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ABSTRACT: The partial sublimation of enantioenriched amino acids was
performed slowly at low temperature with the aim to determine the rules of
sublimation of these compounds. Although the formation of a euatmotic
composition of the gaseous phase starting from DL + L mixtures of Leu, Pro,
and Phe can be deduced from the enantiomeric excess of sublimates, the
behavior of the kinetic conglomerate explains the results for D + L mixtures
of Ala, Leu, Val, and Pro. Consequently, the enantiomeric excess of the
partial sublimate is dependent not only on the studied compound but also
on the composition of the starting mixture.

■ INTRODUCTION

Since the enantiomeric excess (ee) of a partial sublimate and of
the residue of an enantioenriched compound is almost never
the same as that of the starting mixture,2,3 the sublimation can
be regarded as a potential method for enantiomeric
purification.4−6 Thus, when the ee of the sublimate is lower
than the ee of the starting material, the residue in
enantioenriched, and vice versa. The theoretical aspects of
the solid- to gas-phase transition without any enantiomerization
have been discussed at length in the literature,7−9 and a gaseous
phase with a euatmotic composition1 has been proposed to
explain the results. For compounds such as mandelic acid,
lactamide, and ibuprofen4,6,10 the equilibrium state is readily
attained and a constancy of the sublimate ee over a wide range
of values was revealed with experiments starting independently
either from (i) nonracemic mixtures of a true racemic
compound with an enantiomer or (ii) mechanical mixtures of
enantiomers. The mass spectroscopic determination of relative
vapor pressures of scalemic mixtures of α-(trifluoromethyl)-
lactic acid revealed the same behavior: the constant
enantiomeric composition of the gas phase at low and high
ee values.11

Quite recently, reported studies on sublimation of scalemic
mixtures of natural amino acids highlighted unexpected
enhancements of enantiomeric excess (ee)12,13 and reactivated

the questions on the possible formation or absence of a
euatmotic composition of the gas phase. To date, except for
leucine,14 nobody has been able to predict the ee of a partial
sublimate starting f rom one or a mixture of enantioenriched amino
acid(s). A great deal of disparate experimental data obtained
under variable conditions that contradict in some cases the
theoretically expected results pushed us to get at the root of the
problem and to conduct a thorough research under conditions
where careful attention is paid to the nature of the starting
mixtures. In a first study devoted to the partial sublimation of
leucine, we used a slow sublimation (14 h) at low temperature
(100 °C) with the aim of maximum approach of equilibrium
conditions.14 We demonstrated that the increase of the ee for
DL + L mixtures was not as strong as reported12 and can be
rationalized by systematic experiments.14 In such sublimations,
the formation of a euatmotic composition of the gas phase
cannot be excluded but is not the only possible explanation of
the experimental results. On the other hand, its formation is not
observed in the slow sublimation of D + L mixtures of the same
amino acid, since results correspond to the behavior of the
kinetic conglomerate, the first unambiguous one reported in the
literature for sublimation. Such sublimations with the
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condensation of the vaporized products can be quite far from
the formation of a thermodynamic equilibrium and proceed in
the case of mixture of enantiomers of leucine via the saturation
of the gaseous phase by each enantiomer. Thus, the
enantiomeric excess (ee) of the sublimate of leucine is
dependent on the starting mixture. Nevertheless, studies on
only one amino acid (leucine) are not enough to reach a
conclusion on the behavior of sublimable amino acids and we
report here a study devoted to alanine, proline, valine, and
phenylalanine. We also extended this work to the sublimation
of binary and ternary mixtures of amino acids with the aim of
identifying some synergistic effect.

■ RESULTS AND DISCUSSION
The first studies were devoted to L + D mixtures (Figure 1) and
the second studies (Figure 2) to DL + L mixtures. Many

sublimations were repeated two or three times with the aim of
avoiding artifacts. In each experiment, the same conditions
(apparatus, pressure, time, and amount of the starting mixture)
were used. Depending on the volatility of each amino acid the
temperature of sublimation ranged from 75 to 140 °C, allowing
slow sublimation of a small percentage of the starting mixture.
The partial sublimation of mechanically mixed nonracemic

samples of enantiomers of Ala, Leu, Pro, and Val (Figure 1, see

also Table S1 in the Supporting Information) led to strongly
enantiodepleted samples.
Most of these results are consistent with the concept of a

kinetic conglomerate: the independent sublimation of each
enantiomer was only controlled by its own vapor pressure.14,15

Such a behavior leads to an enantioenriched residue. We
conducted experiments for the verification of the “double
solubility rule” proposed by Meyerhoffer at the beginning of the
last century17 and here applied to solid-phase−vapor-phase
transitions and to a kinetic conglomerate. The exceptional
accuracy of the rule is striking: sublimation of Ala, Leu, Pro, or
Val gave almost a double amount of the sublimed material in
comparison to the sublimation of each enantiopure (see the
Supporting Information, Table S2). These experimental results
undoubtedly support the independent saturation of the vapor
phase by each enantiomer and the behavior of kinetic
conglomerate of mixtures of enantiomers for these four
amino acids.
The only aromatic amino acid studied by us, namely

phenylalanine, gave different results (Figure 1, black curve). A
possible kinetic conglomerate behavior could be proposed to
explain more or less the left part of the curve but is not
observed on the right side. The temperature of the sublimation
(140 °C) being considerably higher than those used for other
amino acids, this could have promoted “D + L into DL form
transformation” (at least partially) and could explain the curve
and the small plateau of close ee values among sublimates
obtained starting from 50−80% ee mixtures (see below). This
hypothesis is supported by the striking decrease of the weight
obtained in the sublimation of mixtures of enantiomers of Phe
after 3 h in comparison to the sum obtained from each
enantiomer (see Table S2, Supporting Information).
In the case of L + DL mixtures, the samples were solubilized

and then dried and ground before sublimation. The results are
reported in Figure 2 (see also the Supporting Information,
Table S3). Some experiments were performed with D + DL

mixtures, giving ee values with data comparable to those
obtained starting from L + DL mixtures (Table S3). Here, the
most remarkable difference from the previous experiments
(Figure 1) is that starting from mixtures with low ee the
sublimates are enantioenriched but depletion takes place for the
sublimates coming from mixtures of high ee. For leucine,
phenylalanine, and proline there are distinct plateaus of close
values and, regardless of the ee of the starting mixtures, the ee
values of the sublimates lie in the ranges 75−90% (Phe), 42−
52% (Leu), and 34−46% (Pro) ee. At the opposite, such a
plateau is not observed for alanine and valine.
Several possible behaviors can be proposed.
(i) The sublimation of monomers occurs under thermody-

namic control, leading to the formation of a gaseous phase with
a euatmotic composition.7,8,16

(ii) The sublimation of each enantiomer is controlled by its
saturated vapor pressure (kinetic conglomerate).
(iii) The vapor phase of each component is never saturated

and a more or less statistical sublimation is observed: the ee of
the sublimate is more or less that of the starting mixture.
However, four and five cases can be proposed when dimeric or
oligomeric compounds are present in the gas phase.
(iv) Independent sublimation of the racemic compound and

pure enantiomer at different rates causes a change in the
enantiomeric purity5,12in this case we need dimers or
oligomers in the gas phase to explain why molecules of an

Figure 1. Enantiomeric excess of L + D mechanical mixtures of Ala
(red), Leu (yellow), Phe (black), Pro (green), and Val (blue). The
dashed line corresponds to the starting mixture.

Figure 2. Enantiomeric excesses of the partial sublimate of DL + L

enriched mixtures of Ala (red), Leu (yellow), Phe (black), Pro
(green), and Val (blue).
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enantiomer coming from DL crystals do not interact with those
coming from an enantiopure species.
(v) The formation of clusters occurs in the gas phase. It has

been quite recently reported that natural α-amino acids are not
only present as monomers in the gas phase: depending on the
nature of the amino acid, the number of molecules in
noncovalent oligomeric clusters can reach up to 12 units.13,18

For Leu, Pro, and Phe, the formation of a euatmotic mixture
in the gas phase (behavior i) reasonably corresponds to the
obtained data and indicates a thermodynamic control under our
experimental conditions. In this case, a constant composition of
the gas phase should be observed for the ee independently of
the starting mixture except for 0 and 100%; near these two data,
the results characterize the contribution of nonthermodynamic
factors.
Considering the shape of the curves for “DL + L” Ala and Val

mixtures (Figure 2, marked in red and blue, respectively), a
logical deduction can be made that for these amino acids some
intermediate case describes what is going on. The complete
absence of any kind of plateau for Ala and Val argues a
superposition of two or more behaviors. Behavior iv above has
already been checked in the case of leucine using two
sublimators, one containing an enantiopure species and the
other the racemate.14 Both sublimates were mixed at the end
and an ee value comparable to that obtained using only one
sublimator was found in several experiments. However, similar
experiments cautiously performed on valine, proline, and
alanine gave different results (see the Supporting Information,
Table S4) and makes doubtful the hypothesis (iv) of
independent sublimation of racemic and enantiopure species
using only one sublimator. Thus, we can just ascribe the
sublimation of Ala and Val to the lack of a well-defined process
controlled by the vapor pressure of an identified mixture or of
each component.
Can we extrapolate such behaviors to more complex

mixtures? Can we observe synergistic effects? Several binary
and ternary mixtures involving amino acids of comparable
volatility (Ala, Val, Leu) were partially sublimed under our
experimental conditions (Table 1). Although there are some

striking differences from monocomponent nonracemic mix-
tures, it is difficult to deduce rules from these five experiments.
Thus, there is a considerably higher enantioenrichment for the
binary mixture (entry 1) in comparison to that starting from
Ala and Leu 10% ee simple mixtures. However, starting from
70% ee, an increase of ee for Leu is observed while the ee of Ala
decreases (entry 2). For entries 3 and 5, the results are not far
from those obtained with each amino acid, but for the fourth

entry, enrichment lower than that obtained for the individual
nonracemic mixture of Leu was observed.
Since all the mixtures were prepared by presolubilization and

evaporation of water under vacuum, the mutual absorption or
occlusion within crystal lattices should not be excluded,19 but
the physical properties of the thus formed cocrystals have never
been studied. However, the hypothesis of a huge enrichment of
all the ee’s by partial sublimation of complex mixtures of amino
acids12 is not observed here.

■ CONCLUSION

In conclusion, at the lowest temperature of sublimation, in
order to be as near as possible to an equilibrium, the sublimate
of an enantioenriched amino acid presents properties which are
characteristic of this amino acid but which cannot be
rationalized for all of them by a euatmotic composition of
the gaseous phase, as observed for many other compounds.
This particular behavior of amino acids could find its origin in
the required energy to transform the zwitterionic form
observed in the solid state to monomeric nonionic species
detected in the gas phase or/and to the presence of dimers,
oligomers, or clusters in the gas phase.18 Therefore, the
thermodynamic euatmotic equilibrium for amino acids needs a
long time to be form or, for other cases, is a theoretical state
which has no sense for mixtures containing not only
monomeric structures.
Such behaviors open the way to many studies under various

conditions more or less distant from the equilibrium to find
new ways for the separation of enantiomers. These and our
parallel studies on phase transitions20 also give information
related to the origin of homochirogenesis on the Primitive
Earth showing that, under nondrastic conditions, the partial
sublimation of enantioenriched amino acids can explain an
increase of the ee of a sublimate or residue but such an increase
remains constrained in the range by the physical properties of
each component.

■ EXPERIMENTAL SECTION
The mixtures of amino acids were prepared by weighing the
components on analytical balances accurate up to 10−4 g. Before
sublimation “L + DL” and multicomponent mixtures (1 g) were
dissolved in distilled water with heating (25 mL for Ala and Val; 60
mL for Leu). The mixtures of Phe were prepared by mechanical
mixing.

The resulting solutions were cooled to room temperature and
evaporated using a rotary evaporator at 40 °C. The residues were dried
in vacuo (0.1 mbar) with a hot water bath over several hours (2−3 h).
The powder was carefully ground with a mortar and a pestle and
transferred to the bottom of a sublimator through a long-nozzle funnel,
avoiding the presence of powder on the walls. The sublimations were
conducted over 6−14 h at a controlled temperature and pressure (0.1
mbar). The sublimate was collected from the cold finger by washing
with hydrochloric acid (∼10 mL, 1 M). The solvent was removed
using a rotary evaporator and dried in vacuo. The residue
(hydrochloride) was weighed and derivatized using ethyl chlorofor-
mate under basic conditions21 for analysis by chiral GC (GC capillary
CHIRALDEX G-TA column (length × i.d. 30 m × 0.25 mm, df (film
thickness) = 0.12 μm) on a Shimadzu GC-2014 instrument). The
mass of the free amino acid was calculated from the mass of the
hydrochloride.

Concerning the preparation of “L+D” samples, the enantiomers were
crystallized separately in the same amount of solvent, dried, weighed,
and carefully mixed.

Table 1. Sublimation of Binary and Ternary Mixtures of
Amino Acidsa

entry starting mixture,b % ee sublimate, % ee

1 10 (L-Ala), 10 (L-Leu) 41.2 (L-Ala), 61.3 (L-Leu)
2 70 (L-Ala), 70 (L-Leu) 60.4 (L-Ala), 78.4 (L-Leu)
3 70 (L-Ala), 10 (L-Leu) 63.7 (L-Ala), 46.1 (L-Leu)
4 10 (L-Ala), 10 (L-Leu),

10 (L-Val)
13.2 (L-Ala), 20.9 (L-Leu),
17.3 (L-Val)

5 70 (L-Ala), 70 (L-Leu),
70 (L-Val)

55.9 (L-Ala), 67.2 (L-Leu),
62.9 (L-Val)

aConditions: 14 h, 95−100 °C. bEqual amounts of amino acids in all
cases.
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