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The Generalized Flory—Dime(GFD) equation of state has been extended to fluids containing
copolymers modeled as heteronuclear chains of freely-jointed tangent spheres that interact via a
site—site square-well potential. Compressibility factors are obtained for block, alternating and
random copolymer fluids. The GFD theory for square-well copolymers requires expressions for the
insertion factors of SW monomers in SW monomer mixtures, SW dimers in SW dimer mixtures,
and SW heteronuclear dumbbells in SW heteronuclear dumbbell fluids. These insertion factors are
obtained using recently-derived perturbation-theory-based equations of state. The effects of
variations in composition, segment size ratios, and well-depth ratios on the compressibility factor
are studied. The predictions of the Generalized Flory—Dimer theory are compared to compressibility
factors obtained from discontinuous canonical molecular dynamics simulation. The Generalized
Flory—Dimer theory accurately predicts the compressibility factors of square-well copolymer fluids
for a variety of cases including those in which the size ratio and well-depth ratio of the two
components are different. @998 American Institute of Physids$§0021-9608)50617-4

I. INTRODUCTION ever, in order to develop a theory that will be suitable for
practical applications we need to incorporate attractive inter-

Fluids containing chain-like molecules, e.g. polymersactions into our model. The simplest form of attractive inter-

and alkanes, have been of intense theoretical and technologjction is the site—site square-wéBW) potential. In this pa-

cal interest for the past few decades. Several accurate theger we extend the Generalized Flory—Dimer formalism to

ries have been proposed to predict the properties of homQsopolymers modeled as heteronuclear chains whose seg-

nuclear %ham-llke fluids such as polymers and normajnenis interact via the site—site square-well potential. We ob-

alkanes:™ Recent efforts, however, have focussed on thgain equations of states for three types of copolymer fluids:

Qevelopment of equations Ogl: state for heteronuclear .cham(l) block copolymers,(2) alternating copolymers, an)

like fluids, e.g. copolymerS.® Copolymers offer chemists random copolymers. In order to test the accuracy of the GFD

:he opt))portunlt%htq tailor ntgw matebr lals W!th Idttes(;rablte f(Ta'bequation of state in predicting the compressibility factors of
ures because heir properties can be manipulated not only s¥quare-wel| copolymer fluids, we also perform extensive dis-
varying the chemical structure of the individual components

. . continuous canonical molecular dynami@&CMD) simula-
but also by altering the arrangement of the monomeric spe- y t )

cies along the chain. For example, the arrangement of tht|0ns and compare the resulting compressibility factors to

- L . gFD theoretical predictions.
monomeric species in a block copolymer moleculiblock, . .
triblock, or multiblock strongly affects the type of micro- The approach used by Yethiraj and Hato derive GFD

scopic phase segregation observed, and hence influences §Quations of state for homonuclear squar_e-well _chams IS €x-
mechanical propertie. Despite the enormous technological t€nded to square-well heteronuclear chains. Using a combi-
importance of copolymer fluids and of blends containing co-nation of geometric and mean field arguments, Yethiraj and
polymers, our understanding of the molecular basis for theifia!l Showed that the GFD approach for homonuclear hard
thermophysical behavior is far from complete. Scientists anghains could be extended to homonuclear square-well chains
engineers attempting to predict the thermodynamic properby replacing the hard—monomer and hard—dlmgr |-nsert|.0n fac-
ties of copolymeric fluids (e.g. the miscibility of a fOrs that appear in the homonuclear hard-chain insertion fac-
copolymer—homopolymer  blend still rely on the tor expression by square-well monomer and square-well
Flory—Huggind™*?theory, a theory developed almost half a dimer insertion factors. We use similar arguments to express
century ago. the insertion factors of square-well block, alternating, and
In this laboratory, we are conducting a theoretical studyrandom copolymers in terms of the insertion factors for SW
aimed at understanding the molecular underpinnings of thgyonomer mixtures, SW dimer mixtures, and SW hetero-
macroscopic thermodynamic behavior of copolymeric fluids nuclear dumbbell fluids obtained using second-order pertur-
As a first step we recently developed new Generalized Florpation theory:
(GP) and Generalized Flory-DimdGFD) equations of state Discontinuous canonical molecular dynamics simulation
which accurately predict the compressibility factor of co-is an adaptation of Anderson’s canonical ensemble molecular
polymers modeled as hard heteronuclear chain fildsw-  dynamics technique to the case in which the potential is
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discontinuous. The essential feature of Anderson’s method i
the introduction of stochastic energy fluctuations into an
NVE ensemble such that the trajectory average of any prop:
erty is equal to its NVT ensemble average. These stochasti
energy fluctuations are introduced via periodic interaction of
the system particles with imaginary constant—temperature
heat bath particles. Using the DCMD technique, we have
measured compressibility factors for square-well block, al-
ternating, and random copolymers over a range of densities
temperatures, compositions, segment size ratios, and well
depth ratios.

A comparison of the GFD equation of state for square-
well copolymers with DCMD simulation results reveals that
GFD accurately predicts the compressibility factor of square-
well block, alternating, and random copolymers, slightly
overestimating it at very low densities and slightly underes-
timating it at very high densities. These trends are consisten
with the trends observed in the GFD theory’s predictions for
homonuclear hard-chain and homonuclear square-well chail
compressibility factors. We also study the effect of compo-
sition on the compressibility factor of block copolymers. The
GFD theory is found to accurately predict the compressibil-

IFy factor ,Of block copolymers over the range of Compc)SI'FIG. 1. Three types of heteronuclear square-well chain molecules studied:

tions studied. (a) block copolymer(b) alternating copolymer, an@) random copolymer.
The remainder of this paper is organized as follows: in

Section Il we briefly describe the molecular model and the

computer simulation method used to study square-well hetg, e 16 pe consistent with previously available theoretical

eronuclear chains. In Section Ill we review the GenerahzedwOrk on square-well fluids, we assume a square-well width

Flory Dimer approaches for fluids containing homonuclear \ij=\=1.5 throughout this work.

hard chains, homonuclear_ square-well_ chains, and het.ero— Figure 1 shows the three types of copolymer sequences:
nuclear hard chains. Section IV describes the Generahzeglock’ alternating and random, that are investigated in this

Flory—Dimer theory fqr square-well block, glternating, and paper. We restrict our analysis to copolymer chains com-
random copolymer fde;. In S?CF'OH Vv we dlscusg t'h.e aCCU'posed of two types of segments,andb, although our for-

racy of the GFD theory in predlctmg the compre_53|b|l|ty faC_'maIism is equally applicable to heteronuclear fluids com-
tors of square-well copolymer fluids by comparing theoretl-posed of more than two types of segments. The block

cal predictions to DCMD simulation results. copolymer chains consist of blocks nf segments of com-
ponenta followed by n, segments of componebt the al-
ternating copolymer chains consist of alternating segments of

Il. MOLECULAR MODEL AND SIMULATION METHOD components andb, and the random copolymer chains con-
sist of random sequences of componentsd componertb.

In this section we describe the molecular model used angpis simple “heteronuclear square-well chain” model quali-
the simulation method employed to study copolymer fluidsatively incorporates four of the most essential features of
Copolymer molecules are modeled as a pearl necklace Chaﬂbpolymer architecture(l) steep repulsion between chains
of n freely-jointed tangent square-well spheres of differentsegments at short distancé®) short-range attractions be-
hard-core sizes and/or different square-well depths. Th@yeen segments3) connectivity of segments along a chain,
site—site potential energy between segmenamd j, inter-  gnd (4) chain topology or arrangement of various compo-
acting via a square-well potential is given by nents along the chain.

In order to study these square-well chain models via
computer simulation, we use the discontinuous molecular
dynamic$® (DMD) simulation technique. DMD on fluids
containing tangent square-well spheres is implemented using

—0, r>\;oy, the bead-string algorithm introduced by Rapapot and
later modified by Belleman$. In the Rapaport algorithm,
where oi;=(0i+ 0})/2 is the center-to-center distance be-chain connectivity is maintained by linking adjacent spheres
tween segmentsandj, \j; is the square-well width, an; along a chain with short invisible strings. This effectively

Uij(r):w, O<r$0'ij,

=—€j, Oj<Is\joj, ()

ij

is the cross interaction energy between segmerdsad j, decouples the motion of bonded spheres along the chain,
taken to be allowing them to move independently along linear trajecto-
ries between core collisions and bond stretches. Square-well
eij=\/:ej. (2 interactions are accommodated in the DMD algorithm by
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introducing “well-capture,” “well-bounce,” and “well- whereU is the potential energy experienced by a test chain
dissociation” collisions which occur whenever a sphere en-of lengthn when inserted into a sea of chaif@so of length
ters or leaves the square-well of any other sphere. n). For hard chains, exp(U/KT) takes on the values of 0 and

For square-well fluids in a constant temperature systemil, leading to the interpretation qf,(#) as the chain inser-
we use discontinuous canonical molecular dynamicgion probability. The  compressibility factor Z
(DCMD),1*1520213n adaptation of the standard DMD tech- =P(#,n)v,/7kT can be expressed in terms of the chain
nique for the canonical ensemble. The DCMD technique isnsertion probability as
based on Anderson’s stochastic collision meffiaahd in- 1 (r
volves stochastic interaction of the system particles with  z=[1—Inp,( 7])]+_j Inp,(7")d7', (6)
imaginary constant-temperature heat bath particles. We as- nJo

sume that the system is immgr;ed iln an_imaginary constankince Eq.(6) is thermodynamically exact, the problem of
temperature heat bath containing imaginary “ghost” par-gptaining an accurate equation of state for a given type of
ticles. The ghost particles stabilize the system temperature Qyhain fluid reduces to the problem of developing an accurate
colliding with the system particles, as a result of which theggtimate for its insertion factor. Given the complex nature of
particle velocities get reassigned according to a Maxwellthe structure of a chain fluid and the vast number of possible
Boltzmann distribution about the required temperature. Degonformations that a chain may adopt, the chain insertion
tails of the discontinuous canonical molecular dynamiCsactor is a difficult quantity to calculate analytically. The
(DCMD) mftgod have been described in previousgeneralized Flory—Dimé? theory provides a simple method
publications:* _ _ for estimating the chain insertion factor in terms of the in-
~ The DCMD simulations are performed at volume frac- sertion factors for monomer and dimer fluids. Below, we
tions 7 ranging from 0.09 to 045 wheren pyriefly describe the GFD approach for hard homonuclear

_ 3 - . ,
=7ZN;07/(6V) with N; equal to the number of segments of chains, hard heteronuclear chains, and square-well homo-
specied, andV equal to the volume of the primary simula- ,clear chains.

tion cell. The compressibility factors are obtained for a wide ) )

range of block, alternating, and random copolymer fluids®- Generalized Flory Dimer theory for hard

with diameter ratiosg, /o,=1 and 2 and well-depth ratios, homonuclear chain fluids

e,/ €, ranging from 0.5 to 1.5. The compressibility factor is The GFD theory’s estimate for the probability of insert-
calculated using an equation derived from the virial theoremng a hard homonuclear chain into a hard homonuclear chain

of Clausius?® fluid is
NS 1 phS( ) [ve(n)7ve(l)]/[ve(2)7ve(l)]
- e : 2\7
N, 3NKTL o, M AV 3 PR =) L@

wh(.areNS is the total number of segm_ents in the system anQNherep*{S( 7) is the probability of inserting a hard monomer
N is the total number of molecules in the system. Hefe inig 4 hardn-mer fluid, p¥ ) is the probability of inserting
=l Wher?ri andrj are the position vectors of'the col- 4 hard dimer into a hand-mer fluid, andv¢(n) is the volume
!ldmg part|cle3|. andj. The qugntltymiA'vi is the collisional o, | ded by am-mer to a monomer. Equatiof¥) can be
impulse experienced by particleand is a measure of the | nqerstood by imagining that the test chain is inserted into
force exerted by particlg on particlei. The collisional virial the chain fluid one segment at a time. The first tep’i‘?( 7)

is summed over all intermolecular and intramolecular core, Eq.(7) is the probability of inserting the first segment into

c_oIIision_s, bond stretcheg, and.squgre-welll collisions OCCUrfha chain fluid. The second term in Eq) is the product of
ring during the elapsed simulation tinbg. Since ghost col- the conditional probabilities

lisions involve only one system particle, they do not contrib-

ute to the collisional virial. EN) phy 7) [ve(k) —velk=LVve(2)~ve(1)]
hs ~|h ’ ®
Pe1(7) [ P17
Ill. REVIEWING THE GENERALIZED FLORY-DIMER of inserting thekth segment k=2, ... n) given thatk
THEORY —1 segments have already been msertéﬂn)/pf( 7) is

the conditional probability of inserting the second bead next
The basis for the Generalized Flory approaches is théo the first bead, and the exponent in E8). corrects for the
so-called osmotic equation of state which relates the pressufference between the size of the hole required to place the

of ann-mer chain fluid to the chain insertion factqr,(#),  kth bead next to th&—1st bead and the size of the hole
P(7.0) 1 required to place the second bead next to the first segment.
77, =l[1—ln on(7)]+ — fvln ou(n))dn', (@ Uﬁing mea_m-fiel_d arguments, the prpbabili_tiqséj,s(n) _
kT Un Un Jo and p5% »), of inserting monomers and dimers into a chain

fluid are approximated by the corresponding probabilities of
inserting a monomer into a monomer fluid and a dimer into a
dimer fluid. When Eq(7) is inserted into the osmotic equa-
tion of state, the resulting compressibility factor of a hard
Pn(7)=(e~Y/KT), (5)  n-mer fluid is

whereP(#n,n), is the pressure of a fluid containimgmers at
volume fractions and temperatur&, andv, is the volume
of the chain. The insertion factor is defined as
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() =(Yo+ D) Z5( )~ Y, ZM ), (9) py imagin.ing th.at the test .c_hain is insertgd.one segment at a
time; the insertion probability of the chain is the product of
the probabilities of inserting each of the segments. In this
section we review the Generalized Flory—Dimer theories for
ve(N)—v(2) block, alternating, and random hard copolymer fluids.

= 10
" 0u2)va(D) 10
The monomer and dimer compressibility factors can be ob- ) )
tained from the Carahan—Starlfdgnd Tildesley—Stregt ~ 1- Hard block copolymer chain fluids

equations of state, respectively. The excluded volume of an  Consider ann-mer diblock copolymer fluid with each
n-mer can be apprOXimated by a linear function of Chainchain Composed Gia segments of Componeatfonowed by

whereZb¥(5) and Z!¥ ) are the compressibility factors of
hard dimer and hard monomer fluids, and

length a&® n, segments of componebt (n=n,+n,). The probability
Ve(N)=~ve(3)+(N—3)[ve(3)—ve(2)], (11)  of inserting a test block copolymer chain into the block co-
polymer fluid is the product of the probabilities of inserting
for 2<n<8 and each of its blocks. The GFD arguments described in Sec.
ve(N)~ve(1)[10.094+0.6374n—15)], (12 Il A can be used to express the insertion probability of each

block separately in terms of the probabilities of inserting

for n>8.2 monomers into monomer mixtures and dimers into dimer
mixtures. The connectivity of the two blocks is incorporated

B. Generalized Flory—Dimer theory for homonuclear by focusing on the two inner segmerithe last segment on

square-well chain fluids blocka and the first segment on blotR connecting the two

The Generalized Flory—Dimer theory has also been exblocks. The probability of inserting the first segment on
tended to fluids containing homonuclear square-well chiainsblock b next to the last segment on bloekis approximated
Using a combination of geometric and mean field argumentg?y the conditional probability of inserting the second seg-
Yethiraj and Halt were able to show that the GFD factor for ment of a heteronuclear dumbbell, given that the first seg-
inserting a square-well chain into a square-well chain fluidment has already been inserted. The resulting GFD expres-
pS( ), can be expressed in terms of the factors for insertingion for the probability of inserting a hard block copolymer
a square-well monomer into a square-well monomer fluidchain into hard block copolymer fluid is
pi"(n), and a square-well dimer into a square-well dimer

: (Y2 +1)mix
fluid, p3"(7) pbIock ) GFD_ Po(Mps| " T X p2b( )
03(7) [06(M)—ve(1)/[ve(2)—ve(1)] n s 02 7re 2 (Mhs
pr () =pi"(n)| —, (13 b
pP1 (77) b( ) ( Np )mix
P2(7)hs (15)
Thus we see that the Generalized Flory—Dimer approxima- p?(?])hs '

tion for the homonuclear hard chain insertion fadteq. (7)]
is also applicable to homonuclear square-well chains if wavherepi(7)nsis the probability of inserting a hard-monomer
replace the hard-monomer and hard dimer insertion factoref componenta into the hypothetical hard-monomer mixture
by the square-well monomer and square-well dimer insertiofiormed by breaking all bonds of the block copolymer fluid,
factors. p5(7)ns is the probability of inserting a hard-dimer of com-
By substituting the above estimate for the square-welponenta into the hypothetical hard-dimer mixture formed by
chain insertion factor into the osmotic equation of sf&g.  breaking every other bond along the block copolymer chain,
(6)] we obtain the Generalized Flory—Dimer expression forand p3°(7),s is the probability of inserting a hard-
the compressibility factor of a fluid containing square-well heteronuclear dumbbell into a hard heteronuclear dumbbell
homonuclear chains, fluid.
7% ) = (Yot 1)Z3 ) — YoZ5( ), (14) The mixture excluded volume ratioYﬁa)mix, is defined

o to be the occupation fraction average of the individual com-
whereZ3"(#) andZi"(#) are the compressibility factors of ponent excluded volume ratios,

square-well dimer and square-well monomer fluids, ahd

is the excluded volume ratio as defined in Eg0). The (Y& ) mix= Pa( Y3 )at dp(Y2 )y, (16)

square-well monomét and dimet® compressibility factors : : ¢

can be obtained from perturbation theory or by using thewhere ¢, is the occupation fractiony,/», of component

RISM theory with mean-spherical approximation closure. and (Yﬁa)a and (Yﬁa)b are calculated in a manner similar to

Eq. (10),
C. Generalized Flory—Dimer theory for hard
heteronuclear hard chains va(ny) —vi(2)
a)a: ( )

a

Y@ _ 1
(¥ v3(2)—vd(1) (0

The GFD approach has recently been extended to hard
heteronuclear chain fluidsThe probability of inserting a
copolymer chain into a copolymer fluid is again calculatedand
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v3(n)—03(2) where ¢ (3)), and @) (2)) are the volumes excluded by
a ellla e . . ..
o= D= (18) aniji alternating trimer and @& dumbbell to a segment of

e ve(2)—ve(1) componentk. The expressions for these excluded volumes
are given in Appendix A.

The resulting GFD expression for the compressibility
factor of an alternating copolymer chain fluid is

where @3(n,)). and @3(n,))p are the volumes excluded by
a chain ofn, segments of componeit to a monomer of
componenta and to a monomer of componeht respec- " GFD_
tively. The expressions for excluded volumeg(n,)). and Z3" ()i 0= L3 st (W) mix({3hs Lo
(v3(n,))p are presented in Appendix A. b

Substituting Eq(15) into the osmotic equation of state +(Wh )m|x(§2 s~ {ind. (24)
[Eqg. (6)] we obtain the GFD expression for the compressibil-where gz hs IS Obtained by substltutlnggb( 7)ns (the prob-

ity factor of block copolymer hard-chain fluids, ability for inserting anab dumbbell into a dumbbell fluid
block, \GFD_ v into the osmotic equation of staf&q. (6)]. The analytical
Z M e P= (Y3 + Dimix Gps= £3nd + O expressions fot}; ,cand 3%, are given in Appendix B.
+(ng+1)mix(§2,hs_ é’l,hs)' (19

3. Hard random copolymer chain fluids
where the s are obtained by substituting thel(7)ns
(probabilities of inserting an-mer of species into ani-mer
mixture) into the osmotic equation of state,

The extension of the Generalized Flory—Dimer theory to
random copolymer chain fluids requires a combination of the
block and alternating copolymer GFD approaches described

1(» earlier and mathematical probability arguments to approxi-

{in=[1=Inpi(m)nd + —f Inpf(7" )ndn’, (20 mate the average structure of the random copolymer. The

770 GFD expression for the insertion probability of a random
with similar expressions o, and (35 The expressions COpolymer is
for ¢ hs for monomers, dimers and heteronuclear dumbbells 02(n) )(7//?‘ Ymix
2 hs aa

be obtained using th led ticle th€oiyand
can be obtainead using the scaled particle nd are p:]and( 7])GFD pl ﬂ)hs)xa(pl( ﬂ)hs)xb( a( 77)
P1 hs,

shown in Appendix B.
b 0
)m|x (}/ )mix
% ( pz( 7) hs) bb ( gb( 7) hs) Nab

2. Hard alternating copolymer chain fluids p 1( Mhs P 7)hns

We now consider a hard chain composed of alternating 2, Jmix
segments of componer andb. The Generalized Flory— ( )hs (25)
Dimer estimate for the probability of inserting an alternating pl( Mhs '

copolymer ofn segments into an alternating copolymer fluid
is obtained using a combination of conditional probability * '~
and mean field arguments. The probability of inserting the(7/
alternating copolymer is again taken to be the product of the
insertion prc_Jbabllltles of each qf its segments. The probabil- (74 ) . =(n- 1)Xixj(
ity of inserting each segment is calculated in terms of the !

conditional probability of inserting the second segment of an here the factor— 1 s for th b
alternating dumbbell next to the first and an excluded volumd!/ere the fac orr{—1)x;x; accounts for the average number

argument. The resulting GFD expression for the insertionOf 1 pai.rs.inéx ra2n6dc_)mdc?_pol(3j/mer chain. The excluded vol-
probability of an alternating copolymer is given by ume ratio in Eq/(26) is defined as

wherey; is the mole fraction of component The exponents
N; Imix are defined as

— - , 26
vli(2)-vl(1) )mix 29

ba( ) (W) mix pab( ) (Wo)mix (M) = (M)
Pae"(7) 2= paX( m{ AL 2T vl(2)-vl(1) vl(2)-vk(1)
pl( Mhs p?( Mhs

where the mixture excluded volume ratio8Vy) ., and vh(2)—vi(1)
(Wﬁ)miX are defined as the occupation fraction averages, . )
where the termy!' (3)—v7(2)), is the volume required to

(W) mix= Pa(Wi)at dp(Wpp (22)  insert a segment of componenhext to a dimer of the form

Ij averaged over all possible valuesldfconsistent with the
random copolymer's compositipnin a fluid containing

monomers of typa (as indicated by the subscript
(08" (3)~vd(2)a=Xa(v¥(3) ~vE(2))a
+xp(021(3) ~ 02 (2)),. (28)

W3-l
N L I
b

with a similar expression forwﬁ)mix. The individual com-
ponent excluded volume argumenig,’s, are defined as

( vi(3)— v”<2>)
vl(2)-vl(1) '

n

(W‘n>k=(§—1 (23
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The exponents % N; )mlx require the expressions for ex- by breaking all of the bonds of the square-well block copoly-

cluded volumes of trimeraab, bab, aba, andbba. These Mer fluid, ph(7)sy is the insertion factor for a SW dimer of
are presented in Appendix A. speciesi in the hypothetical SW dimer mixture formed by
The compressibility factor is again calculated by Subst,_breakmg every other bond along the block copolymer chains,

tuting the insertion probability expression into the osmoticandp3’(7)sy is the insertion factor for a square-well hetero-
equation of state to obtain nuclear dumbbell in a square-well heteronuclear dumbbell

fluid at the same density as the copolymer fluid. The ex-

ZE" i " =Xalinst Xolinst (7R, Jmix( s~ i) cluded volume argumentsYf, )i and (Y{ )mix are the
+(%/b )mix( gg - éukl) ) same excluded volume arguments used to determine the in-
sertion factor for hard block copolymer chains and can be
+(7// )m|x( (z > — 220 calculated as shown in Eggl6), (17), and(18).
’ The GFD expression for the compressibility factor of a
(7Y o) mix §2 o 51 he - (290  square-well block copolymer fluid is obtained by substituting

Eq. (30) into the osmotic equation of stafEq. (6)] to obtain

The analytical expressions faf, ., and £, are shown in
Appendix B. " e Zblock( GFD (Yﬁ +l)mix(§g,sw_ gism)

YP o+ Dmi b —P )y, (31
IV. EXTENSION OF GENERALIZED FLORY-DIMER Lt Imix( C2.e0~ €100+ (3D
THEORY TO SQUARE-WELL COPOLYMERS where the®s are defined as

In this section we describe the extension of the General- 1 (7

ized Flory—Dimer theory to heteronuclear square-well chain ¢ sw=[1—INPA(7)sul + —f Inpf(7")swd7n’, (32
molecules. We use the approach introduced by Yethiraj and
Hall*® to extend the GFD theory for homonuclear hardwith a similar expression fogt‘I SWandg2 s+ The expressions
chains to homonuclear square-well chains. As stated in Seéor ¢; 5 for monomers, dimers, and heteronuclear dumbbells
Il B, Yethiraj and Hall have shown that the GFD approxi- can be obtained from second-order perturbation tHéay
mation for the homonuclear hard chain insertion factor isshown in Appendix B.
applicable to square-well chains if we replace the hard-
monomer and hard-dimer insertion factors by the square- weH3 Square-well alternating copolymers
monomer and square-well dimer insertion factors. Following
the same arguments, the GFD approximation for the hetero- The insertion factor for a square-well alternating copoly-
nuclear hard-chain insertion factor is applicable to the hetmer chain can be obtained from E@1) by replacing the
eronuclear square-well chain insertion factor if we replacéard-monomer mixture and hard-heteronuclear dumbbell in-
the hard-monomer mixture, hard-dimer mixture, and hardsertion factors by the corresponding square-well monomer
heteronuclear dumbbell insertion factors by the correspondhixture and square-well heteronuclear dumbbell insertion
ing square-well monomer-mixture, square-well dimer mix-factors. The resulting expression for the insertion factor of a
ture, and square-well heteronuclear dumbbell insertiosquare-well alternating copolymer chain in a square-well al-
factors. Below we show the expressions for compressibilityternating copolymer fluid is
factors of square-well copolymers resulting from the abovepalter( )GFD
substitution.
(Wg)mix

, (33

(Wﬁ)mix

A. Square-well block copolymers ab PO M) sw P3°( M) ow
- p2 ( 7])5 b a
P1(7)sw P1(7)sw

wherep'(7)sw is the insertion factor for a SW monomer of

species in the hypothetical SW monomer mixture formed

by breaking all of the bonds of the square-well alternating
copolymer fluid andp3 ®(7)qy is the insertion factor for a

The insertion factor for a square-well block copolymer
chain can be obtained from E(.5) by replacing these hard-
monomer mixture, hard-dimer mixture, and hard-
heteronuclear dumbbell insertion probabilities by the corre;
sponding square-well monomer mixture, square-well dimer

mixture, and square-well heteronuclear dumbbell Insertlor%quare well heteronuclear dumbbell in a square-well hetero-
factors. The resulting expression for the insertion factor of uclear dumbbell fluid at the same density as the copolymer
square-well block copolymer chain in a square-well bIOCkquid The excluded volume argument&/) . and W2),.ix

. . . n
copolymer fluid is are the same excluded volume arguments used to determine

polock( ) SFb the hard alternating copolymer insertion factor and can be
a b calculated as shown in Eq&2) and(23). The GFD expres-
P5(7) sw (Vg Himix b w{pg( Maw| MM sion for the compressibility factor of a square-well alternat-
== 2 (Ml —5 : ing copolymer fluid is obtained by substituting E§3) into

PL(7)su P2(7)sw the osmotic equation of staf&q. (6)] to obtain
_ . . . (30) Zalter( )GFD st (Wa)m|x(§2 A gl,sw)

wherep'(7)sw is the insertion factor for a SW monomer of )

species in the hypothetical SW monomer mixture formed (W) mi( £3%w {3 sw)- (34
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The expressions fof; s, for monomers and heteronuclear 100
dumbbells can be obtained using second-order perturbation 9 | _ GED Prediction
theory** as are shown in Appendix B. _ g0 | — TPTD Prediction

N —- PHSC Prediction
C. Square-well random copolymers 5 700  @DCMD (this work)

The insertion fe_lctor for square-well rano_lom copolymer E 60 ng g:\t,':::;ae?‘;;a")
chains can be obtained from E@5) by replacing the hard- > 50}
monomer mixture, hard-dimer mixture, and hard- 5 a0 |
heteronuclear dumbbell insertion factors by the correspond- @
ing square-well monomer mixture, square-well dimer g 30 |
mixture, and square-well heteronuclear dumbbell insertion g 20
factors. The resulting expression for the insertion factorofa O 19}
square-well random copolymer chain in a square-well ran- 0 b= 3
dom copolymer fluid is s .
o] 7 R %05 0 025 035 045
P 7) SFP = (P m) s (P n>SW)Xb( M) Packing Fraction ()
pl( 77)5W FIG. 2. Comparison of the predictions of GFD theory for homonuclear

b _ o _ square-well chains with the results of our DCMD simulation and previous
( pg( 7) SW) 7 Nbb)mlx< pgb( W)sw) (7N mix MC simulation by Yethiraj and Halland Tavaregt al3! Results are shown
>< [ —

for 16-mer and 32-mer fluids at* =3.

pkl)( Msw p?( ) sw

PR 77)gu| 7 Mol
X ( %V) . (35 In order to test our DCMD simulation method, we begin
P1(7)sw by comparing the DCMD compressibility factors for homo-
The excluded volume arguments’C Jmix» (78 Jmix, nuclear square-well chains with previously available MC
aa bb

(7/?1 Ymixs @Nd (7% ), are the same as the excluded data and with the predlc.uons.of varlous theories for homo-
ab ba nuclear square-well chain fluids. Figure 2 shows the com-

volume arguments used to determine the hard random CQressibility factor of 16-mer and 32-mer homonuclear
polymer insertion factor and can be calculated as shown i@quare-well chains af* =3 as a function of packing frac-
Eq. (26). The GFD expression for the compressibility factor jsn The open circles represent the results of MC simulation
of a square-well random copolymer fluid is obtained by suby,y; yethiraj and Half the open triangles are the results of
stituting Eq.(35) into the osmotic equation of stafeq. (6)] MC simulation by Tavarest al.*! and the filled circles are

to obtain our DCMD simulation results. The solid lines in Fig. 2 are
ZLand( n)SV\II:D:Xagil‘SW+Xb§2,SW+(%/aaa)mix(é‘g’sw the preo_lictions of the GFD _theory by Yethiraj and Hall,
dotted lines are the predictions of the TPT-D theory by

— BT (TR ) mid B Lsw) Tavareset al,*! and the dashed lines are the predictions of
PHSCT theory by Hino and PrausnitzThe MC simulation

+(7/§ab)mix( 30 B results of Yethirajet al. and Tavareset al. are in excellent
agreement with our DCMD simulation results for both chain

(7R, ) mid B L) (380 lengths over the entire range of densities studied. The TPT-D

theory of Tavares et al. and the GFD theory of Yethiraj and
Hall accurately predict the compressibility factors for both
chain lengths and the entire range of densities studied. The

V. COMPARISONS OF GENERALIZED FLORY DIMER PHSCT theory of Hino and Prausnitz underpredicts the com-
THEORY TO MOLECULAR DYNAMICS pressibility factor, especially at low densities.
SIMULATION RESULTS A. Square-well block copolymers

The expressions faf; ;,,andZb ¢, are shown in Appendix B.

In this section we compare the GFD predictions for the ~ Having established the accuracy of our discontinuous ca-
compressibility factors of square-well copolymers with thenonical molecular dynamics technique in predicting the com-
results of our DCMD simulations. We report compressibility pressibility factors of fluids composed of homonuclear mol-
factor for square-well block, alternating, and random copoly-ecules, we compare the predictions of GFD theory for
mer fluids for a range of densities, compositions, segmersquare-well block copolymer fluids with the DCMD simula-
size ratios, and square-well depth ratios. The duration of th&on results. Table | summarizes the simulation results and
simulation runs ranges from 10 million collisions for short GFD predictions for all square-well block copolymer fluids
chain lengths at low densities to 30 million collisions for considered. Figures 3—5 compare the GFD predictions with
longer chain lengths at high densities. The error bars on thBCMD simulation results for the compressibility factors as a
compressibility factors calculated in these simulations reprefunction of 5 for square-well block copolymers composed of
sent+ standard deviations as determined from three or morehains of lengtm=4, 8, and 16 aT* =3.0 and composition
independent runs. Xa=0.5. In Fig. 3 the two segments of the two components
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TABLE |. DCMD simulation values of compressibility factors for square-well block copolymers. The value in
parentheses represents one standard deviation in the last two significant digits.

4-mer 8-mer 16-mer
Op €b
T* tf_a f_a Xa 7 Z(MD) Z(GFD) Z(MD) Z(GFD) Z(MD) Z(GFD)
3 1 05 05 0.09 1.3482) 1.349 1.53609) 1.556 1.9088) 1.970
0.18 2.13704) 2.006 2.85214) 2.575 4.19(82) 3.715
0.27 4.09208) 3.781 6.27818) 5.721 10.61636) 9.603
0.36 9.28211) 8.541 15.84@2) 14.841 28.8576) 27.441
0.45 22.21€2) 20.097 40.76@88) 37.777 77.56@6) 73.137
3 1 1.5 05 0.09 0.8283) 0.897 0.68707) 0.687 0.48%42) 0.268
0.18 0.95803) 0.787 0.81616) 0.095 0.51(®9 -1.288
0.27 1.86611) 1.570 2.12(26) 1.102 2.56838) 0.166
0.36 5.76009) 5.449 8.86%28) 8.258 14.972100 13.876
0.45 18.45618) 16.749 33.0104) 30.446 62.16@9  57.840
3 2 1 0.5 0.09 1.0106) 1.073 1.00621) 1.016 1.0084) 0.903
0.18 1.2911) 1.212 1.36724) 0.974 1.48940) 0.500
0.27 2.26911) 2.105 2.88810) 2.302 4.0293) 2.154
0.36 5.64917) 5.399 8.75(B9) 8.411 14.8185  14.435
0.45 1527418 14.332 26.89¢/3) 25.992 50.036G6) 49.302
3 2 05 05 0.09 1.3704) 1.363 1.56804) 1.576 1.96118) 2.000
0.18 2.12%03) 1.997 2.78710) 2.577 4.08127) 3.735
0.27 3.84515) 3.529 5.7283) 5.290 9.49€39) 8.810
0.36 7.99716) 7.389 13.30B2) 12.669 23.994/9) 23.224
0.45 17.84715 16.487 32.09@6) 30.732 60.51®1) 59.210

of the block copolymer are of the same size,(o,=1)
while the relative well-depth ise,/e;=0.5. In Fig. 4

factor at high densities. These trends are consistent with the
trends observed in the GFD predictions for homonuclear and

o,/ o,=2, while the well-depths of the two components areheteronuclear hard chains and are inherent deficiencies in the
equal (,/e,=1.0). In Fig. 5 the hard-core sizes and the GFD approach. The error at low densities arises from the use
well-depths of the two components are both different.of the mean field approximation which assumes that the
oplo,=2, €,/€,=0.5. As is evident from the figures, the structure of a copolymer fluid is essentially the same as the
GFD theory accurately predicts the compressibility factors oftructure of the reference monomer and dimer mixtures.
square-well block copolymers except at very low and veryWhile this approximation works well at intermediate to high
densities, the approximation is less successful at very low
The GFD theory is found to slightly overestimate the densities where the structure of the chain fluid is relatively
compressibility factor of square-well block copolymers atpatchy. We also observe in Fig. 4 that GFD slightly under-
low densities and slightly underestimate the compressibilitypredicts the compressibility factor in the low to intermediate

high densities.

90 T T T T 70 T T T .
80 GFD Predictions g 60 — GFD Predictions
—~ C 4 mer —_ O4 mer
N 70 O 8 mer y N 0 8 mer
° A 16 mer § 50 A 16 mer
© 60 7]
@ ©
< 40
> 50 -?
3 3
240 2 39
8 ]
5 30 5
E E 20
- <}
8 20 8
10 | 10
0 L L L 0 7% . A
0.00 0.10 0.20 0.30 0.40 0.50 0.0 0.1 0.2 0.3 0.4 0.5

Packing Fraction (n) Packing Fraction (n)

FIG. 3. Square-well block-copolymer compressibility factor vs packing FIG. 4. Square-well block-copolymer compressibility factor vs packing

fraction for 4-mers, 8-mers, and 16-mersTdt=3 whereo,/o,=1.0, X, fraction for 4-mers, 8-mers, and 16-mersTat=3.0 whereo,/0,=2.0,
=0.5, ande,/e,=0.5. X,=0.5, ande,/e,=1.0.
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70 22 <]> . . . , (I>
— GFD Predictions — GFD Predictions

60 O 4 mer T 5 O DCMD Results
N 08 mer N 20 ¢
5 50 A 16 mer §
o 3
£ 40 L
z z
5 5
‘w 30 2
4 g 16
= =
g£20f g
3 814y

10 +

0 . L L 1 12 L ' N L

0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.2 0.4 0.6 0.8 1.0
Packing Fraction (n) Composition (x,)

FIG. 5. Square-well block-copolymer compressibility factor vs packing FIG. 7. Compressibility factor vs compositioq for a 16-mer square-well
fraction for 4-mers, 8-mers, and 16-mersTt=3.0 whereo,/0,=2.0, block-copolymer ab,/0,=2, e,/€,=1.0, T*=3.0, andn=0.36.
X,=0.5, ande, /e,=0.5.

uncertainty in the simulation data. Figure 6 also shows the
density region. The perturbation theory used to calculate theredictions of the GFD theory for the 16-mer h&athermal
insertion factors of square-well monomer mixtures andPlock copolymer which corresponds % =%. The com-
square-well dimer mixtures is not very accurate at these derressibility factors of the square-well block copolymers as-
sities since these states may be very close to or in the twpmptotically approach that of a hard-block copolymer with
phase region. Additionally, the simulation data in these casei§icreasing density and increasing temperature. Figure 7
is also suspect as the periodic boundaries and the DCMBhows the effect of composition on the compressibility factor
simulation technique used do not allow for phase separatior®f @ 16-mer square-well block copolymer fluid af/o,

Next we study how the compressibility factor of square-=2.0, é,/€,=1.0, T* =3, and »=0.36. The GFD theory

well block copolymers varies with temperature and compo-accurately predicts the compressibility factor of the square-
sition. Figure 6 shows the compressibility factor of a 16-merwell block copolymer fluid at compositiorns,<0.75. The
square-well block copolymer fluid at*=1.5, 2, and 3 accuracy of the GFD theory begins to deteriorate at compo-
whereay,/o,=2, €,/€,=0.5, andx,=0.5. The GFD theory Sitionsx,>0.75 when the sizes of segments of the two com-
accurately predicts the compressibility factor for all temperafonents differ substantially. The source of this error is both
tures at high densities. However, the accuracy of the GFI@eometrical and compositional in origin. In E{5), the in-
predictions deteriorates at lower densities with decreasingertion factor for the two segments connecting the block was
temperatures. This error can again be traced to the inaccur@Pproximated by the insertion factor of a heteronuclear
cies in the perturbation theory for the reference fluids and thélumbbell in a heteronuclear dumbbell fluid. This approxima-

tion gives excellent results for block copolymer fluids where

the composition is similar or close to the composition of a

80 : . : . heteronuclear dumbbell fluidk{=0.5). However, when the
. composition of the component with larger beads is small,
G0 Predictions this approximation does not work well.
60 - o120 T
oT=3.0 B. Square-well alternating copolymers
40 | Hard Block 1 _ Figgres 8 and 9 compare the GFD .predictions to DCMD
Copolyme simulation results for the compressibility factors as a func-

tion of » for square-well alternating copolymers composed
of chains of 4, 8, and 16 segments at reduced temperature
T*=3. In Fig. 8 the two components have the same hard
ok . ] core diametersd,/o,=1) while the relative well-depth is
€,/€,=0.5. In Fig. 9 the ratio of the hard-core diameters of
the two components is,/o,=2 and the relative well-depth
-20 . . . . is €,/e,=0.5. The predictions of the GFD theory agree well
000 010 020 030 040 0.50 with DCMD simulation results at intermediate densities for
Packing Fraction (n) all cases. The trends observed in GFD theory for hard alter-
FIG. 6. Compressibility factor vs packing fraction for a 16-mer square-wellnatlng copolymer fluids are pnce agamn preS?nt n _GFD
block copolymer afT* =1.5, 2.0, and 3.0 where,,/o,=2.0 ande, /e,  the€Ory for square-well alternating copolymer fluids: a slight
=0.5. overestimation of the compressibility factor at very low den-

20

Compressibility Factor (2)

Downloaded 22 Feb 2008 to 152.1.209.194. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 108, No. 17, 1 May 1998 H. S. Gulati and C. K. Hall 7487

90 - - - - mers are not calculated as these chains are too short to use
80 | — GFD Predictions | the mathematical probability grguments u_sed to calc.ulqte the
- 4 mer : number ofaa, bb, andab pairs on a chain. Along similar
§ 70 0 8 mer 1 lines, the predictions of the GFD theory become more accu-
£ 6o £16 mer rate with increasing chain length due to a decrease in the
S relative error introduced by the probabilistic arguments used
250 to calculate the number of each type of pairs. Table Il shows
5 40| the DCMD simulation results and GFD predictions for all
§ square-well random copolymer fluids considered.
5 30
5
820
10

VI. CONCLUSIONS

l%).oo 010 020 030 040 050 In this work we have extended the Generalized Flory—
Packing Fraction (1)) Dimer theory to copolymer fluids modeled as heteronuclear
_ o _tangent square-well chain fluids. Expressions for the com-

FIG. 8. Square-well alternating-copolymer compressibility factor vs packing

fraction for 4-mers, 8-mers, and 16-mersTat= 3.0 wheres,, /o,=1.0 and pressibility fE!CtOI’S of square-well block copolymers, square-
€,/ €,=0.5. well alternating copolymers, and square-well random co-

polymers have been presented. We have also conducted
discontinuous canonical molecular dynamic simulations and
sities and a Sl|ght underestimation of the Compl‘eSSibi“ty faCTeport Compressibi”ty factor data for Square_we” block’ al-
tor at h|gh densities. Table Il summarizes the simulation re‘ternating, and random C0p0|ymers Containing 4, 8’ and 16
sults and GFD predictions for all square-well alternatingsegments_ The Generalized Flory—Dimer theory for copoly-
copolymer fluids considered. mer fluids uses expressions for the insertion factors for
square-well monomer mixtures, square-well dimer mixtures,
and square-well heteronuclear dumbbells as building blocks.
Figures 10 and 11 compare the GFD predictions tolhese are obtained from the recently-derived perturbation-
DCMD simulation results for the compressibility factors as atheory-based equations of state for square-well monomer
function of 5 for square-well random copolymers composedMmixtures, square-well dimer mixtures, and square-well het-
of chains of 8 and 16 segments at reduced temperatuonuclear dumbbells fluids.
T*=3. In Fig. 10 the two components have the same hard The GFD theory accurately predicts the compressibility
core diametersd,/o,=1) while the relative well-depth is factor for all three types of square-well copolymer fluids at
ep/€,=0.5. In Fig. 11 the ratio of the hard-core diameters ofintermediate densities. The GFD theory slightly overesti-
the two component i, /o,=2 and the relative well-deptn Mates the compressibility factor at low densities and slightly
is €,/€,=0.5. The GFD theory accurately predicts the com-Underestimates the compressibility factor at high densities.
pressibility factor of square-well random copolymer fluids These trends are consistent with the behavior of the GFD
over a range of densities and chain lengths. It may be note€ory for hard chain copolymer fluids and reflect the limi-
that the compressibility factors for 4-mer random copoly-tations of the mean field arguments in the GFD theory. The
GFD theory is also less accurate at low temperatures. This
error at low temperature can partly be attributed to the inac-

C. Square-well random copolymers

80 curacy in the perturbation theory at these state points. We
70 | — GFD Predictions | have also studied the effect of temperature and composition
~ ©4 mer on the compressibility factor for block copolymer fluids. The
<60 | ifs"‘me;r GFD theory accurately predicts the compressibility factor for
% a range of temperatures and compositions except at very low
&£ 50r temperatures or when the composition of the component
=y a0 | with smaller beads is very large.
2
% 20|
o
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TABLE Il. DCMD simulation values of compressibility factors for square-well alternating copolymers. The
value in parentheses represents one standard deviation in the last two significant digits.

4-mer 8-mer 16-mer
Op €p
T* . e 7 Z(MD) Z(GFD) Z(MD) Z(GFD) Z(MD) Z(GFD)
3 1 0.5 0.09 1.35D4) 1.382 1.56811) 1.615 1.92018) 2.080
0.18 2.13112 2.099 2.84425) 2.744 4.22430) 4.036
0.27 4.09417) 4.014 6.26818) 6.045 10.51449) 10.109
0.36 9.28011) 9.173 15.80%9) 15.521 28.88@1) 28.217
0.45 22.21(@5) 21.781 40.5883) 39.417 77.49674) 74.689
3 1 15 0.09 0.83®7) 0.913 0.70208) 0.777 0.47432) 0.504
0.18 0.96708) 0.829 0.805 0.3587) 0.52449) -0.596
0.27 1.86014) 1.658 2.095 1.45B4) 2.56(Q35) 1.054
0.36 5.75834) 5.804 8.855 8.78398) 14.99374) 14.733
0.45 18.461298) 18.050 32.96612) 31.706 62.01®5) 59.019
3 2 1 0.09 1.018.0 1.112 1.01€05) 1.145 1.0385) 1.210
0.18 1.30115) 1.305 1.45819) 1.294 1.71(42) 1.270
0.27 2.38018) 2.291 3.14889) 2.786 4.65869) 3.776
0.36 5.87623) 5.855 9.42(68) 9.078 16.46(B0) 15.524
0.45 15.63145) 15.557 27.9183) 27.081 52.49(89) 50.128
3 2 05 009 13924 1.417 1.62712) 1.689 2.06809) 2.232
0.18 2.18%25) 2.134 2.97619) 2.849 4.47%49) 4.278
0.27 3.96719 3.821 6.11234) 5.753 10.57482) 9.617
0.36 8.20239) 8.036 14.00665) 13.418 25.54{@44) 24.184
0.45 18.13832) 17.967 33.07@@2) 32.036 62.74{R9) 60.174
APPENDIX A: EXCLUDED VOLUME EXPRESSIONS function of the chain lengtlm,, and is accurately fit by the
FOR HETERONUCLEAR CHAINS expression

Here we briefly present the expressions used to calculate ¢(n,)) s=(ve(3)) g+ (N, —3)[(ve(3)) s~ (ve(2) g,
the various excluded volumes that appear in the GFD theo-
ries for hard and square-well block, alternating, and randony o
copolymers.

The GFD equation of state for block copolymer fluids
requires knowledge of the volume excluded by a cliama .
block) to a monomer. When the diameter of the chain seg- @ T,
ment, o, is greater than or equal to the diameter of the (ve(2))p= 6
monomer,o, the excluded volume of a chain is a linear

ve(2))s and p¢(3)), are the volumes excluded by a
dimer and a trimer of componeiat to a monomer of com-
ponentB. The dimer excluded volume is given by

3
g g
+4.5(—B —ﬁ) :
0-11/

o
The trimer excluded volume is empirically calculated to be

2
g
75 N

a

2+6

a

90 T T T T
o 70 T T T

80 — GFD Predictions 1
= 0 8-mer — GFD Predictions
N 70 A 16-mer . - 60 I a_mer 1
:O: N A 16-mer
g 60 5 50 |
w e
z 50 £
= > 40 1
40 f =
[ ]
73 -]
I ® 30
5 30 a

[

5 20 g
S F g 20

10 | © w0l

0 1 1 1 1

0.00 0.10 0.20 0.30 0.40 0.50 0 - , . A
Packing Fraction (n) 000 010 020 030 040 0.50

Packing Fraction (n)
FIG. 10. Square-well random-copolymer compressibility factor vs packing

fraction for 8-mers and 16-mers &t*=3.0 whereo,/o,=1.0, €,/¢€, FIG. 11. Square-well random-copolymer compressibility factor vs packing
=0.5, andx,=0.5. fraction for 8-mers and 16-mers at,/0,=2.0, €,/€,=0.5, andx,=0.5.
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TABLE lll. DCMD simulation values of compressibility factors for square- (A3), (A5) and(A6), the volume excluded by a heteronuclear
well random copolymers. The value in parentheses represents one standatﬁlmer a8 to monomers of componenis and B can be
deviation in the last two significant digits. fitted by the following expressions:

386+1 6{ )+3 2E<
O-[l O-[l

3 1 05 05 0.09 15815 1575 1.947214) 2.014 3
Hosg( |
O-C(

8-mer 16-mer

app
™ Z_: Z_: X 7  Z(MD) Z(GFD) Z(MD) Z(GFD) (ve""(3)) 0=

2

0.18 2.85810) 2.612 4.2887) 3.825
027 633913 5.658 10.63%2) 9.622
036 15.94(81) 14.333 28.98W2) 26.953
045 40.85136) 36.047 77.00@5 71283  and

(A7)

3 2 05 05 0.09 1.6G87) 1.677 20517 2171

2
0.18 2.88%42) 2.857 431624 4.177 —1.025+7. 53{ ga> S 475{ ga>
0.27 59483 5856 9.90613 9.623

0.36 13.74(01) 13.705 24.9963) 24.586 og 3
+8.7
o-CY

(vePP(3)) 5=

0.45 32.65(87) 32.600 62.269 61.501 (A8)

It may be noted that the fits given in Eq&5) through(A8)
differ slightly from their counterparts in Ref. 8. The new fits
were obtained by regressing the trimer volume vs diameter

(03(3))B_ ratio data over a larger range of diameter ratios.

3
g
+054—% .
O-a

+29%U
(A3)

When the diameter of the chain segment is smaller than thAPPENDIX B: SQUARE-WELL INSERTION FACTORS
diameter of the monomero(,<o), the excluded volume FROM PERTURBATION THEORY
between the chain and monomer is accurately fit by the ex-
+2.594,| — square-well dimer mixturep’( n)sw, and in a square-well
heteronuclear dumbbell fluigh (77)SW We also present the

pression
g
15{—5
O-Q
0_{3)3.167. (Ad) related “zeta” expressions{} g, {»s, and §2$W The

1.57+4. 75(

Oq

In this appendix, we briefly describe the perturbation-
theory-based calculation of the insertion factors for each spe-
2.543 o) 1241 cies in a square-well monomer mixtur@;(7)s,, iN a
(vE(N) =0 ( ) '
o

_0'0004112 o reader is referred to Ref. 14 for details of the theory’s deri-
vation. In order to keep the notation genei@hd to be con-
The GFD equation of state for alternating copolymer flu-sjstent with the notation used in Ref.)Me use the subscript
ids requires knowledge of the volume excluded by alternatn to denote the mixture ai-mers. The reader should bear in
ing trimers. The volume excluded by an3a trimer to @  mind, however, that this is limited ton=1 andn=2, and
monomer of component is conveniently fit by the expres- should not be confused with the copolymer chain length re-

sion ferred to in the main body of this paper.
2 The insertion factop,(#) of species in ann-mer mix-
(v¥P*(3)),= 03| 7.13+0. 338{ ) +1. 84J< ) ture is related to its corrected excess chemical potenti& by
Ua 0-(1/

iy ()=l () — b (0)=—KTInph( ), (B1)

o
+0-507(U—B : (A5)  where the corrected excess chemical potential is defined as
“ the difference between the excess chemical potential of the
for 0.4<og/0,<2.5. The volume excluded by anB« tri- species at the density of interest and the excess chemical
mer to a monomer of componeptis fit by the expression  potential of the species at zero density. The corrected excess
chemical potential can be calculated from knowledge of the

3

2

(v9P%(3)) 4= 0 911+ 3.95 109 total excess Helmholtz free energy of the mixture
e B~ O‘a 0'a ex
=] SNAT D) ®2)
M (7)= TN |

(AB) TV

3
+4.02€< ?) .
“ whereN is the number of molecules in the system, &hds
The volume excluded by a trimer of typga8 can also be the number of molecules of speciesHere, we briefly re-
calculated from the above two expressions by interchangingiew the perturbation theory approach to calculating the ex-
the indices. cess Helmholtz free energy of square-well mixtures and de-
The GFD equation of state for a random copolymer re—ive expressions for thé, .

quires knowledge of the volumes excluded by the trimers In the perturbation approach, the free energy of a square-
aaa, aBa, and aBB. While the expressions for the vol- well n-mer mixture is expressed as an expansion in the in-
umes excluded by trimer@saa and aBa are given in Egs. verse temperature around the free energy of the reference
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TABLE IV. Geometric parameters for convex bodies. TABLE V. Coefficients for the polynomial expansion of the integtjl
= Ekclk 7]k.
Volume Surface area Radius of - - -
Convex body b s curvature ) Cy Monomer fluid Dimer fluid
Co 0.716297 0.5052058
Monomer mo’ mo’ a2 ¢ 1.108746 1.054739
6 C, 0.059607 1.821172
Homonuclear dimer wad 2702 3a/4 Cs 0.054981 —1.462742
) 33 s , 5 Cy4 —9.550753 —18.976502
Heteronuclear dimer  7(oj+ 03) (o7t 03) (o to)+ Cs 2531761 62.173311
6 Ce —53.28665 —108.21679
(0= 0y)? c, 43.11756 75.093454
8(oy+0y)

wherep is the number density) is the number of segments
hard-sphere mixture. The second-order perturbation theorger molecule =1 for a monomer mixture and=2 for a
expansion for the Helmholtz free energy is of the form dimer mixture or a dumbbell flujd and

m m
Anhs (L1 Answ [ 117 Answ [oPelo]mn= 2 2 XiXjo1 €14, (B8)
NKT _ NKT | kT/NKT T\ kT) NkT' (B3) o

Ans_ Alths ( 1 )AS&W ( 1 )ZAL?;W
whereag; = (o;+ 0;)/2 is the mean diameter of the monomer

whereAL) is the excess Helmholtz free energy of the ref-segments of componentsandj, €;; is defined according to

erence harai-mer mixture, andA{"}, andA{?), are the first-  the combining rule in Eq(2), and

and second-order perturbation contributions to the Helmholtz N

free energy of the square-well mixture. 19 zf ga (x)x%dx, (B9)

The excess Helmholtz free energy of the reference hard .
n-mer mixture can be calculated from knowledge of its com-is the integral ovex(=r/o;;) of the scaled site—site radial

pressibility factor using distribution functiongg of a molecule of componentabout
the molecule of componesiit It has recently been showh
AL () nZh—1 that even for am-mer mixture where the two components
NKT = fo . dy. (B4)  have segments of different sizk} can be approximated by

15, the integral of the radial distribution function of armer
. . fluid in which all segments are the same size. For example,
The compressibility factor for the reference haragner mix- g b

ture. 7 is obtained using the scaled particle theory e alg for a dimer-mixture, where the segment sizes of the two
tiL:)n,ofhg’taltég'” ! using parti y equ components differ, can be approximated Iléy the integral

of the radial distribution function of a pure dimer fluid at the
y 2 2 s same density. The integraf is fitted to a seventh-order
no 1 3an 3Ba'np —a‘y polynomial in % of the form

Zn= + , (B5)
“len 1-p?2 (1-9)?
_ _ 7
wherea= rs/?;_b is the geometric factor and, s andb are 0= 2 . (B10)
the mean radius of curvature, surface area, and volume, re- k=0

spectively, of the reference hardmer mixture defined as

m m om Table V show the coefficients, for n=1 (monomer fluid
b= xib, s=2 xS, =2 X, (86) andn=2 (dimer and dumbbell fluids
: : ! The second-order perturbation contribution to the Helm-
wherex; is the mole fraction of componentandm is the ~ holtz free energy is calculated using the local compressibility
number of components in the mixture. Table IV lists the@PProximation of Barker and HendersBand is given by
geometric coefficients for a monomer, homonuclear dimer,

and a heteronuclear dumbbell. It may be noted that the ex- (2 , ap I(ld)

pression for the radius of curvature of a heteronuclear dumb- NkT =—mpn?[o3€?] mix G (B11)
bell is different from the corresponding expression presented Po 77
in Ref. 8, which was erroneous.
The first-order perturbation contribution to the Helm- where
holtz free energy is given B§343°
Afbw o 3 3.2 OB 3 g2
Nkt =~ 2mPn?o el olmix, (B7) [o°€ ]mix:Z > XiXj o€ (B12)
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. ris+sr+b;
andpo=pkTZ, is the pressure of the reference hard system SlizT, (B16)
which is obtained using scaled particle theory.
The insertion factor for a speciésn a n-mer mixture is 5
obtained by inserting the excess Helmholtz free energy from  S2i=|g" st o 308§ th; rs / b*, (B17)
Egs.(B3), (B4), (B7), and(B11), into Eq.(B2). According to
Eq. (B1) the natural logarithm of the insertion factor can be 1 bics?
expressed in the form iT3 b3 (B18)
In = (0) 4 i,(1) 1 i,(2) 2.2 3
Ph.sw=N P{u+ kT Inp T In P Sy=[b(r2s?+2cssg)—2cs?b;1/(9b%), (B19)
(B13 Ssi=cs?b; /(9b%), (B20)

where p'n(,?s) is the insertion factor for the reference hard

system, and:® and p'® are the first- and second-order €= Xir. (B21)
contributions. Substituting the above general form for _

In pl, ., into the definition forz!, [Eq. (20)] and carrying out ~ The coefficientd, s, andr for a mixture that appear in Eqgs.
the integration, we obtain the final expression for the,,  (B16-(B20) are defined in Eq(B6).

which can be expressed in the form The first-order perturbation term fdris given by
. [o3€] g 1 (n o7lo
1 12 (== 1 ﬂza___f 7 507
O =0y REVI Bl RN (B14) (o] mon U
n,sw- 5n,hs kT n,sw kT n,sw:
24n
— (Xi(TisEi'f'E XjO'isjéij)
where{;;(% is the hard-sphere contribution & ,, and ;%) [0 Jmix J#
and £ are the first- and second-order contributions. The 1 ¢n
expression forZl;{% has been derived by Gulati and Hall x| plg— —f 7lgdn|, (B22)
and is expressed as 7o
where
frne=—(1+Wi+Y,+3Z)In(1- )/ 7
[Usﬁ]mixzz 2 Xixjo'ﬁ €ij » [Us]mixzz Xio'is'
+{—[Yi+3Zi+Wi]+ 7][_X|/2+(5/2)Y| [ J [
(B23)
+(15/2Z;+3W;]— [ Xi/2+ (5/2)Y; The integrals can be evaluated easily due to the simple poly-
nomial form of I shown in Eq.(B10), yielding
+(11/2Z+3W;]+ 7°Wi(1-7) 3, 7 k+2
7 nd _2 n
where 0 77'0 77_|(=0 Ckk+2,
c . (B24)
n
Xi==S;=Ss, Yi=2Sy~S;+ S, f”ﬂzﬁd,}: K2
(B15) o | dn & k+2 7K
3
Zi=%i= S~ S~ 58t Ssi,  Wi=—Su, The coefficients, are listed in Table V. _
The second-order perturbation contributiori}ds given
and by
2= _gng 3[0 lmi| 72(1=m)* (1Y) _Ef’?nz(l—n)“ P(nlg) 71— n)°Fy(y) a7y 1
" [0%%, | Fu» o>  mlo Film) an? 7 F2(7) an 7
(1= 7)3Fo(7) (1Y) 12n 1-m)* a(nlg)
an( 277) 2(n) % i | - 32/X06+2Xl IJIJ)77( 7) 0
o F7p) in (0212, Fi(m)  dn
1 (2p(1—n)* d(nl]
__f n(1—7)" d(ny O)dn, (825
nJo Fulm) Iy
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