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Crystallization, a phase transition that is prevalentin nature, provides

unique molecular arrangements that impact the structure-dependent
properties of amaterial. Owing to thermodynamic and kinetic factors,
synthetic polymeric materials show only partial ordering. Indeed, usually
polymers that possess sufficient stereo- and regioregularity can partially
crystallize. Atactic polymers that do not meet the minimum regularity

in the chemical structure needed to pack chains within a crystal unit cell

are completely amorphous. However, there are unusual cases where
stereoirregular, atactic polymers can crystallize; this happens when the
structural features of the atactic polymers provide specific ordering so that
theirirregular chains can packinto crystalline structures. This Review not
only highlights the general relationship between the structures required
inatactic polymers toinduce crystallization but also provides researchers
with the tools to design polymer systems with crystallinity without requiring
exquisite stereocontrol in their synthesis.

Crystallization is the most fundamental thermodynamic phase tran-
sition in the condensed matter physics of pure substances, and it is
prevalentin nature. The most simple and basic crystallization in nature
occursininorganic materials. Both metals and ceramics can undergo
full crystallization. When metals solidify, highly symmetric and dense
crystalline structures form due to the non-directional metallic bond-
ing between atoms that allows minimal restrictions in the number
and position of nearest-neighbour atoms (Fig. 1a). Compared with
inorganic materials that are composed of atoms and elemental ions,
the building blocks of soft materials are typically anisotropic, and
conformational heterogeneity plays a critical role in crystallization.
The crystallization of soft materials is found in nature, and plays a piv-
otal rolein several biological structures: chitins that protect delicate
organisms, proteins that maintain their native configurations through
B-folding, DNA that is efficiently packed into chromosomes (Fig. 1b)
and celluloses that provide structural support to trees (Fig. 1c); thus,

nature cangenerate ordered structures from disorder, forming highly
complex systems? ™,

Seventy-five per cent of all commercial polymers have a cer-
tain degree of crystallinity, which contributes to their desired func-
tion, making understanding crystallinity important in human-made
materials>®. The presence of crystalline domains improves a polymer’s
physical and thermomechanical properties™, slows down polymer
degradation and increases the barriers to gas and vapour permea-
tion as crystalline domains are impermeable to penetrants®°, Unlike
metals or ceramics, polymers have a unique characteristic of being
only partially crystalline, that is, semicrystalline (Box 1 and Fig. 1d).
Their long-chain structure prevents complete crystallization due
to kinetic reasons". The crystallization of polymers requires chain
flexibility, high regio- and stereoregularity, and symmetry'> ™, High
regularity and symmetry are easily achieved in linear polymers (with-
out any substituents along the chain) with a flexible main backbone
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Fig.1| Overview of crystalline materials in nature and in human-made
materials. a, Aluminium (left) and its crystal structure (face-centred cubic;
right). b, Double-helix DNA structure (left) and three-dimensional lattice
structure (right). ¢, Cellulose, which constitutes the fibrils that form the cell walls
of plants.d, Spherulites, which are spherical superstructural three-dimensional
entities of semicrystalline polymers composed of amorphous and crystalline
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phases. e, Examples of polymers that are able to crystallize: linear polymers such
as polyethylene (PE); spatial rearrangement as in the case of polypropylene (PP);
side-chain effects which are displayed in poly(mono-n-alkyl itaconate)s (PMI-n);
and secondary interactions as in the case of poly(vinyl alcohol) (PVA). Credit:
a(left), Images of Elements under a Creative Commons license CCBY 3.0; b,
illustration sourced from PDB-101 (PDB101.rcsb.org).

that facilitates crystallization, for example, polyethylene (Fig. 1e),
poly(e-caprolactone) and poly(ethylene oxide). When the primary
backbone is rigid or lacks the required regularity in its constitution
and the configuration and cannot crystallize on slow cooling fromthe
melt (for example, atactic polystyrene), crystallization canbeinduced
by incorporating flexible regular side chains, resulting in side-chain
crystallization'®, In this case, side chains have a critical length to
trigger crystallization, and increasing the length of the side-chain
facilitates this process, as with poly(mono-n-alkylitaconate)s (Fig. 1e).

A further requirement for the crystallization of polymers is the
achievement of a regular conformation of minimum energy that is
compatible with the chain configurationand constitution™. The confor-
mation assumed by polymer chainsin the crystalline state approaches
one of the minima of the internal conformational energy of anisolated
chain under the constraints imposed by the required symmetry that
govern the crystalline state™. This energy minimum conformation
results fromintramolecular interactions that depend on the molecular
structure. In the case of apolar polymers, such as polyolefins, pack-
ing effects have little influence on the conformation of the polymer
chains in the crystals as long as the conformational energy of the
isolated chain corresponds to a deep energy minimum™. Therefore,
intramolecular interactions can usually dominate the final conforma-
tion of the chains within the crystal. Exceptions may be envisaged in
the cases of polyisobutylene', poly(ethylene oxide)" and poly(cis-1
4-butadiene)®®, where the crystal field induces notable deviations from
the minimum-energy conformation of isolated chains.

However, in polymers containing functional, polar groups that
can provide strong intermolecular and specific interactions between
different chains, such ashydrogenbonds or dipole-dipoleinteractions,
the crystal field may strongly influence the conformation of chainsin
the crystals, and the adopted conformation may be different from that
corresponding to the minimum conformational energy™. This occurs,
forinstance, inaliphatic polyamides, where hydrogen bonds play akey

role in determining the conformation of the chains in the crystalline
domains®. For many polymers, however, it is difficult to distinguish
between intramolecular and intermolecular interactions.

An essential approach to achieving the main-chain regularity
and symmetry of polymers that are needed for crystallization is to
control the spatial arrangements of the bonds. For that, when the mac-
romolecules contain stereogenic centres, they must adopt a defined
configuration, and the successive configurations of consecutive ste-
reoisomeric centres must follow specific rules. Two major stereoiso-
meric centres can be foundin polymers: double bonds and tetrahedral
centres. Inthe case of polymers containing double bonds, the polymers
areregular when the bonds adoptall-cis or all-trans configurations. In
the case of polymers with tetrahedral centres, polymers have aregular
configuration if all of the centres adopt the same configuration, that
is, forming an isotactic polymer, or if the centres have an alternat-
ing configuration, that is, forming a syndiotactic polymer (Box 1).
In general, isotactic and syndiotactic polymers can crystallize. The
absence of stereoregularity in the configurations of stereoisomeric
centres results in atactic polymers that, in most cases, do not crystal-
lize because they do not fulfil the regularity requirements of polymers
for crystallization'?,

In the case of polymers with tetrahedral stereoisomeric centres,
the degree of stereoregularity is defined by steric sequences of specific
length, that is, diads, triads, tetrads or pentads, which are sequences
oftwo, three, four or five consecutive stereoisomeric centres, respec-
tively (Box 1). Two adjacent stereoisomeric centres that have the same
configuration define a meso (m) diad, whereas if they have an oppo-
site configuration, they define a racemo (r) diad®>*. Longer steric
sequences, such as triads, tetrads or pentads, are composed of two,
three or four consecutive meso or racemo diads, respectively. Conse-
quently, three possible triads (that is, mm, mr and rr) or ten possible
pentads (mmmm, mmmr, mmrr and so on) can be defined. The chains
of anisotactic polymer comprise a regular succession of meso diads
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BOX1

Useful polymer terminology

Semicrystalline polymer. Polymers do not crystallize completely,
unlike metals or organic compounds. The chains partially align,
achieving a certain degree of crystallinity, with some chain segments
constituting the crystalline phase and the other segments forming
the amorphous, disordered phase.

Tacticity. The tacticity or stereoregularity of the polymers depends
on the succession of stereoisomeric centres. In the case of polymers
containing double bonds, the polymers are regular when the bonds
adopt all-cis or all-trans configurations. In the case of polymers
containing tetrahedral centres, polymers have a regular configuration
if all of the centres adopt the same configuration, that is, an isotactic
polymer, or if they have an alternating configuration, that is, a
syndiotactic polymer. The absence of regularity in the conformation
results in atactic polymers.

Isotactic polymer. Stereoregular polymer chains that consist of
stereocentres with the same configuration. This type of polymer has
mainly m diads along the chain, with the probability of m units being
close to unity, P,,,>0.99.

Syndiotactic polymer. Stereoregular polymer chains containing
stereocentres with a perfectly alternating configuration. The chains
are constituted mainly by r diads, with the probability of r units being
close to unity, P,.>0.99.

and, therefore, contain predominantly mm triads or mmmm pentads,
and the probability of meso placements is close to unity, P,,,, > 0.99
(Box 1). A syndiotactic polymer is made, instead, of a regular succes-
sion of racemo diads; therefore, they contain predominantly rrtriads
or rrrr pentads and the probability of racemo placements is close to
unity, P, > 0.99. A heterotactic polymer comprises aregular succession
of mrtriads (...mrmrmrmr...) with P,,. > 0.99. Finally, atactic polymers
aremade up of arandom configuration of stereocentres, with P,,.= 0.5
(refs.23-27). The degree of stereoregularity canbe evaluated, generally
viaNMR analysis, as the concentration of mm triads or mmmm pentads
inisotactic polymers, or the concentration of rrtriads or rrrr pentadsin
syndiotactic polymers. Other more disordered structures can also be
found, such as hemi-isotactic polymersin whichisospecific monomer
unit placements are alternated with units of random stereochemistry.
Blocky structures can also be formed, such asisotactic-atactic stereo-
block polymers in which blocks of the mentioned tacticities are
alternated within the polymer chain®’,

Whereas the preparation of stereoregular polymersisanideal syn-
thetictarget for obtaining semicrystalline polymers, their preparation
is not trivial and was not achieved until Ziegler and Natta developed
Ti-based catalysts that are able to produce stereoregular polymers
starting from prochiral a-olefins such as propylene®*?*’. The mecha-
nism of the stereoselective addition of propylene via insertion into a
Ti-Cbond of the chiral catalyst, with the formation of chiral methine
carbon centres always having the same configuration, mimics nature
when stereoregular polymers such as a peptide or natural rubber are
naturally produced, breaking nature’s monopoly in the production
of stereoregular polymers®. Since the discovery of stereoregular
synthetic polymers, scientists have made important progress that
has enabled the development of an alternative route for producing
stereoregular polymers from chiral racemic monomers such as racemic
lactide (D,L-lactide) using enantioselective catalysts®. However, the

Heterotactic polymer. Stereoregular polymers with two stereo-
centres having the same configuration, the next two the opposite,
and so on. The chains consist only of perfectly alternating m and

r diads; extending the analysis to triads, the chain displays mr or rm
triads. The probability of mr diads is close to unity, P,,,>0.99.

Atactic polymer. Stereoirregular polymers in which stereocentres
adopt a random configuration, with the probability of mr diads close
t0 0.5, P,,=0.5.

Diad. The configuration of two adjacent stereocentres in the polymer
chain. It can be meso (m) or racemo (r).

Meso diad. Two adjacent stereocentres that have the same configu-
ration, both Ror S.

Racemo diad. Two adjacent stereocentres that have the opposite
configuration (R and S).

Triad. The configuration of three adjacent stereocentres. The triads
can be mm, rr, mr or rm (mr and rm are usually equivalent).

Tetrad. The configuration of four adjacent stereocentres in the
polymer chain. The tetrads can be mmm, mmr, mrm, mrr, rmm, rrm,
rmrorrrr.

design of a catalyst that can preferentially select only one enantiomer
ofthe racemic monomer while keeping a good reactivity/cost balance
iscomplex from anindustrial perspective. Alternatively, stereoregular
polymers can also be prepared by polymerizing enantiopure, chiral
monomers. However, using enantiopure monomers is necessary,
and it requires several expensive and time-consuming purification
and separation steps. To overcome the drawbacks of such enantio-
selective polymerization processes that leave the other enantiomeric
monomer unreacted or require the use of enantiopure monomers
that necessitate chiral separation, major strides have been made to
develop more sustainable polymerization processes by developing
highly stereoselective catalysts that can convert all enantiomers or
diastereomers of monomers to stereoregular polymers, achieving
100% atom economy>> ¢,

Some polymers, even though they are stereoirregular or atactic,
can still crystallize. This phenomenon presents a considerable
advantage in obtaining semicrystalline polymers as it avoids the
time-consuming and expensive steps required to produce enantio-
pure chiral monomers or stereoselective catalysts. Some of those
polymers, such as poly(vinyl alcohol) (PVA)* (Fig. 1e) and poly(vinyl
chloride) (PVC)**, have been known to display crystallization for
decades, and it has been inferred that intermolecular interactions
(such as hydrogen bonding) trigger the crystallization ability. More
recently, other non-vinyl polymer families that contain main-chain C-X
(X=0,S,N) bonds, such as some poly(3-hydroxyalkanoate)s (PHAs)*
and polythioesters*’, have also been found to be able to crystallize,
independent of tacticity. In these cases, the crystallization does not
appear to be related to specific interactions that induce ordering.
However, there is a lack of studies that investigate the origin of this
ordering in such atactic polymers that lead to crystallization. Thus,
atactic, yet semicrystalline, polymers are synthesized and discovered
by chanceand arereported asacuriosity. In this Review we summarize,
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Fig. 2| Summary of the factors that induce crystallization in atactic polymers.
Schematic of the factors that are responsible for crystallization, displayed along
with an example of a polymer including its repeating unit. a, Hydrogen bonds:
PVA, with the hydrogen bonds highlighted in red. b, Dipoles: polyacrylonitrile
(PAN), with nitrile groups highlighted in orange. ¢, Conformation: atactic
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poly(3-hydroxybutyrate) (at-P3HB) does not crystallize, but atactic poly(3-
hydroxy-2,2-dimethylbutyrate) (at-P3H(Me),B), with the additional methyl
groups highlighted in dark orange, does.
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discuss and propose critical factors that bring specific ‘order’ to allow
stereoirregular polymers to crystallize (Fig. 2), such as secondary
interactions (forexample, hydrogenbonding or electrostaticattraction
(Fig.2a,b)), conformational flexibility (Fig. 2c) or steric hindrance due
to the presence of bulky groups that stabilize defective crystallizable
conformations (Fig.2d). The aim hereis to provide polymer scientists
with the tools to predictively design appropriate chemical structures
that willlead to semicrystalline polymers despite their atactic nature.

Requirements for atactic polymers to crystallize
Secondary interactions

Self-assembly in nature is based on non-covalent molecular inter-
actions. These interactions determine the material properties, and
the reversibility of these interactions provides dynamism, enabling
rearrangements in response to stimuli. Among non-covalent interac-
tions, hydrogen bonds formed between an electropositive hydrogen
atom and a highly electronegative atom such as oxygen, nitrogen or
fluorine are among the most important and relevant to this topic.
Hydrogen bonds are responsible for the self-assembly and the struc-
ture of proteins and the DNA double helix. As the hydrogen bonds are
directional in proteins, to maximize the number of hydrogen bonds,
the peptide bond needs to adopt a determined conformation that
enables only two secondary structures: the a-helix and the B-sheet™.
The role of hydrogen bonds in the self-assembly of complex struc-
tures expands to materials science and can promote crystallization
in polymers. By incorporating functional groups that are capable of
forming hydrogenbonds, suchas amide or ester groups, itis possible
toinduce some organization between polymer chains, which canlead
to semicrystalline materials*.

Hydrogen bonding. An example that demonstrates the impact of
hydrogen bonds in the structure of synthetic polymers can be found
in PVA, where hydrogen bonds promote crystallization even when
its chains are configurationally disordered”. PVA is obtained via the
hydrolysis of poly(vinyl acetate) (PVAc) as vinyl alcohol is not stable
enough (due to facile tautomerization to acetaldehyde) to perform
the polymerization (Fig. 3a)****. Thus, atactic PVAc s first obtained
via the radical polymerization of vinyl acetate, and then hydrolysis
is performed to substitute the acetate groups in PVAc with hydroxyl
groups under alkaline or acid conditions. Whereas atactic PVAc is an
amorphous polymer due to a lack of stereoregularity, the resulting
atactic PVA can crystallize independently of tacticity. By analysing
the stereomicrostructure of the PVA viaNMR, the tacticity of PVAwas
determined tobeatactic: 21.3% isotactic (mm), 49.4% heterotactic (mr),

and 29.3% syndiotactic (rr)*. Despite the atactic character, the crystal
structure of PVAis characterized by chainsin an ordered trans-planar
conformation packed in a monoclinic unit cell with axes a=7.81A,
b=5.51A,c=2.55Aand y =92.5°, notwithstanding the complete dis-
order in the succession of the configurations of the methine carbons
bearing the hydroxyl group*®~*%. In fact, although the carbons of the
main chain are at regular positions in the lattice, the hydroxyl groups
are randomly placed in the left- and right-hand positions along the
zigzag plane with the same probability. This regular conformation and
packing, eveninthe presence of complete disorder in the positioning
of the hydroxyl groups, is dictated by the establishment of hydrogen
bondsbetween hydroxyl groups, forming sheets of chains along the 110
plane (Fig.3a). The hydrogen bonds along the b axis bind these sheets
together. The hydrogen bonds formed along and between the sheets
force the chain to adopt a regular conformation, providing a regular
structure that allows atactic PVA to crystallize*s.

PVA shows outstanding barrier properties to oxygen permeation.
However, its contact with water (or moisture) should be avoided to
preserve these excellent barrier characteristics. Indeed, the presence
of water molecules induces plasticization of the material and slightly
reduces the degree on crystallinity. The interactions of water mole-
cules with hydroxyl groups inthe polymer chainresultinanincreased
free volume, promoting the mobility of the chains and, thus, facilitat-
ing the diffusion of water molecules through the polymer matrix for
enhanced permeability®.

The above PVA example indicates that introducing a hydroxyl
group into linear polymers is a suitable strategy for facilitating their
crystallization, driven by hydrogen bonding. These secondary interac-
tions trigger the material’s self-assembly, directing the arrangement
between the chains and forming ordered sheets. The intermolecular
hydrogen bonds between the sheets extend the order to the nano-
and mesoscales.

The case of PVA indicates that the strategy of placing hydroxyl
groupsinalinear alkyl chain, thereby forming hydrogen bonds, may be
exploited to produce various semicrystalline polymers and copolymers
of differing structures. Indeed, ethylene vinyl alcohol (EVOH) copoly-
mers have attracted much attention in the literature due to their out-
standing oxygen barrier properties®. EVOH copolymers can be readily
producedby the hydrolysis of ethylene/vinyl acetate copolymers, and
they canalso be synthesized viaring-opening metathesis polymeriza-
tion (ROMP) and acyclic diene metathesis®**. Indeed, researchers have
used symmetric and achiral monomers to avoid the issues that arise
from irregular insertion during propagation®>**>. However, obtaining
apolymer withaprecise position of the hydroxyl group, together with
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Fig. 3| Overview of atactic semicrystalline polymers containing hydrogen
bonds. a, Synthesis (left), crystalline structures (middle) and properties (right)
of PVA, which crystallizes independently of tacticity due to the formation of
hydrogen bonds between OH groups that induce the chain to adoptaregular
conformation. The oxygen atoms are displayed in red, the carbon atoms are in
white and the hydrogen atoms are omitted for clarity; the hydrogen bonds are
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indicated as dashed lines. b, Synthesis (top), crystalline structures (bottom left)
and properties (top right) of PPMA, with the hydroxyl group placed every five
carbons. The hydroxyl group promotes the alignment of the chains, obtaining
semicrystalline polymers with several tacticities. Isotactic and atactic PPMA
display similar WAXS patterns (bottom right). a.u., arbitrary units; Mes, mesityl.

highisotacticity, is challenging. Recently, a strategy to obtain precision
polymers containing pendant hydroxyl groups to study the impact
of tacticity on the crystallization of OH-group-containing polymers
has been developed™. First, three monomers were prepared with dif-
ferent stereochemistry: 1R, 1S and racemic monomers. The mono-
mers, protected with tert-butyldimethylchlorosilane, were subject to
ROMP using the Hoveyda-Grubbs second-generation catalyst under
low-temperature and close to bulk conditions. The ROMP process
is highly regioregular, producing the corresponding polymer with
97% head-to-tail linkages, thus avoiding main-chain regioisomerism
defects. The polymer was then deprotected, and olefin hydrogena-
tion was performed to give the final polymer, poly(1-pentamethylene
alcohol) (PPMA) (Fig. 3b)>*.

The above synthetic pathway developed to obtain PPMA makes
possible the preparation of both isotactic and atactic polymers, ena-
bling the study of their crystal structures, which is currently not pos-
sible with PVA**. Isotactic and atactic samples of PPMA display similar
wide-angle X-ray scattering (WAXS) profiles that are characterized by
the presence of one main reflection at 1.49 and 1.44 A™, respectively
(Fig. 3b). This proves that this polymer crystallizes independently of
the tacticity, and that similar crystal structures are obtained for the
isotactic and atactic polymers. Indeed, both polymers were found to
crystallizein an orthorhombic unit cell with slightly longer aand b axes
inthestructure of atactic PPMA due to the rearrangement of chains to
maximize hydrogen-bond formationin each system (Fig. 3b)*. In par-
ticular, the random position of the OH groups along the trans-planar
chains of the atactic polymer enables the establishment of two types
of hydrogen bond, which is achieved efficiently via a slightly bigger
unit cell. In isotactic PPMA, the regular positioning of the OH groups
results in only one type of hydrogen bond formed. Therefore, as in

PVA, contrary to expectation, the configurational disorder with ran-
dom positioning of OH groups in atactic PPMA induces a more effi-
cient pattern of hydrogen bonds. However, the disorder reduces the
melting temperature (T;,) from 183 °C for isotactic PPMA to 137 °C for
atactic PPMA®,

Following the above strategy, researchers have introduced a
hydroxyl group on every eight carbons, showing that regioregular
(head-to-tail) atactic and regio-random polymers can crystallize®®.
PVAc with acetate groups placed every eight carbons and highly
regioregularity is also atactic and semicrystalline®. The mechani-
cal, thermal and barrier properties are good, making this polymer an
attractive candidate for applications such as packaging. By contrast,
when the substituent groups are placed in the fourth and fifth posi-
tions, regio-irregular polymers, which are amorphous, are obtained*®.
Overall, those studies show that, to obtain semicrystalline materials,
hydroxylgroups and, insome cases, regioregularity, are both required.

Dipolar interactions. There are other secondary interactions that
induce crystallization apart from hydrogen bonds, such as dipolar
interactions. Dipolarinteractions play akey role in the crystallization
of atactic PVC, even though the degree of crystallinity obtained is
typically low. Industrially, PVCis produced mainly via the suspension
radical polymerization of vinyl chloride (Fig. 4a)**°. The reaction
occurs through radical polymerization using appropriate initiators
suchas2,2’-azobisisobutyronitrile or benzoyl peroxide. NMR studies
have shown that commercial PVC obtained viaradical polymerization
isatactic and has the following distribution of triads: rr29.1%, mm18.8%
and mr52.0%. The polymerization method and reaction temperature
impact the percentage of syndiotactic triads and the degree of crys-
tallinity. Decreasing the polymerization temperature increases the

Nature Chemistry | Volume 18 | April 2026 | 625-638

629


http://www.nature.com/naturechemistry

Review article

https://doi.org/10.1038/s41557-026-02113-w

a
High Young's modulus
\| AlBN or BPO ‘[/M and tensile strength
cl F Chemical resistance
Vinyl chloride PVC

Shape emulation

C-Cl dipole interactions
b

Good mechanical

\ AIBN h/]' properties
_ > n ) )
CN FRP N :—lelglh melting
perature

Acrylonitrile PAN

CN dipole-dipole
interactions

Fig. 4| Overview of atactic semicrystalline polymers containing dipolar
interactions. a,b, Synthesis of PVC (a) and PAN (b) via free-radical polymeri-
zation (FRP). Dipoleinteractions between C-Cl groups and CN groups are
responsible for the conformations of the chains in the crystal. Some of the
relevant physical properties are mentioned for each polymer (right), with both
displaying good mechanical performance. The representative c-axis projection
of PVC crystalline structure (based on ref. 62). AIBN, 2,2’-azobisisobutyronitrile;
BPO, benzoyl peroxide.

amount of syndiotactic triads and enhances the crystallinity®. The
chains of the atactic PVC generated via free-radical polymerization
are characterized by the presence of relatively short syndiotactic (rr)
sequences, alternating with irregular and even short isotactic (mm)
sequences. Initially, it was thought that the crystallization of atac-
tic PVC was due to the crystallization of the syndiotactic sequences
thatassumearegular trans-planar conformation and packinanortho-
rhombic unit cell®**, However, the non-negligible degree of crystal-
linity (about 10%) cannot be explained by the crystallization of the
solely shortsyndiotactic sequences, as the crystallizable sequences are
longer than the syndiotactic ones and should alsoinclude theirregular
orshortisotactic chain segments. Therefore, the isotactic sequences
are incorporated in the crystals together with the syndiotactic seg-
ments because the isotactic segment can adopt a specific conforma-
tion that is similar in shape to the trans-planar conformation of the
syndiotactic segments, providing an example of crystallization driven
by shape emulation (Fig. 4a)®>. Moreover, C-Cl dipole interactions
further stabilize this conformation, which finally induces crystalliza-
tion. Notably, PVC displays good mechanical properties (althoughitis
brittle), high chemical resistance and high transparency. The mechani-
cal performance can be tuned with the addition of plasticizers, which
results in PVC-based materials with a variety of properties from rigid
to flexible materials®.

Polyacrylonitrile (PAN) is a special case of an atactic polymer
whereintramolecular dipole interactions between nitrile groups drive
the chain conformation and induce conformational disorder that

does not prevent crystallization, notwithstanding the configurational
disorder and consequent conformational disorder. The crystallinity
of PAN fibres drawn from atactic PAN has been widely investigated,
astheyserve as precursorsto carbon fibres. PANis obtained fromthe
radical polymerization of acrylonitrile (Fig. 4b)*®°%, and industrially,
PAN is synthesized through the aqueous emulsion polymerization of
acrylonitrile. With this free-radical polymerization process, the PAN
obtained has very little stereoregularity, with triad concentrations
of 49% mr, 23% rr, and 28% mm. This triad distribution is very close to
that expected for the Bernoulli-type statistics of acompletely atactic
polymer withequal mand rdiad concentrations and 2:1:1ratio of heter
otactic:syndiotactic:isotactic triads®*’°. The stereoirregular chains can
crystallize, and crystals of PAN are characterized by long-range order
only for the position of chain axes arranged on a pseudohexagonal lat-
ticewitha=b= 6 A (refs.71-73). The conformation of the stereoirregu-
lar chainsis also disordered, but the disorder maintains along-range
positional order of the chain axes on the hexagonal lattice. The chain
periodicity of nearly 2.4-2.5 A indicates that the pseudohexagonal
crystalline form of PAN is formed by the crystallization of elongated
portions of chains with a prevailing syndiotactic configuration in a
nearly trans-planar conformation. However, the hypothesis that only
syndiotactic sequencesinafully planar conformation will crystallize
is inconsistent with the distribution of stereosequences and the low
value of the chain axis. Thisindicates that the crystallizable sequences
include meso sequences and conformational disorder that shortens
the mean repetition period to 2.4 A per monomeric unit, consistent
with the high value of the crystalline density. Inref. 73 it was suggested
that the chain conformation close to racemo diads is nearly trans,
with deviations of 10° from 180° in the torsion angles that alleviate
repulsive electric forces between nitrile groups, whereas the backbone
bonds close to meso diads may deviate largely from 180°, and some
bonds may assume torsion angle close to a gauche conformation;
these distortions shorten the mean repetition period from c=2.5 A
foraperfect trans conformation to 2.3-2.4 A per monomeric unit and
alleviate unfavourable electrostatic interactions between adjacent
CNgroups™”. Inthisirregular conformation, the presence of gauche
bondsincrystallizable portions of atactic chains will rotate the mean
plane of the backbone chain by nearly 120°, with the result that ~-CN
side groups project perpendicularly to the chain axis along direc-
tions placed at ~120° to each other’®, minimizing the steric hindrance
and the intramolecular electrostatic repulsive interactions between
CNgroups.

Solid-state NMR studies performed on PAN samples with chains
labelled with ?H and/or ®C at suitable positions, to selectively enhance
the NMR signals of atoms in meso and racemo diads, have enabled
a direct and detailed analysis of the local structure and of the con-
formational disorder of PAN in the solid state”””. The results indi-
cate that, in this disordered conformation, the trans:gauche ratio is
close to 90:10, and most of the meso diads assume a largely distorted
trans conformation. Moreover, the torsion angles in the trans states
of meso diads and racemo diads are largely different because of the
steric hindrance and electronic dipole repulsive force of ~-CN groupsin
the meso diad’. From this NMR analysis, it was found that the torsion
angles of the bonds inside meso sequences in the trans state deviate
notably from the ideal trans conformation by 10-20°. In the racemo
diad, the trans state instead assumes the ideal trans conformation
(180°)”. This specific conformationidentifies conformational disorder
where the high trans contentis enabled by the torsion angle deviations
fromtheideal trans state in meso diads in the trans state, which allevi-
atesthesteric hindrance and the large intramolecular repulsive electric
dipoleinteractions between the CN groupsinthe mm configurationand
thuslowers the intramolecular conformational energy’. Semiquantita-
tiveinformation onintermolecular alignment was also obtained from
detailed analyses of two-dimensional NMR spectra”’, indicating that
the -CN side groups are mostly oriented along the crystalline lattice
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directions a, band —(a + b) of the hexagonal lattice, similar to what was
indicated in the structural model proposed inrefs. 73,74.

The structure of PAN with the described conformational disorder
is, therefore, a result of both intra- and intermolecular interactions.
Notably important in PAN are the intramolecular electric repul-
sion force and steric hindrance’. The structure also accounts for its
excellent mechanical properties. PAN exhibits a high glass transi-
tion temperature, T, (above 100 °C) and a high modulus that reaches
28 GPa (refs. 78-80). Indeed, contrary to expectation, the excellent
mechanical properties arise from the disordered configuration and
thedisorder in the chain conformation rather than fromintermolecu-
lar dipole interactions due to the presence of polar CN groups. The
molecular dynamics in stereoirregular polymers play an impor-
tant role®. Specifically, the configurational disorder coupled with
conformational flexibility may lead to fast chain dynamics in the
crystalline phase®. In the structure of PAN, the atactic configuration
and the conformational disorder” contribute to the molecular
dynamics of crystalline chains due to additional space in the atactic
configuration. Such molecular dynamics facilitate chain slippage and
molecular orientation during processing, resulting in an excellent
fibre material.

In summary, atactic vinyl polymers containing polar functional
groups, such as OH, Cl and CN, as highlighted above, can crystallize
due to the secondary (hydrogen bonding or dipolar) intra- and inter-
molecular interactions induced by these functional groups. The
requisites for this crystallization behaviour are the flexibility of the
chain backbone and the regularity of the repeating unit structure to
some extent. With that, the energetically favoured conformation is
trans-planar or nearly trans-planar, allowing the packing of atactic
chains that have a random stereoconfiguration of chiral backbone
carbons and arandom conformation of substituent groups.

Conformational flexibility

Some cyclic alkane molecules, such as cyclopentane or cyclohexane,
have conformational flexibility arising from C-C bond rotationin the
crystalline state®. The crystalline materials formed from such cyclic
alkanes are known as plastic crystals as they show order in the posi-
tion of the barycentre of the molecules, similar to a crystal, but have
local mobility and corresponding disorder in the orientation of the
molecules®. There are several examples of plastic crystals, such as
camphor, found in the wood of the Cinnamomum camphora tree, or
adamantane, used in drugs or lubricants. Spherical molecules usually
formthose plastic crystals, which can create a plastic crystal phase with
isotropicrotator motion, so thereisarandom molecular orientation.
Still, the molecular centre of gravity is kept in the crystal lattice, dis-
playing three-dimensional long-range order®>. These plastic crystals
are mechanically deformable due to the migration of defects instead
of being as rigid and brittle as conventional crystals.

Cyclopentane and cyclohexane adopt non-planar puckered
conformations with the hydrogen atoms positioned above and
below the plane®‘. The flat potential energy surface of cyclopentane
allows the ring to pseudorotate between the half-chair and envelope
conformations®®. Owing to the rotation of C-Cbonds, incorporating
such unitsinto apolymer backbone caninduce conformational flexibil-
ity. Intra-and intermolecular interactions contribute to determine the
conformation and packing, whichincludes conformational flexibility.
All of these effects lead to the crystallization of polymers, even when
they are atactic. This is the case for hydrogenated polynorbornene
(hPNB) materials, in which isotactic, syndiotactic and atactic hPNB
canall crystallize®.

The production of hPNB is viathe ROMP of norbornene, followed
by hydrogenation of the double bonds in the resulting PNB (Fig. 5a).
Several catalysts have been used to synthesize hPNBs with different tac-
ticities. Syndiotactic hPNB, with an m:rratio of 10/90, was synthesized
using WNPhCI,Et,0 as the catalyst®** Isotactic hPNB, with an m:rratio of

100/0, was synthesized using MoO(rac-biphenolate), as the catalyst.
Atactic hPNB was synthesized using the Grubbs second-generation
catalyst (G2), with an m:rratio of 53/47 (Fig. 5a)%.

The structure of hPNB consists of alternating cyclopentane rings
and ethylene units along the chain, with various stereoregularities® ",
As a saturated hydrocarbon polymer, hPNB exhibits only dispersive
interactions between the chains, and the stereoirregularity arises
from the cyclopentane rings. The even number of methylene units in
hPNB causes the cyclopentane rings to adopt opposite orientations
when the backbone is extended into the trans zigzag conformation.
X-ray studies have shown that hPNBs have a repeating period along
the chain axis close to 12.5 A. Hence, across all three hPNB samples
with various tacticities, the skeletal chains adopt asimilar trans-planar
zigzag conformation withslight torsional angle fluctuations around the
skeletal C-Cbonds, with the cyclopentaneringsintegrated as the parts
of the skeletal chains (Fig. 5a)**. However, the CH,—CH, side groups of
the rings protrude from the skeletal chain in different orientations,
depending on the tacticity, resulting in remarkable variations in the
overall chain shape and, consequently, the chain-packing structure.
As is shown in their WAXS profiles, the crystalline structure depends
on the tacticity (Fig. 5a). Syndiotactic hPNB adopts a monoclinic unit
cellwithdimensionsa=5.97 A,b=9.48 A,c=12.58 Aand = 60.0°. The
cyclopentane rings are placed along the chain axis with two CH, units
outoftheplane.IsotactichPNB crystallizesin an orthorhombic unit cell
withdimensions@=5.95 A, b=8.25 Aand c=12.65 A. The conformation
ofthe main chainis the same as for the syndiotactic polymer, with the
two cyclopentanerings alternatingly located on the right- and left-hand
sides of the chain. AtactichPNB crystallizes in an orthorhombic unit cell
withdimensionsa=5.43 A, b=9.45Aandc=12.41A, slightly larger than
theisotactic polymer. Atactic chains adopt a trans-planar conformation
withtherings located on theright-andleft-hand sides of the planar zig-
zag chain with 50% probability. Therefore, the configurational disorder
onthe main-chain stereocentresinatactichPNBis such that the nearly
trans-planar conformation is maintained, allowing crystallization
despite the statistical positioning of the ring along the chains, and a
lateral packing of the chains similar to that ofisotactic hPNBis achieved.

According to the crystal structures, isotactic, syndiotactic and
atactic hPNBs display similar melting temperatures, with 7,, =178 and
145 °Cfortheisotactic and atactichPNBs, respectively, which are higher
thanthat for syndiotactic hPNB (T, =134 °C)”. Moreover, the isotactic
and atactic hPNBs show additional endothermic transitionsin the dif-
ferential scanning calorimetry heating curves at temperatures slightly
lower than the corresponding melting temperatures (150 and 120 °C,
respectively). These transitions have been attributed to the activation
of further disorder in the structures due to conformational changes
intheisotactic polymer, withsome C-Cbonds transforming fromthe
trans to the gauche conformation that results in a high-temperature
orthorhombic phase with larger a and b dimensions and a shorter ¢
axis, and rotational motion of the ring side groups in the atactic poly-
mer that retains a nearly trans conformation and exhibits fast chain
dynamics, driven by amplified C-C bond rotations. Both transitions
lead to increased structural disorder in the crystal structure of the
isotactic and atactic polymers before melting, with a corresponding
decrease in the melting entropy, explaining the higher melting tem-
peratures, particularly for the atactic polymer, compared with that
of the syndiotactic polymer®’. The combination of configurational
disorder coupled with the conformational flexibility of atactic hPNB
resultsinacrystal-crystal transition, fast dynamics around the chain
axis and structural evolution®.

Thesselectivity of the hydrogenation process affects the structure,
varying the amount of cis and trans cyclopentane rings and, thus, the
crystallinity. A study was carried out using solely the cis configuration
with an m:rratio of 1.1(ref. 89). The stability of the rotationally ordered
polymorph decreases with higher levels of epimerization, as indicated
byareductioninthe cold crystallization temperature, T, from134 °C
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Fig. 5| Overview of semicrystalline polymers with conformational flexibility.
a, Synthesis, properties and crystalline structure of hPNBs. The catalysts used
for synthesizing hPNB with different tacticities are shown. The crystalline
structure of atactic hPNB is shown alongside the WAXS patterns of isotactic,
syndiotactic and atactic hPNB. 26, scattering angle. b, Reaction conditions

for the synthesis of atactic, trans-PMCP and atactic, cis-PMCP, with the
characteristic physical properties shown. MAO, methylaluminoxane. ¢, Reaction
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conditions for the synthesis of PBTL, and its properties. ‘BuP,, 1-tert-butyl-4,4,4-
tris(dimethylamino)-2,2-bis[tris(dimethylamino)phosphoranylidenamino]-2\°,
4)\>-catenadi(phosphazene); IMes, 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene;
DBU, 1,8-diazabicyclo[5.4.0Jundec-7-ene; BnOH, benzyl alcohol; *, chiral centre.
d, Polymerization and depolymerization conditions for poly(CamL), including the
WAXS patterns of the atactic and isotactic polymers and their physical properties.
CamL, camphor-derived lactone; M,,, weight-averaged molecular mass.

with 0% epimerization (with diimide) to 122 °Cwith1.7% epimerization
(with Ni/Al complex) and 92 °C with 22% epimerization (with Pd(0))**"".

The same strategy of introducing a cyclopentane group that
brings conformational flexibility has been used in poly(methylene-1
,3-cyclopentane) (PMCP), obtaining an atactic semicrystalline poly-
mer (Fig. 5b)®. It contains only one methylene group between two
adjacent cyclopentane rings in the main-chain backbone. This polymer
forms similar, highly disordered crystal structures regardless of the
microstructure and tacticity. The crystalline phase of all stereoregular
and irregular samples consists of parallel extended chains packed in
a pseudohexagonal lattice with configurational and conformational
disorder, which generates nearly complete intermolecular rotational
and translational disorder along the chain axes®***°",

Systematic studies have been extended to hydrocarbon poly-
mers with varying numbers of CH, groups (for example, 1, 3, 4 or
10) between 1,3-disubstituted cyclopentane structures. These
polymers were synthesized through isomerization polymerization
of4-alkylcyclopentenes, catalysed by Pd complexes viaanolefininser-
tion and chain walking mechanism'®. All four atactic hydrocarbon
polymersare semicrystalline with 7, values ranging from 60 to 86 °C,
highlighting the crucial role of cyclopentane units in overcoming
configuration disorder. The substitution site of the cyclopentane

units also influences the crystallization behaviour'®®. Indeed, in poly-
ethylene containing random arrays of varying amounts of cis- and
trans-1,3-cyclopentylene units, the rings are incorporated into the
polyethylene crystal structure. However, inthe case of 1,2-disubstituted
cyclopentane structures, the rings are excluded from the crystalline
phase and remainin the amorphous phase.

Ester groups can be incorporated into these kinds of poly-
mers, leading to polyesters with cyclohexane or cyclopentane rings
in the main backbone. Poly(cyclohexene dihydrocoumarate) and
poly(cyclopentene dihydrocoumarate) were synthesized by alternat-
ing ring-opening copolymerization of dihydrocoumarin with cyclohex-
ene epoxide or cyclopentene epoxide, catalysed by chromium(lll)
salen complexes'®*. Those polymers exhibited a high degree of crys-
tallinity, with T;, values of 139 °C and 173 °C, respectively. Cyclopen-
tane and cyclohexane rings, with their non-planar (puckered) ring
structures, provide additional conformational flexibility through
C-Cbond rotationinthe solid state. Despite this flexibility, these two
tacticity-independent crystalline polyesters require several hours of
annealing to crystallize, indicating slow crystallization kinetics.

The strategy of incorporating functional groups in polymers
containing cyclohexane or cyclopentane rings in the main back-
bone has been extended to polythioesters. Hence, recently, a few
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Fig. 6 | Overview of atactic semicrystalline polymers with steric effects.
a-c, Synthesis, properties and crystalline structures of atactic P3HB, which
isamorphous (a), P3H(Me),B (b) and PHMB (c). In a, the plot displays the
melting temperature as a function of tacticity. For P,, = 0.5, which corresponds
totheatacticsample, thereisno T,,as the sample remains amorphous. BL,
butyrolactone. Inb, P3H(Me),B can be synthesized via the step-growth
polymerization (SGP) of the hydroxyacid or via ring-opening polymerization

(ROP) of the lactone. Crystalline unit cell of the atactic sample and WAXS patterns
of the atactic, isotactic and racemic mixture, where it-(R,S) denotes isotactic
(R,S)-P3H(Me),B. 3H(Me),BA, 3-hydroxy-2,2-dimethylbutyric acid. In c, the full
synthesis of PHMB is shown, including the synthesis of the monomer and the
corresponding ring-opening polymerization. WAXS patterns of the isotactic,
syndiotactic and atactic polymers. LA, Lewis acid; ran, random.

chemically recyclable polythioesters that crystallize independently
oftacticity have beenreported. For example, poly(2-thiabicyclo[2.2.1]
heptan-3-one) (PBTL) with linear or cyclic topology*° exhibits
tacticity-independent crystallinity (Fig. 5¢) and rapid crystallization
kinetics, with atunable T ranging from 166 to 213 °C as the probability
offormingaracemo diad during polymer chaingrowth (P,) varies from
0.24 t0 1.00. The atactic polymer (P,= 0.47) displays a T, 0f 184.0 °C.
The configurational disorder, coupled with the conformational flex-
ibility introduced by the cyclopentane units in PBTL, provides addi-
tional chain dynamics, contributing to its unique crystallinity, similar
to other cyclopentane-containing polymers. The highest T;, of 213 °C
was observed in perfectly syndiotactic PBTL, regardless of whether it
had a cyclic or linear topology. Typically, the high degree of crystal-
linity is associated with an increased tensile strength but also with
brittleness—awell-known trade-offin semicrystalline polymers. How-
ever,inthe case of atactic PBTL, itstacticity-independent crystallinity
imparts high strength and stiffness, with an ultimate tensile strength
of 41.4 MPa and a Young’s modulus of 2.0 GPa. At the same time, the
inherent single-chain-level disorder preserves its ductility, achieving
an appreciable elongation at break of over 200%. By contrast, the
perfectly syndiotactic PBTL is a brittle material.

A polyester analogue to PBTL, poly(2-oxabicyclo[2.2.1]heptan-
3-one) (PBL), exhibits a T, of 18 °C, which is lower than that of atac-
tic PBTL (58 °C) and perfectly stereo-ordered PBTL (118 °C). The as-
prepared atactic PBL was a transparent and soft elastomer, but after

being left at room temperature for one month, it turned into an opaque
and hard plastic with a T, of 54 °C. The T;, of syndio-enriched PBL
(P.=0.97) is 144 °C. These results indicate that the 1,3-disubstituted
cyclopentane units in PBL, with their conformational flexibility, can
also tolerate configurational disorder and facilitate chain packing
and crystallization. However, replacing the thioester bond with an
ester bond reduces notably the crystallization kinetics. Notably,
1,3-disubstituted cyclohexane units do not seem to facilitate the
well-defined chain packing necessary for crystallization. For instance,
atactic poly(6-oxabicyclo[3.2.1]Joctan-7-one) (PBiL) did not exhibit
crystallinity'®. The T, of PBiL is 130 °C, compared with the T, 0f 18 °C for
PBL,indicating that simply leaving PBL at room temperature (-25 °C)
canbe considered an annealing process, whereas, for PBiL, annealing
would need to occur aboveits T, (130 °C).

Notably, poly(CamL)'°®, asimilar polyester but with an additional
methyl group in the main backbone and a gem-dimethyl-substituted
cyclopentane group, displays tacticity-independent crystallization
(Fig. 5d). WAXS profiles display different main reflections depend-
ing on the tacticity, which may indicate a different chain packing
(Fig.5d). The presence of the dimethyl groups on the 1,3-disubstituted
cyclopentane unit may account for its relatively fast crystallization
kinetics compared with PBL. Further exploration is warranted to
gaindeeper insightsinto whether1,3-disubstituted cyclohexane units
can overcome configurational disorder through conformational
flexibility in the polyester systems.
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In summary, incorporating cyclopentane or cyclohexane rings
inthe polymer backbone induces conformational flexibility, allowing
C--Crotation. Despite the configurational disorder, the stereoirregular
chains can pack, due to the conformational flexibility brought about
by the cycloalkane rings, adopting typically a trans-planar conforma-
tion. The structure of the chains can be modified by incorporating
different functional groups in the main backbone or the number of
methylene groups without losing the ability to crystallize.

Steric effect inducing defective crystallizable conformation

In most polymers, the conformation of the chains in the crystalline
state is defined by non-bonding interactions between the atoms. In
particular, in apolar poly(a-olefin)s, the van der Waals interactions
between neighbouring atoms of the side groupsinduce iso-distortions
of the torsion angles from the minimum-energy trans conformation
towards the gauche conformation and stabilization of helical con-
formations with M/N symmetry (that is, the 3/1 helical conformation
of isotactic polypropylene (PP) compared with the trans-planar con-
formation of polyethylene)'**. An intriguing, similar effect but with
the opposite outcome has recently been found in some PHAs'’,
which have gained considerable attention in the past decades as
they can be obtained from renewable sources via both biological and
chemical routes. In addition, they can be biodegraded or chemically
recycled once they reach their end of life.

Among the PHAs, poly(3-hydroxybutyrate) (P3HB) has been the
most produced and investigated. Isotactic P3HB and syndiotactic
P3HB are crystalline, whereas atactic P3HB does not crystallize and is
anamorphous polymer. Indeed, P3HB samples with various values of
the probability of forming a meso diad during polymer chain growth
(P,) have been synthesized, covering a wide range of P,, going from
highly isotactic (P, close to unity) to highly syndiotactic (P,, close
to zero). The study shows that P3HB can crystallize over the entire
range except at P,, values close to 0.5 (Fig. 6a). P3BHB samples with P,,
values of 0.45 or 0.63 crystallize; however, P3HB with a P,, value of
0.45-0.55, close to the atactic one (P,, = 0.5), remains amorphous'”.
Getting further away from perfectly isotactic (P,,=1) or syndiotactic
(P,,=0) polymers, T,, decreases due to the increase in entropy on the
basis of T,,° = AH/AS, where T,° is the equilibrium melting temperature,
AH is the melting enthalpy and AS is the melting entropy. Isotactic
P3HB crystallizes in the most stable a-form, with chains in 2/1 helical
conformation packed in an orthorhombic unit cellwithaxesa =5.73 A,
b=13.15A and c=5.93 A. With tensile deformation, the a-form trans-
forms into the less stable 3-form, which is characterized by chains in
the trans-planar conformation packed in a hexagonal unit cell with
dimensionsa=b=9.22 A, c=4.66 Aand y =120° (ref. 108).

Substituting the two hydrogen atoms on the «-carbon
atom of P3HB with two methyl groups gives poly(3-hydroxy-2
,2-dimethylbutyrate) (P3H(Me),B), which shows improved thermal
stability and intrinsic crystallizability, that s, the polymer can crystal-
lize independently of tacticity. P3H(Me),B has been synthesized via
two strategies (Fig. 6b)*. Oneis viathe step-growth polymerization of
the hydroxyacid 3H(Me),BA with BF,OEt, as the catalyst. This AB-type
hydroxyacid monomer was synthesized in one step, using isobu-
tyric acid and acetaldehyde. The second strategy is the ring-opening
polymerization method. First, lactonization of the hydroxyacid
was conducted on the lactone monomer. Afterwards, ring-opening
polymerization of the cyclic lactone was carried out using the
organic superbase catalyst ‘BuP,.

The isotactic and atactic P3H(Me),B materials show identical
X-ray diffraction profiles (Fig. 6b), indicating that they crystallize in
the same crystal structure'®. The ordered chiral isotactic P3H(Me),B
crystallizes with chainsin a distorted trans-planar conformationinan
orthorhombic unit cell with axes a=13.30A,b=9.99 Aand c=4.75A
according to the chiral space group P2,2,2, contrary to P3HB that
crystallizes with chains in the two-fold helical conformation (Fig. 6).

Atactic P3H(Me),B assumes a similar distorted trans-planar conforma-
tion that keeps the chains straight and with the same periodicity as
the isotactic polymer, despite the complete configuration disorder.
This disordered conformation of the atactic chain assumes nearly the
same shape as theisotactic chains, explaining why the atactic polymer
can crystallize and providing an example of crystallization driven by
shape emulation. The atactic chains in the disordered conformation
can pack in the same orthorhombic unit cell as the isotactic poly-
mers with only slightly larger dimensions, a=13.94 A, b=10.03 Aand
c=4.75 A. Therefore, this configuration disorder and the correspond-
ing conformational disorder do not prevent packing in the same unit
cellastheisotactic polymer. Thisrepresents an example of the crystal-
lization of atacticandisotactic polymersinthe same crystal structure.

The crystallization of P3H(Me),B, in whichadistorted trans-planar
conformationisadoptedinboththeisotactic and atactic polymers, is
in contrast to P3HB, which assumes a 2/1 helical conformationin the
stable a-form—thisis astraightforward consequence of replacing the
two a-hydrogen atoms in P3HB with two methyl groups'®. Whereas in
P3HB the 2/1helical conformationis the most stable conformation, the
stericinteractions arising from the presence of the two methyl groups
in P3H(Me),B make the trans-planar and the 2/1 helical conformations
nearly isoenergetic. However, both isotactic and atactic P3H(Me),B
do not show polymorphism, and only the chains in the trans-planar
conformation crystallize, presumably due to more efficient packing.
Therefore, in this PHA, the steric interactions due to the presence
of bulky side groups stabilize the trans-planar conformation com-
pared to the helical conformation, whichis the opposite outcome to
whatoccursinpolyolefins. The assumed trans-planar conformation,
in turn, minimizes the effect of configurational defects in atactic
P3H(Me),B, whose chains assume a similar distorted trans-planar
conformation and have the same shape as that of the isotactic chain
and, hence, can packin the same unit cell. This explains the crystalliza-
tion of atactic P3H(Me),B in the same crystal structure of the isotactic
polymer with the only difference being that, due to the higher degree
of disorder, the atactic polymer melts atalower temperature (176 °C)
thanthat of theisotactic polymer (243 °C). This tacticity-independent
crystallization, finally, results in the much superior mechanical prop-
erties of atactic P3H(Me),B over the parent P3HB, with remarkably
improved ductility.

Thetwo a-protonsinthe parent P3HB are responsible for thermal
degradation following a cis elimination process. By substituting those
two protons with methyl groups in P3H(Me),B, the thermal stabil-
ity of this PHA is notably improved, enabling the processing of this
material in the melt state. The inclusion of the methyl groups also
resulted in improved mechanical properties, with ductile behaviour
(&, =228%), high elastic modulus (£ =2.92 GPa) and high ultimate stress
(0, =31.6 MPa) values that are comparable to certaingrades of commer-
cialisotactic PP and high-density polyethylene. The mechanical exten-
sibility is much better than that of isotactic P3HB, which is extremely
brittle (¢,=3-6%). In addition, P3H(Me),B is chemically recyclable as
it can be depolymerized back to the original monomer, closing the
chemical loop®. Thus, with this a,a-disubstitution strategy, thermal
degradation, brittleness and inability to depolymerize back to the
four-membered lactone monomer are overcome for P3HB, providinga
mechanically robust, melt-processable and chemically recyclable PHA.

Similar crystallization behaviour hasbeen found in monomethyl-
ated P3HB, where only one a-hydrogen atomis replaced with a methyl
group, resulting in the presence of two chiral centres (Fig. 6¢)"°. More-
over, in this case, isotactic, syndiotactic and atactic poly(3-hydroxy-2-
methylbutyrate) (PHMB) materials show similar X-ray diffrac-
tion profiles (Fig. 6¢), indicating crystallization in a similar crystal
structure, although the crystal structure was not reported. To syn-
thesize PHMB, first, 2,3-dimethyl-B-propiolactone (DMPL) was syn-
thesized by the catalytic carbonylation of 2-butene oxide with CO,
meso-tetraphenylphorphyrinoaluminium and NaCo(CO), (ref. 110).
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Then, DMPL underwent ring-opening polymerization using an appro-
priate metal-alkoxide catalyst to produce PHMB. The syndiotactic
and atactic cis-PHMBs show brittle behaviour with a strain at break of
only 4 and 15.7%, respectively. The isotactic cis-PHMB shows a strain
at break larger than 100%. To obtain a PHMB sample with improved
mechanical performance, a strategy of incorporating trans repeat-
ing units in the backbone to reduce the crystallinity was developed,
and an atactic PHMB with 90% cis repeating units and P,= 0.54 was
obtained. This polymer displays a high T, (160, 173 °C) and thermal
stability (T s, = 297 °C), a strain at break of 446% and a Young’s modu-
lus of 0.467 GPa, which is similar to the mechanical performance of
isotactic PP.

Insummary, in PHAs, the stericinteractions that arise from bulky
groupsinthe a-position minimize the energy of the trans-planar con-
formation of the chains. This allows the chains to be packed in the
crystalline form, even with arandom configuration distribution of the
methyl group in the 3-position.

Conclusions and outlook

This categorization and analysis of the origin and reasons for the
crystallization of stereoirregular polymers has enabled us to
highlight examples of polymers that show tacticity-independent
crystallization and to describe the different factors that lead to
crystallization in various cases. Depending on the various classes
of polymers—apolar polyolefins, polar vinylmonomers, polythioesters
or PHAs—diverse factors caninduce crystalline order, despite the pres-
ence of configurational disorder. These include specific secondary
interactions such as hydrogen bonds and dipolar attractions that
can stabilize defective crystallizable conformations, conformational
flexibility in the case of polymers containing cycloalkane units in the
backbone, where the intrinsic conformational freedom of five- and
six-membered rings is transferred to the polymer backbone, and
stericinteractions that arise frombulky groupsinstalled at the specific
positions of polymer backbones. Although polymers with different
tacticities can crystallize, their melting temperatures and degrees of
crystallinity are still a function of chain regio- and stereoregularity.

These examples of tacticity-independent crystallization are a clear
manifestation of a more general concept that is the basis of modern
polymer crystallography. Crystallization in polymers is a complex
process thatis compatible with the absence of true three-dimensional
long-range order. Therefore, structural disorder in polymer crys-
tals is more common than previously considered'***. Unlike metals,
the concept of crystallization in polymers is complex and far from
the ideal periodic array of identical motifs that implies a complete
three-dimensional long-range order of allatoms. The disorder in some
polymers can be described as a structural feature and often does not
prevent crystallization. The disorder in the configuration of successive
repeating monomer units along a polymer chain, when tolerated, can
yield tacticity-independent crystallization, bringing about remark-
able ease in the synthesis of semicrystalline polymers with improved
mechanical properties but without the stringent requirement of
control over the polymerization stereochemistry using specifically
designed or rather complex stereoselective catalysts.

A fascinating future direction is to synergistically couple the
synthetic ease of atactic polymers with the properties and advan-
tages that can be derived from the tacticity-independent crystalli-
zation described here—for example, combining the polymer’s high
mechanical strength and thermal, solvent or gas-permeation resist-
ance, due to the presence of (often tempered or smaller) crystalline
domains, with the enhanced ductility (thus toughness) and transpar-
ency that is due to the presence of configurational disorder, thereby
overcoming the structure/crystallization-property trade-offs that
persist in conventional stereoregularity-driven semicrystalline
polymers. Another direction is to explore other chemical structure
motifs that could yield tacticity-independent crystallization as well

asnon-structure-based, engineering- or processing-focused methods
such as chain stretching and the quenching of atactic polymers aided
by crystallization-inducing external reagents.
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