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Abstract

The thermodynamic properties, phase behaviourkaretics of polymorphic transformations of
racemic (DL-) and enantiopure (L-) menthol weredsd using a combination of advanced
experimental techniques, including static vapowspure measurements, adiabatic calorimetry,
Tian-Calvet calorimetry, differential scanning aaieetry (DSC), and variable-temperature X-
ray powder diffraction. Several concomitant polypi®s @, £, ), and d forms) were observed
and studied. A continuous transformation to theblstar form was detected by DSC and
monitored in detail using X-ray powder diffractioA long-term coexistence of the stable
crystalline form with the liquid phase was observEde vapour pressure measurements of both
compounds were performed using two static appam@tas a temperature range from 274 K to
363 K. Condensed-phase heat capacities were mddsyiadiabatic and Tian-Calvet calorimetry
in the wide temperature interval from 5 K to 368B«perimental data of L- and DL-menthol are
compared mutually as well as with available literatresults. The thermodynamic functions of
crystalline and liquid L-menthol between 0 K and 3 were calculated from the calorimetric
results. The thermodynamic properties in the idgal- state were obtained by combining
statistical thermodynamics and quantum chemicalcutaiions based on a thorough
conformational analysis. Calculated ideal-gas lvagiacities and experimental data on vapour
pressure and condensed-phase heat capacity watedtremultaneously to obtain a consistent
thermodynamic description. Based on the obtainedlt® the phase diagrams of L-menthol and

DL-menthol were suggested.

Keywords: monoterpenoids; menthol; vapour pressure; heat ctgpavariable-temperature

XRPD; thermodynamic properties; ideal gas; sta@tihermodynamics.
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1 Introduction

Menthol is a widely used chemical compound usegarfumes and cosmetics and serving as
pharmaceutical excipient, food additive, and tobaftavouring, due to its pleasant smell and
cooling effect [1]. The compound is isolated asngiopure L-menthol from natural peppermint
oil or produced using either asymmetric synthesihe Haarmann—Reimer process. In any of the
production methods, isolation from multi-componeystems via distillation, extraction, or
crystallization is a necessary step. The recemease of interest in the description of solid-ldjui
equilibria (SLE) [2-6] and liquid-liquid equilibri@_LE) [7] of menthol-based mixtures is likely

related to an attempt to improve the process efficy.

The four concomitant polymorphs of L-menthol anelitiransformations were described as early
as 1917 [8], although the term “concomitant” foisttncommon behaviour itself was introduced
much later [9]. Nowadays, both L- and DL-mentha &nown to have several monotropically
related polymorphs [2, 10, 11]. The crystal struesuwere solved for the phase of both L-
menthol [12] and DL-menthol [2], whereas only thell pparameters are known for the
polymorphs of L- and DL-menthol [2]. Neither cryldgraphic nor thermodynamic studies on
the remaining known polymorphs &nd o phases of L-menthol and phase of DL-menthol,
which were identified by visual observations, ht#t@ microscopy, and Flash DSC) have been
conducted yet, except for enthalpy of fusion [I#Hcause of their short lifetimes. Studies [11]
and [2] traced interesting connections between motphism of enantiopure and racemic
menthols and SLE behaviour of their mixture, arthoaigh the conclusions are not in obvious
agreement, some facts seem to be certain. Spdgifitee « form of DL-menthol is a racemate
(racemic compound) with low symmetry (space gréup ), whereas thg phase of DL-menthol

is a pseudoracemate (solid solution), as evidebgdabth X-ray and calorimetric studies. The
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polymorphs of L- and DL-menthol have very similaflgparameters and lack all but the periodic
translational symmetry in the crystalline structispace grougPl). It should be noted that,
inconsistently with the rest of the literature, kipd and Chickos [13] claimed that L-menthol
exists in the form of a plastic crystal at room pemature. They supported the statement by a
comment that it does not exhibit an X-ray diffraatipattern, which is contradicted by the pattern

presented in [2].

Well defined thermodynamic properties and phaseawehr of a pure compound form a
necessary basis for studies of related mixturggea@sally in the case of complicated polymorphic
behaviour, such as that of L- and DL-menthol. Cadesng the number of studies on menthol
polymorphism and SLE behaviour of their mixturdsisisurprising, how little knowledge and
agreement there is regarding thermodynamic pragserdf pure L- and DL-menthol.
Temperatures and enthalpies of fusion of some pmighs of L- and DL-menthol were reported
several times, but a solid review and comparisam@fprevious values is needed. Heat capacities
of the condensed phases for L-menthol were recetdtgrmined [6] by differential scanning
calorimetry (DSC) which typically provides heat aajy data with much higher uncertainty than
adiabatic or Tian-Calvet calorimetry. Vapour pressuneasurements of menthols were
performed in [14-17]. Only the data by Guetachetval. [17] were measured by a direct method
with a well-documented procedure giving the mos$iaiée dataset for liquid L-menthol up to

now.

In this work, a thorough study of thermodynamicpaxies and phase behaviour of L- and DL-
menthol was carried out as a continuation of ofioref18-22] to establish reliable physico-
chemical data for biogenic compounds relevant sarenmental modelling as well as to other

types of calculations and processes requiring plegsdibrium and thermodynamic data. The
4
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experimental part consists of vapour pressure mmeasnts using two static apparatus, and
calorimetric measurements of the solid and liquidg®e heat capacities (adiabatic and Tian-
Calvet calorimetry). Special attention was paidotataining the properties of all observed
polymorphs and to guarantee the nature of the edludhases. To get a better insight into the
phase transformations, DSC and variable-tempera{ur@y powder diffraction (XRPD) were

further used to investigate the phase behaviourkametics of the transformation between the

polymorphs.

Developing a consistent thermodynamic descriptibnL-0 and DL-menthol simultaneously
considering measured vapour pressures and reldbedmal properties [23] requires
thermodynamic properties in the ideal-gas states&lwere obtained in this work by combining

guantum-chemical and statistical-thermodynamicsutations.

2 Experimental and theoretical section

2.1 Materials

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

used in this work. All studied samples were of careral origin. The enantiomeric excess in L-
menthol from Fluka is stated by the producer td894, giving specific rotation ({fa]zo =-

50.3 degreenL@ dm™ (according to the supplier certificate). The efm@meric composition in
the natural L-menthol sample from RUE Belpharmatsixas not separately determined, but it is
expected to be comparable, according to the speaifation of (-49+ 1) degre@nlg*dm™
(measured in an ATAGO automatic polarimeter AP-2@0r = 298.3 K andi = 589 nm;

5



111 consistent with [12]). Handling of the samples ptim experiments was carried out under a dry
112 nitrogen atmosphere in a glove box. The water ednteuld not be measured for L-menthol
113 from Fluka due to the small amount of the dry samplt it is expected to be similar to that of
114 DL-menthol. The water content in the L-menthol s@mjpom RUE Belpharmatsiya was not
115 separately determined, since the fractional-meléinglysis applied to that sample is sensitive to
116 all impurities, including water.

117 It should be emphasized that the purity was alseclkodd after the measurements of vapour
118 pressure and heat capacity using the Tian-Calvkdrigeeter, and no decomposition was
119 detected. The mole-fraction purity increased athervapour pressure measurements to >0.9995
120 and 0.995 for L-menthol and DL-menthol, respectiveue to distilling off volatile impurities.

121 The atomic masses of elements recommended by IUE&@entional weights reported in Table

122  3in [24]) were used to derive the molar mass ofital: 0.156269 kighol ™, formula GgH20O.
123

124 Table 1
125 Sample description

Chemical name CAS RN Source Mole fraction Mass-fraction water
purity content
RUE b
Natural L-MenthoP 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 0.988: 0.992° 9-10°%"

126 aSample used for the measurements by adiabatidrogliy. The sample is a pharmaceutical ingredi€he

127 sample was stored in a desiccator ow&sRor a month prior to the experiments.

128 P Purity determined by fractional melting in an dadiic calorimeter (see Table S1 and Figure S3en th

129 Supplementary Data (SD)). In addition, no impugpgaks were detected by gas chromatography using

130 chromatograph HP 5890 Series Il (equipped withsadusilica capillary column coated with 0 2% HP-

131 INNOWAX, 50 m length and 0.32 mm diameter, coluremperature programmed between 323 K and 498 K) and
132 HP 5972 quadrupole mass-selective detector (opkeat853 K).
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CSamples used for the XRPD, vapour pressure, Tidwe€Ceaalorimetry, and DSC experiments. The sampiei®
melted and dried over 0.4 nm molecular sieves (Kerc
4purity provided by the manufacturer in the certifie of analysis determined by gas-liquid chromatplgy (GLC).

€ Purity determined by GLC using the chromatogragfwiétt-Packard 6890A equipped with a column HRehgth
25 m, film thickness 0.52 um, diameter 0.30 mm, &2l detector in the temperature range from 31328 K with
inlet temperature of 373 K. Average of two deterations.

" Mass fraction of water determined by Karl-Fischealysis by Metrohm 831. Average of three detertiona.

2.2 Phase behaviour measurements

All temperatures reported in this paper are basethe international temperature scale ITS-90.
The phase behaviour of the studied compounds waestigated from 273 K with a heat-flux
differential scanning calorimeter TA Q1000 (TA Inshents, USA) using the continuous method
with a heating rate of 2 K-niin The calorimeter was periodically calibrated withset
temperatures and enthalpies of fusion of five eiee materials [25] selected to uniformly cover
the desired temperature range: water (distilled éenineralized by Millipore RQ), gallium,
naphthalene, indium, and tin (from the calibratsen provided by GEFTA). The sample load of 5
mg to 10 mg was determined by an analytical baldhat 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 transétions and behaviour of DL-menthol,
variable temperature X-ray powder diffraction (VIRRD) was employed. The isothermal phase
stability in the temperature range between 233 K208 K was studied by the XRPD technique
using a powder diffractometer, Empyrean of PANaBii which was equipped with a sealed Cu
X-ray tube, capillary holder, PIXC& detector, and an Oxford Cryostream cooling hedd T
sample was placed into several borosilicate camlawith diameters of 0.5 mm and 0.7 mm.

Two different techniques were used to fill the dapes: (i) solid powder was ground at room
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temperature and placed into a capillary, and (iiyample was melted and poured into the
capillary.

Two polymorphs ¢ and ) of DL-menthol were observed by XRPD, whilehas a too short
lifetime. The crystal structure of the stahl@hase is known from single-crystal X-ray diffracti
[2]. Since the crystal structure of the metastgbfghase is unknown, the Rietveld method [26]
could not be used to obtain the relative amounthefa and f phases in the samples. The

composition of the samples was instead determirgad the change of the integrated intensities
of selected reflections during the measurementhéncase of the phase, thel(0 1) reflection

was used, and the peak correspondin@td @) and @ 1 0) reflections was used in the case of
the f phase. The approximate amount of the amorphousllighase at 303 K was obtained

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

2.4 Heat capacity measurements by adiabatic calorimetry

Heat capacities at the saturated vapour press§irg (or thea-crystalline and liquid L-menthol
over the temperature range 5 K to 370 K and itstingelparameters were measured in two
adiabatic calorimeters. TH& , measurements between 5 K and 108 K (liquid-helnath) were
conducted in a vacuum adiabatic calorimeter TAWNI(FTRI, Moscow, Russia) described in
[28, 29]. The reliability of the heat-capacity measnents with the TAU-1 calorimeter was
verified in experiments with benzoic acid and hmlrity copper, and the expanded uncertainty
with 0.95 level of confidence was estimated to %6 Bear 5 K and 0.4 % above 40 K [30]. A
vacuum adiabatic calorimeter TAU-10 (“Termis”, Mosg Russia) was used between 80 K and
370 K (liquid-nitrogen bath) with the reproducibyliand relative expanded uncertainty (0.95
level of confidence) of th€s ,, measurements determined to be 0.1 % and 0.4 YWeataely.

The TAU-10 calorimeter details and verification exments were described previously in [31].
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During the experiments in both calorimeters, thengerature was measured with Fe-Rh
resistance thermometers calibrated on ITS-90 atlIVINRI (Mendeleyevo, Moscow Region,
Russia) with the standard uncertainty of 0.01 K.

Calorimetric cells made of stainless staék(1.0 cnf) in TAU-1 and of titanium{ = 1.13 cni)

in TAU-10 were loaded with solid samples of 0.83¢4&1d 0.71244 g, respectively. The masses
were determined with an accuracy of £0.02 mg amdected for buoyancy. After loading, the
containers were degassed under vacuum (residussyee of ~10 Pa) for 0.5 h. Helium gas
(p~5 kPa andT =293 K) was introduced into the cell to facildaheat transfer during the
measurements. The containers were sealed usingnindngs. The ratio of the sample heat
capacity to the total (sample + cell) heat capawig not less than 0.5 below 45 K and above the
melting temperature and not less than 0.35 in batw&he heat capacity of helium gas sealed in
the calorimetric cell was accounted for in the timgent of the experimental data.

The temperature steps for the heat-capacity measmts were approximately equal T20 at
T<40K and (1.5t02.5) K above 40 K. Heating pdsi were (80to 150)s below 30K,
(200 to 300) s foil = (30 to 55) K, 380 s fof = (55 to 108) K in TAU-1, and 400 s in TAU-10.
The thermal relaxation time was (80 to 200) § &t60 K, 230 s in TAU-1, and 150 s in TAU-10
at higher temperatures. The periods for the tentpezalrift measurements were (70 to 200) s for
T<60K, (200 to 250) s foll = (60 to 108) K in TAU-1, and (300 to 400) s in TAO. To
obtain the sample purity and triple-point tempemtiwo fractional-melting experiments were
conducted. The enthalpy of fusion was obtained feooombination of a series of experiments
with continuous energy input.€., one-step heating of the sample from a temperdtei@v the
beginning of the phase transition region to a tewipee above it) and the two fractional-melting

experiments.
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Based on the vapour pressure of the sample meassutieid work, an adjustment @ m, to Cf,,m
was much smaller than the experimental uncertamtyre studied temperature range and was

neglectedi(e, Csm~ Co ).

2.5 Heat capacity measurements by Tian-Calvet calorynet

Crystalline and liquid heat capacities of both IndaDL-menthol were also measured with a
Tian-Calvet calorimeter (SETARAMDSC llla, France) in the temperature range from RG0

359 K using the continuous method [32], whose perémce was tested by Stegaal. [20]. A
heating rate of 0.3 K-mihwas used with isothermal delays of 2600 s befor after the
continuous heating. After applying the standardcpdures, including slope correction and signal
smoothing, the heat capacity was calculated fraarhemat-flow record corresponding to an empty
sample cell, the sample cell filled with synthetapphire (reference compound, NIST SRM 720),
and subsequently with the sample. Approximately0DO8xperimental heat capacity data points
were obtained. For tabulation of the heat capacivietained using the continuous method, the
raw heat capacity data were averaged over 5 Kval®er The heat capacities are reported at the

mean temperature of each 5 K interval. The combiegoanded uncertainty (0.95 level of

confidence) of the heat capacity measurementgimaed to beJ( ngm) =0.01 Cgm.

2.6 Vapour pressure measurements

Vapour pressure measurements were performed ubiagstatic method (with capacitance
diaphragm gauges) with the STAT6 and STAT8 apparalhie STAT6 and STAT8 apparatus
were previously described in detail in [33] and ][3despectively, and thus only a concise

description is provided here.
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The performance of the STAT6 apparatus was chebliedeasurements of naphthalene, which
is recommended for calibrating vapour pressure rapyps [35], and recently byoctane andh-
decane. The agreement with the recommended dat8%23vas within the combined expanded

uncertainty (0.95 level of confidenck,= 2) of the STAT6 apparatus, which is adequately

described byJ,(p/Pa)= 0.00p /Pa O.

The STATS8 apparatus was calibrated by measurenoétitssee reference materials, naphthalene,
n-decane, and ferrocene, over the whole working eaofgthe apparatus [34]. The combined
expanded uncertainty of vapour pressure measurerefr) (0.95 level of confidences = 2)

using the STATS8 apparatus was estimated basedeodeWiations of experimental data points

from the recommended vapour pressures [23, 35036 U, (p/ Pa)= 0.0p /P& 0.

Prior to the measurement of the vapour pressutb, djgparatus were checked for tightness by an
MKS PICO helium leak detector (MKS Instruments, USAhe vapour pressure measurements
were performed in the temperature interval from X740 308 K and 277 K to 363 K with
STAT6 and STAT8 apparatus, respectively, with situ degassing of the sample through
performing a large number of measuring cycles @bimgj of establishing the phase equilibrium
followed by pumping of the vapour space formed. frfeasurements were carried out at selected
temperatures repeated in a random order to traglste@matic decrease of the measured pressure
due to degassing of the sample. When that presioeease was negligible (after completing
hundreds of measuring cycles enabled by full autmmeof the apparatus), the sample was
considered completely degassed, and the final $etlata was recorded. At least three

experimental points were obtained for each tempezat
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2.7 Theoretical calculations

The conformational study, optimization of molecuj@ometries, energy and harmonic frequency
calculations, and scans of potential energy ofiaerotations were performed with the Gaussian
09 software [37] using the density functional the@FT) at the B3LYP-D3/6-311+G(d,p) level
of theory. The energies of the most stable (tritoyiel) conformers were also recalculated using
LCCSD(T)/aug-cc-pVQZ with the MRCC software pack#88] for structures optimized at the
DF-MP2/aug-cc-pVQZ level of theory with Psi4 v. 139], where LCCSD(T) is an efficient
local coupled-cluster method proposed recently gty DF-MP2 is the Mgller-Plesett second-
order perturbation theory in density-fitted (alseferred to as “resolution-of-identity”, RI)
approximation. The detailed conformational studysvperformed, as the number and relative
energies of conformers are crucial for calculaiohepl-gas properties. After obtaining structures
for all stable conformers, the thermodynamic propsrof enantiopure menthol in the ideal-gas
state were calculated by statistical thermodynanmsiisg the R1SM model. This model combines
the RRHO (“rigid rotor—harmonic oscillator”) appimation with a correction for methyl
rotations using the 1-D HR (*one-dimensional himkrrotor”) formalism [41] for each

conformer and subsequent application of the mixmuglel [42]

N

Con= X o+ 2 XY $(8,HOK), )

=1 js

N

Sﬁ.:g‘,)ﬁﬁj B E on (2)

i=1
wherex; are the mole fractions of the corresponding canéos at temperaturg

AG (T) _AGi(T)

_ N
X =e RT Z e RT | (3)
j=1
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N is the number of conformers (including their ogkiasomers for achiral molecules),

ArHij (OK) is the enthalpy of transformation of ti& conformer to thg™ conformer at 0 K,

AG (T) is the relative Gibbs energy bth conformer (designation “relative” means relatio

the most stable conformer for all properties in.Eg% and (4)), an(Cg,myi and Sﬂyi are the ideal-

gas heat capacity and standard ideal-gas entrogne ot conformer.AG (T) is calculated as:

AG (T) =AR  +AE™+AH™(T)- T §( 7, C)

where AS(T)is the relative entropy of-th conformer, AH™™(T) is the relative thermal
enthalpy ofi-th conformer,2E”" is the relative zero-point vibrational energy, adg " is the

relative electronic energyA?('I), AHiTherm(T), and AE,ZPE are calculated in the RRHO

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

The B3LYP-D3/6-311+G(d,p) calculated fundamentagifrencies were scaled by a double-linear
scaling factor (0.9980 — 1.55E-08(cm)) / 0.961 for frequencies below/above 2000*cm
developed on experimental vibrational frequencies-alkanes. The contributions of internal
rotations of methyl tops were calculated using 1He HR scheme, which required the energy
barriers and the reduced moments of indrtiar methyl rotations, the internal symmetry number
(6i = 3), and the identification and exclusion of #hasrsional modes from the vibrational

contribution to the partition function. The potetenergy profiles of methyl rotations were

13
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299

300
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302
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304
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308

309

calculated at the B3LYP-D3/6-311+G(d,p) level cédhy using a relaxed scan with a step of 10°
for the most stable conformer. The reduced momehtmertia I, for methyl rotations were

calculated according to Pitzer and Gwinn [45] frtime optimized molecular parameters. The
energy levels were obtained by solving a one-dino@as Schrodinger equation for hindered

internal rotation using the FGH method [46].

3 Results and discussion

3.1 Phase behaviour

In this work, we focused on the characterizatiorth&f polymorphs of L- and DL-menthol by
thermodynamic and diffraction techniques. Not all tbe described polymorphs of these
compounds can be studied by these techniques.td@bidity and/or preparation conditions of the
metastable forms limit their study significantlynee common techniques, such as adiabatic
calorimetry, Tian-Calvet calorimetry, or static rmeeements of the vapour pressure, are too
slow. We were able to detect melting of thes, y andd polymorphs of L-menthol and of the
and g polymorphs of DL-menthol using DSC, although Cermet al. [10] suggested that the
form of L-menthol can be detected only when usiaglf DSC. On the other hand, thphase of

DL-menthol observed in [10] was not detected is thork.

Several modifications of L-menthol seem to crygtlsimultaneously and immediately start to
transform to more stable modifications when runid®@C experiments. Such behaviour, denoted

as concomitant polymorphism, is rare but documefdedome other compounds [9]. The first

task was an accurate measurement of fusion entlodlfhe a polymorph @'O,H,?]) using DSC,

since the results varied even in experiments, waeaiagle peak was detected in the thermogram.

Therefore, theoa phases of both L- and DL-menthol were preparedth@ DSC by two
14
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331

approaches: (i) heating a crystallized sample 8ligabove thef phase melting temperature
(Trsp) followed by cooling well below it, and (ii) lonigothermal conversion from thifephase at
temperatures around 273 K or 293 K for DL- and Lnathel, respectively. It should be noted that
the spontaneous phase change fronftteenx phase is not accompanied by any exothermal effect
within the detection limits of the TA Q1000 caloeter at given conditions. The DSC runs with

the a phase prepared by melting of tfiephase usually yielded a single peak at the melting

temperature corresponding to thehase Trus.). However, AL H® of both DL- and L-menthol

obtained by this process are (0.5 to 1) kJfoWwer than that for the polymorph prepared by
transformation of thef phase, although there were no signs of any otkek pn the DSC
thermogram, except for a few experiments with DLathel performed at a high heating rate,
where a subtle peak of melting of tife phase was observed (in agreement with XPRD
observation in Figure S4 in SD). The resulting agstion that the subcooled liquid phase may
coexist with then phase for a long time period was further studisithgt XRPD and examined
during adiabatic measurements. The transformatiwh caystallization rate of the phase was
also observed to be lower for L-menthol than for-@enthol.
Even though several combinations of heating ratelscuenching times were tested, it was not
possible to obtain the fusion enthalpy of the ntatde forms of L-menthol directly. The melting
enthalpy of thes polymorph @'ﬁH,?]) was calculated from the DSC runs where the nltin
peaks of thex andp phases were of comparable size. The ratio of potgirs was derived from

B

the A,H?, of the purex phasej.e, asA,H® = ﬂ/(l— A /N, H21) whereA is the melting peak

area per chemical amount of the whole sample. Téléng enthalpies of theandd polymorphs

of L-menthol have higher uncertainty as they wexlewated from experiments with three or four
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345
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347

348

349

350

351

352

partially overlapping melting peaks, as shown igufé 1. Separation of the peaks using a lower
heating rate is not possible due to the shortiifetof the metastable polymorphs since their melt

immediately crystallizes to more stable phasesef@é\different thermograms are displayed in
Figure 1 together with a demonstration of t.ﬁ'gH,?1 calculation. The measurements for DL-
menthol showed certain differences relative to Lathel. Quenching of the melt to 288 K
followed by fast heating, suggested in [2], resllite a direct measurement d‘f'ﬁH,?1 of DL-

menthol. The resulting value was in excellent agwes with a value calculated following the
methodology for L-menthol. Any other polymorphsiif-menthol were not detected. The fusion
temperatures and enthalpies of all observed polghwof L-and DL-menthol are listed in Table

2.

To obtain reliable condensed-phase properties (bapacity and melting parameters) of the
stable o phase of L-menthol, adiabatic calorimetry was us8ohce adiabatic calorimetry
measurements are very slow by their nature (eaatidagacity point takes 15 min to 30 min on
average) and rapid cooling is not achievable (glp@ooling rate is around 0.03 K:sround
room temperature), all regular procedures by théhatk gave only the stable phase of L-
menthol without any traces of metastable modifarai In addition, crystals were annealed at
~298 K for (4-5) hours in the adiabatic calorimdtemake sure that no metastable modification
remained. In all adiabatic calorimetry series, ogpicible enthalpy of fusion of the phase was

observed (see Table S2 in the SD for details).

We were also able to determine heat capacity apdurgpressure of the phase of DL-menthol

during experiments using the Tian-Calvet calorimeted STAT6. The same was not possible
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during measurements for L-menthol nor using STAPpPaaatus due to its slower cooling rate

compared to STATS6.

The literature values for normajs,, of L-menthol range from 315 K to 316.7 K. Thredues
obtained in this work by different techniques (D2@jabatic calorimetry, and vapour pressure
measurements) for two independent samples fit witié range from 315.4 K to 315.6 K and lie
in the lower part of the interval. On the other thahys,s = 310.0 K measured in this work for L-
menthol is higher than most of the literature valuanging from 308.5 K to 310.7 K. The
explanation of this slight disagreement in not ewidas purity, enantiomeric excess in the

sample, or calibration of DSC should not signifitamffect the difference between the melting
points of polymorphs. Values cﬁ'aH,?q summarized in Table 2 exhibit a scatter largentha

kJ-mol*, which could be probably assigned to the obselweg-term coexistence of theform
and liquid. Most of the values (including the diface in slope of our vapour pressure
measurements and excepting for the value repomt¢2]) are about 0.5 kJ-miblower than our
DSC and adiabatic results, corresponding rathesutoDSC experiments performed with the
samples containing the residual liquid (see thé& pirermogram in Figure 1). XRPD results for
DL-menthol also support a long-term co-existencehef liquid anda form as discussed in the
next section. However, we note that the phase ehamgchanisms may be different for L- and

DL-menthol and affected by different experimentahditions including container materials and

sample mass. The data aﬁ'cng1 andTys of other L-menthol polymorphs are scarce, however,

the values are in reasonable agreement considehagdifficulties associated with their

determinations.
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Only two records onA'aHg1 andTy,s for thea andp polymorphs of DL-menthol were found in
the literature, [2] (both polymorphs) and [47] (opelymorph). From the comparison of the
results, it is obvious thadix'ﬁH,?1 andTrs,s are reported in [47] although the polymorphismas

mentioned in the paper and the study itself focusaddifferences in properties of pure

enantiomers and racemic crystals (note fhBL-menthol is a pseudoracemate). There is a slight

disagreement in the value eﬁff'aH,?q and Ty, measured in this work and in [2], similarly to L-
menthol. Our result obtained by DSC is in closeeagrent with that obtained using the vapour
pressure measurements and, therefore, seems toreeetiable. On the other hanﬂfﬁHg1 and

Tiss Of DL-menthol from all sources are in a good agreet.

The melting properties of menthols were previowsdilydied mostly by DSC, so all the available
data summarized in Table 2 should have comparattertainties, while the new data from
adiabatic calorimetry for the polymorph of L-menthol have uncertainties lowerayactor of
ten. The reported uncertainties of some literawakies in Table 2 can be considered too
optimistic, if inherent uncertainties of the DSC thwal and complicated phase behaviour of
menthol are taken into account. We recommend tlabatic calorimetry results for theform of
L-menthol and mean values of the DSC and vapowsspre results in the other cases (given as
bold values in Table 2). The use of the meltingapeaters for thex form of L-menthol from
adiabatic calorimetry is justified, since (i) weigd mean of the available values would yield an
almost identical value due to the large differenceealistically estimated uncertainties, (ii) the
enthalpies of fusion from the literature can bejectbto the presence of residual liquid, as

discussed above, and (iii) when deriving the thetlynamic functions from the heat capacity and
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396
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398
399

400
401
402
403
404

melting parameters in Section 3.3, the use of sterisi total enthalpies upon integration is

required.

Table 2
Temperatures and enthalpies of fusion of L- andridnthol at 0.1 MP4.

L-menthol DL-menthol
| A Tius ! ALHC ! Tius ! ALHC !
polymorp
K kJ mof* K kJ mol*
315.60 + 0.02°¢ 13.47 + 0.08¢ 305.7 + 0.3 13.7+0.%
315.4+ 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] 11.9'[47] 306.5 + 0.8 (mean)
hase 316.7 + 0.1 [3] 12.83 +0.10 [3]
ap 315 [48] 12.4 [48]
315.6 [8]
315.7 [11]
315.4 [49]
315.6 [50]
310.0+ 0.3 11.4+0.5° 300.7 + 0.4 9.9 +0.4¢
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] 301 [47] 10.3'[47]
309.5 [50] 300.5 [11] 9.7 + 0.4 (meanf
309.5 + 0.9 (meanj 300.6 + 0.1 (meanj
308.7 + 0.5"¢ 6.7 +2.0% 295.9+0.6[10] 1.9+0.2[10]
306.0 + 0.6 [10] 6.2 [10] 296.5 [2]"
hase 306.6 [8] 6.5 + 0.4 (meanfy
e 309.7 [11]
307.8 + 1.7 (mean]
304.3+1.0% 7.3+2.0%
304.6 [8]
9 phase 306.2 [11]

305.0 + 1.0 (meanj

20nly literature values obtained during calorimestadies (DSC, if not specified otherwise) and waparessure
studies are included. The type of uncertainty fer literature values was not specified in the apoading sources
except for [3], where the uncertainty is describedgtandard uncertainty.

® This work, triple-point temperature from adiabatialorimetry. Expanded uncertainties with 0.95 lewé

confidence are provided.
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405 ° Recommended value (in bold) calculated eithervasage of DSC results (specified uncertainty isakpanded
406 uncertainties with 0.95 level of confidence) omasadiabatic-calorimetry value when available.

407  “This work, DSC TA Q1000. Expanded uncertaintiethi95 level of confidence are provided.

408  °This work, calculated from the vapour pressuresussments using static method (STAT6 and STATS i@ips).
409 The value ofa! HO for L-menthol is affected by the coexistence @&diphase and liquid.

410 " Measured by DTA without specification of the capending polymorph. We matched the data to spepHises
411 according to the specifi€bs.
412 9 They- andd-phase melting peaks are always followed by crijatdion or overlap with melting of more stable

413  polymorphs (see Figure 1). The determinatiofi;gfand A H® for these forms is therefore less accurate.

414  "indirect determination from Roozeboom'’s meltingpgo

415
T =3043KT _=308.7KT,_=3100KT _=3154K
us, us,y fus g fus,a
\: \: : :
A B B B
o ?
S | A H’=12.5kJ mots
o am ‘
yo|
c
O
N’
; : :
O : ‘
LL 1
© | A'H%= 13.3 ki mot« j
) o : :
I : :
X(8) =0.68 « §
AH=11.4 kI mot ;
] il I 3 ]
300 310 320
T/K
416

417 Figure 1.Phase behaviour of L-menthol at 0.1 MPa. Thernmograere recorded in the heating mode
418  with different heating rates (HR), scaled and skiftor clarity—, HR = 2 K- mirt, freshly crystallized

419 sample, demonstration of calculationb@H,?1 ; =, HR = 0.5 K-miff, the aged sample obtained by
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434

435

436

437

438

439

440

441

442

transformation from thg-phase—, HR = 10 K- mif, freshly crystallized sample=, HR = 2 K- mirt,
thea sample prepared by crystallization followed bytheato 313 K (abov@i,sg).

3.2 X-ray study and kinetics of transformation of DLratt®| from thes to o phase

The maximum lifetime op-DL-menthol was observed to be tens of minutesoupet/eral hours
depending on the maintained temperature in botlowapressure and DSC measurements. The
VT-XRPD method was also employed since it enalmesitu monitoring of the polymorphic
composition. A series of XRPD measurements wasopedd to determine isothermal
conversion rate of theto o polymorph at various temperatures. DL-menthol s&lected for the
study, as the occurrence of the other polymorph&-ofenthol would complicate the study.
However, the transformation of thieto a polymorph in the case of L-menthol is believed to
behave in a qualitatively similar way, althoughwids observed to be slower during the DSC

experiments.

The phase conversion curves were recorded at $deemperatures between 233 K and 298 K

and fitted by the Johnson-Mehl-Avrami (JMA) equat[61]:

X(B=e v, (5)
wherex(p) is the fraction of thg polymorph t, is the initial lag (induction time) before the glea
change startedy is a geometric parameter determining the natureuofeation, and is the rate
constant of the transformation. The induction tiohe (re)crystallization process has a stochastic
nature. Therefore, as expected, tigevalue was found to be highly variable during the
experiments at the same temperature and acted rpyinfi@ar aligning the curves during the
treatment. The fitting procedure was found to bé& ameakly dependent on, which varied

between 1.5 and 3 for different curves. Finally: 2 was fixed, which would, from theory,
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correspond to the heterogeneous nucleation andatryowth in one dimension [51], which
matches well with the needle shape of menthol alyst

The smoothed conversion curves and the temperdapendence of the paramekeand phase
change half-lifery, are displayed in Figure 2. The obtained parametetise conversion curves
with respect to temperature are listed in TablenSBe SD. Our results demonstrate that/the
phase transition proceeds continuously with thdndsg transformation rate around 268 K as a
result of interplay between thermodynamic and kinetspects. These conclusions are in
agreement with a previous stability study [2], altgh we did not detect any decrease offthe
phase stability above 288 K.

Another XRPD experiment was designed to supportagsimption of coexistence of the super
cooled liquid and the: phase. A liquid DL-menthol sample was quenched88 K and left to
crystallize, thereby initiating a continuous trasrsfiation fromg to . When reaching(f) = 0.8,

the sample was heated to 303 K with the heating oftabout 4 Knin®, where thes phase
melted. The gradual increase in the intensity efdiphase reflections and the decrease in the
background halo demonstrated in Figure S5 in thpr@ted the coexistence of the liquid and
phase on the order of hours, although the assesdrasra large uncertainty. The measurements
indicate there is a residual (and not detectablyraedesing) ratio of amorphous phase in DL-
menthol even after 24 hours at 303 K. Even aft@paated cooling, the liquid part of the sample
coexisting with thex phase was observed to crystallize intoghmhase by both DSC and XRPD,
which, however, transformed to tlephase in a relatively short time (see Figure SthenSl).
Considering the slow-phase formation from both the liquid afidohase, the rate-determining

step is probably the organization of the moleculés thea-phase lattice. The comparison of the
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experiments in Figure 3 also suggests that theofatermation of thex phase by transformation
from thef phase is faster than by crystallization from iheit phase.

It should be also noted that we have performedcaessful indexation of thg phase of DL-
menthol with the resulting unit cell identical teetone reported in [2]. The complicated nature of
the crystal structure, however, did not allow foe full structure solution from the XRPD data.
This understanding of the phase behaviour and ikmeif transformations between various
menthol polymorphs provided a necessary founddtothe systematic study of thermodynamic

properties of menthols described in the followiegtons.
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Figure 2. Conversion of the to o phase of DL-menthol at different temperatures.

Top: x(p) is the fraction of thg polymorph. JMA kinetics curves are shown instefd o
experimental points for clarity. Temperature of @amg:, 298 K;:-, 293 K;=, 288 K;
283 K;=, 278 K+, 273 K=, 268 K (change of trend¥-, 263 K;—, 258 K;—, 253 K;—,

248 Ki—, 243 K;=—, 233 K; Bottom: Kinetics parameters?, rate constark from Eqg. (5) (right

axis),[! (hatched), phase change half-lifg;; [}, phase change Ypercentilezo oo (lft axis).
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Figure 3. Comparison of kinetics of formation of thephase by crystallization and by phase
transformation from thg phase for DL-menthol.

—, temperature (right axisy-,®, x = x(l); —,@®, x=x(a); — @, x = X(f). Lines are calculated
from the JMA equation, Eq. (5). Full symbols anticsbnes belong to measurement at 303 K
(aboveTrssp), empty symbols and dashed lines to measurem@88alK (belowTss ).

3.3 Condensed phase heat capacities

The experimental molar heat capacities of ¢hphase and liquid L-menthol measured in the
adiabatic calorimeter are presented in Table 3 ahdwn graphically in Figure 4. The
experimental heat capacities of thecrystalline and liquid phase of L- and DL-menthols
obtained by Tian-Calvet calorimetry are listed iable 4 and displayed in Figure 5. The latter
measurements of thephase were performed after maintaining the sampl¥3 K for 3 hours
which was estimated as a sufficient time for a ceteptransformation as confirmed by the

absence of i-phase melting peak. Since it was possible to olitee purgs form of DL-menthol
25
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in the DSC, measurements by Tian-Calvet calorimeiye repeated with a freshly crystallized
sample and resulted in noticeably lower heat caipacivhich were assigned to thigpolymorph
with a possible small amount of thephase that may have been formed during the cairdes
experiment.

As it is obvious from Table 4 and Figure 5, thetrezpacities of both-crystalline and liquid L-
menthol obtained from two independent methods iis thork are consistent within the
uncertainty of a heat capacity determination byni@Galvet calorimetry, with the exception of the
heat capacity data of theform obtained by Tian-Calvet calorimetry above Z8(0'hese data are
slightly higher due to that fact that they were wcotrected for the premelting effects and a
possibly higher water content of the sample usée. dffect of water contamination is within the
claimed uncertainty for the liquid phase, and thpeament of the results for L-menthol can serve
as a validation for the results obtained with tienICalvet calorimeter for DL-menthol. The heat
capacities of the liquid L- and DL-samples are édqoawithin their experimental uncertainties,
but for thea phases, the heat capacity of DL-menthol is provdbWwer over the studied
temperature range by about 1 % to 2 %.

The heat capacities of liquid amdcrystalline L-menthol from Corvis and Espeau [6¢ & a
remarkably good agreement with our results (withi¥b) when considering that a heat-flux DSC
was employed. It should be noted that the authbf§]ased a three-run procedure, repeated the
experiments several times with different samples @tained deviations from reference data for
testing compounds (water and naphthalene) up @.1By comparing with the reference data, a
steeper slope of temperature dependence of heatitaplata reported in [6] can be seen. The
authors claimed a somewhat optimistic expanded rtaingy (0.95 level of confidence) for L-

menthol (1.2 % to 3.2 %, which most likely reflectsly a statistical component of uncertainty,

26



521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

i.e, type A uncertainty) when compared to the unceties of their measurements with the
reference materials. Corvis and Espeau [6] alsorte@ heat capacities of tjidor of L-menthol
between 204 K and 226 K, which are 11 % to 16 %elotan our adiabatic calorimetry results
for thea polymorph of L-menthol. A lower heat capacity tbe metastable phase is in agreement
with our results on DL-menthol, but such a largéedence between the two polymorphs is
unlikely.

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

carried out with the use of overlapping polynomi&lsat capacities below 5 K were extrapolated

with a Debye function with three degrees of freed@g]m: 3R-D({Op) / T), where the average

Debye characteristic temperature was derived tg@pg = 65.6 K from the experimental heat
capacities between (5.0 and 9.5) K. Table 5 sunmasrihe thermodynamic functions of L-
menthol.

For user’'s convenience, the experimental data fioam-Calvet calorimeter for DL-menthol

were represented by a polynomial equation:

o 13kt mor) e st T T
Cp /(9 K* mol?) =a+ b(loo Kj+ {100 KJ (6)

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

presented in Table 4) were used for deriving tHgronials.
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Table 3

Experimental molar saturation-pressure heat cdpacior L-menthol obtained by adiabatic
calorimetry®

T/K C, /3K mol™* T/K C, m / IK mol™* T/K C, /3K mol™
Series 1 (TAU-1) 51.35 54.32 118.11 1104
crystal ¢ phase) 53.83 56.47 119.87 111.7

5.02 0.8545 56.32 58.63 121.64 1131

531 1.027 58.78 60.81 123.41 114.4

5.63 1.231 61.29 62.85 125.18 115.8

5.95 1.445 64.03 65.18 126.95 117.2

6.26 1.675 66.85 67.74 128.73 118.4

6.62 1.937 69.53 70.14 130.50 119.8

7.00 2.276 72.08 72.41 132.28 121.1

7.37 2.577 74.60 74.48 134.07 122.4

7.74 2.937 77.11 76.77 135.85 123.7

8.14 3.382 79.66 78.77 137.63 125.1

8.58 3.847 82.26 80.88 139.41 126.4

9.03 4.373 84.79 83.06 141.20 127.7

9.49 4.870 87.34 85.27 142.99 128.9

9.99 5,512 89.90 87.37 144.77 130.2

10.51 6.205 92.42 89.76 146.56 131.5

11.04 6.889 94.94 91.69 148.36 132.8

11.61 7.681 97.47 93.81 150.15 134.1

12.20 8.523 100.02 95.95 151.94 135.3

12.83 9.473 102.58 98.22 153.73 136.6

13.48 10.42 105.18 100.4 155.53 137.9

14.15 11.42 107.78 102.4 157.32 139.1

14.89 12.53 159.12 140.4

15.66 13.66 Series 2 (TAU-10) 160.91 141.7

16.43 14.93 crystal ¢ phase) 162.72 143.0

17.26 16.13 79.78 79.07 164.52 144.3

18.12 17.43 81.50 80.47 166.32 1455

19.04 18.89 83.22 81.89 168.12 146.8

20.00 20.23 84.94 83.28 169.92 148.0

21.02 21.71 86.67 84.77 171.73 149.2

22.08 23.27 88.39 86.22 173.53 150.5

23.20 24.92 90.12 87.73 175.33 151.8

24.41 26.58 91.85 89.21 177.14 153.1

25.66 28.24 93.59 90.65 178.95 154.4

26.93 29.92 95.32 92.09 180.76 155.6

28.27 31.55 97.06 93.51 182.56 156.9

29.67 33.28 98.80 95.01 184.37 158.2

31.12 34.98 100.55 96.44 186.18 159.4

32.66 36.66 102.30 97.81 188.00 160.7

34.28 38.41 104.04 99.24 189.81 162.1

36.00 40.06 105.80 100.7 191.62 163.3

37.89 42.03 107.55 102.0 193.43 164.6

39.90 43.93 109.31 103.5 195.25 165.9

42.02 45.96 111.06 104.9 197.06 167.2

44.24 48.03 112.82 106.2 198.87 168.5

46.54 50.11 114.58 107.7 200.69 169.8

48.92 52.21 116.34 109.0 202.50 171.1
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T/K C, o/ IK mol™ T/K C, /3K mol™ T/K C, /3K mol™
204.32 172.4 289.39 240.8 287.88 239.5
206.14 173.7 291.22 242.6 289.68 241.3
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 ¢ 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 super cooled
256.59 212.0 351.04 423.4 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
263.88 218.5 358.43 429.7 317.87 379.7
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 ¢« phase)

276.64 229.6 Series 4 (TAU-10) 290.89 242.4
278.46 231.1 crystal ¢ phase) 292.76 244.5
280.29 232.6 278.81 231.4 294.53 246.2
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
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T/K C, /3K mor* T/K Cqm ! 3K mor? T/K C, /3K mol™

307.88 268.6 320.78 384.6
Series 7 (TAU-10) 309.65 279.9 323.31 388.4
crystal ¢ phase) 311.85 350.8 325.83 392.0
291.80 243.3 313.82 896.7 328.34 395.8
293.66 2454 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 ¢« phase) 316.21 819.2 350.66 423.0
291.08 2425 317.57 379.5 353.12 425.1
293.06 2447 318.82 381.4 355.58 427.2
294.94 246.6 320.06 383.3 358.04 429.4
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

@ Average heat capacities at the mean temperatfiegeriments. The measurements were performe(Ha) =

(5 £ 1) kPa (the pressure value corresponds+a?93 K); no adjustment oﬁsvm to Cs,m atp’= 10 Pa (e, Cs,mz
0 . . .
vam) is needed due to small vapour pressure of thegkeamhe expanded uncertaintyi¢T) = 0.02 K, the relative

expanded uncertainties dog(C, ) = 0.02 — 45A0°%(T/K) - 5) at 5 K <T < 40 K andU,(C, ) = 0.004 afl >
40 K for 0.95 level of confidencd € 2).
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Figure 4. Condensed-phase heat capacities of L-menthol &diabatic calorimetry

measurements

Table 4

Experimental standard molar heat capacities ottmelensed phaséim measured by the Tian-
Calvet calorimeter at 100 kPa.

rik Con! ace,”  TIK Con/ ace,”
J K* mor* J K* mor*
L-Menthol DL-Menthol
m=0.59114 g m=0.52334 g
a-crystalline a-crystalline
265.2 221.5 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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10

11

12
13

14

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%
S-crystalline
270.0 2175 0.15%
275.0 2195 0.07%
280.0 223.1 -0.07%
285.0 229.0 0.05%

# The standard uncertainty of the temperaturéT¥ = 0.05 K, and the combined expanded uncertaifity o
the heat capacity i9.( Cg,m) = 0.0ng,m (0.95 level of confidence). Mean values of foutedainations.

b Acg’m=100[ﬂcg’m— Cg’ca'c) / Colis the relative deviation from the fif

,m

0,calc
p,m

was taken from Table 5

and calculated using Eq. (6) with parameters ligtethble6 for L- and DL-menthol, respectively.
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Table 5

Standard molar thermodynamic functions of L-menthdhe crystalline and liquid states at a

standard pressure of 100 KPa

T/K Com ATHO /T ATS? ~ATGO /T
JK *mol”
Crystal @ phase)
5 0.858 + 0.017 0.2148 + 0.0043 0.2864 + 0.0057 7160 0.0014
10 5.528 + 0.098 1.548 + 0.029 2.099 + 0.040 05652010
15 12.70+0.20 4.037 + 0.069 5.656 + 0.098 1.60028
20 20.26 + 0.27 7.15+0.11 10.35+0.17 3.198050.
25 27.36 +0.30 10.49 £ 0.15 15.64 +0.23 5.151078
30 33.65+0.29 13.84 £0.17 21.20+0.28 7.362000
35 39.12+0.25 17.07 £0.18 26.81+0.32 9.7414.0.
40 44.06 +0.18 20.14 +0.19 32.36+0.35 12.22120
45 48.69 +0.19 23.06+0.19 37.82+0.37 14.76180
50 53.14 +0.21 25.84 +0.19 43.18 £ 0.40 17.34140
55 57.47 +0.23 28.52+0.19 48.45 +0.42 19.93150
60 61.81+0.25 31.12+0.20 53.64 + 0.44 22.52160
65 66.15 + 0.26 33.64+0.20 58.76 + 0.46 25.111%0
70 70.48 +0.28 36.12+0.21 63.82 +0.48 27.70180
75 74.81 +0.30 38.56 + 0.21 68.83 + 0.50 30.27190
80 79.11+0.32 40.96 + 0.22 73.79+0.52 32.84200
85 83.38 +0.33 43.33+0.22 78.72 +0.54 35.39240
90 87.62+0.35 45,67 +0.23 83.60 + 0.56 37.93220
95 91.81+0.37 47.99 + 0.24 88.45 + 0.58 40.47280
100 95.95 + 0.38 50.28 + 0.24 93.27 £ 0.60 42.9824
105 100.0 £ 0.4 52.55 + 0.25 98.05 + 0.62 45.49260
110 104.0 £ 0.4 54.80 + 0.26 102.8 £ 0.6 47.99260.
115 108.0 £ 0.4 57.03+0.27 107.5+0.7 50.48270.
120 111.8+0.4 59.24 + 0.27 112.2 £0.7 52.95280.
125 115.7 £ 0.5 61.42+0.28 116.8 £ 0.7 55.41200.
130 119.4+0.5 63.57 +0.29 121.4+0.7 57.86390.
135 123.1+0.5 65.71+0.29 126.0 £ 0.7 60.3034.0.
140 126.8 £ 0.5 67.83+0.30 130.6 £ 0.7 62.73320.
145 130.4+0.5 69.92 +0.31 135.1+0.8 65.15380.
150 134.0+0.5 72.00+0.32 139.5+0.8 67.55340.
155 137.5+0.6 74.05+0.32 144.0+£0.8 69.95350.
160 141.1 £ 0.6 76.09 £ 0.33 148.4+0.8 72.33350.
165 144.6 £ 0.6 78.11+0.34 152.8 £ 0.8 74.70370.
170 148.1 £ 0.6 80.12+0.35 157.2 £ 0.9 77.06380.
175 151.6 £ 0.6 82.11+0.35 161.5+0.9 79.42380.
180 155.1 + 0.6 84.09 + 0.36 165.8 £ 0.9 81.76390.
185 158.6 + 0.6 86.06 + 0.37 170.1 £ 0.9 84.09400.
190 162.2 £ 0.6 88.01+0.37 174.4 £ 0.9 86.4144.0.
195 165.7 £ 0.7 89.96 + 0.38 178.7 £ 0.9 88.72420.
200 169.3 £ 0.7 91.90+0.39 182.9+1.0 91.02480.
205 172.8 £0.7 93.83+0.40 187.1+1.0 93.31440.
210 176.4 £ 0.7 95.75 + 0.40 191.4+1.0 95.60450.
215 180.0 £ 0.7 97.67 +0.41 195.5+ 1.0 97.87460.

33



18
19

20
21
22
23
24

T/K Com ATHO /T ATS? ~ATGO /T
JK ™ mol™
220 183.7+0.7 99.59 + 0.42 199.7+1.0 100.15¢ 0.
225 187.4+0.7 101.5+0.4 203.9+1.0 102.4+0.5
230 191.1+0.8 103.4+0.4 208.1+1.1 104.7+0.5
235 194.9+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 2205+ 1.1 111.4+05
250 206.5+ 0.8 111.0+0.5 2246+1.1 113.6+0.5
255 210.7+0.8 112.9+05 2287+ 1.1 115.8+0.5
260 215.1+0.9 114.9+0.5 2329+12 118.0+0.5
265 219.5+0.9 116.8+0.5 237.0+1.2 120.2+0.5
270 223.9+0.9 118.7+0.5 2412+12 122.4+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+13 131.2+0.6
295 246.7+1.0 128.6+0.5 261.9+13 133.4+0.6
298.15 250.1+1.0 129.8+0.5 264.6+1.3 134076+
300 252.3+1.0 130.6 + 0.5 266.1+1.3 135.5+0.6
305 258.3+1.0 132.6+0.5 270.4+13 137.7+0.6
310 264.6+1.1 134.7+0.6 2746+13 139.9+0.6
315 2714+ 1.1 136.8+ 0.6 278.9+13 142.1+0.6
315.60 2723+1.1 137.1+0.6 279.4+13 142086+
Liquid
315.60 376.1+15 179.8+0.7 3221+15 142086+
320 383.1+15 182.5+0.7 327315 144.8 + 0.6
325 390.8+ 1.6 185.7 + 0.8 3333+16 147.7+0.6
330 398.1+1.6 188.8+0.8 339.4+16 150.5+0.7
335 4049+ 1.6 192.0+0.8 345.4+1.6 153.4+0.7
340 4113+16 195.2+0.8 3515+ 16 156.3+0.7
345 417.1+17 198.4+0.8 3575+ 17 159.2 + 0.7
350 4223+1.7 201.5+0.8 3635+ 17 162.0+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 381518 170.7 +0.7
370 437.0+1.7 213.9+0.9 387.5+18 173.6+ 0.8

#Expanded uncertainties with 0.95 confidence levelraported.
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Table 6

Parameters of Eq. (6) f(ﬁﬁm and standard deviation of thedit

compound a b ¢ (Tmin—Tma?/ K o "
DL-menthol ¢ crystal) 553.04  -321.48  73.550 262 — 291 0.04
DL-menthol @ crystal) 26462  -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 useddeelopment of the polynomial. We only present polyials
for measurements by Tian-Calvet calorimetry, whittoothed data are listed for adiabatic measurenmeiiizble 4.

1/2

n
b o, =10 Z(Cﬁ,m/Cﬁ;i?“— ])iz/(n— m)} , wheren is the number of fitted data points amds the number
i=1

of adjustable parameters.

450 - . - . - . - T - T
AIHCpOm= 103.8 J molK™*
atTfusa =315.6 K

o 400 ’

H¥ liquid phase
[ = =
2 2
-
~ 250 =

o &

@)

crystalline phases
200 1 1 1 1 1 1 1 1 1 1
260 280 300 320 340 360
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Figure 5. Condensed phase heat capaciﬁﬁg. L-menthol ¢ crystal and liquid)=, adiabatic

calorimetry (smoothed data visualized for claritf), Tian-Calvet calorimetryl, Corviset al,
DSC [6]; DL-menthol: @, Tian-Calvet calorimetry of crystal and liquid);®, Tian-Calvet

calorimetry  crystal). Note the break on tlyeaxis between the crystalline phases and liquid

phases.
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3.4 Vapour pressures

The vapour pressures of liquid amdcrystalline menthols were measured using two cstati
apparatus. The temporary stability #DL-menthol (on the order of tens of minutes) epdbl
measurements of its vapour pressures using STAG@ever with a higher uncertainty. In this
case, the first measurement after crystallizatiad to be considered, which shows a slightly
effect from insufficient stabilization of temperetu Still, the measurements can definitely be
assigned to thg phase, as demonstrated in Figure 6, and theynagead agreement with other
thermodynamically linked data. The lifetime of thther metastable polymorphs is much shorter

than the time scale of the vapour pressure measmtsimwhich typically take days or weeks.

The vapour pressures determined in this work atediin Table 7 and Table 8. The vapour
pressure data determined using both apparatubdasame phases agree within the experimental
uncertainties as displayed in Figure 7. A multigdharc plot representation was used to visualize
the vapour pressure data as the common view @s a function of I)) does not provide
reasonable resolution between the phases and betwdesidual experimental points. The
construction of such a multi-phase arc plot (désctiin [52] and reprinted in the SD for reader’s
convenience) is based on arc representation [2@]itkallows visualization of vapour pressure

data of multiple condensed phases.

The vapour pressure measurements for the liguidesapdase of L-menthol are not consistent

with A'C,H% obtained by DSC and adiabatic calorimetry, buteatvith a value obtained during

DSC experiments with a residual fraction of liquiWe assume that even during the vapour
pressure measurements, the L-menthol sample didcoipletely crystallize to ther-form

despite one week of continuous measurement bé&lgyy (after a degassing procedure in the
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62

63

64

65

66

67

68

69

70
71

liquid phase). The crystallization in the staticpagatus always took place during isotherms
between 301 K and 303 K, where crystallizationh&f/t phase probably could not occur and the
slow direct crystallization of the phase could result in a residual coexistence tw¢hliquid.
Since kinetics of the transformation as well asdiiusion between the phases may affect the
measured pressure, no correction to obtain thensatbn pressure of the phase was attempted.
The correlation for the form of L-menthol was developed based on the tia@ipour pressures,

fusion properties, and heat capacities measurediiapatic calorimetry.

Table 7
Experimental vapour pressures measured using SBAparatus’

T/K p/Pa®> AplPd T/K p/Pa Ap/Pd

L-menthol DL-menthol

a-Crystalline + liquid phasé a-Crystalline phase

273.64 0.244 0.014 273.65 0.259 0.001

273.65 0.244 0.013 273.65 0.259 0.001
273.65 0.242 0.011 273.66 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 5.734 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 0.17 293.14 3971 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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72

73
74

75
76

77

78
79
80

81
82

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
278.29 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

& Standard uncertaintyis u(T) = 0.02 K and the combined expanded uncertailt{0.95 level of

confidencek = 2) isU_(p/ Pa)= 0.00% /P& O.( except fop-crystalline phase, for which the
sublimation pressures are estimated to have a higtoertainty described &k(p/ Pa) = 0.0Jp/ Pa+ 0.1.

® Values are reported with one digit more than ssified by the experimental uncertainty to avoidnd-
off errors in calculations based on these results.

¢ Ap/Pa=(p — pcad/Pa, wherep . is calculated from the SimCor results (Sectior).3.6

dVapour pressures were measured for a mixture dfghiel anda phases. Values were not considered in
the SimCor procedure (Section 3.6), but only comgao the correlation derived from other experiraknt
data.

Table 8

Experimental vapour pressures measured using SBAparatus’

T/K p/Pa®  Ap/P& T/K p/Pa®  Ap/P&

L-menthol DL-menthol

a-Crystalline + liquid phasé a-Crystalline phase

277.38 0.399 0.018 277.57 0.442 0.002
277.41 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 0.109 208.18 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 -0.06 333.43 132.19 -0.01
328.56 91.37 -0.06 333.44 132.30 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 -0.12 343.20 262.65 -0.28
337.81 180.36 -0.14 343.21  262.79 -0.32
337.82 180.51 -0.12 343.21  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 -1.27 357.96 673.19 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




83  ?Standard uncertaintyis u(T) = 0.01 K and the combined expanded uncertdigt{0.95 level of
84  confidencek = 2) isU.(p/Pa)= 0.0p /Pa 0.

85 " Values are reported with one digit more than ssified by the experimental uncertainty to avoidmd-
86  off errors in calculations based on these results.

87  °Ap/Pa=(p —pcad/Pa, where, is calculated from the SimCor results (Sectior).3.6

88  “Vapour pressures were measured for a mixture dfghiel anda phases. Values were not considered in
89 the SimCor procedure (Section 3.6), but only comgdo the correlation derived from other experiraent
90 data.
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93
94  Figure 6. Records from vapour pressure measurement of DLthokat 293.15 K.

95 Liquid sample started to be cooled to 293.15 K=a0. Records were corrected for the drift.
96 , liquid remains subcooled for an extended perteg-, liquid crystalizes to thg phase which
97 starts converting to the phase after approximately 90 minutes;prolonged measuring cycle
98 (three drops in pressure correspond to decreasmadw®ling, crystallization to th&form, and
99 transformation to ther form).
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Figure 7. Comparison of vapour pressures of L- and DL-menthehsured in this work.

(a) common view; (b) multi-phase arc pl@., A, L-menthol (liquid, STAT8/STAT6)®, W,
DL-menthol (liquid, STAT8/STAT6)O, 2\, L-menthol & crystal + liquid, STATS8/STAT6)®,

, DL-menthol ¢ crystal, STAT8/STATG6),¥, DL-menthol § crystal, STAT6). Lines represent
results of SimCor (Section 3.6). Axesandyg are defined in Section 2 in SD.

3.5 Thermodynamic properties in the ideal-gas state

A menthol molecule consists of a cyclohexane framith three functional groups (isopropyl,
methyl, and hydroxyl) attached to it. A cyclohexanelecule is known to occur in two stable
conformations: chair and twist-boat, where theelkats about 5.5 kthol™ less stable [54]. The
functional groups can be located either in equalar axial positions in both conformations. The
menthol molecule adopts a triaxial or triequatostalicture in the chair conformation, in contrast
to its diastereomers — iso-, neo-, and neoiso-nustiThe literature studying conformational
space of menthol usually assumes the existence obrformers obtained by rotation of
asymmetrical tops in the equatorial chair conforamaf55]. In some papers, 9 other conformers
based on the axial chair conformation are mentipbatinot studied with an argument that they

are clearly less stable [56].
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The empirical labeling of menthol conformers use¢bb, 56] is unclear, and we adopt a notation
according to the dihedral angles as used for diipltmpounds [43]. The designation of each
conformer has form “XXX”, which starts with its frame conformation (“EQ” fequatorial,

“AX” for axial chair, and “TW?” for twist-boat) fdbwed by labels for the dihedral angle of the
isopropyl and hydroxyl groups. The question markthe case of twist-boat stands for the

orientation of the twisting axis in the cyclohexaivay; it is substituted by “I” if it passes thrdug
the carbon atoms with the isopropyl and methyl grattached, “O” if it passes through the
carbon atom with the hydroxyl group attached and orethylene group, and “M” if it passes
through two methylene groups. The eight possiblelotyexane frames are schematically
displayed in Figure S6 in the SD and characterinelhble 9. Figure 8 highlights dihedral angles
¢ = 5-4-8-30 andy = 4-5-20-31 used in this work to systematically ddsethe position of the
isopropyl and hydroxyl tops, respectively. The mral dihedral angles are designated as trans (t)
~ 180°, gauche (g or g3 60° or -60°, distorted gauche (d or &'P0° or -90°, narrowed gauche
(n or n’)= 40° or -40°, and x for an unspecified positioneTockwise (R-) or counterclockwise
(S-) rotation of a top from eclipsed position oegominant rotation in the twist-boat frame is
marked by using or omitting a prime, respectively.

In total, 57 stable conformers were successfultynoiped at the DFT B3LYP-D3/6-311+G(d,p)
level of theory. The stable conformers are sumredrin Table 9 and listed in Table S4 in the
SD. Previous studies [55, 56] expected 9 EQ cordosmbut the scan of isopropyl rotation
through EQxg conformers in [55] exhibited one addial minimum. It was however considered
to be an artifact caused by fixing the hydroxylgrgosition and was not studied further in [55].

We performed a 2D scan and obtained 10 unambigoonsna, where each belongs to one

stable conformer. Our conformational search inddetdrmined the EQ conformers as the most

42



144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

stable ones, while all AX and TW conformers possessgies by more than 13-kbl* greater
than the least stable EQ conformer (EQd'g), exitepihe three AXg’x conformers.

The literature does not reach full agreement abfweitimost stable conformer. Egaeial. [57]
detected a mixture of EQ1 conformers (in our notatEQgx) through a combination of gas
electron diffraction and calculations at the HF858d) level of theory. Avilés Morenet al.[56]
stated EQ1lint2 (EQgQ’) was the most stable at tBeY®/cc-pVDZ level of theory, but EQlext
(EQagt) at the B3LYP/6-31G(d) level of theory. Sclumt al. [55] determined EQlext (EQqgt) as
the most stable conformer at the three levels @byt B3LYP/aug-cc-pVTZ, B3LYP/6-
311++G(d,p), and MP2/6-311++G(d,p), in agreementthwitheir microwave spectra
measurements. Our preliminary calculations withiliet D3 empirical correction resulted in a
relative energy of the EQgg’ conformer of only && mol* higher than that of EQgt, while
B3LYP-D3/6-311+G(d,p) level of theory, which shoulive more accurate relative energies,
predicts the EQgg’ and EQgt to be essentially isogetic. The LCCSD(T)/aug-cc-pvVQZ
calculations, however, clearly establish the EQgbfarmer as the most stable one. The
calculated parameters of the Fourier expansiohrektrotating Ckttops for the EQgt conformer
are given in Table S5 in the SD.

The ideal-gas heat capacities, standard ideal-gaspées, and ideal-gas thermal enthalpies of
enantiopure menthol gi = 0.1 MPa at several temperatures are listed inleTA0 and the
calculated dipole moment at 298.15 K is 1.69 D (& B.33564%10°° C-m). It should be note

that including only ten EQ conformers (out of 5%) the calculation of the ideal-gas

thermodynamic properties has a negligible imp@ﬁ;;: differs by 0.1 % at 300 K and by 1 % at

500 K, and% by 0.1 % at 500 K from the values presented inl@dl® when only ten EQ

conformers are considered. No literature data \ieared for comparison.
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Figure 8. Most stable EQgt conformer of L-menthol with highitted dihedral angles used to
designate the conformation. Numbering of atom&@®aling to [56] where the conformer is
designated as EQlext. The dihedral angles5-4-8-30 (g) ands = 4-5-20-31 (t) define the
position of the rotating isopropyl and hydroxyl gps.

Table 9

Conformational analysis summary. Stable conforrgessiped by the conformation of
cyclohexane frame and their range of relative @aerg

Rin Twistin . AE /kJmol*
label conforn?ation atomsg Position of Number of a
- conformers .
isopropyl hydroxyl  methyl min max
EQ Chair - EQ EQ EQ 10 0.0 117
AX Chair - AX AX AX 9 175 339
TWI Twist-boat 1,4 -b EQ P 9 26.5 320
WP Twist-boat 1,4 -b AX -P 9 28.4 337
TWM Twist-boat 3,6 AX AX EQ 3 33.7 376
TWM Twist-boat 3,6 EQ EQ AX 9 31.7 450
TWO Twist-boat 2,5 EQ b AX 5 31.2 356
TWO' Twist-boat 2,5 AX 2P EQ 3 30.2 321

® Relative electronic energy calculated at the B3tY#76-311+G(d,p) level of theory with structure iopization at
the same level of theory, except for EQ, for which energies are calculated at LCCSD(T)/aug-cc-pMQ&E
structure optimization at DF-MP2/aug-cc-pVQZ.

® Tops connected to atoms at the twisting axis emest equivalently tilted as the hydrogen atom.
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183 Table 10

184 Standard molar thermodynamic functions of enantiepuenthol in the ideal gaseous state (in

185 JK™molY) atp = 0.1 MPa calculated using the R1SM model.

CO
T/K J_K-fjm/ : S/ (H Ty
MOy KkLmol?  JKLmol?

200 159.7 392.8 94.7
210 166.0 400.8 97.9
220 172.4 408.6 101.2
230 178.8 416.4 104.4
240 185.3 424.2 107.7
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
360 267.9 514.8 147.2
370 274.8 522.3 150.6
380 281.6 529.7 153.9
390 288.3 537.1 157.3
400 295.0 544.5 160.6
500 357.0 617.1 193.9
600 410.0 687.0 225.6
700 454.8 753.7 255.2

186  *Estimated standard uncertainty is 0.G5,, 0.009S, and 0.014+".

187

188 3.6 Simultaneous treatment of vapour pressures anda@lthermal data (SimCor method)

189 The selected experimental vapour data (given in folTable 11) were treated simultaneously

190 with A4C),,=C) (ig)-C) (cd), whereC) .(ig) was from the ideal-gas calculations (Section

191 3.5) and Cg,m(cd) was obtained from the condensed-phase data gineBection 3.3 at

192 temperatures below 340 K. Fusion temperatures atithipies recommended in this work were
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194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

also included in the SimCor calculations. The Sim@ethod was described in detail in [23] (for
the reader’s convenience, a detailed descriptioth@fSimCor method is also presented in the
SD) and was used in our laboratory to develop resended vapour pressure and
thermophysical data for several groups of crystalland liquid compounds (see, for example,

[58] and references therein).

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

describe the vapour pressures and the derived #hgnmoperties, which corresponds to a linear

temperature dependenceAﬁngym. The Clarke and Glew equation has the followingrfo
g ~0
Rln% = _ACdGm(e) + Agd Hrg(g)(1 _Ej + AgdCOm(g) g -1+ ln(Ij +
p 6 6 T . T 7
oA C?
+[§j—cd e (g) I—g—Zln[Ij
2 oT e T 6

wherep® = 100 kPa is a reference pressités a selected reference temperat&és the molar

()

gas constant, and2G> and AZH? are the standard molar sublimation/vaporizatiobbSi

energy and enthalpy, respectively.

The resulting parameters of the Clarke and Glewaggo, Eq. (7), together with the standard
deviation of the fitg, are presented in Table 12. The comparison oéxiperimental values with
the Clarke and Glew equation, Eq. (7), developedguthe SimCor method, is shown in Figure

9.

The vapour pressure data for the liquid phase bgt&aghewet al. [17] agree with our
measurements within their experimental uncertasndied were included in the correlation. The

sublimation pressures reported in [17] for unspedipolymorph are also in agreement with the
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213

214

215

216

217

218

219

220

221

222

223
224

SimCor results for thex form within combined uncertainties, but exhibitdéferent slope

resulting in the sublimation enthalpy deviating byt kJ-mol from the sublimation enthalpy

A?,Hf; obtained by the SimCor method. Kobeal. [14] published a vapour pressure equation

without information on enantiomeric excess of mehtland temperature range of the
measurement. The experimental method and thatligtehe normal boiling point indicate that
their vapour pressure measurements were perforelesl@atmospheric pressure. The agreement

with our correlation for L-menthol is within 3 % ae 380 K. At lower temperatures, the
deviations increase due to a significantly IOV\léﬂCgm resulting from their vapour pressure
measurements. The results by Keata@l[15] are not plotted in Figure 9 since they aredow
by 15 % to 32 % than the SimCor results in the layging temperature range (see the discussion
in the next section).

Table 11
Overview of the available experimental vapour puesslata®

DL-Menthol (3-cr)

Reference NP (Tein —Tond*/ (Prin =P/ Method
K Pa
L-Menthol (@-cr)

Guetachevet al.[17] 6 293 - 313 29-26.5 Static
This work, STAT6 24 274 - 308 0.24-15.0 Static
This work, STAT8 27 277 -315 0.40-245 Static

L-Menthol (1)
Guetachewet al. [17]° 11 323 -422 61 — 13747 Static
Keatinget al.[15] 14 298 — 430/ 374 — 404 4.6 — 15000 Chromatography
This work, STAT6 3 308 16.7 Static
This work, STAT8 39 303 - 363 10.4 -891 Static
DL-Menthol (-cr)
This work, STAT6 21 274 - 303 0.26 - 10.1 Static
This work, STAT8 18 278 — 303 0.44 -10.2 Static
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This work, STAT6 15 278 — 298 0.60 — 6. Static
DL-Menthol (1)

Keatinget al.[15] 21 298 —500/434 - 464 4.5—-120000 Chromatograph
Keatinget al.[15] 21 298 — 500/ 384 — 414 4.5-111000 Chromatograph
This work, STAT6 12 293 - 308 4.0-16.8 Static
This work, STAT8 45 294 - 363 4.1 -904 Static
Unspecified Menthol (1)
Kobeet al.[14] S NA - 490 NA - 101325 Isoteniscope

225 ?References reporting single or two vapour pressanets obtained, for example, as part of the sssithor VLE
226  measurements on multi-component mixtures are nuidered.
227 "N stands for number of experimental points, S stémdsmoothed data.

228  °Temperature range of presented data. If two raage#isted, they correspond to the range of ptesen
229 (extrapolated) vapour pressure data and to theeyamigere the retention times were measured, reésplct

230 “References in bold were included in the SimCohyaig
231

232

233 Table 12

234 Parameters of the Clarke and Glew equation, Eqdéfjved using the SimCor method at the
235 reference temperatute= 298.15 K and pressupd = 100 kPa.

0
My

Compound (T —KTmax)a/ NG NH) o AC = P
Jmol  Jmolt J-KLmol j.k2mort T2
L-menthol ¢ crystal) 250 — 316 2;’ 2%?55 83‘;2.164 fg:ﬁg ;%.20819771 N/A N/A
L-menthol (iquid) 303422 250004 728306 A3ART 0L 27 066 %
DL-menthol ¢ crystal) 265 — 306 21201_‘;'7 815236_31'4 :_ng_'i’ig ;%_103187% 0.007 0.40 %
DL-menthol 3 crystal) 270 — 298 229‘58'7 8522337 iléggg 0° 0.010 0.94%
DL-menthol (liquid) ~ 293 — 363 22807.2'4 712%%5 'izgélg“ ;%.705375% 038 0.12%

236

237 ?The parameters of the Clarke and Glew equation(Bgdeveloped by the SimCor method are valid @ver
238 combined temperature interval of input thermodyradaita.

239 ‘?gis the standard deviation of the fit definedas [Z le(Ap)f/(n - m)]“, wherep is the difference between

240 the experimental and the smoothed valuds,the number of experimental points used in tharfdm is the number
241  of adjustable parameters of the Clarke and Glevatap Eq. (7)o, is the relative standard deviation of the fit

242  defined asg = [Z " (an p)f/(n - m)]m. Standard deviation for thecrystal of L-menthol (marked as N/A)

243  could not be calculated since no experimental vapoessure data were included in the correlation.
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244  "The uncertainties quoted are standard uncertastiyations of the optimized parameters. The parerseire
245  reported with more digits than justified by the artainties to avoid round-off errors in calculasdrmased on the

246  correlation.

247  °Set as zero due to a short temperature intervahayr uncertainty of the data.

248
249
p/Pa
1 10 100 1000 10000
a ' ‘ ‘
<
s
1
2y
o
o
—
270 300 330 360 390 420 450
250 I/K
p/Pa
1 10 100 1000 10000
b
é
=
é
|
\5 -
S
S 2t ]
-4 1 1 H 1 1 1
270 300 330 360 390 420 450
251 T/K
252 Figure 9. Comparison of experimental vapour pressyresith valuespcac developed by the
253 SimCor method for the studied menthols. (a) L-mehtitb) DL-menthol; ™ ,~, this work
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254 (STATS6, a crystal) M, 1, this work (STAT8,a crystal); 4, this work (STATS, liquid);®, this
255 work (STATS, liquid); VV, Guetachevet al. [17] (a crystal); A, Guetachewvet al. [17] (liquid);
256 =, Kobeet al.[14]; =, lines representing constant absolute deviatiBesults by Keatingt al.
257 [15] are out of scale. Top pressure axis and absalaviations are plotted for liquid. Empty
258 points were excluded from the SimCor analysis.

259
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3.7 Mutual consistency of the studied thermodynamipgities

Consistency in this work between the fusion paransetmeasured calorimetrically for DL-
menthol and those calculated at the triple poimimfrthe vapour pressure measurements,
compared in Table 2 is very good. The inconsistmarising from the long-term coexistence of
the liquid anda phase in L-menthol for the vapour pressure, D3, adiabatic calorimetry

results was already discussed in Section 3.4.

Table 13 summarizes the vaporization/sublimatiotmadpy data at 298.15 K. Thégl'l,g values

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

their estimated uncertainties, and the consistemitly fusion enthalpies supports the SimCor

results forA2H? . The sublimation enthalpies of unspecified polypisr of both menthols were

previously determined by Chickes al. [47] (via the Clausius-Clapeyron equation from vapour
pressures obtained by a head-space method), bytatieein disagreement with the SimCor
results despite their large stated uncertainty c¥o5The vaporization enthalpy (and vapour
pressure of super cooled liquid in [15]) was detead using indirect gas-liquid chromatography
(GLC) method by Hoskoveet al.[16] and by Chickos and co-workers [13, 15]. Ibigside the
scope of this work to analyse the reasons for miffees between published values and
recommendation of this work (see Table 13); a gdramnalysis of results obtained by the GLC
method was recently published by Koutek and co-ex®K60, 61]. It is however necessary to
mention that results of the GLC method are subsiéntnfluenced by i) the choice of reference
compounds and quality of their reference vapousguee data and ii) the length of extrapolation
since chromatographic measurements are usuallgrpeeti well above room temperature, while

the results are reported down to 298 K. Hoskoseal. [16] selectedn-alkanes as reference

51



282

283
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285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

compounds, a choice that was recently demonsttatgield errors of hundreds percent when
determining vapour pressures of polar compounds, Balkanols [61]. The resulting 16.2

kJ-mol* deviation from our value obtained by the SimCorthod is therefore not surprising.

Chickos and co-workers [13, 15] used 1-alkanolseterence compounds; however extrapolation
by at least 75 K was employed, and the reliabibfytheir reference vapour pressures is
questionable (see, e.g., disagreement of [62]4oexanol with our recent recommendation [43]).
In view of these facts, the agreement of severblighied values on both vaporization enthalpies
and super cooled vapour pressures with the Sim€sults is rather good (but it may be

fortuitous).

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

value of standard ideal-gas molar entrﬁ)gg). The resulting valuﬁ(298.15 K,ig) = (465.3 £

1.7) J-K:-mofl* is in agreement with the theoretical value fronbl€al0 obtained by statistical-

thermodynamics calculations, (468.5 + 4.2) 3-mdol*. Figure 10 shows excellent agreement
(within 3.5 J-K!-mol™) betweenAgngym obtained from calculated ideal-gas heat capacitres

calorimetrically determined heat capacities of talme and liquid phases with that derived
using the SimCor method, further demonstratingiiernal consistency of our vapour pressure

and heat capacity data.

Vapour pressures of liquid phase of L-and DL-mehtibgether with recommendeti, and

A'CrH?n from Table 2 were utilized to calculate the diffieces between the Gibbs energy of the

various observed polymorphs and the liquid phaééCE,m of all crystalline phases were

52



302

303

304

305
306

307
308
309
310

311

considered equal t&gCS,m since heat capacities were not available for @liymorphs), and the

resulting Gibbs-energy diagrams of both menthatspaesented in Figure 11.

Table 13
Comparison of vaporization/sublimation enthalpie238.15 K

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

AH? [ k3mol™

SimCor, this work 72.8+0.3 72.7+0.3

Hoskovecet al.[16] 56.6 +2.8

Lipkind and Chickos [13]72.8 £1.9,75.2+4.3,76.3+ 4.4 72.6+29

Keatinget al.[15] 73.7+0.4 742+28,73.9+04,73.7+0.4

0 )

A’H_ [ kImol*

SimCor, this work 84.4+05 85.6 £ 0.5

Chickoset al.[47] 95.8 78.7

@ Expanded uncertainties with 0.95 level of confitiewere estimated for the SimCor results basedamdard error
estimations of the parameters and experimental rtaiogy of the input data using the error propagatlaw

approximated by the Kragten algorithm [63].
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4  Conclusions

The thermodynamic properties of L- and DL-mentlmtjuding vapour pressures, heat capacity
of condensed phases, and phase change tempematdresthalpies are reported. Many of these
are reported for the first time. For both compouynsksveral concomitant polymorphs were
observed during the phase behaviour studies. Tieti&s of phase transformation of thidorm

of DL-menthol to the stable: polymorph and the crystallization of the polymorph was
thoroughly investigated by VT-XRPD. An optimal teemgture interval for the formation of the
polymorph was determined based on these experim&rdgggnificantly lower rate of formation
of thea polymorph by crystallization compared to that bg £- to a-polymorph transformation
was observed (a long-term coexistence ofdtip®lymorph with the liquid phase was detected by
VT-XRPD). Experimental thermodynamic data were seim@nted by ideal-gas thermodynamic
properties obtained by combining statistical thedgmamics and quantum chemical calculations.
A thorough conformational analysis performed ugimg DFT and LCCSD methods revealed the
existence of 57 stable conformers, many of whiehraported for the first time. Calculated ideal-
gas heat capacities were combined with the expetahdata on condensed-phase heat capacity,
vapour pressure, and phase-change properties anel tweated simultaneously to obtain a
consistent thermodynamic description. The thermadyn data and information on polymorphic
behaviour reported in this work form a necessasgisbfor phase equilibrium studies on mixtures
containing menthol and should be of interest toidewange of applications including phase

separation processes and environmental modelling.
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Appendix A. Supplementary Data

Supplementary data associated with this articlebeafound, in the online version, at

Supplementary data contain detailed descriptiothef SimCor method; description of multi-

phase Arc plot; tables and figures with detailsadiabatic calorimetry experiments and XRPD
measurements; figure with labelling of possiblelalgexane frames; list of stable conformers of
menthol with their parameters; and parameters dafhyheotations of the most stable EQgt

conformer of L-menthol.
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