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Abstract We investigate the solution self-assembly of a mixture of positively charged homopolymers and AB diblock copolymers, in which the A
blocks are negatively charged, and the B blocks are neutral. The electrostatic complexation between oppositely charged polymers drives the for-
mation of many ordered phases. The microstructures and phase diagrams are calculated using self-consistent field theory (SCFT) based on an ion-
pair model with an equilibrium constant K to characterize the strength of binding between positively and negatively charged monomers. The ef-
fects of the charge ratio, representing the ratio of charges from the homopolymer over all charges from polymers in the system, on the ordered
structure are systematically studied, both for hydrophobic and hydrophilic A blocks. The charge ratio plays an important role in determining the
phase boundaries in the phase diagram of salt concentration versus polymer concentration. We also provide information about the varying ten-
dency of the domain spacing and core size of the spherical phase when the charge ratio is changed, and the results are in good agreement with
experiments. These studies provide a deep understanding of the self-assembled microstructures of oppositely charged diblock copolymer-

homopolymer systems.
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INTRODUCTION

The self-assembly of AB diblock copolymer systems provides an
important strategy for designing new functional materials due
to the resulting variety of ordered nanostructures. A simple way
to obtain these nanostructures is by adding homopolymers,
thus avoiding the complex synthesis of new chemical com-
pounds. In recent years, many studies have focused on neutral
diblock copolymer-homopolymer systems that are partitioned
by block incompatibility'¥ or bound by hydrogen
bonds.'"*2% Another interesting method involves introducing
opposite charges on the same block (such as the A block) of dif-
ferent chains while keeping the B block neutral. This results in
half of the copolymers having positively charged A blocks, and
the other half carrying negative charges. In solution, these op-
positely charged block copolymers undergo complex coacerva-
tion to generate various microphase-separated structures, such
as ordered nanostructures and micelles.?'~2! The formed mate-
rials, also referred to as "electrostatic hydrogel", are widely used
in batteries, 2! drug delivery,?°-32 and other fields. Com-
pared with neutral block copolymer systems, the introduction of
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charges increases the diversity of property modulation and in-
troduces more complex factors,®¥! such as temperature,3434
pH,B% solvent quality,13%37! salt concentration,83% etc.

A prominent feature of the above electrostatic hydrogel is
that the micro-phase separated morphologies may be in-
duced purely by strong electrostatic force, even if the neutral
A/B blocks are miscible. The theoretical description of the
self-assembly of this hydrogel is still limited. Fridrickson et al.
developed an "embeded fluctuation model" to simulate the
electrostatic attraction between two oppositely charged
blocks.“9! Later, Sing et al. studied the formed morphologies
by using chain adsorption model and transfer matrix
theory.*! However, these theories could provide only qualita-
tive rather than quantitative predictions for the structures
and phase diagrams. Our group® 243! has developed a self-
consistent field theory for electrostatically driven diblock
polyelectrolyte coacervation using the ion-pair model in re-
cent years, and our theory is in good agreement with the ex-
periments.

Blending charged homopolymers with oppositely charged
block copolymers provides a convenient and efficient way to
design self-assembled materials.*4-54 The early studies fo-
cused on the dilute solution of polyelectrolyte-neutral di-
block copolymers and linear chains with opposite charges, in
which case the micelles were formed with charged compo-
nents complex forming the core. The theory of micelle forma-
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tion in dilute solution mixtures was developed by
Kramarenko et al.36551 The core of a micelle is formed by hy-
drophobic monomer units of polyelectrolyte complexes with
opposite charges, while hydrophilic uncharged blocks of
block copolymers form the micellar corona. They concluded
that the formation of polyelectrolyte complexes and micelles
is an association-decomposition reaction at specific chemical
constants in solution, and calculated concentration distribu-
tions showed that micelles are formed from almost complete-
ly neutralized block copolymers, resulting in a micelle charge
close to zero. This result corresponds well to the experimen-
tal results. Later, people paid more attention to concentrated
solutions, where the long-range ordered microstructures may
appear, due to their great potential application in developing
hydrogel materials. Lemmers et al.l3556] investigated electro-
static hydrogels formed by microphase separation of oppo-
sitely charged triblock copolymers and homopolymers that
are reversible and multi-responsive. They found that salt con-
centration, polymer concentration and pH affect the size of
micelles and the number of aggregates. However, the theo-
retical works about the ordered phases are rather limited.
Bodrova et al.57] calculated the microphase separation of op-
positely charged diblock copolymers and homopolymers by
means of strong segregation approximation, and suggested
that the microphase separation originates from the relative
stretching between the blocks. The phase diagrams were pre-
dicted for different combinations of parameters by adjusting
the second virial coefficient, the fraction of charged blocks
and the charge density of monomers.

Most studies handle the system with charge stoichiometry,
i.e, the charges carried by polyanions are compensated by
those from polycations completely. In reality, the charge com-
position is naturally a new variable since two charged moi-
eties can be easily mixed in different ratios.l*8! It has been rec-
ognized that the association of the oppositely charged moi-
eties is strongest at stoichiometry point with a 1:1 charge
ratio, which is a generic feature of charge-driven associa-
tion.59-611 However, there is a lack of clear understanding
about what happens to the microstructures of polyelec-
trolyte complexes deviating from the charge stoichiometric
point. In general, the excess charged polyanions will accumu-
late in the complexes, a similar phenomenon to the non-stoi-
chiometric complexes of two oppositely charged homopoly-
mers, and may progressively destabilize the self-assembly
progress. Lemmers et al. presented a study on the influence
of charge ratio on transient networks of polyelectrolyte com-
plex micelles involving triblock copolymers for the first
time,[621 and their results indicated that charge composition
plays a crucial role in charge-driven association.

In this work, we extend our previous ion-pair model based
SCFT to the self-assembled ordered structures of a charged
homopolymer and oppositely charged-neutral diblock
copolymers. Physically, our method is similar to the interpoly-
mer-complexation model developed by Dehghan and Shi,[20
which was used to investigate the self-assembly of neutral
diblock-homopolymer melt systems bound by hydrogen
bonding. Our method deals with the electrostatic interac-
tions explicitly. The ion-pair model assumes that the binding
of positive and negative charges is reversible, that their bind-
ing has corresponding equilibrium constants, and that poly-
mer-polymer binding is competitive with polymer-counteri-

on binding. Next, we predict the spatial distribution of ion-
pairs, monomers, and the electrostatic potential under differ-
ent conditions. Additionally, we analyze the effect of charge
composition on the structures, as well as the associated phase
diagrams, in detail.

THEORETICAL MODEL

The entire system is assumed to be in contact with a heat bath
with a constant temperature and ionic concentration, making it
a typical semi-grand canonical ensemble. The system with a vol-
ume of V includes n,; homopolymer chains and n,, diblock
copolymer chains. Each polyelectrolyte homopolymer is mod-
eled as a continuous Gaussian chain consisting of A; monomers,
and the diblock copolymer is modeled as a continuous
Gaussian chain consisting of two monomers, A, and B,. The A,
monomer is positively charged, and its ionized counterion is de-
noted by C;. In contrast, for the A,B, chain, the A, monomer is
negatively charged while the B, monomer is neutral, and the
counterion of A, monomer is denoted by C,, see Fig. 1. For sim-
plicity, we assume that the salt ions added to the system consist
of counterions C; and C,. Water molecules are denoted by S.
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Fig.1 Theoretical model.

The degree of polymerization of the diblock copolymer is
N,, and the numbers of monomers in the two blocks, A, and
B, are expressed as Na, and Ng,, respectively. We have
Na, + Ng, = N,. The degree of polymerization of the ho-
mopolymer is N;. The number of salts is denoted by ng,,
while the number of water molecules is denoted by ns. z,,
and z,, are used to represent the charges carried by each
monomer, and zc, and zc, represent the charge valency of
different counterions, with n¢, and nc, denoting the total
number of counterions C; and C,, respectively. The Kuhn
length of different blocks is set as by = bg = b. The volumes of
each type of monomer, counterion, and water are denoted as
VA, Va,s VB Vc,s Ve, and vs. For simplicity, we set vy, = vp, =
va. The volume fraction of the charged block is denoted as
fAz, anditis giVen by fAz = NAZVA/(NAZVA + NBZVB)'

The microscopic concentrations of different components,
A;, A, By, G, G, and S in spatial position r, are defined by

=y [ st~ REG) )

N ng
polr) =) 7 8lr=+)) @
In this study, the character a represents monomer species

A;, A, By, and f represents small molecules C;, C,, and S.
R(s) denotes the position of the sth monomer along the a-

block of the it polymer chain. r? denotes the position of the
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ith small molecule B.

The complexation between charged components is mod-
eled by the formation of ion-pairs between oppositely
charged monomers or monomer/counterion. In the dynamic
association process between positive charge and negative
charge, we account for the ion-pairs by considering the fol-
lowing reversible dynamic equilibrium:

AT +C =2 [AG]

A+ G = [AG]

AT +A; = [AA]
where, [A;C], [A,C,] and [A;A,] represent the different associat-
ed ion-pairs with corresponding equilibrium constants K ,,
Kaye, and K, q,. There are three different reaction sites on a
charged A; chain, as shown in Fig. 1, including purely charged
sites (denoted by a,), neutralized sites being paired with C; (de-
noted by a;c;), and neutralized sites being paired with
monomers A, from the charged A, block (denoted by a;a,).
The A, chain has similar three sites denoted by a,, a,c,, and
aa,, respectively. Consequently, five reaction sites on the A
block exist in our system, and we use ng,, Ng,, Ng,c,» Naye,+ Naya,
to represent their quantities. Finally, the fractions of each type of
site, which give the ratio of the number of this site to the total
number of monomer (A; or A,) locally, are defined as

Rl = 8= €")/pa, 1) 3)
B =) 2 8(r =€)y, (1) @)
Gilr) =y " 6lr = 6"")/py, (1) (5)
G:lr) = ) 8~ £72%)/py, (1) (6)
Po(r) = 1 6(r = ")/, (1) 7)
ha(r) = 3" 8(r = £0') /i, (1) (®)

In terms of their physical meaning, f;, g,, h; represent the
fractions of different reaction sites on the charged A; chain.
These fractions must satisfy f,(r) + g(r) + hy(r) = 1 for the
charged A, block as well as f(r) + g,(r) + ho(r) = 1 for the
charged A, block.

In order to emphasize the role of mobile ions, we adopt the
semi-grand canonical ensemble to handle the system. The
number of copolymer chains is fixed, while the chemical po-
tentials of other small molecules (small ions and solvents) are
determined by the reservoir. The Hamiltonian of our system
includes four contributions: H = Hg); + Hint + Hele + Hehem- The
first term, Hg,, represents the elastic energy due to the
stretching of polymer chains. The second term, Hi,;, denotes
the incompatible interaction energy between different com-
ponents, and we ignore the excluded volume interactions re-
lated to counterions. The third term, Hge, accounts for the
electrostatic interaction energy. The last term, Hcpem, arises
from the contributions derived from the chemical potentials
of each species, indicating the binding energy of ion-pairs.

Given the Hamiltonian, the partition function can be ex-
pressed in terms of the functional integral over all degrees of
freedom. After the standard processing of SCFT,[63! one can
obtain the mean field free energy from the partition function.

Further details can be found in our previous publication.3!
Regarding the dimensions, for simplicity we adopt the dimen-
sionless mean field density of species j, denoted as p;(r) with
respect to the reference density p, = 1/b3. In the following
expression, the mean field density p(r) actually represents
o(r)/po. We set the Kuhn length b as the length unit and
choose b=1nm. The volumes of monomers and solvents
are assumed to be the same and equal to the unit volume b,
ie, vpo=Vvg =Vs = 1. The volumes of small ions are consid-
ered negligible, i.e., vc; = v, = 0 for C; and C,. The final mean
field free energy is given by

BF :/dr[ - Zj w;(r)p;(r)

+ XasPa(r)pg(r) + XsaPs(r)Pa(r)
+ XsgPs(r)os(r)

+ Beylrlo,r) - e V(r)]

= (V4 (P2 (1) + v, (091 (F) + v, (01 (1)), (1

~ (Y (PE) + v, (0901 + v (OR(P)on () ()
+n(0(Y viey(n) —1)

+a (")PA1 (r)(f1 (r) +ga(r) + hy(r) - 1)

aulrlop ((Ele) + 9le) + lr) )|

—np, In(VQy,) + In(np,!) = np, In(VQ,,) + In(np,!)

-y,

where, B is equal to 1/kgT. The index j runs over all species in
the system, including monomers (A;, A,, B,), small ions (C;, G)),
and solvent (S). p;(r) is the mean-field density of species j, and
w;(r) is the conjugated external field for each species. The con-
centration of monomer A includes contributions from both A,
and A.. In the framework of mean field approximation, the elec-
trostatic energy contribution (the fourth line in Eg. 9) comes
from the inhomogeneous distribution of charge density p,. If
positively charged monomers are totally compensated by nega-
tively charged monomers, the electrostatic potential should be
zero everywhere due to a homogeneous charge density of
Pe(r) = 0. yr,(r), V5, (), vg, (1), vg,(r) v4 (r), and vy, (r) are the
conjugated fields corresponding to local fraction distributions of
the sites f,(r), f5(r), g1(r), ga(r), hi(r), and hy(r). n(r) is a La-
grangian multiplier to guarantee the incompressibility condi-
tion for each point. a;(r) and a,(r) are the Lagrangian multipli-
ers to ensure the conservation conditions for f, g, and h. Qp,
and Q,, are the partition functions of a single homopolymer
chain A, and a single diblock copolymer A,B,, respectively. They
are determined by the external fields and given by the follow-
ing expressions:

Qp = 7 [ DR ()exp{-Hop) 19

Q2 = 1V / D{R’ (s)}exp{—Hzop}6 (R™*(Na,) - R%(Ng,)) (1)

where Hc,, is the Hamiltonian of a polymer chain in the exter-
nal field, and it satisfies:

n dR™ ()’
Hlop =/:/ dSi:Zibz(T(S)) +wA1(RA1(S)):| (12)
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Heop Z_AZBZ/N {sz( ds(S)) +wa(R"(s))} (13)

where Qp, is the partition functions for a single molecule of
species m. Note that m includes all types of small molecules and
different reaction sites on A chains. The specific expressions of
Qn, can be found in the study .

The set of SCF equations can be obtained by minimizing of
BF with respect to each field and density in Eq. (9). The exter-
nal fields are derived by setting the functional derivatives of
BF with respect to p;(r) equal to zero, which follow as:

ay(r) +n(r) =1 (14
(r)+n(r)-1 (15)

wa, (r) = XaPg(r) + Xspps(r) =

wa, (r) = XaPs(r) + XsaPs(r) — @z

wg, (F) = XasPa(F) + Xs0s(r) + n(r) (16)
we, (r) = zc, Bey(r) + n(r) (17)
we,(r) = zc, Bey(r) + n(r) (18)

ws(r) = XspPa(F) + XsaPg(r) + n(r) (19)

By setting the functional derivatives of BF with respect to
wj(r) to zero, the densities p;(r) satisfy the equations as

ou )= pe= [ dsan(nshan (6 Me, =5) QO
P
n
Pa,(r) = V(;Z/ dsga,(r, S)qu( Na, =) (21)
P2
h
Pg,(r) = VSZ / dsgg, (r, s)qs,(r, N, — 5) (22)
P2
pc, (r) = exp(-wc, (r) = Buc,) (23)
pc,(r) = exp(-wc,(r) = Buc,) (24)
ps(r) = exp(—ws(r) — Bus) (25)

where gy, (r, s) is the propagator of the A; chain, representing
the probability of finding the end monomer of the A; block of
length s at the point r with a free initial monomer. It satisfies the
modified diffusion equations:
2
2 ) - wn s s 2O
with the initial conditions g, (r, 0) = 1.

The propagator gp,(r,s) has a similar physical meaning.
However, since diblock copolymer is different from the ho-
mopolymer, we need another propagator qXZ(r, s) that repre-
sents the probability of finding the end monomer of the A,
chain of length s at r, while the other part of A; chain is con-
nected to the entire B, block.“2 g, (r,s) and gy (r,s) satisfy
the equations as
2

3an,(rs) _ b
T = 2V an, (05) - wn, (N, (1 5) 27)
aas,(rs) b .

B = Va0 (5) — wa, (N, (1. 9) 28)

with the initial conditions g, (r, 0) = 1 and qu(r,O) = qp, (1, Na,)-
The other propagators for B block, gg,(r,s) and qu(r, s),
have similar definitions as those for A,. Based on these quan-

tities, Qp, and Qp, can then be evaluated by

1
Q, = V/drqA1(r, Na,) (29)

1 1
0y, =y [ drabNe) = 3, [ drai(ene) G0

The remaining SCF equations can be obtained in the same
way, and they follows:

fi(r) = exp(=yy,(r) = Bua,),  £(r) = exp(=yy,(r) - Bug,)  (31)
g1(r) = exp(=yg, (r) = Bg,c, ) g2(r) = exp(=vy,(r) = Bug,:,) (32)
hi(r) = exp(=vp, (F) = ¥4, (r) = Btia,q,)Pa, (r) 33)

hy(r) = exp(=vp, (F) = Y1, (r) = Btia,q,)Pa, (r) 34

v, (r) = ai(r) + 25, Beg(r), vy, (r) = ax(r) + 25, Beg(r)  (35)
Yg,(r) = ar(r) + n(r), v, (r) = ax(r) + n(r) (36)
Yh,(F) = ai(r), vy, (r) = ax(r) (37)

fi(r) +ga(r) + hy(r) =1,
D e =1 (39)

Bevztp(r) + 4mlgp,(r) = 0 (40)

Note that /5 in Eq. (40) is the Bjerrum length and is defined
as Iy = °/(ekgT).

Egs. (14—40) constitute a closed set of SCF equations and
need to be solved numerically. In Egs. (23-25) and (9-34), the
constant prefactors exp(—Buc,), exp(-Buc,), exp(—Bus),
exp(—Buq, ), exp(—Ba,), exp(=BHa,c, ), exp(~Bu,,,) and
exp(—PBug,4,) are obtained from the bulk conditions ptc’“ pgz,

f(r) + ga(r) + hy(r) =1 (38)

pg, £, fzb, g?, gzb and h°, respectively. pg and plc’2 are set to
be equal to bulk salt concentration p, if the total charges of
polymers are completely compensated. The three equilibri-
um constants are related to the parameters in the bulk solu-
tion via:

g
Ka1c1 = exp[_ﬁ(”am = Ha, — IJQ)] fb 1[, (41
g
Kazcz = eXp[_B(Uazcz ~ Ha, — uCz)] = b 2b (42)
2 P,
hb
Kaa = exp[_B(“awaz - ym - yaz)] = beb (43)
f1 f2

These constants measure the interaction strength of ion-
pair formation. K, reflects the binding strength between op-
positely charged monomers A; and A,. K, ., (or K,,,) re-
flects the binding strength between monomer A, (or A,) and
counterion C; (or G,). For simplicity, we assume Kg ., = Kg,c, =
Kge. Kaa and K, determine the strength of electrostatic corre-
lations. Since all small ions are composed of the part binding
with polymer chains and the part being dissociated from

salts, we define the total concentration of small ions as
total total

Pc, = Pc,(r) +9i1(r)oa, (r) and pc,” = pc, (r) + ga(r)oa, (1)-
With given systematic parameters, we solve the set of SCF
equations using iteration methods to obtain densities and ex-
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ternal fields for a specified ordered phase. Subsequently, the
free energy density can be calculated. This article considers
five ordered structures: lamellae phase (L), hexagonal phase
(H;) with A block comprising the cylinder core, inverse hexag-
onal phase (H,) with a core of B block, body-centered cubic
phase (B;) with A block consisting of the core, and inverse cu-
bic phase (B,) with a core formed by the B block. For the com-
plex phases (H and B), we use the unit-cell approximation to
simplify the calculation.[*3] The free energy density at equilib-
rium is determined by minimizing it with respect to the size of
the unit cell. Subsequently, the phase diagram is constructed
by comparing the free energy for different ordered structures.
The morphology with the lowest energy density is chosen as
the equilibrium phase for a set of given parameters.

RESULTS AND DISCUSSION

In order to emphasize the complexation effect of electrostatic
interactions between oppositely charged chains, certain para-
meters are held constant in the calculations. We set b as the
length unit. It is assumed that the charged A, block is struc-
turally equivalent to the oppositely charged A; homopolymer
chain, ensuring they have equal lengths, N; = N, - f4,, and con-
sequently, equal fractions of charged units. The polymerization
degree of polymers is fixed at N, =100. The charged
monomers and small ions are monovalent, with z, = 1.0,
zp, = —1.0, zc, = —1.0, and z, = 1.0. The Bjerrum length f is
set to 0.7, which is a typical value for a water solution with
b=1nm.

In our previous study on an oppositely charged diblock
copolymer system,*3! the electrostatic potential of the sys-
tem was nearly zero everywhere, attributed to the symmetry
property of charge compensation from polyanions and poly-
cations. In the present case, the homopolymer-diblock
copolymer system can exhibit asymmetry, and the spatial
variation of the electrostatic potential is not negligible. There-
fore, we calculate the spatial distribution of the electrostatic
potential, especially when the total charges carried by poly-
mers are not fully compensated. The charge composition is
defined following Lemmers et al.,[62 expressed as:

A ) (a)

[A]+[A2]

where f, represents the ratio of the concentration of positively
charged monomers from homopolymers to the concentration
of all charged monomers, including both homopolymers and
diblock copolymers, assuming the solution is homogeneous.
The charge stoichiometry point corresponds to f, =0.5. The en-
tire system appears neutral because both the diblocks and the
homopolymer have their own neutralizing counterions. Due to
the charge mismatch between polymers when the charge com-
position of the system is not f, =0.5, an overall salt concentra-
tion cannot be used to represent the concentrations of positive
and negative free ions. In this study, we use the practical salt
concentration pZ:,f to denote the salt concentration, where
pif,f is the number of salt ions per unit volume of b’ Taking C,
as an example, the actual concentration of free C, in the system

. . Pa,2A, add
is pc, . givenby pc, = | 7o | T Paae

Before presenting the main results, we explore the effect of

homopolymer length on the phase behavior. The calcula-
tions indicate that the phase regions and areas of the phase
diagrams remain almost unchanged when the homopolymer
length is varied (data not shown). Therefore, the homo-poly-
electrolyte chains mainly play the role of "connecting" differ-
ent A, blocks, and their length does not significantly affect
the ordered structures. Similar self-assembly phenomena in-
duced by charged homopolymers through electrostatic com-
plexation have been observed by Duan et al.37! In their study,
the added cationic polyelectrolytes bind the dispersed
ionomers and trigger their self-assembly into larger aggre-
gates.

The Case of Hydrophobic Charged Chains

Since many factors affect the self-assembly process, we will con-
sider both hydrophobic and hydrophilic charged blocks, while
keeping the neutral blocks hydrophilic, as is common in experi-
ment works.%%2 Firstly, we explore the phase behavior of the
system with hydrophobic charged blocks (including the
charged homopolymers). The composition of the diblock
copolymer is set as fa, =0.2. With this choice, the complexation
of charged components tends to constitute the core of ordered
structures.

Fig. 2 displays the theoretical phase diagrams as a function
of salt and polymer concentration for different charge com-
positions f,. =0.3,0.5, 0.7. Several typical phases, including the
homogeneous phase, B;, H,;, and L, may appear. Due to the
small ratio of charged blocks and hydrophobic charged
blocks, no inverted phase structure is observed. As the poly-
mer concentration decreases or the salt concentration in-
creases, the ordered phases vary following the sequence
L - H; - B; - Dis. This behavior is similar to the case of op-
positely charged diblock copolymers.39 At a low content of
homopolymers with f, =0.3, the L phase cannot be reached.
With an increase in the charge composition, f, =0.5 or 0.7, the
phase boundaries shift to the left. At the same time, the re-
gions of B; and H; become smaller, while that of the L phase
becomes larger.

For a better understanding of the phase transition rule, we
can analyze the results in terms of the volume fraction of
charged components. By using the definition of f,, one can
derive that the concentration of positively charged
monomers in a homogeneous solution is [A;]=[A,] % f./
(1 = f,). Then the total volume ratio of the complexation part
from charged A blocks and homopolymers to the total poly-
mers can be given by the formula:

[A]+[A;] fa,

Vcharge = = (45)
harge T TA T+ [As] +[By]  fa, fy 11—,

where [B,] denotes the monomer concentration of the B,
block in the given homogeneous solution. We consider a spe-
cial system with fixed parameters: ¢, = 0.5 and p:gf = 0. Now,
we add homopolymer content f, from 0.3 to 0.7, and Vcharge
varies from 0.263 to 0.455 accordingly. For a low content of ho-
mopolymers, the self-assembled structure is the B; phase.
Adding more homopolymers leads to the phase transition from
B, to H; to L, as shown in Fig. 2. If we regard the charged com-
ponents (complexation part) as a whole, Vcparge is similar to the
composition of a neat diblock copolymer. Then, the phase tran-
sition sequence mentioned above is reasonable as a general

https://doi.org/10.1007/510118-024-3080-1


https://doi.org/10.1007/s10118-024-3080-1
https://doi.org/10.1007/s10118-024-3080-1
https://doi.org/10.1007/s10118-024-3080-1
https://doi.org/10.1007/s10118-024-3080-1
https://doi.org/10.1007/s10118-024-3080-1
https://doi.org/10.1007/s10118-024-3080-1
https://doi.org/10.1007/s10118-024-3080-1

1326 Zhao, L. et al./ Chinese J. Polym. Sci. 2024, 42, 1321-1332

0.5
a f,=03
04t By/H
—— Disorder/Order
03+
3=
kY
0.2
0.1¢ H,
0 1 1 1 1 1 1 1 1 1
0O 01 02 03 04 05 06 07 08 09 10
Pp
0.5
b f,=05
B,/H,
04 HiL
—— Disorder/Order
03r
3=
Q
021 H,
0.1 L
0 ) ) ) ) ) ) ) ) )
0 01 02 03 04 05 06 07 08 09 10
bp
0.5
c f,=07
B,/H,
04— Hy/L
— Disorder/Order
03
3% L
kY
0.2
0.1

0

0 01 02 03 04 05 06 07 08 09 1.0

b
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trend.

It is useful to analyze how the spatial distributions of
monomer concentration and electrostatic potential are influ-
enced by the added salt and charge composition. We only
consider the B; phase under different conditions due to its
close relationship with experiments. As the B; phase is spheri-

cally symmetric, we provide the concentration distribution
and electrostatic potential distribution as functions of the
separation from the sphere center. It is noted that in our cal-
culation, the homogeneous system, in which the polymer and
salt are uniformly distributed in space, is chosen as the refer-
ence state and has an electrostatic potential of zero.

Figs. 3(a), 3(c) and 3(e) display the profiles of A; monomer
density, and Figs. 3(b), 3(d) and 3(f) show the electrostatic po-
tential profiles, respectively. At different charge compositions
f,, the spatial distributions of A; monomers in the system are
similar, i.e., the A; monomers in the system tend to accumu-
late closer to the center of the sphere in the B, phase. As the
charge composition increases, the A, concentration becomes
more widely distributed, attributed to the increased number
of A; monomers, resulting in a looser structure. Importantly,
the concentration of A; monomers within the central part of
the core remains almost constant, independent of f,. This in-
dicates the saturation effect of monomer density in this re-
gion due to the complexation between oppositely charged
monomers. Adding more homopolymers to the system only
leads to the outspread distribution of A; monomers. On the
other hand, with the increase in salt concentration pif,f, the
distribution of A; monomers in the system becomes flatter,
and the aggregation effect is significantly weakened due to
the screening effect from the salt ions.

The electrostatic potential exhibits different trends with
charge composition, as shown in Figs. 3(b), 3(d) and 3(f). At
f, =0.3, the negatively charged monomers are excessive, and
the potential is negative overall. At f,=0.5, the positively
charged polymers are compensated by the negatively
charged blocks. However, this situation differs from that in-
cluding oppositely charged diblock copolymers, where the
potential is almost zero everywhere.[*3] Due to the hydropho-
bic effect, the charged A; homopolymers tend to concen-
trate in the central region, leading to an overall positively
charged core part and a positive potential. At f, =0.7, the pos-
itively charged homopolymers are excessive, and the poten-
tial is positive overall. For all charge compositions f,, an in-
crease in salt concentration results in a smaller magnitude of
electrostatic potential, due to the shielding effect of added
salts.

To gain more insight into the competition between differ-
ent charged components, Figs. 4(a), 4(c) and 4(e) illustrate the
distributions of Pa, = Pa, while Figs. 4(b), 4(d) and 4(f) illus-
trate the net charge density p, as functions of radial separa-
tion r/D for the same system as shown in Fig. 3. The profiles
of p, —pa, at different f, display the same trend as men-
tioned above. However, the net charge density shows some
interesting features. For each case, the net charge density at
the A/B interface is almost zero. For f, =0.3 or 0.5, the inter-
face is approximately located at r/D=0.5, while it is r/D = 0.6
for f, =0.7. One striking characteristic is the enrichment of net
charges on both sides of the interface, as shown in Figs. 4(b),
4(d) and 4(f). The enrichment indicates the preference of
counterions, and its effect weakens with an increase in salt
ions.

In experiments, the charge composition is an important pa-
rameter that controls the assembly properties of the
system.3564651 The domain size, denoted as D, as well as the
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core size of the ordered structure, are physical quantities of
general interest in experiments. Here, the core size is the typi-
cal size of the condensed phase formed by electrostatic com-
plexation, and D is the domain size, as illustrated in Fig. 5. For
accuracy, the boundary of the core is defined as the location
with half the value between the maximum and minimum val-
ues of the A block concentrations. In the following, we only
consider the B; phase and explore the effects of different
charge compositions and salt concentrations on the domain
size and core size. The results may provide useful information
for regulating the self-assembled structures, even in the case
of dilute solutions, where the B1 phase can be analogized to

single micelles in solution.

Ordered structures can form within a certain range of the
ratio, typically around f, =0.05-0.9 for the salt-free system.
Considering that the ratio in real experiments is often close to
0.5, we choose to focus our analysis on the range of
f, =0.25-0.7. Fig. 6(a) presents the domain size as a function
of charge composition at different salt concentrations. Since
we adopt the unit cell approximation, the domain size is
equivalent to the sphere radius. Increasing the ratio of ho-
mopolymer leads to a rapid decrease in the domain size, fol-
lowed by an approximate plateau around f, =0.5 and then a
gradual decrease. This implies that a system with a high con-
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tent of positively charged homopolymers tends to self-assem-
ble into a cubic phase with a smaller amount of diblock
copolymers, resulting in a smaller size of the cubic phase.
Additionally, the addition of salt ions decreases the size of the
cubic phase, which may be attributed to the decreased in-
volvement of diblock copolymers in self-assembly due to
weaker electrostatic attraction from homopolymers. Further-
more, the range of the plateau region becomes smaller for
larger salt concentrations. Our calculations are in good agree-
ment with those of Lemmers' work on the triblock
system[56:621 and Gohy's diblock copolymer system.[66]

In comparison, the core size of the B, sphere shows a differ-
ent variation tendency with charge composition, as shown in
Fig. 6(b). At each salt concentration, the core size is a non-
monotonic function of f,, increasing significantly and then
decreasing slightly with the addition of more homopolymers.
The maximum appears around f, =0.5-0.6. If f, is smaller
than 0.5, adding more homopolymers will produce stronger
electrostatic repulsion between A; monomers, favoring an in-
crease in core size. The subsequent slight decrease in core
size at high homopolymer content probably results from en-
hanced electrostatic screening, as the excess polycations
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have to adsorb more counterions inside the core. It is impor-
tant to note that our results regarding the effect of charge
composition f, do not match the experiments conducted by
Cohen Stuart et al. on oppositely charged diblock-homopoly-
mer systems in solution.[067] In their experiment, the pH val-
ue of the system was changed, thereby modulating the de-
gree of ionization of polymers. The assembly behavior of the
cubic phase was then regulated by charge composition in a

complex way.

The Case of Hydrophilic Charged Chains
Now, we explore the system with hydrophilic charged chains. As
the charged homopolymers and all blocks are hydrophilic, the
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Xs5=0.0, Ny =50, N;=100, fa, =0.5, Koe=5, Koq=10. (a) f,=0.3, (b)
f,=0.5, (c) f,=0.7. Dis denotes disordered (homogeneous) phase,
B, denotes the body-centered cubic phase with A blocks forming
the cubic core, H; denotes the hexagonal cylinder phase with A
blocks forming the cylinder core, L denotes the lamellae phase, H,
denotes the hexagonal cylinder phase with B blocks forming the
cylinder core, B, denotes the body-centered cubic phase with B
blocks forming the cubic core.
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driving force of self-assembly is purely electrostatic, arising from
the complexation between oppositely charged monomers. This
situation is also common in real experiments.’8! To focus on the
effect of charge composition, we consider a specific diblock
copolymer with a charged block ratio of f,, =0.5. The other pa-
rameters are set as follows: x,3=0.05, indicating weak incom-
patibility where self-assembly arises from complex coacervation.
The solvent is good for both A monomers and B blocks, with
Xsa=0 and x5z =0. The chain lengths are set as N;=50 and
N,=100.

Fig. 7 shows the salt concentration p?ﬁf versus polymer
concentration ¢, phase diagrams for the cases of f, =0.3, 0.5,
and 0.7. The ratio of homopolymers to copolymers in the sys-
tem has a significant influence on the phase diagram. Several
characteristics can be recognized. The first one is that the
phase diagram exhibits a similar feature to the distorted
phase diagram of neutral diblock copolymers. The polymer
concentration plays the role of copolymer composition, while
salt concentration corresponds to the temperature. The criti-
cal point occurs at certain values of pfgf and ¢,, at which
point the phase shifts directly from the L phase to the disor-
der phase with increasing salt concentration. Therefore, the
electrostatic screening from free ions effectively adjusts the
immiscibility between A and B blocks. The second observa-
tion is that, compared with the hydrophobic system, the in-
verted phases B, and H, with the neutral block constituting
the core phase appear. If the polycations A; are a minority
(f,=0.3), the L phase occupies the largest area in the phase
diagram, and the window of the inverted B, phase is very nar-
row. If polycations can compensate polyanions completely
(f,=0.5), then the L phase becomes much smaller, and the H,
phase dominates the phase diagram. Increasing the charge
composition further (f, =0.7) leads to the B, phase having the
largest area.

CONCLUSIONS

We extended the SCFT method to investigate the self-assembly
of a mixture of block polyelectrolytes driven by electrostatic
complexation between oppositely charged chains, particularly
focusing on systems consisting of diblock copolymers and ho-
mopolymers with opposite charges. This method primarily re-
lies on the association of "ion-pairs," encompassing ion-pairs
formed by polycation/polyanion binding or by polyelectrolyte/
counterion binding. We systematically calculated phase dia-
grams in salt concentration versus polymer concentration
space, providing insights into the corresponding monomer con-
centration distributions and electrostatic potential distributions
under various parameter conditions.

Our focus was on understanding the influence of charge
composition on the microstructure, particularly in cases
where the hydrophobic charged A blocks are in the minority.
The core part of the ordered phase is constituted by the com-
plexed segment from charged polymers. Increasing the
charge ratio from the positively charged homopolymer in-
duces a phase transition from B, to H, to L phase. Additional-
ly, the domain spacing is a decreasing function of charge
composition, while the core size of the complexation part in-
creases initially and then decreases slightly with an increase

in charge composition. If the charged blocks are hydrophilic
and their lengths equal that of the neutral blocks, inverse
phases with the core formed by neutral blocks may appear in
the phase diagram. The window of inverse phases may con-
siderably increase with an increase in charge composition.

The variation in charge composition represents a unique
feature of two-component polyelectrolyte systems. We stud-
ied the influence of this factor on the formation of ordered
phases for the first time. Adjusting the charge composition to
off-stoichiometric conditions easily creates opportunities for
further tuning the morphologies and physical properties of
self-assembled microstructures.
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