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Using dissipative particle dynamics simulations the relationship between molecular architecture
and phase behaviour in model hairy rod polymers is studied. In agreement with experimental
and theoretical studies the phase behaviour is controlled by changes to the molecular struc-
ture, particularly the sidechain length and density, and the molecular interactions. For dense
sidechains a lamellar structure is found, which becomes an inverted cylindrical phase when the
sidechain density is lowered. The ordered phases become more stable on increasing sidechain
length and on increasing the repulsion strength between the backbone and sidechains. In the
absence of torsional potentials the structures are double-walled, i.e. layers are two polymer
backbones thick, while single-walled structures are observed for polymers with torsional poten-
tials.

1 Introduction

Hairy rod polymers [1] which consist of a rigid, typically conjugated, backbone with flexible
side-chains form an interesting and technologically important class of copolymers. Originally
interesting as structural materials, many of the common semiconducting polymers, such as the
poly(3-alkylthiophene)s [P3ATs] and polyfluorenes (Fig. 1) fall into this category. Examples of
hairy-rod polymers also include biomacromolecules, such as alkylesters of poly(«,L-glutamate)
[PLGA] [2], which serve as models of membrane proteins. In common with other block copoly-
mers their phase behaviour results from microphase separation, in this case driven by the
incompatibility between the rigid backbone and flexible sidechains.

One of the main driving forces behind the interest in semiconducting, hairy rod polymers
is their ease of processing [3]. Typically such systems self-assemble out of solution into a
range of morphologies, with typical examples being lamellar or hexagonal (cylindrical) phases
[4]. The morphologies formed play an important role in determining the charge transport
characteristics [5], for example P3ATs form a lamellar structure which leads to two-dimensional
charge transport in the layers, with little charge transfer perpendicular to these [6]. The charge
transport in semiconducting polymers is also affected by other aspects of the morphology, such
as the formation of crystalline and amorphous regions [7]. Due to the interest in using hairy-
rod type polymers in electronic and other applications, understanding the relation between
the molecular structure and morphology is a matter of great interest, and by studying the
relationship between polymer architecture and phase behaviour for simple generic models this
work presents an initial contribution to this.



The relation between the architecture and morphology in hairy rod polymers has been investi-
gated using a variety of experimental and theoretical methods. X-ray diffraction and thermal
analysis on poly(3-alkylthiophene)s have shown that these form a lamellar structure for suffi-
ciently long sidechains (four or more carbons) [8, 9]. Poly(p-phenylene) derivatives have also
been shown to form lamellar phases for sufficiently long flexible chains [10]. As well as lamellar
phases, cylindrical phases have been observed in polyfluorene derivatives [11], while lamellar
and inverted cylindrical phases have been observed for rigid-rod polyesters [12, 13]. Flory
theory [14] has been used to study the phase behaviour of hairy rods, primarily to study the
nematic-isotropic transition in these systems [15, 16]. More recent theoretical studies [17] have
determined the phase diagram as a function of side-chain length and temperature; for short
side-chains a lamellar phase was found, whereas for longer side-chains two cylindrical phases,
with either single or multiple polymer chains in each cylinder, were found

In contrast to the wealth of experimental and theoretical studies, hairy rod polymers have
largely been neglected by simulation. The large length and timescales involved in the self-
assembly of hairy-rod polymers makes atomistic simulations impractical. Such simulations have
been used to study the microstructure of hairy-rod polymers, particular in the crystalline phase
[18, 19, 20, 21]. Atomistic simulations have also been used to probe the microstructure and short
time dynamics of melts of hairy-rod oligomers [22, 23]|. Simulations using simplified, generic
potentials may be used to study larger-scale morphologies, for example micelle formation in
hairy-rod polyelectrolytes [24]. Recently, dissipative particle dynamics (DPD) [25] has emerged
as an especially useful method for studying the rheology and self-assembly in polymer systems.
It has been applied to a number of different polymer systems, ranging from immiscible polymer
blends [26] to linear [27, 26, 28] and branched copolymer melts [29] to polymer brushes [30, 31].
In this paper we present a preliminary study of the relationship between molecular architecture
and phase behaviour in generic hairy-rod polymer melts. This examines both the effect of
changing the molecular structure and the interaction strengths between the polymer backbone
and sidechains. The paper is organized as follows. The simulation methodology and model
is outlined in the next section. This is followed by a presentation of the results, first the
phase behaviour as a function of the molecular structure, then the effect of changing repulsion
strengths. The paper concludes with a brief presentation of its main results and a discussion
of avenues of future work.

2 Simulation model and methodology

2.1 Methodology

The system is simulated using dissipative particle dynamics simulations [25]. This has been
thoroughly discussed in previous publications, so will only be briefly outlined here. The system
evolves according to Newton’s equations of motion, with the force on a particle given by the sum
of conservative, dissipative (frictional) and random forces. As has been pointed out previously
[32] DPD is independent of the the form of the conservative force, which will be given in the
following section. In order to correctly sample the NV T-ensemble the forms of the frictional
and random forces are constrained by the fluctuation dissipation theorem and are given by [33]

F2(rj) = —yw(ri;)* (rij.v5) 7 (1)
Fl(ry) = ow(ri))(ri Vot = —Ffi(r)) (2)

where r;; and v;; = v; — v; are the separation vector and relative velocities of particles ¢ and
J, 1 is the interparticle distance, #;; = r;;/r;;, and 6t is the integration timestep. ( is a
random number of 0 mean and unit variance. The parameters damping constant v and the



noise strength o are related by o = 2kgTy and the weight function is given by [33]

w(r) = { 1—(r/r.) r<r. . 3)

0 otherwise

In this work we use v = 6.75 and o = 3.67 [27].

The numerical integration of the equations of motion is complicated due to the velocity depen-
dence of dissipative force. A number of sophisticated algorithms have been proposed for the
integration [34]; in this paper we employ the modified velocity-Verlet algorithm of Groot et al
[35, 27, 26]

ri(t+ 0t) = ri(t) + vi(t)ot + 21
Fi(1)

7

Fi(t + 0t) = Fy(r;(t + 6t), 0:(t + 6t)),
(F;(t) + Fi(t + dt))ot (4)

F;(t)6t%,

)

vi(t + 0t) = v;(t) + 21
7

where m; is the mass of the ith particle, with m; = 1. X is an adjustable parameter that

minimizes fluctuations in the instantaneous temperature [34]. In common with previous work,

good agreement between the target and instantaneous temperatures was found for A = 0.65. A

timestep of dt = 0.057, where 7 = rc\/m/kgT, is used and the simulation runs were of up to

5x10% timesteps.

2.2 Simulation model

The simulated systems consist of monodisperse polymers, containing 24000 DPD beads with a
number density of pr? = 3.0. The monomer structure may be generically described as A,,,B,,,
where m and n are number beads in the backbone and sidechain respectively (with m = 1,2
and n = 1,2, 3 studied), as illustrated in Fig. 2. For the A;B,, polymers, chains of 20 monomers
were studied, for the AyB,, polymers the chains consisted of 10 monomers, giving the same
overall length in both cases.

The forces acting on the beads may be separated into bonded and nonbonded forces. The
nonbonded forces are given by a soft repulsive interaction, which has the usual form [25]

Fly = a;jw(ris)71s (5)

where w(r) is given by Eq. 3. Following Groot and Warren [35] the repulsive strength for like
particles is a44 = app = 25¢, while the repulsion between unlike particles aap was varied
between 37¢ — 75¢. The energy unit € is also used to define a reduced temperature T* = kgT'/e.
It should noted that in this paper we are interested in modelling the behaviour of a generic
hairy-rod polymer, rather then studying a specific molecular system. The use of such soft
interactions is also unlikely to accurately model the details of polymer crystallization and hence
the microcrystalline structures observed in polymers such as the P3ATs [7]. Rather the aim is
to study the mesophases formed between the solid phases and melts of these polymers.

The bonded interactions are a combination of bond stretches and bond angle bends

Nbonds
R = 3 el by | = ety 150, ©)

prangle _ Ngfes -V, [%k (1 + cos b, )} linear 7)
‘ — —V; [3ko(6; — —057) ] harmonic
j:



where k, and ky are the bond stretch and angle bending force constants and 75" and 65 are
the equilibrium bond lengths and angles. For bonds between adjacent beads k, = 4ke/r? and
rfj‘? = 0. In order to preserve the rigidity of the backbone an additional bond is added between
the first and last backbone beads [36], with &, = 10¢/r2 and r;* = 15.2r.. kg = 20kgT for all
angles, with the linear form being used for all angles apart from AAB angles, which use the
harmonic form with 65 = 90°.

3 Results and discussion

We first study the morphologies formed for A;B; hairy rod polymers, using the original Groot-
Warren interaction parameters (aqp = 37¢). Shown in Fig. 3 are representative snapshots
showing the morphologies formed for temperatures ranging from 7% = 1 to T* = 0.5. At high
temperatures T > 0.75 the system forms a disordered, isotropic phase. On decreasing tem-
perature (7% < 0.70) a transition to a lamellar phase is observed, with the polymer backbones
lying in the lamellar planes. More information on the structure may be found from the radial
distribution functions (RDF), shown in Fig. 4. For temperatures above T* = 0.75 all three
RDFs [gaa(r), gap(r), and ggp(r)] are similar, with a peak at about r ~ 0.72r.. There is no
other noticeable structure in g4(r) and gpp(r), while gap(r) has a second peak at r ~ 1.5r.
In the lamellar phase (7" < 0.70) more structure is present. For gs4(r) and ggp(r) the peak
at r ~ 0.72r. grows, while the peak in gap(r) decreases, indicating a significant degree of seg-
regation between the backbone and sidechain beads. The RDF's also show oscillations at large
r, with wavelengths given by the layer spacing.

Snapshots illustrating the phase behaviour of the other polymers are shown in Figs. 5 and 6. The
phase behaviour of the A;B, polymer is similar to the A;B; polymer, with a disordered phase at
high temperatures and a lamellar phase at low temperatures. On increasing sidechain length the
lamellar phase becomes stable at higher temperatures and the A;Bs polymer exhibits a lamellar
phase for both temperatures studied [Figs. 5(b) and 6(b)]. When the number of backbone beads
in each monomer increases (i.e. the A;B, polymers), the ordered phase at low temperatures
changes from a lamellar to an inverted cylindrical phase. In this phase the sidechains form
into cylinders, with the polymer backbones in between, lying parallel to the cylinder axes.
Such inverted cylindrical (or honeycomb) phases have been observed in experimental studies of
hairy rod polymers such as rigid-rod polyester derivatives [12, 13], and similar structures have
also been observed in bolaamphilic liquid crystals, from both experiment, e.g. on terphenyl
derivatives [37], and simulations [38, 39]. The cylindrical ordering in these phases may be
clearly seen in the structure factor (Fig. 7). For the A;B; polymer the structure factor peaks
have a spacing 1 : 2 : 3 : 4 (and higher) consistent with lamellar ordering, whereas for the A;B;
the peaks spacings are those of the cylindrical phase (1 : NEERVIRRVA1 ). The dependence of the
phase behaviour on the sidechain length and density is consistent with experimental studies on
systems such as poly(phenylene ethynylenes) [40], poly-glutamates [41], or rigid-rod polyesters
[12].

The RDFs for T* = 0.5 are shown in Fig. 8. For all the structures studied the AA RDF (gaa(r))
has a peak at r &~ 0.72r. due to the A-A bonds. The height of this peak shows substantial
variation with the monomer structure, being smallest for the AyB; (=~ 1.6) and largest for
A1B; (=~ 4.2). At larger r there are periodic variations in gas(r) with a wavelength governed
by the sidechain lengths. For the A;B; and AsB;polymers, which shows that least pronounced
variation, the spacing is ~ 3r., for both the A;Bs and A;B, polymers the spacing ~ 4.2r., and
for the A1Bs = 5.5r.. gpp(r) also has a peak at r ~ 0.72r. (as the AA and BB interaction is
identical). Variation in ggp(r) at large r is significantly less pronounced than in gaa(r). For
all polymer structures gap(r) has a peak at r ~ 0.9 — 1.0r. from bonded AB pairs (the AB
bond length being longer than the AA bond due to the stronger repulsion), with a broad peak



at larger . The position of this peak goes to larger r as the side-chain length increases and is
located at roughly the position of the minimum in ga4(r).

Experimental studies of hairy-rod polymer melts have observed nematic phases [10], while
lamellar and cylindrical phases possess a large degree of orientational ordering. The degree
of orientational ordering may be found from the order parameter, S, defined as the largest
eigenvalue of the order tensor

1 3 1
Qap = N Z {ﬁumuw - §5aﬁ} (8)

%

where d,5 is the Kronecker delta function (1, e = 8 and 0 otherwise) and w; is a unit vector
defining the orientation of each polymer. In this case the orientation is defined as the vector
joining the first and last beads in the polymer backbone. The sum in Eq. 8 runs over all the
polymers. The calculated order parameters are shown in Table 1. For 7™ < 0.70 these are
all larger than 0.30, indicating a significant degree of orientational order, consistent with the
lamellar phase. For all the systems studied orientational order is lacking at higher temperatures
(T* > 0.75). Apart from the A;B3 polymer, these are disordered phases. In the case of the
A1Bj3 polymer a lamellar phase is observed at T* = 1.0; the low value of the order parameter
and the fact that the middle eigenvalue of the order tensor (Sy) is significantly larger than
0 suggests that the polymer chains within each layer are well ordered but the orientation of
each layer is independent of the others. It is noticeable that none of the polymers studied
exhibits a nematic phase, which has been observed in DPD simulations of rigid and semi-rigid
rods [42, 36]. It is possible that the transition to positionally ordered phases preempts the
isotropic-nematic transition. The lack of a nematic in these systems is unlikely to be due to
the molecular conformations, measured through the molecular length [ (the distance between
the first and last beads in the backbone) and the radius of gyration R, defined through

1 Nbeads
R2 - i — Tcom 2 9
g < Nbeads Z |,r " | > ( )

=1

where Np.q.q is the number of beads in the polymer and 7., is the centre of mass position.
The values of these are listed in Table 1. R, increases slightly with side-chain length, while /
remains approximately constant across the different polymer structures and decreases slightly
when the temperature decreases.

With the phase morphology for the basic model established, we now examine the effect of
varying the repulsion between the u unlike monomers, governed by a4p. This parameter may
be related to the Flory-Huggins y-parameter by [35]

ap(aap — aaa)
kgT

X = (10)
where a = 0.101. For the range of a4 p studied in this work, x ranges from 3.64 to 15.15 at T* =
1. The values of Flory-Huggins parameters are comparable those reported for experimental
systems, such as cyclohexane-polystyrene mixtures (y ~ 1—3) [43] and alkane-toluene mixtures
(x =~ 5—40) [44].

A.B,, Polymers. At low temperatures 7% = 0.50 the A1B; polymer forms a lamellar phase
for all asp, which may be expected on theoretical grounds. The increased repulsion between
the A and B beads leads to an increase in the layer spacing given by d = 27/kyqe., where
kmaz 1s the position of the first peak in the structure factor, with d increasing from 2.8r, for
asp = 37¢ to 3.12 for aap = THe. At higher temperatures, increasing the repulsion between
leads to the formation of a lamellar phase due to the stronger segregation between the backbone
and sidechains. The change in structure may be seen from the structure factor Sa(k) (Fig. 9).
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The structure factor for a4p = 37¢ is typical of an isotropic fluid with a single broad peak and
no structure at high k. On increasing asp to 50e this peak grows significantly. The lack of
further peaks at higher k and a moderate order parameter (S =~ 0.70) would suggest that this is
a nematic phase, however, visual inspection of simulation snapshots (Fig. 10) suggest that this
a (poorly ordered) lamellar phase. Increasing ap further results in the appearance of peaks at
higher k, with spacings corresponding to those of a lamellar phase. The appearance of lamellar
layers is also clearly seen in the simulation snapshots [Fig. 10(b)].

At T* = 0.5 similar behaviour is seen for the A;B,, polymers (n=2,3). For the A;B, polymer
the layer spacing increases from d = 4.26r. to d = 4.75r., while for the A;B3 polymer the
spacing increases from d = 5r. to d = 6.03r.. For higher temperatures (kg7 = 1.0) the A;By
polymer forms a lamellar phase for a,p > 50e. The A;Bs polymer forms a lamellar phase
at T* = 1 for all values of a4p considered in this work. For this polymer however, the order
parameter is always relatively low (between =~ 0.30 and =~ 0.45), suggesting that the layers
remain orientationally decoupled from each other.

A,B, Polymers. At T* = 0.50 both the A;B; and A;B, polymers form inverted hexagonal
phases for all aap. As for the lamellar phase the cylinder spacing increases with a4p; for AsB;
it grows from 2.72r. to 3.09 and for A;Bs it grows from 4r, to 5.34r.. As before increasing the
ap parameter leads to the formation of the ordered, in this case inverted cylindrical phase, at
aap > 60¢ for the A;By polymer and asp > 50¢ for the AsBs polymer.

It is interesting to note that all the phases presented so far are double-walled, i.e. layers in the
lamellar phase and walls in the inverted cylindrical phase are two polymer backbones thick.
Experimentally both double [45] and single wall [12] morphologies have been observed. Analysis
of the dihedral angles between the sidechains shows that all the sidechains for a given polymer
lie on the same side of the backbone. The effect of this dihedral angle distribution on the phase
behaviour may be studied by adding a torsional potential, with the force given by

Nto'rs

FElors = Z -V, {%V(l + cos gb)} (11)
j=1

where ¢ is the dihedral angle between two adjacent AB bonds and V' = 2e. When this potential
is added to the A;B; polymer (at 7* = 0.5 and with a4p = 37¢) it forms the inverted hexagonal
phase (Fig. 11), but in this case it is single walled. This is due to the effective decrease in the
side chain density caused by these lying on either side of the polymer.

4 Conclusions

In this paper the relationship between the molecular architecture and the phase morphology of
model hairy rod copolymers is studied using DPD simulations. In agreement with experimental
and theoretical studies the phase behaviour is controlled through changes both in the monomer
structure, principally the sidechain length and density, and the interaction potentials. For dense
sidechains a lamellar phase is formed, while decreasing sidechain density leads to the formation
of an inverted cylindrical phase. In both cases the stability of the phases are increased by
increasing sidechain length and repulsion between the backbone and sidechain beads. In the
absence of a torsional potential the polymers form double-walled structures with the sidechains
lying on the same side of the backbone. Adding an explicit torsional potential to force the side
chains to lie on opposite sides of the polymer causes a change in the phase behaviour due to
an effective decrease in the sidechain density, although the resulting phases are single-walled.
Unlike in experimental studies, a nematic phase is not observed in any of the systems considered
in this work. Nematic phases have been observed in DPD simulations [36] and it is likely that
in the systems studied the nematic window is vanishingly small or that translational ordering
preempts the formation of the nematic phase.



This work represents an initial step in the study of the relationship between molecular structure
and phase behaviour and morphology in hairy-rod polymers. Future work will study the phase
behaviour of polydispersity and polymer blends or composites, which are of great interest in
polymer photovoltaic applications. The generic parameters used in this work may be replaced by
those parameterised against real systems [46]. In order to study the assembly of microcrystalline
structures found in hairy-rod polymers at room temperatures, Lennard-Jones type potentials
[32] may be used for some or all of the nonbonded interactions. However, such systems are much
slower to reach equilibrium, so much longer simulations and the use of sophisticated techniques
such as parallel tempering [47] may be required.
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Table 1: Top S, and middle Sy eigvalues of the ordering tensor, radii of gyration and polymer

length for a4 = 37¢. Uncertainties in the final digits are shown in parenthesis.
Polymer 7% S, So Ry /1. 1)

1.00 0.04(1) 0.00(1) 4.90(1) 15.2(4)
AR 0.75 0.3(1) -0.12(7) 4.75(1) 15.1(3)
e 0.70 0.94(1) -0.45(4) 4.69(1) 15.1(3)

0.50 0.98(1) -0.47(5) 4.58(1) 15.0(2)
AR 1.00 0.09(3) 0.00(3) 4.91(1) 15.1(3)
12 0.50 0.95(1) -0.47(5) 4.61(1) 14.9(2)
AB 1.00 0.30(5) 0.12(5) 5.13(2) 15.2(3)
s 0.50 0.83(1) -0.36(1) 4.76(3) 15.0(2)
AR 1.00 0.03(1) 0.00(1) 4.88(1) 15.2(3)
271 0.50 0.98(1) -0.49(5) 4.59(1) 15.0(3)
AB 1.00 0.16(4) -0.04(3) 5.05(1) 15.1(3)
202 0.50 0.96(1) -0.47(5) 4.67(2) 15.0(2)
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Fig. 1

Fig. 2

Fig. 3

Fig. 5

Fig. 6

Fig. 7

Fig. 8

Fig. 9

Fig. 10

Fig. 11

Structures of typical hairy-rod polymers. (a) poly(3-alkylthiophene), (b) polyfurene
(R:CnH2n+1).

Structure of A;By dimer.

Simulation snapshots of A1B; polymer (with asp = 37¢) at (a) T = 1.00, (b)
T* = 0.75, (¢) T* = 0.70, and (d) T = 0.50. Left hand column shows backbone
beads, right hand column side chain beads.

Radial distribution functions for A;B; polymer (with aap = 37¢) at T* = 1.0 (solid
line, black), 7% = 0.75 (dotted line, red), T = 0.70 (dashed line, green), and
T* = 0.50 (dot-dashed line, blue).

Simulation snapshots of (a) A;By, (b) A1Bj3, (¢) AsBj, and (d) AyBy polymers
T* = 1.00 (with ayp = 37¢). Left hand column shows backbone beads, right hand
column side chain beads.

Simulation snapshots of (a) A1By, (b) A1Bj3, (¢) AsBj, and (d) AyBy polymers
T* = 0.50 (with aap = 37¢€). Left hand column shows backbone beads, right hand
column side chain beads.

Structure factors Sa(k) for (a) A;By and (b) AyB; polymers at T* = 0.50 (with
asp = 37¢€).

Radial distribution functions for hairy rod polymers at 7% = 0.5 (with aap = 37¢).
Solid line (black) A;B; polymer, dotted line (red) A;Bs, dashed line (green) A;Bs,
dot-dashed line (blue) AsB;, and double-dot-dashed line (magenta) A;B,.

Structure factors Sy (k) for A;By polymer at T* = 1.0 with (a) aap = 37¢, (b)
asp = 50¢, (¢) aap = 60¢, and (d) aap = The.

Simulation snapshots (backbone beads only) for A;B; polymer at 7*1.0 with (a)
asp = 50¢ and (b) aap = The.

Simulation snapshots for A;B; polymer at T* = 0.5 with torsional potential given
by Eq. 11. Backbone beads shown on left, sidechain beads shown on right.
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Figure 1: Structures of typical hairy-rod polymers. (a) poly(3-alkylthiophene), (b) polyfluorene
(R:Cann+1).

n/2

Figure 2: Structure of A;B, dimer
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Figure 4: Radial distribution functions for A1B; polymer (with asp = 37¢) at T* = 1.0 (solid
line, black), T = 0.75 (dotted line, red), 7%0.70 (dashed line, green), and 7% = 0.50 (dot-
dashed line, blue).
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Figure 6: Simulation snapshots of (a) A;By, (b) A1Bj3, (c) AsBy, and (d) AyBy polymers
T* = 0.5 (with aap = 37¢). Left hand column shows backbone beads, right hand column side
chain beads.
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Figure 7: Structure factors Sa(k) for (a) A;B; and (b) AyB; polymers at 7% = 0.5 (with
aAp = 376).

r/rC

Figure 8: Radial distribution functions for hairy rod polymers at 7% = 0.5 (with asp = 37¢).
Solid line (black) A;B; polymer, dotted line (red) A;Bs, dashed line (green) A;Bj, dot-dashed
line (blue) AyBy, and double-dot-dashed line (magenta) AsBs.
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Figure 9: Structure factors Sa(k) for A;B; polymer at T* = 1.0 with (a) aap = 37¢, (b)
asp = H0¢, (¢) aap = 60¢, and (d) asp = T5e.

Figure 10: Simulation snapshots (backbone beads only) for A;B; polymer at 7% = 1.0 with (a)
aap = 50e and (b) aap = T5e.
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Figure 11: Simulation snapshots for A1B; polymer at T = 0.5 with torsional potential given
by Eq. 11. Backbone beads shown on left, sidechain beads shown on right.
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Textual Abstract

Dissipative particle dynamics simulations are used to study the phase behaviour of a
model hairy-rod polymer, as the molecular structure and interactions are varied.
Lamellar (left) and inverted cylindrical (right) phases are observed.
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