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Abstract

What are the properties of water in the presence of a ‘sea’ of inert obstacles? This question arises because biological cells are
highly crowded media, and it is of interest to know the properties of water inside them. It also arises for understanding water in
confined molecular environments and for mixtures of water with non-polar solutes. We study two-dimensional Mercedes–Benz
(MB) water that is freely mobile in a disordered, but fixed, matrix of Lennard–Jones disks. We use the associative replica
Ornstein–Zernike equations supplemented by the corresponding hypernetted chain approximation, and we tested the theory using
Monte Carlo simulations. We find that the structure of model water is perturbed by the presence of the obstacles. When the
density of obstacles is small, the obstacles induce an increased ordering and ‘hydrogen bonding’ of the MB model molecules and
increased compressibility, relative to pure fluid, in agreement with previous theoretical and experimental studies. However,
interestingly, high obstacle densities reduce MB water structuring, ‘hydrogen bonding’, and compressibility, because the obstacles
interfere so extensively with all the possible ways that the fluid can form good ‘hydrogen bonding’ networks.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Confined water can be found in many natural envi-
ronmentsw1,2x, including those in biology. Biological
cells are highly crowded media at the molecular level.
It is of interest to know the properties of water in such
environmentsw3,4x. In pure liquid water, i.e. at room
temperature or below, water has extensive hydrogen
bond network structure. However, if water is confined
between planes, or in microscopic spherical or cylindri-
cal pores, its structure and thermodynamic properties
can be perturbed. Such a confinement has been exten-
sively studied by experiments and theory. A partial list
of recent work is in Refs.w5–17x. For example, exper-

� This paper is dedicated to Prof. Myroslav F. Holovko on the
occasion of his 60th birthday honoring his contribution to the theory
of strongly interacting systems.

*Corresponding author.
E-mail address: vojko.vlachy@uni-lj.si(V. Vlachy).

imental studies show that confined water molecules
have less mobility than unconfined water(see, for
example, Ref.w9x). Here, we study water that is confined
by being embedded within a matrix of fixed obstacles.
The matrix is created in the model by a rapid quench
of a Lennard–Jones fluid. Hence, this differs from the
above studies in that our confinement is not due to a
regular simple geometry. Our model has heterogeneity
at the molecular scale. It is a disordered porous medium.
The combined system of water plus obstacles can be
regarded as a partly-quenched(PQ) system; i.e. some
degrees of freedom are quenched(those of the Lennard–
Jones matrix, in this case) and some are allowed to
fully equilibrate (the model water). This system is not
identical to a liquid mixture of particles, since the LJ
system is frozen and is not free to equilibrate with the
water. Theoretical methods for a description of partly-
quenched mixtures are still in development and the
progress has been reviewed recentlyw18–20x. The liq-
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Fig. 1. Two MB model water molecules separated by a distancer.

uid-state statistical mechanics work of Madden and
Glandt w21,22x, Given and Stellw23–25x, and others
(see, for example, Refs.w26–29x) has paved the road
for studying the properties of PQ systems. Their work
has led to a formulation of the replica Ornstein–Zernike
(ROZ) equations and its associated closure relations.
Our model system consists of two subsystems. The

first one is a quenched fluid of Lennard–Jones(LJ)
disks, called the matrix. We assume that the distribution
of matrix particles is given by the solution of the integral
equation(or, alternatively, from computer simulation)
of the Lennard–Jones disk system at temperatureT .0
The second subsystem is our model water, which ther-
mally equilibrates in the presence of matrix particles at
temperatureT . The matrix particles do not respond to1

the presence of the annealed fluid(water). To calculate
the thermodynamic properties of the system, we use a
double ensemble average: first, we average over the
annealed degrees of freedom(the model water, in the
presence of fixed obstacles), then over all the possible
values of the quenched variables(the obstacle distribu-
tions). Physically, this means that mobile fluid particles
will visit all the representative domains of the matrix
material. This necessarily makes computer simulations
of partly-quenched systems very time consuming.
The model of water that we use here is the Mercedes–

Benz model, originally proposed by Ben–Naimw30,31x.
This model has recently been studied using NPT Monte
Carlo simulationsw32–36x and by thermodynamic-per-
turbation and integral equation techniquesw37–39x. MB
‘molecules’ are two-dimensional Lennard–Jones disks
with three radial arms to mimic the hydrogen bonds
(HB), being arranged as in the Mercedes–Benz logo.
Simulations have shown that the MB model qualitatively
predicts many properties of real water, among them the
density anomaly, the minimum in the isothermal com-
pressibility as a function of temperature, and the ther-
modynamics of non-polar solvationw34x. An advantage
of this simple model, compared to more realistic water
models, consists in the fact that well converged computer
simulations of thermodynamic properties can be
obtained in a reasonable amount of timew33–36x.
Here, we study MB water in the presence of LJ

obstacles using the associative replica Ornstein–Zernike
(AROZ) equations, in the corresponding hypernetted
chain approximationw40x. By finding numerical solu-
tions of the set of integral equations, we obtain the
correlation functions and the fraction of MB water
molecules that are hydrogen bonded. From the correla-
tion functions, we calculate the excess internal energy
and compressibility. Therefore, the main goal of this
contribution is to determine the differences in structural
and thermodynamic properties of a model fluid, brought
about by the presence of the Lennard–Jones obstacles.
The associative replica Ornstein–Zernike calculations
were tested using Monte Carlo simulations of few

representative examples in the canonical ensemble. The
advantage of the AROZ, compared to Monte Carlo, is
that it is orders of magnitude faster to compute.
There are two relevant preceding studies. Firstly,

Kovalenko and Piziow41x studied a model for a network-
forming associating fluid in which each particle has four
bonding sites. They calculated the adsorption isotherms
for this fluid in the hard-sphere matrix using the asso-
ciative replica Ornstein–Zernike theory. The liquid–
vapor coexistence line was evaluated and compared with
the result for the bulk fluid. Secondly, Kovalenko and
Hirata w42x developed a replica interaction-site model
theory to study a water-like fluid in a disordered micro-
porous material. A key conclusion of their study is that,
in qualitative agreement with experimentw8x, confined
model water exhibits enhanced hydrogen bonding.

2. The model

Here, we use the MB model of waterw30–39x. Each
Mercedes–Benz water molecule is a Lennard–Jones
disk with three arms, which are separated by an angle
of 1208 (see Fig. 1). The model water mimics the open
tetrahedral lattice form of ice found in real water with
a two-dimensional honeycomb latticew33x. The inter-
action potential between two MB molecules is a sum of
a Lennard–Jones part and the term mimicking the
hydrogen bond(HB) contribution

B E B E™ ™ ™ ™C F C F

D G D GU X ,X sU r qU X ,X (1)Ž .i j LJ ij HB i j

wherer is the distance between the centers of moleculesij

i and j, and denotes the vector representing the
™
Xi

coordinates and the orientation of thei particle. Theth

Lennard–Jones part of the potential is defined as:

12 6B EB E B Es sLJ LJC F C FC FU r s4´ y (2)Ž .LJ ij LJ
D G D Gr rD Gij ij

where´ is the depth of the well ands is the contactLJ LJ
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parameter. The HB part of the interaction potential is:

3B E™ ™C F kl
D GU X ,X s U r ,u ,u , (3)Ž .HB i j HB ij i j8

k,ls1

where describes the interaction between two armsklUHB

of different molecules

B E B E™ ™C F C F™ ™kl
D G D GU r ,u ,u s´ G r yr G i u y1 G j u q1 .Ž . Ž .HB ij i j HB ij HB k ij l ij

(4)

By writing down the scalar products explicitly, we
obtain the following form of the HB potential

klU r ,u ,u s´ G rŽ . ŽHB ij i j HB ij

B B E E2p
C C F Fyr G cos u q ky1 y1. Ž .HB i
D D G G3

B B E E2p
C C F F=G cos u q ly1 q1 , (5)Ž .j
D D G G3

wherek and l stand for the different arms(As1, Bs2,
and Cs3) and G(x) is an un-normalized Gaussian
function

2B Ex
C FG x sexp y . (6)Ž . 2
D G2s

´ is an energy parameter andr is a characteristicHB HB

‘hydrogen bond’ length. is the unit vector along™ ™u rij ij

and is the unit vector representing thekth arm of the
™
ik

ith particle, whereu is the orientation ofith particle asi

shown in Fig. 1. In short, the strongest ‘hydrogen
bonding’ occurs when an arm of one particle is co-
linear with an arm of another particle, with the two
arms pointing towards each other. The width of the
Gaussian is small enough(ss0.085Ør ) such that aHB

direct bond is more favorable than a bifurcated one.
Since the three HB arms of one particular MB molecule
are labelledA, B and C, that molecule can be in any
one of eight different states: i.e. it can have zero
‘hydrogen’ bonds with other molecules, or a single
bond,A–, B–, C–, two bonds,AB–, AC–, BC–, or it can
have all three bonds,ABC–. Note that since the three
arms are equivalent, the number of distinguishable states
is four: each fluid molecule forms 0, 1, 2 or 3 bonds
with neighboring fluid molecules.
Molecules of the matrix are modelled as Lennard–

Jones disks without HB arms. The matrix–matrix inter-
action is described by Eq.(2). The standard Lorentz–

Berthelot rulesw43x were assumed in calculating the
matrix–fluid and matrix–matrix interactions.

3. Theory

3.1. Associative replica OZ equation

The notation used to describe the partly-quenched
system is as used beforew40x: the superscripts 0 and 1
correspond to the matrix and the annealed fluid species,
respectively. The associative ROZ equations can be
written in the following form

™00 00 0 00 00h r sc r qr c r h r dr (7)Ž . Ž . Ž . Ž .12 12 13 32 3|

for the matrix–matrix correlations, and

™10 10 0 10 00h r sc r qr c r h r drŽ . Ž . Ž . Ž .i 12 i 12 i 13 32 3|

™1 11,c 10q r c r h r dr . (8)Ž . Ž .kl ik 13 l 32 3|8
kl

for the fluid–matrix correlations. In these equations,h
andc denote the partial correlation functions for various
pairs of particles andr is equal to the density of LJ0

particles(r sr ). As in our previous studiesw37–39x,0
0

we use the partial correlation functions that remain finite
upon the decrease of the temperature; the details are
explained elsewherew37,44x. The fluid–fluid correla-
tions are described by the equations

™11 11 0 10 01h r sc r qr c r h r drŽ . Ž . Ž . Ž .ij 12 ij 12 i 13 j 32 3|

1 11,c 11w
xq r c r h rŽ . Ž .kl ik 13 lj 32y|8

kl

™11,b 11,c z
|qc r h r dr (9)Ž . Ž .ik 13 lj 32 3~

and

™11,c 11,c 1 11,c 11,ch r sc r q r c r h r dr .Ž . Ž . Ž . Ž .ij 12 ij 12 kl ik 13 lj 32 3|8
kl

(10)

Next, the partial correlation functions are broken into
blocked(b) and connected(c) parts

11 11,b 11,ch r sh r qh r , (11)Ž . Ž . Ž .ij ij ij

11 11,b 11,cc r sc r qc r . (12)Ž . Ž . Ž .ij ij ij
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The blocking term corresponds to the correlations
between the two particles that belong to different repli-
cas. These particles do not interact directly with each
other but they are correlated due to the presence of
matrix particles. The lower index 0 stands for non-
bonded molecule of water and 1 stands for the bonded
one. We restrict ourselves to the so-called ‘ideal net-
work’ approximation, which neglects all the partial
correlation functions in which at least one of the indices
is i,jG2 w45x. Physically, this means that we neglect the
part of correlation responsible for the formation of the
ring-like structures(cf. Fig. 1 of Vakarin et al.w45x).
Taking into account the equivalence of the bonding
arms, the matrix of fluid densities in Eqs.(8)–(10) has
the following form w37x

B Er 3r1 11r s , (13)C F
D G3r 6r1 1

wherer is the fluid density. The matrix of the corre-1

lation functions is wherez stands forc or h is11zij

11 11B Ez k z kŽ . Ž .00 01
ˆ C Fzs . (14)

11 11
D Gz k z kŽ . Ž .10 11

The symmetry relations for the correlation functions
imply that

11 11 01 10z sz ; z sz . (15)10 01 j j

In order to solve the system of replica Ornstein–
Zernike equations, additional relations between theh
and c correlation functions are needed. In the present
study we choose to examine the associative hypernetted-
chain (AHNC) closure w46x. In this case, the regular
HNC approximation

00 00 00 00c r sexpyb U qt r y1yt r (16)Ž . Ž Ž .. Ž .0 LJ

is used for the matrix–matrix correlation, wheretshy

c. As usual, ; note again thatT is the
1

b s0 0k TB 0

temperature of matrix preparation, andT is the temper-1

ature of observation. For the fluid–matrix correlation

functions we use( )
1

b s1 k TB 1

10 10 10 10c r sexpyb U qt r y1yt r ,Ž . Ž Ž .. Ž .0 1 LJ 0 0

10 10 10 10 10c r sexpyb U qt r t r yt r (17)Ž . Ž Ž .. Ž . Ž .1 1 LJ 0 1 1

and finally for the fluid–fluid correlations:

11 11 11 11c r sexpyb U qt r y1yt r ,Ž . Ž Ž .. Ž .00 1 LJ 00 00

11 11 11 11 11c r sexpyb U qt r t r yt r ,Ž . Ž Ž .. Ž . Ž .10 1 LJ 00 10 10

w11 11 11 11xc r sexpyb U qt r t rŽ . Ž Ž .. Ž .y11 1 LJ 00 10

z11 11 2 11|¯=t r qt r qx f r yt r . (18)Ž . Ž . Ž . Ž .~01 11 HB 11

In Eq. (18), f (r) is the orientation-averaged MayerHB
¯

function for the HB part of potential(Eq. (3)), andx is
the fraction of the non-bonded molecules, obtained from
the mass-action laww47,48x in the form

1
xs (19)

1q3r xD1

wherer is number density of MB molecules andD is1

defined as

11 ¯Ds2p g r f r rdr. (20)Ž . Ž .00 HB|

The associative HNC closure for the blocked part of
the direct correlation functions is

11,b 11,b 11,bc r sexp t r y1yt r ,Ž . Ž Ž .. Ž .00 00 00

11,b 11,b 11,b 11,bc r sexp t r t r yt r ,Ž . Ž Ž .. Ž . Ž .10 00 10 10

11,b 11,bc r sexp t rŽ . Ž Ž ..11 00

11,b 11,b 11,b 11,bw z
x |= t r t r qt r yt r . (21)Ž . Ž . Ž . Ž .10 01 11 11y ~

The solution of the associative ROZ equations yields
partial fluid–matrix and matrix–matrix pair correlation
functions. Their linear combinations correspond to the
total pair correlation functions

11 11 11 11 11g r sg r q3g r q3g r q9g r (22)Ž . Ž . Ž . Ž . Ž .00 01 10 11

10 10 10g r sg r q3g r . (23)Ž . Ž . Ž .0 1

We have made one additional approximation here. We
use the orientationally averaged version of the Ornstein–
Zernike equation for the MB model, whereby we aver-
age over all the intramolecular angles between the arms,
rather than keep them at the fixed 1208. We have
previously tested this approximation against the more
exact orientation-dependent associative OZ approach
w39x, and Monte Carlo simulations of this modelw33–
36x. The numerical solution of the ROZ equations(Eqs.
(7)–(10)) according to the closure conditions given
above was obtained by a direct iteration. The forward
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Fig. 2. The fluid–fluid distribution functions for * * *T sT s0.24,r s0 1 0

; (a) , (b) . The fluid–matrix00 * *0.2, ands s1.0r r s0.4 r s1.0LJ HB 1 1

distribution (c) , and(d) . The Monte Carlo data are* *r s0.4 r s1.01 1

given by symbols.

Fig. 3. The fluid–fluid and fluid–matrix distribution functions for
: (a) , (b)2* * * * 00 00T sT s0.24,r s0.4, andr s s0.25 s s1.0r0 1 1 0 LJ LJ HB

, (c) , and(d) . The fluid–fluid00 00 00s s2.0r s s3.0r s s4.0rLJ HB LJ HB LJ HB

distribution functions are given by full lines and the fluid–matrix dis-
tribution functions are given by broken lines.

and inverse Bessel–Fourier transforms, needed to couple
the correlation functions in real and Fourier spaces, have
been performed by the method of Talmanw49x.

3.2. Monte Carlo simulations

The method for computer simulation of partly-
quenched systems has been discussed elsewherew50–
54x. The configurational properties must be obtained by
first averaging over the annealed degrees of freedom
and then also over all possible matrix configurations.
Fortunately, a small number of equilibrium matrix real-
izations seems to be sufficient to obtain converged
resultsw52–54x.

The simulation procedure consists of two steps. In
the first step we used the canonical Monte Carlo method
w55x to simulate the Lennard–Jones matrix fluid. The
number of matrix particles used in the simulations was
80. The matrix subsystem was equilibrated over 106

attempted configurations. In the next step, the mobile
fluid molecules were introduced into the matrix and
subjected to the usual canonical sampling procedure
w55x. The number of annealed fluid molecules, distrib-
uted within the representative equilibrium realization of
the matrix, varied from 160(at low fluid concentration)
to 400(high fluid concentration). These MB molecules
were first equilibrated over the 10 states. After this6

equilibration, a production run of 10 attempted config-7

urations was performed to obtain the statistics as shown
in figures. A new simulation cycle was started by
changing the equilibrium distribution of the quenched
LJ fluid (no annealed fluid particles were present during
this part of the procedure) by running an additional
10 configurations. The final configuration was chosen6

as the next representative distribution of matrix particles.
At this stage, the MB model particles were introduced
in the matrix again and, with the matrix particles fixed
in their positions, the canonical averaging process was
repeated. The average over ‘all matrix realizations’
involves nine independent matrix configurations.

4. Results and discussion

For the sake of comparison with the previous studies
of the MB water model, we adopt the units and values
of model parameters as used beforew34–39x. The two
principal parameters of the MB model are the strength
of the ‘hydrogen bond’ interaction,́ sy1, and theHB

related bond lengthr s1. The LJ depth of the wellHB

´ was the same for all interaction pairs and equal toLJ

one-tenth of HB interaction energý (´ s0.1±´ ±),HB LJ HB

while the Lennard–Jones contact parameter was set to
. All the results are given in reduced units;11s s0.7rLJ HB

the excess internal energy and temperature are normal-

ized to the HB interaction parameter
B

*C´ A sHB
D

and all the distances are scaled to
EA k =TB* F, T s

) ) ) ) G´ ´HB HB

the characteristic length . During this
B Er*C Fr r sHB
D GrHB

study we varied the size of the matrix particles from
to 5.0r , with the bulk of the computations00s s1.0rLJ HB HB

being performed for .00s s5.0rLJ HB

4.1. Pair distribution functions

Figs. 2–6 give the resulting pair distribution functions
for MB water in the Lennard–Jones confinement, given
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Fig. 4. The fluid–fluid and fluid–matrix distribution functions for
: (a) , (b) ,* * 00 * * *T sT s0.24,s s5.0r and r s0.01 r s0.1 r s0.40 1 LJ HB 0 1 1

(c) , and(d) . The pair distribution functions for MB* *r s0.8 r s1.11 1

fluid in matrix are given by full lines and the results for unperturbed
MB fluid are given by broken lines.

Fig. 5. The fluid–fluid and fluid–matrix distribution functions for
; (a) , (b) 0.24, (c)* 00 * *r s0.55,s s5.0r and r s0.01 T s0.201 LJ HB 0 1

0.30, and(d) 0.36. Notation as for Fig. 4, .*T s0.240

Fig. 6. The fluid–fluid and fluid–matrix distribution functions for
. By broken lines, we show the results for ,* * *T sT s0.24 r s0.0050 1 0

and by full lines for .* 00 *r s0.015,s s5.0r and r s0.40 LJ HB 1

by Eqs. (22) and (23). Fig. 2 shows the fluid–fluid
(panels a and b) and fluid–matrix distribution(c and
d) functions as obtained by computer simulation and by
the associative replica OZ theory described in Section
3. We studied LJ particles with size equal to00s sLJ

. We studied systems for which * *1.0r T sT sHB 0 1

, and for values of equal to 0.4 and* *0.24, r s0.2 r0 1

1.0. The comparison between the Monte Carlo(sym-
bols) and associative replica OZ calculations(lines)
indicates that the predictions of associative replica OZ
theory are reasonably accurate, at least, for these values
of concentrations, temperatures, and other model para-
meters. This is quite encouraging since the Monte Carlo
study requires orders of magnitude more computer time
than the associative replica calculation of the same
model system. Consistent with the results of the previous
studiesw37–39x, the approximate theory, using the ori-
entation-averaged Mayer function for the HB part of the
pair potential(Eq.(3)), predicts the fluid–fluid structure
to be of shorter range than what is observed in the MC
simulations.
Fig. 3 shows the effect of varying the sizes of the LJ

obstacles. The associative replica OZ results for fluid–
fluid and fluid–matrix distributions are shown for(a)

; (b) ; (c) ; and(d)00 00 00s s1.0r s s2.0r s s3.0rLJ HB LJ HB LJ HB

. Other parameters are:00 * * *s s4.0r T sT s0.24,r sLJ HB 0 1 1

. The conclusion is that the HB2* 000.4, andr s s0.250 LJ

peak atr*s1 slightly increases by increasing the mag-
nitude of , keeping all other parameters unchanged.00sLJ

The results shown in Figs. 4–6 are obtained for larger
obstacles, having . Fig. 4 shows the fluid–00s s5.0rLJ HB

fluid and fluid–matrix distribution functions for *T s0
; (a) ; (b) ; (c)* * * *T s0.24, andr s0.01 r s0.1 r s0.41 0 1 1

; and(d) . The pair distribution functions* *r s0.8 r s1.11 1

for HB model water in the matrix are given by full
lines, and the results for the bulk fluid are shown by
broken lines. In general, the pair distribution function
of the confined fluid shows more structure than that of
the unperturbed one(broken line) for all the densities
shown here. The result is consistent with the previous
studies of solvation of non-polar solute by MB mole-
cules w34x, and also with observations of the recent
study of a water-like fluid in a disordered microporous
materialw42x. The first peak in the fluid–fluid distribu-
tion function (the LJ peak) increases by increasing ,*r1

while the HB peak(located atr*s1) decreases during
this process. The fluid–matrix distribution has its peak
around r*s2.8, and the peak strongly increases with
the increasing density of MB water. For a high concen-
tration of the adsorbed fluid(see panel d), the LJ peak
gets higher than the HB peak, which is a sign of strong
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Fig. 7. Fraction of bonded model water moleculesys1yx as a func-
tion of the density of the adsorbed MB fluid at(a) , (b)* *r T s0.201 1

0.24, (c) 0.30, and(d) 0.36, respectively. By broken lines, we show
the results for bulk MB fluid at this temperature, by dotted lines we
show the results for , and by full lines we show the results*r s0.0050

for .* 00 *r s0.01;s s5.0r , and T s0.240 LJ HB 0

Fig. 8. The ratio of bonded MB waters,yyy(0), as a function of matrix
density . The fluid concentration is 0.6(broken line), and 1.0* *r r0 1

(full line); in both cases .* * 00T sT s0.28;s s5.0r1 0 LJ HB

adsorption of the water molecules to the surfaces of the
obstacles.
Fig. 5 shows the effect of the observation temperature

on the various distribution functions. For comparison,
the broken lines show the same quantity for the MB
model fluid with no obstacles present: panel(a) *T s1

; (b) ; (c) ; and (d) .* * *0.20 T s0.24 T s0.30 T s0.361 1 1

These results apply to * * *r s0.01, r s0.55, T s0 1 0

. Again, the fluid confined in the000.24, ands s5.0rLJ HB

matrix (full lines) shows more structure than the bulk
fluid. The probability for the MB model molecule to
form a hydrogen bond(see peak atr*s1) decreases
with the increasing temperature, similarly to that of the
bulk fluid. It is interesting, however, to see how the
fluid–matrix distribution function changes with temper-
ature . At low temperature of observation(panel a)*T1

the second peak of the fluid–matrix distribution function
located aroundr*s4 is higher than the first one. The
fluid molecules form a cage around the obstacle; they
want to make as many hydrogen bonds with neighboring
MB molecules as possible. With the increasing temper-
ature, the first peak of the fluid–matrix distribution
function (located atr*f2.8) increases; i.e. more MB
‘waters’ adsorb to the obstacles at higher(panel d).*T1

Finally, Fig. 6 shows the effect of the matrix density on
the interparticle correlation. Here we present the fluid–
fluid and fluid–matrix distribution functions at *r s1

, but for two different values of* *0.4, andT sT s0.240 1

matrix concentration . The continuous00s s5.0rŽ .LJ HB

curve is for , and the broken curve is for*r s0.0150

matrix density .*r s0.0050

4.2. Fraction of hydrogen bonded MB molecules

Using the associative ROZ, we calculated the fraction
of fluid molecules, ys1yx, that form at least one
hydrogen bond(see Eq.(19)). All the results presented
in this subsection apply to large obstacles, .00s s5.0rLJ HB

Fig. 7 showsy as a function of the density of adsorbed
fluid at matrix densities (dotted lines) and* *r r s0.0051 0

(full lines). For comparison, we also show*r s0.010

(broken lines) the same quantity for bulk fluid(with no
obstacles present): panel (a) ; (b) ;* *T s0.20 T s0.241 1

(c) ; and (d) . In all four cases,* *T s0.30 T s0.361 1

. The results indicate that the probability of*T s0.240

forming a bond is generally higher in the confined
system with than for the corresponding bulk*r s0.010

liquid, except at very high fluid andyor matrix densities.
This is in agreement with the results for the pair
correlation functions shown in the previous subsection.
For the lowest temperature of observation studied here,

, we have not been able to obtain convergent*T s0.201

solutions for all the annealed fluid densities up to 1.1.
That is why the curve for s0.20 and , shown* *T r s0.011 0

in in panel Fig. 7a(and in Fig. 9a and Fig. 10a), stops
at fluid densities aroundf0.55.
How does the matrix density affect ‘hydrogen bond-

ing’ of MB molecules? Fig. 8 shows the ratioyyy(0) as
a function .y(0) is the fraction of bonded molecules*r0

in the unperturbed(bulk) fluid, and y is the same
quantity in the presence of obstacles. The results are for

, and with the MB fluid con-* * 00T sT s0.28;s s5.0r1 0 LJ HB

centration (broken line), or 1.0 (full line),*r s0.61

respectively. The ratioyyy(0) strongly depends on the
MB fluid density. For low fluid densities(broken line),
hydrogen bonding increases with matrix density. For
higher MB fluid densities(full line), yyy(0) increases
to a maximum, then decreases upon further increases of
. It is clear(yyy(0-1), that for high matrix and fluid*r0

densities the fraction of bonded molecules is smaller
than in the unperturbed fluid. At high matrix densities,
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Fig. 9. Reduced excess internal energy as a function of at(a)*r1

, (b) 0.24, (c) 0.30, and(d) 0.36, respectively. By broken*T s0.201

lines, we show the results for bulk water at this temperature, by dotted
line the results for , and by full lines the results for* *r s0.005 r s0 0

; in all cases .* 000.01 T s0.24,s s5.0r0 LJ HB

Fig. 10. Isothermal compressibility as a function of at(a)* *r T s1 1

, (b) 0.24,(c) 0.30, and(d) 0.36, respectively. Notation and par-0.20
ameters as for Fig. 9.

the matrix occupies most of the volume in the system,
so MB molecules are unable to form good hydrogen
bonding structures.
In the present calculation, it is assumed that the

distribution of matrix particles is given by an equilibrium
distribution at temperature . Therefore, this tempera-*T0

ture influences the interparticle correlations in the
matrix. We have explored the effect of varying on*T0

the fraction of bonded fluid molecules. For the range of
model parameters, temperatures and concentrations stud-
ied in this work, the effect of is small and, therefore*T0

not shown here. This result is in contrast to the studies
of partly quenched ionic systemsw56,57x, where the
observable properties very strongly depend on the tem-
perature of matrix preparation .*T0

4.3. Excess internal energy and the isothermal
compressibility

Knowledge of the correlation functions, shown in the
previous subsection, allows us to calculate the thermo-
dynamic properties of the system. In this paper, we
present the excess internal energyE , and the isother-ex

mal compressibility. The reduced excess internal energy
per particle is given by the expression:

exb E1 10 10s2pr b g r U r rdrŽ . Ž .0 1 LJ|N1

11 11 2 11qpr b g r U r q9x g rŽ Ž . Ž . Ž .1 1 LJ 00|

ybU r,u uŽ .HB 1 2-U r,u u e ) rdr. (24)Ž . .HB 1 2 u u1 2

The first term in this equation represents the fluid–
matrix contribution, and the second represents the fluid–
fluid contribution to the excess internal energy of the
systemw37x.

Fig. 9 shows the excess internal energy as a function
of the MB fluid density . The results for pure fluid*r1

(no obstacles present) are shown by broken lines, the
results for by dotted, and for by* *r s0.005 r s0.010 0

full lines . Panel(a) shows the results for00s s5.0rŽ .LJ HB

; (b) for , (c) for and (d)* * *T s0.20 T s0.24 T s0.301 1 1

for . For all these examples, . The* *T s0.36 T s0.241 0

excess internal energy of the confined fluid is more
negative than the same quantity for the unperturbed
fluid, consistent with more hydrogen bonding in the
confined fluid. This is not true for high fluid and matrix
densities, especially at higher temperatures. For high
matrix density , the excess internal energy first*r s0.010

decreases with the increasing density of the adsorbed
MB fluid and after reaching the minimum increases
again.
We also studied the isothermal compressibility. The

reduced isothermal compressibilityw z
x |≠r y≠= b PŽ .1 1y ~T1

was calculated according to the equationw58x:

w z≠r1 11,cs1qr drh r , (25)x | Ž .1|≠ b Py ~Ž .1 T1

where h (r) is the connected part of the fluid–fluid11,c

correlation function.
Fig. 10 shows the reduced isothermal compressibility

as a function of the density of adsorbed MB fluid .*r1

Panel(a) shows the results for ,(b) for* *T s0.20 T s1 1

, (c) for , and(d) for . The results* *0.24 T s0.30 T s0.361 1

for unperturbed MB water are shown by broken lines,
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and the matrix results are shown with the dotted*r sŽ 0

and full lines . For all* 000.005 r s0.01, s s5.0r. 0 LJ HB

these examples, . The isothermal compressibil-*T s0.240

ity of the confined fluid is, for low values of , slightly*r1

larger than the same quantity for unperturbed fluid. The
situation is different at high densities , where the*r1

isothermal compressibility of the confined MB water is
considerably lower than that of the unperturbed model
water. This picture confirms that the temperature of
observation is an important parameter; the compressibil-
ity of warm MB water is less affected by the presence
of obstacles than for cold water.

5. Conclusions

In this work, we studied how fixed obstacles affect
the structure and thermodynamic properties of water,
using the simple two-dimensional MB model of water,
and with quenched Lennard–Jones disks as the obsta-
cles. The matrix of obstacles is prepared from an
equilibrium distribution of LJ fluid at temperature ,*T0

which can be different from the temperature of obser-
vation . We explore this model using the associative*T1

replica Ornstein–Zernike equation, supplemented by the
corresponding hypernetted chain closure approximation.
Also, we test some model conclusions using Monte
Carlo simulations.
We find that adding a few obstacles to MB water(i.e.

low obstacle density) induces local structuring in the
fluid, increasing the MB water–water ‘hydrogen bond-
ing’, and increasing the isothermal compressibility, com-
pared to the pure fluid. MB water forms cages around
the LJ solutes. This conclusion is consistent with exper-
iments w8x and with the conclusions of Kovalenko and
Hirata w42x, who studied an extended SPC model water
adsorbed into a microporous material prepared from the
obstacles of about the same size as the model water. We
also find, however, that the further increase of the
obstacle density to the point where the obstacles occupy
a large fraction of the space in the system, leads to a
decreased water ordering, hydrogen bonding, and iso-
thermal compressibility. These conclusions may be
important for water inside biological cells, which have
a high degree of molecular crowding from organelles
and high concentrations of biomolecules.
One of the main shortcomings of this calculation is

the use of the orientationally averaged function for the
HB part of the fluid–fluid interaction potential. The
same approximation has previously been applied to the
pure MB fluidsw37x, and to the mixtures with Lennard–
Jones solutew38x. By comparison with the Monte Carlo
simulations for bulk model water, we found that the
orientationally averaged solution of the associative OZ
is a good approximation above , and for*T s0.221

reduced MB water densities around . Hence,*r s1.01

most of the calculations presented in this work apply to

or higher. Recently, a more exact orientation-*T s0.241

dependent version of the associative OZ has been
developedw39x, and we hope to extend that approach to
the partly quenched systems of the type we study here.
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