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We report results from molecular dynami@dD) simulations and quasielastic neutron-scatte(iQENS
measurements on the rotational dynamics of propane in Na-Y zeolite at room temperature with a loading of
four molecules per cage. Rotational part of the intermediate scattering fundi¢@,t) obtained from the
MD simulation suggests that rotational motion is faster relative to the translational motion. Various rotational
models fitted to the MD data suggest that rotation is isotropic. It is found that the hydrogen atoms lie, on the
average, on a sphere of radius 8805 A, which is also the average distance of the hydrogen atoms from
the center of mass of the propane molecule. Results from QENS measurements are in excellent agreement with
those obtained from MD, suggesting that the intermolecular potential employed in the MD simulation provides
a realistic description of propane motion within faujasite. The rotational diffusion conBtanis 1.05
+0.09x 10" sec ! from the QENS data, which may be compared with that obtained from the MD data
(0.82+0.05x 10" sec 1).
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[. INTRODUCTION tational diffusion of propane is significantly faster than the
translational diffusion and there is no translation-rotation
Zeolites are well-known molecular sieves and are usedoupling. This fast diffusion is not expected to be observed
extensively in petroleum industries for separation of hydro-with QENS spectrometer at Dhruva with energy resolution of
carbons[1—3)]. For this reason, as well as for their intrinsic 200 ueV [23]. Cohen de Lara and Kahf24] found that
theoretical interest, the adsorption and transport of molmethane performed fast rotation in zeolite Na-A. Here we
ecules, especially hydrocarbons in zeolites, are widely inves@Port a study of the rotational diffusion of propane in Na-Y
tigated experimentally and theoreticall$§—10,. An under- Using the triple-axis spectrometéTAS) at Dhruva [25]
standing of the molecular sieve property of the zeolitesVhich has a much wider energy window. These results
requires an understanding of the translational diffusittgf are Compafed with the analysis of molecular dynamics
the polyatomic molecules. A number of factors such as thdrajectories.
molecular shape, its interaction with the zeolite, the tempera-
ture, etc., determine the magnitude as well as the anisotropit DETAILS OF MOLECULAR DYNAMICS SIMULATIONS

character of self—di_ffusiv_ity. A number of e>.<perimental meth- Molecular dynamics simulations of propane molecules
ods such as quasielastic neutron scattefi@gNS, pulsed  .,nfined to zeolite Na-Y have been carried out in the micro-
field gradient NMR are available to measure self-diffusivity canonical ensemble. The simulation cell consists of one unit
[4,5,11-13. Computational approaches such as moleculagg| of Na-Y zeolite with 32 propane molecules at a loading
dynamics have provided valuable insight into self-diffusivity of four molecules per supercage. Zeolite Na-Y or faujasite
[14-16. The results of these three methods of investigationtrystallizes inFd3m space group wita=24.8536 A[26].
are generally found to be in good agreement for a number ofalculations are carried out on a faujasite with Si/Al ratio of
zeolite-sorbate system2,17-19. In recent times, there ~ 3.0 with composition NgAl 4Si;4/03g4. This composition
have been studies that have investigated the role of rotation@ somewhat higher than that of the actual san{BigAl =
motion. In certain guest-zeolite systems, it has been observezl13 used in the experiment. However, this difference is not
that there is a strong translational-rotational coup[i2@]. It  expected to be significant for the results of the propane dy-
is therefore important to investigate the rotational motion ofnamics reported here. Cubic periodic conditions are used in
polyatomics especially hydrocarbon molecules within theall three directions. Zeolite atoms are assumed to be fixed in
cavities of zeolites. Jobic and cowork¢rd have carried out the simulation. The rotational degrees of freedom are mod-
such investigations in recent times. eled using quaternion formalisf27]. The propane mol-
Recently, we carried out a QENS and molecular dynamicecules were considered as rigid. Both translational and rota-
(MD) investigation into the translational motion of propanetional equations are integrated using the Gear predictor-
in zeolite faujasitd21,22. This study indicated that the ro- corrector algorithm. An integration time step of 1 fs is found
adequate to get good energy conservation. We have carried
out MD runs at 300 K. A production run of 1 ns duration has
*Corresponding author. been used to obtain averages after an initial equilibration
Email address: mukhop@apsara.barc.ernet.in period of 200 ps. The intermolecular potential parameters
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FIG. 1. Snapshots from molecular dynamics to show the translational and rotational motion. A single hydrogen of greupHn
propane is shown darker so as to distinguish it from others in order to be able to recognize rotation when it occurs. Rotation through an angle
7r can be seen within 0.5 ps. During this period little or no translation is seen.

6

P(r)=4e @

between propane and zeolite atoms are taken from the literavas first thoroughly dehydrated by evacuating for a period of
ture [28,29. Lorentz-Berthelot combination rule is used to about 12 hours to 10f Pa at a temperature of 623 K. It was
get the cross or mixed terms. then transferred into two identical slab shaped aluminum
The potentials are of the 6-12 Lennard-Jones form: containers in ultra-high pressure nitrogen atmosphere. Each
1 sample had dimensions of 6 cm in diameter and 0.5 cm in
A thickness. It was loaded with propane dasrity >99.9%
( r ( r to saturation at ambient pressure. The loading was estimated
gravimetrically to be 130 mg/g, which in this case turns out
An all atom model is used for propane, i.e., the hydrogerno be about 4.1 molecules per zeolitic supercagecége.
atom interactions are considered explicitly. The C and H at-
oms of the propane molecules are assumed to interact only ° . .
. . - 1.0 MD Simulation
with the oxygen atoms of the zeollte_ framework and _W|th the | Isotropic Rotational Diffusion
extra framework cationgNa). The Si and Al atoms in the - - - - Uniaxial Rotational Diffusion
zeolite host are well inside the framework and are largely
shielded by the surrounding oxygens leading to negligible
short-range interaction of these with the guest molecules. @2 06
Table | lists the potential parameters for the propane-propane H |

and propane-zeolite interactions. 04r
021
Ill. EXPERIMENTAL DETAILS L
The Na-Y sample used had a Si/Al ratie2.13 as deter- e
mined by x-ray absorption spectroscopy. Accordingly, we 00 05 10 15 20 25 30
have assumed a unit cell composition ofgl¥e ¢:Si13103g4. Q( A’l)

The unit cell parameter varies only slightly for variations in

Si/Al ratio [26]. The sample x-ray diffraction pattern shows  FIG. 2. Variation of EISF as obtained from MD simulation data
good crystallinity and scanning electron microscope picturesiith Q. Lines are the theoretical EISF for different modéee
show an average particle size of about pH. The sample texi).
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The quantity of propane present in the sample was indepen- o2l
dently estimated also from neutron transmission measure- ’
ments and it was found to be very close to that of the loading 0.0 s - - s .
amount. The QENS experiments were performed using the 00 05 10 15 20 23
TAS [25] at the Dhruva reactor at Trombay. TAS was used in Q(A")
the inverted geometry. Incident energy;) was varied and ©
final energy E¢) was kept fixed. AEE;=20 meV, TAS pro- g 241
[
TABLE |. Potential parameters for propane-propane and .g 20k . .
propane—Na-Y interactions. =4 ———u, .
(@] [ L]
Type o (A) € (kJ/mol) “g 16k
Cc-C 3.448 0.3874 ‘%
H-H 2.980 0.0419 N
C-H 2.920 0.2054 00 05 10 15 20 25
Cc-0 2.996 0.7067 Q(A_l)
C-Na 3.409 0.1981
H-O 2.763 0.2324 FIG. 5. (a) Diffusion constanD and(b) radius of gyratiorR as
H-Na 3.175 0.0405 obtained from fitting the MD simulation data with the isotropic
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QR

20 30 40 0 0w 3w vides energy resolution[full width at half-maximum
(FWHM)] of ~3.3 meV at elastic position in th® range of
Q=1012A" o Q=2277 A" 0.8-2.5 A'1, as obtained from measurements on a standard
vanadium sample.
The quasielastic spectra were recorded in the wave vector

nsfer Q) range of 0.8—2.5 A at 300 K for both bare

zeolite and propane loaded zeolite samples. Spectra from the
10 bare zeolite sample were used to estimate the contribution of
Q=1.265 A" 08 Q=2.5304" bare zeolite to the total spectra.

IV. THEORETICAL ASPECTS

rotational diffusion model at differer® values.
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FIG. 6. Measured neutron intensity vs energy transfer at differ-
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FIG. 8. (a) Variation of EISF as obtained from QENS dasgm-

ent constan@, for dehydrated Na-Y zeolite, propane-loaded Na-Y pols) with Q. The theoretically calculated EISF assuming different
zeolite and vanadium sample that gives the resolution function ofnodels (see text are shown by lines(b) the Q dependence of

the instrument.
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FIG. 7. Experimenta5(Q, ) (symbolg and the fit(solid line)
using Eq.(10). Separated elasti@otted and quasielasti€dashed

line) components at differer® values are also shown.

HWHM of the Lorentzian functiod”(Q) obtained from the experi-
mental QENS data.

Po
o
dw Q)

k
kio[o'cohscoh(Q:w)’FO'incsinc(Q:w)]r (2

where o is the total scattering cross sectio§(Q,w) is
known as the scattering law and the subscripts coh and inc
denote the coherent and incoherent compon&rasdk, are

the initial and final wave vectors am@=k—k, known as
wave vector transfegy is the angular frequency correspond-
ing to energy transfet w=E;—E; . For a hydrogenous sys-
tem the measured neutron intensity comes almost entirely
from the incoherent scattering of neutrons from hydrogen
atoms because of its large scattering cross se¢tgp(H)
~80 barns compared to its coherent part of 1.7 barns, total
cross section for a C atom: 5.5 bafnhen, Eq.(2) can be
written as

Po k
dow 90O o k*O[O'incSnc(Q,a))], 3)

In the case of molecular system, different kinds of
motions—translations, rotations, and vibrations—take place
simultaneously. It is generally assumed that these three mo-
tions are dynamically independent, and can be analyzed
separately. This is only an approximation, which is necessary
for a mathematically tractable analysis. With this assump-
tion, the totalS(Q, ), which is measured in QENS accord-
ing to Eq.(3), can be expressed as a convolution product in
w of the different scattering functio81]:
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FIG. 9. FittedS(Q,w) assum-
ing the isotropic rotational diffu-
sion model for propane in Na-Y
zeolite at differentQ values(see
Fig. 7 for information on line

styles.
g
&
1]
Energy Transfer{imeV)
Snd(Q w)=e (WIS Q,w)®SUQ,w)].  (4) F™MQ.) =(exiQ- (R() —R(0))]), ®
The exponential term is the vibrational contribution, known EQ,1) = (exgfi Q- (d(t)— d(0)]), )

as the Debye-Waller factor, whet@?) is the mean-square
displacement of the hydrogen atoms. Here we do not con-
sider the inelastic scattering due to the vibrations, which isvhereR is the radius vector of the center of mass of a pro-
expected to occur at energies large compared to that consigane molecule in the fixed frame of reference, dnid the
ered here in QENS. radius vector of a hydrogen atom with respect to the center

The dynamical structure fact&,.(Q,w) is related to the of mass of the propane molecule to which it belongs. It may
self part of the intermediate scattering functién(Q,t) be noted that=R+d.

through a Fourier transform The rotational scattering law can be written[86,31]
1
Sn(Q.0) =~ | F(Quexi—ionat  (®) S(Q.@)*AQ)8(w) +[1-AQ L), (10
The intermediate scattering functiéiy(Q,t), in the case
of incoherent scattering, is a time-correlation function for a 12f
single particle and is defined by o
F{(Q.t)=(exdiQ-(r(t) ~r(0))t]), (®) 2 ouf ¢ R

o

wherer(t) andr(0) are the position vectors of the scatterer A E E

(i.e., hydrogehn at timet andt=0; the angular brackets in- sk

dicate ensemble average. Equatidin can be expressed in

terms of intermediate scattering functions for translational

and rotational motions as follow@gnoring the vibrational 00 L 2 2 1 L

t erm) : 0.8 12 1.6 2.0 24

tran: rot, Q (A-l)
FS(Qvt):Fs S(Q!t)Fs (Qlt)v (7)

FIG. 10. Variation of diffusion constam with Q, as obtained
where from the fitting shown in Fig. 9.
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where the first term is the elastic part and the second is theith the elastic and quasielastic structure factors, respec-

quasielastic onel.(I',w) is a Lorentzian function, tively, given by
1 Ao(Q)=]5(Qa) (16
L(I'w)= p m (11 and
wherel is the half width at half-maximuntHWHM) of the A(Q)=(21+1)jf(Qa), (17)

Lorentzian function. It is convenient to analyze the data in

terms of elastic incoherent structure fact@ISF, which ~ wherej, is thelth spherical Bessel function.
provides information about the geometry of the molecular

motions. Ifl¢(Q) andl4(Q) are the elastic and quasielastic B. Uniaxial rotational diffusion

intensities, respectively, then EISF is defined2,31] If a cylindrical molecule undergoes rotational diffusion

and there is a potential barrier that hinders any rotation about

EISF= L (12)  the short axes of the molecule, then the molecule executes
lei(Q)+146(Q) uniaxial rotational diffusion and the trajectory of each atom
is a circle. The scattering law retains the form of a delta
Therefore A(Q) in Eq. (10) is nothing but the EISF. function plus a series of Lorentzian functio@] but it will

From the MD trajectories we can readily calculate thenow depend on the anglé betweenQ and the directon
intermediate scattering function for the hydrogen atoms withdefining the orientation of the molecije

S(Q,w)=J3(Qasinb) 8( )

|=o

(13 +2|2l J?(Q-asiné)

N
1 :

FEQD =5 2 (exiliQ- (di(t+to) —di(to))]),

=1 1 DRI2
s 5 (19
T (Dgl?)%+ w?
whered;(t) is the radius vector of theh hydrogen at timé ) ) ) ,
and N is the number of hydrogens in a propane moleculeWherea is the radius of the circle and thk's are Bessels
which is equal to 8. The angular brackets den@ticroca-  functions of the first kind. Here the behavior of the elastic
nonica) ensemble average; an average over all initial ime$nd the quasielastic structure factors strongly depends on
to. The samples used in the QENS experiment were p0|yangle 0. For a powder sample, one has to tgke an isotropic
crystalline. Therefore, for the purpose of comparison ofdverage over anglé. Unfortunately, there exists no formal

QENS and MD results we have to take the powder averagXPression for the average and the result is not simple. How-
of Eq. (13) [32]: ever, if the number of equilibrium position, is sufficiently

large (=6), the scattering function for a jump diffusion

amongN equivalent sites on a circlg85] is nearly identical
>_ (14) to that of a uniaxial rotational diffusiof84] and the EISF for

uniaxial rotational diffusion model can be written as

F;m(Q,t)zi D sin(|Q||d;(t+to) — di(to)])
N\ [Qldi(t+1to)—di(to)]
A polyatomic molecule can rotate along any of its axis 1 N
and there exist different models to describe each of these. A(Q)= N > jO(ZQ-asin
Here we discuss a few of these models that are relevant to n=1
the present study.

nmw
W} ) . (19

V. RESULTS AND DISCUSSION

A. Isotropic rotational diffusion A. MD simulation

In this model, molecular reorientation is assumed to take A Snapshot picture of a propane molecule inside the Na-Y
place through random small-angle rotations. Then, on a timgupercage and its evolution with time as obtained through
average, no most probable orientation exists. For such a caggD simulation is shown in Fig. 1. It is evident from these
there is, of course, no difference in the scattering law bepictures spanning a period of 2.5 ps that the rotational mo-
tween a single crystal and powder, since the motion of eacfion is faster than the translational motion. As we directly
individual molecule is already spatially isotropic. It has bee“calculatng"‘(Q,t) from the MD data using Eq(14), it is
shown by Searf33] that the incoherent scattering law for a preferable to work with this function itself, rather than the
scattering particle undergoing isotropic rotational diffusionggrier transform(Eq. (5)] of it in the frequency domain.
on the surface of a sphere of radiaswith rotational diffu- Fo((Q,t) is calculated at ten differer® values, from 0.253

. . . - S 1 ) .
sion coefficienDg, can be written as through 2.53 A%, in multiples of 0.253 A, This is the
1 I(1+1)D smallest nonzero value @ that can be used in the present
R . .
S(Q)=Ag(Q)d(w)+ >, A(Q) = . MD study, because of the requirement that each Cartesian
=1 7T [1(1+1)Dr]*+ @ component ofQ must be an integral multiple of2/L, L
(15  being the length of the cubic simulation box. This require-

| =00
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ment arises as a consequence of the periodic boundary con- B. QENS experiments

ditions used ip the SFLTuIatio[%]. . - Experiments were carried out in const&tmode. Final
roltf one deflner?tFS (Q.=) as the long time I'|r'n|t of neutron energy was kept fixed at 20 meV and incident energy
F(Q.1), thenFS(Q,t) can be written as an addition of & a5 varied. Measured intensity vs energy transfer for the
time dependent term and a limiting< ) time-independent  yopydrated Na-Y zeolite, propane-loaded Na-Y zeolite, and
term as the resolution function at differer® values are shown in
FOUQ,t)=FL(Q,t) +F(Q,). (20) Fig. 6 Dehydra}ted zeolite sample did not show any quasi-
elastic broadening, whereas propane-loaded sample did show

Here,F/°(Q,) is the space Fourier transform 6{°(r ) significant broadening at room temperature indicating the
1t g ’ 1 1

which is the probability that the same particle will berat Présence of dynamical motion of propane molecules. Raw
after a timet=cc. Then,F™(Q,) is the final distribution of data were corrected for all geometric factors, second-order
- 1 s 1

the particles irQ space at long time and has a dimension of'€flection from the monochromator, ef@5] and converted
a structure factor. ThugQ dependence of ®(Q,x) is ex- to S(Q,w)'. To gnalyze the datg, in the first instant the elastic
pected to give the geometry of rotation. Sirfe&Q,t) can and quaS|_eIas_t|c components m_the total spectrum were sepa-
be approximated by an exponential decay teﬁt?f(Q,t) rated, which involves convolution of the model scattering
can be written as function S(Q, ) [Eg. (10)] with the instrumental resolution
function. Then the model parameters were estimated by least
FUQ,t)= B(Q)+C(Q)e Y". (2D squares fit with the experimental data. The fitting parameters
wereA(Q) (the EISH and thel’ [(HWHM) of the Lorentz-
One can readily check that this is nothing but the timeian functiorl. The contribution from the bare zeolite, towards
Fourier transform of Eq(10) andB(Q) can be identified as elastic scattering only, was subtracted from the data with the
EISF as described in Eq10). To get the idea of the geom- propane-loaded sample. The separated elastic and QE com-
etry of rotation or to get the proper model for rotational ponents at differen@ values are shown in Fig. 7 and the
motion, F(Q,t) data from MD are fitted with Eq(21) at  extracted EISF as defined in EQ.2) is shown in Fig. 8a).
all Q values keepind®(Q), C(Q), andr as parameters. The The theoretically calculated EISFs for different models-
variation of B(Q) or EISF at differentQ values obtained scribed in Sec. IV aboyeare shown by linegsolid and
from the least squares fit is given in Fig. 2. The theoreticallydashedin Fig. 8a). It is very evident from the figure that the
calculated EISF as expected from different models are alsisotropic rotational diffusion model describes the experimen-
shown in Fig. 2. The best description of the data with isotro-tal EISF quite well. The variation of the width at differe@t
pic rotational diffusion is very apparent. While calculating values is shown in Fig.(®). This is quite close to that ex-
the theoretical EISF, it is seen tHat=1.88 A gives the best pected for isotropic rotational diffusion. Thereafter, we have
fit to the data. Once we know the model, we have fitted thaused the modeb(Q, w) for isotropic rotational diffusiofEq.
F°(Q,t) data using the isotropic rotational diffusion model (15)] to fit with the experimental QENS data and determine
directly. The expression fdF>(Q,t) which is the time Fou-  the rotational diffusion constar. Very good fit was ob-
rier transform of Eq(15), can be written as tained at all theQ values with the radius of gyration equal to
1.89+0.02 A, which is also the average distance of the hy-
* drogen atoms from the center of mass of the propane mol-
FO(Q,H)=>, (21+1)jA(QR)e '*1UPR (22)  ecule. Fitted spectra at differet values are shown in Fig.
=0 9. The variation ofDg with Q is shown in Fig. 10.Dg
=1.05 (+0.09)x 10*? sec'!, the value obtained from

It is found that the isotropic diffusion model describes the ; X .
. i QENS experimentsee Fig. 1Dis found to be close to the
MD data consistently for all th& values. The fitted MD 5 1 :

. X P . value of 0.82 (-0.05)x10'2 sec! obtained from MD
simulation data are shown in Fig. 3 where dashed lines arg. . lation
the MD simulation data and solid lines are the fits using Eq: '
(22). While fitting, up tol=7 terms are retained in the ex-
pansion of Eq(22). It is seen withQ,,,,R equal to 5, quasi-
elastic structure factor (2-1)j7(QR) has a significant con- e have carried out MD simulations and QENS measure-
tribution only up tol=7 as seen from Fig. 4, where (2 ments on the rotational motion of propane in Na-Y zeolite,
+1)jA(QR) is plotted againsQR for different values of.  with a loading of four molecules per cage, at 300 K. MD
The value ofDg and the radius of gyratioR obtained from  simulation showed the presence of very fast rotational diffu-
the fit are shown in Fig. 5. The obtained value B  sion of the propane molecules in Na-Y zeolite. This fast ro-
(=0.82+0.05x 10'? sec ) agrees quite well with that ob- tational diffusion has been observed through the quasielastic
tained from the angular velocity autocorrelation functionneutron-scattering measurements. The results from MD
(0.89x10"? sec ). The value of the radius of gyration simulation and QENS measurements agree very closely. Iso-
(1.88+0.02 A) also agrees with the value of the averagetropic rotational diffusion model is found to describe both
hydrogen distance from the center of mass of the propan@ENS and MD simulation data consistently. Calculation of
molecule and also with the value Bfobtained from fitting  the rotational diffusion constary is carried out from the
the EISF with the model. simulated angular velocity autocorrelation function, as well

VI. CONCLUSIONS
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