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h 2006, ksbs.tex)Abstra
tMu
h of the understanding of bulk liquids has progressed through study of the limiting 
asein whi
h mole
ules intera
t via purely repulsive for
es, su
h as a hard-
ore potential. In thesame spirit, we report progress on the understanding of 
on�ned water by examining the behaviorof water-like mole
ules intera
ting with walls via purely repulsive for
es. Spe
i�
ally, we performmole
ular dynami
s simulations of 512 water-like mole
ules whi
h are 
on�ned between two smoothplates that are separated by 1.1 nm and are intera
ting via the TIP5P potential. At this separation,there are either two or three mole
ular layers of water, depending on density. We systemati
ally
ompare our results with purely repulsive intera
tions between mole
ules and the walls with thoseobtained for Lennard-Jones (LJ) intera
tions between the mole
ules and the walls. We �nd thatthe thermodynami
, dynami
 and stru
tural properties of the liquid qualitatively mat
h those fora system with a LJ attra
tion to the wall. In previous studies that in
lude attra
tions, freezinginto monolayer or trilayer i
e was seen for this wall separation. Using the same separation asthese previous studies, we �nd that the 
rystal state is not stable with repulsive walls. However,by 
arefully adjusting the separation of the plates with repulsive intera
tions so that the e�e
tivespa
e available to the mole
ules is the same as that for LJ 
on�nement, we �nd that the same
rystal phases are stable. This result emphasizes the importan
e of 
omparing systems only usingthe same e�e
tive 
on�nement, whi
h may di�er from the geometri
 separation of the 
on�ningsurfa
es. 1



I. INTRODUCTIONCon�nement of water in nanopores a�e
ts many properties of water, su
h as freezingtemperature, 
rystal stru
ture [1, 2, 3, 9, 18℄, the glass transition temperature, and theposition of the hypothesized liquid-liquid (LL) 
riti
al point [4, 5, 6, 7, 8℄. Indeed, water
on�ned in nanos
ale has re
eived mu
h re
ent attention, in part be
ause of its importan
ein biology, engineering, geophysi
s and atmospheri
 s
ien
es. The e�e
ts of di�erent kindsof 
on�nement have been studied, both using experiments and simulations [2, 9, 10, 11, 12,13, 14℄.Super
ooled water { bulk water 
ooled below the equilibrium freezing temperature {shows many anomalous properties [15, 16, 17, 18℄. Experiments �nd that at low tem-peratures, various response fun
tions, su
h as isothermal 
ompressibility and spe
i�
 heat,in
rease sharply. This unusual behavior is explainable by the presen
e of a LL phase tran-sition line separating two liquid states of di�erent densities and terminating at a LL 
riti
alpoint [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31℄. There has been 
omparatively less re-sear
h on 
on�ned water. Using the ST2 potential to model water 
on�ned between smoothplates [32℄, a LL phase transition has been proposed. A liquid-to-amorphous transition isseen in simulations of water using the TIP4P potential [33℄ 
on�ned in 
arbon nanotubes[2℄. Re
ent theoreti
al work [34℄ suggests that hydrophobi
 Lennard-Jones (LJ) 
on�nementshifts the LL transition to lower temperature and lower pressure 
ompared to bulk water, afeature also found in simulations of water 
on�ned between hydrophobi
 plates [12℄.Re
ent work has also fo
used on understanding the e�e
ts of 
on�nement on the glasstransition, whi
h is related to the stru
tural relaxation of mole
ules at low temperature. Astemperature is lowered, a 
hara
teristi
 
orrelation length �, the length s
ale at whi
h thestru
tural rearrangement should o

ur in order for system to relax, grows [35, 36, 37℄. In
on�nement � 
annot grow inde�nitely be
ause of the �nite size, and thus it is interestingto understand how 
on�nement a�e
ts the glass transition temperature Tg. Simulations ofsuper
ooled bulk water using the SPC/E potential show that the dynami
s at low temper-ature agree with the predi
tions of mode 
oupling theory (MCT) [38, 39, 40℄. Con�nementis also expe
ted to shift Tg, as studied extensively in polymeri
 systems [41℄. As the e�e
tsof 
on�nement are redu
ed by in
reasing the distan
e between the two walls, Tg approa
hesthat of the bulk system [41℄. In experiments on bulk water, Tg is diÆ
ult to obtain, sin
e2



water freezes spontaneously at low temperatures. Therefore a good understanding of 
on-�ned geometries, where freezing might be avoided down to very low temperatures, mighthelp elu
idate the nature of glass transition in water.Con�nement is known to enhan
e solidi�
ation of mole
ules that are more or less spheri-
al [42, 43, 44℄. However, 
areful experiments on thin �lms of water show that water performsextremely well as a lubri
ant, suggesting that 
on�ned water may be more 
uid than bulkwater [45℄. Re
ent experiments show that water in hydrophili
 
on�nement, when 
ooled tovery low T , does not freeze [6℄ { a phenomenon also supported by simulation studies [46, 47℄.In 
ontrast, simulations [2, 9, 10, 11, 12, 13℄ show that hydrophobi
ally 
on�ned water doesfreeze into di�erent 
rystalline stru
tures, whi
h do not have 
ounterparts in bulk water.Monolayer, bilayer and trilayer i
e have all been found in simulations [2, 9, 10, 11, 12, 13℄.Indeed hydrophobi
 
on�nement seems to fa
ilitate the freezing of water.In this work, we study the e�e
t of 
on�nement on thermodynami
s, stru
ture, and thefreezing of water in 
ase when the water-wall intera
tions are purely repulsive (\repulsive
on�nement"). We also 
ompare the freezing in repulsive 
on�nement with the freezingfound when the water-wall intera
tions are represented by an LJ intera
tion (\LJ hydropho-bi
 
on�nement") [9, 12℄.This paper is organized as follows: In Se
. II, we provide details of our simulations andanalysis methods. Simulation results for the liquid state are provided in Se
. III. In Se
. IVwe dis
uss the freezing properties of our system, followed by a brief 
on
lusion.II. SIMULATION AND ANALYSIS METHODSWe perform mole
ular dynami
s (MD) simulations of a system 
omposed of water-likemole
ules 
on�ned between two smooth walls. The mole
ules intera
t via the TIP5P pairpotential [48℄ whi
h, like the ST2 [49℄ potential, treats ea
h water mole
ule as a tetrahedral,rigid, and non-polarizable unit 
onsisting of �ve point sites. Two positive point 
hargesof 
harge qH = 0:241e (where e is the fundamental unit of 
harge) are lo
ated on ea
hhydrogen atom at a distan
e 0:09572 nm from the oxygen atom; together they form anHOH angle of 104:52Æ. Two negative point 
harges (qe = �qH) representing the lone pairof ele
trons (e�) are lo
ated at a distan
e 0:07 nm from the oxygen atom. These negativepoint 
harges are lo
ated in a plane perpendi
ular to the HOH plane and form an e�Oe�3



angle of 
os�1(1=3) = 109:47Æ, the tetrahedral angle. To prevent overlap of mole
ules, a �fthintera
tion site is lo
ated on the oxygen atom, and is represented by a LJ potential withparameters �OO = 0:312 nm and �OO = 0:6694 kJ/mol.The TIP5P potential predi
ts many of the anomalies of bulk water [50℄. For example,TIP5P reprodu
es the density anomaly at T = 277 K and P = 1 atm and its stru
turalproperties 
ompare well with experiments [48, 50, 51, 52, 53℄. TIP5P is known to 
rystallizeat high pressures [50℄ within a

essible 
omputer simulation time s
ales, and shows a \nose-shaped" 
urve of temperature versus 
rystallization time [50℄, a feature found in experimentaldata on water solutions [54℄.In our simulations, N = 512 water mole
ules are 
on�ned between two in�nite smoothplanar walls, as shown s
hemati
ally in Fig. 1. The walls are lo
ated at zw = �0:55 nm(wall-wall separation of 1:1 nm), whi
h results in � 2�3 layers of water mole
ules. Periodi
boundary 
onditions are used in the x and y dire
tions, parallel to the walls.The intera
tion between water mole
ules and the smooth walls is given byU (�z) = 4�OW 24 �OWjz � zwj!935 : (1)Here jz � zwj is the distan
e from the oxygen atom of a water mole
ule to the wall, while�OW = 1:0 kJ/mole and �OW = 0:25 nm are potential parameters (Fig. 2). The same param-eter values were used in previous 
on�ned water simulations using the TIP5P intera
tionpotential [12℄.We perform simulations for 56 state points, 
orresponding to seven temperatures T = 220,230, 240, 250, 260, 280, and 300 K, and eight raw \geometri
" densities � = 0:60, 0.655,0.709, 0.764, 0.818, 0.873, 0.927 and 0.981 g/
m3 { the same as those studied in ref. [12℄. Thegeometri
 values of density do not take into a

ount the fa
t that the repulsive intera
tionsof mole
ules with the walls in
reases the overall amount of available spa
e. For systems
on�ned by LJ intera
tions, there is a well-de�ned preferred distan
e from the wall, makingit relatively straight forward to evaluate the \e�e
tive" density of mole
ules 
on�ned by theattra
tive wall. In our system with only repulsive intera
tions, there is no su
h preferreddistan
e, as emphasized by Fig. 2.We 
an approximate the e�e
tive density for our system by examining the lo
al density�(z) (Fig. (3). We utilize that fa
t that �(z) has an in
e
tion, and estimate the e�e
tiveLz by the lo
ation where the se
ond derivative of �(z) = 0, or when �rst derivative of �(z)4



has a maximum. We must also add to this value the mole
ular diameter of water(0.278 nm)to 
al
ulate the real spa
e available along z-dire
tion. The resulting e�e
tive densities are� = 0:715, 0.777, 0.829, 0.890, 0.949, 1.000, 1.060, and 1.115 g/
m3. We will use thesee�e
tive densities throughout the paper, sin
e they will be most 
omparable to the e�e
tivedensities with LJ 
on�nement.We 
ontrol the temperature using the Berendsen thermostat with a time 
onstant of 5 ps[55℄ and use a simulation time step of 1 fs, just as in the bulk system [50℄. For all intera
tionswe use a 
uto� of 0:9 nm [48℄.III. THERMODYNAMICS AND STRUCTUREOne of the de�ning 
hara
teristi
s of water is the existen
e of a temperature of maximumdensity (TMD). Ref. [12℄ found that { relative to bulk water { LJ 
on�nement shifts thelo
us of TMD the lower T by � 40 K. Additionally, the sharpness of the density maximumis markedly de
reased in 
omparison to the bulk. Fig. 4 shows iso
hores of P for bothLJ 
on�nement as well as for purely repulsive 
on�nement for similar densities; a TMD inthis plot is 
oin
ident with the minimum in the iso
hore. For repulsive 
on�nement, theminimum is very weak, but the lo
ation of the 
atness in the iso
hore is near to that ofthe system with LJ 
on�nement. This result suggests the the repulsive 
on�nement furthersuppresses the stru
tural ordering of the mole
ules that is known to be responsible to thepresen
e of a density maximum.In order to 
ompare the stru
tural properties of repulsive 
on�nement with those ofLJ 
on�nement, we 
al
ulate the lateral oxygen-oxygen radial distribution fun
tion (RDF)de�ned by gxy(r) � 1�2V Xi6=j Æ(r � rij) "� jzi � zjj+ Æz2 !� � jzi � zjj � Æz2 !# : (2)Here V is the volume, rij is the distan
e parallel to the walls between mole
ules i and j, zi isthe z-
oordinate of the oxygen atom of mole
ule i, and Æ(x) is the Dira
 delta fun
tion. TheHeaviside fun
tions, �(x), restri
t the sum to a pair of oxygen atoms of mole
ules lo
atedin the same slab of thi
kness Æz = 0:1 nm. The physi
al interpretation of gxy(r) is thatgxy(r)2�rdrÆz is proportional to the probability of �nding an oxygen atom in a slab ofthi
kness Æz at a distan
e r parallel to the walls from a randomly 
hosen oxygen atom. In5



a bulk liquid, this would be identi
al to g(r), the standard RDF.Figure 5 shows the temperature and density dependen
e of the lateral oxygen-oxygenpair 
orrelation fun
tion. At low temperature and low density, the �rst two peaks in gxyappear at r = 2:78 �Aand r = 4:5 �A, but at high densities the se
ond peak moves to a largerdistan
e. This behavior is nearly identi
al to that observed for water 
on�ned between LJsurfa
es, and is dis
ussed in detail in ref. [12℄.We also 
on�rm the stru
tural similarity to ref. [12℄ by 
al
ulating the lateral stati
stru
ture fa
tor Sxy(q), de�ned as the Fourier transform of the lateral radial distributionfun
tion gxy(r), Sxy (q) = 1N Xi;j Dei~q:(~ri�~rj)E : (3)Here the q-ve
tor is the inverse spa
e ve
tor in the xy plane and r is the proje
tion of theposition ve
tor on the xy plane. In Fig. 6, we show the lateral stru
ture fa
tors for repulsive
on�nement for di�erent temperatures and densities. We �nd that 
on�ned water has aweaker pre-peak at 18nm�1
ompared to bulk water (Fig. 7), 
onsistent with the possibilitythat the lo
al tetrahedrality is weakened by repulsive 
on�nement. Futher, we �nd thatthe lateral stru
ture of the water in purely repulsive 
on�nement is similar to the lateralstru
ture of LJ-
on�ned water (Fig. 7).IV. FREEZING OF TIP5P WATERBulk TIP5P water 
rystallizes within the simulation time for � >� 1:15 g/
m at lowtemperatures. For density 1:20 gm/
m3, the 
rystallization time has a minimum at T =240 K [50℄. Crystallization of 
on�ned water is seen in some simulations [9, 10, 12℄. Asimilar 
rystallization appears in simulations when an ele
tri
 �eld is applied to a system ofwater 
on�ned between sili
a walls, in a lateral dire
tion [11℄.At plate separation of 1.1 nm with hydrophobi
 LJ 
on�nement, water 
rystallizes totrilayer i
e [12℄. From our simulations of TIP5P water in repulsive 
on�nement with thesame plate separation of 1.1 nm, we �nd that the system does not freeze within a

essiblesimulation time s
ales. As a more stringent 
on�rmation of this fa
t, we also use a startingi
e 
on�guration obtained from simulations with LJ 
on�nement for the same thi
kness,and 
on�rm that the i
e melts to a liquid. For a 
omparison of these two 
ases, we show inFig. 8 the evolution of the potential energy of the system with time at T = 260 K. In the6




ase of LJ 
on�nement, the onset of the 
rystallization is indi
ated by a drop in potentialenergy. In Fig. 9, we show the evolution of potential energy and lateral stru
ture fa
tor withtime, when the 
rystal formed in LJ-
on�nement [12℄ is kept between the purely repulsivewalls. The potential energy �rst in
reases and and then rea
hes its equilibrium value ofthe liquid potential energy a

ompanied by a stru
tural 
hanges from a 
rystal (presen
e ofsharp Bragg peaks) to a liquid (absen
e of Bragg peaks).Based on this observation, it is tempting to 
laim that repulsion inhibits the 
rystal-lization, and that a preferable distan
e from the wall determined by the attra
tive portionof the LJ potential is ne
essary to indu
e 
rystallization. However, as dis
ussed earlier inthe manus
ript, for the same plate separation, repulsive 
on�nement in
reases the availablespa
e for mole
ules relative to LJ 
on�nement. Hen
e to properly 
ompare the 
rystalliza-tion behavior, it is imperative to adjust the separation of the wall so that the available spa
efor the water mole
ules is the same in both systems. We 
an make the available spa
e thesame by slightly adjusting the separation of the plates or by tuning the potential in ea
hsystem. By tuning the parameters (see Fig. 10) of the repulsive potential in the repulsivesystem su
h that the density pro�le along z-axis be
omes similar, we have identi
al valuesof the available spa
e between the plates (see Fig. 11), and we �nd that an initial 
rystal
on�guration does not melt, emphasizing that the presen
e of the 
rystal is very sensitiveto density and to plate separation { sin
e the separation determines the a

essible pa
kingarrangements between the plates. Similar sensitivity to plate separation for monolayer i
ewas seen in ref. [11℄.In addition to examining the stability of initially 
rystalline stru
tures, we also 
onsiderwhether freezing from the liquid state o

urs when we have the same e�e
tive separation. We�nd that for the repulsively 
on�ned system, the 
rystal will also spontaneously form if theavailable spa
e between the plates is the same that where initially 
rystalline 
on�gurationsare stable. Hen
e plate separation appears to be the dominant e�e
t in determining whetheror not a 
rystal will form.In 
on
lusion, we have investigated the e�e
t of purely repulsive water-wall intera
tions(repulsive 
on�nement) on freezing of water between two parallel smooth plates. We 
om-pare our results with water in hydrophobi
 LJ 
on�nement, and �nd that thermodynami
,dynami
 and stru
tural properties are qualitatively similar in both 
ases, but that freezing ofwater in repulsive 
on�nement is suppressed 
ompared to the the freezing in LJ hydrophobi
7
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tive view of the system, showing the 512 water mole
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ular to the z-dire
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FIG. 7: A 
omparison of the stru
ture fa
tors at T=250K, for the 
asee of repulsive 
on�nement atdensity 0.950 g/
m3. (a) Comparison of bulk water water at 1.00 g/
m3 with repulsive 
on�nement.A diminished peak at � 18 nm�1 shows that the lo
al tetrahedral stru
ture is weakened in 
ase of
on�nement. (b) Comparison of LJ-
on�nement at 0.950 g/
m3 with repulsive 
on�nement. Waterin repulsive 
on�nement is less tetrahedral, as the �rst peak of Sxy(q) is mu
h weaker than the�rst peak of Sxy(q) for LJ-
on�nement.
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