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ABSTRACT: We consider a supramolecular diblock copolymer melt in which two homopolymers of different
species can reversibly bond at terminal binding sites to form a diblock copolymer. The grand canonical ensemble
is particularly convenient for formulating field-theoretic models of supramolecular assembly because the chemical
equilibrium of bonding reactions impose constraints on the chemical potentials of the polymer species. Unlike
the analogous model for a three component blend of A and B homopolymers with an irreversibly bonded AB
diblock copolymer, botlyN andN appear as independent parameters, wiésethe Flory interaction parameter

andN is the length of the diblock copolymer. In addition, an extra parameter characterizes the free energy of
forming a bond. Analytic methods and numerical self-consistent field theory are used to calculate the phase
diagram in the mean-field approximation. For symmetric systems with equal volume fractions and chain lengths
of the two homopolymers, we predict re-entrant behavior upon cooling in narrow parameter ranges for both
disordered and lamellar phases. In the case of the lamellar phase, we find re-entrant behavior in which the
intermediate phase is either disordered or macrophase separated. We explain this behavior as a competition between
the bonding equilibrium, the chemical incompatibility of the two species and the translational entropy loss upon
forming a diblock copolymer.

1. Introduction -~ N

Supramolecular polymer systems consist of polymers with
one or more bonding groups that can each form a reversible \ 7’
linkage of precise functionality with another bonding group. -
For example, Sijbesma, Meijer, and co-workers synthesized
short telechelic polymers capped on each end with a bonding
group? In solution, these polymers bonded together to form
long linear supramolecular chains. The reversible nature of the - s
bonding reaction implies that temperature can be used to control I
the average length of the supramolecular polymers and hence 4
bulk solution properties such as the viscosity. While Meijer’s N - s
group used reversibly bonding units possessing four adjacentl:igure 1. Supramolecular diblock copolymer system in which terminal
hydrogen bonds, other routes to supramolecular polymers havenetero-complementary bonding groups on A and B homopolymers can
employed a single hydrogen bond coupled with an ionic reversibly bind to form an AB diblock copolymer.
interaction? metal ligand complexesPNA base pairind,and
host-guest interactiortsas the reversible bond. Moreover, this graft to the B block, and this three-component system formed
assortment of bonding groups has allowed researchers to usdoth lamellar and cylindrical morphologies. Moreover, the
two distinct, noninteracting bonding groups in the same polymer electrical conductivity of this material showed a large peak as

system as an “orthogonal” approach to new matefiBistential a function of temperature due to the changing morphology,
applications for these materials include biosensors and light another example of the ability to control material properties with
harvesting complexes for solar cells. temperature. While this system employed a single hydrogen

We are primarily interested in multicomponent supramolecu- bond with an ionic interaction as the reversible bond, other
lar polymer systems capable of formimgiomogeneoughases. examp!es of inhomogeneous supramolecular polymers have used
The work of Ruokolainen et al. exemplifies both the interesting Metal ligand complexésand a series of four adjacent hydrogen
physics and the potential applications of inhomogeneous su-Ponds’
pramolecular polymeraFirst, they synthesized a graft copoly- Because of the large parameter space that characterizes the
mer system in which end-functionalized A polymers could polymer architectures and molecular weights, chemical incom-
reversibly bond anywhere along the backbone of B polymers. patibilities of different species and bonding strengths possible
This system exhibited re-entrant behavior, as they observedin multicomponent supramolecular polymer systems, theory will
transitions from a two phase macrophase separated region to aindoubtedly play an important role in designing these materials.
one phase disordered region and back to a two phase region a3anaka and co-workers pioneered this effort by considering A
temperature increased. Then they replaced the B polymer withand B homopolymers that could form a diblock copolyrer,

a BC diblock copolymer in which the A polymers could only the system illustrated in Figure 1. They used the random phase
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approximation to study microphase and macrophase separatiorfor this bonding reaction determinegs, the number of diblock
transitions in this system of supramolecular diblock copolymers copolymers. Our coarse grained model for this reaction assumes
(SDC). Subsequent work by the same group employed similar a free energy chandg&, upon forming a diblock copolymer that
theoretical methods to investigate the two component graft accounts for the microscopic details of joining two terminal
copolymer system studied experimentally by Ruokolainen and bonding groups. In generdk, has an energetic and entropic
co-workers? The group of ten Brinke employed Monte Carlo contribution, and we emphasize th&t only reflects the
simulations to study the inhomogeneous phase behavior offormation free energy of a bond between two functional groups
supramolecular diblock copolyméfsand graft copolymer&t in close proximity. Larger scale energetic and entropic effects
More recent work by ten Brinke and co-workers has advanced associated with, e.g., differences in conformational properties
the theoretical methods in analyzing graft and diblock copolymer and translational entropies of reactants (homopolymers) and
systems in the weak segregation regithe. products (diblocks) are explicitly accounted for in the model.

Despite the success of this theoretical work, it is desirable to For simplicity, we expres§y and all subsequent energies in
go beyond the weak segregation regime and apply numericalunits ofKT.
self-consistent field theory (SCFT) to investigate supramolecular We assume flexible polymers and apply a continuous
polymers at arbitrary segregation strengths. The formalism of Gaussian chain model so thRjk(s) denotes a contour poiist
ten Brinke and co-workers, which is framed in the canonical € [0, N«] on a space curv®ix for chaini = 1, 2, ...,nc° of
ensemble and imposes binding equilibrium using an approxima- species K= A, B. The harmonic stretching energy for one
tion that deteriorates at higher segregation strength, is not easilyPolymer chain is
extended to numerical SCFT. Therefore, an important aspect
of the present paper is recasting the field-theoretic description 3 Nk
of supramolecular polymers into a form where the conditions UdRik] = g ﬁ)
of bonding equilibrium are exact at all segregation strengths.
This versatile framework can be used to investigate the self-
assembly of broad classes of inhomogeneous supramoleculal
polymers. While the mean-field approximation (SCFT) is
applied in the present work, we emphasize that our theoretical
framework does not rely on this approximation and more general 0
field-theoretic simulation techniqu®s could be applied. _ -

Here we consider a SDC model in which reversible bonds Uo[Ra, Rel = K—ZB.— UolRixd] 2)
only result in diblock copolymers, the situation depicted in T
Figure 1. This case odfietero-complementarlginding occurs
experimentally when the bonding groups on the A homopoly-
mers can only bind to the groups on the B homopolymers. It is
straightforward to generalize to the case in which one or both
homopolymers havself-complementayonding groups so that
pairs of homopolymers can link together. We formulate our SDC Uy[Ra, Rgl = vgx, f pPa(r)pg(r) dr 3)
model in the grand canonical ensemble, the most natural way
to describe a chemically reacting system. The model employswherey is the A—B Flory interaction parameter, microscopic
continuous Gaussian chains, characterizes the chemical incomsegment densities are defined py(r) = 5=’ j‘B‘K or —
patibility of the two species with a FloryHuggins parameter  Rix(s)) dsandug is a common segment volume for both species.
x and prescribes a free energy change upon linking A and B To capture repulsive interactions among polymer segments, we
homopolymers to form a diblock copolymer. Our numerical assume incompressible melt conditions which fixes the density
results for a symmetric system with A and B homopolymers of at po = pa(r) + ps(r) = vt for each pointr.
the same length and volume fraction show inhomogeneous re- We formulate the equilibrium statistical mechanics of this
entrant behavior in which a lamellar phase disappears with model in the grand canonical ensemble for fixed activity of the
decreasing temperature but then reappears at a lower temperA homopolymerza, volumeV, and temperatur€. The activity
ature. zs of the B homopolymer does not appear as an independent

This paper has the following organization. Section 2 formu- parameter because the incompressibility constraint fixes the total
lates the field-theoretic model in the grand canonical ensemble.number of segments in the system. Moreover, no independent
We outline our methods for calculating phase diagrams in activity zag is present for the diblock species because, as
section 3, while section 4 displays the resulting phase diagramsdiscussed further below, reaction equiliborium provides an
and discusses the re-entrant behavior. We conclude in sectiorindependent condition that relates the chemical potentials (and
5 by discussing the relationship of this theoretical work with thus activities) of the reactants and products. The detailed

dR(9)|?
ds

ds (1)

whereb is the statistical segment length, taken to be the same
for both polymer species. The total stretching energy for this
system (prior to allowing any reaction) is

whereR for K = A, B denotes the set of space curi®g for
i = 1..nk% We model attractive interactions among segments
of the same species through the quadratic interaction

experiments. description of the model and conversion to field-theoretic form
by means of a Hubbar¢eStratonovich-Edwards transformation
2. Model Development are given in Appendix A.1. The grand canonical partition

Our supramolecular diblock copolymers (SDC) model con- function

sists of an incompressible melt og° original homopolymers .

of lengthNk for K = A, B contained within a volum&/. The E(z,, V, T) = f DWW, g - (4)
hetero-complementary bonding groups at one end of each A

and B homopolymer allow two homopolymers of different is expressed as a functional integral over fields (x), which
species to form an AB diblock copolymer of lendth= Na + denote fluctuating potential field#&/, (x) andW-(x) conjugate
Ng. The generalization of our formalism to self-complementary to the linear combination of densitiepa(x) + ps(X))/N and
bonding groups is straightforward. The chemical equilibrium (pa(X) — ps(X))/N respectively. The effective Hamiltonian is
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AWIN _

1 24 1 _ Dax, t W,1) = Va(x, t; [W,]) — 1(x, a(x, t; [W,])
PR S W_(x)* dx 5 JIWL(x) dx ot

(8)
with the initial conditionq(x, 0;[W.]) = 1 for all x where

whereV = V/IRy® andx = r/Ry are dimensionless volumes IW, (x) — W_(x) te(0,f)

and position vectors in units &y = b(N/6)'2, the ideal radius Pix, 1) = W, (x) + W_(x) te(f,1) ©)
of gyration of a diblock copolymer. The activity of A ho-

mopolymersza, has also been nondimensionalized in units of is the external field. One can show that

po/N; this is also done implicitly in previous field-theoretic

2, Qa[W,] — Qg[W,] — ZAeinNilQAB[Wi] )

models of polymer blend.Q_[W.] for L = A, B, AB is the _1 :
normalized single chain partition function for a polymer in the QalW. \‘/f aCx, f; [W.]) dx (10)
external fieldsW..(x). For the A species,
1
, QualW.1 == [ q(x, 1; [W,]) dx (11)
[ IRy e ViR JALEGRORIECHON v
QuW,] = - R (6) To calculateQg[W.], we define a backward propagatgf(x,
f YR t;[W.]) that satisfies the diffusion equation

wheret = s/N andf = Na/N is the volume fraction of the A ﬁq’f(x’ t [W,]) = vaq'(x, t; W,]) — wT(X’ Hg'(x, t; [W.])
block of each diblock copolymer. Similar expressions can be ot (12)
written for the diblock copolymer and B homopolymer. The
factor N-1 that multipliesQas[W.] in eq 5 results from the  where
decreasing number of bonding groups available to form diblock
copolymers with increasinly; the concentration of these groups x, 1) = IW'(x) +W_(x) te(0,1-f) (13)
scales adl~1 in an incompressible melt. This is a distinguishing v W, (x) —W_(x) te (1—1,1)
feature of chemically reacting systems and leads to a model
dependence on bothN and N, unlike the typical case of  with the initial conditiong’(x, 0;[W.]) = 1 for all x. Then
nonreacting block copolymers and blerdds/Ne discuss this
point further in section 3 and Appendix A.2. Qg[W,] = % f qT(x, 1—f; [W,]) dx (14)
Since our SDC model involves an incompressible mixture \%

of a block copolymer and two homopolymers, there is a close
relationship between the model and standard models for ternary
blends of permanently bonded AB diblock copolymer with A
and B homopolyme¥ If we simply replace the factane FN-1
that multiplies Qag in eq 5 with an independent diblock
copolymer activityzag, the grand canonical description of a
fixed-bonded ternary blend is immediately recovered. For the
SDC model, we can understand the particular expression for 09[W,] 2
Zag in terms of chemical equilibrium. Specifically, the law of  ——— - X INWV- () = dax; [WL) +
mass action implies that PoRyo - X

Pg(X; [W,]) =0 (15)

is the single chain partition function for the B homopolymer.

In this paper, we shall focus exclusively on mean-field or
saddle point solutions to the above field theoretic model for
SDC. One obtains the mean-field equations by requiring that
the effective Hamiltonian is stationary with respect to the two
fields, i.e.

Z
2 =K =™ @) N OAW,]

z : —
nZ8 PRy’ W, (x)

1+ ga06 [We) + (x; [We]) =0

whereKeq is an equilibrium constant for the binding reaction. (16)

The factor of InN in the exponent arises naturally from the \ynere the volume fractions of A and B segments are given by
aforementioned scaling of the activities by the average chain

densitypo/N and represents the translational entropy loss upon , (y-rw.1) = 7 f %t [W < f—t [W.T) di +
binding two homopolymers to form a diblock. Singeandzs a0 W) =2, qu( & WeD)ak W)

are not independent parameters in an incompressible model, we er*Fb*'”N L q(x, t; [Wi])qT(x, 1—t [W,])dt (17)
are free to se#g = 1, upon whichzag = zae "N~ and the

prefactor ofQag in eq 5 is obtained. At a fundamental level, ¢g(X; [W,]) =

eq 7 results from the chemical equilibrium conditioxe = ua 1-f 4, + .

+ ug relating the chemical potentials of reactants and products. ﬁ) 96 WD (x, 1= =6 [W,]) dt +

Our treatment of reaction equilibria is therefore exact for all 7. @ ForInN L alx t IW.Da'(x. 1—t [W.T) dt (18
values ofyN, while previous theoretical treatments are limited A J; Al & IW.Da . WD dt (18)

i v ! . _ _ _
to the weak segregation regirtfe.'? More details conceming |, these volume fraction expressions, the first and second terms

the treatment of chemical equilibrium are presented in AppendiX i, the sum, respectively, correspond to the contributions from
Al the homopolymers and diblock copolymers. Because of the

To evaluate the single chain partition functions in eq 5, we lengths of the polymers in this reacting system, there is no need
introduce a forward propagatofx, t; [W.]) that satisfies the  to calculate propagators specifically for the A or B homopoly-
modified diffusion equation mers.
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A saddle point solution to the model corresponds to the fields
Wi (x) that satisfy eqs 15 and 16. In gener8lf(x) are
complex valued fields, but we are interested only in physically
meaningful fields that lead to real valuesh(x) and ¢g(X).
Equation 15 immediately implies th&¥* (x) must be real for
all x. Moreover, the assumption that, (x) is purely imaginary
leads to real valued(x, t; [W.]) for all x andt and hence real
valued volume fractions. We define real valued fieR[g) =
iW.(x) and E(x) = W-(x), corresponding to “pressure” and
“exchange” potentials, respectively, which reduces the search
space for saddle points by a factor 1§,

3. Calculating Phase Diagrams

In the present work, we consider a bonding free enéfigy

—h whereh is the energy decrease upon forming a diblock
copolymer in units of the thermal energyf. The assumption
that the binding is purely energetic implies that- 1/T. We
note, however, that it may be necessary to include a bonding
entropy inFp to make quantitative comparison with experiments.
To calculate a phase diagram for the supramolecular diblock
copolymer model, we compare the mean-field free energy given
in eq 5 for various ordered and disordered phases at different
values ofza. It is helpful to analytically compute the free energy
for the homogeneous disordered phase in which case the field
E(X) = E, andP(x) = Py, are independent of. This implies

dan = ZAfei(PhiEh)f (19)
dgn = a—f )e—(Ph+Eh)(l—f) (20)
¢AB — ZAe*Fb*mN*Ph*(l*Zf)Eh (21)

for the volume fraction of the A homopolymer, B homopolymer,
and diblock copolymer, respectively. This leads to a homoge-
neous free energy of

T= //[W—\i;] = INpA(1 — ) +
(d% - ¢AB) [In(% B ¢AB) a 1] "

1-¢ 1-¢
( T ¢AB)['“( T %) - 1] i
¢
Ppp(In ppg — 1) — P‘ATA + ¢pg(Fp +INN) — ZZN (22)
and a chemical potential of

1—¢,
1-—f

o)
ANf(2¢, — 1)
where we choose the total volume fraction of A segments

contributed by A homopolymer and diblocl = ¢an + foas,
and the volume fraction of diblock copolymesg, as the two

¢ f
Up=Inz, = In(TA - ¢AB) - ﬁln(
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arises from the conservation of species in the chemical reaction.
However, the final expression given by Angerman and ten
Brinke is independent dfl due to a compensatingln N term
in their bonding free energy. Sindg, corresponds to a local
interaction of bonding groups whose value should not depend
on the molecular weight of the chains to which the groups are
attached, we believe th&, should be independent df. We
discuss these issues further in Appendix A.2.

A “mass action” law for the homogeneous phase follows
immediately from egs 1921

¢AB _ —Fp—InN

[panf b/ — D]

(23)

and expresses the chemical equilibrium of the bonding reaction.

It should be emphasized that this formula involving volume
fractions holds only for the homogeneous phase, in contrast to
the mass action law eq 7 that is exact under all conditions. We
usegan = ¢a — fpas andeen = 1 — ¢a — (1 — f)¢g to solve

eq 23 forgap as a function ofpa; substituting this result into

eq 22 gives the free energy as a functiorpef We determine
phase transitions between disordered and macrophase separated

gohases from the minima of this free energy.

We first consider the parametefs= 0.5 andzy, = 1 and
study phases with equal numbers of A and B segments, i.e.,
J oa(X) dx = [ ¢s(X) dx. This symmetric system is analogous
to the isopleth in ternary blend systefisand we expect only
homogeneous and lamellar phases. Since the homopolymers are
shorter than the diblock copolymer in the SDC model by a factor
of 2, previous work on ternary blends suggests the existence of
an isotropic Lifshitz point at which disordered, coexisting
homogeneous phases, and lamellar regions of the phase diagram
meet. For example, a ternary blend of a symmetric diblock
copolymer with homopolymers of half the diblock length and
a total A volume fraction of 0.5 has a mean-field Lifshitz point
located agyN = 6 and@as = /3. Exploiting the correspondence
between this ternary blend with covalently bonded diblock
copolymers and SDC with= 0.5 andzy = 1, we use egs 19
and 21 to find thaF, = In(4/3N) or h = In(3N/4) is the condition
locating the mean-field Lifshitz point in the SDC model. This
result is also obtained by applying the random phase ap-
proximation to the SDC model in the grand canonical ensemble;
see Appendix A.3 for details of this calculation. It should also
be emphasized that an isotropic Lifshitz point is present only
in mean field theory. Thermal fluctuations stabilize a bicon-
tinuous microemulsion phase in the region of this péint.
Nonetheless, the exercise of locating the mean-field Lifshitz
point is useful in establishing the topology of the phase diagram
as well as parameter values for which bicontinuous morphol-
ogies are expectéed.

We use numerical self-consistent field theory (SCFT) to
evaluate the free energies of single unit cells of candidate
inhomogeneous phases. This requires finding the inhomoge-
neous real fieldE*(x) and P*(x) that satisfy the mean-field
egs 15 and 16. For a particular inhomogeneous phase, we begin

independent compositions in this incompressible system. Thewith fields possessing the symmetries of the phase and solve
free energy in eq 22 has the familiar Flory form with the first the modified diffusion equations in eq 8 and 12 with a pseudo-
four terms after the equality corresponding to the energy and spectral algorithm#2°The segment volume fractions in eq 17
translational entropy of a ternary blend. In addition, the terms and 18 are then evaluated by applying Simpson’s rule on a
oasFp andgag In N represent the local free energy change of uniform collocation grid, and the fields are updated by a semi-
the bonding groups and translational entropy loss, respectively,implicit relaxation scheme until an error criterion is satis-
upon forming diblock copolymers in this reacting system. These fied.1421.22We also minimize the free energy with respect to
results are consistent with a Flory lattice treatment for the the volume and shape of the periodic simulation box with a
homogeneous phase of a SDC mééielhere thapag In N term variable cell shape methd@#?3 This optimization determines
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Figure 2. Universal mean-field phase diagram for the supramolecular Figure 3. Mean-field phase diagram for the supramolecular diblock
diblock copolymer model in the coordinates faf = h — In N vs copolymer model wittza/ze = 1.0, andNa = Ng. Labeled phases are
1/(xN) in the symmetric isopleth plang/zz = 1.0 andNa = Ns. Dis (homogeneous disordered phase), Lam (lamellar phase), 2 phase

Labeled phases are Dis (homogeneous phase), Lam (lamellar phasejcoexisting A-rich and B-rich homogeneous phases). The valuds of
and 2 phase (coexisting A-rich and B-rich homogeneous phases). Theindicate the diblock copolymer length. Solid dots denote Lifshitz points
solid dot denotes the Lifshitz point (LS). The horizontal dashed line (LS). The horizontal dashed line on the left of the diagram denotes
on the left of the diagram denotegW= %/, the macrophase separation  1/yN = /,, the macrophase separation transition for a binary blend of
transition for a binary blend of polymers. The horizontal dashed line polymers. The horizontal dashed line on the right of the diagram
on the right of the diagram signifiesy ~ 0.095, the orderdisorder signifies 14N ~ 0.095, the orderdisorder transition for a symmetric
transition for a symmetric diblock copolym#f. diblock copolymep*

the cell volume and shape for which there is no residual internal axes depend on temperature. To accomplish these goals, we
stress. The minor modifications needed to implement these note that the three relevant energies are the thermal ek@rgy
methods in the grand canonical ensemble are discussed inthe bonding energi(kT) and the segmentsegment interaction
Appendix A.4. Because we conduct our numerical SCFT energyyN(KT). It proves convenient to scale the thermal and
calculations in the grand canonical ensemble, the act#ity  bonding energies by the interaction energy, which implies a
and binding energ are manipulated parameters, while the dimensionless temperature ofWand a dimensionless bonding
volume fractions¢a, #s, and ¢as are byproducts of the  energy ofh/yN. Since we assume thdt and i are purely

numerical procedure. enthalpic quantitiesh/yN does not depend on temperature. In
Figure 3, we have re-plotted the symmetric phase diagram in
4. Results the coordinates of 4N vs h/yN. Each curve corresponds to the

We begin by discussing our numerical SCFT results for indicated value ofN, and the curve witiN = 1 is simply the
symmetric supramolecular diblock copolymers (SDC) with equal universal diagram in Figure 2 plotted with a different horizontal
chain lengthsNa = Ng = N/2 (i.e.,f = 1/2), and equal volume  axis. Each vertical slice of Figure 3 shows the effect of changing

fractions of A and B homopolymers (set by choosimg= zg temperature at a fixed ratio of bonding to interaction energy.
= 1). In Figure 2 we display a “universal” phase diagram Figure 3 shows that the two phase region becomes larger with
expressed in the coordinates ofyMj andhett = h — In N. The increasingN. This results from the fact that the concentration

numerical SCFT calculation confirms the location of the Lifshitz of reactants, namely functional end groups, scales lds st
point athett = IN(3/4) ~ —0.287. Foihei < In(3/4), macrophase  very few diblocks are formed at large unless the binding
separation into coexisting A-rich and B-rich homogeneous energy is very large. Thus, for increasiNgt fixedyN, a larger
phases is predicted upon lowering the value gNLAWWe note bonding energy is required to form enough diblock copolymers
that decreasing N at fixed her does not correspond to to induce microphase separation. Perhaps most interesting is
decreasing temperature sinbgsy = h — In N depends on that Figure 3 showthreedistinct types of re-entrant behavior
temperature; this issue is addressed in our subsequent phase which a particular phase will disappear with decreasing
diagrams. At such weak bonding strengths, the diblock con- temperature only to re-appear at a lower temperature. First, the
centration is sufficiently low that microphase separation is not N = 1000 case displays a sequence of transitions from lamellar
possible. In the asymptotic limit dfs — —oo, there is strictly to disordered to lamellar phases with decreasing temperature
no diblock copolymer in the melt, so we recover the binary ath/yN ~ 1.05. At slightly largeh/yN for N = 1000, there is
blend case in which macrophase separation occurs)at)1# re-entrant behavior among homogeneous phases involving
1/4. As hett becomes larger than In(3/4), a lamellar phase emerges,transitions from disordered to macrophase separated to disor-
and the range of 3N values in which this phase is stable dered phases. Finally, the phase diagramd\fer 1 andN =

increases with increasing binding enetgy. Finally, the limit 10 show a narrow band of thermally induced transitions from
of a pure symmetric diblock copolymer melt with an order  lamellar to macrophase separated to lamellar phases. Homoge-
disorder transition of N ~ 0.095* is attained forhes — o. neous re-entrant behavior has been predicted for a SDC model

While Figure 2 highlights the general features of the phase previously? and is a well-known phenomenon in binary
diagram, it does not explicitly show the phase behavior as a mixtures of low molecular weight associating flu#fsSince
function ofN, the diblock copolymer length. Moreover, it would  the re-entrant behavior in binary fluids is understood as a result
be experimentally valuable to have a phase diagram with a clearof hydrogen bonding between molecules of different species, it
temperature dependence; this is not the case in Figure 2 as botlis not surprising that our SDC model shows the same behavior
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(@ 07— —T—T T 7T T T T T precipitously. Finally, upon cooling to very low temperatures,
1 at which point the importance of translational entropy dimin-
0.6 am ) - ishes, the systems seeks an energy minimum by forming djblock
-2 2 phase Lam Dis copolymers and hence a lamellar phase. This complicated
05 \ - nonmonotonic behavior of the copolymer volume fraction is
L N ] apparently a ubiquitous feature of SDC systems at very low
04| opT i molecular weight.
3 In Figure 4b, we show the behavior of the diblock volume
< 03} - fraction for a more realistitN = 1000 case and fixet/yN =
L ] 1.05. Here, a larger value dfyN is required to overcome the
02 - low concentration{1/N) of reactant end groups and produce
L ] enough copolymer to form a lamellar phase. In this regime,
01k i however, the chemical incompatibility plays a less significant
L .)// l role and the diblock copolymer volume fraction increases
Y} EE) N f NI IR R T T monotonically with decreasing temperature. The large bonding
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 022 energy creates enough copolymer to stabilize against macrophase
1N separation as the temperature is lowered, so the intermediate
phase separating the two occurrences of the lamellar phase is
) O F T 7T T T T T 17 T disordered. In reality, with thermal fluctuations accounted for,
09 |- ] we would expect much of the region surrounding the intermedi-
L 1 ate disordered phase to be replaced with a bicontinuous
08 . microemulsion.
07k ] To gain some insight into the asymmetric case when the total
: Lam 1 volume fractions of A and B polymer segments are not equal,
06 - 4 7 we show the phase diagram fn/zs = 2, f = 0.5 Na = Ng),
5 05 N ] andN = 100 in Figure 5, parts a and b. With increasing bonding
< L . . 1 strength at a fixed temperature/l¥ < 0.102, Figure 5a shows
04 Lam Dis \ 2 phase Dis that the system passes _throug?fdisordered, body-centered cubic
03l ] spheres (space grodm3m''), hexagonally packed cylinders,
L 1 bicontinuous gyroid1@3d"), and lamellar phases. The double
0.2 - . diamond phaseRn3m') is not stable anywhere in the phase
0 i ] diagram. Sincea > zs, the disordered phase is enriched in the
L *oee | A species. Larger bonding energies favor the formation of

T —— S L diblock copolymers, which pulls more B chains into the system
0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 0.26 : .
from the reservoir and decreases the total volume fraction of
1IN the A species. This is analogous to moving fréss 1 tof =
Figure 4. (a) Volume fraction of diblock copolymer for the symmetric 0.5 in the ordered region of the diblock copolymer phase
SDCImOde'fW“T/%N =0.landN=1. (bo)l \I/O".Jme fraction of d(;b"ﬁ’k diagram?® and we observe the same sequence of phases in both
igggymer or the symmetric SDC model wittyN = 1.05 andN = diblock copolymers and supramolecular diblock copolymers.

Moreover, theoretical studies of ternary blends of A and B
in the homogeneous regime. However, we are unaware of anyhomopolymer with symmetric AB diblock copolymer also show

previous theoretical or experimental work on the re-appearance';he t§amef dgsﬁueknce Olf pha;?sF\{vhen E:Ecreasmg the volume
of an inhomogeneous phase in a supramolecular polymer syste rraction ot diblock Copolymers. in Figure >b, we superimpose

To better understand the inhomogeneous re-entrant behavior{ﬂZﬁ]izhifggﬁgig'aggp ic;nst;m&a TelL?i:'i%r?Oma,gZ:I;::: t?\goc\)/\:zere d
we consider the competition between three factors. The bonding 9 Y 9 4

reaction induces diblock copolymer formation while chemical region in asymmetric systems. While these results shed light

incompatibility and the translational entropy loss upon forming _c:n sysI(tjeLnso\lf_vflft_h ultntequal volumti fra(r:]tlons ?jf Aand B. sr')fmes,
a diblock copolymer favor homopolymer formation. The effect :SV\\//v?tl;\ exeerlin:(fauntsosicr?cn;pair: no? Fc)oizfz:nt I?r?r?umi:)r:lt l?l:re
of these three factors is most clearly seen in the behavior of theOlia ram P A 9

diblock copolymer volume fraction as a function of temperature gram.

in the re-entrant regime. Figure 4a displays this information for
N = 1 and a fixed value of/yN = 0.1. Starting in the high
temperature (large %N) disordered phase, we see that the In the present paper we formulated a simple field-theoretic
diblock volume fraction initially rises upon cooling since the model for a melt of supramolecular diblock copolymers (SDC)
binding equilibrium is shifted to more copolymer product. in which end-functional A and B homopolymers can reversibly
However, once the ODT occurs and a lamellar phase is formed,bond to form diblock copolymers. In this coarse-grained model,
the microphase separation physically separates the reactants ia free energy of bonding governs the tendency for dissimilar
space, which in turn shifts the equilibrium back to homopoly- homopolymers to form a diblock copolymer. The formalism is
mers. Thus, the diblock fraction decreases with decreasyhy 1/  developed in the grand canonical ensemble, the natural ensemble
Eventually there is not enough diblock to maintain the me- for reacting systems, and is fully consistent with the principles
sophase and the system breaks into two coexisting macrophasesf chemical and reaction equilibrium. Unlike models for

to maximize the translational entropy of the polymers. Once nonreacting two component polymer melts, bgtk and N,

this occurs, there is an even more substantial physical separationwherey is the Flory interaction parameter ahtis the length

of homopolymer reactants and the copolymer fraction drops of the diblock copolymer, influence the phase behavior of the

5. Conclusions and Outlook
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(@ M N————— T separated. The topology of the phase diagram results from a
r ) 1 delicate balance between bonding free energy, chemical incom-
0115 - DistA) 1 patibility and the translational entropy loss upon forming diblock
010 L ] copolymers. _ _ _ _
| We are keenly interested in relating our theoretical work to
0.105 L i experiments. While previous experiments have shown homo-
I | geneous re-entrant behavior in a supramolecular graft copolymer
= 0100 - i system and thermal control of the microdomain period in
= L 1 supramolecular triblock copolymeféwe are unaware of any
0.095 |- - experiments that have systematically explored the phase diagram
r 1 of SDC. The design of an experimental system for exploring
0.090 - d 7 the most interesting regions of the phase diagram requires a
I // 1 careful choice of chemistry for both the bonding groups as well
0.085 |- ] as base polymer components. In the symmetric case of equal
0.080 7 -/;/ L volume fractions and chain lengths, different regions of the
055 060 065 070 075 080 085 090 phase diagram in Figure 3 can be accessed by fixing the
hixN chemistry of the bonding group and varying polymer length.
Our formalism also provides a framework for the more tedious
(b) 026 —— 7 calculation of phase diagrams at fixed total volume fraction of
024 [T ] the A species rather than an activity. This type of temper-
022 [ ] ature-volume fraction phase diagram can be accessed experi-
020 [ ] mentally by simply blending the appropriate amounts of the
o8 [ Dis ] two homopolymers. Finally, we note that experimental work
016 L 2oh LSe 1 on inhomogeneous supramolecular systems has shown the
phase - . .
z ol R ] propensity for bonding groups to aggregéig.may '_[herefor_g
s I . Boc ] be necessary to account for such effects by including additional
= © ot Hex' . ry y 9
042 RS ] interaction terms in our field-theoretic models.
010 /_,}“ .......... .
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phases are Dis (A-rich homogeneous phase) Haeverted bcc i ; ;
spheres), Hek(inverted hexagonal cylinder$a3d' (inverted bicon- comments that clarified our arguments in Appendix A.2.

tinuous double gyroid), Lam (lamellar). (a) Mean-field phase diagram .
in the coordinates N andh/xN. There is no Lifshitz point. (b) The ~ A- Appendix

phase diagram is _superimposed on the symmetric phase diagram with A 1. Derivation of Model. In this derivation, we use the

Z/z5 = 1 (dotted line) for comparison. subscript L to denote a quantity that applies to the A and B
homopolymers and the AB diblock copolymer. For example,
N. denotes the length of the polymer for the three species. With
the definitions given in section 2, the grand canonical partition

reacting system. The paramelappears independently g

in the formalism because one end segment of each homopolyme
differs from the other segments in that it can react in a specific, ¢,,ction as a function ofia andus, the chemical potential of
hetero-complementary fashion to form diblocks. The theoretical 1, original A and B homopolymérs respectively, is
approach is generalizable to other supramolecular architectures '

such as the three component graft copolymers discussed in the o 1 MOaoned)

-, : i o )
Introduction? SDC with homo-complementary bonding in E(up, g, V. T) = I z f DR, IR x
tandem with heterobonding, and supramolecular polymers that moa=1 n, N0t n=o
have more than one bonding group per polymer chain. _ ATB 0

Using numerical self-consistent field theory, we presented a D(Nag; [Rar ReD A" nBOO}’ nAOB) x
mean-field phase diagram for a system in which the A and B 0(pg — Pa(r) — pg(r))A, SOaNatreNe) o

homopolymers have equal lengths and are present at equal
volume fractions. There are several instances of re-entrant
thermal behavior in which a phase disappears with decreaSingwhereM(a b) denotes the minimum af andb, (oo — pa(r)
temperature only to re-appear at a lower temperature. While _ o8(r)) e’nforces incompressibility and '

previous studies of supramolecular diblock copolymer models

— — + 0. 0_
e Uo[Ra,Re]—U1[Ra,Re]+uana®+uens®—Funas (24)

have reported re-entrant behavior involvifigomogeneous a0 ng®
disordered and macro i 7 IR — 7 /

_ : phase separated phases, our numerical IR, IRy = IR, IRig (25)
mean-field calculations also predict inhomogeneous re-entrant _ =

behavior involving a lamellar phase. Depending on the choice
of parameters, the intermediate phase between the high and lowdenotes a functional integration over the space curves of the
temperature lamellar phase is either disordered or macrophaseolymers. Also,C({na° ng%, nag) is a combinatorial factor
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0, O
N, 'ng!

Cc{n, %, ng) = ————— 26
({ A BO} AB) nA!nB!nAB! ( )

that gives the number of ways in which® andng® distinguish-
able homopolymers of species A and B can farkg indistin-
guishable diblock copolymers, arid(nag; [Ra,Rs]) = 1%
O0(Ria(Na) — Rig(Ng)) stipulates that the firstag homopolymers

of each species form diblock copolymers. We write the
configurational integral for one possible arrangement of ho-
mopolymers into diblock copolymers and then multiply by
C({na® ng%, nag) to account for all ways in which homopoly-
mers can link together to formmag copolymers. In this
derivation, it will be convenient to regularize the field theory
and represent each space curve as a discrete set of bea

chain modek* Each functional integral/Rix for K = A, B
becomes the product & integrations over a position vector.
If we assume each bead has the same niass, the thermal

wavelength that results from a one-dimensional momentum

integration.

For any state witma® andng? original polymers, the chemical
reaction to form a diblock copolymer impligg® = ng + nag
wherenk is the number of free homopolymer for ¥ A, B.
Then

etlAnoA‘HtBﬂBO — e“A“A"’.“B“B"‘(ﬂA"’#B)ﬂAB (27)
givesups = ua + us, the criteria for chemical equilibrium.
Moreover, the value of one chemical potential is arbitrary in
an incompressible system. To show this, we first obtain

eMA”AO+MBnBO — eLMA*.MBf/(lff)]nAOe“B(nAOf/(1*0+nBO) (28)
by adding and subtractingsna®f /(1 — f) from the argument of
the exponential. Incompressibility implies thab®@af(1—0+ng)
= e85 is constant. Then onlys — usf/(1 — f) matters in
calculating averages in the grand canonical ensemble, and w
are free to choose a convenient valuetgfthat simplifies our
formulas.

To make the partition function in eq 24 more manageable,
we first note the equivalence of the following two summations

w  M(na%ngd)
> >
nang®=0 Nag=0

which follows from the chemical reaction constram® = ng

+ nag for K = A, B. With the definitionp.(r) = pa(r) +
p(r), we substitutepa(r)pe(r) = (0+(r)? — p-(r)2)/4 = (po® —
p-(r)3/4 and the integral representation of a delta function
O(po — p+(r)) = S Dw,e/dw (o011 into eq 24 and perform

a Hubbard-Stratonovich transformation to obtain

00

(29)

Na,NB,Mag=0

0

E(up, pp, V, T) = —
nangmag=0 Na:Ng:Npp:
Q 0 Na
_ . A
[ e S0z tiog w0 | g “Quw|
PR
Q 0 ng 0 NaB
do—Qgw,]| [e" P Quw,]|  (30)
3Ng BLYV+ 3N AB +.
PR A

Here, (a!ng!nag!) 1 accounts for the indistinguishability of the
polymers of each species, and(r) andw_(r) are the chemical

e
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potential fields conjugate to thg.(r) and p—(r) densities,

respectively. Also,Q.[w.] is the normalized single chain

partition function in external fields (see eq 6 Qr), andQ,°

is the unnormalized single chain partition function in zero field.

In the thermodynamics of chemical reactions, the chemical

potential can be writtem, = G.° + In z whereG.° is the

Gibbs free energy of the standard state ands the activity.

For the homopolymers, we defiizg = e« N(Qk%3Nd) for K =

A, B since the standard state free ene@gf = —In(Qx%113Nk)

is the Gibbs free energy of a noninteracting one component

polymer meltl4 For the diblock copolymer, we defirag =

gasHIN(Qus%473Nas)~Fy g0 that the standard state free ene@gy°

= —In(Qas%A3N8) + Fy accounts for the microscopic details
bond formation. The quantit®, %A\ is dimensionless since

f
, ) ; ) c% 0is the product o, integrals over the position vectors of
connected by harmonic springs, known as the discrete Gaus&aqhL P - 9 b

e monomers in the regularized field theory. For our model of
supramolecular diblock copolymers, the chemical equilibrium
conditionuag = ua + us implies

Z

A g i (31)

EIN)
the law of mass action wher®G? = Gpg® — GA® — Gglis the
free energy difference of the standard states.

Performing the summation over the number of polymers of

each species in eq 30 leads to

Eup g, V. T) = [ w, e (32)

where

W] =pg " [ W_(r)*dr — po [ iw,(r) dr —
Z,Qalw,] — Z5Qp[W.] — Z,gQpp[W.] (33)

is the effective Hamiltonian. Each term $ifw.] scales linearly
with volume, sincez_ is proportional toQ.° which can be
expressed aQ ° = VgyN.~! wheregy is a monomer volume
independent oN. In the discrete beagspring model,gy =
(27h?/3)%2. This implies that (&/gw)(guit3)™ is an activity
with units of inverse volume, so then

euL
IuPo

7. =—N(gyrr ™ (34)

is the dimensionless activity in units §/N. We chooseug
such thatzg = 1. With these new definitions, the law of mass
action is

_FprgM
ZAB = ZAe N’

(39)

and we absorpogy = €M into the definition of the bonding
free energy. The effective Hamiltonian becomes

W] = pgr [ w_(r)?dr — pg [ iw,(r) dr —

V
%(ZAQA[Wj:] + Qg[w,] + ZAe_F%QAB[Wi] (36)

After inserting the scaled vectorxs= r/Ry¢* and fieldsW..(x)
= Nw(x) into eq 36, we obtain eq 5. This derivation is similar
to a theoretical approach that two of us applied to equilibrium
polymers with excluded volun®é.

A.2. Bonding Free Energy.A more general free energy of
bondingF, = — h + In g incorporates an entropy of bonding
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In g. This entropy arises from the assumption that two bonding S, , (x) =

groups must be oriented as well as localized in space for bonding _\Wuf — Fp— INN—Waf—Wg(1—f)

to occur. Therg is the extra number of orientational degrees of zpe NG, ) +z,e No(x, ) (38)
freedom associated with two bonding groups in the unbonded Sa() = e—WB(l—f)Ng(X, 1-f)+

state compared to the bonded state. With this free energy, the I Waf— (1)

effective diblock copolymer activity that multiplie®ag[W.] ze " ATETUNG(x, 1 - ) (39)
in eq 5 can be writteza€""N, so the explicit dependence on I |

N can be viewed as part of an effective entropy of bonding. Sag(X) = zye oM™ VAT We(D NE(Q(X, 1) —gxf)—

We now relate this effective bonding free energy with the _
. . _ g(x, 1— 1) (40)
previous work of Angerman and ten Brink&ln their Flory

lattice model, each monomer that lies on a lattice site corre- where the Debye function is

sponds td Kuhn segments of the actual polymer. This choice

of | is arbitrary but must be Iargc_e _enough so that end-_to?end g(x, f) = g(fx — 1+ effx) (41)
distance ofl Kuhn segments exhibits random walk statistics.

For clarity, we defineKa asN from this previous work? and )

Ka is the number of lattice monomers in an A homopolymer. andx = q°Rgc’. From the work of Leiblef} the second-order
ThenK, and! are artificial terms that arise due to the underlying Vertex function for a polymer system with two species is
lattice used in the derivation, but the physical quankgl is )
the number of Kuhn segments comprising an A homopolymer, Yo (X) =————
or Na in the present work. Following Angerman and ten WI(X)
Brinke 12 the dimensionless free energy change due to the lossyhere

of orientational and translational degrees of freedom in the

bonding monomer is (Igyl). As a clever reviewer pointed out SX) = Sua(X) + 2S,5(X) + Sga(X) (43)

to us, the proper way to remove the artificial terms is )
W(X) = Saa () Ssa(X) — Sas(®)" (44)

The conditionsy,(0) = 0 and ¢/»(0)/dx = O give the location
. . . of the Lifshitz point. Fof = 0.5 andzy = 1, it is straightforward
where—In K is the negative of a term from a_dlfferent part of {5 show thatN = 6, Wa = We = In(9/4) andFy = In(4/3N)
the free energy. For the total free energy, this analysis results ., resnonds to the Lifshitz point. Moreover, the comparison of
in substituting (InqNa) for (In ) in eq 23 of ref 12; the free o4 38 19 40 with eq 19ac in previous work on ternary blendls
energy remains independentlandKa. Hence, a Flory lattice  sphows that our analysis in section 3 gives the same resullt.

(42)

Ingl=InglK, —InK, =IngN, — InK, (37)

treatment also implies a factor dfin an effective entropy of A.4. Variable Cell Shape Method.The cell shape in our
bonding. While this lattice treatment gives a terng2), the simulation is defined by the 3 3 matrix h in which the
factor of 7/, is inconsequential since we viegvas a phenom-  columns are the vectors that define a parallelepiped-t&ch
enological parameter. component of the matrik is a length in units oRy. For any

A recent experimental paper on supramolecular ABA triblock given fields, the cell shape is updated according to
copolymers’” employed a weak segregation theSranalogous _ _ _ _ _
to ref 12 to analyze their data. Their fitted value s 109 h*t=h —ip' (EAh[WA, h'] + Zg [Wg, h'] +
greatly differs from the previous expectatiap ~ 10212 .
Assuming the weak segregation approximation is valid in e [Wa, W, h'])
understanding these experiments, the fitted valupnodst likely ) )
reflects the producgN. This is consistent with the theoretical Wherein > 0 is a relaxation parameter and

analysis in this work. £
A.3. Random Phase Approximation.To derive the random ZarlWa, 0] = 22, f dX J(‘) dt x

phase approximation for supramolecular diblock copolymers, acx, t)g’lvx Vg g g(xX,f—1)
we use a weak inhomogeneity expansfdn the fieldsWa(x) L
= E(x) — P(x) andWs(x) = E(x) + P(x) that acton the Aand X [Wg, g] = 2 f dX j; dt x
B species, respectively. If we write the fields\&(x) = W + T(X 9 -y v g T(X 1-f—1)
Q(x) for | = A, B whereW, = V-1 / Wi(x) dx is the average A0 Vi Vx 9 AR,
value of the field andQ(x) represents the inhomogeneous T Wy, W, 0] = ZZAe‘Fb"“N x
contribution, then the densitydensity correlation function is 1 1 1
fdxj; dtg(X,t) g "Vy Vi g q(X,1—1)

2, 2,
O"Qa[Wal + 0" Qg Wl are the internal stresses of the A homopolymer, B homopolymer

\%
S, x) = N2

z
1OQ(X)0QX)  0L(X)0Q4(x) and diblock copolymer respectively in the grand canonical
2T . o
7Fb7InN62QAB[WA' W] ensemble. Hereg = h'h and X is a position vector whose
A _— components lie in the interval [0, 1] such that the original
0L2(x)0R,(x) Cartesian coordinates axe= h-X.
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