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Reorientational Dynamics of Cyclohexadienyl Radicals in High-Silica ZSM-5
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The avoided-level-crossing relaxation of a polarized muon spin-label was used to investigate the reorientational
dynamics of muonated cyclohexadienyl radicals in NaZSM-5 with,&Q0; ratios of 670 and 900 and
loadings of one and two benzene molecules per unit cell. It was found that on a critical time scale of about
50 ns the radical performs fast uniaxial rotation about the axis perpendicular to the molecular plane.
Superimposed on this there is a two-site jump motion between two orientations that differ by an angle of
110 and 1.0 kJ molt in energy. This causes increasing averaging of the orientations above 50 K. It is
particularly extensive but still not isotropic in a temperature range between 200 and 450 K. Below 50 K, the
uniaxial rotation slows down below the critical time scale of the experiment, and below 20 K any motion is
frozen. It is suggested that such a high reorientational mobility is possible only for the radicals occupying
sites at the channel intersections. Above ca. 450 K, the reversible appearance of new broad spectral features
suggests that new sites with much lower mobility become thermally accessible. These may be located inside

the channels.

1. Introduction lished). The dependence of these phase transitions on temper-
ature and on the type and the loading of the guest molecule has

fto be considered when data from different investigations are

paramount importance for the performance of catalytic pro- compared; but also the aluminum content of the ZSM-5 structure

cesses. This holds for the translational mobility, as reactantsplays arole, and the various techniques probe the dynamics on

have to reach the active centers and products have to diffuseduite different time scgles. . _ )

out of the porous structures. It is the basis of the efficiency of  The present work is concermed with the reorientational
the catalyst. Reorientational mobility is a measure of similar dynamics of the cyclohexadieny! radical which differs from
spatial constraints and of specific interactions. For transient P€nzene only by an additional hydrogen atom (in the present
intermediates, in particular, it influences transition-state selectiv- WOrk by the light hydrogen isotope muonium). It is an open-
ity and reaction pathways in general. shell species, but apart from this it is planar like benzene and

Reorientational dynamics of diamagnetic molecules in zeolites ONlY slightly elongated in shape; thus, unless there is a specific
has been studied mainly by means of nuclear magnetic cheémical interaction due to the unpaired electron, one would

resonance and by quasi-elastic neutron scatterfrigt Monte expect a very similgr dy_namic behav_ior as for benzgne. The
Carlo and molecular dynamics calculatibeve contributed ~ €XPerimental technique is that of avoided-level-crossing muon
much to a detailed understanding. To reduce complexity, SPin resonance (AL@SR), a special variant of magnetic
investigations have concentrated on simple molecules of high "ésonancé;°which interprets the relaxation of a polarized muon
symmetry and on a few well-defined zeolite structures. One spln-lab_el in the rqdlcgl as a function of a Ionglltudlnally applled
of the best known systems is that of benzene in silicalite I, the Magnetic field which is scanned through avoided crossings of
siliceous form of ZSM-5 with MFI structure. At least three Magnetic energy levels. The technique has proven to be very
locations have been suggested as the adsorption site for aromati€®NSitive to reorientational dynamics on a critical time scale of
molecules in the MFI framework: the zigzag channel, the the inverse hyperfine anisotropy, which is typically of the order
straight channel, and the intersection between th&nThe of 50 ns?

benzene molecules fit snugly into the channels which are of

slightly elliptical cross section with a diameter of ca. 0.55 nm. 2. Theoretical Background

At saturation, a maximum of eight molecules can be accom- . .
modated per unit cell, but only four intersections are available. . 2.1. Mlions and Muonated.Spec!esThe positive muor}z(+)

The situation is complicated by phase transitions between three'> @ SPIN l2 elementary particle with a mass'of one-ninth the
subtle polymorphic modifications of the structure which may proton mass. Itis avalla}ble at the ports_ of §U|tab|e acceleragors
be monodlinic (MONO) or orthorhombic (in two forms for in the form of beams with a spin polarization close to 100%.

. L _Like the proton it forms a bound state with an electron. This
which the designations ORTHO and PARA have been estab has been dubbed muonium (Ma z*e-). Since its reduced

*To whom correspondence should be addressed. e-mail Roduner@ Mass and its ionization potential are within 0.5% the same as
indigo01.chemie.uni-stuttgart.de. those of H, its chemical behavior is also the same as that of H,

The host-guest interactions and the mobility of reactants,
intermediates, and products of reactions in zeolites are o
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except when its mass leads to a vastly different dynamics andThis resonance depends solely on muon hyperfine parameters.

thus to a large kinetic isotope efféédt.Mu is thus in a chemical
sense a light isotope of hydrogéh.

In the experiment, energetic muons are implanted into the
sample of interest, where they slow down. They may end up
as thermal muons in a diamagnetic environment, or they may
capture an electron from the medium or recombine with one of
the ionization electrons close to the end of their thermalization
tracks to form Mu. Depending on the medium, Mu may be
observed directly, or it may react to form a muonated molecule
or radical.

Of relevance in the present context is its addition to benzene,
forming a cyclohexadienyl radical

CgHg -+ Mu — C;HMu 1)

in which the muon is substituted in the methylene group as a

It is observed only under anisotropic conditions, where it is most
intense, and it is absent in the liquid or gaseous phase where
the dipolar interaction is averaged to zero due to the rapid
collisional reorientation of the radical. The presence of this
resonance is thus a most sensitive indicator for anisotropic
conditions and its shape and width for the nature of the
averaging motion. The critical time scale for the averaging
process is given by the inverse of the hyperfine anisotropy, for
axial system$27Dp|, whereDp is the perpendicular component
of the anisotropy in MHz.

(iii) Az resonances correspond to muon proton spin-lip
flip transitions which arise from terms of the ty&lg and
S'l, in the dipolar part of the Hamiltonian. They are narrow
and of low intensity and therefore of no practical importance
for disordered systems.

polarized spin-label. It has been used to study the structures FOr liquids and static single-crystalline systems, the reso-

of substituted cyclohexadieny! radicafstheir reaction kinet-
ics,* their translational diffusion on the surface of spherical
silica grains!® and their interaction with copper ions in ZSM-5
zeolitel® Here, it will allow the investigation of the radical
reorientation dynamics in high-silica ZSM-5.

2.2. The ALC-uSR Response.The experimental sample is
placed in a magnetic field parallel to the orientation of the muon
spin in the beam. In general, the spin systems in high fields

nances are of Lorentzian shape. For powders there is a
distribution of resonance fields due to the orientation dependence
of the effective hyperfine interaction, giving rise to typical
powder patterns.
2.3. Hyperfine Interactions in CsHgMu. The Mu adduct

to benzene was one of the first muonated radicals to be observed
directly” Since then, a large number of singly and multiply
substituted muonated cyclohexadienyl radicals were observed

are represented by pure Zeeman states. Thus, there is n@o that substituent effects @k, are well understoodt They

evolution of spin polarization, and the information of interest,
the time-integrated muon polarization, is given by the initial

follow the same trends as those of H-substituted analogues, and
there is a strong correlation betwegnof the cyclohexadienyl

muon polarization in the beam. The situation changes nearradical andA, of the a-proton in substituted benzyl radicals,

avoided crossings of magnetic energy levels that belong to

which demonstrates the isoelectronic character of the two

different muon spin states. The eigenstates are then mixturesspecies.

of Zeeman states, which leads to oscillation or relaxation of
muon spin polarization and hence to a decrease of its time-
integrated value. This is the origin of ALZSR resonances in

a plot of the polarization against field.

Compared with the methylene proton coupling igHg, the
muon coupling in @He¢Mu is larger by the ratio of the muen
proton magnetic moments,/u, = 3.1833, and on top of that
by a further factor of ca. 1.20. The latter is called the intrinsic

Three types of resonances corresponding to different SeleCtionisotope effect and ascribed to the-®lu bond length which

rules are expected to occur for a mualectror-nuclear system
with corresponding spin operatoks S, andl,.%10

(i) Terms of the typeS*l, andS™I} or (71, andS*l,) in
the spin Hamiltonian lead to muetproton spin flip-flop
transitions in which the spin polarization oscillates between the
muon and one of the protons. These terms arise from the
isotropic part of the hyperfine interaction, and thus the corre-
spondingA, resonances (abbreviation fam, + Am, = 0)
are seen for radicals in the solid as well as in the liquid and
gaseous phases. They occur at resonance fields givén by

A AL A+A

207, = 7p) 2ye

B(Ag) = )

where for isotropic media,, and A, are the isotropic muon
and proton hyperfine interaction constants in MHz andy,
andy. are the muon, proton, and electron gyromagnetic ratios
(135.5 MHz T, 42.57 MHz T'%, and 2.8025«< 10* MHz T,
respectively). For anisotropic medis, andA, are theeffectve
hyperfine interactions which depend on the orientation of the
hyperfine tensor in the external field.

(i) Terms of the typel;r or I, which are found in the
dipolar part of the hyperfine interaction Hamiltonian, give rise
to a muon spin flip transitiod; att

A

2ye

A,

Br(Al) = 2,}/
u

3

owing to anharmonicity of the potential, is larger than that of
C—H by ca. 5% in the vibrational averagg.

ALC-uSR led to the determination of the isotropic proton
hyperfine coupling constants insBsMu and, most remarkably,
in 13C-enriched samples of the carbon hyperfine couplings,
including their temperature dependent®®. Not unexpectedly,
a study of the radical in the gas phase led to very similar
coupling constantd. Significant progress was also made in
guantum chemical calculations of the coupling constants, which

for delocalized radicals has always been a particular chalnge.

An orientation-dependent single-crystal study allowed the
determination of the muon hyperfine anisotropy in the Mu
adduct to durene, the muonated 2,3,5,6-tetramethylcyclohexa-
dienyl radical® As expected, it was found that a large positive
principal component of 8.15 MHz was oriented approximately
along the G-Mu bond, at an angle of 25with respect to the
molecular plane. It was nearly balanced by a negative out-of-
plane component 0f9.05 MHz, leaving only a small in-plane
principal component of-0.9 MHz. Considering that the four
methyl groups reduce the spin population in the ring by
approximately 13%, we arrive at estimated principal values of
+9.4,—10.4, and+1.0 MHz for the unsubstituted cyclohexa-
dienyl radical. These numbers agree well with the theoretical
values, scaled for the muon, 6{9.8, —11.6, and+1.8 MHz,
respectively??2 As well, the theoretical angle of 28 in perfect
agreement with the experimental determination. Knowing the
muon and the methylene proton values and their relative angle,
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Figure 1. Simulated ALCuSR spectra, showing thd; and the
methyleneA, resonances for approximate values of the isotropic and
the dipolar hyperfine coupling constants for a cyclohexadienyl radical.
Note the effect of the dynamics on the line shapes.

2.1

2.2

we can simulate the powder pattern of the and methylene
Ao resonances in the rigid limit. This is shown as the first entry
in Figure 1.

Experimental values for the dipolar part of the hyperfine
tensor for the cyclohexadienyl ring protons are not available.
Quantum chemical calculations show that the components
perpendicular to the molecular plane are small (MHz for
the ortho and para protons, 4 MHz for the meta protédhis
agrees qualitatively with the experimental determinations for
the ring protons of the benzyl radicil.

When the radical is assumed to perform fast uniaxial rotation

about an axis perpendicular to the molecular plane, we calculate

a parallel axial componerid, of —6.8 MHz (orDg = +3.4
MHz, second entry in Figure 1). For uniaxial rotation about
the long axis of the radical we obtaid, = +5.8 MHz. Since

this will reverse the high- and low- field sides and change the
width of the A; resonance, we expect to be able to determine
the preferred rotational axis from the line shape of the powder
spectra. Because the dominant principal components of the
dipolar tensor for the ortho and para protons lie in the molecular
plane, rotation about the axis perpendicular to the plane will
nearly average out the dipolar interaction, whereas a significant
anisotropy would survive on rotation about the long axis.

An axial line shape with a further reduced width would

indicate a more extensive averaging by a tumbling or wobbling

J. Phys. Chem. A, Vol. 102, No. 39, 1998593

have been reported for radicals derived by Mu addition to
norbornen# and to Go and Go.2”?® It was found that on
increasing the temperature tidg resonance of the dominant
MuCyo isomer and the Mu adduct to norbornene disappeared
as a small narrow vee. This was ascribed to an increase in
amplitude of the averaging motion which was always fast on
the critical time scale. In contrast, the corresponding resonance
of MuCqgo disappeared by broadening, demonstrating that on
warming the correlation time of the averaging motion passed
through the critical time scale of the experiment.

3. Experimental Procedures

Experiments were performed at the=3 beam line of the
Paul Scherrer Institute in Villigen, Switzerland, using surface
muons with a momentum of 29 Me¥And a polarization close
to 100%. A Wien filter removed decay positron contamination
from the beam before it was admitted to the sample. At an
intensity of the primary proton beam of 1 mA the muon flux
was of the order of 2« 10° s1. The experimental setup has
been described in detail previousi? but in short it is as
follows: The experimental sample was temperature controlled
in a flow cryostat or in an oven and mounted in the center of
a horizontal superconducting solenoid of 1 m length with a warm
bore of 20 cm diameter. The magnetic field was stepped
through a given range while being monitored with a Metrolab
NMR probe. Decay positrons were counted in two sets of
scintillation counters placed in the forward (number of counts:
Nf) and in the backward\y) direction of the sample with respect
to the incoming beam. The muon decay asymmetry, which is
proportional to the time-integrated muon polarization, is given
by (Nt — Np)/(Nf + Np). To compensate for the effects of
changing beam optics with field, the spectra were normalized
using a reference run obtained with a sample of the same design
and mounted in the identical position but containing plain silica
powder without organic adsorbate. The resonances were
fitted using the MINUIT 2 minimization prograr®® with a
powder line shape function that was described elsewAtere.

Two samples of ZSM-5 from CU Chemie Uetikon with $I0
Al,O;3 ratios of 670 and 900 were used. The zeolite was first
calcined at 770 K and then filled into a stainless steel cell with
a 50um foil as an entrance window for the muons. It was
then heated again at 600 K until a stable vacuum of the order
of 2 x 107° mbar was obtained. Loadings of 1.1 wt % in ZSM-
5/900, corresponding to approximately one molecule per unit
cell, and of 2.3% in ZSM-5/670 were prepared by adsorbing
defined amounts of degassed benzene at room temperature
before sealing the sample.

4. Results and Discussion

The relevant sections of the ALZSR spectrum obtained at
298 K with a loading of two molecules of benzene per unit cell
are shown in Figure 2. We find th®&; resonance at 1.8868 T,

type motion. The effect may be simulated by a Monte Carlo and threeAo resonances at 2.0808, 2.8962, and 2.9584 T. From
technique, assuming reorientational jumps according to a giventhese values we deduce isotropic coupling constants of 513.8
model and with a certain correlation time?> An example MHz for A, and 124.9,-26.3, and—37.8 MHz for A, of the

assuming reorientational jumps with an average tip angle of methylene, the ortho protons, and the para protons, respectively.

the axis of 30 is shown in the third entry of Figure 1 for two
different correlation times. Most remarkably,rzaof 100 ns
leads to a very broad feature fAg, resembling a superposition
of two lines, whereas for & of 10 ns only the narrow feature
survives, and the baseline is nearly restored. For fast isotropic
motion theA; resonance disappears as expected, and\the
line is narrow and isotropic (last entry in Figure 1).

So far, experimental examples for the effects of dynamics

These are in good agreement with those reported for the radical
in the gas and liquid phas&%?! The Ag meta proton resonance

is expected near 2.71 T, but because of the small valuig if

was too weak to be observed.

In the region of the\; resonance the upper trace in Figure 2
represents a fit of an axial powder line shape. Besides the
resonance position, the important parameter is the anisotropy,
determined to b®y= +0.80(1) MHz. The fit is excellent, and
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at T = 298 K at a loading of two molecules per unit cell in ZSM-5/
670 (lower trace). The upper trace represents a fit of an axial powder

line shape in the region of th&; resonance (near 1.9 T) and a
simulation over the remaining lines (see text). Y ‘%g 3K

the positive sign of the anisotropy parameter immediately
permits the conclusion that the radical performs fast uniaxial K
rotation about the axis perpendicular to the molecular plane.
The magnitude oD is far below its value for plain fast uniaxial Ao
rotation (3.4 MHz), which is an unambiguous indicator for
extensive averaging by a tumbling, wobbling, or jump reorienta- A
tion motion of the rotation axis. 1'7 1'9 2'1 2'3
In the region of the threé, resonances the upper trace is a ) T st )
S|mulat|9n n Whmh only the isotropic proton hyperflng Coupllng Figure 3. ALC-uSR spectra obtained with benzene at a loading of
was yarled until thg resonances matched the experimental IIneone molecule per unit cell on ZSM-5/900 at various temperatures. Only
positions. The anisotropic part for the muon was taken from the region of ther; and the methylene protof, resonance is shown.
the fit to the A, line (Dp = 0.80 MHz). For the methylene  The top entry is a simulation based on isotropic coupling constants of
proton, the muon value was scaled by the ratio of proton/muon 529.5 MHz for the muon and 122 MHz for the proton and for the
magnetic moments, givinBg = 0.25 MHz. For the aromatic rhombip dipolar contributions of a radical in the ab_sence of any
protons.D was assumed fo be zero, as expected based on thEYTATIES T spece U35 e B0 X e e g e
orientation of th.e hype.rflne tensors n the radical (segthn 2.3) a fitted polynomial with up to cubic terms ‘accounts for background
and on the motion derived from th, line. The quantitative subtraction.
agreement of the line shapes is striking and provides strong
support for the above conclusion of fast in-plane rotation. demonstrates that there is extensive but not isotropic averaging
Figure 3 displays experimental spectra that were obtained with of the orientation. Since it is difficult to imagine such a high
a loading of one molecule per unit cell in ZSM-5/900. At mobility of the radical inside a channel, the present observation
temperatures from 48 K up a fit of axial powder line shapes is supports previous conclusions that the favored site for a benzene
also given and shown to represent the data, which means thamolecule is at the intersectidn.The aligning potential corre-
there is still fast uniaxial rotation of the radical at 48 K. The sponds to 100 K, i.e., to about 0.8 kJ mbl There is no
spectrum at 38 K is dramatically different. The very broad significant difference between the two loadings, demonstrating
nature of the resonances indicates that the correlation time forthat the molecules are isolated and do not interact with each
rotation corresponds approximately to the critical time scale (47 other.
ns), but the spectrum does not permit a meaningful quantitative Inspection of Figure 4 reveals a small increas®gfaround
analysis. The resonances narrow down again as the sample iS00 K. This is roughly where the MONGORTHO transition
cooled further. At 17 K, comparison with a simulation based is expected. The effect may thus represent a subtle change in
on the rhombic hyperfine tensor demonstrates that the systemthe structure of the host. More obvious is the unexpected but
is essentially frozen. The line may be slightly affected by strong increase above 450 K. It is traced back to deviations of
inhomogeneous broadening. Qualitatively, the observed be-the experimental line shape from the axial powder pattern (which
havior is a verification of the prediction in Figure 1. fits very well at the lower temperatures). Inspection of the raw
The A; resonance fits an axial powder pattern over a large data in Figure 5 clearly shows the appearance of broad shoulders
temperature range, and its mere presence confirms that theret the high-field side of both resonances. They are bearly visible
are no isotropic conditions. The axial muon hyperfine aniso- at 398 K but very obvious at 553 K. The effect is reversible;
tropy, D(T), is displayed in Figure 4, with the two symbols thus, it does not represent a decomposition of the radical. We
representing the two loadings. The valuel»f for uniaxial suggest that a new site with higher hyperfine coupling constants
rotation in the absence of any wobbling, tumbling, or jump (by about 10 MHz or 2% oA,) becomes thermally accessible.
motion corresponds to 3.4 MHz. This value is not quite reached From the relative intensities of the two features we estimate an
at 48 K. The anisotropy decreases dramatically as temperatureactivation free energy of 5 kJ ntdl. This is less than given
rises toward 100 K. The plateau value around room temperatureby the simulation by Snurr et &who arrive at 23 kJ mot at
corresponds to only one-fourth of the maximum value, which 553 K for a transition of an isolated benzene molecule from

Figure 2. Experimental ALCs#SR spectrum obtained with benzene o W W 48K
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Figure 4. Axial anisotropy of the muon hyperfine interaction as a & background run) obtained with ZSM-5/900 at two molecules per unit
function of temperature for the cyclohexadienyl radical at a benzene cell. A baseline is drawn as a guide to the eye. At the higher
loading of one molecule per unit cell in ZSM-5/900 (squares) and of temperatures one clearly observes the appearance of shoulders (arrows).
two molecules per unit cell in ZSM-5/670 (circles). The line corresponds
to a fit of a reorientational two-site jump model for points below 300 momentum andW; for its zcomponent. Since it is planar, its
K. The inset shows the ZSM-5 structure with a benzene molecule moment of inertia parallel to the symmetry axis,is twice the
_roughly to_scale at a channel intersection. The zigzag channe!s are drawq/alue of I, and high values ofM;| which belong to nearly
in the horizontal and the straight channels in the vertical direction. . . L .

pure in-plane rotation with little precession of the symmetry

. . . o axis are energetically favored. In the Boltzmann average over
the intersection to a zigzag channel site in the ORTHO structure.the subset of alM, belonging to the sama there is thus an

The broadness of the features indicates a much lower mobility, inherent bias for rotation about the axis with the highest moment
and the change in hyperfine coupling points to a certain degree 9

of structural distortion. Both observations are consistent with of n ertia. This was found prewqusly for the.radlcal cation
. . ) ; . __derived from tetramethylethylene in ZSM-5 which rotates also
a population of channel sites that impose some steric constraint.

g o : 8 . “about the axis perpendicular to the molecular p&nén the
This interpretation is supported by previous results obtained with as phase. there is an isotropic distribution of orientations of
a near saturation loading of ca. eight benzene molecules perg P ! P

unit cell which showed the broad components superimposedthls axis, and each T”O'ecu'e wil .reorlent frequently because
. . . of collisions ( relaxation). Adsorption on a flat surface excerts
on the narrow lines even at room temperafifrét this loading,

a force that aligns the molecules with the rotation axis
only 50% of the benzene molecules can occupy a channel . . I~ ;
intersection: the others have to be inside a channel perpendicular to the surface and thus provides an additional bias

. . for high values of|My|. Due to the anisotropic nature of the
It should be noted that the translational diffusion constant environment, there is no longer isotropic averaging, meaning

for benzene in silicalite was determined to amount to ca. 7 that J relaxation becomes less efficient.

107 m? s at 386 K* This gives a root-mean-square The size of the energy quantum for the fregHg rotor,
displacement in a muon lifetime that correspopds to the dlameterhz/zm corresponds to 0.14 K. This means that motion at
of a benzene molecule. Under these conditions there can b emperatures of interest here can be treated classically and that
no fast exchange between neighboring channel and intersectionye should not expect any discrete (quantized) orientations. The
sites. two inequivalent sites that were observed here with an orienta-
Two models of reorientational motions were tried, aiming at tjon differing by 110 must thus be related to two adsorption
a quantitative interpretation ddr(T). The assumption of a  sjtes in the zeolite. The high mobility suggests that they are
weakly adsorbed radical with the orientation given by &@os  poth at the channel intersection, but at this point it is not possible
potential, wherex is the angular deviation of the rotation axis o relate them to details of the microstructure of the environment.
from the preferred orientation, did not reproduce the experi-  The dynamic model derived here for the cyclohexadienyl
mental behavior satisfactorily, but a two-site jump model with radical agrees with the results obtained for benzene moletdles.
an energy difference of 1.0 kJ mélbetween the sites and a  Quasi-elastic neutron scattering studies probing the dynamics
jump angle of the unique axis of 11Qwhich is equivalentto  of the benzene molecule adsorbed on ZSM-5 on a time scale
70°) fits the data below 300 K very well. For this jump angle, of 10711 s were interpreted in terms of nonisotropic reorienta-
the asymptotic high-temperature value @ amounts to 0.4 tjonal motion corresponding quite well to uniaxial rotation about
MHz; for 90° jumps a value of zero would be approached much the Cs axis5 13C NMR line shape analysis gave a correlation
faster than observed in Figure 4. An estimate based on thetime for C reorientational jumps 0&100 s at 125 K, while
universal frequency factokT/h, gives a lifetime of the ground 2H NMR lead to a value o<1 us2 and for the GHgMu radical
state of about 10 ps at 50 K, so that the condition of fast we find <0.05 us here. It was furthermore concluded that
exchange on a critical time scale of 47 ns is well obeyed.  superimposed on this reorientation there are jumps between a
Itis interesting to ask why the radical moves the way it does. limited number of sorption sites with distinct orientations of
For this discussion we approximate the moments of inertia of the Cs axis and that its correlation time amounted to-1@0
CeHgMu by those of the benzene molecule which are only us at 200 K. This is much longer and not compatible with the
marginally different. This molecule is a symmetric top which present finding for gHgMu, a fact which must be related to
is characterized by the quantum numbdrdor its angular the much lower Si/Al ratio of 50 of the NaZSM-5 used in the
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132 : : : ‘ : the corresponding nuclei to and from the molecular plane. The
fit is to the expression

AM=AJL—q Y (1, + n) exp(—nhai/kT)]  (4)
=

and has the parametehs, c, and? . qis the partition function,
Ao is the hyperfine coupling for an imaginary rigid species in
the absence even of zero-point motiors a constant which is
proportional tof~2 = A(mf)~%2, the expectation value of the
root-mean-square displacement amplitude of the harmonic
oscillator fnis the effective mass of the normal mode motion,
andf is the force constant), and is the wavenumber of its
vibrational transition. 7 determines the temperature at which
the plot levels offic is a strong function of the slope at higher
temperatures ang, of the intercept. The result of an excellent
fit to A, is Ag(u) = 540.7 MHz,c = 0.062, andy = 307.6
cm 1. The data forA, are more scattered, leading to a strong
correlation of the parameters in the fit. Assuming that it is the

A / MHz

122

0 100 200 300 400 500
T/K

Figure 6. Temperature dependence of the hyperfine coupling constants - - )
A, (0) andA, (O) of the methylene nuclei of &lMu in ZSM-5 at a same normal mode which determines the temperature depen

loading of one molecule per unit cell. The solid lines are fits of a single- d€NCe Of bottA, andA,, we fixed to the number found from
frequency harmonic oscillator model (eq 4). The inset shows the lowest the fit to A,, which resuilts in values of 0.035 ferand 128.6
frequency normal mode as calculated using MNDO based on the PM3MHz for Ag(p). MNDO calculations based on the PM3

parameters. parameter sétpredict the lowest normal mode @t= 187 MHz
with a reduced mass of 42.75 amu. This high mass and also
NMR study. Itis clear also from previous ALZSR resultss-20 the displacement vectors identify the mode as a ring puckering
that the cyclohexadienyl radical coordinates strongly with the motion with a large amplitude for both the methylene H and
cation. Mu atoms (inset in Figure 6). Since it is mostly a ring mode,
A more recent’H NMR study using a ZSM-5 silicalite it is not expected to differentiate between H and Mu. The fact

concluded that at benzene concentrations below one moleculethat thec values (and the slopes in Figure 6) are different for
per channel intersection there are two types of sorption sites:the two nuclei indicates not unexpectedly that the temperature
one with fixed benzene molecules which perform uniaxial dependence of the coupling constants cannot be attributed to a
rotation about thé&s axis and a second one which is preferred single normal mode. There are 33 modes for this 13-atom
and allows for 98 reorientational jumps superimposed on the radical, and the calculation predicts that 12 of them occur below
fast Cs rotation. The exchange rate reaches 1 kHz at room 1000 cnv?.
temperature. This model approximately matches the present
results if the two sorption sites are identified with the channel 5. Conclusions
and intersec_tion sites,_and the_jump _angles which are derived ALC-4SR was found to be well suited and very sensitive in
for the species at the intersections differ by only b2tween  oviding detailed information about the structure and reorien-
the two systems and techniques. tational dynamics of cyclohexadienyl radicals in a high-silica
Itis worthwhile also to have a closer look at the temperature zsMm-5 zeolite. The type of information is similar to that
dependence of the hyperfine coupling constants. Sincéghe  optained from nuclear magnetic resonance and from quasi-elastic
resonances of the ortho and para protons are weaker and dgeutron scattering, but the critical time scale is of the order of
not warrant sufficient precision at the lower temperatures, we 50 ns and thus quite different from the other methods, rendering
restrict this study to the methylene muon and proton COUplingS. ‘MSR Comp|ementary to the more conventional dynamic tech-
Their temperature dependence is displayed in Figure 6 wherepjques. It was found that the radical behaves much like the
A. has been scaled by a factor of 0.25 to facilitate comparison. penzene molecule in the same environment. This is in accord
(The plain ratio of magnetic moments is 0.3141; the rest is an wjth expectation since size, shape, and moments of inertia are
intrinsic isotope effect.) Comparison with the corresponding very similar for the two species, and there is no reason to expect
literature values reported for plain liquid benz&hend forthe 3 specific open-shell hosguest interaction of the radical. A
gas phas€ reveals the same trend, and within 1% or less they high reorientational mobility was found for temperatures down
agree with the values found in the present work. to 50 K, indicating that the radical is located at the channel
The hyperfine couplings measure the vibrationally averaged intersections. Rapid exchange must be present between two
electron spin density at the nucleus. Therefore, it is expectedinequiva|ent adsorption sites which differ by 1.0 kJ o
that the temperature dependence flattens out at lower temperenergy and by 110in the orientation of the normal to the
atures where excited vibrational states are no longer thermally molecular plane. Above 450 K sites in the side channels that
accessible. This is clearly observed in Figure 6, in particular are higher in energy by about 5 kJ mbbecome accessible.
for the values ofy, which are based on a single resonance and At the loadings of one and two molecules per unit cell as used
therefore more accurate than those &f The solid lines in the present experiments, there was no evidence for any
represent fits to a model that assumes that a single normal modenteractions between the organic guests or with any remaining
determines the temperature dependence. This assumption i$odium cations.
equivalent to the Einstein model for the heat capacities of solids.
A corresponding analysis has been performed previously by Yu  Acknowledgment. We are grateful to CU Chemie Uetikon
et al?® based on an intuitive normal mode consisting of a in Switzerland for supporting us with well-characterized samples
bending rotation of the methylene group involving motion of of high-silica ZSM-5.
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