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A Holistic View of Polymer Aggregate

Polymers are everywhere. The living kingdom is full of
natural polymers or biological macromolecules (e.g., poly-
saccharides, polynucleotides and proteins), while the
modern society is alive with synthetic polymers or man-
made macromolecules (e.g., plastics, fibers and rubbers).
Although almost all the polymers are solid aggregates un-
der ambient conditions, people have spent tremendous
efforts to study their dilute solutions where the polymers
exist as single molecular species. It is generally believed
that understanding a molecule will help understand its
aggregate, because a molecule, as defined by Merriam-
Webster, is “the smallest particle of a substance that re-
tains all the properties of the substance”. This reduction-
ism approach has worked well and harvested much suc-
cess. Useful information on and insight into structure-
property relationships have gained at the molecular level,
resulting in the consensus that molecular behaviors de-
termine materials properties.

Although popular, this reductionary epistemology is not
always right. There exist many antireductionism systems. It
is well known, for example, that many luminophores are
emissive as molecules in the dilute solutions but do not lu-
minesce as aggregates in the solid state, a photophysical
phenomenon often referred to as aggregation-caused
quenching (ACQ). The ACQ effect has posed a knotty
hurdle to the development of real-world optoelectronic
devices, such as the fabrication of light-emitting diodes
from conjugated polymers. On the other hand, some lu-
minogenic molecules do not luminesce but their aggreg-
ates emit efficiently, an anti-ACQ phenomenon known as
aggregation-induced emission (AIE).' The ACQ and AIE
effects teach us that an aggregate is not necessarily a lin-
ear addition of its molecular components and that the
properties of the former are not the simple extrapolations
from those of the latter. In other words, a whole can con-
tain the properties that cannot be discovered and compre-
hended through the analysis of its parts. Aggregate thus
deserves to be studied as a separate entity in its own right.
Aggregate science or aggregology study is anticipated to
open new avenues to many attractive possibilities and
generate much excitement in the exploration of exotic ef-
fects and new properties unique to an aggregate but not
observable in its molecular systems.[?]

As mentioned above, most polymers are solid aggreg-
ates and are thus ideal objects of aggregology study. In-
deed, immediately after the coinage of the AIE concept
from the study of a small molecule system, the AIE re-
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search was quickly extended into big polymer systems.
The booming development in the area has produced a
large variety of polymeric AIE luminogens (AlEgens). The
AIE polymers exhibited distinct materials properties and
have found an array of high-tech applications in such di-
verse areas as optoelectronics, chemosensing, bioimaging
and theranostics.!3! Utilizing the working mechanism of re-
striction of intramolecular motions,¥ researchers have
used AlEgens to visualize the invisible structures and mon-
itor the transition processes in macromolecular systems,
such as crystal packing, domain boundary, chain align-
ment, blend morphology, microphase separation, seg-
mental motion, glass transition, polarity change, sol-gel
transition, living assembling, and polymerization
reaction.’! In this short Editorial, | will briefly discuss two
examples of polymer aggregate systems from the holistic
viewpoint: one involving a 0—1 change (from nothing to
something) and another concerning a -1—+1 transition
(complete quality reversal), both enabled by aggregation
processes.

The first example is the clusteroluminescence from the
aggregates of m-electronically nonconjugated polymers.
During the course of our AIE study, we observed emis-
sions from photoexcited microparticles of poly[(maleic an-
hydride)-alt-(vinyl acetate)], a copolymer completely void
of aromatic rings. This observation surprised us, as the
modern organic electronics theory teaches that noncon-
jugated molecules do not luminesce. We examined a large
number of nonconjugated polymers and found that the
photophysical phenomenon was general. Many noncon-
jugated synthetic and natural polymers (polyacrylics, poly-
esters, polyamides, carbohydrates, proteins, DNAs, etc.) are
photoluminescent in the aggregate state but nonemissive
in the solution state. This is a nonconjugated version of
AIE system, which can hardly be deciphered through a re-
ductionism approach, as the molecular species of the
polymers are nonluminescent. Holistically, we figured out
that the phenomenon was essentially the clusterization-
triggered emission accompanying the polymer aggrega-
tion process. Although the macromolecules are m-elec-
tronically nonconjugated, they contain electronegative
heteroatoms carrying lone-pair electrons (O, N, S, P, etc.).
When the macromolecular chains are aggregated, the het-
eroatoms are clustered together via through-space inter-
actions.l! The resultant clusteroluminogens can be photo-
excited, thus making the polymers luminescent in the ag-
gregate state.
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The example above demonstrates the ready generation
of an entirely new property (0—1) by a simple aggrega-
tion process without changing molecular structure. The
example below concerns the complete reversal in prop-
erty (-1—+1) upon aggregate formation. Poly(N-isopro-
pylacrylamide) is known to undergo a dissolution-precipi-
tation or sol-gel transition at a lower critical solution tem-
perature. Employing a polarity-sensitive AlEgen, we
proved that the transition was associated with a polarity
change from molecular hydrophilicity (solubility in water)
to aggregate hydrophobicity (immiscibility with water).[”]
Here again, the property change is induced by the physic-
al aggregation without altering the chemical structure.
Such transitions have been observed in many polymers,
e.g., poly(ethylene glycol) and its block copolymer with
poly(propylene glycol) as well as its supramolecular com-
plex with a-cyclodextrin. The sol-gel transition is also com-
mon in living systems: many higher-order biological en-
sembles (cells, tissues, organs, etc.) are hydrophobic hier-
archical aggregates of hydrophilic biomacromolecules
(polysaccharides, polypeptides, etc.). In some sense, the
structure-property relationship study at the aggregate
level may hold the key to deciphering mysterious biologi-
cal structures and processes.

Aggregation can make the impossible (at molecular
level) possible (at aggregate level). This fact itself is antire-
ductive, revealing the imperfection of molecular science. It
is very difficult, if not impossible, to tackle all the issues in-
volved in the aggregation processes and associated struc-
tures and properties from a pure reductionism approach.
This calls for a paradigm shift from reductionism to holism.
Viewing the aggregate as a whole will help solve the prob-
lems hard to handle by just analyzing its molecular parts.
The insights gained from the aggregology study in poly-
mer aggregates is anticipated to facilitate this paradigm
shift, bringing scientific research to the systems at higher
levels with greater complexity.
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