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ABSTRACT: Solution formulations involving polymers are the
basis for a wide range of products spanning consumer care,
therapeutics, lubricants, adhesives, and coatings. These multi-
component systems typically show rich self-assembly and phase
behavior that are sensitive to even small changes in chemistry and
composition. Longstanding computational efforts have sought
techniques for predictive modeling of formulation structure and
thermodynamics without experimental guidance, but the chal-
lenges of addressing the long time scales and large length scales of
self-assembly while maintaining chemical specificity have thwarted
the emergence of general approaches. As a consequence, current
formulation design remains largely Edisonian. Here, we present a
multiscale modeling approach that accurately predicts, without any experimental input, the complete temperature−concentration
phase diagram of model diblock polymers in solution, as established postprediction through small-angle X-ray scattering. The
methodology employs a strategy whereby atomistic molecular dynamics simulations is used to parametrize coarse-grained field-
theoretic models; simulations of the latter then easily surmount long equilibration time scales and enable rigorous determination of
solution structures and phase behavior. This systematic and predictive approach, accelerated by access to well-defined block
copolymers, has the potential to expedite in silico screening of novel formulations to significantly reduce trial-and-error experimental
design and to guide selection of components and compositions across a vast range of applications.

■ INTRODUCTION
An enormous range of products in everyday life−spanning
detergents, paints, personal care products, and lubricants−are
complex formulations that contain a variety of solvents, small
molecules, surfactants, and polymers. These mixtures can
phase separate and self-assemble into a variety of structures
that greatly influence the properties and hence performance of
the formulation.1−10 For example, the salt concentration in
shampoos and shower gels is carefully tuned to trigger the self-
assembly of surfactants into wormlike micelles, which entangle
and produce an increase in viscoelasticity that gives these
products their characteristic gel-like consistency.2 However,
the large number of components in such formulations and the
breadth of ingredients that can be incorporated leads to an
extensive design space, which makes it difficult to optimize
such products via costly and laborious trial-and-error
methods.11,12 Furthermore, traditional design approaches are
enabled by extensive background knowledge and heuristics
developed over decades of experience; such prior expertise
becomes largely irrelevant as industry looks toward new
sustainable and biobased formulation components and
building blocks, for which little accrued knowledge and
characterization exists.13−18

To enable the next generation of formulated products, more
effective and systematic screening approaches are needed to
reduce development time and costs. Computational modeling
approaches have long been an attractive target for guiding
experimental efforts and augment existing formulation design
efforts in industry, but current methods fall short of broadly
capable in silico screening platforms.19 For example, atomistic
simulations are widely used in research and industry and have
been used to model a variety of phenomena relevant to
formulation design such as self-assembly in surfactant
solutions,20,21 temperature-induced conformational changes
in lubricant viscosity modifiers,22,23 and drug solubility.24,25

However, their high computational cost limits the ability to
simulate high-molecular weight polymers and to reach the time
scales necessary for capturing self-assembly on mesoscopic (10
nm−10 μm) length scales, which are critical features of many
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complex solution formulations. Additionally, free energies and
chemical potentials are difficult to access in particle-based
simulations as they require specialized, computationally
expensive techniques that become intractable for species of
any modest molecular weight. This makes it challenging if not
impossible to establish equilibrium phase behavior and map
phase diagrams across formulation conditions of interest.
To address these issues, many efforts have used coarse-

grained (CG) models that map atomistic models to coarser
“bead” representations, sacrificing chemical detail for modest
gains in computational efficiency.26−35 For example, a type of
mesoscopic CG approach called dissipative particle dynamics
(DPD), which employs momentum-conserving dissipative
forces,36−39 is widely used in industry to model complex
polymer and surfactant solutions relevant to formulation
design.40,41 However, DPD models used for these purposes
are typically ad hoc with no clear connection to underlying
chemical details, limiting their ability for predictive modeling
of novel components.42 Moreover, while enabling larger-scale
simulations, DPD and other CG particle models still suffer the
same drawbacks as their more-detailed atomistic counterparts,
struggling to access spatiotemporal scales associated with
realistic polymeric formulations, and requiring complex and
expensive techniques for assessing phase stability and
constructing phase diagrams. For example, time scales for
micelle formation in diblock copolymer solutions or
mesophase transformations can be on the order of hours or
longer,43 which far exceeds the capabilities of CG molecular
dynamics.
Here, we propose an alternative, general formulation

modeling approach that is directly predictive of equilibrium
structures and phase diagrams, computationally efficient, and
readily suited to large-scale simulations. Specifically, we exploit
equilibrium field-theoretic simulation methods that efficiently
simulate high molecular weight polymers while capturing
structural features on mesoscopic length scales.44−46 Field-
theoretic methods recast CG particle models as statistical field
theories involving auxiliary potential fields, avoiding the
computational cost of tracking explicit particle coordinates.
This effectively decouples pairwise intermolecular interactions
into particle-field interactions, and in turn enables rapid
equilibration through field-based sampling methods, even for
complex, large-scale self-assembling systems.47 Moreover, field
theories provide direct access to critical thermodynamic
quantities, such as chemical potentials and free energies,

which when combined with efficient variable cell shape
techniques,48 allow for rigorous determination of the stable
(i.e., most favorable) structures and phases at equilibrium.49

Field-theoretic approaches have historically relied on exper-
imentally determined parameters − in particular, Flory−
Huggins χ-parameters50 − to describe interactions between
polymer and solvent species. However, these interaction
parameters are challenging to measure experimentally,51 and
the need for such experimental input has proved limiting in the
application of field-theoretic simulations to new systems and
for enabling mesoscopic in silico screening.
In this work, we exploit a bottom-up, predictive approach for

modeling polymer solution phase behavior that leverages the
significant advantages of field-theoretic methods in reaching
large scales while retaining the chemical accuracy of atomisti-
cally resolved molecular dynamics models by using a multiscale
approach to determine field-theoretic interactions from the
bottom-up. This approach utilizes small-scale atomistic
simulations to initially parametrize CG particle models,
which are then analytically transformed into a field-theoretic
representation, thereby embedding chemical specificity and
providing access to a broad range of structural and
thermodynamic properties by field theoretic simulations.52−55

We then couple this strategy with advanced synthesis
techniques for preparing well-defined macromolecules with
accurate control over molecular weight, dispersity, and block
lengths. We demonstrate the power of this workflow by making
de novo predictions of temperature and concentration-depend-
ent phase behavior for binary mixtures of poly(butyl acrylate)-
block-poly(dodecyl acrylate) (pBA-b-pDDA) copolymers in
dodecane solvent. Here we choose acrylic block copolymers as
a model system because they are synthetically highly tunable
and exhibit a broad range of phase behaviors.56,57 The
predicted, complex phase behavior shows remarkably good
agreement with small-angle X-ray scattering (SAXS) analysis of
solutions prepared from model pBA-b-pDDA copolymers
synthesized using photoinduced atom transfer radical polymer-
ization (photo-ATRP). The ability to predictively capture the
mesoscale structure and phase behavior of complex, self-
assembling systems without preexisting experimental data
demonstrates the potential of this combined multiscale
modeling and synthesis approach to greatly accelerate the
discovery of novel formulations.

Figure 1. Small-scale, atomistic molecular dynamics (MD) simulations are conducted of a low molecular weight polymeric solution with the
monomer chemistries of interest. Here, we consider a model system consisting of poly(butyl acrylate)-block-poly(dodecyl acrylate) (pBA-b-pDDA)
in a dodecane solvent. The all-atom results are then systematically transformed into CG particle models by relative entropy minimization, which
determines the optimal effective coarse interactions. The CG particle models are subsequently analytically converted to a statistical field theory and
simulated at realistic molecular weights using field-theoretic methods.
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■ RESULTS AND DISCUSSION
Molecularly Informed Field Theory. By using atomistic

models to inform interaction parameters, field-theoretic
simulations no longer rely on experimental parameters,
enabling a rigorous and predictive determination of equili-
brium mesoscale properties connected to the underlying
chemistry (Figure 1). CG particle models serve as the crucial
link in this connection, where representative atomistic
simulations of a system of interest are mapped into a coarser
particle representation using a systematic coarse-graining
technique called relative entropy (Srel) minimization; this
step seeks to minimize information loss when transitioning to
the coarser representation.58,59 The Srel minimization approach
has been used to develop and study CG models of a wide
variety of biological and soft matter systems including
peptides,60,61 proteins,62,63 liquid mixtures,64 and surfactants.55

Further details on Srel minimization coarse graining are found
in Section S2 in the Supporting Information. Here, we map our
reference systems to CG models that feature soft pairwise
Gaussian nonbonded interactions and intramolecular harmonic
bonds. The nonbonded interactions in the resulting CG
models facilitate an exact analytical transformation to a field-
theoretic representation by using Hubbard−Stratonovich
transforms.44,65,66 While the CG particle and field-theoretic
representations are equivalent, the mathematical structure of
the field theory allows straightforward access to chemical
potentials and free energies,49 enabling phase coexistence
calculations and construction of phase diagrams, tasks that are
tedious and computationally expensive to perform with
particle-based simulation methods. Additionally, the field-
theoretic representation allows for equilibration and sampling
of systems at speeds that are orders of magnitude faster than
particle-based methods and nearly independent of system
density.46,47

The present study is the first to employ this computational
framework to establish a predictive workflow to guide
experimental synthesis of novel polymeric formulations.
While earlier studies from our group demonstrated the ability
of this modeling approach to anticipate experimental
results,52−54 they were limited to systems that were already
characterized. Here, the synergistic interaction with synthesis
and experiment first develops this modeling framework as a
mechanism to accelerate materials discovery by targeting only
the most promising formulations for laboratory realization.
Informing Copolymer Synthesis Using Spinodal

Calculations. Our model system consists of a pBA-b-pDDA
copolymer in a dodecane solvent (Figure 2a), and we target a
moderate total degree of polymerization, N, of 150 with
accurate control over block length. Following the methodology
discussed above, we develop a field-theoretic representation of
the system in the following manner. We first perform atomistic
simulations of the dodecane solvent and solutions containing
pBA and pDDA oligomers 25 monomers long, which provides
a compromise between computational efficiency and a chain
length representative of the model system. We then use relative
entropy minimization to determine the bonded and non-
bonded interaction parameters in the CG model (Figure 2b).
A staged approach was used for the coarse graining, where
parameters determined in a given stage were fixed during
subsequent stages. In the first stage, we determined parameters
for neat dodecane. For the next stage, we simultaneously
coarse grained pBA and pDDA oligomer solutions to

determine oligomer self-interactions and oligomer-solvent
interactions. Lastly, we coarse grained a solution containing a
pBA and pDDA oligomer blend to determine cross
interactions between BA and DDA. This type of staged
approach suggests a general, practical strategy for the
determination of coarse-grained parameters in highly multi-
component systems. For the second and third stages, we used a
method previously developed by our group where we impose
external potentials to force density inhomogeneities that
maximize the number of contacts between CG bead species,
which results in concentration- and composition-transferable
CG models.64 More details on the coarse graining procedure
and the resulting interaction parameters can be found in
Section S2 in the Supporting Information.
After mathematically transforming the fully parametrized

CG model into a field-theoretic representation, we evaluate the
field theory by invoking a mean-field approximation, called
self-consistent field theory (SCFT).44,67 In SCFT, field
fluctuations are ignored and the model is represented by a
single dominant field configuration, found by holding the
Hamiltonian stationary with respect to variations in the
auxiliary fields that define the theory. While the mean-field
approximation is most accurate for high molecular weight
polymers and dense systems, SCFT has been used to
successfully study and characterize phenomena at a variety of
length scales, such as phase behavior in block copolymer
melts,67,68 colloidal interactions,69 and supramolecular70−72

and surfactant55,73,74 self-assembly. One advantage of the
mean-field approach is that the SCFT equations can be solved
using a variety of analytical and numerical methods. In
particular, the quasi-analytical random phase approximation
(RPA)50,75 is a computationally inexpensive way to map
spinodal boundaries, delineating regions in which a disordered
homogeneous phase becomes unstable with respect to
macrophase or microphase separation.44,76 More details on
the RPA and its derivation can be found in Section S3.5 in the
Supporting Information.
Using RPA analysis, we calculated spinodal boundaries for

pBA-b-pDDA in dodecane with a fixed degree of polymer-
ization, N = 150, as a function of the diblock copolymer
composition, xBA (the mole fraction of BA in the copolymer),
and the volume fraction of pBA-b-pDDA in solution, ϕp
(Figure 3). The computed spinodals show two U-shaped
branches: the first occurs at lower ϕp and higher xBA and
terminates at xBA = 1, which corresponds to the pBA
homopolymer limit. Because the copolymers in the region

Figure 2. (a) Model system of pBA-b-pDDA in a dodecane solvent.
(b) CG mapping for the model system. A 3-bead chain represents CG
dodecane whereby 4 atomistic carbons are mapped to each of the
beads. The same bead type is used to represent the alkyl tails of the
acrylic monomers where 1 bead is used for the BA tail and 3 beads for
the DDA tail. The acrylate groups are represented by unique bead
types for each acrylic species.
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enveloped by this branch are almost entirely composed of BA,
they behave like pBA homopolymers and phase separate into
two homogeneous phases, where one phase is more dilute and
the other more concentrated in copolymer. This behavior is
caused by the solvent-phobic nature of BA at low temperature,
which promotes phase separation into polymer-rich domains
to limit energetically unfavorable contacts between BA and the
dodecane solvent.50 The size of this two-phase region
decreases with temperature and disappears altogether at 100
°C, consistent with the typical increase in solvent quality with
temperature.77,78

In contrast to the first spinodal envelope, the second occurs
at higher ϕp and extends to the melt limit at ϕp = 1, enclosing a
region where the pBA-b-pDDA copolymers have a more
symmetric composition. Here, chemical immiscibility between
the pBA and pDDA blocks and solvent selectivity effects drive
segregation of the two blocks into domains with widths on the
order of the copolymer coil size.76 These domains order into
periodic mesophases that can take on a variety of geometries;
we discuss the energetics and stabilities of these structures
shortly.
RPA analysis allows us to quickly assess the overall topology

of a phase diagram, informing synthetic efforts on specific
copolymer lengths and compositions to target. From Figure 3,
it is apparent that the predicted ordered mesophase region is
centered in the composition range xBA = 0.4 to xBA = 0.8. Based
on this prediction, we used photo-ATRP to synthesize three
low-dispersity pBA-b-pDDA diblock copolymers that spanned

this composition range and performed SAXS measurements to
characterize their solution morphology as functions of
concentration and temperature (Figure 4, remaining SAXS
spectra in Section S6 in the Supporting Information). Details
of the synthesis and characterization procedures are found in
Section S5 in the Supporting Information. As highlighted
through the many higher-order reflections in the measured
spectra, the SAXS results show clear evidence of ordered
mesophase formation in the RPA-predicted region, which
corroborates the underlying CG model developed for the
system. While RPA analysis is unable to provide any
information regarding specific morphologies, which we explore
using SCFT in subsequent analyses, its ability to quickly
elucidate the overall topology of a phase diagram makes it a
valuable screening tool for candidate formulations. Crucially,
such a rapid tool for accelerating the mapping of phase
diagrams is not available in the particle representation of the
same CG model.

Experimental Validation of Theory. Subsequent to
analytically computing spinodal boundaries, we numerically
solve the SCFT equations to probe the formation of spatially
inhomogeneous structures.44,67 The self-assembly of pBA-b-
pDDA in these structures is driven by chemical immiscibility
and solvent selectivity differences between the two blocks. This
causes the pBA and pDDA blocks to segregate into distinct
domains to form mesophase structures, and at sufficiently high
copolymer concentrations, these domains can order onto
periodic lattices.77,78 Depending on the relative lengths of the
blocks in the copolymer, the mesophases can assume a variety
of geometries, such as lamellar, cylindrical, and spherical.
As field-theoretic methods allow ready access to the free

energies of different candidate structures, it is straightforward
to determine the mesophase that is most thermodynamically
favorable (i.e., has the lowest intensive free energy) at any
solution conditions. We consider lamellar (LAM), hexagonal
(HEX), body-centered cubic (BCC), face-centered cubic
(FCC), and double gyroid (GYR) mesophases (Figure 5a),
which have been commonly observed in block copolymer
solutions.79−82 Using SCFT, we compute the free energy of
each of these structures for all of the as-synthesized pBA-b-
pDDA diblock copolymers, as functions of both ϕp and
temperature (Figure 5b). These calculations are performed in
conjunction with a variable-cell method that further minimizes
the free energy density f with respect to the cell size.48 More
details are found in Section S3.4 in the Supporting
Information.
The results of the SCFT calculations are summarized in the

phase diagrams in Figure 6. From Figure 6a, we see excellent
agreement between SCFT and SAXS for pBA-b-pDDA with

Figure 3. Spinodal boundaries computed using RPA analysis for a
pBA-b-pDDA diblock copolymer in dodecane with a total degree of
polymerization, N, of 150. Dashed lines enclose regions of
macrophase separation and solid lines regions where ordered
mesophases are expected to form, with colors denoting the
temperature as indicated in the legend. The symbols correspond to
the SAXS spectra from Figure 4.

Figure 4. Select SAXS spectra taken at room temperature for the synthesized copolymers at different concentrations. The symbols correspond to
the ones in Figure 3 and indicate the position of the spectra relative to the RPA-predicted spinodal boundaries. All additional spectra are found in
Section S6 in the Supporting Information.
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the shortest pBA block (xBA = 0.41). Specifically, the
theoretical prediction quantitatively locates the BCC to HEX
transition with increasing ϕ and the shifting of the order−
disorder transition (ODT) to higher ϕp with increasing
temperature. At lower ϕp, spherical structures are stabilized
when the dodecane solvent selectively enters and swells the
pDDA regions, stretching the corona and favoring structures
with larger interfacial curvature. At increased ϕp, this solvent-
induced swelling is minimized so that structures with less
interfacial curvature, such as cylinders, are favored. For the
pBA-b-pDDA copolymer with xBA = 0.53 (Figure 6b), we again
see excellent agreement between SCFT and SAXS where the
BCC to HEX transition is quantitatively predicted. One main
difference between this phase diagram and the previous one is
the presence of a larger HEX region. This shift is caused by the
relatively larger pBA block, which increases the size of the core
and increases the amount of solvent necessary to sufficiently
swell the corona to form spherical structures.
The final pBA-b-pDDA copolymer with xBA = 0.74 has a

richer phase behavior than the previous two copolymers
(Figure 6c). This allowed us to examine all classical
morphologies including LAM, HEX, BCC, FCC, and GYR,
and demonstrate agreement between de novo theory and
experiment. In the phase diagram for this final copolymer
(Figure 6c), the large LAM region is caused by the relatively
large pBA block which favors structures with minimal
interfacial curvature. Additionally, the narrow GYR window
captured using both computation and experiment demon-
strates the ability of the field theory to inform the synthesis of
formulations targeting phases with small windows of stability
that would be otherwise easily missed. While SCFT is able to
capture the experimentally observed HEX to GYR to LAM
phase transitions, the phase boundaries are shifted to lower ϕp

in the computational predictions. One possible explanation for
the discrepancy between theory and experiment in this case is
that the training of the CG model was performed on systems
with compositional symmetry (xBA = 0.5), which is much
closer to the composition of the other two samples. Another
potential explanation is that the xBA = 0.74 copolymer has
nearly overlapping spinodal and order−disorder transition
(ODT) curves across much of the ODT boundary, suggesting
that the phase transition is very weakly first-order. Under such
conditions, field fluctuations are known to be very strong,
stabilizing the disordered phase relative to ordered phases.83

Consequently, our use of SCFT, which invokes the mean-field
approximation, under-predicts ϕp at the ODT. While this
shortcoming can be remedied by employing more computa-
tionally expensive fully fluctuating FTS,46 which should bring
the experimental and computational results in closer agree-

Figure 5. (a) SCFT analysis considers lamellar (LAM), hexagonal
(HEX), body-centered cubic (BCC), face-centered cubic (FCC), and
double gyroid (GYR) structures. (b) Direct access of SCFT to the
free energy density f enables the determination of the most favorable
morphology at each set of conditions, as that which minimizes f.
Shown is the free energy of each candidate structure relative to that
for the homogeneous, disordered phase at the same conditions.

Figure 6. Temperature-vs-concentration phase diagrams for pBA-b-
pDDA copolymers with N = 147, xBA = 0.41, and Đ = 1.09 (a), N =
139, xBA = 0.53, and Đ = 1.09 (b), and N = 173, xBA = 0.74, and Đ =
1.08 (c). The shaded regions indicate SCFT predictions of stable
phases while the dots indicate experimentally observed mesophases
from SAXS measurements. The solid black line indicates the ODT
while the dashed black line indicates the spinodal boundary.
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ment, the use of a mean-field approximation does not
significantly hinder the ability of our framework to anticipate
phase behavior across a broad range of compositions,
concentrations, and temperatures.

■ CONCLUSIONS
We have developed a multiscale workflow to produce
molecularly informed field-theoretic models that accurately
predict mesoscale properties of polymer formulations without
the need for any experimental input. This framework was used
to parametrize field-theoretic models for pBA-b-pDDA diblock
copolymers in dodecane solvent, and we applied the models to
target specific copolymer compositions for synthesis and SAXS
analysis. Significantly, the field-theoretic models were found to
quantitatively predict mesophase formation as functions of
temperature, concentration, and diblock composition for the
as-synthesized, well-defined samples. The ability to perform
mesoscale simulations while retaining connections to under-
lying atomic-scale chemistry enables efficient in silico
prediction of properties for complex, multicomponent systems.
This is expected to accelerate the development of formulations
with new and sustainable chemistries. Future work will focus
on extending the capabilities of this workflow through the
directed synthesis of libraries of functional block copolymers.
This combination of simulation and synthesis will enable the
calculation of other properties of interest, such as critical
micelle concentrations under more dilute conditions, and the
development of methods to predict interfacial properties and
self-assembly behavior near surfaces.
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