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Precise Control of Both Dispersity and Molecular Weight Distribution
Shape by Polymer Blending
Richard Whitfield+, Nghia P. Truong+, and Athina Anastasaki*

Abstract: The breadth and the shape of molecular weight
distributions can significantly influence fundamental polymer
properties that are critical for various applications. However,
current approaches require the extensive synthesis of multiple
polymers, are limited in dispersity precision and are typically
incapable of simultaneously controlling both the dispersity and
the shape of molecular weight distributions. Here we report
a simplified approach, whereby on mixing two polymers (one
of high Y and one of low Y), any intermediate dispersity value
can be obtained (e.g. from 1.08 to 1.84). Unrivalled precision is
achieved, with dispersity values obtained to even the nearest
0.01 (e.g. 1.37!1.38!1.39!1.40!1.41!1.42!1.43!
1.44!1.45), while maintaining fairly monomodal molecular
weight distributions. This approach was also employed to
control the shape of molecular weight distributions and to
obtain diblock copolymers with high dispersity accuracy. The
straightforward nature of our methodology alongside its
compatibility with a wide range of polymerisation protocols
(e.g. ATRP, RAFT), significantly expands the toolbox of
tailored polymeric materials and makes them accessible to all
researchers.

Introduction

The term dispersity (Y) is a measure of the spread of
different molecular weight species within a polymeric materi-
al and is quantified by the ratio of the weight average (Mw)
and number average molecular weights (Mn).[1, 2] Both molec-
ular weight distribution (MWD) shape and dispersity can
significantly impact polymer properties including their overall
performance, processability, self-assembly and rheological
behaviour.[3–9] Although low dispersity polymers (Y< 1.20)
were initially the preferred target for polymer chemists,[10–12] it
has recently been demonstrated that moderate (Y = 1.20–
1.50) and high dispersity (Y> 1.50) materials are equally

desirable and exhibit complementary properties and charac-
teristics.[7,13–16] This has resulted in the development of various
chemistry and engineering methods to target different
dispersity values and to tailor MWD shapes.[3, 8, 17–22]

Polymer blending is the most famous and widely used
approach owing to its great simplicity. Polymers consisting of
different molecular weights are mixed in predetermined
ratios to obtain the desired MWD.[23–26] These polymers
usually possess comparable dispersity values; they are either
all of high dispersity when synthesised through free radical
polymerisation or all of relatively low dispersity when
controlled polymerisation strategies are employed.[27–30] The
main drawback of this strategy is that a large number of
polymers (typically > 10) have to be synthesised and rigor-
ously purified prior to blending, thus making the process
tedious and time-consuming.[26, 31] Another limitation is that
common blending strategies either result in a narrow disper-
sity window (e.g. when discrete oligomers are mixed) or yield
bimodal and multimodal MWDs.[18, 29, 32,33]

To target more continuous distributions with much wider
dispersity ranges, a number of alternative strategies have
recently emerged. For instance, Fors and co-workers reported
an elegant strategy, which allows for the deterministic control
of MWDs by regulating the rate of initiator addition in
controlled polymerisation methods such as nitroxide medi-
ated polymerisation and anionic polymerisation.[5, 6, 17,34–36]

Although this method enables full control over the shape of
MWDs, it is less powerful to yield fully monomodal,
continuous and symmetric SEC traces as it is often accom-
panied by low molecular weight tailing due to the delayed
initiation of some polymer chains. In a different approach the
groups of Boyer, Junkers, Frey, Leibfarth and Guironnet have
developed flow methods to alter MWDs for a range of
polymerisation methodologies.[18–20, 22, 24, 37–40] Such methods
require the use of syringe pumps and may also employ
mathematical models and software. Importantly, for all the
aforementioned strategies an individual polymerisation must
be performed for each MWD shape or dispersity required.
For example, if 20 different dispersity values are needed, 20
individual polymers have to be synthesised and purified.

In addition, strategies that directly manipulate the
chemistry of polymerisation equilibriums to control chain
growth have been exploited. By either changing the catalyst
concentration in atom transfer radical polymerisation
(ATRP), mixing chain transfer agents of different activity in
reversible addition fragmentation chain transfer (RAFT)
polymerisation or through the reversible photo-isomerisation
of initiators in cationic polymerisation, a range of dispersities
values can be produced while preserving high-end group
fidelity.[41–48] Although these methods can tune the dispersity,
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they do not allow for any control over the shape of MWDs.
There are others caveats to these processes too. Like with all
the flow and initiation regulation methods, chemistry ap-
proaches also demand the synthesis of a new polymer for each
targeted dispersity, which may lead to extensive synthesis
cycles. This issue is further amplified when a consistent
molecular weight is needed for all targeted dispersity values
as many chemistry methods suffer from a loss of initiator
efficiency.[43, 44] An additional disadvantage is that the accu-
racy in synthesising a polymer of a chosen dispersity is
commonly limited to the nearest 0.1–0.2, which may also
affect the reproducibility of the developed approaches. Other
methods involve the addition of termination agents or co-
monomers to control polymer dispersity, thus leading to
partially terminated chains and adulterated polymer chains,
respectively.[49–51]

To overcome the aforementioned limitations, we sought to
develop a new method where both the shape of MWDs and
dispersity could be efficiently and precisely controlled by
simply mixing only 2 polymers (Figure 1). To achieve this, low
(Y& 1.08) and high dispersity (Y& 1.84) polymers of com-
parable Mp were first synthesised. By subsequently blending
these two polymers in different ratios, a wide range of
monomodal molecular weight distributions could be ob-
tained. Importantly, our method can, for the first time,
accurately and precisely prepare polymers with dispersity
values within 0.01 of those targeted. The resulting polymers
also possess very high end-group fidelity, as exemplified by
chain extensions forming dispersity controlled diblock co-
polymers. Furthermore, our approach can simultaneously
control both the shape of the molecular weight distribution
and the dispersity, allowing predictable access to a wide range
of systematically skewed materials.

Results and Discussion

Our first target was to synthesise two polymers with the
same peak molecular weight and significantly different
dispersity values. We selected photoATRP as an exemplary
method owing to its simplicity and potential to access
dispersity extremes, (e.g. both low and high values) while

also maintaining very high end-group fidelity (Scheme S1).[43]

With a high catalyst concentration (2% w.r.t initiator) low
dispersity poly(methyl acrylate) (PMA) was obtained with
a dispersity of 1.08, (P1, Mn = 24900, Mp = 25800, Figures S1a
& S2a) while with a low catalyst concentration (0.05% w.r.t
initiator) high dispersity PMA was prepared with a dispersity
of 1.84 (P2, Mn = 15200, Mp = 25,400, Figures S1b & S2b).
These two polymers were subsequently purified, by extraction
to remove catalyst and solvent, and then dialysis to remove
any unreacted monomer (and initiator in the high dispersity
case), before being dried to constant mass under vacuum.

We next simulated the process of mixing these two
polymers. In size exclusion chromatography (SEC), log
molecular weight is typically plotted against intensity (dw/
dlogM), with the area under the curve directly proportional to
the weight concentration of the polymer (Figure S3).[52] Thus,
low dispersity polymers have fewer different molecular
weight species but each has a much higher intensity compared
to those of a high dispersity sample. We simulated mixing the
low and high dispersity polymers, by running SEC of these
samples, normalising their areas and then adding them
together in different ratios. We then calculated the dispersity
of these mixtures to investigate how dispersity evolved with
composition (Table S1, Figures 2 a & S4). Importantly, the
overall dispersity of the blended mixture increased linearly
with the percentage increase of the high dispersity polymer.
For example, a 1:1 mixture by weight, yielded an intermediate
dispersity value of 1.46 (the middle value between 1.08 and
1.84, Table S1 Entry 6). This allowed us to generate the
following equation, Ymix = YP1 + Wt%P2(YP2@YP1), which can
be used to predict the dispersity value of any subsequent
mixture, where the overall dispersity of the blended mixture
(Ymix) is equal to the dispersity value of the first polymer
(YP1) plus the weight percentage of the second polymer
(Wt%P2) multiplied by the difference in dispersity of the two
polymers (YP2@YP1). For example, a 1:4 ratio of low to high
dispersity polymer, gives a predicted Ymix of 1.69 (Ymix = 1.08
+ 0.8(1.84@1.08). Thus, for every additional 10 % of the high
dispersity polymer, the dispersity incrementally increased by
0.07 or 0.08 (Figure 2a).

Having successfully simulated the blending process, we
wanted to see if in reality mixing these polymers could

provide such precision. As SEC samples
are typically measured at & 1 mg mL@1

concentrations, we prepared a stock so-
lution of each polymer thus avoiding any
error from weighing small amounts of
polymers. On mixing the two polymers
in a 1:1 ratio, pleasingly the predicted
dispersity of 1.46 was obtained to within
an error of 0.01 (Y50:50 = 1.45), illustrat-
ing how accurately dispersity values can
be targeted with our method (Table S2
Entry 6, Figures 2b & S5). Similarly,
when the polymers were mixed in a ratio
of 1:4, the predicted dispersity of 1.69
was obtained to within an error of 0.01
(Y20:80 = 1.68) further exemplifying the
precision of this system (Table S2 En-Figure 1. Previous approaches and our current approach in tuning the dispersity.
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try 3, Figures 2c,d). We next ran a sequence of SEC measure-
ments, in which the amount of low and high dispersity
polymer were carefully varied (100:0, 90:10, 80:20, 70:30,
60:40, etc.). Again, excellent accuracy was achieved for every
measurement, with consistent changes in dispersity as the
ratio of the two polymers was changed (i.e. Y100:0 = 1.08,
Y90:10 = 1.15, Y80:20 = 1.22, Y70:30 = 1.30, Y60:40 = 1.37, Y50:50 =

1.45, Y40:60 = 1.53, Y30:70 = 1.60, Y20:80 = 1.68, Y10:90 = 1.76,
Y0:100 = 1.84, Table S2, Figures 2 c,d & S5). Together this data
illustrates that by blending just two polymers, numerous
different dispersity values can be precisely obtained. The
simplicity of this approach contrasts previous methods, where
to obtain these distributions either 11 different polymers
would have to be prepared and purified, or numerous low
dispersity materials would need to be synthesised, purified
and then blended.[43] Furthermore, the correlation between
the predicted dispersity and that of the obtained polymer is
unparalleled by any other method. Another important
advantage of our approach is the high reproducibility, with
dispersity values consistently obtained to within 0.01 (Ta-

ble S3). Therefore, as long as the first two polymers are
successfully synthesised, any intermediate value can be
obtained with high accuracy. This is in contrast to chemistry
methods where targeting a precise value (e.g. 1.45) may
require several synthetic iterations.[43]

Next, we were interested in investigating whether even
greater precision could be achieved with this system. No
reported method can simply target individual dispersity
values and obtain them to the nearest 0.01, so we therefore
selected two consecutive ratios from the previous experiment
(Y60:40 = 1.37 and Y50:50 = 1.45) and targeted each dispersity
value in between. First a mixture of 45 % low dispersity
polymer and 55% high dispersity polymer was prepared and,
pleasingly, an intermediate dispersity of 1.41 was obtained
(Table 1 Entry 5, Figures 3 & S6). Next six further ratios were
prepared with incremental changes in composition (3 com-
positions with between 40 & 45 % of P2 and 3 compositions
with between 45 & 50% of P2). Pleasingly, every individual
polymer dispersity could be obtained with Y58.7:41.3 = 1.38,
Y57.5:42.5 = 1.39, Y56.2:43.8 = 1.40, Y55:45 = 1.41, Y53.8:46.2 = 1.42,

Figure 2. Simulation and real SEC data for mixing one low dispersity and one high dispersity PMA. a) and b) illustrate the simulated SEC traces
and predicted dispersity values for different polymer compositions and c) and d) illustrate the obtained SEC data and dispersity values for
mixtures of these two polymers.
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Y52.5:47.5 = 1.43 and Y51.2:48.8 = 1.44 (Table, Figures 3 & S6). It is
very impressive that such level of accuracy could be obtained,
which highlights the robustness of our method. It is also
important to note that the analytical techniques utilised (e.g.
balance and SEC) are sufficiently accurate to reveal this level
of precision. Taken altogether, this approach is not only
incredibly simple to perform, but has precision unmatched by
any other chemistry, engineering or blending method.

One of the great benefits of controlled radical polymer-
isation is that the polymers produced can possess high end-
group fidelity which allows for the generation of block
copolymers. In turn, block copolymers are used in a wide
range of applications[53, 54] We therefore investigated whether
we could incorporate our high level of precision into diblock
copolymers by chain extending macroinitiator (MI) mixtures.
Our low dispersity (Mn = 24,900, Mp = 25800, Y = 1.08) and
high dispersity polymers (Mn = 15200, Mp = 25,400, Y = 1.84)
were mixed in ratios of 3:1 and 1:3 so to obtain macro-
initiators with selected dispersity values of 1.25 and 1.64
(Table S4 & Figure 4). With these mixtures, chain extensions
were performed with photoATRP, using a high concentration
of catalyst, so to generate low dispersity diblocks and allow
for clear shifts in the MWDs. Successful chain extension were

evidenced by high polymerisation conversions, large shifts in
the molecular weight distributions and decreases in dispersity,
with final dispersities of 1.12 (YMI = 1.25, Table S4 & Fig-
ure 4a) and 1.14 (YMI = 1.64, Table S4 & Figure 4b). Together
this demonstrates that the dispersity of the first block can
simply be selected and prepared, before subsequent chain
extension is performed. This avoids the time-consuming
optimisation of previous approaches, whereby many polymers
would need to be blended or each individual dispersity value
diblock copolymer would need to be optimised and prepared.

In addition to controlling the MWD breadth and asso-
ciated dispersity value, we also investigated whether our
approach could precisely tune the shape of the MWD.
Methods to control the shape though, are much more limited
and often are not able to simultaneously control both the
shape and the dispersity.[3, 4] First we prepared a low dispersity
polymer with the same number average molecular weight
(Mn = 15,000, Y = 1.09) as our initially employed high dis-
persity polymer and then we mixed these two polymers in
different ratios. Pleasingly, our simulation illustrated that the
shape of the distribution could be systematically changed,
while simultaneous controlling the dispersity value (Table S5,
Figures S8–10). In fact, a linear relationship between the
composition of the mixture and its overall dispersity was again
observed, with the trend-line Y = YP1 + W%P2(YP2@YP1).

We therefore mixed the polymers in a range of ratios
(100:0, 90:10, 80:20, 70:30 etc.), generating a gradual skew to
high molecular weight and an incremental increase in
dispersity (i.e. Y100:0 = 1.09, Y90:10 = 1.14, Y80:20 = 1.24,
Y70:30 = 1.30, Y60:40 = 1.38, Y50:50 = 1.44, Y40:60 = 1.54, Y30:70 =

1.61, Y20:80 = 1.68, Y10:90 = 1.76, Y0:100 = 1.84, Table S6, Figur-
es 5a & S11–13). Next, we wanted to skew the distribution in
the opposite direction, so to gradually increase the amount of
low molecular weight species. We therefore simulated mixing
the high dispersity polymer with different molecular weight
low dispersity polymers (Mn = 20,000–60,000, Y = 1.08), so to
obtain the mirrored molecular weight distribution shape.
Based on the difference in log Mp values for the high and low
dispersity Mn alignment, we ascertained that the molecular
weight required was around 35,000 (Table S7, Figure S14).
This was again synthesised by photoATRP with a final Mn of
35500 and a dispersity of 1.08 (Figure S15). Pleasingly, mixing
this polymer with our high dispersity polymer, the molecular
weight distribution was systematically skewed to lower
molecular weight, with observed trace intensities directly
corresponding to those previously skewed in the opposite
direction (Table S8, Figures S16–18). We should note that,

Table 1: SEC data for the precision mixing of high and low dispersity
PMA illustrating incremental increases in dispersity as the amount of
high dispersity polymer was increased.[a]

[a] Molecular weight and dispersity values were determined by SEC.
[b] P1:P2 is the ratio of low dispersity to high dispersity polymer. Colours
match the SEC traces in Figure 3.

Figure 3. Overlapping SEC traces illustrating 9 consecutive dispersity
value polymers (X = 1.37!1.45) formed by mixing high and low
dispersity PMA. Inset are two expanded in segments of the spectrum.

Figure 4. SEC analysis for the chain extension of macroinitiators
formed by mixing one low and one high dispersity PMA, in a ratio of
a) 3:1 and b) 1:3.
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unlike the previous examples, there isnQt a linear evolution in
dispersity with the mixing ratio (i.e. Y100:0 = 1.07, Y90:10 = 1.18,
Y80:20 = 1.29, Y70:30 = 1.39, Y60:40 = 1.48, Y50:50 = 1.57, Y40:60 =

1.66, Y30:70 = 1.71, Y20:80 = 1.77, Y10:90 = 1.82, Y0:100 = 1.84,
Table S9, Figures 5b & S19). This is due to a greater differ-
ence in molecular weights of the two polymers resulting in
slightly higher dispersity values. All in all, this data shows that
our simple method is compatible with shape control and by
changing the molecular weight of the low dispersity polymers,
desired distributions can be designed and tailored.

Finally, we wanted to apply our methodology to another
polymerisation type and monomer class, so we selected
RAFT as an alternative polymerisation technique. We first
used thermal RAFT and then photo-induced electron/energy
transfer (PET) RAFT to prepare both high and low dispersity
poly(methyl methacrylate) (PMMA).[46, 47,55] 4-Cyano-4-(phe-
nylcarbonothioylthio)pentanoic acid (CTA1) and 2-cyanobu-
tan-2-yl 4-chloro-3,5-dimethyl-1H-pyrazole-1-carbodithioate
(CTA2) were selected as the high and low activity CTAs,
respectively (Figure S20). With thermal RAFT, PMMA was
obtained with dispersities of 1.13 (Mn = 27200, Mp = 31100,
Figure S21a) and 1.69 (Mn = 20400, Mp = 31200, Figure S21b),
respectively. These polymers were purified by dialysis in
acetone, before being dried to constant mass under vacuum.
Next the polymers were mixed in 11 different ratios (100:0,
90:10, 80:20, 70:30 etc.). Again, the dispersity increased
linearly with the addition of high dispersity polymer illustrat-
ing predictable and precise values (i.e. Y100:0 = 1.13, Y90:10 =

1.19, Y80:20 = 1.25, Y70:30 = 1.30, Y60:40 = 1.36, Y50:50 = 1.42,
Y40:60 = 1.47, Y30:70 = 1.53, Y20:80 = 1.58, Y10:90 = 1.64, Y0:100 =

1.69, Tables S10–11, Figures S22–25). With PET RAFT,
PMMA was obtained with final dispersities of 1.22 (Mn =

21200, Mp = 27300, Figure S26a) and 1.59 (Mn = 18100, Mp =

26500, Figure S26b). These polymers were purified by passing
through a short column of alumina prior to dialysis and
drying. Similarly, on mixing, the dispersity increased linearly
with the addition of high dispersity polymer (i.e. Y100:0 = 1.22,
Y90:10 = 1.25, Y80:20 = 1.29, Y70:30 = 1.32, Y60:40 = 1.36, Y50:50 =

1.39, Y40:60 = 1.43, Y30:70 = 1.47, Y20:80 = 1.50, Y10:90 = 1.55,
Y0:100 = 1.59, Tables S12–13, Figures S27–30). This verifies
that our system is compatible with a wide range of reported
methods whereby both high and low dispersity polymers can
be obtained, allowing for facile access to all intermediate
values.

Conclusion

To summarise, we report a straight-forward and predict-
able blending method which allows for a wide range of
dispersities to be obtained. By simply mixing two polymers in
precise ratios, all intermediate dispersity values can be
accessed with accuracy illustrated to the nearest 0.01. Not
only does this approach afford unparalleled precision in
dispersity control, it can be applied to the synthesis of both
homo and block copolymers and is compatible with a wide
range of polymerisation protocols. In addition, the shape of
the molecular weight distributions can also be efficiently
controlled. The simplicity of this method will allow not only
chemists but also scientists from different fields to precisely
tune molecular weight distributions on demand.
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