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The nitroxides1 and1-oMe were employed as EPR probes for the investigation of the supramolecular structures
and dynamics of organic molecules adsorbed on the external surfaces of two MFI zeolites (silicalite and
ZSM-5). The results for the two zeolites are qualitatively similar, but depend quantitatively on the surface
area of the external surface. Computational analysis of the EPR spectra as a function of loading of the probe
is consistent with an initial strong association of the probes with the holes on the external surface, followed
by a weaker binding to the framework of the external surface between the holes. The first supramolecular
structure (binding to holes) fixes the motion of the probes and allows for an estimation of the average separation
of the probes through EPR analysis of the dipole-dipole interaction. After saturation of the holes and the
onset of the second supermolecular structure (binding to the framework), rapid diffusion of the probes on the
framework occurs and provides a means for an estimation of the motion of the probe through EPR analysis
of the spin-spin exchange interaction. The mobile framework’s probes collide and displace the probes in the
holes, resulting in a dynamic equilibrium between probes at both sites. The displacement of the nitroxides
associated with the holes by three coadsorbed “displacer” molecules,2, 3, and4, was investigated by the
change of the probe EPR. Addition of ketones2 and4 resulted in the displacement of nitroxides after sufficient
displacer was added to saturate the holes on the external surface. This result is consistent with a stronger
binding of the nitroxide to the surface and for the need for molecules of2 and4 to be situated on the framework
before displacement of the nitroxide can occur. Compared to2 and4, 3 is found to be a poor displacer of
nitroxide because of its weak association with the holes. From the competitive displacements, it is concluded
that the binding to the external surface increases in the series3 < 2 < 4 , 1, being at a minimum for the
nonpolar3 and a maximum for the nitroxide that possesses two polar moieties for interaction with the zeolite
surface. On the basis of these results, a model was developed which described the supramolecular structures
and dynamics formed by the ketones and MFI zeolites at a function of loading and for the various systems
investigated.

Introduction

The MFI zeolites are important materials with applications
in the catalytic and separation sciences.1 The building blocks
of MFI zeolites are the corner-sharing AlO2

- (with charge
compensating cations) and SiO2 tetrahedra with Al and/or Si
atoms connected through oxygen atoms. These structural units
create two sets of channel systems, one straight running along
the direction of [010] and roughly circular with a diameter of
ca. 5.3× 5.6 Å and the other sinusoidal, running along the
direction of [100] and roughly elliptical with dimensions of ca.
5.1 Å × 5.5 Å (Chart 1).2 The channels and intersections
compose the internal surface and the holes (pore openings),
respectively, while the framework between the holes composes
the external surface (Chart 1). Applications of zeolites typically
begin with the initial size/shape selective adsorption of mol-
ecules (from the gas phase or the liquid phase) to the external
surface of a zeolite crystal followed by size-shape selective
diffusion and molecular sieving of the molecules to the internal
surface.3 Among the important and fascinating issues concerning

the adsorption of molecules on the external surface to be
examined are (1) What are the distinct supramolecular structures
formed on the external surface? (2) Which (if any) supramo-
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CHART 1: Structure of MFI Zeolite a

a Left, the projection of MFI zeolite along [010], showing the external
surface consisting of Holes (pore openings) and framework between
the holes. Right, the internal surface of MFI zeolite, consisting of
straight channel along [010] direction and sinusoidal channel along
[100] direction.
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lecular structures are associated with the holes on the external
surface, and which (if any) are associated with the external
framework between the holes? (3) What are the relative binding
strengths of systematically varied supramolecular structures of
the sites on the external surface? (4) What are the dynamics of
the molecules adsorbed at the sites on the external surface and
of the displacement of initially bound molecules by other
molecules that compete for sites? Such questions regarding
adsorption and dynamics of molecules on zeolites can often be
answered by spectroscopic methods.4 However, despite its
interest and importance, the literature on the use of spectroscopic
methods to investigate the supramolecular structure and dynam-
ics of moleculesadsorbed on the external surfaceof zeolites is
limited.5 The relatively small surface area usually associated
with the external surface and corresponding sensitivity issues
probably contribute to the relative dearth of spectroscopic reports
of the supramolecular structure and dynamics of molecules
adsorbed on the external surface of zeolites.

In this report we demonstrate that electron paramagnetic
resonance (EPR) provides a spectroscopic method of high
sensitivity that is applicable for investigations of the supramo-
lecular structure and dynamics of molecules bound to the
external surface of MFI zeolites. The strategy for the investiga-
tion is derived from previous results that examined the
photochemistry of dibenzyl ketone derivatives which were
selectively adsorbed on the external surface of MFI zeolites.5a,b

These studies concluded that there are two distinct binding sites
on the external surface of MFI zeolites, i.e., an initial and
stronger binding site that is associated with the holes, and the
second, weaker binding site that is associated with the frame-
work surface between the holes. Furthermore, it was shown that
the stronger binding site (associated with the holes) constitutes
ca. 30% of the external surface and the weaker binding site
(associated with the framework) constitutes ca. 70% of the
external surface.5a This model is consistent with X-ray data for
the unit cell of MFI zeolites.2 Chart 1 shows the external surface
of a MFI crystal as a projection of the zeolite framework along
the [010] direction. For a MFI sample with an external surface
area of 10 m2/g (which is of the order of the zeolites employed
in this investigation) the stronger binding sites are saturated at
ca. 0.3 wt %/wt and a monolayer is formed at ca. 0.7 wt %/wt
loading for an adsorbed molecule of molecular weight of 210
(e.g., dibenzyl ketone) taking an average of the limiting
orientations of adsorbed molecules on the external surface.5a

On the basis of this working model we designed two nitroxide
EPR probes (1 and1-oMe, Chart 2) of the external surface of
MFI zeolites to possess a partial structure that was analogous
to the previously investigated dibenzyl ketones.5a,dThe experi-
mental approach envisioned was first to investigate the loading
dependence of EPR of1 and1-oMe adsorbed on the external
surface of two MFI zeolites, silicalite and ZSM-5. These
investigations examine the binding of the nitroxide probe to
the various sites on the external surface as a function of the
type of zeolite (silicalite vs ZSM-5) and the sensitivity of the
binding to the structure of the guest. A second study was
undertaken to investigate the displacement of the initially
adsorbed nitroxide probes by the addition of molecules2, 3,
and4, (Chart 2) each of which possesses differing size/shape
characteristics and functional groups.

Experimental Section

General Methods.All reagents were purchased from Aldrich
and used as received, unless otherwise stated. Silica gel (EM
Science, 230-400 mesh) was used for column chromatography.

NMR spectra were recorded on a Bruker NMR spectrometer at
400 MHz (or 300 MHz) for1H and 100.6 MHz (or 75.4 MHz)
for 13C in CDCl3 using TMS as the internal standard. The
electron paramagnetic resonance method for data acquisition
was previously described.5aGas chromatography was performed
on a HP 5890 gas chromatograph equipped with a FID detector
and a HP-1 capillary column. GC/MS was performed on a HP
5890II gas chromatograph equipped with a HP-5 capillary
column and connected to a HP 5972 Mass Selective Detector.
Scanning electron microscopy (SEM) was performed on a
Hitachi S-510 scanning electron microscope.

2,2,6,6-Tetramethyl-4-[(phenylacetyl)oxy]-1-piperidinyl-
oxy, (1). 1was synthesized on the basis of a modified published
procedure.6 To a solution of phenylacetic acid (2.85 g, 20.9
mmol), 4-hydroxy-TEMPO (3 g, 17.4 mmol) and 4-pyrrolidi-
nopyridine (0.31 g, 2.09 mmol) in 50 mL dry ether was added
1,3-dicyclohexylcarbodiimide (DCC) (5.03 g, 24.4 mmol) in
10 mL dry ether. The reaction mixture was stirred for 24 h under
an argon atmosphere, diluted with a mixture of 100 mL water
and 100 mL methylene chloride, and then stirred for 5 min.
After filtering off the precipitate, the organic layer was collected
and washed in sequence with an aqueous solution of 2× 100
mL 0.5 N HCl, 3 × 100 mL 1 N NaOH, and 2× 100 mL
water, 100 mL of saturated NaCl aqueous solution and dried
over anhydrous magnesium sulfate. The crude product was
concentrated at reduced pressure and was purified by flash
column chromatography. Elution was achieved with hexanes/
ethyl acetate/methylene chloride with increasing polarity from
20:1:1 (volume) to 14:1:1, and was monitored by thin-layer
chromatography visualized by UV (254 nm) and an iodine
chamber. After removal of the solvent under reduced pressure,
3.6 g of1 (12.4 mmol) as red viscous oil was obtained in 71%
yield. The sample used in the EPR experiment was at least 95%
pure, as confirmed by GC analysis. MS (EI) (rel intensity): 290
(6.5), 154 (18), 119 (56), 104 (55), 91 (100).

2,2,6,6-Tetramethyl-4-[(2-methylphenylacetyl)oxy]-1-pip-
eridinyloxy, (1-oMe). 1-oMe was prepared following the
procedure described above for1 using 2-methylphenylacetic acid
instead of phenylacetic acid. The product was obtained as a
viscous red oil after purification by column chromatography.

1,3-Bis(2-methylphenyl)-2-propanone, (2). 2was synthe-
sized following a published procedure for the synthesis of 1,3-

CHART 2: Structures of Molecules Investigated in This
Report.
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bis(4-methylphenyl)-2-propanone using 2-(methylphenyl) acetic
acid instead of 4-(methylphenyl) acetic acid.7 2 was purified
by column chromatography with hexanes/ether (19/1 v/v) and
was re-crystallized from hexanes/ether as white crystals.1H
NMR (ppm) 7.13-7.22 (3H, m), 7.06-7.09 (2H, m), 3.73 (4H,
s), 2.17 (6H, s).13C NMR (ppm) 205.9, 137.1, 133.1, 130.7,
130.6, 127.6, 126.4, 47.5, 19.8.

1,2-Bis(2-methylphenyl)ethane, (3). 3was isolated from the
reaction mixture in the preparation of4 (vide infra) as a side
product and re-crystallized as white crystals.1H NMR (ppm)
7.14-7.26 (8H, m), 2.85 (4H, s), 2.32 (6H, s).13C NMR (ppm)
140.3, 136.1, 130.4, 129.0, 126.3, 126.2, 34.3, 19.5.

1-(2-Methylphenyl)-3-phenyl-2-propanone, (4). 4was syn-
thesized following a published procedure for the synthesis of
1-(4-methylphenyl)-3-phenyl-2-propanone using 2-(methylphe-
nyl) acetic acid instead of 4-(methylphenyl) acetic acid.7 It was
purified by column chromatography with hexanes/ether (19/1
v/v) and obtained as a colorless liquid at room temperature.1H
NMR (ppm) 7.26-7.35 (3H, m), 7.11-7.21 (5H, m), 7.02-
7.11 (1H, m), 3.74 (2H, s), 3.71 (2H, s), 2.13 (3H, s).13C NMR
(ppm) 205.9, 137.2, 134.2, 133.0, 130.6, 128.9, 127.6, 127.2,
126.4, 49.3, 47.5, 19.7.

Zeolites.Silicalite (Si/Al > 1000) was obtained from UOP.
LZ-105, a pentasil, ZSM-5 type zeolite (Na form, Si/Al) 20)
was a generous gift from Dr. Edith Flanigen of Union Carbide
Corporation. The mean crystal size of the silicalite was ca. 1
µm and the mean crystal size of the LZ-105 sample was ca. 0.3
µm (SEM characterization). The external surface areas of
silicalite (5 m2/g) and a LZ-105 (16 m2/g) were determined using
mercury porosimetry.5a,8

Sample Preparation.The zeolite samples were activated in
a furnace at 500°C for 2 h and cooled to room temperature in
a desiccator prior to use.

A typical sample preparation of the EPR probes adsorbed on
the zeolites was as follows: a stock solution of 10 mg of1 (or
1-oMe) in 10 mL of isooctane was prepared. For loading less
than 0.3%, the desired amount of stock solution was diluted to
0.3 mL and mixed with 100 mg of zeolite. For loading higher
than 0.3%, an appropriate amount of stock solution (more than
0.3 mL) was mixed with 100 mg of zeolite. The slurry was
then stirred for 30 min. The loading is expressed in weight
percent throughout this paper, i.e., 1% corresponds to 1 mg of
adsorbate on 100 mg of zeolite.

A typical sample preparation of the EPR probes with
coadsorbed molecules was as follows: stock solutions of 10
mg of 1 (or 1-oMe) in 10 mL of isooctane and of 10 mg of the
2, 3, and4 in 10 mL of isooctane were prepared. A specific
loading was achieved by mixing appropriate volumes of stock
solutions of1 (or 1-oMe) and the coadsorbed molecule with
isooctane to form 0.3 mL of solution. Then, 100 mg of the
zeolite were added to the mixture and stirred for 30 min.

For all the samples, after stirring, the solvent was removed
first by evaporation with an argon flow and then under vacuum
to 1 × 10-4 Torr.

Computation of the EPR Spectra.The EPR spectra were
computed by means of the procedure established by Schneider
and Freed.9 For each series of measurements (different loading
for the same zeolite) the following parameters were calculated
for the spectrum at the lowest loading in the series and then
assumed constant for the other spectra of the series:

(1) gii (components of theg tensor for the magnetic field-
electron spin coupling):

gii ) 2.009, 2.006, 2.002 for silicalite samples, andgii )
2.009, 2.006, 2.0025 for LZ105 samples.

The error limit in theg value is(5 × 10-5 as obtained from
the calculation as follows: The computed line shape signifi-
cantly changes only for values above and below the indicated
accuracy.

(2) Aii (components of theA tensor for the electron spin-
nuclear spin coupling):

Aii ) 6 G, 7 G, 38 G for all samples; the highAii values
indicate a very polar environment of the radical situated at the
zeolite surface. The error limit in the calculation ofAii is 2% as
obtained from calculation, as above for theg values.

(3) τ (correlation time for the rotational motion of the radical,
e.g., the mean value between the parallel and the perpendicular
component whose ratio was assumed constant) 10). The
calculation of this parameter from the computation procedure
was obtained assuming a Brownian model for the rotational
motion of the nitroxide.9

The error limit of τ is estimated to be(2.5% as obtained
from the calculation [τ values larger than the ones above
(+2.5%) or smaller than those above (-2.5%) produced a
significant variation in the computed line shape, decreasing the
goodness of fitting between the experimental and the computed
signals].

When the radicals begin to interact strongly with each other
(spin-spin interactions) either statically due to their vicinity
or dynamically through collisions of mobile radicals, the
sensitivity of the calculation to the polarity and motion
parameters diminishes. However, at this point the parameters
connected to spin-spin interactions become important in the
spectral simulation and can be employed to obtain information
on the supramolecular structure and dynamics of the adsorbed
radicals, rather than on the polarity and motion.

The following parameters were used for the computation of
spin-spin interactions that occur at high loadings of the
nitroxides:

(1) ∆HD, the dipolar broadening that is included in the
intrinsic line width in the calculation.10 The evaluation of the
dipolar broadening (due to static anisotropic spin-spin interac-
tions) by means of spectral computation, allows the calculation
of the mean distance,d (in Å, among the probes at the surface,
from the equation,∆HD ) 3 × 104/d3.11 The error limit in the
line width from spectral simulation and in the calculatedd is
estimated to be ca.(2.5%. In the calculation the interacting
spins are assumed fixed with respect to each other. This would
be the situation for radicals associated with the holes on the
external surface.

(2) ωex, Heisenberg spin-spin exchange frequency.12 The
increase inωex also corresponds to the increase in the local
concentration of the mobile radicals whose motion allows
collision with other nitroxides on the external surface. The error
limit in ωex is estimated to be ca.(2.5% as obtained from
spectral simulation.

For some spectra, the fitting between the experimental and
computed spectra was not as good as others, due to both the
approximations assumed for the parameters in the calculation
and the assumption that only one component (and, therefore,
one set of parameters) contributes to the EPR signal. It may be
that the radicals are bound in more than one environment even
at low loadings or that different supramolecular stereoisomers
may contribute to the binding at either site.13b However, for
the purposes of the present study, the parameters extracted from
computation are sufficient to provide information on the
evolution of the system as a function of loading (absolute values
are not required for the qualitative analysis).
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Results and Discussion

Figure 1 shows the EPR experimental spectra (solid lines)
and computed spectra (dashed lines) of1 adsorbed at different
loading onto silicalite (Figure 1a) and LZ-105 (Figure 1b).

The computation of the spectra at the lowest loading allowed
for an evaluation of the correlation times for motion as:τ ) 7
× 10-9 s for silicalite samples, andτ ) 1 × 10-8 s for LZ-105
samples.

It is to be noted that these times are in the so-called slow
motion limit of the EPR method ((1-2) × 10-9 s < τ < 5 ×
10-8 s).9 These results at low loading (0.01-0.05%) of1 (or
1-oMe, not shown) are consistent with the proposed model
which predicts that the initial adsorption of1 will be associated
with the stronger binding sites of the external surface. In addition
to the holes as “pores” for intercalation of a portion of the probe,
portions of the probe structure can interact with polar groups
such as SiOH groups13,4d4 (silicalite and LZ-105) and cations
13,4d4 (LZ-105) that exist on the external surface. The slower
mobility of 1 on the LZ-105 surface relative to the silicalite
surface is consistent with a higher polarity and the presence of
cations on the surface near the holes for LZ-105. It is also
possible that some portion of the nitroxide probe partially inserts
itself into the holes on the external surface and is stabilized by
dispersion interactions.

The assumption that the EPR parameters are constant at low
and high loading is only an approximation, since the environ-
ment and supramolecular structure of the radicals@zeolite are
expected to change with loading. The radicals’ size and shape
prevent them from being adsorbed into the internal surface. They
bind first to the holes and then to the framework between the
holes. The initial binding to the holes causes the EPR spectra
to be dominated by the dipolar interaction between nitroxides
at fixed positions in the holes on the external zeolite surface.
As the loading increases, the holes are eventually saturated with
nitroxides. Beyond the saturation loading, the framework
between the holes serve as binding sites for1 until a monolayer
is formed. In this case, the dynamic exchange interaction results
from the interactions of weakly adsorbed mobile radicals on
the framework of the external surface which are relatively free
to diffuse and collide with each other and with the constrained
radicals associated with the holes. The onset of mobile nitroxides
on the framework may set up a dynamic equilibrium between
the stronger and weaker binding sites. If radicals associated with
the holes are displaced by dynamic equilibrium, the dipolar
interactions between these radicals will be averaged out and
will “disappear” from the EPR signals.

Although information on static dipolar interactions and
average distances of separation disappears at high loading, new
information on the dynamics of exchange of radicals between
sites becomes available, because the radicals that undergo rapid
collisions at high concentration give rise to Heisenberg exchange
interaction (the electron spins exchange among radicals) which
can be extracted by computational EPR analysis of the spectra.
The exchange frequency increases with the increase of loading
on the framework and is manifested by a collapse of the
hyperfine lines into a single line. Therefore, the lowest loading
corresponding to the onset of the exchange interaction provides
an indication of the saturation of nitroxide molecules associated
with the holes and the onset of the coverage of the framework
of the external surface by the nitroxide when the spins of the
radicals can interact statically due to their proximity or dynami-
cally due to their weaker binding to the framework.

Loadings beyond a monolayer causes the formation of a
nitroxide multilayer at the surface in which the radicals are
mainly surrounded by other radicals creating a fluid two-
dimensional film of low-polarity.

The ∆HD andωex parameters obtained from computational
analysis of the EPR spectra are listed in Table 1 for the spectra
of 1-oMe reported in Figure 1. From the parameters in Table
1, the sum of the spin-narrowed spectra (a single line due to
the collapse of the hyperfine lines) may easily be computed by
means of at least two sets of parameters. For instance, from
0.25% to 0.3% loading on silicalite we tried to either retain the
same line width or to decrease the line width, in both cases
increasing the exchange frequency to reproduce the EPR line
shapes. The physical meaning of these two choices is of course
very different, a decrease in dipolar line width with increasing
loading being much more probable, due to interactions of the
nitroxides in the holes with mobile colliding nitroxides.

EPR Analysis of the Loading Dependence of Adsorption
of 1 and 1-oMe on Silicalite and LZ-105.The results of the
computational EPR analysis were experimentally indistinguish-
able for the loading dependence of adsorption of1 and1-oMe
on either silicalite or LZ-105. Thus, the structural and dynamic
interpretation will be the same for each probe so that only
the results for1 will be discussed in detail. Despite the
possibility of the occurrence of heterogeneity of binding, it is

Figure 1. (a) EPR spectra of1 on silicalite at various loadings,
indicated at the right of the spectra. The solid lines are experimental
results and the dashed lines are from computational simulations. (b)
EPR spectra of1 on LZ-105 at various loadings, indicated at the left
of the spectra. The solid lines are experimental results and the dashed
lines are from computational simulations.
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clear (Figure 2) that thed value (average separation between
probe nitroxides in Å, left ordinate) decreases almost linearly
for loadings up to 0.2%, an indication that the radicals are
initially adsorbed and are immobile at interacting sites that are
separated by a fixed distance from each other. The variation in

slope above ca. 0.2% for LZ-105 is due to the progressive
saturation of proximal sites, that is, the surface holes. At ca.
0.2% loading for silicalite and ca. 0.4% loading for LZ-105,
the radical-radical distance reaches a minimum value (ca. 12
Å) and the exchange frequency begins contributing and must
be taken into account in the calculation. As discussed above,
we may take the onset of spin-spin interactions to indicate the
saturation of the surface sites (holes) to which the nitroxide
molecules adsorb. The saturation value for filling the holes by
1 on silicalite (ca. 0.2%) is in good agreement with the saturation
value (ca. 0.2%) obtained from a spectroscopic and photochemi-
cal analysis of4 adsorbed on silicalite.5a The difference in the
saturation values between the two zeolites (ca. 0.2% for silicalite
and ca. 0.4% for LZ-105) is the result of the differences in the
surface areas of the two zeolites, which are ca. 5 m2/g for the
silicalite sample and about 16 m2/g for the LZ-105 sample.

An important check of the computation is provided by a
comparison of the minimum values ofd (ca. 12 Å) from Figure
2. This computed value compares favorably with that derived
from X-ray data for the minimum distance between the centers
of two adjacent holes (ca. 12 Å). The excellent agreement
between the value ofd from X-ray data and EPR computation
provides support for the validity of the assumption that saturation
corresponds to filling the holes on the external surface and that
binding to the holes is sufficiently strong to immobilize the
probes on the EPR time scale.

Beyond the saturation point, (>0.2% for silicalite and>0.4%
for LZ-105), the plots in Figure 2 (both a dynamic spin-spin
exchange and “formal” distance of separation of the probes)
may be computed from the spectra. The result is an almost linear
increase in both the distance among the radicals and the
exchange frequency. Although the increase in exchange fre-
quency is intuitively expected because of the increase in the
number density of the probes as the surface coverage increases
and the corresponding increase in collisions between surface
bound molecules, theincreasein separation between probes is
in apparent contradiction to an increase in surface coverage and
requires an explanation.

The apparent contradiction between the results of the dipolar
interactions and the exchange interactions (Figure 2) can be
explained on the basis of the following model for adsorption
of the probe on the external surface (Chart 3). The model
assumes that the initial strong binding site (holes, Chart 3a)
“fixes” or “freezes” the motion of the probe (on the EPR time
scale) at a certain average distance,d, which decreases with
increasing coverage and population of the holes. Eventually,
the holes are all filled (saturation, Chart 2b) and the average
distance between the probes bound to the holes is at a minimum.
Beyond saturation, further binding must occur at the second
site (framework) which does not constrain the motion of the
probe significantly. The diffusional motion of the probes
adsorbed on the framework will result in collisions with other
probe molecules, both those bound to the holes and to the
framework. Both types of collisions will result in an increased
frequency of dynamic spin-spin exchange (ωex). However,
collisions between a mobile probe bound to the framework and
a fixed probe bound to a hole provides a mechanism for dynamic
displacement of the probe in the hole (Chart 3c). In effect, the
onset of adsorption of probe molecules on the framework
provides a dynamic mechanism for removing probes from the
hole and for establishing an equilibrium between probe mol-
ecules in both sites. Since the total amount of external surface

Figure 2. Mean distance (d, Å, left ordinate) and Heisenberg spin-
spin exchange frequency (ωex, right ordinate) between probe molecules
1 derived from computational analysis of EPR spectra of Figure 1 at
different loadings on the external surface of LZ-105 (top) and silicalite
(bottom).

TABLE 1: Parameters for the Spin-Spin Interactions As
Obtained from Computational Analysis of the EPR Spectra
of 1 onto Silicalite and LZ-105

zeolite
loading

(wt/wt %)
∆HD

(Gauss)
ωex

(s)

silicalite 0.01 6
0.05 10
0.1 12
0.2 17 7× 107

0.25 14 3× 108

0.3 14 1.5× 109

10-10.5 8× 108

0.35 10 1× 109

0.4 10 4× 109

0.8 10 4.5× 109

2 10 5× 109

LZ-105 0.01 9
0.05 10
0.1 11.5
0.2 15
0.4 17 5× 107

0.6 17 1× 108

“ 0.8 17 3× 109

14 2× 108

1 17 3× 109

10 5.5× 108

2 10 2× 109

5.8 8× 108

3-4 10 2.5× 109

5.3 8× 108

6 10 3.5× 109

5.1 8× 108
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is finite, when the external surface is completely covered, the
rate of the dynamic exchange of sites reaches a maximum.

The proposed dynamic mechanism for displacement from the
holes, which is absent until the framework becomes covered,
is an interesting property of adsorption on surfaces. The
mechanism operates when there are two binding sites that are
limited in number and for which the first site binds much more
strongly than the second site. If the activation for removal (and
subsequent diffusion) from the first site is high (on the EPR
time scale) and determined by a unimolecular process, the EPR
analysis shows the probes as fixed until the sites are saturated.
After saturation, further addition of mobile probes provides a
second order mechanism for removal of the probe from the more
strongly binding sites. The contribution of the second-order
displacement process increases as the concentration of the
mobile probes (adsorbed on the framework) increases.

This model provides a means of rationalizing the intuitively
unexpected increase in the computed average distance between
EPR probes as the coverage increases beyond the saturation
point of the holes. The model predicts that the lifetime of the
association of a nitroxide with a hole or framework decreases
as the result of site exchange. The dynamic displacement of
radicals associated with holes and the resulting motion averages
the dipolar interactions between some of the fixed radicals
associated with holes, causing them to become “invisible” to
other fixed radicals in holes in the computation ofd. As a result,
the distance between the radicals associated with holes appears
to increaseas the coverage increases beyond saturation because
of the removal of dipolar interactions, which the computation
interprets as an increase in the average separation between the
probes in the holes.

As is expected from the model, beyond a certain loading
corresponding to complete coverage of the external surface (at
ca. 2% for silicalite and ca. 4% for LZ-105), the average distance
and the exchange frequency remain almost constant (Figure 2).
At this point there is a complete coverage of the external surface
and the formation of a “fluid monolayer”, a situation for which
there is a rapid exchange of nitroxide at all sites. The final value
of the exchange frequency is higher on silicalite (ca. 5× 109

s-1) than on LZ-105 (ca. 8× 108 s-1) and is attributed to the
smaller surface area of the silicalite samples.

As mentioned above, the results for1-oMe closely parallel
those of1 within the experimental uncertainty. Thus, the phenyl
group of1 is probably not bound strongly to the holes of the
external surface by intercalation, since this mode of binding is
not likely for 1-oMe; i.e., the molecular cross section of the
“o-xylene” portion of1-oMe is too large to fit in the holes of
the external surface. We conclude that, since the stronger binding
site for1 is stoichiometrically correlated with the holes on the
external surface, there must be somechemicalfeature of the
holes that is important in the binding. This feature could be the
occurrence of “defects” (e.g., SiOH groups) for silicalite and
of SiOH or such groups and cations for LZ-105. With this
qualification in mind, for convenience and simplicity we shall
continue to refer to the stronger binding sites as those associated
with the holes, and the weaker binding site as those associated
with the framework.

Dependence of the EPR of 1 Adsorbed on Silicalite and
LZ-105 on Loading of Coadsorbed 2, 3, and 4.Having
established that the EPR spectra of adsorbed nitroxide provide
a probe of binding and of dynamic nitroxide exchange of sites
on the external surface, we now employ EPR to examine the
ability of a series of “displacer” molecules (2, 3, and 4) to
replace nitroxide molecules associated with the holes (i.e., low
loading of 1). Chart 4 shows schematically some of the
supramolecular structures and dynamics that are expected to
be formed by the coadsorption of1 and 2-4. It is expected
that as1 is displaced from association with holes by coadsorbed
2, 3, or 4, the EPR of the adsorbed nitroxide will be converted
from one characteristic of a bound probe in slow motion to one
of a freely moving probe in fast motion. The displacer molecules
were selected to provide different structural features that would
result in differing binding and displacing abilities. Ketone2
possesses a polar carbonyl group and two nonpolar aryl moieties,

CHART 3: Schematic Representation of the Adsorption
of Nitroxide 1 onto the External Surface of Silicalite at
Various Loadingsa

a (a) At low loading,1 strongly binds to the holes, the stronger
binding site. The average distance between “fixed” molecules of1
decreases with increasing loading as the holes are filled to produce a
partial coverage of the external surface. (b) When the holes are
saturated, the lowestd value is observed. (c) At higher loading,
molecules of1 begin binding to the framework at the external surface.
the latter are mobile and a dynamic exchange between the molecules
occurs. See text for discussion.

CHART 4: Schematic Representation of Nitroxide 1
(0.01%) on External Surface of MFI Zeolite with
Coadsorbed 2, 3, 4 as Displacers of 1 from Holesa

a (a) 2 binds strongly to the holes of external surface along with a
small coverage of1 until saturation of the holes is achieved without
effect on the binding of1; (b) 2 begins adsorbing on the framework of
the external surface and mobile molecules of2 begin colliding with
and displacing1 from the holes; (c) at loading up to a monolayer,
molecules of3 do not interact strongly with the external surface of
MFI zeolite and fail to displace1; (d) molecules of4 do not bind as
strongly as1, so they will only start displacing1 after filling in all the
remaining holes and occupying, at least partially, the framework
between the holes.
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neither of which can intercalate into a hole on the external
surface. Hydrocarbon3 possesses a nonpolar structure that
cannot intercalate into a hole on the external surface, but can
be weakly bound to the framework. Ketone4 possesses a polar
carbonyl group and two nonpolar aryl rings, one of which can
intercalate into the holes on the external surface.

If the molecules2, 3, and4 displace1 from the holes to the
framework, the EPR spectrum of1 will transform from one
that is characteristic of the probe in slow motion (broad, wide
line spectrum) to one that is characteristic of the probe in fast
motion (sharp, three-line spectrum). Figure 3 shows the
experimental EPR spectra obtained upon coadsorption of various
amounts of2 and3 onto silicalite together with 0.01% of1. At
the latter low loading, in the absence of coadsorbates,1 is
associated with the holes on the external surface and displays
an EPR spectrum characteristic of a probe in slow motion
(Figure 3, bottom spectra). The spectrum of1 coadsorbed with
2 does not change with increased loading until reaching the
loading corresponding to saturation of the holes (ca. 0.2%) of
the external surface (shown schematically, Chart 4a). This
loading value is in excellent agreement with the value for
saturation loading of the holes deduced from the loading
dependence of the EPR of1 alone (Figure 2).5a Above this
loading value, a signal due to fast moving radicals (three narrow
lines) begins contributing to the EPR spectra (shown schemati-
cally in Chart 4b). As the loading increases from this point on,
the contribution of the sharp three-line spectrum increases in
relative intensity with the increase in loading of2.

Therefore, it is concluded that the ketone progressively binds
to the holes until saturation occurs and then begins to bind to
the external frameworks. At this point a dynamic exchange
model employed to describe the displacement of nitroxide by
ketone molecules between sites becomes important and the
nitroxide is displaced from association with the holes as the
result of collisions with2 bound to the framework. Because of
the large excess of2 as the loading increases, the nitroxide
becomes increasingly displaced to the external framework and
the condition of rapid motion is achieved. At very high loadings
(>2%) a fluidlike monolayer is formed and exchange among
sites becomes very rapid.

The results with3 as a nitroxide displacer are quantitatively
different from those for2 (note the onset of the sharp spectrum

at ca. 0.2% for2 and the absence of any hint of the sharp
spectrum for this loading for3). Even at high loading of3
(>1%), only a small fraction of1 is displaced (shown schemati-
cally in Chart 4c) from the fixed positions (holes), whereas a
significant fraction of1 is displaced at this loading by2. The
main structural difference between2 and3 is the occurrence of
a polar CdO group for2, whereas3 is nonpolar. The differing
behavior of2 and3 provides information on the chemical nature
of the external surface of the silicalite samples. As discussed
above, there must be polar “defects”, such as SiOH groups, on
the external surface of the silicalite and the number of these
polar sites are associated with and evidently scale in number
as the number of holes on the external surface. Since1 has two
polar functional groups (ester and nitroxide) associated with its
structure, it will bind strongly to the polar groups associated
with the holes on the silicalite surface. Since nonpolar3 only
weakly interacts with the zeolite surface, it does not compete
effectively with 1 for the polar binding sites (holes) on the
external surface. Thus, collisions between3 adsorbed on the
framework and the nitroxide molecules associated with the holes
are ineffective in displacing the nitroxides, at least up to 1%
loading.

Note that the sharp EPR lines for the fast moving radicals
cannot be observed in the case of adsorption of pure1 on
silicalite (or LZ-105), because spin-spin interactions gave rise
to the collapse of the hyperfine EPR lines well before saturation
of the holes occurs. Thus, the indirect EPR method (increasing
loading of ketones with a small and constant amount of1) can
be seen to complement the direct EPR method (increasing
loading of pure1) for analysis of binding of1 to the zeolite
surface.

Figure 4 shows the EPR spectra of1 at 0.01% loading onto
the silicalite and LZ-105 with different loadings of coadsorbed
ketone4. This ketone possesses a partial structure that mimics
1 more closely than the structure of ketone2, since the phenyl
moiety of both1 and 4 may intercalate into the holes on the
external surface, but the aryl moiety of2 cannot. As in the case
of 2, the free component in the EPR signal does not appear
until near or after the saturation of the holes is reached (Chart
4 d). This saturation condition is ca. 0.2% of4 for the silicalite
samples and is consistent with the EPR analysis of adsorbed1
without coadsorbed4 as described above. However, the satura-
tion for LZ-105 occurs at higher loading percentage (ca. 1% of
4) with respect to that found for the nitroxide by EPR without

Figure 3. EPR spectra of1 (0.01%) on external surface of silicalite at
various loadings of coadsorbed2 and3.

Figure 4. EPR spectra of1 (0.01%) on external surface of silicalite
(left) and LZ-105 (right) at various loadings of coadsorbed4.
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coadsorbed4 and shown in Figure 2 (minimum ofd at 0.4% of
1).14 This discrepancy may arise from the different affinity of
1 and4 toward the more polar LZ-105 surface. Both structures
are expected to anchor at the surface holes through intercalation
of the phenyl group, but the nitroxide possesses two polar sites,
whereas4 only possesses one. The LZ-105 external surface is
more polar than the silicalite external surface due to the high
cation content and binds more strongly to the polar moieties.
Therefore, the ketone and nitroxide molecules may lie on the
surface more easily and interact with the surface through their
polar groups. The lower spin-spin interaction and the lower
mobility of 1 adsorbed at the LZ-105 surface, in contrast to
silicalite, are consistent with this proposal.

Above saturation, the amount of radicals removed from the
surface holes upon collisions and competition with the ketone
molecules progressively increases. By comparing the various
samples, the results can be summarized as follows: (a) The
amount of1 being displaced at the silicalite surface by means
of collisions with the displacer molecules at high loading (ca.
1%) increases in the series:3 < 2 < 4, the minimum being for
the highly hydrophobic3 and the maximum for4, the closer
structural analogue of the nitroxide1; (b) In comparing the 0.6%
sample of silicalite to the 4% sample of LZ-105, the discrepancy
in the saturation point between silicalite and LZ-105 is even
higher at higher loading with respect to low loading. This
indicates that it is necessary to have a very large amount of
ketone to displace the nitroxide at the LZ-105 surface and
that the nitroxide is more strongly bound to this surface relative
to 4.

In general, the sequence of addition (nitroxide first, ketone
second, or vice-versa) did not have a significant effect on the
visual appearance of the EPR spectra obtained. Possible effects
of the order of addition were investigated by quantitative
investigation of the amount of the free nitroxide component.
Computation of the spectra was made by computing both the
free and slow signals and adding the two components at the
right ratio to reproduce the experimental line shape. Figure 5
provides an example of such a computation. For silicalite it was
found that there is a small discrepancy between the plots of the
fraction of free component obtained by first loading of the
ketone or the radical or by mixing both together (data not
shown). However, the percentage of the fast component
increased to a lesser degree when the radical1 was added before

the ketone4, as compared to the opposite addition sequence.
This is to be expected, since the radical molecules will have all
the zeolite holes available for the interaction if added prior to
the ketone. The small discrepancy among these plots confirms
the fact that the affinity of the radical toward the surface is
higher than the affinity of the ketone, expected on the basis of
the relatively high polarity of the nitroxide radical in contrast
to the ketone, and is consistent with the conclusions given above.
Also it is interesting to note that the amount of free component
was found to increase almost linearly with the increase of
loading, providing evidence for the equivalence of the strongly
binding sites (holes) at the zeolite surface.

Conclusions

EPR analysis has been employed to investigate the loading
dependence of the supramolecular structures and dynamics of
nitroxide probes adsorbed on MFI zeolites (silicalite and LZ-
105) in the presence and absence of “displacer” molecules (2,
3, and4). Mobility and structural parameters were extracted by
computer-aided analysis of the EPR spectra. At low loading of
1, mobility and separation parameters of the probe nitroxide
were extracted form the dipolar interactions between nitroxides.
At high loading of1, spin-spin interactions had to be included
in spectral calculation, and motion parameters were extracted
from the spin exchange interactions between nitroxides. The
EPR analysis reveals that at low loading, nitroxide molecules
first associate with and eventually saturate the holes on the
external surface and that the interaction responsible for binding
are mainly between the polar groups of the nitroxide and the
polar surface sites (e.g., SiOH groups for silicalite and SiOH
and cations for LZ-105). Weaker interactions may result from
partial intercalation of the phenyl groups and/or the nitroxide
groups into the hole. After saturation of the holes, the external
framework is occupied by weakly bound molecules, eventually
forming a monolayer on the external surface. Collisions between
fixed (in the holes) and mobile (framework) nitroxides (a)
increased the average distance among the fixed molecules as
obtained by the dipolar broadening of the EPR lines; (b)
increased the Heisenberg exchange frequency of the colliding
radicals; and (c) caused dynamic displacement of the radicals
from the holes. The model employed to rationalize the results
for the dependence of the EPR of1 alone on loading is sufficient
to explain the dependence of the EPR of1 on variation of the
loading of coadsorbed2, 3, and4.

The following conclusions are reached concerning the
competitive binding among the1-4 molecules: (a) interaction
with the surface is favored for1 relative to2, 3, and4 due to
the presence of two polar groups which can attach to the external
surface; (b) competition to replace1 from the fixed surface sites
(holes) increases in the series:3 < 2 < 4, the minimum being
for the nonpolar3 and the maximum for4, the closer analogue
of the nitroxide1. Comparison between the results from the
two zeolites (silicalite and LZ-105) indicated that the different
amounts of adsorption of the ketones is affected by the different
external surface areas, with the LZ-105 external surface area
being 2-3 times larger than the silicalite area. In addition,
adsorption is strongly influenced by the different polarity of
the surfaces which favor a different orientation of molecules
with respect to the surface: the more polar LZ-105 surface
preferentially accepts the polar moieties so that ketone and
nitroxide molecules may lie on the surface more easily and
interact with the surface. The model in Chart 4 summarizes these
results:2 and4 are able to displace the radicals from the surface
holes at relatively low loadings, whereas3 displaces nitroxide
molecules associated with holes only at high loading.

Figure 5. Addition of EPR spectra at slow motion and fast motion to
reproduce an experimental spectrum. (a) spectrum computed for slow
motion, (b) spectrum computed for fast motion. (c) result from addition
of (a)and (b), to produce a good fit to the experimental spectrum.
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