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Thermodynamic implications of confinement for a waterlike fluid
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A theoretical framework is introduced for studying the thermodynamics and phase behavior of a
“waterlike” fluid film confined between hydrophobic plane surfaces. To describe the
hydrogen-bonding interactions in the fluid film, an earlier analytical theory for uniform associating
fluids is generalized. Two levels of approximation are presented. In the first, the reference fluid is
assumed to be homogeneous. Here, the primary effect of the confining walls is to reduce the average
number of favorable fluid—fluid interactions relative to the bulk fluid. The implications of this
energetic penalty for the phase behavior and, in particular, the low-temperature waterlike anomalies
of the fluid are examined. It is shown that the reduction of favorable fluid—fluid interactions can
promote strong hydrophobic interactions between the confining surfaces at nanometer length scales,
induced by the evaporation of the fluid film. In the second level of approximation, the
inhomogeneous nature of the reference fluid is accounted for by a density functional theory. The
primary effect of the density modulations is to promote or disrupt hydrogen bonding in distinct
layers within the pore. Interestingly, when the reference fluid is treated as inhomogeneous, the
theory predicts the possibility of a new low-temperature phase transition in the strongly confined
fluid. © 2001 American Institute of Physic§DOI: 10.1063/1.1336569

I. INTRODUCTION tional considerations, materials in confined spaces can ex-
) ] L hibit rich physical behaviors that are absent in the bulk.
Restrl_cted ggomgtrles that_ contain thin films o_f waterare  proma thermodynamic perspective, the possibility arises
common in engineering practice, geology, and biology. Exto syrface-driven phenomene.g., wetting, layering, and

amples include zeglites and claysninerals, biological  ¢ommensurate-incommensurate transitic pronounced
hydrogels® vesicles! mesoscopic surfactant assembfies, shifts in the “bulk” phase transitiongi.e., vapor—liquid,

ionic chz?\r_1ne_l§, and even, interste!lar bodiés;:onseq_uentl_y, vapor—solid, liquid—solid, and quuid—liqu)d3'15 Moreover,
the modification of water’s behavior due to interaction with aconfinement can severely alter the dynamics of the liquid

solid surf:gci?l has great scientific and technologicakiate One intriguing example is the apparent formation of
significance,™" bearing relevance to corrosion inhibition, v, gistinct dynamical regions in confined fluids: an interfa-
heterogeneous catalysis, the ascent of sap in plants, the s{| jayer with decreased mobility close to the substrate and
bility and enzymatic activity of globular proteins, and the 5 «core” region farther from the substrate that exhibits faster
function of biological membranes. The recent drive to min- g|5xation processé&-2°As a result, the fluid in the interfa-
laturize and integrate chemical and physical processes fQliy jayer vitrifies at a higher temperature than the fluid in the
wet “lab-on-a-chip” technologie’$ further highlights the core.

need to understand the effects of nanoscale confinement on 1ha case of water under confinement is especially inter-

water and aqueous solutions. _ _ esting, given that bulk water exhibits a number of unusual
~ Although many valuable insights into the physics of con-pysical properties. The bulk liquid anomalies include nega-
fined phases have resulted from experiments, moleculdf,e thermal expansion coefficientzp<0) over a broad
simulations, and microscopic theoris® predicting the range of temperature and pressii#&;2strongly increasing

properties of even “simple” nonassociating fluids underigonaric heat capacityct) and isothermal compressibility
confinement remains a daunting theoretical task. This is due{,KT) upon isobaric coolin§'24‘26 and increasing mobility

at least in part, to the sheer number of factors that can COMipon isothermal compressidA’28 Crystalline water is also
tribute to the modification of a fluid’s bulk thermodynamic complex?®3° exhibiting 13 distinct ice polymorphs in which

and transport properties, including: the size distribution, 9ea5ch molecule is hydrogen-bonded to four neighbors in a
ometry, and connectivity of the confining pores in #asor- nearly tetrahedral arrangement.

bent the molecular size and architecture of thesorbate The anomalous properties of bulk water are enhanced at
and the competition between adsorbate-adsorbate angy temperature. In fact, below its glass transition tempera-
adsorbate—adsorbent interactions. As a result of these adql]re(~130 K at 1 ba), bulk glassy watefalso calledamor-

phous ice is known to exhibit a phenomenon known as
aElectronic mail: pdebene@princeton.edu polyamorphisrt =2 in which two different forms, termed
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low-density amorphous ic€.DA) and high-density amor- determined by solving the resulting perturbation theory using
phous ice(HDA), are separated by a seemingly first-ordertwo different levels of approximation for the reference fluid.
transition. Evidence suggests that liquid water and its glassyhe first level is a mean-field theory that assumes the refer-
phases are both thermodynamically and structurallyence confined fluid to be homogeneous. In the second, more
continuous*—¢implying that the sharp changes in density refined level of approximation, a density functional theory is
that accompany the transformation from LDA into HDA are used to account for the inhomogeneous nature of the refer-
the structurally arrested manifestation of an underlyingence fluid.
liquid—liquid transition. This interpretation is commonly re- The theoretical investigation presented in this paper
ferred to as thetwo-critical-point scenario because it at- highlights two physically-intuitive confinement effects. The
tributes the anomalies of supercooled water to the presendgst can be summarized as follows: The introduction of two
of a secondmetastablgcritical point, where the first-order hydrophobic confining walls reduces the average number of
phase transition between LDA and HDA terminates. Al-favorable hydrogen-bonding interactions per molecule rela-
though the two-critical-point scenario is not the only tive to the bulk fluid at the same density. This feature, which
thermodynamically-consistent explanation for supercooleds captured by the theory at the mean-field level, causes the
water's anomalie$] **the experimentally measured melting liquid—liquid critical point to shift to lower temperature,
curves of high-pressure forms of i¢&!* as well as the re- higher density, and higher pressure as the degree of confine-
sults from numerous computer simulations and theoreticaient is increased. The reduction of favorable fluid—fluid in-
calculations for model “waterlike” fluid$?*>~#*43°%%kug-  teractions also promotes strong hydrophobic interactions be-
gest the possibility of a low-temperature liquid—liquid im- tween the confining walls at nanometer length scée¥,
miscibility. induced by the evaporation of the intervening fluid film.
Since bulk liquid water cannot be studied experimentally ~ The second confinement effect is the introduction of
below its homogeneous nucleation temperater231 Kat1  density modulations into the fluid film. These modulations
ban, the hypothesis of a liquid—liquid transition has not been(accounted for in the second level of the theargn promote
unambiguously verified. However, confinement may providepr disrupt hydrogen bonding in distinct “layers,” modifying
an alternative avenue for testing the tWO'Cfitical'pOint hy'the dependence of the hydrogen_bonding energy on the av-
pothesis for water. In particular, recent neutron diffractionerage pore density. Interestingly, when the density modula-
experiments on water confined in Vycor giéss*and car-  tions are incorporated into the perturbation theory, a third
bon powder’® as well as molecular dynamics simulations of f|yid—fluid transition emerges in the strongly confined fluid.
confined waterlike fluidS?°**’indicate that the presence of The appearance of this third phase transition is discussed in
a solid interface severely distorts water's hydrogen-bond neterms of recent computer simulation results of water-like flu-
work, possibly inhibiting crystal nucleation. This conclusion jgs confined between hydrophobic waifs®
is consistent with the fact that liquid water confined in ver-  £or convenience, the predicted effects of confinement on
miculite clays;®* sequestered in polymer matricEsand e thermodynamics of the waterlike fluid film are summa-
adsorbed on the surface of globular prot&frean be super- (ized below.
cooled to temperatures far below its bulk freezing point. | eve| 1 TheoryHomogeneous reference fluid:
Thus, it is logical to suspect that confinement may permit the
investigation of supercooled liquid water in the temperaturdl) The liquid—vapor critical point shifts to lower tempera-
range where the liquid—liquid phase transition is proposed to ~ ture, lower pressure, and higher density relative to the
occur in the bulk. However, since the global phase behavior bulk;
of water (including the location of the proposed liquid— (2) The low-temperature liquid—liquid critical point shifts to
liquid phase transitionwill in turn be affected by confine- lower temperature, higher pressure, and higher pore den-
ment, it is important to develop theoretical tools that permit Sty relative to the bulk;
the investigation of the global phase behavior of water in(3 For weakly attractive substrates, confinement-induced
restricted geometries. evaporation of the fluid film occurs at room temperature
As a first step in this direction, we present a simple  and nanoscale wall separations.
theory for studying the thermodynamics and fluid-phase
equilibria of an associating fluid film confined between two
parallel hydrophobic substrates. The approach we use iQ) The liquid—vapor critical point shifts to lower tempera-
based on a perturbation theory introduced by Schoen and ture, lower pressure, and higher density relative to the
Diestlef* to study the thermodynamic behavior of a simple  bulk:
nonassociating fluid confined to a slit-pore. We extend thei(2) The low-temperature liquid—liquid critical point shifts to
original approach to include fluid—fluid hydrogen-bonding  lower temperature and higher density relative to the
interactions. The contribution to the free energy from the  pulk. The critical pressure exhibits a nonmonotonic de-
hydrogen bonds is determined from a generalization of a pendence on pore width;

recently introduced analytical thedfythat is able to repro- (3) A third fluid—fluid phase transition appears in the

Level 2 Theorylnhomogeneous reference fluid:

duce bulk water’s distinctive thermodynamic behawvior- strongly confined film.
cluding anomalies irtp, ap, andxy, as well as the possi-
bility of a polyamorphic phase transitipnThe thermo- The paper is organized as follows. In Sec. Il, we outline

dynamics and global phase behavior of the fluid film are therthe continuum, thermodynamic description of a thin fluid
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A=s,8, applied to thei-directed face. The sign convention is such
T t that if the force exerted by the lamella on thdirected face
6,,AdL points outwardg; is negative, or, equivalently, the work is
Loz 6.5 Lds positive if doneby the lamellaon the surroundings.
l X LS, — Substituting Eq(2.2) into Eq. (2.1) yields
| S | dU=TdS+ oy,s,Lds+ oyys.Lds,
FIG. 1. Cross section of the finite “lamella” of fluid confined between rigid +0,58,dL+ udN. 2.3

walls discussed in the texadapted from Ref. §9 Note that the lower wall

. ; . Since the lamella is homogeneous and isotropic inany
is stationary in the laboratory reference frame.

plane, the transverse components of the stress tensor are
identical(i.e., oyx= ayy). Thus, upon introduction of the area

film confined between parallel substrates. The microscopi®=SxSy (of the zdirected facgas an independent variable
perturbation approach for an associating fluid film confined@"d the transverse and normal components of the pressure
between hydrophobic planar substrates is given in Sec. lIl. IfNSOr (Py=— 0= —ayy, P;;=—03;), the fundamental
Sec. 1V, the thermodynamics and global phase behavior gfduation becomes

the film are presented for the two levels of approximation for ~ dU=TdS-P,LdA—P,,AdL+ udN. (2.4

the perturbation theory. Finally, in Sec. V, we present som

; s one might expect, in the limit —o, we haveP;, P,
concluding remarks.

— PPk wherePPU¥ is the bulk pressure.

Alternative thermodynamic potentials can be derived
[l. THERMODYNAMICS OF THIN-FILM CONFINEMENT from the fundamental equatiof2.4) in the usual way via

To set the stage for presenting a microscopic theory fo}_egendre transforms. For instance, the Helmholtz free en-

association in a slit-pore, it is useful to first develop the€9Y F is given by
thermodynamics of thin-film confinement. In this section, we ~ dF=d(U-TS)=—-SdT-P,LdA—P,,AdL+ udN.
present a simple physical derivation of the fundamental rela- (2.5
tion governing changes in the internal energy of the fluidsjmilarly, we can derive relationships for the generalized
film U in terms of the natural independent variablgse enthalpyH,
entropysS, the pore width_, the fluid—solid interfacial areA
at one of the confining walls, and the number of molecules dH=d(U+P)AL)
N). Alternative thermodynamic potentials can then be ob- =TdS+ALdP,—(P,,— P))AdL+ wdN, (2.6)
tained from the fundamental relationship through Legendre ) i
transforms. For a more comprehensive discussion of the thef1€ 9eneralized Gibbs free enerGy
modynamics of confined thin films, the reader is referred to  dG=d(F+P,AL)
the work of Diestler and Schoén.

In what follows, we adopt the “lamellar” pictur&®® =—SdT+ALdP,
illustrated in Fig. 1. Specifically, the system is defined to —(P,,—P))AdL+ udN, 2.7
include the finite lamella of fluid bounded by imaginary ,
planes atx=0, x=s,, y=0, y=s,, z=0, andz=L. The and the grand potenti?,
remainder of the fluid filmiwhich is infinite in the transverse dQ=d(F—uN)=—-SdT-P,LdA—P,,AdL—Ndu.
directiong and the confining walls constitute the surround- (2.8
ings. We focus on the case where the upper and lower wallghe yniformity of the film in the transverse directions also
are molecularly smooth, identical and rigid. The descrlptlonimp"es thatP, is independent oA for fixed pore widthL,
molecularly smoothin this context, implies that the confin- temperatureT, and chemical potentigk. Hence, it can be
ing plates lack structure and, consequently, cannot be used {ean from Eq(2.4) that U is a homogeneous function of
shear the fluid film. The independent variables describing thﬁegree one irS, N, and A. Euler's theorem allows direct
finite lamella are thus in principl&, N s,, s,, andL. integration of Eq(2.4) to yield

The differential form of the fundamental equation for the

finite lamella is given by U=TS+uN-P|LA. (2.9
dU=TdS— dW,oqt wdN, 2.1) From Eq.(2.9), expressions for the Helmholtz free enefgy
F=U-TS=uN—-P|LA, (2.10

whereT is the temperaturey is the chemical potential, and
dWiechrepresents the mechanical work done by the lamellathe enthalpyH,
system on its surroundings. From Fig. 1, it can be deduced H=U+P,AL=uN+TS, 2.11
that this work can be expressed in terms of normal stresses,
the Gibbs free energé,

G=F+P,AL=uN, (2.12

and the grand potentid,

AWinecti= — oxxSyLds,— oy sLds,—o,.8,8,dL. (2.2

Here oy; is theij component of the total stress tensoyj (
=X,y,z) andds; is a displacement in thgdirection. Note
thata; is simply the average of tiecomponent of the stress QO=F—uN=-P,LA (2.13
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follow.

Response functioAScan be obtained by differentiation
of the thermodynamic potentials presented above. We thus
have the mixed stress—strain expansivity,

i (?((?G/(?PH)T,N,L :_((?In pp>
AL T oL T et

@)=

(2.19

the mixed stress-strain isothermal compressibiity

1 [9°G
K= —| — =
OALLPE L
v FIG. 2. Schematic of an associating fluiethite molecules confined be-

and the isostress molar heat capacity tween .parallel crystal'line substrat@ark moleculg)s The bonding arms
extending from the fluid molecules indicate the orientation-dependent nature

e

< S » dlat

; (2.15

T,L

J(HIN) J(SIN) of the fluid-fluid interactions. Although only two crystalline planes of mol-
C\=|———=— =T , (2.19 ecules are shown in each substrate, the substrates actually comprise two
aT P, L aT P,.L infinite half-space$z<0 andz=s,) of such molecular planes.

wherep,=N/AL is the overall number density in the pore.
In taking the limitL—oc, we recover the bulk thermody-
namic response functiors;,— ap, x;— k1, andc,—Cp). N-1 N
In order to investigate the effect of confinement on the ‘P?= 2 ) 2 UfHS(fij),
phase behavior of a fluid film, it is useful to develop the =1 =i+t

thermodynamic criteria for equilibrium of coexisting fluid N NSub 33
phases. In Appendix A it is shown that the appropriate con- R => > UfH\i(rjk%
ditions for coexistence of two fluid phases denoted”by j=1k=1
ar_de) in a slit-_pore og‘ EXGS|WidthL _that is in equilibrium WhereuPS(rij) is given by
with a bulk fluid (at TP P4 are given by
0 r;>d
bulk— (1) — T(2) HS(r )= o
T T T f uf (r”) ‘oo rijgdf, (34)
bulk_ . (1)_ ,,(2)
Ko (217 andufis(r;,) is given by
1) _ p(2
PiM=pP{? s 0 ry>dyy, s
In Sec. lll, the above relations are used to investigate the Urw(ji) = o rj=ds (39

thermodynamics of a waterlike model fluid in thin-film con-

finement. Here, rj; is the distance between the centers of fluid mol-

eculesi andj, ry is the distance between the centers of a

fluid moleculej and a substrate molecule N is the total

number of molecules in the fluidNs“°is the total number of
Ill. MICROSCOPIC FORMULATION molecules in the substrated; is the diameter of a fluid

. . ) i .__molecule,d,, is the diameter of a substrate molecule, and
In this section, we develop a microscopic perturbatlondf =(d;+d,)/2
w w. .

theory for an associating fluid that is confined between two
parallel substrgtes. Our. approach is ba;ed on the work cHynamic formalism developed in the previous section, we
Schoen and Diestléf,which we extend to include hydrogen cooce 1o “smear” the repulsive interaction in the surface
bon_dlng mteragnon_s between _f'“"?' molecules. The total poIayer of the confining substrates to generate two smooth hard
tenﬂgl energy in this systgr@ is given by 'the sgm_of the walls (see Fig. 2 These hard walls bound a rectangular slit
contributions from the fluid—wall and fluid—fluid interac- J¢\ . L=s,— 2d,, that is “accessible” to the centers of

tions, @, anddy, the fluid molecules. The modified fluid—wall repulsive inter-

As a useful simplificatio™ consistent with the thermo-

D=y, + Dy (3.1)  actionufly is thus
As is standard of perturbation theories for the liquid state, s, |0 di<z<s;—dpy
the fluid—fluid and fluid—wall interactions are divided into  Yw(Z)=) . iherwise 3.9

repulsive(R) and attractivg A) contributions, ) ) ) )
Here,z; is thez-coordinate of theth fluid molecule. For the

D=+ D7, attractive interactions between molecules in the fljlicand

(3.2  molecules in the substrat&), we use
O, =DF + D7

N Nsub
We treat the short-ranged repulsive fluid—fluid and fluid— g4 _ gdisp_ disp,
= = U (k) 3.
wall contributions as hard-sphere interactions, i.e., fwe T w j§=:1 k§=:1 fw (1) S
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where PUP js the fluid—wall dispersion interaction, This confined hard-sphere system will serve as the reference
u?\',ip(rjk) is given by fluid for the perturbation analysis presented below.

6 The connection between microscopic interactions and
diw L A .
v (3.8 equilibrium thermodynamics is established through the ca-
ik nonical partition functiorQ,”

dis —
Utw (T i) = — 4eqy,

and €;,, is the familiar Lennard-Jones energetic parameter.

Note that even though the substrate has attractive interac- B 1 N N

tions with the fluid, it is hydrophobic in the sense that it @~ | NTASN J J dride™ exp— ), (3.16
cannot participate in hydrogen bonds with the fluid mol-

eculce:s. istent with the * ina” of th lsive fluid from which the Helmholtz free energy is obtaineH,
onsistent wi € smeanng- of the repulsive fiuid-— =—B71InQ. Here,B=1/kgT, kg is Boltzmann’s constant,

substrate interactions, we average the attractive contributimﬁis the temperature, arld is the number of molecules. The
of the fluid—substrate interaction 4er,,(dr, /rji)°® over the integration in Eq.(3.16 is carried out over the vector of
(x,y) positions of substrate molecules in the planes in which, .o b0 positic;né.\':{r Fy,...fn} and molecular orien-
they lie. If we then treat each substrate as an infinite halfiations oN={w;,» wl}i Izn théNpore For a monatomic
space of molecular planes and approximate the sum over NI '

planes by the Euler—Maclaurin formufaye obtain a fluid— pecies, A is the familiar thermal wavelength. For poly-

Il botential that d 4 | tlz dinat £ th atomic moleculesA is generalized to include contributions
¥Ivtid Frfo?encljesﬁla epends only on taeoordinates ot the ¢,y relevant internal degrees of freedom; however, it exhib-

its no pressure or density dependence.

N _ Substitution of Eq(3.14) into Eq. (3.16 yields
<bfw=i21 uttS(z) +udsr(z)), (3.9
1
where Q= W)ffdrNdwN
. 270y €500 S i di
U?'vip(zi)=—_p§vd.w: Mz %4 (s,-2)7%. (310 xex - B(@p°+ O+ OfP+ TR ] (317
al

In the above equatiomp,, is the areal number density in a Multiplying and dividing by the configurational partition
plane of the substrate ami, is the spacing between neigh- function for the confined hard sphere quId;'S, which is
boring substrate plane@=ig. 2). For the purposes of this given by

study, we take the substrate to be a close-packed fcc lattice,

i.e., pwd2=2/3 andd,=d,, V2. s s
For the attractive fluid—fluid interactions, we use Z, ZJ drexp(— BP), (3.18
O7'= 0+ DI, (3.1

iop . . . allows the integrals appearing in E&.17) to be rewritten as
where®¥*P is the dispersion contribution, g PP ginBG.17

N-1 N

OPP=> D Uiy, (3.12 f drNexpg( — B0HS)
1S
andu{™M(r;;) is given by XffdrNda)N exp — B(P S+ O+ DFP+ DY) ]
_ d.\6 JdrNexp(—B® %)
U?ISp(rij):_‘l-é'f(r_.fl) . (313)
i

I | =23 [ doMext — o]+ @+ o IS
Here,¢; is the fluid—fluid Lennard-Jones energetic parameter

and CI)'f*B is the energy associated with hydrogen bonds (3.19
formed between fluid molecules, which will be discussed
shortly. Note that this transformation is exact. The notatjon),®in

The combination of Eqs(3.1), (3.2), (3.3), (3.6), (3.9, the right-hand member of E43.19 indicates that the aver-
and (3.1 yields the following expression for the potential age is to be taken in the “confined hard-sphere” ensemble.
energy®d; This implies sampling all possible configurationsMhard

— dHS_ @ HB_ g, disp. o, disp spheres with diametet; whose centers are confined to a slit

=0y O O Py @18t width L=s,—2d;,, and calculating, for each such con-
where®'® represents the potential energy of a fluid of hardfiguration, the value of exp{B[®{E+dP+dU]) by

spheres with diametet; whose centers are confined by par- “turning on” the dispersion attractions and hydrogen bonds

allel hard walls to a slit of width. =s,—2ds,,, i.e., with fixed molecular orientation. The integral is then taken
N1 N N over all possible sets of orientations.
‘DE'SI 2 Z ust(rij)JrZ U'f*\,?(zi). (3.15 The combination of Eqs(3.17) and (3.19 allows the
i=1 j5i+1 i=1 Helmholtz free energy to be expressed as
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HS

F:_B_lln N!)'i?:N _ﬁ_l

XIn

f doN(exp(— B[ D}B+ DP+ dsr))) S

(3.20

To evaluate the integrand, we recall
expansiofr for a general random variable

(3.2)

(exp(cx))= ex;{c(x>+ (X2) = (X)) +- -

We determine the average in E.20 approximately by

the cumulant

Truskett, Debenedetti, and Torquato

hxdrogen—bonding
s

neglecting fluctuations. Explicitly, we neglect second and all g, 3. microscopic model of a fluid with orientation-dependent interac-

higher order cumulants

<EX[1 ,B[CI)HB+ q)dlsp+ q)dlsp])>HS
~exp(— B[O+ DFP+ DLF]) S, (3.22

Substituting Eq.(3.22 into Eq. (3.20 yields the following
expression for the Helmholtz free energy

tions. (a) Molecules have a hard core of diamethr, and are therefore
surrounded by an exclusion sphere of radiys within which the center of

no other molecule can penetrate. In order to form a hydrogen bond, a central
molecule must be surrounded by an empty cavity of radiykerer;~d;),

and a second molecule must be inside its hydrogen bonding sivell

<r,. (b) In addition, the two participating molecules must be properly
oriented, with their bonding directions pointing towards each other
(o1, 9,<¢*), regardless of the value @f, and §,. The presence of addi-
tional molecules inside the hydrogen bonding shell weakens an existing
bond.

HS
F= —,3 1 In Ni )\SN +<cpd'55";'3+<q)d's
N—1 N HS
—B7tIn f doN exp(— BO{®) 1S (3.23 <q)?'s[ws:< .Z :E ufR(r; > (3.27)
P

The dispersion interactions are expected to play only a 3 3
minor role in the structuring of molecules in the dense fluid _ 8Nmedi| - 3(di/dsy) | (di/dgw) )
and, consequently, are often modeled as uniform, attractive 3 4 8¢° P
background potentials. In fact, Schoen and DieStleave 3(d/dry)  (dy/dey)?
demonstrated that mean-field approximations of this nature _Nabulk[l_ ftws ;W }pp
can be computed for the dispersion interactions in the slit 4¢ 8¢
geometry shown in Fig. 2. Specifically, by assuming that the = —Nay(\)pp. £>2d;/dq,, (3.28

fluid-fluid radial distribution functiorg(r,r,) has the form,

0 |rp—ry|<dg
1 |ro—rq|=d{’

g(rler):( (3.29

the energetic contributions from the dispersion interactions

can be obtained by integrating E@.10 with respect taz
and Eq.(3.13 with respect tor;; and the lamellar volume.
The resulting mean-field averages®re

HS

dIS HS <2 udISp(Z)> (325)

p

2N7pyerdiy, [1 1 }
3dat { UL+1)?

1 1
“NVo o™ zizv 12

=—NW¥,(J),

>0, (3.26

and

where {=L/d;,=(s,—2d;,,)/ds,, is a dimensionless pore
width, p,=N/AL=N/(Ad;,{) is the mean number density
in the pore, and”¥ is the dispersion interaction parameter
for the bulk van der Waals fluid.

To model the hydrogen-bonding interactions in the fluid
®®, we appeal to a recently introduced model for
associatiof? that is able to capture the distinctive thermody-
namic properties of bulk liquid water, including density
maxima, compressibility and specific heat minima, sharp in-
creases in the response functions at low temperatures, and
the possibility of a polyamorphic phase transition between a
high-density and a low-density fluid. Within the context of
this model, a hydrogen bond may form between two mol-
ecules if several geometric critetfaare met. These criteria
are designed to capture the minimal features of hydrogen-
bond interactions in liquid water; namely, the molecules in-
volved must possess mutually favorable orientatiow ori-
entational entropy and an open, low-density environment
must exist in the vicinity of the bond. These basic physical
attributes of the hydrogen bond are modeled as foll(se
Fig. 3:
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(1) One of the two participating molecules must have a cavimodel in the bulk, uniform fluid. The appropriate reference
ity of radiusr;, empty of any molecular centers, sur- fluid for that system is the uniform hard-sphere fluid. In con-
rounding it (we term this thecentral moleculeof the  trast, the appropriate reference fluid for the present thin-film
pain); confinement model is an inhomogeneous hard-sphere fluid

(2) The pair must be separated by a distamcthat lies confined between hard walls. Noting this difference in refer-
within the hydrogen-bonding shelbf the central mol- ence system, the derivation of hydrogen-bonding contribu-
ecule, withr;<r<r,; tion to F [i.e., the last term of Eq(3.23] follows directly

(3) The pair must exhibit mutually favorable orientation, from the original treatmerf and we arrive at
b1, Po<o*;

(4) The presence of additional molecules in the hydrogen-_lg—1|n
bonding shell “crowds” and thereby weakens the exist-
ing bond. We assign a strength e, to a hydrogen
bond and a penalty,.,for each nonbonding molecule in ~-Ng~ !
the hydrogen-bonding shell.

j do™exp( - BO")1°
8
In(47)+ ;1 PP pp.0)In

. (3.30

The reader is referred to that paper for a more detailed dis-

In this study, we take— =—23kJ/mol and : .
Y Emax cpen cussion. Heref; is given by

=3 kJ/mol. It follows that if more than seven nonbonding
molecules are contained in the hydrogen-bonding shell, the
central molecule is not available for bonding. fi=
These geometric criteria are designed to model, albeit in
a rudimentary fashion, specific features of the hydrogenThe functionp?*{p,,¢) represents the probability that, in a
bond interaction. For instance, the requirement of a cavity otonfined hard-sphere fluid at a densjty, a given hard
radiusr; surrounding the central molecule promotes a low-sphere has a cavity of radinssurrounding it and thgtother
density, open environment in the vicinity of the bonded pair.sphere centers lie within its hydrogen-bonding stk Fig.
Criterion (2) defines the largest allowable separatignfor  3). This is tantamount to stating that a hard sphere meets the
molecular centers participating in a hydrogen bond. Indeedpositional (if not the orientational requirements for
the shell ¢;=<r=r,) physically represents the width of the hydrogen-bonding to one of its neighbors. We note that
distribution of bond lengths in the model substance. For perp®p,¢) generally depends on all of tiebody molecular
spective, typical bond lengths {iH,0), measured in the va- correlation functionsg™(r") for the confined hard-sphere
por phasg2.98 A) are roughly 8% larger than the observedfluid. Indeed, the method for determinir;!j’m(pp ) will
distance in ic€® Criterion (3) constrains the bonding sites on determine the “level” of the theory and will be discussed in
each molecule to lie within an angg* of the line connect-  detail in the next section.
ing molecular centers. The magnitude &t determines the If we assume the simplest approximation for the con-
freedom of alignment between molecular sites, and thus iigurational partition function of the confined hard-sphere
necessarily related to the reduction of orientational entropyluid ngz[Adfwg—Nbp(g)]N, exact only in one dimen-
upon bonding. As has been demonstrdfesijnor alterations  sjon, then the Helmholtz free energygiven by Eqs(3.23,
in the geometric “librational” and “vibrational” bonding (3.26), (3.28), and(3.30 becomes
constraints, as defined by;(r,,¢*), can result in dramatic
changes in the macroscopic phase behavior of the system. |n(1_Ppbp(§)
Criterion (4) prescribes the dependence of the hydrogen- pp)\3
bond energy- ¢; on its local structural environment,

. (3.3

1+ i—r(l—cos¢*)2(exp{ﬂej}— 1)

F=—Np ! +1|=Nay({)pp

— 6= — emact (i — D épen (3.29 —N¥p(H)-NB™

8
|n(477)+j2l p,POfE(pp,g)mfj}.

where j—1 is the number of nonbonded molecules in the (3.32
hydrogen-bonding shell of the central molecule. This crowd-Here by(¢) is the familiar van der Waals excluded-volume
ing rule is a simple model for the fact that hydrogen bonding arar’nepter that sets the maximum number den/sﬁW(g)

is a many-body interaction, i.e., the presence of nonbondinBn

. . ) at the hard-sphere reference fluid can attain in the slit pore.
neighbors can severely disrupt the electronic structure of the To ensure that the slit-pore free enefgynatches, in the
bonded pair. '

oo o . . limit {—oo, the previously derived expression for the free

_ Clearly, these criteria overs_|mpI|fy the microscopic de_— energy of the bulk associating fiufdwe set
tails of the hydrogen bond. For instance, this coarse descrip-
tion will not promote many of the microscopic, structural 1 1
details characteristic of liquid water that distinguish its be- bp($)= max - pol 7o=0.64]" (3.33
havior from that of “simple” fluids, e.g., the interplay in Pr PR
water between translational and tetrahedral ordeingev- where p [ 7,=0.64] is the pore density at which the mean
ertheless, the model is able to capture the highly nontriviabacking fractionz, in the pore attains the valug,=0.64,
thermodynamic consequences of directional bonéfing. historically termed the random close-packed sfétie the

An expression for the hydrogen-bonding contribution toslit-pore geometry, the mean packing fractigp can be re-

the Helmholtz free energf has been derivéd for this  lated to the density profilp(z), the form of which is gener-

Downloaded 24 Jan 2001 to 128.220.2.42. Redistribution subject to AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html.



2408 J. Chem. Phys., Vol. 114, No. 5, 1 February 2001

Truskett, Debenedetti, and Torquato

1.00 The important point is that both approaches predict that
S~ b,({) decreases with increasing confinement. This indicates
099 ~ L :
AN that the parallgl conf|n.|ng walls have the effect of redu_cmg
008 | " the local pagklng fr_actmnﬁand hence the average coordina-
N oan fiold O et tion numbey in the film relative to the bulk fluid at the same
35 097 | ™ number density. This can be easily understood, given that the
& AN fraction of molecules whose coordination numbers are
< 096 | “sterically-hindered” by their proximity to the wall in-
creases with decreasing The implications of this purely
0.95 | \\ geometrical effect for the thermodynamics of an associating
fluid are investigated in the mean-field theory presented in
9% 00 0.10 020 0.0 the next section.

C—l

From Eqgs.(2.5 and(3.32), we see that differentiation of

F yields the transverse component of the pressure téhsor
FIG. 4. Normalized excluded-volume paramelgt)/b™" plotted vs in- y P P s
verse pore widthf~!. Shown are the quantities as determined by the mean- 2 JFIN
field expression in Eq(3.36 (solid line) and the density functional theory PH: Pp ap

P /TN,L

outlined in Appendix B(dashed ling

Pp

2
=—————a
BT poby 0] (&P
ally determined from a molecular simulation or a density > 8 por
functional theory(see Appendix B That relationship is _Pp (8pj e(Pp) Inf. (3.39
shown in Appendix C to be given by Bi=1 Ipp 1, I '

Here, it is useful to note that the transverse pressjre
unlike F, is independent of the strength of the fluid—wall
dispersion interactio ().

To complete the theory we need a strategy for analyzing
the probability functioni*'{p,,¢) for the hard-sphere ref-
erence fluid in confinement. In Sec. IV, the hard-sphere sta-
tistics are examined with two different levels of approxima-
dfw tion, a homogeneou$mean-field theory and an inhomo-

dzp(z)=N/AL=N/[A{ds,]. geneoug DFT) approach.

(3.35 IV. RESULTS AND DISCUSSION
In order to analyze the thermodynamics and phase be-

_ 3 1 S,—dgy z+d¢/2 , ,
7o (s,—2dw) dz dz'p(z")m

fw z— df/2

X

2
%) —(z—2")?|, (3.39

and the average pore densjty is simply

S,—
Pp= (S;— 2dfw)7lfd

fw

In this investigation, we examine two approximate meth-
ods for determining the relationship betwepp and the havior of the thin film, we need to obtain an expression for
mean packing fractiom, for the confinedhard-sphereref-  the hard-sphere probability functigf<p,.¢). Recall that
erence fluid. The first method is a mean-field approachp]  (pp.{) represents the probability that, in a confined
which assumes that the fluid film is homogenedis., hard-sphere fluid at a density,, a given sphere center has a
p(2)=p,, for dy,<z<s,—dy, andp(z) =0 otherwisd. Sub- cavity of radiusr; surrounding it and thaj other sphere
stituting this density profile into Eq3.34) yields the simple ~ centers lie within its hydrogen-bonding sh&hown in Fig.

result 3).
3 Using statistical geometric arguments, the following ap-
:Wdpr 1 i (3.36 proximate relationship for the probability function that de-
KL 167 ' scribes the bulk fluih?"* has been derivet,
L . 247 (i
which implies, Dfu'kZGXF{——Zf 2G(r)dr
wd? 3 3 di Jay
_ Y _pbulk g T .
Po(0)= 506 {1 167] P {1 e % 1 (247 (v, j
XT —3 r G(r)dr
The second method that we examine for determinjggac- JHy df Ja

counts for the structure of the inhomogeneous reference fluid 247 (7o
by employing a density functional theo§0FT) for hard xex;{—? r2G(r)dr
spheres in confinemerfputlined in Appendix B. The den- £ Jdt

sity profile p(z) generated by the DFT is then substitutedwhere 7= md?p/6 represents the bulk packing fraction. In
into Eq. (3.34 to determinen,, and the excluded-volume Eq. (4.1), the quantity G(r) is the conditional pair-
parameteb,({) can be determined from E(B.33. Figure 4  distribution function defined such that the produpG(r)
compares the dependence of the rdtjg¢)/b®* upon the  yields the concentration of sphere centers located a distance
inverse pore width, as calculated via the mean-field expresaway from a hard-sphere center, given that there are no
sion (3.36) and by density functional theoryAppendix B. sphere centers closer thanThis quantity plays an important

, 4.1
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role in the scaled-particle thedyand, more generally, in
the statistical geometryf liquids&°-8%In the spirit of scaled-
particle theory, Torquaf8 derived the following analytical
approximation forG(r):

G(r=0 r<d;,
a a (4.2
G(r)=ap+ (ridy) + (r7d;)? r=ds,
with
ap=1+47G(dy),
_3n—-4
a1—m+2(1—377)6(df),
4.3
2_
8= 57— (27~ G(dy),
1-9/2
G(df):ﬁy

which can be directly substituted into E¢..1). The analyti-

cal expression fop™* given by Eq.(4.1) is appealing be-

J

cause it approaches the exact result in the dilute limit when

the cavity surrounding the central molecule is snigi- 0,

Confinement of a waterlike fluid 2409
tensively elsewher® qualitatively reproduces much of the
phenomenology associated with sorption in mesoscopic po-
rous materials.

The location of the critical point for the vdW pore fluid
at a given pore width. can be determined analytically via

the conditions,
Pp\ 9Py LT=T, 0.

LT=T
(4.6)

The resulting expressions for the critical temperaityethe
critical transverse pressuR ., and the critical pore density
pp,c for the modified vapor—liquid transition in the confined
vdW fluid are given by

— 8ap(§) — Thulk_ 8a"
¢ 2M,(Oks  ©  27bPTkg'

1 (am) 19
Pp\9pp Lt=1, Pp 9pp

C

bulk
() _ puk__ @

\I,CZW\ ¢~ 27(pPR2; (4.7)

1 bulk _ 1

PD,C:3bp(§)>pc W

The inequalities in Eq4.7) follow directly from Egs.(3.28

ri—d;). Furthermore, we have found that the expressionand(3.37. Notice that th_e model p_redicts that confinemeqt_
while quantitatively accurate at low density, can capturehas the effect of depressing the crlt!cal_ tempera_t_ure and_Cl‘ItI-
many qualitative features of bulk hard-sphere statistics agal pressure of the bulk “vapor-liquid” transition, while

higher packing fractions.

shifting the critical density to higher values. These results are

Below, we outline two approximate methods for deter-in qualitative agreement with both experiméfits?and mo-

mining the pore probability functiom{*Y(p,,{), both of
which utilize the analytical expression given in E4.1) for
the bulk hard-sphere statistics.

A. Level 1: Homogeneous reference fluid

lecular simulationg®1®

We note that in the original formulation of the theSty,
the excluded-volume parametgy({) was taken to be a con-
stantb,(£) =b"™*, independent of pore width. This condi-

tion implies that the transverse pressigdiverges at the

In the first level of approximation, we assume that thesame number density i for any degree of confinement.
reference hard-sphere system confined between parallel wallinfortunately, it also implies that the critical density is com-

is homogeneousi.e., p(z)=p, for ds,<z<s,—d;, and

pletely unaffected by the pore width, i.p, .= p2"*. Hence,

p(z)=0 otherwisg¢. From Eq.(3.36, we see that this as- accounting for the manner in which confinement affects the
sumption implies that the mean packing fraction in the poremaximum attainable number density in the fluid, even in the

7p IS given by
Wd?pp 3
M= 6 1- @ . (4.4)

We further assume that bulk hard-sphere statidtiss de-
scribed by Eq(4.1)] apply when evaluated aj,,, i.e.,

pPore~pP(7p). (4.5

This expression, together with Eg&.32, (3.29, (3.3D),
(3.26), (3.28), (3.37), (4.1), (4.2, (4.3, and(4.4) completes

crude mean-field fashion of E€3.37), is important for gen-
erating qualitatively correct thermodynamic predictions.

In order to analyze the mean-field theory with hydrogen-
bonding interactions, we must specify a total of seven fluid
parameters 1,1 o, €max. €pen, #* ,d¢,a*%) and three sub-
strate parametersl(, ,V,,{). In the present work, we set the
fluid parameters to values that reproduce the two-critical-
point scenario in the bulk fluitf Specifically, the magnitude
of the maximum hydrogen-bond strengtfy,, and the hard-
core diameted; are assigned the physically reasonable val-
ues of 23 kJ/mol and 3.11 A, respectively. Recall that the

the mean-field associating fluid film theory. crowding penaltyepen, is taken to be 3 kJ/mol per nonbond-
Before analyzing the phase behavior of the associatingng molecule in the hydrogen-bonding-shell. The three pa-

fluid film in the mean-field theory, it is useful to consider the rameters which describe the hydrogen-bond geometry are as-

case where the hydrogen bonds are effectively “turned off’signed the values¢* =0.175 radians,r;=1.01d;, r,

(i.e., =0\V]). In this limit, the model reduces to a simple =1.04d;. Furthermore, the dispersion interactia kis se-

van der Waals(vdW) fluid confined between two parallel lected to be 0.269 Pdimol 2, which essentially fixes the

substrates, and the original perturbation theory of Schoebulk vapor-liquid critical point at the correct experimental

and Diestlet! is recovered. This model, as is discussed exvalue of 647 K. This set of parameters reproduces the famil-
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FIG. 5. TheT—p, projection of the phase diagram for the associating fluid (@) g

film in the mean-field theory. The curves represent loci of phase coexistence

for the confinement-modified “liquid—vapor”lL(~V) and “liquid—liquid” 08 '
(L-L) transitions in pores of dimensionless widfk 4 (long-dashey 10
(dotted—dashed 20 (dashed, and« (solid). 06 | i
iar density maximum g=1 g/cn?) in the bulk fluid at 1 bar :\/l E mmen o)
and 4 °C. Further details concerning the thermodynamics of 2, o2 == confinedvaW(L-v)
the bulk system in the two-critical-point scenario are pre- °ro
sented elsewhef®.For simplicity, the effective diameter of o= 00 |
the substrate moleculek, is taken to be identical to that of T T e o——
the fluid moleculesl,,=d¢,=d¢. The effects of the dimen- [  TTT==al ——
sionless pore widtl=L/d¢,, and the strength of the fluid- -0z o 010 550 550 ‘0"40
wall attraction¥ [given by Eq.(3.26)] on the phase behav- (b) ' ' C’-l
ior and stability of the fluid film are examined below.

Figure 5 illustrates thel—p, projection of the phase 010 - - -
diagram for the “waterlike” fluid film for various degrees of et L)
confinement, as determined by the mean-field theory. The = confined vaW (L-V)

curves represent loci of phase coexistence for the
confinement-modified “liquid—vapor” I(—V) and “liquid—
liquid” (L-L) transitions in pores of dimensionless width
(=4, 10, 20, andw« (corresponding to dimensional pore
widths {d¢,,~1.2nm, 3.1 nm, 6.2 nm, and, respectively.

The arrows indicate that confinement shifts both critical
points (L—V andL-L) to lower temperaturd and higher
pore density, . A corresponding shift of the critical point to
lower transverse pressuRy occurs for theL—V transition,
while the L—L critical point occurs at progressively higher
transverse pressures &ss reduced(not shown. We recall ©
that the equation of state of the fluid film given by E8.38

is independent o’ ,({), rendering the global phase behav- FIG. 6. Relative shifts for the liquid—vapoL ¢V) and the liquid—liquid
iors shown in Fig. 5 independent of the strength of the fluid—(L-L) critical points in the fluid film vs inverse pore widi *: (a) (T,
wall dispersion interaction. —TMITE, (B) (Pye—P™)/PL™, and(©) (ppe—pe™)/pe ™. Shown

The confinement-induced shifs in the location of theree=!s o & tanstor  tne confrec vaW ftiached i

L -V critical point for both the vdW fluid and the mean-field | __ transition in the associating fluid filiiblack squaresis also illustrated.
associating fluid are illustrated in Fig. 6 as a function of

inverse pore widthy 1. Also shown is the relative shift in

the location of the low-temperatute-L critical point in the  conditions in Eq.(4.6) to the equation of state given by Eq.
mean-field associating fluid. In the absence of hydrogen¢3.38).

bonding interactions, the analytical form for the critical point By virtue of the slit-pore geometry, molecular correla-
shift in the vdW fluid (i.e., TC—TEU”‘, Pyc— PE“"(, and tion lengths can grow to infinity only in the transversgy)
pp.c—pe™) can be deduced from E@.7). In the case of the directions. This means that while a true phase transition can
associating fluid film, the corresponding shifis—V and  occur in a slit pore, its criticality will correspond to the two-

L—L) are determined numerically by applying the criticality dimensional Ising universality clasd.Nevertheless, Fisher
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" mal expansivity ¢;<<0) is also a prominent feature in the
1 confined fluid film. Interestingly, the shape and extent of the
region of negative thermal expansivityenclosed by the
TMD) remains largely unchanged even for the strongly con-
fined fluid.
g The confinement-induced reduction of favorable fluid-
fluid interactions does have important thermodynamic impli-
cations for the pore fluid, even at room temperature. To un-
derstand this, consider a liquid confined between
hydrophobic plates with subcritical temperatufie and
chemical potentialu imposed on it by a reservoir. As the
plates are brought close together, a separation can be reached
0 100 200 300 200 at which point the energetic penalty of confinement causes
T (K) the liquid to become metastable with respect the vapor
. 7 The loci of state soints for ating i im in BT phase®>~%7 At even closer separations, a limit of mechanical
s € [0CI Of state points Tor the associatin uia mm in HH H H H i
plane that satishen—0 (LZ. the TMD. Reaults arg <hown for pof;s of stability (i.e., a spinodalwill be reached, where the fluid in

dimensionless widthi=4 (long-dashel] 10 (dotted-dashed 20 (dashed i[he pore SpomaneOUSIy evaporates. The_ res_ultmg Pressure
ande (solid). imbalance induces a long-ranged attractive interaction be-

tween the confining walls. It is believed that this solvent-
induced hydrophobic interaction has implications for the sta-
bility of mesoscopic biological assemblies and protein
folding.>>~%%®” A simple macroscopic scaling argum&ht
predicts that the evaporation of water confined by hydropho-
bic walls should occur dt =100 nm at room temperature.

R e (4.8 To analyze the stability of the associating fluid film in
the mean-field theory, we focus on the excess grand potential
Jer unit areaA Q¢ /A,

P, (GPa)

and Nakanisif have employed scaling arguments to show
that the shift in theL—V critical temperaturdfor large slit
pores should obey

where v~0.63 is the bulk three-dimensional correlation
length exponent. On the other hand, calculations on a co
fined lattice gas mod¥ have shown that the shiftTf"
—T.) varies roughly ag ! in the small-pore limit. As can AQ /A= —(P;—PPHL, (4.9
be seen in Fig. 6, the magnitudes of the critical-point shifts
for the vdW fluid L—V) and the mean-field associating fluid whereL = {ds,, for the fluid film. The quantityAQg in Eq.
(L-V andL-L) also exhibit approximately linear variations (4.9) is the difference between the grand potential of the fluid
with inverse pore width 1. film Q=—P,LA, given by Eq.(2.13, and the grand poten-
Two important points can be deduced from the criticaltial — PP““LA for a region of the same size in the bulk fluid
point shifts shown in Fig. 6. First, the predicted trends for theat the same temperatufe and chemical potentiak. The
L—V critical point, while not quantitatively accurate, are in equilibrium thermodynamic state for the film is the one for
qualitative agreement with experiments and computer simuwhich AQ¢/A is minimunf® consistent with its temperature
lations on a number of pore fluid®!® Second, the relative T, chemical potentiaj, and pore widthL. Figure 8 illus-
shifts in theL—V critical points for the vdW fluid and the trates the pore width dependence of the liquid and vapor
mean-field associating fluid are nearly identical. Thus, théranches ofAQ¢/A for the associating fluid between hard
energetically favorable hydrogen-bonding interactions, whileplates [V ,({)=0] at room temperaturd =298 K and u
important for the low-temperature behavior of the fluid, have= —183.56 kJ/mol. At thisT and w, the bulk fluid pressure,
little effect on the shift of the high-temperatute-V critical ~ as determined by Eq(3.39 in the limit {—o, is PPUk
point. To our knowledge, these are the first theoretical pre=28.4 bar. This value was selected because it is the pressure
dictions for the confinement-induced shift in theL critical  at which the boiling temperature is 373 K for the bulk asso-
point for a “waterlike” model. ciating fluid. In satisfying agreement with the simple scaling
To further explore the effects of confinement on the ther-argument of Lum and Luz&f, Fig. 8 illustrates that the va-
modynamics of the associating fluid film, we examine thepor is indeed the stable thermodynamic phase at separations
behavior of the mixed stress—strain expansivity given by  smaller than{ds,~67 nm. Also shown is the separation at
Eq. (2.14. This quantity measures the response of the porevhich the fluid reaches a limit of mechanical stability, i.e.,
densityp, to changes in temperatufieat constant transverse where (P, /dp)+, =0. Consistent with previous theoretical
pressureP; and pore widthL. Note thata, approaches the treatment$3®’ this “spinodal” is predicted to occur at
standard coefficient of thermal expansiagp in the limit L nanoscale separationéd;,,~1 nm). We note that hydrogen
—o0, As is well known, bulk water exhibits negative thermal bonding is not required for the confinement-induced evapo-
expansion &p<0) over a large range of pressuReand ration of a fluid®**%°so long as the fluid—fluid interactions
temperaturel. The region of the bulk phase diagram with are more favorable than the fluid—wall interactions. In fact,
ap<0 is enclosed by the locus of extrema in densggm-  the mean-field theory presented here predicts a scenario
monly referred to as the temperature of maximum/minimumqualitatively similar to Fig. 8 for the confined vdW fluidot
density or the TMD. Figure 7 illustrates that negative ther- showrn).
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FIG. 9. The locus of liquid-vapor phase coexisten@ircles in the
{d;y— €1y plane forT=298 K andu = — 183.56 kJ/mol. The liquid phase is
destabilized by reducing the pore widftor the magnitude of the fluid—wall
attractioney,, .

FIG. 8. The excess grand potential per unit ate@d¢/A vs dimensional
pore width {ds,, for the liquid (diamond$ and the vapor(circles in the
mean-field associating fluid film &t=298 K andu = —183.56 kJ/mol. For
this case, the walls are purely repulsivg,(=0). The vapor is the stable
thermodynamic phase for separations smaller tfdy,~67 nm. The me-
chanical limit of stability (spinodal for the liquid phase occurs atds,,
~1 nm.

ated explicitly usingp(z), Eq. (3.34), and Eq.(3.33. The
global phase behavior for the fluid film, as described by the
theory at this second of level of approximatiore., with the

To examine the effect of fluid—wall interactions on the modified p}*'{p,,,¢) andb,(£)], is examined below.
thermodynamic stability of the associating fluid film, we Figure 10 illustrates th®,~T and T—p, projections of
have mapped the locus of vapor—liquid coexistence in thehe fluid film phase diagram for varying degrees of confine-
ld¢,,—e€sy, plane. Specifically, Fig. 9 illustrates the phase dia-
gram for the confined fluid film for the conditions presented
in Fig. 8(T=298K andu=—183.56 kJ/mal. As expected,
the liquid film is destabilized with respect to evaporation at a
given separation by reducing,, (turning down the favor- 05
able fluid—wall interactions Likewise, at a givere;,,, de-
stabilization occurs by bringing the substrates together. As
can be seen, the thermodynamic driving force for -0.3
confinement-induced evaporation Bt=298 K vanishes for
fluid—wall interactions that are sufficiently favorables,
~2.75kJ/mol).

4 200

-1 600

1 400

-1 200

B. Level 2: Inhomogeneous reference fluid ’é‘_g 0 §
In the second level of approximation, we explicity ac- € o9} ~0 =10 A 600
count for the inhomogeneous structure of the confined hard- o= 05 r'C N\ | 100
sphere reference fluid. Specifically, for a given mean number . \ .
densityp, and pore widthy=L/dg,,, we determine the den- 0.1 i-\ \ 1 200
sity profile p(z) via the simple free energy density-functional 03 e : o
theory (DFT) outlined in Appendix B. The details of the oo ]
density profile are then utilized to determine two basic quan- PN 600
tities in the theory: the pore probability functigf'<p;,¢) 05 "’ \ 1 4 400
and the excluded-volume parametg(¢). For pf*{pp,{), o E \ c | N
we assume that the bulk hard-sphere statigtissdescribed ~=> o
by Eq. (4.1)] apply locally, i.e., when evaluated at the local 08 T 200 400 800 00 04 08, 12
packing fraction;(z) (see Appendix & Hence,pP*(p;,{) T(K) Py (g/cm
Car.] be Wr‘I‘tten a's, .an average over the infinitesimally thlr}:IG. 10. Phase diagrams for the associating fluid film as determined by the
z-directed “layers” in the pore, second level of approximatidine., with the inhomogeneous reference fjuid
- in the P—T (left) and T—p, (right) planes. From bottom to top, the phase
szwdfwd 2p(2) pru'k( 7(2)) behavioHrs ccgrre;pond topr?o(reg o)f Zimensionless wiat, 10, 20, ancFI)»,
pjpore(pp )= (5,— 201y ) (4.10 respectively. Solid lines represent loci of phase coexistence and the dashed
4 fw/Pp lines are TMDs(states witha;=0). The liquid—vapor(C) and the liquid—

liquid (C") critical points are also shown. Notice that a third fluid-fluid
phase transition that terminates in a critical poi6t’Y appears for dimen-
Sec. llI, the excluded volume paramelgy({) can be evalu-  sionless pore widttf= 10.

where pp:(sz—2dfw)*1f§j_dfwd2p(z). As discussed in
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ment. Specifically, phase diagrams for dimensionless pore
widths (=4, 10, 20, ande are included(corresponding to
dimensional pore widthgds,,~1.2 nm, 3.1 nm, 6.2 nm, and

o, respectively. The black solid lines represent loci of phase
coexistence, while the dashed lines are the loci of state points
with «;=0 (i.e., TMD9). Notice that the explicit incorpora-
tion of p(z) for the reference fluid does very little to alter the
predicted effects of confinement on the liquid—vapo+{/)
transition relative to the predictions of the simple mean-field
theory shown in Fig. 5. That is to say, in agreement with
experimental data on a number of pore flutéts® the L—V
critical point is shifted to lower temperatuiie lower trans-
verse pressur®,, and higher pore density, .

On the other hand, the incorporationgfz) for the ref-
erence system dramatically affects the predictions for the
low-temperature thermodynamic behavior of the strongly
confined fluid. Most notably, we see the appearance of a
third liquid—liquid phase transition that terminates in a criti-
cal point (C"). At a dimensionless separatigh+ 10, this
new critical point is located at=86 K, P,=0.125 GPa, and
pp=0.886 g/cm. Interestingly, as the degree of confinement
increasesC” shifts to higher temperatur€, lower density
pp, and lower transverse pressue. In fact, at a reduced
separation o =4, the third fluid—fluid transition has inter-
sected the liquid—vapor transition, giving rise to a fluid—
fluid—fluid triple point at T=219K and P;=4.1
X 10 *GPa.

The confinement-induced shifts in the bulk-V and
L—L critical points(C andC’) are illustrated in Fig. 1Ithe
shift in the third critical point C”) is not shown because it is
absent in the bulk phase diagrankirst, we note that con-
finement shifts both the —V and theL—L critical points to
lower temperaturd and higher pore density,. Moreover,
as predicted by the mean-field theory, we see that the shift in
the L—V critical point for the associating fluid tracks very
closely the shift for the vdW fluid film. However, in contrast
to the mean-field predictions, the dependence of the critical
transverse pressui, ¢ for the L—L transition is apprecia-
bly nonmonotonic, exhibiting a maximum &t 10.

The predictions of the theory at this level are especially
interesting in light of two recent computer simulation studies
on the behavior of supercooled “waterlike” models confined
between hydrophobic walls. In the first, Koget al>®
searched for signatures of the a low-temperature liquid—
liquid phase transition in a film of TIP4P watét confined

(TC_TCbqu)/TCbqu

(P”yC—PCbUIk)/PCbUIk

bulk

bulk.

(pp‘C_pC )/pc

Confinement of a waterlike fluid 2413
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between walls that interact with the fluid via a 9-3 potential.FIG. 11. Relative shifts for the liquid—vapot.£V) and the liquid—liquid
The TIP4P model for water was chosen because, under cefl-—L) critical points in the fluid film versus inverse pore width* as

tain pressure condition®.g.,P®*""=1x10"* GP3, the bulk
fluid is reported to exhibit pronounced discontinuities in den-
sity and energd/"1%? at low temperature,

neous reference fluid(a) (T.—

determined by the second level of approximatioa., with the inhomoge-

Tbulk)/-l—bulk (b) (PH = PbLllk)/Pbulk and(C)
— pluky/puk Shown are results for tHe—V transition in the confined

indicative of a vdW fde (dashed lingand the mean-field associating fluidlack circles.

polyamorphic phase transition. However, in their molecularThe relative shift for the.~L transition in the associating fluid filtblack

dynamics simulationgat fixed N, P,,, andT) of a film of
thickness{d;,,~2 nm, no signatures of the transition were
detected at eitheP,,=1x10 % GPa orP,,=0.5GPa. The
plausible conclusion drawn by the authors was that confine-

ment had dramatically shifted the location liquid—liquid im- between hydrophobic walls that similarly interacted with the
fluid via a 9-3 Lennard-Jones potential. However, unlike in
the investigation of Kogat al.,*® their Monte Carlo simula-

tions(at fixedN, p,,, andT) revealed strong signatures of the

miscibility to lower temperature.
In the second study of interest, Meyer and Staffléy-
vestigated the behavior of a film of ST2 waf€rconfined
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second phase transition for a film thickness¢df,,~1 nm. X
These signatures, however, were detected at much lower
pore density and transverse pressirg~0.8 g/ent and P,
~0.05 GPa than those estimated fa€’ in the bulk ST2
fluid (p,~0.98g/cni and P;~0.2GPa'* This indicates
one of two possible conclusions: eithdy the liquid—liquid
critical point (C') is shifted dramatically by confinement
and/or(2) the observed signatures indicate the presence of a
different phase transition.

Both of these simulation results seem to be consistent
with the qualitative evolution of the phase diagram undefrig. 12. Isolated composite system used in the derivation of the equilibrium
confinement shown in Fig. 10. Namely, as concluded bycriteria.

Kogaet al,*® the temperature of the second critical pa@it
i i ramatically r he flui m . . .
zrgrnegc:;ctsgntf(i)nzjdw? or:;\(;:r,yweedzgzdtﬁ:ltt tf?e l:higslczosgc’n the average pore density. When the density modulations

predict the emergence of a new phase transition at Igyer ﬁr? dw:corp_?_rated Into the_ p?rr]turbtatlonl theor%(, a dtf;lqu dﬂl#g_
andP, that could(at least in principlggive rise to signatures uid transition emerges in the strongly confined Tuid. The

similar to those observed by Meyer and Starf&yhus, al- appearance of this third phase transition is intriguing, espe-

though the approximate theory presented here is extremeﬁ)a”y when considered in light of recent computer simula-
simple, it provides some interesting explanations for the be"©"" r%ggéts of waterlike fluids confined between hydrophobic
havior of two water models as observed in simulations undef*a!S~”

conditions of confinement and supercooling.

v v

Tbulk Pbulk
{ g
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ture of the reference fluid. APPENDIX A: THE THERMODYNAMIC CRITERIA

The two levels of approximation address two physicalIy—_FI_S:T\]_';::?LLK/"%%R'J]L;Mgl\'/:lEcl:\l(_)l_Ex'STlNG PHASES IN
intuitive confinement effects. The first effect can be summa-
rized as follows: the introduction of hydrophobic confining Diestler and Schoéh have presented a lucid discussion
walls reduces the average number of favorable fluid—fluidbf the thermodynamic criteria for equilibrium of a single
interactions per molecule, i.e., it disrupts the hydrogen{fluid phase confined to a thin film between parallel walls.
bonding pattern in the fluid. The energetic penalty associateHere, we develop the analogous equilibrium criteria for
with this disruption, which is captured qualitatively by the single-component coexisting fluid phasgs), (2)} in thin-
theory at the mean-field level, causes the liquid—liquid criti-film confinement.
cal point to shift to lower temperature, higher density, and  From a thermodynamic perspective, it is converfiett
higher pressure as the degree of confinement is increased. Ascus on a composite system that containth the confined
is well known®2=%" the reduction of favorable fluid—fluid film () [with coexisting phasesl) and (2)] and the bulk
interactions can also promote strong hydrophobic interacfluid (see Fig. 12 We let this composite system be in con-
tions between the confining walls at nanometer length scalesact with three reservoirs. One of them, a thermal reservoir
induced by the evaporation of the intervening fluid film. The(t) with temperatureT®, performs no work, and interacts
mean-field theory offers a simple means for investigating thevith the composite system through a rigid and impermeable
thermodynamic stability of a “waterlike” fluid film as a boundary. A second reservditr) with pressureP® is purely
function of wall separation and the strength of the fluid—wallmechanical; i.e., it can undergo only adiabatic work interac-
interaction. tions with the composite system through an adiabatic and
The second confinement effect is the introduction ofimpermeable boundary. The final reservoy is also me-
density modulationsstructural inhomogeneilyinto the fluid  chanical in nature, providing uniform load per unit aféao
film. These density modulationgccounted for in an ap- the confining walls which can be used to manipulate their
proximate way in the second level of the theooan pro-  separatiorL. Note that the system depicted in Fig. 12 pro-
mote or disrupt hydrogen bonding in distinct “layers,” vides no mechanical coupling to the surroundings by means
modifying the dependence of the hydrogen-bonding energpf which the total aresh=A®+A®) of the fluid film in
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contact with a confining wall can be varied. However, theBecause we require the equality in E411) to hold at equi-
individual contributions to the fluid—wall area from coexist- librium for independent variations i, s»(1) ()
ing phase$A™M) andA(®] can clearly be simultaneously var- V% L, A® N1 andN"(?), the equilibrium conditions
ied within this “fixed area” constraint. are as follows:

We take the confined film, the bulk fluid, and the reser-
Voirs to constitute an isolated composite system. At equilib-
rium, the energy of this isolated system is a minimum con-
sistent with its entropy. In other words, virtual trans-
formations that would remove the system from the equilib-

Thulk— T7.(1) = T7.(2) = 70

buk—_ v, (1)— , 1.(2)

pP=
Pbulk: PO

M

rium state must satisfy pr(1)_ pr.(2) (A12)
zz zz !
s(Ubuky Yy M+ y»@+yut+UT+UY) =0 Al v
( ) (A1) Pzi(l):fx+ pO,
subject to the constraint pr(l) = pr(2)
I N '
8(SMk+ s+ 52+ g =0. (A2)

Note that the equalitP?,(!)=P*.(?) is required for mechani-

Note that since the mechanical reservdirsand y) interact

adiabatically with the composite system, we have
6S™=6S¥=0. (A3)

The fundamental equation relating changes in the inter-

cal equilibrium of the parallel plates. If we do not allow for
the possibility of variations in the film thicknedse., SL
=0), then the equilibrium conditions reduce to the follow-

ing:

Tbulk: TV'(l) — TVr(Z) = TO

nal energy of the bulk fluid to infinitesimal and reversible

.. . . . . . bulk__  v,(1)_ , v,(2
variations in the corresponding independent variables is pP= W= @,
SUbulk_ Thulk sghulk _ phbulkgy/bulk ¢ bulk sbulk, (Ad) pbulk= p0 (A13)
v,(1) _ pv,(2
P ( )—Pu @,

A similar relationship applies in the confined phaSes,

indicating that coexistence requires equality of temperature,
chemical potential, and transverse pressure between the
phases.

U0 =T 5570 — prL saK — prIo At 5

+p SN, (A5)

Here, k identifies the phasekE&1,2), U®) represents the
internal energy,T"® is the temperatureS”® is the en-
tropy, u”® is the chemical potentia*'® is the number of
molecules, andP["® and P2, represent the transverse and  The inhomogeneous reference fluid discussed in Secs. Il
normal components of the pressure tensor, respectively. Fand IV is simply a collection of identical hard spheres with
the reservoirs, we have diameterd; whose centers are confined by parallel hard walls

to a slit of widthL = {d;,,. A natural and well-known strat-

APPENDIX B: DENSITY FUNCTIONAL THEORY
FOR THE INHOMOGENEOUS REFERENCE FLUID

SUX=TXAdL, (AG) egy for determining the density profile of this system is to
SUl=TO5s! (A7)  employ a free energy density functional the¢BFT).105-107
In short, a free energy DFT involves the construction of an
and expression that relates the Helmholtz free energy of the sys-
SUT—= — POS\™. (A8) tem F to the density profilep(r). The equilibrium density

profile, consistent with the proposed free energy functional,
Moreover, since the composite system is isolated, we havis that profile which minimizes the free energysubject to
the following additional constraints, conservation of the particles. Equivalently, the density pro-
file is an unconstrained minimum of the grand poten€ial

SVT+ sV (D4 sy (2) 4 sybulk= where

(A9)

and
Q=F—,uJ p(r)dr. (B1)
Hence, the equilibrium density profile is a solution to the
following Euler—Lagrange equation for the minimization of
Qy

SNV (D 4 5N (2 4 sNPUk=Q, (A10)

Combining Eqs(A1)—(A10), we obtain

(Tbulk_ TO) 5SbUIk+ (Tu,(l)_TO) 581/,(1)
SoF

SO

For a system of hard spheréscan be decomposed into
three contributions,

E=F&t4 Fideal+ [excess

+ (TV,(Z) _ TO) 5811,(2) _ (Pbulk_ PO) 5vbu|k_ (Plzhz(l)A(l) (BZ)

+PL@A@ — fXA—POA) SL— (P} (Y — P2 L SAD)
+ (Iuv,(l)_ Mbulk) SN V,(1)+ (MVv(z)— Mbulk) SN v,(2)20_

(A11) (B3)
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which represent the external field.g., confining wallg the 0 r>0

ideal gas, and the excess due to the hard-sphere interaction, uwa”(r)=[ (B10)

respectively. The contributions from the external fiElé

and the ideal gas'“®® are given by In this study we employ the generalized hard-rod
modet191for FeXCess which requires

o r<0

Fext:J'p(r)ueX‘(r)dr (B4) 1 (9
2(=d; 0| 3| 1
and
and
Fideal— N, * (T) + kaT | —1]dr, B5 2
w* (1) +ka fp(r)[np(r) ldr, (B y(z):%®(%_|z| (%) 2| (812
f

whereu®{(r) is the external potential acting on the spheres, ) o ) .

kBiS B(ﬂtznqanrfs Constant and*(T) accounts ﬁ)rthein_ VVhere()'S ﬂ16|4eE“HSHje Step function. Forthe uniform free

ternal degrees of freedom of the ideal gas molecules. energy  per parztlcle Fo, we use the familiar
Percus has develop the following generic free en- Carnahan-Starlig® expression,

H H H XCESS
ergy funct|0_nal for_ the excess contributiér? based on Trd?p n(4—37)
exact one-dimensional resul$, Fol 1= ——|=kgT——>. (B13)
6 (1-m)
Fexcess__fFZ(r)fo[?)(r)]dr, (B6) To obtain the equilibrium o_lensity prpfile, the integral
relation (B8) was solved numerically subject to Eq&7),

where Fy(p) is the excess free energy per particle for the(B9: (B10), (B11), (B12), and(B13). In this study, Eq(B8)
uniform fluid with number density and the paip2(r) and ~ Was discretized uniformly with mesh size Od)2over the

2%(r) represent the following weighted coarse-grained dendomain of interest— ¢dy,/2<z<{dy,/2, and all integrals
sities: were evaluated via the trapezoidal rule. This generates a set

of nonlinear coupled algebraic equations for the nodal den-

220)= | Z(r=r")p(r)dr’ sitie; that is cgnvenientlly solved by Newton iterat_?BﬁThe
' details of this numerical technique are outlined else-
(B7)  where?”!13
(r :J' r—ro(rdr’ Although the natural input variables to the density func-
pAr) A Je(r’) tional calculation are the chemical potentjalof the con-

fined hard-sphere fluid and the pore widtty,,, it is more
convenient for our purposes to input the mean pore density
pp and the pore widtk{dy,,. This change of input variables

is easily accommodatétf by augmenting the set of nonlin-

The kernelsZ and ) are local weighting functions to be
prescribed. The chemical potential, according to @®), is
related to the density profile through

R[p(2),z2]=0=—u+u®™{r)+kgTInp(r) ear equations for the nodal densities with a residual equation
for the specified pore density,. The corresponding addi-
j 3p(r’) Fr¥(r ) dr’ tional “unknown” is the chemical potentig.
“op(r) olp”(r")]dr
5?;([‘,)_2 ’ Awn/ ’
+pr (r')Folp(r)Jdr, (B8)  APPENDIX C: PACKING IN THE SLIT-PORE
GEOMETRY
where F(p) is the derivative ofFy(p) with respect to den- ) ) ]
sity. The right-hand side of EqB8) defines a functional Consider a collection of hard spheres of diameder
residualR[ p(2);z] which, for the equilibrium density pro- Whose centers are confined by hard walls to a slit of width
file, must satisfyR[ p(2);z]=0 for all z L=s,—2d;,= {ds, . The spatial distribution of particle cen-

To complete the theory, a precise form must be prelers inside of this slit-pore geometry will generally be non-
scribed for the weighting functioris2 and)) and the excess uniform in the z-direction (i.e., the direction normal to the
free energy per particle for the uniform hard-sphere fluidwalls). In particular, the number of particle centetl(z)
Fo(p). Then, for a given external potential®{(r) and that are contained in the infinitesimally thin rectangular re-
chemical potentiaj, the equilibrium density profile is ob- gion of volumeAdzcentered ar is determined by the num-

tained by solving Eq(B8). ber density profilep(z),

For a system of hard s_,pheres of diametewhose cen- dN(2)=p(z)Adz (C1)
ters are confined te-coordinates— {d;,,/2<z<{ds,/2, the o _
total external potential is given by It follows that the average number densjty in the pore is

given by
gdfw ) (gdw
u(z)=u (——z + Uyl —= +2/, B9 L[Sz
t( ) wall 2 wall 2 ( ) pp:(SZ_dew) lf de(Z):N/[A(SZ_deW)]
fw
where (C2
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FIG. 13. Density profilep(z) (solid), packing fraction profilen(z) (long-
dashegi and mean packing fraction, (dotted for a confined hard-sphere

fluid at p,=0.70 as calculated by the density functional theory outlined in

Appendix B.

In a similar fashion, the nonuniform spatial distribution

Confinement of a waterlike fluid 2417

Substituting Eq.(C3) into Eq. (C5 and using the fact
that p(z) =0 for z<d;,, yields the following exact relation-
ship between the density profigz) and the average pack-
ing fraction »;,:

7Tdf3pp 2 dewd z+df/2d ' o(2)
= - 4 4 4
e 6 S;—2dtw Jay2 gy p(z)m
% 2_ _51\2
|5 (z—2")?|. (Co)

Of course, in the limits,—0c0, we recover the bulk rela-
tionship between the packing fractionand the number den-

sity p,
wdip
=

Moreover, for a uniform density profile in the slit pdfiee.,
p(2) =pp for dp,,<z< s;—dsw], we have

i

] (C7

_ Wd?l)p
6

7o (C8)

of the local packing fraction in the slit-pore geometry can beThis relationship is employed in the mean-field theory out-

described by a packing profile(z). The quantityn(z) is

lined in Sec. IV.

simply the probability that a randomly chosen point on the

plane of areaA centered ar lies within a distancel;/2 of a
sphere center. Note that because the sphere centers can
cess the regior;, <z<s,—d;,, the sphere volumes can
intersectx—y planes centered atin the ranged, /2<z<s,
—dy/2.

The local packing fractiony(z) can be determined by
integrating over the area of intersectid'(z,z') between
each sphere centeredZtand the plane a,

z+d¢/2 .
7(z)= f dz'p(z')A™(z,2')
z 2

z+d;/2 d¢\? '
4

J

Furthermore, integrating EGC3) from “wall to wall” must

B

. (C3

dz'p(z')m
—d¢l2

yield, as a normalization condition, the total volume of the

spheres divided by the cross-sectional ak¢a

wd?N B wd?pp
-6

s,—dy/2

f dz' 77(21): (Sz_ 2dfw)a (C4)
dy/2

where the last equality follows from E¢C2). We are inter-

ested in calculating the average packing fractignfor the

thermodynamic system, i.e., for the voluhés,— 2d;,,) ac-

cessible to the sphere centers,

1 Sz~ dfw
np:(SZ_dew)ivf dzn(z)
fw
Wd?pp 2 dew
= - dzn(z). C5
6 SZ_deW dw/2 77() €9

Figure 13 illustratew(z), 7(z), andn, for a confined hard-
sphere fluid atp,=0.70 as calculated by the density func-
tional theory outlined in Appendix B. Note tha{z)=0 for
z<ds, andz>s,—ds,,, while »(z)#0 in this region.
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