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Abstract

Main-chain liquid crystalline polymers (LCPs) are used to produce strong fibers due to
their ability to form highly-ordered orientational states. For sufficiently long chains it is
known that loss of entropy in such highly-ordered states is partly recovered by the formation
of so-called hairpins or kinks. The presence of hairpins not only modifies the microstructure of
LCPs, but it has also been conjectured that hairpins influence their macroscopic mechanical
behavior. In this paper the influence of hairpins on the rheological properties of concentrated
solutions of LCPs is studied.
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1 Introduction

The ability of liquid crystalline polymers (LCPs) to form highly-ordered orientational states with
extraordinary mechanical properties explains why LCPs are industrially used to produce strong
fibres and are the subject of numerous studies in academic circles. LCPs, as all high-molecular
weight polymers, show many characteristic timescales in their relaxation behavior where short
respectively large timescales are to be associated with relaxation of small respectively large parts
of the chain. The largest relaxation time is related to the relaxation of the chain as a whole and
dominates its macroscopic behavior. This fact justifies the success of approaches in which only
the longest relaxation time is taken into account [1]. For isotropic solutions of flexible polymers,
therefore, theories based on rather coarse representations of the chain microstructure adequately
describe the relaxation behavior of these systems. Examples of such theories are the Rouse-
and Zimm models of unentangled polymer liquids and the reptation model of entangled polymer
liquids. The situation with solutions of LCPs, however, is much more complicated due to the
fact that the persistence length of the chains is not negligible compared to their contour length.
The persistence length is the distance along the chain over which orientational correlations persist.
This leads to an anisotropic equilibrium state and a dependence of the distribution function on the
nematic order parameter. Moreover, there exist several different classes of LCPs having a different
chain microstructure such as main-chain and side-chain LCPs. Nevertheless, it is very useful to
develop simplified models of LCP solution dynamics that only depend on a few microstructural
parameters and allow one to study the effect of these parameters on the macroscopic properties
of the LCP solutions in detail.

One of the most studied model of this type is the Doi rigid-rod model [2], [3], [4], [5]. The
rigid-rod model, as its name suggests, neglects flexibility altogether and is applicable to LCPs for
which the persistence length is of the same order as the chain length. In general, however, LCPs of
sufficient length (molecular weight) are semi-flexible and hence form an intermediate case between
that of rigid rods and completely flexible polymers. Consequently, models for semi-flexible LCPs
were developed starting from both extremes. Either by extending the applicability of models for



flexible polymers [1] or by relaxing the rigid constraint in the rigid-rod model by introducing the
so-called slightly bending rod model [6], [7], [8].

For sufficiently long main-chain LCPs in highly-ordered orientational states it was de
Gennes [9] who suggested that the loss of entropy would be partly recovered by the formation of
so-called hairpins or kinks. The aim of the current work is to adopt the model of the Rouse-chain
to describe the influence of hairpins on the rheological properties of solutions of highly-ordered
semi-flexible LCPs in simple types of flow.

In the papers of the other authors the formation and dynamics of hairpins is also discussed
[10].



2 Rouse-like model with hairpins

2.1 Microscopic model

In this section we will describe our model for a solution of main-chain LCPs containing hairpins.
Each polymer chain is modeled as a sequence of N + 1 rigid rods, which we will call nematogens
or beads, connected by N flexible springs (see fig. 1). In reality main-chain LCPs are semi-flexible
and will have some persistence length. This is reflected in the model via the parameter [ - the
length of each of the beads. The springs connecting the rods reflect the partial flexibility of the
chains. These springs are usually called ” entropy springs”, because of the nature of their elasticity.
This elasticity is due to configurational entropy and not to stretching of chemical bonds. In thermal
equilibrium at a given temperature and pressure a flexible chain segment tends to have a specific
average end-to-end distance, an equilibrium property. If the segment is now distorted, then due
to thermal motion it will evolve back to this equilibrium state. This means that if the end-to-end
distance of the segment is increased beyond its equilibrium value, then it will tend to shrink back.
The nematogens, joined to the ends of such a flexible segment will therefore experience a force
acting on them. This force is modeled by these ”entropy springs”.

[
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Figure 1: The chain of nematogens when strong nematic ordering takes place. n - director, ry -
vector of center mass position for k-th nematogen, [ - the length of the nematogen

The above model is not only capable of describing main-chain LCPs where rigid and flexible
segments actually form an alternating sequence along the chain, but also LCPs that have a more
uniform structure in which the semi-flexibility manifests itself via a resistance to bending (worm-
like chain behavior). In the rest of this paper we will assume that the beads are highly aligned by
the nematic interaction in a given direction referred to as nematic director n and hence that the
orientation of the individual beads will only slightly deviate from this direction. This assumption
is valid in a so-called monodomain nematic phase. Hairpins in this model are described as flipped
configurations of nematogens (see fig. 2, b, ¢). As nematogens have a so-called fore-aft or head-tail
symmetry, the nematic interaction energy does not distinguish between a nematogen oriented along
u or along —u. It is clear however that the elastic energy associated with hairpin configurations
(see fig. 2, b, ¢) is larger than that associated with a normal configuration (see fig. 2, a). Finally,
we will assume that the chains are unentangled with one another. In that case it suffices to restrict
the description to the behavior of a single chain.

We are interested in the behavior on timescales of the order of the relaxation time for a
whole chain configuration. This timescale is much greater then the timescale associated with the
orientation relaxation of single beads. The angular variables u are therefore socalled fast variables



and in the further analysis of the model we discard intermediate configurations of the nematogen
between the hairpin and the normal state. The potential energy of a polymer chain consists of
two parts, an elastic and a nematic contribution.

U= Uelastic + Unematic (1)

The nematic interaction will be considered in the usual mean field way. The minimum of the
nematic energy, taken to be zero, is when a bead is oriented along the director. This means that
the expansion of the nematic potential energy in small deviations of the bead orientation du from
the director n should be quadratic in du. So

Hyl|éul?
Unematic ~ % (2)

For small deviations it holds that du L n. The coefficient Hy acts as the strength of the nematic
field. This result can easily be derived from the fact that the orientations of the nematogens only
slightly deviate from the director and by taking the nematic interaction to be of the Maier-Saupe
form. The elastic energy of a polymer chain is given by

N-1

1
Uctastic = §k0 Z |b(m)|2 (3)

m=1

where kg is the stiffness of the springs and b(m) is the vector connecting the end of m-th bead to
the beginning of the (m + 1)-th bead. This connector vector can be expressed in terms of the unit
orientation vectors u(m) and u(m + 1) of the m-th and (m + 1)-th bead, respectively, via

b(m) = x(m + 1) ~ x(m) — ZI(u(m + 1) + u(m)) (1)

In a strong nematic field 3 (u(m + 1) +u(m)) will take up only three values.

1 u, casea
E(u(m +1)+u(m)) = 0, caseb (5)

—u, casec

with u &~ n. The corresponding configurations of the beads are shown in figure 2. In that figure
the normal configuration corresponds to case a), the single hairpin to case b) and the ”double-
hairpin” to case c). To further simplify the model we will assume that case c¢) does not occur. The
argument for this choice is that, if the density of the hairpins is low, the probability for a double
hairpin to occur is much smaller than that of a single hairpin. We therefore assume

L fafm + 1)+ u(m) = { o (©)

Figure 2: Three types of possible configurations of the neighboring nematogens. a). %(u(m +1)+
u(m)) =n; b). L(u(m+1)+u(m)) = 0; ). 1(u(m+1)+u(m)) = —n.

In view of expression (6) it is convenient to introduce a new stochastic variable s, that can only
have two values and indicates the presence or absence of a hairpin, i.e.

1, casea
S{ 0, caseb (7)



Let’s further introduce Ar(m) = r(m + 1) — r(m). Then (4) becomes
b(m, s(m)) = Ar(m) — ls(m)u(m) (8)

The distribution function for this variable s will be taken to be a Gibbs distribution. This is
justified by the assumption that u is a fast variable, because on the timescale in which the orien-
tation of the beads equilibrates, the center of mass positions of the beads almost will not change.
Therefore the following derivation is valid if the angular relaxation times of the beads are much
smaller then the longest conformational relaxation time of the chain as a whole, the so-called
(longest) Rouse time. If we now denote the energy to form a hairpin by E}, then the expression
for the distribution function of s becomes

1
—, 5=1
1+exp(—£b-)’
U}(S) = exp(—%T) -0 (9)
Trexp(_Z)’ §=
T

To simplify the notation we will write w, instead of w(s). The hairpin energy follows from the
difference between the elastic energy of a spring in the presence of a hairpin and a spring in a
normal configuration. From (3) we easily obtain

By = 2 (Iblm.s = 0)* ~ b(m, s = 1))

o

= kol (Ar(m)-u(m)) — 5

(10)
This result shows that in general the energy of a hairpin depends on the vector that connects the
centers of mass of the neighboring nematogens that are involved in the hairpin. Such a dependence
will introduce a nonlinearity into the stochastic formulation of the problem in terms of a Langevin
equation (see next section). This is why we will treat E},, instead, in a self-consistent way, i.e. we
will consider Ej, to be a constant that follows from the consistency condition

Ei, = kol (Ar(m) - u(m)) — kOTF (11)

If hairpins are only built into the polymer at the stage of polymerization, i.e. when the flow is not
strong enough to create new hairpins or destroy existing ones, then Fj, is the difference in chemical
interaction energy between the hairpin state and the normal configuration. T in expression (9)
will then be given by the temperature at which polymerization takes place. By combining (2),
(3), (8) with u(m) = n(m) + du(m) the expression for the total potential energy of a single chain
can be written as

N
U= z_:l [— 5u(m)|* + % (Ar(m) — Is(m)n(m) — ZS(m)&I(m))Q} (12)

From this potential energy we can calculate the Helmholtz free energy per chain, via

r-1ia [ T tresn (-5)) 1)

If we now substitute (12) into (13) and use the result that exp(}_ am) = [] exp(am) we obtain

m

F:_Tmi_lln [ antmyexs (= (5 outm) + 5 (artm) ~ sm)ngm) ~ tstm)pa))* )

(14)
The integral should be taken over the unit sphere, as u(m) is a unit vector. However, in the limit
of strong nematic order, the integration over the unit sphere can be replaced by an integration



over the two-dimensional vector du that lies in the tangent plane orthogonal to n. Of course for
large du this tangent plane deviates considerably from the unit sphere, but due to the fast decay
of the exponential integrand those regions hardly make a contribution to the integral. Performing
this integration then leads to

N
F:%Z (ko (Ar“(m)ls(m))2+$(Am_(m))2> (15)

m=1

It is convenient to introduce the following two elastic constants

k/’” = k’o (16)
koHo
k = 17
1(s) Ho T hol2s? (17)
or, by making use of s = s, rewrite this last expression as
1 1 1
=-—+s (18)

lﬂ(s) k’o HOZ_Q

Notice that k) (0) = k. For later use we will denote k1 (1) by k1. From (18) it immediately
follows that kj > k1 (s). (15) can thus be written as

N
[AI‘ n, S % Z (k” A”I’H ls(m))2 -+ kj_(s(m)) (ATJ_(m))Q) (19)

Finally, to obtain the free energy that only depends on the slow variables we have to average
over the set of fast variables {s(m),1 < m < N}. Notice that we may take each Ar(m) to be
a constant when we perform this average and that each term in (19) can be averaged separately.
The fact that each s(m) is a fast variable means that during the interval 7.5t < t < TRouse €ach
spring will switch many times between a normal and a hairpin state. Hence, if we average the
contribution to the free energy from the m-th spring over this time interval we get

(F,, [Ar,n, s]) = w1 Fy, [Ar(m), 1] + woF,, [Ar(m), 0] (20)

Tfast KLt TRouse

By the ergodic hypothesis this time average is equal to an average over the ensemble generated
by the set {s(m),1 < m < N}. Thus, after summing over all the springs we find

(F[Ar,n,s]), = w F [Ar(m), 1] + wo F [Ar(m), 0] (21)

which in a continuous formulation becomes

<F[r,n,s]>sw0%k|o]vdm< > %jd (k” <—”l)2+k (‘Z;)) (22)

In the sequel we will denote (F'[r,n,s]), by F'[r,n]. The resulting Rouse-like free energy (22)
describes a chain containing hairpins in the limit of strict nematic order. The hairpins are thereby
accounted for in an averaged manner. One readily recognizes that this free energy interpolates
between the free energy of a directed LCP and that of a anisotropic Gaussian chain.

In the next section we will formulate the dynamics of such a chain because it is the rheolog-
ical behavior that we are ultimately interested in. For this we will use the language of Langevin
equations as the remaining slow variables characterising the configurations of the chain are subject
to noise originating from the solvent degrees-of-freedom and the chain’s fast variables that were
eliminated from the description. Also we will derive an expression for the stress tensor on the
basis of the well-known Kramers-Kirkwood formula.



2.2 Derivation of the Langevin equation

We will assume that the chains are subject to an imposed homogeneous flow field whose local
velocity is described by a possibly time-dependent rate-of-deformation or velocity gradient tensor
K, i.e.

vit)=k-r (23)

The Langevin equation describing the dynamics of a chain on the so-called Brownian time-scale
follows from a balance between frictional drag, entropy elasticity and noise. The frictional drag
force acting on bead m of the chain is given by

firag(m) = —((n) - (% - K- r(m)> (24)

where
¢(n) = ¢mn+ ¢ (I-nn) (25)

is an anisotropic friction tensor. The frictional drag on a chain is anisotropic because the beads
are modeled by rigid rods, which themselves have anisotropic frictional properties. The elastic
force on bead m is related to the elastic free energy F'[r,n] (22) via

_OF [r, n]

or(m) (26)

feras (m) =

On the Brownian time-scale the sum of both these forces will be balanced by a force f(m, t) related
to the noise in the system. From this balance we obtain the following Langevin equation

o)+ (P = xtm) ) = =22 g, (27)

This Brownian stochastic force f(m,t) is assumed to have white noise characteristics, i.e.
{£(m, 1)) =0 (28)

(f£(m, )E(m/ ")) =2¢()T5(m — m')5(t —t') (29)

where T is the temperature in energy units.
In the previous section we found that this elastic free energy F [r,n] appearing in in (26)
consists of two contributions

F[r,n] = woFp [r,n] + w1 Fi [r, n] (30)
with N

Fy[r,n] = %kﬂ /dm (82(7:?)) (31)
and

Fifrn] = - Ndm g (210 N g () 32
s r,m) 2!’ <”<am ) L<am )) (32)

If we now introduce the following two auxilliary elasticity tensors
Ko = k1 (33)

K; = knn+ k(I - nn) (34)



we can write these two contributions as

dr(m)
om

N
1 0
Fo[r,n]:§/dm g(;:) Ko -
0

and

Fi[r,n] = %de (ag(;?) - ln) K, - (ag(g) - Zn) (36)

To evaluate the variational derivative of F [r, n] consider first the variation of F} [r,n], i.e. 0, F} [r,n] =
F [r+5r7n] - [r,n]

5uFy [r,m] = l]Vdm (‘%;77(:) K, - <M - ln) + <M - ln) K, - 85;7(:)) (37)

2 om om
0

Because of the symmetry of K; both terms in the variation are equal, hence

el = f i (222 i), 2200 o

If we now integrate by parts we obtain

§.Fy [r,n] = <M - ln) ‘K, - dr(m)

aom

N N 5
- / dm <a 81;7(1?) K- 5r(m)) (39)
0

From this last expression we immediately obtain the variation of Fy[r,n] by changing K; to Kg
and putting [ to 0, i.e.

N N
- / dm (a;;(;z) Ko ~5r(m)) (40)

0 Fp [r,n] = % <Ko - dr(m)
0
0

The variation of F'[r, n] therefore becomes

orF'[r,n] = <woag($) Ko+ w (% — ln> ~K1> - or(m) ;V
_ / dma;;(;l) - (woKo + wi Ky ) - r(m) (41)

0

The boundary terms must vanish because if they would be present then the force on bead m due
to entropy elasticity and nematic interactions would depend on the positions of the chain ends
and hence be non-local. Therefore this gives rise to the following two conditions for % at each

)
end of the chain

or(0 or(0
wo% -K0+w1( ;En) —ln) K1 =0 (42)
or(N Or(N



and hence to

ar(O) = lw1 (w()K() —+ w1K1)71 . K1 ‘n
om
e N
wo + Wy
= !'n (44)
and similarly S ()
r
=1 45
B n (45)

These boundary conditions can easily be understood in the limit of wy — 0. In that case when
there are no hairpins present, the nematogens at the chain ends will be completely oriented along
the director, i.e. 85—52) = % = [n. However, in the more general case when the chain contains
hairpins, in particular near the chain ends, this apparently leads to a kind of partial orientation

of these end nematogens, i.e. 85—52) = % ='n with I’ <.

N
Now, as the variational derivative Jf(Fm y is defined through 6, F' [r,n] = [dm éf(fn ) -or(m),
0

we readily obtain from (41) that

dF 9°r(m)
Segmy — (WoRo ) T
g Oxm)

With the help of (33) and (34) this effective elasticity tensor K = K(n) can be written in the
form

K(n) = kjnn + &' (I - nn) = kynn + (k1 + wo(k) — k1))(I — nn) (47)

This all leads to the following explicit Langevin equation for the chain dynamics including the
appropriate boundary conditions and characteristics of the stochastic force

om?2

¢ (Z —kr(m)) = K(n) - 220 4 f(m, 1)
=7

B (48)
(f(m,t)) =0
(f(m,)f(m/,t')) = 2¢()To(m —m')5(t — t')

To conclude, the presence of hairpins leads in the model to a modification of the entropy elastic
constants and the persistence length of the chain in comparison to the case without hairpins.



2.3 Solution by normal mode expansion

The Langevin equation we derived in the previous section (48) is in fact a stochastic partial
differential equation. In general such equations are difficult to analyse and ”exact” solutions or
”exact” methods to obtain such solutions are very rare. However, if we assume that the director n
is fixed in space and time, as is the case for instance in a homogeneous elongational (see furtheron),
then this Langevin equation is linear in r and it is possible to construct an ”exact” solution in
the form of a normal mode expansion. The idea behind this method is that any motion of the
chain can be described as a superposition of independent motions of a particular form, the so-
called normal modes. Let ¢, be the function corresponding to the p-th normal mode. To find the
explicit form of this function we multiply the Langevin equation (48) by ¢,(m) and integrate over
m along the entire chain. If we now introduce the following quantities

N

rp(t) = /dmr (m,t) ¢p (m) (49)

0

N

£,(t) = /dm f(m,t) ¢p (m) (50)

0
7' (n) =¢ ' (n) - K(n) (51)
77 n) = lnn + L (I — nn) (52)
TH TL

we readily obtain

0
j=l<a-rp—|—7'_1(n)-

ot

/ dmr (m nf;’ e m) B () (53)

In order for the normal modes to be independent, it is necessary that the functions ¢, are a
solution of the following eigenproblem

52
T ¢ — _k2¢p
6¢p<m 2 g (54)
3¢p(m:N) _
om =0

These solutions or eigenfunctions are given by

¢p(m) = cos (k,m) (55)

with

kp (56)

I
2|3

and p € (1,2,3,...,N). N is the number of nematogens in the chain. So here the normal mode
expansion coincides with the (cosine) Fourier series of the function r(.,t). Formally the number of
eigenfunctions is infinite, but the eigenfunctions ¢, for p > NN correspond to deformations of the
chain on scales smaller than [ the size of the rigid nematogens. From the mathematical perspective
these modes are inconsistent with the assumptions of the model and hence they should be absent
in the description. From the point of view of physics, however, they are not forbidden but they
will typically be too energetic to be excited during flow. Therefore we will represent r(m,t) by a
normal mode expansion with a finite number of terms, i.e.

N
2
r(m,t) ='mn + —ro N Z ) cos (kpm) (57)

10



The unperturbed chain with a uniform distribution of bead centers.

20 20 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1
o o © © 0 -0 —0 —-0—-—0— 0- 06 o © © 0 -0 -0 —9 —0— 0— O

mode p = 1.
2120 19 18 17 16 15 14 13 12 11 10 9 8 7 6 5 4 321
@0 © o © -0 — & -9 —- ©® — 6 —0—- 90 — - 0 —0— 0-0-0®
mode p = 2
0 8 7 6 5 4 3 21
H g —06— — & — — & — — —0— — — 66— — — 6 — —0 —
e ¢ — —— —-—9—— —6— — — & — — e — —0— —e0
12 13 14 15 16 17 18 19 20 21
mode p =3
7 5 4 3 2 1
3 S S " R S S S A o
e — —  —0— — — — 9 — — — — —9 — — — — 66— — —0 —

Figure 3: Configuration of the bead centers corresponding to modes p=1,2,3

It is instructive to show which bead configuration correspond to a given normal mode. In fig.3
some of these configurations are shown.

Substituting now (44), (45), (54) and (55) into (53) gives the following Langevin equation
for the p — th normal mode:

Gty + (lpm ') — k) 1y = — (1= (1)) 't~ (m) -0+ ¢ (n) - £,(t) (58)

The properties of the random force f,(¢) in (58), in particular its time average and its two-time
correlation function, can be easily obtained from its definition (50), the orthogonality of the {¢,}
and the properties of the real-space Brownian force f(m,t), (28) and (29).

(6,)) = < [ dm ¢,,<m>f<m,t>> — [ dm () ¢ (m. 1) =0 (59)

(& (O (t') = <

N

dm [ dm' 6,(m)y (m')E (m, 1) £ (1, t'>>
/

dm’ y(m)éy (m') (£ (m, 1) £ (', 1))

dm’ ¢, (m)éy (m')2¢ () T3 (m —m') & (¢ — ¥

O\Z O\Z

dm ¢p(m)dy (m)2¢ (n) T (t —t') = N (n) T (6 —t') 6y (60)

Now we will make the assumption that the director n is to be considered as a parameter
in this last equation. In that case (58) becomes a linear inhomogeneous first order stochastic

11



ordinary differential equation. If the operator 7,(t) commutes with itself for all moments of time,
then the solution can formally be written as

—1 *
Erp +T, Tp =V, (61)
where v - is an additional rate of change of r; due to the action of the stochastic force and the
mean-field nematic and elastic interactions. The formal solution of this equation, subject to the
initial condition r,(0) = C,, is given by

rp(t) = exp (—7, ' (t,0)t) - C, + /dt' exp (=7, (t,¢)(t — 1)) vi () (62)
0
where
T;l(t,t/) = kﬁT*l(n) - Kk*(t,t) (63)
and

t—t

K*(t, 1) = L /n(t*)dt* (64)

By directly inverting (63) we obtain

it t) =T 1 LT (65
Substituting
v () == (1= (D) () n+ ¢ ()£ (1) (66)
into (62) gives
rp(t) = exp (—T;l(t, O)t) -Cp +
/dt' exp (—szl(t, -t [-1 - (=17 U'T7'(n) -n+¢ n)-f, ("]
(67)

From equation (67) it immediately follows that the average of rp(t) is given by

(rp(t)) = exp (—T;l(t, 0)t) - Cp — /dt' exp (—T;l(t,tl) (t—t)) (1= (=1)") I'T7'(n)-n (68)

Important remark should be made at this point. The solution can be represented this way
only if 7 L(t,') commutes with itself for different moments of time #,¢'. This might not be the
case for shear flow, because the orientation of director changes. But for elongational flow director
aligns along the direction of elongation. For this case the exponent of operator 7, L(t, ") makes
sense and (68) represents the solution of (58).

12



2.4 Derivation of the equation for director

In this section we derive the equation for the director dynamics. This equation is needed to close
the set of equations of motion of a chain. The idea in the ground of this derivation is next: the
free energy of the entire system should be minimized with respect to variations én orthogonal to
n, i.e. én-n = 0. The free energy of the system can be computed as the product of number of
chains times the average free energy per chain. The function F[r,n] discussed above gives the
free energy per chain for a given configuration of chains backbone. To get average free energy per
chain we should average this function with respect to all possible backbone configurations. The
minimization should be done under the condition that average configuration of the backbone of
the chains is fixed. If we will take into account that Fy[r,n] is completely isotropic, then instead
of Fr,n] we can consider Fi[r,n] from (30)

(R = (R [ron e dal) = (Fy e} =

o (3 ) () )

Here we used that the tensor of elasticity is symmetrical. Now we employ next two relations to
get the equation for n.

—
o8
3

S
S
5
=

B
N
D
Sk

|
=)

N——

\/
_|_

5K1 = (kH — ku_) (n5n + 51111) (69)
on-K; =k, én (70)

it = fam (—treon 2] Lan (2 ) (2 ) o) 1)
0

(5~ m) (G = tm) 050 = (5= tm) (G~ m) s oy = o) (i + ) =

or 0 o

Finally we get the expression for §, F; (with the use of n-n = 0). The condition for director is:

(72)

N N
Or Or or
bt =iy ~ba) [ (GG cmin—ty [an (55) om0
0 0

This equation is the same as (§-dn) = 0. Comparing it with the condition for variations to be
orthogonal to n we come to a conclusion, that § || n. Consequently,

N N
or Or or
— _ . —_ R e 4
(k?” kl)/dm <8m 8m> n lk'” /dm <am> An (7 )
0 0
This is an eigenvector problem for nonlinear operator A (n)

A(n) - n=Xn (75)

where



For further use it would be convenient to write the derivative of r(m) in terms of normal modes

expansion

Therefore

Previous two results allow to simplify the expression for operator A (n)

N
Z (ky — kL)k2 (rpr,) + (1 — (=1)7) Uk (rp) n]

(77)

(80)

This equation describes the dynamics of the director. For example, in the instance of the elongation
flow it claims that the director should align along the eigen direction of flow gradient operator

with the maximum eigenvalue.
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2.5 Derivation of the stress tensor

The stress tensor o in the solutions of the liquid crystalline polymers (LCP) consists of two parts:
the stress tensor of the solvent 65 and the stress tensor of the polymer beads 6, in the solution.
In the concentrated regime the main input in the stress tensor is due to the second term. In this
section we will to calculate it by Kramers-Kirkwood formula

1

Y g (Fsrs) (81)

gp =

here summation is done by the beads inside the volume V| f; is the force acting on the bead with
number s by other beads without the hydrodynamic force, ry is the position of bead s. Averaging
is made by all realizations of the process. In the case of continuous Rouse-like model formula (81)
transforms into

oy = —%/dm (F(m)r(m)) (82)

where N, is the number of chains in volume V. The force F(m) is the righthand-side of the
Langevin equation (48)

o) (5 nertm)) = i) 270 g ©3)
So
F(m) = K(n) - a;(;” +£(m, 1) (84)

This force F(m) includes two terms. First is the force, which acts from the neighboring beads and
the second one is a stochastic force.

When calculating the stress tensor it is also, as in previous subsections, better to use normal
modes expansion.

N
1 2
r(m) = ~N'o + N pz:; ry, cos (kpm) (85)
1 2 o
F(m) = NFO +y ; F, cos (k,m) (86)
where
N
F, = /dm F(m) cos (kym) = fkf, Kmn) r,—(1-(-1)") 'k -n+f, (87)
0

Notice that it is incorrect to substitute the expansion of r(m) in form (85) into (84), in spite
of converging of the series (85) to r(m), the second derivative of the series (85) by m does not
converge to g;‘;. The correct expansion for F,, can be obtained by (87).

Expression for r, can be taken from (67) (it is recapitulated here)

£ (t) = /dt’ exp (—; () (E— 1)) - [ (L— (CDP) et L ()] (88)

Substitution (85) and (86) into (82) gives

oy = (% (Faro) + = > <F,,r,,>> (59)
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To use this formula it is necessary to calculate (Forg) and (F,r;):

(Foa®r0,5(0) = (foaB)ros() = <f‘ dt' [exp(—7o (t.1)(t - t'))CIJﬁyufa<t>fu<t'>> =

=NT ft dt’ [exp(—7q (t,)(t = )¢ 5, Caud(t = ¥)

—0o0
(90)
The use of symmetry property (o, = (ua gives
1
(Fo(t)ro(t)) = §NTI (91)
Similarly,
(Fp(t)ry(t)) = *k;% K(n) - (rpry) — (1 - (-1)") l'an (rp) + (fpry) (92)
t
(fp.a(t)rpp(t < [ dt’ [exp(—7,(t,¢')(t — t’))cfl}m fa(t)fu(t’)> =
. - (93)
=NT [ dt’ [exp(—1, (t,¥')(t — t’))C_l]M Capd(t —t') = INTG4 5
—0o0
Here we take into account that the delta-function has singularity on the upper limit.
1
(£p(t)rp(t)) = QNTI (94)
(N+1)
(Fp(t)rp(1)) = —kp K (1) - (rprp) — (1= (=1)") 'kyn (ry) + T1 (95)
Substitution (95) and (91) into (89) leads to
N N
Nep, 2
op=— ‘; (( —)TI-— ; (rpry) — N ; (1-(-1)")I'kyn <rp>>
As N > 1, we can neglect % compared to N. Introducing the new notation
o Nep NT
Pid = Vv
gives
2N o o
—pual + 7 ) (KK () - (rpry) + (1= (=1)7) Uk (ry)) (96)
p=1
To calculate correlation matrix at arbitrary moment of time it is useful to notice, that
t
£, = (1) + / ' Bt 1) £, (¢) (97)
0
where
B(t,1) = exp (—7, (t,t)(t — 1)) - ¢ (98)
Therefore
(rprp) = (rp) (rp) + Gp (99)
where
t t
G, - < [ [ar ®ur)-s0) @ fp<t">>> (100)
0 0
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and
t

(rp(t)) = — / dt’ exp (frgl(t,t’) (t— t’)) (1= (=)'t -n (101)

Expression for G, is next:

t

G, = NT/dt' (Trexp (= (rp ) + 7 ) 1) +
+ (ql*l - ql) (exp (=75 (&, £)) - m) (exp (=7 (&, £)¢') -n)} (102)

The formulas (96), (99), (101) and (102) give the stress tensor at any arbitrary moment.
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3 The elongation flow

3.1 The stress tensor for non-steady elongation flow

In this section we will derive explicit expression for the stress tensor in the instance of the simple
elongation flow. In this case the direction of elongation remains constant, but the rate of elongation
K may vary in time.

-1 00
m(t):@ 0 -1 0 (103)
0 0 2

It is assumed here that k7IN? < 1, where 7 - is the longest relaxation time. In the opposite case
this model can not be applied, because the equilibrium state disappears. For polymers we are
interested in N > 1, therefore k7 < 1. This allows to make further derivation by expansion
with respect to k7 and k7. The essential value, that characterizes anisotropy of stresses in the
elongation flow, is, so called, tensile stress o7 = 0,, — 0 — xx. We will focus on calculation of
this quantity. Also we assume that initial moment of motion was infinite time ago. If we want
to consider situation, when polymer starts to move at some moment of time ¢ and before that
moment it was at rest, then we can put velocity gradient to zero before moment ¢t. So we can
extend integration by time in expressions for the stress tensor till minus infinity and forget about
initial conditions. Let’s choose Oz axis along the direction of elongation. Then

t

r,(t) = / dt" exp (=7, ' (t, ') (t —1')) - v (') (104)

— 00

where
vi(t)=—(1— (1)) r " n+ T F (1) (105)

Expression for stress tensor is (96). Also we will omit the isotropic component of the stress tensor,
which corresponds to the ideal gas pressure. Thus, we get

N
Nep, 2
of = h Z (K2K (n) - (rpr,) + (1 — (—1)P) U'kyn (r,)) (106)
p:l
To obtain a tensile stress we have to calculate o, and oy .

Nch
v

(koky (- rp) (n-1p)) + (1= (=1)P) U'ky (n-1y)) (107)

* p— . *_
Ub,zz—nn.a'b—

=JiS
M=

I
A

(n-r,) = /dt’ exp( p‘ﬁ(tt)(tft’)) (n-v3 (1)) (108)

(n-v () =~ (1= (-1 't + ¢ (e, (1) (100)

Thus,
[t (t— 1) /
kj{((m-r,)(n-ry)) =NT / — exp (—Qkf)—) exp 2/dt*/@(t*) +
7 l
—0o0 t/

t 2

t
’ oy
- e | [ e (kf,(t t)>exp /dt*n(t*) (110)
7 7
— OO t/
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t
Let’s integrate by parts the first term in (110), and assume that 7y < 1 and [ dt*r)(t*) < 1.
tl

7 al 7

¢ ¢ ¢
’ Y 1 o
v exp (—Zkﬁu) exp /dt*Zm” )| = 22 1+2 / dt' exp (—Zkﬁu) K(t")
t’ P —oo

Similar treatment is applicable to the second term in (110) and to the expression for oy ..

Nep 2 &
* * ch
Ofpp =MM 0] = 2 SR (L 1) (0o 1)) (111)
p=1
where n; -n =0 and
t
(o omy) = [ at e (<o (00 (@~ )) £ (1) (112)
/ dt’ t—t /
K\ (ny-rp)(ny-1,))=NT | —exp (—Zkf,g) exp —/dt*ﬁ(t*) (113)
TL TL
—0o0 t’

. . . _ — x
Finally we will get expression for o7 = 0p,.. — Op a0 = 05 ., — Op 10s

t

or = /dt’G(t—t’)m(t’) (114)
where v
N, T o2t e kP 41— (=1)P) a2r
= 2 P T P
G(t) = = ; e te S e e (115)

The expression for the stress tensor is found. The function G(t) is a linear response function. In
order to simplify further analysis of the resulting expression we will make it dimensionless.

G(t) = B, (116)
where y
P 2 (117)
7= ;_Il (118)
kgl
§= IIT (119)
Then N
. 1 Cor2i o —opzap A —(=1)P) 25
Gt)=— Z [2 et T2k Tt L gt T Zemhpt (120)
N “~ Nk:f,

The response function depends only on one argument ¢ and three parameters: the length of the
chain N, the ratio of parallel and orthogonal relaxation times 7 (which can vary only from 0 to 1)
and the ratio of elastic energy to the thermal energy §. The graph for G (t) for different amount of
beads in the chain is shown on figure (4). From this figure we see that the longer the chains are,
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Figure 4: The response function G(f) on time for ¢ different amount of beads in the chain. N =

10 for the lowest curve, next are N = 20, N = 40, and N = 80 for the highest one. § =1, 7 = %

the slower the decay of response. This result is in good agreement with common sense, because
the relaxation of the longer chain should take more time, then a relaxation of the shorter one.

If we want to consider the dependence of elastic properties on the amount of hairpins, then
we have to express the parameters 7 and ¢ by original parameters of the model: kg - ”entropy”
elasticity of the springs, [ - length of the beads, Hy - strength of the nematic interaction, wqg -
fraction of the hairpins, (| and ¢, - media friction coefficients to the motion along the bead and
in orthogonal direction.

kol?
ﬂl#*wo 1('}0

7= (121)

kol?

Cro 1+ %=

~ kol?
j=(1- wo)2°T (122)
Let’s introduce the set of the original dimensionless characteristics of the system.
¢ = ﬂ (123)
CL

This parameter can change only from 0 to 1, because the resistance to the motion of the bead
along itself is always less than in the orthogonal direction.

w
‘TTr

This parameter seems to be dependent on temperature, but if we recall that the elastic constant kg
corresponds to the ”entropy” springs and itself is proportional to T', then we can conclude that e
is a parameter describing the structure of the chain. It gives the ”ratio” between rigid and flexible
parts of the polymer. Increase of € corresponds to increase persistence length of the chains.

And the last dimensionless parameter is temperature expressed in values of Hy. It gives
the ratio between characteristic energies of thermal motion and energy of nematic ordering.

T
0=— 125
i (125)
Now we see, that originally in our model there are five dimensionless parameters: N, wy,
¢, € and ©. But the macroscopic behavior of the system depends only on number of beads in the

chain N and two combinations:

(124)

1 + wpe®

%(C;wmea@) = < 1 +€®

(126)
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G(e,wo) = e(1 —wp)? (127)

2.0

0.5

|

g
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»

Figure 5: The response function G (t,wp) on fraction of hairpins wq for different moments of time.
Starting from the upper curve t = %, 1,3,9,27 Here N =50, ( = %, ©O=1,e=1.

On figure (6) the influence of hairpins on elastic properties is shown. From this graph we
can conclude, that small fraction of hairpins makes the response function decay faster. So the
material becomes softer.

Next we compute the elongtion viscosity:

iy = /df G(1) (128)
0
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Figure 6: The elongation viscosity of the solution depending on the amount of hairpins. The
elasticity of the springs starting from the lowest curve takes values: € = %, 1,2. Here N = 50,
(=1 o0=1

92

On the basis of (120) we get the explicit expression for the tensile viscosity.

N 1 p
ﬁE%;KH;—%)éJr%% (129)

21



3.2 The storage and loss moduli

In the case of oscillatory flow important characteristics of the linear response of the material are
storage G’ and loss moduli G”. On the basis of the the expression for response function (120) from
the previous section we may easily compute G’ and G by making sin- and cos-Fourier transform:

@) = / 4 G(F) sin(@F) = / dé é(%)sm(@ (130)
0 0
G"(&) = &/dfé(f) cos(wt) = /d(,zz G‘(g)cos(gz;) (131)
@
0 0
where @ = w7). Readily we obtain
G (@) = 1 i o E L 40— (L) o (132)
YTN D2+ AkE T 2 + Ak NEZ 52+ kD
=1 P P P P
N 2~ ~1.2 ~ ~ 2~
"o~ 1 2k,w 27k,w 44(1 — (=1)P) k2w
CO=5 p; ‘a2 Ak NKZ P4k (133)

Figure 7: The storage module G’ (@, wp) on frequency @ for different fractions of hairpins. Starting
from the upper curve wy = 0,0.1,0.2,0.4 Here N = 50, { = %, O=1¢e¢=1

Figure 8: The loss module G” (&, wy) on frequency & for different fractions of hairpins. Starting
from the upper curve wy = 0,0.1,0.2,0.4 Here N = 50, { = %, O=1¢e¢=1

From graphs (7) and (8) we see that as the amount of hairpins increases the material
becomes less elastic and less viscous. In other words it becomes softer.
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4 Summary

A model of the Rouse-like chain with hairpins has been presented here to describe the rheological
properties of the highly-ordered LCP’s. From the analysis of nematic and ”entropic” interactions
the equation for director orientation have been established. From this equation dynamics of the
director can be found. It occurred that in the case of elongation flow the dynamics of the director
is more simple. The director tends to align along the direction of elongation. This fact allowed
to obtain the explicit expression for the tensile stress induced in material by the elongation flow.
On the basis of the tensile stress the linear response modulus, storage and loss moduli and tensile
viscosity have been computed. The main interest was directed on the influence of hairpins on the
macroscopic mechanical properties. The plots from sections 3.1 and 3.2 show that the higher the
fraction of the hairpins the weaker the response of the material to the external influences. In other
words the material becomes softer.

The next aim is to investigate shear flow. The shear flow is more rich on non-trivial
evolution of the director. The nematogens can have tumbling or flow-aligning behavior. Proposed
here model has problems with describing tumbling of the nematogens, because in this case an
assumption about high-ordering of the nematogens is not valid any more. Therefore for analysis
of shear flow will be necessary either to improve somehow the approach by taking into account
large deviations of nematogens from orientation of director, either to develop more suitable model.

Another weak point of this model is the absence of entanglements between the chains. But
it is not a crucial factor in the highly-ordered regime.
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