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Computer simulation of microphase separation in ionic copolymers
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The formation of lamella microphases in symmetric neutral-ionic block copolymers has been investigated by
constant volume—constant temperatiMVT) molecular-dynamics computer simulations using a generic
coarse-grain model. Computations of counterion diffusion, pressure tensor, and the anisotropy of the structure
factor are used to characterize the order-disorder trangi@@). There is strong counterion condensation on
the ionic blocks at temperatures well above the ODT; this creates a slight imbalance in the volume composition
of the two blocks and results in a perforated lamella structure in the microphase. Below the ODT counterion
diffusion is decoupled from the chain motions but is strongly anisotropic due to the microphase morphology.
The high counterion diffusional mobility is discussed in terms of the relatively low value of the glass transition
for the ionic blocks[S1063-651X99)05711-9

PACS numbds): 61.41+e

INTRODUCTION the spontaneous formation of a well-defined lamella mi-
crophase. Counterion diffusional mobility in directions par-
It has long been recognized that solvent-free ionic poly-allel to the lamella remains high at temperatures well below
mers have considerable potential importance as ion conducthe ODT.
ing membrane$l]. These materials are composed of linear
or branched chains with a certain fraction of charged mono- DETAILS OF THE MODEL AND SIMULATIONS
mers distributed either randomly or in the form of ionic . _ . .
blocks; oppositely charged counterions ensure overall charge Slnce we are concerned with umyersal properties of the
neutrality. Most studies to date have concentrated on the loy"n'c copolymer, Weusea coarse-grained generic modelicon—
ion fraction (< 20%) so-called ionomer reginjé—4], where sisting of linear freely 10|.nted Kramers phams of spherlcal
the appearance of small wave-vector peaks in the static stru@:ead monomers all of which are of identical slz€ and interact
ture factors, as observed for instance in small-angle x—ra%'a a Weeks-Chandler—AndersqW/CA) p_otgntlal [the re-
scattering experiment®], is strong evidence for the exis- ulsive part of a Lennard-JonésJ) potential:
tence of intermediate range order. Th!s o_rder has_ been mter'sbwcA(fij)=48((0/rij)12—(U/fij)6)+8 for rijgzllﬁo_’
preted in terms of the existence of ionic domains formed
from ion multiplets and ion clustefd —4]. . bwealrij) =0 for r;>2%, 1)
In contrast ionic polymers with high ion fractiorieshen
dissolved in, e.g., water these would be referred to as polyThe beads are connected using rigid bonds of length equal to
electrolytes[4]) have so far attracted much less attentionthe LJ repulsive parameter. Coulomb interactions between
although these materials do offer the possibility of achievingcharges are included explicitly using an Ewald long-range
even higher ionic conductivity. There have been simulatiorcorrection. The total interaction potential can therefore be
studies of electrostatic shielding effects on the dimensions ofiritten as follows:
isolated polyelectrolyte chaif$] and also attempts to ex-

tend predictions of Liebler's random-phase approximation B —E”£+ B 5
(RPA) theory[6] to the case of ionic copolymef§,8], but brotallij) =Eg M bwea(iy), 2

our understanding of these complex systems is still quite -

limited [4]. whereE! is the electrostatic potential at a charge separation

In this paper we report computer simulations of a sym-of o and

metric diblock copolymer melt where each the linear chains 5

are composed of one ionic and one neutral block. This com- il :( gig;€ )

position was chosen to facilitate comparison with wholly 7 \dmegero]’

neutral copolymers which are well understood theoretically

[6,9] and have been extensively studied experimentallyvhere theq’s are charge numbers argg is the dielectric

[9-11] and by simulations[12—17. Continuous space constant. Since the unlike charge interaction provides the

molecular-dynamics simulations have been used to charaenly cohesive energy in the model we usg=|E_| as an

terize the order-disorder transitig@DT) and to demonstrate energy scaling parameter. By choosing the ratif), ()
=24 the total unlike-charge potential minimum is at exactly
o. In this case the reduced temperature can be written

*Present address: Institute of Physics, A. Mickiewicz University,as T* =kT/E,. or T* =kT[4me,/e’|ego. Any particular
ul. Umultowska 85, 61-614 Poznan, Poland. value of T* can be interpreted in terms of different
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FIG. 1. Schematic of the ionic copolymer chain.

combinations of real temperature, dielectric constant, and
the size of the interacting ions; for instance &t=0.1, oY e
T~400 K if eg=10 andc=0.4 nm. We define density %, g T T
as p*=No°/V?, pressure aP* =Po’/E,, and time as imrma' ]
t* =t(E,/(ma?))*?, wherem is the mass of the bead. We = —E—giii: ]
use molecular dynamics in the NVT ensemble employing a 1
Berendsen thermostat. The optimized time stefJ was
found to be 0.044. -
Our copolymer, shown schematically in Fig. 1, consists of
neutral block of 15 beads, and the ionic block of 16 beads; in 01 b et L
the latter every second bead carries an elementary charge v I e |
Eight oppositely charged beads, i.e., counterions, are in-%
cluded to maintain electroneutrality. Samples were confined 100
to a cubic box with a reduced monomer densj§,=0.5.
The sample siz&l was either 20 or 160 copolymer chains. It
was necessary to restrict the chain lengths due to the ven
slow structural relaxation times in these systdm8]. The
chains are, however, sufficiently long to see a clear distinc-
tion between the chain motions and counterion motions. e

—%—normal
—4—parallel
~—®—parallel
—~=mean

<Ar2>o

[0}

RESULTS AND DISCUSSION

In Fig. 2 we show the temperature dependence of four
properties which clearly indicate the onset of microphase .
separation in the ionic copolymer. These results were ob- 2'010' e '20‘ E— '30‘ E— '40' =
tained by cooling ailN=20 sample initially prepared as an
isotropic disordered melt and equilibrated for°1teps at 1/T*

T*=0.096 which is more than twice the temperature of the

ODT. The cooling toT*=0.024 was accomplished incre- FIG. 2. Inverse temperature dependence of properties showing
mentally in 14 stages; at each stage the system was equilire onset of microphase separation on cooling the smaber (
brated for 5< 10* time steps followed by a sampling period =20) sample:(a) the anisotropy invarianQ, of the directional

of 5x 10" steps. structure factorS(k), evaluated for a spherical shell with 8

At temperatures between 0.096 an€l0.04 the melt >kL/7>2, (b) pressure components normal and tangential to
samples were homogeneous and the appearance of a strdfightual lamella plane of the microphage} mean-squared dis-
nearest-neighbor peak in the unlike charge radial distributioR!2¢éments for counterions normal and tangential to eventual
functions was clear evidence for the existence of counteriofgMe!la plane of the mlcrophas_e aftex80* time steps(_d) chain .
condensation on the ionic blocks. Visualization of sampIetmhre(fun';qtﬁreodDTend'to'end distance, showing chain - expansion
structures revealed that beloW* ~0.04 the structure be- g '
came anisotropic and a lamella morphology could be distin-
guished(see Fig. 3 as would be predicted for a near sym- evidence for this kind of “nonclassical” structure in neutral
metric block copolymer. In periodic systems the samplecopolymerd19], we cannot be sure at this stage whether it is
spontaneously adopts a layer structure which is commensuruly stable or whether it is a consequence of the boundary
rate with the periodic boundaries of the simulation cell. Therestrictions.
negative and positive ion partial structure factors are indis- The anisotropy of the structure factdr2] shows clearly
tinguishable for the ordered microphase and in our simulathe onset of structural order for wave vectors corresponding
tions the peaks in these structure factors show that th# the lowk peak in the structure factor. The principal mo-
lamella periodicity for theN=20 system id./2 (11.6r) and  ments of the angular distribution &(k) are ordered such
the symmetry of the system is broken in the 100 directiorthatA ;=<X\,=<\3. Symmetry breakdown accompanying ODT
while for theN= 160 sample the periodicity Is/\2(16.4r),  can then be characterized by two invariar@, and Q,.
the broken symmetry being perpendicular to a 110 directior); =(\,+\3)/\; —2 and for lamella symmetry is predicted
of the cubic cell. Due to condensed counterions the voluméo be significantly different from zero. It is shown in Fig.
composition of ionic blocks is 0.62 and not 0.5 and this2(a) that as the sample is cool€p, gradually increases and
slight imbalance may be the cause of the perforations in thstarts to fluctuate. It then changes rapidly to a value of about
neutral layers seen in Fig. 3. Although there is experimentaD.5, suggesting that the ODT at abdtit=0.043. Q,= (A3

<R% / (N-1)
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—N\o)/\; as expected remains close to zero. Structure factor
components were calculated using

1
SealK) = N< {

N

. 2
> (coskiri)} }> @
i=1 thermal average

whereN is the total number of atoms, amd, is the number
of atoms of typea and the summation over labélruns
through all the atoms of type.

At high temperature in the disordered phase the diagonal
components of the pressure ten&gy, P,,, andP,, are all
equal within the statistical errdfig. 2(a)], but at abouflr™*
=0.048, the pressure in the direction of symmetry break-
down starts to increase due to the onset of lamella ordering.
At T*=0.024 the sample is well into the microphase-
separated region and there is a significant difference in th
tensor comp(_)nents normal and parallel to the direction OFr:g periodic cells are shown to emphasize the perforated lamella
lamella ordering. morphology.

There is a significant increase of copolymer square end-
to-end distance as the system is cooled through the ODT and
the two dissimilar blocks become separated in space, df€e glass transition appears at0.014[18]; for the lower
shown in Fig. 2d). Similar effects have been noted in simu- density used here one expects the glass transition to be at an
lations of nonionic copolymerfl6]. There are departures €ven lower temperature.
from Gaussian ideality even in the initihigh-temperatune The theory of neutral diblock copolymers is well estab-
regime but this chain expansion is largely due to fact that thdéished[6,22,23 both in the strong and weak segregation lim-
system is in the semidilute regime. In contrast to the case dfs. In the latter regime Leibler's RPA theof$] gives a free
the overall dimensions the individual blocks show remark-energy expansion in composition fluctuations by combining
ably little extension over the whole temperature range and iisaussian chain entropic contribution with effective interac-
the case of the ionic blocks we attribute this to efficient election energy expressed by the Flopyparameter. This theory
trostatic screening of charged monomer repulsions by corpredicts that the ODT should occur g&=10.5N for an
densed counterions. Screening of this kind have also recentlyeutral symmetric block copolymer, whexds the degree of
been observed in simulations of isolated ionic chabisfor ~ polymerization. The RPA theory has been extended to the
Coulomb interaction strengths above the critical value forcase of ionic copolymel¥,8] and theoretical discussion has
Manning condensation. In that case the collapse was intebeen widened to include the ionomer regime where strong
preted in terms of dipole interactions between ion piafy. and even superstrong segregation regimes are predicted
In the ionic copolymer melt the electrostatic screening ig3,4,23. Using the theory of Marko and RabjiB] we calcu-
even more effective and the ionic structure below the ODT idate an effective value of=0.6 at the ODT as compared to
more comparable with that of a molten sit]. 0.34 for the neutral case with our value Nf The theory,

A quantity of considerable interest in these ionic systemgherefore, predicts that the ODT should be occurring at a
is the counterion diffusion constant which is related to themuch lower(reduced temperature than in neutral copoly-
ionic conductivity. As the system undergoes separation thener. The theory, however, uses standard Debye-Huckel
counterions distribute themselves in the alternate ionic layertheory to determine the screened Coulomb interactions.
and consequently the counterion mobility in a direction nor- We have compared our results for the ionic copolymer
mal to the layers decreases rapidly at the ODT as shown iwith simulations of a wholly neutral copolymer in which all
Fig. 2(c). In the direction parallel to the lamella planes thethe counterion beads are removed and the charged polymer
diffusional mobility remains high over the whole tempera- beads are replaced by LJ interaction cen2d3. In the latter
ture range studied. case the ODT is observed at a reduced temperdtiife

The mean-squared displacements of the charged mone=0.10, which is approximately 2.5 times larger than in the
mers were found to be an order of magnitude smaller thaionic system. The definition of temperature in the ionic
the counterions at long times and this decoupling of the diffmodel, however, does not take into account the mutual
fusional motions is another important consequence of elecscreening of unlike pair interactions. It is more useful to
trostatic screening. The high counterion mobility in the re-compare the ratio of the total cohesive potential energies per
gion of the ODT can also be related to the low value of thebead in the two systems at the ODT and in this case the two
glass-transition temperature for the ionic blocks. In the cassystems are more closely comparable; this energy divided by
of homopolymers with the same composition as the ioniche appropriate value of kT is 6 for the ionic copolymers,
blocks studied here but at much the higher density of 0.93vhile for the LJ system it is-5.

N, 2
_21 (sinkiri)}

+

FIG. 3. Instantaneous snapshot of the microphase structure in
e 160 chain system at a temperaturd df=0.24; eight neighbor-
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CONCLUSION boundary conditions but such effects can be reduced by us-

. . ._ing controlled pressure cooling. Such simulations are already
We have presented a generic coarse-grain model for simu-

lation studies which can be used effectively to study mi- nderway and will be reported elsewhere.

crophase separation in ionic copolymers. lon condensation
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