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Sensitive and structurally specific methods for investigating silicalite external surface have been developed
using electron paramagnetic resonance (EPR). The absorption of an EPR silent probe ortho-methyldibenzyl
ketone (oMeDBK) 4 in Scheme 1) on the external surface of a series of monodisperse silicalite crystals was
studied using an initially coadsorbed EPR active nitroxide probe. The displacement of the initially adsorbed
nitroxide probe by coadsorbed oMeDBK shows that the adsorbate molecules first adsorb on stronger binding
sites characterized by slow rotational motion of the probe (broad EPR lines) and after the stronger sites are
saturated, the displaced EPR probe molecules adsorb on weaker binding sites characterized by fast rotational
motion of the probe (narrow EPR lines). The transition point from slow to fast rotational motion provides a
quantitative measurement of the stronger binding sites on the silicalite external surface area and the external
surface area of silicalite crystals. The adsorption strength is molecular structure-dependent, and polar functional
groups provide significant contribution to the binding strength. Sequential adsorptiéN ahd >N spin-

labeled nitroxides shows the presence of the dynamic exchange between the adsorbates on the strong binding
sites and those in solution or on the weak binding sites, while concurrent coadsorptidhasfd >N spin-

labeled nitroxides provides another sensitive means of studying the molecular structural dependence of the
binding strength.

Introduction | Y

The MFI family of zeolites has found wide application in
shape-selective catalysis and the separation sciéicEke
crystal structure of MFI zeolites is characterized by a framework
of linked tetrahedra, each consisting of $i@ AlO4~ units.
ZSM-5 zeolites are the aluminum-containing members of the
MFI family, while silicalites are the members composed entirely
of SiO, tetrahedra. MFI zeolites possess two sets of channel
systems, a straight channel system running through the crystals

. - . . - Figure 1. A MFI zeolite crystal (left), channel structures (left), and
in the direction of [010] with a pore size of about 5:35.6 A external surface (right, exemplified by the [010] surface). The channels

and a sinusoidal channel system running along the direction of 5re grawn superimposed onto the crystals for illustration purpose only
[100] with a dimension of 5.1x 5.5 A (Figure 1§ The and are not drawn according to scale. The external surface consists of
intersection of the two sets of channels creates a supercagepore openings and framework surface.

cavity with a diameter about 9 A.
The surfaces of MFI zeolites can be separated into two
parts: (1) the internal surface comprising the walls of the

channels and the intersections and (2) the external surface The zeolite external surface area (ESA) is an important

comprising the pore openings and _the framework surf_ace parameter that affects its catalytic performance. Applications
between the pore openings on the outside of the crystals (Figure

1). Th : | ¢ ts f | I of zeolites typically begin with the initial adsorption of
)- € external surface accounts for only a very small p,giecyjes (from the gas phase or the liquid phase) on the
percentage of the total surface area for typical MFI zeolite

tals with si f F e th N | surf external surface of a zeolite crystal followed by diffusion on
crystals with sizes of ca.Am. For example, the external surface ., oyternal surface and sieving of the molecules into the internal
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areas (ESA) account for only 4.5% and 0.26% of the total
surface area, for ZSM-5 zeolite crystals with sizes of can?
and 10um, respectively.
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reactions that take place in the zeolite internal surface. Reactionsof a superhigh-silica ZSM-5 zeolite was determined using
on the external surface typically do not proceed in a size/shapeelectron paramagnetic resonance (EPR) with TEMPO as the
selective manner. Therefore, assuming a comparable catalyticorobe moleculé? Li and Turro et al®19studied the external
reactivity of the reagents on the internal and external surface, surface of ZSM-5 zeolites by adsorbing various probe molecules
zeolite crystals with larger crystal sizes and consequently smallerexclusively on the external surface and subsequently measuring
ESA per unit mass will possess higher catalytic size/shape the rotational mobility of the probe molecules spectroscopically
selectivity. However, the ESA is directly proportional to the (?*H NMR and EPR) at different surface coverage. The study
concentration of the pore openings, which in turn affects the also suggested that the pore openings are stronger binding sites
velocity of diffusion of reagent molecules into the channels or for organic molecules such as ortho-methyl dibenzyl ketone
the product molecules out of the channels. As a result, the size/(0MeDBK) and nitroxides than the framework surface. Adsorp-
shape selective catalysis in the internal surface proceeds at dion of oMeDBK occurs at the pore openings at low adsorbate
lower rate for larger crystals because of limitations on diffusion loadings and further extends to the framework surface at high
of the guest molecules, and side reactions could become mordoadings. Ottaviani et al. studied the evolution of EPR spectra
pronounced when the desired reaction is diffusionally retarded. of nitroxide probes adsorbed on silicalite and ZSM-5 zeolite
Therefore, the ESA of an MFI zeolite is a parameter of great external surface®. By increasing the loading of coadsorbates
industrial importance and should be measured and optimizedsuch as oMeDBK, the nitroxide EPR spectra changed from that

for various applications. characteristic of slow rotational motions of the nitroxide probe
Various methods have been developed for the measurement&nolecules to that characteristic of fast rotational motions. On
of zeolite ESA, including the Langmuir isothetfhand BET the basis of measurements on a silicalite sample and a ZSM-5

sample, both having polydisperse crystal sizes, a preliminary
conclusion was reached that the loading of coadsorbed species
which is required to show a transition in the nitroxide EPR
spectra from slow rotational motion to fast rotational motion is
directly proportional to the zeolite ESA. This postulate is further

isotherm? In a typical Langmuir or BET isotherm analysis of
solid-surface area, the experiment is conducted using nitrogen
adsorption at low temperature (e.g., 77 Kjlitrogen, with a
size ca 3 A along its long axis, is small enough to penetrate
MFI zeolite pores, and therefore typical isotherm analysis offers ; ! i .
a measurement of the total zeolite surface area, including both®@mined in detail in the current research, employing seven

internal and external surfaces. Since the extent of internal surfacemonOdiSperse silicalite crystals_ with monodisperse cryst_al size
area is typically much greater than the ESA, conventional ranges over an order of magnitude. The use of monodisperse

nitrogen isotherm measurements provide essentially no informa—cryStalS leads to more homogeneo_us properties related to the
tion on the ESA. Modifications have been made to the isotherm external surface and more reproducible sampling. The presence

methods to measure the zeolite ESA only. One method employsOf aluminum in ZSM-5 zeolites potentially provides strong

the adsorption of adsorbate molecules that are larger than theblndlng sites on the external surface, and the distribution of

pore openings, and another method uses conventional nitroger?lqminum in the crystal apd on the gxternal surfacg of thg crystal
adsorption isotherm after plugging the pores with molecules of is influenced by subtle d|ff_e_ren_ces in the synthesis recipes _and
appropriate size, hence called filled-pore isothériNon- procedures. The use of silicalites rather than ZSM-5 zeolites

Langmuir/BET type isotherms for the zeolite ESA determination hglp; avoid the gomphcauons introduced t_)y aluminum to the
have also been developed, and these methods include (a) ar?md'ng of organic adsorbates on the zeolite external surface.
adsorption kinetics method in which the speed of adsorption
on the external surface and internal surface is exploited when
the size of the adsorbate molecule is such that it can access |nstrumentation. !H NMR and $3C NMR measurements
both the internal and external surfadey) measurements in  were performed on Bruker NMR spectrometers at 400 (or 300)
which the volume of adsorbed nitrogen is plotted against the MHz and 100 (or 75) MHz, respectively. Gas chromatography
statistical film thickness (t-plof){c) simple geometrical analysis (GC) was performed on an HP5890 gas chromatograph using
using scanning electron microscopy (SEM); and (d) mercury an HP-5 capillary column. Gas chromatography/mass spectrom-
porosimetry!®! These methods for the measurement of the etry (GC/MS) was performed on a Varian Star 3900 GC/MS
zeolite ESA have been the subject of many publications instrument using electron ionization. FAB-MS was recorded in
including review&'23and have been used in various combina- the positive ion mode using 3-nitrobenzyl alcohol as the matrix
tions on zeolites including ZSM-5 zeolite¥-*>and others® on a JMS-HX110A/110A tandem mass spectrometer. Continu-
These methods for determining the zeolite ESA have shown aous wave EPR (CW-EPR) measurements were carried out on
varying degree of success depending on the specific systemsan X-band Bruker EMX EPR spectrometer. X-ray diffraction
One of the major constraints is that the low sensitivity of the (XRD) measurements were carried out on a Scintag X2 X-ray
conventional adsorption isotherm makes it unsuitable for the diffractometer operating at 45 KV and 35 mA. Scanning electron
most commonly used ZSM-5 zeolite crystals whose ESA microscopy (SEM) images were taken on a JEOL JSM-5600
typically accounts for only a small percentage of the total surface electron microscope.
area. Another typical constraint is the necessity of mathematical ReagentsAll reagents were obtained from Aldrich and used
disentangling of the ESA from the internal surface area, as received, unless otherwise noted. Amorphous silica in the
particularly for adsorption kinetics and t-plot methods. form of fumed silica gel was obtained from Degussa (Aerosil
Some efforts have been made in the literature to develop a200).
sensitive method for the exclusive characterization of the zeolite  Synthesis of Monodisperse Silicalite Crystals of Various
external surface. The exclusive characterization of the external Crystal Sizes.A. Syntheses of silicalite crystals with sizes less
surface is typically achieved using an adsorbate species thathan 1um were carried out at 98C in polypropylene bottles
has a molecular size larger than the pore openings and, thereforeysing clear homogeneous alcoholic solutions with hydrolyzed
adsorbs exclusively on the external surface. An enhancementtetraethoxysilane (TEOS) as the source of SiChe general
in sensitivity is typically achieved by using highly sensitive molar compositions of the synthesis mixtures are given in
spectroscopic methods, such as magnetic resonance. The ESAable 1.

Experimental Section
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TABLE 1: The Compositions of the Reaction Mixtures (a
TPABr:b TPAOH:0.1 Na ;0:25 SiO;:c H,0:100 EtOH),

Liu et al.

TABLE 3: The Compositions of the Reaction Mixtures (a
HF:b NaF:c NaCl:1.25 TPABr:10 SiO02:330 H,0), Aging and

Aging and Heating Times, and Conversions for the
Syntheses of Silicalite Crystals with Sizes Less than Am

Heating Times, and Conversions for the Syntheses of
Silicalite Crystals with Sizes in the Range of 16100 gm

aging heating time conversion aging conversion
run a b c (h) (h) (%) run a b c (h heating program (%)
S1 30 6.0 480 25 67 75 S6 0 7 3 16 startat4%C, 0.3°C/min 59
S2 0 3.0 480 19 100 65 ramp to 17C°C, hold
S3 0 3.0 1500 17 96 61 for 91 hours

S7 0.25 0.75 0.25 0 startat4€, 0.3°C/min 88
ramp to 17C°C, hold

for 270 hours

TABLE 2: The Compositions of the Reaction Mixtures (a
TPABr:1.4 Na,0:100 SiO;:b H,0), Aging and Heating
Times, and Conversions for the Syntheses of Silicalite
Crystals with Sizes in the Range of 1 and 1@m The syntheses of silicalite crystals were based on published
procedured324 using the molar ratios given in Table 3.

The reagents were mixed together in a polypropylene beaker.
The slurry was transferred to PTFE-lined steel autoclaves and
(after aging in sample S6) the reaction mixture was heated
start at 4%, 0.3°C/min ramp 60 according to the temperature program described in Table 3. The

to 170°C, hold for 77 hours reaction was quenched by cooling the autoclaves using tap water.

The reaction mixture was prepared by mixing tetrapropyl- The product was dispersed in deionized water and sonicated.
ammonium bromide (TPABI), tetrapropylammonium hydroxide The solid can be separated from the aqueous layer by simple
(TPAOH), sodium hydroxide, TEOS, deionized water, and decantation. The dispersion/sonication/ decantation cycle was
ethanol (EtOH). After aging the mixture at room temperature, repeated ca. 10 times until the aqueous layer showed a pH less
the reaction was carried out by refluxing at 98 for the than 8 and became clear, indicating the absence of unreacted
specified period of time and then the mixture was cooled to gel. The calcinations were carried out using the following
room temperature. The colloidal mixture was transferred to program. After drying at 130C, the solid was heated to 300
polypropylene centrifuge tubes and the solid was separated from°C and then the temperature was increased &C20 until 400
the liquid using ultrahigh centrifugation (1380 for S1 and °C and held at 400C for more than 12 h. The temperature
27000x g for S2 and S3). The solid was dispersed in deionized was then raised at a 2C/h ramp to 500FC and held at 500
water, sonicated, and reseparated from water using centrifuga-"C until the crystals turned white.
tion. This dispersion/sonication/centrifugation cycle was re-  Syntheses of Nitroxide Probe Molecules and Coadsorbates.
peated until the pH of the aqueous layer was lower than 8. This 4-Oxo-2,2,6,6-tetramethyl-1-piperidinyloXyN (4-oxo-TEMPO-
was achieved typically in three cycles. The solid was dried at 1N, 1-15N). The precursor 4-0x0-2,2,6,6-tetramethyl-1-piperi-
130 °C and then calcined in an aerated furnace, with the dined5N for 1-15N was synthesized following a published
following as a representative temperature program: “8Dbr procedure using ammoniutiN sulfate (98- at. %) in 66%

2 h, 400°C for 2 h, and 500C until the solid turned white.  yield2> 1-15N was prepared by oxidizing the amine precursor

B. Syntheses of silicalite crystals with sizes in the range of following a published procedure in 39% yiel®lGC (>98%
1-10um were carried out following a published procedure with pure). GC/MS (EIyWz (rel intensity): 171 (M, 100), 172 (39),
modifications, using amorphous fumed silica gel as the source 157 (24), 141 (35), 115 (48), 83 (61).
of SiO, in heterogeneous systeris. 2,2,6,6-Tetramethyl-4-[(diphenylacetyl)oxy]-1-piperidinyl-

The batch compositions in molar ratios are given in Table 2. oxy (3) was synthesized following a published procedure for

TPABr, NaOH, SiQ (in the form of fumed silica gel), and  esterification at room temperature using 4-hydroxy-2,2,6,6-
deionized water were mixed in a polypropylene beaker. The tetramethyl-1-piperidinyloxy°N and diphenylacetic acid in 66%
slurry was then transferred to PTFE-lined steel autoclaves. After yield 27 It was recrystallized using ethyl acetate. MS (FAB
aging, the reaction was carried out in a static condition under 366.2 (M — H)*, 368.2 (M+ H)*.
autogenous pressure following the temperature program as 2,2,6,6-Tetramethyl-4-[(diphenylacetyl)oxy]-1-piperidinyl-
detailed in Table 2. After the desired period of reaction time, oxy-*N (3-1°N) was synthesized following the procedure for
the reaction was quenched by cooling the autoclaves under cold3, using 4-hydroxy-2,2,6,6-tetramethyl-1-piperiditiy, the
water. The product was then dispersed in deionized water andlatter prepared by a reduction B#5N using sodium borohydride
sonicated. The crystalline solid was then separated from thein 94% yield. MS (FAB+): 367.2 (M— H)™, 369.2 (M+ H)™.
supernatant containing unreacted gel by simple gravitational 1-Phenyl-3-o-tolyl-propan-2-one (oMeDBHK),1° 1,3-di-o-
sedimentation or light centrifugation, followed by decantation. tolyl-propan-2-oned,0’-diMeDBK, 5),%° 1,3-difp-tolyl-propan-

The sonication and separation cycle was repeated between 2-one f,p'-diMeDBK, 6),28 and 1,2-bis(2-methylphenyl)ethane
and 10 times, until the pH was less than 8 and the supernatant(7)2° were prepared following published procedures.

was clear, indicating the complete removal of unreacted gel. Preparation of Silicalite Samples Loaded with Adsorbates.
The crystalline solid was then calcined according to the The calcined silicalite samples were activated at 50Gor at
procedure detailed in the previous section. leag 1 h in anaerated furnace and then were placed in a

C. Silicalite crystals with sizes in the range of-2000 um desiccator and allowed to cool to room temperature before use.
were synthesized using neutral or even slightly acidic composi- Gravimetric analysis was used to confirm the removal of residual
tions containing fluoride in the form of a salt or hydrofluoric  water in the activated silicalite samples.
acid. The fluoride plays a mineralizing role, as Oldoes in 2,2,4-Trimethyl-pentane (isooctane) was chosen as the pre-
conventional alkaline syster®The benefit of using Fincludes ferred solvent for the silicalite sample preparation because of
the formation of large crystals, ca. 1@0n, with much fewer several advantageous properfigtsooctane’s kinetic diameter
surface defects as compared to the crystals prepared using ais larger than the ZSM-5/silicalite pore openings and thus
alkaline mediunt2 isooctane does not enter the zeolite internal ¥8idhe

aging conversion
run - a b (h) heating program (%)
S4 16 1061 12  startat #%, 0.3°C/min ramp 70
to 170°C, hold for 47 hours

S5 8 1000 6



External Surface of Silicalites J. Phys. Chem. A, Vol. 108, No. 39, 2008043

combination of exclusion from the internal void and isooctane’s g.f;f
low boiling point (99.2°C) make it easy to remove under :
vacuum after the adsorbates are loaded. Isooctane is a saturate el o
hydrocarbon with very low polarity (polarity index 0.1 on =
the Snyder scale as comparedrithexane at 0.1, toluene at
2.4, o-xylene at 2.5, and methyl ethyl ketone at £%7)and
consequently is not expected to significantly compete for binding
sites with the adsorbate probes employed in this study.

Adsorbate molecules were loaded onto the silicalite external
surface by mixing stock solutions of an appropriate amount with
cold and dry silicalite samples. The loadings are expressed in|
the unit of millimolal (nm). In an airtight container, the slurry
was stirred magnetically until the adsorption reached equilib- §&
rium, that is, the ratio of adsorbed fraction versus the fraction
in solution no longer changed over time. The equilibrium was
typically achieved in less than 10 h. The progress toward
equilibrium was followed by checking the concentration of §
adsorbates in the supernatant using UV or GC after centrifuga-
tion. -

To obtain the dry loaded samples, the solvent was first |
removed under a gentle stream of an argon flow. The oMeDBK ©
and TEMPO molecules were therefore forced to deposit onto |
the silicalite external surface. The dry silicalite samples thus
loaded with adsorbate molecules were further dried and degasse
under vacuum (ca. X% 107 Torr) in a quartz tube and then
their EPR spectra were recorded.

The EPR spectra were recorded at room temperature (ap-,
proximately 24°C) using the lowest possible microwave power
(~2.01 mW at 20 dB) and with modulation frequency at 100
kHz and modulation amplitude smaller than the narrowest line
width in the spectra except for the proton hyperfine lines.

Results and Discussions

The seven silicalite samples synthesized are composed of
monodisperse crystals with a range of sizes (Figure 2). The MFI
crystal structures were confirmed using XRD (Supporting
Information).

The ESA of the silicalite samples per unit mass was measuredTABLE 4: ESA Per Gram of Silicalite Crystal Measured by
using mercury porosimetry (Table 4. Mercury Porosimetry

The structures of the nitroxide probe molecules and co- silicalite S1 S2 S3 S4 S5 S6 S7
adsorbate molecules are shown in Scheme 1. All these nitroxides gsa (nf/g) 551 20.3 9.27 571 298 375 275
(1—3 including their isotopomers) are based on the 2,2,6,6-
tetramethylpiperidin-1-oxy structure (kinetic diameted 1 A), SCHEME 1. Structures of the Nitroxide Probe
which adsorbs exclusively on the external surface of silicalite Molecules and Coadsorbate Molecules

crystals®? The EPR silent coadsorbatds 5, and 7 possess

o-xylyl moieties, which prevent the coadsorbate molecules from

diffusing into the internal void and thus exclusively adsorb on o

the silicalite external surfac®:?° The EPR silent coadsorbate 76} 7{} 7{} \[:ENA
n

Figure 2. SEM images of synthetic silicalite samples with different
crystal sizes.

6 has a molecular cross section smaller than the cross sectio

of the silicalite pore openings, and thus absorbs into and probes

15N 3-15N

Determination of Silicalite ESA Using Nitroxide EPR with

Coadsorbates.The EPR spectra (Figure 3) of the nitroxide ‘/\,(\‘ W

probe molecules (Scheme 1) on the silicalite external surface

depend strongly on the amount of coadsorbed oMeDBK ( 6
The nitroxide EPR spectra, with increasing loading4of

undergo a transition from broad lines to narrow lines. This from the strongly bound positions. As mofds added, more

observation is rationalized as shown in Figure 3. In the absencenitroxide probes are displaced. The nitroxide probes that are

of 4, the nitroxide probe molecules bind to the strong binding displaced to the framework of the external surface show

sites (pore openings) on the external surface and display reducedncreased rotational mobility, which is signaled by the appear-

rotational mobility resulting in a broad line spectrum. Ass ance of a characteristic sharp three-line spectrum.

added to the system, the coadsorbed oMeDBK molecules The critical loading of oMeDBK required to bring out the

compete with the adsorbed nitroxide probe for the strong binding onset of the fast motion for the nitroxide probes is therefore

sites and lead to partial displacement of the nitroxide probes expected to be a parameter directly proportional to the number

the silicalite internal surface.



8044 J. Phys. Chem. A, Vol. 108, No. 39, 2004 Liu et al.

i van der Waals hydrogen bonding intercalcation
SRAY oy s O
& 5 5mm O H,lo O
A 4 O o] O o o
0 mm 0 o
= @ /% 9 . 1 ] l_
119 B
N e i o e e O
149 mm c ¥ 5 O ) O “{00

= lQ.l.Q:. % lq_
327 mm D

= 0|Q:.|:O:.0q0|q9

JSIGCI 53'33 3ﬂIC0 3!1'2!] 3*'!1 0 _\ ,_

Magneti: Field (G}

Figure 3. Molecular interpretation of adsorption on the external surface
of silicalite (right) and corresponding EPR spectra (left). (A) Low

loadings of nitroxide (light-shaded balls) lead to the adsorption on the 6

strong binding sites (pore openings) only and the EPR spectra are
characteristic of slow rotational motion. (B) Coadsorbed oMeDBK
molecules (black-filled balls) favor the strong binding sites and up to

a certain loading do not disturb the nitroxide probe molecules on the Figure 5. The expected adsorption patterns on silicalite surface of
strong binding sites. (C) When the strong binding sites are fully various coadsorbates employed in this studlys, and7 absorb on

occupied, oMeDBK displaces some nitroxide molecules from strong silicalite external surface only afcabsorbs on silicalite internal surface.
binding sites. Correspondingly, a fast motion component appears in

the EPR spectrum (arrows). (D) At higher coverage, more nitroxides . ; :
are displaced from the strong binding sites, resulting in a larger corresponding ESA measured using the established mercury

percentage of fast motion in the nitroxide EPR spectrum. porosimetry method. It can be determined that there exists an
approximately linear relationship between the critical loadings
ra of 4 and the ESA determined by mercury porosimetry. Thus, it
can be concluded that the study of rotational mobility of
nitroxide probes on silicalite external surface in the presence
of coadsorbed oMeDBK can be used for the measurement of
silicalite ESA. In principle, the absolute value of the ESA can
be obtained provided that a precharacterized and calibrated
silicalite sample is available as a standard. In addition, Figure
4 shows the ESA of silicalite crystals estimated using the
geometrical analysis based on the SEM photographs. Comparing
the ESA determined by SEM geometrical analysis and that
determined by mercury porosimetry, it can be appreciated that
the SEM method leads to a considerable underestimate (and
sometimes significant aberration from the linearity, such as the
point marked with a star symbol) of the ESA. These inaccuracies
are due to the difficulties in quantifying the ESA of irregular
and small crystals, in resolving and accounting for the compli-
cated external surface structures on the nanometer scale, and in
\ | | | | | | accounting for the contributions of impurities to the total ESA
0 1°Extemal Sﬁ‘:facema (i:’zg,‘)byHg“gomsime"yso 60 of a given sample. In contrast, the small sizes of molecular
probes (less than 1 nm) such &sand 4 ensure that the
EPR fast motion ofL (left ordinate), and the ESA determined using contribution to the total ESA from those complications IS
geometrical analysis of SEM photographs (right ordinate) as a function accounted for, an_d the EPR method f0|_’ ESA mea_lsurement 1S
of ESA determined by mercury porosimetry analyses (abscissa) for all therefore more reliable than the geometrical analysis from SEM
seven monodisperse silicalite crystals. Errors for the critical loadings photographs.
of 4 were determined to be 12%. The straight line represents a linear Dependence of Binding Strength on the Molecular Struc-
fitting of the loadings to mercury porosimetry resul & 0.99). The tures of the Adsorbate Molecules on the Silicalite External
sf(;gg'ﬁf;fz rt]gf :;TgLigo'l':Cghere a significant aberration of SEM g rt30e The concept of competitive binding on the silicalite
g y place. ESA was further exploited to unravel the dependence of binding
of binding sites, postulated as the number of pore openings, strength on the molecular structures of the adsorbates.
which in turn depends on the total ESA of a silicalite sample, As summarized in Figure 5 for the various coadsorbates,
assuming that the pore openings are similarly distributed in the different adsorption patterns and strengths arise from different
various zeolite crystals. On this basis, the critical loading of adsorbate structures. van der Waals interaction between the
oMeDBK which produces the onset of nitroxide fast motion surface and the adsorbate is always present. In addition, the
can provide an accurate, fast, and selective measurement opresence of the carbonyl group is expected to play a significant
the ESA of MFI crystals. Figure 4 shows the critical loadings role in the adsorption of ketones at the zeolite surface, possibly
of oMeDBK (4) required for the onset of the sharp compo- through the hydrogen bonding between the carbonyl groups and
nent measured by the displacement of 4-oxo-TEMP) ( the silanols at surface defect sites. The tolyl group4ab
on the seven silicalite samples examined plotted against theirexpected to contribute to the binding strength of oMeDBK on
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Magnetic Field (G)
Figure 7. EPR spectrum of an equimolar mixture 6N (0.25 mM)
and N (0.25 mM) labeled nitroxides3(and 3-'°N) in isooctane
(deoxygenated). The superhyperfine coupling6.¢ G) are due to the

o . o interaction of the electron spin with protons in the nitroxide molecules.
the silicalite external surfacd.The benzene ring has a kinetic

diameter of 5.85 A, just slightly smaller than the kinetic diameter the nitroxides, the fact that even at high loading ofhe

of the MFI zeolite pores+6 A).** The tight fit leads to enhanced  pitroxide EPR spectrum is essentially free from contribution
dispersion interaction between the intercalated tolyl group and f.om molecules undergoing fast rotational motion suggests that
the channel walls because of incrgased contact and the interacg,q presence of the carbonyl group in the ketones contributes
tion between ther electron cloud in the tolyl group and the  gjgpificantly to the ketones’ ability to displace nitroxide.
electric field gradient, such as those provided by the surface characterization of the Silicalite External Surface Using
defect site$? The presence of one or moxylyl groups a Combination of N and !5N-labeled Nitroxides. The
(kinetic diameter~6.8 A) in 4, 5, and 7 prevent them from  ¢ontribution of functional groups in the nitroxide structure to
diffusing into the silicalite internal surface. Therefore, neither s pinding strength on silicalite external surface can be evaluated
5 nor 7 can intercalate into the pore openingss capable of  sing functionalized nitroxides in the competitive binding
diffusing into the pore openings and probes the silicalite internal experiments. We used the probs2, and3 (Scheme 1) to
surface. study the interacting ability of the silicalite surface toward probes
To check the dependence of the binding strength on the of different structure. However, the competitive bindinglof
molecular structure of the adsorbates with respect to the presence, and3 cannot be investigated by a simultaneous loading of
and distribution of methyl and carbonyl moieties, the molecules these radicals, since the hyperfine lines superimpose on one
4—7 in Scheme 1 were used as the coadsorbate species for another. For this reason, we used different isotopomers of the
constant loading ot (5 mm) on the external surface of silicalite  nitroxides, since the latter show distinct EPR spectra.
S1, which possesses the highest ESA per unit mass. The Nitrogen has two stable isotop&¥ and1®N, with natural
percentages of free components in the EPR spectiaasf a abundances of 99.6% and 0.4%, respectively. Therefore, the
function of the loadings o—7, shown in Figure 6, provide an  nitroxide spin probes synthesized using a natural source of
evaluation of the relative binding strength of each coadsorbate. nitrogen will provide essentially exclusiveliN-labeled species,
The percentage of the free components was evaluated bywhich shows a three-line EPR spectrum due to a nuclear spin
performing a subtractionaddition procedure to extract the fast number ofl = 1 for 4N nucleus. Foi5N enriched nitroxide
and slow components from each EPR spectrum and then thespin probes, only two lines§N nuclear spin numbdr= 1/2)
double integration of the spectra gives the percentage of thecontribute to the spectra. Therefore, a deoxygenated dilute
two components? nonviscous solution of a 1:1 mixture 8fN, 15N nitroxides
Several conclusions can be drawn from an examination of shows the spectrum displayed in Figure 7, with well-resolved
Figure 6. The absence of a second ortho-methyl group in lines from the two nitroxides. The superhyperfine couplings
compared to5 allows 4 to interact stronger with the pore (~0.4 G) are due to the interaction of the electron spin with
openings through intercalation of the tolyl moiety in the pore protons in the nitroxide moleculé&&36
openings, thus competing more effectively with the nitroxide  Isotopically labeled nitroxides were employed to study the
for the interaction with the surface. Therefore, noticeably more exchange between the nitroxide probes adsorbed on the external
nitroxide probes are displaced from the strong binding sites by surface strong binding sites and those on the weak binding sites
4 than5 at high loadings. Thpara-substitution for the methyls  or in the solution phase, on a time scale of a few hours up to a
in 6 allows the absorption of this ketone into the internal surface day. The solid lines in Figure 8 depict the EPR spectra acquired
of zeolite structure and therefore it does not compete Wwith if the activated silicalite samples were added to a mixturd of
for the adsorption at the external pore sites and no free and3-15N solution, allowing the two nitroxides to adsorb on
component appears with the increase in loading. The contribu-the external surface concurrently and giving rise to EPR spectra
tion of the carbonyl group of oMeDBK to the binding strength characteristic of the relative loadings of the two nitroxides. The
on silicalite external surface was evaluated by compasiagd total loadings of the two nitroxides were kept constant at a low
7 as the coadsorbate species. Whilss capable of displacing  value of 10 nm (compared to ca. 119149 nmm for the complete
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component from the solid line. Figure 10. Percentages of nitroxides undergoing free rotational motion

as a function of loading of4 onto S1: (a) using coadsorbed
coverage of pore openings), ensuring an adsorption on the porenitroxides: 1 (2.5 mm) and3-**N (2.5 mm); and (b) using coadsorbed
openings only. The dashed line in Figure 8 was measured on anitroxides: 1-*N (2.5 nm) and2 (2.5 mm).

sample with sequential loading of the two nitroxides. The except the nitrogen isotopes, the free components of the two
adsorption equilibrium was first achieved (within a few hours) - isotopically labeled nitroxides appear at the same critical loading,
with an isooctane solution of“N-labeled probe3 in a which further depends on the structure of the nitroxide, as

concentration that is more than the loading required for a discussed above, and the spectrum of the free component clearly
complete coverage on the strong adsorption site assuming totatesembles the one shown in Figure 7.

adsorption; then, th&N-labeled prob&-'*N was added to the The situation completely changes when nitroxides with
solution at the same concentratiorBeend the system was again  different structures in addition to different nitrogen isotopes were
allowed to reach equilibrium. The loaded silicalite was separated coadsorbed with increasing loadings of the ketériEhe amount
and washed with fresh isooctane before it was dried, deoxy- of 4 was varied to reach the onset of the nitroxide fast motion,
genated, and measured in an EPR spectrometer. The EPR spectighich indicates the complete coverage of strong binding sites
obtained, shown as the dashed line, coincides with spectrumpy 4. However, the two radicals do not show the same amounts
obtained using equal amounts ®fand 3-'*N loaded concur-  (percentages) of free components. Figure 9 (full line) provides
rently. It can be concluded that the stepwise loading producesan example of the EPR spectrum which was observed vihen
a spectrum that resembles the equal loading spectrum fromand3-15N (1:1 ratio) are coadsorbed with(210 mm loading)
concurrent loading. Therefore, efficient probe exchange exists at S1 surface. Subtraction of the slow motion components gives
between the probes adsorbed on the strong binding sites andhe dotted line which clearly shows, by comparison with the
those in solution (or adsorbed on weak binding sites) within spectrum in Figure 7, that the free component arising 8N
the time scale of a few hours up to a day. is more intense than the free component arising frbm
When the coadsorbates are added at different loadings to theTherefore, the binding df is stronger tha3-1>N on the silicalite
1:1 mixture of the two nitroxides with exactly the same structure surface strong binding sites.
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