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Neutral polyampholyte in an ionic solution
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The behavior of a neutral polyampholytieA) chain withN monomers, in an ionic solution, is analyzed in
the framework of the full Debye-Hikel-Bjerrum-Flory(DHBjF) theory. A PA chain, that in addition to the
neutral monomers, also contains an equal number of positively and negatively charged monomers, is dissolved
in an ionic solution. Fohigh concentrations of salt and at high temperatures, the PA exists in an extended
state. As the temperature is decreased, the electrostatic energy becomes more relevant ead athe
system collapses into a dilute globular state, or microelectrolyte. This state contains a concentration of salt
higher than the surrounding medium. As the temperature is decreased even further, association between the
monomers of the polymer and the ions of the salt becomes relevant and there is a crossover from this globular
state to a low temperature extended state. IBar densities of salt, the system is collapsed for almost all
temperatures and exhibits a first-order phase transition to an extended state at an unphysical low temperature.
[S1063-651X96)00712-X]

PACS numbe(s): 36.20.Ey, 64.60.Cn, 82.35t, 87.15.By

I. INTRODUCTION usual uncharged polymer. Consequently, our understanding
of the full conformational structure of the PA is rather in-

In recent years, there has been a lot of interest in the studgomplete.
of the physical properties of macromolecules. When dis- One of the first attempts to study a neutral PA was done
solved in a good solvent, a neutral macromolecule, that ishy Edwards, King, and Pincu8]. They argued, on the basis
made ofN units (monomery, is characterized by a radius of of the Debye-Hukel (DH) limiting law, that when the poly-
gyration that scales aR~N"a, with v=3/5. In a bad sol- mer chain is in a nonionic solvent, the competition between
vent, as the temperature is lowered, a polymer undergoesthe net attractive electrostatic energy of the PA and the re-
phase transition from an extended state, characterized luction in its entropy, due to the confinement in a sphere
v=23/5, to a compact globular state, witt=1/3. At the tran-  smaller than its natural radius, leads to a transition from an
sition point T=T, the system assumes a coil configuration,extended coil to a “dilute globular state(imicroelectrolytg.
with »=1/2. The transition resembles the tricritical behavior The microelectrolyte is characterized by a density smaller
present in some magnetic materiflg and can be described than that of the collapsed state of a chain made of neutral
by the Flory—de Gennes theof¥—4]. monomers. The microelectrolyte picture of a PA was further

In nature, however, charged polymers are prevalent. Thegxtended and elaborated in the work of Higgs and Joanny
can be divided into two classes, polyelectrolytes and polyami9], who have concluded that a sufficiently long PA will
pholytes(PAs). The most common example of a polyelectro- always be collapsed.
lyte is a DNA dissolved in watef5]. Upon dilution, the In a recent papers, we have investigaft&d,11] the pos-
phosphate groups of the DNA molecule lose theif Btoms  sibility of a different type of coil-globule transition in a neu-
and become ionized. All the ionized groups of the polyiontral nonalternating PA. In the absence of salt, the behavior of
carry the charge of the same sign. The repulsion between treneutral PA, wittN charged monomers, was analyzed in the
like charges helps to stretch the molecule and contributes tsamework of the full DH theory{12], augmented by Bjer-
the overall persistence length of a polyi7]. rum’s idea of ion associatiorl3] and Flory’s affine network

Proteins, on the other hand, are an example of polyamtheory[14] of rubber elasticity. In this approach, allowance
pholytes. A PA molecule can have monomers of either posiwas made for the fact that a strong electrostatic attraction
tive or negative charge. Thus two extremes are possible. lhetween the unlike monomers makes it favorable for them to
one extreme, we can have a neutral PA, in which the numberssociate forming intermolecular bridges. The PA molecule
of positive monomers is exactly equal to the number of negathen resembles an affine network with the crosslinks of func-
tive monomers. In the other extreme, all the monomers cationality 4 [15]. It was found that at high temperatures the
be of the same sign, in which case a PA will be equal to arosslinks are quite rare, and the picture of a PA as existing
polyelectrolyte. In this paper we shall confine our attentionin a dilute globular state remains unchanged, with the radius
to the case of a neutral PA. of gyration scaling aR~aN” andv= 1/3 (microelectrolyte,

In contrast to a normal polymers, the understanding ofis predicted by Edwardst al. [8,9]. As the temperature is
PAs is rather poor. This is due to the difficulty of properly decreased, the ionic association becomes energetically favor-
accounting for the long-range Coulomb interaction betweerable. At very low temperatures, the fraction of unassociated
the monomers of a PA. The long-range electrostatic interacsharged monomers approaches zero and the PA molecule
tion is qualitatively different from the short-range excludedresembles a microgel, with=2/5 (compare with the Flory
volume repulsion, that drives the coil-globule transition in aexponentvg=3/5). The two states are separated by a first-

1063-651X/96/546)/651610)/$10.00 54 6516 © 1996 The American Physical Society



54 NEUTRAL POLYAMPHOLYTE IN AN IONIC SOLUTION 6517

order phase transition. It is interesting to note that unlike the
case of an usual neutral polymer, the extended state of PA
(v=2/5) occurs at low temperatures.

In order to analyze the effects of the addition of salt to the
polymeric solution 16], Higgs and Joann}Q] extended Ed-
wards, King, and Pincug3] method, including the electro-
static interaction between the charged monomers of the chain
and the free ions of the salt. They considered the case where
the density of charges on the PA is of the same order of
magnitude as the density of added salt. They have concluded
that the only effect of added salt was to renormalize the
second virial coefficient, adding an attractive term to it. At
high temperatures and in a good solvent, the excluded vol-
ume term dominates the attractive DH contribution and the
chain is extended. As the temperature is decreased, the elec- @
trostatic contribution balances the excluded volume contribu-
tion and the polymer collapses into a dilute globular state.  F|G. 1. Schematic drawings of a PA chain withneutral mono-

Higgs and Joanny’s theoi1J), however, is based on the mersO, (N—Ny)/2 positive monomerss, and (N— Ny)/2 mono-
assumption that the density of the polymer is close to theéners©, immersed in an ionic solution. The salt ions can associate
density of salt, which is actually a good approximation onlywith the positive and negative monomers of the chain, forming
when the densities are quite high. Furthermore, since Hdipolar pairs. The PA is confined to a spherical region of radius
work in the framework of the linearized DH theory, their R.
conclusions can only be trusted at high temperatures and
cannot be extended to the low temperatures, where they finghat determine the equilibrium configurations of the system.
ahn ug]ghysical divergence of the concentration of ions neaj Sec. IV a detailed discussion of our results is presented.
the .

In order to further explore these issues, we analyze this
problem in the framework of the full Debye-ldiel Il. DESCRIPTION OF THE MODEL
Bjerrum-Flory (DHBJjF). The possible association between
the counterions and the monomers of the chain is explicitly
taken into account. In a good solvent and for density of salt We consider a polyampholyté€PA) chain consisting of
po>p (p is the density of polymer in extended state at highN constitutional unitghereafter referred to as monomeos
temperatures corresponding to the region where HJ foundthree different typesiNy neutral monomers, N—Ny)/2
the transition, the system has the following behavior. FoPositive monomers and\(—Ny)/2 negative monomers, ran-
high temperatures, the repulsion due to the excluded volum@omly distributed along the chain, each spherical in shape
dominates over the DH electrostatic attraction and the polywith a diametera. The polymer chain occupies an effective
mer is extended. The counterion association is insignificangphere of volume/;=4mR%/3, whereR, the radius of gyra-
in this region. As the temperature is decreased, the electrdion, measures the end-to-end extension of the polymer. The
static energy prevails and @t=T , the system collapses into reduced density of monomes = pa® inside the globule is
the dilute globular state, in agreement with the HJ predice* =3Na% (47R3).
tions. We obtain explicitly the values of the transition tem-  The solvent that occupies the total voluveof the sys-
perature for different densities of salt and for different vol-tem is represented by a uniform medium of a dielectric con-
ume fractions of charged monomers. As the temperature istante in which an amount of simple 1:1 salt has been added.
lowered even further, the counterion-monomer associatiof he positive and negative ions of salt dissolved in the sol-
becomes energetically favorable. The number of ions of salent have a fixed densitigg,=pg +po =2pg =2po . The
attached to the chain increases. As»0, the fraction of basic approximations of our model a¢&) in the limit of
unpaired monomers approaches zero and the PA molecularge dilution we can neglect the interactions between differ-
becomes extended like a usual neutral polymer. Within ouent PAs and concentrate our attention on one ch@nThe
approach we find that the instability observed by HJ is hid-most relevant interaction between the monomers of the chain
den inside the metastable region of the salt solution. Furtheand the free ions of salt is of electrostatic nature. For sim-
more, beyond the HJ results, we are able to investigate thglicity, the excluded volume interactions between the PA and
properties of a polymer-salt solution when the density of salthe salt will be neglected3) The short-range interactions
is quite small. We find that fop,< p, the fluctuation induced between the polymer and nonionic solvent are included in
attraction between the monomers is strong and the polymeéhe effective value of the second virial coefficient.

A. Introduction

exists in a dilute collapsed state faimostall temperatures. The strong electrostatic interactions make it favorable for
At very low temperatures and low densities, the system unthe ions of salt to associate with the PA. After the thermal
dergoes a first-order transition into an extended state. equilibrium is achieved, the chain is composed of three dif-

The paper is organized as follows. In Sec. Il our modelferent structures: neutral monomers, free charged monomers,
for PA + salt is presented and the Helmoltz free energy ofand monomers that have an associated ion of salt attached to
the composed system is constructed. A full thermodynamithem (see Fig. 1 We shall refer to the latter as a “dipolar
analysis is formulated in Sec. lll, in particular, the equationspair.” The total number of monomers can then be written as
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N=Ny+ N;+N§+Nd. 1) salt, and monomer-salt interactior(s) an entropic energy
due to the mixing of the different types of particles present
whereN; andN, are the number of unassociated positiveinside the regiorV/; .
and negative monomers amdl; is the total nhumber of di-

poles. Definingf as the number fraction of charged mono- 1. Elastic free energy
mers in the PA, ana as the fraction of charged monomers  According to the Flory—de Genngg,14,17 theory, the
that form dipoles, we can write elastic free energy of the chain[i$8]
Nn=(1-f)N, neutral, BFe=3(a?-1)-3Ina, (4
L f B where a=R/R, is the expansion factor of the chain, mea-
Np = 5(1—X)N:Np , charged, sured relative to the nonstrained Gaussian state with radius

RO%a\/N

Ng=fxN, dipoles. 2
d , dipoles @ 2. Free energy of excluded volume

It is then possible to express the densities of neutrals, Following the usual Flory—de Genng$—4] theory, the
charges, and dipolar pairs, in terms of the total density of thehort-range interactions between the particles of the chain, at

chainp=N/V; by the expressions low densities, are approximated by a virial expansion
pn=(1—-"f)p, N N
ﬁFECZEWﬂH‘ EWZPZ- )
f
+— _ - -
P=3 (1=x)p=p", whereW; andW, are second and the third virial coefficients.
The excluded volume interaction for the salt is approxi-
pa=fXp=pq +pq (3)  mated by the free-volume forfi9,20
where p; and p; are the densities of dipoles containing BFic=—Vipsn(1—Bpy), (6)

positive and negative monomers, respectively. In principle, . . . . .
ions of salt are different from the monomers of the PA and/N€reB is chosen to yield appropriate maximal packing den-

the dipoles formed of positive and negative monomers havé'lles or to.match high- second.vmal cpefﬁment. Since we

to be distinguished. Since, however, the PA is neutral, iff"® 2Ssuming that the relevant interaction between the mono-

equilibrium p = p; ' ’ " “mers and the salt particles is electrostatic, we do not consider
d=Pd -

The salt particles are free to move along the whole volthe excluded volume repulsion between the free ions inside

ume of the composed system. In the absence of the PA, tq\éibir:i%rt]hteorphoen%rgﬁ; f).ltgl#zgihg;gyei(sdwed volume con-

positive and negative charges are uniformly distributed with

a constant densityg,. In the presence of PA, due to electro- 0o _ _ _

static quctuations?(t)he densﬁy of salt near the polymeras AFhc=~Vopoln(1=Bpo), @

equal topy. Therefore, in order to treat the problem in a and, for small densitiep,, it can be neglected.

simple way, we shall divide the total system of voluive

into two subregions: “inside” and “outside” the volume 3. Electrostatic term

V; . The density of salt particles outside is uniform and equal

to po=Ngy/Vy, whereV=V,;+V,. The density of the salt

inside the volume/; is ps=p< + p5 . Since there is an equal

number of positive and negative free iong, =p, =p4/2

=Ns/V;. N, (ka)?
BFpu=— W In(ka+1)+

The electrostatic interaction between the charges is calcu-
lated in the framework of the Debye-kkel (DH) theory.
The standard argument leads[fi®,19-2]

—kal. (8
B. Helmoltz free energy

The Helmoltz free energy for the whole system is the suninside V;, the inverse Debye screening length=1/¢p, is
of two termsF=F,+F,. The “inside” free energyF;, as- determined by all free unassociated charged species, i.e.,
sociated with the subregion where the polymer and the safoth monomers and salt ions, so thataf*=4mp]/T*,
coexist, and the “outside” contributioff,, for the regions Wherep} =a®N;/V;=p% +f(1-x)p* andT* =kgTea/q’.
where only salt is present. The free energy in the outsid®utside the volumé/;, the Debye length is determined by
region is composed df) an energy due to short-range repul- the concentration of saltk@)?= (kqa)?=4mp}/T*.
sion; (i) an electrostatic energy due to the interaction be- The DHBj theory has proven to be successful in giving
tween ionsfiii ) and the kinetic-entropic contribution. For the the correct qualitative picture of a simple electrolyf9—
inside region, the Helmoltz free enerdy, contains(i) an  21]. Thus, while inclusion of higher-order contributions,
elastic contribution due to the elongation and contraction okuch as dipole-ion and dipole-dipole interactions, improves
the chain;(ii) an energy due to the monomer-monomer in-the quantitative agreement of the theory with experiments
teraction;(iii ) an energy due to the ion-ion short range repul-[22] and Monte Carlo(MC) simulations[23], most of the
sion; (iv) an electrostatic energy of monomer-monomer, saltimportant physics is already captured at the DHBj I§2€l].
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As a leading-order approximation we shall, therefore, treat Outside, inV, the entropic contribution to the free energy

the dipolar clusters as ideal noninteracting specie. is given by an ideal gas free energy
4. Free energy of mixing BF=Vopo INA3pg +Vopg INA3pg —Vopg —Vopq -
Inside the volumeV;, the system is composed of a mix- (13
ture of neutral, positive and negative monomers, as well as,
positive and negative ions of salt, and dipoles made of mono- IIl. THERMODYNAMICS OF THE SYSTEM

mers and associated counterion. If the bonds connecting the
monomers were cut, we would have a “gas” made of these The equilibrium configuration of the PA salt system is

Spec|es The ideal gas free energy of the mixture is determined by the minimization of the Gibbs free energy.
Since the total system is composed of two subregions, the

total Gibbs free energy can be written@s=G; + G, where
BFia=2 | N In § —N;j|, (9 G, is the Gibbs free energy of the subsystem formed by the
J ! “inside” region and Gy is the Gibbs free energy for “out-
where A;(T) is the mean thermal wavelength, side” region,V,. The minimization of the total free energy
Aj(T)= h/\/27-rkaBT m; is the geometric mean mass for a implies thatéG=6G;+ 6Go=0 and, consequently,
cluster ofk; units, and§;(T) is the internal partition func-

3k

tion. The mdeXJ specifies all the posgble species: p'olsmve, 0= (9—G'dVi+ &—GOdVOJr il dN+ dG i dN‘
negative, and neutral monomers, dipoles, and positive and Vi Vo N, IN,
negative free ions. In our cade,=k_=k,=ks=1 and
k,=2. To simplify the notation, we shall take the masses of 5 U"G LSS ‘9Gi AN + 9G ATV
both monomers and ions to be equal o therefore, &Nd aN_ a INg ~ °  INg
Aj(T)=A. Since all the monomers are hard spheres, the
molecular partition is a constagl,= &, == £&=1. For di- ‘960 ’960 950 uN- (14
poles, however, the internal partition function[ i3] aNO Ny °°
fz(T*)=4Wf AT 24 =K (T*), (10) The total volume of the system is fixe®=V;+ V,,
which leads to the conditioAV;= — 6V and, consequently,

to the equality of the osmotic pressuies — dG/dV inside

*
whereK(T*) defines an association constant for the forma- "and outside the globule,

tion of bound dipolar pairs. For the cutoff, we use the
Bjerrum’s choicea/2T* which corresponds to the inflection
point of the integral as a function af The Bjerrum equilib-
rium constant is

P,=P,+P,=P. (15)

In the above expression, our first condition for equilibrium,
3 Py, Ps, and P, are the osmotic pressures of the polymer,

2ma® 1 , ) T g . :
K(T*)= 3(T*) Ei| = = —Ei(2)t+e”|— e salt inside the volumé&/,;, and salt inV,, respectively.
Now, since the total number of ions of salt,
Ng +NJ+Nj+Ng+Ng+Ng, and the total number of
X2+ =+ =53 (11) - - I NTENTENT (insi
T " (T%)2 monomers that contain chargég, + N +Ny +Ng (inside

V;), are constants, we haveéN =—06Ng (where

As was shown by Ebelinf24] the low temperature asymp- Ny=N;+N; and Np=Ng +NF +) and 5No— SNg— SN

totic value of this constant is iexactagreement with the (where Ny=N +N+ and No—No +NJ). Furthermore,
cluster expansiof25]. since we are conS|der|ng a neutral PA and a neutral salt

While the ions of the salt are free to move mdependentlysom“on the chemical potentialsus=dG/JN: and
of each other, the monomers of PA are constrained by the +—(9G/(9N— for negatlve and posmvse species are equal

bonds that maintain the integrity of the chain. Equatigh C =t =p. and o= Mp . Therefore, Eq(14) be-

therefore, overestimate the entropic free energy by thé;omes
amount equivalent to the free energy of the ideal gas com-

posed ofN particles. The free energy of mixing is therefore,

3k-
BF vix= 2 NIn—— —N
§J ¢ whereu, and u4 are the chemical potentials of the charged
— 3 A3t —1 A3 — monomers and the dipoles along the chain agénd . are
=VipnInAZpy Vi TInATp 4 VipInATp the chemical potentigls of freegsalt insideﬁgnd éfﬁside the
pa " volume V;, respectively. Since the number of dipole pairs
( K(T%) +Vipg INA® K(T*) and free ions are independent variables, the(E). leads to
two additional equilibrium conditions: the chemical associa-
+V|Ps |nA3ps +Vips InA3 Ps — ip|nA3p—Vip;r tion

0= _Mpde+ /"dde+ ,LLSd NS_ /Lo(d N5+de):O y
pA® } (16

pj
Nln _NJ -

Vipg d INA®——~

—Vips - (12) Mot s= 17
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and the condition for free exchange of salt between the “in-

side” and the “outside” regions

Mo~ Ms- (18)

Instead of working with a full system composed of both
the “inside” and the “outside” regions, we can confine our
attention strictly to the “inside”
introducing some Lagrange multipliers. This leads toeén
fectiveGibbs free energy

BG= BF+BPoV—BuoNs—BroNg,
whereF is the Helmoltz free energy of the “inside” region,
BF = BF 1+ BFic+ BFiict+ BFon+ BFmix

and the pressurPy and the chemical potentigly play the
role of Lagrange multipliers. All the thermodynamic infor-
mation about the “inside” region is now containedd The
equilibrium state of the PA+ salt subsystem is determined
by the minimization ofG, 6G=0,

r?,[)’F

19

(20

dVv+

9BF IBF
N —7 T B8Py —Buo | dNg+ IN. —Buo|dNy
JBF
+£de=0.

N 21)
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Making once again use of the conservation of the number of
charged monomers and of the number of particles of salt, it
is not hard to show that this reduces to three equilibrium Egs.

(15), (17), and(18), respectively.

To find the quilibrium state of the PA salt system, these
equations must be solved simultaneously. Explicitly, the con-
ditions for equality of pressures and for free exchange of sa
between the “inside” and the “outside” regions are, respec-
tively,

Bp? . S z2(z+2)]  3(a?-1)
Pt T B, T rad| 2D T 00| T aradainN
W,
T2’
Bpj Z5(2p+2)
+ +1)— ————
Pot TRy T Bmad| 2R DT )
(22
wherez=ka=\4mp7]/T* andzy=kpa= 4mps/T* and,
(1_BPs)Po:ex 1z
(1—Bpg)ps 2T* |z+1 zp+1
Bps Bpo
"1 Bp 1-Bpo 3

The condition of chemical equilibrium between the di-
poles and the monopoles reduces to,

K(T*) 1 z  Bp,
ex —*—+
1-Bp, T 2+1 ' 1-Bp,

2X B
(1_X)Ps_

}. (24)

s s
Py [mol]

FIG. 2. (a) The coexistence curve for the simple 1:1 salt, for the
IrIestrlcted primitive modelRPM) according to Debye-Htkel (DH)
theory, with hard-core repulsive contributions. The region inside the
dotted box is represented in the inset. The critical papen dia-
mong is T; ~0.062 04 ancp} ~0.004 67. The two possible paths
for the density of salpy are represented by/ on the vapor side of
coexistence curvéopen circles and (L) on the liquid side of co-
existence curvéopen squargs The dashed line represents the HJ
line of instability, and the dotted-dashed line is the minimum den-
sity p of the polymer. The solid line represents theemperature
T,; (b) The transition temperatufg, in K as a function of density
in moles(mol). In Eq. (B5) we have used the hydrated diameter of
counterionsa=4 A and the hard sphere second virial tekiy
=47a%3. The square represents the only experimentally available
point from Ref.[26].

The equilibrium configuration of the PA, for a fixddand
po. IS given by the solutions of the coupled E@82), (23),
and (24).

IV. RESULTS AND DISCUSSION

For a fixed temperature and the external densitythese
equations can now be solved to yield the values pX, and
ps. However, as the temperature is lowered, belgiv(see
Appendix A for detail$, the salt solution phase separates
into a high (liquid) and low (vapop density phases. A PA
then finds itself either in the high or low density phase of the
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EXTENDED COLLAPSED
( a ) L l .-
0 T’ T"
(b) | DILUTED COLLAPSED | EXTENDED
0 T* T"

]

FIG. 3. Schematic phase diagram fé® p, on the vapor side
and(b) p, on the liquid side of the coexistence curve. The tempera-
ture T} is very low.

salt solution(see Fig. 2 We shall assume that the PA will

be in the high density phase if the original dengiy>p.,
wherep, is the critical point density for the pure salt solution
[19,20, and in the low density phasg)<p.. We chose a
path such that, as the temperature is lowered, the density of
the salt remains constant and equapgoup to T [the tem- a
perature at whiclpo=p,(T%), wherep,, is the coexistence 14}
curve boundary Below T po=p,(T*).

In order to obtain the phase diagram of the system, we
assumedV; =4ma’/3, the value corresponding to the sec-
ond virial coefficient for the gas of hard spheri¥ss 100 and otor
f=1. We chose two different paths: one on the vapor side of
the coexistence curve, represented by the patin Fig. 2
and another on the liquid side of the coexistence curve, rep- 6
resented by the path.

First, the high temperature density of the salt outside the
volume V; was fixed atpy =0.0139>p* (corresponding to
T*=0.06), which implies a quench on the liquid side of the 02 =07 107 o 0 10
coexistence curve as shown in Fig. 2. Hgs&~0.0065 is
the reduced density of the polymer in the extended state,
associated withv=a, where« is the solution of Eq(27),
with W;>0 [see Fig. 4b)]. Solving Eqs(22), (23), and(24),
the following phase diagram arisésee Fig. 3 and Fig.)4At
high temperatures, the excluded volume repulsion is the
dominant interaction and the polymer is extendschling as
v=13/5). As the temperature is decreased, the fluctuation in-
duced electrostatic attraction increases and, at a temperaturg”
T, the polymer collapses into a dilute globular state, the 004 |
microelectrolyte(see Appendix B for details As the tem-
perature is decreased even further, association between the
monomer and the counterions begins to takes place. The val- 02|
ues ofx anda smoothly increases and the polymer expands.
Meanwhile, the density of the salt inside the globule ap-
proaches from above the value of the density outside the 0 - . : . .

| . . " 0.05 01 0.15 02 0.25 0.3
volumeV;,p (T). In the Appendix B this collapse transition pr
is analyzed in detail and the transition temperattifg is *
calculated in the framework of the full DH theory for differ- FIG. 4. (a) Fraction of dipoles, (b) expansion factor, and(c)

ent values of salt density and fraction of charged MONOMETy 4 ced density of salt inside of spherical regidnfor a quench on

The unphysical divergence of the density of salt in the ViCin'the liquid side of the coexistence curve, is shown against the tem-

ity of a PA, encountered by HJ is no longer present, being,erature, foN=100,f=1 andW, = 47a3. The dashed line itc)
hidden inside the coexistence region, as shown in Fig. 2. represents the coexistence boundary.

Next, the high temperature density of salt outsievas
fixed at pg =0.003<p; (at T;=0.0618), which implies a quently, the polymer is found in the dilute globular state for
path on the vapor side of the coexistence curve. The solutioany physical temperature. Therefore, no high temperature
of Egs.(22), (23), and(24) leads to the phase diagram for collapse transition is found, when the density of salt is
this region, shown in Fig. 3 and Fig. 5. Even for high tem-p,<p. As the temperature is lowered, however, the ionic
peratures, the electrostatic energy is quite large and, consassociation becomes energetically favorable and the free ions

0.08 |

0.06 | ™

of—— e
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stable(designed withm in Fig. 5 and another stable branch

| (assigned by in Fig. 5. In the presence of a good solvent,
(@) the polymer in this last stable branch is actually extended. At
T*~T’§‘ (see Fig. 3 there is a first-order phase transition
between the dilute globular state and the low temperature
extended state. This transition actually happens at such a low
temperaturdsee Appendix C for detailsthat it is even dif-
ficult to give a good estimate numerically.

For a quench on vapor side, as the temperature is de-
creased, the density of the salt insilg,pg, exhibits an
interesting behavior. Even if the density outsides fixed at
the vapor phase, the density insidgis atp' (T*) [see Fig.
5(c)]. The salt actually separates in two phases, a liquid
10 phase inside the globule and a vapor phase outside. There-

fore, even for a very low density of the salt outside the glob-
ule po=p-(T*) the density of salt inside is quite large
- - - ' 1 Les=pu(T)]

3 Finally, the density of the salt was fixed af <p§
=0.006 36<p* (atT* =0.0619), which implies a quench on
the liquid side of the coexistence curve, but in the region
where the collapse transition is absent. In this case, like in
the preceding situation, the polymer is in the dilute globular
state for almost all temperatures. Differently from what has
happened on the vapor side of the coexistence curve, at low
temperatures there is a smooth crossover from the globular
state to the extended state.

As we pointed out in the last two cases, when the density
of the salt is smalpy<p the DH contribution is governed by
the densityp of polymer. For large temperatures, there are
almost no dipolesx—0 and the density of salt inside the
volumeV; approaches the value outsidg. In this regionz
becomes small and the DH limiting law can be used in Eqg.
(22), which becomes

08 |

06 |

04

02

3(a®-1) W , o
T amalNTt g P WerT =0 (29

whereWg=fa®?/4f 7/6(T*)%2 In the N— limit, the so-
lution of Eq.(25) implies a finite value for the densify and,
consequently, the size of the polymer scales as

R=a N (26)

wherea,=3T* (W5 /41)23a/f(1—x), with WF =W, /a® as

a dimensionless parameter, corresponding to the quality of

the solvent.

, . , Below T}‘ the conformation of the PA is governed by
FIG. 5. (8) Fraction of dipoles, (b) expansion factow, and(©) — e (see Appendix € Since along this branch all the

reduced density of salt inside of spherical region, for a quench on

: : ) . monomers are neutralized by the counterion, the attractive
the vapor side of the coexistence curve, is shown against the tem-

perature, foN=100, f=1 andW,=4ma%3. The stable brancti eIeCtrOStatllc. Interaction IIS .absﬁm andbm 52:2) th% hbard'h
represents a dilute collapsed stdteepresents a stable extended core repulsive ternirepulsivg has to be balanced by the

state andm is a metastable state. Notice how the density of salt€/aStic term(attractive. In this case, we find that
inside the globule asymptotes to the liquid side of the phase bound-
ary ind, even if the density outsidg, is fixed at the vapor phase. 3(a?-1)

_ 12 3_
Al T P W =0, (2

of the salt to condense onto the charged monomers of the

PA. Indeed, in this regiorx, ps, and @ are not a single which is the same as for a neutral polymer:

valued function. Besides the dilute globular stédesigned (i) If W;>0 (good solvent the elastic term
with d in Fig. 5), there are two other branches: one meta-—3(a?—1)/4ma%a®N°2 balances the hard-core contribution
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W, p?/2 and gives a radius of Gyratid®=a;N*® where the  curve boundary ,(T*) between these phases is given by the
amplitudea, = (3W} /87)°a. So, the PA is in an extended solutions of the coupled equations
state;
— |

(i) if W;=0 (8 solveny, the second virial term is zero, P(py)=P(p,), (A1)
and the elastic term balances the third virlp3. In
this case the radius scales @®=a,N*? where a,
— 211/8 — 6 P
_[9W§/(A_nr) ] 6.1,. andW3 =W, /a®. In this case, the PA (%) =p(pl), (A2)
behaves like a coil;

(i) if W21<0 (poor solveny, the second \girial coeffi- whereP=—-9BF/9V and u=dBF/JN. The Helmoltz free
cient |Wy|p®/2 balances the third viriaW,p> and the energygF = BF,c+ BFpy+ BFiq is given by the Eqs(7),
radius of Gyration scales asR=azN'3, where az (8), and(13). Explicitly,
=(3W3 /27|Ws |)¥3a. Thus, the PA is in a dense collapsed

and

state. Bp2 1 2(z+2)
Unfortunately this interesting behavior will be impossible ~ P(Po) =Pt 77 Bp, 8mal 2in(z+1)- ——
to observe experimentally sind’égk is too low. (A3)
V. CONCLUSION and
In this work, we have analyzed the behavior of a neutral wp,)=— z S InA3—— In(1—Bp,)+ Bpo '
polyampholyte in the presence of salt, using the full Debye- 2T* z+1 1-Bp,

Huckel-Bjerrum-Flory(DHB;jF) theory. Allowing for the as- (A4)

sociation between the charged monomers and the free ions of —

salt, we found that when the density of salt is lapge-p, at ~ Wherez=y4mp;/T*. The resulting coexistence curve, for

high temperatures the PA is extended. As the temperature B=4a3y3 (bcc packing, is shown in Fig. 2 and, for low

decreased, there is a collapsed transition to a dilute collapsdé@mperatures, the vapor and liquid branches are given ana-

state aff =T, . As the temperature is decreased even furtherlytically by

the free ions of the salt associate with the charged mono-

mers, decreasing the electrostatic attraction. In fact, at zer 1 F{ 1 1
~a

1 1/2
temperature, all of the monomers are neutralized and, since” 2T* Jr2 Trp;f,lT*)
there is no free charges left, the chain behaves as a usual N
neutral polymer. Therefore, in the presence of a good sol- ( 1 1 ) . [ m  Indmpy
) . +| —=+ INT* —Ind~\/ - ——+
vent, there is a crossover from a dilute globular state to an 2 8mpy Py 8mpw
extended state at low temperatures. If the density of salt is
small po<p the polymer is in the dilute collapsed state for and
almost all temperatures.
This behavior is similar to that found experimentally by
Corpart and CandalR6] in their study of an aqueous solu-
tion of neutral PAs. They observed that a neutral chain con-
taining eq_ual number of positive and negative monomers is — (2 Indmpk,—2—8mpk)T* |,
insoluble in a low density electrolyte. This is in agreement
with our conclusion that the PA will remain collapsed if the 5
density of salt is less tham If the density of salt is increased where py=a’/B is the maximum packing density. As the
abovep, for T>T,, the chain swells and becomes soluble. temperatureT*—>T* py—py—0 and at the critical point
This is indeed what was observed in the experimenf@6ef  p.= p| =p.. The critical temperature and density are
Our analysis extends the work of HJ. We obtain explicitly T ~0.062 04 andp} ~0.004 67. In this case, the reduced
the value of the transition temperatufrg (Fig. 2 as a func-  temperature is only 9% higher than the MC estimate
tion of salt density. Furthermore, we demonstrate that th¢T} =0.057+15,p% =0.030+8) [23], but the critical den-
unphysical instability observed by HJ is a result of their usesity is too small. The low value of critical density is due to
of the Debye-Hukel limiting law and is hidden inside the the fact that DH theory omits important nonlinear configura-
metastable region when the full DHBj theory is applied.  tions, such as formation of cluster, dipoles, quadrupoles, etc.
This configurations can be reintroduced into the theory by
ACKNOWLEDGMENTS allowing for the existence of equilibrium between monopoles
and clusters. At the simplest level that we are considering in
This work was supported in part by CNPg—Conselho Na-this paper, salt dipoles are taken as neutral species that do not

cional de Desenvolvimento Ciefitco e Tecnolgico and interact electrostatically with PA, and can be ignored.
FINEP Financiadora de Estudos e Projetos, Brazil.

(A5)

1-4\mpy T —2T* In—

1
P ~TPM

(AB)

APPENDIX B: THE TEMPERATURE Tj

APPENDIX A: COEXISTENCE CURVE FOR THE SALT . . -,
In this Appendix we study the collapsed transition present

The salt solution exhibits two possible phases, liquidat high temperatures and high concentration of salt. We also
(high density, and vapor(low density. The coexistence compare our results with those of Higgs and Joaf8jy At
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high temperatures, the density of saltinside the volume ~ W f2 ad
V; is slightly higher tharp, (see Fig. 4 and, consequently, Wy = 2 2(T%)2 2g(zg+ 1)2(1—Bpy)?
we can write oo °

" 1 1 o |?
ps=(1+6)po, (B1) (1-Bpo)?  4T* (z9+1)2

(B5)

whereé<1.

The density of free charges along the polymer can alwayéS n conventhnal polymers, fal,>0 (gpod solvent cage
be defined asp=1yp,. In this case, the total density of the polymer will be fully extended, while fow;<0 (bad

charges inside/, is solvent caspwill assume a globular form. AT* =Tj given
by W;=0 in equation above{ solven}, there is a collapse
p1=po(1+5+7y), (B2) transition, as shown in Fig. 2 and Fig(b3
wherey="fy. _ APPENDIX C: THE FIRST-ORDER PHASE TRANSITION
If pPo<p, ’}/>1 and, ther-Efore, at hlgh temperat!Jres, AT LOW TEMPERATURES WHEN  po<p.
where association becomes irrelevant, the electrostatic con-
tribution to the free energy scales ad? This attractive If the density of salt is chosen to be on the vapor side of
interaction is balanced by second virial te¥iyp?/2, which ~ the coexistence curve, at very low temperatures E2@),
forces PA to collapse. (23), and (24) exhibit two possible solutions: one with

If the density of salt is bigger than a fixed valpg>p we ~ ps=p° (low density of salt and another withps= p' (high
havey<1. Therefore, in this cas@,and’y can be treated as density of saltasT*—0. The first solution exists only for
small parameters. Solving E(R3) for & up to second order low temperatures, while the second is present for all tem-

in 7y gives peratures. Consequently, we have to investigate if there
would be a phase transition between these two phases as the
1 2 1 1 Z -1 temperature is decreased. In order to address this question,
o= YT+ (Zo+ 12| (1=Bpy)? AT (Zg+1)2 we have to compare the respective free energies for the two
branches.
-~ 1 Z The free energy associated with the solution with low
~Y 167" (Zo+ 1)*(1—Bpy)® density of salt is obtained by substituting
% 1 _ 1 Zo 3 (3zp+1)(zp+1) X%l'f‘O(eil/ZT*),
(1-Bpo)?  AT* (zo+1)? 1-Bpo
1 a~a+0(e ),
- ﬁzo(1_3BPo)}- (B3)
ps~p'+0O(e” Y7, (CY

Assuming that both the monomers and the ions of salt are
point particles B=0) and expanding i, to leading-order  into the Eq.(19) what leads to
the expression above reduces to E277) of Higgs and Joan-
ny's paper[9]. Unlike their analysis, however, we find that E N f Nf .
when the full DH theory is used, the unphysical divergence BG"~— oT* 2\[mpk, T +0(e )- (€2
at 1/(1-Bp)?=12z0/4T*(zo+1)? is actually located inside Pum
the coexistence curve. Since the density of salt is always
outside the coexistence region, this divergence is never en.
countered.

The scaling form of the radius of gyration is then given by
substituting Eq(B3) into Eq.(22)

On the other hand, the free energy associated with the
gh density state is obtained by substituting

@ 34/ mpy T* —InT* 8mpy
JT* ’

X=1+0

3(a®-1) W

47adadN32 T 2 Pt Wep

a~a+0(1-x),
wf? as U
T 2(T%)? 29(zo+ 1)A(1—Bpo)? ps=p"+0(1-x), (3
1 1 zo |71 into Eq.(19). The resulting free energy is given by

X =0.

_ 2
(1-Bpg)2 4T* (z+1)% P

Nfx Nf @ 3 /moy T+ —InT* I8mpy
(B4  BG~— —— +0

2T 2\mpy, T* JT*

Note that this expression is just the minimization of the free (Co
energy of a usual polymer with the second virial coefficient

renormalized to Comparing Egs. (C2) and (C4) gives that BG°
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~BGE+(1-x)fN/2T*, where (1-x) scales as tures. This indicates that there is a phase transition between
exp{—3/4 /WPKAT*—lnT*/SWPKA}/*/T*- Since the last term the dilute globular state and the extended state. Unfortu-

in the above expression is positive for low temperatures, th&ately, numerical analysis indicates that this transition hap-
phase of low density of salt is more stable at low temperapens at very low temperature.
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