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ABSTRACT: The influence of polydispersity on the phase behavior of diblock copolymer melts is studied using

a self-consistent field theoretic model. A perturbation theory is developed for the polydisperse system, in which
the polydispersity index¢ = M,,/M, — 1, is taken as a perturbation parameter. Phase diagrams are constructed
using the reciprocal space method. It is found that the erdisorder transition boundary shifts to higher
temperatures, as predicted by a random phase approximation analysis. For asymmetric polymer distributions,
polydispersity favors structures with curved interfaces. The domain spacing of the ordered structures increases
with increasing polydispersity index. An analysis of the free energy provides an understanding of the mechanism
of these effects.

Introduction field theoretical approach of Edwards in the 19804elfand
and others explicitly adopted the theory to the study of block
copolymer phase behavibm recent years, SCFT has developed
into a powerful tool to study block copolymer self-assembly.
For the bulk ordered phases, Matsen and SéHielke success-

Block copolymers are macromolecules formed by chemically
linking different polymer chains together. The self-assembly of
block copolymers is governed by a delicate balance of the

interaction energy and the chain stretching. The repulsive . . . ;
interaction between the chemically different blocks drives the fully solved the SCFT equations numerically, using a restricted

system to phase separation, whereas the connectivity of the':Ourler ba_5|s which was selected on the ba5|_s of the assumed
copolymer chains prevents macroscopic phase separation. As zpqrphologlcql symmetries. The Mats_,en-Schmk approach IS
result of these competing trends, block copolymer systems S‘ehc_effl_ment, and it allows accurate calculatlo_ns of the free energies,
organize into many complex structufeBor the simplest case which are used to COUSUUCF phase diagrams for .the block
of diblock coplymers (linear polymer chains composed of two COPOlymer systems. This reciprocal-space method is comple-
different blocks), the phase behavior is well established. A mented by real-spacg methods, which solve the SCFT equations
variety of ordered phases, including a lamellar structure (L), " réal space. In particular, Drolet and Fredricksenggested
hexagonally packed cylinders (C), body-centered-cubic spheresn implementation where low free energy morphologies are
(S), and a bicontinuous network structure called the gyroid (G), found by relaxation from random potential fields. A similar re_al-
are observed.These structures can be controlled by varying SPace approach has also been suggested by Bohbot-Raviv and
the chemical composition of the block copolymer or the Wang:
segregation between blocks (via temperature or molecular In most of the theoretical approaches, the polymers are
weight). The composition of an AB diblock copolymer is assumed to be monodisperse; i.e., all of the chains are of the
characterized by the volume faction of the A-blodks The same length. However, all synthetic polymers are polydisperse,
extent of segregation can be expressed using the reducedtharacterized by a molecular weight distribution which is often
parameteryN, where y is the Flory-Huggins interaction parametrized using the polydispersity index (PBIM,,/Mp,
parameter, and\ is the copolymer degree of polymerization. whereM,, is the weight-averaged molecular weight, aviglis
At small values ofN, the copolymer melts assume a disordered the number-averaged weight). It is well-known that many of
state. The transition from a homogeneous melt of chains to athe unique static and dynamic properties of polymers depend
heterogeneous melt of ordered structure occurs at the-erder on chain length and it is expected that polydispersity will
disorder transition (ODT). This transition corresponds to a influence those properties. It is, therefore, important to study
critical value ofyN and depends on the composition of the the influence of the molecular weight distribution on the phase
copolymer fa, which in turn determines the spontaneous pehavior of block copolymers. A number of theoretical studies
curvature of the interface between the blocks. For the Orderedincorporaﬂng polydispersity into block copolymer models have
phases, the equilibrium morphology adopted by the AB diblock appeared in the literature. Leibler and Bekoitnd Hong and
copolymers depends on the voI_ume fraction of the A component Ngglandi2 have performed random-phase approximation (RPA)
(fa) and the degree of segregation between the two blg®s*(  stydies for disordered block copolymer melts using a continuous

Because of their importance, a variety of theoretical ap- Schulz-Zimm distribution for the molecular weight distribu-
proaches have been used to investigate the phase behavior afons. These studies assumed that there is only one chain-length
block copolymers.Among the different theoretical approaches, distribution, that of the total polymer, and the A and B blocks
the self-consistent field theory (SCFT) provides a powerful tool of each polymer chain are in a constant fraction to each other.
for the study of ordered phases of block copolyn¥e®CFT is In reality, the two blocks would be grown separately, and any
a coarse-grained field theory in which the polymer densities given polymer will not have the same fraction of A to B as the
are the primary variables. The theory has its origin from the average. In a related study, Burger and co-worRestudied

the ordered phase structures of polydisperse diblock copolymers
* Corresponding author. E-mail: shi@physics.mcmaster.ca. using an extension of the weak segregation theory, along with
TE-mail: cookedm@physics.mcmaster.ca. a RPA analysis using independent block distributions. Continu-
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ous thermodynamics was used by Spontak and Williams to In the current study, the polydispersity originates from the
examine polydisperse poly(styrenleutadiene) diblock (SB) and  molecular weight distribution, thus each chain is uniquely
triblock (SBS) copolymerd’ In particular, they examined the characterized by its molecular weight or, equivalently, its length.
critical molecular weight for microphase phase separation and For each polymer of type the chain length is specified &&i),

the interphase thickness. In a series of papemirshtein, and there are; of i-type polymer chains in the ensemble. For
Liatskaya, and Zhulina used the narrow interface approximation the polydisperse polymer systems the average chain length is
to study the strong-segregation limit of polydisperse diblock given by

copolymers, although most of their results are for a bidisperse

mixture. Recently Fredrickson and Sides have proposed an _ N
efficient SCFT method to study the effect of polydispersity on N= ZN(l)(—
the bulk phase behavior of block copolymer mé#$> They ! M

extended the SCFT to include polydispersity and used  The normalized chain lenath of thith-tvpe polvmer iso: =

Gaussian quadrature method to carry out the integrals over theN(i)/N whereN is the averzg e chain Iezpth pSizce we alrgonl

molecular weight distributions. The SCFT equations were solved A . °rag gth. ; y
considering polydispersity in terms of polymer chain length,

in real-space. The computations were carried out for a model we can use; as the unique index for each type (and drop the
system in which one block is assumed to be monodisperse. The : q yp P

studies show that an increasing PDI leads to a larger domain’ subscripj[). F.urtherr.nore, assuming a continu'ous distribution,
spacing, and the molecular weight distribution could dramati- a probability distributionp(o) = n/n, can be defined. In terms

cally affect the phase behavior of block copolymers. of the probability distribution, the average of any functiqo)

- o is defined as
Because of the difficulty of synthesizing block copolymers
with a well-controlled molecular weight distribution, there have o0
been a few systematic experimentgl studies on polydispersity B(0)0= ﬂJ f(0)p(o) do (2)
effects on block copolymer phase behavior. Matsushita and co-
workers®17synthesized a series of polystyrengoly(2-vinyl-
pyridine) diblock copolymers with narrow molecular weight
distributions. These copolymers were blended to prepare
bimodal and trimodal copolymer systems with different PDI.
They observed that the lamellar domain spacing increases as
PDI is increased. For PD+ 1.8, macrophase separation was =
observed. Bendejaq et &lobtained several polystyremepoly- Y IN(e)D
(acrylic acid) diblock copolymers with broad molecular weight
distributions and discovered that these systems produced wel
ordered structures. Very recently, Lynd and Hillmyehave
synthesized several sets of poly(ethyletiepropylene)b-poly- M
. ) 4 W
(oL-lactide) diblock copolymers with controlled molecular k=——1=[o— 1)25 4)
weights, compositions and polydispersity indices. Small-angle M,
X-ray scattering was used to evaluate the influence of block ) ) ) )
copolymer polydispersity on the equilibrium domain spacing to characterize the polydlsperslty. We Wlll t'ake 'Fhe advantage
and resultant ordered structure. They observed that the domairfhat, for narrow molecular weight distributions,is a small
spacing increases linearly with increasing polydispersity for PDI Number. Therefore, a perturbation method can be developed by
from 1.20 to 2.00. The experiments also show that larger PDI treatingx as a perturbative parameter. It is also noticed that

can lead to a change in morphology for compositionally is the variance of the distributiga{(o). Experimentally, a “nearly
asymmetric diblock copolymers. monodisperse” polymer melt will havein the range 6-0.05.

For many synthetic polymers, a realistic model of the molecular
weight distribution is the SchutizZimm (or gamma) distribu-
tion, which is defined as

)

By definition, [40= 1. The weight-averaged and number-
averaged chain lengths (which are proportional to the weight-
averaged and number-averaged molecular weights) are given

2
= NOY_Jaeom =me=N @)

I_The polydispersity index PD¥ M,/M, can be shown to be
>1. In what follows we will use a related parameter

In this paper we study the phase behavior of polydisperse
AB diblock copolymer melts using a reciprocal-space SCFT
approach. In principle, both blocks of the copolymers can be
polydisperse with different molecular weight distributions. The K«
polydispersity is characterized by a continuous molecular weight p(o) = — gl (5)
distribution. In the model, the polydisperse block can be either (k)

the Aor B block_s. Our theoretical framework is sim.ilar tothe ko the SchultzZimm distribution, the polydispersity parameter
SCFT for polydisperse melts developed by Fredrickson and ;g , — 1

Sides. The real-space approach adopted by Fredrickson and " gjnce 3 diblock copolymer chain is composed of two different

i 4,15 ; i . L. . i . .
Sides**is an excellent tool to explore different structures, subchains, it is necessary to consider two distributions, one for
while the reciprocal-space approach adopted here providesg,.h plock. Ther-type block is specified by an average block
accurate calculation of the free energies of the ordered structures,ength N. (Greek letters will be used to label blocks), and a
The free energy calculations allowed us to construct phase , opapijity distributionpa(a,). During the production of the
diagrams for diblock copqumers with different polydlspersny. diblock copolymers, the polymerization of one block is usually
Furthermore, an analysis of the free energy provides an j,sensitive to the polymerization of the other block. Therefore,
understanding of the mechanism of structural change. the distributions for the two blocks can be considered as

independent distributions. Hence, the overall molecular weight
Theoretical Framework distribution pag(oa,08) is given by the product of the block
distributions

A. Polydispersity Model. For an ensemble af; polydisperse

polymers, each polymer chain can be classified by an index Pag(0a:08) = Pa(0a)Ps(08) (6) cDV
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and the average of any functidrica,os) is given by

[ (oa.08)g = fff (0:08)Pa(04)Pg(0) doy dog (7)

The independence of the block distributions lead to the simple
result that

[ (0a)9(0p) e = [ (04) A 9(0s) 4 (8)

For a given typeg = (oa,08), Of the copolymers, the chain
length is specified adl(c) = Naoa + Ngog, and the average
copolymer chain length i8l = Na + Ng. The polydispersity
parameters of the individual blocks are then given by the
averagesk, = o, — 1)2[As. The overall polydispersity
parameter of the diblock copolymer chains will be given by
the rule for the sum of variances of statistical distributions

©)

wheref, = No/N is the average fraction of the-block. It should
be noted that, in generd,/N = N,/NCI
For narrow molecular weight distributions, the evaluation of

_ 2 2
k=T kp + Tg%Kg
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s by the average polymer lengttt = §/N. The interaction
between the different blocks is assumed to be described by an
effective short-range potential characterized by a Héityggins
parametely.

Starting from the partition function of the polymer chains,
the derivation of SCFT equations for polydisperse polymers
follows the theory of Fredrickson and Sidés>For the model
system adopted in the current study and within the mean-field
approximation, the statistics of the polymers is modeled by one
independent polymer chain in a set of effective chemical
potential fields wy(r). These chemical potential fields are
conjugate to the monomer density fielgigr). In terms of these
mesoscopic variables, the free energy per chain of the block
copolymer melt is given by

FNv,
f=

1 _
== dr GNoA96() = Y 000} —
IQ{w,} e (12)

where Q({wq}) is the partition function of a single type-
diblock copolymer chain in the chemical potential fietog(r).

Vk T

the averages in (7) can be approximated by a Taylor seriesThis single-chain partition function can be expressed in terms

expansion about = 1. To the second order of the variabte (
— 1) the average is given by

N 1o of
[ (0a.08) s ~ (1, 1)+ EZKQ 2’

o« 00

(10)

o op=0p=1

of the end-integrated propagatogs(r,t), which are solutions
of the modified diffusion equations

Nb, 2

T“VZ —w0|ar)  (13)

d
gqo(rv t) - Zyao(t)

The above approximate evaluation of the integrals is equivalent With the initial conditionsg,(r,0) = 1. In terms of the end-

to a molecular weight distribution of the form

1 n
Pu(00) = 0(0, = 1) + 560" (0, — 1) (1)
whered'"(x) is the second derivative of the Diracfunction
O(X).
In the studies by Fredrickson and Sidest was assumed
thatpa(oa) = 6(oa — 1) and a SchutzZimm distribution for
ps(os) was used. The integral in (7) was evaluated using

integrated propagatay(r,t), the single-chain partition function
is

1 —

Q, =) dra,(r. N,/N) (14)

In addition, we define a conjugate end-integrated propagator,

g.'(r,t), which satisfies the same differential equation as

go(r 1), but with a different initial conditiory,(r,1) = 1. From
the expression of the free energy density, it can be seen that

Gaussian quadrature. Their method has the advantage of beinghe polydispersity effect on the diblock copolymers is contained

more accurate at largef,. In what follows we will use the

in the last term of (12), which is an average of the logarithm of

perturbative method (eq 10) to evaluate the integrals over thethe single-chain partition functior; nNQu{wu} [Ae. .
molecular weight distributions. Therefore, the results presented Within the mean-field approximation, the SCFT equations
in this paper will be restricted to narrow molecular weight determining the polymer densitigg(r) and chemical potential

distributions.

B. Self-Consistent Mean-Field TheoryThe self-consistent
field theory for polydisperse block copolymers can be derived
most conveniently using the formalism given by Schafid,
which considers melts of multiple polymer types. For a canonical
ensemblen; polymer chains, of whichm, are of typeo, are
contained in a volumy¥. It is convenient to view a polydisperse
polymer system as a polymer blend composed of polymers with
different molecular weights. For simplicity, the volume occupied

by each monomer is assumed to be the same for the A and B

where the functiori(r) is a Lagrangian multiplier to ensure
the incompressibility conditioga(r) + ¢s(r) = 1. In terms of

blocks,va = vg = wp, so that the volume of a-type polymer
is N,vo. The probability distribution of chain length is given by

fields wq(r) are obtained by minimizing the free energy,

subjected to the incompressibility condition. Specifically the
SCFT equations are given by

w(r) = xNeg(r) + &(r) (15)

wg(r) = xNeA(r) + &(r) (16)
B InQ,

B (r) = — VB@D\B (7)

p(0) = n,/ne. Each polymer chain is modeled by a Gaussian the propagators, the polymer densities can be written as

chain. Specifically, thé&h polymer chain of type is represented
by a space curv®;;(s), where 0< s < N, is the arc-length
parameter antll, = Naoa + Ngog is the length of the polymer
chain. Following Schmid, we define a structtifeinction y(s)
which is 1 whenR;;(s) is ana-monomer and O otherwise. For
diblock copolymersyqj(s) = da,a When 0< s < Npj, andda,s
whenNy; < s < N;. In the following, however, we will scale

¢o(r) = = |/ At v, O,r.09",(r.0) (18)
B

For a given set of controlling parametefgN, Ny, pa(0)},

the SCFT equations must be solved to obtain solutions for

different ordered structures. The free energies of the diffe&etg\t/
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structures are then used to construct the phase diagram. The 0061771
technique of solving the SCFT equations is similar to the one L =02 N

used for monodisperse polymers. The only added complication 0.05} -~ perturbative 4
comes from the averaging over the molecular weight distribu- I / — Schultz-Zimm
tions. In the studies of Fredrickson and Side¥, the SCFT 0.04- |
equations are solved in real-space and the averages over the S

molecular weight distributions were carried out using the o

Gaussian quadrature method. This real-space method for poly- 003~ i
disperse block copolymers has been extended to the study of =0 /monodisperse

vesicle formations in dilute diblock copolymer solutions by Jiang 0.02- J
et al? While the real-space method provides an efficient method [

to search for ordered structures, the reciprocal-space method 0.01- =
can be used to obtain accurate solutions for known ordered -

structures. In this paper we solve the SCFT equations using the o

reciprocal-space method. Furthermore, a perturbation theory is aR,

used to carry out the averages over the molecular weight g re 1. Structure-function as determined from the RPA, plotted

distributions. Details of the reciprocal methods and perturbation vsq. The figure is forfa = fz = 0.5, with three different symmetrie (

theory are given in Appendices A and B. = ka = ks) polydispersity distributions: monodisperse, perturbative,
In general, the SCFT equation (eq 15) cannot be solved and Schultz-Zimm.

exactly. A variety of numerical methods have been developed ) ) )

to find solutions of the SCFT equations. For ordered structures, ©ut by Hong and Noolanéfi using a model in which the A and

Matsen and Schicinvented an efficient method which utilizes B block molecular weight distributions are correlated. Leibler

the symmetry properties of the phases. The essence of thend Benoit' performed a S|m|Ialr analysis using a different

method is to restrict the function space to a smaller one with averaging procedure. Burger et'alhave derived a Landau-

the desired symmetry. Specifically, a set of basis functions tyPe theory for polydisperse diblock copolymers using RPA and

f(r) is used to span the function space. The basis functions areuncorrelated blocks. More recently, Sides and Fredricksmve

chosen as the eigenfunctions of the Laplace opersti(r) = implemented continuous po_Iydispersity in the RPA theory, and
— Adfn(r), with appropriate boundary conditions consistent with compared the R_PA theory with _the SCFT_ calculations. The RPA
the symmetry of the ordered phase under investigation. Here Scattering function for a polydisperse diblock copolymer melt

Anis the eigenvalue correspondingft(r). An arbitrary function is reproduced here for completeness and, more importantly, for

In particular, the RPA scattering function evaluated using the

© perturbative expansion (eq 11) is compared with that using the
ar) =y g.f.(r) (19) full Schulz—Zimm distribution (eq 5). Details of the RPA
n= scattering function are given in Appendix A.
For a symmetrically polydisperse diblock copolymer melt (
= kg = k), Figure 1 shows the strcuture function as a function
of gRy for different values ofc. The essential feature of the
scattering function, i.e., a peak at a fingeis maintained for
polydisperse diblock copolymer melts. Furthermore, it can be
observed from this plot that the difference between the pertur-
bative and the SchutzZimm distributions are indistinguishable
for ka = kg = 0.1, and only slightly greater fam = xg = 0.2.
For a symmetric diblock melfs = 0.5, the critical value of

In terms of the expansion coefficients, the SCFT equations
become a set of nonlinear algebraic equations. An efficient
method based on matrix manipulations can be used to find
solutions. Details of the reciprocal method have appeared in
several publication8

Extension of the SCFT to polydisperse diblock copolymers
requires the averages of I and ¢ In Q)/dw, over the
molecular weight distributions. The perturbative expansions of

In Qs given by the wave vectog* and the ODT poingN. are shown in Figure
1 10 1/[aQ\2 2 as functions of_c. It is_no_tice_d that the differences_ between
Ih Qg =INQ+- Z k| ————|—| | (20) the full Schulz-Zimm distribution and the perturbation result
2558 |Q 30(12 Q\dg,, are minor up untik = 0.4 for the critical wave vectay*, and
up until « = 0.2 for the critical value ofN. This suggests that
where the terms on the right-hand side are evaluater at the perturbative distribution is a good approximation to the
os = 1. The average over the function$ I Q)/dw, can be Schulz-Zimm distribution for narrow molecular weight distri-
calculated in a similar fashion. Ongg = — VI1/Q dQ/dw.As butions. Furthermore, Figure 2 demonstrates that the critical
and Ih Qs have been calculated, the SCFT calculation wave vectorg* is a decreasing function of, indicating that
proceeds just as in the monodisperse melt. polydispersity results in a larger domain spacing. The ODT point

C. Random Phase Approximation.At a high temperature ~ xNc is a decreasing function af thus polydispersity will lead
or small N, the block copolymers are in a disordered state. to an increase in the transition temperature (a decrease in the
The transition from the disordered state to an ordered state carvalue ofyN at the transition). All these features are confirmed
be studied by analyzing the two-body correlation function, or in the SCFT calculations.
equivalently, the scattering function, of the systEnSpecifi-
cally, the spinodal point of the disordered state occurs when
the correlation function becomes zero, or the scattering function A. Phase Diagrams.For a given set of parametefgN,
approaches infinity. In the disordered state, the scattering fa,«a,ks}, the phase diagram can be constructed by comparing
function for a polydisperse diblock copolymer melt can be the free energy of different ordered structures. In the reciprocal-
derived using a random phase approximation (RPA). RPA space method, the ordered structures being considered are chosen
analysis of polydisperse diblock copolymers has been carriedaccording to experimental studies and/or real-space calculae'ﬂsl\s/

Results and Discussions
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Figure 2. Position of divergence in scattering function as a function Figure 3. Free energy density of the cylindrical and gyroid phases at
of the polydispersity = xa = «g) atfa = fg = 0.5. Top graph is the a fixed yN = 12 and differen = ka = «s. The thick solid line that
critical wave vectorg*; bottom graph is the critical value giN. For intersects the free energies denotes the boundary between the C and G
k < 0.4, the perturbation model of polydispersity and the Schultz ~ phases for each value ef

Zimm model agree closely. At = 1 (PDI = 2), the SchultzZimm

model predicts macrophase separatiogt; = 4, which has not been 1058 T rTTTrTmmmTTTTTT]
observed?® [ i

[ — perturbative RPA ]|
Unlike the real-space method used by Fredrickson and Sides, 10l T Sdy=-Zmm RPA 1

the symmetries of the structures (i.e. the space group) is chosen
a priori. For the case of diblock copolymer melts, the stable

structures include lamellar (L), hexagonally packed cylinders _9.5}
(C), bicontinuous gyroid (G), and body-centered cubic spheres = |
(S). Within the perturbation theory, the polydispersity must be = of

small, thus the possibility for new structures besides these four
phases is not considered here. Because the face-centered cubic
spherical phase is an unstable structure for diblock copoly#fers, 85
it is not included in our calculations. In addition, phase [
coexistence is also ignored, as experimentally phase separation [ 1
is not observed at low polydispersiti&sAt a given point in 8 008 01 048 02 025
the phase space, the free energy of these four structures are ) . )
computed, and the phase with the lowest free energy is takenl'.:'g”re 4._Compar|son of the SCFT ODT point to the RPA spinodal
S ine for f = 0.48.
as the equilibrium phase.

Because the free energy difference between the differentthe ordered-disorder transition (ODT) point fiy = 0.48 is
ordered structures is small, accurate calculations of the freechosen to make the comparison. The computed ODT boundary
energy is required for the determination of phase boundaries.for fs = 0.48 is shown in Figure 4. This valuefafis sufficiently
One of the advantages of the reciprocal-space method is that itfar away from the critical point for results to be accurately
enables accurate free energy computations. As an example ofletermined, yet close enough to be useful for comparison. The
the free energy calculation and phase boundary determination,result shows that the RPA spinodal point is in excellent
the calculated free energy of the C and G structures for a fixed agreement with the ODT determined from perturbative SCFT
xN = 12 and different polydispersity parameters is plotted as a for small values ofc < 0.1.
function off4 in Figure 3. Phase boundary between these two  From the computed free energy for the different phases, phase
structures is determined by the intersect of the free energies. Itdiagrams in theN — fo space can be constructed for different
is clear from this figure that polydispersity has a significant molecular weight distributions. In what follows, phase diagrams
effect on the phase boundary, and increasing the polydispersityfor polydisperse diblock copolymers with symmetric molecular
leads to a shift of the GC phase boundary farther away from weight distributions £{a = xg = 0.05, 0.15) as well as
fa = s asymmetric molecular weight distributiongs(= 0 andxa =

A possible test of the accuracy of the perturbation theory used 0.05 and 0.15) are presented. In Figure 5, phase diagrams for
in the current study is to compare the phase boundary betweendiblock copolymer melts with equal polydispersities in the A
the spherical and homogeneous phases with the spinodal lineand B blocks are shown, along with the phase diagram for the
of the homogeneous phase calculated from the RPA (eq Al). monodisperse diblock copolymer melt. The phase diagrams are
These two boundaries should coincide at the critical prairt symmetric aboufy = 0.5 and parabolic. The triple points are
0.5, and they should be close to each other for valuef of at the intersection of the C, G and L phases, and there is a critical
near 0.5. Ideally we should use the critical point to make the point atf. = 0.5. These features are the same as the monodis-
comparison. However, at the critical point the convergence of perse diblock copolymer melt. The most striking change in the
the SCFT solutions becomes very slow, and extrapolation mustphase diagram is a decrease in the ordksorder transition
be used as the free energy can only be determined within thepoint to a smalleyN, and a corresponding displacement in the
ordered regime. In addition, the extrapolation (using a parabolic other phase transition boundaries. The decrease of the ODT point
fit) becomes singular at the critical point, as the first derivative is predicted by the RPA and the SCFT results are in quantitative
of the free energy is continuous and zero there. Because of thesegreement with the RPA prediction. Furthermore, for a fixed
problems associated with the critical point SCFT calculations, value ofyN (e.g.,yN = 15 for Figure 5) the stable region gDV
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Figure 5. Phase diagrams for symmetrically diblock copolymer melts. For a given valyi,dhe phase transition sequence is the same as that
of the monodisperse melt.

the lamellar phase decreaseskamicreases, while the stable parabolic, albeit no longer symmetrical abduyt= 0.5. The
region of the cylindrical phase increases. This preference for critical point has moved up one side of the ODT, instead of
the cylindrical morphology is consistent with experimental being at the minimunyN of the ODT. This is mirrored by the
observations at moderate polydispersifiéas « increases, the  shift of the triple points, which are tilted with respect to their
L—G and G-C phase boundaries become less parabolic and monodisperse positions. The regions of stability have changed
closer to being constant for largéN, which accounts for the  also. The phases with the polydisperse blocks in the minority
lack of broadening atN = 15, compared with the broadening domains occupy a wider range faf for a givenyN, while the
atyN = 12 in Figure 3. In addition, the width of the G region region of those phases with the polydisperse blocks in the
remains about the same. Although not clear from Figure 5, the majority domains become smaller. The decrease in the ODT
position of the ODT at different values & follows the same point is approximately the same as that for a symmetric
linear relationship with respect toas the critical point does in  polydisperse melt witlsym = 1/2 (ks + «g), implying that the
Figure 4. The ODT boundary can be obtained by shifting the amount of decrease is due to the average of the block
ODT boundary of a monodisperse diblock copolymer melt using polydispersities.
an effective average block lengthh ~ (1 + 0.8)N (at low For monodisperse diblock copolymer melts, the> 1 — fa
polydispersity). This would suggest that a measure of chain symmetry of the phase diagram originates from the assumption
length in between the number average and the weight averageof equal Kuhn lengths of the two blocks. Matsen and Schick
would be more appropriate for the ODT. However, the order  have shown that conformational asymmetry or unequal Kuhn
order transition lines do not follow this simple scaling, reflecting length will break this symmetry of the phase diagr&nThe
the fact that these transitions are driven by a delicate balancephase diagrams presented in this section demonstrate that
between the energy and entropy of the polymer chains. different molecular weight distributions can also lead to
In general, the two blocks have different molecular weight asymmetric phase diagrams for polydisperse diblock copolymer
distributions due to the different reaction rates of the polymers. melts. It is interesting to note that the phase diagrams for the
Therefore, phase diagrams for asymmetrically polydisperse asymmetrically polydisperse diblock copolymers have the same
diblock copolymers are of great interest. As an example of features as the phase diagrams for conformationally asymmetric
asymmetrically polydisperse diblock copolymers, the one-sided diblock copolymers. In particular, the blocks with a broader
polydisperse diblock copolymekg = 0 are considered. Phase molecular weight distribution corresponds to a larger Kuhn
diagrams for one-sided polydisperse diblock copolymer melts length.
with ka = 0.05, andca = 0.15 are shown in Figure 6. The first B. Domain Spacing Besides the shift of the phase boundaries
feature to be noticed from these phase diagrams is that theand the breaking of th& < 1 — fa symmetry of the phase
polydispersity asymmetry breaks the< 1 — fo symmetry of diagram, polydispersity has a pronounced effect on the domain
the phase diagram. The phase boundaries are still roughlyspacing of the ordered structures. Specifically, it has bC?BQ/
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Figure 8. Comparison oD/D, values for a lamellar system, wifa

= 0.5, at two differenN values.My/M, is the polydispersity of the

1 whole chain (eq 9). The dashed lines are for systems with a polydisperse
7] A block, and a monodisperse B block (8t/M, = 1 + «a/4), and the

] solid lines are for systems where both blocks are equally polydisperse
. (whereMy/Mp = 1 + (ka + «8)/4).

] The increase of the domain spacing with polydispersity is
] demonstrated more directly in a plot of the period as a function
. of the polydispersity index. One example is shown in Figure 8
1 for the lamellae witfa = 0.5 and different values Q@fN. For

] small values ofc, the domain spacing increases linearly with
] the polydispersity index. This linear behavior is consistent with

o . l l l l A the experimental results of Noro et!dlin the smallc region.
~703 04 05 06 07 Linear increase of the domain spacing has also been reported
fa by Lynd and Hillmyer'® However the experiments of Lynd and

Figure 6. Phase diagrams for diblock melts with the A block Hillmyer were carried out at large valueswof 0.4. Therefore,
polydisperse, and the B block monodisperse. The@pt(the position a direct comparison between their observation and our result is
of the RPA critical point. . .

not appropriate because of the perturbation theory used.

R L N A T The mechanism of the domain-spacing increase can be
4.2F understood based on the idea that polydisperse copolymers
B release part of the stretching energy of the chains. For an
Al ’ incompressible polymeric system, the distribution of the poly-
mers must be adjusted to maintain a constant density. For a
monodisperse melt, polymer chains will have to be stretched
03.8— away from the interface and compressed close to the interface
such that a constant density is achieved. For a polydisperse melt,
36k on the other hand, the existence of long and short chains will
alleviate the stretching and compression of the chains, thus
reducing the entropic energy of the chains. The domain spacing
34r is, however, dominated by the longer chains, leading to a large
- period.
| P R A R I S Qualitatively, this mechanism can be justified by examining

the segregation of polymer chains according to their lengths.
The chain segregation is obtained by analyzing the contribution
to the total polymer density from polymers with different chain
predicted by the RPA analysis and SCFT that polydispersity lengths. By considering a nonperturbative distribution for the
leads to larger domain spacings or periods as compared withpolydispersity (here we use the Schulzimm distribution), a

an equivalent monodisperse block copolymers. As an exampleblend of n monodisperse polymer types can be constructed
of this effect, the period of the lamellar phase with= 0.5 which approximates the polydisperse melt. It§Djs split into

and different polydispersity parameters is plotted as a function intervals pj,0i+1) such that

of ¥N in Figure 7. The increase of the domain spacings with

polydispersity is obvious in this plot. Another observation is U'“p(a) do = 1 (21)

that the slope of change in the domain spacing is smaller for ai n

largerx. Experimentally, the effect on domain spacing should
be easier to observe than the phase boundary shifts, as th
domain spacing is given by scattering techniques and/or by directthat

observation with microscopy. SincgN is approximately ir1 B

proportional to the inverse of the temperature, this effect can n fo_i op(0) do = o, (22)

be examined by analyzing the domain spacing as a function of

temperature. By taking Ng; as the length of théth polymer type, our bIen(E:DV

Figure 7. Period of the lamellar phase fér = 0.5 andc = xa = k.

dwith oo = 0 anda,, = «) then an average; can be taken such
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Figure 9. Volume fraction profiles for the A block of a cylindrical phageN(= 13.5,fa = 0.35xa = 0.2xg = 0, where the polydisperse melt is
approximated using five monodisperse components.

approximates the polydisperse melt, with the advantage that each
component corresponds to an equal portion of the polydispersity
curve. This is similar to the technique used in ref 15, except
there the polydispersity distribution was split so the integral in
the average (eq 17) can be done as a Gaussian quadrature.

As an example, Figure 9 shows the profiles of the A block
volume fractions when a polymer polydisperse in the A block
is split into five divisions by the scheme above. A segregation
of polymer chains according to their lengths can be noticed from
this figure. The longer blocks preferentially occupy the center
of the cylinders, whereas the shortest A blocks have a higher
concentration between the cylinders. This segregation of
polymer has been noticed by Sides and Fredricksand by
Jiang et akt

Quantitative understanding of the mechanism for the domain-
spacing increase can be obtained by decomposing the freeFigure 10. Decomposition of free energy into interfacial and entropic
energy density into interfacial contribution and stretching parts for a cylindrical phase witfih = 0.35, N = 13.5, and a
contribution, as proposed by Shi and Noola#dior an ordered polydisperse A block and a monodisperse B block. The circles are the
structure with a domain spacir, the free energy per chain free energies as calculated with the perturbation theory, and the lines

‘ ! ; connecting them are the fits using (23).

can be approximated by the following expression

energies, the decrease of the stretching energy leads to a larger

F=fy + % 4 oD? (23) domain spacing.
Conclusions

where fgemix IS the free energy per chain for a completely The phase behavior of polydisperse diblock copolymer melts
demixed melty is the interfacial tension between the A and B are studied by using a reciprocal-space self-consistent field
domains, and the last term presents the stretching energy of theheory and treating the polydispersity as a perturbation. The
polymer chains. The equilibrium domain spacing is determined validity of the perturbation theory is tested by comparing the
by the competition between the interfacial and stretching SCFT results with the RPA theory. Phase diagrams for poly-
energies. An example of such a decomposition is given in Figure disperse diblock copolymer melts are constructed by examining
10 for an one-sided polydisperse diblock copolymer ith= the free energy density of different ordered structures. For
0.35 andyN = 13.5. This figure shows that, for this cylinder- symmetric molecular weight distributions of the blocks, the
forming diblock copolymers, the function form gives a good phase diagrams maintain the symmetry alfgut 0.5, and the
description for the free energy as a function of the domain phase boundaries shift to smaller valuegf For a given value
spacing. The results demonstrate that polydispersity has veryof N, the nonlamellar phase regions become wider at the cost
little effect on the AB interfacial free energy. On the other hand, of the lamellar phase. The phase boundary between the
the chain stretching energy decreases as the polydispersity islisordered and spherical phase (oreiisorder line) is in good
increased. Since the equilibrium domain spacing is determinedagreement with the RPA prediction. For asymmetric molecular
by the competition between the interfacial and stretching weight distributions of the blocks, thg < 1 — fa symmetryCDV
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of the phase diagram is broken. The phase boundaries becomexhibits a maximum at a finite value &f or g*, indicating a
asymmetric aboutfs = 0.5. The phase diagrams for the spontaneous selection of a length scale. For small valug,of
asymmetrically polydisperse diblock copolymers resemble the the scattering functio(q) is finite and the disordered phase is
phase diagram of conformationally asymmetric diblock copoly- stable. The disordered phase becomes unstable yithezaches
mers. the minimum /,S5,(x*), at which point Sq) diverges. The
Besides the shift of the phase boundaries and the breakingdomain spacing is characterized ¢pywhile the ODT boundary
of thefa <> 1 — fa symmetry of the phase diagram, theoretical is given byyN = %,S(x*).
studies predict that polydispersity leads to larger domain spacing For a polydisperse diblock copolymer melt, the individual
as compared with monodisperse systems. The mechanism ofmonomer structure factors should be averaged using a weighted
this domain spacing increase is that the existence of different average'® S,4(q;f,) is replaced withf,04fs05S.5(0i;f,0,) [ds. For
chain lengths in a polydisperse system leads to a decrease othe model system with independent molecular weight distribu-
the stretching energy. A decomposition of the free energy tions for the A and B blocks, this is equivalent to replacing
density is used to illustrate this mechanism. It is shown that, e~f with [&@fx[], so only these later averages need to be
while the interfacial free energy is insensitive to the polydis- computed. For the SchutZimm distribution it is straightfor-

persity, the stretching energy decreases with largesulting ward to show that
in a larger domain spacing.
The theoretical results from the current studies have been @xpf )0 = (1 + K, f %) e (A5)

compared with other theoretical approaches and with available
experiments. The predicted increase of the domain spacing is
in agreement with all previous theoretical studies and with
experiments. Because the averaging over the molecular weigh
distributions was carried out using a perturbation method, the
phase diagrams obtained in this paper apply to polydisperse [exp(f,X)[] = exp(— fa)—()(1 + l,cafaz) (A6)
diblock copolymer melts with narrow molecular weight distribu- 2
tions. Typical examples are the block copolymers obtained using ) ] .
ionic polymerization techniques. For molecular weight distriou- APPendix B. Spectral Solution to SCFT Equations
tions with large PDI, an efficient method to carry out the The SCFT equation (eq 15) cannot be solved exactly in
averages is the Gaussian quadrature method proposed byeneral. One stumbling block to the solution is that the solution
Fredrickson and Sides. A combination of the reciprocal-space is a function of the position. By an appropriate discretization,
approach and the Gaussian quadrature method will be a usefukeq 15 can be converted to a (large) set of coupled nonlinear
routine to study the phase behavior of polydisperse block equations of scalar variables. Solving the set of equations would,
copolymers with arbitrary molecular weight distributions. in principle, result in solutions of the ordered structure. However,
directly solving the SCFT equations in real space is still a

Acknowledgment. The authors would like to thank Rob  formidable task. For ordered structures, there is an efficient
Wickham for very helpful discussions, and SHARCNET for method, invented by Matsen and Schickhich utilizes the
computing resources. This work was supported by the Natural symmetrical properties of the phases. The solutions that we are
Sciences and Engineering Research Council (NSERC) of seeking are periodic, since we are looking for ordered phases,
Canada. which suggests an expansion in a Fourier-like series. The
appropriate basis functions for the expansion are the eigenfunc-
tionsfy(r) of the Laplace operatdv?f(r) = — Anfu(r), wherei,

The RPA scattering function or structure factor for a is the eigenvalue corresponding fgr), and with periodic
monodisperse homogeneds(g) melt in terms of the scattering  boundary condition where the period is that of the unit cell of

On the other hand, for the perturbative distribution given in
t(11), the average becomes

Appendix A. RPA Scattering Function

vectorg is given by the expressiéh the structure being considered. The symmetries of the phase
being considered will lead to degeneracies in the basis functions.
11 2N (A1) In all of the structures studied here (L, C, S, and G), only
S S..(9 one parameteD is required to describe the period of the
structure. In this casd,, 0 1/D2. In general, is the length of
where Spe(q) is the incompressible structure factor a reciprocal lattice vector associated with the basis funéi{on
For an orthogonal, cubic, basis, = (27/D)%(h? + k? + 19),
Saa(@)Ssp(0) — Sie()? Ao and for the hexagonal, £2D)?(h? — hk + k?), where f, k; 1)
Snc(@) Sua(@) + 2S5u5(0) + Sia(@) (A2) are the Miller indices of the related reciprocal lattice vector.

By conventionfy(r) = 1, and the eigenfunctions are ordered
by increasing values of,. In addition, they are taken to be

andS,s(q) are the noninteracting monomer structure factors for orthonormal, so

a single Gaussian chain. Tisg, factors are

S0 = ; i)z[fax e ] (A3) S dr £ (0f() = 05 (B1)
’ An arbitrary function with the period of the unit cell can then
and the off-diagonal factor is be expanded in a Fourier-like series
Sia(X) = e —1e™ -1 (A4) g(r) = zgnfn(r)' (B2)
AB fAx foXx m
wherex = g?Nb%/6. The most important feature is thgc(x) If block-specific end-integrated propagators

Ccbv
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,t) t<h

a,r.1) = [g’gg g t> h, (B3)
1 t<h

qu(ri t) lgiZTgi 3 t > hi (B4)

are defined (withh, = f,0,), the structure-function y.(s) in
(13) can be removed. With the operataf, = Nb26V2 —
®a(r), 00ua(r, )/t = HoQus(r, t), with initial conditions

Oa(r,0)=1 (BS)
ds(r, ha) = da(r, hy) (B6)
0s'(r, 0)=1 (B7)
qAT(r* hg) = qBT(rv hg) (B8)

The qu(r, t), 9.'(r, t), and wy(r) are then expanded as in (2)
(unless otherwise noted, the subscrpised for denoting the
polymerization index will be implied). Substituting this expan-
sion into (13) gives

Nb,?

aqan(t)
= /an(xn(t) - zzwalqam(t)rnml (B9)

t 6

where

Lo = J dr f (00 (B10)

The algebra can be made clearer by using a vector represen-

tation. Letdy(t) = [Guo(t), Gur(t),...]T, andwy = [@e0,wq1,...].
Then we can rewrite the above as

[Nb2

20| By - Qa] 00

ot

(B11)

whereld = [1o,A1,...]T, D(X) is an operator that forms a matrix
with x on the diagonal (and is zero everywhere else), and

[Qu]nm = Zwalrnml (812)
The solution to (11) is then
do(t) = Vo D(E )V, g, (t) (B13)

where the columns of Yare the eigenvectors of the matrix in
brackets in (11),4%],, are the corresponding eigenvalues, and
the exponential is done elementwise. For simplicityglet [1,

0, 0, ...T. This gives

ga(t) = VAD(E™V, e (B14)
0s(®) = VeD(& ™)V, 'V, D(e™ ™)V, e (B15)
Ga'(®) = VaD(E" ™)V, VD)V, 'e  (B16)
gs'(t) = VgD(e )V 'e (B17)

The single-chain partition function is given by (14). Expand-
ing into basis functions gives

Q= an(hA + hg) f dr f,(r) = ag(hs + hg) (B18)
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This can be rewritten in our matrix notation @s= e"gg(ha +
hg), and hence

Q=e"VyD(e ™)V, 'V,De"™V,e  (B19)

which is nicely symmetric. Lettindt = Vg™Va, andsy(hy) =
D(efa"o)V, e, we have
Q = s5(hg) 'Lsa(hy) (B20)

The functional derivatives, in terms of the single-block
distributions are

0Q _

= (™ t 3

dw,()  Jo dt gu(r, )gs (r, hy +hg — 1) (B21)
0Q _ rhe e

Sy~ Jo 8% Nt he = 06 (1. (B22)

Note thatoQ/dwa is related todQ/dwg by the transformation
A< B, g< g'. Examining the quantitpQ/dw,, we substitute
ga andga’ for their expansions, giving

Q

S Sy dt Qa0 + g = D) (B23)

ow, &

The double basis functions can be removed by multiplying by
fi(r), and integrating over. This gives

0Q

—=Y [T*BY]f(r B24
b0, Z[ (BOIf(r) (B24)
whereBA andT'(M) are defined by
ha
VABnmAVAT = ‘[(‘) dt qAn(t)quT(h - t) (825)
(B26)

[FQ(M)]I = X[VaMVaT]annml

Note thatl'*(M) is linear in its argument. Substituting into this
the solutions forgs andga’ yields

B = [Mdt D(efAt)vATeeTvBD(e€B“A)vBTvAD(ef‘““f*‘(;)ﬂ)

For convenience, let
A'(hg) = V,"ed VgD(e ™)L = (V,'@)s5(he) 'L

Define A® B to be elementwise multiplication of two matrices,
so [A © B];j = A;Bj. BA can then be rewritten using* as

B* = [dtD(e" A he)D(e” ™). (B28)

By expanding into components, it can be seen that the integral
above can be rewritten as

B" = A(hg) © C*(hy,) (B29)

whereCA(ha) is given by CbhV
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[CAhW)]; = ohAdt g it

eiAhA ejAhA
< A eA ' EiAiéjA
=| €i—¢€; (B30)
he’ M eiA = eJ-A
Similarly,
B® = A®(h,) © C®(hy) (B31)
16 1
B = —5$ = 5Z[FB(BB>Lf.(r) (B32)
B

With M%(B*)/Q[4g calculated as in Appendix 8, and the SCFT
equations (appropriately converted to vector form) from (15),
the volume fractiong, and the fieldsv, and& can be solved
for, following the linear iteration scheme presented in ref 25.
Starting from reasonable initial conditions (say, a previously

calculated profile somewhere else on the phase diagram), this 6)
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|

AB
PCYQ , 1 A"
2 B

00, a0,

r Roc

%(A“ ©CY + %KAA‘* ©
B
(C3)
The quantities that need to be calculated are eA*, and
C%, and their first- and second-derivativé®o, and 0%/do,2.
The derivatives of Aand C* are trivial from their definitions,
and those of) are easily derived from (20). Note that boté A
andQ are expressible in terms of(®,), so only the derivatives
of sy(0) and C{(o,) need to be determined. Ongg= — VI1/Q
0Q/0w.[As andlh Qlig have been calculated using the above
procedure, the SCFT calculation proceeds just as in the
monodisperse melts.
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