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“Chiral Amnesia” as a Driving Force for Solid-Phase Homochirality

Donna G. Blackmond*[a]

Introduction

The origin of life remains one of the most tantalizing unan-
swered scientific questions of our time. Biological processes
are characterized by molecular recognition, making an un-
derstanding the evolution of molecular homochirality an im-
portant part of this question.[1] A rationalization of how our
present-day world of left-handed amino acids and right-
handed sugars came about must provide for two features: a)
a means of chiral symmetry breaking; and b) a means of
amplifying the resulting imbalance of enantiomers.[2] Experi-
mental results involving both autocatalytic chemical reac-
tions[3,4] and analogous physical processes occurring in crys-
tallizations[5] have provided proof of concept for “far-from-

equilibrium” models for the evolution of single chirality in
solution and in the solid phase.
Recent discussions probing the nature of the driving

forces for achieving homochirality have suggested that re-
versibility in both chemical and physical processes may play
an important role.[6–11] Here we would like to offer a differ-
ent perspective on the development of homochirality
through physical processes in the crystallization of enantio-
meric molecules or the formation of enantiomorphic solids
from achiral molecules. Using the Gibbs phase rule, we
show that a system of rapidly racemizing chiral compounds
forming separate homochiral solid phases (e.g., racemic con-
glomerates) is not strictly analogous to a system of achiral
molecules that forms chiral solid phases. We propose that
the evolution of homochirality is driven by a feature of
these systems that we might term “chiral amnesia”, rather
than chiral recognition, under reversible crystallization/dis-
solution conditions.

Enantiomorphic Solids Derived from Achiral
Molecules

It has been known for over 100 years that certain achiral
molecules such as NaClO3 crystallize as chiral solids. Work
from the early 1900s noted that these crystallizations often
resulted in the formation of two separate chiral solid
phases.[12,13] KondepudiAs[5] striking finding that complete ho-
mochirality could be achieved in this system under some
conditions was rationalized by proposing that formation of a
first “Eve” crystal, randomly of either chiral form, may then
be broken by shear from stirring into thousands of “daugh-
ter” crystals of the same chiral form. If nucleation takes
place on these daughter crystals faster than random primary
nucleation of a new crystal, formation of a solid of single
chirality may be induced. Most recently, however, experi-
mental results from Viedma[7] necessitated a modification to
this model. Viedma showed that under some conditions, a
single enantiomorphic solid could result from the starting
point of equal portions of the two chiral solids; thus one
chiral solid is converted completely to the other in this pro-
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cess. In such a case all crystals clearly do not originate from
the same primary crystal. Viedma reasoned that the continu-
al abrasion of the crystals by stirring with small glass beads
resulted in a repetitive dissolution/crystallization cycle. The
evolution of homochirality was rationalized by the stochastic
breaking of symmetry followed by this autocatalytic, nonlin-
ear recycling crystallization process. They suggested that
evolution towards single chirality is an inexorable conse-
quence of some physical processes.
Crusats et al.[11] speculated that these ideas might be ex-

tended to describe systems of rapidly racemizing chiral com-
pounds, which they see as analogous to achiral systems such
as NaClO3. To compare these systems, we first turn to a
brief discusssion of the Gibbs phase rule.

The Gibbs Phase Rule

The phase rule [Eq. (1)] dictates the number of “degrees of
freedom”, F, in a given system of C components and P
phases at equilibrium. This parameter F tells us how many
variables we need to specify to describe the state of a
system. For example, solid sucrose in equilibrium with liquid
water is a system of two components and two phases, giving
F=2. The two degrees of freedom are the temperature and
pressure of the system. This means that if we hold tempera-
ture and pressure constant, the solution phase composition
must be fixed.[14]

F ¼ C þ 2�P ð1Þ

At the turn of the 20th century, when scientists began to
apply recently developed concepts in equilibrium thermody-
namics to problems in liquid-solid systems, the enantio-
morphic crystallization of achiral molecules, such as
NaClO3, posed a puzzle that was voiced by vanAt Hoff.[12]

Considering a solid–liquid two-component system such as
NaClO3/H2O, we should find a total of three phases, consist-
ing of the two enantiomorphic solid phases (AL and AD in
Figure 1a)[15] and the solution phase containing the achiral
compound (A in Figure 1a). The phase rule applied to this
system would then give F=2 + 2�3, or one degree of free-
dom (univariant). This would suggest that we cannot choose
both temperature and pressure in this system under solid–
liquid equilibrium. But we know from experimental evi-
dence that this is not the case.
VanAt Hoff solved the conundrum by asserting that in the

NaClO3 case, the two enantiomorphic solid phases may in
fact be considered to be identical, thus making P=2 and
F=2, analogous to our sucrose example. Crusats et al.[11] see
a contradiction here, since the nonequivalence of enantio-
morphic crystals of chiral compounds is a fact that has been
recognized since Pasteur first separated the enantiomor-
phous crystals of the conglomerate sodium ammonium tar-
trate.[16] This line of argument is misleading, however, be-
cause as we will show, an achiral system crystallizing as two
enantiomorphic solid phases as shown in Figure 1a is not

completely analogous to the system of rapidly racemizing
enantiomers that is shown in Figure 1b.
How do the two types of systems shown in Figure 1 differ,

and how does the phase rule help us understand these differ-
ences? One key to answering this question lies in comparing
solution concentrations at equilibrium for the two systems
shown in Figure 1. Viedma was able to produce randomly
one homochiral solid phase (either AD or AL) in the
NaClO3 system starting from an equilibrium mixture of
equal amounts of the two solids, meaning that only one of
the two solids AD or AL was present at the end of the ex-
periment. The solution phase in such a homochiral case will
exhibit the characteristic solubility of [A]sat at the tempera-
ture and pressure of the experiment. Under conditions
where both AD and AL solids are present, the solution still
exhibits this same concentration of [A]sat. However, for the
system of enantiomers shown in Figure 1b, a saturated solu-
tion in equilibrium with both d and l solid phases exhibits
roughly double the solubility of the solution in a system con-
taining either the d or the l solid alone. This is because
each solution phase enantiomer communicates exclusively
with its own solid phase to establish its own solid–liquid
equilibrium, much in the way each separate type of liquid in
an ideal mixture of liquids exhibits its own vapor pressure,
independent of the others. This property is known as
“MeyerhofferAs double solubility rule”[17] and has been rec-
ognized for more than a century as a characteristic of chiral
compounds forming conglomerates. Thus, in contrast to the
NaClO3 system, where a single component in solution is si-
multaneously in communication with two separate solid
phases, a system with a chiral compound maintains separate
identities for each enantiomer in solution, and each enantio-
mer communicates separately with its own solid.
It is this communication via the liquid phase that is critical

for rationalizing the phase behavior both in systems of achi-
ral compounds forming two enantiomorphic solid phases as
well as for chiral compounds forming conglomerates. To

Figure 1. Illustration of solid–liquid equilibrium for systems forming
chiral solids. a) Achiral material that forms two enantiomorphic solids.[16]

b) Chiral compound forming a conglomerate (separate crystals of the
two enantiomers).
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bring this back to the phase rule, what this solubility behav-
ior tells us is that the achiral system possesses one less inde-
pendent phase relationship than does the chiral system. The
fact that the two separate solid phases are each in equilibri-
um with the same liquid phase for the achiral system makes
the liquid composition independent of whether the solid
phase is AD or AL or a combination of both. This effectively
reconciles vanAt HoffAs problem with the phase rule for the
achiral system, and it explains what he meant when he
spoke of the enantiomorphic solid phases being “thermody-
namically identical”.

Extension to Chiral Compounds

The solubility comparison above makes it clear, however,
that this characteristic of enantiomorphic solid phases that
are derived from achiral compounds does not apply to chiral
solid phases that are formed from enantiomers, even in sys-
tems where the enantiomers racemize rapidly. To show the
implications of this fact, letAs consider what happens when
we apply the phase rule to the case of rapidly racemizing
enantiomers.
A hypothetical system of rapidly racemizing enantiomers

that has achieved homochirality in the solid phase is depict-
ed in Figure 2a. In such a case, there are two separate
phases and three components, and the phase rule gives F=
3. Once we have specified temperature and pressure, we still
have one more variable to specify before the systemAs state
is determined. In the case of a chiral compound that forms a
conglomerate but does not racemize, this situation corre-
sponds to a non-racemic system where the minor enantio-
mer d is not present in sufficiently high concentration to es-

tablish its own solid phase. The overall composition of this
non-racemizing system is found in the region (solution + l-
solid) in the phase diagram in Figure 2b. Under solid-liquid
equilibrium, the solution ee for this system is found at a
point somewhere along the line EA, showing that the
system can depart from the racemic value of its eutectic at
E. The phase rule tells us that this solution ee value depends
on the overall quantities of d and l in the system (our third
degree of freedom). The solution will be saturated in com-
ponent l, but not necessarily in component d, and the solu-
tion ee is not known until we specify the total amount of d
in the system. For example, if the systemAs composition is
found at point Q, and if the system has an overall d/l com-
position at point P, then the solution phase composition is
given by point R.[16]

What happens in this case if we allow the enantiomers to
racemize rapidly as shown in Figure 2a? When we apply the
phase rule to this case, we begin to see the problem we have
created: if the enantiomers are racemizing rapidly, the solu-
tion must be racemic! Thus the solution composition is fixed
at E and is not found somewhere along the line EA. We
seem to have lost the degree of freedom granted to us by
the phase rule. How can we reconcile this contradiction?
Simply put, the phase rule and this phase diagram tell us
that a system of rapidly racemizing enantiomers that con-
tains only one homochiral solid is at equilibrium only under
the condition where the total amount of the minor enantio-
mer is exactly equal to its solubility at that temperature and
pressure, so that its solution concentration matches that of
the major enantiomer, which is at its saturation value. In
this case the overall system composition does not lie in the
region (solution + l-solid) but will be fixed somewhere
along the line EL, and, as expected, the solution is racemic
(point E). For example, a racemizing system with a total d/l
composition of point M will have its overall system composi-
tion at point N.
To date, the routine, random production of a single homo-

chiral solid from an initially racemic (unseeded) system of
enantiomers has not been realized experimentally, although
large excesses of one enantiomorphic solid phase compared
to the other have been obtained in rapidly racemizing chiral
conglomerate systems such as binaphthyl.[18] An unseeded
initially racemic system of rapidly racemizing enantiomers
with two chiral solid phases as shown in Figure 1b that ex-
periences a perturbation causing it to deviate from an over-
all racemic composition will be driven to re-equilibrate by
keeping both enantiomorphic solid phases replenished (the
region marked (solution + d-solid + l-solid), in the ab-
sence of continued dynamic surface effects such as the re-
peated grinding/abrasion processes described by Viedma.
Thus the phase rule demonstrates that spontaneous enantio-
morphic purity is a special case but is not a thermodynami-
cally more stable state in a system of rapidly racemizing
enantiomers, as was suggested by Crusats et al.[11]

Figure 2. a) Example of rapidly racemizing enantiomers of a conglomer-
ate that forms one single homochiral solid phase. b) Phase diagram for a
conglomerate showing regions for a single solid phase and for two solid
phases.
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Chiral Recognition?

Another important difference must be emphasized here be-
tween an achiral compound forming two enantiomorphic
solid phases and a system of enantiomers forming a con-
glomerate of separate d and l crystals. Crusats et al.[11] state
that a system of either achiral or enantiomeric molecules
must evolve towards solid-phase homochirality if homochi-
ral interactions between molecules are more stable than het-
erochiral interactions. In the achiral system, chirality is not
established at the molecular level. The solid-phase destiny
of any achiral solution phase molecule of NaClO3 is not de-
cided until the molecule interacts with one or the other of
the two chiral solid phases; it feeds either solid independ-
ently. The concept of homochiral versus heterochiral inter-
actions is thus not applicable for the process through which
an achiral solution phase molecule becomes part of a chiral
crystal. The driving force for solid phase homochirality
comes about as the molecules in one chiral solid continually
redissolve, thereby losing their chiral identity and gaining a
“second chance” at choosing their solid-phase chiral destiny.
By contrast, in the crystallization of chiral molecules, the

destiny of a solution phase enantiomer is already imposed
before interaction with the solid takes place. Homochiral in-
teractions are clearly more stable than heterochiral interac-
tions in enantiomeric systems that form conglomerates, but
homochiral d–d and homochiral l–l homochiral interactions
are equally stable;[19] a collection of homochiral crystals is
not thermodynamically favored over a racemic conglomer-
ate comprising equal parts d–d and l–l crystals. Thus the
greater stability of homochiral versus heterochiral interac-
tions is a necessary but not a sufficient condition for estab-
lishing solid-phase homochirality by such recycling process-
es. An enantiomerAs “second chance” at choosing its solid-
phase chiral destiny by dissolution/recrystallization process-
es is provided by the solution-phase racemization process,
where considerations of homochiral versus heterochiral sta-
bility have no relevance.
Indeed, it might be stated that rather than invoking

“chiral recognition toward the nano level” as discussed in
reference [11], instead we may attribute the driving force
for solid-phase homochirality to a kind of “chiral amnesia”:
molecules get a second chance at determining their solid-
phase chiral destiny when they forget their solid-phase histo-
ry, either by re-dissolving to form achiral molecules in the
NaClO3 case, or by re-dissolving and undergoing racemiza-
tion in the case of enantiomers.

Conclusion

The Gibbs phase rule description of a solid–liquid system
consisting of an achiral compound forming two enantio-
morphic solid phases is shown to be not strictly analogous to
that of rapidly racemizing enantiomers that crystallize as
separate d–d and l–l solids. The puzzle concerning adher-
ence to the phase rule for the former system is resolved by

recognizing that it is the communication between the two
solid phases through their common liquid phase that allows
the two enantiomorphic phases to be considered as equiva-
lent for achiral molecules. Movement between two chiral
solids via the solution phase is also the key to establishing
solid-phase homochirality in the case of rapidly racemizing
enantiomers. The phase rule also demonstrates that homo-
chirality in the solid phase in this case does not represent a
more stable thermodynamic state and that the relative sta-
bility of homochiral versus heterochiral interactions is not
the key to solid phase homochirality. Homochirality in enan-
tiomers forming conglomerates is therefore not to be ex-
pected as a consequence of thermodynamic equilibrium but
might be approached due to the interplay between a kinetic
departure from equilibrium in dynamic crystallization/disso-
lution processes and the systemAs attempts to re-establish
equilibrium.

Note added in proof : While this paper was in press, the
author became aware of a Hypothesis paper submitted to
Astrobiology, now in press (DOI: 10.1089/ast), by C.
Viedma, describing and interpreting his model of refer-
ence [7] in more detail, including the following statement:
“Paradoxically, the molecular racemization in solution can
be considered as the driving force that guaranties chiral
purity in the solid state from a previously solid racemic
medium.” This is an independent and simultaneous intro-
duction of the concept of “chiral amnesia” that we describe
in this paper.
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