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ABSTRACT: Current polymer terminology only describes
very simple copolymer structures such as block, graft,
alternating periodic, or statistical copolymers. This restricted
vocabulary implies that copolymers exhibit either segregated
(i.e., block and graft), regular (i.e., alternating and periodic), or
uncontrolled (i.e., statistical or random) comonomer sequence
distributions. This standard classification does not include
many new types of sequence-controlled copolymers that have been reported in recent years. In this context, the present
viewpoint describes a new category of copolymers: aperiodic copolymers. Such structures can be defined as copolymers in which
monomer sequence distribution is not regular but follows the same arrangement in all chains. The term aperiodic can be used to
describe encoded comonomer sequences in monodisperse sequence-defined copolymers but also the block sequence of some
multiblock copolymers. These new types of copolymers open up very interesting perspectives for the design of complex
materials. Some recent relevant literature on the topic is discussed herein.

In 1945, Erwin Schrödinger introduced in his famous book
“What is Life” the idea of an aperiodic crystal to describe

genetic material.1 This was a remarkably visionary description,
given the knowledge that was available at that time about the
structure of macromolecules. Inspired by the book of
Schrödinger, Watson and Crick confirmed a few years later
that genetic information is encoded in the aperiodic sequences
of DNA chains.2,3 Since then, it is universally admitted that the
diversity and complexity of biology is linked to the comonomer
sequences of biopolymers. There would be no genetic code, no
evolution, and no living matter if DNA chains would be simple
periodic structures.
In sharp contrast to the field of molecular biology, the notion

of aperiodicity is almost fully ignored in synthetic polymer
chemistry. Manmade copolymers that have been discovered
and studied during the last 80 years are, in general, very simple
structures. This situation is directly reflected by the terminology
that can be found in standard polymer textbooks. For instance,
the IUPAC official nomenclature for copolymers includes the
following subclasses: block, graft, alternating periodic, random,
and statistical (Figure 1).4,5 Block and graft copolymers are
macromolecules composed of segments of different chemical
nature (i.e., segmented copolymers). The terms alternating and
periodic describe copolymers with regular sequences of
comonomers such as (AB)n, (AAB)n, or (ABC)n. All other
situations fall somehow in the broad category of statistical/
random copolymers. This is a very incomplete description of
what polymer chemistry can currently achieve. Some terms and
categories are clearly missing here. Indeed, with the recent
development of sequence-controlled polymerization methods, a
wide variety of new copolymer structures, which do not belong
in the aforementioned categories, have been synthesized and
reported.6−8 Of course, some sequence-controlled polymers
exhibit regular primary structures. As discussed in a recent
review,6 alternating and periodic copolymers belong to the

broad category of sequence-controlled macromolecules. How-
ever, many other sequence-controlled polymers do not exhibit
periodic sequences, and such structures are probably the most
interesting ones.10 Such aperiodic macromolecules are
copolymers, in which comonomer sequences are intentionally
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Figure 1. (a) Proposed definition for sequence-controlled and
sequence-defined copolymers.9 (b) Some official (blue), nonofficial
(gray), and nonexisting (red) terms to denote synthetic copolymers.
Note that the color code is only valid for (b). The colors displayed in
(a) are used for aesthetic reasons only.
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distributed in a nonperiodic arrangement. However, the word
“intentionally” is probably not fully appropriate to describe
these structures because some natural aperiodic copolymers
(e.g., DNA) were not created intentionally. A better definition
is probably the following:
Aperiodic copolymers are copolymers in which monomer

sequence distribution is not regular but follows the same
arrangement in all chains.
In this definition, the words “in all chains” are probably the

most important ones. This is what makes the difference
between an aperiodic copolymer and a random copolymer.11 In
an aperiodic copolymer, the same monomer arrangement
should be found in all chains, whereas in random copolymers,
chain-to-chain deviations may exist. Aperiodicity is not
randomness. Aperiodicity is not statistical either, because the
word statistical is restrictive and denotes copolymers prepared
by a copolymerization process following statistical laws (e.g., a
chain-growth process). Of course, the above definition can be
loosely interpreted. Similarly to alternating or periodic
copolymers, some sequence defects and light chain-to-chain
sequence deviations can be tolerated (e.g., a copolymer
containing 90% of alternating dyads is generally still considered
to be an alternating copolymer). Thus, different types of
copolymers can be described as aperiodic (Figure 2). It should
be noted that the term aperiodic copolymer has already been
employed in a few publications.12−15 However, previous uses of
this term are not always matching the above definition.
The simplest example of an aperiodic copolymer is probably

a multiblock copolymer, in which the block sequence does not
follow a regular pattern (Figure 2, left). It should be reminded
that block copolymers have been studied for decades and have
therefore their own terminology. For instance, the terms
symmetric/asymmetric are often used to denote them. These
words, however, do not mean the same thing as periodic/
aperiodic. Indeed, the symmetry of a block copolymer depends
on block sequence and block length (i.e., on the volume
fraction of each block).16−19 For instance, multiblock
copolymers composed of repeated AB motifs can be symmetric
or asymmetric. The terms periodic and aperiodic allow a
simplified description of a linear multiblock sequence. In this
case, each block is considered as a unit in the sequence,
independently of its length.20 For instance a multiblock

ABCABCABC can be described as periodic, i.e., (ABC)3. On
the other hand, the block copolymer ABABCBCAC can be
named aperiodic. In a recent review, Bates et al. have
highlighted the interesting opportunities that could be explored
with complex multiblock copolymers.21 However, such
structures were for a long time not available because it was
difficult to synthesize block copolymers longer than penta-
blocks using stepwise strategies. Thus, early examples of
decablock, undecablock, or dodecablock copolymers reported
in the literature were in general periodic structures.22−25 This
situation has changed during the past few years with the
development of optimal living polymerization techniques for
block synthesis. The first example was reported by Coates and
co-workers who described the synthesis of aperiodic functional
hexablock copolymers.26 Following that example, Whittaker
and co-workers have described the synthesis of aperiodic
hexablock and octablock copolymers by single-electron transfer
living radical polymerization (SET-LRP).27,28 More recently,
Perrier and co-workers have reported comparable results using
reversible addition−fragmentation chain transfer (RAFT)
polymerization.29 Although the chain-end fidelity of SET-LRP
and RAFT has been recently questioned,30,31 these examples
show that long aperiodic block sequences are now reachable. In
this new context, a specific terminology for block sequences
would be probably helpful. For example, recently reported
icosablock copolymers are difficult to describe using standard
naming conventions.29

Another type of aperiodic copolymer is a macromolecule
containing discrete functional sites distributed aperiodically
along its linear backbone (Figure 2, middle). In such a case, the
backbone is predominantly composed of one type of
comonomer (i.e., monomer A in the example). Functional
sites composed of one or a few monomer units are positioned
at specific locations along this backbone (e.g., comonomers B
and C in the example of Figure 2). The terms periodic and
aperiodic can be used to describe the distribution of these sites
along the backbone. However, only the periodicity/aperiodicity
of sites B and C is considered (i.e., A is not taken into account).
For example, a copolymer containing a repeating site B or
alternating sites B and C can be described as periodic.32 On the
other hand the structure displayed in the middle of Figure 2 can
be named aperiodic. Such multisite copolymers can be obtained

Figure 2. Schematic representation of different types of aperiodic copolymers: multiblock copolymers (left), multisite copolymers obtained using
time-controlled monomer additions (middle), and monodisperse sequence-defined copolymers (right). The ellipse points displayed at the
extremities only mean that the sequences can be longer than shown.

ACS Macro Letters Viewpoint

dx.doi.org/10.1021/mz5004823 | ACS Macro Lett. 2014, 3, 1020−10231021



by applying external alterations during living polymerizations.33

For instance using time-controlled monomer feeds, a statistical
copolymerization process can be intentionally guided to form
complex aperiodic sequences.34 The first example of this was
reported by our group some years ago.35,36 In this approach,
small amounts of functional N-substituted maleimides are
added at specific times during the atom transfer radical
polymerization (ATRP) of a large excess of styrene. Due to
the strong alternating tendency of these monomers with
styrene, small functional regions are created at desired locations
in the polystyrene backbone. Using a robotic platform, we have
recently shown that complex aperiodic codes can be encrypted
in the chains.37 Still, this method utilizes a chain-growth
polymerization process, and therefore the formed copolymers
exhibit sequence defects as summarized in a recent account.38

Nevertheless, we have recently described a concept for
minimizing these defects and obtaining ultraprecise sequen-
ces.39 Very recently, O’Reilly and co-workers have also reported
a related strategy that exploits reactivity differences in ring-
opening metathesis polymerization.40 This approach was used
to prepare aperiodic microstructures.
As shown on the right side of Figure 2, the next level of

complexity is the synthesis of monodisperse sequence-defined
copolymers containing aperiodic sequences. Although it is not
an official terminology, it was recently proposed that the terms
“sequence-controlled” and “sequence-defined” have different
meanings (Figure 1a).9 “Sequence-controlled” is a broad
generic term that includes all type of polymers with controlled
sequence distributions,6 whereas “sequence-defined” refers to
copolymers that have perfectly defined primary structures
(ribosome-made proteins or resin-made oligomers for exam-
ple). For instance, alternating copolymers prepared by free-
radical polymerization are sequence-controlled but are not
sequence-defined. On the other hand, sequence-defined
copolymers are a particular subclass of sequence-controlled
copolymers as shown in Figure 1a. The most reliable approach
for preparing sequence-defined copolymers is iterative solid-
phase chemistry, even though interesting alternative concepts
have been reported lately.41−43 During the last two decades,
solid-phase chemistry has been used to prepare non-natural
sequence-defined oligomers.44,45 For instance, peptoids,
developed by Zuckermann and co-workers, can be prepared
using a wide variety of functional submonomers and in the
absence of main-chain protecting groups.46 This interesting
chemistry has been studied to build aperiodic polymer
structures and related materials.47 During the last years, other
interesting protecting-group-free solid-phase approaches have
been reported.48−50 For example, our group has described a
chemoselective approach using successive copper-catalyzed
azide−alkyne cycloaddition (CuAAC) and amidification
steps.48 It was recently shown that this strategy can be used
to prepare information-containing macromolecules.51 Using
three monomers (one spacer and two coding units), it was
possible to implement intentionally a binary code in the formed
oligomer chains. Although created with a restricted set of
monomers, these copolymers are not alternating, not periodic,
not gradient, not block, and certainly not random. They are the
first example of synthetic macromolecules containing a binary
code encoded by aperiodic comonomer sequences. As
discussed in a recent essay,10 such macromolecules are
promising for encoding information at the molecular level.
In conclusion, the aim of the present viewpoint was to

describe a new class of copolymers. Aperiodic copolymers are

sequence-controlled copolymers that are not composed of
repeating sequence motifs. As shown herein, numerous
examples of aperiodic copolymers have been reported in recent
literature. In this context, it is certainly time to revise the
terminology of copolymers. Polymer chemists are now creating
highly complex copolymer structures, which are not depicted in
textbooks and official glossaries. For instance, classical micro-
structures such as gradient copolymers (Figure 1b),52 which
have been extensively studied for about 15 years, are still not
included in the official nomenclature of polymers.5 It would be
probably very beneficial for our community if the debate on
copolymer terminology could be reopened. Besides pure
terminology considerations, it should be clearly stated that
new types of copolymer such as aperiodic copolymers may
open a world of new opportunities for conceiving polymer
materials. Indeed, only aperiodicity allows creation of complex
symphonies and languages.
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