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ABSTRACT: The shape, breadth, and average molecular weight of the overall molecular weight distribution (MWD) largely define
polymer properties. In conventional free-radical polymerization, control over this distribution is through the many competing kinetic
pathways dominated by radical termination events. “Living” radical polymerization mechanistically minimizes these termination
events, providing a facile route to a desired Gaussian distribution with the distribution breadth dependent upon the activity of the
catalyst or modulating agent. However, producing unusually shaped distributions can only be achieved through modeling of the
complex polymerization kinetics and invoking feeding and other methods. Here, we construct square, slanted, and chair-like MWDs
by blending two to four polymers made using a low-reactive RAFT agent with dispersities close to 2. The synthesis of these
polymers, unlike that of polymers made with high-reactive RAFT agents, is simple, scalable, and importantly reproducible as the
MWD is independent of conversion, making this polymerization method virtually and kinetically model-free. The blending method
described here overcomes many of the difficulties in producing unusually shaped MWDs and allows control over the shape and
breadth of the MWD. The concept further provides a general synthetic strategy for studying important structure—property
relationships of polymers with desired processing and performance characteristics. This is demonstrated by measurement and
modeling analysis of the linear viscoelastic properties of selected samples, which provides a way to tailor the properties of polymers
by controlling the form of their MWD via blending. Unlike conventional approaches analyzing the effects of the MWD, its actual
shape is considered and its effect on the properties is addressed.

Bl INTRODUCTION polymerizations (LRPs) provide a polymerization method that

The average molecular weight, breadth, and shape of the significantly reduces these dependencies, especially transfer

molecular weight distribution (MWD) of a polymer determine
its physical properties.' > Controlling the MWD relies on an
accurate understanding of the polymerization mechanism and

and termination, to generate polymers with excellent control
over the MWD.”™'® The main advantage of LRP is the
production of narrow or close to monodisperse MWDs,

knowledge of its associated kinetic parameters. In the case of although broader MWDs can be obtained by tuning the
conventional free-radical polymerization, accurate values and transfer agent or catalyst reactivity. The various LRP
system dependencies for initiation, propagation, transfer, and

termination allow the prediction of rates of polymerization and Received: November 10, 2022 Yacromoleules
MWDs.© Even with knowledge of these rate constants, control Revised: ~ December 20, 2022 Y|

over the MWD using conventional free-radical polymerization Published: December 30, 2022
is often difficult due to their dependence upon the polymer-
ization system, including reactor type, monomer type, solvent,
temperature, viscosity, and concentration. “Living” radical
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Figure 1. (A) RAFT scheme for the polymerization of styrene (S). Kinetic simulations as a function of the chain transfer constant (Cygapr) from 1
to 500: (B) change in DP vs conv., (C) change in dispersity vs conv., (D) change in conversion vs time. Construction of square distribution using 3
MWDs with D =2: (E) M,s = 2.5k (0.42), 8k (0.21), and 20k (0.37). (F) M,s = 20k (0.46), 50k (0.08), and 120k (0.46). (G) Comparison of (E)
and (F). The log-weight distribution (x(M)) was used to construct the square distributions.

techniques, however, are not amenable to precise control over
both shape and breadth of the MWD in a one-pot, batch
reaction.

For reversible-addition fragmentation chain transfer
(RAFT)-mediated polymerizations in which the RAFT agent
transfer dominates over conventional free-radical transfer and
termination, the degree of polymerization (DP) and dispersity
(D) can be ultimately tuned (see Figure 1B,C)."""* The higher
transfer constant (Cygapr > 10) results in a linear increase in
DP with conversion and a narrow MWD (i.e., P <1.1), while a
Cirarr of ~1 produces polymers with a DP independent of
conversion and a broader MWD (D = 2). Regardless of the
transfer constant and resulting dispersity, all polymer chains
have RAFT end groups, which can further be used in chain
extension polymerizations. It has been demonstrated that by
tuning the transfer constant of a single RAFT agent, the
dispersity could readily be tuned, providing an additional level
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of control over the MWD'*'* with ranging between 1 and 2,
and now using mixed RAFT agents has produced the same
outcome.,' '

Polymer blending is the simplest method to control the
shape of the MWD to gain desired polymer properties and is
routinely used in the industry. The rheological consequences
of a given MWD have been quantified and exploited in the
direction of achieving a desired material response.'” However,
not being able to reproducibly and consistently produce the
starting polymers with the same MWD prior to mixing has
been a major challenge. Recent attempts to overcome this
blending hurdle are to create the desired overall MWD directly
through the polymer synthesis by modifying the polymer-
ization kinetics through machine learning-assisted kinetic
modeling,'® controlling catalytic reactivity,">™"> and flow
chemistry.'”*° These recent methods rely on predictive and,
in most cases, complex modeling of the polymerization.”!
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Here, we demonstrate that synthesis of the starting polymers
through RAFT control provides a simple, reproducible,
scalable, and, importantly, almost kinetic model-free method.
By using only a mixture of a few of these starting polymers, we
are able to produce near-square, slanted, and even chair-shaped
MWDs, with high predictability. The key concept relies on the
basic understanding of the RAFT mechanism, allowing the
reproducible synthesis of well-defined starting polymers with
Gaussian distributions™” and a dispersity index close to 2 by
using a RAFT agent with a Cy, gapr close to 1 (see Figure 1C).
The method of blending polymers with D close to 2 described
here has generality to all polymers regardless of the
polymerization technique and regardless of the types of
polymers being mixed. The consequences of MWD on the
macroscopic properties of polymers can be significant. Of
prime importance are the rheological properties. Given that
commercial polymers are typically polydisperse, an enormous
effort was put into understanding the role of dispersity on the
viscoelastic and processing response.17 In this context, the so-
called inverse problem, i.e., extracting the MWD from the
measured rheology, has been an outstanding rheological
challenge with crucial implications in processing.”* >

B EXPERIMENTAL SECTION

Materials. The following reagents were used as received: activated
basic alumina (Aldrich: Brockmann I, standard grade, ~150 mesh, 58
A), silica gel 60 (230—400 mesh ATM (SDS)), ethyl 2-
bromopropionate (Sigma Aldrich Co., 99%), potassium ethyl
xanthogenate (Sigma Aldrich Co., 99%), TLC plates (silica gel 60
F254). 2,2/-Azobis(2-methylpropionitrile) (AIBN) (98%, Fluka) was
purified by recrystallization from methanol before use.

The following solvents were used as received: ethanol (Chem-
Supply, AR grade), acetone (ChemSupply, AR grade), dichloro-
methane (DCM: ChemSupply, AR grade), ethyl acetate (EtOAc:
ChemSupply, AR grade), petroleum spirit 40—60 °C (Thermo Fisher
Scientific, AR grade), methanol (MeOH: Merck, 99.9%, HPLC
grade), tetrahydrofuran (THF: Merck, 99.9%, HPLC grade), toluene
(Merck, 99.9%, HPLC grade), and chloroform-d (Sigma Aldrich Co.,
>99.8 atom % D, contains 0.5 wt % silver foil as a stabilizer).

Styrene (Sigma Aldrich Co., >99%) was passed through a basic
alumina column to remove an inhibitor and then used in the
polymerizations.

Nuclear Magnetic Resonance (NMR). All 'H NMR spectra were
recorded on a Bruker DRX 400 MHz spectrometer at 25 °C using an
external lock (CDCl,) and referenced to the residual non-deuterated
solvent (CHCL,).

Size-Exclusion Chromatography (SEC) Calibrated with Linear
Polystyrene (PS). All polymer samples were dried prior to analysis in a
vacuum oven for 24 h at 50 °C. The dried polymer was dissolved in
tetrahydrofuran (THF) to a concentration of ~20 mg/mL and then
filtered through a 0.45 um PTFE syringe filter. Analysis of the
molecular weight distributions of the polymers was accomplished
using a Waters 2695 separations module, fitted with a Waters 410
refractive index detector maintained at 35 °C, a Waters 996
photodiode array detector, and two Ultrastyragel linear columns
(7.8 mm X 300 mm) arranged in series. These columns were
maintained at 40 °C for all analyses and are capable of separating
polymers in the molecular weight range of (500—4) X 10° g/mol with
high resolution. All samples were eluted at a flow rate of 1.0 mL/min.
Calibration was performed using narrow molecular weight PS
standards (D < 1.1) ranging from 500 to 2 million g/mol. Data
acquisition was performed using Empower software, and molecular
weights were calculated relative to polystyrene standards.

Synthesis of Ethyl 2-((Ethoxycarbonothioyl)thio)propanoate
(MADIX Agent: Macromolecular Design by Interchange of
Xanthates). Ethyl 2-bromopropionate (5.00 g 27.6 mmol) was
dissolved in 100 mL of ethanol, and the solution was cooled down in
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an ice bath. Potassium ethyl xanthogenate (4.90 g, 30.38mmol) was
then slowly added over a period of 30 min. The solution was light
yellow and turbid, and the reaction mixture was stirred at room
temperature for 24 h. It was noted that after ~10 h during the
reaction, the solution turned white. The reaction mixture was then
filtered (to remove KBr), and the solvent was removed by
rotoevaporation. The crude product was purified by column
chromatography using silica gel (petroleum spirit/ethyl acetate (v/
v) = 10/1, Ry = 0.61). A light-yellow liquid product was obtained to
give a yield of 79% (4.865 g). '"H NMR (400 MHz, CDCL,): § =
4.60—4.65 (q, J = 7.12 Hz, 2H), 4.34—4.39 (q, ] = 7.4 Hz, 1H) 4.17—
422 (q,J = 7.12 Hz, 2H), 1.55—1.56 (d, ] = 7.4 Hz, 3H), 1.39—1.42
(t, J = 7.12 Hz, 3H), and 1.25—1.29 (t, ] = 7.12 Hz, 3H).

Solution Polymerization of Styrene with MADIX in Toluene.
General procedure: The monomer (styrene), MADIX agent (molar
ratios [styrene]/[MADIX]= 25, 80, 100, 200, 400, and 800), and
AIBN (molar ratios [MADIX]/[AIBN] = 10) were weighed into a SO
mL Schlenk tube, and the mixture purged with Ar(g) for 30 min.
Toluene was purged separately in another vial for 30 min. Toluene (at
a volume fraction of 40%) was transferred to a Schlenk tube to
dissolve the reactant, and then purged for another 10 min with Ar(g).
The polymerization was started at 70 °C under Ar(g) and allowed to
polymerize for 15 h. The polymerization was quenched with liquid N,
and exposed to air. A droplet of the solution was dissolved in CDCl;
to check the conversion by "H NMR. The polymer solution was
diluted with DCM and then precipitated in 300 mL of methanol to
remove impurities and unreacted monomers. After precipitation, the
solvent was removed by vacuum filtration, and the polymer was
collected as white powder and dried in a high vacuum oven at 50 °C
overnight.

Six different PSTY samples were synthesized in triplicate according
to the procedure discussed above (see Table S1 in the Supporting
Information). The six polymers used to construct the various shaped
MWDs are given in Table 1.

Table 1. Polystyrene Used to Construct the Different
Shaped MWDs*

polymer conversion M, (g/mol) M,,(g/mol) b
A 0.55 3050 5390 1.92
B 0.40 9470 17700 1.86
C 0.35 11170 22300 1.88
D 0.29 19010 34160 1.87
E 0.24 38290 67 630 1.84
F 0.17 60 000 109 630 1.85

“The average-number molecular weight (M,) and the peak molecular
weight (Mp) from the log-weight distribution (x(M)). The polymers
were precipitated to remove impurities, and this process may further
remove low molecular weight oligomers resulting in a slight decrease
in D.

Blending of Polystyrene Polymers. All blends were carried out in
an identical procedure. For SB1, for example (see Figure S below), we
added 28.1 mg of S6 and 71.7 mg of S9 into a vial. The two polymers
were dissolved in 5 mL of THF and shaken for 3 h at ambient
temperature to produce a homogeneously mixed sample. The solution
was then concentrated to ~1 mL. We then added 10 mL of methanol
to precipitate the polymer. The solvents were then removed by first a
nitrogen gas flow and then dried fully under high vacuum for 24 h to
produce a white solid. This sample was analyzed by SEC to determine
its MWD and then used for rheological testing.

Rheometry. To perform rheological measurements, the samples
were first shaped in a disc form with the help of a homemade mold
connected to a hydraulic press and then annealed overnight at 150 °C
in a vacuum oven. This treatment did not cause degradation as
confirmed by the reproducibility of measurements and self-
consistency of extracted data. Afterward, the samples were reshaped
to 8 or 4 mm discs using the hydraulic press under vacuum and were

https://doi.org/10.1021/acs.macromol.2c02311
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heated to T, + 50 °C for 30 min. Subsequently, the samples were
pressed using either the hydraulic or manual press to reach their final
shape. This procedure was necessary to ensure that the samples were
macroscopically homogeneous without any evidence of air bubbles.
Rheological measurements were performed with a strain-controlled
ARES rheometer (TA Instruments) equipped with a force rebalance
transducer 2KFRTN1 and a convection oven, ensuring accurate
temperature control (+0.1 °C). For the experiments, a stainless-steel
plate-plate geometry with diameters of 8 and 4 mm diameter was
used. The 4 mm geometry was necessary for low-temperature
measurements near the glass transition, where the sample became stiff.
The samples were loaded on the rheometer and allowed to melt and
homogenize at temperatures ranging from 140 to 160 °C for about 60
min. In addition, a MCR 702 rheometer (Anton Paar, Austria),
equipped with a CTD-180 hybrid oven, which provides a temperature
control (+0.1 °C) by means of a Peltier and convection system, was
also used. The same procedure as with the ARES rheometer was
followed. All experiments were performed in the presence of nitrogen
to provide an inert atmosphere. Measurements were performed at
both strain-controlled and stress-controlled modes to probe the
material response to oscillatory and steady stress (creep), respectively.
Dynamic strain amplitude sweep tests were performed at a constant
angular frequency and temperature and varying strain amplitude to
determine the (strain amplitude) range of linear viscoelastic (LVE)
response, where the values of the storage and loss moduli, G'(w) and
G"(w), respectively, do not depend on the strain. The dynamic
frequency sweep test provided information on the frequency spectrum
of the investigated material, where a strain signal with constant
amplitude and varying frequency (from 10> to 107> rad/s) was
imposed, and the stress response was recorded, revealing G’'(®) and
G"(w). The samples were measured over a wide range of
temperatures, and by using the principle of Time-Temperature
Superposition (TTS), it was possible to construct linear viscoelastic
master curves for each specific sample. The LVE data at each
temperature were shifted with respect to a selected reference
temperature (T, by a horizontal shift factor (a;) and a vertical
shift factor (br). The horizontal (frequency) shifting was performed
manually by shifting the data until they collapsed with each other. The
respective shift factor is described by the WLF equation'”

CI(T - Tref)
) + (T - Tref)

where ¢, (unitless) and ¢, (in K) are fit parameters.
The vertical (modulus) factor, by, is given from the equation

logar = —

(1)

pref ILEf

b, =
' pXT

@)
where p is the temperature-dependent density and for polystyrene is
given by this equation®

p(T) = (12503 — 6.05) X 107*T [K] in g/cm’ (3)

Measurements at high frequencies near the glass transition were
affected by instrument compliance, and appropriate action was taken
to account for it and correct them accordingly.””

Linear viscoelastic spectra were also used to determine the
rheological glass transition temperature (T ) of the measured samples
(see table in Figure S later in the text) The values of the WLF
coeflicients at 150 °C were C; = 7.2 and C, = 103K, identical with
those of reference.”®

Data Analysis Based on Viscoelastic Modeling. For unentangled
polymers of molar mass M, the memory function of the Rouse model
is

= 3 €X] _pZt
@m@m—zpth

(4)

By using the approach adopted by van Ruymbeke,* the Rouse time

can be expressed as
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Tpouse(M) = KM? (s)

rc(? , M, is the Kuhn

where K is a material coefficient which scales as

molar mass of an entanglement segment, and 7, is the relaxation time
of an entanglement strand. As 7, depends on the temperature, K is a
temperature-dependent coefficient. The stress relaxation modulus G(#,
M) is expressed as

Mmax /)RT
G(t, M) = ). VRouse(t’ M)w(M)
Miyin (6)

To obtain the best fit of the observed data, K takes the value of ~4
x 107 s (mol/g)* at T, + 30 °C, which is considered to be
reasonable. In fact, based on the scaling of K above, its ratio at two
temperatures should be very close to the respective ratio of 7,,””>°
which is actually confirmed here. Indeed, van Ruymbeke*’ reported K
=2 x 107 s (mol/g)* for entangled polystyrenes at T = 170°,
correspondmg to a7, = 0.00013. In our case, 7, (T +30°C) =0.025s
and K = 4 X 107'% s (mol/g)> That is, the ratio ofK equals the ratio
of 7.

The relaxation dynamics of entangled polymers are described as the
sum of three relaxation modes, fast Rouse, longitudinal, and reptation.
The fast Rouse relaxation modes can be expressed by the equation
below, where M/M, is the number of entanglement strands per chain.

5 of

p=M/M,

¢, T, M) = 2

2p°t ]
F Rouse TR(T, M) (7)

Here, we consider 7x(M) = t.M?/M}, with 7, being the
experimental value and M, equal to 17.5 kg/mol.

The longitudinal mode function (along the confining tube) can be
described by Rouse modes. It originates from the fact that because
different tube segments before deformation are oriented differently,
they also stretch differently, and hence, redistribution of monomers
along the tube takes place after the deformation. It was shown®' that
these relaxation modes contribute to the relaxation of 1/5 of the total

stress stored in the tube
[ 292t ]
exp| —
ZRGM) (8)

Both fast Rouse and longitudinal modes are active for relaxation times
up to the Rouse time of the chain, and hence, we consider them as
components of the effective Rouse contribution. Note that the glassy
dynamics at high frequencies is not considered in the present work.
For polydisperse entangled polymers, the effective Rouse
contribution to the stress relaxation modulus Ggoys.(t, M) becomes

M/Me—l

)

p=1

Long(t M) SM

Gmwm-zp”mm<m+%uMmm
M

m )

where p is the polymer density, R is the universal gas constant, and
w(M) = dW(M)/dlog(M) with the weight fraction of all chains having
a molar mass below M.

Along the same lines, a simplified way to describe the entanglement
relaxation function by accounting for dynamic tube dilution (DTD) is
provided by des Cloizeaux®>

Fppp(t, M) = = Z i2'3XP(—I'7ZU(f))
p odd

(10)
The function U(t) is

t M tM
U(t, M) = — + —g¢
7'-rep M TrepMe

(11)
with
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Figure 2. (A) Solution polymerizations of styrene with an MADIX agent at 70 °C using three replicate polymerizations. M, and P vs conversion
(see Table 1). (B) Molecular weight distributions (MWDs) of polymers A—F in Table 1 as determined by SEC.

2 1= exp(—ry)

g0 =Y — i

n=1 n (12)

The first term of the equation for U(f, M) represents the relaxation

by reptation, whereas the second term represents the contribution of

contour length fluctuations. The terminal relaxation time, which we

typically call reptation time (even if it encompasses non-reptative
mechanisms as mentioned above), is defined as

3.4
M
Trep(M) - Te[_) (13)

The reptation contribution to the total stress relaxation modulus can
be expressed as follows

Gty M) = 223 (R n(t, M) ()
M, M, (14)

where the exponent /3 is set to a value of 2, according to the double
. 33 . .

reptation concept.” It is now possible to evaluate the total stress

relaxation modulus by summing the above equations for effective

Rouse and reptation contributions
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G(t, M) = Gy ..(t, M) + G

rep

(t, M) (15)
For samples that are at the transition between entangled and
unentangled regime, the total stress relaxation modulus was calculated
as the sum of two contributions, unentangled and entangled, each
weighted by the fraction of short and long chains, respectively, based
on the SEC characterization of table in Figure S

Rouse

G(t, M) = %nemangledcunentangled(t’ M) + (1 - d{xnentangled)

Gentangled (tJ M ) ( 1 6)

B RESULTS AND DISCUSSION

The average degree of polymerization (DP) and dispersity
index (P) for a RAFT-mediated polymerization is controlled
by the Ci, papr- At @ Cparr of 1, both the DP and D reached a
maximum and constant value independent of conversion
(curve a in Figure 1B,C). Increasing Cy rapr to values greater
than 1 showed that the DP and D profiles were conversion
dependent, which became pronounced at higher C, papr
values. Theoretically, the rate of polymerization will not be

https://doi.org/10.1021/acs.macromol.2c02311
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Figure 3. Experimental square-shaped MWDs constructed from the polymers A—F in Table 1. (A) Square#1 constructed from A (28 wt %), B (55
wt %), and D (17 wt %); (B) Square#2 constructed from C (42 wt %), E (39 wt %), and F (19 wt %); (C) Square#3 constructed from B (43 wt %)
and E (57 wt %); and (D) comparison of the three square distributions. MWD data for these were given in Table S2 in SL

influenced by the presence of the RAFT agent, and
conventional free-radical kinetics including the appropriate
chain-length dependent termination®* can be used to model
the system.'"*® In general, to maintain a RAFT-dominated
mechanism, the RAFT to initiator concentration should be
kept at ratios greater than 10:1. Simulations of the rate of
polymerization for styrene (Figure 1A,D) showed that when
targeting higher DPs, the lower initiator concentration resulted
in a lower polymerization rate, making it difficult to make the
same polymer with the same MWD from batch to batch. The
only exception was the use of a RAFT agent with a Ci rarr
equal to or close to 1. Here lies the key concept of our work. In
the case of the polymerization of styrene, acrylamide, and other
monomers in the presence of a MADIX agent (where Cy,gapr
~ 1, Figure 1A),36_42 the constant DP and D profiles suggest
that these types of polymerizations will produce the same
MWD regardless of conversion, providing a mechanistically
facile, kinetic model-free, and reproducible route to generating
polymers with identical MWDs. This process will have
industrial appeal for the reproducible production at the scale
of unusual and predictable MWDs by blending polymers of
different DPs with a D ~ 2 (see below).

Simulation of mixing polymers of different DPs to produce a
square MWD is shown in Figure 1E—G. Gaussian distribu-
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tions>** were generated for each DP at D = 2, and a mixture

of three MWDs gave the resulting square distribution. For
example, mixing three MWDs with peak molecular weights
(M,s) at 2500, 8000, and 20000 g/mol produced a square
MWD (i.e., “differential log molecular weight,” x(M)**) at 42,
21, and 37 wt %, respectively (Figure 1E). The square MWD
can be shifted to a higher molecular weight by increasing the
M,s to 20 000, 50 000, and 120 000 g/mol at 46, 8, and 46 wt
%, respectively (Figure 1F), which is more clearly illustrated in
Figure 1G. These simulations demonstrate that only three
polymers are required to generate a square MWDs and that
control of a desired square MWD can be generated using this
blending method.

We carried out RAFT-mediated polymerizations of styrene
using a MADIX agent (Cypapr ~ 1), using three replicate
polymerizations for each targeted DP (see Table S1 in SI). The
reproducibility of the resulting number-average molecular
weight (M,) was excellent (Figure 2A). Decreasing the
targeted M, resulted in higher conversions due to the higher
initiator concentration. We found that regardless of conversion
or M,, the dispersity index for all polymerizations was close to
1.9 after polymer purification by precipitation. This agrees with
our hypothesis that the low RAFT transfer constant could
produce the same M, and D regardless of conversion. The
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Figure 4. Simulated distributions using log-normal distribution method by blending polymers with different peak molecular weights (M_s) and all
with dispersity = 2: (A) M,s = 10k (55 wt %), 30k (10 wt %), and 60k (35 wt %); (B) M,s = 10k (40 wt %), 30k (10 wt %), and 60k (50 wt %);
(C) M,s = 2.5k (45 wt %), 8k (11 wt %), 20k (23 wt %), and 60k (21 wt %). Experimental MWDs constructed from the polymers A—F in Table 1:
(D) Slanted#1: B (28 wt %), D (55 wt %), and E (17 wt %); (E) Slanted#2: C (14 wt %), D (31 wt %), and F (S5 wt %); and (F) Chair: A (40 wt

%), B (20 wt %), D (12 wt %), and E (28 wt %).

individual polymers used to construct the square and other
MWD shapes were all monomodal and Gaussian (Figure 2B,
and the MWD data given in Table 1).

A measure of the symmetry of a normalized distribution
about the mean*® can be determined using the skewness factor,
0, based on the third moment (eq 17), and the excess kurtosis,
Ex. Kur., a measure of the peak shape, given by the fourth
moment in eq 18 (where x; is the logM at M, y; is the
frequency, ¥ is the mean, and S is the standard deviation of the
distribution).

E?;l)?('xi - x)?’

= T
Z:l:lyi(xi - %)4
st (18)

To construct the square-shaped or other MWDs, we first
used the simulations above as a guide on the choice of polymer
mixtures and their respective weight fractions to obtain the
desired overall MWD for the differential log molecular weight
distribution (x(M)). A mixture of three polymers A, B, and D
(from Table 1 and Figure 2B) at 28, S5, and 17 wt %,
respectively, allowed the experimental blending construction of
a near-square MWD (Figure 3A). It can be seen that a
substantial portion of the x(M) distribution has a near constant
(i, near flat) profile with an excess kurtosis of —0.24
interpreted as platykurtic. There is also a slight broadening
toward the low molecular weight part of the distribution,
suggesting a slightly negative skewed distribution (¢ = —0.14).
An experimental square MWD with a higher molecular weight
can be constructed by mixing polymers C, E, and F at 42, 39,

(17)

Ex. Kur. =
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and 19 wt %, respectively (Figure 3B). In this case, the flat
portion of the distribution extends to a larger molecular weight
range, with an excess kurtosis of —0.08 and a slightly negatively
skewed distribution (6 = —0.32). We could even construct a
square MWD by mixing two polymers, B and E, at 43 and 57
wt %, respectively (Figure 3C). Here, the MWD profile is
similar to the mixture of C, E, and F (Figure 3B) and has
similar skewness and kurtosis values to the other two square-
like distributions. The MWD average data for these three
square-shaped MWDs were given in Table S2 in SI. The three
square-shaped MWDs shown in Figure 3D demonstrate the
fine control over the MWD and relative ease in constructing
these unusual MWDs without invoking complex kinetic
modeling.

Simulations using Gaussian distributions (i.e., generated for
each DP at D = 2) could be used to control the shape of the
distributions with a positive or negative slant and a chair
conformation (Figure 4A—C). For the negative and positive
slanted distributions, the mixture of the same three polymers
(Mps equal 10k, 30k, and 60k) was used but in different ratios.
The positive distribution was constructed at 55, 10, and 35 wt
% (Figure 4A), while the negative distribution was constructed
at 40, 10, and 50 wt % (Figure 4B). In constructing the chair
conformation, a mixture of four polymers with Ms equals 2.5k,
8k, 20k, and 60k at 45, 11, 23, and 21 wt %, respectively
(Figure 4C). Experimentally, the positive distribution was
constructed using polymers B, D, and E from Table 1 at 51, 7,
and 42 wt %, respectively (Figure 4D). The shape was similar
to the simulation, with a slight negative skewness (¢ = —0.24)
due to the long low molecular weight tail. The positive slanted
distribution was also demonstrated using a mixture of polymers
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Figure 7. Shifted stress relaxation modulus as a function of shifted time (exacted by Fourier transformation of the frequency-dependent G’ and G”
data of Figure S1). Symbols and lines represent data and model predictions, respectively. Graph A refers to the pure polystyrene, whereas graph B
refers to the blends. The temperature was T,¢ = T, + 30 °C.

C, D, and F at 14, 31, and S5 wt %, respectively (Figure 4E); —0.62). Using a mixture of A, B, D, and E at 40, 20, 12, and 28
but in this case, the skewness was moderately negative (¢ = wt % produced the chair distribution (Figure 4F) with a
552 https://doi.org/10.1021/acs.macromol.2c02311

Macromolecules 2023, 56, 545—555


https://pubs.acs.org/doi/10.1021/acs.macromol.2c02311?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02311?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02311?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02311?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02311?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02311?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02311?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02311?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02311?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02311?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02311?fig=fig7&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.macromol.2c02311/suppl_file/ma2c02311_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c02311?fig=fig7&ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02311?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Macromolecules

pubs.acs.org/Macromolecules

slightly positive skewness (¢ = +0.07). The MWD average data
for these unusually shaped MWDs were given in Table S2 in
SL

Linear Viscoelasticity. The samples investigated by
rheometry are reported in Figure 5 together with their
molecular weight characteristics and glass transition temper-
ature (T,).

Figure 6 depicts the complex viscosity master curves
extracted from the moduli of Figure S1 in the SI for the
pure polystyrenes and their blends (see table in Figure S) at
the same distance from T, (T, = T, + 30 °C). At high
frequencies, the curves overlap because of the same segmental
behavior (consistent with Figure S1A,C in the SI). At the other
end of the spectrum, a low-frequency Newtonian plateau
regime is detected, followed by thinning. The latter regime
develops more clearly for the larger molar masses (samples
S$10, S11) and is characterized by a scaling 7* ~ @™ "/? that
conforms to the Rouse prediction of monodisperse linear
polymers.*® On the other hand, the power-law exponent for
lower molar mass polymers ranges from —0.32 to —0.37. This
scaling is consistent with the Zimm model,*® n* ~ @3, and
may reflect the dilution effect of the smaller molar mass tails,
which act as effective solvents.

The LVE master curves of Figure S1 in the SI can be
Fourier-transformed into stress relaxation modulus G(¢) data,
which are depicted in Figure 7 for both pure polystyrene
samples (graph A) and blends (graph B). By accounting for the
exact molar mass distribution, as determined in Figure S, we
use the appropriate model presented above and accurately
describe the G(t) for all tested samples, as shown in Figure 7.
Samples S11, S10, and SB4 are (marginally to weakly)
entangled, whereas the rest of the samples are unentangled.
We used (M) = tM?*/M;, with 7, being the experimental
value of 0.042s at T, + 30 °C, M, = 17.5 kg/mol, and the
double reptation exponent f = 2. For the unentangled
polymers, we used one fit parameter, K = 5 X 107* s (mol/
g)% The satisfactory modeling of the G(t) data suggests that it
is possible to use the outlined methodology to describe, or
even predict, the dynamics with blends with complex MWD of
any shape. Note that for SBS, the model seems to predict a
high-M mode (Figure 7B), which is due to the tail of the
MWD. To assess its influence on the rheology of the blend, we
performed creep measurements. The time evolution of the
creep compliance J(t) was measured at 130 °C and converted
into frequency-dependent moduli G’ and G” by means of
Fourier transformation, using the NLREG software.”®**” In this
way, the converted moduli extend the LVE master curve and
the complete frequency spectrum is obtained (Figure 8). The
excellent match of dynamic frequency sweep and converted
creep data over a frequency range exceeding two decades and
the identical J(t) for different values of the imposed steady
stress confirms that the creep measurements probed the LVE
response of SBS. Importantly, the extracted zero-shear complex
viscosities from the initial and the complete (with creep data)
frequency spectrum are virtually identical (see Figure S2). This
validates the results extracted from the analysis based on
Figure 7.

The zero-shear viscosity (17,) values for the pure polymers
and their blends were determined from the complex viscosity
data of Figure 6 through standard fitting procedures (not
shown) using power-law models and plotted as a function of
the weight-average molar mass in Figure 9. The zero-shear
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Figure 8. Complete dynamic frequency spectrum of sample SBS at a
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molecular weight tail of Figure S is evident (at a shifted frequency of
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Figure 9. Zero-shear viscosity as a function of weight-average
molecular weight for pure polystyrenes (solid symbols) and their
blends (open symbols). Half-filled lozenge represents a virtual blend
(see text). Dotted and dashed lines indicate the expected power-law
dependence for unentangled and entangled linear polymer chains,
respectively.*®

viscosity can be also estimated from the molecular model
above through the integral46

'70:/0 G(t)dt (19)

and the obtained values are also reported in Figure 9 as a
function of the weight-average molecular weight M,,. In this
figure, two regimes can be identified: (i) for short chains, the
zero-shear viscosity follows a Rouse-type scaling™ 77, ~ M (see
dotted line), (ii) whereas entangled chains comply with the 7,
~ M3** power-law.*® Notably, the zero-shear viscosity values
obtained from the model are within a 10% error from the
experimental ones, making robust use of a molecular model for
linear chains, so far only challenged with simple MWDs, to
predict relaxation dynamics and viscosity.

The above point is emphasized in the following character-
istic example. The SB4 blend is constituted by 13 wt % of short
chains (S9—see Table in Figure S), which slightly dilute the
entangled network formed by S8 and S11. We now virtually
replace 13 wt % of sample S9 with sample S11. That is, we
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obtain a virtual blend constituted by 23 wt % of S8 and 77 wt
% of S11. The resulting blend, called V4, has a weight-average
molecular weight of 107.5k and a predicted viscosity of 1.45 X
107 Pa s (see half-filled lozenge symbols in Figure 9). This
value perfectly falls onto the expected 7, ~ M>* trend,
corroborating the robustness of our method. It also
demonstrates the importance of shaping the MWD in the
way presented above to tailor the rheology of polymers. For
completeness, one should also mention that a similar result
could also be obtained by using a simple mixing rule for the
blend viscosity 7 **

” Ja _ E 77 /
1/a w a

where w; is the weight fraction of component i and « is the
scaling exponent for viscosity with molar mass (1 for
unentangled and 3.4 for entangled chains). The simplicity of
this approach is of course traded off with the full relaxation
dynamics obtained via the molecular model. The choice is of
course dictated by the need.

B CONCLUSIONS

The key concept demonstrated in this work is that by taking
advantage of a low RAFT agent reactivity, polymers can be
made with molecular weight and dispersity (close to 2) being
independent upon conversion. This provides a readily
accessible, kinetic model-free, and reproducible synthetic
methodology for polymer scale-up. It further obviates, using
the blending of polymers made via this method, the
requirement for system-dependent and complex kinetic
modeling to produce MWDs with controlled shape, breadth,
and average molecular weight. We demonstrate that by mixing
between two and four polymers with different M, s, but all with
a dispersity close to 2, square-like, slanted, and chair
distributions could be prepared. The concept described in
this work overcomes many of the difficulties in producing
unusually shaped MWDs, and this controlled blending method
can be applied generally to any polymer system and for the
blending of different polymer types and compositions. The
consequences of tailoring viscoelastic properties are polymers
through the shape of the MWD are demonstrated. Of
particular importance is the potential to use the tunable
shape of the MWD to achieve desired changes in the
rheological properties; this is based on the relatively simple
chemical procedure, coupled with rheometry and modeling. It
is anticipated that such versatility in adjusting the shape of the
MWD will also affect the nonlinear rheology of the blends. A
further challenge would be to extend this approach to much
higher molecular weights well into the entanglement regime
where constraint-release effects dominate the dynamics.
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