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Abstract

The thermodynamic properties, phase behavior, and kinetics of polymorphic transformations of
racemic (DL-) and enantiopure (L-) menthol were studied using a combination of advanced
experimental techniques, including static vapor pressure measurements, adiabatic calorimetry,
Tian-Calvet calorimetry, differential scanning calorimetry (DSC), and variable-temperature X-ray
powder diffraction. Several concomitant polymorphs (e, £, 5 and o forms) were observed and
studied. A continuous transformation to the stable « form was detected by DSC and monitored in
detail using X-ray powder diffraction. A long-term coexistence of the stable crystalline form with
the liquid phase was observed. The vapor pressure measurements of both compounds were
performed using two static apparatus over a temperature range from 274 K to 363 K. Condensed-
phase heat capacities were measured by adiabatic and Tian-Calvet calorimetry in the wide
temperature interval from 5 K to 368 K. Experimental data of L- and DL-menthol are compared
mutually as well as with available literature results. The thermodynamic functions of crystalline
and liquid L-menthol between 0 K and 370 K were calculated from the calorimetric results. The
thermodynamic properties in the ideal-gas state were obtained by combining statistical
thermodynamics and quantum chemical calculations based on a thorough conformational analysis.
Calculated ideal-gas heat capacities and experimental data on vapor pressure and condensed-phase
heat capacity were treated simultaneously to obtain a consistent thermodynamic description. Based

on the obtained results, the phase diagrams of L-menthol and DL-menthol were suggested.

Keywords: monoterpenoids; menthol; vapor pressure; heat capacity; variable-temperature XRPD;

thermodynamic properties; ideal gas; statistical thermodynamics.



1 Introduction

Menthol is a widely used chemical compound used in perfumes and cosmetics and serving as
pharmaceutical excipient, food additive, and tobacco flavoring, due to its pleasant smell and
cooling effect [1]. The compound is isolated as enantiopure L-menthol from natural peppermint oil
or produced using either asymmetric synthesis or the Haarmann—Reimer process. In any of the
production methods, isolation from multi-component systems via distillation, extraction, or
crystallization is a necessary step. The recent increase of interest in the description of solid-liquid
equilibria (SLE) [2-6] and liquid-liquid equilibria (LLE) [7] of menthol-based mixtures is likely

related to an attempt to improve the process efficiency.

The four concomitant polymorphs of L-menthol and their transformations were described as early
as 1917 [8], although the term “concomitant™ for this uncommon behavior itself was introduced
much later [9]. Nowadays, both L- and DL-menthol are known to have several monotropically
related polymorphs [2, 10, 11]. The crystal structures were solved for the a phase of both L-menthol
[12] and DL-menthol [2], whereas only the cell parameters are known for the g polymorphs of L-
and DL-menthol [2]. Neither crystallographic nor thermodynamic studies on the remaining known
polymorphs (y and ¢ phases of L-menthol and y phase of DL-menthol, which were identified by
visual observations, hot plate microscopy, and Flash DSC) have been conducted yet, except for
enthalpy of fusion [10], because of their short lifetimes. Studies [11] and [2] traced interesting
connections between polymorphism of enantiopure and racemic menthols and SLE behavior of
their mixture, and, although the conclusions are not in obvious agreement, some facts seem to be
certain. Specifically, the a« form of DL-menthol is a racemate (racemic compound) with low
symmetry (space group P1), whereas the 8 phase of DL-menthol is a pseudoracemate (solid
solution), as evidenced by both X-ray and calorimetric studies. The g polymorphs of L- and DL-
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menthol have very similar cell parameters and lack all but the periodic translational symmetry in
the crystalline structure (space group P1). It should be noted that, inconsistently with the rest of
the literature, Lipkind and Chickos [13] claimed that L-menthol exists in the form of a plastic
crystal at room temperature. They supported the statement by a comment that it does not exhibit

an X-ray diffraction pattern, which is contradicted by the pattern presented in [2].

Well defined thermodynamic properties and phase behavior of a pure compound form a necessary
basis for studies of related mixtures, especially in the case of complicated polymorphic behavior,
such as that of L- and DL-menthol. Considering the number of studies on menthol polymorphism
and SLE behavior of their mixtures, it is surprising, how little knowledge and agreement there is
regarding thermodynamic properties of pure L- and DL-menthol. Temperatures and enthalpies of
fusion of some polymorphs of L- and DL-menthol were reported several times, but a solid review
and comparison of the previous values is needed. Heat capacities of the condensed phases for L-
menthol were recently determined [6] by differential scanning calorimetry (DSC) which typically
provides heat capacity data with much higher uncertainty than adiabatic or Tian-Calvet
calorimetry. Vapor pressure measurements of menthols were performed in [14-17]. Only the data
by Guetachew et al. [17] were measured by a direct method with a well-documented procedure

giving the most reliable dataset for liquid L-menthol up to now.

In this work, a thorough study of thermodynamic properties and phase behavior of L- and DL-
menthol was carried out as a continuation of our effort [18-22] to establish reliable physico-
chemical data for biogenic compounds relevant to environmental modeling as well as to other types
of calculations and processes requiring phase equilibrium and thermodynamic data. The
experimental part consists of vapor pressure measurements using two static apparatus, and

calorimetric measurements of the solid and liquid-phase heat capacities (adiabatic and Tian-Calvet
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calorimetry). Special attention was paid to obtaining the properties of all observed polymorphs and
to guarantee the nature of the studied phases. To get a better insight into the phase transformations,
DSC and variable-temperature X-ray powder diffraction (XRPD) were further used to investigate

the phase behavior and kinetics of the transformation between the polymorphs.

Developing a consistent thermodynamic description of L- and DL-menthol simultaneously
considering measured vapor pressures and related thermal properties [23] requires thermodynamic
properties in the ideal-gas state. These were obtained in this work by combining quantum-chemical

and statistical-thermodynamics calculations.

2 Experimental and theoretical section

2.1 Materials

The description of the samples used in this work, including their purity, methods of purification,
and purity analysis, is given in Table 1. Two samples of L-menthol from different sources were

used in this work. All studied samples were of commercial origin. The enantiomeric excess in L-

20 _

menthol from Fluka is stated by the producer to be 0.994, giving specific rotation of [« ] =-50.3

degree-ml-gt-dm™ (according to the supplier certificate). The enantiomeric composition in the
natural L-menthol sample from RUE Belpharmatsiya was not separately determined, but it is
expected to be comparable, according to the specific rotation of (-49 + 1) degree-ml-gt-dm?
(measured in an ATAGO automatic polarimeter AP-300 at T = 298.3 K and A = 589 nm; consistent
with [12]). Handling of the samples prior to experiments was carried out under a dry nitrogen
atmosphere in a glove box. The water content could not be measured for L-menthol from Fluka
due to the small amount of the dry sample, but it is expected to be similar to that of DL-menthol.
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The water content in the L-menthol sample from RUE Belpharmatsiya was not separately
determined, since the fractional-melting analysis applied to that sample is sensitive to all
impurities, including water.

It should be emphasized that the purity was also checked after the measurements of vapor pressure
and heat capacity using the Tian-Calvet calorimeter, and no decomposition was detected. The
mole-fraction purity increased after the vapor pressure measurements to >0.9995 and 0.995 for L-
menthol and DL-menthol, respectively, due to distilling off volatile impurities.

The atomic masses of elements recommended by IUPAC (conventional weights reported in Table

3 in [24]) were used to derive the molar mass of menthol: 0.156269 kg-mol, formula C1oH200.

Table 1
Sample description

Chemical name CAS RN Source Mole fraction Mass-fraction water
purity content
a RUE b
Natural L-Menthol @ 2216-51-5 . 0.9973 N/A
Belpharmatsiya
L-Menthol € 2216-51-5 Fluka 0.999 ¢: 0.999 ¢ N/A
DL-Menthol ¢ 89-78-1 SIAL 0.9889: 0.992 ¢ 9-10°8f

@ Sample used for the measurements by adiabatic calorimetry. The sample is a pharmaceutical ingredient. The
sample was stored in a desiccator over P»Os for a month prior to the experiments.

b Purity determined by fractional melting in an adiabatic calorimeter (see Table S1 and Figure S3 in the
Supplementary Data (SD)). In addition, no impurity peaks were detected by gas chromatography using
chromatograph HP 5890 Series 11 (equipped with a fused-silica capillary column coated with 0.25 pm HP-
INNOWAX, 50 m length and 0.32 mm diameter, column temperature programmed between 323 K and 498 K) and
HP 5972 guadrupole mass-selective detector (operated at 553 K).

¢ Samples used for the XRPD, vapor pressure, Tian-Calvet calorimetry, and DSC experiments. The samples were
melted and dried over 0.4 nm molecular sieves (Merck).

dPurity provided by the manufacturer in the certificate of analysis determined by gas-liquid chromatography (GLC).
€ Purity determined by GLC using the chromatograph Hewlett-Packard 6890A equipped with a column HP-1, length
25 m, film thickness 0.52 um, diameter 0.30 mm, and FID detector in the temperature range from 313 to 523 K with
inlet temperature of 373 K. Average of two determinations.



f Mass fraction of water determined by Karl-Fischer analysis by Metrohm 831. Average of three determinations.

2.2 Phase behavior measurements

All temperatures reported in this paper are based on the international temperature scale 1TS-90.
The phase behavior of the studied compounds was investigated from 273 K with a heat-flux
differential scanning calorimeter TA Q1000 (TA Instruments, USA) using the continuous method
with a heating rate of 2 K-min. The calorimeter was periodically calibrated with onset
temperatures and enthalpies of fusion of five reference materials [25] selected to uniformly cover
the desired temperature range: water (distilled and de-mineralized by Millipore RQ), gallium,
naphthalene, indium, and tin (from the calibration set provided by GEFTA). The sample load of 5
mg to 10 mg was determined by an analytical balance that had resolution of 0.01 mg and was

periodically calibrated.

2.3 X-ray powder diffraction experiments

To gain deeper insight into the solid phase transformations and behavior of DL-menthol, variable
temperature X-ray powder diffraction (VT-XRPD) was employed. The isothermal phase stability
in the temperature range between 233 K and 303 K was studied by the XRPD technique using a
powder diffractometer, Empyrean of PANalytical, which was equipped with a sealed Cu X-ray
tube, capillary holder, PIXCel®P detector, and an Oxford Cryostream cooling head. The sample
was placed into several borosilicate capillaries with diameters of 0.5 mm and 0.7 mm. Two
different techniques were used to fill the capillaries: (i) solid powder was ground at room
temperature and placed into a capillary, and (ii) a sample was melted and poured into the capillary.
Two polymorphs (a and p) of DL-menthol were observed by XRPD, while y has a too short
lifetime. The crystal structure of the stable a phase is known from single-crystal X-ray diffraction

[2]. Since the crystal structure of the metastable # phase is unknown, the Rietveld method [26]



could not be used to obtain the relative amount of the a and g phases in the samples. The
composition of the samples was instead determined from the change of the integrated intensities of

selected reflections during the measurement. In the case of the a phase, the (1 0 1) reflection was

used, and the peak corresponding to (2 1 0) and (2 1 0) reflections was used in the case of the
phase. The approximate amount of the amorphous/liquid phase at 303 K was obtained according

to the principles published by Scarlett and Madsen [27].

2.4 Heat capacity measurements by adiabatic calorimetry

Heat capacities at the saturated vapor pressure (Csm) for the a-crystalline and liquid L-menthol
over the temperature range 5 K to 370 K and its melting parameters were measured in two adiabatic
calorimeters. The Csm measurements between 5 K and 108 K (liquid-helium bath) were conducted
in a vacuum adiabatic calorimeter TAU-1 (VNIIFTRI, Moscow, Russia) described in [28, 29]. The
reliability of the heat-capacity measurements with the TAU-1 calorimeter was verified in
experiments with benzoic acid and high-purity copper, and the expanded uncertainty with 0.95
level of confidence was estimated to be 2 % near 5 K and 0.4 % above 40 K [30]. A vacuum
adiabatic calorimeter TAU-10 (“Termis”, Moscow, Russia) was used between 80 K and 370 K
(liquid-nitrogen bath) with the reproducibility and relative expanded uncertainty (0.95 level of
confidence) of the Csm measurements determined to be 0.1 % and 0.4 %, respectively. The TAU-
10 calorimeter details and verification experiments were described previously in [31]. During the
experiments in both calorimeters, the temperature was measured with Fe-Rh resistance
thermometers calibrated on ITS-90 at VNIIFTRI (Mendeleyevo, Moscow Region, Russia) with the
standard uncertainty of 0.01 K.

Calorimetric cells made of stainless steel (V = 1.0 cm®) in TAU-1 and of titanium (V = 1.13 cm®)

in TAU-10 were loaded with solid samples of 0.83748 g and 0.71244 g, respectively. The masses
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were determined with an accuracy of £0.02 mg and corrected for buoyancy. After loading, the
containers were degassed under vacuum (residual pressure of ~10 Pa) for 0.5 h. Helium gas
(p~5kPa and T =293 K) was introduced into the cell to facilitate heat transfer during the
measurements. The containers were sealed using indium rings. The ratio of the sample heat
capacity to the total (sample + cell) heat capacity was not less than 0.5 below 45 K and above the
melting temperature and not less than 0.35 in between. The heat capacity of helium gas sealed in
the calorimetric cell was accounted for in the treatment of the experimental data.

The temperature steps for the heat-capacity measurements were approximately equal to T/20 at
T<40K and (1.5t02.5) K above 40 K. Heating periods were (80to 150)s below 30K,
(200 to 300) s for T = (30 to 55) K, 380 s for T = (55 to 108) K in TAU-1, and 400 s in TAU-10.
The thermal relaxation time was (80 to 200) s at T <60 K, 230 s in TAU-1, and 150 s in TAU-10
at higher temperatures. The periods for the temperature-drift measurements were (70 to 200) s for
T <60 K, (200 to 250) s for T = (60 to 108) K in TAU-1, and (300 to 400) s in TAU-10. To obtain
the sample purity and triple-point temperature, two fractional-melting experiments were
conducted. The enthalpy of fusion was obtained from a combination of a series of experiments with
continuous energy input (i.e., one-step heating of the sample from a temperature below the
beginning of the phase transition region to a temperature above it) and the two fractional-melting

experiments.
Based on the vapor pressure of the sample measured in this work, an adjustment of Csm to Cg'm
was much smaller than the experimental uncertainty in the studied temperature range and was

neglected (i.e., Csm~ Cy).



2.5 Heat capacity measurements by Tian-Calvet calorimetry

Crystalline and liquid heat capacities of both L- and DL-menthol were also measured with a Tian-
Calvet calorimeter (SETARAM uDSC llla, France) in the temperature range from 260 K to 359 K
using the continuous method [32], whose performance was tested by Stejfa et al. [20]. A heating
rate of 0.3 K-min™* was used with isothermal delays of 2600 s before and after the continuous
heating. After applying the standard procedures, including slope correction and signal smoothing,
the heat capacity was calculated from the heat-flow record corresponding to an empty sample cell,
the sample cell filled with synthetic sapphire (reference compound, NIST SRM 720), and
subsequently with the sample. Approximately 10000 experimental heat capacity data points were
obtained. For tabulation of the heat capacities obtained using the continuous method, the raw heat
capacity data were averaged over 5 K intervals. The heat capacities are reported at the mean

temperature of each 5 K interval. The combined expanded uncertainty (0.95 level of confidence)

of the heat capacity measurements is estimated to be Uc(Cg'm) =0.01 Cg‘m :

2.6 Vapor pressure measurements

Vapor pressure measurements were performed using the static method (with capacitance
diaphragm gauges) with the STAT6 and STAT8 apparatus. The STAT6 and STATS apparatus were
previously described in detail in [33] and [34], respectively, and thus only a concise description is
provided here.

The performance of the STAT6 apparatus was checked by measurements of naphthalene, which is
recommended for calibrating vapor pressure apparatus [35], and recently by n-octane and n-decane.
The agreement with the recommended data [23, 35] was within the combined expanded uncertainty

(0.95 level of confidence, k = 2) of the STAT6 apparatus, which is adequately described by

U.(p/Pa)=0.005p/Pa+0.05.
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The STATS apparatus was calibrated by measurements of three reference materials, naphthalene,
n-decane, and ferrocene, over the whole working range of the apparatus [34]. The combined
expanded uncertainty of vapor pressure measurements Uc(p) (0.95 level of confidence, k = 2) using

the STATS8 apparatus was estimated based on the deviations of experimental data points from the

recommended vapor pressures [23, 35, 36] to be U_(p/Pa)=0.01p/Pa+0.05.

Prior to the measurement of the vapor pressure, both apparatus were checked for tightness by an
MKS PICO helium leak detector (MKS Instruments, USA). The vapor pressure measurements
were performed in the temperature interval from 274 K to 308 K and 277 K to 363 K with STAT6
and STATS8 apparatus, respectively, with in situ degassing of the sample through performing a
large number of measuring cycles consisting of establishing the phase equilibrium followed by
pumping of the vapor space formed. The measurements were carried out at selected temperatures
repeated in a random order to track a systematic decrease of the measured pressure due to degassing
of the sample. When that pressure decrease was negligible (after completing hundreds of measuring
cycles enabled by full automation of the apparatus), the sample was considered completely
degassed, and the final set of data was recorded. At least three experimental points were obtained

for each temperature.

2.7 Theoretical calculations

The conformational study, optimization of molecular geometries, energy and harmonic frequency
calculations, and scans of potential energy of internal rotations were performed with the Gaussian
09 software [37] using the density functional theory (DFT) at the B3LYP-D3/6-311+G(d,p) level
of theory. The energies of the most stable (triequatorial) conformers were also recalculated using
LCCSD(T)/aug-cc-pVQZ with the MRCC software package [38] for structures optimized at the

DF-MP2/aug-cc-pVQZ level of theory with Psi4 v. 1.1 [39], where LCCSD(T) is an efficient local
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coupled-cluster method proposed recently [40] and DF-MP2 is the Moller-Plesett second-order
perturbation theory in density-fitted (also referred to as “resolution-of-identity”, RI)
approximation. The detailed conformational study was performed, as the number and relative
energies of conformers are crucial for calculating ideal-gas properties. After obtaining structures
for all stable conformers, the thermodynamic properties of enantiopure menthol in the ideal-gas
state were calculated by statistical thermodynamics using the R1SM model. This model combines
the RRHO (“rigid rotor—harmonic oscillator”) approximation with a correction for methyl rotations
using the 1-D HR (“one-dimensional hindered rotor””) formalism [41] for each conformer and

subsequent application of the mixing model [42]

N 1 &, N
Cg,m = incg,m,i +szizxj (ArHij © K))z’ (1)
i=1 i=L >
N N
Sr?] = insr?],i - szi Inx;, )
i=1 i=1

where x; are the mole fractions of the corresponding conformers at temperature T,

AG(T) / N AG;(T)

X =e RT ze RT (3)
j=1

N is the number of conformers (including their optical isomers for achiral molecules), A H; (0K)

is the enthalpy of transformation of the i conformer to the j™ conformer at 0 K, AG, (T) is the

relative Gibbs energy of i-th conformer (designation “relative” means relative to the most stable

conformer for all properties in Egs. (3) and (4)), and C; ; and Sp; are the ideal-gas heat capacity

and standard ideal-gas entropy of the i" conformer. AG; (T) is calculated as:

AG, (T) = AE’X + AEZ® + AH™™ (T) ~TAS, (T), @
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where AS, (T) is the relative entropy of i-th conformer, AH™™(T) is the relative thermal enthalpy
of i-th conformer, AE*™ is the relative zero-point vibrational energy, and AE’“ is the relative

electronic energy. AS, (T), AH™™(T), and AE”* are calculated in the RRHO approximation

with 1-D HR correction for the methyl tops. Similar approach was used in our previous works [21,
43, 44]. Relative electronic energies and zero-point vibrational energies of the conformers were
included from the calculation at the B3LYP-D3/6-311+G(d,p) level of theory, except for the
electronic energies of the most stable (triequatorial) conformers, which were calculated at the
LCCSD(T)/aug-cc-pVQZ level of theory, as described above.

The B3LYP-D3/6-311+G(d,p) calculated fundamental frequencies were scaled by a double-linear
scaling factor (0.9980 — 1.55E-05 v/(cm™)) / 0.961 for frequencies below/above 2000 cm™
developed on experimental vibrational frequencies of n-alkanes. The contributions of internal
rotations of methyl tops were calculated using the 1-D HR scheme, which required the energy
barriers and the reduced moments of inertia I, for methyl rotations, the internal symmetry number
(oi = 3), and the identification and exclusion of these torsional modes from the vibrational
contribution to the partition function. The potential energy profiles of methyl rotations were
calculated at the B3LYP-D3/6-311+G(d,p) level of theory using a relaxed scan with a step of 10°
for the most stable conformer. The reduced moments of inertia I for methyl rotations were
calculated according to Pitzer and Gwinn [45] from the optimized molecular parameters. The
energy levels were obtained by solving a one-dimensional Schrédinger equation for hindered

internal rotation using the FGH method [46].
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3 Results and discussion

3.1 Phase behavior

In this work, we focused on the characterization of the polymorphs of L- and DL-menthol by
thermodynamic and diffraction techniques. Not all of the described polymorphs of these
compounds can be studied by these techniques. The stability and/or preparation conditions of the
metastable forms limit their study significantly, since common techniques, such as adiabatic
calorimetry, Tian-Calvet calorimetry, or static measurements of the vapor pressure, are too slow.
We were able to detect melting of the a, 8, y and 6 polymorphs of L-menthol and of the a and £
polymorphs of DL-menthol using DSC, although Corvis et al. [10] suggested that the y form of L-
menthol can be detected only when using flash DSC. On the other hand, the y phase of DL-menthol

observed in [10] was not detected in this work.

Several modifications of L-menthol seem to crystalize simultaneously and immediately start to
transform to more stable modifications when running DSC experiments. Such behavior, denoted

as concomitant polymorphism, is rare but documented for some other compounds [9]. The first

task was an accurate measurement of fusion enthalpy of the a polymorph (ALH,%) using DSC,

since the results varied even in experiments, where a single peak was detected in the thermogram.
Therefore, the « phases of both L- and DL-menthol were prepared in the DSC by two approaches:
(i) heating a crystallized sample slightly above the  phase melting temperature (Trus ) followed by
cooling well below it, and (ii) long isothermal conversion from the £ phase at temperatures around
273 K or 293 K for DL- and L-menthol, respectively. It should be noted that the spontaneous phase
change from the S to o phase is not accompanied by any exothermal effect within the detection
limits of the TA Q1000 calorimeter at given conditions. The DSC runs with the o phase prepared

by melting of the S phase usually yielded a single peak at the melting temperature corresponding
14



to the o phase (Trus.«). However, AL[H,?1 of both DL- and L-menthol obtained by this process are

(0.5 to 1) kJ mol™ lower than that for the o polymorph prepared by transformation of the S phase,
although there were no signs of any other peak in the DSC thermogram, except for a few
experiments with DL-menthol performed at a high heating rate, where a subtle peak of melting of
the 8 phase was observed (in agreement with XPRD observation in Figure S4 in SD). The resulting
assumption that the subcooled liquid phase may coexist with the « phase for a long time period
was further studied using XRPD and examined during adiabatic measurements. The transformation
and crystallization rate of the o phase was also observed to be lower for L-menthol than for DL-

menthol.

Even though several combinations of heating rates and quenching times were tested, it was not
possible to obtain the fusion enthalpy of the metastable forms of L-menthol directly. The melting
enthalpy of the 4 polymorph (Aj,H ) was calculated from the DSC runs where the melting peaks
of the « and S phases were of comparable size. The ratio of polymorphs was derived from the
A H® of the pure o phase, i.e., as ALHY = Aﬁ/(l— A,/ALH?), where A is the melting peak area

per chemical amount of the whole sample. The melting enthalpies of the y and ¢ polymorphs of L-
menthol have higher uncertainty as they were calculated from experiments with three or four
partially overlapping melting peaks, as shown in Figure 1. Separation of the peaks using a lower
heating rate is not possible due to the short lifetime of the metastable polymorphs since their melt

immediately crystallizes to more stable phases. Several different thermograms are displayed in
Figure 1 together with a demonstration of the A;H_ calculation. The measurements for DL-
menthol showed certain differences relative to L-menthol. Quenching of the melt to 288 K followed

by fast heating, suggested in [2], resulted in a direct measurement of A'ﬂHr?1 of DL-menthol. The
15



resulting value was in excellent agreement with a value calculated following the methodology for
L-menthol. Any other polymorphs of DL-menthol were not detected. The fusion temperatures and

enthalpies of all observed polymorphs of L-and DL-menthol are listed in Table 2.

To obtain reliable condensed-phase properties (heat capacity and melting parameters) of the stable
a phase of L-menthol, adiabatic calorimetry was used. Since adiabatic calorimetry measurements
are very slow by their nature (each heat-capacity point takes 15 min to 30 min on average) and
rapid cooling is not achievable (typical cooling rate is around 0.03 K-s™* around room temperature),
all regular procedures by the method gave only the stable « phase of L-menthol without any traces
of metastable modifications. In addition, crystals were annealed at ~298 K for 4-5 hours in the
adiabatic calorimeter to make sure that no metastable modification remained. In all adiabatic
calorimetry series, reproducible enthalpy of fusion of the o phase was observed (see Table S2 in

the SD for details).

We were also able to determine heat capacity and vapor pressure of the £ phase of DL-menthol
during experiments using the Tian-Calvet calorimeter and STAT6. The same was not possible
during measurements for L-menthol nor using STAT8 apparatus due to its slower cooling rate

compared to STATS.

The literature values for normal Trus,. Of L-menthol range from 315 K to 316.7 K. Three values
obtained in this work by different techniques (DSC, adiabatic calorimetry, and vapor pressure
measurements) for two independent samples fit within the range from 315.4 K to 315.6 K and lie
in the lower part of the interval. On the other hand, Tsus,s = 310.0 K measured in this work for L-
menthol is higher than most of the literature values ranging from 308.5 K to 310.7 K. The

explanation of this slight disagreement in not evident as purity, enantiomeric excess in the sample,
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or calibration of DSC should not significantly affect the difference between the melting points of
polymorphs. Values of AL[H,?1 summarized in Table 2 exhibit a scatter larger than 2 kJ-mol?,

which could be probably assigned to the observed long-term coexistence of the « form and liquid.
Most of the values (including the difference in slope of our vapor pressure measurements and
excepting for the value reported in [2]) are about 0.5 kJ-mol™ lower than our DSC and adiabatic
results, corresponding rather to our DSC experiments performed with the samples containing the
residual liquid (see the pink thermogram in Figure 1). XRPD results for DL-menthol also support
a long-term co-existence of the liquid and « form as discussed in the next section. However, we
note that the phase change mechanisms may be different for L- and DL-menthol and affected by
different experimental conditions including container materials and sample mass. The data on

I 140 .
A H,, and Ts of other L-menthol polymorphs are scarce, however, the values are in reasonable

agreement considering the difficulties associated with their determinations.

Only two records on A::rHr?1 and Trus for the « and 8 polymorphs of DL-menthol were found in the
literature, [2] (both polymorphs) and [47] (one polymorph). From the comparison of the results, it
is obvious that A'ﬁHr?] and Trus, are reported in [47] although the polymorphism is not mentioned

in the paper and the study itself focused on differences in properties of pure enantiomers and

racemic crystals (note that f-DL-menthol is a pseudoracemate). There is a slight disagreement in
the value of A:ZH,?] and Trus,« Mmeasured in this work and in [2], similarly to L-menthol. Our result
obtained by DSC is in close agreement with that obtained using the vapor pressure measurements
and, therefore, seems to be more reliable. On the other hand, A'ﬂHr?1 and Trus,s of DL-menthol from
all sources are in a good agreement.
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The melting properties of menthols were previously studied mostly by DSC, so all the available
data summarized in Table 2 should have comparable uncertainties, while the new data from
adiabatic calorimetry for the o polymorph of L-menthol have uncertainties lower by a factor of ten.
The reported uncertainties of some literature values in Table 2 can be considered too optimistic, if
inherent uncertainties of the DSC method and complicated phase behavior of menthol are taken
into account. We recommend the adiabatic calorimetry results for the o form of L-menthol and
mean values of the DSC and vapor pressure results in the other cases (given as bold values in Table
2). The use of the melting parameters for the « form of L-menthol from adiabatic calorimetry is
justified, since (i) weighted mean of the available values would yield an almost identical value due
to the large difference in realistically estimated uncertainties, (ii) the enthalpies of fusion from the
literature can be subject to the presence of residual liquid, as discussed above, and (iii) when
deriving the thermodynamic functions from the heat capacity and melting parameters in Section

3.3, the use of consistent total enthalpies upon integration is required.

Table 2

Temperatures and enthalpies of fusion of L- and DL-menthol at 0.1 MPa.?

L-menthol DL-menthol
Trus / AL HO Trus / ALHO
polymorph
K kJ mol*? K kJ mol*
315.60 + 0.02 °°c 13.47 £ 0.06 P< 305.7+0.3¢ 13.7+0.3¢
3154+0.3¢ 13.3+0.3¢ 305.9¢ 13.7¢
315.4¢ 12.5¢ 307.0+ 0.3 [2] 14.2+0.2 [2]
316.1+£ 0.3 [2] 14.1+0.2 [2] 307.2 [11] 13.9 £ 0.3 (mean) ©
316 [47] 11.97[47] 306.5 + 0.8 (mean) ¢
o phase 316.7+ 0.1 [3] 12.83 +£0.10 [3]
315 [48] 12.4 [48]
315.6 [8]
315.7 [11]
315.4 [49]
315.6 [50]
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310.0+0.3¢ 11.4+0.5¢ 300.7+0.4¢ 99+044
308.5+0.3 [2] 11.0+ 0.2 [2] 300.5¢ 10.0®
308.6 [8] 11.2 + 0.3 (mean) ¢ 300.5+ 0.3 [2] 9.3+0.2[2]
/S phase 310.7 [11] 3017 [47] 10.3[47]
309.5 [50] 300.5 [11] 9.7 £ 0.4 (mean) ¢
309.5 £ 0.9 (mean) © 300.6 = 0.1 (mean) ©
308.7 £ 0.5 %9 6.7 £2.0 %9 295.9 + 0.6 [10] 1.9+ 0.2 [10]
306.0 + 0.6 [10] 6.2 [10] 296.5 [2]"
306.6 [8] 6.5+ 0.4 (mean) ¢
7 phase 300.7 [11]
307.8 £ 1.7 (mean) ©
304.3+1.099 7.3+2.0090
304.6 [8]
0 phase 306.2 [11]
305.0 £ 1.0 (mean) ©

2 Only literature values obtained during calorimetric studies (DSC, if not specified otherwise) and vapor pressure
studies are included. The type of uncertainty for the literature values was not specified in the corresponding sources
except for [3], where the uncertainty is described as standard uncertainty.

® This work, triple-point temperature from adiabatic calorimetry. Expanded uncertainties with 0.95 level of confidence
are provided.

¢ Recommended value (in bold) calculated either as average of DSC results (specified uncertainty is the expanded
uncertainties with 0.95 level of confidence) or as an adiabatic-calorimetry value when available.

4 This work, DSC TA Q1000. Expanded uncertainties with 0.95 level of confidence are provided.

¢ This work, calculated from the vapor pressure measurements using static method (STAT6 and STATS8 apparatus).

The value of A! H° for L-menthol is affected by the coexistence of the a phase and liquid.

f Measured by DTA without specification of the corresponding polymorph. We matched the data to specific phases
according to the specified Trys.
9 The y- and §-phase melting peaks are always followed by crystallization or overlap with melting of more stable

polymorphs (see Figure 1). The determination of Trs and A! H? for these forms is therefore less accurate.

P Indirect determination from Roozeboom’s melting loop.
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Figure 1. Phase behavior of L-menthol at 0.1 MPa. Thermograms were recorded in the heating mode
with different heating rates (HR), scaled and shifted for clarity. —, HR = 2 K-min?, freshly crystallized

sample, demonstration of calculation of A'/,Hr?] ; =, HR = 0.5 K-min, the aged « sample obtained by

transformation from the g-phase; —, HR = 10 K-min, freshly crystallized sample; —, HR = 2 K-min™,

the a sample prepared by crystallization followed by heating to 313 K (above Trus ).

3.2 X-ray study and kinetics of transformation of DL-menthol from the  to o phase

The maximum lifetime of f-DL-menthol was observed to be tens of minutes up to several hours
depending on the maintained temperature in both vapor pressure and DSC measurements. The VT-
XRPD method was also employed since it enables in-situ monitoring of the polymorphic

composition. A series of XRPD measurements was performed to determine isothermal conversion
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rate of the 8 to « polymorph at various temperatures. DL-menthol was selected for the study, as the
occurrence of the other polymorphs of L-menthol would complicate the study. However, the
transformation of the £ to « polymorph in the case of L-menthol is believed to behave in a

qualitatively similar way, although it was observed to be slower during the DSC experiments.

The phase conversion curves were recorded at several temperatures between 233 K and 298 K and

fitted by the Johnson-Mehl-Avrami (JMA) equation [51]:

x(B)=¢""", (5)
where x(f) is the fraction of the # polymorph, to is the initial lag (induction time) before the phase
change started, n is a geometric parameter determining the nature of nucleation, and k is the rate
constant of the transformation. The induction time of a (re)crystallization process has a stochastic
nature. Therefore, as expected, the to value was found to be highly variable during the experiments
at the same temperature and acted primarily for aligning the curves during the treatment. The fitting
procedure was found to be only weakly dependent on n, which varied between 1.5 and 3 for
different curves. Finally, n=2 was fixed, which would, from theory, correspond to the
heterogeneous nucleation and crystal growth in one dimension [51], which matches well with the
needle shape of menthol crystals.

The smoothed conversion curves and the temperature dependence of the parameter k and phase
change half-life 71 are displayed in Figure 2. The obtained parameters of the conversion curves
with respect to temperature are listed in Table S3 in the SD. Our results demonstrate that the $-a
phase transition proceeds continuously with the highest transformation rate around 268 K as a result
of interplay between thermodynamic and kinetic aspects. These conclusions are in agreement with
a previous stability study [2], although we did not detect any decrease of the S-phase stability above

288 K.
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Another XRPD experiment was designed to support the assumption of coexistence of the
supercooled liquid and the o phase. A liquid DL-menthol sample was quenched to 288 K and left
to crystallize, thereby initiating a continuous transformation from £ to a. When reaching x(5) = 0.8,
the sample was heated to 303 K with the heating rate of about 4 K mint, where the £ phase melted.
The gradual increase in the intensity of the a-phase reflections and the decrease in the background
halo demonstrated in Figure S5 in the Sl proved the coexistence of the liquid and a phase on the
order of hours, although the assessment has a large uncertainty. The measurements indicate there
is a residual (and not detectably decreasing) ratio of amorphous phase in DL-menthol even after 24
hours at 303 K. Even after a repeated cooling, the liquid part of the sample coexisting with the «
phase was observed to crystallize into the g phase by both DSC and XRPD, which, however,
transformed to the o phase in a relatively short time (see Figure S4 in the SI). Considering the slow
a-phase formation from both the liquid and g phase, the rate-determining step is probably the
organization of the molecules into the a-phase lattice. The comparison of the experiments in Figure
3 also suggests that the rate of formation of the o phase by transformation from the  phase is faster
than by crystallization from the liquid phase.

It should be also noted that we have performed a successful indexation of the g phase of DL-
menthol with the resulting unit cell identical to the one reported in [2]. The complicated nature of
the crystal structure, however, did not allow for the full structure solution from the XRPD data.
This understanding of the phase behavior and kinetics of transformations between various menthol
polymorphs provided a necessary foundation for the systematic study of thermodynamic properties

of menthols described in the following sections.
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Figure 2. Conversion of the f to a phase of DL-menthol at different temperatures.

Top: x(B) is

the fraction of the £ polymorph. JMA kinetics curves are shown instead of

experimental points for clarity. Temperature of annealing: -, 298 K; -, 293 K ==+, 288 K =+
283 K; =, 278 K; =, 273 K;=, 268 K (change of trend); —, 263 K; —, 258 K; —, 253 K; —,
248 K;—, 243 K; —, 233 K; Bottom: Kinetics parameters: =, rate constant k from Eqg. (5) (right
axis), l (hatched), phase change half-life, 712 I phase change 99" percentile, 70,99 (left axis).
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Figure 3. Comparison of kinetics of formation of the a phase by crystallization and by phase
transformation from the /5 phase for DL-menthol.

—, temperature (right axis); —, @, x = x(I); —, @, x = x(a); —, @, x = x(B). Lines are calculated
from the JMA equation, Eq. (5). Full symbols and solid lines belong to measurement at 303 K
(above Trus ), empty symbols and dashed lines to measurement at 288 K (below Trus ).

3.3 Condensed phase heat capacities

The experimental molar heat capacities of the a phase and liquid L-menthol measured in the
adiabatic calorimeter are presented in Table 3 and shown graphically in Figure 4. The experimental
heat capacities of the a-crystalline and liquid phase of L- and DL-menthols obtained by Tian-Calvet
calorimetry are listed in Table 4 and displayed in Figure 5. The latter measurements of the « phase
were performed after maintaining the sample at 273 K for 3 hours which was estimated as a
sufficient time for a complete transformation as confirmed by the absence of a f-phase melting

peak. Since it was possible to obtain the pure £ form of DL-menthol in the DSC, measurements by
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Tian-Calvet calorimetry were repeated with a freshly crystallized sample and resulted in noticeably
lower heat capacities which were assigned to the # polymorph with a possible small amount of the
a phase that may have been formed during the course of the experiment.

As it is obvious from Table 4 and Figure 5, the heat capacities of both a-crystalline and liquid L-
menthol obtained from two independent methods in this work are consistent within the uncertainty
of a heat capacity determination by Tian-Calvet calorimetry, with the exception of the heat capacity
data of the « form obtained by Tian-Calvet calorimetry above 280 K. These data are slightly higher
due to that fact that they were not corrected for the premelting effects and a possibly higher water
content of the sample used. The effect of water contamination is within the claimed uncertainty for
the liquid phase, and the agreement of the results for L-menthol can serve as a validation for the
results obtained with the Tian-Calvet calorimeter for DL-menthol. The heat capacities of the liquid
L- and DL-samples are equal to within their experimental uncertainties, but for the a phases, the
heat capacity of DL-menthol is provably lower over the studied temperature range by about 1 % to
2 %.

The heat capacities of liquid and a-crystalline L-menthol from Corvis and Espeau [6] are in a
remarkably good agreement with our results (within 3 %) when considering that a heat-flux DSC
was employed. It should be noted that the authors of [6] used a three-run procedure, repeated the
experiments several times with different samples and obtained deviations from reference data for
testing compounds (water and naphthalene) up to 10 %. By comparing with the reference data, a
steeper slope of temperature dependence of heat capacity data reported in [6] can be seen. The
authors claimed a somewhat optimistic expanded uncertainty (0.95 level of confidence) for L-
menthol (1.2 % to 3.2 %, which most likely reflects only a statistical component of uncertainty,

i.e., type A uncertainty) when compared to the uncertainties of their measurements with the
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reference materials. Corvis and Espeau [6] also reported heat capacities of the g for of L-menthol
between 204 K and 226 K, which are 11 % to 16 % lower than our adiabatic calorimetry results for
the a polymorph of L-menthol. A lower heat capacity for the metastable phase is in agreement with
our results on DL-menthol, but such a large difference between the two polymorphs is unlikely.

To maintain internal consistency of the condensed-phase thermodynamic data, the heat-capacity
and melting-parameter data for L-menthol from the adiabatic calorimetry were used in further
calculations. The lower uncertainty of adiabatic calorimetry in comparison with Tian-Calvet
calorimetry and DSC also justified the choice. In deriving the thermodynamic functions of L-
menthol in the condensed state from (5 to 370) K, smoothing of heat capacities above 5 K was

carried out with the use of overlapping polynomials. Heat capacities below 5 K were extrapolated

0

with a Debye function with three degrees of freedom: C,

n=3R-D((®p) / T), where the average

Debye characteristic temperature was derived to be (®p) = 65.6 K from the experimental heat
capacities between (5.0 and 9.5) K. Table 5 summarizes the thermodynamic functions of L-
menthol.

For user’s convenience, the experimental data from Tian-Calvet calorimeter for DL-menthol were

represented by a polynomial equation:

2
T T
C® /[IK*mol*)=a+b +C
o ) (100 KJ [100 K] ©

with parameters given in Table 6. All measured data points obtained (not just the averaged values

presented in Table 4) were used for deriving the polynomials.
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Table 3

Experimental molar saturation-pressure heat capacities for L-menthol obtained by adiabatic

calorimetry @

T/K C, /I K mol? T/K C, /I Ktmol? T/K C, . /IKmol?
Series 1 (TAU-1) 51.35 54.32 119.87 111.7
crystal (a phase) 53.83 56.47 121.64 113.1

5.02 0.8545 56.32 58.63 123.41 114.4

5.31 1.027 58.78 60.81 125.18 115.8

5.63 1.231 61.29 62.85 126.95 117.2

5.95 1.445 64.03 65.18 128.73 118.4

6.26 1.675 66.85 67.74 130.50 119.8

6.62 1.937 69.53 70.14 132.28 121.1

7.00 2.276 72.08 72.41 134.07 122.4

7.37 2.577 74.60 74.48 135.85 123.7

7.74 2.937 77.11 76.77 137.63 125.1

8.14 3.382 79.66 78.77 139.41 126.4

8.58 3.847 82.26 80.88 141.20 127.7

9.03 4.373 84.79 83.06 142.99 128.9

9.49 4.870 87.34 85.27 144.77 130.2

9.99 5.512 89.90 87.37 146.56 1315

10.51 6.205 92.42 89.76 148.36 132.8

11.04 6.889 94.94 91.69 150.15 134.1

11.61 7.681 97.47 93.81 151.94 135.3

12.20 8.523 100.02 95.95 153.73 136.6

12.83 9.473 102.58 98.22 155.53 137.9

13.48 10.42 105.18 100.4 157.32 139.1

14.15 11.42 107.78 102.4 159.12 140.4

14.89 12.53 160.91 141.7

15.66 13.66 Series 2 (TAU-10) 162.72 143.0

16.43 14.93 crystal (o phase) 164.52 144.3

17.26 16.13 79.78 79.07 166.32 145.5

18.12 17.43 81.50 80.47 168.12 146.8

19.04 18.89 83.22 81.89 169.92 148.0

20.00 20.23 84.94 83.28 171.73 149.2

21.02 21.71 86.67 84.77 173.53 150.5

22.08 23.27 88.39 86.22 175.33 151.8

23.20 24.92 90.12 87.73 177.14 153.1

24.41 26.58 91.85 89.21 178.95 154.4

25.66 28.24 93.59 90.65 180.76 155.6

26.93 29.92 95.32 92.09 182.56 156.9

28.27 31.55 97.06 93.51 184.37 158.2

29.67 33.28 98.80 95.01 186.18 159.4

31.12 34.98 100.55 96.44 188.00 160.7

32.66 36.66 102.30 97.81 189.81 162.1

34.28 38.41 104.04 99.24 191.62 163.3

36.00 40.06 105.80 100.7 193.43 164.6

37.89 42.03 107.55 102.0 195.25 165.9

39.90 43.93 109.31 103.5 197.06 167.2

42.02 45.96 111.06 104.9 198.87 168.5

44.24 48.03 112.82 106.2 200.69 169.8

46.54 50.11 114.58 107.7 202.50 1711

48.92 52.21 116.34 109.0 204.32 172.4

118.11 110.4 206.14 173.7
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T/K C, n /JK L mol? T/K C, n /JK L mol? T/K C, ., /TK 1 mol?
207.95 175.0 293.04 244.4 291.47 242.9
209.77 176.4 294.86 246.6 293.25 244.8
211.60 177.6 296.68 248.4 295.02 246.7
213.42 178.9 298.50 250.6 296.79 248.6
215.24 180.2 300.32 252.8 298.55 250.5
217.07 181.5 302.14 255.3 300.30 252.7
218.89 182.9 303.96 258.2 302.05 255.2
220.72 184.2 305.78 261.9 303.78 257.9
222.55 185.4 307.59 267.2 305.50 261.4

309.39 276.9 307.21 266.1
Series 3 (TAU-10) 311.16 301.9 308.90 274.2
crystal (o phase) 312.80 399.7 310.55 291.8
216.36 180.9 314.05 917.0 312.60 435.0
218.32 182.5 314.83 3386 314.23 1451
220.14 183.7 315.18 15063 314.88 4980
221.96 185.1 315.34 39619 315.12 10054
223.78 186.5 liquid 315.24 16051
225.60 187.8 317.43 826.2 315.32 24245
227.43 189.1 321.01 384.9 315.37 38440
229.25 190.5 323.45 388.5 315.41 68331
231.07 191.9 325.28 391.1 liquid
232.89 193.3 327.12 393.8 316.10 1070
234.71 194.7 328.95 396.4 318.10 380.3
236.53 196.1 330.79 399.1 320.34 383.5
238.35 197.4 332.62 401.7 322.18 386.6
240.18 198.8 334.46 404.2 324.01 389.3

242.00 200.2 336.30 406.5 325.85 392.2
243.83 201.7 338.14 408.8 327.67 394.8
245.65 203.1 339.98 411.3 329.49 397.5
247.48 204.5 341.82 413.4 331.30 400.1
249.30 206.0 343.66 415.8 333.11 402.5
251.12 207.5 345.50 417.9
252.95 208.9 347.35 419.8 Series 5 (TAU-10)
254.77 210.4 349.19 421.7 liquid, including supercooled
256.59 212.0 351.04 4234 liquid
258.41 213.7 352.88 425.1 312.20 370.6
260.23 215.2 354.73 426.7 314.15 373.6
262.05 216.8 356.58 428.4 316.02 376.5
263.88 2185 358.43 429.7 317.87 379.7
265.70 220.1 360.27 431.1 319.72 382.6
267.52 221.7 362.12 432.6 321.56 385.4
269.34 223.4 363.97 433.8 323.40 388.2
271.17 225.1 365.82 435.5
272.99 226.5 367.67 436.2 Series 6 (TAU-10)
274.82 227.9 crystal (o phase)

276.64 229.6 Series 4 (TAU-10) 290.89 242.4
278.46 231.1 crystal (a phase) 292.76 244.5
280.29 232.6 278.81 2314 294.53 246.2
282.11 234.2 280.63 233.0 continuous energy input
283.93 235.8 282.45 234.5 306.62 874.7
285.75 237.3 284.26 236.1 liquid
287.57 239.0 286.08 237.7 318.47 380.7
289.39 240.8 287.88 239.5
291.22 242.6 289.68 241.3 Series 7 (TAU-10)
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T/K C, n /JK L mol? T/K C, n /JK L mol? T/K C, ., /TK 1 mol?
crystal (a phase) 311.85 350.8 325.83 392.0
291.80 243.3 313.82 896.7 328.34 395.8
293.66 245.4 314.72 3282 330.84 399.3
295.44 247.2 315.03 7459 333.33 402.6
continuous energy input 315.19 12074 335.81 406.0
307.48 880.9 315.28 18701 338.29 409.0
liquid 315.34 27475 340.77 412.1
319.28 381.8 315.39 42162 343.25 415.1
315.42 63161 345.72 418.1
Series 8 (TAU-10) liquid 348.20 420.7
crystal (o phase) 316.21 819.2 350.66 423.0
291.08 242.5 317.57 379.5 353.12 425.1
293.06 244.7 318.82 381.4 355.58 427.2
294.94 246.6 320.06 3833 358.04 429.4
296.82 248.6 321.31 385.3 360.49 431.0
298.69 250.9 322.55 386.9 362.94 432.8
300.55 252.9 323.79 388.8 365.39 434.2
302.40 255.6 367.84 435.7
304.24 258.6 Series 9 (TAU-10)
306.07 262.6 liquid
307.88 268.6 320.78 384.6
309.65 279.9 323.31 388.4

@ Average heat capacities at the mean temperatures of experiments. The measurements were performed at p(He) =

(5 £ 1) kPa (the pressure value corresponds to T = 293 K); no adjustment of Cs,m to Cs’m atp®=10°Pa (i.e., Cs,m =

C:m) is needed due to small vapor pressure of the sample. The expanded uncertainty is U(T) = 0.02 K, the relative

expanded uncertainties are U( ngm )=0.02-4.57-104((T/K)-5)at 5 K< T < 40 K and U( Cs,m )=0.004 at T > 40

K for 0.95 level of confidence (k = 2).
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Figure 4. Condensed-phase heat capacities of L-menthol from adiabatic calorimetry

measurements

Table 4

400

Experimental standard molar heat capacities of the condensed phases ngm measured by the Tian-
Calvet calorimeter at 100 kPa.?

0 0

T/ Com! ac® ®  TIK Com/ ace,”
J K mol? J K1 mol?

L-Menthol DL-Menthol

m=0.59114 g m =0.52334 g
a-crystalline a-crystalline

265.2 2215 0.79% 265.0 217.6 -0.01%

270.0 225.6 0.78% 270.0 221.3 0.03%

275.0 230.0 0.82% 275.0 225.3 0.04%

280.0 235.1 1.19% 280.0 229.5 -0.03%

285.0 240.5 1.58% 285.0 234.2 0.00%

290.0 246.3 1.99%

295.0 253.1 2.63%
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liquid liquid
325.9 395.1 0.74% 315.4 377.3 0.06%
330.0 401.1 0.75% 320.0 384.2 -0.10%
335.0 408.0 0.75% 325.0 392.0 -0.07%
340.0 414.3 0.73% 330.0 399.8 0.07%
345.0 420.5 0.82% 335.0 406.9 0.13%
350.0 426.2 0.90% 340.0 412.7 0.01%
355.0 430.8 0.89% 345.0 418.1 -0.11%
350.0 423.7 -0.06%
355.0 429.0 0.03%
p-crystalline
270.0 2175 0.15%
275.0 2195 0.07%
280.0 223.1 -0.07%
285.0 229.0 0.05%

2 The standard uncertainty of the temperature is u(T) = 0.05 K, and the combined expanded uncertainty of

the heat capacity is UC(Cg'm) =0.01 Cg'm (0.95 level of confidence). Mean values of four determinations.

0 — 0 0,call
> AC} ,=100-(Cy, —Cpe
calculated using Eq. (6) with parameters listed in Table 6 for L- and DL-menthol, respectively.

,m

)/C

0,calc
p,m

is the relative deviation from the fit; C." was taken from Table 5 and
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Table 5
Standard molar thermodynamic functions of L-menthol in the crystalline and liquid states at a
standard pressure of 100 kPa?

T/K Com ATHO /T ATS?, ~AIGO /T
J-K-t.mol?
Crystal (a phase)
5 0.858 £0.017 0.2148 +0.0043 0.2864 + 0.0057 0.0716 £0.0014
10 5.528 £ 0.098 1.548 = 0.029 2.099 +0.040 0.552+0.010
15 12.70 £ 0.20 4.037 £ 0.069 5.656 +0.098 1.619+£0.028
20 20.26 +£0.27 7.15+0.11 10.35+0.17 3.198 +£0.050
25 27.36 £0.30 10.49 £ 0.15 15.64 +£0.23 5.151+0.073
30 33.65+0.29 13.84 +0.17 21.20+0.28 7.362 +0.094
35 39.12+£0.25 17.07 £0.18 26.81 £0.32 974 +0.11
40 44.06 +£0.18 20.14+£0.19 32.36+0.35 12.22+0.12
45 48.69 £0.19 23.06£0.19 37.82+0.37 14.76 £0.13
50 53.14+£0.21 25.84+0.19 43.18 £0.40 17.34 £ 0.14
55 57.47+0.23 28.52+0.19 48.45+0.42 19.93+0.15
60 61.81 £0.25 31.12+0.20 53.64 £0.44 22.52+0.16
65 66.15+0.26 33.64+0.20 58.76 £ 0.46 25.11+£0.17
70 70.48 + 0.28 36.12+£0.21 63.82 +0.48 27.70£0.18
75 74.81 £ 0.30 38.56 +£0.21 68.83 +0.50 30.27+0.19
80 79.11 £0.32 40.96 £0.22 73.79 £0.52 32.84+0.20
85 83.38+£0.33 4333 +£0.22 78.72 £ 0.54 35.39+0.21
90 87.62 £ 0.35 45.67+0.23 83.60 £ 0.56 37.93+0.22
95 91.81 +£0.37 4799 £0.24 88.45+0.58 40.47 £0.23
100 95.95+0.38 50.28 +£0.24 93.27 +0.60 4298 £0.24
105 100.0+ 0.4 52.55+0.25 98.05 £ 0.62 4549 +£0.25
110 104.0+ 0.4 54.80 +0.26 102.8+ 0.6 4799 £0.26
115 108.0+ 0.4 57.03 £0.27 107.5+0.7 50.48 £ 0.27
120 111.8+04 59.24+0.27 112.2+0.7 52.95+0.28
125 115.7+£0.5 61.42+0.28 116.8+0.7 55.41+0.29
130 119.4+0.5 63.57+0.29 121.4+0.7 57.86 +0.30
135 123.1+0.5 65.71 £0.29 126.0 £ 0.7 60.30 £ 0.31
140 126.8 0.5 67.83 £0.30 130.6 0.7 62.73 £0.32
145 130.4+0.5 69.92 £0.31 135.1+0.8 65.15+0.33
150 134.0+0.5 72.00 +£0.32 139.5+0.8 67.55+0.34
155 137.5+£0.6 74.05+£0.32 144.0+ 0.8 69.95+0.35
160 141.1+£0.6 76.09 +0.33 148.4+0.8 72.33+£0.36
165 144.6 £ 0.6 78.11 £0.34 152.8+0.8 74.70 £ 0.37
170 148.1 £ 0.6 80.12 £ 0.35 157.2+0.9 77.06 +0.38
175 151.6+0.6 82.11+0.35 161.5+0.9 79.42 +0.38
180 155.1+£0.6 84.09 £ 0.36 165.8 £0.9 81.76 £ 0.39
185 158.6+ 0.6 86.06 = 0.37 170.1+0.9 84.09 +0.40
190 162.2+ 0.6 88.01 £ 0.37 174.4+0.9 86.41 £ 041
195 165.7+0.7 89.96 + 0.38 178.7+£0.9 88.72+0.42
200 169.3+0.7 91.90 £ 0.39 1829+ 1.0 91.02+0.43
205 172.8+ 0.7 93.83 +0.40 187.1+1.0 93.31+0.44
210 176.4+0.7 95.75+£0.40 191.4+1.0 95.60 + 0.45
215 180.0+ 0.7 97.67 +£0.41 1955+1.0 97.87 £ 0.46
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T/K Com ATHO /T ATSO —ATGO /T
J-KLmol*!

220 183.7+0.7 99.59 +£0.42 199.7+ 1.0 100.1+0.5
225 187.4+0.7 101.5+04 203.9+1.0 102.4+0.5
230 191.1 £0.8 1034+ 0.4 208.1+1.1 104.7 £0.5
235 1949+ 0.8 105.3+0.4 2122+ 1.1 106.9 +0.5
240 198.7 £ 0.8 107.2+£0.4 2163+ 1.1 109.1 £0.5
245 202.5+0.8 109.1 £ 0.5 220.5+1.1 111.4+0.5
250 206.5 £ 0.8 111.0£0.5 2246+ 1.1 113.6 £0.5
255 210.7+0.8 1129+0.5 2287+ 1.1 115.8+0.5
260 215.1£0.9 1149+0.5 2329+1.2 118.0£0.5
265 219.5+0.9 116.8 £ 0.5 237.0+1.2 120.2+0.5
270 2239+0.9 118.7+£0.5 241.2+1.2 122.4 £ 0.6
275 228.2+0.9 120.7+£ 0.5 2453+1.2 124.6 £ 0.6
280 232.4+0.9 122.6 £0.5 2495+1.2 126.8 £ 0.6
285 236.7 £ 0.9 124.6 £0.5 253.6+1.2 129.0 £ 0.6
290 2415+ 1.0 126.6 £ 0.5 257.8+1.3 131.2+0.6
295 2467+ 1.0 128.6 £0.5 2619+1.3 133.4 £ 0.6
298.15 250.1+1.0 129.8 £ 0.5 264.6+ 1.3 134.7+ 0.6
300 2523+1.0 130.6 £0.5 266.1+1.3 135.5+£0.6
305 2583 +1.0 132.6 £ 0.5 2704 +1.3 137.7+ 0.6
310 264.6 1.1 134.7 £ 0.6 274.6+1.3 139.9+£0.6
315 2714 +1.1 136.8 £ 0.6 2789 +1.3 142.1+£ 0.6
315.60 2723+ 1.1 137.1 £ 0.6 2794+1.3 142.3 £ 0.6
Liquid

315.60 376.1£1.5 179.8 £0.7 322.1+£1.5 142.3+£ 0.6
320 383.1+1.5 182.5+0.7 3273+1.5 144.8 £ 0.6
325 390.8+ 1.6 185.7+0.8 3333+1.6 147.7+0.6
330 398.1£1.6 188.8 £0.8 339.4+1.6 150.5+0.7
335 4049+ 1.6 192.0+0.8 3454+ 1.6 153.4+0.7
340 4113+ 1.6 195.2+£0.8 351.5+1.6 156.3 £0.7
345 4171+ 1.7 198.4 +£ 0.8 357.5+1.7 159.2+0.7
350 4223+ 1.7 201.5+0.8 363.5+1.7 162.0 £ 0.7
355 427.0+1.7 204.7+0.8 369.6 1.7 164.9+0.7
360 431.0+1.7 207.8 £0.8 375.6 1.7 167.8 £0.7
365 4343+ 1.7 210.9+0.9 381.5+1.8 170.7 £ 0.7
370 4370+ 1.7 213.9+0.9 387.5+1.8 173.6 £0.8

@ Expanded uncertainties with 0.95 confidence level are reported.
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Table 6

Parameters of Eq. (6) for ngm and standard deviation of the fit o.

compound a b ¢ (Tmin—Tmax)?/K or °
DL-menthol (a crystal)  553.04 -321.48 73.550 262 — 291 0.04
DL-menthol (8 crystal)  2646.2 -1826.2 343.17 265 — 288 0.18

DL-menthol (liquid)  -1070.81 750.86 -92.51 313 - 359 0.10

@ Temperature range of experimental points used for development of the polynomial. We only present polynomials
for measurements by Tian-Calvet calorimetry, while smoothed data are listed for adiabatic measurements in Table 4.

n

1/2
b _ 0 0,calc 2 : . : .
o _100[;((:"’““/%,”] —1)i /(n - m)} , Where n is the number of fitted data points and m is the number
of adjustable parameters.
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Figure 5. Condensed phase heat capacities Cg,m. L-menthol (a crystal and liquid): =, adiabatic

calorimetry (smoothed data visualized for clarity); M, Tian-Calvet calorimetry; H, Corvis et al.,
DSC [6]; DL-menthol: @, Tian-Calvet calorimetry (a crystal and liquid); @, Tian-Calvet
calorimetry (5 crystal). Note the break on the y-axis between the crystalline phases and liquid
phases.
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3.4 Vapor pressures

The vapor pressures of liquid and a-crystalline menthols were measured using two static apparatus.
The temporary stability of f-DL-menthol (on the order of tens of minutes) enabled measurements
of its vapor pressures using STAT6, however with a higher uncertainty. In this case, the first
measurement after crystallization had to be considered, which shows a slightly effect from
insufficient stabilization of temperature. Still, the measurements can definitely be assigned to the
S phase, as demonstrated in Figure 6, and they are in good agreement with other thermodynamically
linked data. The lifetime of the other metastable polymorphs is much shorter than the time scale of

the vapor pressure measurements, which typically take days or weeks.

The vapor pressures determined in this work are listed in Table 7 and Table 8. The vapor pressure
data determined using both apparatus for the same phases agree within the experimental
uncertainties as displayed in Figure 7. A multi-phase arc plot representation was used to visualize
the vapor pressure data as the common view (In p as a function of 1/T) does not provide reasonable
resolution between the phases and between individual experimental points. The construction of
such a multi-phase arc plot (described in [52] and reprinted in the SD for reader’s convenience) is
based on arc representation [53], but it allows visualization of vapor pressure data of multiple

condensed phases.

The vapor pressure measurements for the liquid and a phase of L-menthol are not consistent with

ALH% obtained by DSC and adiabatic calorimetry, but rather with a value obtained during DSC

experiments with a residual fraction of liquid. We assume that even during the vapor pressure
measurements, the L-menthol sample did not completely crystallize to the a-form despite one week

of continuous measurement below Trus,« (after a degassing procedure in the liquid phase). The
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crystallization in the static apparatus always took place during isotherms between 301 K and 303

K, where crystallization of the S phase probably could not occur and the slow direct crystallization

of the o phase could result in a residual coexistence with the liquid. Since kinetics of the

transformation as well as the diffusion between the phases may affect the measured pressure, no

correction to obtain the sublimation pressure of the a phase was attempted. The correlation for the

a form of L-menthol was developed based on the liquid vapor pressures, fusion properties, and

heat capacities measured by adiabatic calorimetry.

Table 7
Experimental vapor pressures measured using STAT6 apparatus. ?
T/K p/Pa® Ap/Pa‘ T/K p/Pa®  Ap/Pa’
L-menthol DL-menthol
a-Crystalline + liquid phase ¢ a-Crystalline phase
273.64 0.244 0.014 27365 0.259 0.001
273.65 0.244 0.013 27365 0.259 0.001
273.65 0.242 0.011 27366  0.261 0.003
278.15 0.441 0.019 278.16  0.480 0.004
278.15 0.440 0.018 278.16  0.479 0.003
278.16 0.440 0.017 278.16  0.477 0.001
283.15 0.839 0.032 283.15  0.922 0.006
283.15 0.839 0.033 283.16  0.921 0.004
283.15 0.840 0.034 283.16  0.926 0.009
288.15 1.559 0.053 288.16 1.736 0.009
288.15 1.557 0.051 288.16 1.734 0.007
288.16 1.558 0.050 288.16 1.734 0.007
293.14 2.829 0.082 293.14  3.173 0.001
293.14 2.828 0.080 293.14  3.180 0.008
293.14 2.831 0.083 293.15  3.183 0.007
298.15 5.047 0.127 298.16 5734 0.002
298.15 5.039 0.119 298.16  5.733 0.001
298.15 5.033 0.113 298.16  5.730 -0.002
303.14 8.771 0.157 303.14  10.09 -0.01
303.14 8.757 0.143 303.14  10.10 0.00
303.14 8.761 0.147 303.15 10.10 -0.02
308.15 15.01 0.18 Liquid phase
308.15 15.00 0.17 29314  3.971 0.005
308.15 15.00 0.17 293.14  3.966 0.000
Liquid phase 293.14  3.969 0.003
308.15 16.72 -0.01 298.13  6.551 0.005
308.15 16.70 -0.02 298.14  6.556 0.003
308.15 16.72 -0.01 298.14  6.550 -0.003
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303.13 10.59 -0.01
303.13 10.59 -0.01
303.14  10.60 -0.01
308.14  16.81 -0.02
308.14  16.83 0.00

308.14  16.82 -0.01

[S-Crystalline phase

278.28  0.597 0.007
278.28  0.607 0.011
27829  0.610 0.013
283.12 1.090 -0.005
283.13 1.100 0.004
283.13 1.093 -0.003
288.14  2.021 0.009
288.14  2.010 -0.002
288.15  2.010 -0.004
293.14  3.627 0.016
293.14  3.615 0.004
293.14  3.596 -0.015
298.14  6.340 -0.014
298.14  6.361 0.008
298.14  6.351 -0.003

a Standard uncertainty u is u(T) = 0.02 K and the combined expanded uncertainty U (0.95 level of

confidence, k = 2) is U_(p/Pa)=0.005p/Pa+0.05, except for -crystalline phase, for which the
sublimation pressures are estimated to have a higher uncertainty described as Uc(p / Pa) = 0.01 p / Pa+ 0.1.

® \alues are reported with one digit more than is justified by the experimental uncertainty to avoid round-
off errors in calculations based on these results.

¢ Ap/Pa =(p — peaic)/Pa, where pcar is calculated from the SimCor results (Section 3.6).

d\Vapor pressures were measured for a mixture of the liquid and « phases. Values were not considered in
the SimCor procedure (Section 3.6), but only compared to the correlation derived from other experimental
data.

Table 8

Experimental vapor pressures measured using STATS8 apparatus. ?

T/K p/PaP  Ap/Pa’ T/K p/Pa®  Ap/Pa’
L-menthol DL-menthol

a-Crystalline + liquid phase ¢ a-Crystalline phase

277.38 0.399 0.018 277.57 0.442 0.002
27741 0.401 0.018 277.59 0.442 0.001
277.50 0.403 0.016 277.60 0.440 -0.002
282.34 0.758 0.031 282.56 0.853 0.004
282.34 0.756 0.029 282.57 0.852 0.002
282.34 0.759 0.032 282.59 0.854 0.002
286.97 1.352 0.050 287.34 1.562 0.003
286.97 1.354 0.052 287.43 1.579 0.002
286.98 1.355 0.051 287.59 1.607 -0.002
291.56 2.353 0.076 292.79 3.041 -0.001
291.57 2.354 0.075 292.84 3.054 -0.006
291.60 2.364 0.076 292.90 3.078 -0.004
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296.23 4.057 0.112 298.16 5.731 -0.001
296.23 4.052 0.107 298.17 5.739 0.001
296.25 4.063 0.109 298.18 5.738 -0.007
300.84 6.809 0.139 303.17 10.13 -0.01
300.85 6.831 0.154 303.19 10.17 0.01
300.86 6.832 0.147 303.20 10.19 0.02
305.45 11.28 0.183 Liquid phase
305.45 11.28 0.191 293.54 4.140 0.009
305.45 11.28 0.184 293.54 4.147 0.016
310.04 18.33 0.22 293.55 4.144 0.008
310.07 18.40 0.23 298.45 6.763 0.008
310.07 18.42 0.24 298.46 6.780 0.018
314.67 29.49 0.22 298.47 6.777 0.008
314.67 29.46 0.20 303.42 10.89 0.00
314.67 29.49 0.23 303.42 10.91 0.02
Liquid phase 303.43 10.91 0.01
303.00 10.38 -0.01 308.42 17.28 0.02
303.00 10.37 -0.02 308.43 17.28 0.01
303.00 10.38 -0.01 308.43 17.29 0.02
308.18 16.76 -0.01 313.42 26.80 -0.04
308.19 16.78 -0.01 313.43 26.82 -0.04
308.20 16.78 -0.02 313.44 26.86 -0.03
313.38 26.57 -0.01 318.39 40.89 0.00
313.38 26.58 0.00 318.40 40.92 -0.01
313.38 26.56 -0.02 318.42 41.00 0.01
318.43 40.80 0.00 323.41 61.49 -0.01
318.46 40.88 -0.02 323.41 61.46 -0.04
318.47 40.94 0.00 323.41 61.46 -0.04
323.48 61.46 -0.06 328.42 90.76 -0.12
323.50 61.58 -0.04 328.42 90.86 -0.02
323,51 61.64 -0.03 328.43 90.86 -0.09
328.56 91.37 -0.06 33343  132.19 -0.01
328.56 91.37 -0.06 33344  132.30 0.00
328.56 91.38 -0.05 333.44  132.26 -0.04
332.75 125.19 -0.03 338.35  188.02 -0.18
332.75 125.17 -0.05 338.35  187.96 -0.24
332.75 125.23 0.01 338.36  188.00 -0.33
337.81 180.38 -0.12 34320 262.65 -0.28
337.81 180.36 -0.14 34321  262.79 -0.32
337.82 180.51 -0.12 34321  262.85 -0.26
342.89 256.25 -0.45 348.10  363.80 0.07
342.89 256.28 -0.42 348.11  363.84 -0.12
342.89 256.31 -0.39 348.11  363.84 -0.12
347.88 357.33 -0.43 353.02  497.60 0.26
347.88 357.29 -0.47 353.02  497.73 0.39
347.88 357.26 -0.50 353.03  497.91 0.26
352.88 491.39 -1.00 357.96  673.03 0.64
352.88 491.41 -0.98 357.96 673.21 0.82
352.89 491.42 -1.27 35796 673.19 0.80
357.86 666.19 -2.10 362.97  903.12 1.39
357.86 666.21 -2.08 362.98  903.45 1.20
357.87 666.45 -2.24 362.98  903.60 1.35
362.82 891.41 -3.69
362.82 891.38 -3.72
362.83 891.49 -4.13
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a Standard uncertainty u is u(T) = 0.01 K and the combined expanded uncertainty U (0.95 level of

confidence, k = 2) is U (p/Pa)=0.01p/Pa +0.05.

b \alues are reported with one digit more than is justified by the experimental uncertainty to avoid round-
off errors in calculations based on these results.

¢ Ap/Pa =(p — peaic)/Pa, where pcar is calculated from the SimCor results (Section 3.6).

d\Vapor pressures were measured for a mixture of the liquid and « phases. Values were not considered in
the SimCor procedure (Section 3.6), but only compared to the correlation derived from other experimental

data.
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Figure 6. Records from vapor pressure measurement of DL-menthol at 293.15 K.

Liquid sample started to be cooled to 293.15 K at t = 0. Records were corrected for the drift.

, liquid remains subcooled for an extended period; —,

—, liquid crystalizes to the g phase which

starts converting to the o phase after approximately 90 minutes; =, prolonged measuring cycle
(three drops in pressure correspond to decrease due to cooling, crystallization to the g form, and

transformation to the « form).
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Figure 7. Comparison of vapor pressures of L- and DL-menthol measured in this work.

(a) common view; (b) multi-phase arc plot. ®, A, L-menthol (liquid, STAT8/STAT6); ¢, M, DL-
menthol (liquid, STAT8/STAT6); O, /A, L-menthol (a crystal + liquid, STATS/STAT6); @, M,
DL-menthol (a crystal, STAT8/STAT6); ¥, DL-menthol (5 crystal, STAT6). Lines represent
results of SimCor (Section 3.6). Axes xc and yg are defined in Section 2 in SD.

3.5 Thermodynamic properties in the ideal-gas state

A menthol molecule consists of a cyclohexane frame with three functional groups (isopropyl,
methyl, and hydroxyl) attached to it. A cyclohexane molecule is known to occur in two stable
conformations: chair and twist-boat, where the latter is about 5.5 kJ mol™* less stable [54]. The
functional groups can be located either in equatorial or axial positions in both conformations. The
menthol molecule adopts a triaxial or triequatorial structure in the chair conformation, in contrast
to its diastereomers — iso-, neo-, and neoiso-menthols. The literature studying conformational space
of menthol usually assumes the existence of 9 conformers obtained by rotation of asymmetrical
tops in the equatorial chair conformation [55]. In some papers, 9 other conformers based on the
axial chair conformation are mentioned, but not studied with an argument that they are clearly less

stable [56].
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The empirical labeling of menthol conformers used in [55, 56] is unclear, and we adopt a notation
according to the dihedral angles as used for aliphatic compounds [43]. The designation of each
conformer has form “XXXey ”, which starts with its frame conformation (“EQ” for equatorial,
“AX” for axial chair, and “TW?” for twist-boat) followed by labels for the dihedral angle of the
isopropyl and hydroxyl groups. The question mark in the case of twist-boat stands for the
orientation of the twisting axis in the cyclohexane ring; it is substituted by “I” if it passes through
the carbon atoms with the isopropyl and methyl group attached, “O” if it passes through the carbon
atom with the hydroxyl group attached and one methylene group, and “M” if it passes through two
methylene groups. The eight possible cyclohexane frames are schematically displayed in Figure
S6 in the SD and characterized in Table 9. Figure 8 highlights dihedral angles ¢ = 5-4-8-30 and
w = 4-5-20-31 used in this work to systematically describe the position of the isopropyl and
hydroxyl tops, respectively. The minimal dihedral angles are designated as trans (t) =~ 180°, gauche
(gorg’)=60° or -60°, distorted gauche (d or d’) = 90° or -90°, narrowed gauche (n or n”) = 40° or
-40°, and x for an unspecified position. The clockwise (R-) or counterclockwise (S-) rotation of a
top from eclipsed position or predominant rotation in the twist-boat frame is marked by using or
omitting a prime, respectively.

In total, 57 stable conformers were successfully optimized at the DFT B3LYP-D3/6-311+G(d,p)
level of theory. The stable conformers are summarized in Table 9 and listed in Table S4 in the SD.
Previous studies [55, 56] expected 9 EQ conformers, but the scan of isopropyl rotation through
EQxg conformers in [55] exhibited one additional minimum. It was however considered to be an
artifact caused by fixing the hydroxyl group position and was not studied further in [55]. We
performed a 2D scan and obtained 10 unambiguous minima, where each belongs to one stable

conformer. Our conformational search indeed determined the EQ conformers as the most stable
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ones, while all AX and TW conformers possess energies by more than 13 kJ mol™ higher than the
least stable EQ conformer (EQd'g), except for the three AXg’x conformers.

The literature does not reach full agreement about the most stable conformer. Egawa et al. [57]
detected a mixture of EQ1 conformers (in our notation EQgx) through a combination of gas
electron diffraction and calculations at the HF/6-31G(d) level of theory. Avilés Moreno et al. [56]
stated EQ1lint2 (EQgg’) was the most stable at the B3LYP/cc-pVDZ level of theory, but EQlext
(EQqgt) at the B3LYP/6-31G(d) level of theory. Schmitz et al. [55] determined EQlext (EQgt) as
the most stable conformer at the three levels of theory: B3LYP/aug-cc-pVTZ, B3LYP/6-
311++G(d,p), and MP2/6-311++G(d,p), in agreement with their microwave spectra measurements.
Our preliminary calculations without the D3 empirical correction resulted in a relative energy of
the EQgg’ conformer of only 0.6 kJ mol™ higher than that of EQgt, while B3LYP-D3/6-311+G(d,p)
level of theory, which should give more accurate relative energies, predicts the EQgg’ and EQgt to
be essentially isoenergetic. The LCCSD(T)/aug-cc-pVQZ calculations, however, clearly establish
the EQgt conformer as the most stable one. The calculated parameters of the Fourier expansion of
three rotating CHs-tops for the EQgt conformer are given in Table S5 in the SD.

The ideal-gas heat capacities, standard ideal-gas entropies, and ideal-gas thermal enthalpies of
enantiopure menthol at p = 0.1 MPa at several temperatures are listed in Table 10 and the calculated
dipole moment at 298.15 K is 1.69 D (1 D = 3.335641-10°° C-m). It should be note that including

only ten EQ conformers (out of 57) in the calculation of the ideal-gas thermodynamic properties
has a negligible impact: ngm differs by 0.1 % at 300 K and by 1 % at 500 K, and S,(; by 0.1 % at

500 K from the values presented in Table 10 when only ten EQ conformers are considered. No

literature data were found for comparison.
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Figure 8. Most stable EQgt conformer of L-menthol with highlighted dihedral angles used to

designate the conformation. Numbering of atoms is according to [56] where the conformer is
designated as EQ1lext. The dihedral angles ¢ = 5-4-8-30 (g) and w = 4-5-20-31 (t) define the
position of the rotating isopropyl and hydroxyl groups.

Table 9

Conformational analysis summary. Stable conformers grouped by the conformation of
cyclohexane frame and their range of relative energies.

label Ring Twisting Position of Number of  AE/kJ mol??
conformation atoms isopropyl  hydroxyl  methyl  conformers  min  max

EQ Chair - EQ EQ EQ 10 00 117
AX Chair - AX AX AX 9 175 339
TWI Twist-boat 1,4 -b EQ -b 9 26,5 32.0
TWI Twist-boat 1,4 -b AX -b 9 284 337
TWM Twist-boat 3,6 AX AX EQ 3 337 376
TWM’ Twist-boat 3,6 EQ EQ AX 9 31.7 450
TWO Twist-boat 2,5 EQ -b AX 5 312 356
TWO’ Twist-boat 2,5 AX -b EQ 3 30.2 321

2@ Relative electronic energy calculated at the B3LYP-D3/6-311+G(d,p) level of theory with structure optimization at
the same level of theory, except for EQ, for which the energies are calculated at LCCSD(T)/aug-cc-pVQZ with
structure optimization at DF-MP2/aug-cc-pVQZ.

® Tops connected to atoms at the twisting axis are almost equivalently tilted as the hydrogen atom.

Table 10
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Standard molar thermodynamic functions of enantiopure menthol in the ideal gaseous state (in J K°

! mol?) at p = 0.1 MPa calculated using the R1SM model. ?

0 0 T 0
T/K co. $° AHT
200 1597 3928 94.7
210 166.0 400.8 97.9
220 172.4 408.6 101.2
230 178.8 416.4 104.4
240 185.3 4242 107.7
250 192.0 431.9 110.9
260 198.7 439.5 1141
270 205.5 447 .2 117.4
273.15 207.6 449.6 118.4
280 212.3 454.8 120.7
290 219.3 462.3 123.9
298.15 2249 468.5 126.6
300 226.2 469.9 127.2
310 233.2 477.4 130.5
320 240.2 484.9 133.9
330 247.1 492.4 137.2
340 254.1 499.9 140.5
350 261.0 507.4 143.9
360 2679  514.8 147.2
370 274.8 522.3 150.6
380 2816 5297 153.9
390 2883 537 157.3
400 2050 5445 160.6
500 357.0 617.1 193.9
600 410.0 687.0 225.6
700 454.8 753.7 255.2

0

p.m’

2 Estimated standard uncertainty is 0.005C_ ', 0.009 S:; ,and 0.010 H:;.

3.6  Simultaneous treatment of vapor pressures and related thermal data (SimCor method)

The selected experimental vapor data (given in bold in Table 11) were treated simultaneously with

ASCo o =Co . (i9)—C) (cd), where C (ig) was from the ideal-gas calculations (Section 3.5)

and ngm(cd) was obtained from the condensed-phase data given in Section 3.3 at temperatures

below 340 K. Fusion temperatures and enthalpies recommended in this work were also included in
the SimCor calculations. The SimCor method was described in detail in [23] (for the reader’s

convenience, a detailed description of the SimCor method is also presented in the SD) and was
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used in our laboratory to develop recommended vapor pressure and thermophysical data for several

groups of crystalline and liquid compounds (see, for example, [58] and references therein).

The Clarke and Glew equation [59] with four parameters was used for the SimCor analysis to

describe the vapor pressures and the derived thermal properties, which corresponds to a linear

temperature dependence of Agng'm . The Clarke and Glew equation has the following form

P __A4G.(9) 11 4

T
RInFZ T'FAgdH:](e)(g—?j'FAgdcgm(9)|:?—1+In(gj:|+
AS,C?
+(€j8“’—i’ﬂ“(9){l_g_2|n(lﬂ
2 oT 0 T o0

where p® = 100 kPa is a reference pressure, @ is a selected reference temperature, R is the molar

(")

gas constant, and Agde; and Ader?] are the standard molar sublimation/vaporization Gibbs

energy and enthalpy, respectively.

The resulting parameters of the Clarke and Glew equation, Eq. (7), together with the standard
deviation of the fit, o, are presented in Table 12. The comparison of the experimental values with

the Clarke and Glew equation, Eq. (7), developed using the SimCor method, is shown in Figure 9.

The vapor pressure data for the liquid phase by Guetachew et al. [17] agree with our measurements
within their experimental uncertainties and were included in the correlation. The sublimation
pressures reported in [17] for unspecified polymorph are also in agreement with the SimCor results

for the o form within combined uncertainties, but exhibit a different slope resulting in the

sublimation enthalpy deviating by 1.4 kJ-mol™* from the sublimation enthalpy A?ZH;: obtained by

the SimCor method. Kobe at al. [14] published a vapor pressure equation without information on

enantiomeric excess of menthol and temperature range of the measurement. The experimental
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method and that they list the normal boiling point indicate that their vapor pressure measurements

were performed below atmospheric pressure. The agreement with our correlation for L-menthol is

within 3 % above 380 K. At lower temperatures, the deviations increase due to a significantly lower

A?ngm resulting from their vapor pressure measurements. The results by Keating et al.[15] are not

plotted in Figure 9 since they are lower by 15 to 32 % than the SimCor results in the overlapping

temperature range (see the discussion in the next section).

Table 11

Overview of the available experimental vapor pressure data.

(Tmin - Tmax) ¢/

(pmin - pmax)/

Reference NP Method
K Pa
L-Menthol (a-cr)
Guetachew et al. [17] 6 293 - 313 2.9-26.5 Static
This work, STAT6 24 274 - 308 0.24-15.0 Static
This work, STAT8 27 277 - 315 0.40 - 24.5 Static
L-Menthol (1)
Guetachew et al. [17]¢ 11 323 - 422 61 — 13747 Static
Keating et al. [15] 14 298 — 430/ 374 - 404 4.6 —15000  Chromatography
This work, STAT6 3 308 16.7 Static
This work, STATS 39 303 -363 10.4-891 Static
DL-Menthol (a-cr)
This work, STAT6 21 274 - 303 0.26-10.1 Static
This work, STAT8 18 278 — 303 0.44-10.2 Static
DL-Menthol (p-cr)
This work, STAT6 15 278 — 298 0.60 - 6. Static
DL-Menthol (1)
Keating et al. [15] 21 298 — 500/ 434 - 464 4.5-120000 Chromatography
Keating et al. [15] 21 298 —500/ 384 — 414 4.5-111000 Chromatography
This work, STAT6 12 293 - 308 40-16.8 Static
This work, STAT8 45 294 - 363 4.1-904 Static
Unspecified Menthol (1)
Kobe et al. [14] S NA - 490 NA - 101325 Isoteniscope
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@ References reporting single or two vapor pressure points obtained, for example, as part of the synthesis or VLE
measurements on multi-component mixtures are not considered.
® N stands for number of experimental points, S stands for smoothed data.

¢ Temperature range of presented data. If two ranges are listed, they correspond to the range of presented
(extrapolated) vapor pressure data and to the range, where the retention times were measured, respectively.

d References in bold were included in the SimCor analysis.

Table 12

Parameters of the Clarke and Glew equation, Eq. (7), derived using the SimCor method at the
reference temperature 6 = 298.15 K and pressure p° = 100 kPa.

Compound (Trin —P;rmalX)a / ASdG.:: / Agd H:] / Agdcs,m / aAgng‘m / T:‘ / o
J-mol* Jmolt  J K molt j.g-2.molt a
L-menthol (a crystal) 250 — 316 2f569£§ de'fS24164 fgﬁg iooz()819771 N/A N/A
L-menthol (liquid) 303 - 422 2182%4 753326 'f’l"fg j;oo'.40559256 27  0.66%
DL-menthol (a crystal) 265 — 306 212012'7 8;:’2?;‘ fg:iig ;00'.103187% 0.007 0.40 %
DL-menthol (5 crystal) 270 — 298 2192%7 85%%337 il(l)ggg 0° 0.010 0.94%
DL-menthol (liquid) 293 — 363 218576'4 75612%5 '1207.5194 4061)537500 038 012%

2The parameters of the Clarke and Glew equation, Eq. (7), developed by the SimCor method are valid over a
combined temperature interval of input thermodynamic data.

24 is the standard deviation of the fit defined as & — [ZL(Ap)i Jn- m)]”2 , where 4p is the difference between

the experimental and the smoothed values, n is the number of experimental points used in the fit and m is the number
of adjustable parameters of the Clarke and Glew equation, Eq. (7). o is the relative standard deviation of the fit

defined as o, =[ 3" (AInp); J(n- m)]u2 . Standard deviation for the « crystal of L-menthol (marked as N/A)

could not be calculated since no experimental vapor pressure data were included in the correlation.

b The uncertainties quoted are standard uncertainty estimations of the optimized parameters. The parameters are
reported with more digits than justified by the uncertainties to avoid round-off errors in calculations based on the
correlation.

¢ Set as zero due to a short temperature interval and higher uncertainty of the data.
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Figure 9. Comparison of experimental vapor pressures p with values pcaic developed by the

SimCor method for the studied menthols. (a) L-menthol; (b) DL-menthol; ™., this work

(STATS6, a crystal); M, ], this work (STATS, a crystal); 4, this work (STATS6, liquid); 4, this

work (STATS, liquid); V, Guetachew et al. [17] (« crystal); A, Guetachew et al. [17] (liquid);

—, Kobe et al. [14]; ==, lines representing constant absolute deviations. Results by Keating et al.

[15] are out of scale. Top pressure axis and absolute deviations are plotted for liquid. Empty

points were excluded from the SimCor analysis.
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3.7 Mutual consistency of the studied thermodynamic properties

Consistency in this work between the fusion parameters measured calorimetrically for DL-menthol
and those calculated at the triple point from the vapor pressure measurements, compared in Table
2, is very good. The inconsistencies arising from the long-term coexistence of the liquid and «
phase in L-menthol for the vapor pressure, DSC, and adiabatic calorimetry results was already

discussed in Section 3.4.

Table 13 summarizes the vaporization/sublimation enthalpy data at 298.15 K. The A?H[?1 values

obtained by the SimCor method for L-menthol and DL-menthol at 298.15 K are equal to within

their estimated uncertainties, and the consistency with fusion enthalpies supports the SimCor

results for AE"XH,?1 . The sublimation enthalpies of unspecified polymorphs of both menthols were

previously determined by Chickos et al. [47] (via the Clausius-Clapeyron equation from vapor
pressures obtained by a head-space method), but they are in disagreement with the SimCor results
despite their large stated uncertainty of 5 %. The vaporization enthalpy (and vapor pressure of
supercooled liquid in [15]) was determined using indirect gas-liquid chromatography (GLC)
method by Hoskovec et al. [16] and by Chickos and coworkers [13, 15]. It is outside the scope of
this work to analyze the reasons for differences between published values and recommendation of
this work (see Table 13); a general analysis of results obtained by the GLC method was recently
published by Koutek and coworkers [60, 61]. It is however necessary to mention that results of the
GLC method are substantially influenced by i) the choice of reference compounds and quality of
their reference vapor pressure data and ii) the length of extrapolation since chromatographic
measurements are usually performed well above room temperature, while the results are reported
down to 298 K. Hoskovec et al. [16] selected n-alkanes as reference compounds, a choice that was

recently demonstrated to yield errors of hundreds percent when determining vapor pressures of
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polar compounds, e.g. 1-alkanols [61]. The resulting 16.2 kJ-mol™ deviation from our value
obtained by the SimCor method is therefore not surprising. Chickos and coworkers [13, 15] used
1-alkanols as reference compounds; however extrapolation by at least 75 K was employed, and the
reliability of their reference vapor pressures is questionable (see, e.g., disagreement of [62] for 1-
hexanol with our recent recommendation [43]). In view of these facts, the agreement of several
published values on both vaporization enthalpies and supercooled vapor pressures with the SimCor

results is rather good (but it may be fortuitous).

The SimCor results combined with adiabatic calorimetry can be used to derive a recommended

value of standard ideal-gas molar entropy S. (ig). The resulting value S. (298.15 K ig) = (465.3 =

1.7) J-Kt-mol™ is in agreement with the theoretical value from Table 10 obtained by statistical-

thermodynamics calculations, (468.5 + 4.2) J-K™*-mol™. Figure 10 shows excellent agreement
(within 3.5 J-K*-mol™) between Agng’m obtained from calculated ideal-gas heat capacities and

calorimetrically determined heat capacities of crystalline and liquid phases with that derived using
the SimCor method, further demonstrating the internal consistency of our vapor pressure and heat

capacity data.

Vapor pressures of liquid phase of L-and DL-menthol together with recommended T and A'CrHr?]
from Table 2 were utilized to calculate the differences between the Gibbs energy of the various

observed polymorphs and the liquid phase (Anggym of all crystalline phases were considered equal

to A’CY  since heat capacities were not available for all polymorphs), and the resulting Gibbs-

a~pm

energy diagrams of both menthols are presented in Figure 11.
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Table 13

Comparison of vaporization/sublimation enthalpies at 298.15 K

Source L- or D- menthol (enantiopure) DL-menthol (racemic)

AH® / k3 mol*

SimCor, this work 728+032 72.7+032

Hoskovec et al. [16] 56.6 +2.8

Lipkind and Chickos [13] 72.8+1.9,75.2+4.3,76.3+4.4 72.6+2.9

Keating et al. [15] 73.7+04 742+28,739+04,73.7+£04
A°H? / kI molt

SimCor, this work 84.4+0.52 85.6+0.52

Chickos et al. [47] 95.8 78.7

@ Expanded uncertainties with 0.95 level of confidence were estimated for the SimCor results based on standard error
estimations of the parameters and experimental uncertainty of the input data using the error propagation law
approximated by the Kragten algorithm [63].
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Figure 10. Description of differences in the heat capacity for L-menthol computed by the SimCor

method. Combination of adiabatic calorimetry and theoretical calculations: M, Ang’m . @, A?CSYm : O,
A?ngm (points excluded due to increasing pVT correction). SimCor results: —, Aicgym ;- A?Cg’m .
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4 Conclusions

The thermodynamic properties of L- and DL-menthol, including vapor pressures, heat capacity of
condensed phases, and phase change temperatures and enthalpies are reported, many of them for
the first time. For both compounds, several concomitant polymorphs were observed during the
phase behavior studies. The kinetics of phase transformation of the g form of DL-menthol to the
stable a polymorph and the crystallization of the o polymorph was thoroughly investigated by VT-
XRPD. An optimal temperature interval for the formation of the o polymorph was determined
based on these experiments. A significantly lower rate of formation of the a polymorph by
crystallization compared to that by the f- to a-polymorph transformation was observed (a long-
term coexistence of the a polymorph with the liquid phase was detected by VT-XRPD).
Experimental thermodynamic data were supplemented by ideal-gas thermodynamic properties
obtained by combining statistical thermodynamics and quantum chemical calculations. A thorough
conformational analysis performed using the DFT and LCCSD methods revealed the existence of
57 stable conformers, many of which are reported for the first time. Calculated ideal-gas heat
capacities were combined with the experimental data on condensed-phase heat capacities, vapor
pressures, and phase-change properties and were treated simultaneously to obtain a consistent
thermodynamic description. The thermodynamic data and information on polymorphic behavior
reported in this work form a necessary basis for phase equilibrium studies on mixtures containing
menthol and should be of interest to a wide range of applications including phase separation

processes and environmental modeling.
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Appendix A. Supplementary Data

Supplementary data associated with this article can be found, in the online version, at

Supplementary data contain detailed description of the SimCor method; description of multi-phase
Arc plot; tables and figures with details on adiabatic calorimetry experiments and XRPD
measurements; figure with labeling of possible cyclohexane frames; list of stable conformers of
menthol with their parameters; and parameters of methyl rotations of the most stable EQgt

conformer of L-menthol.
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1 Simultaneous treatment of vapor pressures and related thermal data

(SimCor method)

Simultaneous correlation of vapor pressures and related thermal properties (SimCor) was suggested
(in a simplified form) by King and Al-Najjar in 1974 [1, 2]. The method was later sporadically
used by several authors (e.g. by Wexler [3], Ambrose and Davies [4], Mosselman et al. [5],
Rogalski [6, 7], King and Mahmud [8], Craven and de Reuck [9], Poling [10], Varushchenko et al.
[11], Huber et al. [12], Hogge et al. [13, 14]) and systematically in our laboratory [15-39]. The
SimCor method is based on exact thermodynamic relationships and the procedure must, therefore,
yield reliable results provided that the input data are of reasonable accuracy. A great advantage of
this approach is that a single equation can furnish a description of the temperature dependences of
several thermodynamic properties and the SimCor thus also provides a test on the consistency of

different experimental data.

Let us define auxiliary quantities AH"and AC’

AH'=ASH? [ A%z (S.8)

’ ! ! p !
AC'=(dAH'/dT)_, =[A§dcg,m —2AH (aAgdz/aT)p—ﬁAH 2(8A§dz/6p)T} /Agdz (S.9)
where Al,z stands for the difference between the compressibility factors of the coexisting
condensed and gas phases, A%H? is the vaporization/sublimation enthalpy and

Agdcg,m =Cg'm (i9) —Cg’m (cd) is the difference between isobaric heat capacity of gas and that of

condensed phase at the saturation curve, i.e. at the vapor pressure p (the subscript ‘sat” denotes a
derivative along the saturation line; R is the molar gas constant). The SimCor method then starts

from the Clapeyron equation in the form
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AH'=RT?*(dIn p/dT) (S.10)

sat

relating the vapor pressure psa to A%HP°and the pVT behavior of the coexisting phases.
Differentiation yields an equation relating vapor pressures to heat capacities

AC':R{d[TZ(dln p/dT)]/dT} (S.11)

sat

It is apparent that quantities AH’ and AC' can be calculated exclusively from vapor pressure
equation (equations. (S.10) and (S.11)) or from thermal properties (A%H? and ASdCS,m) and

appropriate pVT corrections (equations. (S.8) and (S.9)). This means that after selecting a suitable

vapor pressure equation, it is possible to simultaneously correlate experimental values of psat,

A% H?, and Agngym as a function of temperature, resulting in a set of vapor pressure equation

parameters which are valid in a combined temperature range of all input experimental values.

While calorimetry is a source of A%HPand C  (cd), the heat capacity of real gas is obtained

using

C,(0)=C2, (ig)-T j’at[azg’;gqup (5.12)

where Cﬁ,m (ig) is isobaric heat capacity of ideal gas, evaluated usually from spectroscopic (or ab
initio) vibrational frequencies by means of statistical thermodynamics.

Generally, the pVT term in equation (S.8) (i.e., term AZ,z) represents a correction of around (3 to
7) percentto A% H? at the normal boiling point temperature Ty, while pVT terms in equation (S.9)
can contribute up to 40 percent of the Agngym value (see Figure 1 on page 28 in Ruzi¢ka and Majer

[16]). Since data for exact evaluation of pVT corrections are generally not available, all authors

using the SimCor method had to select one of two possible solutions:
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1) To neglect the pVT correction in equations (S.8) and (S.9) at all. This implies that

enthalpies of vaporization/sublimation A% H? can be included in the SimCor at saturated

pressures smaller than 1 kPa and heat-capacity differences ASng,m at saturated pressures

less than 10 Pa.

i) To express the pVT correction by means of second virial coefficients (and molar
volumes of liquid/solid phase). As experimental second virial coefficients are typically not
available for temperatures well below the normal boiling temperature Tp,, estimation
methods must be used. This means that the uncertainty of pVT corrections is high and limits

the potential to include thermal properties in the SimCor analysis. Thus, to minimize the
impact of errors on the results in pVT description, A%H?°can only be included in the
SimCor analysis at saturated pressures smaller than approximately 10 kPa and heat-capacity

difference Agdcg,m at saturated pressures less than approximately 1 kPa.
. : RT . :
When the volume of gaseous phase is expressed as V.. (ig) = —+ B , equation (S.8) can be written
P

as

g 0
AH': p Acde
1+R%?_‘(B—Vm(l))

(S.13)

and equation (S.9) can be converted (after neglecting the pressure dependence of V_(l)) to the

form [1]

d’B d(B-V,(h)( dp d2p
AC'=AC° - T—p, -2T—— = | —T(B-V_(I S.14
B Lt IR CRVA0) D
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The molar volume of saturated liquid of V! and its temperature derivative play a negligible role at

temperatures well below the normal boiling temperature, where equations (S.13) and (S.14) are
applied. Several estimation methods for the second virial coefficient can be found in the literature.
We prefer the method suggested by Tsonopoulos [40] as it also provides (empirical) corrections
for polar compounds.

In this work, the heat capacity data were used only in the temperature range corresponding to p <
100 Pa, in which case the correction for the non-ideal behavior of the vapor plays a minor role in
the correlation due to the lack of virial coefficients and critical parameters for menthols. The second
virial coefficient was estimated by the method of Tsonopoulos [40] with an additional term
proposed for 1-alkanols. The critical temperature Tc = 694.15 K was taken from Radice [41].
Critical pressure pc = 2.678 MPa was estimated using the method of Nannoolal et al. [42]. The
same values were used for both enantiopure and racemic compounds, as the liquid vapor pressures
are equal within their experimental uncertainties. The dipole moment x= 1.69 D was calculated by
the mixing model at 298.15 K, and acentric factors of w = 0.536 and w = 0.607 were iteratively
calculated during the SimCor process for L- and DL-menthol, respectively.

Any vapor pressure equation can be used in the SimCor method providing that it is flexible enough
to describe input properties within their assumed uncertainties. Different equations were tested by
Razicka and Majer [18]. The Cox equation [43], Wagner equation [44], and Clark and Glew
equation [45] are the most often used as they provide adequate flexibility.

The parameters of the vapor pressure equation are obtained by minimizing an objective function S

which is defined as

RS S W IS S IR SN
= oilnp,) = oi(AH) ‘G o (AC') o
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where K is adjustable weighting coefficient of the correlated property and oj is the uncertainty
(weight) of i-th experimental data point.

The quantities with the superscript “exp” relate to the experimental data (AH' ®® are calculated by

means of equation (S.13) and AC’'®® by means of equation (S.14)). The quantities with the
superscript “calc” are expressed from the vapor pressure equation and equations (S.10) and (S.11)
. The individual data points are weighted using the expected uncertainties of the experimental data.
As a starting point, uncertainties claimed in the original data source are used. Very often the
original uncertainties are too optimistic, and uncertainties are raised during the evaluation or even
a whole dataset is excluded from the correlation, when inconsistency with other types of data is

observed.
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2 Vapor pressure data visualization: Arc plot

Traditionally, the vapor pressure data are represented using In p as a function of 1/T plots, which
often is inadequate to reveal significant differences in the measured values. Our group frequently
uses the so-called “Arc plot” as was proposed by Aim for visualization of vapor pressure data [46,
47]. According to the original paper, the Arc plot is constructed by transformation of vapor pressure

plot into the following definition of the x and y coordinates:

. Tmin /Tmax l_T /Tmax
l_Tmin /Tmax T /Tmax

where the subscripts ‘max’ and ‘min’ denote the highest and lowest experimental value in the data

x=1

, (S.16)

set. The coordinate x(0,1) and accurate vapor pressure data measured below the Ty (normal
boiling point) should form an arc above the abscissa axis.
An equivalent method was developed independently by van der Linde et al. [48], who proposed to
plot In f as a function of 1/T, where

Inf=Inp-a+p/T. (S.17)

and the constants a and g should be selected so that Inf is close or equal to zero for extreme

temperatures. In that case, we can define them as:

— T ; In max min
o= Tmax IN Prmax Tmin IN Prmin and ﬂ — M . (818)
Tmax _Tmin l/Tmin _l/Tmax

A third similar method was proposed by Wilsak and Thodos [49]. It is based on the rotation of the
Cartesian coordinates in a way to set the critical point (or maximum among the data) as a new

origin and fix the triple point (or minimum among the data) to abscissa axis.
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Considering the preceding definitions, it can be shown that y =In f . The only difference between
the methods proposed in [47] and [48] is setting the abscissa axis as 1/T or X € <O,1> . The method

of Wilsak and Thodos yields a very similar image, however slightly different, as here the x
coordinate depends not only on the temperature, but also on the related vapor pressure. The
difference in definitions is displayed in Figure S1. All of the above works discuss the significant
advantage of the method due to enhanced resolution compared with the common representation
(i.e., Inp as a function of 1/T). Neither of the authors, however, explain the basis of this

enhancement. The further text discloses the benefits of this particular selection of coordinates.

The common logarithmic view of vapor pressure data forms a sort of bow related to the change of
AYHY with temperature, i.e. A%C3n1. Using the Arc method, we set new coordinates so that
Y (Tmex ) = Y(Tmin ) =0, X(Tmax ) =1, and X(Twin ) =0 as can be seen in Figure S1. It should be noted

that x is not exactly defined yet, but we set y to form an arc above the abscissa axis by subtracting

a linear function of x;

y =Inp—(In Prin +X(IN Proax =N Prin ) ) = In ( PP P ) - (S.19)
Now, if we use Clark and Glew equation [45] (Eq. (7) in the main text) with three parameters for

vapor pressure description and set Prin = P(Tmin) and Prac = P (Tmax ) , We obtain:

ALHS, ( 1 1 j 1 1
y= X - + -=
R Tmax Tmin Tmin T

ACON( (1 (x=1) x o )
AL o3+ 52 ol () 0”)

(S.20)

! An ideal-gas behaviour is considered in this section for a clearer explanation.
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Eq. (S.13) shows that y does not depend on AJ,GS which follows the selection of new axes relative
to the curve. Moreover, selection of x as a function of temperature such that y is independent of
A¥HY | is evidently favorable. We thus obtain a definition for x, which is equivalent to the one in

Eq. (S.16), but simplifies to:

1 1
? _Ti- Tmax (T _Tmin )
= min_ s.21
X l _ i T (Tmax _Tmin ) ( )
Tmax Tmin

Alongside, we find a term for y, demonstrating that y is a function of A%C?3» and T only.

ASdCB,m 1 (X — l) X x-1 —X
e L e e M (R AR L S

Any other selection of parameter x would introduce the dependence on A HS$ into y, and since
A% H?S is higher than or comparable with jAgdcg,de , the resolution of the Arc would decrease.

Thus, the Arc method defined in [47], [48] or by Egs. (S.21) and (S.19) is superior in the

representation compared with any other view of the vapor pressure arc.

If we want to display vapor pressure data for two phases (usually liquid and crystal) simultaneously
using an Arc plot, the curve breakage corresponding to the AL HS overshadows the arcs of the two
respective curves. The curves have to be displayed separately or a different methodology has to be
used for an Arc plot with several phases. We propose a multi-phase Arc method, which keeps the
advantage of the enhanced resolution, but represents both vapor pressure curves including the

projection of the triple point at the same time.

At first, we calculate global coordinates of the triple point [xt, yr] according to Egs. (S.21) and

(S.19), where the minima belong to the lowest point in the crystalline phase, maxima to the highest
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point in the liquid phase and values without index are taken for the triple point. We calculate local
sets [xL, yL] of coordinates for each of the phases separately (i.e. selecting extremes among the data
for a single phase) again according to Egs. (S.21) and (S.19) with a small modification: y. is
multiplied by a “zoom factor”. The zoom factor has no effect on the shape of arc, can differ for
each phase and is manually varied in a way to obtain required resolution, but not to overlay data

for distinct phases, approximately maintaing yr = max(y¢)/xr = max(y!)/@—x).

The local sets of coordinates are further rotated along the extreme points to intersect in the triple
point. Representing the Arc on the complex plane, we can write for global coordinates of the solid

and liquid phase, respectively:

Xg + Yy =(xe -+ yli) (xr + yri) (S.23)

@A—x5)+yhi=(A—xL)+ yli)(A—xr) + yri). (S.24)
The idea of rotation is displayed in Figure S2. This process, however somewhat arbitrary, leads to

an Arc representation with a good resolution for both phases reproducing correctly the intersection
in the triple point at the same time. A third curve for another phase can be introduced into the
representation in a case of polymorphic behavior. The process would differ depending on the nature
of polymorphism (monotropic or enantiotropic), and the range of the vapor pressure measurements.
The lowest pressure point of the second crystalline phase and second triple point would have to be

manually fixed.
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3 Tables and Figures
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Figure S1. Definition of the Arc plot coordinates and the resolution enhancement.

Preliminary data selection performed for hexan-1-ol was used as an example [35]. Blue dotted
axes: definition according to Aim [47], Green axes: definition according to Wilsak and Thodos
[49]. Full symbols: accepted data; empty symbols and crosses: rejected data.
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Figure S2. Coordinate rotation in a multi-phase Arc plot.

Our results for DL-menthol were used as an example. M: STATS results for liquid phase (y, <0

belongs to undercooled liquid); ¥: STAT6 results for liquid phase (Y, <0 belongs to undercooled
liquid); =—: smoothed data for liquid phase; B: STATS results for a-phase; ¥: STAT6 results for
a-phase; =—: smoothed data for a-phase; >X: triple point.
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Table S1

Results of fractional-melting experiments for the natural L-menthol sample in the adiabatic

calorimeter (f is the melted fraction at temperature T, Trusq IS the triple-point temperature, X is the

mole fraction purity)

Experiment 1

Experiment 2

1/f T/IK 1/f T/IK
2.518 315.187 2.211 315.234
1.891 315.284 1.741 315.313
1.510 315.349 1.430 315.368
1.255 315.394 1.213 315.407
1.073 315.417 1.051 315.429

Truse = (315.60 = 0.02) K 2

X =0.9973

2 Expanded uncertainty with 0.95 level of confidence is provided for the triple-point temperature.
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Figure S3. Results of the fractional-melting experiments for the natural L-menthol sample

O, Experiment 1; l, Experiment 2.
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Table S2

Determination of the molar enthalpy of fusion for the natural L-menthol sample (a form) in the
adiabatic calorimeter (p° = 0.1 MPa) 2

Tstart/ K Tend | K lep /] QCont /] Qsample/ Qbase,a/ Qbase,l/ ALHS] /

Jmolt  J-mol? J-mol™? J-molt

295.71 319.53 1247969  33.0960 20114 5158 1490 13465

296.04 317.23 116.7970 29.4144 19167 5076 615 13475°

29546 317.80 120.0855 31.0104 19538 5220 831 13487

296.36  318.60 120.2414 30.8967 19597 4997 1136 13465

296.02 31746 117.5260 29.7644 19250 5081 702 13466 °
Average: 13472 +55°¢

2 gexp IS the energy applied to heat the container with the sample (Msampie = 0.71244 g) from Tstart tO
Tend; Qeont IS the heat needed to increase temperature of the empty container from Tstart tO Tend; Qsample

is the energy input for heating 1 mole of L-menthol from Tt to Teng; A H? is the total enthalpy
of fusion calculated as follows:

Tus.a Tend
A:x Hr(l)q = Qsample - Qbase,a - Qbase,l = Qsample - Tt Cg,m (0“) dT - _L— CO (1) dT

p.m
fus,a

with the following baselines derived from the heat capacity values from (276.6 to 298.7) K for
crystal (a-form) and from (312.2 to 367.8) K for liquid (including supercooled liquid):

Co%m(a) / (3-K*mol™?) = 636.16 — 3.7166-(T / K) + 8.1230-10°+(T / K)?;
Co%m(l) / (3-K--mol?) = 800.24 — 9.4299-(T / K) + 4.1796-102-(T / K)?> — 5.1252-105-(T / K)®.
b Fractional-melting experiments (Table S1).

®The average value with the expanded uncertainty (0.95 confidence level), including repeatability
and uncertainty of the method.
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Table S3
Phase change kinetics parameters® for the transformation from the f to a form of DL-menthol

T/K to / min In(k / h?) 12/ h 099 / h
233 335 -0.739 1.20 3.11
243 3.0 1.583 0.38 0.97
248 4.4 2.479 0.24 0.62
253 6.2 3.286 0.161 0.42
258 6.6 3.801 0.124 0.32
263 5.1 3.965 0.115 0.30
268° 4.4 4.054 0.110 0.28
273 3.8 3.973 0.114 0.29
278 4.2 2.927 0.193 0.50
283 4.9 2.224 0.27 0.71
288 4.9 1.666 0.36 0.93
293 3.0 1.077 0.49 1.25
298 7.7 0.913 0.53 1.36

% to is the detected initial lag before the start of the phase change. The value is considerably
irreproducible. k is the rate constant of transformation, 71> phase change half-life, and zo.99 the phase
change 99" percentile. 712 and 70.99 are corrected for the initial lag. Geometric parameter in Eq. (5)
in the main text, n = 2.

b Tentative minimum of the s-phase stability.
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Figure S4. DL-menthol: Presence of the S phase after setting up the equilibrium between the a-
phase and amorphous content at 30°C and cooling down to 25°C (red pattern). Observing a small
amount (~5%) of the B phase in the pattern confirmed the presence of the amorphous content in the
equilibrium state at 30°C, and it reveals that crystallization of the g phase from the melt is
preferential even in the presence of the a phase. The measurement 12 minutes later (blue pattern)
revealed that the $ phase disappeared quickly.
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Figure S5. The gradual increase in the intensity of a-phase reflections and the decrease in
background caused by crystallization of the a-phase from the amorphous content at 303 K. Blue
pattern is the first scan and the red pattern is the last scan of this experiment. Rest of the
measurements between these two scans are not displayed for clarity.
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Table S4

Stable conformers of L-menthol and their relative energies, enthalpies, entropies, Boltzmann

fractions at 298.15 K, and other characteristics @

AE ¢/ AEiccsp €/ AEZPE/ TAS/ AHTherm lalglc 1013
n conformer ® Kmolh  Kmolt  kimolh  kimolt kI mol? X KD g me
1 EOnt(EQzext)  10.21 9.39 0.31 20.89 2027 067% 186 8735
2 EQng(EQint2)  11.95 11.29 0.90 -1.64 0.3 019% 171 8783
3 EQng (EQint)  10.58 10.81 0.14 0.63 -0.07 0.69% 171 8856
4 EQug (EQLin2)  0.004 0.99 0.15 0.05 0.00 277% 167 8640
5  EQtg' (EQ3int) 3.10 3.25 0.60 -1.44 0.2 554% 175 7917
6  EOtg (EQ3int2) 7.01 7.64 0.03 0.56 0.11 148% 188  798.1
7 EQdg 13.13 11.67 0.44 0.34 011 030% 196  870.2
8  EOt (EQ3ext) 3.10 4.26 0.58 -1.80 -0.29 332% 178 7850
9 EQgt(EQlext) 0 0 0 0 0 42.9% 162 8541
10 EQgg (EQlint) 111 1.34 0.36 0.65 -0.10 173% 177 8587
1 AXglg' 22.94 1.65 2,07 068  120E-05 211  670.6
12 AXgg 17.53 2.03 -2.09 073 928E-05 166 6552
13 AXtg 20.48 1.85 1.8 048  B8O5E-07 178  627.7
14 AXng 28.87 134 0.85 027  173E-06 174 6441
15 AXgt 17.72 2.23 235 079  733E-05 156 6521
16 AXig' 33.89 1.36 142 038  188E-07 209  639.7
17 AXnt 28.37 1.68 -0.96 029  178E-06 150 6416
18 AXit 28.97 175 -1.60 042  111E-06 145 6251
19 AXng 33.26 211 1.0 042 214E-07 199  660.9
20 TWing 26,52 1.01 1.21 018  426E-06 164 8014
21 TWing 28.39 0.71 1.22 021 228E-06 179  802.0
22 TWint 26.75 0.76 -1.01 013  454E-06 162  796.3
23 TWig'g 3051 0.85 -0.59 024  119E-06 195  816.0
24 TWigg 31.19 0.60 20.60 025  100E-06 173 8150
25 TWigt 30,69 0.61 0,29 012 132606 172 8071
26 TWitg 32.00 178 11.29 029  346E-07 196 7427
27 TWitg' 31.35 112 0.01 029  683E-07 176  740.0
28 TWitt 31.46 115 0.25 007  774E-07 164 7352
29 TWM'gg 32.26 1.54 :0.90 013  376E-07 168 7545
30 TWMgg' 31.66 141 -0.55 008  571E-07 169 7557
31 TWMgt 31.80 1.48 0.75 014  496E-07 169  749.2
32 TWMt 44.25 0.44 0.54 020  7.25E-00 196 7792
33 TWM'gg 44.96 0.90 119 015  2.60E-09 163 7787
34 TWMgg 42.99 114 0,63 026  683E-09 168 7877
35 TWM'tt 3552 117 11.28 018  102E-07 185  702.8
36 TWMtg 38.86 0.85 -1.10 005  310E-08 178 7123
37 TWM'g 3536 1.32 -0.55 009 13307 175 7091
38 TWOng 32.69 0.85 0.57 010  473E-07 172 7204
39 TWOng' 32.46 1.33 -1.00 011  359E-07 191 7248
40 TWoOnt 31.18 0.84 053 011  B886E07 154 7154
2 TWOg'g' 35.61 114 0.45 039  160E-07 199 7271
42 TWOtg 35.36 1.02 -0.69 012 145607 204 6825
43 TWi'tg 28,52 1.49 217 043  118E-06 186 6748
44 TWI'tt 28.36 1.40 1.74 032  148E-06 139 6754
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45 TWI'g'g 28.87 0.59 -0.91 -0.27 2.29E-06 1.77 729.3

46 TWI'g't 29.27 0.75 -0.19 -0.01 2.20E-06 1.50 729.5
47 TWI'g'g' 33.71 0.16 -0.14 -0.07 4.85E-07 2.04 747.8
48 TWI'ty' 32.87 0.70 -1.24 -0.17 3.67E-07 2.07 690.0
49 TWl'gg 28.99 0.89 -1.62 -0.32 1.48E-06 1.78 693.7
50 TWI'gg' 33.13 0.71 -1.04 -0.16 3.55E-07 1.99 713.8
51 TWI'gt 28.66 1.04 -1.29 -0.27 1.78E-06 1.43 695.5
52 TWMg't 34.57 -0.08 0.04 0.15 3.73E-07 152 735.8
53 TWMg'g 33.72 0.08 -0.24 0.04 4.61E-07 1.67 738.5
54 TWMg'g' 37.63 0.00 0.09 0.20 1.05E-07 2.13 749.6
55 TWO'g'g 30.20 1.05 -0.42 -0.16 1.29E-06 1.78 811.3
56 TWO'g'g' 32.06 0.92 -0.32 -0.15 6.69E-07 1.86 817.8
57 TWO'g't 30.50 0.89 -0.17 -0.11 1.33E-06  1.63 811.0

2 AE is the electronic conformer energy relative to that of the most stable conformer, AEZ"E is the zero-point vibrational
energy relative to that of the most stable conformer, AS is the entropy at 298.15 K relative to that of the most stable
conformer, AHT™™ s the thermal enthalpy at 298.15 K relative to that of the most stable conformer, x is the Boltzmann
fraction at 298.15 K, u is the dipole moment, and lalglc is the product of principal moments of inertia.

b |_abeling of the cyclohexane frame: EQ — chair with tops in equatorial positions, AX — chair with tops in axial position,
TW? — twist-boat, where the question mark labels twisting axis and direction of twisting (see the main text or Figure S6
for definition of twisting axis I, M, O). Labeling of the dihedral angles: t = 180°, g = 60°, g’ = -60°, n = 40°, n’ = -40°,
d’ = -90°. Conformer notation according to [50] is presented in brackets.

¢ Relative electronic energies AEgs vy and AEiccsp were calculated at B3LYP-D3/6-311++G(d,p) with structure
optimization at the same level of theory and at LCCSD(T)/aug-cc-pVQZ with structure optimization at DF-MP2/aug-
cc-pVQZ, respectively. Entries given in Bold were used in the R1SM model.
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Figure S6. Visualization of eight possible cyclohexane frames of L-menthol molecule. Twisting

planes are highlighted and hydrogen atoms are not shown for clarity.
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Table S5

Parameters of methyl rotations of the most stable EQgt conformer of L-menthol

Methyl group ? Internal Fourier expansion parameters °
symmetry / J mol*?
number
7,21, 22, 23 (at cyclohexane ring) 3 Vo = 6682, V,;* =-6682
_ _ N Vo = 5889, V> =-6226, ;" =-176,
9, 24, 25, 26 (at isopropyl in g position) 3 cos sin
V& =302, V" =89
) _ . Vo = 6185, V> =-6476, ;" =-334,
10, 27, 28, 29 (at isopropyl in t position) 3

Ve = 253, VN =117

& Atom numbers as in Figure 8 in the main text.

b The Fourier expansion has the following form:

V(p)=V, + Zvi‘m cos(ip) +V,** sin(ip) ,

(S.25)

The potential energy profiles were calculated at the DFT B3LYP/6-311+G(d,p) level of theory.
The parameters not listed in the table are equal to zero.
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