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Interplay of quantum mechanical calculations and experimental data on hyperfine coupling constants of ethyl
radical in zeolites at several temperatures was engaged to study the geometries and binding energies and to
predict the temperature dependence of hyperfine splitting of a series of alkyl radicals in zeolites for the first
time. The main focus is on the hyperfine interaction of alkyl radicals in the NaY and HY zeolites. The
hyperfine splitting for neutral free radicals and free radical cations is predicted for different zeolite environments.
This information can be used to establish the nature of the muoniated alkyl radicals in the NaY and HY
zeolites viaµSR experiments. The muon hyperfine coupling constants of the ethane radical cation in these
zeolites are very large with relatively little dependence on temperature. It was found that theintramolecular
dynamics of alkyl free radicals are onlyweakly affectedby their strong binding to zeolites. In contrast, the
substrate binding has asignificant effecton their intermoleculardynamics.

Introduction

Zeolites, alumino-hydro-silicates with pores of molecular
dimensions, are catalysts widely used in hydrocarbon transfor-
mations,1 the methanol-to-gasoline process,2 and polymer
synthesis.3 The largest gap in our knowledge of such processes
is microscopic information about organic radical intermediates
in zeolites.

The wide range of catalytic reactions that may involve H
atoms absorbed on the surface2,4-7 led to the proposed facilita-
tion of neutral free radical formation by H-addition reactions.8

The muon spin rotation (µSR) study of muoniated free radicals
has been found to be essential to identify free radical binding
sites in catalysts, particularly zeolites.9-13 Indeed, the first
observation of a complex involving a neutral organic free radical
and a diamagnetic metal ion in zeolites was throughµSR.10

Similarly, for the first time the changes in molecular geometry
of a free radical due to interaction with the zeolite extraframe-
work cations were reported.12b The valuable information that
could be gained by comparison of predictions of quantum
mechanical calculations andµSR studies motivates the current
work where we seek to understand the role of guest-host
interactions in determining structures, vibrational frequencies,
isotropic hyperfine coupling constants, and reactivity of alkyl
radicals in the NaY and HY zeolites.

This paper contains five sections. In the next section, the
methods will be introduced. The available experimental data
are limited to ethyl radicals in the NaY zeolite (at a loading of
one per supercage), and will be used to evaluate our compu-
tational strategy in the third section. In the third section, we
will discuss our results of methyl, ethyl, andtert-butyl radicals
in the NaY and HY zeolites. We will use theoretical calculations
to predict the binding sites of alkyl radicals in the HY zeolite
and the trend of binding of alkyl radicals in the NaY and HY
zeolites. We will focus on hyperfine interactions of the ethyl

radical in zeolites. Of particular importance are hyperconjugation
of the unpaired electron from the methyleneR position onto
theâ methyl group hydrogen and the direct dipolar interactions
of â protons with the unpaired electron.

TheµSR technique and its application in free radical chem-
istry have been well documented elsewhere.14-15 The radicals
studied by theµSR technique are mostly formed from addition
of muonium (Mu) to a double bond.9-15 Mu is an ultralight
isotope of hydrogen with 1/9 the mass of H (1/18 the mass of
D). The large mass ratio of H/Mu causes the muon hyperfine
coupling constant in muoniated alkyl radicals to vary dramati-
cally with temperature,14,15 unlike the alkyl radical’s proton
hyperfine coupling constant typically measured by ESR.16,17

Two methods are usually used to characterize the muoniated
free radicals in zeolites.9-13 In the Transverse Field-µSR
(TF-µSR),14 the precession of the muon spin polarization in a
transverse magnetic field at frequencies corresponding to the
allowed transitions between energy levels of the spin Hamil-
tonian of muoniated radical is the observable.

In polycrystalline environments, such as zeolites, the frequen-
cies can be modified by the average over the angular dependence
of the dipolar coupling.10

The Avoided Level Crossing-µSR (ALC-µSR)14 is the other
method that has been used to characterize the muoniated free
radicals in zeolites.9-13 There are usually two different types
of ALC resonance corresponding to the magnetic selection rules
characterized by∆M ) ∆(me + mµ + mk), whereµ stands for
muon, e for electron, and k another spin bearing nucleus (e.g.,
H nucleus), andmi is the magnetic quantum number of particle
i. The ∆M ) 0 resonance arises from isotropic couplings in
the spin Hamiltonian.14 This is the only kind of ALC resonance
expected when the dipolar couplings are averaged to zero by
fast rotational tumbling. The other ALC resonance,∆M ) 1
transition, is induced by coupling of Zeeman states directly from
the anisotropic part of the muon hyperfine interaction.14

A key question that each experiment deals with is the
assignment of the observed spectra to corresponding free
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radicals: Are the formed free radicals ionic or neutral? Where
are the binding sites for different free radicals? Unambiguous
assignment is achieved by comparison with computational
predictions.

In the following sections, after the computational methods
are introduced, the effect of guest-host interactions on the
structures, binding strengths, and energies of free radicals will
be discussed. Then, the effect of guest-host interactions on
internal hindered rotations, vibrations, and different conforma-
tions as a function of the temperature will be discussed. Finally,
a series of theoretical predictions will be outlined to pave the
way for future experiments.

Method

Calculations in the absence of zeolite framework were carried
out with the Gaussian-98 program.18 The B3LYP/6-31G(d,p)
method 19-24 was used to optimize geometries; while the
B3LYP/6-311+G (2df,p) method25 was used to calculate hfcs
and spin densities.

For calculations in the presence of the zeolite framework, a
two-layered ONIOM model was employed.25-30 In this model,
the B3LYP hybrid density functional is used for the host-radical
complexes with H+ or Na+ (the first layer) and the Hartree-
Fock method for the zeolite framework (the second layer). The
framework of the Y zeolite is composed of cuboctahedral
sodalite cages, themselves made up of Si, Al, and O atoms,
which are intertwined tetrahedrally through O bridges to form
hexagonal prisms and large cavities, the so-called supercages
approximately 1.3 nm in diameter.10-12,31-32 In each supercage,
there are O-linked T atoms (Al or Si) 6- or 4-rings. Figure 1
shows the 6- and 4-rings and different sites in the supercages
of the Y zeolites.32 In our model, the second layer contains the
O-linked T atoms (Al or Si) in the zeolite supercage as well as
O and cap H atoms (see Figures 2 and 3). Geometry optimization
was done with UB3LYP/6-31G(d,p) and the 6-ring or 4-ring at
a lower level of theory, HF/STO-3G. The hyperfine coupling
constants are computed in an ONIOM model of UB3LYP/
6-311+G (2df,p): HF/STO-3G. The initial geometry of Na+

(or H+) and the second layer that consists of an O-linked 6-ring
or 4-ring of T atoms was taken from the experimental data on
the NaY zeolite by Fitch and co-workers.31

Vibrational frequencies are computed at the geometries of
local minima. Binding energies between alkyl radicals and the

zeolite host are also calculated from the energies necessary for
removing the bound alkyl radicals.

Results and Discussion

1. Geometries.There are several sites that can be considered
as the binding sites in both the NaY and HY zeolites. Each
unit cell consists of eight sodalite cages and eight supercages
(Figures 1, 3, and 4). The supercages are interconnected via
circular windows that are formed by 12 T atoms and 12 O atoms
and have a diameter of about 0.74 nm, large enough to grant
access for small or medium molecules, such as methyl, ethyl,
or tert-butyl. In comparison, only small molecules such as
hydrogen can penetrate the largest 6-ring windows of the sodalite
cages with a diameter of 0.22 nm. These sodalite windows are
too narrow for even diatomic molecules, such as nitrogen or
carbon monoxide, to pass through.32,33The T atoms in both the
6-ring and 4-ring are positioned in planes, while the O atoms
are positioned above and below these planes, alternately in the
direction of the inside or outside of the rings (Figure 1). There
are four crystallographically distinct O atom sites: two of the
framework O atoms (O1 and O4) are toward the supercage,
while two others (O2 and O3) are mainly within the sodalite
cages and the hexagonal prisms (Figure 3).

To model radicals in the NaY zeolite, we used six T atoms
with a Na+ at the ring center. This mimics the SII sites in the
supercage of the NaY zeolite, known to be the preferred
absorption site of ethene33 (Figure 4). In the T-atom model, the
charge on every T atom is determined by the average of the
partial charges on Si and Al, which depend on the Si/Al ratio.33

We used this T-atom model for the following three reasons:
(1) it gives a very good physical picture for binding of ethene
to the NaY zeolite;33 (2) our investigations with explicit Al in
the 6-rings always lead to the position of Na+ close to the ring
center; and (3) experimentally, the free radical signals will be
averaged over all different possible substitution sites of Al in
the 6-rings of the entire zeolite. This situation is on average
equivalent to a symmetric T-atom model for the 6-ring.

Our models for adsorption of alkyl radicals in the HY zeolites
include two possible sites for addition of ethene34,35(Figures 1,
3, and 5). Both models include Al in the ring explicitly (see
Figure 3). It should be noted that ethene and isobutene do not
fit in the sodalite cages and therefore the O1H and O4H sites
are the only possible binding sites in the HY zeolite other than
the window site, consistent with theoretical studies on the
adsorption of ethene on the HY zeolite using ab initio
methods.34,35 The adsorption sites in both these studies are the
crystallographically distinct O sites in the zeolite faujasite,36

which mimic the O1H and O4H sites34,36 (Figures 3 and 5).
For the sake of comparison with the T-atom model of the

NaY zeolite, we also report the result of the T-atom calculations
for the HY zeolite, where H+ stays close to the center of the
6-ring. However, it should be emphasized that this model is
only for comparison purposes, since our calculations show that
H+ always moves to the O4H site away from the center of the
6-ring with explicit Al and is quite different from Na+ in the
NaY zeolite, which always stays close to the center of the 6-ring.

The complexes we considered are CH3‚Na+, CH3‚H+, C2H5‚
Na+, C2H5‚H+, C(CH3)3‚H+, C(CH3)3‚Na+, ethyl radicals on
the 4-ring, and all alkyl radicals on 6-rings. Representative
optimized structures are presented in Figures 2 and 3 and
selected bond distances and angles are reported in Table 1. Our
computational results agree well with the previous studies of
Pacansky et al.37 and Tachikawa et al.38 on alkyl radicals. In
the case of the methyl radical, both CH bond length and HCH
bond angle agree perfectly with experimental data.39

Figure 1. Different cation sites in Y zeolites (adapted from ref 32
with permission).
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In comparison with the available experimental data,13 pre-
liminary studies indicate that the asymmetric substitution of Al
in the 6-ring of the NaY zeolite leads to an unrealistic
temperature dependence of the isotropic hfc. The asymmetric
substitutions are either one or two Al substitutions with at least
one Si atom in between. The geometries of alkyl radicals in
the NaY zeolite reported in Table 1 are for the T-atom model,
which has been reported to simulate ethene adsorption in the
NaY zeolite very well.33

A general conclusion can be drawn from geometries in Fig-
ures 2 and 3: In both optimized ethyl andtert-butyl in the NaY

zeolites and in the case where Na+ is replaced by H+, the C-C
bonds (where Cˆ is the C atom with the most unpaired electron
density in Figures 2 and 3) are slightly tilted from a parallel
geometry relative to the plane of the 6-ring, in which Na+ or
H+ is close enough to bind two C atoms in these radicals. On
the other hand, Figure 5 clearly shows that the ethyl radical on
the O1H site in the HY zeolite is oriented differently, with the
Ĉ-C bond almost vertical to the plane of the 4-ring. The ethyl
radical at the O4H site is ca. 60° from the plane of the 6-ring.

For the carbon atom Cˆ with the largest unpaired electron
density (the radical center), the angleA(RĈR′) in Table 1 is

Figure 2. Optimized alkyl radical geometries in a vacuum and in complexes to free Na+, free H+, and Na+ in a 6-ring of the NaY zeolite super
cage: (a) methyl, (b) ethyl, and (c)tert-butyl radical. C atoms are presented with black spheres without labels; on the 6-ring, H atoms are presented
with white spheres, Na+ with gray spheres, T atoms with blue spheres, and O atoms with red spheres.
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the angleA(HĈH) in the cases of methyl and ethyl radicals (see
Figures 2 and 3) and is the angleA(CĈC) in the case of the
tert-butyl radical (Figure 2). If the angleA(RĈR′) is different
from 120°, then the geometry deviates from planarity. The data
in Table 1 show that, in all cases (except cationic complexes
with H+), the radicals are only slightly nonplanar at the radical
center. However, the H+ complexes give nonplanar equilibrium
structures (except for thetert-butyl radical). The largest deviation
from planar geometry of alkyl radical complexes to Na+ and
the NaY zeolite occurs for the ethyl radical.

Now, we consider the structural implications of binding
between cations and alkyl radicals on bond lengths, which are
important in determining the catalytic activity of alkyl radicals
in the NaY and HY zeolites. For the methyl radical, cations are
found to weaken the associated CH bonds, which are elongated
by 0.007 Å in CH3‚Na+ and CH3‚NaY, and by 0.04 Å in CH3‚
H+ and CH3‚HY (T atom). This means that the effects of H+

and Na+ are in the same direction, but much more significant
for H+. However, when a more realistic model of the framework
is taken into account, as in the case of CH3‚HY (O1H and O4H),
the effect is opposite, i.e., the CH bonds are strengthened. For
the ethyl radical, H+ is found to weaken the associated eclipse
â CH bond significantly and to strengthen the adjacentâ
staggered CH bonds, which are shortened by 0.007 Å in C2H5‚
H+ and C2H5‚HY (T atom). Again, in the case of the O4H site,

H+ is found to strengthen the associated eclipseâ and staggered
CH bonds, which are shortened by 0.02 and 0.03 Å, respectively.
In the case of O1H, the associated eclipseâ CH bond is
shortened while the staggered CH bond is elongated. H+

strengthens the adjacent C-C bonds in thetert-butyl free
radicals from binding to H+ in the HY zeolite. Na+ (either as
a free cation or in the zeolite framework) is found to only
weaken the CH bonds in methyl significantly.

Figure 3. Optimized ethyl radical geometry in the HY zeolite
supercage (atom color schemes are the same as in Figure 2, except
that Al is presented in pink). The left picture represents the binding at
the O1H site and the right picture represents binding at the O4H site.

Figure 4. The binding site of ethene in the NaY zeolite (adapted from
ref 33 with permission). The dashed line circles the section selected
for the modeling of the SII site in Figure 2.

TABLE 1: The CH Bond Distances (in Å) for Methyl
Groups, Rm(CH) i; the Distance (in Å) from Cation to the
Radical Center C (the carbon atom with the most unpaired
electron density) in the Free Radical,R(ĈX); and Angles,
A(RĈR′)a

system Rm(CH)1 Rm(CH)2 A(RĈR′) R(ĈX) R(ĈC)

CH3
• 1.079 120

1.079b 120b

1.078c 120c

CH3‚Na+ 1.087 119 2.667
CH3‚H+ 1.123 97 1.123
CH3‚NaY 1.085 119 2.832
CH3‚HY (T atom) 1.124 97 1.092
CH3‚HY (O1H) 1.047 1.052 115 2.426
CH3‚HY (O4H) 1.045 1.049 116 2.407

C2H5
• 1.096 1.104 119 1.489

1.093b 1.099b 118b 1.492b

C2H5‚Na+ 1.095 1.105 116 2.612 1.489
C2H5‚H+ 1.089 1.145 110 1.145 1.579
C2H5‚NaY 1.096 1.105 116 2.616 1.490
C2H5‚HY (T atom) 1.089 1.089 110 1.149 1.580
C2H5‚HY (O1H) 1.092 1.110 114 3.821 1.475
C2H5‚HY (O4H) 1.065 1.080 109 1.088 1.471

C(CH3)3
• 1.096 1.106 119 1.497

1.094b 1.102b 118b

C(CH3)3‚Na+ 1.096 1.104 118 2.551 1.506
C(CH3)3‚H+ 1.092 1.109 120 2.735 1.470
C(CH3)3‚NaY 1.096 1.106 118 4.123 1.497
C(CH3)3‚HY (T atom) 1.095 1.108 118 2.499 1.501
C(CH3)3‚HY (O1H) 1.093 1.097 118 4.188 1.485
C(CH3)3‚HY (O4H) 1.094 1.105 117 3.882 1.484

a A(RĈR′) will be the angleA(HĈH) in the case of methyl and ethyl
radicals and will be the angleA(CĈC) angle in the case of thetert-
butyl radical.b UMP2/6-311G** calculation results by Pacansky et al.37

c QCISD calculation results of Tachikawa et al.38

Figure 5. One of the binding sites of ethene in the HY zeolite and the
cluster model used for calculations in ref 34. (Adapted from ref 34
with the permission.)
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These effects clearly indicate that both the framework and
the cation positions influence the structure of the adsorbed alkyl
radicals. Since one of the catalytic functions of zeolites is
to weaken CH bonds to increase their reactivity toward hy-
drogen abstraction, our finding helps to explain the catalytic
activity of the zeolites and in particular their effects on the
reactivity of the CH bonds in the alkyl radicals within the
zeolites.

2. Guest-Host Bond Characteristics.Binding strength in
a given complex is defined as the energy required to remove
the bound species. Average binding strengths are shown in the
first two columns of Table 2 for binding to cations or to the
binding sites in zeolites (Figures 2-5). We considered the
complexes with significant binding strengths (>100 kcal/mol)
to be chemically bound, i.e., radical cation complexes.

Binding strengths of alkyl radicals to cations are similar in
the case of Na+ and the NaY zeolite; however, the existence of
the zeolite framework does increase the free radical-Na+

binding in the case of methyl and ethyl radicals and decrease it
in the case oftert-butyl radical. The amplifying effect of
framework on binding energies (by almost a factor of 2) is
probably due to a combination of the effect of framework on
the degree of charge transfer and on the hydrogen binding
between H atoms of the free radical and the oxygen atoms of
the zeolite framework. The steric effects of the bulky radical
structure probably cause the decrease of binding strength for
thetert-butyl radical. Finally, it should be noted that the binding
energy of methyl is almost always smaller than those of the
ethyl andtert-butyl free radicals in all sites, most probably due
to the smaller dipole of methyl free radicals.

We have also calculated the binding strength of ethene to
the NaY zeolite within the T-atom model for comparison and
our result was 10 kcal/mol, in agreement with the theoretical
result by Henson et al.,33 who predicted the binding strength to
be 9 kcal/mol. Upon the addition of the muonium to ethene,
the binding strength increases by a factor of 3, reaching 32.74
kcal/mol (see Table 2).

In the second column of Table 2, we reported the zero-point
vibrational energy (ZPVE) corrected binding strengths for free
cation-free radical systems. The trend is similar in all cases,
namely the ZPVE correction reduces the binding strength.
Since there is a consistent trend in all cases, we assume the
same would hold for free radicals to cations in the zeolite
frameworks.

3. Effect of Guest-Host Interactions on Hyperfine Inter-
actions and Their Temperature Dependence for Ethyl
Radicals.The spin Hamiltonian for the electron spin (Se) and
the muon spin (Iµ) has the formSe‚A‚Iµ, where A is the
hyperfine coupling tensor:

where D stands for anisotropic hyperfine coupling tensor
(dipolar interaction).

Figure 6 shows the experimental and theoretical temperature-
dependent muon hfcs of ethyl radical in the NaY zeolite (will
be described later). Figure 7 shows theoretical results for the
ethane radical cation.

The temperature dependence of muon hfcs is usually de-
scribed by the McConnell equation:14,15,40-43

whereL andM are both assumed to be constants (independent
of temperature) and proportional to the spin density at the C
atom that muon is bound to, and the angleθ is defined in Figure
8. Comparison of the computed hfcs for the three H atoms in
methyl groups with the experimental values at the lowest

TABLE 2: Average Binding Strengths (in kcal/mol) between
Each Free Radical and Cation

system
binding
strength

binding strength
(with the ZPVE)

CH3‚H+ 132.89 129.12
CH3‚Na+ 0.20 -1.84
CH3‚NaY 8.20
CH3‚HY (O1H) 1.26
CH3‚HY (O4H) 6.34
CH3‚HY (T atom) 17.01
C2H5‚H+ 157.62 152.75
C2H5‚Na+ 15.18 13.91
C2H5‚NaY 32.74
C2H5‚HY (O1H) 57.74
C2H5‚HY (O4H) 78.12
C2H5‚HY (T atom) 25.95
C(CH3)3‚Na+ 17.23 16.53
C(CH3)3‚H+ 158.33 157.70
C(CH3)3‚NaY 6.47
C(CH3)3‚HY (O1H) 78.48
C(CH3)3‚HY (O4H) 80.72
C(CH3)3‚HY (T atom) 47.97

Figure 6. The experimental data for the temperature-dependent muon-
electron hyperfine-coupling constants of the muoniated ethyl radical
in the NaY zeolite (triangles) along with the theoretical data for the
ethyl radical on free Na+ (dashed line) and on Na+ in the NaY zeolite
super cage (thick line).

Figure 7. Theoretical predictions of the temperature-dependent muon-
electron hyperfine-coupling constants for ethyl radical cation.

A ) Aiso + D (1)

Aiso ) L + M〈cos2 θ〉 (2)
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temperature achieved experimentally suggests that muonium
selectively occupies a position close toθ ) 0ï (see Figure 8),
parallel to the single-occupied p orbital on the radical center Cˆ
in all cases.

The computed isotropic hfcs in Table 4 suggest that Na+ and
H+ (either free or embedded in the zeolite framework) perturb
the electronic wave functions of the free radicals significantly.
For all free radicals, the perturbation by Na+ causes significant
delocalization of the spin density from the radical to the Na+.
However, the difference between the effect on the hfcs of the
free Na+ and the Na+ within the zeolite framework bound to
the free radical is only significant for methyl andtert-butyl
radicals.

The computational results imply that Mu in the CH2Mu group
takes a fixed position at temperatures below∼50 K (the onset
of the plateau at low temperature in Figure 6), where muonium
selectively occupies a position close toθ ) 0° (see Figure 8),
parallel to the unpaired p orbital on the radical center Cˆ in all
cases.

The preference for Mu to occupy theθ ∼ 0° position and
the temperature dependence of muon hfcs can be qualitatively
explained by hyperconjugation which is maximal aroundθ )
0° (see Figure 8).43 Through this effect, the singly occupied
molecular orbital will be delocalized between the radical center
Ĉ and the adjacent CHσ bond in the same plane, making the
corresponding C-H bond weaker and longer. At 0 K, the total
energy includes only the electronic energy and the ZPVE.
Within the Born-Oppenheimer approximation, the electronic
energy of Mu and H isotopomers is the same and therefore the
ZPVE is the only factor that differentiates among different
conformations at 0 K. Since the ZPVE of a C-H stretching
vibration, to a first approximation, is proportional to (k/m)1/2,
wherek is the force constant andm the mass of the hydrogen
isotope, the increase in the ZPVE upon muoniation will be
smaller for bonds with smaller force constants. The muonium
atom thus occupies the site with the smaller force constant, i.e.
theθ ∼ 0° position. Similar effects have been reported for many
neutral alkyl radicals before,14,15,41-43 but not in zeolites.

If a free radical can exist in several rapidly interchanging
conformers,41-49 when the interchange rate is much larger than
the difference between the associated hyperfine frequencies, a
mean hfc will be obtained:

wherePi is the probability of finding theith conformer andAi

is the corresponding hfc.
As already mentioned earlier, Mu will preferentially occupy

sites with smaller C-H bond force constants, to minimize the
ZPVE. One way to approach the temperature dependence of
hfcs is to determineAi at eachi and varythe conformationin
small increments, i.e., along the potential energy surface (PES)
relevant to the hindered rotation. The next step will be to
calculate rovibartional energy levels and wave functions for the
particular states and use the Boltzmann distribution in eq 3 to
compute the average hfc.46,49 This scheme is computationally
expensive due to the large number of atoms involved. So, for
an approximation, we consider only the minimal energy
conformations along the rotational PES. Different conforma-
tional minima along the rotational PES will have different
ZPVE’s depending on the position of Mu. At higher tempera-
tures, such rotational conformers where Mu occupies less
favorable sites will have appreciable probabilities. If the different
rotational conformers are populated according to the Boltzmann
distribution, a dependency on the temperature can be easily
computed (see Figures 7 and 8). From the data on hyperfine
interactions shown in Figures 7 and 8 and Table 4, we can draw
several qualitative conclusions.

The hfcs of ethane radical cations are very large and weakly
dependent on the temperature for temperatures below 300 K.

The experimentallyobserved free radical in ethene-loaded
zeolites is not the free radical cation: the theoretical calculations
suggest that the muoniated radical is a neutral ethyl radical as
its isotropic muon hfc is much smaller than that of the computed
free radical cation. However, this cannot rule out formation of
the radical cations, but may suggest that the radical cations have
been formed and have not been detected due to their extremely
high values of isotropic hfcs. Efforts are underway to detect
the radical cations, based upon our theoretical predictions.

The binding site for the ethyl radical is the 6-ring in the NaY
zeolite, in particular the 6-ring with symmetric Al substitution
(comparable to the T-atom model).

There is a clear deviation of the computed muon hfcs in the
ethyl radical bound to Na+ in the NaY zeolite and to free Na+

at all temperatures (see Figure 6). The significant difference
between the hfcs of Cˆ in the ethyl radical and Cˆ in the ethyl
radical bound to Na+ in the NaY zeolite and to free Na+ suggests
that the spin polarization of the free radical is strongly affected
by its binding to the cation sites. In addition to the effect on
the spin polarization of the free radical, the trend of muon hfcs
is also consistent with the degree of charge transfers re-
ported in Table 2. There is more charge transfer from the free
radical to the NaY zeolite than to free Na+, i.e., less electron
density remained on the ethyl radical bound to Na+ in the
NaY zeolite than on the ethyl radical bound to free Na+. It is
evident from this example that the zeolite framework signifi-
cantly affects the electronic structure of free radicals bound to
the cation sites.

The agreement between our theoretical predictions and
experimental data forT > 100 K gives us some confidence
that our model remains reasonable at temperatures where
experimental data are not available to compare. However, some
caution is warranted for the following two reasons.

The typical time window (between∼1 and∼1000 ns) for
detection of free radicals in zeolites byµSR techniques at low
temperatures is short. If we consider the mechanism of radical
formation through the addition of a thermal Mu to an alkene
double bond,14,15 the following sequence of events must occur
in a µSR experiment:

Figure 8. Schematic presentation of the dihedral angle between the
C-Mu bond and the plane having the C-C bond and the single-
occupied p orbital on the radical center Cˆ . The square box signifies
this plane.

〈A〉 ) ∑
i

PiAi (3)
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(1) The alkene (e.g., ethene) molecule is adsorbed at the
minimum global energy site forming an alkene-zeolite com-
plex, after the equilibration time, about half an hour, after a
change of temperature before each subsequent experiment.

(2) A thermal Mu diffuses through the zeolite cages and finds
its way to the adsorbed alkene molecules. This must happen in
less than∼100 ns in order for the formed free radical to be
observable in transverse magnetic field. Diffusion of Mu
happens in less than 100 ns, even at temperatures as low as 0.1
K, due to its significant tunneling effect.14 Therefore, we can
assume that under the entire temperature range of this study,
Mu adds to the adsorbed alkene, which is resting at itsminimum
energy geometryposition in the zeolite.

(3) The formed free radicals then move toward theirglobal
minimum energy geometry positionsin the zeolite. This is a
significantly temperature-dependent process. Such motions are
practically frozen out at very low temperatures within the time
window for TF-µSR. This means that although at higher
temperatures the alkyl radical is mobile enough to find its
minimum energy site, this may not be the case even after about
100 ns at very low temperatures. This factor should be taken
into account when comparing the experimental data with the
theoretical results. Moreover, in the computational model of the
temperature dependence of hfcs, we assumed the equilibrium
Boltzmann distribution, which is valid only if a free radical can
exist in several rapidly interchanging conformers. Considering
the significant binding of the alkyl radicals in zeolites (see Table

2), it is possible that such an assumption is invalid at very low
temperatures, i.e. the system is far from the equilibrium within
the time window of the experiment.

µSR experiments can provide information on both isotropic
and anisotropic hfcs.14b The anisotropic hfcs for the ethyl radical
are approximately axially symmetric about the CC bond,44,45

i.e., the two components areD⊥ andD| ) Dzz.14, 46-48

The axial form of the hyperfine coupling tensor of the ethyl
radical has been accounted for by rotation along theCC bond
(z) axis (both intermolecular and intramolecular), which rapidly
averages anyxy anisotropy.46 Our theoretical results as well as
the previous theoretical46,49 and experimental ESR results,44,45

for theR andâ carbons of the ethyl radical and the ethyl radical
bound to cations and zeolite framework, are reported in Table
4. These data, their temperature dependence, and the nature of
anisotropic tensor are important for analyzing theµSR data.9-12

The temperature dependence can be calculated in the same way
as that of the isotropic hfcs.13b

4. Vibrational Frequencies. The most powerful tools for
characterization of free radical vibrational motions are IR and
resonance Raman spectroscopies. However, such experimental
studies have never been performed for muoniated free radicals.
A recent work advanced by one of the authors50 is a promising
step in this direction. Since these experimental studies are very
demanding, precise computational studies of vibrational fre-
quencies and intensities are required before designing such
experiments. The reasonable agreement between our theoretical
results and the experimental data (see Figure 6) prompted us to
report the effect of cations on the vibrational frequencies and
intensity of light absorption for muoniated free radicals.

First (supporting material), we evaluated our method by
comparing our calculations of methyl frequencies with the
experimental data51 and the computational results of Pacansky
et al.37 The overall agreement between experimental and our
calculated frequencies is better than that with the results of
Pacansky et al.37 Comparison of our computational results with
MP2 results (see Table 5) confirms the general fact that the
hybrid DFT gives a better picture of IR spectra than MP2 does.52

For low-frequency modes, mixing with the zeolite framework
motions is probable, and size effects should be studied in detail
to include the other parts of the supercage or even cations outside
the super cage. Such studies are in progress and the results will
be reported later. High-frequency C-Mu and C-C stretching
modes are reported in Table 5.

TABLE 3: Isotropic Hyperfine Coupling Constants (in MHz) at 0 K, Compared with Available Experimental Data at Low
Temperatures in the Literature

system Mu H1 [â] H2 [â] H1 [R] H2 [R] 13Ĉ 13C X

CH2Mu• -178 -60 -60 74
-189a -61a -61a 76b

CH2Mu‚Na+ -122 -41 -41 65 131
CH2Mu‚H+ 661 226 229 97 219
CH2Mu‚NaY -127 -43 -43 63 104

C2H4Mu• 452 37 37 -58 -58 77 -32
451c 82b -38b

C2H4Mu‚Na+ 555 36 35 -30 -30 69 -24 159
C2H4Mu‚H+ 1463 -18 -18 -18 -18 14 14 437
C2H4Mu‚NaY 526 37 38 -33 -33 67 -26 156

C(CH3)2CH2Mu• 425 29 27 113 -26
463d

C(CH3)2CH2Mu‚Na+ 417 26 26 122 -13 103
C(CH3)2CH2Mu‚H+ 35 3 3 7 2 1301
C(CH3)2CH2Mu‚NaY 415 29 33 288 -63 135

a Data from ref 40 in liquid ketene at 184 K.b Data from ref 41 on nonmuoniated methyl and ethyl radicals (0 K interpolation of the experimental
data).c Data from ref 42 at 20 K.d Data from ref 43 at 43 K in solid isobutene.

TABLE 4: The Experimental and Theoretical Anisotropic
Splitting Constants (in G) for the Ethyl Radical, and
Theoretical Anisotropic Splitting Constants (parallel to C-C
bond components) for H, Mu, 13C, and X Nuclei of
Muoniated Ethyl Radical

system Mu 〈Hâ〉a 13Ĉ 13C X

C2H5
• (experiment)44 1.9

C2H5
• (experiment)45 2.4

C2H5
• (theory)46 2.5 -27.2 0.5

C2H4Mu• (at 0 K) 2.7 2.7 -27.3 0.6

C2H4Mu‚Na+(at 0 K) 2.2 2.8 -21.8 0.9 1.3
C2H5‚HY (O4H) (at 0 K) 7.6 1.5 -0.4 0.5 0.1
C2H4Mu‚NaY (at 0 K) 4.1 3.9 -24.6 0.1 1.5
C2H4Mu‚H+ (at 0 K) 6.3 -5.1 -15.0 -15.0 6.3

a Average values of allâ hydrogen atoms. A similar averaging
scheme was used in ref 46.
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The results in Table 5 suggest that the C-Mu stretches should
be between 8000 and 9500 cm-1, which is in a reasonable range
for studies by conventional tuneable lasers, a unique aspect of
muoniated free radicals as compared to their conventional
isotopomers. While the C-Mu stretching modes are not mixed
with any other modes, the C-C stretching modes have
significant components of rocking, wagging, and umbrella
motions. With these facts in mind, we can utilize the frequencies
in Table 5 to obtain a qualitative picture of the effect of cations
on C-Mu and C-C bonds.

From the order of the vibrational frequencies of the C-Mu
stretching mode, we can see that the strength of the C-Mu bond
in free radicals increases in the following order:tert-butyl <
ethyl < methyl. The same order holds for complexes of the
free radicals to Na+. For the alkane radical cations, this order
is broken and changed to methyl< tert-butyl < ethyl.

The Ĉ-C bond in muoniated ethyl is the strongest bond
among these three alkyl radicals. The effect of H+ on the Ĉ-C
bond of the ethyl radical is quite significant and suggests that
the Ĉ-C bond is very reactive in the ethane radical cation. This
effect is reversed for thetert-butyl radical. In both free radicals,
Na+ has only minor weakening effects. These results from
vibrational frequencies are consistent with the results on the
structures of free radicals explained above. For the methyl
radical, both H+ and Na+ cations are weakening the C-Mu
bond. The zeolite framework has a further weakening effect
probably due to the hydrogen bonding between Mu in C-Mu
and O in the zeolite framework.

The highest intensity absorption is for C-Mu asymmetry
stretching in the muoniated methane radical cation, followed
by similar modes in neutral muoniatedtert-butyl and ethyl
radicals.

5. Computational Predictions To Guide Future Experi-
mental Studies.Here, we report conditions needed to observe
methyl radicals in the NaY and HY zeolites and to observe
radical cations in the HY zeolite. All equations relevant to this
section are given in the refs 12, 14, and 53.

At low temperatures diffusional motion of the free radicals
is slow. As a rough estimate for the diffusion coefficient of
alkyl radicals in the zeolites, we use the binding strength of an
alkyl radical to the zeolite as a measure of the diffusion barrier.
Using ethene as a standard,54,55 where both its diffusion
coefficient and binding strength in a zeolite are known, we
estimate the diffusion coefficient of the alkyl radical according
to the following formula:

The diffusion coefficient of ethene (DSt) at 298 K (TSt) is 3.2

× 10-10 m2 s-1,54 while its binding strength to the NaY zeolite
(BESt) is 9 kcal/mol.55 The binding of methyl radical to free
Na+ or Na+ within the zeolite framework is small and therefore
we expect that at a temperatures around 150 K,Dmethyl is about
1.5 × 10-15 m2 s-1, corresponding to a mean square net
displacement around 1 Å in 1 ms.Based on our computational
results and a recent report on magnetic field dependence ofµSR
amplitudes,53 we recommend the following conditions for
detection of neutral muoniated methyl radical in HY or NaY
zeolites, assuming a pseudo-first-order rate of 109 s-1 for radical
formation and assuming thermal reaction of Mu as the mech-
anism of radical formation: transverse field around 8000 G,
whereV14 andV23 would be the observable frequencies at 174
and 44 MHz, respectively, well separated from diamagnetic
muon precession frequency (Vd) at 108.4 MHz.

Moreover, in view of significant recent developments in the
production ofR muoniated radicals,40,56 and the unique char-
acteristics of binding of methyl radicals in zeolites (see Table
2), we strongly recommend pursuing experimental studies of
muoniated methyl radicals in zeolites.

To be able to detect methane radical cations, the best
condition is at∼6000 G, where the two observable frequencies
areV12 ) 243 MHz andV34 ) 418 MHz, with Vd ∼ 81 MHz.
On the other hand, it would be difficult to detect the ethane
radical cation within the current technical limits of TF-µSR,
due to its very large muon hfc (see Table 4 and Figure 10).

tert-Butyl radical at∼400 K will have a hfc about 391.5 MHz.
Assuming 1010 s-1 for the pseudo-first-order rate of radical
formation under these conditions, the best condition will be at
10 000 G, whereV12 ) 59 MHz, V34 ) 333 MHz, andVd )
135.5 MHz are the observable signals.

Isobutane radical cation in the HY zeolite would have a hfc
about 30 MHz over the whole range of experimentally possible
conditions. Due to the small hyperfine coupling, the two
observable frequenciesV12 andV34 will be very close toVd and
will be difficult to observe, particularly when thediamagnetic
signal is rather broad in these zeolites. At 4000 G,V12 )
39 MHz andV34 ) 69 MHz, whileVd ) 54 MHz. A better way
to search for isobutane radical cation might be by means of
ALC-µSR.14 The∆M ) 1 resonance of isobutane radical cation
will be between 1100 and 1300 G at different temperatures,
which is expected to be the only observable resonance due to
large binding energy (see Table 2).

There should be other∆M ) 0 resonances for all free radicals
in the NaY zeolite, due to the sodium (I ) 3/2) nuclear hyperfine
couplings (i.e., k stands for Na). Such resonances have been
observed inµSR studies of Cu- and Na-exchanged ZSM-5
zeolites.10,56For ethyl in the NaY zeolite at a temperature around
100 K, it should give rise to a broad and strong resonance around
13 700 G, while near 0 K, it should give rise to a very broad
resonance around 15 800 G.

Conclusions

We classified the free radicals that could form in the NaY
and The HY zeolites from addition of muonium to ethene and
isobutene. Geometries, binding energies, and temperature de-
pendences of the hyperfine splitting in neutral methyl, ethyl,
and tert-butyl radicals and their radical cations have been
studied. The muon hyperfine coupling constants of ethane radical
cations in the HY zeolite are very large with weak temperature
dependence below 300 K. There is a significant binding between
the ethyl ortert-butyl radical and the NaY or HY zeolite, but
the intramolecular dynamics of these free radicals are only
weakly affectedby this binding. The binding of the NaY and

TABLE 5: The Ĉ -C Stretching and C-Mu Stretching
Vibrational Frequencies (in cm-1) and IR Intensities (in
km/mol) for C -Mu Stretching Vibrational Modes

system
C-Mu

stretching
C-Mu IR
intensity

Ĉ-C
stretching

CH2Mu• 9412 42
CH2Mu‚H+ 8222 1975
CH2Mu‚Na+ 9291 13
CH2Mu‚NaY 9178 5
C2H4Mu• 8914 230 1096
C2H4Mu‚H+ 9233 173 463
C2H4Mu‚Na+ 8970 47 1045
C2H4Mu‚NaY 8647 109 1064
C(CH3)2CH2Mu• 8853 281 765
C(CH3)2CH2Mu‚H+ 9085 33 811
C(CH3)2CH2Mu‚Na+ 8663 6 763
C(CH3)2CH2Mu‚NaY 9196 106 710

Dalkyl ) DSte
-BE/RT/e-BESt/RTSt (4)

Alkyl Radicals in Zeolites J. Phys. Chem. A, Vol. 109, No. 32, 20057249



HY zeolites to both ethyl andtert-butyl radicals has asignificant
effecton theirintermoleculardynamics, trapping these radicals
on cation sites in zeolite super cages. The methyl radical in the
NaY zeolite is predicted to be mobile due to its very small
binding strength to the Na+ cation sites.
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