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Insights into the crystal structure, polymorphism and thermal behavior of
menthol optical isomers and racemates

Yohann Corvis,*a Philippe Ne´grier,b Ste´phane Massip,c Jean-Michel Legerc and Philippe Espeaua

The physico chemical properties of the levo and dextrorotatory menthol isomers as well as the

corresponding racemic compound were studied using X ray single crystal or powder diffraction and

differential scanning calorimetry experiments. As a result, the not yet determined crystal structure of

DL menthol was solved. Moreover, the stable and metastable experimental temperature composition

phase diagrams of the L menthol/D menthol binary system were determined. The thermodynamic

relative stability of the different menthol polymorphs was also established. The present paper

provides new physical, chemical and thermodynamic data of L , D and DL menthol and offers new

insight into their polymorphism as well as into the levorotatory dextrorotatory menthol interactions.

Both the thermodynamic and crystallographic approaches demonstrate unambiguously that racemic

menthol is a racemate.

Introduction

Polymorph screening of molecular crystals has become one of

the major challenges in chemical research.1 3 As a substance may

present different crystalline forms with given properties, such as

solubility, melting point and lattice structure, its most appro

priate form has to be identified, classified and then considered.

Polymorphism examples are diverse and the fields in which they

manifest themselves are many. One can quote, for instance,

cellulose or polycaproamide treatments in textile manufactur

ing,4,5
L glutamic acid in the food industry,6 triglycerides for

cosmetic applications7 9 and the carbamazepine nicotinamide

cocrystal in the pharmaceutical field.10 The latter field is

particularly connected to polymorphism issues since bioavail

ability and toxicology are directly impacted by the nature of the

crystalline active pharmaceutical ingredients. Even so, the

polymorphism of many materials is unknown or not well known.

In the present work, we focus on menthol, a monoterpene

cyclohexanol which is widely used in todays world because of its

pleasant smell, flavor and cooling property. Paradoxically, little

physical and chemical data on menthol is available in the

literature. Besides, with one asymmetric carbon atom, menthol

can exist as two enantiomers, namely levorotatory (L ) and

dextrorotatory menthol (D menthol). The main form of menthol

found in nature is L menthol, which can be extracted from

Mentha species such as M. piperita.11 Unlike the former optical

isomer, D menthol is mainly obtained by chemical synthesis. The

D enantiomer can be employed as a substitute for or a

complement to natural menthol.12 As far as DL menthol, an

equimolar mixture of D and L menthol, is concerned there is

clearly a lack of information regarding its crystalline structure or

concise thermodynamic data. This observation is all the more

surprising since this compound is often employed in various

industrial fields. Moreover, the polymorphism of menthol is

barely known.

In the early twentieth century, by taking into consideration the

morphological shapes of the crystals and their corresponding

melting points, Fred E. Wright qualitatively identified four

polymorphs of levorotatory menthol, called the a, b, c and d

forms.13 Nevertheless, thus far, no quantitative study related to

L menthol polymorphism has been carried out and DL menthol

polymorphism remains unknown. Furthermore, the interactions

between the two antipodes and the equimolar compound were

estimated three decades ago.14 The proposed stable binary phase

diagram was explained in terms of isotrimorphism of the

enantiomers, leading to Roozeboom melting diagrams. There

fore, the authors described DL menthol as a racemic mixed

crystal undergoing three crystal modifications with monotropic

behavior. The stable pseudo racemate was thus described as a

Roozeboom’s type II solid solution coming from the lowest

melting form of the antipodes. However, no thermodynamic

data related to the metastable forms were determined for the

antipodes or for DL menthol. So far, our group has provided

only an estimation of the L menthol polymorph heat of fusion.15
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The lack of such miscellaneous data on menthol physico

chemical properties led us to re examine in the present work

the interactions between the levorotatory and dextrorotatory

menthol molecules via the stable and metastable binary phase

diagrams in the whole range of mole fractions. Accordingly,

X ray powder diffraction (XRPD) experiments were performed

with complementary thermal analyses in order to determine the

nature of the binary interactions for the stable and metastable

states. As far as racemic menthol is concerned, a slow

sublimation condensation homemade device was specifically

adapted in our lab to design convenient single crystals, allowing

us to solve the DL menthol structure by X ray single crystal

measurements for the first time.

Taken together, the results presented here bring new insights

into the inter and intramolecular interactions in solid state

menthol, especially for the equimolar compound in its stable

and metastable states. A new stable binary phase diagram is

proposed via the experimental thermodynamic data obtained for

the metastable forms of both the antipode and racemic

compounds.

Materials and experiments

Materials

L menthol (purity: 99.7%; CAS 2216 51 5) and D menthol

(purity: 99.0%; CAS 15356 70 4) were provided by Acros

Organics and DL menthol (purity ¢98.0%; CAS 89 78 1) by

Alfa Aesar. No further purification was necessary.

Preparation of the racemic menthol single-crystals

DL menthol single crystals were prepared by sublimation con

densation within a Pyrex1glass tube using a temperature

gradient tubular oven. The powder was introduced at the end

of the tube (y40 cm length). After a second order vacuum was

established in the tube, the latter was sealed in a flame and then

placed in the temperature gradient tubular oven. The highest

temperature was established at 32 uC and the coolest tempera

ture at 80 uC. After four weeks, whiskers could be observed

in different parts of the tube. Their shapes and abundance

depended on the condensation temperature.

Macroscopic visualization of the racemic menthol single-crystals

Without breaking the vacuum, pictures of the Pyrex1 glass tube

were taken at room temperature using a five megapixel CCD

camera (Motic, Germany).

Sample preparations for the DSC runs

For the stable temperature composition (T x) phase diagram,

the menthol mixtures were obtained by mechanically mixing

racemic and enantiomeric menthol in a mortar in a 3 uC cold

room in order to limit the terpene sublimation process and/or

local melting of the mixture due to mechanical friction. After one

month of annealing at 3 uC, the samples were analyzed by

Differential Scanning Calorimetry (DSC).

The metastable levorotatory dextrorotatory menthol phase

diagram was obtained after recrystallization was induced by the

thermal quenching of the molten mixtures from 60 to 15 uC or

80 uC followed by a 5 uC min 1 heating process.

X-ray single-crystal diffraction

A crystal (150 6 100 6 100 mm) was trapped, without oil, by a

MiTeGen MicroGripper
TM

and placed in a nitrogen environment

at 50 uC. A capillary was used in order to protect the crystal

from the N2 flow. Data was collected with an R Axis Rapid

Rigaku MSC diffractometer using Cu Ka radiation and a

Rigaku VariMax mirror. All the reflections were used for the

unit cell refinement. The Mercury 2.2 program was used for the

analysis and graphic representation.16 Other programs, such as

Materials Studio Modeling 4.217 and ORTEP 3 2.02,18 were also

used to draw the molecular graphics. The crystal structure was

solved by direct methods refined using the SHELX97 suite of

programs.19 The positions of the H atoms were deduced from the

coordinates of the non H atoms and confirmed by Fourier

synthesis (with Uiso 1.2 Ueq of the corresponding C atom),

except for the disordered H atoms of the hydroxyl groups, which

were refined from the electronic density (with dfix at 0.84 Å and

Uiso 1.2 Ueq of the corresponding O atom). The non H atoms

were refined with anisotropic temperature parameters. All H

atoms were included for the structure factor calculations.

X-ray powder diffraction

The experiments were performed with a horizontally mounted

cylindrical position sensitive detector CPS 120 (Debye Scherrer

geometry, transmission mode) from INEL, using Cu Ka1

radiation (l 1.5406 Å). The samples were gently crushed

before being introduced into Lindemann glass capillaries with a

0.5 mm inner diameter. Each capillary was sealed and then

heated at 40 uC in order to melt the powder. After an in situ

cooling process from 40 to 40 uC at 6 uC min 1, high

resolution XRPD patterns were measured at 40 uC. The

patterns were indexed using the peak picking option of the

Materials Studio Modeling 4.2 software package.17 Potential

solutions for the cell parameters and space group were found

using the X cell algorithm.20 The cell parameters, including the

unit cell parameters of the solid solutions from the binary

mixtures with L menthol, were refined using a Pawley profile

fitting procedure.21 The Compass force field procedure22 was

applied to get the best distances, angles and torsions in the

molecule.

Thermal analysis

The temperatures and enthalpies of fusion were determined using

a differential scanning calorimeter (Mettler Toledo, Switzerland)

calibrated beforehand with high purity indium and zinc reference

samples. DSC runs were performed at 5 uC min 1 under an

atmosphere of dry nitrogen gas. For more accurate statistics, the

experiments on the pure menthol forms were reproduced at

different scan rates and with different sample weights. The

temperatures were determined at the onset of the thermograms

for the pure compounds and the eutectic signals obtained for the

enantiomer mixtures. The temperature of the binary mixture

liquidus was obtained at the second peak position. As far as the

solid solution is concerned, the solidus and liquidus temperatures
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were measured at the onset and peak of the single signal,

respectively.

Thermodynamic assessment

The analysis of the phase diagrams, in the case of the binary

equilibria between the mixed crystalline solid and liquid, was

performed using the LIQFIT thermodynamic method.23 The

excess quantities were determined by fitting the T x experi

mental results.

Results and discussion

1. DL-menthol single-crystal structure

Neither our knowledge nor the software tools at our disposal

made it possible to solve the crystal structure of racemic menthol

by Rietveld refinements of the powder diffraction pattern.

Therefore, convenient single crystals of DL menthol were pre

pared by a slow sublimation condensation process performed

under a secondary vacuum. Fig. 1 shows the DL menthol single

crystals recrystallizing as whiskers within a Pyrex1 glass tube.

The crystal structure of this compound was then solved by X ray

single crystal diffraction (Cambridge Crystallographic Data

Centre reference number 832350). The resulting data is listed

in Table 1. The corresponding P1̄ triclinic unit cell is presented in

Fig. 2. Three independent molecules can be seen. The

intermolecular hydrogen bonds within the DL menthol crystal

(2.691(3) , d(O…O) , 2.777(3) Å and 152(5) , O H…O angle

, 172(5) deg.) are slightly less strong than those measured by

Bombicz and co workers for L menthol (2.656(4) , d(O…O) ,

2.678(5) Å and 165(3) , O H…O angle , 175(4) deg.).24 In

addition, the hydrogen atom of the hydroxyl group is shared by

two independent menthol entities. Such a complex structure may

explain why it is difficult to obtain the crystal structure from the

powder diffraction pattern.

According to Kuhnert Brandstaetter et al., the DL menthol

structure should correspond to a racemic mixed crystal.14

Indeed, these authors suggested that the latter crystal corre

sponds to a solid solution formed from the lowest melting

temperature polymorph of each enantiomer (forms III and III9).

The resulting melting loop with a maximum temperature implies

that the mixed crystal has the same crystal system as polymorphs

III and III9. Since the crystal structure of polymorph III has not

yet been solved, one cannot conclude anything about the

physical properties of DL menthol.

2. Evidence and characterization of the L- and DL-menthol b

polymorphs

The sublimation condensation experiments allowed us to

distinguish another polymorphic form of DL menthol.

Unfortunately, this polymorph was difficult to stabilize for

reproducible studies. Polymorphism screening was thus per

formed using quenching and annealing conditions, based on our

previous work.15 Indeed, in the latter study, we demonstrated

that a L menthol mixed with lidocaine may transform, under

specific thermal conditions, into the b L menthol polymorph.

X ray powder diffraction experiments combined with thermal

analyses allowed us to characterize the b forms of both L and

DL menthol. Manifestly, the polymorphic behavior of menthol

molecules can be distinguished by quenching the molten pure

component at low temperatures (Fig. 3). Temperatures in the

range of 80 to 25 uC were screened by thermal analysis. Indeed,

after quenching the molten menthol to a lower temperature,

DSC thermograms (heat flow vs. temperature curves) were

recorded upon heating (Fig. 3A, B), in order to provide feedback

Fig. 1 Crystal shape of menthol after a slow sublimation condensation

process under a secondary vacuum.

Table 1 DL menthol crystal data and structure refinement parameters
obtained from the single crystal measurements

Formula C10H20O

FW (g mol 1) 156.26
Temperature 223 K
Wavelength 1.54180 Å
Cryst. syst. Triclinic
Space group P1
Unit cell dimensions Length (Å) a = 11.9521(10)

b = 12.4769(12)
c = 12.7864(10)

Angle (deg.) a = 117.498(5)
b = 99.008(6)
c = 103.867(6)

Volume (Å3) 1561.0(2)
Z 6
Dc (g cm 3) 0.997
m (mm 1) 0.467
R1, I . 2s(I) 0.0635
wR2, I . 2s(I) 0.1509
S 1.011

Fig. 2 Crystal structure of DL menthol. The 3 molecules in purple were

obtained by symmetry of the asymmetric unit. The intermolecular

hydrogen bonds are represented as green dotted lines.
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for the solid state obtained as consequence to the thermal shock.

Interestingly, L menthol presents a stable/metastable polymorph

ratio that depends on the quenching temperature (Fig. 3A, C).

The same tendency can be observed for DL menthol (Fig. 3B, D).

A metastable form of levorotatory menthol was first evidenced

by means of thermal analysis: the temperature and heat of fusion

of 35.3 uC, and 11.0 kJ mol 1, respectively. These results are in

good agreement with the estimation that we proposed in a

previous study, using the Schröder van Laar relation for the

lidocaine L menthol interactions (35.7 uC and 11.2 kJ mol 1).15

The XRPD pattern obtained for this metastable form allows us

to ascertain that it corresponds to the b form.13,15 With a similar

approach, the metastable form of racemic menthol highlighted in

this study has been named the b polymorph. The thermal data of

the a and b forms of L and DL menthol are displayed in Table 2.

In order to have access to the life time of each b polymorph,

thermal experiments were performed as a function of time at the

optimal temperature of their formation, i.e. 80 and +15 uC for

L and DL menthol, respectively. It is noteworthy that b L

menthol is stable for at least 8 h at 80 uC (results not shown),

while b DL menthol is rapidly transformed to its stable form at

15 uC. Consequently, the evolution of the b to a transition was

followed as a function of the annealing time at the latter

temperature (Fig. 4). The half life time of this polymorphic form

at 15 uC is 23 min. After 80 min, the most important part of b L

menthol is transformed into the a form.

All the annealing and kinetic studies presented above gave

access to the ideal conditions regarding the X ray powder

diffraction analyses of L and DL menthol b polymorphs.

Nevertheless, these conditions were slightly improved in order

to obtain the best crystalline b forms (cf. the Materials and

experiments section). The XRPD patterns corresponding to the

stable and metastable forms of both L and DL menthol are

proposed in Fig. 5. Since the fitting of the diffraction pattern

Fig. 3 Weight normalized DSC thermograms as a function of the quenching temperature from the menthol molten state (A, B), and the

corresponding heats of fusion in kJ per mol of total menthol (C, D), which were measured for the a (N) and b (#) polymorphs obtained after quenching.

(A, C) L menthol, (B, D) DL menthol. For L menthol, an isotherm run was established for 5 min just after quenching. Scan rate: 20 and 10 uC min 1 for

L and DL menthol, respectively. (A) Quenching temperature in uC: 280 (red line), 220 (yellow line), 215 (green line), 210 (dark blue line), 25 (cyan

line), 5 (grey line), and 15 (…). (B) Quenching temperature in uC: 250 (…), 1 (cyan line), 2 (dark blue line), 4 (green line), 7 (yellow line) and 15 (red

line). (C, D) The heat of fusion measured for the pure a and b menthol polymorphs are presented by the solid and dotted lines, respectively.

Endothermic transformations give signals which point up.

Table 2 Experimental temperatures and enthalpies of fusion for the a and b polymorphs of L and DL menthol

a polymorph b polymorph

Tfus (¡ 0.3 uC) DfusH (¡ 0.2 kJ mol 1) Tfus (¡ 0.3 uC) DfusH (¡ 0.2 kJ mol 1)

L menthol 42.9 14.1 35.3 11.0

DL menthol 33.8 14.2 27.3 9.3
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corresponding to the P1 space group is more tangible for the

two metastable forms, we propose that the latter polymorphs

crystallize in the triclinic P1 lattice at that stage of the study. The

cell parameters are gathered in Table 3. However, a single crystal

structural survey of these polymorphs could provide more

information concerning the statistical occupancy for each

molecule within the unit cell.25,26

As a matter of fact, both L and DL menthol b polymorphs

crystallize in a triclinic lattice, which is also the case for a DL

menthol, as discussed above. Interestingly, the b A a transition

of L menthol induces a structural modification of its lattice

structure from triclinic to trigonal (a L menthol space group24:

P31). Furthermore, it is noteworthy that the density of b DL

menthol is lower than that of a DL menthol at a given

temperature. However, due to the many degrees of freedom for

the molecules within the metastable enantiomer or racemic

menthol lattice (translation, rotation and torsion angles), and

since the corresponding single crystals have not yet been

isolated, we were unable to find their respective crystal structure.

Menthol polymorphism seems to be too complex to be

elucidated in a quantitative way. The fact that racemic menthol

and its enantiomers have distinguishable polymorph structures

and behaviors supports this assertion. Even so, at this stage, it is

not possible to confirm or deny the fact that both a and b DL

menthol are mixed crystals. Reconsidering the menthol phase

diagrams should give more insights into this. In order to obtain

more information related to these menthol forms, and to

apprehend the nature of the interactions between D and L

menthol, binary mixtures with different molar fractions were

studied.

Fig. 4 DL menthol weight normalized DSC thermograms as a function of the annealing time at 15 uC from the molten state (A), and the

corresponding heats of fusion in kJ per mol of total menthol, which were measured for the a (N), and b (#) polymorphs (B). (A) Scan rate: 10 uC min 1.

Annealing time in min: 5 (cyan line), 15 (dark blue line), 20 (green line), 25 (grey line), 40 (pink line), 50 (black line) and 60 (red line). Endothermic

transformations give signals which point up. The thermograms were shifted for clarity. (B) The heat of fusion measured for the pure a and b menthol

polymorphs are presented by the solid and dotted lines, respectively.

Fig. 5 X ray powder diffraction patterns obtained for L (A), and DL menthol (B). The a menthol patterns recorded at 25 uC and the b patterns

recorded at 240 uC are presented in red and blue lines, respectively. The patterns were shifted for clarity.

Table 3 Refined cell parameters of b enantiomeric and racemic menthol
at 240 uC from the XRPD experiments

b L menthol b DL menthol

Cryst. syst. Triclinic Triclinic
Space group P1 P1
Unit cell dimension Length (Å) a 21.4144(18) 21.6466(29)

b 12.658(9) 12.7477(16)
c 6.054(13) 5.9565(6)

Angle (deg.) a 83.245(16) 84.051(5)
b 96.046(18) 97.144(5)
c 90.989(8) 90.947(7)

Volume (Å3) 1620.54 1622.11
Z 6 6
Dc (g cm 3) 0.961 0.960
Rwp 4.60% 2.93%
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3. L-menthol/D-menthol phase diagrams: influence of the

polymorphism

Depending on the preparation method of the menthol mixtures,

i.e. from the molten state or from the solid state, distinguishable

solid liquid equilibria (stable vs. metastable) can be reached due

to the polymorphism duality of the pure compounds. Such

equilibria were investigated by thermal analysis.

3.1. Stable phase diagram. The DSC thermograms of the

mixtures, obtained by mechanical grinding of the pure com

pounds in a cold room at 3 uC and then by annealing them at the

same temperature for one month, are presented in Fig. 6. From

these results, the corresponding T x phase diagram has been

established and is proposed in Fig. 7A. As a matter of fact, the

stable phase diagram between the two enantiomers was achieved

using DL with L and D menthol mixtures. The binary system

presents eutectic behavior. The coordinates of the eutectic points

were found to be equal to x1 0.29 and x2 0.71 at 29.8 uC, i.e.

they are symmetric compared to the equimolar composition

vertical axis. These results were confirmed by the Tammann plot

(Fig. 7B). The thermal studies indicate that the eutectic invariant

does not reach the pure enantiomer part. These results imply that

solid solutions should be formed for mixtures enriched with the

menthol enantiomers.

Assuming the experimental liquidus data is non ambiguous,

the (dT/dx)liquidus van’t Hoff equation27 term corresponding to

the liquidus initial slope was determined for x tending towards

0 or 1. The solidus initial slope, (dT/dx)solidus, can thus be

calculated. The two corresponding slopes are shown in Fig. 7A.

The (dT/dx)solidus values obtained for x tending to 0 and 1

( 44.9 and 44.9 uC, respectively) indicate that the initial slope of

the solidus is not colinear to the temperature axis. This result

confirms the existence of a solid solution, total miscibility in the

solid state, near the pure enantiomer rich part of the phase

diagram.

In addition, the stable phase diagram reveals that the eutectic

invariant tends to x 0.5 at 29.8 uC, indicating that any solid

solution exists near the equimolar composition. As a conse

quence, the equimolar compound, namely a DL menthol, has to

be considered as a racemate instead of a mixed crystal, as

reported by Kuhnert Brandstaetter et al.14

The ideal solubility curve of the racemate, calculated using the

Prigogine relation,15,28 is indicated as a red solid line in Fig. 7A.

The first outcome of the results is that there is no deviation of the

experimental points from the ideal liquidus behavior. One can

thus consider the menthol liquid mixture as ideal. Furthermore,

the racemate presents a congruent melting point, as expected

from the thermal study of the a DL menthol detailed above.

As far as the phase equilibrium is concerned, the stable

diagram between L and D menthol results from the overlapping

of the racemate solubility curve with a solid solution

Roozeboom’s type III melting loop (Fig. 7A).28 The melting

Fig. 6 Weight normalized DSC thermograms of L /D menthol mix

tures. D menthol mole fractions: 0.00, 0.01, 0.37, 0.77 and 0.97 from the

bottom to the top curves, respectively. Scan rate: 5 uC min 1. The

thermograms were shifted for clarity. The dotted lines correspond to the

thermograms of the pure compounds. Endothermic transformations give

signals which point up.

Fig. 7 (A) Temperature composition solid liquid stable phase diagram

of the L /D menthol binary system. xmenthol enantiomer stands for the

dextrorotatory enantiomer composition. The experimental data obtained

from the thermograms are represented by the solid circles. The

Prigogine Defay ideal behavior and the simulation from the experi

mental data are represented as red solid lines and black lines,

respectively. The dotted black lines represent the extrapolation corre

sponding to a non stable state of the solid solution: Roozeboom’s type

III melting loop obtained from the two enantiomers in their stable state.

The solidus initial slope is represented by the cyan arrow. The Tammann

plot related to the eutectic equilibrium is proposed in panel (B).
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loop, with a minimum temperature, was obtained after fitting the

liquidus experimental points obtained for the enantiomer rich

compositions. The fitting was achieved by taking into account i)

an ideal liquid state, and ii) an excess Gibbs energy in the solid

state (Gexc,sol) equal to 0.875 kJ mol 1 for x 0.5, where the

minimum temperature is reached in such a system. As a

consequence, at 29.8 uC, the solid solutions between the two

menthol enantiomers were found to be comprised of between

0.00 and 0.13 mole fractions on one side of the diagram and

between 0.87 and 1.00 molar fractions on the other side.

Since the Roozeboom’s type III melting loop reaches a

minimum temperature at 23.3 uC for x 0.50, this extrapolated

temperature may be said to correspond to the melting point of a

new equimolar menthol phase, since its value significantly differs

from the b DL menthol melting point (27.3 uC). Referring to

Kipping and Pope’s concept,29 this new phase, a solid solution of

an equimolar mixture of enantiomers, is also known as a pseudo

racemate,30 which corresponds to a polymorph (PR1) of racemic

menthol. This result was confirmed by the study of the

metastable L /D menthol phase diagram.

3.2. Metastable phase diagram. After recrystallization, induced

by the thermal quenching of the molten menthol mixtures from

60 to 15 uC or 80 uC followed by a 5 uC min 1 heating process,

the metastable L /D menthol phase diagram was established.

Interestingly, the mixtures annealed at 15 uC from the liquid

state, form a solid solution in the whole range of concentrations

(Fig. 8). Such behavior was described a few years ago by Gallis

and coworkers for L /D carvone31 and limonen32 mixtures.

The thus obtained Roozeboom’s type III melting loop

intercepts the pure enantiomer axes at T 35.3 uC, as previously

suggested.14 This melting point can be associated with the

melting point of the b menthol enantiomers without much

ambiguity. Taking into account the thermal properties of the b

menthol enantiomers (Table 2) and assuming the liquid state to

be ideal, the fitting of the corresponding experimental data is

obtained by using an excess Gibbs energy in the solid state

(Gexc,sol) equal to 0.275 kJ mol 1 at the equimolar composition.

As a matter of fact, the lowest point of the melting loop is set at

x 0.5; Tfus 27.4 uC, which corresponds to the melting data of

b DL menthol. In order to obtain more insights into the physical

properties of this equimolar compound polymorph, XRDP

experiments were performed on the binary mixtures with

different mole fractions. The cell parameters (lengths, angles)

were calculated by following the procedure described in the

Materials and experiments section. The evolution of these

parameters as a function of the mole fraction is given in

Fig. 9. Since no discontinuity in the unit cell parameters

evolution is noticed in the whole range of the mole fractions,

the equimolar compound polymorph corresponds to a mixed

crystal (named PR2 in the present study).

However, PR2 is obtained from DL menthol in the molten

state. As the ideality in the liquid state is directly related to the

racemate total dissociation after melting,15,28,34 the assumption

of an ideal liquid state for the fitting of the metastable menthol

phase diagram is then justified. Moreover, it has to be noticed

that mixtures of L and D menthol, treated in the same way, i.e. a

co melting recrystallization process, led to the same metastable

phase diagram (Fig. 8). Concerning the annealing temperature,

we also proved that the same recrystallized solid phase was

obtained at 15 uC or 80 uC.

4. Relative stability of the menthol solid solutions

The existence of the two menthol solid solutions described above

implies that the different polymorphs of the terpene enantiomers

may present complete miscibility in the solid state. In such a case,

enantiomer a and the pseudo racemate PR1, on the one hand,

and enantiomer b and pseudo racemate PR2, on the other hand,

are isomorphous (Fig. 10). At the equimolar composition, the

solid solution obtained from the D and L menthol a phases and

the solid solution obtained from their b phases present close

Fig. 8 (A) Weight normalized DSC thermograms of L /D menthol

mixtures recorded after quenching the samples from 60 to 15 uC. D

menthol mole fractions: 0.00, 0.05, 0.08, 0.18, 0.28, 0.37 and 0.50 from

the bottom to the top curves, respectively. Scan rate: 5 uC min 1, except

for the pure menthol enantiomer sample: 20 uC min 1. For clarity, the

thermograms were shifted and the one corresponding to pure D menthol

(x = 0.00) was divided by 3. Endothermic transformations give signals

which point up. (B) Temperature composition solid liquid metastable

phase diagram of the L /D menthol binary system. xmenthol enantiomer

stands for the dextrorotatory enantiomer composition. The experimental

data obtained from the thermograms is represented by the solid circles.

The simulation from the experimental data leads to the Roozeboom’s

type III melting loop, obtained from the two enantiomers in their

metastable state. The equal G curve, EGC, is shown as a green solid line.

The EGC represents the set of points for the intersection of the solid and

liquid G curves in equilibrium at a given temperature.33
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melting temperatures. Therefore, in order to have access to the

relative stability of the pseudo racemates, the Gibbs energy in

the solid state was compared, taking into account the excess

quantities previously determined. The excess Gibbs energy, at

the equimolar composition, equals 0.875 ¡ 0.009 and 0.275 ¡

0.003 kJ mol 1 for PR1 and PR2, respectively. It turns out that

GPR1,sol (x 0.5) . GPR2,sol (x 0.5). In other words, whereas

the a phase of the pure enantiomers is more stable than the b

phase, PR2 (bDL) is interestingly more stable than PR1 (Fig. 10).

As shown previously, the aDL polymorph is, in any case, a

pseudo racemate.

The melting diagram between bL and PR2 (red curve, Fig. 10)

is below the solubility curve of aDL (green curve, Fig. 10) for

0.29 ¡ x ¡ 0.50 and below the aL/PR1 melting loop for 0.00 ¡ x

¡ 0.29. This explains why the bL/PR2 melting loop does not

present any stability domain in the stable phase diagram. Indeed,

in the upper part of the stable phase diagram, only the aL

liquidus and the aDL solubility curve converge to the eutectic

point.

When mixing the same amount of the two optical menthol

enantiomers in their solid state, one can observe that the freshly

ground sample exhibits a unique endothermic signal on heating

(Fig. 11). This peak can be easily attributed to the ‘‘isothermal’’

fusion of the sample at 28.4 uC with an associated enthalpy of

y10.4 kJ mol 1. Since these values are close to those previously

found for b DL menthol (Tfus 27.3 uC, DfusH 9.3 kJ mol 1),

the freshly prepared sample can be identified as the same phase

(i.e. PR2 or b DL menthol). The grinding effects, such as

amorphization and/or homogenization, could contribute to the

slight discrepancy in the temperature and enthalpy data.

Fig. 9 Evolution of the unit cell parameters as a function of the mole fraction of the menthol enantiomers at 240 uC. The experimental data is

represented in blue. The red points were obtained by symmetry of the blue points with respect to the line x = 0.5.
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Interestingly, the PR2 kinetics of transformation can be

followed by thermal analysis as a function of time after grinding

(Fig. 11). It appears that this initial pseudo racemate, b DL

menthol, progressively disappears and a new phase appears. The

latter melts at a temperature of y34.0 uC. After 936 h, PR2 has

completely disappeared and only the new phase is present. The

melting enthalpy of this phase is found to be 14.1 kJ mol 1. Both

values (the melting temperature and enthalpy) indicate that this

new phase can be identified as the a menthol racemate.

Conclusions

In this work, the physico chemical properties of one of the

terpenes most used in our daily life, namely menthol, has been

thoroughly determined, giving new insight into the stability

condition of the compound regarding temperature and/or its

interaction with other menthol molecules. The structure of DL

menthol was solved from single crystal X ray diffraction

experiments and we showed that the hydrogen of the hydroxyl

moiety is shared between two menthol molecules. In addition,

menthol polymorphism has been highlighted with new structural

and thermodynamic data concerning the b form of the

levorotatory and racemic compounds that had only been

qualitatively described until the present work. Moreover, the

nature of the stable phase of DL menthol is undoubtedly given as

a crystalline addition compound. The quantitative results

obtained allowed us to apprehend and discuss the nature of

the interactions between L and D menthol via the temperature

composition phase diagrams established between the two

molecules. The DL menthol pseudo racemate behavior, regard

ing its metastability toward stability kinetics, was also

approached. Our data provides some original physico chemical

information about enantiomeric and racemic (racemate and

pseudo racemates) menthol, which could be of interest in many

fields, such as biomedical research, but also for the food,

cosmetic, chemical and pharmaceutical industries, where

menthol is often employed for its taste, smell, cooling or

permeation enhancer properties.
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