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ABSTRACT: A comprehensive approach to target exact
molecular weights and chemical compositions for multi-
monomeric statistical copolymers using a new controlled
statistics method with reversible addition−fragmentation chain
transfer free-radical (RAFT) polymerization is presented. The
system chosen to illustrate this procedure is an acrylic
quarterpolymer consisting of methyl acrylate, 2-carboxyethyl
acrylate, 2-hydroxypropyl acrylate, and 2-propylacetyl acrylate,
modeling a well-known macromolecule utilized to deliver
poorly water-soluble drugs (hydroxypropyl methylcellulose
acetate succinate, HPMCAS). The relative reactivities at 70 °C between monomer pairs were measured and employed to predict
the feed ratio necessary for synthesizing well-defined compositions based on the Walling-Briggs model. Application of Skeist’s
equations addressed compositional drift and anticipated the general monomer incorporation distribution as a function of
conversion, which was verified experimentally. This new and simple paradigm combining both predictive models provides
complementary synthetic and predictive tools for designing macromolecular chemical architectures with hierarchical control over
spatially dependent structure−property relationships for complex applications such as oral drug delivery.

There is a growing interest in the polymer science
landscape to access architecturally tailored1 and se-

quence-specified2 macromolecules to acquire enhanced proper-
ties. Structurally controlled polymers are of widespread
importance across many diverse fields, from drug delivery3 to
photovoltaics4 and microlithography.5 In these and many other
areas, statistical copolymers (SCPs) are often utilized. These
compounds typically contain two or more monomers with
desirable functionalities at specific composition, hinging on
monomer concentration and reactivity that aids morphological
control and imparts unique physical properties. For example,
SCPs are playing an ever-increasing role in the storage, delivery,
and approval process of poorly water-soluble active pharma-
ceutical agents, which encompass a significant portion of the
current drug pipeline.6 Interplay between the active molecule
and the polymer matrix dictates drug solubility, controlled
release, efficacy, and safety; this is particularly evident in an
interesting cellulosic excipient platform referred to as
hydroxypropyl methylcellulose acetate succinate (HPMCAS),7

a randomly functionalized polymer that is chemically analogous
to multimonomeric SCPs. While exceptionally effective
compared to noncellulosic polymers in oral drug delivery,8

the effects of its chemistry on promoting favorable drug
interaction are poorly understood due to high material
dispersity and difficulties in chemical characterization,9 along
with limited structure−function knowledge.10 To this end, new
synthetic methodologies to create multicomponent copolymers
with tight control over variables such as molecular weight,
chemical composition, etc. are needed to better understand the

material function of HPMCAS and impart its properties toward
the development of new polymeric excipients.
However, unlike many branches of chemistry11 and biology12

where architecture can be constructed judiciously on the
molecular level, the stochastic nature of free-radical copoly-
merization results in a statistical distribution in length
(molecular weight) and chemical composition, two crucial
structural variables that govern overall functionality and
performance. Methods to control SCP dispersities have been
studied extensively for binary systems. “Living” (controlled)
free-radical polymerization techniques, such as nitroxide-
mediated polymerization (NMP),13 atom transfer radical
polymerization (ATRP),14 and reversible addition−fragmenta-
tion chain transfer (RAFT),15 offer direct routes to narrow
molecular weight distributions. Chemical composition can be
predicted with a terminal model, which assumes that the
reactivity of a propagating chain is only contingent on the
monomer at the growing end.16 However, for controlled free-
radical polymerizations, the cyclic activation/deactivation
equilibria17 can affect propagation kinetics, leading to differ-
ences in monomer consumption. Matyjaszewski has shown how
the intermittent activation mechanism of ATRP introduces
additional kinetic pathways that distort terminal model
predictions.18 For RAFT, this drawback is not as consequential.
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Feldermann et al. have shown that once the main equilibrium
predominates, the RAFT mechanism has minimal influence on
copolymerization behavior.19 Thus, RAFT appears ideal for
reconciling control over both molecular weight and chemical
composition for SCPs.
While synthesizing and understanding two-monomer sys-

tems have been a primary focus in the field, there is a growing
need to expand beyond binary systems. Toward this prospect,
we introduce the concept of “controlled statistics” for
multicomponent systems, which we show to be instrumental
in creating sophisticated SCPs with tunable properties and
targetable length scales of intermolecular associations. To the
extent of our knowledge, no comprehensive guidance on
traversing the domain of multimonomeric copolymerization
kinetics is available to date. Herein, we demonstrate a
systematic approach for simultaneously controlling the
molecular weight and chemical composition of multicompo-
nent SCPs through a combinatorial use of relative reactivity
measurements and chemical compositional modeling, combin-
ing both the Walling-Briggs and Skeist models to ultimately
enable the rational design of unprecedented multicomponent
systems.
A statistical quarterpolymer denoted P(MA-stat-CEA-stat-

HPA-stat-PAA) was prepared (see Scheme 1) using the RAFT

polymerization technique with four acrylic monomers: methyl
acrylate (MA), 2-carboxyethyl acrylate (CEA), 2-hydroxypropyl
acrylate (HPA, a mixture of isomers shown in the Supporting
Information), and 2-propylacetyl acrylate (PAA). These
monomers are amenable to RAFT chemistry and encompass
chemical characteristics of HPMCAS that may yield interesting
associative and mechanical properties for oral drug delivery
arising from steric hindrance, hydrophilicity, ionizability, and
hydrogen bonding.20 RAFT polymerizations were conducted at
70 °C with the initiator 2,2′-azo-bisisobutyronitrile (AIBN) and
chain transfer agent (CTA) 4-cyano-4-(propylsulfanylthio-
carbonyl) sulfanylpentanoic acid (CPP) in dimethylformamide
(DMF; see Supporting Information).
As with any free-radical polymerization process, it is

important to first determine all of the monomer relative
reactivities, or relative probabilities of monomer self-prop-
agation over cross-propogation.21 We investigated the conven-
tional free-radical copolymerization of MA, CEA, HPA, and
PAA in pairwise combinations to measure reactivity ratios at 70
°C. We conducted eight experimental runs for each pair,
keeping the mole fraction of monomers in the feed ( f i)
between 0.10 and 0.90 at a total monomer conversion below
15%. After calculating the total monomer conversion, the
polymer composition (Fi) was determined using 1H NMR (see
Supporting Information). Figure 1 shows a plot based on the
Mayo−Lewis relationship,22 along with nonlinear fits to the
experiments (eq 1), producing the reactivity ratios between MA
with HPA and CEA with HPA at 70 °C. Table 1 contains the

calculated reactivity ratios for all pairwise combinations
between MA, CEA, HPA, and PAA.
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We employed the four-component Walling-Briggs copoly-
merization model23 to target specific polymer chemical
compositions at low conversion, shown in Figure 2a. This
model incorporates the monomer feed and reactivity ratios to
predict the resultant polymer chemical composition. The
system of equations for the Walling-Briggs model was solved
numerically with Mathematica.24 Two RAFT experiments with
a degree of polymerization (DP = [M]0/[CTA]) of 250 were

Scheme 1. Synthesis of P(MA-stat-CEA-stat-HPA-stat-PAA)
via RAFT Polymerization

Figure 1. Reactivity ratio determination of MA with HPA (denoted in
black) and CEA with HPA (denoted in red) with a nonlinear fit F1 =
(r12 f1

2 + f1 f 2)/(r12 f1
2 + 2f1 f 2 + r21 f 2

2) in free-radical polymerization at
70 °C in DMF.

Table 1. Reactivity Ratios for Monomer Pairsa between MA,
CEA, HPA, and PAA Polymerized at 70 °C

monomer MA CEA HPA PAA

MA 0.71 3.12 0.30
CEA 1.31 0.26 1.28
HPA 1.04 1.22 0.83
PAA 0.81 1.09 1.34

aReactivity ratio rij denoted by monomer i (row) to j (column).

Figure 2. Four-component system of equations for the (a) Walling-
Briggs model with instantaneous polymer mole fraction Fi, monomer
mole fraction f i, reactivity ratio rij, and determinant Di, as described in
the original publication23 (where i, j = 1−4), and the (b) Skeist model
with the instantaneous change in f i over the total monomer conversion
x.
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conducted to illustrate the use of this model, shown in Table 2.
In both instances, the monomer feed ratio was predetermined
based on the desired polymer composition at low conversion.
For both runs, isolated polymer compositions measured with
1H NMR corroborated predictions from the Walling-Briggs
model. For example, to synthesize a polymer with Mn = 11.0
kg/mol (run 2), the polymerization was stopped at 44% total
monomer conversion. 1H NMR end group and size exclusion
chromatography (SEC) analyses (Mn = 11.7 and 11.4 kg/mol,
respectively) were found to be in agreement, and the actual
composition (62/28/8/2 mol % of MA/CEA/HPA/PAA) was
close to the Walling-Briggs prediction.
The practical utility of this procedure depends on addressing

two fundamental issues: for a given system (1) over what
“limited” conversion does the Walling-Briggs model remain
predictive and (2) when does compositional drift become
detrimental to chemical homogeneity or end-group fidelity?
High monomer conversion reduces product purification costs
and minimizes waste. Optimal production strategies must
ultimately include these factors.
Free-radical polymerization inherently is an unsteady-state

process, where monomer and initiator concentrations change as
the polymerization proceeds. There is a trade-off between
higher yields and maintaining compositional control, as first
discussed by Skeist, who related compositional drift to the
classic Rayleigh problem for a simple binary distillation.25

Skeist’s equations anticipate changes in the instantaneous
polymer composition with total monomer conversion and
tracks compositional drift, which can reveal subtle variations in
the associated chemical microstructure. For binary systems, the
polymer structure is directly tied to the monomer reactivity
ratios. For instance, a MA-HPA (denoted 1−3, with r13 = 3.12,
r31 = 1.04) copolymerization yields a gradient copolymer
because polymer chains with terminal MA end groups undergo
self-propagation approximately three times faster than cross-
propagation toward HPA monomers, while chains with
terminal HPA end groups have approximately equal preference
for self- and cross-propagation. However, the reaction dynamics
and resulting copolymer structure of systems with three or
more monomers is less transparent due to potential complex
couplings between the underlying binary reactivity ratios. For
multicomponent systems, the Skeist approach provides a simple
tool to account for the network of reactions that describes the
instantaneous state of polymerization at any time during a
batch polymerization. Alternatively, monomers can be added to
the reactor continuously during a polymerization, which
manages compositional drift directly,26 but introduces addi-
tional control, modeling, and equipment complexity.
For our system, four coupled nonlinear ordinary differential

equations describe the instantaneous polymer chemical
composition versus the total monomer conversion (Figure
2b). We computed the results associated with runs 1 and 2

(Table 2) in Matlab27 using ODE 45, a standard numerical
solver employing a Runge−Kutta integration method with
variable time steps. The results for run 2 are shown in Figure 3,

while run 1 is discussed in the Supporting Information. Figure
3a illustrates the predicted instantaneous polymer composition
as a function of monomer conversion. As the polymerization
proceeds, preferential addition of MA monomers and a bias
against adding PAA monomers shifts the instantaneous
composition away from the distribution at low conversion.
To ensure reasonable chemical homogeneity this reaction
should be quenched before 60% conversion to maintain
statistical placement of PAA monomers throughout the
polymer. These snapshots of the monomer and polymer
compositions during a polymerization are essential in designing
reactions that produce prescribed levels of randomness or
blockiness in SCPs. Alternative methods to quantify the
monomer sequence distribution, such as 13C NMR spectros-
copy, have been developed,28 but such techniques are
challenging to apply to multicomponent systems.

Table 2. Comparison of Theoretical Walling-Briggs and Experimental Polymer Compositions

run conv.a
Mn, calc

b

(kg/mol)
Mn, exp

c

(kg/mol) Đd
%mol monomer feed
(MA/CEA/HPA/PAA)

%mol polymertheo
(MA/CEA/HPA/PAA)

%mol polymerexp
f

(MA/CEA/HPA/PAA)

1 0.23 7.9 7.9 e 13/70/12/5d 10/60/25/5 10/67/16/7
2 0.44 11.0 11.7 1.09 67/22/8/3d 60/25/10/5 61/27/10/3

aDetermined from 1H NMR of the reaction mixture. bMn,calc = (sum of monomer molecular weight times measured experimental polymer
composition) × (conversion) × (DP). cCalculated based on end-group analysis from 1H NMR assuming one CTA end group per chain.
dDetermined by SEC light scattering using tetrahydrofuran (THF) as the eluent at 25 °C with a measured dn/dc of 0.0676 mL/g. eUnavailable due
to insolubility in THF. fCalculated from 1H NMR of the isolated polymer.

Figure 3. Comparison of (a) instantaneous and (b) cumulative
chemical composition vs conversion for a targeted [MA/CEA/HPA/
PAA] = [0.60/0.25/0.10/0.05] polymer composition (run 2). Dotted
and solid lines represent the predicted monomer and polymer
compositions, respectively. Open circles describe experimental data
points of the average polymer composition, determined by 1H NMR.
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Integration of the instantaneous polymer and monomer
compositions up to a specified total monomer conversion leads
to the cumulative compositions as illustrated for the statistical
quarterpolymer in Figure 3b. We conducted several reactions
following the procedure described above, taking aliquots every
15 min that were subjected to quantitative 1H NMR analysis
(see Supporting Information). At low conversions (<35%) the
predicted polymer compositions were in close agreement with
the experimental results (deviations associated with the pre-
equilibration time in the RAFT mechanism29 do not appear to
significantly confound the free-radical terminal model kinetics).
At higher conversions monomer depletion and potential loss of
end-group fidelity could limit the model’s overall accuracy.
Moreover, the integrated composition becomes relatively
insensitive to variations in the instantaneous composition
beyond 80% total monomer conversion. This makes character-
ization of the monomer sequence in a multimonomer SCP
virtually impossible, reinforcing the importance of a predictive
model. Nevertheless, the predictions by our model appear to be
robust, reinforcing our conviction that well-defined multi-
monomeric SCPs can be generated using the RAFT technique
and quantitatively modeled with the combined Walling-Briggs-
Skeist approach.
In summary, we developed a generalized method for

preparing multicomponent SCPs with uniform molecular
weights and well-defined chemical compositions. The acrylic
quarterpolymer served as a model system to demonstrate the
process of determining the pairwise monomer reactivity ratios,
targeting specific polymer compositions, and identifying
compositional drift. This ensures that any multicomponent
polymeric system can be constructed in a facile, systematic
manner. Additionally, because the polymer chemical composi-
tion is contingent on the specificity of the RAFT CTA, further
refinement of the modeling is underway. Homopolymerizations
of each monomer reveal that the inhibition time for MA is
nearly twice as long as the other acrylate monomers (see
Supporting Information), which will affect polymers synthe-
sized at low conversion. Study of this overall pre-equilibration
time is currently being investigated to combine these initial
kinetic reaction pathways into the Walling-Briggs-Skeist model.
Furthermore, incorporating mixtures of monomer families (e.g.,
acrylates, methacrylates, styrenics) that have more vastly
different reactivity ratios can allow us to better examine these
small but important details for the universality of our model.
This will provide new insight into the details of the RAFT
polymerization mechanism such as intermediate fragmentation
kinetics or retardation effects from cross-termination for a
selected RAFT agent.30 Altogether, this methodology of
utilizing controlled statistics will be useful for many
applications, including designing multicomponent SCP ex-
cipients that imitate HPMCAS for oral drug delivery. Precise
control of these HPMCAS analogs will allow physiochemical
properties to be tailored for the storage and delivery of various
poorly water-soluble active pharmaceutical ingredients. Thus,
developing strategic control over all aspects of multicomponent
copolymers will permit the study of structure−property
relationships that enhance drug bioavailability and safety.
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