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Abstract: Molecular simulations of the siting locations and energetics of Mog@DJl GHe cosorbed in faujasitic
zeolites NaFAU (n = 0—96, Si/Al= 100-1) have been presented in combination with Diffuse Reflectance Infrared
Fourier Transform Spectroscopy (DRIFTS). Timesitu DRIFTS technique was found to be an efficient tool to
monitor the cosorption at low coverage as well as the reaction of Ma{@@) GHs under thermal activation within

the void space of the NBAU zeolites. The molecular simulations are based on Monte Carlo calculations using the
grand Canonical ensemble and are derived from a suitable zeolite-metal carbonyl-hydrocarbon potential set. From
the present experimental and theoretical results as well as earlier experiments related to the reagents sorbed alone,
a coherent picture of the cosorption and chemical behavior of Ma{@®) GHe within the void space of the
faujasitic zeolites has been drawn as a function of the aluminum content. In siliceous faujasitex(3i08) the
Mo(CO) and GHes molecules are randomly distributed within the void space and the molecular motions approach
the rapid isotropic limits of liquids. The chemical behavior upon thermal activation is found to be analogous to that
observed in solution. In NgFAU (Si/Al = 2.5) the reagents are trapped in well-defined sorption sites in close
proximity. Upon gentle thermal activation a fast reaction occurs to form Mo{@®¥sHs) inside the supercage
through a concerted mechanism including the electrostatic field and the basicity of the framework oxygens. In
Nags-96FAU (Si/Al = 1.25, 1) the Mo(CQ)and GHs molecules are not encapsulated in close proximity. Mo-
(CO) reacts thermally in the void space like in the absence of adged 0 lose sequentialy three CO ligands and

form predominently a Mo(CQJO,); species in which the three vacant coordination sites are occupied by three O
framework oxygens.

Introduction porous crystalline aluminosilicates with silicon aluminum ratios

Metal carbonvl ted oni . i id (Si/Al) in the [1-100] range. The M(CQ)molecules (M=
etal carbonyls supported on inorganic matrices can provide .y, W) have diameters in the range 776 A and can

S . A > .
efficient cafalytic systems. In particular, zeolites offer an  therefore gain free access to the 13-A diameter supercage
advantage over many of the other supports such as alumina or,

A " “through the 8-A diameter 12-ring entrance port of faujasitic
silica in that the regular arrangement of pores helps to eStab“Shzeolitges 9 P J
the binding sites for the metal carbonyl spedes. In this . L . .
e 7 . . In an effort to provide a new insight into the intrazeolite
regard, the principal role of the zeolite is to immobilize the . ; 14
. - - L organometallic chemistrd~14 we have chosen to study here,
carbonyl species within the pores and to impart selectivity to a

: . . a clean organo metallic reaction inside the void space of
catalytic reaction by forcing the substrate molecule to pass .. . .. . - . .
. ) . . faujasitic zeolites. In choosing the archetypical reaction between
through the zeolite channels to find the active species. Thus

onlv molecules of a certain size and shape will be able tO’Mo(CO)ﬁ and benzene, the following criteria should be satis-
yr . . - P fied: (i) the reaction has been well studied in homogeneous
participate in the catalytic reaction.

. — . solutions!® (ii) the intrazeolite benzene is structurally and
The group VI carbonyl metals encaged in faujasitic zeolites

. o spectroscopically well documented in FAU, M8AU, and
have been demonstrated to show catalytic activities for the p preaty

. ; X - NagsFAU,16719 respectively. In addition, the mobility of
4 - . .
metathe3|s o_f _o_Ieﬁris as v_veII as _hlghly efficient and SIereo- henzene in FAU and NeFAU has been recently studied by
selective activities for the isomerization and hydrogenation of

dienes®® The catalytically active species has been proposed

to be a subcarbonyl species M(GQ}abilized in the zeolitic

molecular dynamics calculatiod;24 (iii) pertinent knowledge
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to the characterization of the intrazeolite Mo(G@nd Mo- reaction; the last one is to provide information about the
(CO); species as well as dynamic motions has been acquiredmolecular organization of the reaction products within the zeolite
to date?540 framework.

Techniques utilized to date to investigate the metal carbonyl E . tal Secti
species encapsulated in zeolites include chemical techniques, xperimental section

IR, Raman, ESR, NMR, XPS, EXAFS spectroscopy. However,

Materials. The completely siliceous FAU zeolite (Si/At 100)

many of these techniques are particularly devoted to highly was kindly provided by Degussa. Thedy@AU zeolite (Si/Al= 2.49)

loaded samples. Now, to avoid the problem of pore blocking
which can hinder the intracrystalline diffusion at high coverage,
the cosorption experiments were carried out at Mo@lOW

coverage. So, the Diffuse Reflectance Infrared Spectroscopy

(DRIFTS) was found to be an efficient tool to monitor at low
coverage, the loading, siting sites oftg, Mo(CO) molecules

was obtained from Union Carbide. The {@AU (Si/Al = 1.26) and
NagsFAU zeolites (Si/Al= 1) were kindly provided by J. L. Reymonet
(CECA). The average crystallite size of all the zeolite samples is
approximately 0.5¢m and an average particle size igB.

Mo(CO) and GHs were purchased from Strem Chemicals Inc and
used after dehydration. Mo(C&hy®-CsHe) was prepared as previously
described>43

and reaction products, at the different stages of the experiments Techniques. The FTIR spectrometer was a Bruker IFS 113 V

(sorption, cosorption and reactiot®y*! In spite of the dynamic

instrument equipped with a liquid nitrogen cooled MCT detector (mid-

aspects through the zeolite lattice, the sorbates can be consideretR) with the suitable beam splitter. The opus Bruker software was

to exist at the time of the reaction in well defined sites or in

random positions. The predictions of energetics and siting
locations of sorbates from Monte Carlo simulations are expected

to provide pertinent information in this field.

We present here Monte Carlo simulations and Diffuse
Reflectance Infrared (DRIFTS) investigations of the cosorption
of Mo(CQO) and benzene in faujasitic zeolites JR&AU (n =0,

56, 85, 96) as well as subsequent reactions. Some aspects

the stoichiometry of the intrazeolite reaction have been reported

earlief! and a detailed quantative kinetic study of M&O)s
with 13CO or trimethyl phosphine encapsulated ins§f®U has
been recently published. The first purpose of the present work
is to provide information about the molecular organization and

used for spectral acquisition, storage, manipulation, and plotting. The
spectra were recorded at 2 chresolution.

The key part of the in situ DRIFTS apparatus is a modified version
of a Harrick Scientific Diffused Reflectance AttachmextDRA-2CI
> Praying mantis and< HVC-DRP > cell equipped with Caf
windows operating from 100 K to 800 K. The volume of powder
viewed by the DRIFTS technique corresponds approximately to a disc
of 4 mm in diameter and 1 mm in depth.This particularity is very

O?fficient to study the sorption at very low coverageConventionally,

an equation derived from the Kubelka-Munk phenomenogical theory
is used in order to relate a chromophore concentration of the intensity
of the sample diffuse reflection. In this equatioR(R) = (1-R)%2R

= KI/S the sample is treated as a continulRrepresents the ratio of
the diffuse reflectance of the loaded zeolite to that of the dehydrated
neat zeolite, anK designates an absorption coefficient proportional

the cooperative effects between the sorbates within the differentto the concentratiorC of the chromophore and S the scattering
zeolites at room temperature as functions of the loadings of the coefficient of the powder.

sorbates as well as a function of the Si/Al ratio of the zeolite;
the second one is the situ study of the reaction under thermal
activation including the identification of the products, the
stoichiometry, and some qualitative kinetic aspects of the
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The crystallinity and the purity of the dehydrated and loaded samples
were checked by X-ray powder diffraction patterns (XRD). The
elemental analyses for Na, Al, Mo were obtained using the ICP
technique.

The modeling results published herewith were generated using the
program Ceriuddeveloped by Molecular Simulations Incorporated.

Cosorption and Reaction of Mo(CO)} and CgHe in Zeolites.
Upstream of the DRIFTs cell are vacuum and gas lines (Hea6d
a reaction delivery systefi*! The dehydrated solid Mo(C@)
dehydrated liquid €Hs were stocked in bypass systems under argon.
The sequence of steps in a typical adsorption experiment was as
follows: the powdered zeolite sample is introduced into the cell
connected to the vacuum line. The sample is pumped down to a
pressure of 1% Pa and heated stepwise to 700 K, and thermy&s is
admitted into the cell. After 6 h, the sample is pumped down to a
pressure of 1% Pa and then cooled to room temperature. Dry He
carrier gas is drawn through the dehydrated zeolite. A reference
spectrum of the neat zeolite is run subsequently. A side arm containing
Mo(CO) or C¢Hs is opened for different periods and spectra are
recorded after each period during and after the equilibrium phase at
different temperatures. At low coverage, the equilibrium period of the
loaded FAU zeolites (Si/Ak 2.5) was estimated to be 24 h under He
at room temperature. This period can be reduced under gentle warming.
Unfortunately, it should be noted that the decomposition of Mo¢gCO)
occurs in FAU zeolites (Si/Ab 2.5) some hours after the loading at
room temperature. So, the cosorption of Mo(€&)d GHe was carried
out at 273 K before the thermal activation. At low coverage, the
loadings of Mo(COy, C¢Hs were obtained through the infrared intensity
using the Kubelka-Munk scale(R) = (1—-R)¥2R = K/S which is
assumed to be proportional to the concentration. The calibration was
obtained by taking as standard three higher zeolites loaded with Mo-
(CO) or CgHe, respectively.

Sorption of Mo(CO)s(58-C¢He) in Zeolites. A pentane solution
of Mo(CO);(¢-CsHs) was added under argon by syringe to an activated

(43) Wagner, G. W.; Hanson, B. Horg. Chem 1987, 26, 2019.
(44) Fraser, D. J. J.; Griffiths, P. Rppl. Spectroscosd99Q 44, 193.
(45) Kubelka, P.; Munck, FZ. Tech. Physik931, 12, 593.
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zeolite sample. The zeolite was loaded with Mo(e{@®}-CsHe) by Table 1. Summary of the Potential Parameters and Atomic
immersion into the pentane solution. The powder was collected by Charges Used To Represent the Zeel®rbate Interactions
filtration under argon and dried under vacuum and then transferred atom charge (e) A (kcal mol*A2) B (kcal mortAs)
into the DRIFTS cell in a glovebox.

Theoretical Methods. The atomic positions for the zeolite hosts, Si (FAU) 1.5 1.720x 10° 0.0
FAU, NassFAU, and NasFAU, were obtained from all the available gi (('l:\lAUI):AU) 7212 i?ggxx 182 8230
X-ray or neutron diffraction determinations of the structued.*648 Al (NZEGFAU) 1'23 1'720X 106 0'0
In the simulations the silicon, aluminum, oxygen atoms of the zeolite o (Naj:AU) —0.83 1.806 106 821.

. . 6! . . X
framework angl extrafra_lmework cations are assumed to be fixed at the g; (NassFAU) 1.35 1.720x 10F 0.0
crystallographic coordinates determined from structural data. The A| (NagFAU) 1.13 1.720x 10 0.0
substitional Si, Al disorder was applied according to the Lowenstein O (NaFAU) —0.87 1.806x 10P 821
rule. The partial occupancy of extraframework cation sites was taken Na* 1 1.289x 10 55
into account explicitly in view of the extensive structural work published Mo (Mo(CO)) 0.06 0.0 0.0
in the literature’”*8 From X-ray powder diffraction studies Van Dun O (CO) -0.21 1.316x 1C° 103
et al. concluded that the influence of adsorbed molecules on the cation C (CO) 0.20 1.975¢ 1¢° 154
distribution increases with the cation-molecule interaction entrlyy. Mo (Mo(CO)) 0.03 1.921x 10° 12
the case of the adsorption of hydrophobic molecules such as benzeneC (CeHe) —0.15 2.202< 10° 240
the extraframework cation moving was found negligible. Fitlal. H (CeHo) 0.15 7.108x 10° 33

reported a shift of 0.009 nm of Nacations in NgsFAU due to the
interaction of benzen¥. The interaction of intrazeolite Mo(C@ith
rubidium cations of the zeolite has been probed previously with
rubidium edge EXAFS dat®. The data of the empty rubidium
exchanged zeolite as well as the Mo(G®@grded sample were found

to be very similar. The error made by fixing the cation positions
throughout the calculations is therefore assumed negligiibkeor these
reasons, the zeolite structure including Na ions is held rigid and fixed
for the calculations. Mo(CQ)Mo(CO), Mo(COX(175-CsHe), and GHe

are modeled as rigid molecules. The geometrical parameters of the
sorbates Mo(CQ) Mo(CO), Mo(COX)(77°-CsHs), and GHg are obtained
from electronic diffraction datd or optimized geometry usirap initio
method! or deduced from X-ray diffracticd—>4 or EXAFS datal?2835

In addition the weak deformations of the guest molecule skeleton which
occur upon sorption are assumed to be negligible according to previous
EXAFS?3 and neutron diffraction results, respectivédy.

The zeolite (Z) and the sorbates (S) are assumed to interact throug
pairwise-additive potential between atoms of the guests and atoms of
the host Uzsg). For simulations at higher loadings, the interactions
between sorbatesUgg must also be included. The ateratom
interactions are modeled with a Lennard-Jones plus point-charge
potential,

The charge distribution within FAU-type structures are derived from
the ref 21. They suggest that the concept of localized partial charge
can be used efficiently to reproduce the electrostatic field with a correct
approximation in the present system. The charge estimates of Mo-
(CO)% and GHs are derived from quantum chemical population
analysis?35%60 The localized atomic charges of Mo(CG{gnd Mo-
(CO)(175-CeHe) were estimated. We would like to point out that the
polarizability interactions between the sorbate and zeolite atoms are
not taken into account explicitly. This is expected to contribute not
more than 10% to the total interaction. We believe that the results
and in particular the trends reported here will remain unchanged on
the inclusion of the polarizability interactions. The sorption sites and
energetics of gHs in NassFAU are well reproduced with the set of
atom-atom potentials and partial charges used throughout the present
paper.

The Monte Carlo simulations at fixed loading (1 sorbate per unit
cell) were carried out at 300 K using the conventional Metropolis
algorithm. This allows us to ignore sorbatsorbate interactions. One
molecule is initially placed inside a micropore of the zeolite. One
Monte Carlo step consists of a random displacement of the center of
mass followed by an arbitrary rotation of the entire molecule. In order
to eliminate the effect of boundaries we have used periodic boundary

Uys= ZAijlnj12 - B/n°+ Zqiqj/rij 1) conditions with a period equal to one zeolite unit cell. A cutoff radius
7 ] of 12 A is applied to the Lennard-Jones interactions and the long-
range electrostatic interactions are calculated using the Ewald summa-
Ugs= ZAjk/rjklz— Bjk/rjkG—l— Zqiqk/rjk 2) tion technique. Each configuration is accepted or rejected using a
T j Metropolis algorithm based on the configurational energy charye:
= min [1; exp CAFE/KT)] where P probability of the move being
wherei andjk are atoms of the N&AU (Z) host and (S) guests, acceptedAE energy change between the new configuration and the
respectively, and; andrj are the distances between them. A, B are previous configurationk Boltzmann’s constant, ariitemperature of
the Lennard-Jones constants and q is the partial charges of the atomsthe simulation. One typical MC run took 1 000 000 steps.
The Lennard-Jones potential accounts for dispersive and repulsive The Monte Carlo simulations of the sorption and cosorption at fixed
interactions and the values used throughout the present work were takerpressures were carried out using the grand canonical ensemble (GCMC);
from the literaturé22-24375558 gnd are listed in Table 1 &§ andB; in this the number of particles in the system is determined by the fixed
parameters, wherd; = (A A)Y2 andB; = (B B)'2 chemical potential of each species. One Monte Carlo step consists of

— four parts (create, destroy, translate, and rotate a molecule). The basis
(46) Hriliac, J. A.; Eddy, M. M.; Cheetham, A. K.; Donohue, J. A.; Ray,  of the simulation is as follows.

G(J47J) LSig\I;gnitaje LChﬁ/Irrg.r%Z? %ISfiJ?'G.Chao K. J. Phys. Chem. Solids Equilibrium is achieved when the temperature and the chemical

1992 53, 1163. potential of the gas inside the framework are equal to the temperature
(48) Mortier, W. J.Compilation of Extra-framework Sites in Zeolites  and the chemical potential of the free gas outside the framework.
issued by the Commission of the International Zeolite Association, 1981. A random molecule is picked from the list of sorbates, and placed
(49) Van Dun, J. J. L.; Mortier, W. J.; Uytterhoeven, J Z8olites1985 in a random position and orientation in the framework. The new

5, 257. . s . - .
(50) Arnesen, S. P.; Seip, H. Mcta Chim. Scandl966 20, 2711. configuration is accepted with probabilig.P = min [_1; exp CAE/
(51) Li, J.; Schreckkenbach, G.; Ziegler, T.. Phys. Chem1994 98, KT -In(Ni + 1)kT/iV)] whereP, AE, k, andT were defined above\;

4838 and publications cited therein. is the current number of molecules of component i in framewik,
(52) Jost, A.; Rees, BActa Crystallogr 1975 B 31, 2647.
(53) Whitaker, A.; Jeffery, J. WActa Crytallogr.1967, 23, 977. (59) Kunze, K. L.; Davidson, E. Rl. Phys. Chem1992 96, 2129.
(54) Rees, B.; Coppens, Rcta Cryst 1973 B29, 2515. (60) Bauschlicher Jr, C. W.; Bagus, P.JSPhys. Cheml984 81, 5889.
(55) Brubeker, G. R.; Johnson, D. \oord. Chem. Re 1984 53, 1. (61) Folkeson, B.; Larsson, R. Electron. Spectrosc. Relat. Phenom
(56) Kiselev, A. V.; Lopatikin, A. A.; Shulga, A. A. &olites1985 5, 199Q 81, 5889.

261. (62) Hriljac, J. A.; Eddy, M. M.; Cheetham, A. K.; Donohue, J. A.; Ray,
(57) Besus, A. G.; Kocirik, M.; Kiselev, A. V.;Lopatkin, A. A.; Vasilyeva, G. J.J. Solid State Cheni.993 76, 145.
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the fugacity of component i in the gas phase assumed to be 1V and
is cell volume.

The simulation randomly chooses which sorbate type to remove,
then randomly chooses a molecule of that type in the framework. The
new configuration is accepted with probabil®P = min[1; exp(
AE/KT + InNKT/fiV)]. A sorbate molecule in the frameork is chosen
at random, and translated by a random amount within a cube of size 2
0 (whered is the maximum step size). The new configuration is
accepted with the probabilit. The acceptance criterion is the same
as for the fixed loading simulation (see above).

A sorbate molecule in the framework is chosen in the framework.
The rotation axis is chosen at random, and the molecule is rotated by
a random amount within the ranged to +6 (whered is the maximum
step size). The new configuration, based on the energy change, is
accepted with the same probability applied to the translation move
above. The simulation takes a number of steps to equilibrate from its
original random position. For accurate statistical results, the steps made
prior to equilibration should be excluded in the analysis. One typical
GCMC run took from 2 000 000 to 3 000 000 steps.

Results and Discussion

Dynamic and Cooperative Effects within the Zeolitic Void
Space. DRIFTS Investigations of the Cosorption of Mo-
(CO)s and CgHg into Na,FAU Zeolite Hosts (0 = 0, 56, 85,

96). The DRIFTS technique allows the use of crude powders
as samples, so the molecules can diffuse easily in the inter-
crystalline void space. However, in order to avoid the problem
of pore blocking which can hinder the intracrystalline diffusion
at high coverage in zeolites, the cosorption DRIFTS experiments
were carried out at Mo(C@)low coverage. The DRIFTS
technique is particularly sensitive to the presence of carbonyl
species at very low loading (see Experimental Section) and
provides valuable information through th€CO) stretching
modes of thein situ investigations of the cosorption and
subsequent reaction in the zeolitic porous materials. Mo§CO)
and benzene were introduced into the system via two differen-
tially pumped gas inlet manifolds. Firstly, the zeolite host was
loaded with Mo(COy by exposing the dehydrated zeolite (273
K) to the vapor pressure of Mo(C®for a short period. After

an equilibrium period the DRIFTS spectrum was recorded and
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Figure 1. DRIFTS spectra (300 K) in the(CO) fundamental and
y(C—H) combination modes region of (a) Mo(C{gorbed in FAU
(0.2 Mo(CO}/unit cell); (b) GHe sorbed in FAU (20 €Hg/unit cell);
(c) Mo(CO) and GHs cosorbed in FAU (0.2 Mo(CQ) 20 GHe/unit
cell); (d) c spectrum after substraction of the éHgspectrum (20 ¢Hg/
unit cell).
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Upon sorption of @Hg (15—30 GsHe/unit cell) in the presence
of Mo(CO) (0.1-0.5 Mo(CO}/unit cell) additional bands are
observed in the wavenumber ranges of the vibrational modes

the coverage was deduced through the infrared intensities usingsf penzene. Particularly, the bands at 2208, 1960, 1815 cm

the Kubelka-Munk scale (see Experimental Section). Then, the
CsHg was admitted into the cell and the DRIFTS spectra run
subsequently after an equilibrium period. In order to provide
supplementary evidence of the free access of both Mo{CO)
and GHe in the internal voids of the porous materials under
study through the 12-ring entrance window, size exclusion
studies were carried out. The use of bulky arenes, such as 1,3,6
tris(tert-butyl)benzene, gHs(t-Bu)s, and small arenes such as
Ce¢He demonstrates the exclusive free access to the internal
surface for the small areneglds, with analogous experimental
conditions. GHs(t-Bu)s is effectively size-excluded from the
porous voids. One concludes from the present and previous
article€® that the DRIFTS investigations of the benzene-Mo-
(CO)s cosorption are representative of the internal confines of
the zeolite host lattice and not of the external surface of the
microcrystals.

FAU (n = 0; Si/Al >100). The sorption of Mo(CQ)(0.1—
0.5 Mo(CO}/unit cell) into the siliceous FAU undergoes the
isotropic perturbation of the {&symmetry of the isolated Mo-
(CO) molecule which results in weak band broadening of the
ve(F1u) infrared active mode, Figure 1. The similarity between
the IR spectra of Mo(CQ)in solution and occluded in the
siliceous FAU provides evidence that the motion of the Mo-
(CO) molecule within the porous voids approaches at room
temperature the rapid isotropic limit characteristic of a ligtfid.

are exhibited in the Figure 1. The similarity between the IR
spectra of @GHg in solution, sorbed and cosorbed in FAU
provides evidence that thess molecules within the porous
voids approach, at room temperature, the rapid limit character-
istic of liquid. Upon sorption in FAU the IR spectrum of
benzene hardly changes as the benzene loading increases.
- According to previous experiments,° the bands observed
at 1960 and 1820 cm (Figure 1) are assigned to combination
modes of out-of-plane bending modgéC—H) whereas the
intense band at 1478 crhis assigned to the fundamental
v19(E1y) stretching mode/(C—C). After subtraction from the
cosorbed sample spectrum of the spectrum of benzene sorbed
alone, the remaining one band spectrum is found to be analogous
to the spectrum of Mo(CQ)sorbed alone in the FAU zeolite,
except for a weak frequency shift. A random distribution of
both the Mo(COy and benzene molecules within the porous
void of siliceous FAU is postulated subsequently.

NasgFAU (n = 56; Si/Al = 2.49). The DRIFTS spectrum
of Mo(CO)s sorbed into the NaFAU zeolite at low coverage
(0.1-0.5 Mo(CO)/unit cell) exhibits after equilibration 2CO)
absorption pattern which is characteristic of a well-defined
adsorption site with low local symmetry, Figure 2. This
adsorption site has been found to be in a 12-ring window of a
supercagé’ The intracavity electrostatic field promotes the
breakdown of the selection rules of the free molecule and
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Table 2. DRIFTS»2 (CO) Frequencies (cm) of Carbonyl Molybdenum Species Sorbed and Cosorbed with Benzene,i#ANaZeolites @

=0, 56, 85)
carbonyl species FAU FAU &g NassFAU NassFAU CsHe NagsFAU NagsFAU CsHs
Mo(CO) 2125 2125 2125 2125
2060 2045 2050 2050
2015 2000 2005 2005
1990 1985 1980 1970 1985 1985
1950 1955 1970 1970
1930 1940 1945 1945
Mo(CO) 1907 1902 1902
1790 1775 1775
1760 1750 1750
Mo(CO)(#75CeHs) 1930 1945 1948
1845 1860 1857
1830 1832

a Determined using spectral decomposition.
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Figure 2. DRIFTS spectra (300 K) in the(CO) fundamental and
y(C—H) combination modes region of (a) Mo(C{gorbed in Ng-
FAU (0.3 Mo(CO}/unit cell); (b) GHe sorbed in NgsFAU (20 GHe/
unit cell); (c) Mo(CO} and GH¢ cosorbed in Na&FAU (0.3 Mo(COy},
20 GHefunit cell); (d) c spectrum after substraction of the HE
spectrum (20 gHg/unit cell).

induces the splitting of thes(F1,) band into three components
and the appearance and splitting of th¢Ey;) mode and the
appearance of they(Aig) IR-forbidden modes of the free
molecule, see Figure 2.
Upon adsorption of gHg (16—30 GsHe/unit cell) in the
presence of Mo(CQ)(0.1-0.5 Mo(CO}/unit cell) additional
bands are observed in the vibration regions of thgHC
molecule. The bands observed at 2220, 1880, 18471cm spectrum of benzene (singly sorbed sample), the remaining
(Figure 2) as other bands are in correct agreement with ¥(CO) spectrum is found to be analogous to the spectrum of
previously reported data concerning benzene sorbed alone inMo(CO) sorbed alone in the NsFAU zeolite at 273 K (Figure

NasgFAU zeolitel8

were used previously to characterize the benzene adsorption
sites’® According to neutron diffraction data, the dominant site
lies in the supercage, facially coordinated to the Sit Nation
and the second is centered in the 12-ring windéwlhe high-
frequency pair 2013, 1880 crhis related to the benzene sorbed
in the 12-ring window whereas the lower-frequency pair 1983,
1847 cmt arises from benzene with the N&ations in sites
I1.18 The preference for SIl Nacations mentioned above is
detected at low gHg loadings, the adsorption in the 12-ring
window starting to increase significantly only after 2@Hg
per unit cell are sorbed. It should be noted that other cationic
faujasites may give a different order of preferred adsorption.
After subtraction from the DRIFTS pattern (cosorbed samples)
of the spectrum of benzene (singly sorbed sample) the remaining
spectrum does not correspond to the spectrum of Mo{CO)
sorbed alone in the NgFAU zeolite (Figure 2). The/(CO)
wavenumber values obtained using spectral decomposition have
been listed in Table 2. The DRIFTS spectra indicate significant
frequency shifts and relative IR intensity changes ofit{tgO)
modes upon cosorption of benzene. It is postulated that the
presence of benzene in the porous void generates a new sorption
site for Mo(CO} with CgHg molecules in close proximity.
Nags-9sFAU (n = 85, Si/Al = 1.26;n = 96, Si/Al = 1)).
The DRIFTS spectrum of Mo(C@)porbed into the NaFAU
zeolite at low coverage (0-10.5 Mo(CO)/unit cell) exhibits a
six ¥(CO) absorption pattern which is characteristic of a well-
defined adsorption site with low local symmetry, Figure 3.
However, the occupancy of the SllI sites by™Ngations in the
vicinity of the window constrains the Mo(C@}o penetrate
inside the supercage at low coverdge.

Upon sorption of GHg (16—30 GsHe/unit cell) in the presence
of Mo(CO) (0.1-0.5 Mo(CO}/unit cell) additional bands are
clearly observed at 2220, 1866, 1847 ¢nfFigure 3) as other
bands in the fundamental vibration regions of theHE
molecule. The IR bands of¢Hg are found to be analogous to
those observed previously for benzene sorbed alone i3 Na
FAU. The pair of bands observed at 1866 and 1847 cis
found to be typical of two types of adsorption sites for benZéne.
However, the distribution of benzene between the two modes
of sorption, cations and 12-ring windows is strongly directed
by the chemical properties of the zeolite. After substraction
from the DRIFTS pattern (cosorbed sample) of the DRIFTS

Particularly, the shape of the bands 3). The»(CO) wavenumber values obtained using spectral

progressively changes as the benzene loading increases. Thdecomposition have been listed in Table 2. The DRIFTS spectra
two pairs of IR bands 2013, 1880, and 1983, 1847 tm
corresponding to the out-of-plangC—H) combination modes

indicate no significant frequency shifts and relative IR intensity
changes of the(CO) modes upon cosorption of benzene. ltis
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| T T T T positions opcupied by Mo((?@}and (;Hs is large. The absence.
of well-defined sorption sites indicates that the net potential
surface accessible to the molecules is fairly uniform, a finding
that is again consistent with the inability to locate thgHE
sorbate in FAU by neutron diffractidif. These results are in

close agreement with the isotropic behavior observed from
DRIFTS experiments. In addition, a recent Molecular Dynamics
(MD) study concerning the behavior of benzene in FAU reveals
d) that the sorbate is highly mobile at 300%K.
NasgFAU (n = 56; Si/Al = 2.49). In the host lattice, the

<) extraframework N& cations are assumed to be located in site
SIl (32/32 N&) and in site SI' (24/32 N&). From accurate
starting pressure values, the GCMC simulations provide loadings
in reasonable agreement with the experimental values used in

the DRIFTS experiments, 1 or 2Mo(C&£39nd 30 GHe per unit
cell, respectively. At high gHe pressures, the corresponding
sorption energy is found to be10 kcal/mol for Mo(COg and
—11 (window) and—19 kcal mot? (cation) for GHs, respec-
tively. It should be noted that similar energy values are
reproduced for gHg during the simulation of the sorption of
CsHe alone® The distribution of positions occupied by Mo-
(CO) according to the-11 kcal/mol energy is located within
the cavity, whereas ¢Els molecules lie in the same cavity
facially coordinated to the Sl cations 19 kcal/mol) or centered

in the window (11 kcal/mol). The presence o§8s molecules

in the porous voids stabilizes the Mo(G)cation within the
supercage rather than in the window as predicted by the MC

b)

DRIFTS (log 1/R)

>

a)

l 1 l 1 1 simulations of the sorption of Mo(C@}alone?” It should be
2200 2000 1800 cm noted that in the case of cosorption when the average Mg(CO)
WAVENUMBERS loading is more than 2 molecules per unit cell, some supercages
Figure 3. DRIFTS spectra (300 K) in the(CO) fundamental and  are occupied by 2Mo(C@) The sorption energies of the
7(C—H) combination modes region of (a) Mo(C{jorbed in Nas- benzene occluded alone in }§8AU or cosorbed with Mo(CQ)
FAU (0.3 Mo(COunit cell); (b) GHs sorbed in NasFAU (0.3 Mo- are analogous whereas the sorption energy of Mo{@©pow
(CO), 20 GHg/unit cell); (c) Mo(CO} and GHs cosorbed in NaFAU coverage is found to be markedly lower than cosorbed with

(0.3 Mo(CO}, 20 GHg/unit cell); (d) c spectrum after substraction of

the b GHs spectrum (20 gHe/unit cell). benzene at high coverage12 and—10 kcal/mol, respectively.

The siting locations of the g and Mo(CO} molecules are
in good agreement with the DRIFTS data and the spectral
changes observed in th€CO) region reflects the Mo(C®)

Energetics and Sorption Sites of Mo(CO and CgHs i siting location change during the cosorption of benzene into

the Zeolitic Void Space. Monte Carlo Simulations of the the Nad=AU zeolite. . )
Cosorption of Mo(CO)s and CgHg into Na,FAU Zeolite Hosts NagsFAU (n = 96; Si/Al = 1). In the host lattice, the
(n = 0, 56, 96). The DRIFTS spectroscopic results are €xtraframework cations are assumed to be located in site SI
supported by Grand Canonical Monte Carlo (GCMC) simula- (16/16 N&), in site SiI (32/32 Na), and in site SlIl (48/48
tions of the cosorption of Mo(C@)and GHs at constant ~ N&"). From accurate starting pressure values, the GCMC
pressures. The pressure values were adjusted to approximatelgimulations provide a loading, corresponding to the sorption of
mimic the experimental coverages. The conditions of the 38 GHs per unit cell. There is no cosorption of Mo(C{O
simulations have been given in the Experimental Section. The the presence of benzene after equilibration of the system. The
potential parameters and charges used for the MC simulationsc0rresponding sorption energies are found to4i2 and—17
of the host-guest interactions are summarized in Table 1. The kcal/mol for GHs. The GHs molecules are facially coordinated
validity of the set of parameters used throughout the presentto the Sl and SliI cations in the supercagel(’ kcal mot™)
article is given by the possibility to reasonably reproduce the OF in the vicinity of the windows £ 12 kcal mof™). Analogous
experimental @Hg loadings in NaFAU (n = 0, 56, 968 and energy value§ concerning thg sorption gHgin NaggFAU were
the siting locations of €D in NassFAU.1623 In addition, the ~ reported earlief! The sorption energy of Mo(C@)pccluded
predicted Mo(CQ)siting locations are in close agreement with ~ alone in NasFAU at constant coverage was found previously
the spectroscopic behavior of Mo(Gy)ccluded in NaFAU to be—9 kcal/mol3¥” Before the saturation of the porous volume
(n= 0, 56, 85)37 by the GHs molecules, the occluded Mo(C®)nolecules
FAU (n = 0). The prediction of cosorption was carried out ©Observed during the DRIFTS experiments (see above) are
at 300 K and the constant pressures were adjusted to correspon@robably located in domains without any benzene molecule in
approximately to the respective experimental loadings. In the close proximity.
presence of gHg at high pressure, no Mo(C@gosorption was Identification of the Reaction Products within the Zeolitic
simulated and all the porous volume is filled withgHg Porous Space. DRIFTS Investigations of the Intrazeolite
molecules (32 gHg/unit cell). At lower GHg pressures the  Reactions between Mo(CQOj and CgHg in Na,FAU (n = 0,
suitable loadings are found to be 1 Mo(G@nd 25 GHg per 56, 85, 96). FAU (Si/Al> 100) During the thermal treatment,
unit cell and the corresponding sorption energies are found to under 1 atmosphere of helium, of the (0.5 Mo(GQ0 GHsg)-
be —7.0 and—10.6 kcal/mol, respectively. The distribution of FAU loaded zeolite no significant changes were observed in

postulated that the sorptions of Mo(G@hd benzene occur in
different domains of the porous void of NeAU (n = 85—96).
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Figure 4. Predicted sorption sites of Mo(C©£and GHe in NassFAU wf/\»\,w\
(1 Mo(CO), 30 GHg/unit cell). Thea-cage of zeolite NaFAU. The b)
black and shaded cylinders represent O and Si/Al atoms of the zeolite
framework, respectively. The shaded and white spheres represent C
and H atoms of gHe, respectively. The large shaded spheres represent a)
Na'; the medium black and shaded spheres represent O and C atoms
of Mo(COY)s, respectively.
the shapes of the DRIFTS spectra except the progressive 2210 0 . 24000 t 18'00 N
: : ; cm
disappearance of the intense band assigned taf@0O) mode WAVENUMBERS

of Mo(CO) (Figure 5)36

The dissappearance of thrg (CO) band corresponds to the
desorption of Mo(CQ) upon thermolysis before any reaction
in the void space of the FAU zeolite. At 500 K, onlyHs
was detected in the internal volume of the zeolite. The Mo-

Figure 5. DRIFTS spectra in the/(CO) fundamental angt(C—H)
combination modes region during the thermal treatment of MogCO)
and GHe cosorbed in FAU: (a) 0.2 Mo(C@®)25 GHe/unit cell (290
K); (b) a (360 K); (c) a (383 K); (d) a (433 K); (e) d (after cooling to
290 K); (f) spectrum e after substraction of theHe spectrum (290

(CO)s departure from the zeolite framework to the gas phase k) equivalent to the Mo(CQ)spectrum.

was controlled by IR absorption spectroscopy.
NassFAU (n = 56; Si/Al = 2.49). During the thermal
treatment of the (2 Mo(CQ)30 GHe)-NasgFAU loaded zeolite,

This intrazeolitically generated complex can be considered to

heating above 320 K again causes a dramatic change in theform by capping the tricarbonyl moiety with the benzene ligand.

v(CO) set of bands whereas thgHg set of bands remains
unaffected in the experimental [27300 K] temperature range.

Identical DRIFTS results are observed when an excess of
benzene is introduced into the cell after partial decarbonylation

The transformation appears to go to completion at 423 K over reaction under thermolysis at 440 K. The intrazeolitic reaction

less than 0.5 h in the experimental conditions (Figure 6).
After substraction from the resulting DRIFTS pattern of the
DRIFTS bands of benzene the ne(CO) set of bands are found
to be analogous to those observed for Mo(&GPCsHe)
occluded alone in NgFAU. It should be noted that the zeolite
was loaded with Mo(CQ}#8-CeHg) through immersion into the

pentane solution and subsequent evaporation of the solvent
because of the poor vapor pressure of the organometallic
compound which does not allow any vapor phase transfer into

the zeolite at room temperature.

The threev(CO) bands observed at 1948, 1857 and 1832
cm! (Table 2) do not correspond to any intrazeolite Mo(gO)
(n = 3, 4, 5) subcarbonyl specié&?7:28:34.36 The threev(CO)
bands derived from the ;Aand E modes of the Mo(Cgl)®-
CgHg) free molecule and indicate that the local symmetry is
low in the sorption site. In practice one finds that the reaction
of 2Mo(CO) with 30GHe in NasgFAU cleanly yields as a
product Mo(CO)(55-CsHe) according to the following in-
trazeolitic reaction.

(2Mo(CO);, 30G;H,)-NasFAU —
(2Mo(CO)(17°-CHg), 28GH)NasFAU + 6CO (3)

of the subcarbonyl Mo(C@NasgFAU with CgHg yields as a
product Mo(CO}(58-CeHs) according to the following in-
trazeolitic reaction.

Mo(CO),-NaggFAU + 20GH; —
Mo(CO),(17°-C¢Hg), 19GH-NasFAU (4)

No attempt to obtain quantitative kinetic information about
the intrazeolitic reaction between Mo(CG{&3nd GHs in Nase-
FAU has been undertaken yet. Indeed, the main difficulty is
to define and appreciate the “zero” time of the thermal activation
with the heating set-up used. However, the reaction rate is found
to be strongly dependent on the extent of loading of Mo@CO)
and GHg and on the CO gas pressure. The effects of these
parameters on intrazeolitic organometallic reaction rates have
been quantitatively evaluated recently in the case of the reaction
between Mo(CQ)and trimethylphosphine in NgFAU.#2 The
general trends of the present work corroborate the quantitative
kinetic data related to the later reaction. Particularly, after an
equilibrium period (300 K), at low and quite constant Mo(GO)
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Figure 6. DRIFTS spectra in the(CO) fundamental ang(C—H)
combination modes region during the thermal treatment of MogCO)
and GHs cosorbed in N&FAU: (a) 0.2 Mo(COy, 25 GHg/unit cell
(290 K); (b) a (320 K); (c) a (350 K); (d) a (423 K); (e) d (after cooling
to 290 K); (f) spectrum e after substraction of thgHgspectrum (290
K) equivalent to the Mo(CQjn5-CsHe) spectrum.

| |
1800 cm’

coverage, the reaction rate (400 K) increases slightly with
increasing @Hg loading in the experimental range (230 GHe¢/

unit cell). Whereas at constanglds coverage, the reaction rate
remains approximately constant with increasing Mo(£0O)
loading over the range 0.62 Mo(CO)/unit cell. Then, the
reaction rate shows a significant decrease at higher Ma{CO)
loading. In addition, under dynamic vacuum the reaction

J. Am. Chem. Soc., Vol. 118, No. 50, 198531
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Figure 7. DRIFTS spectra in the/(CO) fundamental angt(C—H)
combination modes region during the thermal treatment of MogCO)
and GHe cosorbed in NgFAU: (a) 0.2 Mo(COjy, 25 GHg/unit cell
(290 K); (b) a (320 K); (c) a (350 K); (d) a (500 K); (e) d (after cooling
to 290 K); (f) spectrum e after substraction of thgHgspectrum (290
K) equivalent to the Mo(CQ)(O,); spectrum.

K provokes the one step decomposition of Mo(gbgfore any
reaction with the benzene molecules. It should be noted that
all DRIFTS results are found to be analogous with thggNa
FAU zeolite.

Energetics and Sorption Sites of the Reaction Products
in the Zeolitic Porous Space. Monte Carlo Simulations of
the Sorption of Mo(CO)3(55-CeHe) and the Cosorption of

appears faster than under static helium atmosphere. The amoun¥o(CO)3(58-CsHeg) and CsHg into NanFAU Zeolite Hosts (
of CO released during the reaction may be sufficient to decrease= 0, 56, 96). The DRIFTS spectroscopic results are supported

the rate substantially.
Nags od~AU (n = 85, 96; Si/Al= 1.26, 1). When Mo(COy
was introduced at a relatively low temperature into thgsNa

by both Canonical Monte Carlo (MC) at fixed loading and Grand
Canonical Monte Carlo (GCMC) simulations at fixed pressures.
The pressure values were adjusted to approximately mimic the

FAU zeolite, the carbonyl species entrapped in the zeolite experimental coverages. The conditions of the simulations have

framework was the intact Mo(C@)molecule. Indeed, no
prominent infrared band was detected below 1900cwhen

been given in the Experimental Section. The potential param-
eters and charges used for the MC simulations of the-host

the loading was carried out below 285 K. The DRIFTS spectra guest interactions are summarized in Table 1.

indicates no significant frequency shifts and relative ir intensity
changes of thev(CO) modes upon cosorption of benzene.

FAU (n = 0). The prediction of the Mo(CQ}®-CsHe)
sorption and Mo(CQJ#5-CsHe)-CsHs cosorption was carried

Heating above 300 K caused a dramatic change in the DRIFTSout at 300 K and at fixed pressures. In the presence or in

patterns (Figure 7).
After substraction from the DRIFTS pattern of the benzene
spectrum in NgFAU, the resulting/(CO) set of bands exhibits

absence of gHg, the distribution of positions occupied by Mo-
(COX(175-CgHe), in the vicinity of the window, is found to be
large. The absence of well-defined sorption sites indicates that

clearly the spectral characteristics of several anchored subcarthe net potential surfaces accessible to the molecules are fairly

bonyls species (Mo(CQ)x = 3—6).36 Near 5@ K a two line
spectrum is predominently observed at 1912 and +247%0
cm L. This set ofy(CO) bands was attributed previously to
the intrazeolitic Mo(CO}NagsFAU species’ 2834 The DRIFTS
experiments provide no evidence of the intrazeolitic Mo(&£0)
(7%-CeHeg)-NagsFAU species. In addition, heating above 500

uniform. These results are consistent with the isotropic behavior
of Mo(CO)(75-CsHe) in FAU observed from DRIFTS experi-
ments. No further investigation has been undertaken yet,
because this subject falls beyond the scope of this work. Indeed
no intrazeolitic reaction between Mo(C&3nd GHe is detected
before the desorption of Mo(C@jsee above).
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Figure 9. Predicted sites of Mo(CQ(y;5-CsHs) and GHs cosorbed in
NaseFAU (1 Mo(CO)(#%-CsHs), 30 GsHe/unit cell). Two a-cages of
zeolite NagFAU and the interconnecting 12-ring window of diameter

8 A. The black and shaded cylinders represent O and Si/Al atoms of
the zeolite framework, respectively. The shaded and white spheres

FAU, the gray regions is where the sorbate center of mass is localized represent the C and H atoms oftG, respectively. The large shaded
with 90% probability. The black and shaded cylinders represent O and spheres represent Nathe medium black and shaded spheres represent
Si/Al atoms of the zeolite framework, respectively. The shaded and O and C atoms of Mo(CQ) respectively.

white spheres represent the C and H atomsgbfsCrespectively. The
large shaded spheres represent;Nde medium black and shaded
spheres represent O and C atoms of Mo(§ @spectively.

Figure 8. Probability density of Mo(CQJ#5-CeHe) in NassFAU at
low coverage (1 Mo(CQ}Ji®-CeHe)/unit cell). A a-cage of zeolite Ng-

simulations provide loadings in reasonable agreement with the
experimental values used in the DRIFTS experiments, 2Mo-
NasgFAU (n = 56; Si/Al = 2.49). Firstly, the MC simula- (CO) and 28GHs per unit cell, respectively. The distribution
tions of the sorption of Mo(CQf°-CsHe) into NassFAU were of positions occupied by Mo(C@;%-CsHg) according to the
carried out at 300 K and at a fixed loading. In this case the —21 kcal/mol energy is located within the cavity, whereas the
sorbate-sorbate interactions do not take place. The MafCO) CgHs molecules are facially coordinated to the Sl cations in
(7%-CeHg) molecule lies inside the supercage, th#lEmoiety the supercage«(19 kcal) or centered in the window-(1 kcal).
is facially coordinated to the SlII Nacation. However, 95%  The GHe¢ moiety of the Mo(COY#%-CsHs) molecule is facially
of the center of mass sampled during the simulations are locatedcoordinated to the Sl Nacation (Figure 9).
within an isosurface of the probability density of the molecule.  The presence of 1 molecules in the void space does not
This isosurface is shown in the plane of the Figure 8, the three markedly modify the siting site preference predicted by the MC
lobes are oriented to the three remaining SlI cations of the simulations of the sorption of the Mo(C&)°-CsHg) molecule
supercage, respectively. They represent the equal probabilityalone. The sorption energies of the benzene sorbed alone in
for each CO ligand to be in close proximity of a Sll cation.  NasgFAU or cosorbed with Mo(CQJ8-Ce¢Hg) are analogous,
The prediction of sorption of Mo(CQ(%-CsHs) at higher whereas the energy of Mo(C&)5-CsHs) sorbed alone at low
filling was carried out at constant pressure. The average coverage is found to be slightly higher than cosorbed with
calculated loading corresponding to the filling of the voids were benzene at high coverage20 and—21 kcal/mol, respectively.
found to be 19 Mo(CQJ#%-CsHe) per unit cell. The contoured  The siting locations of the &l and Mo(CO}(i78-CeHe)
regions of the distribution of positions of the center of mass molecules appear to be in close agreement with the DRIFTS
provide clear evidence of two types of sorption sites. The first data. Particularly, the weak changes observed between the
one corresponds to the Sl Néacially coordinated gHg moiety v(CO) sets, reflect an analogous siting location for Mo(&0O)
and the second one to thek moiety centered in the 12-ring  (175-CsHe) sorbed alone or cosorbed withids in the NagFAU
window. The ratio of the population of the sites depends on zeolite.
the filling, particularly at high loading the confinement of the NagsFAU (n = 96; Si/Al = 1). Firstly, the MC simulations
molecules in the porous void constrains the molecules to resideof the sorption of Mo(CQ)#%-CsHe) into Nayg=AU were carried
preferentially near the windows through intermolecular contacts. out at 300 K at fixed loading. The lowest energy sitel (kcal)
This sorption model appears to be in reasonable agreement withfor the Mo(COX}(%-CeHg) sorption was found to be in the
the previous and present IR spectroscopic data concerning Mo-vicinity of the window, the GHg moiety being centered in the
(COX(175-CsHe) as well as parent complexes sorbed alone. 12-membered ring and the O atoms of the Mo(&@piety in
Particularly, the set of thregCO) bands corresponds to a Mo-  close contact with the Sl and SlII Naations of one supercage.
(COX(175-CsHe) molecule sitting in a site with low local The prediction of sorption of Mo(CQ(;%-C¢Hg) at higher
symmetry. However, the/(CO) stretching frequencies are filling was carried out at constant pressure. The average
shifted toward lower energies by about 60 ¢ncompared to calculated loading corresponding to the filling of the voids was
the respective solution phase values. In addition, the supple-found to be 18Mo(CQJ#%-CsHs) per unit cell. The contoured
mentary splittings or broadenings of the bands, which occur at regions of the distribution of positions of the center of mass
higher coverage, can be attributed to the two different types of provide clear evidence of three types of sorption site. According
sorption sites and vibrational intermolecular couplings. to the plot, number of configurations versus the energy, the
The GCMC simulations of the Mo(Cg()®-CeHeg)-CeHe sorption energy values are found to b&4, —31, and—39
cosorption are directly related to tlie situ DRIFTS study of kcal mol®. The first one corresponds to the Sl Nfacially
the intrazeolitic reaction between Mo(C{3nd GHg cosorbed coordinated gHg moiety, the second one to thegks moiety
in NasgFAU. From accurate starting pressure values, the GCMC centered in the 12-ring window and the last one to a molecule
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with the GHs moiety perpendicular to the window plane. The a zeolate ligand? The subcarbonyl species are stabilized
ratio of the population of the sites depends on the filling. through the significant Lewis basicity (electron density) of the
Indeed, at high loading the confinement of the molecules in framework oxygeng?35> The basicity of the oxygen, measured
the porous void constrains the molecules to reside in unusualthrough the charge density, decreases concomitantly with the
sites through intermolecular contacts. aluminum content of the zeolite framework. The sNEAU
From accurate starting pressure values, in agreement withframework (Si/Al = 2.5) reduces the stabilization of the
the experimental values, there is no cosorption of Mo@c0O) subcarbonyl species and increases the intrazeolite decomposition
(75-CéHe) in the presence of benzene in JeAU after temperature of Mo(CQ)*® The Mo(CO}) thermal behavior in
equilibration of the system. The simulations of the cosorption Siliceous faujasite FAU (Si/A&= 100) is found to be analogous
exhibit striking analogy with the simulations of thegtf to that observed in polyether solvents where no discrete
sorption into NgsFAU. Nevertheless, during the Mo(C) subcarbonyl species are detected. In summary, a significant
CsHe cosorption before the saturation of the porous volume by basicity of the framework oxygens prevent the recombination
the GHe molecules, the occluded Mo(C@)‘noIecuIeS are reactions of the Scharbony| SpeCieS with CO inside the void
probably located in domains without any benzene molecule in Space.
close proximity. Consequently, upon thermal treatment, under  An extensive quantitative kinetic study of the thermal reaction
gentle warming, several subcarbonyl species are generated anttetween Mo(CQ)and trimethyl phosphine PMe&ncapsulated
immobilized in the zeolite framework as observed previously in NasgFAU has been recently reportétl. The effects of PMg
for the thermolysis of occluded Mo(C®)n NagsFAU.34-36 Mo(CO) loadings and CO pressure on the rate of the substitu-
Under more drastic conditions (400 K) the composition of the tion reactions to form Mo(CQJPMe;), have been evaluated.
major species was found to be Mo(GB3J 3¢ So, using The substitution reactions of Mo(C&Yith PMe; within the
accurate atom-atom potential values taking into account the Mo void space of the NgFAU host proceed by pseudo-first-order
atom (Table 1), the MC simulations provide a reasonable picture dissociative and associative processes. Analogous trends have
of the anchoring site for the Mo(C@¥ubcarbonyl species in  been found here. Dissociative substitution of Mo(€f) CsHe
the void space of the NgFAU. The Mo(CO} appears located  is accelerated through evacuation of CO under vacuum or
in the vicinity of the window, the three shortest O(zeolite)--- retarded to a significant extent by increased CO pressure as Mo-
Mo distances are found to be in the [22.4] A, whereas the (CO)% and GHg loading. The reactions between Mo(G@nd
closest O(CO)---N& contacts are found to be about 3 A. The CgHs to form Mo(COX(#5-CsHs) within the void space of Ng
model considers the immobilization of the tricarbonyl molyb- FAU (Si/Al = 2.5) occur at lower temperature and are faster
denum moiety on the O atom of the zeolite framework over a than the corresponding reactions in homogeneous solution.
vacant four-ring site in the vicinity of the window and involves However, the present experiments point out the important role
interactions with cations through the oxygen end of the carbonyls of the nature of the faujasitic zeolite towards the substitution
to the Na cations. The EXAFS experiments for Mo(GO) reactions under study. Particularly, the aluminum content of
immobilized in faujasitic zeolites provide strong support the zeolite appears to be a crucial factor of the chemical behavior
concerning the structure analyg¥s.The best fit carbonyl and  inside the void space. In FAU (Si/A* 100) no reaction occurs
oxygen coordination numbers yield the stoichiometry (zeolite)- between Mo(CQ) and GHs under thermal activation limited
0O2,3--Mo(CO); with a dramatic decrease in the Mo-CO and by the desorption of Mo(CQ@)whereas in Ng_9sFAU, Mo-
MoC-O bond lengths compared to those in the parent Mo§CO) (CO)s reacts thermally like in the absence of added reagent to
loaded zeolite. In addition, it was shown that the Mo-CO and form anchored subcarbonyl Mo(COn = 5, 4, 3) species. It
Mo---O(zeolite) bond lengths are found to parallel the Lewis should be noted that the nature of the counterbalancing charge
basicity of the O atoms of the zeolite. The structural parameters cations is an additional factor of the chemical behavior within
obtained through the present MC simulations are found to be the void spac@® Earlier papers related to arenes or Mo(gO)
in reasonable agreement with the earlier EXAFS dat#n sorbed alone in faujasitic zeolites and the present work devoted
analogy between the internal surface of the void space of theto the cosorption provide theoretical and experimental supports
zeolite (zeolate ligand) and crown ether ligands has beenthrough the siting location and dynamic behaviors of thel{
proposed previously, particularly through the basicity of the and Mo(CO} molecules in faujasitic zeolites, thus a coherent
oxygen framework atom's. interpretation of the chemical behavior between Mo(€&nd
Reaction Pathways between Mo(CQ)and CgHg within CsHe inside the void space of the faujasitic zeolites can be
the Void Space of Zeolitic Faujasites NgFAU (n = 0, 56, proposed.
85, 96). Conclusions.Treatment of metal carbonyls such as In siliceous FAU, the Mo(CQ)and GHg molecules are not
Mo(CO) with arenes such asgHs in solution may give arene  located at specific sites, they are randomly distributed in the
metal carbonyl complexés8. Irradiation with ultraviolet light void space. The dynamic behavior of benzene molecules sorbed
assists the reaction, or it may be more effective to carry out the alone is largely dominated by intracavity motions at room
reaction in a high-boiling, coordinating solvent such as diglyme temperature. At 400 K, the benzene molecule is considerably
(CH30CH,CH,OCH,CH,OCHg). The role of the coordinating  more mobile and exhibits cage-to-cage diffusion. After cosorp-
solvent was found to accelerate the dissociation of MogCO) tion in FAU, the motions of Mo(CQ)and GHg approach the

which is found to be slow. rapid isotropic limit of liquids. The chemical behavior between
It is known that Mo(CO) can react thermally in the void ~ Mo(CO)s and GHe is found to be analogous to that observed
space of zeolites in the absence of added readeéfts® From in solution.

previous experiments including EXAFS, NMR, XPS, FTIR and In NassFAU, the benzene molecule is facially located to the

chemical analysis results the main findings can be summerizedSIl sodium cation or in the plane of the winddf.Dynamic

as follows: The faujasitic zeolites with high aluminum content studies indicate intracavity “cartwheel” and “skateboard” hop-

(Si/Al = 1, 1.26) promote an easy sequential decomposition of ping mechanisms whereas the diffusion is determined simply
Mo(CO). The loss of three CO ligands of Mo(C&fprms a by the site-to-window hopping rate. The kinetic motions are

moiety in which the three coordination sites thus made vacant found to be slower than in the siliceous analog. Similar trends
are occupied by framework oxygens of the four-rings acting as have been predicted for Mo(Cg)In the presence of Mo(C@)
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the GHg molecules are predicted to be facially located to the cavity. The high basicity of the framework oxygen atoms
Sl cation or in the window as determined fogHg sorbed alone, stabilized the subcarbonyl Mo(C@3pecies through the coor-
whereas Mo(CQ)at low coverage is held within the supercage dination with the four-ring oxygen atoms. Even coordinated
in close proximity of benzene molecules. The diffusion of the to the zeolite framework, the Mo(C@yroup remains mobilé?
reagents are probably hindered at higher coverages. Thehowever, the exchange from the framework oxygen atoms to
enhancement of the reaction rate at relatively low coverage canthe arene is not effective.
be attributed to (i) the close proximity of the reagents in the  The activity of the anchored Mo(C®Jn = 5, 4, 3) species
supercage, (i) the intense electrostatic field gradient, and (jii) within the void space of faujasitic zeolites as active species to
the concerted mechanism of the dissociation of Mo(G)h hydrogenation and isomerization of dienes may be due to their
the coordination of framework oxygen atoms and slippage of abilities to coordinate substrates at the expense of Mbe@Qds.
the Mo(CO} group to the arene molecule. The substitutional In addition to the molecular sieves properties, the role of the
affinity of the grafted Mo(CO) depend both on the basicity of ~ Support is crucial particularly through the basicity of the
the framework oxygen atoms and on the nature of the enteringframework oxygen atoms and the nature of the extraframework
areneé®® The slippage probably proceeds via Mo(G@Y- cations. The aluminum content and the extraframework cation
CsHe)(02)s—y (Y = 1,2) intermediates without any displacement are means to optimize the faujasitic zeolite syntheses in view
of the GHs molecule from his site. Indeed, after the reaction, Of the expected catalytic properties. However, the availability
the Mo(CO}(176-CeHe) species is predominently anchored via ©Of open coordination sites does not appear as the rate-
the facially oriented €Hs ligand to the SlI cation. _determining step of th(_a catalytic reaqtion, the c_atalytic pathway
In Nags_s6FAU zeolites, the GHs sorbed alone is predicted mcludgs the sequential complexation, fqnctlonallgatlon and
to be facially coordinated to the SlI or SllI cations whereas at liberation .Of unsaturated hydrocarbons Wh'Ch consitute one of
low coverage the Mo(C@)molecule sorbed alone is predomi- thﬁ- most r|]mp_ortant reaction sequences in catalytic organome-
nantly located within the supercage. In the presencegbfsC tallic synthesis.
no stable sorption site for Mo(C@)s predicted in the same  JA961115Z



