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8 8 

Confinementt of N2 in cylindrical 
nanoporess at high densities 

8.11 Introduction 

Porouss materials are substances that contain small interconnected voids. There is an 
increasingg interest in the behavior of (molecular) materials confined within narrow pores, 
inn particular freezing and melting behavior in nanoporous materials (see. e.g.. Refs. [Gel99] 
andd [ChrOl] and references therein). Simple liquids and solids can be stable in the pore 
condensatee state. The geometrical confinement as well as the interaction with the walls 
leadss to differences in phase behavior as compared to the bulk. In addition, differences in 
microscopicc details occur [Gel99]. 

Onee of the influences of confinement on the fluid-solid transition is a shift in the 
meltingg and solidification temperatures, which in most cases has been found to be neg-
ative.. Such a reduction in temperature is found to be inversely proportional to the pore 
radiuss [War86]. In the pores, the transition shows a larger hysteresis than in the bulk; the 
fluidfluid  and the solid phase coexist in a considerable temperature range. Usually, a distinc-
tionn is made between the layers near the walls of the pore (the adsorbate state, consisting 
off  a number of adsorbed monolayers) and the substance in the middle of the pore (the 
condensatee state, which is a complete pore-filled state). In recent experiments on the phase 
behaviorr of nitrogen at very high pressures (up to 5 GPa) [LotOl] , both the fluid-solid 
andd the solid-solid transitions have been studied. Interestingly, a phase transition in the 
adsorbedd layers occurs, in particular within pores with a radius of 17 A. 

Nanoscalee confinement (i.e. confinement at scales of the intermolecular interaction) 
affectss the phase behavior in the following ways. First, the sheer confinement involves the 
absencee of nearest neighbor molecules of the same type near the wall of the pore. Second, 
thee nature and shape of the interaction with the wall plays a role. This influence may be 
analyzedd by considering different materials with pores of the same geometry while using 
thee same condensate and vice versa. In addition, the structure of the porous material (e.g. 
whetherr it is crystalline or amorphous) plays a role, as does the distribution of pore sizes 
andd shapes, the interconnectivity of the pores and the irregularities in the pore walls. 

Thee most elaborate low-pressure study of N2 confined in nanoporous glasses has been 
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performedd recently by Huber et al. [Hub98, Hub99b]. The structural study showed that 
thee adsorbate state consists of at most four monolayers. The two-dimensional structure 
off  the adsorbed layers is fluid or amorphous, and it is temperature independent. The 
observedd pattern is consistent with a two-dimensional, triangular pattern with a small 
coherencee length (20 A). The nearest neighbor distance is close to that in the p phase, 
suggestingg orientational disorder. 

Att higher vapor pressures and below the freezing point, the diffraction pattern can be 
decomposedd into contributions from the amorphous adsorbate state at the walls and the 
quasi-bulkk hep solid capillary condensate state in the center of the pore. An exception 
iss the case of the smallest pore radius (12.5 A), where the pore-filled state is similar to 
thee amorphous adsorbate state. It was found that the crystalline coherence is maximal 
whenn the hep c axis is parallel to the pore axis. The obtained results have been confirmed 
inn other studies of N2 in nanoscale pores [MorOO]. Moreover, for other small, weakly 
interactingg molecules, the behavior of the confined substance shows similarities with the 
nitrogenn results [MorOO, ChrOl] 

AA large number of computer simulations have been carried out for both strong and 
weakk molecule-wall attractions in slit pores. Gubbins et al. [RadOO, Miy97] showed that 
thee (sign of the) shift in freezing and melting temperature depends on the strength of the 
molecule-walll  interaction. If the walls are made of the same material as the condensed 
material,, all layers freeze in unison at the bulk freezing temperature. For a stronger 
orr weaker molecule-wall attraction, the freezing temperature is elevated or depressed, 
respectively.. For strongly attractive walls, the contact layer freezes at a higher temperature 
thann the inner region. In contrast, for weakly attractive pores the solid nucleates in the 
centerr of the pore, which leads to a depression of the freezing temperature. More tightly 
packedd layers lead to larger energy barriers between the free energy minima of the solid and 
fluidd phases; a smaller interlayer spacing increases the extent of hysteresis. Recently, these 
authorss have found experimental evidence [Wat99, SB01] for their simulation predictions. 

Inn cylindrical pores, similar results have been obtained [Mad97], although the cylin-
dricall  geometry causes additional effects. For strongly attractive walls such layers are 
arrangedd in a concentric manner around the cylinder axis as a consequence of the layer-
by-layerr growth. Even though the contact layer has an elevated freezing temperature, the 
innerr region has a depressed freezing temperature compared to the bulk, as the hexagonal 
packingg becomes less perfect. In the weakly attracting cylindrical pores, the bulk-like solid 
iss formed such that there is a stacking of two-dimensional triangularly structured layers 
normall  to the cylinder axis. 

Althoughh a large number of computer simulations have been performed, including some 
investigatingg vapor pressure effects [MiyOO], to the best of our knowledge, no simulation 
hass been performed in which the effect of confinement at high pressures was investigated. 
Sincee the information obtained by Raman spectroscopy [LotOl] is limited, such simu-
lationss may be very useful to interpret the aforementioned experimental high-pressure 
results,, in particular the phase transition in the adsorbed layers [LotOl] . Therefore, we 
havee performed a series of molecular dynamics simulations of confined nitrogen in cylin-
dricall  nanoscale channels at high density. 
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8.22 Simulation methods 

8.2.11 Methods and potential models 

Inn principle, grand canonical Monte Carlo calculations are the preferred method for simu-
lationss of fluids in porous materials [A1186]. However, we are interested in extremely high 
densities,, for which the insertion or deletion of particles wil l be unsuccessful. Therefore, 
molecularr dynamics (MD) simulations were performed, which brings the additional ad-
vantagee of obtaining insight into the dynamics of the system. We adapted the DL_POLY 
[DLP98]]  code to obtain a version suitable for our purposes, i.e. simulations of molecules 
confinedd in cylindrical geometries. In addition, a number of analysis programs were writ-
ten. . 

Heree we mention only the MD techniques that have been used, details of the methods 
employedd can be found in Refs. [A1186, Fre96, DLP98] and references therein. We have 
performedd micro-canonical (N, V, E) and canonical (N, V, T) simulations, the latter with a 
singlee Nosé-Hoover thermostat. No differences between the results were observed. The N2 

moleculess were modeled with rigid bonds using Fincham's implicit quaternion algorithm. 
Thee equations of motion were integrated using the Verlet leapfrog integration scheme. 
Thee simulation time step was 2 fs. 

Forr the N2-N2 interaction we have used the van der Waals part of the Etters site-
sitee potential [Ett86]. This potential leads to a very good agreement with experimental 
resultss for the dense bulk fluid and the bulk solid high-pressure phases [vKOO, Mul98, 
Mic98,, Bel90, Bel88]. Electrostatic interactions were ignored. To save time, we have used 
aa cutoff at 8.5 A. A long range correction was not applied. 

Forr the N2-wall interaction, we have employed the frequently used 10-4-3 Steele poten-
tiall  [Ste73a. Ste73b]. In this model, the wall of the porous material consists of a continuum 
off  graphite atoms. To indicate the physical parameters, we summarize how the model is 
obtained.. The graphite wall has a number density of pw (0.114 A - 3) and consists of layers 
thatt correspond with an infinitely large graphite basal plane (a hexagonal array), made of 
Lennard-Joness (LJ) atoms with size aww (3.4 A) and well-depth eww (28 kBK). By inte-
grationn over the lateral solid structure, and summation over the stacked layers separated 
byy a distance A (3.35 A), Steele obtained an analytical expression for the interaction 
betweenn a LJ atom and the wall. This is a one-dimensional function of the perpendicular 
distancee r' between the fluid atom and centers of the LJ atoms forming the surface of the 
wall: : 

0Steele(r ')) = 27TpwÉmwCTmw A 

Inn this model, the dynamics and the internal structure of the porous material are fully 
neglected.. In previous simulations, different models for a graphite wall have been com-
pared.. No significant differences in the results were found for a smooth wall, a corrugated 
surfacee [Miy97], or an atomistic model [She99]. We have applied the 10-4-3 potential for 
eachh atom of the diatomic N2. The LJ parameters for the molecule-wall (mw) interac-
tionn are obtained with the Lorentz-Berthelot mixing rules from the N-N interactions 
(CTNNN = 3.31 A and £NN = kBK). 

3A(r'' + 0.61A)3 (8.i; ; 
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Thee 10-4-3 potential has been derived for fiat surfaces. Intuitively, one expects a deeper 
potentiall  well for smaller cylinder radii. Indeed, an analytical expression for the molecule-
walll  potential in which the interaction depends on the radius of the pore has been ob-
tainedd [Pet86]. The potential energy has also been calculated numerically for graphite 
poress with a number of radii [Mad95, Mad97]. For methane-graphite interactions and 
poree dimensions of 38, 29, and 19 A. the well-depths are - 1 3. -13.5 and -15.5 kj /mol. 
respectivelyy [Mad.97]. In the current study, the N2-graphite wall interactions and pore 
sizess are of the same order of magnitude. Therefore, we may assume that the dependence 
off  the interaction on the pore radius may be neglected in first approximation, and we 
employy the simplest model that at the same time contains the essential physics. The use 
off  the same potential while using different cylinder radii brings the advantage that the 
influencee of an increased degree of confinement only can be investigated more system-
atically.. In the cylindrical case, r' is the shortest molecule-wall distance. Applying the 
10-4-33 molecule-wall potential for cylindrical pores leads to a discontinuity in the forces 
att r — Rcyl — r' = 0. with r the distance from the pore axis and Rcy\ the cylinder ra-
dius.. Although this discontinuity is relatively small, it can be removed in a similar way to 
whatt is generally done for slit pores: instead of taking ^Stee]e(/?cyi — r). one uses the sum 

OOmmw(r)w(r) = 0Steele(#cyl ~ r) + (^Steele(flryl + r). 

Inn principle, other N2-wall interactions may result in different behavior of the con-
densedd material [RadOO. Miy97]. However, despite the large differences for the molecule-
walll  interaction, an elevation of the freezing point was predicted for nitrogen in both silica 
andd graphite pores [RadOO]. On the other hand, a depression of the freezing point of N2 

inn glass pores has been found experimentally [Hub99b]. In general, at high pressures, the 
repulsivee part of the potentials play the dominant role. Therefore, it is expected that 
nott the molecule-wall attraction but rather the sole geometrical confinement plays an 
increasinglyy important role at higher pressures. Still, we have obtained an indication of 
thee influence of the molecule-wall potential model by occasionally performing additional 
simulationss in which we included the repulsive part of the Steele 10-4-3 potential only. 
Onlyy small differences are observed. 

Wee are interested in the pressure region where the bulk 3 solid is the stable phase at 
roomm temperature (2 to 5 GPa). This phase is an orient at ionally disordered hep structure 
withh an almost ideal c/a ratio. The centers of mass are located on triangularly structured 
layers,, stacked in an ABA sequence. Experimental results at low temperatures and am-
bientt pressures showed that the capillary condensed 3 phase is stable and that there is 
aa preference for the hep c-axis to be along the pore axis [Hub99b], i.e. the ABA layers 
aree normal to the pore axis. Moreover, simulation studies of methane in cylindrical pores 
withh weakly attractive walls showed the appearance of an fee solid with the triangular 
AB CC layers also normal to the pore axis [Mad97]. These observations are the motivation 
forr the choice of the j3 phase as the initial configuration in all our calculations, and for 
takingg its c axis along the cylinder axis. 

Inn the simulations, the unit, cell of the 3 phase is taken rectangular and contains four 
molecules.. To reflect the orientational disorder, the molecular orientations are chosen at 
random.. For the bulk simulations, we have taken 6, 4, and 4 unit cells in the a. b. and 
cc directions (384 molecules), respectively. Occasionally larger unit cells were used (32, 
166 and 4 unit cells in the a, ö, and c directions; 8192 molecules). For the calculations in 
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cylindricall  geometries, a cylinder corresponding to the appropriate radius is cut out of 
thiss bulk configuration, with the c-axis parallel to the cylinder axis (along the z axis). 
Thus,, in the bulk as well as in the confined 3 phase, there are 8 layers in the c direction. 
44 of each type A and B. 

Startingg with the ,3 phase, the most likely candidates for the structures that may 
occurr within the pore are the following. First, the 3 phase may remain stable. The trans-
formationn to a different stacking sequence (e.g. ABCA stacking, fee phase) is considered 
extremelyy unlikely. Therefore, the presence of layers normal to the cylinder axis is an 
indicationn of the j3 phase. Such layers are referred to as axial layers. Second, a different 
layeringg may occur with concentric layers parallel to the cylinder wall. Being normal to 
thee radial direction, we refer to these layers as radial layers. The radial layers may exhibit 
aa two-dimensional liquid or solid structure. Finally, a homogeneous fluid may appear. 

RRcycy\\ is the distance between the cylinder axis and the cylinder wall; it is the distance 
att which the nuclei of the surface atoms in the pore wall are located in terms of the Steele 
model.. Because of the molecule-wall interaction, the wall is associated with an excluded 
volume.. For soft molecule-wall potentials, it is not trivial to obtain an estimate for the 
volumee accessible to the condensed material, as has been remarked in many previous stud-
ies.. Usually one corrects for this by subtracting one molecular diameter in all dimensions 
off  confinement. Then, for the accessible volume, the cylinder radius would decrease with 
AR,AR, being the molecular radius. Since the molecule-wall interaction is different from the 
molecule-moleculee interaction, we determined AR from the radial density profiles (to be 
discussedd later), which show the positions of the molecules near the wall. From a number 
off  simulations (AR depends on the density, temperature, and Rcyi), AR = 1.5 A has 
beenn chosen. Thus, depending on the simulation conditions, we slightly overestimate or 
underestimatee AR. The starting conditions for the simulations are obtained as follows. 
AA volume of cylindrical shape with radius Rcut = Rcyi - AR is cut out of the a bulk 3 
structuree at nearly the desired density, and 'put into' the pore. A reasonable choice of 
ARAR is important for the stability of the structure. If AR is too large, it would lead to 
destabilizationn of the solid at the wall (surface melting). The sensitivity to AR has been 
checkedd by taking slightly smaller and larger values than AR = 1.5 A. We find similar 
results. . 

Inn summary, we cut a cylindrical volume with radius Rcut out of the solid 3 phase 
suchh that the c axis is parallel to the pore axis. Then we perform a simulation with a 
molecule-walll  interaction in a pore of radius Rcy\ = Rcut + AR. The length of the cylinder 
dependss on the density. Periodic boundary conditions were preserved in the z direction 
only.. Since the above mentioned experimentally detected high-pressure phase transition 
wass most evident for a pore size of 17 A [LotOl] , this is the pore size that we have applied 
inn the simulations. 

8.2.22 Analysis tools 

Axiall  density profiles \p(z) = N(z)/(Ndz/L). with N(z) the number of molecules in a 
cylinderr slice of thickness dz at z and N the total amount of molecules] and radial density 
profiless [p(r) = N(r)/{N2rdr/R2

cut), with N(r) number of molecules in a cylindrical shell 
off  thickness dr at r] provide information about the (inhomogeneous) structure of the 
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capillaryy condensed solid. With p(z) and p(r). the presence of respectively the axial and 
radiall  layers can be detected: both profiles are flat and equal to 1 for a homogeneous fluid. 

Moree detailed insight into the structure of the confined material is obtained by calculat-
ingg two-dimensional radial distribution functions (RDFs). Such RDFs may be calculated 
bothh for the axial layers and the radial layers. The presence of such layers, and their 
boundariess are inferred from the density profiles. If present, axial layers correspond with 
thee AB layers of the hep 0 phase. For these layers, the 2D non-periodicity results in a 
biass of the 2D RDFs. As long as only 2D RDFs for the same pore radius are compared, 
thiss is not problematic. The 2D RDF for the radial layers is obtained by unwrapping 
themm (the 2D coordinates are x' — r^yeT0 and y' — z. with riayer. o and z the cylindrical 
coordinatess of the molecule: riayer is the average radius of the layer). In that case. 2D 
periodicc boundaries are applicable. 

Wee also have calculated the angular distributions of the N2 molecules by the deter-
minationn of the (single particle) distributions of |cos(0,-)|. B[ being the angle between 
moleculee i's bond axis and the cylinder axis. Apart from an overall distribution, distri-
butionss for axial and radial layers can be obtained. In addition, we have determined the 
layer-averagedd values of P2(cos(#;)). P2 being the second order Legendre polynomial. 

I tt is also of interest to investigate the triangular structure within the layers. For exam-
ple,, the AB layers of the hep 3 phase all have triangular order within each (axial) layer. 
Onn the other hand, previous experimental and simulation results for similar molecules 
showedd [Rad99. Hub99b] that the layers close to the pore wall have a triangular struc-
ture.. Also, for monolayers of N2 adsorbed on flat substrates, triangular structures have 
beenn found [Roo90, Mar94]. Thus, if the 0 phase transforms to a phase that exhibits 
concentricc layering, we expect that the triangular order within the axial layers decreases, 
whilee that within the radial layers increases. Alternatively, if the 0 structure transforms 
too a homogeneous liquid phase, there only is a decrease in the triangular order within 
thee axial layers. The triangular order within a layer is equivalent to the extent of which 
aa molecule's nearest neighbors are arranged in a hexagonal fashion. Thus, the triangu-
larr order within a layer is quantified with an order parameter that probes the degree of 
hexagonall  nearest neighbor order [SB01, Rad99. Vee91. Vee89. Mer68] 

' i = i i 

Thee inner summation is taken over the nearest neighbors Mt — 6 of molecule i within 
thee layer containing N[ molecules. Bj is the angle between the vectorial i-j  distance and a 
fixedd axis in that plane. For the axial layers, the outer ring of molecules is not included in 
thee summation over i (their inclusion would artificially lower (^l)t. as these molecules are 
nott completely surrounded by neighboring molecules due to the presence of the wall). For 
thee radial layers, 2D periodic boundary conditions can be applied. Again, distributions 
andd averages for the axial layers, the radial layers, and for the complete system can be 
obtained. . 

Thee molecules within a layer may be attributed a 2D orientation, as determined by the 
projectionn of the N2 bond axis on the plane of the layer. Then, the relative orientations 
4>ij4>ij  of the projected bond axes of molecules i and molecules j can be determined. We have 

Mi Mi 

EE * 
i&Bj i&Bj (8-2) ) 
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calculatedd d>ij  for the Mi = 6 nearest neighbors j of all molecules i within a layer. Again, 
distributionss and layer-aver aged values of 0ij have been obtained. 

Too obtain an indication of the fluidity and therefore the diffusion, we have determined 
thee mean square displacements (MSDs) of the molecules in the complete system and 
thee layers. The latter is done by calculating the three dimensional displacements of the 
moleculess that constitute a selected layer at a certain timestep in the simulation. Of course, 
i tt can not be excluded that during the calculation of the MSD. a particular molecule 
migratess to another layer. From the slopes of the linear time dependence of the MSDs. 
thee diffusion constants have been estimated. In conjunction with the density profiles, we 
cann identify for instance the existence of a quasi 2D liquid [Rad99]. 

Thee method for calculating the intramolecular vibrational Raman frequencies of the N2 

moleculess in the solid is similar to that used previously [Mul98, Ett83]. A perturbation 
calculationn of a Hamiltonian that describes an an-harmonic vibrating molecule which 
interactss with the surrounding molecules has been performed in 1958 [Buc58], with the 
followingg result. In first order the shift with respect to the frequency of the isolated 
moleculee (2329.91 cm- 1) is proportional to the axial forces acting on the molecule: A ^ = 
3.8077  l O 1 0 ^ . The frequencies are in units of cm- 1 and the forces in Newton. Neither 
thee higher order terms, nor the correction for the vibration rotation coupling, nor the 
dispersionn correction [Mic95] are taken into account in first approximation. 

Occasionally,, we gain an indication of the state of the system by taking snapshots of 

thee configuration. 

8.33 Results 

Thee calculations are performed at a temperature of 300 K. At this temperature, the bulk 
,3,3 phase occurs for pressures between 2.4 and 4.7 GPa. In simulations, this corresponds 
withh densities between 48 and 54 kmol/m3. We have performed calculations near this 
densityy range; thus for infinitely large pore radii, the 3 phase wil l remain stable. Details 
off  the simulation conditions and the results for the calculated configurational energy are 
givenn in Table 8.1. It turns out that long equilibration times are needed for the system 
too adapt to the geometrical confinement: the lengths of the calculations are at least two 
nanoseconds. . 

Figuree 8.1 shows the density profiles. For p(z), the distribution is flat for all of the 
densitiess investigated: the eight axial layers that correspond with the 0 phase have van-
ished,, which indicates that this structure is unstable. Even at the highest densities, not 
evenn a hint of these layers is reflected in the profiles. Instead, p(r) shows that even at 
344 kmol/m3, which is well into the liquid region of the bulk, a well distinguished layering 
appearss in the radial direction. For low densities, the peaks are decreasingly sharp going 
towardss the center (r = 0). Upon increasing the density, the peaks sharpen and shift to 
largerr radial distances, while the distances between the peaks (typically lying between 2.5 
andd 3 A) decrease. These effects are increasingly important near the center of the pore. A 
ratherr drastic shift occurs upon the appearance of a new peak at the center of the pore, 
att 56 kmol/m3. A similar shift occurs as the central peak shifts off-center at 64 kmol/m3. 
Thee snapshots in Fig. 8.2(a) show that these peaks correspond with a line of molecules 
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N N 
416 6 
440 0 
472 2 
488 8 
504 4 
512 2 
520 0 
544 4 
552 2 
560 0 
584 4 
592 2 
600 0 
616 6 
632 2 

^bulk k 

35 5 
37,5 5 
40 0 
42.5 5 
45 5 
47.5 5 
48.75 5 
50 0 
52.5 5 
53.75 5 
55 5 
57.5 5 
60 0 
62.5 5 
65 5 

L L 
26.55 5 
25.94 4 

25.39 9 
24.88 8 
24.41 1 

23.98 8 

23.77 7 
23.57 7 

23.19 9 
23.01 1 
22.83 3 

22.50 0 
22.18 8 
21.88 8 
21.60 0 

P P 
34.49 9 

37.33 3 

40.90 0 

43.15 5 
45.42 2 

46.98 8 
48.14 4 

50.78 8 
52.37 7 
53.56 6 
56.27 7 

57.89 9 
59.51 1 
61.94 4 

64.38 8 

E E 
-661 1 
-572 2 

-415 5 
-282 2 

-145 5 
-21 1 
73 3 
384 4 
598 8 
771 1 
1226 6 
1524 4 

1876 6 
2411 1 

3019 9 

Tablee 8.1: The number of molecules N, the bulk-corresponding density pbu lk (in kmol/m3). 
thethe length of the cylinder L (in A) and the estimated density p (in kmol/m3) for the 
simulationssimulations performed. Included are the results for the specific conBgurational energy (in 
kkBBK). K). 

alongg the cylinder axis, and a subsequent splitting into two off-central lines. The splitting 
causess the wing in the peak at 4 A of the radial density profile at 65 kmol/m3. In sum-
mary,, the plots show that the 3 structure is unstable at all of the densities investigated. A 
transformationn to a structure with, in principle, a concentric layering of cylindrical shells 
appearss instead. 

Figuree 8.3 shows the 2D RDFs at various densities for the first (contact) and the fourth 
layer:: the latter is considered to be representative for the inner region. The appearance of 
distancess smaller than the molecular dimensions, observed for low densities in the inner 
regionn of the pore, are unphysical as they are related with the procedure with which the 
2DD RDFs are obtained (see section 8.2.2). 

Forr the contact layer, two density ranges may be discriminated. An increase in the peak 
heightt and a narrowing of the peaks appear up to about 51 kmol/m3. This is accompanied 
byy a shift to smaller distances. From 50 to 56 kmol/m3, the first and second peak (in 
particularr the onsets of the peaks) show a small jump to smaller distances. For higher 
densities,, the changes in the shapes of the peaks are much smaller, mainly a slight shift to 
smallerr distances occurs. Apart from the above mentioned jump, the behavior is roughly 
thee same for the fourth layer. A gradual narrowing of the peaks occur up to 51 kmol/m3. 
Forr higher densities, the shapes of the peaks remain more or less intact and mainly 
aa shift to smaller distances is observed. This shift appears as a jump between 60 and 
644 kmol/m3. wrhich is possibly related to the splitting of the central line of molecules into 
twoo off-central lines (Fig. 8.1(b)). Comparing the results for the two layers (Fig. 8.3(a) 
andd (b)) we observe that, going towards the center of the pore, the peak height is reduced 
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1 1 
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zlk zlk 

Q. . 
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Figuree 8.1: Axial (a) and radial (b) density profiles for the densities 64, 60, 54, 51, 45, 
41,41, and 34 kmol/m3 (from top to bottom) for the 17 A pore. The curves are shifted 
downwardsdownwards with 0.5 (a) and 2 (b) for clarity. The divergence at r = 0 observed for 54 and 
6060 kmol/m3 are a result of the definition of p(r). 

(correspondingg with an increased peak width). This is in particular the case for densities 
beloww 51 kmol/m3. Otherwise, the results are very similar. 

Thee A or B layers in the bulk 8 phase have a triangular 2D structure. The structure 
off  these layers can be compared with those of the radial layers in the pore (the inset 
inn Figure 8.3(a)). The overall agreement between the two distributions suggests that 
aa triangular arrangement also appears in the radial layers, as expected from the mere 
existencee of the 2D layers and the high densities. However, the peaks for the contact layer 
inn the pore are broader than in the bulk over the complete density range. For instance, 
thee peak near 6.3 A clearly consists of two separate peaks in the bulk, whereas in the pore 
itt does not. For the contact layer, the asymmetry in the second peak at high densities 
merelyy suggests the presence of two peaks. From these observations we conclude that, 
evenn at high densities, all radial layers exhibit a smaller degree of structural order than 
thee AB layers of the j3 structure. Therefore, although the peaks in the 2D RDFs roughly 
correspondd with that of a triangular arrangement, the structural disorder within the layers 
iss relatively large, as it bears resemblance with that of a liquid. 

- 1 | T , 1 | . | I | | 

11 -
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Figuree 8.2: Snapshots of the N2 molecules in the pore, (a) shows the projections of the 
positionspositions of all molecules on the basal plane of the cylinder, (b) shows the configurations 
ofof the 'unrolled' contact layers. The densities are as indicated, in kmol/m3. The length 
ofof the cylinder as well as the average layer-radius change with density, as reflected in the 
snapshots.snapshots. The molecules are denoted by circles; the orientations are neglected. 

Thee presence of the above hinted 2D triangular arrangement within the layers is in-
vestigatedd further with the hexagonal order parameter ($g);- For comparison, we briefly 
addresss the distributions of ($g)( for the AB layers in the bulk /? phase, and in the fluid 
(wheree layers have no physical meaning, Fig. 8.4(a)). As there is no structure in the fluid, 
thee most probable value is 0, larger values are decreasingly probable. Although in the /? 
phasee the most probable value is close to 1, it does not equal 1 due to the thermal vibra-
tionss in the solid. Both distributions correspond to what one expects from the presence 
andd absence of triangular order in the Ö and fluid phase, respectively. 

Forr the contact layer in the pore, the shape of the ($g); distribution for a density 
off  34 kmol/m3 is comparable to that in the fluid (Fig. 8.4(a)). However, a quantitative 
comparisonn shows that, even at the lowest densities, the triangular order in this layer is 
significantlyy larger than in the bulk fluid. The broad distribution at 41 kmol/m3 indicates 
ann increased triangular order. For larger densities the distribution is qualitatively similar 
too that in the 0 phase. The triangular order increases up to 51 kmol/m3, above which 
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Figuree 8.3: The 2D RDFs for various densities in the contact layer (a) and the fourth 
layerlayer (b). The densities indicated in the legend are in kmol/m3. The inset in (a) shows 
thethe result for the AB (axial) layers in the bulk j3 phase at 60 kmol/m3. 

theree are only small changes with density. Comparing the distribution with that in the 
bulkk P phase, we observe that for all densities, the degree of triangular order in the contact 
layerr is smaller. 

Figuree 8.4(b), shows the layer-averaged values of ($g); as a function of density for the 
fourr outermost layers. After a slow increase up to 43 kmol/m3, the two outermost layers 
exhibitt a relatively large increase of about 0.25 between 43 and 45 kmol/m3. Subsequently, 
theyy increase gradually to 0.7. For the third and fourth layer, a similar increase occurs 
betweenn 45 and 51 kmol/m3. Thus, for these layers, the triangular order appears at a 
smallerr rate and it occurs at a higher density. The degree of the triangular order increases 
forr layers closer to the wall, except at the highest densities, where the structures of the 
layerss are the same within statistical uncertainty. 

Wee conclude that at low densities, the triangular arrangement within the radial layers 
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Figuree 8.4: (a) The distribution of ($g); for the contact layer at the indicated densities 
(in(in kmol/m3). The results for the bulk fluid (at 40 kmol/m3. squares) and the bulk (3 
phasephase (at 60 kmol/m3, circles) are shown for comparison, (b) The layer-averaged order 
parameterparameter for the four layers closest to the wall as a function of density. The numbers 
indicateindicate the layer index, the contact layer corresponding with 1. The smaller number of 
moleculesmolecules per layer in the inner region of the pore leads to a larger scatter. 

iss small, but it is larger than in the bulk fluid. The triangular order rapidly increases 
betweenn 43 and 51 kmol/m3. However, even at the highest densities such a hexagonal 
nearestt neighbor order is smaller than that in the AB layers of the (3 phase. The results 
agreee with those found for the 2D RDFs. The overall increase in triangular order as the 
densityy increases is also observed in the snapshots of the contact layer, Fig. 8.2(b). 

Sincee the N2 molecules are anisotropic, it is interesting to study not only the center-of-
masss structures, but also the orientational behavior. In many high pressure studies of pure 
N22 as well as N2 mixtures, it has been found that the orientations of the N2 molecules are 
closelyy related with the measured and calculated Raman spectra [Sch93, Mul98, Koo98, 
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Figuree 8.5: (a) The orientational distribution of the N2 molecules at 64 kmol/m3. 9 being 
thethe angle between the molecular bond axis and the z axis. Shown are the results for the 
fourfour layers closest to the wall (label 1 corresponding with the contact layer). The curves 
areare shifted upwards with 0.5. (b) The layer-averaged values of P2(cos(0j)) as a function 
ofof density for the four indicated layers, (c) The distribution of orientational correlations 
éijéij of a molecules with its six nearest neighbors, labels as in (a). The curves are shifted 
upwardsupwards with 0.25. (c) The layer-averaged values of 0y as a function of density for the 
twotwo layers closest to the wall (the scatter in the other layers is very large). 

vK99a].. In particular for the small pores, the orientational behavior may be important 
inn the interpretation of the experimental results. Figure 8.5(a) shows the orientational 
distributionn of the molecules with respect to the cylinder axis at 64 kmol/m3 for the four 
layerss closest to the wall. The molecules exhibit a preference to be aligned along the pore 
axis,, which is obviously due to the curvature of the wall. The alignment decreases for the 
secondd layer and subsequent layers. 

Thee behavior of P2(cos(6i)) versus the density (Fig. 8.5(b)) shows that below 52 
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kmol/m3.. almost all the layers lack such an orientational preference. Again, the exception 
iss the contact layer, which exhibits a small preference even in this density range. For that 
layer,, the alignment gradually increase with increasing density. For all the layers, a rela-
tivelyy large increase occurs at 52 kmol/m3. above which the molecules continue to exhibit 
orientationall  alignment. The increase in orientational order is most pronounced for the 
contactt layer, as P2(cos(9j)) increases from 0.11 to 0.33. There is again a small increase 
withh density above 52 kmol/m3. 

AA number of orientational ordering patterns may be consistent with the observed 
alignmentt along the pore. Moreover, it is interesting to find out which interaction causes 
thiss alignment. Therefore, the relative orientational correlations of a molecule with its 
sixx nearest neighbors are investigated in addition. The distributions of ó  ̂ for the four 
layerss closest to the wall at a density of 64 kmol/m3 are presented in Fig. 8.5(c). The 
innerr region shows absence of such correlations, while the molecules in the two outer 
layerss have a preference for smaller angles, indicating a small preference for alignment of 
nearestt neighboring molecules. The average values of the angles between the neighboring 
moleculess for the two outer layers as a function of density are depicted in Fig. 8.5(d). 
Abovee 51 kmol/m3, the molecules exhibit a small preference to be aligned with their 
nearestt neighbors. The fiat distributions observed for densities below 51 kmol/m3 (not 
shown)) result in an average value of 45° for all the layers, indicating absence of relative 
orientationall  correlations. We conclude that for high densities the molecules prefer to 
bee aligned along the pore axis. The alignment is larger for layers closer to the wall. In 
addition,, at high densities, the bond axes of nearest neighbor molecules also exhibit a 
smalll  preference to be aligned. 

Thee MSDs of the molecules in the contact layer for various densities are shown as a 
functionn of time in Fig. 8.6(a) (recall that molecules that are in the contact layer at a 
certainn moment may diffuse to other layers in the course of time). The results for the 
bulkk fluid and solid are shown for comparison. As usual, in the fluid, there is a linear time 
dependencee with a large slope, corresponding to a large diffusion coefficient. For solids, 
theree is a relaxation to a long-time, asymptotic value that is time independent (horizontal) 
ass shown for the bulk 3 phase. In that case, the equilibrated value of the MSD curve is 
ann indication of the thermal vibrations around the lattice sites. 

Forr the contact layer in the pore, two density ranges may be discriminated. Up to 
455 kmol/m3, the linear slopes of the MSD curves demonstrate liquid-like behavior, as 
doo the corresponding diffusion constants (Fig. 8.6(b)). For larger densities, the curves 
increasinglyy resemble solid like behavior. However, the results are not the same as that of 
aa solid: the long-time behavior of the curves show a small increase with time. Although 
thiss corresponds with much smaller diffusion constants than those at smaller densities 
(Fig.. 8.6(b)). there is still a long-time drift of the molecules, while simulations of the bulk 
33 phase show absence of such a drift, 

Figuree 8.6(b) shows that in the region below 51 kmol/m3. the molecular displacements 
aree larger when going to the center of the pore. The diffusion constants decrease linearly 
wit hh density for all the layers. At about 51 kmol/m3, there is an abrupt change in the 
curve.. This occurs at somewhat lower densities for the two layers closest to the wall. For 
higherr densities, the diffusion constants are on the order of 1 0 "u to 10 10 m2/s. This is 
att least an order of magnitude smaller than those for a liquid but also at least an order 
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Figuree 8.6: (a) The MSDs of the molecules in the contact layer as a function of time, for 
densitiesdensities 34, 41, 45, 51, 56, 60, and 64 kmol/m3 (from top to bottom). The results for 
thethe bulk liquid (at 40 kmol/m3, squares) and bulk solid (3 (at 60 kmol/m3, circles) are 
includedincluded for comparison, (b) The diffusion coefficients for the complete system (circles), 
andand for the four layers closest to the wall, as a function of density (label 1 corresponding 
withwith the contact layer). 

off  magnitude larger than for a plastic crystal near the melting temperature. 
Thee intramolecular vibrational Raman frequencies are depicted as a function of density 

inn Fig 8.7. For all the layers, there is a monotonie increase of the frequency over the 
completee density range. The density dependence is similar to that in the bulk [Mic95]. 
Thee average frequency in the contact layer is larger than that of the inner region. Since 
thee shapes of the frequency distributions are very similar for all the layers, the increase 
inn frequency for layers closer to the wall is simply a result of a shift of the distribution. 
Onn average, also the second layer has a somewhat higher frequency than the other layers. 
Inn summary, we find that the frequencies increase with density without the presence of 
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Figuree 8.7: The shift in the intramolecular vibrational Raman frequencies with respect 
toto the isolated molecule as a function of density. The circles denote the system-averaged 
values.values. The numbers in the legend denote the layer index, the contact layer correspond-
inging with 1. The inset shows the static frequency distributions for these four layers at 
6464 kmol/m . 

ann apparent jump. 

8.44 Discussion 

Forr the 17 A pores, we find that the 0 phase transforms to a structure with concentric 
layers,, even though optimal conditions to preserve the stability of the 0 phase have been 
providedd such as the adjustment of the pore length to the eight AB layers. This observed 
absencee of the fi phase is in agreement with experiments. Low pressure x-ray diffraction 
measurementss of N2 condensed in glass pores [Hub99a, Hub99b] show that, for larger 
poree radii (> 25 A), reflections very similar to those of the bulk 0 solid are observed in 
additionn to very broad peaks. In pores of radius 12.5 A, such broad peaks are the only 
peakss observed. The results are also in agreement with high-pressure Raman spectra of 
N22 in silica pores [LotOl] (discussed in more detail below). 

AA comparison of Fig. 8.4(b) and Fig. 8.5(b) shows that at 52 kmol/m3, for all the 
layers,, the triangular order has taken place for the greater part, while the orientational 
orderr is about as small as for the lowest densities. Moreover, the structural order takes 
placee in a much broader density range (43-51 kmol/m3) than the orientational alignment 
(51-522 kmol/m3) . From this, we suggest that the formation of the triangular order is 
hardlyy related with the orientational alignment along the pore axis. It is, however, possible 



Discussion n 121 1 

thatt the orientational order sets in after the formation of the central line of molecules at 
highh densities. Snapshots and density profiles show that this line is already present at a 
densityy of 52 kmol/m3. At the appearance, the density in the radial direction exhibits 
aa relatively large increase. The molecules can lower their repulsive forces in the radial 
directionn by aligning their bond axes along the pore axis. The corresponding lowering of 
thee energy is increasingly beneficial for increasingly high radial densities. In particular, 
thiss should lower the configurational energy of the molecules in the contact layer because 
inn the inner region the adjacent layers are not smooth, and because of the stacking faults 
off  the triangular layers in the radial direction. These necessarily occur due to the varying 
curvaturee of the layers with radial distance. The results correspond with the observed 
decreasee in the alignment for molecules closer to the pore center. 

Inn low-pressure x-ray diffraction studies [Hub99a, Hub99b], it was concluded from the 
nearestt neighbor distance that the molecules in the adsorbed layers exhibit orientational 
disorder.. Roughly speaking, we find in our simulations that the molecules exhibit orien-
tationall  disorder below a density of 51 kmol/m3. Neighbor-orient ational correlations are 
absentt in this density range. For higher densities, an alignment along the cylinder axis for 
alll  the layers. However, the neighbor-orientational correlations are only small in this den-
sityy region. From these observations we conclude that the alignment along the pore axis 
iss not a result from the intermolecular interaction, but rather results from the curvature 
off  the wall. Therefore, for more realistic walls in a random pore network, orientational 
disorderr is probably the result. 

Evenn for the lowest densities, a layering of concentric cylindrical walls is observed. 
Closerr to the pore wall, this inhomogeneity is larger. Although smaller than at higher 
densities,, there is also a non-negligible degree of triangular order within the radial layers, 
evenn for the low density of 34 kmol/m3, which for the bulk is well into the fluid phase. 
Att the same time, broad peaks in the 2D RDFs are observed, which is typical for a fluid. 
Thiss is in correspondence with the fluid-like behavior as observed from the calculation of 
thee MSDs. Since on the other hand the density profiles show a distinct layering, especially 
closee to the pore wall, we must conclude that these layers behave as a 2D (or quasi 2D) 
liquid. . 

Figuress 8.4 and 8.6 show that for the two layers closest to the wall, the triangular 
orderr has jumped to larger values at a density of 45 kmol/m3. Also, at that density 
theree is an abrupt change in the curve of the diffusion constant versus the density, i.e. 
itt is the density for which the diffusion constant becomes smaller than that typical for 
aa liquid. Similar correspondence is found for the third and fourth layer, in this case the 
densityy being 51 kmol/m3. Thus we find that the absence and presence of hexagonal 
nearestt neighbor order is accompanied by a significant loss the molecular translations. 
Thee diffusion constants are at least an order of magnitude smaller than that of a liquid. 
However,, in the simulations we do not a strict freezing of the molecules, as there is still a 
smalll  diffusion at the highest densities, even for the contact layer. In contrast, no long-time 
displacementss are observed for the simulated (3 structure. The 2D RDFs at the highest 
densitiess show that although in the pore the peaks have narrowed as compared to low 
densities,, they are still much broader than those of the AB layers of the bulk (3 phase. 
Thus,, a significant amount of structural disorder is still present in the high density phase, 
consistentt with the small diffusion. The results are also consistent with the observation 
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thatt ($Q), is smaller than in the crystalline 3 solid, although it is significantly larger than 
att low densities. Therefore, we conclude that the system is amorphous, even though a 
significantt degree of triangular order is observed. 

Inn a partly computational study of CC14 in cylindrical porous glasses at low pressures, 
evidencee has been found for the existence of a liquid to 'hexatic' phase transition in the 
contactt layer [SB01]. The hexatic phase is characterized by a quasi-long range hexagonal 
nearestt neighbor order (or more specifically, nearest neighbor bond-orientational order), 
butt with short range positional order. The phase with hexatic layers near the wall and 
2DD liquid layers in the inner region is considered as an intermediate phase [Rad99] be-
tweenn the crystalline and liquid phase. Hexatic phases are predicted from the theory of 
2DD melting [Kos73, Hal78, You79] and have been observed in the form of hexatic smec-
ticss [dG93. Bro89]. It manifests itself in a continuous transition for which the breaking of 
thee rotational and translational symmetries, that occur during the solid-liquid transition, 
doo not take place at the same temperature. 

Inn those simulations, only for the largest pores a bulk-like crystalline solid appears 
uponn cooling. For somewhat smaller pore sizes, the inner region is amorphous at low 
temperatures.. The outer layers appear in the liquid to hexatic to crystalline phases upon 
cooling.. For even smaller pores, only liquid to hexatic phase transitions have been observed 
forr the outer region. The 2D crystalline phase corresponds with both long range positional 
orderr and long range hexagonal nearest neighbor order. The liquid phase corresponds 
withh short range positional and short range hexagonal nearest neighbor order. However, 
thee hexatic phase corresponds with short range positional order and quasi-long range 
hexagonall  nearest neighbor order. This means that an indication for the presence of such 
hexaticc phases is already obtained from the occurrence of broad peaks in the 2D RDFs 
onn the one hand, accompanied with large values of ($j?); on the other hand [Rad99]. 

Wit hh this knowledge in mind, we find for our results that at low densities the layers 
behavee as a 2D liquid, in particular those close to the wall. At higher densities, almost 
alll  the layers are hexatic, as (<&l) l is large while the 2D RDFs demonstrate the absence of 
longg range positional order, consistent with the nonzero values for the diffusion constants 
att high densities. Therefore, we propose that, upon increasing the density, we find a liquid 
too hexatic phase transition very similar to those found for simulations in which confined 
fluidsfluids were cooled. 

Thee above mentioned x-ray diffraction results of N2 in glass pores [Hub99a] possibly 
alreadyy indicate such a hexatic phase for the adsorbate state, as the diffraction pattern 
onn the one hand show broad peaks, whereas on the other hand the pattern resembles 
thee calculated pattern of a 2D triangular solid with a short coherence length of 20 A. 
Thesee layers are considered to be either fluid or amorphous. The hexatic layers are on 
thee one hand amorphous in nature (absence of long range positional order), on the other 
handd there is an underlying triangular structure (long range hexagonal nearest neighbor 
order).. This is consistent with the diffraction results. Depending on the temperature, it 
iss possible that in these experiments the layers are hexatic rather than amorphous. 

Inn a high-pressure study [LotOl] , a very broad low intensity peak was measured in the 
Ramann spectrum of N2 in 17 A porous silica gel pores. Again, from the broadness of the 
peaks,, the presence of an amorphous structure was concluded. For pore radii of 32 A and 
larger,, peaks very similar to that in the bulk solid dominate the spectrum. The average 
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frequencyy of the molecules in the 17 A pores was found to be smaller than that of the 
bulkk fluid and solid phases, and it jumps to higher frequencies at a pressure of 2.4 GPa, 
attributedd to a transition in the amorphous layers. The width of the peak increases as a 
functionn of pressure below 2.4 GPa. For higher pressures, the width is roughly constant. 

Despitee the changes in structural and orientational order, the calculated Raman fre-
quenciess do not show any a jump or significant change in the curve as a function of density: 
onlyy a monotonie increase as a function of density is observed for all the layers. This be-
haviorr is comparable to that in simulations of bulk N2 [Mic95]. Moreover, all the layers 
havee a similar frequency distribution. For the layers closer to the wall, the molecules have 
aa somewhat higher frequency. The results may indicate that the first order effect alone 
iss not sufficient to calculate the Raman frequencies [Mic95], The second order effect may 
playy a role. Also, it may be that the inclusion of the dispersion correction in the frequency 
calculationss alters the results. It is also possible that the experimentally obtained jump in 
thee vibrational frequencies as a function of pressure [LotOl] is not related to the liquid to 
hexaticc transition that we find in the simulations. A discontinuity in the Raman spectrum 
iss not expected for such a continuous transition. If in the simulations there would be a 
relatedd frequency increase, it is possibly too gradual to observe as the transition occurs 
overr a broad density range. 

8.55 Conclusions 

Whenn starting with the 8 structure, this structure does not remain stable in the range 
off  densities investigated. Instead a structure with concentric layers appears. Below 45 
kmol/m3,, all radial layers are fluid-like. Despite the fluid-like behavior, the triangular 
orderr within the layer is larger than that within a homogeneous bulk fluid phase. This is 
especiallyy the case for the contact layer. In this density region, the molecules are orienta-
tionallyy disordered. 

Betweenn 45 and 51 kmol/m3, a relatively large increase in triangular order occurs 
withinn the layers. Above 51 kmol/m3, the molecular translational motions are much 
smallerr than in the liquid; the fluid has solidified to a large extent. However, there is 
stilll  a small diffusive motion. Moreover, despite the large increase in triangular order be-
tweenn 45 and 51 kmol/m3, it is smaller than in the bulk solid. In addition, the 2D RDFs 
stilll  demonstrate the absence of long range positional order. The absence of long range 
orderr accompanied by the presence of a relatively large degree of hexagonal nearest neigh-
borr order suggest that a hexatic phase occurs at high densities. Therefore, we conclude 
thatt in the simulations a fluid to hexatic phase transition occurs upon the increase of 
density.. Between 51 and 52 kmol/m3, an increase in the orientational order occurs: the 
moleculess align along the pore axis, which is in particular the case for the contact layer. 
Ass a consequence, neighboring bond axes show a small preference for alignment. 

Neitherr the translational, nor the orientational transformation, is reflected in the be-
haviorr of the Raman frequencies versus the density. For all the layers, there is a monotonie 
increasee in frequency. No jump, nor a change in the slope have been found. This is possibly 
aa shortcoming of the calculation of the Raman frequencies, as we find both a structural 
andd an orientational transition. 




