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Abstract—In a record time the terms symmetry breaking and chiral symmetry breaking have gained a wide acceptance within the
stereochemistry community. There has been a certain misuse of such terms as they are simply replacing well-established and unam-
biguous terms of the stereochemical glossary. Symmetry breaking is a useful and multifaceted concept that now pervades both phys-
ical and life sciences. This contribution is intended for tutorial purposes and for alerting scientists to pros and cons of chiral
symmetry breaking with respect to previous nomenclature and more appropriate surrogates.

© 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Since the origins of optical activity and subsequently of
handedness at the molecular level, stereochemistry and
nomenclature have been invariably interlocked. A series
of major treatises in the field include useful glossaries
and TUPAC recommendations on stereochemistry are
regularly published,'? in the search for unambiguous
interpretations and looking for universal criteria appli-
cable to a wide spectrum of disciplines. Concepts such
as chirality and asymmetry now influence fields ranging
from nuclear physics to psychology. This paper ad-
dresses one of such appealing and, equally controversial,
concepts. In the last decade, the term symmetry breaking
(or alternatively chiral symmetry breaking) has become
almost omnipresent in the vocabulary of asymmetric
synthesis and catalysis. It may be astonishing to see that
we are using that concept to simply denote examples of
chiral discrimination or spontaneous resolutions, for
which there are already precise definitions. What is in-
deed confusing is the fact that numerous chemists are
invariably linking symmetry breaking with the (sponta-
neous) appearance of chiral patterns. Physicists, who
first coined the term, and crystallographers among other
scientists, have given it a broader and insightful view
that stresses the importance of symmetry arguments in
science.’
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Our contribution is not intended to discourage the use
of symmetry breaking; nevertheless the discussion helps
set useful guidelines for a better understanding. Practi-
tioners of asymmetric syntheses will have further
elements to assess whether they are using a proper con-
cept or only a smarter adornment.

2. Symmetry and physical laws

The intuitive essence of symmetry is the regular recur-
rence of certain patterns in an object or molecular struc-
ture. Symmetry appears to be a ubiquitous attribute of
both the universe and nature. An in-depth analysis of
symmetry also accounts for physical and molecular
properties of matter.>*

By the end of the 19th century the French physicist
Pierre Curie was able to formulate a principle to define
the symmetry (and its variations) of different physical
phenomena.> Curie wrote: ‘When certain causes produce
certain effects, the elements of symmetry of the causes
must be found in the effects produced. When certain
effects reveal a certain dissymmetry® this dissymmetry
must be found in the causes that generated them. The
opposite is not necessarily true, i.e., the effects produced
may be more symmetrical that the causes that produced
them’.

Broken symmetries, often viewed as reductions of sym-
mf:try,7 are not so uncommon as one might anticipate.


mailto:pecintas@unex.es

3172 M. Avalos et al. | Tetrahedron: Asymmetry 15 (2004) 3171-3175

Several facts and analogies illustrate nicely this phenom-
enon. Symmetry breaking is what happens in cases of
fluctuating asymmetry. The system is essentially sym-
metric but, occasionally, happens to have lost its
symmetry. The problem is best illustrated by the cele-
brated allegory of Buridan’s ass.® The French Aristote-
lian philosopher wondered what would happen to an
ass placed exactly midway between two identical piles
of hay.? Assuming that both piles are identical in every
respect the ass would have no good reason to choose one
of them and, as a consequence, the ass would die of star-
vation. The situation is entirely symmetric, but it is also
unstable and any tiny external influence will move the
ass slightly closer to one pile of hay than the other.
The symmetry is broken and the ass will eat the pile that
is that little bit closer. However, in another experiment,
the ass could equally have approached to the other side.
Buridan concluded that, in discerning both a symmetry
of information and a symmetry of preference about two
items, the ass must choose at random.

Consider, for instance, an atom in a liquid, which is
equally likely to move in any direction in space, that
is, there are no preferred coordinate axes. However,
when the liquid is frozen and a crystal forms, the latter
has distinguished axes. All directions in space are
equally possible as crystal axes, but on freezing some
distinguished axes will always appear. Thus, the symme-
try between the all possible directions in space has been
lost or spontaneously broken. Similarly, if one distorts
(elongates or squashes) a sphere along one of its diame-
ters, the isotropic character is also lost as gravitational
effects may distinguish between vertical and horizontal
directions. A third example is provided by an ordinary
magnet. In the basic equations that describe the behav-
ior of a lump of iron, any direction is equivalent to any
other, but when iron becomes a magnet there will be
some definite north-seeking pole.

An in-depth understanding of Curie’s principle may be a
difficult task, nevertheless. Physical systems may be
dependent on parameters such as time, temperature,
an external field as well as any other geometrical or
chemical variable. When this parameter crosses a critical
threshold, the system may then evolve into a nonsym-
metrical configuration caused by a nonsymmetrical fluc-
tuation. In short, spontaneous symmetry breaking
implies that even if the fundamental equations that de-
scribe the laws of nature have a symmetry, the solutions
of the equations may lack that symmetry.'® Here, the
term spontaneous breaking also implies that both the
cause and its effect have the same symmetry. Spontane-
ous symmetry breaking is possible when a physical sys-
tem or problem of a given symmetry possesses several
degenerate configurations or solutions, all having the
same although lower symmetry than that of the initial
system.!! Spontaneous symmetry breaking cannot satis-
factorily be rationalized with the restricted formulation
of Curie; it requires a more general approach that was
developed by the Russian physicist and Nobelist Lan-
dau in the late 1930s.!? Landau recognized that numer-
ous phase transitions and order—disorder transitions are
actually symmetry breaking phenomena. Thus, taking

temperature as variable, there is usually reduction in
symmetry on cooling such as in a smectic phase-crystal
transition where the directions of the crystal axes impose
a lower symmetry. In ferromagnetism, the ground state
of an iron crystal is not invariant under spatial rotation
as it distinguishes the specific direction of magnetiza-
tion. When the temperature is raised above the Curie
point, the magnetization disappears and the rotational
symmetry becomes manifest. In other words, the sym-
metry is spontaneously broken in the low-temperature
phase. There are exceptions to the preceding rule, which
do not contradict thermodynamics, nevertheless. These
include a nematic—smectic A phase transition or the case
of Bose condensates, namely an ordered state in which
many particles share the same quantum wave function
(Einstein—Bose statistics). In helium this transition leads
to superfluidity. Sometimes the association of symmetry
breaking with an increase in order should be considered
at local level, inclusion compounds providing a relevant
example. The highest symmetries are usually found in
systems that require the host molecules to be completely
ordered, which are accompanied by some form of guest
disorder. As a general rule, the more ideal the host, the
more disorderly the guest. In these cases the symmetry
breaking, observed in solid-state phase transitions as
the temperature is lowered, directly corresponds to an
entropy decrease.'3

Crystals are without doubt plausible scenarios where
local deformations as well as the presence of additives
or impurities may lead to symmetry reductions,’”-!4
which are detected in the form of optical anomalies.
These have been attributed to nonequilibrium structures
resulting from Kkinetically controlled crystal growth
and occur when a crystal’s symmetry is lower than its
apparent structural symmetry as inferred from experi-
mental techniques such as X-ray diffraction.'> Symmetry
breaking may yet have global consequences on the crys-
talline structure as in the case of polymorphic transi-
tions, in which the space-group symmetry of the lower
symmetry is a subgroup of that of the higher symmetry
phase. A salient example is provided by the low-temper-
ature polymorph of quartz (trigonal with space-group
symmetry P3,2) and the high-temperature hexagonal
polymorph (space-group symmetry P6,22). This transi-
tion could certainly be called symmetry breaking transi-
tion, although polymorphic changes are rarely denoted
in this way. In fact, IUPAC disapproves of such a
term. !¢

3. Symmetry breaking and asymmetry

As seen before, a preliminary difficulty with the term
symmetry breaking is that it is not synonymous with
asymmetry (at least in the molecular sense perceived
by most chemists). This reflects the semantic puzzle
often encountered in some stereochemical terms, that
is, the universe of discourse determines the meaning or
connotation of the wording, and therefore the spareness
of a definition can engender a degree of fuzziness and
variable interpretations, which are undesirable attri-
butes in science.!”!8
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However, the relationship between symmetry and dis-
symmetry became evident at the onset.> The existence
of optical rotation is only possible for substances whose
molecules belong to chiral point groups. Like a pseudo-
scalar property, optical activity is invariant under a
proper symmetry operation (rotation) but changes sign
(that is, one enantiomorph is converted into another)
under an improper symmetry operation (reflection).
Curie himself showed, for instance, that a magnetic field
does not break mirror-reflection symmetry, thereby
explaining why asymmetric syntheses under magnetic
fields previously performed by Pasteur were unsuccess-
ful. Curie instead suggested collinear electric and mag-
netic fields.!®

Likewise, symmetry properties dictate when a molecule
will have a permanent dipole moment, which excludes
Cun and dihedral (D) point groups, irrespective of the
chiral content. Both piezoelectricity and pyroelectricity
(generation of static electricity by mechanical action or
heat, respectively) require that the crystals be noncentro-
symmetric, which may be fulfilled by chiral substances
or achiral ones crystallizing in chiral space groups.?’
Noncentrosymmetric crystals (either as enantiopure
samples or conglomerates) are equally required for sec-
ond-harmonic generation, that is, the incident photons
are converted into a second beam with a frequency twice
higher when light passes through a crystal.?! This is in-
deed a hot topic and there is a fierce competition among
scientists to create materials that show second-harmonic
generation. Since the presence of noncentrosymmetry is
the most stringent requirement for that phenomenon,
the effect can also be exploited in chiral surfaces, inter-
faces, and thin films such as Langmuir-Blodgett films
of chiral molecules.??

A comprehension of other properties requires going into
the problem at a submolecular level, in which the con-
cepts of asymmetry or symmetry breaking have well-
established mathematical definitions, but the concept
of chirality is certainly elusive. Physicists have long held
a theory for superconductivity, dating back to the late
1950s, which requires materials with mirror symmetry.
Very recently, it has been demonstrated that such a sym-
metry is no longer required. Thus, CePt3Si is a novel
fermion superconductor at T, ~ 0.75K.?*> The noncen-
trosymmetric structure lacks space inversion symmetry,
which suggests an intriguing consequence. If the overall
quantum state must be antisymmetric, both the spatial
and spin parts of the wave function cannot simply be
symmetric or antisymmetric. There must be a mixture
of spin-singlet and spin-triplet states.?*

When macroscopic phenomena, such as crystallization,
are considered, things appear to be somewhat simpler.
It is a certain truism to state that the spontaneous crys-
tallization of a stereoisomer is a case of symmetry break-
ing. Crystallization itself is the phenomenon responsible
of symmetry breaking, no matter whether the substance
is chiral. That is, the system under consideration corre-
sponds to a liquid-solid transition. In the condensation
of a crystal from a collection of atoms, the spherical
symmetry of each atom simply tells one that the crystal

may be formed equally well with its axis pointing in any
direction, although the experiment has no features that
reflect a preference for a crystal structure. On vindicat-
ing repeatedly asymmetric crystallization as a case of
symmetry breaking, we have thus abandoned the well-
known terms of asymmetric transformation of the first
kind and asymmetric transformation of the second kind,
which have proven to be particularly useful in stereo-
chemistry.?® In the former, transformation of a mixture
of stereoisomers into a single stereoisomer occurs by an
equilibrium process without separation. In the case of
enantiomers, the enrichment requires an asymmetric
influence (either a chiral nonracemic solvent or an inher-
ently chiral field). Two or more equilibrating chiral stereo-
isomers may eventually give rise to an crystallization-
induced asymmetric separation, which represents a case
of an asymmetric transformation of the second kind.

In our modern language, the Curie principle tells us that
whenever chirality is observed in an object or structure,
there must be a chiral component or influence in its pre-
cursors or causes. However, the contrary is not necessar-
ily true because the effects of a chiral system with a
nonchiral object do not inevitably reduce the symmetry
of the nonchiral object. Numerous naturally-occurring
organisms have surface structures (e.g., calcium carbon-
ate shells) displaying macroscopic asymmetry.® The ob-
served hillocks of calcite crystals have no mirror
symmetry, which, according to the symmetry principle,
suggests that there must be an asymmetric cause behind
that effect. In biomineralization, the underlying asym-
metry is provided by biomolecules that transmit a chiral
morphology during crystal nucleation.?’ In spontaneous
resolutions of conglomerates or phase transitions lead-
ing to chiral phases such as those observed in liquid
crystals, the source of asymmetry may be uncertain,
although it is, like Buridan’s ass, stochastic to a large ex-
tent. Perhaps, the natural preference for L-amino acids
(as well as D-sugars) remains one of the best examples
of deviations from a perfect left-right symmetry.
Whether left- or right-handedness was adopted was
probably a matter of chance, but once a particular hand-
edness was established, it maintained itself. This could
imply that the chances should be equal of finding a ter-
restrial enantiomorph or its mirror image in extraterres-
trial life forms.

These phenomena producing chiral objects or systems
from achiral or racemic precursors are indeed cases of
symmetry breaking or, much more accurately, of mir-
ror-symmetry breaking. It should be emphasized that,
from a conceptual viewpoint, such a breaking could also
occur when any reaction of achiral materials would give
rise to a chiral racemic mixture, that is, a molecular con-
glomerate.?® These processes may be called cases of c/i-
ral symmetry breaking as recorded frequently in the
literature, although that term also introduces a series
of semantic and ambiguous interpretations. First, as re-
marked recently by Walba in an outstanding article on
ferroelectric liquid crystals,?® in physics the term chiral
symmetry is not synonymous with left-right asymmetry,
but equivalent to bilaterality and consequently, an ob-
ject or system with chiral symmetry is achiral. Another
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linguistic contradiction appears when the word symme-
try (rather than asymmetry) is used by life sciences. In
biology symmetry is almost entirely used to mean bilat-
eral symmetry or mirror symmetry, where one half of an
object is the mirror reflection of the other half. Still in
biology, and especially in psychology, it is convenient
to distinguish between vertical (easily recognizable by
our human perception) and horizontal bilateral symme-
tries.® Accordingly, the way in which the different scien-
tific branches have adopted the term symmetry breaking
is indeed a polysemous way, thus preventing immediate
comparisons. How could we denote the (spontaneous)
appearance of chirality?

To reconcile chemistry and physics (since in the latter
chiral symmetry denotes congruent systems), Walba rea-
sonably suggests reflection symmetry breaking® because
the lack of reflection operations (alternating improper
axes, reflection planes, and inversion centers) are associ-
ated with chiral molecules. The term is also equivalent to
mirror-symmetry breaking or space-inversion symmetry
breaking as commonly used in physics. Chemists could
also understand without major conflict the alternative
term of achiral symmetry breaking (fairly correct from
a etymological point of view), although many scientists
with a background in molecular chirality will certainly
inquire whether they have heard correctly.3' Strictly
speaking, the only term that easily relates symmetry
breaking and stereochemistry should surely be desym-
metrization.’? Here, in most cases from a formal view-
point, removal of symmetry -elements, molecular
distortions, or substitutions on a symmetrical lattice
framework can lead to figures or molecules with a re-
duced symmetry. Desymmetrization of meso com-
pounds,* a well-known synthetic strategy or reactions
at prochiral centers constitute, in principle, ways to sym-
metry reduction. Once again, symmetry breaking is not
generally used in this context either. Such processes are
not spontaneous in nature, nor do they constitute phase
transitions.

4. Conclusions

Symmetry breaking is a rich, multifaceted concept that
permeates numerous branches of knowledge. It provides
a useful description of subatomic and molecular phe-
nomena that are associated to phase transitions and
order—disorder transitions. Mirror-symmetry breaking
or reflection symmetry breaking are conceptually more
appropriate and unambiguous than chiral symmetry
breaking to denote the spontaneous appearance of chiral
domains. Special caution should be paid to cases in
which there are already a preexisting asymmetric state
or nonracemic precursors such as in chiral amplification
as well as in asymmetric synthesis and catalysis.*
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