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Abstract: A dynamic density functional theory is presented for the observation of the phase revolutions of a solution-
casting film of di- and tri-block copolymers under solvent evaporation conditions. With the evaporation of the
solvent, the inverted phases, the minor part of the component becomes the continuous phase at the higher solvent
evaporation rate, as observed in this experiment. Further simulation revealed that these inverted phases are con-
verted into the normal phase and the major part of the component becomes the continuous phase, implying that the
inverted phases observed in this experiment are unstable.
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Introduction

Block copolymers, including linear and star block copoly-
mers, have an ability to assemble into various complex peri-
odic ordered microstructures.* Materials with those structures
play a fundamental role in nano- or micro-scale manufactur-
ing industry. In practice, such materials are usually gener-
ated through the solution-cast”** from a co-solvent of each
block. As acknowledged, the final microstructures should
rely not only on the interactions between components™ but
also on the evaporation rate of solvents.'*'® Recent experi-
mental'*"” and theoretical'® observations on the solvent
evaporation speed dependence of microstructures for block
copolymers demonstrated that a complex phase evolution
process exists. In particular, Zhang et al.'® reported an
inverted phase on solvent-induced order-disorder transition
(ODT) studies of poly(styrene-butadiene-styrene) SBS tri-
block/diblocks, i.e. at a relative high solvent evaporation
rate, the minority component [polystyrene in shorter block
length] displays as a continuous phase and majority compo-
nent [polybutadiene in longer block length] as dispersed
phases. Very recently, Huang et al.'® demonstrated that sim-
ilar phase behaviors also exist in the SB diblock copolymer
system. This remains an open question that if the inverted
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phase is in stable state? In this paper, we try to explore the
issue by using dynamic-density functional theory methods
developed for observation of microphase evolution during
the evaporation of solvent.

Modeling and Calculations

Instead of the detailed description of the dynamic mean-
field density functional theory as given in references (18~
20), only the main parts of the theory have been provided
here. We employ freely jointed lattice chain model and more
sophisticated model based on an off-lattice gaussian chain
model. Supposing n linear block copolymer chains with N,
segments of type A, Ny segments of type of B (Length of
the chain is N =N, + N,) and S solvents are involved in the
volume V. On a coarse-grained time scale, there is a certain
collective particle concentration field pfr) of components /
(A, B and S) at position r. Given this concentration field, a
free-energy functional F]p] is defined as follows:

Flpl=f 'nno+ 8" LED) [Uknprdr+F™1p] (1)

where @ is the partition functional for a freely jointed
chain in the external field U, and F"[p] is the contribution
from nonideal interactions. The free-energy function
derives from an optimization criterion which introduces the
external potential field U; as a lagrange multiplier field. The
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relation between the external potential and the concentra-
tion field is bijective and given by a density functional
freely jointed chains:

pLUI(r) = ; 2 SKTr.yd(r—R,) )

S5 is a Kronecker delta function with value 1 if bead s is
of type I and 0 otherwise. s the single chain configuration
distribution function

1 -ﬁ{lf'ﬂﬁ U,(r)]

v= e 3)

where H“ is an Edwards’ connectivity Hamiltonian for
the constant bond length freely jointed chain model

exp - BH(R,, ...,RN)EI5(|RS—RS_,|—a) @)

where a is the bond length.
The intrinsic chemical potential (r) is expressed as fol-
lows:

4(r) = ~Ur)+ 3. [ eulr—rDpsr)dr
iy [, vpAr) ©)

where the unimportant constant term 3v.4) is omitted. In
equilibrium g(r) is constant, this yields the familiar self-
consistent field equations for freely jointed chains model.
When the system is not in equilibriumthe gradient of the
intrinsic chemical potential —V; acts as the thermody-
namic force which drives collective relaxation processes.
When Onsager coefficients are constant, the local flux:

Jy=—MV p;+J, ©6)

where M is mobility coefficient, .~], is a flux arising from
thermal fluctuations. Together with the continuity equation

op
—_— 4 . = 7
7 V- J;=0 @)

we find bare functional Langevin equation of the simple
diagonal form:

0
P g M+ ®

with the distribution of the noise 7, according to the fluc-
tuation dissipation theorem:

(ndr,) =0 )

(r, O E)==2MB" &t—-1)x V- &r—r)p,V, (10)
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The density patterns of quenched block copolymer melt
depicted in the study were obtained by numerical integration
of the diffusion equation (eq. 8) on the cubic mesh through
Crank-Nicolson scheme. In this calculation strategy, the freely
jointed chain densities function of the I-type segments,
plUI(#), can be expressed in terms of Green function as
follows:

PLUNP) = == 8.G,(r)o1Gra](1), (11)
N D=

where the Green function, G;,(r), and inverse Green
function, Gy ,+,(#) , of chain can be calculated by once-inte-
grated Green propagators schemed as following:

Go(r) = Giyyy = 1 (12)
Gi(r) = ¢ 5[ Gx_11(r) (13)
G'x(r) = "6 [Grail(r) (14)

the delta connectivity operator defined by

AXI(r) = L5 [, A=) K()- (15)

2
na

and can be calculated on grid lattice space based upon the
strategies of Fraaije.'” The simulation was performed in a frue
2D lattice algorithm to be more trackable in computatation
time and easier in visualization. After Fraaije's work"

ofX](x,7) = {XGr—1,9) +X(x+1.7)

+X(x,y—1D)+ X(x,y+1)

(16)

the central terms in eq. A6 and A7 in ref. (19) had been
omitted, which is reasonable as indicated by Fraaije.

In order to control the solvent evaporation rate, the thin
film was placed in a container with a small opened hole in
the ceiling as the experimental description in ref. (16). The
volume reduction of the solvents through the opened hole per
successive time will be calculated based on the following
equation (see Appendix in ref. (18)):

A'Be,

A= B o)

(17)

where ¢, and ¢, are the instantaneous volume fractions of
the solvent and the copolymer, respectively, 4" is a parame-
ter correlated to the natural properties of solvents and B is a
parameter proportional to the area of the opened hole, i.e.
the solvent evaporation rate can be controlled through the
adjustment of the value of B. Hence, in the numerical simu-
lation process the average concentration of each compo-
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nent, p;, varies following the solvent evaporation and the
density of component i at position r, p(r), calculated in
terms of eq. (11). Based on the above procedures the influ-
ence of solvent evaporation on the microdomain structures
of block copolymers is investigated.

Results and Discussion

The simulations are performed on a 2D square with 25 X
25 grids. The volume fractions of B block for di- and triblock
copolymers are f=0.23 and f;=0.29 respectively. The
interaction parameters between different components are
assigned respectively to 2,3 =6.25, ¥s4=1.75, 755 = 0.50,
Xaa = Xsp = Xss = 0.0, indicting that blocks A and B are
immiscible and the solvent is preferential to short block.
Figure 1 shows the evolution of the microstructures as the
function of concentrations in the BAB triblock copolymer
solution in the case of a high solvent evaporation rate, that is
accomplished through assigning the value of parameters 4’
=0.16 and B=1.0 in the eq. A8 in ref. (18). Because of the
preference of the solvent to the short block B the short
blocks B together with solvents are majority components,
and form a continuous phase, then the long block A forms
dispersed phases [Figure 1(a)]. Because of the viscosity
behaviors and entanglement effect of macromolecular

(a)

(d

(b

(d)

chains the relaxation time of such molecules may become
longer than the evaporation time of solvents if the evapora-
tion rate of the solvent is sufficient high. Thus, as shown in
Figure 1(b)-(d) the phases comprising longer blocks A
appear as dispersed phases even the solvents in the system
are almost drained [Figure 1(d)]. As a result, the minority
components comprising block B are in continuous phase.
The inverted phase reported by Zhang et al.'S is also theoreti-
cally observed here. However, further observation of the
change of micro-phase morphologies reveals that these
inverted phases are unstable. As shown in Figure 1(e) and
(), they finally converted into regular phase patterns, in
which the minority component [block B] is dispersed phases.
We also carry out the observation in the A-B diblock copoly-
mers system, similar result is also obtained, as shown in
Figure 2. Consequently, we can conclude that the inverted
phases observed by Zhang et al.'® are metastable states
being frozen by the fast evaporation processes. Inspired by
the experiment work of Kim et al.,'* we suppose that post-
evaporation annealing of inverted phase would lead to a
regular microphase morphology, a more stable state.

Conclusions

The phase revolutions of the solution-casting film of di-

Figure 1. Microdomain patterns of B-A-B triblock coplymer (f3 =0.29) solution at different polymer volume fractions during the evap-
oration process with parameter A'=0.16 and B=1.0. (a)~(f) corresponding to cases of polymer volume fractions 0.426, 0.831, 0.873,
0.983, 1.000 and long time after all solvents are drained respectively. Different colors are corresponding to different density region.
Black, gray and white indicate density of component A between (0.7, 1.0), (0.3, 0.7) and [0.0, 0.3]. We used linear interpolation instead
of smoothing in visualization. All figures in Figures 1~2 are in the same style.
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(d)

®

Figure 2. Microdomain patterns of A-B diblock coplymer (fz= 0.23) solution at different polymer volume fractions during the evapora-
tion process with parameter 4'=0.16 and B=1.0. (a)~(f) corresponding to cases of polymer volume fractions 0.400, 0.688, 0.831,

0.983, 1.000 and long time after all solvents are drained respectively.

and triblock copolymers under solvent evaporations have
been observed by the Dynamic Density Functional Field
theory. Indeed, we observed the inverted phases, the minor
part of the component became the continue phase, at the
higher solvent evaporation rate, as observed in experi-
ment.'® Further simulation revealed that these inverted
phases convert into the normal phase patters, the major part
of the component becomes continue phase, implying the
inverted phases observed in experiment'® are in the unstable
state. They can be observed in experiment simply because of

the low motion ability of the macromolecule chain in melt.
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