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Process-directed self-assembly of block copolymers refers to thermodynamic processes that reprodu-
cibly direct the kinetics of structure formation from a starting, unstable state into a selected, metastable
mesostructure. We investigate the kinetics of self-assembly of linear ACB triblock copolymers after a rapid
transformation of the middle C block from B to A. This prototypical process (e.g., photochemical
transformation) converts the initial, equilibrium mesophase of the ABB copolymer into a well-defined but
unstable, starting state of the AAB copolymer. The spontaneous structure formation that ensues from this
unstable state becomes trapped in a metastable mesostructure, and we systematically explore which
metastable mesostructures can be fabricated by varying the block copolymer composition of the initial and
final states. In addition to the equilibrium mesophases of linear AB diblock copolymers, this diagram of
process-accessible states includes 7 metastable periodic mesostructures, inter alia, Schoen’s F-RD periodic
minimal surface. Generally, we observe that the final, metastable mesostructure of the AAB copolymer
possesses the same symmetry as the initial, equilibrium mesophase of the ABB copolymer.
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The spontaneous formation of periodically ordered mes-
ostructures with characteristic dimensions of 5–100 nm is
the most characteristic and fascinating ability of block
copolymers [1–3]. The stability of these self-assembled
mesostructures is governed by a subtle balance of the
interfacial tension between different domains and confor-
mational stretching entropy [4]. For the deceptively simple,
linear AB diblock copolymer melt, six spatially modulated
mesophases, including close-packed spheres (cps) [5],
body-centered-cubic spheres (bcc), hexagonally packed
cylinders (hex), cubic gyroid networks (GYR), orthorhom-
bic Fddd networks (O70), and lamellae (LAM), are thermo-
dynamically stable, equilibrium states as a function of the
volume fraction, fA, of A segments and the incompatibility,
χABN [4,6–8].
The free-energy landscape of diblock copolymers, how-

ever, is even more complex and features a multitude of
metastable free-energy minima, e.g., alternate periodic
mesostructures such as the hexagonally perforated lamellae
(HPL) [1], grain boundaries, and localized defects [9]. In
fact, the free-energy landscape has been likened to that of
glass formers [10]. Although these mesostructures are only
metastable, the free-energy barriers that separate them

typically scale like
ffiffiffiffiffi

N̄
p

kBT [11,12]. Thus, a large invariant
degree of polymerization, N̄ , results in protracted lifetimes
of minutes or hours, which suffice to additionally stabilize
the mesostructures by cooling below the glass-transition
temperature or cross-linking. In spite of the ubiquitous
occurrence of metastable mesostructures in the course of
self-assembly and the abiding interest in equilibrium mes-
ophases and metastable mesostructures [13–18], the kinetic
pathways that lead to the formation of desired, nonequili-
brium mesostructures are rather less explored [19–21].

In this Letter, we systematically investigate a prototypical
class of thermodynamic processes that start from an
equilibrium mesophase and reproducibly prepare a well-
defined, unstable, starting state. We design the processes so
that the spontaneous structure formation that ensues from
this so-prepared, starting, unstable state becomes finally
trapped into a selected, metastable state and devise a
diagram of process-accessiblemesostructures. This diagram
provides valuable insights into the complex free-energy
landscape of these soft-matter systems and, potentially,
enables the reproducible fabrication of novel mesostruc-
tures without the need to synthesize new complex chain
architectures.
As a first exploratory step, we investigate a simple

thermodynamic process: we consider an incompressible
melt of linear ACB triblock copolymers, where the chemo-
physical properties of the middle block, C, can be rapidly
altered. At the beginning, the C block is miscible with
the B block and, for simplicity, we set χBC ¼ 0 and
χAB ¼ χAC > 0. Thus, the initial state is an equilibrium
mesophase of the ABB system. Then the process renders
the C block thermodynamically compatible with the A
block and, specifically, we set χAB ¼ χBC > 0 and χAC ¼ 0.
In addition, we assume that the conversion of the C block is
fast compared to the structural relaxation of the chain
conformations. Such an alchemical transformation of the
C block from B to A could potentially be realized e.g., by a
photochemical reaction [22]. Whereas this specific thermo-
dynamic process certainly is highly idealized, it is well
suited to illustrate the concept of process-directed self-
assembly and its potential for fabricating novel mesostruc-
tures, and to devise general correlations between the initial,
equilibrium mesophase of the ABB system and the final,
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metastable mesostructure of the AAB system after the
process.
In the following, we consider χABN ¼ 23, where N

denotes the total number of segments of a polymer, and
assume that all segments are characterized by the same
statistical segment length, b. All length scales are measured
in units of the unperturbed polymer’s end-to-end distance,
Re0 ¼ b

ffiffiffiffi

N
p

. Since the thermodynamic process is rapid, we
assume that the chain conformations remain unaltered
during conversions; i.e., the initial chain conformations
in the equilibrium mesophase are also characteristic of the
chain conformations in the starting, unstable state. Thus,
the process is specified by two parameters—the initial
volume fraction of A segments, fA, in the equilibrium
mesophase and the final volume fraction of A segments,
f�A ¼ fA þ fC,—which we systematically vary to explore
the accessible metastable mesostructures.
The kinetics of structure formation is studied by dynamic

self-consistent field theory (DSCFT) [26–32] using the
standard Gaussian chain model [33–36], and we verify the
results by single-chain-in-mean-field (SCMF) simulations
[37–40] for selected parameters. The initial state—an
equilibrium mesophase of a diblock copolymer with
fA—is readily obtained by static self-consistent field theory
(SCFT). As we vary fA, we obtain the equilibrium
densities, ϕinit

A ðrÞ and ϕinit
B ðrÞ ¼ 1 − ϕinit

A ðrÞ, of the fcc,
bcc, hex, GYR, and LAM mesophases with their corre-
sponding optimal periodicities, Linit.
Using these equilibrium results, we calculate the density,

~ϕCðrÞ, of the middle C block that corresponds to the B
segments at positions, fA < s ≤ f�A, where 0 ≤ s ≤ 1

denotes the contour parameter along the chain [41].
The densities of the starting, unstable state with f�A
after the conversion of the C block from B to A are
ϕstart
A ðrÞ¼ϕinit

A ðrÞþ ~ϕCðrÞ and ϕstart
B ðrÞ ¼ ϕinit

B ðrÞ − ~ϕCðrÞ,
respectively, and their conjugated potential fields,
ωstart
A ðrÞ and ωstart

B ðrÞ, can be iteratively obtained. In
this nonequilibrium situation, the chemical potentials,
μstartA ðrÞ ¼ χABN½ϕstart

B ðrÞ − f�B� þ ½ωstart
B ðrÞ − ωstart

A ðrÞ�=2
with f�B ¼ 1 − f�A and similarly for μstartB ðrÞ, vary in space
and their gradients drive the kinetics of structure formation.
We employ the DSCFT to calculate the time evolution of

the densities from this starting, unstable state using the
optimal periodicity of the corresponding initial, equilibrium
mesophase. Thus, the periodicity of the final, (meta)stable
mesostructure might not coincide with its preferred perio-
dicity, but this setting corresponds to the process of an
alchemical transformation without volume change. We
consider both, Allen-Cahn dynamics (model A) and
Cahn-Hilliard dynamics (model B) [42]. Further details
on the numerical implementations are compiled in the
Supplemental Material [43]. The latter scheme, model B,
locally conserves the density and thereby, mimics the
underlying diffusive dynamics of polymers. In contrast

to our previous study [20], however, the difference between
nonconserved and conserved dynamics has almost no
influence on the final observed mesostructure.
Since our DSCFT calculations do not include thermal

noise, the process-directed self-assembly is completely
deterministic, and the kinetics of structure formation
becomes trapped in the first state that the system encounters
in the course of the structure evolution. The results of
process-directed self-assembly are compiled in the diagram
of process-accessible states, Fig. 1, that presents all the final
mesostructures as a function of fA and f�A [50].
The diagonal, f�A ¼ fA, of this diagram, which is

indicated by the green, dashed-dotted line in Fig. 1,
corresponds to no conversion process because the length
of the middle C block vanishes. Therefore, the initial and
final states are identical, and both are equilibrium meso-
phases. The five perpendicular, black, solid lines in Fig. 1
signal to the composition, fA, of the equilibrium phase
transitions of first order between the disordered (DIS) melt,
and the ordered equilibrium mesophases, fcc [51], bcc, hex,
GYR, and LAM, respectively [4]. This dictates the sym-
metry of the initial, equilibrium mesophases. The two
horizontal, green, dashed lines correspond to the final
f�A, at which the disordered melt corresponds to the
absolute minimum of the free energy.
If the C block is short, i.e., jf�A − fAj ≪ 1, the starting,

unstable state that is prepared by the alchemical trans-
formation remains in the same basin of attraction on the
free-energy landscape as the initial, equilibrium meso-
phase. Consider, e.g., the case fA ¼ 28

128
, which corresponds

to a bcc equilibrium mesophase as illustrated in Fig. 2(c).
For 28

128
< f�A ≤ 50

128
, the final mesostructure also consists of

FIG. 1. Diagram of process-accessible states at χABN ¼ 23 that
is obtained by the alchemical transformation. fA denotes the
A volume fraction of the initial, equilibrium mesophase, whereas
f�A is the A volume fraction after the alchemical conversion
process. The three-letter abbreviations indicate the distinct, final
mesostructures that are depicted in Fig. 2.
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large(r), spherical A domains that are arranged on a bcc
lattice. In the interval 0.189535 < f�A < 0.222959, this bcc
mesostructure still corresponds to the equilibrium meso-
phase, whereas for large f�A the hex, GYR, or LAM
mesophase, respectively, represents the absolute minimum
of the free-energy landscape.
Upon increasing f�A further, the character of the final,

metastable mesostructure gradually changes because the A
density between the enlarged A spheres increases and
makes the A spheres become connected. Joining the A
spheres between the first nearest neighbors results in the
formation of the metastable I-WP mesostructure that is
depicted in Fig. 2(d). We emphasize that this change of the
final, metastable mesostructure from bcc to I-WP upon the
increase of f�A is completely gradual, and it is not associated
with a change between free-energy basins; merely, the
character of the basin smoothly varies with f�A. Thus, bcc
and I-WP are not thermodynamically different mesostruc-
tures and the location of the smooth crossover is indicated
by a horizontal, blue, dashed line in this diagram.
Upon increasing f�A still further, i.e., for f�A ≥ 99

128
,

the B domains gradually break up into spheres, and the
metastable I-WP-S mesostructure, which is presented in
Fig. 2(e), is fabricated. Note that the alchemical conversion
process does not result in a change of the basin on the free-
energy landscape for all these values of f�A. This feature
also explains why the final, metastable mesostructure is
insensitive to the details of the DSCFT.
Only for fA ¼ 28

128
→ f�A ≥ 102

128
does the alchemical con-

version process result in a basin change; in this case, the
final, metastable mesostructure is the disordered state,
and the concomitant transition is marked by a horizontal,
black, solid line in this diagram. Note that in the interval

102
128

≤ f�A < 0.814387, the disordered state is only meta-
stable; the thermodynamic equilibrium mesophases are bcc
and fcc mesostructures, respectively, depending on the
value of f�A.
In addition to the known thermodynamic equilibrium

mesophases, the diagram of process-accessible states,
Fig. 1, comprises seven additional metastable mesostruc-
tures: there are three bicontinuous network mesostructures,
Schoen’s F-RD [52,53], Schoen’s I-WP [52,54], and the
cubic single-DIAmond network (DIA) [55], as well as
the graphenelike arrangement of cylindrical domains in the
hex2* mesostructure [56] and different arrangements of
spherical domains, I-WP-S, GYR-S, and DIA-S. This
diagram also contains a fcc* mesostructure where the B
block forms the spherical domains that arrange on a fcc
lattice (see in the Supplemental Material [43]), which is
shifted with respect to the fcc lattice of the initial,
equilibrium mesophase shown in Fig. 2(a).
To the best of our knowledge, the metastable F-RD [57],

I-WP-S, GYR-S, and DIA-S [58] mesostructures have not
yet been experimentally observed.
Generally, the alchemical conversion process does not

result in a change of free-energy basin and, consequently,
the final, metastable mesostructure at f�A possesses the
same symmetry as the initial, equilibrium mesophase at fA.
Thus, the sequence of final, metastable mesostructures
upon varying f�A markedly differs from the sequence of
equilibrium mesophases. For example, the alchemical
conversion processes of the initial, equilibrium mesophase
at fA ¼ 28

128
yield the sequence of bcc, I-WP, I-WP-S, and

DIS mesostructures upon increasing f�A, whereas the
corresponding equilibrium mesophases are bcc, hex,
GYR, LAM, GYR, hex, bcc, fcc, and DIS [4].
Notable exceptions from this general observation are

alchemical transformations of long C blocks, i.e., large
jf�A − fAj, which catapult the starting, unstable state out of
the free-energy basin of the initial, equilibrium mesophase.
The new basin can be the basin of the DIS mesostructure
or the basin of another spatially modulated mesostructure.
There are two examples of the latter: the process-directed
self-assembly from the initial, equilibrium GYRmesophase
to the final, metastable DIA mesostructure and from the
initial, equilibrium fcc mesophase to the final, metastable
fcc* mesostructure. In the following, we focus on the
case of the metastable DIA mesostructure. The case of
the metastable fcc* mesostructure is discussed in the
Supplemental Material [43].
To validate the DSCFT calculations, we perform SCMF

simulations of a soft, particle-based model with N ¼ 32
coarse-grained segments per macromolecule. The softness
allows us to represent a large invariant degree of polym-

erization,
ffiffiffiffiffi

N̄
p

¼ 128000. For fA ¼ 11
32
, we equilibrate an

equilibrium gyroid network in a cubic simulation cell of
linear dimension 11.979Re0 with periodic boundary

FIG. 2. Graphical representations of final mesostructures—(a)
fcc, (b) F-RD, (c) bcc, (d) I-WP, (e) I-WP-S, (f) hex, (g) hex2*,
(h) GYR-S, (i) GYR, (j) DIA, (k) DIA-S, (l) LAM—that can be
fabricated by process-directed self-assembly using an alchemical
conversion of the middle C block.
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conditions. At frozen chain conformations, we switch the A
volume fraction to f�A ¼ 22

32
by converting the identity of the

11 middle segments fromB to A. The spontaneous structure
formation from this starting, unstable state is shown in
Fig. 3. First, around 1000 MC steps, we observe the
formation of an A-gyroid network, which subsequently
transforms into the DIA mesostructure of B channels
around 5000 MC steps, which approximately correspond
to half of the time a polymer chain in a disordered melt
needs to diffuse a distance Re0. The system only evolves
slowly during the simulation runs that has been extended up
to 15000 MC steps, indicating the metastability of the DIA
mesostructure. A similar time evolution is also observed in
both, nonconserved and conserved, DSCFT calculations.
To further illustrate the process-directed self-assembly of

the metastable DIA mesostructure by an alchemical con-
version process, we present in Fig. 4, the free energies of
the GYR and DIAmesostructures as a function of f�A. In the
interval 52

128
≤ f�A ≤ 87

128
, both GYR and DIA mesostructures

are metastable at the periodicity, Linit ¼ 3.993Re0 that is
dictated by the value of the initial, equilibrium GYR
mesophase at fA ¼ 44

128
. For f�A ≤ 86

128
, the process-directed

self-assembly yields the metastable GYR mesostructure,
which resides inside the free-energy basin of the initial,
equilibrium mesophase. As f�A increases, however, the size
of this GYR basin decreases. For f�A ≥ 87

128
, eventually, the

alchemical conversion process catapults the starting,

unstable state out of the GYR free-energy basin (which
still exists because of the metastable GYR mesostructure)
into the DIA free-energy basin. The subsequent, sponta-
neous structure formation yields the metastable DIA
mesostructure.
In summary, we studied the process-directed self-

assembly for fabricating metastable mesostructures using
dynamic self-consistent field calculations and particle-
based simulations. Illustrating the concept by an alchemical
conversion process, we have systematically studied the
process-accessible mesostructures at intermediate segrega-
tion as a function of the initial and final A volume fractions.
In addition to the common equilibrium mesophases, the
diagram of process-accessible states encompasses multiple
additional mesostructures, of which some have not been
reported before. Generally, we find that the sequence of
final, metastable mesostructures after the alchemical con-
version process coincides in symmetry with the initial,
equilibrium mesophase and strongly differs from the
equilibrium mesophases at the same value of f�A. We argue
that this general trend arises from the “weakness” of the
alchemical conversion process that does not catapult
the starting, unstable state into a new free-energy basin.
Notable exceptions are the formation of the metastable DIA
and fcc* mesostructures.
Whereas our study focuses on a specific example of a

rapid thermodynamic process, we expect that our qualita-
tive observations are rather robust because they are based
on the universal structure of the free-energy landscape. We
hope that our predictions will stimulate experimental efforts
that explore the complex free-energy landscape of these
fascinating soft materials, confirm our predictions of novel

FIG. 3. Time evolution observed by SCMF simulations after
an alchemical conversion process of an equilibrium gyroid
network from fA ¼ 11

32
to f�A ¼ 22

32
at χABN ¼ 23. The different

panels show the A density (red color) at different times measured
in units of Monte Carlo (MC) steps per segment. The simulation
cell totally comprises 27 cubic unit cells.

FIG. 4. Free energies of GYR and DIA mesostructures as a
function of f�A at χABN ¼ 23. The inset depicts the metastable
GYR and DIA mesostructures at f�A ¼ 87

128
as well as the starting,

unstable state obtained by the alchemical conversion process. The
location of the starting, unstable state on the free-energy land-
scape is qualitatively sketched.
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metastable mesostructures, and test our strategy to repro-
ducibly fabricate the desired metastable mesostructures.
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