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Gas-liquid criticality in the ultrasoft restricted primitive model (URPM) of polyelectrolytes is studied using the
collective variables-based theory. For the model, an effective Hamiltonian is derived and explicit expressions
for all the coefficients are found in a one-loop approximation. Based on this Hamiltonian, the phase and critical
behaviour is analysed. Our results provide evidence that the nature of the gas-liquid criticality in the URPM is
the same as in the restricted primitive model that includes a hard core.
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Recently, a new model of polyelectrolyte solutions, the so-called ultrasoft restricted primitive model
(URPM), has been introduced in [1,[2]. The URPM is a globally electroneutral equimolar mixture of positive
and negative spatially extended charge distributions. Contrary to the familiar restricted primitive model
(RPM) [3], no hard cores are involved in the URPM. Nevertheless, the URPM admits a thermodynamic limit
since it is H-stable in the sence of Fisher and Ruelle [4, 5]. The phase diagram of the model was studied
in [1,12,6] using Monte Carlo (MC) and molecular dynamic simulations. The analysis of simulation data
for relatively small system sizes revealed a nontrivial topology of the phase diagram: a region of low
temperature gas-liquid phase coexistence terminating at a critical point and a sharp conductor-insulator
transition above this point [1, |2]. The simulation data also hinted at a tricritical nature of the gas-liquid
critical point. Such a phase behaviour qualitatively differs from that found in the RPM. More recently
[6], the gas-liquid phase transition and the critical behavior of the URPM have been studied using finite
size scaling MC simulations in the grand canonical ensemble. While these simulation results confirm
the existence of the gas-liquid critical point, they fail to provide a conclusive evidence for the nature of
criticality of the model as well as reliable values for the critical exponents. In addition, the estimates of
the critical point parameters (T = 0.0134 and p? = 0.26) differ from those given in [2], i.e., T ~ 0.018,
pé ~0.16 (expressed in the same reduced units as in [6]) which are obtained for smaller system sizes and
without finite scaling size analysis. In general, the simulation results show a strong dependence of the
coexistence envelope (its location and shape) on the system size compared to the case of the RPM. The
gas-liquid phase coexistence in the URPM has been also predicted by the mean-field (MF) like theories
[7, 18], although with the critical point being considerably distant from the simulations. As expected, the
MF theories predict a classical critical behavior near the critical point.

Motivated by the above mentioned simulation studies, we address the issue of the gas-liquid criticality
in the URPM using the theory that exploits the method of collective variables (CVs) [9, [10]. The theory
enables us to derive, on the microscopic grounds, the effective Hamiltonian and find all the relevant
coefficients, including the square-gradient term, within the framework of the same approximation [11].
Using this theory, we obtained the effective Hamiltonian of the RPM in the vicinity of the gas-liquid critical
point that takes into account the contribution from higher order correlations between the positive and
negative ions [11,/12]. The resulting form of this Hamiltonian confirms the fact that its critical behaviour
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belongs to the universal class of a three-dimensional Ising model. Herein below, we derive the effective
Hamiltonian of the URPM and, on this basis, analyse the phase and critical behaviour.

We consider an equimolar mixture of N, polycations of charge +Q and N_ (= N,) polyanions of
charge —Q in a volume V with the total number density p = N/V (N = N, + N_). The domain of the
volume V occupied by polyions is denoted by €. Polyions bear an extended charge distribution +Qp(r)
where the normalized distribution p(r) is supposed to be the same for both species and is given by a
Gaussian law
_exp[-r?/(26%)]

p(r) (2][6’2)3/2

)

0 = 0/2 is the radius of the polyion. The interaction potential between a polyion of species & and one of
the species f is as follows [2]:

lap(r) = Q“rQﬁ erf(r/25). )

This pair potential is finite at a full overlap [erf(r/25) ~ r as r — 0] ensuring the existence of the thermo-
dynamic limit [4-6]. The Fourier transform of u,g(r) has the form:

47QqQp

2 exp(—k%52). )]

aaﬁ(k) =

The model (@ is at equilibrium in the grand canonical ensemble, and by g = 1/kg T we denote the
inverse temperature (kg is the Boltzmann constant) and p is the chemical potential. We use the method
of CVs, with the ideal gas system being a reference system. In this case, one can use the exact functional
representation of the grand partition function derived for a multicomponent system in [13] (see equa-
tion (18) in [13]). For the model (@, it can be presented as follows:

E=f@pzvf@pq exp (—#1pn,pol), (3)
where the Hamiltonian #[pn, pl has the form:

PN(r) +po(r)
2

M] + gfdrdr' uQq(r—r')

pr(r)pQ(r')—fdrpN(l‘WN. 4

1
HlpN,pgl = —fdrpN(r)+Efdr [on@®) +po(@)]In

1
+ Efdr [on@®) — po@)]In

In the above equations, p and pg denote the two CVs: p(r) = p, (r) + p_ (r) describing the field of the
total number density and pq (r) = p; (r) — p— (r) describing the field of the charge density (o (-)(r), in turn,
describes the field of the number density of the cations (anions)). 1 is a linear combination of the inter-
action potentials uqg(r): ugq(r) = i (U (1) =2Us— () +u——(1)]. Vy = (V4 +v_)/2, where v, (r) = va+vg
is the dimensionless chemical potential of the ath species, vq = Blig —3InAg, A4 is the de Broglie thermal
wavelength and v$ is the self-energy of the ath species v5 = Bugq(r,1)/2 = Bug/2 with uy = Q?/(/75).
For the model under consideration, ugq(r) = 4+ (r) = u——(r) = lus—(r)|and vy = vy =v_ = V.

Functional integrals ()-@) can be given a precise meaning in the case where the domain Q is a
cube of side L (V = L3) with periodic boundary conditions. This means that we restrict ourselves to the
fields pa(r) (A= N, Q) which can be written as Fourier series p4(r) = vl Y ken Pk 4 exp(ikr), where A =
(2r/L)Z3 is the reciprocal cubic lattice [14,15].

Expanding the entropic part of Hamiltonian () in powers of py and pg (more exactly, in powers
of deviations of py and pg from their MF values), we arrive at the expression similar to that obtained
in [11] (see equation (7) in [11]). The main difference is that in the case _of the URPM, the contributions
from the hard sphere reference system to series expansion coefficients ag,f”) reduce to the ideal gas terms.
Next, following the procedure developed in [11], one can derive the effective Hamiltonian of the URPM
near the gas-liquid critical point. Here, we directly use the expressions obtained in [11] replacing the
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contributions from the hard sphere system with the corresponding terms for the ideal gas model. As a
result, the effective Hamiltonian in the Fourier space representation reads as

1
A = aopon+ 2I(N) (@20 + K> a2,2) preon Pt
' k
1
+ r;) n|<N>n—l K Zk an,00ky,N Pky,N - - pkn,N6k1+._.+kn , 5)
=237 1o Kn

where 0y, +.. 1k, is the Kronecker symbol. The coefficients in a one-loop approximation have the form:

1 ~
ao = —AVN_m;gQ(Q), (6)
~ n n-D'w .~  n
ano = (D"(n-2)!- 2 Y [go@]", n=2 7)
q
_ 1 =) =
@p = oo 3 g5 @ [1+&(a@)], )]

where Avy = vy — vils, the superscript “id” refers to the ideal gas system. gg(q) is the screened potential

Folq = - 10D ©
1+ppliqe(q)
and the superscript (2) in equation (8) denotes the second-order derivative of go(q) with respect to the
wave vector. The terms involving screened potentials arise from integration in (3) over the charge sub-
system (CVs p().
Taking into account @) and (3, one can obtain explicit expressions for coefficients (@)-(8):

X

(e 0]
a1 1f x*d
__*+_ > ,
2T ﬁo T*x%2eX +24n 7

ay = —-Vv+v (10)

0024 n—-1 n—-2 2d
ano = D"m-2)'|1-(n-1) 241) 2\/5 a x, n=2, 11
; (T* x%eX +24n /)"

oo

azo = —481’]\/ET*2[

0

2
x4 er

(T*x2e¥ +24n /m)*

[24n VA3 +7x% +2xh)

—T*x%e® (1+ x% +2xY)] dx. (12)

In equations (T0)-(12), the following notations are introduced: T* = kg T/ug = kg T 75 /Q? n=npd3/6,
and x = k& . Coefficient a g is the excess part of the chemical potential v, and the equation a; ¢ = 0 yields
the chemical potential in the random phase approximation (RPA).

It should be emphasized that although the original Hamiltonian of the URPM [equation ()] does not
include direct pair attractive interactions of total number density fluctuations, the effective short-range
attraction does appear in the effective Hamiltonian. This attractive interaction is the result of taking into
account the charge-charge correlations through integration over the charge subsystem. Therefore, one
can state that the mechanism of the gas-liquid separation in the URPM is the same as in the RPM. The
form of the effective Hamiltonian (3)-(8) suggests the Ising-like critical behaviour of the URPM. Herein
below, we use explicit expressions ([0)-(12) for the analysis of the gas-liquid phase separation.

First, we consider the critical point. At the critical point, the system of equations

azo(pc, Te) =0, aso(pc, Tc) =0 (13)

holds. In addition to equations (I3), we solve the equation a4, = 0. The loci of the above-mentioned
equations in the (T*, p*) plane are shown in figure[dl The solid line corresponding to the solutions of the
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Figure 1. Loci of equations ap o = 0 (solid line), a3 o = 0 (dashed line), and a4, = 0 (dotted line). Tempera-
ture and density are given in dimensionless unites: T* = kg T v/7o/(2Q?) and p*= pa3.

first equation in (3) is called a spinodal line. The two lines (solid and dashed) intersect at a maximum of
the gas-liquid spinodal yielding the coordinates of the critical point. As is seen, coefficient a4, does not
vanish at the critical point suggesting that this point is a regular critical point.

Critical temperature and critical density expressed in reduced units are presented in table[dl In order
to make some contact with the results obtained for the RPM, hereafter we use the same reduced units
for the density as in [6], i.e., p* = po® where o is the diameter of the polyion. Our choice of the reduced
temperature, T* = kg T/up with up being the maximum strength of the attractive interaction, coincides
with that of [1, 12,16, /7]. In particular, one gets 1y = 2Q2/ (v/7o) for the URPM and ug = QZ/ o in the case of
the RPM where o is the diameter of the polyion in the former case and the diameter of the hard sphere/ion
in the latter case. With the critical parameters defined in such a way, the critical temperature of the URPM
appears to be smaller than the critical temperature of the RPM obtained in the same approximation,
whereas the critical densities of the both models are nearly the same. As expected, our estimates of the
critical parameters of the URPM coincide with the results obtained in [8] in the RPA. It should be noted
that the RPA, like other mean-field theories [7], predicts a far too high critical temperature and a far too
low critical density compared with the available simulation data [1,2,/6]. Some possible reasons for such
a situation have been discussed in [7].

Table 1. Reduced gas-liquid critical parameters, coefficients of the effective Hamiltonian and the reduced
Ginzburg temperature fg for the ultrasoft restricted primitive model (URPM) and for the restricted prim-
itive model (RPM) in the one-loop approximation. Temperature and density are given in dimensionless
unites: Ty = kg Te/ug and pg = pco (see the text for details). The data for the RPM are taken from [11].

| Model | Tg< | pz | ap ¢ | a2,2/0'2 | aso | /¢ |
URPM 0.06750 0.0081 | 1.0005 0.2693 0.1384 0.0031
RPM 0.08446 0.0088 | 1.0758 0.2570 0.1752 0.0053

To calculate the coexistence curve, first, equating the right-hand side of to zero, we obtain an ex-
pression for the chemical potential. Then, the Maxwell double-tangent construction is employed. Figure[2l
shows the coexistence curve of the URPM (a solid line) in the (T™,p*) plane. The coexistence curve of the
RPM (a dashed line) is presented for comparison. As is seen, the shape of the both curves is very similar.
The inset shows the both coexistence curves in the corresponding-state variables: t* = (T* — T})/ T} and
Ap* = (p* — pZ)/pk. Comparing the two coexistence envelopes in this case, one can see that the URPM
has a slightly wider coexistence region than the RPM.

Finally, using equations (11} and (12), we calculate the reduced Ginzburg temperature g where fg =
(Tg — To)/ Tc (T is the Ginzburg temperature and 7. is the MF critical temperature). According to the
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Ginzburg criterion [15], tg marks a lower bound of the temperature region where a MF description is
self-consistent. For |f| < fg, Ising critical behavior should be exhibited. One expects a crossover from the
MF behaviour to the Ising-like critical behaviour when the reduced temperature || becomes of the order
of 7 [16]. The reduced Ginzburg temperature can be expressed in terms of coefficients of the Hamiltonian
@D as follows [17]:

2

1 a
_ . 4,03 , (14)
32 tlz)[¢22,2
where ay ; = 0ay /0 t| ,—o- Taking into account (I, one can obtain for ay ;
oo
48nT> f xterdx (15)
ap ¢ = 40ol] )
) (1Ex2ex +24n )3

0

where the same dimensionless units as in (IT) are used.
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Figure 2. Gas-liquid coexistence curve of the URPM in the (T*,p*) representation. The coexistence curve
of the RPM (a dashed line) is presented for comparison (see the text for details). The inset shows the both
coexistence curves in the corresponding-state variables.

Substituting the parameters of the URPM critical point in equations (I (for n = 4), (12) and (@415,
one gets the values for the Hamiltonian coefficients and the reduced Ginzburg temperature in the one-
loop approximation. The results are presented in table[]] The corresponding values for the RPM obtained
within the framework of the same approximation in [11] are presented in the table for comparison. As
is seen, there is only a little difference between the results obtained for the both models. In particular,
the models have much the same region of the effective density-density attractions: ,/az2/o = 0.5. It is
essential that the reduced Ginzburg temperature obtained for the URPM is close to that found for the
RPM, ie., %M = 0.6:3PM. It is worth noting that the reduced Ginzburg temperature of the RPM is about
20 times smaller than for the purely nonionic model (a one-component hard-sphere square-well model)
[11].

In summary, we have derived a microscopic-based effective Hamiltonian of the URPM in the vicinity
of the gas-liquid critical point and have found analytic expressions for all the coefficients in the one-loop
approximation. As for the RPM, the form of the effective Hamiltonian indicates that the critical behavior
of the URPM belongs to the universal class of a three-dimensional Ising model. Based on this Hamiltonian,
we have calculated the reduced Ginzburg temperature g which, according to the Ginzburg criterion,
marks the onset of the critical region. We have found that fg for the URPM is of the same order as for the
RPM. In addition, our results have shown that the shapes of coexistence envelope of the URPM and the
RPM resemble each other when presented in the similar dimensionless units. Our results suggest that the
gas-liquid criticality in both models, i.e., the URPM and the RPM, should be of the same nature.
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KpnTunyHa Touka ras-piguHa ynbTpam’akoi o6mexxeHoi
NPUMITUBHOI MoAeni: aHaniTU4YHa Teopis

O. NauaraH

IHCTUTYT di3nkn KoHAeHcoBaHMX cuctem HAH YkpaiHw, Byn. CeHuiupkoro, 1, 79011 M. JibBiB, YKpaiHa

Br1BYaETLCA KPUTWMYHICTb ras-piguvHa yabTpaM'akoi obmexeHoi npuMiTuBHOi Mogeni (URPM) nonienextponiTis,
BUKOPWCTOBYHOUM TEOPItO, L0 6A3yETLCA HA METOAI KONEKTUBHUX 3MiHHWX. N8 Liei Mogeni BrBeAeHO epekTB-
HWIA raMinbTOHIaH | OTPUMAHO ABHI BMpasu Ans BCix KoedilieHTiB B ogHOMETeBOMY HabauxeHHi. Ha ocHOBI
LibOro ramifIbTOHiaHy aHanisyeTbca $pasoBa i KpUTMYHA NoBediHka. OTpUMaHi pesynbTaTh CBig4aTh Mpo Te, Lo
npupoaa KpUTUYHOCTI ras-pignHa B URPM € Takoto X, fIK i B 06MeXeHii NpUMITUBHIA MoZeni, ika BK/IOYAE
TBEpAWiA Kop.

KntouvoBi cnoBa: nosienekTponity, yibTpam’aka obMmexeHa npuMiTUBHa MOA€e/b, KPUTUYHA TOYKA ras-piguHa,
epekTUBHWIL ramiibToHiaH
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