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1 | INTRODUCTION

Abstract

With the rapid advancement of the new energy industry, porous electrode materials
and complex electrolytes have gained widespread usage. Electrolytes exhibit distinc-
tive phase behavior when subjected to the combined Influence of confined space
and electric fields. However, the measurement and prediction of such phase behavior
encounter significant challenges. Consequently, numerous theoretical tools have
been employed to establish models for phase equilibrium calculations. Nevertheless,
current research in this field has notable limitations and fails to address the confine-
ment of space or complex polymer electrolytes. Considering these shortcomings, an
associating polymer density functional theory (PDFT) was developed by modifying
excess free energy. This study examines the phase behavior of electrolytes with vari-
ous chain lengths within diverse confined slits, revealing that the confinement effect
and fluid tall chains can narrow the phase diagram. Additionally, a linear correlation
between the electric field strength and the phase equilibrium offset has been identi-
fied, and a quantitative relationship is derived. The results of this investigation con-
tribute to a deeper comprehension of complex fluid phase behavior and guide the
design of electrochemical devices.

KEYWORDS
electrolyte, phase behavior, phase diagram, polymer density functional theory, porous electrode

previous microenvironment and lead to further problems.****3 Com-

With the rapid development of the new energy industry, many new
electrochemical energy storage devices have been developed and
widely used?"® The performance of electrochemical modules is
closely related to the micro-interface structure.” In recent years,
with new electrolytes and electrode materials, novel electrochemical
interfaces have emerged® ' which are more complex than the

plex electrolytes are bound to exhibit unique phase behavior in
porous electrode materials or battery separators under the dual
effects of confined space and electric fleld.'**3 Many slits In the bat-
tery are only a few nanometers wide, and the electrolytes used are
not Just ordinary fons but may be complex ionic liquids or
polymers,'®-*® Monte Carlo (MC) simulation has shown that the first-
order phase transltion may occur in porous electrodes when the pore
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size Is equivalent to the ion size.”2! Different phase behaviors will
affect the performance of electrochemical modules.?®2® However,
due to the experimental difflcultles In accurately describing the phase
behavlor, the phase diagram under special conditions cannot be nvea-
sured. For complex flulds, such problems are frore prominent.”*?s
Therefore, the phase behavior of complex fluld in confined charged
space is a difficult problem.

Previously, many scholars have explored the phase behavior of
complex electrolytes and drawn many phase diagrams.”®-?8 At first, it
mainly used experimental methods, including phase diagrams and crit-
ical points of various jonic liquids, aromatic compounds, alkanes,
etc.273% They also explored the influence of speclal effects, such as
the benzene fluoride effect, which makes the binary mixture of ionic
liquid and benzene or its derivatives show an unusual phase dia-
gram.”’ These studies reveal the phase behavior of complex fluids,
but there are still many deficiencies. Only specific fluids and homoge-
neous phase diagrams can be processed.

Due to the difficulties of experimental measurement in special
environments such as confined spaces, some scholars began to use
theoretical tools to explore the phase behavior under complex condi-
tions.*23% The most classical phase equilibrium theory method is MC
simulation. Early MC was widely used in complex fluid phase equilib-
rium, including gas-liquid and liquid-liquid equilibrium  of
polymers.?*-3¢ Later, some scholars built complex molecular thermo-
dynamic models. The equation of state is established based on Freed's
theory and Flory-Huggins's theory.*”-*® They can also obtain excel-
lent phase behavior prediction results by correlating critical points.
Later, Kondrat et al.“* began to pay attention to the fluid density func-
tional theory (FDFT) and introduced it into the study of phase behay-
ior, such as the phase behavlor of ionic liquid crystals. After that, Liu
et al. noticed the advantages of FDFT and began to improve it and
apply it to study the phase behavior of confined space and asymmet-
ric electrolytes, They calculated many phase diagrams, revealing the
effects of restrictions, voltage, asymmetry, and other factors on phase
equilibrium.*>%® However, due to the limitation of the theory and cal-
culation program, this work can only deal with simple ions, which is
too simple for jonic liquids often used in practical applications. lons
can only be represented by a single hardball, and the chain structure
of some electrolytes cannot be reflected, so there are great obstacles
in application. Therefore, a general molecular thermodynamic model Is
urgently needed to accurately and quickly describe the distribution
and phase behavior of various complex fluids in confined, charged,
and other situations.*

In this work, we modified the excess free energy based on the
previous polymer density functional theory (PDFT),**-%7 which is an
extension method based on FDFT, so that it can simultaneously con-
sider the chain connection and ion association effects, and proposed
the associating PDFT, The phase equilibrium of ionic liquids with dif-
ferent chain lengths in confined spaces with different widths is stud-
ied. The gas-liquid equilibrium phase diagrams of different electrolytes
can be drawn by adjusting the temperature, and the critical point can
be found. Due to the use conditions of electrolytes mostly existing in
electric fields, this work also studies the phase equilibrium in confined
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space under different electrlc flelds and finds the empirical rule of
electric field on phase dlagram offset. This study is structured as fol-
lows. Flrst, we establish the assoclating PDFT to describe ionic liquids
with varlable chain lengths using a coarse-grained model. Second, we
provide a brléf Introduction ta the PDFT and the relevant parameters
used In this work. Subseauently, we discuss the impact of different
jonic liauid chaln lengths and slit width on phase equllibrium and find
the relationshlp between different potentlal and phase dlagram off-
sets, Finally, we summarlze the main findings and highlight the poten-
tial implications for future research,

2 | MODELAND METHODS

21 | Molecular model

As shown in Figure 1, we establish a coarse-grained model of ionic lig-
uids with different chain lengths in a confined systern. An ionic fluid in
the bulk may exist either as a liquid-like or as a vapor-like {or two lig-
uids with different jonic densities) in slit pores. Similar to previous
studies,*55951 |ons are coarsened Into hard spheres of the same size.
Anions will be connected by a neutral segment with different lengths,
representing different ionic liquids, The tail chain length 0-2 is
selected for the commonly used ionic liquids. Theoretically, the PDFT
is universal and can also study ions of other sizes and longer chains.
The diameters of anions, neutral segments, and cations are all set to
0.5 nm. To maintain simplicity and efficiency within the model, the
theory simplifies molecular details and does not consider interactions
at the atomic and electronic scale.

22 | Polymer density functional theory

FDFT is a general statistical mechanics method applicable to grand
canonical ensembles, which can describe the structure and ther-
modynamic properties of fluid from a molecular perspective,447-52
By constructing the free energy and calculating the functional var-
iation of the density distribution function, the microstructure and
macroscopic thermodynamic properties of the system equilibrium
state can be obtained. The essence of FDFT calculation is to
obtain the Euler-Lagrange equation and obtain the relationship
between the density distribution function p(r) driven by chemical
potential p and the position r. The PDFT is a further extension of
FDFT, incorporating considerations for the connectivity of polymer
chains. The excess Helmholtz free energy caused by the chain con-
nectivity of polymer fluids can be described using the corresponding
monomer system as a reference through perturbation theory. Previ-
ous studies®> ¥ have established the groundwork for PDFT calcula-
tions. It Is assumed that the density distribution curve varles solely in
the z-direction, which is perpendicular to the electrode plate. The fun-
damental concept behind PDFT is the minimization of the grand

potential. Consequently, the one-dimensional density profiles can be
projected.
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FIGURE 1  Schematic depiction of the
phase separation phenomenon occurring Electric field Confinement Chain length
in a confined siit pore for an lonic fluld. effact ¥  effact offect
The studled system includes three types Three lonic flulds
of ionic fluids.
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Here, /= =kgT, R represents the coordinates that specify the
position of each cationic hard sphere. y. and yy, indicate the chemical
potentials, Wm(R) specifically referred to as
WM(R)=§:¢,(n). Finally, F denotes the Helmholtz energy, which
encompal;sjes contributions from both ideal gas behavior and excess
intermolecular interactions F**,

respectively.

= [Inou(®) - o (RIdR +5 Vi Rip(RIR

@
+3 Inate)-

1pc(r)dr -+ pF=

Through the decomposition of the ideal and non-ideal parts of
the Helmholtz free energy to minimize the grand potential &, in
Equation (1). It is possible to derive the Euler-Lagrange equations for
the density profiles of both polymers and monomers segmented into
distinct sections. These equations are critical for analyzing the behav-
ior of the system.

€ / ] 3
Pc(') [ ( ) jﬁc(')]

The density profiles of negatively charged anionic segments and
segments with no charge can be obtained:

pm(rm)=jdkscr—rm)m(a) @

Using Equations (3) and (4), the calculations for each part can be per-
formed accurately.

2.3 | Excess free energy functional of
associating PDFT

The majority of previous applications of PDFT in lon systems rely on
the use of excess intrinsic Helmholtz energy, which Is typically
obtained through the utilization of diverse mean-spherical approxima-
tion (MSA). The methods can produce reasonably accurate predictions
of ionic density profiles when compared to simulation data, MSA pre-
sents significant limitations in its ability to describe the bulk phase
behavior of ionic fluids. Specifically, it fails to reproduce the observed
liquid-vapor coexistence from the virlal or compressibility equations
of state, and its predictions for the critical temperature and density
through the energy route exhibit severe deviations from values
obtained through molecular simulations. Recent studies have demon-
strated that the application capability of MSA can be greatly enhanced
by incorporating associations between lons with opposite charges.

To make the theory applicable to complex chain-like fluids, we
propose a theoretical scheme associating PDFT in this work, in which
MSA is used to explain the electrostatic correlation, and thermody-
namic perturbation theory (TPT) Is used to express the correlation
between ions with opposite charges, taking chain connectivity into
account. The F** can be written as

F™ = Fg +FE&+Fg +F + Fo. ()

F3 and Fg; are introduced In detall as key points for theoretical
improvements, and explicit expressions for other terms are provided
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in Dota 52. The excoss chermical potonfisl raprosoNEs o change in
the excess Helmholtz free energy due 'to & stisll vsristion 1h tHe den-
sty profiles,

po(r) = (l') = RO+ 1S (1) + HE () + HE ) + 15 (). (6)

The collective surn of these excass chemicsl potentisls yiglds the
total excess chemical potential.

2.3.1 | Chain connectivity based on first-order
perturbation theory

The perturbation theory is employed to characterize the excess
Helmholtz free energy arising from the chain connectivity of the
polymer fluid, with the reference system being the corresponding
monomer system. In the case of a homogeneous system,
Wertheim®® initlally introduced the TPT to investigate hard-sphere
molecules in relation to a monomer hard-sphere fluid. While TPT
exists in varlous versions, we will provide a concise overview of
the generalization of first-order TPT (TPT1) for inhomogeneous
systems.

s, () = B0FS Z J I0G

o)y _
) (). (7)

5nu_‘ (r’) -

The freeenergy density, denoted as ®%, is determined based on
the chain connectivity. It is worth noting that the existing litera-
ture®*57 provides comprehensive equations specific to our system.

232 | Association between oppositely
charged ions

The Helmholtz energy resulting from the interaction between lons of
opposite charge is derived using the TPT1,58

PFEA ()= [areln,(e), @

where ®%n,(r)] is given by

O] = 3o [na -804 )
Like the methodology applied to assoclation, al(r) Is
derived from
a0 () =, (10)
1+ ngGjad (r)al(r)

where al(r) = K® x K7.

The procass of detenwinlhg dssatlation congtant K Involves a
certain desred of avbitrary cholce. The approach proposed by Ebling®”
deronstraties aW decurate prediction of the sécond lonle-virlal coeffl-
cient. As notad Ih roference ®® thi selection of K for thig study Is
Based on Hie proposal by Olaussen,®?

Un
i’(“.fa%:ra:'zz—mr)gm—ﬁ (11)

The caleulation of K” [s performed using the stralghtforward infer-
polation scheme

K =y._(o)

_ |1 moyo-(1-nvanya/nd) ( rza_»a_) (!gZJ,Z_
T-n' do(long)? | P\ Flga,-) &

[« .

(12)

where y, _(s) denotes the cavity correlation function for the contact
between anion and cation, which is evaluated at a=1, representing
the reference ionic fluid without assoclation.

The excess chemical potentlal uS(r), expressed as.

ﬁl‘as.l 5[3 (r) ZJ an (rl) (ﬂ)‘J r. (13)

24 | Grand potential and chemical potential

For a one-component open system, the grand partition function is
given by

E—Nf; NmaNJdr“exp{—ﬂ [r(r”)

Details are in Data S2. Q=—(InE)/# is the grand potential.
According to PDFT, A is constructed, and the grand potential can be
calculated accordingly @=A—uN. Thus

N
—ﬂN+§¢(n)] } (14)

Q=A-uN=F+ Jdrw(r)p(r) —uN

(15)
=F +Jdrl¢(r) = ulp(r)

The chemical potential is composed of ideal term and
excess term,

p=p 4 p®, (16)

where 4 Is calculated from ui4(r) = 5F"/8p(r), and

Ry (0) = Z':Jdrm(r) [In(ai(r)A%) - 1] 17)

The p™ Is calculated by Equation (6).
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FIGURE 2 Density profiles of ionic fluids with (A) no tail chain, (B) one tail chain, and (C) two tall chains in three widths of slit pores, which
are respectively 1.5, 2.5, and 4 nm, at T* = 0.05 and p,, = 0.0002 M. Neutral tail chains tend to be distributed in the middle of slit pores.

3 | RESULTS AND DISCUSSION

3.1 | Density profile in confined space

To derive the phase equilibrium curve, it is necessary to calculate the
density profiles of ionic flulds at various temperatures. Multiple con-
centrations are screened at each temperature, and the corresponding
chemical potential and grand potential are derived to identify a pair of
phase equilibrium points. Based on PDFT, the distribution of lonic
fluids in confined spaces can be intuitively obtained. In the case of an
ionic fluid consisting solely of a single cation and a single anion, the
phase behavior in the bulk is commonly characterized in relation to
the reduced temperature denoted as T' =4neeqa/ (fle?) = a/lp. In this
work, we selected a temperature of T* =0,05 and above, The speci-
fied condition pertains to an lonic liquid or organic electrolyte, which
features an ion diameter of ¢=0.5nm and temperature roughly
around T=300K. Three ionic fluids in three widths of confined space
(1.5, 2.5, and 4 nm) are calculated. Since each phase equillbrium point
requires screening from many densities, multiple concentrations are
calculated for each pair of phase equillbrium polints. Fligure 2 shows
the density profiles of three ionic flulds at T*=005 and

pp=0.0002 M. The ionic density profiles show the depletion effect
near a neutral wall. The density profile curve rises in the middle, indi-
cating that ions tend to distribute in the bulk phase of the slit. For the
model jonic system without a tail chain in a neutral slit pore
(Figure 2A), the symmetry of the system results in identical density
profiles for both cations and anions. The neutral tail chain tends to
move away from the Interface, so adding tall chains increases the den-
sty at the bulk phase compared to the interface (Figure 2B,C).

3.2 | Condition of phase equilibrium

Based on PDFT, we can derive the grand potentlal AQ and chemical
potential Au of the ion system from Equations (15) and (16), respec-
tively. If the grand potential and chemical potential of the vapor-like
phase and the liquld-like phase are equal respectively at a tempera-
ture, the two phases reach equilibrium. To find the phase equilibrium
point, a large number of lon densities at a temperature need to be cal-
culated, and corresponding grand potentlal and chemical potential
need to be derived from PDFT. The dependence curves of the grand
potentlal and the chemical potential can be drawn, and the curves of
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FIGURE 3 The grand potential Q of three ionic flulds [(A) no tail chai

n, (B) one tall chaln, and (C) two tall chalns] In the system Is a function

of the chemical potential A, in an H = 2.5 nm pore at T* = 0.05. The intersection point means that the corresponding vapor-like and liquid-like

points reach phase equilibrium, and the corresponding two densities are a

the vapor-like phase and the liquid-like phase are continuous, respec-
tively. 1f two curves have an intersection point, the corresponding two
densities are vapor-like and liquid-like phases coexisting in the pores.
At a representative temperature of T" = 0.05, Figure 3 presents the
relationship between the grand potential AQ and chemical potential
pu for three distinct ionic fluids within a pore of H=2.5nm,
Generally, the grand potential decreases with the chemical potential.
However, the curve undergoes a turning point in the liquid-fike phase
with longer chain lengths, which may be related to the longer tail chain.
At high densities of liquid-like phases, longer tail chains bring more
microstate numbers, and there are also more sample systems at each
chemical potential. This means that more complex microstate states
may also bring the same grand partition function (or grand potential
energy). Therefore, due to the addition of tail chains, the complexity of
the system increases, resulting in irregular changes in the grand parti-
tion function, and different chemical potentials may also bring the same
grand potential energy (the emergence of minimum).

The critical point of the phase diagram can be determined by
gradually increasing the temperature. By gradually calculating multiple
densities at higher temperatures, the temperature at which the inter-
section point disappears in the Q- diagram can be found. In addition,
if the critical point needs to be precise enough, It can be gradually
approached through the binary method.

3.3 | Phase diagram of confined ionic fluids

According to the phase equilibrium conditions, If the phase equilib-
rium point is found at various temperatures, the corresponding equl-
librium density at each temperature can be plotted to obtaln a phase
diagram. Figure 4 shows the phase diagrams of three widths of con-
fined spaces and bulk phase, which can intuitlvely discover the effect
of fluid chain length on phase equilibrium. It can be found that lonic
fluids without tail chains have the widest phase diagram and higher
critical points. As the chain length increases, the phase dlagram gradu-
ally narrows. The equilibium density of the liquid-like phase
decreased significantly, while the equillbrium density of the vapor-like
phase Increased but not significantly, almost overlapping. Prior

pair of equilibrium densities at the set temperature.

research®? has indicated that the creation of pairs comprising oppo-
sitely charged ions modifies the effective interactions across all parti-
cles. This ion-pairing phenomenon leads to a reduced effective
attraction between structural entities, consequently lowering the criti-
cal temperature assoclated with phase transition. It can be indirectly
verified in Figure 4 that the addition of tail chains inevitably leads to a
decrease in the interaction between anions and cations, which also
leads to a narrowing of the phase diagram and a decrease In the critl-
cal point. In addition, in the vapor-like phase, the density of ionic spe-
cies is low, and the interaction between them is weak, leading to the
negligible impact of tail chains on the system. Therefore, the depen-
dence of vapor-like phases on chain length is weak, and the critical
point will shift left with the chain length.

In addition, the effect of confined space width on phase equi-
librium was also observed. As shown in Figure 5, the red line cor-
responds to the coexistence curve in the bulk phase. Consistent
with early theoretical research,®®¢? confinements narrow the coex-
istence envelope, The dependence of the vapor-like phase on the
width of slit holes is weak. As the pore width decreases, the
liquid-like phase curve significantly shifts to the left, consistent
with previous research results.*2 Confinements also reduce the crit-
jcal temperature. In narrow pores, the presence of ionic fluids can
manifest In two distinct phases: a liquid-like phase or a vapor-like
phase. The phase behavior relies on several factors including pore
size, surface potential, temperature, and chemical potential of the
ionic species. This phenomenon, known as capillary evaporation, is
the response of ionic fluids to changes in external potential or
thermodynamic conditions.

34 | lonic fluid under confinement and
electric field

Generally, the scene of ionic fluid in a confined space is mainly a
porous electrode, often accompanled by a certain electric field. lonic
fluids are affected by both confinement and electric fields. The distri-
bution of lonlc flulds with a tall chaln under varlous electric fields was
studied. Select a slit width of 2.5 nm. As shown In Figure 6, select
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FIGURE 4 Phase diagrams of three (A) (B)
jonic fluids in confined spaces with widths 0.066} 0.086
of (A) 1.5 nm, (B) 2.5 nm, (C) 4 nm, and '
[D) bulk phase. Longer tall chains lead to 0.060
narrower phase diagrams. The red star okl 0.080
represents the critical point. e &
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FIGURE 5 Phase diagrams of ionic fluids with (A) no tail chain, (B) one tail chain, and (C) two tail chains under various slit pore widths.
Confinements lead to narrower phase diagrams and lower critical points. The red star represents the critical point.
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FIGURE 6 Density distribution of ionic fluld with one tall chain in a 2.5 nm wide slit pore at three potentlals, which are (A) +0.025 V, (B) O V,

and (C) —=0.025 V, respectively.
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three representative electric potentisls and observe the density pro-
file, which are +0.025, 0, and -0.025V, respectively. in positively
charged slit, anions along with tall chalns will have a higher density
due to the effect of electric potentlal. Negative charged slits produce
the opposite phenomenon, with more catlons present. Similar to the
results in Section 3.1, fons also tend to be distributed in the middle of
the slits. The electric field did not alter the distribution trend
of species.

3.5 | lonic fluid phase equilibrium in charged
confinement

The phase behavior of ionic fluids with tail chains at six potentials was
investigated. Similarly, the phase equilbrium points are selected by
screening the equilibrium density according to the phase equilibrium
conditions in Section 3.2. Each pair of phase equilibrium points requires
screening dozens of densities. Figure 7 shows a phase diagram with a
potential from —0.05 to 0.075 V. In the case of anions with tail chains, a
positive potential widens the phase diagram, whereas a negative poten-
tial narrows it. From the density profile in Sectlon 3.4, it can be found

that positively chavged slits attract more anlons and thelr fall chalns,
resulting in 4 more complex sifuation In he slits, which mey lead to
rriore complex Intéractions, thereby widening the phase dlagram. While
negatively charged slits attract more cations and fewer anlons with tali
chains, resulting In simpler Interactions and narrower phage dlagrams.
The application of 4 posltive electrlc fleld force neutral talt chalng, which
prefer to stay In the center of the slit, fo be dragged toward the well by
anions, thereby diminishing the dominant role of the volume exclusion
effect In the central reglon of the slit. Due to the fact that the critical
temperature has not decreased, and the volume excluslon effect Is not
strong enough, it manifests as an Increase in fon concentration to form a
llquid phase. Simllarly, vapor-like phases are relatively Insensitive to
changes in electrical potential. Interestingly, the dependence of the den-
sity offset of the liquid-like phase on the potential seems to be regular.

3.6 | Dependence of phase diagram offset on
electric potential

Due to the relative insensitivity of the vapor-like phase to the change
in electric potential, the dependence of the density offset of the
liquid-like phase on the electric potential is mainly explored. Accord-
ing to Figure 7, the offset appears to be linear. Therefore, to quantita-

0.065 tively explain the density shift, the difference between the density of
s :zfg - the liquid-like phase and the density at zero potential at the same
—¢= 0.050V temperature is defined as the offset of the phase diagram 4p. The Ap
0.060 1 :::%’;’;g‘s’v shown in Figure BA is the offset at a potential of 0.025V at
— ¢$=-0.050V T*=0.055. As shown in Figure 8B, a linear relationship can be found
il by plotting the dependence of the offset and potential difference at
0.055}
TABLE 1 The two parameters a and b In empirical Equation (18)
were obtained by fitting at various temperatures and the
0.050} corresponding R2 and Pearson's r.
i i i : . . T a b R? Pearﬁén‘sﬂ
0.0 02 0-:; . (MO)-G 08 1.0 0.0500 45933 00695 09770 09884
0.0525 4.7754 0.0642 0.9817 0.9908
FIGURE 7 The phase diagram of ionic fluid with a tail chain at six 0.0550 4.9078 0.0773 0.9886 0.9943
potentials. A positive electric potential shifts the liquid-like line to the 0.0575 4.4733 0.0722 0.9842 0.9921
right,and a negar..lve electric potential shifts it to the left. The red star Average 4.6875 0.0708
represents the critlcal point.
A B
( ) 0.065 ( )
——¢=0 0.4r
—e— ¢ =0.026V
0.060
g 0.2}
0.055 2 i FIGURE 8 (A) The offset of the phase
’ dlagram 4p at a potential of 0.025V at
0.060 haegdapy T 200000 T* = 0.055. (B) Fitting the correlation
. . ) ) 02 ) . Shacliey 0008 between offset and potential difference at
02 04 06 08 1.0 T -0.04 0.00 0.04 0.08 multiple temperatures to find a linear
P/(M) ¢ (V) relationship.
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various temperatures. The determination coefficlents R? of the fitting
are all >0.97. The Pearson correlation coefficients (Pearson's r) are all
>0.98, which confirms the strong linear relationship between offset
and potential. We can obtain an empirical formula to predict the
liquid-like phase density shift at various potentials.

Ap=0p+b (18)

where ¢ is the potential carried by the slit pore, the parameters a and
b at various temperatures are shown in Table 1. Except for the tem-
perature near the critical point, the parameters at other temperatures
are remarkably close. @=4.6875 and b=0.0708 are available for any
temperature. Through the calculation of PDFT, empirical prediction
formulas for various chain lengths and slit widths can be obtained,
facilitating the prediction of fluid phase behavior in complex
situations.

4 | SUMMARY AND CONCLUSIONS

To summarize, PDFT is an effective tool for calculating fluid phase
equilibria under complex conditions in chemical engineering. By deriv-
ing the grand potential and chemical potential of each species in the
system, the phase equilibrium point corresponding to the temperature
can be obtained. The phase behavior of ionic fluids in confined spaces
with electric fields is described quantitatively, and empirical formulas
are derived.

1. The improved associating PDFT accurately predicts the phase
behavior of polymer fluids by incorporating both fluid chain con-
nectivity and ion association.

2. The existence of fluid tail chains decreases intermolecular interac-
tions and narrows the phase diagram. Confinements also narrow
the phase diagram. The dependence of the vapor-like phase on
chain length and slit is weak. The equilibrium density of the liquid-
like phase decreases significantly with chain length.

3. A positive potential widens the phase diagram, whereas a negative
potential narrows it. Similarly, vapor-like phases exhibit limited
sensitivity to variations in electrical potential.

4. The relationship between the density offset of the liquid-like phase
and the electric potential was examined, revealing a linear correla-
tion. Based on this finding, an empirical formula was derived to
predict the density offset under various electric potentials.

Importantly, PDFT Is an efficient tool for predicting fluid phase
behavior, which has an extremely broad Industrial application prospect
in the electrode-electrolyte interface, This work aims to inspire future
experimental and theoretical efforts In fluid interfaces chemical
englneering.
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