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Specific features of melting of crystalline samples of 3�(2�R�phenoxy)propane�1,2�diols
with different enantiomeric compositions were studied by differential scanning calorimetry.
The melting points and enthalpies of melting for the racemate and individual stereoisomers
were determined. Binary phase diagrams were constructed. The entropy of mixing of individual
enantiomers in the liquid phase and the free energy of formation of the racemic compound
were calculated. The thermochemical data indicate that the racemates are formed upon the
crystallization of phenoxy� and 2�fluorophenoxy�containing compounds, while crystallization
of the chloro�, bromo�, and iodo�substituted analogs would form racemic conglomerates.
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In the case of chiral compounds, the properties of
substances and related materials depend substantially on
the enantiomeric composition. Useful properties are usu�
ally manifested themselves only when samples with high
enantiomeric purity are used. Despite of success achieved
in enantioselective synthesis, biotechnology, and prepara�
tive chromatography using chiral phases, a considerable
(more than 50%) amount of enantiomerically pure sub�
stances is produced in industrial scales by the resolution
of racemates into individual enantiomers. In this case,
methods based on fractional crystallization are prevailing.
Among the known methods for racemate resolution, meth�
ods based on spontaneous separation during crystalliza�
tion (spontaneous resolution) play a principal role. This
phenomenon2 provides racemate separation without aux�
iliary resolving reagents, chiral phases, etc. and/or expen�
sive specialized equipment.3,4 A necessary prerequisite
for the use of this approach is crystallization of a sub�
stance from solution or melt as a racemic conglomerate,
i.e., a mechanical mixture of single crystals, each of which
is formed by molecules of one configuration only.

The phenomenon of spontaneous resolution has been
known for more than 150 years but remains poorly stud�
ied, which is caused, first of all, by an insufficient number
of the objects investigated. This especially concerns the
series of structurally similar molecules in which a small
number of variables changes uniformly with substituent
replacement. We have recently5 found that 3�(2�chloro�
phenoxy)propane�1,2�diol exhibits a property of sponta�

neous resolution of enantiomers during crystallization. In
the structural respect, halogen atoms (including a hydro�
gen atom) in the role of substituents are similar, being
spheres with the successively increasing van der Waals
radii (1.2 (H), 1.35 (F), 1.80 (Cl), 1.95 (Br), 2.15 Å (I)).
In the present work, we studied specific features of crys�
tallization of of phenyl ethers of glycerol 1a—e containing
the above�listed substituents in the ortho�position of the
aromatic ring. All substances in the racemic and scalemic
forms were synthesized via the reaction of the correspond�
ing phenol with racemic or scalemic glycidol (Scheme 1).

Scheme 1

R = H (a), F (b), Cl (c), Br (d), I (e)

The main method of investigation in this work is dif�
ferential scanning calorimetry (DSC). The use of this
method makes it possible to substantially restrict arbi�
trariness of measurements of the temperature characteris�
tics of sample melting and to determine quantitatively the* For Part 2, see Ref. 1.
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enthalpies of thermally initiated processes. Based on this
quantitative information, one can compare binary phase
diagrams of melting constructed experimentally and cal�
culated in different theoretical approximations. Finally,
the use of DSC allows one to analyze the thermodynamic
characteristics, which are not directly determined in ex�
periments.

Experimental

1H and 13C NMR spectra were recorded on Bruker MSL�400
spectrometer (1H, 400 MHz; 13C, 100.6 MHz) using CDCl3 as
solvent, and Me4Si or signals of the solvent served as the internal
standard. Optical rotation was measured on a Perkin—Elmer 341
polarimeter. Specific rotation is given in deg mL g–1 dm–1, and
the concentration of solutions appears in g (100 mL)–1.

For usual purposes, melting points were determined on the
Boetius heating stage with visual monitoring.

Samples for DSC analysis were prepared by multiple recrys�
tallization and dried in a Fischer apparatus in a vacuum of an oil
pump at temperatures by ~5 °C lower than the melting point.
Chemical purity of samples was monitored by TLC (silica gel,
Silufol plates) and GC�MS (Finnigan MAT212 GC�MS spec�
trometer, column (50 m) with the SE�54 phase, injector tem�
perature 240 °C, thermostat temperature 100—240 °C, heating
rate 6 °C min–1). IR spectra of racemic and enantiopure crystal�
line samples in KBr pellets were recorded on a Bruker Vector 22
spectrophotometer.

Melting curves of samples of 3�(2�R�phenoxy)propane�1,2�
diols (~2 mg) were obtained on a Setaram DSC111 upgraded
calorimeter. The calorimeter was equipped with unique systems
for controlling a heater and compensating the baseline on the
basis of precision analog�to�digital converters,6 which increased
the effective sensitivity and dynamic range of the instrument.
The heating rate was 1 °C min–1. Temperature and thermal flux
measurements were calibrated by the data for corundum, phe�
nol, and naphthalene. Thermograms were processed by numeri�
cal methods using the Mathcad program.* This made it possible
to write the processing procedures as standard mathematical
formulas, document all procedures with experimental data, and
verify and correct experimental data. Discontinuous arrays of
experimental data were interpolated by cubic splines and further
treated as continuous differentiated and integrated functions,
which substantially simplified the procedure of subtraction of
the baseline, multiplication by the calibration function, de�
convolution, and integration.

(R)� and (S)�Glycidols (ee 91%) were synthesized by the
Sharpless enantioselective epoxidation7 of allyl alcohol.

Racemic and scalemic diols 1a—e were synthesized by anal�
ogy to a published procedure8 from racemic and scalemic
glycidols, respectively. (S)�Diol was obtained from (S)�glycidol,
and (R)�glycidol gave (R)�diol. A mixture of glycidol (0.015 mol,
1.14 g), the corresponding phenol (0.015 mol), triethylamine
(0.12 mL, 0.86 mmol), and anhydrous ethanol (3.5 mL) was
refluxed for 6 h. After the mixture was cooled down, the solvent
was removed, as a rule, under reduced pressure to leave a crys�

talline mixture. A precipitate that formed was filtered off and
multiply recrystallized from an appropriate solvent. The physi�
cochemical characteristics of the isolated diols are given below.

rac�3�Phenoxypropane�1,2�diol (1a). The yield was 92%,
m.p. 48—52 °C (from ether). A sample of rac�1a was prepared
by the successive recrystallization of the material from ether and
CCl4 followed by the slow evaporation of the solvent from a diol
solution in CCl4 for 1 month, m.p. 56—60 °C. A sample with
m.p. 60—74 °C was obtained by the further recrystallization of
rac�1a from a hexane—ether (1 : 1) mixture. 1H NMR, δ: 7.29
(td, 2 H, H(3´), H(5´), J = 7.4 Hz, J = 1.4 Hz); 6.98 (t, 1 H,
H(4´), J = 7.4 Hz); 6.91 (dd, 2 H, H(2´), H(6´), J = 8.4 Hz, J =
1.0 Hz); 4.15—4.08 (m, 1 H, CHOH); 4.04 (s, 1 H, CH2); 4.03
(d, 1 H, CH2, J = 2.1 Hz); 3.84 (dd, 1 H, CH2OH, J = 11.3 Hz,
J = 3.8 Hz); 3.75 (dd, 1 H, CH2OH, J = 11.7 Hz, J = 5.5 Hz);
2.55 (br.s, 2 H, 2 OH) (see Ref. 9). 13C NMR, δ: 158.55
(s, C(1´)); 129.70 (dd, C(2´), C(6´), 1JC,H = 158.4 Hz, 2JC,H =
8.7 Hz); 121.48 (dt, C(4´), 1JC,H = 161.3 Hz, 2JC,H = 8.0 Hz);
114.71 (dm, C(3´), C(5´), 1JC,H = 155.5 Hz); 70.57 (d, C(2), J =
145.3 Hz); 69.28 (t, C(3), 1JC,H = 144.6 Hz); 63.83 (t, C(1),
1JC,H = 143.9 Hz).

(R)�3�Phenoxypropane�1,2�diol ((R)�1a). The yield was 70%,
m.p. 67—69 °C (ether—hexane (1.3 : 1)), [α]D

20 –9.7 (c 1,
EtOH), [α]D

20 –8.2 (c 0.5, MeOH) (cf. Ref. 10: m.p.
62.5—64.5 °C, [α]D

25 –9.5 (c 0.5, MeOH), ee 98.9%, Ref. 11:
m.p. 56.5—57 °C (EtOH, ee 88%), Ref. 12: [α]D

20 –10.8 (c 1,
EtOH), ee 98%; for (S)�1a [α]D

20 +10.2 (c 1, EtOH), ee 91%).
The 1H and 13C NMR spectra are similar to those published
earlier.10

rac�3�(2�Fluorophenoxy)propane�1,2�diol (rac�1b). The yield
was 70%, m.p. 46—56 °C (ether; ether—hexane) (cf. Ref. 13:
m.p. 56—57 °C (C6H6—petroleum ether)). 1H NMR, δ:
7.09—6.80 (m, 4 H, Ar); 4.15—4.07 (m, 1 H); 4.04, 4.03—3.95
(s and m, 3 H); 3.81 (dd, 1 H, CH2OH, J = 11.5 Hz, J =
3.3 Hz); 3.72 (dd, 1 H, CH2OH, J = 11.5 Hz, J = 5.7 Hz);
3.66—3.25 (m, 1 H). 13C NMR, δ: 152.7 (d, C(2´), 1JC,F =
245.3 Hz); 146.6 (d, C(1´), 1JC,F = 10.6 Hz); 124.3 (ddd, C(5´),
1JC,H = 162.6 Hz, 2JC,H = 8.8 Hz, 4JC,F = 3.5 Hz); 121.6 (ddd,
C(4´), 1JC,H = 164.3 Hz, 2JC,H = 8.2 Hz, 3JC,F = 7.0 Hz); 116.2
(ddd, C(3´), 1JC,H = 162.9 Hz, 2JC,H = 8.2 Hz, 2JC,F = 18.8 Hz);
115.3 (dd, C(6´), 1JC,H = 160.2 Hz, 2JC,H = 8.8 Hz); 70.6 (t,
C(3), 1JC,H = 145.0 Hz); 70.4 (d, C(2), 1JC,H = 143.2 Hz); 63.46
(t, C(1), 1JC,H = 142.6 Hz).

(S)�3�(2�Fluorophenoxy)propane�1,2�diol ((S)�1b). The yield
was 72%, m.p. 45—57 °C (CHCl3). After several successive
recrystallizations from CCl4 and C6H6 and double recrystalli�
zation from a C6H6—hexane (1 : 1) mixture, a sample of
diol (S)�1b with m.p. 54—60 °C was obtained, [α]D

20 +6.4
(c 1, EtOH).

rac�3�(2�Chlorophenoxy)propane�1,2�diol (rac�1c). The
yield was 65%, m.p. 70—80 °C (CCl4; CH2Cl2—hexane (1 : 1))
(cf. Ref. 14: m.p. 71—72 °C (petroleum ether—C6H6)).
1H NMR, δ: 7.35 (dd, 1 H, H(6), J = 7.2 Hz, J = 1.4 Hz); 7.20
(td, 1 H, H(8), J = 7.8 Hz, J = 1.2 Hz); 6.92 (d, 1 H, H(9), J =
7.9 Hz); 6.92 (t, 1 H, H(7), J = 7.2 Hz); 4.17—4.05 (m, 3 H,
CH2, CH); 3.90—3.77 (m, 2 H, CH2OH); 3.20 (d, 1 H, CHOH,
J = 4.3 Hz); 2.66 (t, 1 H, CH2OH, J = 5.7 Hz) (cf. Ref. 9).
13C NMR, δ: 153.90 (m, C(1´)); 130.23 (dd, C(3´), 1JC,H =
164.3 Hz, 2JC,H = 8.7 Hz); 127.82 (dd, C(5´), 1JC,H = 161.2 Hz,
2JC,H = 9.7 Hz); 122.95 (m, C(2´)); 122.04 (dd, C(4´), 1JC,H =
163.3 Hz, 2JC,H = 7.6 Hz); 113.76 (dd, C(6´), 1JC,H = 159.7 Hz,

* ©Mathsoft Engineering and Education Inc., http://
www.mathsoft.com.
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2JC,H = 8.7 Hz); 70.71 (t, C(3), 1JC,H = 145.2 Hz); 70.10 (d,
C(2), 1JC,H = 145.5 Hz); 63.62 (t, C(1), 1JC,H = 142.9 Hz).

(R)�3�(2�Chlorophenoxy)propane�1,2�diol ((R)�1c). The
yield was 60%, m.p. 90—92 °C (CCl4; twice from CH2Cl2),
[α]D

20 +13.3 (c 1, hexane—EtOH (4 : 1)) (cf. Ref. 8: m.p.
91.8 °C (EtOH, determined by DSC), Ref. 15 for (S)�1c: m.p.
87—89 °C, Ref. 12: [α]D

20 +14.0 (c 1, hexane—EtOH (4 : 1)),
ee 99%; for (S)�1c [α]D

20 –13.4 (c 1, hexane—EtOH (4 : 1)),
ee 99%). The 1H NMR spectrum is similar to that presented in
the earlier published work.15

rac�3�(2�Bromophenoxy)propane�1,2�diol (rac�1d). The
yield was 70%, m.p. 84—101 °C (CH2Cl2) (cf. Ref. 16: m.p.
82—83 °C (C6H6—petroleum ether)). 1H NMR, δ: 7.53 (dd,
1 H, H(3´), J = 7.9 Hz, J = 1.7 Hz); 7.26 (td, 1 H, H(5´), J =

7.8 Hz, J = 1.1 Hz); 6.91 (dd, 1 H, H(6´), J = 8.2 Hz, J =
1.4 Hz); 6.87 (td, 1 H, H(4´), J = 7.5 Hz, J = 1.2 Hz);
4.18—4.07 (m, 3 H, CH2, CH); 3.91—3.80 (m, 2 H, CH2OH);
3.05 (d, 1 H, CHOH, J = 4.8 Hz); 2.48 (t, 1 H, CH2OH, J =
6.2 Hz). 13C NMR, δ: 154.70 (m, C(1´)); 133.28 (dd, C(3´),
1JC,H = 164.5 Hz, 2JC,H = 8.4 Hz); 128.60 (dd, C(5´), 1JC,H =

161.2 Hz, 2JC,H = 8.7 Hz); 122.56 (dd, C(4´), 1JC,H = 163.5 Hz,
2JC,H = 7.9 Hz); 113.58 (dd, C(6´), 1JC,H = 159.7 Hz, 2JC,H =
8.7 Hz); 112.28 (m, C(2´)); 70.82 (t, C(3), 1JC,H = 145.2 Hz);

70.03 (d, C(2), 1JC,H = 145.0 Hz); 63.62 (t, C(1), 1JC,H =
142.7 Hz).

(R)�3�(2�Bromophenoxy)propane�1,2�diol ((R)�1d). The
yield was 56%, m.p. 101—102 °C (CH2Cl2), [α]D

20 +13.8 (c 1,
hexane—EtOH (4 : 1)), [α]D

20 –9.0 (c 1, CHCl3) (cf. Ref. 17:
m.p. 98 °C (PriOH), [α]D

22 –9.7 (c 1.08, CHCl3), ee 100%).
The 1H and 13C NMR spectra are similar to those presented in
Ref. 17.

rac�3�(2�Iodophenoxy)propane�1,2�diol (rac�1e). The yield
was 80%, m.p. 90—92 °C (CH2Cl2). After repeated recrystalli�
zation from the same solvent, the product with m.p. 90—106 °C
was obtained (cf. Ref. 18: m.p. 95 °C (CHCl3)). 1H NMR, δ:
7.77 (dd, 1 H, H(3´), J = 7.9 Hz, J = 1.4 Hz); 7.31 (td, 1 H,

H(5´), J = 7.8 Hz, J = 1.1 Hz); 6.84 (dd, 1 H, H(6´), J =
8.1 Hz, J = 1.3 Hz); 6.75 (td, 1 H, H(4´), J = 7.6 Hz, J =
1.0 Hz); 4.17—4.07 (m, 3 H, CH2); 3.90, (dd, 1 H, CH2OH, J =

11.7 Hz, J = 3.8 Hz); 3.85 (dd, 1 H, CH2OH, J = 11.7 Hz, J =
4.5 Hz); 2.26 (br.s. 2 H, 2 OH). 13C NMR, δ: 156.94 (m,
C(1´)); 139.43 (dd, C(3´), 1JC,H = 165.2 Hz, 2JC,H = 10.0 Hz);

129.66 (dd, C(5´), 1JC,H = 161.2 Hz, 2JC,H = 8.6 Hz); 123.33
(dd, C(4´), 1JC,H = 163.2 Hz, 2JC,H = 8.0 Hz); 112.65 (dd,
C(6´), 1JC,H = 159.9 Hz, 2JC,H = 8.6 Hz); 86.80 (m, C(2´));

70.95 (t, C(3), 1JC,H = 145.3 Hz); 70.10 (d, C(2), 1JC,H =
143.3 Hz); 63.68 (t, C(1), 1JC,H = 143.3 Hz).

(S)�3�(2�Iodophenoxy)propane�1.2�diol ((S)�1e). The yield
was 72%, m.p. 111—113 °C (CH2Cl2), [α]D

20 –15.9 (c 1, hex�
ane—EtOH (4 : 1)).

Results and Discussion

A known indication for formation of a racemic sub�
stance by a chiral compound in the solid phase is discrep�
ancy of vibrational spectra of solid enantiomerically pure
and racemic samples.19,20 We compared the IR spectra of

similar pairs of aromatic glycerol ethers 1a—e. To sub�
stantiate the comparison, the spectra were subjected to a
procedure of normalization and baseline correction. For
this purpose, coefficients that minimize the difference
As – [a0 + a1ν + Ar(a2 + a3ν)], where As and Ar are the
molar absorption coefficients of the scalemic and racemic
samples, respectively; ν is the IR radiation frequency cor�
responding to A, and an are the desired regression coeffi�
cients, were selected by the least�squares method. It is
reasonable to introduce the regression terms a1ν and a3Arν
to correct spectral differences caused by the nonspecific
(not related to particular absorption bands) interaction of
IR radiation with matter (probably, by radiation scatter
on heterogeneities of the sample). Note that the use of
polynomials of higher powers (quadratic and cubic) for
the generation of differential spectra does not improve the
statistical parameters characterizing regression.

Under visual comparison, the spectra of the racemate
and enantiomerically pure crystalline samples of the
two first members of the series 1a,b differ noticeably,
whereas for the three last members (1c—e) they coincide
in detail (Fig. 1). A similar pattern is observed for the
differential curves: in the case of compounds 1c—e, dif�
ferences between the spectra of the racemates and enan�
tioenriched samples are at the level of instrumental
background, while they are rather substantial for com�
pounds 1a,b. This agrees with an assumption that racemic
substances are formed upon crystallization of racemic
H� and F�substituted derivatives and racemic conglomer�
ates are formed by the Cl�, Br�, and I�substituted deriva�
tives, although cannot be considered as the final proof of
this phenomenon.

Useful information on the type of melting of chiral
compounds can be obtained by comparison of melting
points of enantiomerically pure and racemic samples. The
racemic conglomerates have a much lower melting tem�
perature. However, the experimental melting points of
the racemic samples of the simplest aromatic glycerol
ethers differ considerably. For instances, the database21

contains 25 references to the melting points of racemic
phenoxy derivative 1a, which overlap the interval from 43
to 70 °C. Three references represent the melting points of
racemic o�fluorosubstituted derivative 1b from 37 to 57 °C.
Our experience, which is presented in part in Experimen�
tal, completely confirms this feature. The racemic samples
of diols 1a—e with almost equal chemical purity (GC�MS
monitoring found no chemical contamination) melted in
variable but always broad temperature intervals (visual
monitoring). As a rule, the samples subjected to the most
thorough "purification" and consisting of larger, well
formed grains melt in a wider interval shifted to higher
temperatures. This specific feature is not characteristic of
scalemic compounds 1a—e with a high content of one of
the enantiomers, whose samples possess sharp melting
points under visual monitoring.
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Fig. 1. IR spectra of solid samples 1a—e: racemate (1), individual enantiomer (2), and differential spectrum (3).

Differential scanning calorimetry confirms the differ�
ence between the character of melting of the racemates
and enantiomerically pure samples. The experimental
melting curves for compounds 1a—e with high (> 99%)
enantiomeric excess are shown in Fig. 2.

As can be seen from the data in Fig. 2, the melting of
enantiomerically pure diols is described by narrow sharp
curves with a steep linear frontal edge (specific features of
interpretation of the thermographic curves are discussed
below). The typical experimental melting curves for the
high�purity samples of racemic diols 1a,b, which were
obtained directly after recrystallization, are presented in
Fig. 3 for comparison. These thermograms are far from
ideality and represent a broad flat curve without a pro�
nounced maximum (see Fig. 3, curve 1) or a polymodal
curve (see Fig. 3, curve 2). These thermograms do not

Fig. 2. Melting curves for samples of compounds 1a—e with
high enantiomeric purity.
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allow one to characterize the "melting" of the samples by
a single temperature and a reproducible enthalpy value of
the process.

The shape of the experimental DSC curves changed
dramatically (see Fig. 3, curves 3 and 4), when the samples
of racemic diols 1a,b were thoroughly ground before plac�
ing into the calorimeter cell. The qualitative change in
the shape of the curves caused by mechanical grinding
suggests that the unusual behavior of racemic glycerol
ethers on melting is caused by a change in the character of
processes accompanying the destruction of the crystal lat�
tice upon the interaction with the liquid phase rather than
by changes in the crystal lattice. Although curves 3 and 4
in Fig. 3 retain a substantial width, they can be character�
ized by a distinct maximum (melting point) and inte�
grated reproducibly (i.e., the enthalpy of the process can
be measured). Therefore, the DSC data for these samples
can be used to construct phase diagrams for melting of
chiral aryloxypropanediols 1.

The heterogeneous equilibrium between condensed
phases in binary systems of enantiomers, which is re�
flected by these diagrams, can be complicated by poly�
morphism (existence of different crystalline phases of the
same composition), temperature�dependent polymorphic
transitions, and partial or complete miscibility of solid
phases (formation of zones of solid solutions).22 It is more
difficult to construct and analyze the phase diagrams be�
cause of this behavior, which, however, is rather rare. In
the most cases, melting/crystallization of a binary mix�
ture of enantiomers can be reduced to two idealized cases:
solid�state formation of a racemic conglomerate or a ra�
cemic substance.19,20 In the first case, the binary phase
diagram of melting is V�shaped with the single eutectic
corresponding to the 1 : 1 ratio of enantiomeric compo�
nents. The symmetric liquidus lines of this diagrams are
described by the simplified Schröder—Van Laar equation,
which is usually used for binary systems forming no mo�
lecular compounds in the solid phase,19

, (1)

where x is the mole fraction of one of the enantiomers in
the mixture (the mole fraction of another enantiomer is
x´ = 1 – x); ∆Hf

А (J mol–1) and T´f
A (K) are the enthalpy

of melting and melting point of the pure enantiomers; R is
the universal gas constant (R = 8.3170 J K–1 mol–1).

The phase diagram for a racemic substance is W�shaped
and characterized by two eutectics with the compositions
m : n and n : m. In this case, the liquidus line in the
terminal regions is described by Eq. (1), and its central
fragment obeys the Prigogine—Defay equation,23 which
is usually used in the simplified form

, (2)

where ∆H f
R (J mol–1) and T´f

R (K) are the enthalpy of
melting and melting point of a racemic compound, and
other designations are the same as in Eq. (1).

Thus, in the idealized case, to construct the liquidus
of the phase diagram for melting of a conglomerate�form�
ing substance, it is enough to have data on the melting
temperature and enthalpy of melting for an enantio�
merically pure sample. Additional data on the enthalpy
and melting point of a racemate are needed to con�
struct (in a similar approximation) the liquidus of a chiral
substance forming a racemic compound. In both cases,
the theoretical solidus line is a straight line parallel to the
abscissa and passing through the point (points) of eutec�
tic melting. The latter are found as a combined solu�
tion (intersection point) for different branches of the
liquidus line.

The temperature and enthalpy of the thermally initiat�
ing process (in particular, melting) can be determined
experimentally by the DSC method. If melting is de�
scribed by the single peak, then its enthalpy is unambigu�
ously determined by the surface area (integral) of this
peak. The choice of the temperature of the process is
rather arbitrary. In our constructions, we followed the
recommendations of the German Society for Thermal
Analysis (GEFTA)24 and methodological instructions in
Ref. 25. For a pure substance, whose melting is not com�
plicated by additional processes, the melting peak looks
like a narrow triangle with the virtually linear frontal and
back edges (Fig. 4, curves 1, 1´). In this case, the intersec�
tion point of the baseline and frontal edge forming the
γ angle with the baseline is taken as the melting point.
Ideally, this angle is constant for a given instrument and
specified conditions of thermogram recording. In prac�
tice, this constant is determined from melting curves of
standard samples (in our case, these are twice sublimed
phenol and naphthalene). The shape of the melting curve
of the sample under study can differ strongly from ideality
and be polymodal (see Fig. 4, curve 3). However, in the
case of the real unimodal curve (see Fig. 4, curve 2), its
frontal edge contains nonlinear regions and the slope angle

Fig. 3. Melting curves for pure samples of racemic diols: the
starting coarse�crystalline samples rac�1a (1) and rac�1b (2) and
finely ground samples rac�1a (3) and rac�1b (4).
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of the linear region of the edge to the baseline α does not
coincide with the γ angle (α < γ).

Following the known recommendations,24,25 we ac�
cepted the intersection point of the line dropped from the
maximum of the curve to the baseline at the γ angle (TL)
as the temperature of melting termination. To facilitate
the visual perception of experimental results, we took into
account the standard slope (γ) beforehand. For this pur�
pose, the temperature scale was corrected to the equation
t´ = t – h•cot(γ), where t is the observed temperature, t´ is
the corrected temperature, and h is the thermal flux for
the given point. After this deconvolution of the experi�
mental curves, the frontal edge of an ideal sample forms
the right angle with the baseline, and the melting tem�
perature TL corresponds to the maximum in the curve.
These curves are shown in Figs 2 and 3. The experimental
data on the melting points and enthalpies of melting for
racemic and enantiomerically pure samples 1a—e are given
in Table 1. When plotting experimental phase diagrams
for binary mixtures of enantiomers, it is important to
have reliable data on the enantiomeric composition of
the sample under study (mole fractions xR and xS of
each enantiomer, хR + xS = 1). For this purpose, we
used the optical purity value op = [αi]/[αmax] ≈ ee =
|хR – хS|/(хR + хS). The higher is the enantiomeric purity

of the sample, whose specific rotation value is used as the
parameter [αmax], the more the oр value approaches to the
true enantiomeric excess ее. The used combined GC�MS
and thermographic monitoring warrants the chemical and
enantiomeric purity of reference samples of all diols stud�
ied to be at least 99%.

The liquidus lines of the phase diagrams for these com�
pounds, which were calculated by Eq. (1) and experimen�
tal data for enantiomerically pure diols, are presented in
Fig. 5 by dashed lines. The same figures show the experi�
mentally obtained liquidus points drawn by circles. For
samples of diols 1a—e with an intermediate enantiomeric
composition, the experimental DSC thermograms some�
times contain additional peaks with the almost constant
(for a certain compound) temperature Teu, which corre�
sponds to the melting point of the eutectics. These experi�
mental characteristics are put on the plot as solid circles.

As can be seen from the data in Figs 5, a—e for the
three last members of the series, viz., o�Cl�, o�Br�, and
o�I�substituted derivatives, the experimental points virtu�
ally fall on the line of the theoretical phase diagrams
calculated by Eq. (1) for the conglomerate�forming com�
pound. The calculated temperatures of eutectic melting
for these compounds coincide almost exactly with the
melting point of the racemate (see Table 1). In the case of
F�substituted derivative 1b, a discrepancy of ~7 °C is
observed, which increases to 12 °C for unsubstituted de�
rivative 1a. The liquidus branches corresponding to Eq. (2)
were calculated and are shown in the figures (dotted lines)
for these two compounds. A comparison of thus obtained
theoretical phase diagrams with experiment shows un�
doubtedly that phenoxypropanediol 1a forms the typical
racemic substance on crystallization. The same concerns,
most likely, diol 1b.

Knowing the melting temperature and enthalpy of
melting for racemate and individual stereoisomers makes
it possible to consider thermodynamic characteristics,
which cannot directly be determined experimentally, for
analysis of the type of crystallization. For instance, in the
ideal case, the entropy of mixing of individual enantio�
mers ∆Sl

m in the liquid phase for the racemic conglomer�

Fig. 4. Typical melting curves: 1 and 1´, standard (naphthalene)
before (1) and after the correction procedure (deconvolution, 1´);
2, unimodal curve with a distorted frontal edge (rac�1a);
3, polymodal curve (rac�2b, large crystals).
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Table 1. Thermodynamic characteristics of 3�(2�R�phenoxy)propane�1,2�diols*

R T f
A T f

R ∆T f
A—R T f

eu ∆H f
А ∆H f

R ∆G 0
T fR

∆Sl
m

°C J mol–1 /J mol–1 K–1

H 68.2 58.7 9.5 46.2 (56.0) 28600 26330 –1116 2.30
F 60.5 45.0 15.5 37.6 (43.9) 26040 20500 –623 3.39
Cl 90.0 71.7 18.3 71.1 38150 29000 –64 4.90
Br 101.1 80.3 20.8 80.3 38380 33390 4 5.51
I 110.4 89.3 21.1 89.0 37380 34220 –31 5.42

* The eutectic melting temperatures calculated for the racemic conglomerate and racemic compound (in parentheses) are
presented.
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ate is R•ln2 = 5.75 J mol–1 K–1, and the theoretical free
energy ∆G0

T fR for racemic compound formation is always
negative. These thermodynamic parameters can be calcu�
lated from the experimentally measured characteristics
using Eqs (3) and (4), respectively.26

(3)

(4)

We estimated the error of determination of ∆Sl
m and

∆G0
T fR by the Monte Carlo method on the basis of the

data on the measurement error for T f and ∆H f of standard
substances. We took 5% of the measured enthalpy value
and 0.5 °C for the melting temperature as estimates of
these errors. Using these parameters, a pseudo�random
selection of 1000 points was generated, and ∆Sl

m and
∆G0

T fR were calculated and root�mean�square deviations,
which were accepted as estimates of the determination
error of ∆Sl

m and ∆G0
T fR, were estimated on the basis of

these points. Their values were 0.17 J mol–1 K–1 and
70 J mol–1, respectively.

The calculated ∆Sl
m and ∆G0

T fR values for the com�
pounds under study are also presented in Table 1. The
considerable negative value of ∆G0

T fR for 3�phenoxy�
propane�1,2�diol (1a) indicates that the formation of a
racemic substance in the solid phase is thermodynami�
cally preferential. The ∆Sl

m value shows substantial devia�

tions from ideality when mixing individual stereoisomers
of this substance. These deviations are related to prefer�
ential contacts between molecules of stereoisomers with
different configurations. The thermodynamic character�
istics of F�substituted derivative 1b also indicate that a
racemic compound is formed in the solid phase, although
this compound is less stable than the unsubstituted one.
For Cl�, Br�, and I�substituted compounds 1c—e, the
∆Sl

m and ∆G0
T fR values are close for all the three sub�

stances and fall in the interval of values, which are typical
of racemic conglomerates.

Thus, the study of the vibrational spectra and thermo�
dynamic characteristics of five similar 3�(2�R�phenoxy�
propane)�1,2�diols revealed that in this series an increase
in the substituent size primarily decreases the stability of
racemic substances that are formed in the crystalline state.
After some critical size is achieved, the type of crystalliza�
tion of homologous chiral compounds changes, resulting
in the formation of racemic conglomerates in the solid
phase. Note that the change in the type of crystallization
depending on the anion size has been observed earlier27

for salts of chiral amino alcohols. Further analysis of the
nature of crystallization, in the case under study, can be
carried out by investigation of the microenvironment of
chiral molecules in the crystal lattice. In addition, the
observation of new conglomerates would extent the sphere
of practical use of spontaneous resolution of racemates
into individual enantiomers. Both these aspects (theoreti�
cal and applied) will be studied in the future.

Fig. 5. Phase diagrams of binary mixtures of enantiomers of compounds 1a—e; x is the mole fraction of the R�enantiomer.
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