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Abstract This work uses a block copolymer architecture [(A’B),A,],, to unify the scattering function and spinodal transition of typical AB-type
block copolymers. The key roles of block number, junction points and asymmetry ratios of block length are (1) to determine the form factor of
each block copolymer at the molecular scale; (2) to affect the entropy loss across the spinodal transition and may result in deflection of spinodal
curves. The common features are validated in typical linear and nonlinear block copolymers, including AB diblock, asymmetric A'BA triblock,
miktoarm stars of AB,, A,B,, (AB),, (A'B),A, A'BA,, and multi-graft combs of (B,A,),, and [(A’B),A,],- The explicit scattering functions and form
factors of various block copolymers can be directly applied in radiation experiments (i.e. neutron or X-ray scattering) to unravel the effect of
molecular architecture in solution and microphase separation in disordered melt. The molecular model used in this study is also helpful to guide
the chemical synthesis to explore more potentially interesting block copolymers.
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INTRODUCTION

Pioneering experimental and theoretical work has led to signi-
ficant progress in understanding the microphase separation of
block copolymers in the past decades.!"- The mean-field based
theories provide a powerful tool to investigate the equilibrium
phase structures.” For the simple AB diblock copolymer, the
phase diagram is well understood by three parameters: the total
number of segments (N), the interaction parameter of the two
components (x), and the volume fraction (f,). In an unlimited
variety of AB-type block copolymers, molecular architecture has
been realized to be an additional parameter to regulate their
thermodynamics.>~ Various nonlinear molecular architectures
are created to enrich the category of block copolymers, such as
miktoarm stars of homoblocks, miktoarm stars of diblocks,
grafted combs and so on.'%'7 These block copolymers are
attracting intensive attention in fundamental research and
broad interest in nanotechnologies, biomedical materials and
thermoplastic elastomers 1828

The AB,-type miktoarm star is one of the well-studied non-
linear block copolymers. The asymmetric block number at the
junction point leads to asymmetric phase boundaries and
new nanostructures, compared with an AB diblock copoly-
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mer.[5616] The A,B, miktoarm stars of homoblocks and (AB),
miktoarm stars of diblocks have also been well exploited ex-
perimentally and theoretically.[>7'7] Matsen summarized the
effect of architecture of such nonlinear block copolymers on
phase diagrams almost one decade ago.®! New miktoarm
block copolymers were purposely designed and synthesized
in recent years. For example, an (A'B);A miktoarm block co-
polymer, taking advantage of nonlinear architecture and bid-
ispersed A and A’ blocks, exhibits significantly asymmetric
phase diagram and superior mechanical properties over con-
ventional ABA triblock counterpart, which may serve as a new
generation of thermoplastic elastomers.26-311 Lj and Shi et al.
have promptly expanded the two-component block copoly-
mers with even more complicated architectures, including ir-
regular stars and dendritic block copolymers.32-371 With the
rapid progress on block copolymer studies, it is of great im-
portance to demonstrate the effect of different architectures
by one unified molecular model.

It is of great significance to combine the theoretical model
explicitly with scattering techniques. Small-angle X-ray/neut-
ron scattering is the most powerful tool to characterize the
order-disorder transition (ODT) of block copolymers.l38 The
scattered pattern of an ordered nanostructure obeys scatter-
ing principles from crystal-like structures (such as body-
centered cubic spheres, hexagonally packed cylinders, double
gyroids and lamellae), while the scattering from solution or
disordered melt requires more information of the detailed
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molecular architecture. The scattering function for diblock co-
polymers was first developed by Leibler in the context of
mean field theory with random phase approximation.l?! The
scattering function is directly related to the scattering curves
and is quantitatively used to calculate interaction parameters.
The theory was subsequently applied to AB,, A,B, and (AB),
miktoarm stars.’! An explicit formula of scattering function is
certainly an essential link between theories and experiments
in disordered melts and in polymer solutions.['”! But the scat-
tering functions for more complicated block copolymers are
still missing. Establishing a unified molecular model would be
helpful to grasp the common features of those well-under-
stood and the newly created block copolymers in scattering
experiments.

Targeting the above two goals, a unified molecular model,
[(A'B),A,l, is proposed to study its phase behavior in dis-
ordered state, where A and A’ blocks are of the same chemic-
al constitution but different lengths; n and m are the num-
bers of A’B block and the repeat number of (A'B),A,, respect-
ively. Specific block copolymer architectures can be easily de-
rived from this molecular design (Fig. 1), including conven-
tional linear block copolymers, such as diblock AB, symmetric
triblock ABA, and asymmetric triblock ABA’; nonlinear
miktoarm stars of homoblocks, AB,, A,B,, A,,B,; stars of dib-
lock arms (AB),; stars of mixed homo/diblock arms (A’B),A,
and comb-like block copolymers (B,A,),, and [(A'B),A;],. Very
simple mathematics within the framework of Leibler’s theory
is employed to demonstrate the general roles of the arm
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Fig. 1 The unified molecular model [(A'B),A;],, and its derivatives,
including a miktoarm model (A'B),A,, AB diblocks, A'BA linear
triblocks, miktoarm stars of homoblocks AB,, or A, B,, miktoarm stars
of diblocks (A'B),, miktoarm stars of homo/diblock arms (A'B),A or
A'BA,, multi-graft combs (BA,),, and (A'BA,),. Specific block
copolymer architectures with n=m=w=3 are drawn for illustration.

number, the junction point and the asymmetry of block
length in different molecular architectures. This research
provides a simple protocol to complement scattering experi-
ments and to guide the chemical synthesis to potentially in-
teresting block copolymers.

THEORETICAL MODEL

General Considerations
In the one-phase region, the free energy associated with compo-
sition variation is written as,

9G G
6G = (a¢)(6(pj>+%(a_q)z)<6(pf6¢k>+“' )

where the < > denotes a thermal average. The first term on the
right is obviously zero and the higher-order terms are neglected.
The second term is written as,

26\
(8;60) = kT(a—(Pz) (2)

From classic thermodynamics spontaneous phase separa-

tion occurs when 2 3 <0 The composmon amplitude di-
P

verges at the spinodal point when & a— G_o.

In real space, the composition correlation at j and k is re-
flected by the structure factor S (rj),

(6¢60k) = S (ri) 3)

The structure factor in reciprocal space is obtained by the
Fourier transform,

s(a)= [ drxexp (ig- 1) S (1) @

The prefactor is dropped on the right for simplicity. The
structure factor can be directly measured by scattering exper-
iment,

I(q) = I = 6)’S (a) (5)
where I(g) is the scattered intensity and the term before S(q)
denotes the scattering contrast. In the small angle X-ray or
neutron scattering, /5 and [z are scattering length densities of
each component. The q is related to the scattered angle 6 and

the wavelength of the beam A in scattering experiment by the
. 4T . 6
relation g = Tsmi'

The structure factor of a Gaussian chain is defined as the in-

tegrated probability of all N segments to find the jth segment

at point r; and the kth segment at point ry,

N N
=1N/0/0 {exp (iq - rjx)) djdk (6)

The integration leads to the well-known form of the Debye
function,
2,2 2,2
1 2 q'b qb 1
S@=y55a [TN +exp (_TN) - 1] =59 (@)
o

where b is the segment length. Notice that the Debye function
g(N) is defined slightly different from a conventional form.
If x is used to take place of q2b2/6, the Debye function is
rewritten as,
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g(N) = % [XN + exp (~xN) - 1] (®)

The scattering function of a two-component block copoly-
mer was first developed by Leibler,!
w

S(q) = ———— 9

() oW ©)

S' = Sha + Spg + 25hs (10)
2

W = SpaSes — (She) (1)

The interaction between the two chemical species is de-
noted by y. This set of equations was originally obtained
based on mean-field theory with random phase approxima-
tion (RPA) to describe the microphase separation of AB dib-
lock copolymers in weak segregation regime. Thermal fluctu-
ation effect is ignored in the theory. More generally, similar
equations can be derived for all binary systems, i.e. diblock
copolymers, or binary polymer blends.3%

To set a unified molecular architecture, a special miktoarm
structure (A’B),A, is taken as the repeating unit in a long
comb-like block copolymer, [(A'B),Al,, (Fig. 1). The two A
blocks are covalently linked to form the backbone, and the
(A'B), are pendent blocks at a junction point. The A" and A
blocks are constituted of the same chemical species, and their
block lengths are N; and Nj, respectively. The B block has N,
segments. The total segment number in the molecule is thus

Nt=m(nN1 +nN2+2N3) (12)

Suppose A and B have the same segment length b and the
same segment volume, then the volume fraction of A is

nNy + 2N3
nN7 +nNy + 2N3

The asymmetry ratio is defined as the fraction of an A block
in the A’+A in one A’BA strand:

fa= (13)

N3
- Nq +N3 (14)
The pair correlations of AA, BB and AB are:
SAA—SAA+nmSAA,+n Z,“ aart
(15)

n Z, : Z/ 1 AA' +2ny SAA’

t ii
Sgg = NmSgg +n

o “
(7= 1) T Sy + 1 fi% Y1 (16)
it

SAB = nmSA,B +n(n-1)y7 515
n Z(=] Zj=1 ag T ”Zi:1 SAB
i#

One key assumption of RPA is that chains remain nearly
ideal on the scale of polymer strands in a dense polymer sys-
tem. Accordingly, the correlation of any two points in a linear
strand in a complicated block copolymer architecture simply
follows the Debye function. The correlation function of two A
segments in the backbone is thus

San = N; g (2mNs3) (18)

The correlation function of two A’ segments in the same
block is

(17)

. »
Spar = Ng g (Ny) (19)

The correlation function of an A’ segment tethered at the
ith junction point and another A’ segment at the jth junction

point is
1.0 0

i _1 _ _
San = Z[SA'B(AA)|,_j|BA’ SA'B(AA)|,-_j|B

|B]
20)

—1 P
jiBA" = N; g (2N7 + 2Ny + 2|i — jN3) (21)

S0
B(AA):BA T 7B(AN)

0
where SA,B(AA)

0

0 —1 .
SA’B(AA)“,J“B = SB(AA)‘,;HBA’ = N; g(N1 + 2N, + 2|I —j|N3) (22)

0 -1 o
Sg(aa)_8 = Nt g (2N2 +2]i = jIN3) (23)
The correlation function of A and A’ segments at the ith
junction point is
i 0 0 0 ii
Sanr = 5 [Shy_i8ar = ShgsB ~ SBA' +Sgs ] +

0
SAzm—zin B A' + SBB]

| (24)
E[SAZm—ZiH BA'

where S} gar = Ni ' g(Ny + Ny +2iN3 = N3) (25)
0 -1 .
Shy_18 =Nt g(2iN3 — N3 + N7) (26)

0 -1
SBA' = Nt g(N1 +N2) (27)
0 -1 :
SAZm—2i+1 BA! = Nt g(N1 + N2 + 2mN3 - 2IN3 + N3) (28)
Similarly, the correlation function of two B segments in the
same block is

i -1
Sgs = N; g(N2) (29)
The correlation of a B segment in the ith junction point and
aB segment in the jth junction point is

0

if 0 0
S So Ay~ ShAe Sty ] BO)

0
BB~ I:SB(AA)WAB B

0 0 -1 .
where SB(AA) o= S(AA)“_”B =N g(No +2]i—j|N3) (31)

li=jl
0 1
Siaayy = Ne g(2]i=]INs) (32)

The correlation function of an A’ and a B segment in the
same block is

S = 5[ — Swa — Ses] (33)

The correlation function of an A’ segment in the ith junc-
tion point and a B segment in the jth junction point is

1 (34)

0 0
- SB(AA)|i,j|B + Sg(AA),,

ij 0 0
Swp = [SA’B(AA)“,AB = Sw(aa); i

li=jl
The correlation function of an A segment and a B segment
at the ith junction point is

i 110 ji ji
S8 = 5 [Sy18 ~ Shay ~ Saa]*

(35)

3121018 = gz ~ e8]
where S35 = Ny ' g(2iN3 — N3 + Np) (36)
Sharr = Ne'9(2iN3 = N3) (37)
Shyros8 = Ni ' G(No +2mN3 — 2iN3 + N3) (38)
Sy aes = NE'g(2mN3 = 2iN3 + N3) (39)

The repeat unit (A'B),A, in this comb-like block copolymer
[(A'B),A,l,, can be slightly modified to get a miktoarm star of
(A'B),A,, (Fig. 1), which consist of n arms of A'B diblock and w
arms of A block. The scattering function of (A'B),A,, is given in
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the electronic supplementary information (ESI, Part A). By set-
ting appropriate values of n, m, w, N;, N, and N3, the molecu-
lar model proposed above can be simplified to specific linear
and nonlinear block copolymers, including AB diblocks, linear
A’BA triblocks, miktoarm star of diblocks (A'B),,, miktoarm star
of homoblocks AB, or A,,B,, miktoarm stars of homo/diblock
arms (A'B),A or A'BA,,, multi-graft combs (BA,),, and (A'BA,),..
These special block copolymer architectures are illustrated
in Fig. 1 with n=m=w=3. In ESI (Part B), an example is shown
to reflect how to simplify the unified molecular model
[(A'B),A,],, to the (BA,), comb-like block copolymer. In experi-
ment, the detailed values of n, m, w, N;, N, and N5 can be con-
trolled by living polymerization methods.% The above set of
functions can thus be applied to synthetic block copolymers
directly.

RESULTS AND DISCUSSION

Molecular Architectures and Form Factors

When a block copolymer is dissolved in a dilute 6 solution (no
assembled micelles), the scattered intensity is contributed
by each individual polymer. In disordered melt, a block

107" 10° 10’

c —BA,

12
qm "Ry

copolymer maintains a Gaussian nature as modeled in the
Leibler’s theory, irrespective of interaction between distinct
monomer pairs. The architecture of a specific block copoly-
mer is distinguished by the form factor F(g), which is related to
its structure factor by

st (@ 1«

Fla) =3 0" & (a) (40)
The form factors of A,B, block copolymers are shown in
Fig. 2(a). The form factors of all A,B, block copolymers con-
verge to 1 at gR;<<1. At gR;>1, the AB diblock copolymer ex-
hibits a characteristic power index F(g)-g=2, which represents
the topology of a linear Gaussian chain. Increasing the num-
ber of arms in A,B,, the segments become concentrated near
the junction point and look like a sphere when n is very large.
This structural feature indicates that the form factor ap-
proaches a power index of a compact sphere F(g)-g—* at
gRy~1, while still behaves as a Gaussian chain F(q)-g—2 at
gR4>>1. Increasing the arm number shifts a coil topology to a
compact 3D architecture. This effect also applies to the form
factors of other miktoarm stars (AB),, and multigraft comb-like

block copolymers (B,A,),, (Part Cin ESI).

— 72050
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Fig. 2 Form factors of block copolymers. The form factors of A,B, block copolymers are shown in (a). The form factors of an A;Bs
and an (AB),q block copolymer are shown by a F(q)-ng plot in (b) and a F(g)-g plot in the inset. The form factors of (BA,),, block
copolymers are shown by a F(q)-qm”ZRg plotin (c) and a F(g)-Ry plot in the inset. The block lengths of Na=Ng=500 and b=0.5 nm are
used in (a—c). The radius of gyration of one AB strand, Rg=[(NA+NB)/6]”2b, is used in (b) to rescale the form factors. The radius of
gyration of one A strand, Rg:(NA/6)”2b, is used in (c) to rescale the form factors. The total block lengths of 3000 and 6=0.5 nm are
used in (a—c). The form factors of A'‘BA; block copolymers are shown in (d). The Ng=1500 and the total segment number of all A
segments is 1500. The RgatT=0 (diblock) is used to rescale the form factors.
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The (AB), block copolymers generally have different form
factors from A,B,. But it should be noted that the topological
features of symmetric A,B, and (AB),, are very similar and
scalable. An A;B; and an (AB);, miktoarm are used for illustrat-
ion. Their form factors are obviously different in a F(g) to g
plot (inset in Fig. 2b). In the (AB);, miktoarm, the B segments
are rich in the core while the A segments are rich in the shell.
So, the A-A, B-B and A-B correlations in the (AB);o miktoarm
are very different from those in As;Bs (Part D in ESI). But the
form factors of (AB);, and AsB; fall onto a normalized curve
(Fig. 2b), if the radius of gyration of one AB diblock (Ry =
[(NA+Ng)/61'/2b) is used to rescale the form factors. This indic-
ates that the form factors are scalable when block copoly-
mers share similar topological feature.

In the multigraft comb-like block copolymers (BA,),,, each
unit is a Y-shape BA, miktoarm. The F(q) decreases signific-
antly with the increase of m at gR,>1 (inset in Fig. 2¢), while
the topological power index of a Gaussian chain F(g)-g~2 is
well maintained. Accordingly, the form factors could be fur-
ther rescaled by the repeat number gm'/2R,, where Ry is the
radius gyration of one A strand in the backbone. In Fig. 2(c),
the form factors of (BA,),, (BA,)s and (BA,);, almost fall onto a
normalized curve in the whole g range except very slight dis-
crepancy at gm'/2R~1. In comparison, the form factor of BA,
exhibits significant discrepancy at gm'2R;>1. The discrep-
ancy indicates that the effect of chemical connectivity of BA,
is significant when m increases from 1 to 2, but becomes in-
significant when m exceeds 2.

The molecular model in this study can be extended to oth-
er complicated block copolymers. An example of an A'BA;
miktoarm with different asymmetry ratios (r, Eq. 14) is shown
in Fig. 2(d). Variation of 1 affects the form factor slightly at
gR4~1, but does not alter the topological feature. After exam-
ination of various block copolymers, we conclude that the
form factors of all molecular architectures converge to 1 at
gRy<<1 and the topological feature remains Gaussian at
gRy>>1. The effect of molecular architecture is significant at
gRy~1, and is correlated with the number of arms, the junc-
tions and the ratio of block length.

Molecular Architectures and Spinodal Transition

When block copolymers are considered in disordered melt,
concentration inhomogeneity exists which grows stronger as
the system approaches the spinodal point and eventually
develops into ordered nanostructures. The dominant mode of
concentration fluctuations is revealed by a peak in the
scattering curve at a wavevector g,,,. At the spinodal point, the
scattered intensity diverges at g,,,. In the calculation, S(qm)_1:0
is used to define the spinodal point. The detailed method is
explained in ESI (Part B). The correlation of molecular archi-
tecture and the spinodal boundary is investigated below.

The A,B, and (BA),, star block copolymers are well studied
architectures in literature and are reproduced here for com-
parison.l>3¢ The A,B, miktoarms share one junction point (J1)
in the middle of AB and exhibit symmetric spinodal boundar-
ies (Figs. 3a and 3b). As n increases, the boundaries shift to
lower segregation strengths. All the spinodal lines share a
critical point at f=0.5 and x(N,+Ng)=10.5. The (BA),, molecules
share one junction point (J2) at the end of B blocks and exhib-

it asymmetric spinodal boundaries (Figs. 3a and 3c). As n in-
creases, the boundaries shift to lower segregation strengths
at small f, region. At high f, region, the boundaries are less
dependent of n and approach the spinodal boundary of the
AB diblock copolymer. The (B,A,), combs contain both J1 and
J2 junctions, and their spinodal boundaries are slightly asym-
metric (Fig. 3d). Increasing the repeating units results in slight
drop of the spinodal boundaries at small f, region. The lower-
ing of spinodal boundaries indicates the microphase separa-
tion occurs at weaker segregation strengths.

As demonstrated in Fig. 3(a), A4B,, (BA), and (B,A;), have
the same number of A and B blocks, but their blocks are
linked with different junctions, whose effect is significant as
compared in Fig. 3(e). The spinodal line of (B,A,), stays very
close to A4B, at low f, region and locates between A,B, and
(BA), at high f, region, which indicates that the connection of
two A blocks in (B,A,), by one J2 junction plays trivial effect at
small f,, compared with the J2 junction in (BA),; while J1 junc-
tion in (B,A,), takes effect at high f,, but is less significant
than the role of J1in A,B,.

The BA, (or AB,) miktoarm is a typical example that the
number of A and B blocks is unequal at J1. The spinodal
boundary of BA, is slightly asymmetric (Figs. 4a and 4b). Com-
bination of more BA, at J1 (B,A,,) also shifts the spinodal
boundaries to lower segregation strengths as n increases. No-
tice that all curves pass a special point at f,=0.67 (yN=17.9),
which indicates that the structure factor is independent of n
at this specific point. At f,=0.67, each A/B arm has identical
length. Thus, the junction point applies equal constraint to
each arm. The junction constraint is significant below that
point, while the effect is less significant above. Chemically
linking BA, in series by the end of A block (J2), that is the
comb-like block architecture (BA,),, results in slight drop of
the spinodal boundaries at small f region (Fig. 4c). The role of
J2 is trivial at large f, region.

From the above results, we may conclude that: (1) increas-
ing the number of arms facilitates microphase separation; (2)
since the J1 applies equal constraints to nearby blocks, an-
choring an equal number of A and B blocks at J1 leads to sym-
metric decrease of spinodal boundary, while an unequal
block number results in asymmetric effect; (3) the J2 applies
constraint only to A blocks and thus leads to asymmetric
spinodal boundaries with pronounced decrease at small f, re-
gion. The asymmetry of block length is a bidispersity effect
and shows an additional parameter that determines the mi-
crophase separation behavior.[*'l The linear A'BA, miktoarm
stars of (A'B),A and A'BA,, and comb-like (A'BA,), are dis-
cussed in details below.

For the linear block copolymer A’BA (Part E in ESI), we can
imagine that the structure reduces to an AB or A'B diblock co-
polymer at =1 or 1=0; it returns to a symmetric triblock co-
polymer ABA at 7=0.5. Thus, the spinodal boundaries shift up-
ward from a symmetric curve of AB at a lower xN, to asym-
metric curves of A'BA at higher xN, at 0<1<0.5.14243] The
spinodal lines at 7=0.5+x (0<x<0.5) completely overlap.

For the miktoarm star (A’B),A (Figs. 5a and 5d), the struc-
ture recedes to an AB, type block copolymer at 7=1; it returns
to a linear triblock copolymer A'BBA’ (equivalent to ABA) at
7=0. Increasing the length of two A’ blocks in an (A’B),A block

https://doi.org/10.1007/s10118-021-2544-9
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Fig. 3 Molecular architectures of A,B,, (BA), and (B,A,), (a); Spinodal boundaries of A,B, (b), (BA), (c) and (B,A,), (d);
Comparison of spinodal boundaries of AB, A,B,, (BA), and (B,A,), (e).

copolymer leads to significant increase of spinodal boundar-
ies until 7=0.6; while decreasing the length of the A block rel-
ative to A’ results in mild decrease of the spinodal boundaries
for 1<0.6. Notice that the spinodal line of ABA is higher than
that of AB..

For the miktoarm star A'BA, (Figs. 5b and 5e), the structure
reduces to an BA, type block copolymer at 7=1 and returns to
an A’B diblock copolymer at 7=0. Increasing the length of the
A’ block in the A'BA, block copolymer leads to continuous in-
crease of the spinodal boundaries from =1 to 1=0.4, while in-
creasing A’ block length at 7<0.4 lowers the spinodal bound-
aries. Here, it should be noticed that the spinodal line of A’'B is
lower than that of BA,.

The (A'BA,)s molecular architecture connects comb-like
and miktoarm star block copolymers by varying asymmetry
ratios (Figs. 5¢c and 5f). The structure is a typical comb-like
block copolymer (BA,)s at 7= 1, where A is the backbone with

5 grafted B blocks; it returns to a miktoarm star block copoly-
mer (A'B)s; at 7=0. Increasing the length of the A’ block in the
grafted A’B blocks leads to mild increase of the spinodal
boundaries from 1=1 to 1=0.2; while decreasing the lengths of
two A blocks in the backbone (higher graft density) results in
significant asymmetry and decrease of the spinodal boun-
daries for 1<0.2.

To further reveal the effects of the asymmetry ratio and the
number of arms, the spinodal curve of each block copolymer
is plotted against asymmetry ratio at a fixed composition
fa=0.5. The contour of the A'BA block copolymer is symmetric
against 1=0.5 (Fig. 59). Increase in the number of arms of
(A'B),A leads to significant increase of the spinodal boundary
and deflection of the upper point to larger 1. The spinodal
points of the AB, miktoarm block copolymers at 7=1 are lower
than those of (A'B), at 7=0. Increase in the number of arms of
A'BA,, (Fig. 5h), in contrast, does not increase the spinodal

https://doi.org/10.1007/510118-021-2544-9


https://doi.org/10.1007/s10118-021-2544-9

Shi, W. / Chinese J. Polym. Sci. 2021, 39, 779-788 785

50| — BA,
ast _—
40t — BsAyp

0 01 02 03 04 05 06 07 08 09 1.0
fA

60
55t
50
451
40+
35¢
301
251
20
15F
10

5t

0

X(2Ny+Np)

0 01 02 03 04 05 06 0.7 08 09 1.0
fA

Fig. 4 Molecular architectures of BA,, B,A; and (BA,), (a); Spinodal
boundaries of B,A,, (b), and (BA,), (c).

boundary much, but significantly deflects the maximum to
lower 7. All molecular structures recover to A'B at =0, and its
spinodal point is slightly lower than that of BA, at =1. In-
crease in the repeat number of the comb-like structure
(A'BA,),, (Fig. 5i), however, decreases spinodal boundaries
slightly and deflects the maximum to lower 7. It is interesting
to find that all curves share a point at 7=0.17. This indicates
that the effect is independent of m when the length A’ block
is identical to the length of the two neighboring graft points.
The spinodal points of an A'B unit in (A'B), at =0 is lower than
that of an BA, unitin (BA,),, at =1.

Molecular Architectures and Entropy Loss
From the above results, the molecular architecture of an AB-
type block copolymer generally refers to three key factors: the
number of blocks, the junction point, and the block length. Each
factor is closely correlated with the entropy change across the
spinodal transition. The total entropy change of a block
copolymer can be generally written as,

AS = ASp + ASg + AS) (41)
where ASp, ASg, AS;j are the entropy losses of A block, B block
and junction point, respectively. Just across the spinodal line,

the translational entropy loss is substantial while the confor-
mational entropy loss is negligible. Thus, the spinodal point can
be view as the balance that the drop of repulsive interaction
counteracts the translational entropy loss. Anchoring a block of
N segments to a flat interface results in a translational entropy
loss of kInyvN *) Suppose each junction point occupies a volume
of v in the total volume V, the translational entropy loss of a
junction point is klng, where v=V at the critical point and v<V
otherwise.

For the AB, type miktoarm block copolymer, increasing
number of arms (n) increases the entropy loss of the B blocks

by %(InNB, while the entropy loss of the A block and the junc-

tion point does not change. Thus, larger segregation stren-
gths (large xN; values) are required to counteract the ent-
ropy effect and initiate spinodal transition. Similarly, for the
A,B, type miktoarm block copolymers, the total entropy
loss of the junction point does not change, while that of the

A and B blocks increases with n by %(In (NaNg). The norma-
lized entropy loss for each AB diblock in A,B, is then
gln (NaNg) + élng. For the A,B, block copolymers with fixed
N, and Ng, the entropy loss of each block is independent of
n (the first term), but the entropy of junction decreases with
n (the second term). Especial concern should be taken at
fa=0.5, where the block copolymer crosses the critical point
with y=V. Accordingly, the normalized spinodal boundary
of x(Na+Ng) is symmetric, independent of n at f,=0.5 and
decreases with n otherwise (Fig. 3b).

In (BA), miktoarm stars, there are two types of junction
points, J1 and J2. The total entropy loss of the A and B blocks

increases with n by n?kln (NaNg) and that of the J1 is nklng.

The J2 occupies a small volume v’ in the A phase, which has a

total volume of Vf,. Thus, the total entropy loss of J2 is kInV—f,A.
v

The normalized entropy loss for each AB diblock in (BA),

miktoarm star is I—(In (NaNg) + kIn! + EInV—fA. The normalized
2 v.ono

entropies by A block, B block and J1 are independent of n,

while the entropy of J2 decreases with n. Notice that the en-
tropy also decreases with f,. So the normalized spinodal
boundary of x(Np+Ng) is asymmetric, drops downward at
small f, and decreases with the increase of the arm number n
(Fig. 30).

The (BA,),, comb-like block copolymers contain m junc-
tions of J1 and (m-1) junctions of J2 (m=2). The repeated
growth of BA, only affects the entropy of J2. The first J2 can
be freely placed in the volume of Vf,, while the other J2
points are subsequently correlated in a nearby volume of V,
that is accessible by one A block. V, scales to ~Rys3 and is

much smaller than Vf,. The normalized entropy loss of each

-2)k
VfA+(m )k Va

BA, unit is therefore k In—, which is domin-
1%

m|n7 m
ated by the first term, decreases with m and increases with
fa. Thus, the spinodal curves of x(2N,+Ng) drops downward
with the repeat number m, and are more significant at small
fa (Fig. 4c).

The effect of the asymmetry ratio of block length can be
realized by a similar approach. For the A'BA triblock copoly-
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mers with 0<1<1, the entropy loss of A’ and A blocks is

glnNA: + glnNA =kin (NAr + NA) + gln [t(1 - 1)], which has a
maximum at 1=0.5. The spinodal boundary shifts to higher
segregation strengths with 1 in 0<7<0.5 and drops down-
ward in 0.5<1<1 (Fig. 5g). Transforming A'BA to a more

complicated structure, i.e. A'BA,, the entropy loss is written

(NA' + NA)m+1

mm

mk. Na _k k m
S Ing =3 + Eln[r (1-1)]

where N, is the total number of A segment in m blocks. For
a selected A’BA,, block copolymer (m is fixed), the second
term has a maximum value at T = m/(m+1). Thus, for each A

k
as ElnNA’ +

block, the maximum entropy loss is at 1,55 = ﬁ which

indicates that the A'BA,, has a maximum spinodal boundary
when the A’ and all A blocks have identical length. This pre-
diction is numerically consistent with the calculation shown
in Fig. 5(h). Similar approaches can be applied to even more
complicated block copolymers (i.e. (A'B),A or (A'BA,),), but
the details will not be discussed here.

Comparison with Previous Theoretical Methods and
Experiments

As a unified model for typical linear and nonlinear block
copolymers, this work fully recovers AB, ABA, A,B,, (AB), and
comb-like molecular architectures studied by several different
groups independently.>>836 A detailed comparison on AB type
block copolymers is given as an example in ESI (Part F). A
comparison is also made on comb-like block copolymers, of
which the model for the comb-like block copolymers was first
developed by Balazs et al® The chains are also assumed to be
ideal and satisfy Gaussian statistics in their model (RPA
assumption). Despite of different mathematical methods, the
calculated spinodal boundaries in this work are fully consistent
with the previous results (Part G in ESI).

The model proposed in this work also presents consistency
with experimental results. Experiments together with SCFT
calculations were carried out in polystyrene-b-poly(lactic acid)
block copolymers, such as PS-PLA, PS-(PLA),, and (PS),-
(PLA),.'"7) Another comparison with experiment is applied in
poly(methyl methacrylate)-b-poly(n-butyl acrylate) (PMMA-
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PBA) systems with (AB),-type miktoarm block copolymers:
(PMMA-PBA);, (PMMA-PBA),, (PMMA-PBA),,.*4 Based on the
comparison between theory and experiment, one may find
that the structure factor is an essential link between theory
and experiment: (1) the small angle X-ray (or neutron) scatter-
ing curves can be directly fitted with the explicit structure
factor of a complicated molecular architecture, and more
quantitative parameters (interaction parameter, statistical
segment length, etc.) can be extracted from experiment ac-
cordingly; (2) since this model is based on the mean-field the-
ory with random phase approximation, the scattering in the
mean-field region can be differentiated from the fluctuation-
effective region.

One should keep in mind that a spinodal transition curve is
very close to, but presents larger segregation strength than
that of an ODT boundary in an SCFT phase diagram, except at
the critical point ((¥N)spinodai2XN)opr), Which was originally
pointed out by Leibler for AB diblock copolymer.2l The
spinodal point indicates the limit of thermodynamic instabil-
ity, where a homogeneous system phase separates spontan-
eously. Only a second-order term is required in the free en-
ergy to calculate spinodal transition (Eg. 1). In comparison, at
least forth-order terms are included in SCFT to define the
ODT, which denotes an equilibrium boundary between
ordered spherical phase and disordered state. The gap
between the spinodal line and ODT curve manifests the ther-
modynamic metastable region, which is also correlated with
the block copolymer architecture. In the SCFT phase diagram
of AB diblock copolymer,® the spinodal line falls in the body-
centered cubic (BCC) sphere phase and creates two symmet-
ric metastable regions with respect to f4=0.5 (Part H in ESI). In
the SCFT phase diagram of AB, miktoarm block copolymer,!
the ODT boundary is slightly asymmetric and the order-order
transitions (OOT) shifts to large f, region. So, the metastable
region is slightly depressed on the right side in the AB, phase
diagram (Part | in ESI). For the complex miktoarm block co-
polymer (A'B);A,B% the SCFT phase diagram is highly asym-
metric, where the ordered-phase regions on the left side are
enlarged while those on the right side are significantly de-
pressed. The difference between the spinodal and ODT
boundary indicates that the metastable region is magnified in
the sphere phase on the left side and is vanishingly small in
the large f, region (Part J in ESI). Therefore, the understand-
ing of the spinodal transition complements SCFT studies on
the thermodynamics of block copolymers.

Last but not least, the analytical method provided here
may also shed light on complicated architectures that are
beyond the scope of this work. For example, a dendron-like
block copolymer reported recently, where several genera-
tions of A blocks are tethered with B blocks, exhibits very in-
teresting phase behavior.37! The dendron-like A blocks indic-
ates substantial entropy loss with J2 junctions and the
tethered B blocks impart temperate entropy loss with J1
junctions. The spinodal boundary of the dendron-like block
copolymers should resemble the (BA), stars with large n
(Fig. 3¢). The simple methodology in this work could be easily
extended to other molecular architectures, which may guide
researchers to explore more potentially interesting block co-
polymers.

CONCLUSIONS

To summarize, a block copolymer architecture [(A'B),A,l,, is
proposed in this work to elaborate the scattering functions
and microphase separation behaviors of typical linear and
nonlinear block copolymers. The roles of block number, junction
points and asymmetry ratios of block length are the key factors:
(1) to affect the entropy loss across the spinodal transition and
may result in deflection of spinodal curves; (2) to determine
the form factors of each block copolymer at the molecular
level (GRg~1). Although only several typical linear and nonlinear
block copolymers are demonstrated in this study, the method
and conclusions are applicable to other block copolymer
architectures. Based on explicit expressions for form factors and
structure factors, the model also provides a general guideline for
scattering experiments to study block copolymers in solutions
or disordered melts.
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