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II I 
Justificationn of the alkane-zeolite model 

AA prerequisite for obaining meaningful results out of any type of molecular simula-
tionn is an adequate description of the interatomic forces. For some systems the use 
off  general purpose forcefields wil l suffice, while in others the use of a tailor-made 
forcefieldd is required. 

Thee study of the adsorption of alkanes in zeolites presents such a case where a 
tailor-madee forcefield for the alkane-zeolite interaction is needed to reproduce all 
observationss from adsorption experiments. For example CVFF-type forcefields are 
unablee to reproduce the step in the isotherm of iso-butane adsorbed in MFI [28]. A 
customm design also allows for convenient approximations, like a rigid zeolite lattice 
andd united atom descriptions of both the alkanes and the zeolites, that reduce the 
computationall  time considerably. Additionally, because of the large difference in op-
eratingg conditions of the various zeolites applications, it is also important that the 
forcefieldd gives reasonable results over a wide range of temperatures and pressures. 

2.11 Forcefield 

Inn the forcefield used throughout this thesis, the alkanes are modeled using the united 
atomm representation, i.e. the CH3, CH2, CH, and C groups are modeled as single 
interactionn centers. The bond length between the atoms is kept fixed at 1.53 A. The 
bond-bendingg is modeled by harmonic cosine potential 

uubendbend = I f c ö [ C O S(0) _ C0s{deq)f (2.1) 

withh the equilibrium angle 9eq - 113° and the force constant ke/kB = 85000.0 K. The 
torsionall  angles are controlled by 

uutorstors(<P)(<P) = J2Cicosi(<P) (2.2) 
2=0 0 

withh the values of d listed in Table 2.3. The interaction of the atoms belonging to 
differentt molecules or to the same molecule but separated by more than three bonds, 

Thiss chapter is based on refs. [25-27] 
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Tablee 2.1: Parameters for the Lennard-
Joness potential describing the interactions 
betweenn atoms of an aikane [29-31]. 

CH4-CH4 4 
CH3-CH3 3 
CH2-CH2 2 

CH-CH H 
C-C C 

e/ke/kBB/[K] /[K] 
148.0 148.0 
98.0 0 
46.0 0 
10.0 0 
0.5 5 

*/[A ] ] 
3.73 3 
3.75 5 
3.95 5 
4.68 8 
6.40 0 

Tablee 2.2: Parameters for the Lennard-
Joness potential describing the interactions 
betweenn an aikane and a zeolite [33]. 

CH4-0 0 
CH3-0 0 
CH2-0 0 
CH-O O 
C-O O 

£ / W [ K ] ] 
96.5 5 
80.0 0 
58.0 0 
58.0 0 
5.0 0 

*/[A ] ] 
3.60 0 
3.60 0 
3.60 0 
3.60 0 
3.60 0 

Tablee 2.3: Torsion potentials for linear and branched alkanes. The torsion around the 
xx — A — B — y axis is decribed using the functional form of equation 2.2 [34]. 

CC00/k/kBB/[K] /[K] 

ccxx/k/kBB/m /m 
CC22/k/kBB/[K] /[K] 
CC33/k/kBB/[K] /[K] 
CCAA/k/kBB/[K] /[K] 
CC55/k/kBB/[K] /[K] 

A,B B 
x,y y 

CH2-CH2 2 

c,c c 
1204.654 4 
1947.740 0 
-357.845 5 
-1944.666 6 
715.690 0 

-1565.572 2 

CH-CH2 2 

H,C C 
1367.086 6 
4360.147 7 
416.005 5 

-6499.427 7 
-832.004 4 
1646.129 9 

C-CH2 2 

c,c c 
1293.324 4 
3879.849 9 

0.0 0 
-5173.163 3 

0.0 0 
0.0 0 

C-C C 

c,c c 
2045.657 7 
6136.797 7 

0.0 0 
-8182.447 7 

0.0 0 
0.0 0 

C-CH H 
C,H H 

1575.127 7 
4725.259 9 

0.0 0 
-6300.384 4 

0.0 0 
0.0 0 

CH-CH H 
H,H H 

1092.268 8 
2822.786 6 
-908.033 3 
-3007.027 7 
1816.066 6 
-1816.059 9 

iss described by a 12-6 Lennard-Jones potential 

uul3l3{r{r i3i3)) =4e 
12 2 

(2.3) ) 

Thee Lennard-Jones parameters are shown in Table 2.1 [29-31]. Interactions between 
differentt atoms are computed using the Jorgensen mixing rules [32]: ai3 = SJVXI<J33, 
eeijij  — \/€ii €3j- The potentials are truncated at 13.8 A, and tail corrections are applied 
[24]. . 

Thee zeolite-alkane interactions are assumed to be dominated by dispersive inter-
actionss with the oxygen atoms of the zeolite framework. Apart from work presented 
inn section 5 of this chapter, the zeolite is modeled as a rigid crystal [35] consisting 
exclusivelyy of Si02/ so as to make the calculation of zeolite-alkane interactions effi-
cient.. This allows the use of special interpolation techniques [36,37] to obtain the 
correctt paraffin conformation at any given temperature. The Lennard-Jones param-
eterss for the zeolite-alkane model have been fitted to the adsorption enthalpies and 
thee Henry coefficients of linear and mono-branched alkanes in Silicaiite-1 (MFI) [33]. 
Thee resultant forcefield reproduces the Henry coefficients, the changes in the free en-
ergyy of formation (i.e. the free energy of adsorption), the adsorption enthalpies and 
isothermss for linear and mono-branched paraffins in Silicilite-1 [33]. 
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2.22 Simulation Technique 

Forr the calculation of the heats of adsorption and the Henry coefficient we perform 
Montee Carlo simulations in the NVT ensemble at infinite dilution (i.e. using a single 
particle).. During such a simulation, trial moves are performed to insert an alkane at 
aa random position inside the zeolite. We use the configurational-bias Monte Carlo 
techniquee to increase the acceptance ratio of these insertions [24]. Additionally trial 
movess are performed to translate, rotate, and partial-regrow a molecule at its place of 
insertion.. For the calculation of adsorption isotherms we perform Monte Carlo sim-
ulationss in the grand-canonical (fiVT) ensemble. In this ensemble, additional trial 
movess are performed to exchange molecules between a zeolite and a molecule reser-
voirr of constant chemical potential. The number of trial moves for each simulation is 
inn the order of 106, the exact number being dependent on the size of the molecules 
(thee larger, the more trial moves) and number of different molecules (a mixture takes 
longerr to equilibrate). 

Inn the remainder of this chapter we wil l focus on whether this forcefield, which is 
fittedd on low pressure Silicilite-1 data, can be used at higher pressures and for other 
zeolitee topologies and whether the assumption that the zeolite can be considered 
rigidd is valid. 

2.33 Adsorption in Silicalite-1 

Too verify the accuracy of the forcefield at higher pressures, we compare CBMC simu-
lationn results for pure component isotherms of hexane isomers with the experimental 
measurementss of Cavalcante and Ruthven [38] and Millo t et al. [39]; see Figure 2.1. 
Thee agreement between CBMC simulations and experimental data fits of these au-
thorss can be considered to be good for a wide range of pressures and temperatures. 

2.44 Adsorption in other  zeolites 

Thee results presented in the previous section show that this forcefield is perfectly 
capablee of reproducing experiments at both low and high alkane loading in Silicalite-
1.. The question remains whether this forcefield can also be used to simulate alkane 
adsorptionn in other zeolite topologies. 

Too answer this question we studied the adsorption of small alkanes (Ci - C3) in 
aa set of high silica zeolites with a wide range of pore-sizes, consisting of FER, TON, 
MTW,, and DON (see Table 2.4). The results of the simulations at infinite dilution 
aree given in Tables 2.5 and 2.6, the results for the adsorption isotherms are given in 
Figuress 2.2, 2.3 and 2.4. In both cases the results are compared to experiments by 
Savitzz et al. [40], Eder et al. [41] and Rees et al. [42] 

Thermodynamics:: As stated before, it is crucial to be able to reproduce both the 
Henryy coefficient and the heat of adsorption (at infinite dilution) in order to correctly 
calculatee adsorption over a range of temperatures. Since the Lennard-Jones parame-
terr set of Vlugt et al. was fitted using data obtained on the zeolite MFI, we also include 
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(a)) n-hexane: CBMC vs Expts 
(b)) 22DMB: CBMC vs Expts 
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(c)) 2MP: CBMC vs Expts 
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(d)) 3MP: CBMC vs Expts 
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Figuree 2.1: Pure component isotherms of hexane isomers obtained at various temperatures: 
CMBCC simulations vs experiments: (a) hexane, (b) 2,2-dimethylbutane, (c) 2-methylpentane 
andd (d) 3-methylpentane. The open symbols represent simulation data, the closed symbols 
representt experimental data. The lines serve as a guide to the eye. 

Tablee 2.4: Pore dimensions of zeolites. [2] 

zeolite e 
FER R 
TON N 
MFI I 
MTW W 
DON N 

topology y 
2-D D 
1-D D 
2-D D 
1-D D 
1-D D 

oxygens s 
10,8 8 
10 0 
10,10 0 
12 2 
14 4 

inn ring poree dimensions / [A] 
5.44 x 4.2,4.8 x 3.5 
5.77 x 4.6 
5.6x5.3,5.5x5.1 1 
6.00 x 5.6 
8.22 x 8.1 
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Tablee 2.5: Zero-coverage heats of adsorption. Comparison between this work (sim) and exper-
imentss (exp) at 25 C. 

Zeolite e 

FER R 

TON N 

MFI I 

MTW W 
DON N 

sim m 
21.6 6 

21.0 0 

20.0 0 

18.8 8 
13.4 4 

CH4 4 

exp p 
27.7 7 

27.2 2 

20.9 9 
20 0 
18.6 6 

20.9 9 
14.2 2 

ref f 
[40] ] 

[40] ] 

[40] ] 
[43] ] 
[44] ] 

[40] ] 
[40] ] 

-Qs t/ [kJ/mol] ] 
C2H6 6 

simm exp ref 
34.22 41.7 [40] 

32.11 39.0 [40] 
31.99 [42] 

30.44 31.1 [40] 
333 [43] 
30.77 [44] 
32.88 [45] 

29.22 29.5 [40] 
20.11 22.2 [40] 

C3H8 8 
simm exp ref 
43.99 53.3 [40] 

499 [41] 
42.00 48.8 [40] 

42.00 [42] 
499 [41] 

39.11 41.4 [40] 
400 [43] 
40.99 [44] 
39.99 [45] 

38.88 37.6 [40] 
26.00 28.1 [40] 

Tablee 2.6: Henry's Constants. Comparison Between This Work (sim) and Experiments (exp) 
fromm ref [40] at T=309 K. 

Zeolitee T(K) 
Kfr/ jmmol/g/Pa] ] 

CPL L C2H f f 

sim m 
FER R 
TON N 
TON N 
MFI I 
MTW W 
DON N 

309 9 
298 8 
309 9 
309 9 
309 9 
309 9 

7.2xl0"e e 

5.4xl0-6 6 

4.0xl0-6 6 

exp p 
2.0xl0-5 5 

6.8x10 0 -6 6 

8.3xl0~66 6.3xl0~6 

3.7xl0-66 4.0xl0"6 

1.3xl0-66 3.2xl0"6 

C,H f f 

sim m 
1.9x10" " 
9.2x10" " 
5.8x10" " 
1.6x10" " 
8.8x10" " 
1.2x10" " 

-4 4 

-5 5 

-5 5 

-4 4 

-5 5 

-5 5 

exp p 
7.2x10--
9.1x10" " 
1.4x10" " 
1.2x10" " 
9.3x10" " 
1.6x10" " 

-4 4 

-5 5 

-4 4 

-4 4 

-5 5 

-5 5 

sim m 
9.1x10" " 
6.8x10" " 
3.7x10" " 
1.5x10" " 
1.1x10" " 
7.9x10" " 

-4 4 

-4 4 

-4 4 

-3 3 

-3 3 

-5 5 

exp p 

7.0x10 0 

1.1x10 0 -4 4 
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AA Methane 309 K, Savitz et al 
AA Methane 309 K, CBMC 

 Ethane 309 K, Savitz et al. 
OO Ethane 309 K, CBMC 

 Propane 333 K, Eder et al. 
AA Propane 333 K, CBMC 

10'' 10 10' 10' 10 
partiall  pressure / [kPa] 100 10 10 10 

partiall  pressure / [kPa] 
10 0 

Figuree 2.2: Adsorption isotherms for methane, ethane, and propane in FER-type zeolites. The 
openn symbols represent simulation data, the closed symbols represent experimental data. The 
liness serve as a guide to the eye. 

resultss for the heat of adsorption and Henry coefficient for this zeolite in tables 2.5 
andd 2.6. 

Thee experimental results for the widely studied zeolite MFI presented in table 
2.55 show quite some variation. If we use the scatter of the experimental data for 
MFII  as a measure for the typical experimental uncertainties, we should allow for 
ann uncertainty of 2 kj/mol. If we take this uncertainty into account, comparison of 
thee simulation data with the experimental data shows satisfactory agreement for the 
zeolitess MTW, DON, and TON of Rees et al. For FER and TON of Savitz et al. and 
Ederr et al. , the agreement is less satisfactory. The results for the Henry coefficient 
showw a similar trend (see table 2.6), with one exception: The results for the Henry 
coefficientt for TON are in quite good agreement with the experimental results of both 
Savitzz et al. and Rees et al. Also the results for the isotherms show the same trend. 
Thee agreement between our simulations and the experiments is in general good for 
TON,, MTW, and DON, and again somewhat less for FER. 

AA reason for the deviation of our simulation results for the heats of adsorption 
fromm the experimental data may be Si/Al ratio of the samples used in case of the 
experimentss for FER and TON by Savitz et al. and Eder etal. For each aluminium 
theree is also a hydrogen atom present. Eder et al. have shown that these hydrogen 
atomss can give a negative contribution to the heat of adsorption of up to 10 kj/mol 
inn the case of H-MFI [46] and 7 kj/mol in the case of H-TON (Si/ Al=52) [41]. Because 
thee TON sample of Savitz et al. has the same Si/Al ratio of 52, the deviation for the 
heatt of adsorption can be attributed to the presence of acid-sites. This is confirmed 
byy the experimental results by Rees et al. (who use an all-silica version of TON) that 
agreee very well with our simulation results. 
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Figuree 2.3: Adsorption isotherms for methane, ethane, and propane in TON-type zeolites. The 
openn symbols represent simulation data, the closed symbols represent experimental data. The 
liness serve as a guide to the eye. 
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1.5 5 

22 0.5 

AA Methane 309 K, Savitz et al. 
AA Methane 309 K, CBMC 

 Ethane 309 K, Savitz et al. 
OO Ethane 309 K, CBMC 

 Propane 309 K, Savitz et al., 
DD Propane 309 K, CBMC 

(]dwfr r 

AA Methane 309 K, Savitz et al. 
AA Methane 309 K, CBMC 

 Ethane 309 K. Savitz et al. 
OO Ethane 309 K, CBMC 

100 10 10" 
partiall  pressure / [kPa| 

0®-*= = 
100 10 10" 
partiall  pressure / [kPa] 

Figuree 2.4: Adsorption isotherms for methane, ethane, and propane in DON- (left) and MTW-
typee (right) zeolites. The open symbols represent simulation data, the closed symbols represent 
experimentall  data. The lines serve as a guide to the eye. 

AA reason for the deviat ion of the simulated adsorpt ion isotherms from the exper-
imentall  one in the case of FER could be the sensit ivity of the Lennard-Jones potent ial 
forr small changes in the parameters when the oxygen and carbon groups are in close 
proximity.. This effect w o u ld be the largest in the case of FER, since this zeolite has the 
na r rowestt pore system of all zeolites under evaluat ion. The parameters fitted on MFI 
cann be less than opt imal, result ing in a deviat ion for FER. Interestingly, other studies 
foundd a similar deviat ion from experimental results us ing a different forcefield [47]. 

S i t ing:: We examined the preferential adsorpt ion sites of the alkanes in the ze-
olites.. For each zeoli te the sit ing is i l lustrated in the Figures 2.5, 2.6, and 2.7 in the 
formm of densi ty d istr ibut ions. These distr ibut ions are constructed by plot t ing the po-
sit ionn of the centers of mass of the molecules in the s imulat ion box at fixed intervals 
t h roughoutt the s imulat ion. The density of the dots is a measure of the probabi l i ty of 
f indingg the center of mass of a part icular molecule at a given posit ion. 

F romm these figures we obtain information on the location of the adsorpt ion sites. 
Thus,, Figure 2.5 shows the sit ing of propane in FER at low and high pressure. A t low 
load ingss p ropane preferential ly adsorbs in the small cages, accessible th rough the 8-
r ingg w i n d o w s. A t h igh pressures propane adsorbs in both the cages and the 10-ring 
channels.. This observat ion compares nicely to the results of NM R exper iments per-
formedd by Van Well et al. [47,48]. Similar results were obtained in the computat ional 
pa rtt of their s tudy [47,48] us ing a slightly different forcefield from the one used in 
th iss study. 

I nn Figure 2.6 the undu la t ions in the channels of TON can be observed as the 
m e t h a nee molecules adsorb homogeneously th roughout the channels. These undu-
lat ionss give rise to ( in)commesurate diffusion of doub le branched alkanes, wh ich is 
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(a)) 0 kPa (b) 500 kPa 

Figuree 2.5: Density distribution of propane in FER in the Henry regime (a) and at 500 kPa (b) 
att T=309 K. 

(a)) be plane (b) ab plane 

Figuree 2.6: Density distribution of methane in TON at 500 kPa, T=309 K projected on the be 
planee (a) and ab plane (b). 
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(a)) DON (b) MTW 

Figuree 2.7: Density distribution of ethane in DON (a) and MTW (b) at 500 kPa, T=309 K. 

highlyy dependent on the spacing between the methyl groups (as is shown in chapter 
4). . 

Thee difference in pore size between the uni-directional pores of DON and MTW 
iss reflected in the distribution of adsorbed ethane, as shown in Figure 2.7. The pore 
walll  of MTW forces the ethane molecules to adsorb at the center of the pore. In DON, 
thee pore is of such a size that the ethane molecules adsorb to the wall, leaving the 
centerr of the pore unoccupied. This difference in available space is also reflected in 
thee maximum adsorption capacity of both zeolites. 

2.55 The influence of framework flexibilit y on adsorption 

Computerr simulations of adsorption of hydrocarbons in zeolites are usually per-
formedd using rigid zeolite frameworks (as is the case throughout the rest of this the-
sis).. This has two big advantages in terms of the speed of the computations: (1) 
Itt allows for the use of grid interpolation techniques to compute the hydrocarbon-
zeolitee interaction very efficiently. (2) No Monte Carlo cycles are used to change the 
conformationn of the zeolite. 

Becausee of the increasing amount of available computer power in the last few 
years,, it is now possible to investigate whether the rigid framework approximation is 
valid.. For molecular dynamics simulations, it is generally believed that the influence 
off  the flexibilit y is rather small for molecules that are small compared to the pore di-
ameterr of the zeolite [49,50], but much larger for hydrocarbons that fit tightly into the 
channelss of the zeolite. For example, the diffusivity of aromatics in Silicalite changes 
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ann order of magnitude if the framework flexibilit y is taken into account [51]. Simi-
larr effects have been found for butane and isobutane in Silicalite [52]. Auerbach and 
co-workerss found that the framework flexibilit y has only a small influence on the site-
to-sitee jump constant for benzene in zeolite NaY. Instead, a much larger influence on 
thee energy dissipation of a single benzene molecule was found [53]. Framework flex-
ibilit yy effects might also be present for molecules in cation-containing zeolites where 
vibrationss of the framework, cation, and adsorbate are strongly coupled [53]. For a 
revieww of recent molecular dynamics simulations in zeolites, we refer the reader to 
refs.. [54-57]. 

Alsoo for the adsorption of hydrocarbons, it is generally believed that flexibilit y is 
onlyy important if the adsorbate fits tightly into the zeolite pore, for example, for light 
hydrocarbonss in the zeolite DD3R [58] or for aromatics in Silicalite [59]. For different 
alkane-zeolitee potentials, the Henry coefficient of linear alkanes in the zeolite Sili-
calitee as a function of the number of carbon atoms is always a linear function, while 
experimentss show a systematic decrease for longer chains [33]. Previously, this effect 
hass been attributed to the flexibilit y of the framework [33]. 

Inn this section, we investigate the influence of framework flexibilit y on the adsorp-
tionn properties of linear and mono-branched (2-methyl) hydrocarbons in the well-
studiedd zeolite Silicalite-1. The adsorption of hydrocarbons in this zeolite is of spe-
ciall  interest because it has been suggested that Silicalite membranes are capable to 
separatee linear and branched hydrocarbons [27,60-66]. To incorporate the flexibilit y 
off  the zeolite framework, we need to have an additional forcefield describing the in-
teractionss between the zeolite atoms. The disadvantage of some zeolite forcefields is 
thatt by changing the forcefield parameters, nott only the flexibilit y but also the frame-
workk structure changes, i.e. the average positions of the zeolite atoms in a simulation 
usingg a flexible zeolite framework may or may not correspond to the zeolite crystal 
structure.. To save computer time we would like to use forcefield which is as simple 
ass possible, which means that we would like to avoid (if possible of course) the use of 
electrostaticc interactions which requires an Ewald summation or similar method [24]. 
Therefore,, one has to choose this forcefield carefully, which we wil l do in the next sec-
tion. . 

2.5.11 Models for  flexible zeolite frameworks 

Usingg the model of Demontis [67] et al., we have constructed a model where the flex-
ibilit yy is taken into account explicitly without destroying the zeolite structure. There 
aree several forcefields that can describe the flexibilit y of the zeolite framework, see 
ref.. [54] for an excellent review. The forcefield of Kramer and co-workers describes 
thee O-O and Si-O interactions by a Buckingham potential with a Coulomb term and 
doess not include any non-coulombic Si-Si interactions [68,69], This forcefield has 
thee disadvantage that a computationally expensive Ewald summation is necessary to 
computee the interactions correctly. Furthermore, it is not trivial to tune the degree of 
flexibilit yy of this model. Therefore, we have focused our attention to the conceptually 
simplerr model of Demontis and co-workers [67]. In this forcefield, simple harmonic 
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potentialss are used between Si-O and 0-(Si)-0 bonds, 

Vsi-oVsi-o (r) = ksi-o x (r - r0,si-of (2.4) 

Vo-oVo-o (r) = k0-o x (r - r^o-o? (2.5) 

inn which rG^i-o - 1.605 A and r0o-o = 2.61786 A are the equilibrium bond lengths 
andd ksi-o and ko-o the spring constants. To reduce the number of parameters, 
wee have chosen k = ko-o = 0.2 x ksi-o (which is approximately the case for the 
originall  model) and only varied ko-o- It is important to note that in this model, 
thee parameters r0_si-o arid ro.o-o are constant for all bonded pairs and that only 
nearestt neighbors are considered. As no other pair contacts are involved, the initial 
topologyy of the framework bonds is conserved during a computer simulation. The 
springg constants and equilibrium bond lengths of these potentials have been fitted to 
reproducee the IR spectrum of the zeolite Silicalite. In the original model, the values of 
thesee parameters are ko-o/kB = 2.6x104 K A - 2 and ksi-o/ks = l-3xl05 KA - 2 . Also 
inn this model, there are no direct Si-Si interactions. 

Thee key difference between the models is that the model of Kramer and co-workers 
doess not use any topological information about the Si-O bonds of the zeolite, while 
thiss topology is explicitly present in the model of Demontis et al. 

Inn principle, the flexibilit y of both models can be tuned by changing the param-
eterss in the models. It is very important to note that this may also influence the 
structuree of the zeolite. As we wil l show later, this makes the comparison between 
thesee models and a rigid framework based on the crystal structure quite unfair. It 
seemss reasonable that framework flexibilit y can be taken into account by relatively 
simplee potentials. However, it is not obvious at all that relatively simple harmonic 
potentialss with fixed equilibrium bond lengths can correctly predict the equilibrium 
(crystal)) structure of a zeolite (see, for example, ref. [70]). As we know already the 
crystall  structure from experimental data, this may not be necessary. Therefore, we 
havee also investigated a new model in which the equilibrium distances r0io-o and 
^Ü,SÏ-OO arc no longer constants. Instead, these values have been taken directly from 
thee crystal structure and therefore vary for different bonds. This reduces the spring 
constantt k to some sort of potential-of-mean-force constant which describes the fluc-
tuationss around the crystal structure. The minimum energy structure (which is the 
crystall  structure) is reproduced exactly when T —> 0 or k —  oo and the harmonic 
potentialss are describing fluctuations around this equilibrium structure. We wil l call 
thiss model the modified Demontis model. Note that we did not consider the even 
simplerr Einstein crystal [24], as we expect correlation effects between neighboring 
oxygenn atoms in the zeolite. 

Too simulate a flexible zeolite, we have included MC trial-moves that attempt to 
givee a randomly selected zeolite atom a random displacement. The maximum dis-
placementt of zeolite atoms was adjusted in such a way that 50% of all displacements 
weree accepted. As the number of zeolite atoms is much larger than the number of 
hydrocarbonn molecules in the zeolite, the number of attempted zeolite displacement 
wass chosen in such a way that it was two orders of magnitude larger than the num-
berr of attempts to displace a hydrocarbon molecule. It is important to note that the 
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volumee of our simulation box is constant, i.e. we neglect the influence of the flexi-
bilit yy on the equilibrium framework density. We have taken the crystal structure of 
Silicalitee (2x2x4 units cells) from the Cerius2 package [71], resulting in 4608 zeolite 
atoms.. A typical simulation takes at least 10 times more CPU time than a comparable 
simulationn for a rigid zeolite. 

2.5.22 Results and Discussion 

Zeolitee Structure. To study the different models for zeolite flexibility , we have per-
formedd simulations of a flexible zeolite without any hydrocarbon molecules adsorbed. 
Thee starting point of these simulations was the original crystal structure. To avoid 
largee fluctuations we performed our simulations using a fixed center of mass. In 
Figuree 2.8, we have plotted the RMS fluctuations of the oxygen atoms around their 
averagee positions, as well as the RMS deviation between the crystal structure and 
thee average zeolite structure as a function of the flexibility  k/ks- The RMS fluctua-
tionss are smaller than a typical bond length between zeolite atoms. For the Demontis 
modell  with fixed equilibrium bond lengths, the RMS fluctuations are approximately 
constantt when k/ku > 10000 KA - 2 , while these fluctuations go to zero for large val-
uess of k/ks for the modified Demontis model. Therefore, it seems that the Demontis 
modell  still has some flexibilit y even for very large values of k/ks, while for the mod-
ifiedd Demontis model the flexibilit y can be easily tuned without changing the RMS 
differencee with the crystal structure too much. Furthermore, in the limi t of k —*  oo (or 
TT —» 0) the average structure of the Demontis model does not converge to the exact 
crystall  structure. For low values of k/ks (< 1000 KA - 2) , the differences between the 
averagee structure and the crystal structure become very large. At these conditions, 
adsorptionn data are no longer meaningful. 

Too further illustrate this effect, in Figure 2.9 we have plotted the Henry coefficient 
off  the different models as a function of the framework flexibility . Clearly, there is 
aa significant difference between the original Demontis model and the rigid zeolite 
framework.. We have found similar differences for the heat of adsorption. Note that 
ass the Henry coefficient is plotted on a logarithmic scale, a small deviation from the 
experimentall  value gives already a significant deviation in the adsorption isotherm. 
Wee found that for all hydrocarbons considered in this study, the Henry coefficient as 
welll  as the heat of adsorption is equal or lower than those for a rigid zeolite frame-
work.. Because of the results presented in Figure 2.9, in the remainder of this paper 
wee wil l only consider the modified Demontis model with equilibrium bond lengths 
takenn directly from the crystal structure. 

Henryy coefficients and heats of adsorption In Figure 2.11, we have plotted the 
Henryy coefficient and the heat of adsorption for linear alkanes in Silicalite as a func-
tionn of the number of carbon atoms for various framework flexibilities. In our plots, 
wee have also included some experimental data for this system taken from the over-
vieww given in refs. [33,72]. Clearly, we observe straight lines for all data sets, ex-
ceptt the experimental data set for the Henry coefficient. Note that also for other 
alkane-zeolitee forcefields straight lines are observed [73]. This means that we can-
nott attribute this earlier experimentally observed deviation from a straight line to 
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Figuree 2.10: Schematic representation of the zeolite Silicalite-1 (MFI). Straight channels (y di-
rection)) and zigzag channels (in the x-z plane) cross each other at the intersections. 

thee flexibility  of the zeolite framework [33]. A possible explanation would be that at 
roomm temperature, the Henry regime for n-C6 and longer alkanes is only observed at 
suchh low pressures that experiments become inaccurate. If one assumes a Langmuir 
adsorptionn isotherm, computing an Henry coefficient at a pressure which is too large 
resultss in a systematic underestimation of the Henry coefficient. 

Forr branched (2-methyl) alkanes, we also observe a linear relationship between 
thee heat of adsorption and the Henry coefficient, see Figure 2.12. Note that there is 
littl ee difference in these properties between linear alkanes and their monobranched 
isomers. . 

Too quantify the influence of the flexibility  on the thermodynamic data at low load-
ing,, we have plotted in Figure 2.13 the relative deviation d from the rigid framework 
off  both the heat of adsorption and the logarithm of the Henry coefficient (represented 
byy the function ƒ), 

AtUlUAtUlU \ i f(k/kB)~ f(k/kB ->oo) 
dd (k kB) = 1 —— r , (2.6) 

f(k/kf(k/kBB -> oo) 
Apparently,, the differences are at most around 10% for the heat of adsorption and the 
Henryy coefficient. For the lowest value of k/kB (here: 500 KA~2), there is already a 
significantt change in the zeolite structure (see Figure 2.8), but the heat of adsorption 
andd Henry coefficient hardly change. Only for the Henry coefficients of ethane and 
long-chainn hydrocarbons, these deviations seems to be somewhat larger. This is due 
too the fact that we compare the logarithm of the Henry coefficient. Therefore, the 
effectt of the framework flexibility  on the thermodynamic properties at low loading 
seemss to be quite small, even for branched alkanes that have a tighter fit in the zeolite 
thann linear alkanes. 

Adsorptionn Isotherms To investigate the effect of framework flexibility  at high 
loadings,, we have computed the adsorption isotherms of n-Gj, i-Gi, n-C7, and 1-C7, 
seee Figure 2.14. The differences between the isotherms are striking. For butane (top, 
left),, the isotherms show a Langmuir-like behavior with a maximum loading of ap-
proximatelyy 1.6 mmol/g. This corresponds to slightly more than 9 molecules per 
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unitt cell. There seems to be hardly any influence of the framework flexibilit y on the 
adsorptionn isotherm, except for the somewhat lower loading for k/kB = 3000 KA~2, 
whichh is due to a lower Henry coefficient. For its branched isomer, isobutane (top, 
right),, however, we find an inflection in the isotherm. In earlier studies, it was found 
thatt this inflection is due to the preferential adsorption of isobutane at the intersec-
tionss of Silicalite [74], see also Figure 2.10. At 4 molecules per unit cell, all intersec-
tionss are occupied and additional molecules can only be located in the straight- and 
zigzagg channels. However, this requires an additional force which causes the inflec-
tionn in the isotherm. This inflection has also been observed experimentally [43,44,75]. 
Thee effect of the framework flexibilit y on the inflection behavior is quite significant, 
att lower values of k/kB this inflection seems to disappear. Note that even for k/kB = 
200000 KA~2, the minimum pressure to put more than 4 molecules per unit cell into 
thee zeolite differs from the value of the rigid framework. For heptane (bottom, left), 
theree is also an inflection in the isotherm around 4 molecules per unit cell. This is 
duee to the commensurate freezing effect discovered by Smit and Maesen [76]. As 
thee size of a heptane molecule is commensurate with the size of the zigzag channel 
inn Silicalite (see Figure 2.10), we observe a freezing transition at high loading which 
causess entrapment of heptane molecules in this channel. Also for this system, the 
inflectionn becomes more pronounced for larger values of k/kB. For isoheptane (bot-
tom,, right), the maximum loading is much lower than for heptane. The effect of the 
frameworkk flexibilit y at medium loading is larger than for butane due to a higher 
Henryy coefficient. 

Inn Figure 2.15, we have plotted the adsorption isotherm of a 50% - 50% mixture of 
2-methylpentanee and n-hexane. In our earlier studied using a rigid zeolite, we found 
thatt at high pressures the branched component is excluded from the zeolite [27,61]. 
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Forr a flexible zeolite, we find the same effect. At large flexibilities and high pressures, 
thee adsorption of the branched component is approximately three times larger that 
forr the rigid framework. 

Itt is interesting to speculate about the reasons why the influence of framework 
flexibilit yy is so large for isobutane and heptane at higher loading. These systems have 
twoo different adsorption sites that have an occupation that depends on the pressure 
(orr loading) of the system. At high loadings, there is a subtle interplay between these 
adsorptionn sites. For example, for isobutane, there is a minimum pressure required to 
gett a few molecules into the channel interiors. This interplay can easily be disturbed 
byy small fluctuations of the zeolite structure. If a channel interior is a bit smaller 
thann in the crystal structure, no isobutane molecule wil l be adsorbed at this position. 
If,, however, the channel interior is slightly larger an additional isobutane molecule 
wil ll  be able to adsorb and the structure wil l slightly modify around this molecule 
too give this molecule some extra space. This would explain the less pronounced in-
flectionflection behavior of isobutane at low values of k/kB. In the case of the 50% - 50% 
mixturee of 2-methylpentane and n-hexane, the preference of the branched isomer for 
thee intersections is so strong that small changes in zeolite structure do not change the 
competitionn between linear and branched isomers too much. 

2.66 Conclusions 

Too verify the accuracy of our forcefield, we compared our simulation results at both 
loww and high alkane loadings with experimental measurements on various zeolites. 
Theree is a good agreement between the experimental data and the simulations. In 
additionn we find that the assumption that a zeolite can be modelled as a rigid crystal 
iss valid, especially within the context of this thesis. 
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