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Controlling polymer properties
through the shape of the
molecular-weight distribution

Dillon T. Gentekos®, Renee J. Sifri

of polymeric materials.

The molecular-weight distributions (MWDs) of poly-
mers have a striking impact over their properties, from
processability and mechanical strength to nearly all
aspects of morphological phase behaviour'~". The most
common molecular parameter used to describe poly-
mer MWDs is the dispersity (D) — the normalized
standard deviation of chain sizes in a polymer sample,
which is defined as the ratio of the weight-average molar
mass (M) to the number-average molar mass (M,).
A more detailed description of these terms is provided
in BOXES 1,2.

The parameter D has been used to manipulate the
properties of polymeric materials''-'*. However, D is an
incomplete representation of a polymer’s true distribu-
tion because it describes only the relative breadth of a
MWD and contains no information regarding the pre-
cise composition of polymer chain lengths'>'* (BOX 1).
For this reason, interest has arisen in using the entire
distribution of masses of a polymer sample to dictate
its function. In theory, this would allow for limitless
variation of the distribution function. However, until
recently, this avenue of controlling polymer structure
and function remained largely unexplored, owing to the
lack of methods for controlling the absolute composition
of chain lengths in a polymer sample.

In this Review, we explore advances in the synthetic
control of polymer MWD shape, from temporally
controlled polymer initiation and termination to reac-
tant feeds in continuous-flow setups that produce

and Brett P. Fors® *

Abstract | The manipulation of a polymer’s properties without altering its chemical composition is
a major challenge in polymer chemistry, materials science and engineering. Although variables
such as chemical structure, branching, molecular weight and dispersity are routinely used to
control the architecture and physical properties of polymers, little attention is given to the often
profound effect of the breadth and shape of the molecular-weight distribution (MWD) on the
properties of polymers. Synthetic strategies now make it possible to explore the importance of
parameters such as skew and the higher moments of the MWD function beyond the average and
standard deviation. In this Review, we describe early accounts of the effect of MWD shape on
polymer properties; discuss synthetic strategies for controlling MWD shape; describe current
endeavours to understand the influence of MWD shape on rheological and mechanical
properties and phase behaviour; and provide insight into the future of using MWDs in the design

homopolymers and block copolymers with precisely
defined MWD shapes and compositional gradients.
We also highlight the impact of polymer MWD shape
on polymer properties, from tensile strength and rheo-
logical behaviour (for example, viscosity) to a variety of
morphological characteristics for block copolymer self-
assembly, such as domain spacing, and the position of
morphological phase boundaries.

Synthetic control of MWD shape

The properties of a polymer depend on the breadth and
shape of the MWD in the final polymeric material>*
and, as a result, a number of approaches have been
developed to control polymer D. Owing to the synthetic
difficulty in controlling both the molar mass averages
and the MWD breadth in a one-pot setup, early stud-
ies used post-polymerization blending strategies to
tailor the MWD composition*' . However, this pro-
cess requires the synthesis of multiple polymers under
highly controlled conditions and results in multimodal
MWDs. Although these studies provided insight into
the influence of MWD on polymer properties, such
heterogeneous molar mass compositions are unsuitable
for some applications, owing to the potential for unde-
sirable macrophase separation®*>. Therefore, systems
that produce polymers with continuous monomodal
MWDs in a one-reactor setup are more desirable.
Uncontrolled polymerization is one such synthetic
strategy for producing monomodal MWDs with large
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breadths* . Although this approach has proven useful
in generating polymers with D = 2, it grants little control
over M, or the shape of the resultant MWD. This issue
has been circumvented by leveraging polymer chain
growth kinetics in radical, ring-opening and anionic
polymerizations to prepare polymers with controllable
dispersities**. For example, controlled atom-transfer
radical coupling (ATRC) has allowed for changes in
the MWD breadth, as well as the ability to achieve
both monomodal and multimodal MWDs*. However,
ATRC is limited in its monomer scope and lacks the
precise control needed to obtain exact MWD shapes.
Furthermore, mathematical models of catalyst-transfer
polycondensation polymerizations have been studied
as a means of deviating from ideal Poisson behaviour®.
Although these models may provide the foundation for
gaining control over D and the distribution function,
this model is specific to only a few mechanisms based
on polymer kinetics. Alternatively, to tune the poly-
mer D, researchers have developed an organocatalytic
process that takes advantage of monomer mixtures
to manipulate the dispersity of any block of a block
copolymer™.

Recent work has made strides towards MWD con-
trol by deep reinforcement learning to simulate the

Box 1| MWDs and the limits of dispersity

Polymer molecular-weight distributions (MWDs) are defined most typically using a
combination of the molar mass averages, M, and M,, which are determined by
size-exclusion chromatography and are defined as:

m, = ZMN
N,
M. = ZMEN;
w
> MiNi

Using these two molar mass averages, D is defined as:

which is related to the standard deviation (o) of the distribution function by the
relationship:

These equations reveal that D is the relative breadth of the MWD function or, more
specifically, it describes the standard deviation of chain lengths normalized to the
number-average molar mass. Thus, D provides information about MWD breadth only
when the average molar mass of the polymers being compared is constant; that is,
polymers can have the same D but contain vastly different breadths of their respective
MWDsli,/o()/ﬂ,lZ/l.

In addition to being a limited description of the relative span of molecular weights in
a polymer sample, D offers no information on the shape of a distribution function.
Fundamentally, a polymer’s MWD shape can be varied infinitely while maintaining the
same M, and D. In fact, several reports have suggested that the absolute composition of
polymer chain lengths should have a significant influence over polymer properties’®.
In recent years, the use of MWD shape for controlling polymer function without
altering the chemical composition of the final material has become promising**:457>77:1%,
In this regard, looking towards the ‘higher moments’ or precise shape of the distribution
becomes necessary (see BOX 2).

production of a vast repertoire of MWDs in atom-
transfer radical polymerization (ATRP)”. Reinforcement
learning is a machine-learning technique that allows a
system to react with its environment and make decisions
based on reward points. Whenever the system takes an
action that moves it closer to the desired goal, it receives
a reward, thus providing a guide to reach the final goal.
In this case for ATRP, the reinforcement learning model
allows the system to take actions, such as changing the
amount of monomer, initiator or solvent, to achieve a
desired MWD. These numerical simulations yielded
reactor-control policies that should afford targeted
MWD shapes, from monomodal distributions with
deviating D values to multimodal MWDs.

Although the aforementioned approaches can be
used to modify P with high fidelity, they are not a means
of governing the precise composition or shape of the
polymer MWD. In contrast with strategies for modifying
D, few have been developed for customizing the MWD
shape. In early work, control over the MWD shape was
reported in anionic polymerization of styrene through
oscillating monomer and alkyllithium initiator feed rates
in continuous-flow reactors®*. This method monitors
the MWD in real time and uses mathematical modelling
to alter the flow rates of the reacting species to achieve
the desired MWD. Although the polymers had the same
general MWD shape as the desired material, there was
significant deviation between the anticipated and mea-
sured MWDs. It was proposed that these deviations were
a result of termination of the living polymer chain ends
and incomplete conversion of monomer, owing to exper-
imental unfeasibility of excluding all impurities from the
reaction setup.

In a separate semibatch process, monomer purity was
taken into account to improve the fits*. In this work, the
automatic control process accounts for the concentra-
tion of impurities in the reactor feeds. This model leads
to better agreement between the predicted and meas-
ured MWDs* compared with the same system that did
not take purity into account; however, there remained
substantial deviations between these MWDs and the
a priori desired distribution function (FIC. 1a). Although
the presence of impurities was considered in the control
model, termination of the active polymer chains can
only be approximated. The discrepancies between the
desired, predicted and measured MWDs are likely a con-
sequence of the high sensitivity of the polymerization
kinetics to the impurity concentration, which makes it
difficult to accurately determine the initial concentration
of alkyllithium initiating species. More recently, a fully
automated control system was developed for continuous
stirred-tank reactors using an inverse process model to
gain better control of MWD shape in homopolymers®'.
This model assumes that each living polymerization
leads to a uniform MWD (that is, each polymer in the
sample has the same molar mass). Plotting the concen-
tration of individual chains as a function of their chain
length provides insight into polymerization behaviour in
an isothermal batch reactor. This work was supported by
previous studies that gave accurate predictions of MWD
based on simplified polymerization kinetics, in which
termination is not considered”.
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Box 2| MWDs and moments in probability statistics

The majority of synthetic polymers contain a distribution of chain lengths. The corresponding molecular-weight
distribution (MWD) functions are dependent on the kinetics of the polymerization reaction in question and have been
described using a variety of probability functions. For example, the Flory—=Schulz distribution is a single-parameter
function that is typically used to describe the MWDs of polycondensation reactions'”. This probability distribution is
useful for modelling step-growth polymerization, which favours small chains, affording MWDs tailing towards high molar
mass. For anionic polymerization processes, in which initiation is much faster than propagation, and termination
reactions are nonexistent, the distribution of chain lengths is narrow and is accurately portrayed by the Poisson
distribution'*. Additionally, the shapes of distributions afforded through controlled radical polymerizations (such as
atom-transfer radical polymerization) can be defined by the Schulz-Zimm distribution (a two-parameter function),

because the initiation kinetics and termination events lead to a buildup of low-molar-mass polymer chains

18,63

Furthermore, Gaussian or logarithmic normal distributions have been used to describe functions that are symmetric

about the number-average molar mass'?’.

A convenient parameter to describe the asymmetry of a MWD is the asymmetry factor (A ), which gives a qualitative
measure of the skew of a distribution. This factor is determined as the ratio of the distance from the peak maximum to the
front of the peak over the distance from the peak maximum to the back of the peak at 10% of the peak height'?*%",

To avoid the difficulty of using a diverse array of functional forms to represent experimental MWDs, the concept of moments
in probability statistics can be applied. The nth moment (1) provides a specific quantitative measure of the shape of a
distribution function and is described by M= f:e (x = ¢)"f(x)dx (REF."?%). These mathematical descriptors are typically
referred to as moments about some arbitrary value c. When ¢ =0, the moment is defined as raw or crude. The first raw
moment is the expected value of x and, therefore, represents the mean or number average (1) of the distribution. The
second moment is often written as a central moment about the mean (where ¢ =) and corresponds to the variance of the
distribution. Moreover, higher moments are most useful when reported in standardized form, which is found by
normalizing the higher central moment (i ) to the previous moment (11 _,), so that comparison can be made between

130

differently shaped distributions
standardized moment describes its kurtosis.

. The third standardized moment is the skewness of the distribution and the fourth

Asymmetry factor Skewness Kurtosis
| A =a/bat
| 10% peak height
Molar mass Molar mass Molar mass
— Positive ~ — Negative

In addition to the processes described above, several
studies have explored this phenomenon in a small-scale
chemical laboratory setting. For example, Aoshima and
colleagues developed a strategy for tuning the MWD
function in diblock copolymers prepared through cat-
ionic polymerization (FIG. 1b), in which a solution of
growing polymer chains was steadily added to a solu-
tion of a deactivating agent (aqueous ammonia) using
a syringe pump to precisely control the addition rate®.
This polymerization approach was suitable for tuning
the MWD in a variety of vinyl ethers. A drawback of this
process is that, to tune the MWD, the polymerization
must be carried out in a syringe, which may not be suit-
able for polymerization reactions that require vigorous
stirring™. In addition to the limited mechanistic scope of
this method, controlled termination necessitates tuning
of the block copolymer as the last step of the synthesis.
This results in the loss of valuable information about
the precise distribution function of the final polymer,
because the MWD of each block cannot be decoupled
from the overall measured MWD

In addition to these controlled reactant feeds and
termination methods for dictating polymer MWD
shape, we developed a process for temporally controlled

initiation in polymerization reactions that utilize a dis-
crete initiating species®. Taking advantage of the kinet-
ics of controlled polymerization processes, in which
initiation is fast and all chains propagate at about the
same rate, metered addition of a discrete initiating spe-
cies dictates the molar quantities of each chain length.
Initial proof of concept focused on nitroxide-mediated
polymerization (NMP), whereby metering in a solution
of alkoxyamine initiator at predetermined rates of addi-
tion afforded predictable control of polymer MWDs".
More specifically, polymers that are initiated early in
the reaction afford chains with higher molar mass than
those initiated later in the polymerization; therefore,
the addition time of each initiating species dictates the
length of that chain. Initially, constant rates of addition
were used and longer addition times led to increased D.
Furthermore, when the addition-rate profiles were
altered from constant to linearly increasing rates, the
polymers produced had distributions tilted into the low-
molecular-weight region (asymmetry factor (A, <1),
corresponding to more polymers being generated later
in the reaction. This study also revealed that using differ-
ent initiator-addition-rate profiles was sufficient to yield
polymers with the same M, and D, but with different
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MWD shapes. In all addition-rate profiles examined, D
and o (standard deviation) were linearly related to the
initiator-addition time, providing a convenient calibra-
tion curve for tuning the M, breadth and shape of the
MWD. Moreover, this process offered the ability to pre-
pare multimodal distributions as well as the synthesis of
block copolymers with relatively low molar mass. This
strategy was used to prepare a variety of well-defined
block copolymers and could be applied to ATRP to show
the utility of this process in manipulating MWDs in any
controlled polymerization reaction that uses a discrete
initiator®. In this case, the termination and initiation
events inherent to the ATRP process were also shown to
influence the MWD shape.

Although this approach provided command over the
MWD shape, there are several issues inherent to NMP
that render this process impractical for fundamental
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Fig. 1| Reagent and polymer feed strategies for temporal control of polymer MWD
shape. a| The desired, predicted and measured molecular-weight distributions (MWDs)
from manipulating the monomer and initiator feed rates to a semibatch anionic
polymerization. b | Strategy for manipulating polymer MWDs through the metered
deactivation of active chains in cationic polymerization. c | Synthetic control of
polystyrene MWD breadth and shape by metered addition of alkyllithium initiating
species sec-butyllithium (s-BuLi) in anionic polymerization, showing three polymers with
the same number-average molecular mass (M.) and dispersity (D) but with very different
MWD asymmetries. A, asymmetry factor. Panel a is adapted with permission from REF.%,
Wiley-VCH. Panel b is adapted with permission from REF.*, Wiley-VCH. Panel c is
adapted with permission from REF.*%, ACS.

studies of the influence of MWD shape on polymer
properties. For example, radical polymerizations have
limited chain-end fidelity and cannot be run to full mono-
mer conversion, which limits the practicality of this
approach*. To address these challenges, the process of
temporally controlled polymer initiation was extended
to anionic polymerization processes, owing to their
‘living’ nature, broad monomer scope and ease of com-
putational modelling to prepare functional block copoly-
mers"’. Therefore, we explored anionic polymerization
of styrene in hydrocarbon solvents* (FIG. 1c). First, by
adding alkyllithium initiating species at constant rates of
addition, polymer MWDs were prepared with significant
tailing into the low-molecular-weight region (A,>1).
Conversely, exponentially increasing rate profiles were
used to prepare polymers skewed substantially in the
opposite direction (A, <1). The initiator-addition pro-
files for anionic polymerization were different to those in
radical polymerization to achieve the same general shape
of the polymer MWD, which is likely a consequence of
the unique polymerization kinetics of each system: the
anionic polymerization of polystyrene (PS) involves an
equilibrium between a dormant lithium dimer aggregate
and an active monomer species, whereas the kinetics of
the aforementioned radical polymerization includes
termination events.

In addition to using the conventional, thermally
induced polymerization, photo-mediated strategies
have been used to synthesize polymers with well-defined
structures and architectures, owing to the broad utility of
light as a stimulus. For example, photoinduced electron
transfer-reversible addition fragmentation (PET-RAFT)
polymerization in a flow reactor was introduced by
Boyer and colleagues as an approach for governing
polymer MWD composition*** (FIG. 2a). Hypothetically,
modification of the reaction rate or chemical concentra-
tions during continuous flow would yield materials with
different molecular weights that are then merged in the
flow reactor to yield tailored MWDs. In this approach,
the flow rates dictate the instantaneous concentration
of reactive species, while the visible-light stimulus com-
mands the overall reaction rate. Interestingly, by adjust-
ing the irradiation intensity or wavelength at fixed flow
rates, the monomer conversion could be controlled at
each step of the process, dictating the precise mixtures
of molar masses that are combined in the collection res-
ervoir. Additionally, altering the flow rate or chemical
concentration of the reagents under constant irradiation
conditions afforded the same results. An advantage of
the photoinduced continuous-flow process is the ability
to prepare block copolymers with controlled composi-
tional gradients of the blocks in their MWDs — a feature
not yet achievable in conventional batch polymerization
chain-extension processes. By altering the flow-reactor
setup to separate each polymer fraction with a distinct
molar mass in a plug-flow process, subsequent treat-
ment of these fractions with a second monomer before
entering a second flow reactor allows for the growth of a
second block. This semicontinuous flow process allows
each polymer fraction to be extended with a different
quantity of the second monomer, thereby producing
block copolymers with gradient compositions of molar
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Fig. 2 | Alternative methods for control of polymer MWD shape with photochemical or centrifugal stimuli.

a| Modified, photoinduced plug-flow polymerization reactor setup, which enabled the synthesis of block copolymers with
compositional gradients. b | lllustration of molecular-weight distribution control through the use of ultracentrifugation to
produce initiator-concentration gradients followed by polymerization. Panel a is adapted with permission from REF.’,
ACS. Panel b is adapted with permission from REF**, Wiley-VCH.

masses in both blocks in a single pass through the flow
reactor (FIC. 2a). Although the level of control over MWD
shape in this study was modest, likely because of unfa-
vourable fluid-mixing behaviour, this work highlights
an exciting opportunity for the use of photochemistry
to fine-tune polymer MWDs.

In contrast with the previously mentioned processes
that use reagent feeds or alterations of the polymeriza-
tion reaction kinetics, Spinnrock and Colfen developed
a process for manipulating polymer MWDs using analy-
tical ultracentrifugation® (FIC. 2b). Specifically, they
exploited the well-established sedimentation equilib-
rium of chemical compounds in centrifugal fields to
produce a desired concentration gradient of a macro-
initiating species. With the monomer homogeneously
distributed, photoinduced polymerization is then car-
ried out in the centrifuge tube. The top and bottom of
the reactor have lower and higher initiator-to-monomer
ratios, respectively. By adjusting the centrifugal field, the
precise concentration distribution can be fine-tuned,
leading to good control of the final MWD. An advan-
tage of this strategy is that the thermodynamics of analy-
tical ultracentrifugation are well understood, which
leads to good agreement between experimental and
simulated MWDs. Although tuning the MWD through
this approach is limited because it requires a macro-
initiator for sedimentation to occur, this strategy could
be extended to other types of chemical-concentration

distributions through diffusion or mixing to give it
greater practicality.

Block copolymer self-assembly

Although the influence of the breadth of polymer MWD
(specifically, D) on the microphase separation of block
copolymers has been widely studied™, the effects of
MWD shape (skew and kurtosis; BOX 2) remain largely
unexplored. However, owing to the synthetic work out-
lined in the previous section, the community is begin-
ning to investigate the importance of controlling the
composition of MWDs. In this section, we explore
the theoretical and experimental advances in under-
standing how changing the shape of an MWD affects the
self-assembly of block copolymers.

Theoretical work in this area began with Leibler’s
transformative study that highlighted the potential sig-
nificance of MWD composition on the phase behaviour
of block copolymers™®*. Arbitrary A-B diblock copoly-
mers with Schulz-Zimm distributions (SZDs) were com-
pared with the equilibrium polymerization distributions
(EPDs) at the same values of D. It is important to note
that the SZD is often used to describe MWDs because
it accurately portrays a large number of materials made
by various addition polymerizations spanning D =1-2
(REFS'®™). By contrast, the EPD specifically models the
MWDs obtained from the equilibrium polymerization
of lactide®. These two distributions diverge as the MWD
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a Theoretical prediction of the effect of
MWD breadth and shape
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Fig. 3| Early work demonstrating the influence of MWD
shape on the phase behaviour of block copolymers.

a| Predicted differences in the domain spacing (d'/d,)
between the Schulz—Zimm distributions (SZDs, dashed lines)
and the equilibrium polymerization distributions (EPDs, solid
lines) in arbitrary A-B diblock copolymers, where the A-block
molecular-weight distribution (MWD) breadth (D,) and
shape are modified with a constant volume fraction of 0.5.
Data are shown for three different segregation strengths
(xN). b| Small-angle X-ray scattering measurements of
polystyrene-block-poly(methyl acrylate) (PS-b-PMA) with a
broad and symmetric PS block, showing unprecedented
stability of the perforated lamellar phase (P). The dotted lines
are indexed to the P phase. HPL, hexagonally perforated
layer; I, intensity; g, the scattering vector. Panel a is adapted
with permission from REF.**, ACS. Panel b is adapted with
permission from REF**, ACS.

span increases, reaching their maximum difference at
D=1.5,and converge to similar shapes as D approaches 2.
The domain spacing (d*), an important parameter in
determining the properties of block copolymers such
as those found in lithographic and photonic materials,
predicted by self-consistent field theory (SCFT) of the
aforementioned A-B diblock copolymers, was then
compared with that of their monodisperse counterparts
(d,)* (FIG. 3a). In these studies, only the MWD of the
A-block in the A-B diblock copolymer was altered, while
the B-block remained narrow. The domain spacing of
the materials increased with increasing D. However,
there was a striking difference in d*/d, between the two
MWD shapes, with the largest disparities at D= 1.5,
at which the compositions of chain lengths diverge
most sharply.

The differences observed between the SZD and the
EPD in the aforementioned study can be explained as fol-
lows. First, the SZD and the EPD have different entropic
elasticities; that is, the presence of a broad distribution
decreases the entropic penalty for stretching a domain
because the long chains can more easily fill the empty
space’®>62649% In this regard, the EPD has a larger relative
quantity of long-chain polymers and, thus, its increased
d*/d, with respect to the SZD are in good agreement with
theory. Second, domain spacing can increase by having
small polymers desorb from the interface and swell the
phase of their majority component. This effect is a bal-
ance of the gain in entropy by having a short A-block in
the B-phase with the loss in enthalpy from surround-
ing an A-block with dissimilar B-segments. This effect
is more pronounced at lower values of the Flory inter-
action parameter, in which the A-block and B-block are
more miscible, leading to larger A-segments being pulled
into the B-phase?"*****%_ At D~ 1.5, the EPD also has a
much larger population of very short polymer chains.
Both domain-spacing-enhancement mechanisms are in
accordance with theoretical predictions. In addition to
the differences in domain spacing between the SZD and
the EPD, the influence of these distribution shapes was
also examined on the phase diagram of arbitrary A-B
diblock copolymers®. Interestingly, compared with the
relatively large deviations in domain spacing between
the two MWDs, only small differences in the phase dia-
gram were predicted by SCFT. For example, when the
modified A-block is in the minority phase, the EPD has
cylinder and lamellar phase boundaries that are slightly
shifted to lower volume fractions. It was hypothesized
that, although the decreased entropic stretching pen-
alty induced curvature towards the disperse A-block,
this impact can be effectively offset by swelling of the
B-domain through chain pull-out of the A-phase, which
pushes the phase boundary in the opposite direction. It is
through these two proposed mechanisms that the influ-
ence of MWDs on block copolymer phase behaviour can
be described.

In contrast with simulations (as discussed in the
aforementioned study), which suggest that MWD shape
has only minor effects on the compositional phase dia-
gram of block copolymers, experimental work by
Matyjaszewski and colleagues has revealed that the skew
of the distribution function has a marked impact on
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self-assembly. Specifically, they explored the effects of
distribution asymmetry on the formation of metastable
morphologies, such as hexagonally perforated layers, in
diblock copolymers of poly(styrene-b-methyl acrylate)®.
In this work, adjusting the amount of the catalyst was
used to manipulate the reaction kinetics, leading to
a broadening of polymer dispersity. The dispersity-
controlled polymers can then be chain-extended with
another monomer to afford well-defined block copoly-
mers with one narrow block and one broad block.
Although this process does not offer the ability to gov-
ern the precise MWD shape, it does yield polymers with
more symmetrical distribution functions than most
synthetically accessible polymers, which follow the posi-
tively skewed SZD™. This synthetic process therefore
affords an interesting way to examine the effects of skew
on the self-assembly of block copolymers.

Morphological differences have been observed
between two polystyrene-block-poly(methyl acrylate)
(PS-b-PMA) copolymers with similar block composi-
tion and overall molar masses, in which the PS block
was either narrow or broad and symmetric®. Specifically,
small-angle X-ray scattering (SAXS) studies revealed
that the polymer with a narrow PS block exhibited
a morphology of hexagonally packed cylinders (C),
whereas its counterpart with a broad and symmetric PS
block displayed hexagonally perforated layers (P), which
is traditionally understood as a metastable morphology.
The stability of the P phase block copolymer was then
examined in a variety of ways. First, the same sample
was subjected to a library of different solvent-casting and
thermal-annealing conditions. Intriguingly, no change
in the overall morphology was observed for any of the
different sample preparations. In a different experiment,
the overall thermal stability of the P phase was exam-
ined by temperature-dependent SAXS experiments®
(FIC. 3b), in which the sample was repeatedly heated to
higher temperatures before X-ray data collection. Even
up to 300°C, no order-order or order-disorder transi-
tions were observed. Although these experiments do not
provide definitive proof that this P phase is the equilib-
rium morphology, they do provide strong evidence for
the enhanced stability of the P phase in PS-b-PMA with
broad and symmetric PS MWDs. This study is particu-
larly noteworthy given other examples in the literature
that show clearly that the P morphology is metastable
and, therefore, difficult to access, in both narrow and
broadly dispersed block copolymers”-"2.

The mean interfacial curvature of the P phase has a
large standard deviation’”*. These large differences in
curvature between local environments result in chain
packing frustration, which typically renders the P phase
(as well as other phases, such as the double diamond) sta-
ble only in a relatively narrow temperature range or close
to the order—disorder transition. It was hypothesized that
the broad and symmetric distributions compensate for
large disparities in mean curvature between local envi-
ronments™. Thus, equal portions of large and small poly-
mer chains in the broad distribution may alleviate chain
packing frustration more favourably than skewed distri-
bution functions, such as the SZD. Although additional
theoretical and experimental investigations are needed,
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this study demonstrates the importance of considering
the entire distribution of molar masses in a polymer
sample when determining phase behaviour®.

In more recent work towards controlling the MWD
shape in block copolymers, we prepared three sets
of polystyrene-block-poly(methyl methacrylate)
(PS-b-PMMA) copolymers: one with narrow MWDs of
both blocks as a control group; a set with a positively
skewed PS block but narrow PMMA block; and a set
with negatively skewed PS blocks but narrow PMMA
blocks™. The molar mass and breadth of the PS blocks
were held constant to study only the influence of MWD
skew, and the amount of PMMA in each block was
increased to explore a range of overall molecular weights.
The self-assembly behaviour was then examined by
grazing-incidence SAXS measurements. All polymers
examined in this study exhibited lamellar morpholo-
gies but showed large differences in domain spacing.
As expected, the narrow control group with two narrow
MWDs showed increases in d* with overall molar mass,
in accordance with the generally understood relation-
ship outlined by Matsushita and Papadakis**”® (FIC. 4a,
top panel (green)). However, when the dispersity was
broadened and the PS MWDs were skewed to give a
high molar mass tail, substantial increases in d* were
observed relative to the narrow MWD counterparts
(FIG. 4, top panel (orange)). More interestingly, when the
dispersity was broadened and the MWD skewed to give a
low molar mass tail, even greater increases in d* were
revealed (FIC. 4a, top panel (blue)). The data revealed that
both the D and the MWD skew are important parameters
to consider when determining the lamellar period of
block copolymer thin films.

It is hypothesized that the large increases in domain
spacing observed in this study are due to small PS chains
withdrawing from the interface and swelling the PMMA
phase (that is, the chain pull-out mechanism outlined by
Matsen and others)***". This hypothesis is supported by
the fact that increasing the fraction of PMMA in the
overall diblock copolymer increases the deviation in d*
between different MWD shapes. In this swelling mecha-
nism, larger PMMA blocks enable larger PS segments
to desorb from the interface; thus, a higher quantity of
PS pulled into the PMMA phase would result in larger
enhancements in domain spacing. In addition to this
observation, the positively skewed PS-b-PMMA sam-
ples (A,>1) result in a larger divergence of d*, presum-
ably because they have a larger percentage of very low
molar mass PS chains. We used population statistics and
least-squares analysis to construct a statistical model
for predicting d* based on overall molar mass, MWD
breadth and MWD skew”. This theoretical investiga-
tion not only provided a simple process for predicting
d* of block copolymers with high fidelity but also eluci-
dated fundamental relationships between MWD shape
and the lamellar period of block copolymer thin films.
We discovered that MWD skew influences the domain
spacing on the same order of magnitude as the breadth
of the MWD, demonstrating that the skew is just as
important as D in determining polymer properties, as
seen in FIC. 4a (lower panel). Plotting the cumulative
contributions from the statistical model reveals that
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Fig. 4 | Studies demonstrating the influence of MWD shape on the phase behaviour of block copolymers.

a| Relationship between domain spacing (d*) and the overall molar mass, polystyrene (PS) molecular-weight distribution
(MWD,) breadth and PS MWD skew of lamellar thin films of polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA; top).
Predicted domain spacing of two polymers with the same M, , volume fraction and D, showing large deviations based on
the skew of the PS block (bottom). b | Polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) samples with the same M,

and PS volume fraction display three distinct morphologies based on the shape of the PS MWD. A, asymmetry factor;

D, dispersity; I, intensity; M., number-average molar mass; g, the scattering vector. Panel a is adapted with permission from
REF.”%, ACS. Panel b is adapted with permission from REF.”’, ACS.

incorporation of M, and D into the statistical model
results in essentially no change in the predicted d*.
However, when the skew components of the PS MWD
are integrated into the model, substantial deviations arise
in lamellar periods, accounting for the experimentally
observed differences.

In addition to the influence of MWD shape on the d*
of block copolymer thin films, we also explored the
impact of MWD shape on the bulk phase diagram for
diblock copolymers, in which one block had a modi-
fied MWD shape”’. We prepared polystyrene-block-
poly(2-vinylpyridine) (PS-b-P2VP) samples in an analo-
gous fashion to those produced in the aforementioned
study of PS-b-PMMA thin films”™. Three sets of sam-
ples were prepared with constant M of the PS block
but with narrow MWD, broad with positively skewed
MWD and broad with negatively skewed MWD. Each
sample was chain-extended with different amounts of
P2VP to investigate a broad range of the phase diagram.
Interestingly, no statistically significant differences in d*

were observed for polymers exhibiting the same overall
morphology, supporting our hypothesis that the chain
pull-out mechanism of domain-spacing enhancement
is not at play.

Although no differences were in observed in d*,
SAXS measurements revealed substantial variation in
the overall morphology, depending on the shape of the
PS MWD. Specifically, in a sample with a low volume
fraction of the PS block, the phase boundary between the
lamellar (L) phase and the C phase was pushed signifi-
cantly towards higher volume fraction for both broader-
D polymer classes (skewed to high and low molecular
weights). Additionally, by manipulating the skew of
the PS block, the distance that the L/C phase boundary
moved could be fine-tuned. Positively skewed samples
pushed the L/C boundary towards lower PS volume
fraction, whereas negatively skewed PS blocks induced
the L/C boundary to move towards higher PS volume
fraction compared with samples with narrow MWDs.
This divergence in phase behaviour is exemplified by the
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observation of three distinct morphologies in a polymer
with the same M, and volume fraction” (FIC. 4b). In this
instance, the polymer with narrow PS MWD displayed
the perforated layer morphology (P phase), whereas the
positively and negatively skewed samples showed L and
C phases, respectively.

These findings provide strong support for the
idea that the preferred interfacial curvature of a self-
assembled block copolymer is not merely reliant on
the span of molar masses in a sample but on the pre-
cise mixture of chain lengths — an observation that is
in agreement with the hypothesis of Matyjaszewski and
colleagues™. The materials skewed to low molar mass
agree well with previous reports, in which it was posited
that broad distributions fill empty space more efficiently
by possessing decreased entropic stretching penalties,
thereby inducing curvature towards the disperse block.
By contrast, samples skewed to higher molar mass do not
follow this trend and curvature away from the disperse
block was observed. This influence can be explained
qualitatively through the different relative quantities of
long and short PS chains. The samples skewed to high
molar mass have a large portion of high molar mass PS
blocks, which can more effectively extend to fill empty
space as the curvature towards the disperse block is
increased. By contrast, materials with PS blocks skewed
to low molecular weight have a substantial fraction of
extremely low-molecular-weight material. These small
chains prefer not to stretch to fill empty space, instead
remaining relaxed at the interface, which reduces the
propensity for the disperse block to be on the inside of
interfacial curvature. The results in this section demon-
strate the promising utility of MWD shape as a means to
tailor block copolymer phase behaviour, providing the
opportunity to manipulate polymer properties in a one-
reactor setup. As observed, MWD shape has a profound
influence on d* and the phase diagrams for block poly-
mers, opening the door to using MWD shape to tailor
all aspects of block copolymers without altering their
chemical composition. Theoretically, this enables tuning
of a material’s photonic properties, as well characteristics
such as toughness, strength and elasticity.

Rheological and mechanical properties

The effects of M, M, and D on physical properties such
as tensile strength, toughness and viscosity have been
studied since the 1960s. Although early studies sug-
gested that the influence of MWD shape should influ-
ence such rheological and mechanical properties, little
work has been done to systematically understand how
they are affected by skew. Many of the first theories used
to predict rheological behaviour assumed a monodis-
perse system’*-*’. However, early experimental evidence
indicated that these theories break down with variations
in MWD shapes. For example, Middleman’ early work
on rheological properties led to one of the first observa-
tions that “undoubtedly, no single average of molecular
weight will be sufficient to allow a unique reduced vari-
able correlation to describe precisely the viscosity curves
of a wide class of materials, in view of the fact that the
curves are sensitive to the shape of the MWD, for which
[P] is not a unique measure™’.
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The characterization of polymers through rheological
and mechanical measurements is routinely preformed in
the polymer industry to understand the processability
of the materials in the melt state. Viscosity is the most
important parameter for describing the flow of a poly-
mer. Because polymers are non-Newtonian fluids, they
often exhibit shear thinning behaviour, which means
that, at higher frequencies, longer polymer chains begin
to orient themselves along the direction of the applied
stress (flow). D and skew of the distribution would rea-
sonably be expected to have a significant effect on flow
behaviour because of the dependence of viscosity on
chain entanglements. Based on this hypothesis, there
have been many attempts to correlate MWD to the melt
flow index (MFI), which is typically reported as the mass
of polymer that flows out of a capillary in 10 min with a
given applied force (inversely proportional to viscosity).
Using the power law relating zero shear viscosity () to
M, asa basis for mathematical models (4 oc M), many
theories have been developed to predict the MWD and
MWD shape based on the MFI. For example, some
work has shown a correlation of 1/MFI with (M, )*
(x=3.4-3.7) for linear polymers, whereas branched poly-
mers tended to best correlate with —In(MFI) and M, (the
viscosity-average molecular weight)®. Although this
work accurately predicted trends observed with linear
homopolymers, it lacked the ability to precisely model
branched polymers or polymer blends. More recently,
Pérez-Chantaco and colleagues were able to fit a single
equation to predict MWD breadths of both linear and
branched polyethylenes with D ranging from 2 to 20;
however, this model is designed particularly for poly-
ethylenes and would require a different set of modelling
equations to account for branching and dispersity of
other polymers®.

The storage modulus (G’) and loss modulus (G”)
of a polymer blend are also of importance for under-
standing its mechanical properties. The crossover point
(when G’ =G") occurs at a frequency that corresponds
to the shift from viscous to elastic behaviour, and has
been used as a surrogate for describing the MWD of a
polymer®. Polymers with a greater weight fraction of
high-molecular-weight chains (that is, a large M,) typi-
cally have a crossover point at lower frequencies than
polymers with lower-molecular-weight chains. Similarly,
samples of narrow D have been shown to hold a cross-
over point at higher moduli values than samples with
broader BY¥. MWD effects on the rheology of high-
density polyethylene samples made from Ziegler-Natta
and metallocene-derived catalysts have also been stud-
ied and support this inverse correlation between the
crossover modulus (G_) and D*. More importantly, it
was shown that higher moments of the MWD, such as
the z-average molecular weight, as defined by Eq. 1, give
better correlation with the crossover modulus®. Plotting
M,/M,, as a function of G_ exhibited a much greater lin-
ear fit than D as a function of G, thus emphasizing that
D alone is not a true measure of polymer properties®.
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Fig. 5| Early theoretical and experimental work showing the influence of D and MWD shape on the rheological
properties of polymers. a| Intrinsic viscosity as a function of shear rate data for two different solutions of polyisobutylene,
where sample B is a more dilute solution than sample A. Experimental data observed by Porter is compared with Middleman’s
polydisperse theory and Bueche’s original theory. By taking dispersity into account, Middleman’s model fits more closely

to the experimental data; however, it is still difficult to distinguish between the different isobutylene solutions. b | Melt flow
index for polypropylene after N extrusion cycles at different temperatures. Because of the increased amount of chain
scission at elevated temperatures, the melt flow index increases, corresponding to a decrease in viscosity. ¢ | Comparison

of the dynamic modulus master curve for polystyrene blends (sample 1 and sample 2), showing a large difference in
complex modulus between the two samples at low frequencies due to the differences in z-average molar mass (M,). M,
number-average molar mass; M, weight-average molar mass; MWD, molecular-weight distribution. Panel a is adapted
with permission from REF.%’, Wiley-VCH. Panel b is adapted with permission from REF.”, Elsevier. Panel c is adapted with
permission from REF.%, copyright (1992), The Society of Rheology.

Others have also noted that changes in D influence
rheological properties, showing that non-Newtonian
behaviour often occurs at higher shear rates for poly-
mers that are monodisperse than for polymers with
broader dispersities®***". For example, the relationship
between D and viscoelastic behaviour of PS samples was
investigated®. It was observed that disperse blends of PS
fit the power law relationship between stress and shear
rate better than monodisperse blends. By measuring the
flow curves of each sample, it was apparent that melt
viscosity of broad-D PS strongly correlates with M, at
low shear rates but correlates more strongly with M_ at
higher shear rates. Furthermore, at low shear rates, PS
melts with broader D, exhibit less temperature-sensitive
melt viscosities than samples with narrow D*. To help
expand theoretical models in accounting for variations
in dispersity, Middleman adapted Bueche’s theory®. By
taking dispersity into consideration, Middleman devised
a polydisperse model that led to a better fit with exper-
imental viscosity data presented by Porter”. Although
neither Bueche’s nor Middleman’s theoretical models
exactly match the observed data, the trends are closer
when taking D into account (FIC. 5a).

Mathematical theories were also developed to
account for the effects of D and MWD on the rheological
properties of polymer melts’'~* For example, a superpo-
sition model was used to define the relationship between
MWD and shear viscosity, exemplifying that high-
molecular-weight fractions dominate viscoelastic behav-
iour at lower shear rates, whereas low-molecular-weight
fractions dominate at higher shear rates”. This model
makes it possible to accurately predict the rheological
behaviour of blends of homogenous polymers with

different MWDs, which is what many earlier models
sought to accomplish.

The MWD has been used to enhance polymer prop-
erties in developing commercial products through the
technique of polymer blending. For example, although
not in continuous monomodal distributions, blend-
ing can be used to alter the MWD by influencing the
shape and skew. Incorporation of a small amount of
high-molecular-weight or low-molecular-weight chains
into a polymer sample can cause considerable varia-
tions in processing and properties. Taking a narrow
PS sample (M, =247,000 gmol ™, D=1.08) and blend-
ing in increasing amounts of low-molecular-weight PS
(M, =78,500gmol ', D=1.08), Rudd showed a linear
inverse correlation between zero shear viscosity and
percent incorporation of low-molecular-weight PS*.
Similarly, understanding polypropylene chain scission
during polymer extrusion has shown that increasing the
low-molecular-weight tail of the MWD can drastically
affect the rheological properties”. At higher extrusion
temperatures, chain scission of polypropylene occurs,
thus increasing the weight fraction of low molecular
polypropylene chains. With a skew towards low molec-
ular weight, fewer entanglements in the polypropylene
blend result in a decrease of viscosity, as shown by an
increase of the melt flow index”” (FIG. 5h).

The effects of blending on the rheological behav-
iour of narrow-D commercial PS samples were also
explored. The dynamic modulus master curves of two
blends were measured for narrow-H PS samples, in
which each blend had roughly the same M_and M, buta
vastly different M, which is especially sensitive to high-
molecular-weight tailing of the MWD. A substantial,
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Fig. 6 | Recent work showing the influence of MWD shape on the mechanical and rheological properties of
homopolymers and block copolymers. a | Poly(styrene-block-isoprene) (PS-b-Pl) block copolymers with the same overall
number-average molar mass (M,) and Young’s modulus (E) for each sample. The plot is of PS dispersity (D) as a function of E.
Blue circles indicate samples with PS blocks that have asymmetry factor (A)) < 1 and red circles indicate samples with PS
A.>1.b| Gel permeation chromatography traces of two PS samples with the same M, and D but opposite skew. The plot
shows complex viscosity profiles at various temperatures of the two PS samples. MWD, molecular-weight distribution.
Panelais adapted with permission from REF.**, ACS. Panel b is adapted with permission from REF.'®, Wiley-VCH.

threefold difference in complex modulus between the
two blends at low frequencies was observed (FIC. 5¢). This
indicated that the effects of a high-molecular-weight tail
significantly influence the rheological behaviour of the
sample®. Similarly, industrial production of plastics
takes advantage of polymer blending to create materials
that allow for easy processing, while also rendering the
material commercially viable. For example, in industrial
processing of polyethylene, blending is used because
high-molecular-weight tailing helps improve material
toughness, whereas low-molecular-weight chains lower
viscosity and improve processing. Simply adding a few
weight percent of ultrahigh-molecular-weight poly-
ethylene allows for variations in the MWD shape that
can increase the stiffness™.

More recently, we explored the influence of MWD
shape on the rheological and tensile properties of
poly(styrene-block-isoprene) (PS-b-PI), in which the
shape and D of the PS block were varied using the afore-
mentioned method of discrete initiation*. A library of
PS-b-PI samples was made, in which the PS block was

skewed to either high or low molecular weight with vary-
ing D. We observed that all samples with a PS block
skewed to high molecular weight (A< 1) had consist-
ently higher Young’s modulus (E) values than the cor-
responding block copolymers with a PS block skewed
to low molecular weight (A, >1). Furthermore, as D
increased and the difference between the A values of
the corresponding block copolymers widened, the dif-
ference in E exceeded that of samples with PS skewed
to higher molecular weights by a factor of 3.5 (FIC. 6a).
This difference in E was a clear indication that MWD
shape alone (without alteration of  or M,) has a sig-
nificant influence over the polymer properties, giv-
ing promise for a systematic approach to fine-tuning
polymer properties.

We further investigated the effect of MWD shape
on rheological properties of PS samples with the same
M_ and D' (FIC. 6D, top panel). We observed that the
MWD with a low-molecular-weight tail held a higher
glass transition temperature (Tg), an increased stiff-
ness, increased thermal stability and a higher apparent
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viscosity than the corresponding sample with a high-
molecular-weight tail, which was attributed to variation
of the chain-length composition. A greater number of
lower-molecular-weight chains requires less thermal
energy to disentangle and flow, thus decreasing the T,
Furthermore, the rates of shear thinning were almost
identical between the two samples (FIG. 6b, bottom
panel), with the PS samples with MWD tailing towards
low molar mass exhibiting up to threefold higher appar-
ent viscosity than that of the PS with skewing towards
high molar mass at 25°C. Even above the T,, at 150°C,
there was a substantial difference between the apparent
viscosity of the two samples, with the sample tailing
to high molecular weight still maintaining a twofold to
threefold greater increase in the apparent viscosity
than the sample tailing to low molecular weight. The
observed rheological differences between the two
samples can be explained through reptation theory, in
which the PS sample which has a higher weight fraction
of high-molar-mass chains, retains a greater number of
entanglements, thus reducing the mobility of chains and
increasing the viscosity.

Finally, we showed'® that the degradation temper-
ature could be increased by 10°C, simply by selecting
a sample with a certain MWD shape over that with the
opposite shape. This degradation is presumably because
a larger fraction of high-molecular-weight chains
improves the thermal stability. By being able to tune the
viscosity, T, and thermal stability of polymers, optimal
processing and property relationships can be achieved.
For example, in hot-melt extrusion, very high shear rates
and temperatures are used, and the optimal complex vis-
cosity range is 1,000-10,000 Pas™. Because the complex
viscosity can be adjusted by changing the shape of the
MWD, lower temperatures can be used to reach the same
desired viscosity needed for polymer processing.

Outlook

To achieve the goal of manipulating a polymer’s proper-
ties without adjusting its chemical composition, a num-
ber of methods have been developed to precisely tune
the breadth and shape of polymer MWDs for different
polymerization processes and monomer types. Reagent
feeds and controlled initiation and termination pro-
cesses enable the molar quantities of each chain size in a
polymer sample to be precisely controlled**-*. Although
precise control of the total MWD has been well devel-
oped for a limited set of polymerizations (specifically,
NMP and anionic)*>**’>”, this remains to be achieved
for all types of polymerization. In theory, discrete initi-
ation can be implemented in any living polymerization
system, including ring-opening metathesis and coor-
dination-insertion polymerizations, allowing for the
production of polyolefins with monomodal, skewed
MWDs. Alternatively, ultracentrifugation and photo-
controlled polymerization strategies can be applied for
dictating the composition of polymer chain lengths in a
given material®~'. The use of such synthetic strategies
has validated earlier theoretical predictions and eluci-
dated the profound influence of MWD shape over an
array of polymer properties. For example, initial predic-
tions suggested that block copolymer domain spacing

should be impacted by the symmetry of the MWD".
Subsequent experimental studies confirmed that domain
spacing, as well as the overall morphological phase dia-
gram, can be predictably manipulated by altering the
precise shape and symmetry of the MWD of the final
material”. The MWD shape also has a significant influ-
ence over the rheological and mechanical properties of
homopolymers and block copolymers***”>””. Although
an impact of MWD shape on these properties has been
proposed for decades, only recently have scientists
been able to empirically study these structure-property
relationships.

The use of MWD shape to tailor polymer properties
is still in its infancy, but many encouraging opportu-
nities in photonic materials, thermoplastic elastomers,
microelectronics, drug delivery and plastics await. This
platform for fine-tuning the mechanical properties
and processing parameters of commercial polymers
without the need to alter the chemical identity of the
desired material is promising from an economic per-
spective'”’. Moreover, the profound influence of MWD
on the domain spacing of block copolymers is advan-
tageous for the fabrication of photonic polymers with
precisely defined absorption and reflectance windows
for applications in energy-efficient windows, optical-
fibre claddings and coatings for extended material life-
times”*'*>-1%, Additionally, an ability to dictate the phase
boundaries of the morphological phase diagram of self-
assembled block copolymers using MWDs is promising
from the perspective of thermoplastic elastomer appli-
cations and materials with functions that depend greatly
on the physical properties of the constituent monomers
and the overall microstructure**'*’-'"*. Command of
the phase behaviour of block copolymers in this fash-
ion may also enable bicontinuous structures for use in
microfiltration'*'". Furthermore, modifying the MWD
shape may offer utility to the field of drug delivery, as the
composition of a polymer may provide control over
the release of bioactive compounds''*'"’. Currently, syn-
thesis of these materials has been limited to a labora-
tory scale. However, large-scale reactions for industrial
application are not far from reach. Notably, BASF has
already implemented a method for broadening PS sam-
ples through the use of controlled addition of monomer,
initiator and rate-retarding agents'*".

More fundamental studies are needed to fully eluci-
date the relationship between MWD and polymer struc-
ture and function. The ability to extract examples from
the literature to investigate the effects of MWD would
be greatly beneficial to the realization of this approach
and a cohesive theory of MWD shape. Thus, it would
be highly advantageous for scientists and engineers to
report asymmetry factors, skewness, kurtosis and/or
even the higher moments of the distribution function
in addition to their molar masses and dispersities. In
addition, comparison of MWDs from different size-
exclusion chromatography (SEC) instruments poses
an additional problem because SEC typically provides
relative molecular-weight information. In this regard,
MWDs determined through multi-angle laser-light-
scattering measurements may be more advantageous,
as they afford absolute measurements on polymer
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molecular weights and MWDs that can be accurately
compared across multiple instruments'?'. Moreover, a
particularly challenging aspect of this research is the
efficient characterization and separation of polymers
with distributions of chain lengths or composition
in one or multiple blocks by SEC'**'*, In this vein,
additional effort is necessary to expand our analytical
toolbox to more effectively characterize complex mix-
tures of macromolecules. Such efforts are necessary for
accurate characterization of polymers in which the modi-
fied MWD is not in the first block or in which the
homopolymer or block copolymer has multiple MWDs
with systematically deviating shapes. Finally, although
models exist to describe certain properties, such as
domain spacing, we are still unable to predict how the

REVIEWS

MWD shape of a continuous distribution affects block
copolymer macrophase separation — the development
of such computational models remains a great challenge
in polymer science. In general, accurate and precise
models remain difficult because each polymerization
mechanism follows different reaction kinetics, behaves
differently in a variety of solvents and does not always
account for impurities in a standard laboratory setup.
Opverall, we anticipate that varying polymer MWDs will
enable chemists, materials scientists and engineers to
prepare polymers with new and previously inaccessible
combinations of properties, without the need to alter the
chemical composition of the target material.
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