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Behavior of a random heteropolymer in mixed solvents
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| use a Landau theory to study the behaviorAefB heteropolymers with disordered sequences
immersed in a binary solvent mixture. Segments of type A are preferentially solvated in one type of
solvent, and those of type B prefer the other type of solvent. At high temperatures, the behavior is
qualitatively the same as that in a single solvent. As the temperature approaches the critical
temperature for solvent demixing, however, the chain conformational statistics change dramatically.
A phase transition occurs driven by the long-range solvent density fluctuations. The transition is one
where on scales larger than a preferred length the chain is collapsed and microphase ordered. On
shorter scales it is disordered and exhibits self-avoiding walk statistics. In many circumstances this
domain size acquires a limiting value and the system cannot order on shorter length scales by
reducing temperature. The ordering disappears when the critical point is approached too closely.
Predictions are made for scattering profiles that may be observed in neutron-scattering experiments.
© 1999 American Institute of Physids$S0021-960609)50834-9

INTRODUCTION tion potential$ exhibits a nonclassical scaling exponent. This
is simply a manifestation of the nonclassical exponent that
Over a quarter of a century ago, the behavior of a hodescribes the behavior of the solvent density fluctuations
mopolymer chain in mixed solvents was first investigatednear criticality. In particularl. scales as- (Vy— Vg)?/(72),
Pioneering studies carried out by Benoit and Dontids, where 7 is the nonclassical exponent and equals 0.25 for
deGenneé and Brochard and co-workérdelucidated an in-  three-dimensional systems.
teresting new phenomenon when the temperature approached The chain dimensions decrease as the critical point is
that corresponding to the incipient phase transition for theapproached. However, for finite chains, this trend changes as
solvent mixture. The lessons that these scientists taught ule critical temperature is approached more closely. This is
have since been elaborated by many others. The studies bé&cause the size of solvent density fluctuations exceeds chain
Vilgis, Sans, and Jannifikand the recent reports from the dimensions and the entire chain lives in a single good sol-
group led by Khokhlo% are particularly noteworthy. vent. This results in reexpansion and self-avoiding-walk sta-
The specific problem considered in these studies is théstics for the entire chain. Thus, the variation of chain di-
behavior of a homopolymer chain in a binary solvent mixturemensions with temperature is nonmonotonic near the critical
with both solvents being good solvents for the polymer segpoint; first it decreases as the critical temperature is ap-
ments. However, the polymer segments are preferentiallproached and then reexpansion occurs when the critical point
solvated by one of the solven(g, andVy are the segment— is approached too closely.
solvent interaction potentials, aith # V). The question is: The preceding two decades have witnessed much inter-
what are the chain conformational statistics as the temperast in the behavior of copolymers with incompatible seg-
ture approaches that corresponding to the critical temperaturaents. For example, there have been innumerable studies of
of demixing for the solvent mixture? The major findings  the phase behavior of block copolymers with ordered se-
the infinitely dilute limiy may be summarized as follows. quence distributions. In these materials, competing interac-
Since the polymer segments interact preferentially with ongions between the different types of chain segments and frus-
type of solvent, the solvent density fluctuations induce effeciration due to connectivity leads to interesting physical
tive attractions between the polymer segments. These attrabehavior in many contexfs!?
tive interactions are spatially long ranged because the corre- More recently, attention has been focused on copolymers
lation function describing solvent density fluctuations is longwith disordered sequence distributions. In these macromol-
ranged in the vicinity of the critical point. The attractive ecules, competing interactions are frustrated not only by
interactions drive chain collapse even though both solventshain connectivity but also by the disorder@ad quenched
are good solvents for the chain segments. The collapse sequence distribution. This additional source of frustration
only partial, however. This is because the short-range interleads to interesting behavior, and these materials have been
segment repulsionghe excluded volume effecand long- shown to be good model systems to study the effects of
range attractive interactions compete. The long-range inteffrustrating quenched randomness. They have been employed
actions dominate only above a particular length s@aleOn  as simple models to study protein folditt);*’ as models for
scales larger thah, the chain is collapsed and on smaller biomimetic polymers®=2° and to study how frustrating
scales the statistics are those of a self-avoiding walk. Theuenched randomness influences microphase ordering in

variation ofL with temperaturdor solvent—segment interac- melts?*~2
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In this paper, | consider the behavior of disordered hetwherer(n) is the spatial position of thath segmentg(n)
eropolymers in a binary solvent mixture. Specifically, | studyequals+1 if the nth segment is of type A and equaisl
linear disordered heteropolymers with two types of segmentstherwise {4(r) is the density of solvent particles of type A,
and random sequencésndom heteropolymer or RHIFLet  andHgyentiS the solvent Hamiltonian. The parametersh,
me label the two types of segments, A and B. In my modela’, andb’ are defined as follows:
the segments of type A prefer to interact with one type of
solvent and those of type B exhibit preferential interactions (Upa+Ugg+2Uxp)
with the other type of solvent. | develop a Landau theory to  a= > )
study this situation. Near the critical temperature for solvent
demixing, due to the long-range solvent density fluctuations,

the theory predicts a phase transition wherein partial collapse ,  (UaatUgg—2Uap)

is accompanied by microphase ordering. On scales larger ~ 2 ’

than a preferred lengtl§, the chain is collapsed and mi- 2)
crophase ordered; on shorter scales, the system is disordered (VantVag)— (Vag+Ven)

and the chain exhibits self-avoiding walBAW) statistics. al=-_~A "AB 5 BB TBAV

The coupling between the order parameters that describe col-
lapse and microphase ordering leads to some unusual behav-
ior. The instability that drives the phase transition occurs . (Vaat+Veg—=Vag—Vea)
with a finite-wave vector, and | describe its dependence on - 2 '
system parameters. The scattering profiles that describe the
fluctuations in the disordered phase are presented. The¥dereU; andV;; denote the strengths of interactions be-
fluctuations are announcements of the chain conformationdween segments of typeandj and solvent particles of type
statistics expected in the ordered phase. In contrast to RHPsand segments of typjg respectively. In writing Eq(1), |
in a single solvent, as the critical temperature is approachediave assumed that the solvent particles fill space completely
a preferred length scale emerges even in the disordered phaé€-, the infinitely dilute chain limjt
(manifested by a peak in the scattering intensiithough It is important to understand the physical meaning of the
detailed consideration of the ordered phase is postponed toR@rameters defined in E(R). The parametea is a measure
forthcoming communication, | discuss some conjectures reOf the effective repulsive intersegment interactions in the ab-
garding the ordered phase based on the form of the fre€ence of the solvenbh measures the propensity of the A- and
energy functional. As for homopolymers, when the range o8-type segments to microphase segregate due to the bare
solvent density fluctuations exceeds chain dimensions th#&tersegment interactions. The segment—solvent interactions
chain re_expands and there is no microphase ordering_ also lead to two types of effective interactioms: is a mea-
This paper is organized as follows. In Sec. Il, the modelsure of the extent to which the segment—solvent interactions
is described and the theory |eading to the free-energy funccause the RHP chain to prefer one solvent over the Other, on
tional is developed. In Sec. Il | discuss the main predictionsaveragep’ reflects the extent to which segment-solvent in-
of the theory and their physical origin and significance. Interactions promote segregation of the two types of segments
Sec. IV, | offer some remarks focused on future experimentalo different regions of space.

and theoretical studies that may help shed more light on the Further progress can be made by integrating out the sol-
unusual behavior of RHPs in mixed solvents. vent density fluctuations to obtain the influence functidfial.

This requires that we assume a form for the solvent Hamil-
tonian. In order to describe the solvent density fluctuations
near the critical point correctly, a Gaussian Hamiltonian is
In order to examine the essential physics, | consider flexinappropriate. However, as Vilgis, Sans, and Janhhdve
ible RHPs withl being the statistical segment length for both demonstrated in the context of homopolymers in mixed sol-
A- and B-type segments. The spatially short-range interseg¢éents near critically, using a quadratic Hamiltonian with the
ment and segment—solvent interactions depend on the chengiroper form for the density—density correlation function
cal identities of the segments and the solvent particles. Thkeads to the correct phenomenology for chain conformational
following Edwards Hamiltonian describes this physical situ-statistics. Following Vilgis, Sans, and Jannihk,consider

MODEL DEVELOPMENT AND THEORY

ation: the solvent density fluctuations to be described by the fol-
lowing Hamiltonian:
— BHLF(); 6(n); pa(1)] J
- _ i N dr(n) ? qu_BHsolvenJ
B 2l Jo dn

1
ocexp[_ij drf dr' S{a(n)x Hr—r")8Lar)|, (3

a b ,)
E—i—zﬁ(n)a(n )

N N
—f dnj dn’
0 0

N 2 b where,  x(r—r")=(3a(r) La(r'))=pod(r—r')+ xq(r
X 5(r(n)—r(n’))—f dnj dr| =—+ = H(n)) —r'); xq is the distinct part of the correlation function, and

0 2 2 will be chosen to properly represent the nature of the solvent
X 8(r(n)—r)a(r)— BHgowent La(1) 1, (1)  density fluctuationgvide infra).
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Using Eq. (3), it is straightforward to compute the functional integral over solvent density fluctuations. | obtain the
effective Hamiltonian to be

N (dr(n) 2
~pHr o=~ 5 [ ( ) - ["an [ “an ( )5« (m—r(n")~ T xatr(m —r(n))
b/2p0 b/2 a/ 2
fdnj dn’ ( )5(r(n)—r(n’))—?Xd(r(n)—r(n’)) 0(n)6(n’)+T
N N
Xf dnf dn'[ped(r(n)—r(n"))+ xq(r(n)—r(n"))]6(n). 4
0 0

In writing Eq. (4) | have ignored irrelevant constants that caning solvent density field renormalizes the bare RHP’s short-
be subsumed in normalization factors. range interaction driving microphase segregation. In addi-
Equation (4) shows that the segment—solvent interac-tion, interactions with the spatial range of the solvent density
tions induce effective intersegment interactions. Consider th8uctuations are also induced. These solvent-induced interac-
second term first, which is homopolymeric in nature as therdions are spatially long ranged near the critical point, and
is no dependence oft The bare homopolymeric interactions promote segregation of like segments on scales characteristic
are short range and repulsive. These are renormalized byd the solvent density fluctuations. Physically, these terms
short-range attractive term proportionalat?’. Furthermore, reflect the preferential solvation of specific RHP segments by
an attractive term with the same spatial range as that whicHifferent types of solvent molecules.
characterizes the solvent density fluctuations is also induced. The preceding discussion makes clear that the solvent-
Equation(4) suggests that a finite value af will promote  induced interactions promote chain collapse and microphase
chain collapse because of these attractive intersegment intasrdering. The best way to study how these two phenomena
actions. Given the physical meaningaf, it is clear that the  occur(and how they are coupl¢ds to introduce the follow-
physical origin of these solvent-induced terms in the Hamil-ing macroscopic order parameter fields: the total segmental
tonian, which lead to attractions between all chain segmentsiensity, p(r) = pa(r) +pg(r), wherep;(r) is the density of
is that, on average, the chain prefers one solvent over arRHP segments of type m(r)=pa(r) — pg(r), which is the
other. appropriate order parameter field to monitor the onset of mi-
The third term in Eq.(4) tells us something about the crophase ordering since, for simplicity, | will take the RHP
more interesting heteropolymeric aspects of the physicatomposition to be symmetric.
problem under consideration. In the bare RHP, the term pro- Rewriting the effective Hamiltonian in terms of these
portional tob drives microphase ordering. For examplebif macroscopic fields, | obtain the following expression for the
is negative, segments of the same type are attracted to eachnonical partition functioiQ) for a given sequence distri-
other. Equatior(4) shows that interactions with the fluctuat- bution of the RHP:

12 b b12
Q[H(n)]=ﬂDm(r)ﬂDp(r)exr{—(g—aspo)fdrpz(r) *exr{—(i— SPO)fdrmz(r)

*exr{ fdrf dr'@'p(r)y+b'm(r))xq(r—r"H)@ p(r")+b’'m(r ))} ﬂDr(n)

3 dr(n)\?
xex;{—ﬁfdn( dn)

)

* O

p(r)—f dné(r(n)—r)} 5

1) m(r)—f dns(r(n)—r)e(n)

In an experiment, RHP chains with different sequencesveraged since, as has been described many times before,
(which belong to the same statistical distribuli@me present the partition function is not self-averaging with respect to
in the solution. In order to compute properties that arethe sequence fluctuatioh®:?® | choose to perform the
typical for sequences that belong to a certain statisticajuenched average using the celebrated replica ick.
distribution, averages over the quenched distribution ofThe n-replica partition function can be written conveniently
6(n) must be computed. The free energy needs to bas
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- 3 dr,(n)\?
<Qn>:£1ﬂ\Dpa(r)ﬂ‘Dma(l’) Zn:<1;[ ﬂDra(n)exr{—EJ‘dn< an )

Xex;{zl—E[pa(r),ma(r)]+Seﬁ[pa(r),ma(r)]}, _Z, fdr(¢>a(r)pa(r)+n(r)ma(r))b )

a= 4

(6) Equation(9) makes clear that the fieldg and ¢ are conju-
gate to the order parametaersandp. By rewriting Eq.(9) as
where functional integrals over the order parameter fields, it is easy
to show thatz,, equals

E[ (1), Ma(1)]
z,=11 ﬂDpamDma(r)
a a'’pg ‘
2 8

b b'2p,
B 2 8

fdrpf,(r)wL )fdrmi(r)
xex;{—E fdf(d’a(f)ﬁa(fHYa(f)ma(f))JrSeff-

b’ 1
-2 4p°fdrpa(r)ma(r)—§f drfdr’(a’pu(r) (10)

/M, (N)xa(r—r1")@ py(r')+b'm,(r"), @ In the saddle-point approximation,

and

Ser=In Zﬁg f dr(my(r)y.(r)+ ¢,(r)p.r)),
ext Ser] = (eXH S[palr),Ma(1) 1) (1)

where the auxiliary fields satisfy the conditions

=<ﬁ1ffDra(n) snz,

m,(r),

3 dr,(n)\? T oyar)
Xexr{_ﬁgl d”( dn ) ) 12
3 5InZn: ")
Xcspa(r)—fdna(ra(n)—r)* S(r) Pell):

Equations(11) and (12) allow computation of the entropy

> that | seek ifZ,, is known.
>< 5 1
4

ma(r>—f dner o(n)—1)o(n)

In order to focus on the essential physics, | will restrict
attention to the case where the fluctuation® exhibit short-
(8) range correlations, and the composition is symmetric. Sub-
stituting the definitions of the order parameter fields in terms
where the angular brackets denote averaging over the distr the chain conformationg ,(n)] and carrying out the av-

bution of 6. _ . erage over this equiprobable distribution #@rl can rewrite
St IS clearly the entropy corresponding to particular or- Eqg. (9) as

der parameter fields since it is the logarithm of the number of

ways in which the system can arrange itself with these order 3 dr.(n)\2
parameter fields while obeying the constraints of connectiv- zn:H ﬂ‘Dra(n)ex;{ — _2 j dn(“—)
ity and the quenched sequence fluctuatidhsan, therefore, a 21 %3 dn

be interpreted to be the energy corresponding to particular

order parameter fields. Equati¢n) shows that the energy is -> f dne ,(r,(n))

very different from that for RHPs in a single solvéht?The @

new terms originate from interactions of the RHP segments

with a fluctuating solvent density field. However, E®) +f dnln(coshE ya(ra(n)))
shows that the effective entropy for given order parameter “

fields has the samform as that for a RHP in one solvent. |f interest is limited to sufficiently long chains, E€L3) can
Thus, methods employed to study RHPs in one solvent majge evaluated using a ground-state dominance approximation.
be used to estimate the entropic contributions to the freeThis is to say tha¥,, equals exp—AN], where\ is the small-

energy functional. In particular, I will employ Shakhnovich est eigenvalue of the following “Schdinger equation:”
and Gutin’$! adaptation of a method that was originally de-

veloped by Lifshit?® to compute Eq(8). As this method is
now well established, | shall only outline the calculation.
Consider the following quantityZ[ ¢, ,Y.]:

. (13

2

I
—gA 2 ¢a<ra>—lncosr(2 n(ra))}w:w. (14)
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Shakhnovich and Gutih have computed\ using second-
order perturbation theory. The answer is

o _a k_a —k
A= da(k=0)-2, go%

1 VoK) Yol — K1) ¥5(K2) v5(— ko)

4 378k, do0 12(KS+K5) ,

sis are pertinent to the nature of the ordered phase, and
would be most illuminating if comparisons could be made
with experiments or Monte Carlo simulatioffsin this pa-

per, | will focus on the stability limit of the disordered phase
and the nature of the structure factor in the disordered phase.
The features revealed by this analysis are announcements of
the nature of the ordered phase and the instability that drives
a phase transition leading to partial chain collapse and mi-

(15  crophase ordering.
h In order to study the stability limit and nature of the
where disordered phase, | need to compute the entfapyg so, the
Do(1)=ha(r) = 375(1), (16)  free-energy functionalp to quadratic order only. Following

the steps that | described immediately following E48),
and | have taken Fourier transforms. and keeping only the quadratic terms, | obt&ig to be
The strategy now is to combine E@.5) with Eq. (12) to
obtain the auxiliary fields in terms of the order parameter
fields of interest. Shakhnovich and Gutin did this for com-
pact states only, i.e., they assumed that the overall segment
density was uniform and exhibited no fluctuations. Obvi-

1

( : | — 22 2 1A (K)pa(—K).
ously, | have to allow overall density fluctuations. Taking the a Kk
appropriate fu'nctional derivatives, | ob'tain the following combining Egs.(7) and (19) obtains the replicated free-
cqupled equations that must be solved simultaneously to0 0Rsnergy functional. | then take the replica symmetric solution
tain y, and ¢,, in terms ofm,(k) andp,(k): since the order parameters of concern carry only one replica
yu(Ky) Ya(k—ky) index. Th|§ obtam§ the following free-energy functional up

1212 , to quadratic order:

Ya(K) 7,3( Ky) Vﬁ( —ky)
12(k?+k3)

1
Ser= ~ 5 2 2 Ma(K)m,(—K)

(19

¢a(—k)+2

pa(k):_z |2k2 (17)

Ky

a ar2 |2k2 ar2 k)
F[m(k),p<k)]:2k[§— 8p0+T‘XTd(}

1
m(K==7,() =72 X

aF B

b b2 1
Ly Ak valak Xp(k)p(—k)+ 2 | 5= =g+ 5 +ck
2% 12k3
b’?xa(k)
1o dak)ya(—ki=K) - —mom(=k)
+§2 12K2
. ’ a'b’py a’'b’xq(k)
1 Yalki—K) va(ko) ol —ki—ko) 2|7+t }m(lop(—k).
44, 12k2 ' (20)

(18)
Solving Eqs(17) and(18) for the auxiliary fields in terms of

In writing Eg. (20), | have added a standard term to the
energy which is proportional to the surface tensanand

the order parameters, using the definitidp=exd —AN],
and Eqgs(11) and(15) allows calculation of the entropSe -
Combining the resulting expression with E@) (the energy

penalizes microphase segregation on small scales.
This free-energy functional and the form of the quartic
terms[which can easily be obtained from E¢$7) and(18)]

yields the Landau free-energy functional that | seek up tdorm the basis for my discussion of the physical behavior of

quartic order. The entropy will contain interesting terms thatthe system under consideration.

reflect how the constraints of connectivity and the disordered

sequence distribution influence chain collapse and mi-

crophase ordering. For exgmple, the equ.atlons | have derlvqx_\;jESULTS AND DISCUSSION

already show that a quartic term proportional to the strength

of the sequence fluctuations will arise, which varies as Now | must choose a form for the correlation function

~1/(kf+ k%). Such a term is a signature of the constraintswhich properly describes solvent density fluctuations. At

imposed by the quenched fluctuations characterizing the séemperatures sufficiently far away from the critical point, the

quence distributio"?3The quartic terms will play a crucial correlation function that describes solvent density fluctua-

role in determining the physics immediately following the tions is short ranged; i.exy=0. In this case, Eq20) shows

phase transition and the behavior of the ordered phase. that an instability with a finite-wave vector is not possible by
Simple algebraic steps allow calculation of the entropyconsidering the quadratic term in the free-energy functional.

to quartic order(vide supra. However, | will postpone In fact, | recover the quadratic term of the free-energy func-

analysis of the full quartic free-energy functional to a latertional obtained earlier for linear RHPs in a single sol¢&f

communication. This is because the results of such an analgxcept for trivial renormalization of the excluded volume
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and Flory parameters. This renormalization simply reduces
the excluded volume parameter, and increases the propensity
for microphase orderingf The reason that an instability with

a preferred length scale cannot occur in this case is that the
sequence is not characterized by a natural length étzig.

In the vicinity of the critical point, the correlations in
solvent density fluctuations decay ad|r—r’|**7. The
qualitative physical behavior can be studied by takintp
equal its classical value of zero; note, however, that this ap-
proximation does change the scaling exponents. With this
approximationy4(k) equalsA/k?. Substituting this expres-
sion for x4 into Eq.(20), the form of the quadratic term of
the free-energy functional changes dramatically. The long-
range correlations between solvent density fluctuations near
the critical point induce long-range attractions between alkg. 1. schematic representation of the ordered phase. On scales larger than
segments of the polymer. This Coulombic term which pro-¢, the chain is collapsed and microphase ordered. Due to the disordered
motes chain collapse is proportional to the paramefér sequence, the domains are only predominartbt exclusively comprised
which measures the extent 0 which the entire chiamay- %/ o F-UPe seomenisepresenin by bck o gray cobren scaes
erage prefers one solvent over another. This physics is simixistics are those of a self-avoiding walk.
lar to that observed for homopolymers in mixed solvents
near the critical point. However, the second and third terms

in the quadratic part of the free-energy functional reflect adered phase suggest that the ordered phase should look like

competing effect. Long-range solvent density quctuationsthat shown schematically in Fig. 1. As | shall comment later,

also induce a Coulombic term that encourages microphasd® nature of the ordered phase immediately following the
separation: i.e., a term proportionallié? promotes the seg- phase transition will be strongly influenced by the quartic

regation of A- and B-type segments of the heteropolymer off€rms. , .

large scales. The parameter measures the extent to which In order to further explore the nature of the instability at
particular RHP segments are preferentially solvated in z;hz phasehtran3||t|on, the dc_)maln SIze, ar|1_d_the rr:ature (.)f thfe
given solvent. These two long-range driving forces for chain®" ered_ phase, _et me begin by dlagpna 1zing the _matrlx 0
collapse (i.e., attractions between all segmenend mi- q_uadratlc coef_fl_clents in Ec(20)._'|_'he _e|genvalues WI” pro-
crophase orderingi.e., effective repulsions between unlike vide the cond|t|01_1 for the stab_|I|ty I|m|t_ of the disordered
segmentscompete. The interplay between this competitionphase' and the eigenvectors will shed light on the nature of
and the constraints imposed by chain connectivity, the disort-he unstable concentration fluctuations that drive the phase
dered sequence distribution, and surface tension causestrgns'rt]'on', | q £ th i of drati
natural length scale to emerge, and an instability with a f-lf— € eigenva ues., an _)‘2 of the matrix of quadratic
finite-wave vector becomes possible. The resulting phas‘éOe icients in Eq(20) are given by

transition is one where partial chain collapse is accompanied @ 4B

by microphase ordering. The finite-wave vector correspond- )\1,2=§[1i 1- 7} (21)
ing to the unstable mode is a measure of the domain size

below which the system is disordered. On scales smaller than 4(b+1)—b'%p,+4a—a’?p, ) 12 )

the domain size there is no microphase ordering and chain a(k)= ) tlett Z)k
statistics are that of a SAW; on scales larger than the domain

size, the chain is collapsed and microphase segregated. Thus, B (a'?+b'?)A 22)
consideration of the concentration fluctuations in the disor- 8k? '

(4(b+1)—b'?pg)(4a—a’?py) —c?a’?’A—2b'2Al2—a’?h' ?p? +(02I2) @
4

B = &

L [(4b+1)- b'2po)1%+4c?(4a— a'zpo)) 2 ( (4(b+1)—b'?pg)a’?A+(4a—a'?po)b’?A+16a’ b’ *poA
32 64K '

(23
The wave vector corresponding to the dominant scale over which concentration fluctuations occur is one that minimizes

the smaller of the two eigenvalues in EG1). The eigenvector which belongs to the smaller eigenvalue tells us the way in
which fluctuations in the order parameterandm must be coupled for the instability to occur. The conditions that correspond
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to the phase transition can be obtained by setting the small¢he scale below which collapse cannot occur without de-
eigenvalue equal to zero. Numerical solution of the equationstroying the microphase ordering.bf is sufficiently large,

| have derived allows all these issues to be examined as @ temperature decreases near the critical point for solvent
function of various parameters. Some essential physicalemixing, the domain size first decreases and then acquires a
ideas are, however, clarified by considering certain approxiimiting value beyond which it cannot decrease because of
mations that allow analytical calculation. the competition between the desires to collapse and mi-

The combination of parametetsand 8 must be greater crophase segregate and the constraints imposed by chain
than zero for an instability to originate from the quadraticconnectivity and the sequence disorder. The existence of a
term of the free-energy functional. If this condition does notlimiting domain size is distinct from the behavior exhibited
hold, one of the eigenvalues is always negative, and thby homopolymers in mixed solvents near criticalityide
quartic terms are needed for stability. Physically, this simplysupra. As is obvious, this picture obtained in the disordered
says that when there are long-range driving forces for colphase will get further complicated immediately after the
lapse and microphase ordering due to solvent density flugghase transition when the quartic terms that reflect the
tuations, and the parameters that drive both these phenomegaenched fluctuations in the RHP sequence begin to play an
are sufficiently large, entropic constraints due to connectivitimportant role (vide infra). Furthermore, considering het-
and sequence disorder need to be considered beyond gueropolymers with correlated sequence fluctuati@g., sta-
dratic order for stability. For and B larger than zero), is  tistically blocky heteropolymejswill lead to interesting
the smaller eigenvalue. The optimal wave vedtbris given  variations of the domain size above which the system is col-
by (N5 /0K) =+ =0. lapsed and microphase ordered.

The combination of parametergfa? can vary between The phase transition is driven by concentration fluctua-
zero and unity. In the spirit of considering approximationstions described by the unstable eigenvector that belongs to
that reveal the essential physics, let me focus attention on thibe smaller eigenvalue, and is given by
limits which bracket this range; i.e., (148/a?) is either

close to unity or zero. In these circumstandessatisfies the m I
equation — =( - —12) , (27
P ST
B Ja wherel';; are the elements are the elements of th@ 2na-
aw=2ﬂ K (24 trix that constitutes the quadratic coefficient of the free-

_ _ ~energy functional (£m, 2=p). Substituting for these ma-
Since the spatial length scale that we are concerned with igix elements and the value &, | find that the unstable
much larger than the segmental scale and much smaller thgRgde satisfies the condition

chain dimensions, roughly speaking, the meaningful range of
wave vectors is N<I2k?<1. For largeN, this implies that

l 2 ’ 12 2\ —
terms of ordek® and higher can be ignored sinkés small. pa/ (A+K*%)+mb'(A—(M/b™)k**)=0, (28)
Making this approximation obtains the following result for \yhere M =4(b+1)—b'?p,. For further physical insight, it
the variation ofgq* =k*? with different parameters: is instructive to consider the nature of this unstable eigen-
mode in the limit where the driving force for microphase
ABs—2B;A, ordering due to the disparity i_n segme_nt—solvent intergctions
q*= m greatly exceeds the propensity for microphase ordering due
278 T2l to the bare intersegment interactigtg?>4(b+1)]. In this
12A3B5(B,A;—A,B) limit, the_unsta_b_le mode gatisfiefa’+mb’=0. Th_is says
X[1x+4/1 — | (25  that the instability that drives the phase transition is one
(A1B3—2B;A3) : :
where the concentration fluctuations are such that the two
whereA; andB; are defined as follows: order parameters andm fluctuate with weights proportional

to the parameters that drive collapse and microphase order-
A ing, respectively. A result that is consistent with intuition.
a=A;+Ak>— k_23 As | have noted before, linear RHPs in a single solvent
do not exhibit a scattering peak in the disordered state be-
(26) cause the sequence does not impose a natural length scale.
B, The same is true for linear RHPs in mixed solvents far from
B=B;+B,k’>— @ the critical temperature. However, near criticality, due to se-
lective segmental solvation and long-range correlated solvent
Plotting a leading-order approximation to EQ5) as a  density fluctuations, a preferred length scale emerges. This
function of b’ shows that for any value cd’ whenb’ be-  should manifest itself as a scattering peak in the disordered
comes sufficiently large there is a limiting domain size. Thisstate. Consider the following experiment. A long linear RHP
is a manifestation of the competition between the desire tdmade up of A- and B-type segmenisimersed in a mixture
collapse because the chdion averaggprefers one solvent of short-A and -B homopolymers. By selective deuteration,
and the desire to segregate the A- and B-type segments bene could carry out neutron-scattering experiments that mea-
cause of preferential solvation. The limiting domain size issure the elements of the structure factor matrix which de-
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scribes the correlations between the fluctuations in the dersharply since this is the scale above which we have mi-
sities of the RHP segmert3.At temperatures sufficiently crophase ordering. The same physics leads to a gradual de-
above the critical temperature for demixing of the homopoly-cay of these correlations on scales shorter than this preferred
mer blend, no scattering peak should be observed. Howevelength k>k*).
as the critical temperature is approached more closely, even The collapsed and microphase ordered morphology that
in the disordered state, a peak should be observed. This pedkave described above will not persist arbitrarily close to the
is trivially related to the structure factor. critical point of the solvent mixture. As in the homopolymer
The structure factor matri¢S), which describes the cor- case, once the solvent density fluctuations exceed chain di-
relations between the density fluctuations of different typesnensions the chain will reexpand and lose the microphase
of RHP segments, can be easily obtained from @€4). A ordered pattern. The experimental consequence of this is that
simple rotation of the 22 matrix of quadratic coefficients the peak in the structure facttscattering intensitywill dis-
(") of the free-energy functional in terms pfandmyields  appear once the critical point is approached too closely. Mi-
the inverse ofS. The structure factor matrix can be easily crophase ordering may happen again at lower temperatures
translated to neutron-scattering intensities if the scatteringlriven by the bare intersegment interactions. The ordering at
lengths and segment sizes of the chemical units that make dpwer temperature may occur with a pattern opposite to that
the RHP are known. | obtain the structure factor matrix to beobserved at higher temperatures if the parambter posi-
tive. The appearance of a peak in the scattering intensity as
the system is cooled followed by its disappearance and pos-
:E sible reappearance may be amusing to observe and have
practical consequences.
Elements of the matriy are the quadratic coefficients of the
free-energy functional in terms gf, and pg (with 1=A,
2=B), and are given by

1(vm 72

Y21 Y11

. (29

CONCLUDING REMARKS

| have studied some aspects of the behavior of disor-
dered heteropolymers with a random sequence distribution in
mixed solvents near the critical point of the solvent mixture.
This physical situation can perhaps be conveniently exam-
ined by experiments carried out using RHPs immersed in a
binary blend of shorter homopolymers. My major finding is
that the long-range correlations between solvent density fluc-
tuations near criticality induce effective intersegment inter-
actions that lead to a phase transition wherein partial chain

(4a—a'?pg)+4(b+1)—b'%py—2a’b’ p,

_ 1
Y11= g

+(21%+8c?)k?>— w},

k2

1
Y12=g | (4a—a'%po) = 4(b+1)+b"%po+ (212~ 8c?)k?

(b'2—a’'2)A collapse is accompanied by microphase ordering. On scales
+ T} (300 larger than a certain preferred length, the chain is collapsed
and microphase ordered, and it is disordered on smaller
1 scales. This is shown schematically in Fig. 1. This preferred
V22— g (4a—a'?pg) +4(b+1)—b'2py+2a’b’py scale manifests itself even in the disordered state. In many

circumstances, the preferred domain size cannot decrease be-
low a limiting value that is set by the competition between
the desire to collapse and that to microphase segregate. |
predict that as the system is cooled toward the critical point,
Equations(29) and(30) also show the long-range attractions a peak should appear in the scattering intensity. This is in
between like segments and repulsions between segments sthrk contrast to linear RHPs in a single solvent. In this case,
the opposite type that are induced by solvent density fluctuahere is no scattering peak with a finite-wave vector in the
tions near the critical point. These equations allow one talisordered state. | also predict that the peak will disappear
plot the structure factor for thAA, BB or AB density fluc-  once the system is brought too close to criticality and the
tuations. In Fig. 2, | plot the shape of the structure factor thasolvent density fluctuations are correlated over scales larger
describes the correlations between the fluctuations in th&han coil dimensions. The unstable mode at the phase transi-
density of A-type RHP segments. The parameters chosen tmn provides some insight into the nature of the concentra-
construct this plot are arbitrary except that they lead to dion fluctuations that drive the phase transition.
peak. Although | have not explicitly derived the quartic terms

It is worth remarking on the shape of the structure factorof the free-energy functional, my equations can be used to
displayed in Fig. 2 since it announces the nature of the orebtain these terms in a straightforward manner. In fact, their
dered phase immediately after the phase transition. It decayerm is already clear. For example, E¢%7) and(18) make
much faster at smalk than for largek. The competition clear that the quartic terms proportional to the strength of the
between the propensity for collapse and microphase orderinguenched fluctuations in the sequence will lead to terms that
leads to a preferred length scale over which segment density 1/(k§+ kg). Such quartic terms must be explicitly consid-
fluctuations are correlated. On scales larger than this lengtéred in order to study the morphology of the ordered phase
(k<k*), the correlations between like-type segments decayand the way in which the domain size varies with tempera-

’ 2
+(212+8c?)k?— M}.

k2

Downloaded 30 Oct 2003 to 128.32.198.12. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



5240 J. Chem. Phys., Vol. 111, No. 11, 15 September 1999 Arup K. Chakraborty

ACKNOWLEDGMENTS
The author would like to thank Dr. Shuyan Qi and Pro-
= fessor Dan Rokhsar for fruitful discussions. Financial sup-
ZE/ port for this work was provided by the U.S. DAQBES).
‘ IA. Dondos and H. Benoit, Eur. Polym. 4, 561 (1968.
0.2 0.3 0.4 05 2A. Dondos and H. Benoit, Polym. Letf, 335 (1969.

k 3A. Dondos and H. Benoit, Makromol. Cherb33 119 (1970.
“P. G. deGennes, J. Phy&rance Lett. 37, L59 (1976.
FIG. 2. Structure factor for the density fluctuations of A-type RHP segments®F. Brochard and P. G. deGennes, FerroelecB8is33 (1980.
in the disordered phase at temperatures near the critical point. The paranf:C. Williams, F. Brochard, and H. L. Frisch, Annu. Rev. Phys. Chagj.
eters used to draw this curve amt=—2.5, R=(4a—a'%py)=2.5, a’ 446 (198)).
=1,b’'=-0.1,c=2, 1=py=1, andA=0.04. The units on the ordinate are "T. Vilgis, A. Sans, and G. Jannink, J. Phys3/11779(1993.
arbitrary. The peak in the structure factsrcattering intensityis predicted 8V. V. Vasilevskaya, P. G. Khalatur, and A. R. Khokhlov, J. Chem. Phys.
to be absent at high temperatures, and to disappear when the critical point is109, 5108(1998; 109, 5119(1998.
approached arbitrarily closely. A reappearance of the peak at lower tempera®L. Leibler, Macromoleculed 3, 1602 (1980.
tures is also possible due to the bare interactions. 10F, s. Bates and G. H. Fredrickson, Annu. Rev. Phys. Ch&m.525
(1990.
EK. M. Hong and J. Noolandi, Macromolecul&s, 1083(1983.
. . D. Broseta and G. H. Fredrickson, J. Chem. PI935.2927(1990.
ture (and other parametgranmediately after the phase tran- 13, wicihorn and M. Muthukumar, J. Chem. Phﬁ 5588((199%.
sition. It is already clear, however, that termsl/(k3+k3) A sali, E. I. Shakhnovich, and M. Karplus, Natufieondon 369, 248
will lead to strong temperature dependence of the dominant (1994.

: . . SH. S. Chan and K. A. Dill, NaturéLondon 46, 24 (1993.
wave vector immediately after the transition. These effectgGE. I, Shakhnovich and A. M. Gutin, Natureondon 2, 3 (1990.

wiII_be fruitful to explore in conjunctio_n with s_cattering €X- 173 Bryngelson and P. G. Wolynes, Proc. Natl. Acad. Sci. EBA7524

periments or(at the very leastsimulation studies. It is my  (1987.

hope that such experimental and simulation studies will belsi'lg;?lfgg%A' K. Chakraborty, and E. I. Shakhnovich, Phys. Rev. Zéft.

carried OUt_m the near future. . . 19D. Bratko, A. K. Chakraborty, and E. I. Shakhnovich, Chem. Phys. Lett.
Other issues that are worth considering include the 5gg 46 (1997.

changes in the mechanical response of the solution as it A. K. Chakraborty and D. Bratko, J. Chem. Phy98 1676(1998.

brought near the critical point, goes through the phase tra zig |\ Shakhnovich and A. M. Butin, 5 Ph)éﬂanfgqsgéé?fgéll)g?'H
e . . . A. Fredrickson an . . Miner, yS. ReV. , MACH o N
sition that | have described, and then becomes dlsorderedFredrickson, S. T. Milner, and L. Leibler, Macromoleculgs, 6351

again. Also, the dynamics of the ordering transition and fluc- (1993.
tuation corrections are worth studying. 33, Qi, A. K. Chakraborty, H. Wang, A. Lefebvre, N. P. Balsara, E. I.

| have considered onIy the possibility of microphase or- Shakhnovich, M. Xenidou, and N. Hadjichristidis, Phys. Rev. Le%.
L ! . 2896(1999.
dering in this paper. Another issue that may be worth conzg o Feynman and F. L. Vernon, Jr., Ann. Ph§s.Y.) 24, 118 (1963;

sidering in the future concerns the possibility that the RHPS p. chandler, Y. Singh, and D. M. Richardson, J. Chem. PBys1975
could undergo a phase transition wherein only a few domi—25(1984>-

; ; : ~S. F. Edwards and P. W. Anderson, J. Phy%, B65(1975.
r?ant conformatlpr?g determine the. thermodynamics. In PaTZ, "M, Lifshitz, A. Yu. Grosberg, and A. R. Khokhlov, Rev. Mod. Ph{),
ticular, the possibility of such freezing on scales commensu- gg3 (1979,
rate with the domain size needs to be considered in light of’A. J. Golumbfskie(personal communication

the work done for correlated RHP sequences in a Sing|é8D. Bratko, A. K. Chakraborty, and E. |. Shakhnovich, Phys. Rev. [7#it.

30 Ty ; ; e 1844(1996.
solvent™ However, it is possible that this type of ordering is 2941, 5. Jeon, J. H. Lee, and N. P. Balsara, Macromolec1e8328(1998.

precluded in this case because of the long-range interactions, Chakraborty, E. I. Shakhnovich, and V. S. Pande, J. Chem. Phys.
induced by the solvent density fluctuations. 108 1683(1998.

Downloaded 30 Oct 2003 to 128.32.198.12. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpol/jcpcr.jsp



