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Abstract
A detailed experimental analysis of the phase transition thermodynamics of (S)-naproxen and
(RS)-naproxen is reported. Vapor pressures were determined experimentally via the
transpiration method. Sublimation enthalpies were obtained from the vapor pressures and
from independent TGA measurements. Thermodynamics of fusion which have been wellstudied in the literature were systematically remeasured by DSC. Both sublimation and fusion
enthalpies were adjusted to one reference temperature, T = 298 K, using measured heat
capacities of the solid and the melt phase by DSC. Average values from the measurements
and from literature data were suggested for the sublimation and fusion enthalpies. In order to
prove consistency of the proposed values the vaporization enthalpies obtained by combination
of both were compared to vaporization enthalpies obtained by the group-additivity method
and the correlation-gas chromatography method. The importance of reliable and precise phase
transition data for thermochemical calculations such as the prediction of solid/liquid phase
behavior of chiral compounds is highlighted.

Introduction
The production of pure enantiomers is important for the food and drug industry and
increasingly for the agrochemical sector. It has been reported that about 56% of the marked
drugs are chiral.1 Crystallization processes have been reported to be especially efficient for
large scale enantioseparation.2 Solubilities play an important role for process design as they
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define feasibility and productivity of a crystallization process. Naproxen as well as about 9095 % of the chiral systems3 can form a stoichiometric 1:1 molecular racemic compound, (RS)naproxen (see Figure 1, left).

Figure 1.

The eutectic composition, xeu, defines the boundary between the areas where pure enantiomer
or the racemic compound can be crystallized from solution (indicated as grey area in Figure 1,
left). Hence, for process design of such systems the solubility of the enantiomers, x(S) and x(R),
and of the molecular compound, x(RS), as well as the eutectic composition in solution are
characteristic information. In earlier investigations we studied solubility behaviour and
crystallization-based enantioseparation on several substances e.g. propranolol hydrochloride4,
3-chloromandelic acid5 and guaifenesin6 on an experimental basis. However, especially in
early stages of process design, the available amount of substance is often scarce for detailed
experimental studies. Solubility prediction can support and complement experimental
examinations.
To access solubility by computational methods the free energy change of the solution process,
o
∆sol
cr Gsol , has to be split up into accessible quantities by a thermodynamic cycle. The solution

process can be thermodynamically described by either transferring the molecule from the
solid crystal via (1) the subcooled melt or via (2) the gas phase into the solution (illustrated in
Fig. 1, right).7 The two thermodynamic cycles have been compared in a previous study8 for
chiral lactide where experimental melting properties and sublimation enthalpies are used to
calculate solubilities and to estimate the eutectic composition in a solvent mixture. For a
merely predictive method besides solvent interaction-based quantities the solid/liquid or
solid/vapor phase change quantities have to be computed as well. State of the art methods to
predict the melting temperature still give errors above 30 K.9 Palmer et al.10 proposed a
method to calculate solubilities with information on the molecular structure only by using
calculated lattice energies. Otero-de-la-Roza et. al.11 successfully used differences in lattice
energies to estimate the eutectic composition of several compounds in solution. However,
recent benchmarks on the computation of lattice energies12, 13 show that computations depend
strongly on the computational method used and hence are related to relatively large errors.
Precise experimental thermochemical data can help to improve computational methods by
giving a basis to compare computations to experimental values.
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In this contribution we report carefully measured thermochemical data for the naproxens, i.e.
the (S)-enantiomer and the racemic molecular compound, (RS)-naproxen. Molar heat
capacities of the solid and the liquid naproxens as well as their fusion enthalpies were
measured by Differential Scanning Calorimetry (DSC). Absolute vapor pressures of the solid
naproxens were measured with the transpiration method. Molar enthalpies of sublimation
were derived from the temperature dependences of the vapor pressures as well as directly
measured by means of the Thermogravimetric Analysis (TGA). In order to prove consistency
of the experimental thermochemical results, the vaporization enthalpies of the naproxens were
derived by combination of sublimation and fusion enthalpies and compared to vaporization
enthalpies obtained by the group-additivity (GA) method and the correlation-gas
chromatography (CGC) method.

Materials and methods
Materials
Samples of (RS)-naproxen, (RS)-(±)-2-(6-Methoxy-2-naphthyl)propionic acid, and (S)naproxen, (S)-(+)-2-(6-Methoxy-2-naphthyl)propionic acid, were of commercial origin (TCIEurope) with specified purities of 98 % and 99 %, respectively. They were further purified by
recrystallization. No impurities > 0.01 mass fractions could be detected via HPLC-analysis* in
samples used for the measurements.

Heat capacity measurements
Heat capacity measurements were carried out using a DSC 111 calorimeter (Setaram, France)
which operates with a Tian-Calvet sensor.14 Temperature calibration was conducted using
indium, tin and lead as reference material. Since the Calvet detector was absolutely calibrated
calorically by the Joule effect, the heat capacity was not measured against a reference
material. The calorimetric resolution of the instrument is 0.4 µW, and the detection limit 5–15
µW. Two succeeding measurements were performed using the temperature step method while
purging with highly pure helium (99.999 Vol %) at a constant flowrate of 20 ml·min-1. In the
first run the empty aluminum crucible was measured (150 µl, purchased from Setaram) which

*

HPLC analysis conditions: Chiralpak AD-H column (Chiral Technologies) with mobile phase consisting of nHexane/IPA/TFA in a ratio of 80:20:0.1. The flow rate was 1 ml·min-1 and the temperature 25 °C.
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was then filled with the sample and closed with the same aluminum lid for the second run.
Sample masses were between 60 to 80 mg (±10µg).
The heat capacity measurements were performed in 10 K steps with a heating rate of 5
K·min-1 followed by isotherms of 600 s duration. Sapphire and benzoic acid were used as test
substances. Average deviations to published data were 1.4 % for sapphire15 and 2.6 % for
benzoic acid16. Four series of measurements were carried out for both substances in the solid
state. Heat capacities of the liquid samples were measured separately. In order to reduce the
duration of thermal stress, the solid sample was heated to the melting temperature with high
heating rate and then equilibrated at temperatures above the melting point. Subsequent heat
capacity measurements were performed with the step-wise method, but we reduced steps to 5
K steps. The measurements have been repeated twice for (RS)-naproxen and four times for
(S)-naproxen.

Vapor pressure measurements via the transpiration method
Vapor pressures of the naproxens were measured using the transpiration method which was
described before in detail by the authors.17,18 About 0.5 g of solid sample was dissolved in
acetonitrile and mixed with small glass beads in a glass beaker. Under vigorous stirring with a
spatula and gentle heating the solvent was removed from beaker producing glass beads
covered uniformly with the sample. These covered glass beads were placed in a thermostated
U-shaped saturator. A well-defined nitrogen stream was passed through the saturator at a
constant temperature (± 0.1 K), and the transported material was collected in a cold trap. The
amount of condensed sample was determined by weighing with microbalances of 0.0001 g
resolution. The absolute vapor pressure pi at each temperature Ti was calculated from the
amount of the product collected within a definite period. Assuming validity of Dalton`s law
applied to the nitrogen stream saturated with the substance i, values of pi were calculated with
eq. (1):
pi = mi·R·Ta / V·Mi ;

V= VN2 + Vi;

(VN2 » Vi)

(1)

where R is the universal gas constant; mi is the mass of the transported compound Mi is the
molar mass of the compound, and Vi its volume contribution to the gaseous phase. VN2 is the
volume of the carrier gas and Ta is the temperature of the soap bubble meter used for
measurement of the gas flow. The volume of the carrier gas VN2 was determined from the
flow rate and the measurement time. Uncertainties of absolute vapor pressures measured by
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the transpiration method were estimated according to the procedure described in detail in the
literature.18 They are governed mostly by the reproducibility of the GC analysis as well as by
the VN2 volume determination. The combined uncertainties u(p) of vapor pressures derived
from the transpiration method are generally in between 1 to 3 % and the corresponding
deviations from the smoothed equations are adequate estimates of the uncertainty.18 In order
to confirm that the deposited naproxen on the glass beads is completely crystalline additional
transpiration experiments for both naproxens have been performed as follows. In contrast to
the previously described procedure using a solvent, an abundant amount of the crystalline
sample of the naproxen was as uniformly dispersed as possible among the glass beads in the
saturator. Transpiration measurements were performed at two different temperatures and the
results were indistinguishable with those after crystallization from acetonitrile.

Sublimation enthalpy via TGA
Enthalpies of sublimation of the naproxens were additionally measured with a Perkin Elmer
Pyris 6 TGA. A plane platinum crucible with vertical walls, diameter of 10 mm and height 3
mm with about 70 mg of the sample was heated with a ramp of 10 K·min-1 under nitrogen
purge gas flow. In order to obtain a smoothed surface of the sample inside the crucible, the
sample was gently melted and cooled down to room temperature before the TGA experiment.
No decomposition of the sample was observed (according to the FT-IR spectra) after the pretreatment of the sample. Isothermal TGA curves were measured in the temperature range 395425 K at a nitrogen flow rate of 200 ml·min-1. Measurements of the mass loss rate dm/dt were
performed in a few consequent series of steps of increasing and decreasing temperature.
Every step consisted of 7 to 11 points of the mass loss rate determination at each temperature.
Several runs have been performed to assess the reproducibility of the results. The detailed
procedure was described elsewhere. 19

Enthalpy of fusion via DSC
The thermal behavior of the naproxens including melting temperature and enthalpies of fusion
was studied both in Rostock and Magdeburg. In Rostock a Mettler-Toledo DSC 822 was
applied. The instrument was standardized using indium metal with a mass fraction of 0.9999.
The samples were hermetically sealed in 50 µl pans supplied by Perkin Elmer. Measurements
were performed in triplicate with a heating rate of 10 K·min-1. Thermodynamics of fusion of
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naproxens was additionally studied at MPI in Magdeburg using a Setaram DSC 131.
Temperature and enthalpy calibration was performed using indium, tin and lead reference
material. Samples with typical masses of ~10 mg (± 10 µg) were weighed into 30 µl Al-pans
which have been supplied by Setaram, closed with a lid and heated from 300 K to 573 K with
a constant heating rate of 1 and 2 K/min while purging with highly pure helium (99.999
Vol. %) at a constant flow rate of 70 ml·min-1. The measurements were repeated twice for
both heating rates.

Results
Heat capacity measurements
DSC is conventionally used to study phase transitions and heat capacities of materials. The
heat capacity measurements of naproxens were performed below and above the melting
temperature. Results of the heat capacity measurements are shown in Figure 2. No significant
heat capacity difference between the enantiomer and the racemic compound could be
observed for the solid or the melt. The average difference between the heat capacities of the
solid enantiomer and the racemic compound of 2.5 J⋅K-1⋅mol-1 was below the experimental
error (see Table 1). In contrast, for some other chiral species like mandelic acid and erythrophenylglyceric acid significantly larger heat capacity differences between the enantiomer and
the corresponding racemic molecular compound were observed.21

Figure 2.

Slightly different experimental heat capacities of an unspecified sample of naproxen have
been reported in the literature.20 In view of the poorly defined nature and purity of the studied
sample the reported data are not further discussed in this work.
The standard molar heat capacities, C op ,m (298 K), are needed in order to adjust sublimation
and fusion enthalpies measured in this work to the reference temperature, T = 298 K. As
indicated by the experimental results (see Fig. 2) the temperature-dependent behavior of the
molar heat capacities of the solid and the melt was assumed to be linear in between reference
temperature and the melt and correlated by equation 2:

ܥ,
=  ܣ+ ܶ ∙ ܤ/ܭ

(2)
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The resulting C op ,m -values at 298 K are given in Table 1. Coefficients of eq. 2 are summarized
in Table S1 (supporting information) together with all primary experimental data of the heat
capacities measured in this work.
In addition to the solid and liquid state heat capacities, the ideal gas heat capacities are
required to adjust measured enthalpies of sublimation to the reference temperature.
Differences between the molar heat capacities of the gaseous phase C op , m (g, 298 K) and the
crystalline phase C op , m (cr, 298 K), ∆gcrCop,m , are summarized in Table 1. Hereby, the
experimental values of C op ,m (cr, 298 K) were used for the solid phase whereas the values of

C op ,m (g, 298 K) were determined computationally by density functional theory.

Table 1.

Vapor pressure and sublimation enthalpies from the transpiration method
Absolute vapor pressures pi measured by the transpiration method were correlated with the
following equation: 17
ln ( pi p 0 ) =

∆g C o
T 
a
b
+
+ cr p ,m ⋅ ln  
R R ⋅T
R
 T0 

(3)

where a and b are adjustable parameters. Absolute vapor pressures of the naproxens and the
resulting correlation for ln(pi/p°) are given in Table 2 (p° = 1 Pa). T0 in eq. (3) is the reference
temperature T = 298 K and R is the gas constant. The sublimation enthalpy was calculated
from equation:

∆gcr H mo (T ) = −b + ∆gcrC op,m ⋅ T

(4)

The heat capacity differences between the gaseous and the crystalline phase ∆gcrCop,m (298 K)
were taken from Table 1 for the calculation. Sublimation entropies at temperature T were also
derived from the temperature dependence of vapor pressures using eq. (5):

∆gcr Smo (T ) = ∆gcr H mo / T + R ⋅ ln( pi / p o )

(5)

The resulting enthalpy of sublimation at the reference temperature ∆gcr H mo (298 K) as well as
the values for ∆gcr H mo (T) and ∆gcr Smo (T) are summarized in Table 2.
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Table 2.
Uncertainties in the temperature adjustments of the sublimation enthalpies to the reference
temperature T = 298 K were calculated assuming a standard deviation of ±16 J·mol-1·K-1 for
the crystalline phase heat capacity, C op , m (cr).25 Uncertainties of the sublimation enthalpy
include uncertainties of the transpiration experimental conditions, of the vapor pressure and of
the temperature adjustment to 298 K. Details on this procedure can be found in Ref. 18.

Sublimation enthalpy from the TGA method
Enthalpies of sublimation of (RS)- and (S)-naproxen measured with the TGA are given in
Table 3. The relationship between the mass loss r = dm/dt and the sublimation enthalpy was
derived according to the equation of Clausius-Clapeyron by using the rate of mass loss dm/dt
measured by the TGA (instead of the absolute pressure): 19
∆ g H o (T ) − ∆ gcr C po ,mT0  1 1  ∆ gcr C po,m  T 
 dm

T  = A '− cr m 0
ln 
ln   d
 − +
R
R
 dt

 T T0 
 T0 

(6)

With a constant A´ which includes parameters that are specific for our setup but which is
independent from the substance studied. T0 is the reference temperature T = 298 K.

Table 3.

Thermodynamics of fusion
The melting temperatures and enthalpies of fusion of (RS)- and (S)-naproxen measured by
DSC in Rostock and Magdeburg are given in Table 4 in comparison to literature data. Values
of the fusion enthalpies measured are referred to the melting temperature Tfus. The
experimental enthalpies of fusion have been adjusted to T = 298 K by:23
∆ lcr H mo (Tfus /K ) − ∆ crl H mo ( 298 K ) =

( 0.75 + 0.15 ⋅ C po,m (cr) ) ⋅ (Tfus / K ) − 298 K  − (10.58 + 0.26 ⋅ C po,m (liq) ) ⋅ (Tfus / K ) − 298 K 

(7)
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where C op , m (cr) and C op , m (liq) are the isobaric molar heat capacities of the solid and the liquid
naproxens (given in Table 1). The adjusted molar enthalpies of fusion, ∆lcr H mo (298 K), are
summarized in Table 4. Uncertainties in the temperature adjustment of fusion enthalpies from
Tfus to the reference temperature given in Table 4 are estimates and amount to 30 % of the
total adjustment.25 In addition Table 4 summarizes the determined enthalpies of fusion,
sublimation and vaporization at 298 K.

Table 4.

Discussion
Absolute vapor pressures of naproxens
Measured vapor pressures of (RS)- and (S)-naproxen via the transpiration method are similar
but still distinguishable especially at low temperatures (see Fig. 3) where vapor pressures of
the enantiomer are slightly higher in comparison to the racemic compound. Literature data26
are available for (S)-naproxen only and they surprisingly disagree dramatically with the
results of this work.

Figure. 3.
Sublimation enthalpies of naproxens
Sublimation enthalpies ∆gcr H mo (298 K) of (RS)- and (S)-naproxen are collected in Table 3.
The experimental result published for (S)-naproxen in Ref. 26 was adjusted to the reference
temperature using equations (3) and (4) and is given in Table 3 for comparison. It shows that
the sublimation enthalpy of the racemate is 6.2 ± 2.2 kJ·mol-1 larger compared to the
enantiomer. The experimental ∆gcr H mo (298 K)-values for both naproxens derived from the two
different measurement methods (transpiration and TGA) are in a good agreement within
experimental uncertainties. A mean average ∆gcr H mo (298 K)-value for each chiral species is
given in Table 3 which can be recommended for further thermochemical calculations. The
uncertainty of the sublimation enthalpy was taken as the weighting factor.
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Fusion enthalpies of naproxens
The DSC-measurements of enthalpies of fusion for the naproxens have been a popular
endeavor in the past.20,26,28-33 A collection of ∆lcr H mo (Tfus) from literature results as well as
from own measurements can be found in Table 4. Measurements performed in this study are
hardly distinguishable from the literature values within the limits of experimental
uncertainties. The available data on the fusion enthalpies of both naproxens are remarkably
consistent and are close to the level of 32 kJ⋅mol-1 for both chiral species. A mean average
value was calculated by taking the experimental uncertainty of the fusion enthalpy as the
weighting factor and adjusted to the reference temperature using eq. (7) (see Table 4, column
3). The averaged ∆lcr H mo (298 K)-values can be recommended for further thermochemical
calculations.

Vaporization enthalpies and internal consistency of the phase change enthalpies of
naproxens
Sublimation enthalpies ∆gcr H mo (298 K) and fusion enthalpies ∆lcr H mo (298 K) evaluated in this
work for both naproxens need to be tested for internal consistency before recommending for
thermochemical calculations. Such checks can be performed according to the general
relationship:

∆gcr H mo = ∆gl H mo + ∆lcr H mo

(8)

provided that all enthalpies in eq. (8) are referred to the same temperature. Resulting
vaporization enthalpies can be found in Table 4 along with the sublimation and fusion
enthalpies used for their calculation.
The sublimation enthalpy values are difficult for any kind of interpretation because they
include two non-equal contributions from the vaporization and from fusion enthalpy as it can
be seen in eq. (8). In contrast, the vaporization enthalpies willingly obey the additivity rules,18
as well as it can be involved in different types of structure-property correlations.
In order to establish validity of the ∆gcr H mo (298 K) results evaluated in this study eq. (8) was
used in combination with the ∆lcr H mo (298 K)-values to obtain vaporization enthalpies for the
naproxens. The resulting vaporization enthalpies are then compared to different ∆gl H mo (298
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K)-values coming from two additional independent methods, the group-additivity method and
the gas-correlation chromatography.35

4.4.1. Validation of vaporization enthalpy of naproxen using the group-additivity Method
The group-additivity (GA) method is admittedly an empirical tool to prove experimental
results for consistency or estimate missing values with a reasonable accuracy.36,37 The
Benson`s methodology36 was adjusted for the prediction of vaporization enthalpies in our
previous work.37,38 The group-additivity values (GAVs) required to calculate ∆gl H mo (298 K) of
the naproxens are collected in Table S3. In order to enhance quality of the ∆gl H mo (298 K)
prediction we decided not to collect the naproxen molecule from GAVs. It seemed to be more
convenient to start with the similar shaped model compound 1-naphthaleneacetic acid (see
Figure 4), where reliable data on sublimation27 and fusion enthalpy34 are available. The
vaporization enthalpy ∆gl H mo (298 K) = 96.3 ± 2.1 kJ⋅mol-1 was derived using eq. 8 (see Table
4, column 6).

Figure 4.

Starting from this molecule and GAVs given in Table S3 we estimated vaporization enthalpy
of naproxen as the sum:

∆gl H mo (298 K, naproxen) = ∆gl H mo (298 K, 1-naphthaleneacetic acid) - С-(С)2(H)2 + С-(С)3(H)
+ С-(С)(H)3 + ∆H(H → OCH3) = 111.8 kJ⋅mol-1
Admittedly, the GA-method is not able to differ between the enantiomer and the racemic
compound. However, our estimate from GA ∆gl H mo (298 K, naproxen) = 111.8 kJ⋅mol-1 is very
close to the ∆gl H mo (298 K, RS-naproxen) = 110.7 ± 2.8 kJ⋅mol-1 derived from the combination
of experimental sublimation and fusion enthalpies. Such good agreement can be considered as
an evidence of internal consistency of the experimental data measured in this work.

4.4.2. Validation of vaporization enthalpy of naproxen using the correlation-GC analysis.
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The correlation-GC-method35,38 (CGC) correlates the gas-chromatographical behaviour
(retention time tr) of a compound of interest with the retention times of some parent
compounds with known enthalpies of vaporization. The retention times are used for
calculation of enthalpies of transfer from solution to the gas phase, ∆gsol H mo . The linear
g
H mo and ∆gl H mo (298 K) for structurally related compounds provides a
relationship between ∆ sol

possibility for obtaining the vaporization enthalpy of the compound of interest, provided that
all ∆gsol H mo -values used were measured in the same conditions. The accuracy of the
predictions depends mostly on the accuracy of the ∆gl H mo (298 K) of the reference compounds.
Reliable results are usually derived when the reference compounds are structurally similar and
from the same chemical family.
Experimental ∆gsol H mo -values for (S)-naproxen and the reference compounds benzoic acid,
4-ethylbenzoic acid, 4-ethoxybenzoic acid, and 1-naphthaleneacetic acid were reported by
Maxwell and Chickos33 and they are listed in Table S2. Vaporization enthalpies of the
reference compounds have been evaluated in our recent work39. In this work we recalculated
correlations developed by Maxwell and Chickos33 using our new experimental results on

∆gl H mo (298 K) for benzoic acid, 4-ethylbenzoic acid, 4-ethoxybenzoic acid (see Table S2).
The following equation for the estimation of vaporization enthalpy of (S)-naproxen was
obtained:

∆gl H mo (298 K) = 1.1 × ∆gsol H mo + 35.0

R2 = 0.830

(9)

Using ∆gsol H mo of (S)-naproxen from Ref. 33 (see Table S2), the enthalpy of vaporization of
(S)-naproxen, ∆gl H mo (298 K) = 109.3 ± 5.0 kJ·mol-1, was estimated. It should be mentioned
that the reliability of the sublimation enthalpy of (S)-naproxen obtained from eq. 9 is not high
for a comparison due to the low correlation factor, R2 = 0.803. ∆gl H mo (298 K) is however still
within the limits of experimental uncertainties of ± 5.0 kJ·mol-1 and in a reasonable agreement
g
o
with the enthalpy of vaporization ∆l Hm (298 K) calculated via eq. 8 (see. Table 4). Thus, the

sets of sublimation, fusion, and vaporization enthalpies for (RS)- and (S)-naproxen seem to
possess an internal consistency.

Summary and conclusions

Page 13 of 29

Journal of Pharmaceutical Sciences

A detailed experimental analysis of the phase transition thermodynamics of the enantiopure
(S)-naproxen and the racemic molecular compound (RS)-naproxen has been performed. Vapor
pressures have been measured via the transpiration method. Enthalpies of sublimation have
been derived from the vapor pressures and complemented for comparison by independent
TGA measurements. Thermodynamics of fusion and heat capacities of the solid and the melt
phase have been measured via DSC. The latter were used to adjust experimental enthalpies of
sublimation and enthalpies of fusion to the reference temperature, T = 298 K. Only small
differences between the enantiomer and the racemate have been observed for the measured
vapor pressures with slightly higher results for the enantiomer. Measured enthalpies of
sublimation from transpiration and TGA were in good agreement to earlier published
transpiration results of (S)-naproxen. 26 Differences between the racemate and the enantiomer
were found to be around 6 kJ·mol-1 after the adjustment to 298 K which is large in
comparison to the very similar thermodynamics of fusion. Data sets on sublimation and fusion
enthalpies have been successfully checked for internal consistency by using two independent
methods, the group-additivity and the correlation-GC methods. Average values from own
measurements and from literature were determined for the sublimation and fusion enthalpies
of both naproxens and recommended for thermochemical calculations. This study
complements available thermochemical data for (S)- and (RS)-naproxen. New accurate and
consistent results of thermophysical data of both chiral species provide the basis for the
computation of characteristic quantities in the ternary phase diagram (see Figure 1) which are
necessary for the design of enantioselective crystallization processes.
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(left) Scheme of a ternary solubility phase diagram of a typical chiral substance. (right) Illustration of two
thermodynamic approaches to describe solubilities.
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Heat capacities of (○) (S)-naproxen and (∆) (RS)-naproxen measured in this work.
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Experimental vapor pressures as a function of the reciprocal temperature: (∆) (RS)-naproxen transpiration,
this work); (○) (S)-naproxen (transpiration, this work); (●) (S)-naproxen (transpiration Perlovich et. al. Ref.
26).
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Structures of (S)-naproxen and the similarly shaped 1-naphthaleneacetic acid.
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Table 1. Compilation of data on molar heat capacities C op ,m (in J.K-1.mol-1) at 298 K as well
as heat capacity differences between the solid and the gas phase (cr – crystalline solid state,
liq – liquid (molten) state).
Compounds

C op ,m (cr)

C op ,m (liq)

- ∆gcrC p,m
o

naproxen
325.3a
49.5b
(RS)-naproxen
296.3 (1.9)c 373.6 (5.9)c
41.9d
c
c
(S)-naproxen
294.4 (5.3) 351.8 (6.4)
40.0d
1-naphthaleneacetic acid
229.2a
35.1b
a
22
Calculated according to procedure developed by Chickos et al .
b
Calculated according to procedure developed by Chickos and Acree23.
c
Measurements from this work along with the average standard deviations in J.K-1.mol-1.
d
Calculated as the difference between C op ,m (g) = 254.5 J.K-1.mol-1 and C op ,m (cr or liq) from
this Table. C op ,m (g) was calculated from harmonic molecular vibrations determined by DFT.
For calculations the 6-311++g(3df,3pd) basis set and b3lyp density functional has been used
as implemented in Gaussian 09. 24
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Table 2. Absolute vapor pressures p, sublimation enthalpies, ∆gcr H mo , and sublimation
entropies, ∆gcr Smo for (RS)- and (S)-naproxen obtained by the transpiration method.
Ta
(K)

mb
(mg)

c

V(N2)
(dm3)

Tad
(K)

Flow
3

-1

(dm ·h )

pe
(Pa)

u(p)f
(Pa)

∆gcr H mo

∆gcr Smo

(kJ⋅mol-1)

(J⋅K-1⋅mol-1)

(RS)-naproxen; ∆ gcr H mo (298 K) = 135.9 ± 1.8 kJ.mol-1
ln(p/p°) = 383.38 − 148376.89 − 41.9 ln  T /K 
R

390.5
395.3
398.1
398.4
400.5
405.6
408.6
410.6
415.5
417.5
419.4

13.1
12.7
9.5
17.7
12.4
19.0
47.8
22.0
11.0
12.9
13.8

374.8
207.7
124.4
217.5
118.7
122.5
219.4
83.01
27.67
25.73
23.21

296.2
296.2
296.2
296.2
296.2
296.2
296.2
296.2
296.2
296.2
296.2

R ⋅ (T /K)

5.08
5.26
5.08
5.08
5.08
5.11
5.08
5.11
5.11
5.08
5.26

0.37
0.65
0.82
0.87
1.12
1.66
2.33
2.83
4.25
5.36
6.36

R

0.01
0.02
0.03
0.03
0.03
0.05
0.06
0.08
0.11
0.14
0.18

 298.15 
132.02
131.82
131.70
131.69
131.60
131.38
131.26
131.17
130.97
130.89
130.81

234.2
234.2
233.5
233.7
233.8
232.4
232.6
232.4
231.6
231.8
231.6

(S)-naproxen; ∆ gcr H mo (298 K) = 127.3 ± 1.2 kJ.mol-1
ln(p/p°) = 360.66 − 139192.08 − 40.0 ln  T /K 
R

392.1
396.2
398.3
402.2
406.4
409.4
411.3
413.7
415.5
417.6
422.6
a

12.5
9.5
11.5
31.0
9.8
18.8
11.2
53.8
11.4
8.7
16.8

253.0
131.2
127.0
239.9
50.65
77.52
38.94
149.8
27.64
17.70
22.26

293.2
295.9
293.2
293.2
293.2
293.2
295.9
293.2
295.9
293.2
295.9

R ⋅ (T /K)

5.50
5.40
5.61
5.61
5.43
5.43
4.81
5.50
4.81
5.47
5.47

0.52
0.77
0.96
1.37
2.05
2.57
3.07
3.80
4.41
5.20
8.06

R

0.02
0.02
0.03
0.04
0.06
0.07
0.08
0.10
0.12
0.14
0.23

 298.15 
123.51
123.35
123.26
123.11
122.94
122.82
122.74
122.65
122.57
122.49
122.29

213.9
213.5
213.4
213.0
212.8
212.1
212.1
211.9
211.6
211.3
211.0

Saturation temperature with u(T) = 0.1 K.
Mass of transferred sample condensed at T = 273 K.
c
Volume of nitrogen (u(V) = 0.005 dm3) used to transfer m (u(m) = 0.0001 g) of the sample.
d
Ta is the temperature of the soap bubble meter used for measurement of the gas flow.
e
Vapor pressure at temperature T calculated from the m and the residual vapor pressure at
T = 273 K calculated by an iteration.
f
Uncertainties were calculated with u(p/Pa) = 0.005 +0.025(p/Pa) for pressures below 5 Pa
and with u(p/Pa) = 0.025 + 0.025(p/Pa) above 5 Pa.
b
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Table 3. Compilation of data on enthalpies of sublimation, ∆gcr H mo (in kJ.mol-1), from own
experiments and from literature.
∆gcr H mo
∆gcr H mo
Ref
Compounds
Methoda T-range
(K)
(Tav)
(298 K)
(RS)-naproxen
T
390.5-419.4
131.4±1.5 135.9±1.8b
this work
TGA
395-425
129.8±1.7 134.5±2.0b
this work
c
135.3±1.3
(S)-naproxen
T
341.2-397.2
128.3±1.2 131.0±1.6b
26
b
T
392.1-422.6
122.9±1.5 127.3±1.2
this work
TGA
395-425
127.8±2.3 132.3±2.5b
this work
c
129.1±0.9
1-naphthalene27
T
112.3±0.9
acetic acid
a
T = transpiration method; TGA = thermogravimetric analysis.
b
Uncertainties of sublimation enthalpies are expressed as standard deviations. Vapor pressure
available in the literature26 were treated using eqs. 3 and 4 in order to evaluate enthalpy of
sublimation at 298 K in the same way as for own results.
c
Mean average values were calculated using the uncertainty of the experiment as a weighting
factor.
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Table 4. Compilation of enthalpies of phase transitions (in kJ⋅mol-1) of (S)- and (RS)naproxen determined in this work and from literature
Ref.
∆lcr H mo
∆lcr H mo a
∆gcr H mo b
∆gl H mo c
Compounds
Tfus (K)
1
(RS)-naproxen

(S)-naproxen

2
428.2
429.0±0.3

at Tfus
3
32.3±1.0
33.2±0.3

429.9±0.2
429.0±0.4
429.1±0.4
429.0
439.2
428.5
427.6
428.8
431.3±0.6
429.2±0.1
428.7

32.5±0.3f
32.3±0.8g
32.7±0.6g
32.8±0.2d
29.4±1.0
31.5±0.7
31.5±2.1
34.2±0.9
32.4±0.5
31.7±0.1
30.3±0.3

429.1±0.1
428.1±0.4
429.2

29.9±0.5f
31.8±0.4g
31.6±0.1d

4

298 K
5

6

7
28
29
this work
this work
this work

24.6±2.5

135.3±1.3

110.7±2.8
30
20
26
31
32
29
33
this work
this work

24.1±2.3 129.1±0.9 105.0±2.5
1-naphthalene34
405.3
22.3±0.2
16.0±1.9 112.3±0.9 96.3±2.1
acetic acid
a
The experimental enthalpies of fusion ∆lcr H mo measured at Tfus and adjusted to 298 K
according to procedure developed by Chickos and Acree.23
b
Recommended values taken from Table 2.
c
Calculated as the difference between column 5 and 4 in this Table.
d
Mean average values were calculated using the uncertainty of the experiment as a weighting
factor.
f
Measured with a Setaram DSC 131
g
Measured with a Mettler-Toledo 822.
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Table S1. Results of the Heat Capacity Measurements for the naproxens (in J·K-1·mol-1)
along with the resulting linear correlation using eq. 8.
(RS)-naproxen

(S)-naproxen
C

T, K

o
p

C op

T, K

Solid phase

Solid phase

o
p

o
p

C ( cr ) = 16.951 + 0.937 ⋅ T/K

C ( cr ) = 18.342 + 0.926 ⋅ T/K

298.42
307.77
317.05
326.30
335.59
344.91
354.21
363.48
372.75
382.04
391.34
400.62
409.91

298.43
307.76
317.04
326.30
335.59
344.91
354.2
363.47
372.74
382.03
391.34
400.62
409.90

297.43
304.91
316.83
322.91
330.99
338.13
349.46
356.82
366.18
372.16
383.53
393.04
404.16
Liquid phase

296.33
303.20
314.28
320.73
329.67
335.24
346.43
353.45
362.13
366.75
379.51
389.56
404.90
Liquid phase

o
p

o
p

C ( liq ) = 111.06 + 0.881 ⋅ T/K

C ( liq ) = 53.995 + 0.999 ⋅ T/K

436.65
442.36
448.06
453.79
465.20

436.59
442.15
447.71
452.13
453.79
461.71
465.20
470.87
480.03
489.17

490.78
504.36
509.32
509.75
519.09

488.28
497.91
505.21
501.74
504.55
516.93
515.98
526.77
534.39
541.44
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Table S2. Correlations between enthalpies of transfer ∆gsol H mo and experimental vaporization
enthalpies ∆gl H mo of carboxylic acid derivatives (in kJ·mol-1).
Compound

∆gsol H mo
(from Ref. 1)
39.7

∆gl H mo (298 K)

Ref.

75.8±0.8

2

4-ethylbenzoic acid

45.8

86.4±3.0

2

4-ethoxybenzoic acid

50.2

95.5±2.8

3

1-naphthaleneacetic acid

58.5

96.3±2.1

4

(S)-naproxen

67.5

-

1

benzoic acid
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Table S3. Parameters for the calculation of enthalpies of vaporization at 298 K using the
group-additivity Method (in kJ⋅mol-1)a
∆gl H mo
Parameters
1-naphthaleneacetic acid4 96.3
∆H(H→CH3O)
12.5
С-(С)(H)3
6.33
С-(С)2(H)2
4.52
С-(С)3(H)
1.24
a
Group contributions for methoxybenzoic acids were taken from Ref. 2. Increments for alkyl
chains and ethers were taken from our previous study5.
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