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Abstract

Molecular motion under confinement has important implications for a variety of applications
including gas recovery and catalysis. Propane confined in mesoporous silica aerogel as studied
using quasielastic neutron scattering (QENS) showed anomalous pressure dependence in its
diffusion coefficient (J. Phys. Chem. C 119 (2015) 18188). Molecular dynamics (MD)
simulations are often employed to complement the information obtained from QENS
experiments. Here, we report an MD simulation study to probe the anomalous pressure
dependence of propane diffusion in silica aerogel. Comparison is attempted based on the self-
diffusion coefficients and on the time scales of the decay of the simulated intermediate scattering
functions. While the self-diffusion coefficients obtained from the simulated mean squared
displacement profiles do not exhibit the anomalous pressure dependence observed in the
experiments, the time scales of the decay of the intermediate scattering functions calculated from
the simulation data match the corresponding quantities obtained in the QENS experiment and
thus confirm the anomalous pressure dependence of the diffusion coefficient. The origin of the
anomaly in pressure dependence lies in the presence of an adsorbed layer of propane molecules
that seems to dominate the confined propane dynamics at low pressure, thereby lowering the
diffusion coefficient. Further, time scales for rotational motion obtained from the simulations
explain the absence of rotational contribution to the QENS spectra in the experiments. In
particular, the rotational motion of the simulated propane molecules is found to exhibit large
angular jumps at lower pressure. The present MD simulation work thus reveals important new
insights into the origin of anomalous pressure dependence of propane diffusivity in silica

mesopores and supplements the information obtained experimentally by QENS data.
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1. Introduction

Molecular motion under confinement is an interesting topic of research as it entails a variety of
peculiar phenomena'*®. Anomalous size and loading dependence of molecular dynamics of
confined fluids in porous media have been reported®®, suggesting the need of better
understanding how confinement affects not only the structure but also the transport-properties of
confined fluids. Apart from a fundamental interest, a study of molecular motion in confinement
IS important because it promises to enhance our understanding of industrial processes that
depend on confined fluids, for example, catalysis, gas separation and recovery of subsurface
gases® all depend on the ability of fluids to migrate through porous media. Porous materials are
classified on the basis of pore sizes® into microporous, with pore size less than or equal to 2 nm,
mesoporous, with pore size between 2 and 50 nm; and macroporous, with pore size larger than
50 nm. The behavior of fluids confined within micropores stems from a strict geometrical
confinement that can put a severe restriction on the degrees of freedom of the confined molecule
along the direction of confinement. The behavior of meso-confined fluids, on the other hand, can
be thought of as an overlap of approaching fluid substrate interfacial structures?. In larger meso-
pores the confined fluid may even exhibit interfacial and bulk like properties simultaneously?L.

Although much is known about the loading dependence of the diffusive motion of micro-
confined fluids®’, studies addressing loading dependence of meso-confined fluids have been
relatively scarce. The few studies on this topic reveal interesting and sometimes anomalous
loading dependencies. For example, methane confined in carbon aerogel has been found to
exhibit a maximum in the diffusion coefficient as a function of loading?. In a quasielastic
neutron scattering (QENS) study of propane confined in mesoporous silica aerogel, propane
diffusion was enhanced at higher loading?. It was also found that a relatively large amount of

propane molecules were almost immobile at low loadings.

QENS provides spatio-temporal information on the stochastic motion of molecules?*. It is often
complemented by molecular dynamics (MD) simulations®2, Self-diffusion coefficients
obtained from MD simulations can be compared directly with those obtained from QENS
experiments. In addition, molecular trajectories obtained from simulations provide the
opportunity to go a step further by directly calculating quantities that are related to those

measured in the experiments. For example, intermediate scattering functions, which are the
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inverse Fourier transforms of the dynamic structure factor that can be obtained from a QENS
experiment, can be calculated from the simulated molecular trajectories?®32. Moreover, given the
ability to calculate functions from distinct molecular species separately, MD simulations provide
an opportunity to obtain information inaccessible to experiments, and can thus aid in the
interpretation of experimental data. This paper stems from the hypothesis that these intermediate

scattering functions provide a direct link between experiments and simulation.

We report here a direct comparison of MD simulation of propane in a slit-shaped mesopore
obtained from silica solid substrates against QENS experiments on propane in mesoporous silica
aerogel that show anomalous loading dependence of propane diffusion. Decay rates of the
intermediate scattering functions corresponding to the translation motion of propane calculated
from the simulations are compared with the spectral quasielastic widths obtained from the
experiment yielding a semi-quantitative agreement and therefore validating the simulation using
the experimental data. Building on this validation, various structural and dynamical properties
are calculated to aid and explain the experimental observations. Following this approach we
show here that simulation data reveal important new insights into the origin of the anomalous

pressure dependence of diffusivity observed in the experiments.

The manuscript is organized as follows. After describing the simulation details in section 2, we
discuss the validation of the simulation in section 3. Structural information is provided in section
4. More information on the translational and rotational motion of propane is provided in section

5, after which we summarize our concluding remarks in section 6.

2. Simulation details

2.1 Silica model

The QENS experiments were conducted in mesoporous silica aerogels of pore size 15-20 nm. In
pores of such size it is expected, based on prior simulation results, that the interface between the
solid substrate and the confined fluid is responsible for deviations in the fluid behavior compared
to bulk observations® %, To quantify the molecular-level interactions at the interface between
solid and fluid it is possible to simulate the fluids confined in slit-shaped pores of width large

enough that one solid-fluid interface does not interfere with the other solid-fluid interface across
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the pore volume. The pores considered in the present work were of width 20 nm. The geometry
of the pores in silica aerogels is approximately cylindrical, thus it is an approximation to describe
the pores as slit-shaped in our simulations. However at the molecular —level, it is expected that
the curvature of the experimental substrates is much lower than the propane molecular size, and
therefore a flat solid-fluid interface is considered a reasonable approximation for the simulation
system. Finally, the silica aerogel is an amorphous material. However, because propane-silica
interactions are not expected to be dominated by preferential interactions such as hydrogen
bonds, we expect that the atomic-structure of the solid substrate is not an important parameter in
dictating solid-propane interactions provided that the atomic density of the solid substrate is
comparable to that of the experimental substrate. Building on out prior research the silica model
used in this work was obtained by cutting the B-cristobalite SiO2 crystal along the (1 1 1)
crystallographic face. A detailed description of the solid morphology has been provided
elsewhere®® 3. The simulation box dimensions were 4.37x4.79x23.3 nm3. Because of periodic
boundary conditions, the system considered is composed by SiO: slabs that are infinitely long
along the X and Y directions, and separated along the Z direction by the slit-shaped pore. The
solid substrate bears no net charge, and all the non-bridging O atoms on the pore surfaces are
fully protonated, yielding a high density of surface —OH groups. Figure 1 shows the solid
substrate from different coordinate planes and Figure 2 gives a sample snapshot of the simulated

system at 337 K and at pressures of 8 and 58 bar, respectively.
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Figure 1. Models of the hydroxylated B-cristobalite SiO; crystal along different axis. (a) OH-terminated
silica surfaces; only the upper 2 atomic layers are shown for clarity. (b), (c) Side views of silica slabs
along X-Z and Y-Z axis, respectively. Red spheres are O, white is H, and yellow is Si.
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Figure 2. Representative snapshot of the simulation box consisting of (a) 127 propane molecules at T =

337 Kand P = 8 bar and (b) 2305 propane molecules at T = 337 K and P = 58 bar within a 20 nm silica

slit pore. The solid silica slabs are continuous along both X and Y directions. No bulk region exists. The

color scheme is the same as that used in Figure 1 for the solid substrate. Propane molecules are shown in
cyan, with each sphere representing either a CH; or CHs group.

2.2 Molecular models

Propane molecules are modeled using the TraPPE-UA force field.®® In this force-field, methyl
(CHs) and ethyl (CH2) groups are treated within the united-atom formalism. The bond lengths
are fixed while the CHs-CH2-CHs angle undergoes bending motion constrained by a harmonic
potential. The total system energy is obtained as the sum of dispersive (van der Waals),

electrostatic, bond length and angle interactions:

Etotal = EVDW + Ebond stretch + Eelectrostatic + Eangle bend (1)

Evow and Eelectrostatic are expressed by 12-6 Lennard-Jones and Coulombic potentials,
respectively. Lennard-Jones parameters for non-like components were obtained using Lorentz-
Berthelot mixing rules®®*!. The CLAYFF force field*? was implemented to simulate the silica
substrate. The hydrocarbon does not bear partial charges. All atoms on the solid silica, except for
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H of the surface —OH groups, remain rigid throughout the whole length of the simulations. The
O-H bond is allowed to move (flexible bond length and orientation) with a harmonic potential.
The potential cutoff was set at 1.4 nm in accordance with the TraPPE-UA force field, with no

long range correction applied.

2.3 Simulation methodology

First, Gibbs ensemble Monte Carlo (GEMC) simulations were conducted to determine the
equilibrium configurations and densities of the absorbed propane phase within the silica pore at T
= 337 K and P = 8 and 58 bars, conditions which mimic the experimental studies. For each
simulation, 3375 propane molecules were initially placed in a bulk phase, at a desired pressure,
which is set to be in equilibrium with the pore phase that consists of empty silica pore (ho
confined propane). Molecular exchanges of propane between the two phases were allowed to
occur for 2x10° moves during equilibration, after which the production phases were initiated and
the averages were analyzed for 1x10% moves. Equilibration was considered achieved based on

chemical potential equality for the bulk phase and the confined phase.

Next, MD simulations were carried out to investigate the kinetic properties of the systems using
as initial configurations the equilibrated ensembles from the GEMC simulations. In the QENS
experiment, a monolithic sample that fit tightly in the sample cell was used. As a result the
contribution of fluid not adsorbed in the pores to the spectra was less than 10%. To achieve
consistent comparison, only the contribution from propane molecules simulated inside the pore
was considered for the data analysis discussed below. This corresponded to 2305 propane
molecules at 58 bar and 127 molecules at 8 bar. All MD simulations were carried out within
orthorhombic simulation boxes in the NVT ensemble with periodic boundary conditions.
Temperatures of silica and fluid were controlled separately by two Nosé-Hoover thermostats*® 44
with relaxation times of 200 fs each. corrections for long-range electrostatic interactions were
taken into account by the particle-mesh Ewald summation®. The MD simulations were
conducted using the Groningen Machine for Chemical Simulations (GROMACS) simulation
package, version 5.0.4% 47 The leapfrog algorithm* with time steps of 1 fs was implemented to
integrate the equations of motion. Simulations were conducted for 50 ns for all systems
investigated. MD simulations at the temperature of 365 K were carried out by heating the

configurations at 337 K while keeping the number of molecules fixed. This is consistent with the
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experimental procedure, wherein the temperature was raised while the sample was isolated and
exchanged no propane molecules with the environment. Data analysis was carried out over the

final 1 ns trajectories of each MD simulation.

3. Validation of the simulation with QENS data

In a QENS experiment on a hydrogen bearing sample, the measured signal is proportional to the
incoherent dynamic structure factor Sinc(Q,w) where 7Q=|#Q| and %w are, respectively, the
momentum and energy transferred between the sample and the scattered neutron in the scattering
event and 7 is the reduced Planck constant. This quantity contains spatio-temporal information
on the sample by virtue of its dependence on space and time. In general this quantity consists of

two parts — an elastic component and a quasielastic component. Thus one can write,

Sinc(Q w) = A(Q)6(w) +[1 - A@If Q@) (2

In Eq. (2), the first term on the right hand side is the elastic contribution and the second term is
the quasielastic contribution. The prefactor A(Q) gives the fraction of total scattering that is
elastic and is therefore called elastic incoherent structure factor (EISF). The quasielastic
broadening is represented by the function f(Q,w). In case of diffusive motion, this function has a

Lorentzian profile, which, ignoring a constant multiplier, can be given as

fQo) =LT@.0) = gy @

r2(Q)+4w?)
where 7(Q) is the half-width at half-maximum of the peak profile.

In the QENS measurements in Ref. 23, the QENS signal was fitted with a model Sinc(Q,w)
convoluted with instrument resolution. The model Sinc(Q,) combined Eq. 2 with Eq. 3 plus an

addition term that accounted for the background, yielding.

Sinc(Q, w) = {A(Q)é6(w) + [1 - A(QIL(T'(Q), w) + B(Q, w)} ® R(Q, ) (4)

Representative experimental spectra at two pressures fitted with Eq. 4 are shown in Figure 3. It
can be seen that the Lorentzian component of the fit at higher pressure is broader, indicating a
faster diffusion. Also, the relative contribution of the elastic component shown by blue dotted

line can be seen to be lower at higher pressure, which means a lower value of A(Q) at high
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pressure. The fitting parameters, A(Q) and 7(Q) obtained by fitting the experimental spectra with
Eq. 4 were analyzed further. For a given pressure, the values of A(Q) obtained from the fits were
found to be constant in Q. This indicated the presence of molecules that were immobile on the
time scales accessible to the instrument. Further, it indicated that the contribution to the QENS

signal came from translational diffusion and not from a localized motion like rotation or two-site

jump.
P=8bars 1 P=58bars
~ 0.01F - e
)
= |
Qo
-
L
>1E3L -
‘D
c
Q
c
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40 20 0 20 40  -40 20 0 20 40
Energy Transfer (ueV)

Figure 3. Representative experimental QENS spectra collected at 337 K for propane in silica aerogel and
fits with Equation 4 at different pressures and at Q=0.9 A1.Z Experimental data are represented with open
circle symbols while the total fit and fit components are represented by lines. Solid red line represents the
total fit while the solid magenta and green lines represent the quasielastic component with Lorentzian
profile and background contributions respectively. The elastic component is shown with a blue dotted
line.

One can see that Eq. 2 with f(Q,w) given by Eq. 3 can be obtained by taking a Fourier transform

of the equation

1Q,6) = A(Q) + B(Qe /@ (5)

In Eq. (5), T is related to 7(Q) by the relation
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The quantity 1(Q,t) is the self-intermediate scattering function corresponding to hydrogen atoms
and is the inverse Fourier transform of Sinc(Q,w). B(Q) is a time independent prefactor of the
exponential. Thus, EISF (A(Q)) can also be seen as the time independent value of 1(Q,t) at long

times. The quantity 1(Q,t) can be calculated directly from the MD simulations as
1(Q,t) = (exp(iQ.[r(t + to) —r(t)D)  (7)

In Eq. (7) r(t + to) and r(to) are the positions of a given entity in the simulation at times t + to and
to respectively and i=V-1. Averages are carried out over all molecules and all time origins to and
different Q with the same magnitude. The last averaging is the powder averaging necessary to
compare with the experiments on a powder sample with no preferred orientation. Further, this
function can be calculated for contributions from translational motion and rotational motions by
separating the co-ordinates of an interaction site (for example CHs) (r) into co-ordinates of the
center of mass (COM) of the molecules (rcom) and co-ordinates of that site in the center of mass
frame (d). Thus

r= TCOM + d (8)

Purely translational motion of the molecules can be studied by following the evolution of rcom in
time, whereas rotational motion can be studied by following the evolution of a unit vector (e)
along d in time. Self-intermediate scattering functions for the two motions can be calculated by
replacing r in Eq. 7 by rcom to obtain the translational intermediate scattering function (TISF)

and by e to obtain rotational intermediate scattering function (RISF).

Some representative TISF for 3 different Q values are shown in Figure 4. These curves are
extracted from the simulated MD trajectories of propane in the slit pore of Figure 1. Three
regimes can be identified from the results shown in Figure 4. Initially the TISFs decay at a fast
rate up to a few picoseconds. This is the short-time range corresponding to very fast motion
inaccessible to the backscattering instrument, BASIS used in the QENS experiment. A second
regime can be identified at the time scales from a few picoseconds to a few tens of picoseconds.
This is the intermediate time regime with time scales accessible to the QENS instrument

employed in Ref. 23. After a few tens of picoseconds, the TISF data are very noisy. However, in
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spite of this noise a very slow decay of the TISF can be seen that indicates very slow motions
accessible only to a neutron spin echo instrument with a high resolving power. It can be seen that
in the sub-picosecond time range, the TISFs obtained from the lower pressure MD simulation
data decay faster than those obtained from simulations at higher pressure, indicating that the
corresponding molecular motion is faster at low pressures. In the intermediate time range, which
is accessible to the QENS instrument of Ref. 23, one can see that the TISF calculated from the
MD simulations decay faster at higher pressure than at low pressure. This observation suggests
faster motion at high pressure, in agreement with the experimental findings. Moreover, we can
also observe that the simulated TISFs do not decay completely within the intermediate time
range (range accessible to the instrument used in Ref 23) indicating that the corresponding
experimental spectra could be expected to have a finite elastic component with non-zero EISF
values. In this time range, TISF values for the low-pressure data are higher than the high-
pressure ones. This would imply a higher EISF at low pressures. This was indeed found to be the
case in QENS data analysis. However, the EISF values obtained in the experiments cannot be
compared quantitatively here as the EISF obtained in the experiment was only relative. The

absolute values were not extracted as no background subtraction was carried out?.

The qualitative information obtained from the behavior of the TISF curves obtained from the
simulations can be quantified by modeling the behavior of TISF in the time range accessible to
the experiments. As stated above, the experimental data were fitted with Eq. 4, so, ignoring the
background term?, one can expect that the corresponding TISF should be describable by Eq. 5.
The relevant portion of the TISF (~ 5 to ~ 25 ps) was modeled with an exponential decay
function as shown in Figure 5. The decay constants of the exponential decay functions used to
model the TISFs at intermediate times were converted to the energy scale using Eg. 6 and were
directly compared with 7(Q) obtained from the experiments (see Figure 6). There is a good
agreement between experimental and simulation data although the dispersion in the 7(Q) values
obtained from the simulation exhibits a less systematic trend as compared to the experimental
data. A major contribution of this noise can be traced to the difficulty in modeling a small
quantity. It can be seen that the TISF have already decayed to a hundredth in the time range
accessible to the instrument. This small value of TISF is prone to large relative errors, which
then propagate to the 7(Q) values obtained from fitting. However, the variation of 7(Q) with

pressure is unambiguous and it is in semi-quantitative agreement with the experimental data.
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292  Having thus validated our simulation data by a direct comparison with the experiments, we

293  discuss below other quantities calculated from the simulations.
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Figure 5. Fits of the intermediate time range of TISF at Q = 1.15 A with exponential decay function (red

lines).
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Figure 6. Comparison of the 7(Q) values obtained using Eq. 6 from fits of the TISF from the simulation
with exponential decay functions (open symbols) against the 7(Q) values (solid symbols) obtained from
fitting of the experimental spectra®. Red symbols denote results obtained at 58 bar while the black
symbols are for the data at 8 bar. Panel (a) for 337 K and the panel (b) for 365 K.

4, Structure

To probe a possible relation between structural and dynamical properties of propane in the SiO2
mesopore, we calculated the fraction of total molecules found within a bin of 0.01 nm in the z
direction, as a function of their position in the pore. This is shown in Figure 7. A larger fraction
of propane molecules lies close to the walls at lower pressure. Further, as can be seen in the inset
of Figure 7, there is an indication of formation of a second layer of molecules close to the pore
wall. Motion of the propane molecules that are close to the walls is expected to be slow due to
relatively strong interactions with the wall, and therefore will contribute little to the overall
diffusivity of confined propane. At higher pressure (greater loading), the fraction of molecules
close to the wall is comparatively small relative to the entire pore, and consequently the number
of more mobile molecules is larger. This change in the fraction of molecules adsorbed near the
pore surface vs. those in the pore center enhances the diffusivity at high pressure. The variation
in this distribution (adsorbed near the walls vs. near the pore center) at the two temperatures
sampled is smaller than that observed when the pressure is varied. Moreover, this variation in
temperature gets further diminished at higher pressure. At low pressures, the extra kinetic energy

provided to the system in the form of a raised temperature helps some adsorbed molecules
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overcome the attractive interactions due to the surface and move away from the pore wall. This
phenomenon results in a decrease in the fraction of molecules residing close to the pore wall as
the temperature increases. At higher pressure the temperature effect is smaller due to a large total
number of molecules. The distribution of propane molecules along the direction of confinement
across the pore facilitates classification into interfacial and non-interfacial molecules. In what
follows we shall refer to the propane molecules that lie within a distance of 0.3 nm from the pore

surface, on both sides, as interfacial molecules and the rest as non-interfacial molecules.

The distribution of interfacial molecules in the XY plane shows some positional ordering, but
only at high pressure (Figure S1 in supplementary material). This ordering originates from the
crystalline positional ordering of the atoms within the solid SiO2 matrix. We also calculated the
orientational ordering by calculating the cosine of the angle made by the CH3-COM vector with
the Z-direction (Figure S2 in supplementary material). Here again, an ordering is relatively more
clearly seen at higher pressure. It is expected that on an amorphous surface the ordering of the
adsorbed propane molecules will be less pronounced. However, the enhanced density of propane

at the solid-fluid interface is expected both on crystalline and amorphous substrates.
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Figure 7. Fraction of total number of molecules occupying the pore as a function of the position within
the direction perpendicular to the pore surfaces for 8 bar (top) and 58 bar (bottom). The pore space is
between the two grey regions. The region between z=1.0 to 4.0 nm is shown in the inset to highlight the
difference in the layering at two pressures.

To quantify whether an overall preferred orientation of propane molecules exists throughout the
pore we calculated the orientational distribution of interfacial and non-interfacial propane
molecules. Figure 8 shows the distribution of the orientation of a CHs site in the molecular frame
of reference with respect to the three Cartesian directions. For reference the distribution function
expected when there is no orientational ordering (i. e. isotropic distribution) is also shown with a
thick cyan line. It can be seen that in the center of the pore the distribution is isotropic whereas
there seems to be a tendency towards orientational ordering among interfacial molecules. This is
revealed by the distribution with respect to Z-direction, which becomes sharper at right angle and

those with respect to the X and Y-directions that get suppressed at right angle. This means that
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interfacial propane molecules have a slight weak preference to orient in such a way that the CHs-
CH2 bond is aligned parallel to the pore surface. To quantify this preference we define an

anisotropy parameter as a measure of deviation from isotropic behavior as

Y = \/%Zﬁv(giso (9{) - gprop(ei))z (9)

where g is the orientational distribution function and the subscripts iso and prop stand for the
isotropic case and the observed case of propane in silica slit pore, respectively. The sum is taken
over N=3151 different values of the angle i between 0 and 180° for which the distribution
functions were calculated. Values of this anisotropy parameter with respect to the three Cartesian
directions, for interfacial and non-interfacial molecules are listed in Table 1. A higher value of ¢
signifies a stronger preference for a particular orientation. In general, anisotropy is higher at
lower pressure and for interfacial molecules. This is to be expected as the interfacial molecules
interact closely with the pore surface and hence follow the ordered structure of the pore surface
thereby showing a stronger tendency for orientational ordering. At higher pressure, the number
of molecules is larger than that can be accommodated with the orientational ordering and the
excess molecules occupy random orientations thereby decreasing the relative anisotropy. A
similar decrease in anisotropy at higher loadings has been found in ethane confined in ZSM-5
zeolite®®. This behavior has consequences for the rotational motion of propane molecules at
different pressures. Note that the anisotropy of the orientation of interfacial molecules is due to
both the atomic arrangement of the substrate and the packing of the propane molecules at the

interface, which would occur also on an amorphous substrate.

Table 1. Anisotropy parameter ¢ (x107°) as defined in Eq. 9 for propane molecules at 337 K.

Interfacial molecules Non-interfacial molecules
Pressure
X Y Z X Y Z
8 23.36 21.35 32.11 7.76 7.74 7.97
58 8.02 3.52 13.40 1.75 1.75 1.79
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379 Figure 8. (a) Schematic showing the angle made by the CHjs position vector in the molecular (COM)

380 frame of reference with the Cartesian directions denoted by a cyan line. (b) Orientational distribution of
381 the angle defined in (a) with respect to the Cartesian directions X (black), Y (red) and Z (blue) at 337 K

382 and 8 bar (top) and 58 bar (bottom). Left panels show the distribution for interfacial molecules whereas
383 the right panels show the distribution for non-interfacial molecules. For reference the expected curve for
384 an ideal isotropic distribution is shown as a thick yellow line in all panels.

385

386 5. Dynamics

387 1. Translational motion

388 Information about the overall translational motion can be obtained by studying the evolution of
389  mean squared displacement (MSD) with time. We calculated MSD using the COM trajectories of

390 the propane molecules as
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MSD = (|rcom(t + t,) — reom(to)|?) (10)

In Eq. (10) the ensemble average is taken over all molecules and time origins to. Figure 9 shows
the MSD variation for the four conditions of temperature and pressure. The MSD at lower
pressure is an order of magnitude higher than that at high pressure. The variation with
temperature is less pronounced than that observed due to pressure changes, and it becomes
weaker at high pressure. This could be an effect of a crowded environment at higher pressure.
Another interesting feature that can be observed is the change in behavior of MSD with time.
The initial short time ballistic motion, where a molecule moves free of collisions, extends up to
about 30 ps at lower pressures while it lasts less than 1 ps at higher pressure. This is also a
consequence of molecular crowding, as a higher number of neighboring molecules at high
pressure makes intermolecular collisions more frequent. At the time when ballistic motion turns
diffusive (marked with arrows in Figure 9, a typical molecule would have covered a distance
equal to the mean free path. Assessing the MSD values at times where ballistic motion turns
diffusive, the mean free path can be estimated to be ~ 10 nm at low pressures and about 0.3 nm
at high pressure. Thus at high pressure, propane seems to behave as a viscous fluid while at low

pressure it is close to transition between a viscous fluid and a Knudsen fluid.>

Self-diffusion coefficients (Ds) are obtained, from the slope of the MSD versus time at long

enough times where the motion is diffusive, using the relation

D, = lim mse (11)

—oo0 2ngt

where ng=3 is the number of degrees of freedom. Our results are enlisted in Table 2. The
diffusion coefficients obtained from MSD plots are 3 orders of magnitude faster than those
obtained from the QENS experiments?®. This might be due to the geometry of the pores used in
our simulations, which is an over-simplification compared to the aerogels used in the
experiments, and could also be due to the limitations of the force fields implemented. These
diffusion coefficients are however comparable to the planar diffusion coefficient of propane in a
silica slit pore of 2.8 nm obtained earlier®®. The large order of magnitude difference between the
experiments and the present simulations can also be explained as a consequence of the
limitations of the experiment. In QENS, the diffusion coefficient is obtained from fitting the

dispersion in quasielastic widths (7(Q)) obtained from the experiment with a model. Each QENS
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instrument has a limited energy transfer window and a finite resolution, which results in
detection of only those molecules that exhibit energies over a finite range. The contribution from
faster molecules to the QENS spectra would lead to a very broad feature that appears as a flat
background. This contribution would therefore not be included in the 7(Q) obtained from fitting
the spectra with a Lorentzian profile. In the case of a very large pore, some molecules, especially
at low pressures would move faster than the detectable energy range and be invisible to the
QENS instrument even though they do contribute to the mean squared displacement in the
simulation. Another limitation stems from the Q dependence of the experimental data. As Q is a
vector in reciprocal space, its magnitude has dimensions of (length)® and thus encodes
information on length scales. The Q dependence of TISFs in the simulation and scattering law in
the experiment limits detection of motion within a finite range of length scales, whereas MSD

being a function of only time captures motion at all length scales.

Table 2. Self-diffusion Coefficients obtained from the variation of MSD with time.

Temperature (K) Pressure (bar) Self-diffusion Coefficient (x10™° m?/s)
337 8 5738.36+0.31
58 331.22+0.09
365 8 6333.03+0.92
58 332.20+0.16
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Figure 9. Mean squared displacement (MSD) curves for propane in silica slit pore at 337 K (black) and
365 K (red) at the two pressures, 8 bar (top) and 58 bar (bottom). Transition from ballistic to diffusive
regimes is indicated by arrows.

To study the effect of interaction with the pore walls we obtained the trajectories of 10 molecules
that spent 50 ps at a time in the interfacial and non-interfacial regions (see Figure S3,
Supplementary material) for the two simulations at 337 K. Several properties were calculated

from these short trajectories including MSD (see Figure S4).
2. Rotational Motion

The rotational molecular motion of propane was probed by following the evolution of a unit
vector (e) attached to the position vector of a CHs site in the molecular frame of reference. In

particular we calculated the orientational correlation functions (OCF) of order 1 and 2.
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G () = (Pfe(t + to). e(to)]) (12)

where Ci(t) is the OCF of order | and Pi(x) is the Legendre’s polynomial of order I. The first of
these functions (I=1) is the dipole correlation function and is often used to study rotational
motion®3, The second order component (I=2) is related to the Fourier transform of spectral
density measurable in NMR experiments. Figure 10 shows the OCF for the four MD simulations.
As in the case of translational motion, the variation of OCF as a function of pressure is dominant
over the effect of temperature. The first order OCF at low pressures shows a conspicuous
negative dip. This is a signature of a rotational motion characterized by large angular jumps. The
time scales of rotational motion can be obtained by integrating the OCF up to times long enough
for these functions to decay to zero®. We integrated the OCF up to 40 ps to obtain the time
scales from OCF of order 1 and 2. They are listed below in Table 3. The rotational motion gets
faster at higher pressures. A similar enhancement of rotational motion with increase in loading
has been observed for ethane in ZSM-5 both in simulations* as well as in experiments®*, as also
for propane in TiO2°%. Further, in Ref. 49, this enhancement of rotational motion was explained
on the basis of a reduced anisotropy at higher loadings. The pressure dependence of rotational
motion in the present case of propane in silica pore bears the same correlation with the pressure
dependence of anisotropy as can be seen from Tables 1 and 3. Also listed in Table 3 are the
ratios of the two time scales of rotational motion. The Debye model of rotational model predicts
a value of 3.0 for this ratio®. Our results differ significantly from this expectation. The deviation
is further enhanced at low pressures. These time scales have the same order of magnitude as
obtained for propane in 4 nm cylindrical pores of TiO2°1. We note that these time scales indicate
a very fast rotation which convert to an energy scale of ~ 1 meV (see Eq. 6). This means that the
quasielastic broadening from the rotational motion of propane molecules in 20 nm silica pores
would be too strong to be seen with the BASIS instrument with an energy window of +0.12
meV, used in Ref. 23. This justifies the assumption made in the analysis of QENS data that the

signal represented only the translational motion of propane molecules.

Table 3. Time scales of rotational motion.

T, P T1(ps) 2(ps) T/t
337 K; 8 bar 0.631 0.818 0.7714
365 K; 8 bar 0.635 0.813 0.7811
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476 Figure 10. Orientational Correlation Functions (OCF) for different temperatures and pressures.

477  The orientational dynamics of interfacial and non-interfacial propane molecules was probed
478 using the OCF corresponding to the 10 representative molecules from the two populations
479  separately (Supplementary material, Figure S5). Compared to the OCF of non-interfacial
480  molecules, those of interfacial molecules were found to decay slowly indicating a slower rotation

481  of interfacial molecules as is expected due to the strong fluid-surface interactions.

482 In addition to the OCF, the rotational intermediate scattering functions (RISF) for propane in
483  silica pore were also calculated. These functions for 6 different Q values at two temperatures and
484  two pressures are shown in Figure 11. The overall qualitative information content in these

485  functions is similar to that in the OCF. However, these functions provide additional information
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on the geometry of rotational motion by their long time behavior, which is identical to the elastic
incoherent structure factor EISF. The variation of EISF in Q can reveal the geometry of motion.
It should be noted that the EISF obtained from simulated RISF only represents the rotational
motion, and are thus different from the EISF values obtained in the experiment, which can have
contribution from rotational as well as localized translational motion. For clarity, we use REISF
to signify the EISF obtained from the simulated RISF. Results in Figure 11 indicate that the
differences in RISFs for different temperatures and pressures are limited to very short times up to
20 ps. After this time, the RISF for a given Q value for different T and P conditions converge
implying that the REISF values and hence the geometry of rotational motion remains unchanged
between different T and P conditions. The variation of REISF obtained is shown in Figure 12.
Also shown in Figure 12 is the calculated REISF for a unit vector undergoing isotropic rotational
diffusion. The match between the calculated REISF for this model and the REISF values
obtained from the simulation is very good. This is to be expected as the propane molecules near
the pore center exhibit little preference for a particular orientation and would therefore freely

span the whole orientational space corresponding to isotropic rotation.

The RISF were also calculated for the interfacial and non-interfacial molecules separately (see
Figure S6 in supplementary material). No change in the REISF values was observed as the
pressure or the location of propane molecules is changed. This means that the geometry of
rotational motion remains unchanged for all the simulation conditions, for all molecules. This
can be expected as very little orientational ordering is observed from the orientational
distribution function for all simulations. The only change that comes about the rotational motion

is thus a change in the speed of rotation and the extent of angular jumps.
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Figure 11. Rotational Intermediate Scattering Functions (RISFs) for different temperatures and pressures
for Q values between 0.29 and 4.6 A (top to bottom at 0.1 ps). Low pressure data is represented by lines
whereas symbols are used to show the high pressure data. Thick lines and solid symbols represent 337 K

data while the 365 K data is shown by thin lines and open symbols.
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Figure 12. REISF obtained from the long time values of RISFs from the simulation (symbols). Solid red
line is the calculated REISF variation for a unit vector undergoing isotropic rotational diffusion.

6. Conclusions

We reported a direct comparison of molecular dynamics (MD) simulations of propane in 20 nm
slit pore of silica with QENS experiments carried out on propane in silica aerogel with ~20 nm
pores. Time scales obtained from the intermediate scattering functions from these simulations
agree well with the experimental data. Although the simulated mean square displacement curves
do not seem to agree with the experimental finding of an enhanced diffusion at higher pressures,
the latter is corroborated with the time scales obtained from TISFs. It is important to note that
while MSD curves give a length scale averaged contribution to diffusivity, the TISFs take into
account motion at different length scales by the virtue of their Q dependence. This difference in
MSD and TISFs might help explain the discrepancy observed in the pressure dependence of time

scales obtained from these quantities. A larger fraction of propane molecules residing close to
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the pore wall at low pressure explains the enhancement of diffusivity at high pressure observed
in the QENS experiments?®. Overall, the rotational motion of propane molecules is isotropic at
all temperatures and pressures, and in all the regions of the pore. The time scales obtained from
the simulation suggest that the rotational motion of propane molecules in the pore is too fast to
be captured by the QENS instrument used in the experiment reported in Ref. 23 and thus justifies
modeling the QENS spectra with translational motion alone. Rotational motion also shows a
slight enhancement at higher loading similar to findings elsewhere*®5%%, This is correlated with
a higher degree of orientational anisotropy at lower loading which provides an explanation to this
anomalous behavior. Although the simulated system is an oversimplification of the experimental
one, our analysis suggests that MD simulations reported here reveal important new insight about

anomalous loading dependence of propane dynamics in silica mesopores.
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Notes

4 The background term in the experiment would signify contributions from several sources

including the silica aerogel. The TISF calculated from the simulated trajectories on the other

hand has contribution from the center of mass motion of propane molecules alone and so would
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not have any contribution analogous to the background contribution in the experiment. The

background term should therefore be ignored.
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