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Abstract

We studied deuteron NMR spectra and spin—lattizxation of deuterated acetong-d
adsorbed into zeolites NaX(1.3) and NaY(2.4) at #0overage of sodium cations. At
temperatures roughly below 160 K the deuteronsoaadized and their NMR
characteristics are determined by {Dtation and rotational oscillations of acetone
molecules. In NaX the Cfrotation and rotational oscillations about the fivia axis of
acetone dominate the spectra below 100 K, while@ltoscillations also about other
axes become important. In NaY dominant featuresedated to methyl tunnelling and to
a smaller extent to rigid acetones, before thdiastal oscillations about twofold axis
start to prevail above 40 K. The analysis of tmergily non-exponential magnetization
recovery was done by applying the recently intredumethod (Ylinen et al., 2015 [12]),
improved here to take into account the limited fasbvery at the level crossings, 10 % at
w; = wy and 28 % atw, = 2w,. At first the experimental recovery is fitted lhyde
exponentials with adjustable weights and decagrdtieen these quantities are calculated
from activation energy distributions and known egsions for the deuteron relaxation
rate. In NaY two distinctly separate activation rgyedistributions were needed, the
dominant one being very broad. The use of thretgiloligions, two of them covering
practically the same energies as the broad ong tée@ somewhat better agreement with
experiment. In general the theoretical results@agnigh experiment within experimental
scatter. As the final result the mean activatioargies and widths are obtained for
activation energy distributions.

Key words. non-exponential NMR relaxation; activation enedigtribution; decreasing
activation energy; rotational tunnelling; acetoneeolite; deuteron NMR spectra;
molecular mobility; methyl group



1. Introduction

Numerous studies have been carried out on thetste and motional properties of
solids by observing the deuteron NMR spectra ang-aitice relaxation. Especially
such samples were investigated, which contain dentetrahedra or C{groups.
Rotational tunnelling changes their spectra anaxeglon in a characteristic way at low
temperatures [1-8]. Translational symmetry resaoltdentical surrounding and potential
for all rotators in solids and the molecular mdkils uniform for all. Relaxation rate
maxima reflect rotational mobility in well-defingubtentials.

There is no translational symmetry in zeolites bseamolecules interact with different
adsorption centers and are located at differentipns. Therefore zeolites show many
interesting properties and their role as industrizhlysts has inspired an enormous
number of studies. Usage of guest molecules arektigation of their adsorption at
molecular level is one of the ways to characteze@ites. Guest—host interactions have
important implications and stimulate investigatiorhis field [9].

We apply deuteron NMR methods to investigate mdéauotions in confinement in a
wide range of temperature. Effects related to tediomal mobility were observed at high
temperature, followed by the onset of moleculariegations. Molecules become
localized at a temperature, defined in the follay@sTs, which appears to be an
important parameter related to the strength of mudée interactions with zeolite
framework. The rotations of guest molecules and gwbgroups alone determine the
deuteron spectral shape and their spin—latticexatitan belowTs. Thus by studying a
single sample with molecules in confinement we wlaserve features characteristic for
gaseous, liquid and finally like in solid state sBks for representative set of molecules
were summarized in a recent publication [10].

Somewhat random replacement of Si atoms bydkhatin zeolites makes the
surroundings of guest molecules vary in a statibti@y, which causes a distribution for
example in the potential hindering the methyl riotabf such molecules. Recent results
on methyl-containing zeolites NaX and NaY reveal tihis distribution can be observed
in the deuteron spin—lattice relaxation of localizeethyl groups beloWs as a
pronounced non-exponentiality [11, 12]. Such nopementiality is not only a property
of guest molecules in zeolites but it can be oles®tm many other materials like
polymers, glasses and other disordered materibkseffect of the underlying
distribution of the relevant motional process om MR spectra was explained
theoretically rather early [13, 14]. There are aswveral studies, which derive
characteristic motional parameters like the medinaton energy and the distribution
width from the magnetization recovery [15-18]. Hoe they concentrate mainly on
processes, where rotational tunnelling does ngt gy role and one distribution is
sufficient to describe the experimental data. M@y containing molecules in zeolites,
studied so far, are located at clearly non-equitgbesitions. In such a case the
description of the activation energies requires tawmore distributions centered about at
least two clearly different mean activation enesgla the acetone molecule the methyl
groups are equivalent but their varying surrounsglimgNaX and NaY mean that quite
probably we need two activation energy distribusionith distinctly different mean
activation energies.

Our method for analysing non-exponential deuteedaxation of methanols in
confinement was published some time ago [11, 124kes into account the effect of
rotational tunnelling and can be applied in thespree of many activation energy
distributions. It requires a rather accurate sirtnotteof the experimental magnetization



recovery. Often the experimental data are descneglwell by the so-called stretched
exponential function exp[#{T,)"] when the parametefs and b are properly adjusted.
Usually b is near 0.5, in any case clearly smalian 1. Unfortunately, there is so far no
theoretical method for calculatifig and b, which prevents the comparison between
theory and experiment. Therefore, we use a numicexpmnential function expt),
which do not have this drawback. At low temperatubgee exponentials are used to
describe the magnetization recovery, with the rRtaad weights as adjustable
parameters. These can also be calculated thediyeisadescribed in [11, 12] and in
sections 2 and 5. Experimental scatter preventsufiieiently accurate extraction of
rates and weights when four or more exponentigsised, although that would improve
the accuracy of our method in principle. Withineatain temperature range ndgrthe
relaxation data could be described quite accuratelytwo exponentials.

In the present study we use basically the saethad as in [11, 12] but introduce one
improvement. At low temperatures it may happen thatdeuteron resonance frequency
v, IS equal to the tunnel frequeney = w./2m or to v,/2. Then the relaxation proceeds
partially very fast. Earlier estimates for the degof the fast relaxation have been too
large. In the present study we derive estimatethierdegree, which are believed to be
valid in the absence of any appreciable spin diffubetween deuterons.

Our special interest is deuteron NMR spectrasga-lattice relaxation of totally
deuterated acetong-th NaX and NaY. Some earlier studies deal with'ffiechemical
shift of acetone complexes at Brgnsted and Lewsstes [19-21]. It was pointed out
that both temperature and surface coverage areatfior the acetone mobility and
interaction at these sites [22]. One may expeetianal freedom for methyl groups and
certain mobility about the twofold axis of suchadéized acetone molecules. Particularly
interesting seems to be the rather complicated Iihobf acetone dimers [19].

2. Deuteron spin—lattice relaxation

To study the spin—lattice relaxation of methgliterons in the case, when there is a
broad activation energy distribution, we use balsithe same method as in two recent
investigations [11, 12]. The only significant madétion concerns the degree of the
magnetization recovery via so-called level-crossragsitions.

As mentioned before, the two gBroups of an acetone molecule in zeolite can be
non-equivalent. Therefore the methyl groups expegehe hindering potential
V(¢) = (V3/2)(1 — cos3¢) with different barrier heightgs;. We do not consider
possible sixfold or higher symmetry terms in thégptial. For eacN3 the Mathieu
equation is solved and the rotational energigsr the ground (r = 0) and excited
torsional states (r = 1, 2, etc) are obtained. ddreesponding conventional activation
energy isd, = V5 — E,. Though the starting point for this approach & plotential
strengthVs, the just defined activation energywas taken as the variable quantity. The
additionally needed quantities, the “activationrgnes” A, = E. — E, and the tunnel
frequenciesv,. = (E.z, — Era) / 1 for the various rotational levels r, were calcethas
a function ofAy [12]. Also the temperature dependence of the giesiate tunnel
frequencyw, = (Eyg, — Egs) / h was obtained. Then the corresponding correlatima t
for the 120 jumps about the methyl axis was calculated from

% = Ky |wy| exp (— %) + K X | wy| exp (— %) 1)



Here wy, is the tunnel frequency for such an excited-stagrgy (E g, + Er4)/2, Which
equals the barrier height. The first term of this expression is the convemei
Arrhenius equation, witlK,|wy,:| corresponding to the pre-exponential factor. The
second term describes the well-known fact thabwattemperatures the variation of the
correlation timer requires a constantly decreasing activation eng@8y27]. The two
parameters Kand K are numerical factors within one order of magretfrdm 1.

Especially for low activation energiés and low temperatures, where the tunnel
frequencyw, can equal the deuteron resonance frequengythe well-known
expression for the orientationally averaged spittieka relaxation rate of the methyl
deuterons

R(®) = L)1, w0) + 4z, 200)] @)

with J(z,w) = t/(1 + w?t?), is no more applicable. In Supplemental Materiglaf

the relaxation of the A and E species magnetizatida andMg respectively, was
considered. According to the earlier study theycangpled significantly only to the
rotational polarization and the tunnelling resersithe difference between the
populations of the A and E species levels) [8]. idmmer coupling can be important only
in the fast-motion regiomw,t < 1, but since all the discussed quantities relaxether
roughly at the same rate, this coupling could Im®igd. The coupling to the tunnelling
reservoir is expected to be important only whgnand w, are of same magnitude. Then
the orientationally averaged relaxation rates

2

Rain = 52 Iz, @, + wo) + (5,0, = o) + 4)(5, 0, + 2600) + 4]z, 0, — 2009)]
©
wQ
Rgin = 120 [6](7, wo) + (T, w¢ + wo) + (7, w — wo) + 24](7, 2w)

+ 4)(T, w; + 2w¢) + 4] (T, w; — 2wy) ]

could be used for the magnetizatidng andMg under the condition that the damping
rates for the so-called Kramers and tunnelling cemees, k and k respectively, are
equal to each other and also equal to the invenselation time 17 [28].

It is important to realize that in the fast-neotiregion both expressions in (3) reduce to
(2). If at low temperatures, > w, and w,t > 1, Rei, andRai, are still applicable [12].
Only whenw, and w, are roughly equal, the relaxation process beconuwe
complicated. Still a certain part of the total meiggrationM, = M + Mg relaxes very fast
via the level-crossing transitions. They changesthergy byw, — w, and w, — 2w,,
which may be very small in comparison with. Therefore the corresponding transition
rates are clearly larger than the other rates.rétmining part oM, relaxes roughly at
the rate determined by the transitions not invaJevel crossings [12 and its
Supplemental Material], the process being mostadstybhighly multiexponential. In the
previous study [12] the expressions (3) were ussalia this case, but with the
modification that in the spectral density functidiis, w, — w,) and](t, w; — 2w,) of



Rain the differencesv; — w, and w, — 2w, were replaced bw,/2 as soon as their
absolute values became smaller thajyy 2. In this way the effect of the fast
level-crossing transitions was removed from thalfstage of the relaxation. Rk, the
quite different replacement was done by repladmggmentioned frequency differences
by wq = 2m-160-103 1/s, when their absolute value became smaller tharThis is a
consequence of the quadrupole coupling, which catlesmallest separation between
the apparently crossing A and E species levelgtoflbhat magnitude.

The quadrupole interaction does not become cetelgltime-dependent via rotation
about the threefold methyl axis. Actually the fasthyl rotation averages the quadrupole
interaction to one third of its motionless valuedasonstrated for example by the
spectral data in section 4. When the acetone migetarts to move at higher
temperatures, also the remaining part becomesagttpartly time-dependent. This causes
an additional contributioRqy to the relaxation of the methyl deuterons, apprately
similar to Eqg. (2) above, but withrepresenting the molecular correlation time amd th
multiplier 1/15 replaced by a smaller one. The mmaxn value of this factor is 1/120
when the acetone motion makes the entire quadrepaoigling time dependent. In reality
the motion is not sufficiently isotropic and themes the multiplying factor is left as a
parameter.

In practice the analysis of the deuteron relaxagxperiments and the numerical
calculation proceeds in the following way. The metigation recovery after the
saturation is described by a sum of three expoalentiith adjustable weights;ywv,, and
ws and characteristic relaxation rat&sR, andRs for the fast, intermediate and slow
component, respectively. From the characteristesrave calculate limiting values

Len = JReR,, and Lo = \/R,R, as a function of temperature. We introduce four
parameters for a methyl group, the mean activarmargyA,, the distribution widths

and the numerical factors,land K. The methyl activation energy is definedAQy Aq +
JAA, where j=...-3,-2,-1,0, 1, 2, 3... 2ol is the incremental change. Then all the
needed quantities for calculating the methyl catreh timez and the relaxation rates
Rain andRei, are estimated as described above and in [12], tivéimentioned
modifications. A distributed activation energy Isaincluded to describe the motion of
the acetone molecule. Three additional parametgrsoa( and the pre-exponential
factor) are needed and the corresponding activati@ngy is defined by, = A +

kKAA', where k =... -3, -2,-1,0, 1, 2, 3... ahd’ is the incremental change. The
corresponding ratBno is then calculated. It is worth noticing thiyo at maximum
contains only the part 1/9 of the total relaxingveo of the methyl deuterons. Therefore it
is rarely taken into account, it was not consideneaur earlier studies, either [11, 12].
The individual total relaxation rate &, + Ryl (O Rein + Rnol)-

The corresponding weight is denoteg\w (5/9)wwy. The subscripts j and k refer to
methyl and acetone motions, respectively. For apdties methyl group the
corresponding weight isgy = (4/9)wwy. The multipliers 5/9 and 4/9 are related to the
fact that at thermal equilibrium the relative weaggbf the magnetizationd, andMg are
5/9 and 4/9, respectively. The weightgand vgj have still to be multiplied by the
numerical factor w which means the probability of occupation of tketain position by
an acetone molecule in zeolite. This factor equalg there are equally many methyl
groups in two non-equivalent methyl positiongissdetermined by the Gaussian
distribution for the methyl activation energyas

w; = exp[—(jA4)?/20%]/ X exp[—(jAA)? /267] 4)



A similar expression is used for the weight which is related to the activation energy
distribution of the acetone molecule. Finally theained value for example for the
characteristic rate of the intermediate comporent i

Rm = ankwn [Wllkjk(RAin,j + Rmol,k) + W]’Ejk(REin,j + Rmol,k)]/wm (5)

where the corresponding relative weightwg, = ankWn(WAjk + ngk). The prime as a
superindex in weights means that only such totakedion rates are taken into account,
which fall betweerns, andLns The weights and characteristic rates are caledilas a
function of temperature and compared with the @rpamtal ones, then the 11 parameters
are changed somewhat to reach a better agreentbrntheiexperimental data until the
best possible agreement is reached. The resullifpdameters describe the rotational
motion of the acetone molecule and its two methglgs in the zeolite.

Actually the mentioned relative weights are peamatic in the level-crossing region. It
is all right to use the relative weightw= (4/9)wwj for the E species methyl groups
when w, is much smaller or larger than,. However, features related to level-crossing
transitions, whenw, is of the same magnitude ag, are very difficult to observe even in
single crystals, where the activation energy distion is very narrow. In the presence of
a broad distribution almost no signs of level crog€an be observed in the relaxation,
the maximum effect being a small increase in therall/relaxation rate within a certain
temperature range. Therefore, the multiplier 4t@dslarge in this region. The practically
vanishing spin diffusion between deuterons of nleaghing CQ groups at low
temperatures invalidates the normal theoreticalzdgons, which are based on various
spin temperatures [4-8]. In Supplemental Materialpresent, by using the results of
[29], a different but simple approach to calculde upper limit, to which the relaxation
process of the magnetization can proceed via fegast level-crossing transitions. It
turns out that ato, = w, and near it the fast relaxation recovers 10.2 $hetotal
magnetizatiorMeq, While atw, = 2w, the corresponding limit is 28.1 %. These modify
Eq. (5) causing the following changesRa, and the corresponding weighgwin the
region, where the tunnel frequenay lies betweenw,/2 and 5w, /2. Otherwise the
calculations proceed as described above,Rdgcand wj remain unchanged. Thus,

(a) whenw,/2 < w; < 3wy/2, one part of deuterons relaxes at the Rate+ Ry, With
the relative weight 0.102wy replacing wj in (5) andRginj equal to the unchanged
expression in Eqg. (3). Stilb, — w, is replaced byw, in the denominator of the spectral
density function](t, w, — w,) if the absolute value ab, — w, is smaller tharw,. For
another part the relative weight (4/9 — 0.102)wreplaces i in (5) andRein, is

modified so that the difference, — w, in the spectral density function is replaced by
wo/2.

(b) When3w,/2 < w; < 5wy/2, one part of deuterons relaxes at the Rate+ Rno,

with the relative weight 0.28%wy replacing wj in (5) andRein; equal to the unchanged
expression in Eq. (3). Stilb, — 2w, is replaced byw, in the spectral density function
J(t, w — 2wy) if the absolute value ab, — 2w, is smaller tharw,. For another part
the relative weight (4/9 — 0.281)m replaces i in (5) andReinj is modified so that the
differencew, — 2w, in J(t, w; — 2w,) is replaced byw,/2.

In calculations we used the valug/2r = 160 kHz.



3. Experimental details

Zeolites NaX(1.3) (supplied by Sigma-Aldrich)dadaY (2.4) (purchased from Linde
company) were activated situ in an NMR sample tube. The sample was first eviacla
at room temperature for 30 min, and then the teaiper was raised, at the rate of 5
K/min, to 700 K and kept there in vacuum for 1 heToses of (CE),CO were adsorbed
into the zeolite up to 100% of the total coverafjdl@ ions. The doses were determined
by controlling the acetone pressure to the accurad0 Pa. All the samples were sealed
in 24 mm long glass tubes with the outside diametam.

The NMR experiments were carried out over aeasfgemperatures regulated by the
Oxford Instruments CT503 Temperature Controlleh®accuracy af0.1 K. The static
magnetic field 7 T was created by the supercondgcatiagnet made by Magnex, and the
’H resonance frequency was equal to 46 MHz. The NivtfRe was mounted inside the
Oxford Instruments CF1200 Continuous Flow CryofRaise formation and data
acquisition were provided by Tecmag Apollo 500 Nkidhsole. The dwell time was set
to 1us. Then/2 pulse equal to @s assured the uniform excitation [30] for our 2B{zk
spectra.

NMR spectra were obtained by the Fourier Trams&tion of the Quadrupole Echo
(QE) signal. The sequences),—tq—(n/2)y—tep Were used, the pulse separation ttgne
being of the order of 50s. The timdy was adjusted by means of the home-designed code
for Tecmag console in order to optimize QE sign&nsity for each temperature. The
phase cycling sequence was applied and focusduedrlD signal cancellation in the
overall signal after the quadrupole echo sequdfmethe relaxation time measurements
we used the saturation—recovery quadrupole-echsemdquence
[(n/2)x— 7] "~tvar—(m/2)x—ta—(/2),~trep The relaxation measurements yielded a set of
signal amplitudes which directly led to the magregion recovery curvd,(t,a,). The QE
amplitudes at the maximum were recorded. In the cdson-exponential relaxation the
magnetization recovery was fitted into a combinatb three exponentialdf,(t) =
Yi—1-3M;[1 — exp(—R;t)] + ¢, by using the least-squares method. The sum
M1+M,+M3+co is equal to the equilibrium magnetizatiwh,. The parametendakes into
account that the saturation may not always be gerffée relative weights \are
calculated fromM;, for example the relative weightwf the exponential expRit)
equals w =Mj/(M1+ Mo+ Ms). In the case of biexponential recovery the tirin
containingMs was ignored.

Two temperature ranges with significantly diéiet molecular dynamics, above and
below a temperature defined ks are the common feature for molecules in confingme
Translational and rotational mobility drives théaseation process abovie and narrow
spectra are observed. Molecules become localiZlesvi. If Tsis determined from the
broadening of the deuteron spectrum, we obtaingbglts 164 K and 159 K for NaX and
NaY, respectively. However, multiexponential deaterelaxation may sometimes make
that determination somewhat uncertain. Alternayive¢ may defind's as the lowest
temperature, where the relaxation measuremenisoasgble by FID, thus QE methods
are applied belows.

4. Deuteron spectra



Taking into account a molecule with @groups one may expect a set of characteristic
spectra. For immobile methyl deuterons with lonigtional correlation timeg{ » 10°°

S) the Pake doublet is observed. The doublet sﬁaqnau&squalsz Cq (Cq = €*qQ/h),
what provides the value of quadrupole coupling tammts Rotation of the methyl group
leads to the doublet with the separation equglfl(I@. The appearance of a sideband is a

fingerprint of tunnelling rotation [2]. The asymmeparameten was taken equal to zero
in all these spectra. The spectra of acetongfCIW, as it will be shown below, consist
of spectral components with# 0 (Fig.1). That we consider as an evidence foctspke
averaging by torsional jumps. Respective spectth ayjump amplitude as a parameter
were calculated using WEBLAB package availablerdarnet [31].

Let us consider an acetone molecule in the Sarieeference frame, with the Z axis
parallel to the two-fold symmetry axis of acetotiei§ joining the C-O bond). The Y axis
lies in the plane containing the three carbons|eathie X axis is perpendicular to that
plane. Guided by experimental spectra we consatsianal oscillations about the
two-fold axis first. With the oscillation amplitud° we obtain the spectrum labelled as
(2) in Fig. 1. Additional rotational oscillationsitiv the amplitude 66.7° of the molecular
plane about the Y axis provide the spectrum (Z¥frig. 1. If the additional oscillations
take place about the X axis (instead of Y), theawi®d spectra do not resemble the
experimental ones. Torsional oscillations aboutdtaxis with the amplitude 79.5°, in
addition to those about the Z and Y axes, provigespectrum labelled (Z,Y,X) in Fig. 1.
All the spectra in Fig. 1 have the asymmetry patam&gnificantly different from zero,
n = 0.161 for the spectrum (4),= 0.606 for (Z,Y) and) = 0.322 for (Z,Y,X). These
spectra will be used in fitting the experimenta&pa. They appear with increasing
temperature and we will use in the following thevriabels It, mt and ht for (2), (Z,Y)
and (Z,Y,X), respectively. It is worth noticing ththe deuteron spectra with> 0 were
observed for acetones-th some inclusion compounds. The spectra obtaahéue lowest
temperature yielded the valge= 0.14, which is close to our value for the It cpem.
However, the interpretation of the asymmetry patem&as based on a deformation of
the methyl group structure, which is not convindi@g, 33].

4.1. Acetone spectra in NaX

We takels = 164 K as QE methods were applied in relaxatieasarements from 165
K downwards. However, in addition to narrow Gausssme other spectral components
were observed at 180 K (Fig. 2). Namely the comptmbkt and mt are clearly
recognizable. The component It appears at 120 Klamdnates the spectra on decreasing
temperature. Two Pake doublets, with equal 170 kHz and 105 kHz, respectively, are
visible in the spectra at the lowest temperatuhe fEmperature dependence of the
contributions of the spectral components is shawkig. 3. The Pake doublets exist up to
about 66 K, while the contribution of It remainqistant at 70% in this range. The
component mt increases systematically from aboit @p to about 45%, as does also the
ht component roughly above 35 K.

On the other hand the mt and ht componentsrasept from low temperatures.
Methyl groups are rotating in molecules subjectetbtsional oscillations. The
components mt and ht seem to emerge at the expéRsde doublets. The onset of
methyl rotation uncovered torsional degrees ofdoee. Inspection of the related
contributions discloses intensity transfer from Bake doublet witiCg = 170 kHz into
mt components (Fig. 3). The reduced quadrupolelocayponstant for the second Pake
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doublet may reflect an effect of torsional oscilas. That component converts into ht on
increasing temperature.

4.2. Acetone spectra in NaY

Representative spectra, measured below 15%kKsheown in Fig. 4. The spectral
component of tunnelling methyl groups dominate$\8i@% contribution at lowest
temperature. Two Pake doublets are also seenth@tboupling parametez = 177
kHz (30% contribution) an@q = 107 kHz (7%). The methyl tunnelling component is
visible up to about 50 K. The contribution of th@&der Pake doublet decreases
significantly above 40 K. The component It appedrabout 25 K. Its contribution
increases first at the expense of the tunnellimgpmment, then further increase comes
from the broad Pake doublet and finally it exce@@% at highest temperature. Other
spectral components play a marginal role (Fig. 5).

There is no visual evidence for torsional oatitins in the shape of the spectra of
tunnelling methyl groups. Potential hindering theitation is very low. On the other
hand, there are also sites where this potentglfigciently high to make deuterons
practically immobile. All methyl groups rotate al@o%0 K in molecules undergoing
torsional oscillations about the twofold symmetkysa

4.3. Compar ative discussion of spectra

Some of the spectral features in NaX and NaYthaut differences are naturally
related to acetone bonding and surroundings intesolt should be understood that the
observed spectral changes as a function of temperttke place over a relatively large
temperature range because of the broad activatiergg distributions.

The sample of NaX (Si/Al = 1.8) contains 85 acetmolecules per unit cell, located
probably mostly in supercages, and their numbealeghat of sodium cations. In the
case of NaY (Si/Al = 2.4) we have 56 sodium catioopensating the charge of equal
number of aluminium atoms in the zeolite framewdtketone molecules can be bonded
to sodium cations via the free electron pair ofgety. Such interaction is much stronger
in NaY than in NaX [34]. We have to consider alse hydrogen bonding of acetone
deuterons with the framework oxygen atoms. Thes@matre less negative in NaY than
in NaX due to a smaller number of AJ@trahedra, thus hydrogen bonds are relatively
weaker for NaY. The lower value &§ for NaY indicates the dominating role of the
hydrogen bonding in the process of acetone imneatibn. Similarly the value dffs for
CD3;OD molecules was found to be lower in NaY than aXN35], however the
difference inTs was significantly bigger. That may refer to a msignificant, competing
role of bonding to sodium cations in the case etame.

The mobility of methyl deuterons differs signéntly in NaX and NaY at lowest
temperatures. We have the dominating It comporn&h®4 at 20 K) accompanied by
remaining rigid deuterons in NaX. The componentdly be attributed to the acetone
molecules bonded to sodium cations at verticaltpos with respect to cage walls. There
is a potential with twofold symmetry for torsioradcillations. Acetone molecules at
other positions have methyl groups immobilizedhwdrogen bonds to framework
oxygens. There is a higher abundance of acetonecuek in NaX than NaY, mutual
interactions may be expected, and the twofold f@tkfor molecules in the vertical
positions may come from neighbouring molecules. ddwributions mt and ht are
visible for NaX from relatively low temperature,dathey increase systematically on
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expense of Pake doublets and It component abote Fihally mt and ht dominate the
spectra at highest temperatures, accompanied auasian component from
isotropically reorienting molecules.

Lower abundance of sodium cations in NaY may keanew local conditions as the
interaction with sodium cations is stronger and@oe molecules are located closer to
them. Most of acetones are found at horizontaltpos with one methyl group
immobilized and the second one relatively freestbxhibiting tunnelling rotation. The
spectrum of the tunnelling methyl groups domin&&€s% at 10 K), the remaining
contributions representing Pake doublets. The dariton of that component should
amount to 50 %, which is close to the experimevahle within expectable error. The
Pake doublet (177 kHz), with the contribution obab33 % at low temperature, starts to
decrease at about 33 K, but is still visible somaveibove 100 K. Due to a relatively
stronger bonding to sodium cations in this casetcm@ molecules are kept at horizontal
position more strongly. The component It startddaminate the spectrum above 40 K on
the expense of Pake doublets, with a related deei@ahe tunnelling methyl component.
Thus on increasing temperature acetone molecuées 8echange their orientation with
respect to the cage walls from the horizontal tbica position.

5. Spin—lattice relaxation of acetone deuterons iNaX and NaY
5.1. Experimental results for NaX and NaY

The fitting of the magnetization recovery curvath three exponential functions
leads to numerical values for the three relaxata@sR, and the three relative weights w
The results are shown in Figs. 6 and 7 for NaXiarklgs. 8 and 9 for NaY. Above 85 K
in NaX and 140 K in NaY two exponentials were stét to describe the growing
magnetization quite accurately (Figs. 6 and 8).

In NaX the relaxation rate of each exponenafdd called component) increases at
first when temperature is lowered, reaches a flatimum between 60 K and 33 K and
then starts to decrease. The maximum of the smeadieeRRs is narrower than those of the
fast and intermediate componem®sandR,, respectively, and occurs near 60 K. The
weight w of the fast component shows a maximum near 38Hle w, is practically
constant at higher temperatures and then decrstesetly with temperature. The weight
Ws shows a minimum near 40 K but then grows steddily.5 near 21 K. In the
two-exponential region both the rates decrease wdmaperature is raised. The weight of
the faster component shows a maximum near 115 K.

In NaY the relaxation rate of the fast compori&mtcreases at first when temperature
is lowered and becomes then practically constdoibé?7 K (Fig. 8).R, is almost
independent of temperature, whitedecreases at first with temperature and becomes
then nearly constant. The weightlmas a maximum near 63 K (Fig. 9), resembling the
variation of w in NaX. wy, decreases at first with temperature but varieg slightly at
lower temperatures. ydecreases at first slightly with temperature, shavbroad
minimum and then starts to grow below 63 K. Intthke-component region above 140 K
the relaxation rate of the fast component increastétstemperature, while the variation
of the slow component is clearly smaller. The wemfithe slow component increases
with temperature and is nearly 90 % above 150 K.

5.2. Calculations and discussion for NaX
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The numerical calculations require the limitwveguesLg, = \/R(R,, and L,s =

R Rs, which were calculated for each experimental taatpee. Their logarithms were
fitted with polynomial functions. In simulations wsed the quadrupole coupling
frequencyvy = wq/2m =160 kHz.

As described above, we at first define the patarnsA,, o, K, and K for two clearly
non-equivalent positions of the methyl group oftane molecules in NaX (altogether 8
parameters). In addition, three paramefgrs and the pre-exponential factor, are needed
to describe the correlation time of the acetonatian. The methyl activation energy is
defined byA = Ay + JAA, the quantitieg\, wy, w,, and w, are obtained as described
above and in [12], the correlation time is calcatbfrom Eq. (1), and finally the
individual relaxation rateRain andRgi, from Egs. (3) (with modifications explained
above). The relaxation rak, is obtained from the modified equation (2). The
comparison of the total relaxation raig + Ry andRein + Ryo With the limiting values
L+ andLms defines, to which component this total relaxatiate contributes. When all
the important points of the activation energy disttions (the weight must be sufficiently
larger than zero for being important) have beeendhkto account, we obtain numerical
values for the three relaxation raRsR,, andRs and the corresponding weights. These
are compared with the experimental rates and wsiginid then some or all of the
mentioned 11 parameters are adjusted and new meahdropefully better, values
obtained foR;, Ry, andRs and the weights. This procedure is repeated sy hraes that
the best possible agreement is obtained betweasrimgntal and theoretical results.

It was mentioned above that if the acetone matiakes the quadrupole coupling
completely time-dependent, then Eq. (2), with thdtiplier wé/lS replaced by
w6/120, can be used for calculating the contributionhef &cetone motion to the
deuteron relaxation. In NaX and NaY the deuteratsp show that the fast oscillations
of acetone about its Z axis (augmented at highepégatures by oscillations about the Y
and X axes) dominate the acetone motion over a teitgerature range. If the jump
angle about the Z axis (the twofold axis of thet@se molecule) were 180°, the multiplier
would be w/180. But the angles are much smaller and thereforethis relaxation
effectiveness must be smaller. It turned out thalmultiplierwé/360 was the best
choice. Actually acetone motion is slower than ngletbtation and thus does not
contribute much to the total relaxation rate uaitibve 90 K. More reliable information
about it is obtained from the experiments betwdeiK @nd 170 K. There the relaxation
curves could be described quite accurately withéwonentials. Our method was
modified for that case. The high-temperature enouofresults in Figs. 6 and 7 shows
both the experimental and theoretical resultsiHes¢ temperatures.

When comparing our simulated results with expenit we realise that both the
calculated relaxation rate and weight of the fashgonent agree rather well with
experimental data. Also the corresponding quastifethe intermediate component
agree satisfactorily. In addition, the rates andyivs for temperatures between 80 and
170 K agree with experimental results. The caledatlaxation rate of the slow
component agrees reasonably with experiment befoi But exceeds it somewhat at
higher temperatures. Also the corresponding weaght¢es with experiment only at few
discrete temperatures. Table 1 gives the bestfarpeters for the methyl and acetone
motions.

Our simulations require altogether 12 paranseighen also the multiplier of Eq. (2)
is taken as a parameter. However, we have alsdepandent data sets: 3 relaxation
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curves for temperatures 20 K — 80 K, 2 relaxatiorves for 80 K — 170 K, 2 weights for
20 K- 80 K, and finally 1 weight for 80 K — 170 Khese all should be explained by the
model depending on 12 parameters. Thus there are data sets per parameter than in
the conventional case of exponential relaxatiorgnalthe correlation time is determined
by the activation energy of the Arrhenius equatad the pre-exponential factor.

We tried if a reasonable agreement between ewpet and calculations could be
obtained by assuming both the methyl groups oatteone molecule practically
equivalent. Then only one set of paramefetss, Ky and K is needed to describe the
methyl rotation. It turned out that the best fildaned this way were not as satisfactory
as those shown in Figs. 6 and 7. Larger deviatbaesirred especially in the weights of
the intermediate and slow components.

5.3. Calculations and discussion for NaY

First numerical calculations were done as diesdrfor NaX by assuming two clearly
non-equivalent positions, with equal populatios,rhethyl groups. In the
two-exponential regime between 140 K and 160 Kréthexation rates and weights agree
rather well with experiment. Also in the three-erpntial regime the fast-component
guantitiesR; and w are acceptable. But the discrepancies start Wwéhrtermediate
component and are largest with the slow comporidmarefore two non-equivalent
methyl positions with equal populationg w2 do not provide an acceptable
interpretation.

Figures 8 and 9 show that about 1/6 of the densein NaY relax practically at a
constant rate equal to 0.1 1/s below 70 K. It asomable to believe that this rate is
determined by spin diffusion, related to the maigngipolar interaction between the
deuterons of the two methyl groups in the acetoakecnle. The shortest
deuteron—deuteron intermethyl distance is congistéh this claim. Therefore, no
individual relaxation rat&gin + Rmol *+ Rspin diffusion OF Rain + Rmol + Rspin diffusioncan be
smaller than 0.1 1/s. We still assume two cleady-equivalent positions for the methyl
groups, corresponding to clearly differety andc values, but now the corresponding
occupations are taken equal to 5/6 and 1/6. Bygusivery broad activation-energy
distribution for methyl rotation in the more popi#ld position, we obtained remarkably
improved fits represented by continuous curvesgs.F8 and 9, corresponding to the
parameters given in Table 1. The difficulties conagg the relaxation rate and weight of
the slowly relaxing component are practically reexdvThe largest deviations occur in
the weight of the intermediate and slow componetdvs 50 K.

The acetone molecules containing faster rotatiethyl groups were assumed to
oscillate and thus contribute Ry There may also be an oscillatory contributiothi®
relaxation rate of the slowly reorienting methybgps, but it is masked by the dominant
effect of the methyl rotation.

We tried also a model in which there are thitearty non-equivalent methyl positions,
the relative occupations being roughly 2/12, 5/4@ /12, respectively, for the methyl
groups reorienting at slow, intermediate and fesjdencies. The majority of the
relaxation rates and weights remained practicaligat, but clear improvements were
obtained in the weight of the intermediate and stomponent below 50 K. The
improved fits are shown by broken curves in Fignél the corresponding parameters in
Table 1. It is worth noticing that the two activatienergy distributions of these fits, with
the equal woccupations 5/12, cover practically the same eesw@s the rather broad
distribution corresponding to 5/6 (83 %) of the @eans in the fit represented by
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continuous curves in Figs. 8 and 9. This seemadgest that the true distribution is
flatter than a Gaussian distribution and is theeettescribed more successfully by two
Gaussians. Thus a very satisfactory fit is finalbgained, but at the expense of
introducing three additional motional parameterd ane population parameter.

We varied the woccupations to some extent and found that for @kauthe
populations 0.17, 0.33 and 0.50 lead practicallgoally good fits, with small deviations
in the low temperature weights,vand w. Furthermore, the occupation weight 0.17
agrees reasonably well with the combined contrdvutf the Pake (rigid) doublets,
which decreases through 17 % near 80 K (Fig. 5).

Actually the slowest component between 65 K B2@ K, with the weight 17 %,
transforms with rising temperature to the fastxiglg component aboves, which was
also observed to have the weight 17 %. On the ¢thed, the fast and intermediate
components combine to one slower component invibesixponential region above 140
K. By using the same parameters as in the thregzonent region, the relaxation rate of
this slow component can be extrapolated up to 2{€dérly higher thaiis), in excellent
agreement with the relaxation data for the domicantponent there [10]. This supports
the applicability of the present procedure.

It can be derived from the calculations of Clowg al. [27] that normally the
multiplying factors k and K in Eqg. (1) do not differ very much from 1. For Dfthe
deuterons in NaY we had to use for these factang srmall values 0.001 and 0O,
respectively (see Table 1). Therefore, these denserlo not seem to behave like
“normal” methyl deuterons. Furthermore, their ctatien time around’s seems to
shorten faster than that given by the activaticergyin Table 1. These features may
indicate that the bonds which make the correspanehathyl groups practically rigid
below 70 K, are breaking above this temperatureespecially neafs, leading to rather
freely rotating methyl groups at higher temperatufiénis is also consistent with the
claim that the acetone molecules at these highdestyres are bonded only to Na atoms
via oxygen, which allows torsional oscillations abthe twofold axis, in perfect
agreement with the spectral results.

The motional parameters of Table 1 can be usedltulate the relative number of
methyl groups with the tunnelling frequency largen 1 MHz. This portion at 20 K
and below is about 50 %, in a good agreement \Wwihspectral result.

6. Conclusion

We have applied the rather recently introducethad [11, 12] for explaining the
non-exponential deuteron relaxation of methyl ggapacetone molecules in zeolites
NaX and NaY. Our starting point here is the assionghat there are essentially two
kinds of non-equivalent methyl positions with clgatifferent mean activation energies
Ao, but in each position there is a distribution cfivation energies described by the
width 6. The Mathieu equation together with some parammetieable then the calculation
of the CI} rotational correlation time and the deuteron ratepn rate. The model was
improved in [12] to take into account the effecttud tunnel frequencw, and the fact
that at low temperatures the effective activatioargy decreases. In the present study we
calculated the higher limit for the magnetizationwth via so-called level-crossing
transitions. The success of the improved modedtiser good with our present samples
NaX and NaY containing deuterated acetone molectiiesnajor part of the calculated
guantities fall within the error limits of our exp@ents.
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The method itself is complicated and dependseweral approximations, which
makes it difficult to find out, what would be theost effective further improvement. One
problem is that our calculations use the initigxation ratefRain andRegj, to describe the
growth of each component of the non-exponentialxagion, although in principle
somewhat smaller “average” rates would give a bétterhis error could be corrected
for in principle, but in practice it would leadaduge increase in the computing time. The
calculated relaxation rate for the intermediate gonent of NaY, which is consistently
somewhat larger than the observed one, is beligvddrive from that. Another
possibility, which would reduce the mentioned dawig is the use of somewhat smaller

limiting values instead of.s,, = /R{R,, andLns An additional question is how well the
activation energy distributions follow the Gaussistribution. There is also some
scatter in the experimental rates and weights vilnese exponentials are fitted to the
relaxation curves. In any case the discussed meashihé only one so far, which can be
applied when the methyl tunnelling frequenciesraar the resonance frequency. It can
also be used when there are methyl (or other) groupwo or more distinctly
non-equivalent positions. Furthermore, small diganeies between experimental and
theoretical results cause only small errors inattévation energies as far as the
experimental and theoretical data show the sampamature dependence.
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Table |

Motional parameters for methyl groups and acetoakecnles in NaX and NaY zeolite

zeolite | methyl groups two species three species Acetone
occupation 1/2 1/2 molecules
Ao (kJ/mol) 3.0 4.9 10.5
o (kJ/mol) 0.4 0.7 2.2
NaxX— Tk, 40 | 40
K| 0.3 0.3
7 (10 s) 3.0
occupation 5/6 1/6 5/12 5/12 2/12
A (kJ/mol) 5.2 8.2 4.3 7.0 7.8 10.0
Nay Lo (kd/mol) 1.4 1.8 0.6 1.0 1.7 1.7
Kn 1.5 0.001 1.0 6.0 0.001
K 1.0 0 1.0 1.0 0
% (10 s) 1.0
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Figure captions

Fig. 1. Deuteron NMR spectra of acetongvdth internal rotation of methyl groups,
performing consecutive torsional oscillations alibute perpendicular symmetry axes of
acetone molecule. See section 4 for details.

Fig. 2. Deuteron NMR spectra of acetongha NaX at 100% loading.

Fig. 3. The relative contributions of spectral componeritgoetone-gin NaX zeolite as
the function of temperature: Pa#leublet withCq = 105 kHz (filled circles), Pake
doublet withCq = 170 kHz (open circles), component It (open glas), component mt
(open diamonds), component ht (filled triangleQu&sian component (crossed circles).

Fig. 4. Deuteron NMR spectra of acetonghad NaY at 100% loading.

Fig. 5. The relative contributions of spectral componertgoatone-gin NaY zeolite as
the function of temperature: Paleublet withCq = 107 kHz (filled circles), Pake
doublet withCq = 177 kHz (open circles), tunnelling methyl groyfiéed squares),
component It (open triangles), component mt (opamdnds), component ht (filled
triangles), narrow Gaussian component (crossetksjrand broad Gaussian component
(stars).

Fig. 6. The observed relaxation rates R, andRs as the function of temperature for
acetone-glin NaX. The continuous curves represent the besirfiulated results.

Fig. 7. The experimental weights of the fast, intermedzsete slow components of
acetone-glin NaX, together with the simulated weights.

Fig. 8. The observed relaxation rates R, andRs as the function of temperature for
acetone-glin NaY. The continuous curves represent the besinfiulated results.

Fig. 9. The experimental weights of the fast, intermedsaté slow components of
acetone-glin NaY, together with the simulated weights. Tlaslted curves show the
simulated weights when three clearly non-equivateathyl positions are used in the
model (section 5.3).
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Non-exponential deuteron spin—lattice relaxatiod aativation energy distributions
The effect of a large tunnel splitting and decnegsictivation energy on relaxation
Simulation of relaxation rates in a wide rangeeshperature

Acetone in zeolites NaX(1.3) and NaY(2.4)

Effects of methyl rotation and rotational jumpsacEtone on deuteron spectra



Supplementary Material to the article:

Acetone mobility in zeolite cages with new features
in the deuteron NMR spectra and relaxation

E.E. Ylinen, M. Punkkinen, A. Birczynski, Z.T. Lalowicz

Deuteron spin—lattice relaxation in CDs near the level-crossing conditions

Here we will figure out, to which extent the total deuteron magnetization Mz of CD3 groups
relaxes via level-crossing transitions. For that purpose the starting functions have to be defined. We
use the same spin—rotational functions as in the study [12] and its Supplemental Material. The spin
functions are expressed utilizing symbols like (101), which means that the spin states of the three
methyl deuterons u, v and w are m = 1, 0 and —1, respectively. We use the same spin functions as in
Supplemental Material of [12].

Saz = (111)

Saz = (1/¥3)[(110) + (011) + (101)]

Sar = (1/V3)[(11-1) + (-111) + (1-11)]

Sa = (1/v3)[(001) + (100) + (010)]

Sao = (1/V6)[(1-10) + (-110) + (01-1) + (0-11) + (-101) + (10-1)]

Sho = (1/V6)[(1-10) — (-110) + (01-1) — (0-11) + (-101) — (10-1)]

Sao = (000)

Seaz = (1/V3)[(110) + £(011) + £*(101)]

Sgar = (1/V3)[(11-1) + &(-111) + £*(1-11)] (S1)
Star = (1/v3)[(001) + £(100) + £*(010)]

Sgao = (1/V6){(1-10) + (-110) + £[(01-1) + (0-11)] + £*[(-101) + (10-1)]}
Stao = (1/V6){(1-10) — (-110) + £[(01-1) — (0-11)] + &*[(-101) — (10-1)]}

where e=exp(i2m/3). The spin functions for the negative values of m are obtained from (S1) by
interchanging 1 and —1. By interchanging € and €” in Sg,,, and S, we obtain the corresponding
Skbm and Sg,,,, functions.

Some of these functions are also eigenfunctions of the total spin, namely S,,,, (m = £3, £2), Sx,,
SEa0s SEa0» Seno @nd Sgpe. However, the functions (S1) are simultaneous eigenfunctions of the
rotational, Zeeman, and secular quadrupole Hamiltonians as far as w7 < 1 [3]. Therefore, they are
just proper functions for relaxation considerations. Furthermore, as simple combinations they are
easy to use. At low temperatures corresponding to wat > 1 the non-secular quadrupole coupling
mixes some of these functions. The resulting changes in the degree of the fast magnetization
recovery are expected to be insignificant.

The threefold rotational symmetry of the methyl group requires that the A, E? and E® species spin
function has to be multiplied by the A, EP and E? species rotational function, respectively, to obtain
an A species spin—rotational function. The obtained product functions are labelled with the indices
of the spin functions.



The rotational eigenfunctions were calculated from the Mathieu equation and the results were
used in the evaluation of the correlation time (1). However, for the following considerations of the
fast magnetization recovery the accurate values of the rotational functions are not needed.

The matrix elements of the quadrupole interaction between these eigenstates, and also the
corresponding transition rates, were calculated in Supplemental Material of [12]. There are
altogether 14 different transition rates but only 4 of them are related to level crossings

9 K
Reae1 = = w3[BS | T(w — wo)

9 2
— (-2)
Ra-2 = 27 0§[B | 15 00— 200)
(52)

the remaining 2 rates Ruy-1 and Ry—2 being obtainable from Ri.—1 and R by replacing Bé;m) by

B](agm). The correlation time T is equal to the inverse of ki, the damping rate of the tunnelling
coherence [28]. The orientation dependence of these rates is obtained from Table 3 of [29]

2
|B](3;1E)b = % [3 F 6¢c — 3c? + 8¢ + 2¢* + 2v2(a? — 3b?)(2acFa)]

2

|B](5;2E)b = E;il [3 + 6¢2 F 8c® — c* — 2v2(a% — 3b?)(ac F a)]

(S3)
where the upper signs are for Bf:;m) and lower signs for ngm). The direction cosines are
a =sin6 cos ¢, b = sin 8 sin ¢ and ¢ = cos 6, where the azimuth and phase angles 8 and ¢ define
the direction of the external magnetic field in the CDz fixed coordinate system, with the z axis
parallel to the methyl axis and one of the C—D bonds lying in the xz plane. It is worth noticing that
both Rp-1 and Ri— vanish when ¢ = 1 (eg. the magnetic field is parallel to the methyl axis).

Let us consider the situation that the tunnel frequency w, equals 2w,. Fig. 1S describes the energy
levels AM and E2M for that situation when the quadrupolar shifts are ignored. Of course the EPM
energies are equal to the E*M energies although they are not mentioned explicitly. The level A0 is
not shown because it is not connected to other levels via the level-crossing transitions in the present
case. The inclined lines define the population of each level at thermal equilibrium according to the
Boltzmann distribution

NEaM = NEbM = Pexp[—h(a)t - M(A)O)/kT] = P(l — 26 + MS) and NAM = P(l + MS) (84)

Here P is the normalizing constant and 6 = hw, /KT = hw,/2KT.

Immediately after the saturation of the deuteron magnetization the populations are Nam = P and
Neam = Neom = P(1-23) and they are described by the vertical broken lines. Simultaneously the
relaxation starts and it is dominated by the level-crossing rates Ri.—2 and Ru-2; actually we ignore
totally the remaining rates. The AM and E*M” levels are connected only by Ri.—> = R; the latter
symbol being used for brevity. R is drawn between all the states, which it connects (see Table 1 of
Supplemental Material of [12]). In addition, a dotted line is drawn between the states E?2 and A’0 to
show that R connects also these states. Furthermore, the rate Ru,—> connects the corresponding EPM’
levels to AM levels. Thus for example the levels E?0, EP0, A—2, E**0 and E°’0 are connected and
the mentioned rates equalize their populations fast. Immediately after the saturation the sum of



these 5 populations is P(5 — 83). After the fast equalization the populations become
NEeao = Nevo =Na—2 = Neao = NEevo = P(1 — 88/5). Similarly the other populations can be calculated.
The total deuteron magnetization is

Mz/yh = 3(Na3 — Na-3) + 2 (Na2— Na—2) + (Naz — Na-1) + (Na'1 — Na-1) + 2(Nea2 — NEa-2)
+ 2(Neb2 — Neb-—2) + (NEat — NEa-1) + (NEbz — Neb-1) + (NEa't — Nea—1) + (NEv't — NEp>—1).
(S5)

A!
4Po

P(1-25) P P(1-25) P

Fig. 1S. Energy levels Am, A'm, E®m, E*'m and the fast transition rates proportional to R = R,,_, for

w, = 2wy and § = hwy/kT. The levels EPm, E®'m are equal to the corresponding E* levels. The inclined
lines and the vertical broken lines describe the populations at thermal equilibrium and just after the
saturation, respectively. The line lengths represent the populations after the completion of the fast relaxation.
The level A”0 is not shown.

When the obtained populations are inserted into this expression, the magnetization will be M,/yh =
(76/5)Ps after the fast relaxation. At thermal equilibrium the magnetization is Meg/yh = 54P3. Thus,
when w, = 2w,, the level-crossing transitions can create the magnetization equal to (38/135) Meq =
0.281Meq before the other transitions have caused any significant changes in the populations. This
value is actually the upper limit because the rate R = R vanishes when the magnetic field is
parallel to the methyl axis. Similar calculations show that at the level crossing w, = w, the
transition rates Ri.—1 and Ryp-1 can create the magnetization 0.102Meg.



