0.99333 1.2

Liquid [55;77] 1796 £0.021  —-195.2+7.2 0.99855 0.6

) _ Solid [15;55] 1.280 £ 0.009 —-83%+27 0.99911 2.0
Lidocaine o

Liquid [90;130] 0.980 + 0.012 127.0+4.7 0.99696 1.9

1:1 L-menthol-  Solid [-25;27] 2.463 =+ 0.027 —-955+75 0.99689 4.0

lidocaine Liquid [55;93] 2937+0.056 —-131.9+194 0.99341 2.9




) Solid [-5;35] 1589+0.010 —-153.3+3.0 0.99837 1.1
s-ibuprofen o
Liquid [70;105] 1.176 £ 0.012 9.0+4.2 0.99659 1.2
_ Solid [27;63] 1.612+0.006 —-181.2+1.8 0.99978 2.7
Rs-ibuprofen o
Liquid [100;135] 1.358 £ 0.013 -56.4+52 0.99839 1.9
o Solid [13;48] 3.463+0.041 —-5285+12.4 0.99765 1.1
Stearic acid o
Liquid [85;130] 1.658 £ 0.015 80.7+£5.6  0.99826 1.4
) Solid | [-25;138] 0.592 + 0.001 87+0.3 0.99979 2.5
Acetaminophen o
Liquid [190;237] 0.488 = 0.007 1226 £3,4  0.99525 1.4
Salol Solid [-10;30] 1.039 £ 0.010 —50.7+28 0.99822 1.9
alo
Liquid [65;105] 0.815+0.012 76.0£4.3  0.99583 15
Solid 1l [-2;40] 0.561 + 0.003 80.6£0.8  0.99946 1.0
D-camphor o
Liquid [193;214] 1.142£0.029 -1005+£7.9 0.99509 0.6
Solid 11 [0;55] 0.441 + 0.005 1126+14 0.99710 2.8
DL-camphor o
Liquid [189;223] 0.971 £ 0.022 —46.2+4.1 0.99456 3.0

The estimated uncertainties on the regression coefficients are standard uncertainties.

As can be seen in Table 2, the metastable form of menthol (solid ) has lower specific heat
values than the stable form (solid o). The difference in heat capacity between both forms is
about 6% in the studied range of temperature. This is the consequence of the difference in
crystal structure between the two polymorphic forms. It is therefore impossible at this stage to
make further comparisons and attempt to find any explanation for these differences since the
crystal structure of form f has not been solved until now. However, the same heat capacity
hierarchy has previously been reported between the y form (most stable polymorph) and the o
form (metastable polymorph) of glycine [17].

As far as stearic acid is concerned, the Csa values have been previously published for the solid
[18] and liquid states [19]. For the solid state, in the 13 — 48 °C temperature range
corresponding to our experimental temperature range, one can notice that our values are
comparable to those found in Ref. [17] (cf. Figure S4 of the supporting information). In the
liquid state (Figure S4), a deviation of around 3.5% has been noticed between our
experimental values and the data reported in Ref. [19], for Csa values close to the melting
point (around 70 °C). Nevetherless, for higher temperatures (50 °C above the melting point), a

deviation of 7% was observed between the two sets of values (Figure S4).



For acetaminophen, two references reported Csat determination of the more stable solid phase
of acetaminophen [20, 21]. Graphical comparison of the Csa values in the solid state was
given in Figure S5 of the supporting information. As a mater of fact, deviations of 3% and 7%
were noticed in the solid state between our experimental data and the values given in Ref. [20]
and [21], respectively. Figure S6 shows the Csa values for salol, from literature [22] and from
this work. Less than 3% of deviation was noticed between our data and the literature values,
both in the solid and liquid states. The same difference of 3% between values from the
literature [23] and our values was calculated for b- and bL-camphor in the solid state (Figures
S7 and S8). It should be noted that if the two experimental sets of heat capacity values for D-
and pL-camphor are compared, the same Csat Values were found in the solid state, whereas the
values in the liquid state differ by ~7%, with higher values for the enantiomeric camphor.
This can be explained by the fact that camphor evaporates strongly in the liquid state. That is
the reason why the Csa measurements were recorded for the liquid state in a very narrow
range of temperature (i.e. with a AT variation of around twenty degrees). However, we will
see that this difference does not significantly affect the enthalpy values calculated from the
Csat, and more specifically does not change the conclusions drawn from the extrapolated
global heat of melting.

The biggest discrepancies between literature values and our experimental Csa determinations
were observed for ibuprofen, both for the enantiomer [24] and the racemic compound [25, 26]
(Figures S9 and S10, respectively). Up to 20% difference was observed between the data from
Ref. [24] and our set of data in both solid and liquid phases. As far as Rs-ibuprofen is
concerned, if we take into account the data from Ref. [25], a maximum deviation of 7% was
observed in the solid state. It is important to note that the authors of the later reference claim
that their reported Csst data concern the sinister enantiomer of ibuprofen while they give the
CAS number that corresponds to the racemic ibuprofen. Moreover, the melting point reported
for their compound corresponds to that of the racemic compound. However, the deviation
reached up to 40% for the racemic compound in the solid and the liquid states compared to
the data of Xu et al. [26].

Although Csat values from the literature concerning ibuprofen may be arguable [24 - 26], the
data will nevertheless be used to calculate the extrapolated global heat of melting and the

values thus obtained will be compared to the values deduced from our Csat measurements.

The L-menthol/lidocaine system



Stable phase diagram

The a-L-menthol/lidocaine binary system presents a stable eutectic phase diagram with two
eutectic points on either side of the equimolar composition, revealing the existence of a 1:1
cocrystal between both components [7]. No miscibility in the solid state was found between
this equimolar compound and L-menthol or lidocaine. The experimental eutectic temperatures
are Tgx = 28.6 °C, and Tgp = 37.6 °C for the left- and the right-hand side diagrams,
respectively.

In the present work, a linear relationship between the global heats of fusion Q and the mole
fraction Xiidocaine Was found for each eutectic diagram on both sides of the 1:1 stoichiometric
compound composition (Figure 3) by integrating the entire endothermic signal corresponding
to the non-isothermal melting of each composition from Te to Tiiq. The Q values as a function
of the mole fractions and their uncertainties are reported in Tables S11 (left part of the
diagram from x = 0 to 0.5) and S12 (right part of the diagram from x = 0.5 to 1) as supporting

information.

20 - 20
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17 4 17
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Q (kJ.mol™)
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Figure 3. Global heat of fusion for the stable L-menthol/lidocaine binary system as a function
of lidocaine mole fraction for each eutectic diagram on both sides of the 1:1 stoichiometric

compound composition.

The regression lines intersect for x = 0.50 at 36.8 + 0.1 kJ.mol* for the left-hand side

diagram, and 38.3 + 0.4 kJ.mol™* for the right-hand side one. The global heats of fusion also



obtained at x = 0 (pure L-menthol) and x = 1 (pure lidocaine) by extrapolation allow us to

obtain the respective values of 12.8 + 0.3 kJ.mol™* and 15.1 + 0.4 kJ.mol .

Using Eq. (2) and the Csat values from Table 2, if we calculate the enthalpy values of the

pure compounds and the cocrystal at Te: and Te2, we obtain the values reported in Table 3.

These values are in good agreement with the extrapolated ones determined from the global

heats of fusion.

This first result leads us to conclude that, in all cases: i/ linearity of the global heat of

fusion vs. mole fraction curve is confirmed and ii/ extrapolated values at the pure component

compositions can be assimilated to the melting enthalpy values obtained at the eutectic

temperatures, taking into account the Csa influence.

Table 3. Melting data (Trus and ArsH) of lidocaine:a L-menthol 1:1 stoichiometric compound,

a-L-menthol, and lidocaine obtained from Ref. [7], and global heat quantity (Q) obtained by

calculus (Calcul.) and also from the extrapolation (Extrapol.) of the two Q = f(x) straight lines

at x = 0, 0.5 and 1, for L-menthol, the 1:1 stoichiometric compound and lidocaine,

respectively.

AsusH Q (kJ.mol™?)
Trus (°C) at Te, = 28.6 °C at Te2 = 37.6 °C
(kJ.mol™?)
from [7] Extrapol.  Calcul. Extrapol. Calcul.
from [7]
1:1 compound 39.1+0.1 38.3+0.4 368+0.1 37.2+0.7 38.3+04 38.1+0.6
a-L-menthol 429 +0.3 14.1+0.2 128+ 0.3 12.8+0.6 ---- ----
Lidocaine 68.6 + 0.5 16.9+0.2 ---- ---- 15.1+04 15.7+0.8

The standard uncertainty on the eutectic temperature is estimated at u(T) = + 0.1 °C. The

estimated uncertainties on the melting temperatures and enthalpies are standard uncertainties.



The estimated uncertainties on heat quantities (extrapolated and calculated) are standard

uncertainties.

Metastable phase diagrams

Depending on the sample preparation, two L-menthol/lidocaine metastable phase diagrams
can also be obtained [7]. The first one involves the a L-menthol polymorph and the other one
involves the metastable 3 L-menthol polymorph with a temperature and an enthalpy of
melting equal to 35.7 + 0.3 °C and 11.2 + 0.2 kJ.mol?, respectively [7]. These data were
confirmed with two polymorph screening studies conducted first in 2012 [8], then in 2015 [9].

The two later references also give insight into pure B-L-menthol preparation and stabilization.
The eutectic temperature for the system formed between o L-menthol and lidocaine was
found to be 12.3 °C. As far as the B L-menthol/lidocaine binary system is concerned, the

eutectic temperature is 0.3 °C.

The « L-menthol/lidocaine system

As a matter of fact, the extrapolated value of the global heat at the o L-menthol pure
composition is found to be 11.3 + 0.4 kJ.mol? (Tgz = 12.3°C). At the pure lidocaine
composition, the corresponding value is 14.3 + 0.3 k.mol™? (Figure 4A). These results are in
agreement with the calculated heat of fusion values at Tes, i.e. 11.5 + 0.7 kd.mol? for

a. L-menthol and 14.6 + 0.4 kJ.mol for lidocaine (Table 4).
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Figure 4. Global heat of fusion as a function of lidocaine mole fraction for the metastable

eutectic systems between o L-menthol and lidocaine (A), and 3 L-menthol and lidocaine (B).

The Q values as a function of the mole fractions and their uncertainties related to Figure
4A and Figure 4B are reported in Tables S13 and S14 respectively (Cf. supporting

information).

The B L-menthol/lidocaine system

The global heats were obtained at Te,4 = 0.3 °C for B L-menthol and lidocaine: Q = 7.5 +
0.1 kd.mol ™ and 14.1 + 0.3 kJ.mol%, respectively (Figure 4B). Besides, the calculated heats of
fusion at Te4 were found to be respectively 8.0 + 0.4 kJ.mol™ and 14.0 + 0.9 kJ.mol™. All the
results are gathered in Table 4. As can be noticed, here again, the extrapolated values of Q

correlate the calculated heats of fusion at a given temperature.

Table 4. Melting data (Trs and AsusH) of o L-menthol, B L-menthol and lidocaine obtained
from Ref. [7], and global heat quantity (Q) obtained by calculus (Calcul.) and also from the
extrapolation (Extrapol.) of the Q = f(x) straight line at x = 0, and x=1, for L-menthol, and

lidocaine, respectively.

Q (kJ.mol™?)
Trus (°C)  AsusH (kJ.mol™?)
at Tgz=12.3°C at Te4a=0.3°C
from [7] from [7]
Extrapol.  Calcul.  Extrapol.  Calcul.

o-L-menthol 42.9 £ 0.3 141+0.2 11.3+04 115+0.7 --- ---



B-L-menthol 35.7 £ 0.3 11.2+0.2 = == 75+01 80+04
Lidocaine 68.9+0.5 16.9+0.2 143+03 146+04 141+03 14.0£09

The standard uncertainty on the eutectic temperature is estimated at u(T) = = 0.1 °C. The
estimated uncertainties on the melting temperatures and enthalpies are standard uncertainties.
The estimated uncertainties on heat quantities (extrapolated and calculated) are standard

uncertainties.

The salol/ lidocaine system

The stable phase diagram between salol and lidocaine has been previously determined. It is
characterized by a total immiscibility of both components in the solid state, giving rise to a
eutectic invariant at Te = 18.2 °C [27]. The melting characteristics of pure salol reported in
Ref. [27] are Trs = 41.9 £ 0.5 °C and AssH = 19.2 + 0.5 kJ mol ™.

Figure 5 presents the global heat of melting as a function of mole fraction of lidocaine for
the salol/lidocaine binary system (corresponding Q values are gathered in Table S15, cf.
supporting information). The extrapolated values at x = 0 (salol) and x = 1 (lidocaine) are
respectively 17.6 + 0.3 and 14.9 + 0.4 k.mol?, in very good agreement with the calculated

values (17.8 £ 0.7 and 14.9 + 0.9 kJ.mol ™).
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Figure 5. Global heat of fusion as a function of lidocaine mole fraction for salol/lidocaine

binary system.

The stearic acid/ibuprofen system
The binary phase diagrams between stearic acid and the sinister enantiomer of ibuprofen

on the one hand, and the racemic ibuprofen on the other hand, have been previously



established [28]. Melting characteristics of the pure compounds are reported in Table 5. The
eutectic temperatures were found at Tgs = 44 °C and Tg = 57 °C for the system involving the

enantiomer and the other one involving the racemic compound, respectively.

Table 5. Melting data (Ts and ArsH) of stearic acid, s- and rRs-ibuprofen from Ref. [28], and
global heat quantity (Q) obtained by calculus (Calcul.) and also from the extrapolation

(Extrapol.) of the Q = f(x) straight line at x = 0 for stearic acid and x = 1 for ibuprofen.

Q (kJ.mol™)
Trus (OC) AsusH (kJ.moI‘l)
at Tes =44 °C at Teg =57 °C
from [28] from [28]
Extrapol.  Calcul.  Extrapol.  Calcul.

Stearicacid 69.2+0.7 61.3+1.3 61.9+04 61.0+15 59.6+04 61.3+15
s-ibuprofen  51.6 £ 0.2 18.6 £ 0.3 181+11 184+0.4 -—3 ---
Rs-ibuprofen 75.6 +0.3 255+0.3 --- - 23.8+11 248104

The standard uncertainty on the eutectic temperature is estimated at u(T) = + 0.1 °C. The
estimated uncertainties on the melting temperatures and enthalpies are standard uncertainties.
The estimated uncertainties on heat quantities (extrapolated and calculated) are standard

uncertainties.

For both systems, the linearity between the global heat of melting and the mole fraction is
also demonstrated as shown in Figure 6. When x=0 (pure stearic acid), the straight lines
intersect at 61.9 + 0.4 kJ.mol? for the system containing the enantiomer and 59.6 + 0.4
kJ.mol? for the system containing the racemic compound. These values compare well with
the melting points calculated values at the eutectic respective temperatures Tes and Tes: 61.0
+ 2.1 and 61.3 + 2.2 kJ.mol™! for the enantiomer and racemic compound systems, respectively
(Table 5). As regards the Q values obtained for the pure ibuprofen composition (x = 1), 18.1 +
1.0 kJ.mol* was determined for the sinister compound, compared to 23.8 + 1.1 kJ.mol™* for
the racemic compound. These data are consistent with the global heat calculated using
Kirchhoff’s law, i.e. 18.4 + 0.4 kJ.mol* and 24.8 + 0.4 kJ.mol, respectively.

As for the previous systems, the Q values and their uncertainties are reported in Tables S16
and S17 for the stearic acid/ s-ibuprofen and stearic acid/ Rs-ibuprofen systems respectively

(Cf. supporting information).



70+ 70

(A)

60 I 60

o
(=]
1

- 50

N
o
1

I 40

Q (kJ.mol™)

w
=]
1

30

N
=]
1

20

=
o

10

(B) 60 . I 60

34
=]
1

- 50

L a0

Q (kJ.mol™)

w
o
1

- 30

20 T T T T T T T T T 20

XRs ibuprofen

Figure 6. Global heat of fusion as a function of ibuprofen mole fraction for the stearic
acid/ibuprofen binary systems. (A) s-ibuprofen, (B) Rs-ibuprofen.

As discussed previously in the section devoted to the presentation of heat capacities,
ibuprofen Csa discrepancies between our data and those of Xu et al. [23, 25] have been
highlighted. Although our values seem more consistent with other values from the literature
concerning particularly rs-ibuprofen (i.e. Di et al. [24]), the global heat for s- and Rs-
ibuprofen has nevertheless been recalculated, taking into consideration the Csat values from
Ref. [23] and [25], respectively. Consequently, we obtained 18.3 kJ.mol? instead of 18.4
kJ.mol? for the enantiomer and 24.6 kJ.mol? instead of 24.8 kJ.mol! for the racemic
compound. The highest Css differences noticed for both ibuprofen entities therefore have no

impact on the final determination of the global heat.

The vitamin C/acetaminophen system



The particular case of this binary phase diagram is that vitamin C degrades upon melting.
The temperature-composition diagram between vitamin C and acetaminophen was established
by coupling thermal analysis and analytical experiments in order to fix the liquidus on the
vitamin C rich side [29]. Both entities are not miscible in the solid state. This gives rise to a
eutectic equilibrium at 152 °C.

The total integration of the DSC curves was performed taking into consideration only the
experiments performed at relatively high scan rate, i.e. 20 °C.min"t. However, the points on
the rich side of vitamin C were not considered since the integration was still accompanied
with a too large error due to degradation of vitamin C. The other compositions allowed us to
draw the evolution of the global heat of melting as a function of the mole fraction of

acetaminophen (Figure 7 and Table S18, cf. supporting information).
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Figure 7. Global heat of fusion as a function of acetaminophen mole fraction for the vitamin
C/acetaminophen system.

An extrapolated global heat of melting of 26.9 + 1.5 kJ.mol* was found for acetaminophen
at Te = 152 °C, compared to 27.8 = 1.6 kl.mol* for the acetaminophen heat of melting
calculated at the same temperature.

As far as vitamin C is concerned, since this compound degrades upon melting, the heat
capacity in the liquid state could not be determined. Consequently, no thermal data at the
eutectic temperature could be obtained for this compound. Nevertheless, the global heat of
melting extrapolated from Figure 7 at x= 0 gives access to Q = 37.5 + 1.5 kl.mol* at Tg = 152
for vitamin C, whereas its melting enthalpy was determined in Ref. [29] as equal to 45.3 £ 0.9

kJ.mol? at Trs = 192.2 + 0.5 °C. Coherently, this value is higher than that obtained at 152 °C.



The camphor/lidocaine system

The previously determined phase diagrams between D- or bL-camphor and lidocaine [11]
reported a total immiscibility of both components in the solid state with a same eutectic
invariant, Te = 20 °C, whatever the camphor chirality. Indeed, the D-enantiomer and the
racemic compound present almost the same melting characteristics [11]. The two resulting
diagrams in the presence of lidocaine are therefore quite the same. Both binary phase
diagrams were characterized by a metatectic reaction at the camphor-rich part due to the Sy-S,
solid-solid transition exhibited by camphor.

p-camphor melts at 178.8 °C with an associated melting enthalpy of 6.1 + 0.5 kJ.mol, and
pL-camphor has a melting temperature of 175 °C and ArsH = 6.0 + 0.3 kJ.mol™ [11]. The
melting characteristics of the Sy solid phase were estimated at 176 °C with AnsH = 6.3 = 0.6
kJ.mol for b-camphor and 172 °C with AssH = 6.2 + 0.4 kJ.mol for pbL-camphor [11].

Above the metatectic reaction, the liquidus curve corresponds to the solubility curve of S,
solid phase. However, for such a system, the total integration of the heat of melting should
take into account the solid phases that co-exist below the eutectic invariant at Te-s, i.e.
camphor solid Sy and solid lidocaine. As a consequence, one can consider only the points
comprised between the richest lidocaine composition of the metatectic invariant and the pure
lidocaine composition.

The supporting information files provide Tables S19 and S20, which gather the Q values
and their uncertainties as a function of the mole fractions for b-camphor —lidocaine system

and DL -camphor —lidocaine system respectively (Cf. supporting information).
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Figure 8. Global heat of fusion as a function of lidocaine mole fraction for camphor/lidocaine
systems. (A) D-camphor, (B) bL-camphor.

Regarding the plots of the global heat of melting as a function of mole fraction of lidocaine
(Figure 8), the regression lines lead to melting enthalpies of lidocaine, at Te = 20 °C, equal to
13.7 + 0.9 kJ.mol** and 14.3 + 1.0 kJ.mol deduced from the binary systems with D- and DL-
camphor, respectively. Besides, from Eq. (2), a value of 14.9 + 0.4 kJ.mol* was calculated at

Te using the Csa values given in Table 1.

For pb-camphor (Figure 8A), a value of 0.4 + 0.8 kJ.mol™* was extrapolated from the global
heat of melting compared to a calculated value of 0.9 + 0.7 kJ.mol}. Regarding pDL-camphor
(Figure 8B), the extrapolated global heat of melting is very similar to the calculated one: 0.5 +

0.3 kJ.mol™* and 0.6 + 0.5 kJ.mol™, respectively.

Interestingly, the linear extrapolation on the camphor-rich parts of the diagram (x=0) leads
to a value of AsrsH = Hiig — Heryst approximately equal to zero, for a temperature of 20°C. This
temperature at which a supercooled liquid and a crystalline solid have the same enthalpy, is
known as the Kauzmann temperature [30], as schematically drawn in Figure 9. This
temperature necessarily locates at a lower temperature than the glass transition point, which

can be estimated at ~ 24 °C for camphor [30].
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If we consider all the binary systems of this paper dealing with lidocaine, one can have
access to six melting enthalpies of lidocaine at different temperatures. Figure 10 shows the
extrapolated and calculated melting enthalpies obtained from the phase diagrams and the
specific heat capacity, respectively. In the supporting information, Table S21 reports, as a
function of temperature, the melting enthalpy values of lidocaine and their uncertainties,

calculated from the specific heat capacities and extrapolated from the binary systems.
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the binary systems.



This figure validates the interpretation of the extrapolated value as the melting enthalpy of
the considered pure compound at the eutectic point. Indeed, for temperatures ranging from 0
to 70 °C, the enthalpy extrapolated from the global heat of fusion and the calculated ones
differ by only 2% maximum for lidocaine.

4. Conclusion

Through the ten investigated eutectic systems, it has clearly been shown that the
extrapolated values at the pure components composition of the binary system can be
associated with the melting enthalpies of the pure components at the eutectic temperature. The
proposed mathematical model was formulated taking into account an ideal liquid state and an
enthalpy in the liquid state independent of temperature. As a consequence, the enthalpies of
the liquid and the solid are not given at the same temperature. Therefore, the mathematical
expression established for total heat absorbed does not provide directly a melting enthalpy.
But although this model needs to be improved, we have clearly brought the experimental
evidence of a linear relationship between the global heat of melting and the mole fraction of
one component of the binary system. Since the melting temperature of the pure compounds
can be very different from the eutectic temperature, this demonstration has been made
possible taking into account heat capacities determined in the solid and liquid states with
optimized relative standard deviations. Interestingly, with the binary systems that do not
present an ideal liquid state, no significant consequences have been noticed on the linear
behavior of total heat absorbed as a function of mole fraction. However, in the case of non-
ideal liquid state systems with higher excess Gibbs energy, it would be sufficient to consider
only the nearest points of the pure compounds to minimize the influence of excess liquid
quantities. It is noteworthy that, for mixtures with high enthalpy of mixing, the linearity will
be less pronounced. This would be especially the case with systems in which charge transfer

or hydrogen bond formation take place.
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