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Liquid-state theory of anisotropic flexible polymer fluids
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We extend the liquid-state theory of polymer fluids to include anisotropy as a key feature. The
formalism is quite general. In determining the structure of anisotropic polymer fluids, it yields
thermodynamic information as well. Our first application is to describe the nematic phases of
flexible polymers, and to demonstrate a novel lyotropic transition.1999 American Institute of
Physics[S0021-960809)52414-§

In polymer fluids, it is natural thastructure at the  single total correlatiorh(r)=g(r)—1. For threads, hard-
single-chain level together with microscopic monomer—core exclusion requiresg(r—0)=0. Significantly, the
monomer interactions determine the intermolecular packindercus—Yevick PY)'? inspired thread model correctly pre-
over many length scales. Polymer liquid structure is of fun-dicts thermodynamide.g., osmotic pressure, virial coeffi-
damental interest in its own right, and also leads to an uneientg and structurale.g.,g(r), correlation hole, mesh size
derstanding of thermodynamics. Since the late 1980’s, muchroperties of dilute and semi-dilute good and theta
progress has been made in understanding polymer solutionsglutions®***3The thread model is rigorously justified up to
melts, block copolymers, and blends within the Polymer Refsemi-dilute densities in the PRISM framework by the solu-
erence Interaction Site ModéPRISM)." The model gener- tion of Fuchs for the PY closur.In that work, d is an
alizes the RISM theory of Chandler and Andefsammac-  “irrelevant” length scale in semi-dilute solution, recovering
romolecules. Although the model is restricted tothe results of thel=0 thread model, consistent with scaling
homogeneous, isotropic fluids, PRISM provides useful inpund universality’.
to inhomogeneous problems like crystallization, confine-  Polymer structure enters via the single-chain scattering
ment, and surface structute. function, w(qg), which for flexible, isotropic chains is the

In this communication, we extend PRISM to describeDebye function, approximately:
anisotropicliquids. Through external means or through ther-

) . f ; X N
modynamics, anisotropy is a key feature in many important ¢ (q)= — (1)
polymer applications. For example, shear flows align poly- 1+ Nood-q
mers so that the single-chain statistics are markedly aniso- 12

tropic, thus affecting the intermolecular packing, and
dynamics® Also, lubricating films exhibit anisotropy and sig-

nificant inhomogeneities. If the film thickness is much larger
than the surface-induced inhomogeneity, yet much smaIIeFr)
than the bulk polymers, then confinement defines the anisot- N
ropy of the chains, and naturally affects both the thermody- @(d)= No2a? No2d?:
namic and dynamic response of the la§/énisotropy also 1+ 729 o190

arises in liquid crystalline polymerd.CPg. As a concrete 12 12

example, we discuss nematic liquid crystallinity in flexible Thus the chains are anisotropic random walks wiifferent

polymers. In contrast to most prior theoretical warR,our step lengths in thé&(o,) and the perpendiculars( ) direc-

approach is not limited to low-order virial expansions norijgns. Wheno,> ¢, , the chains are compressed in the per-

tied to phenomenology, but rather is capable of sensibly acyendicular direction, and expanded aldngFig. 1(B)]: the

counting for realistic microscopic interactions. nematic phase. In the opposite limit, the chains resemble
We employ the simplest athermal “thread chain” model gisks perpendicular t&: adiscotidike phasgFig. 1(C)], but

of the PRISM integral equation thedrip order to clarify our  chains are not allowed to collect into the columns character-

approach. The simplifying assumptions arét) Flory jstic of true discoticg®

ideality;>*° (2) molecular lengths are irrelevaht(3) equiva- We define the nematic order parameterConsider an

lency of “sites”; and, (4) the monomer—monomer interac- entropic spring of mean-squared end-to-end lengihr, .

tion is a hard-core repulsion. Polymers are modeled as chaingt ¢ be the angle between the spring end-to-end vector and

of “sites” of diameterd, and the overall conformation is a 7. A chain made of many such Springs has isotropic step
random walk ofN steps of lengthr, . The “thread” limit"**  |engths o, . Let

corresponds ta@— 0, maintaining a finite monomer, or site,
number densityp. The system is well described by a single
site—siteintermolecular pair correlation functiog(r), and a

wherea, andN are related througRg=No5/6, with Ry the
coil radius of gyration. This expression describes ifwtro-
ic phasegFig. 1(A)]. A natural anisotropic extension is:

@

3
T= §(<co§ 6)—1/3). ®)
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Let us now consider a spontaneous equilibrium through
which 7#0 arises, and construct adependent free energy
in the “compressibility” route. The result is a toy model of
liquid crystallinity, but a nontrivial one that can be analyti-
cally solved. The isothermal compressibility;, is deter-
mined via é(O)zpkBTKT. For conveniencekgT (Boltz-
mann’s constant multiplied by temperaturs the basic
energy scale. Using standard thermodynami¢®

=[5Y(0)dp, F=[P/p?dp]:

(A)

FIG. 1. Schematic ofA) typical isotropic,(B) nematic, andC) discotic
phase chain conformations.measuregin real spacgan azimuthal angle R 1
relative to the nematic directoz, S Y0)= N~ pCo(7), (9)

p  wplod(l-1)\1+27
+

The isotropic phase has=0, the nematic phase has>0, P= N 6v3yN
and the discotic phase has<0. The rms projection of the
oriented spring along is o, : m2p30d(1—1)%(1+27) a9
+ 1
o(7)=V3(cog 6) Yoy =oo1+27. (4) 324
Similarly, the step length in the perpendicular direction, Inp q-rpag(l— V1+27
is: F= a( 7')+ —+
N 6v3\N
=oy=0y=0,Vy1—1T. 5
U{(T) _UX Iy~ _ 4 _ ® _ m2p?e8(1- 14 (1+27)
With anisotropy entering at the level of a single chain, + 648 . (1)

the closure approximation determines the fixestructure of
the oriented fluid. For threads, the interchain site—site direchlotice that the pressur®, naturally includes up to the third
correlation function is a contact or delta-function fot: Virial, in contrast to other theories’ that are intrinsically
c(r)=c,8(r), in the spirit of the site—site PY approximation limited to the estimate of only the second virial. Also note
for hard-core liquid:>12 Thus the PRISM, or Chandler— that asN—oo, the only term in the equation of state-isp®,
Andersen, integral equation reads in wave vector space just as for isotropic semidilute solutiofisThus our theory
5 describesanisotropicdilute and semidilute solutions.
h(g) = Cow™(9) —c,0(9)&), ©) We specifya(7), the single-chain free energy needed
1-pcom(q) per segment to maintain the anisotropyin the Gaussian

where§(q) is the collective liquid structure factor. The pa- bead-spring model:

rameterc, is chosen self-consistently to enforce the thread  a(7)=—In[¢?(7)o,(7)]=const-In[(1— 7)1+ 27].
hard-core conditioig(r=0)=0], and thus is a functional (12

of w(q). This is the key _phyS|caI f_eatgre of_the RISM ap- F takes a simple form through defining:
proach and our anisotropic generalization of it. Thus we find:
N

mo (7)20,(1) wlpo, (1)4o,(1)? *(r)= =
CO: _ L( ) Z( )_ P L( ) Z( ) . (7) p ( ) RZRyRZ N3/ZUE(T)UZ( 7_)
3v3 \/ﬁ 108
As the chains become alignéthat is,o, —0 for nematics, = 1 ) (13
or o,—0 for “discotics”) the repulsive force strength pa- NY203(1-1)\1+27

rameter|c,|, decreases. A long-ranged orientation evidently .
reduces the overlap of neighboring chains, suppressing t
influence of the hard-core interactions.

With ¢, as above, the anisotropic scattering function is:

(7) is the semi-dilute overlap threshold efchains. Be-
usep* has itsminimumat 7=0, the system becomes more
“dilute” at fixed p for 7#0. This stabilizes the liquid crys-
talline phase by reducing the repulsive interchain interac-

. N tions. In terms ofp* (7), the free energy/site is:
S(q,.,9,)= :
o e (IN ,Nof(naf  Noi(naZ e constaingr(ns 2L T [P
-C =const+inp*(7)+ —+ ——|——
ol NP+ = 12 P N " 6v3NLo*(7)
8 ) )
Thus the th dicts the collecti hysi RN o 14
us the theory predicts the collective struct(eeg., physi- 52N m . (19

cal mesh or blob sigeof the aligned fluid to be anisotropic
as well. Anisotropic pair correlations follow from Eq&®), = The excess contribution t6 is a function ofp/p*, consis-
(6), and (8). Note thatinterchain orientational correlations tent with semi-dilute scaling. In fact, E¢L4) can be derived
are not explicitly taken into account, as spatial fluctuations ofrom a physically motivated “scaling” theory whegg p* is

T are not considered. the scaling variable. From this perspective, PRISM theory
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FIG. 2. 7ep/pc): For plp(N)<1, 7,,~0 (isotropic phasg When p
>pc(N), 7eq takes both positivénematig and negative(discotig values.
Near the transitionteq~ * (p/pc— 1)'2 Inset is the equation of state in the
limit N— <. The pressure increasesgsup to the transition, at which point
it becomes linear.

FIG. 3. “Contact” value ofg(r): A(8)=a, d,9(r,6)|,—o for infinitely
long chains. By construction, thread chains hg{e=0,6) =0 (core condi-
tion). Therefore, a useful measure of the “contact” value of the pair corre-
lation is the contact partial derivativA\(6) is the rate at which interchain
contacts increase along the direction specifieddh¥ig. 1). (A) Discotic
phase.A(w/2)~ 6 aspoi—wx. (B) Nematic phaseA(0)~v3 as po>
—00,
determines the numerical prefactors quantifying the two-
body and three-body contributions in E44).

The equilibrium value ofr is determined by:9F/dr
=0. Whenp<p.(N) with

93+4N-v3 15 Go(r)=1+ o

pe=—= 3 °
Wmog and & '=mpol/3+2Y74R, is the density screeningor

the equilibrium rests at=0: the isotropic phase. Whem  “mesh”) length. Thelocal correlation hole becomes shal-
>p.(N), the isotropic solution is unstable, and two equiva-lower with increasing density in the isotropic phdsé 6) in

lent minima emerge fromr=0: the nematic and discotic Fig. 3 increaseswhile in the nematic phase, the hole weakly

phases. The equilibrium value of the order parameter satisdeepens along with increasing orientational order. The

where g,(r) is the isotropic-phase site—site pair
correlationt!

[efrlg_efr\/i/Rg], (18)

fies: direction-dependent reduction of local contacts has signifi-
cant dynamical implications, as the local collision rate is

pC(N) H H H 1 ” H

(1— Teq)‘/l+27eq: —_, (16) proportional to the anisotropic “contact value” of the pair
p correlation®>*2 The physical mesh and long-range correlation

as shown in Fig. 2. The critical density decreases as thbole are also anisotropic in the liquid crystalline phase, and
chains become shorter, and hence more easily oriented, coffis has important consequences for transport in entangled
sistent with intuition and simulatiof. Thus “thread” poly-  LCP fluids>*®
mers undergo a novel second-order phase transition, in our The nematic and discotic phases are degenerate because
admittedlymean fieldanalysis which ignores fluctuations of the free energy depends anonly throughp/p* (7). The
the order parameter and molecular-scale features such ascrucial connection between the nematic and discotic phases
and local chain stiffness. Whether this transition is observis that the free energy depends less onsth@peof the chain
able for physical polymers either in the laboratory or viaconfiguration than on itswvaded volumeFor each nematic
simulation is a delicate issue we address below. state, there is a discotic state with the same spanned volume

The equation of state in the ordered phase®is(1 ~R?R,, and hencep* (7). Thus the modeleven at the
+(1/N))p, whenp=p.(N). The ordered-phase equation of scaling hypothesis leveéxhibits a novel symmetry between
state is, apart from a®(N 1) correction, simply the ideal the nematic and discotic phases, resulting in a continuous
gas law of thedisconnectegegments. This law cannot hold transition.
under dense conditions, as the finite volume occupied by a The molecular “thickness” of the chaingl¢0) can be
single polymer coil becomes important near close packingcaptured in the “string” closuré>'3The PY style approxi-
Interestingly, computer simulations find a linear law betweermation, c(r)=c,4(r), is retained, but finite site volume is
P andp in the nematic phases of long thin hard rods up tocrudely enforced in an average manner throygrirg(r)
rather high packing fractior’. The ordered phase is far from =0. In semi-dilute solutiond is irrelevant, but for concen-
an ideal gas of segments, for whigir)=1. The intermo- trated solutions the string model introduces realistic correc-
lecular liquid structure is anisotropic on all length scales: tions, and captures a finite close-packed derfSitwith d

#0, our nematic-discotic symmetry is broken, because both
9(z,r)=go(r'oo), with r'=vz%oi+rilof, (17)  ,/p* andpo2d appear as scaled densities. In fact, the intro-
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‘ modef° are in qualitative agreement with all features of the
classic Onsager theofyThe theory also provides crucial

! static input to microscopic theories of dynamicand a
Isotropic framework for treating other anisotropic systems such as
04 | : ] confined fluids/thin films, stretched rubbers, and microphase
separated block copolymers. One major limitation is our as-
sumption of conformational ideality, although tools within
the PRISM framework exist for including self-consistently
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|
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.

02 theintrachain excluded volum&. Chemically realistic mod-
Nematic els will require appropriate numerical modeling of the micro-
i scopic single-chain structure factes(q), and the numerical
0.0 . determination of an anisotropa{r). The fundamental ideas

0.0 0.5 1.0 1.5 2.0 proposed here should, however, remain valid.
Reduced Density
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