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Abstract: We have studied the stretching frequency (extrapolated to zero coverage) of adsorbed CO&id the

NMR (before adsorption of CO) of Pt catalysts on zeolite-NaY (three dispersions), on zeolite-NaHY (two dispersions),
and on zeolite-NaX (one dispersion); we have also measured the hydrogen and oxygen chemisorption capacity of
these samples. For comparison, we studied three samples on an oxidic carrier (unpromoted and promoted by Li or
K salts, all from the same initial batch) by infrared and by NMR. In the zeolite case, we find a direct correlation
between the CO stretching frequency and the density of states at the Fermi energy on surface siteEfsurface
LDOS) derived from the clean-surface NMR data, but the chemisorption results seem to be determined by steric as
well as electronic effects, and show no simple relation to the two other quantities. The values for the oxidic samples
appear to form a distinct set, with probably some promotor-specific effects. The zeolite data support an interpretation
of the concept of “electron deficiency” not in terms of missing electronic charge, but in terms of a low density of
states at the Fermi energy on surface sites. This is consistent with ideas derived from the frontier-orbital picture for
metal-adsorbate interaction. It remains unclear why the surfgdeDOS show a systematic variation with the
acidity of the faujasite framework.

I. Introduction In this paper, we focus on electron deficiency in the restricted
context of the well-documented correlation between the stretch-

The acidity of the aluminosilicate frameworks of zeolites is ing frequency of CO molecules adsorbed on the metal particles
determined by the type of counterions: when the usual alkali and the acidity of the embedding zeolite matrixGenerally
metals in X- or Y-type zeolite are replaced by protons or by di- SPeaking, a lower stretching frequency indicates a weakening
or trivalent cations, the acidity increases. At constant kind of Of the C-O bond; arelated increase in the-O distance upon
cation, the acidity increases as the Si/Al ratio increases, andChemisorption has been quantitatively determined by Susan
certain types of zeolite, e.g., zeolite-L, have basic framewbrks. Shore etal. in an elegant application of double-resonance RIMR.
When small transition-metal particles are incorporated into such lbn a dforward—tbackwaé%dgmaélon p'Ctu:ﬁ ?ftr:neM?sloLbate ¢
zeolites, most of their chemisorption and catalytic properties onding, a stronger ond means that the metal has pu
are found to vary with the framework acid#y. It is usual to fewer electrons Into th_e antibondingz2 orbital of th‘? co
ascribe these variations to a framework-induced “electron Molecule, and this is said to occur because the metal is electron-
deficiency” of the metal particles® This electron deficiency dEfICIEm ((\j’\)”th rhespect to inotger metal, \gh'Ch gag' sesla vlveaker
. ; e . . : C—0 bond). This picture has been corroborated by calculations
F’ usuallﬁ/ neg;e(t:rt]ed n thg. desc(;jrlpur(]) n dOf blfunt9t|or]1al a,f.) plica- for different adsorption geometriéslt has been found that the
lons, where both an acidic and a hydrogenation function aré ,, .. jonation to CO2* is much more sensitive to geometry
required. An important example of such an application is the

h . ¢ he levels of thi ) Ithan are the forward donations fromy dnd . This strongly
ydr_ogenanc_m 0 ber_lzene, to reducgt e levels of this potentia suggests that the observeatiation of the stretching frequency
carcinogen, in gasoline-manufacturing processes.

with geometry is mainly due to differences in back-donation.

*To whom correspondence should be addressed. Present address; Experimentally it is found that the more acidic the matrix,
Chemistry Department, University of lllinois at Urbana—.Champaign, 600 the higher t,he stretching fr,equer?%?’nd in basic Zeo“,tes the
S. Mathews Avenue, Urbana, IL 61801. frequency is lower than in acidic on&s.The traditional
ICNRS. . explanation is a tendency of acidic matrices to extract some
Ecole Polytechnique Fiérale de Lausanne. electronic charge from the metal. In early work using X-ray
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Table 1. Data of Oxygen and Hydrogen Chemisorption, FT-IR-Measured CO Stretching Frequesgi®ghich is an Extrapolation t6 = 0
of the vco vs Coverage Curve (Figure 2a), and the NMR Measurement-Deduced SEABDOS for Pt/Zeolite Samplés

particle size (nm) chemisorption
sample ds dy H/Ptota O/Ptota O/Pty FTIR vco (cm™) E-LDOS (1/(Ryatom))
PtNaX-65 1.52 1.55 1.2 0.48 0.74 2030 20.0
PtNaY-77 1.09 1.19 1.6 0.61 0.79 2055 18.3
PtNaY-64 1.51 1.63 11 0.54 0.84 2057 18.3
PtNaY-56 1.85 1.95 0.8 0.48 0.86 2056 18.3
PtNaHY-72 1.29 1.36 15 0.40 0.56 2063 17.3
PtNaHY-79 1.06 1.10 1.7 0.54 0.68 2062 17.3

2 The E-LDOS values are the typical ones (at 1.100 G/kHz) obtained by the typical-value procedure (see section Il for detmig}l, are
the usual surface- and volume-average diameters obtained from the TEM measutéfients.

been concluded that the data indicated a charge transfer fromthe latter is proportional to the integral over the whole LDOS
the metal clusters to the matrix, but later wotsing the same  spectrum up to the Fermi energy, while the former is only the
technique, but a different method of data analysis and betterelectron densityat the Fermi energy. One can in principle
controlled sample preparations, did not support this idea: the change the form of the LDOS spectrum, and more specifically
authors concluded that the platinum particles are in a zerovalentthe E;-LDOS, through some kind of chemical interaction, while
state, independent of the acidity of the matrix. Although the keeping the total electron density (integral of the spectrum)
spectrum-difference method used in that wadskperhaps not constant. This is probably the main difference between the
the best oné! because of the uncertainty in the choice of the approach of the frontier-orbital-interaction picture and that of
energy limits that define the white line of the Pj and Ly the total electron density, as already pointed out by Fukui for
spectra, it probably still leads to qualitatively correct conclusions the molecular reaction cases in his Nobel lecfire.

concerning the Pt 5d vacant states.

Samant and Boudafrthave suggested that electron deficiency . Experimental Section
might be due to an increase in the workfunction of electrically g0 samples of Pt in zeolite-Y (Si/A 2.4), described under a),

neutral particles (but without providing a model of the supposed ) ¢), e), and f) in Table 2 of ref 18, are designated here as PtNaY-77,
relation between particle workfunction and framework acidity). ptNaHY-79, PtNaHY-72, PtNaY-64, and PtNaY-56, where H stands
An experimental determination of the workfunction in these for protons exchanged with Na. The exchange degree was about 73%.
systems would be difficult to perform, so that this suggestion Details of sample preparations are given in ref 18. A sample of Pt in
cannot be verified directly. However, there are some closely zeolite-X (Si/Al = 1.1) is labeled PtNaX-65. Its Pt concentration
related ideas in recent theoretical approaches to mstaface determined by atomic absorption after calcination at 1200 K is 13.2%
chemistry. In the frontier-orbital picture of meteddsorbate (wt), which is smaller than the nominal concentration 15.6% estimated
interaction!213the states near the Fermi energy play the role from the degree of ion exchange. A sample of Pt2Tadd two alkali- )
of the HOMO and the LUMO in molecular bonding; thus, an metal-doped samples from the same batch are labeled Pt-60, Pt-60-Li,

. - S and Pt-60-K2° The number in the sample denominations, for example
increase in the surface LDOS (of the initial surface, free of CO) «g5» i, PtNax-65, indicates the sample dispersion obtained from

will upon chemisorption lead to an increased back-donation into ransmission electron microscopy (TEM). The average particle diam-
the 27*, and thus to a lowering of the CO stretching frequency. eters given in Table 1 are based on particle size histograms published
This connects to the idea of Samant and Boudard through aearlierl19

qualitative relation between the workfunctigrand the surface Thein situ FT-IR measurements of CO were carried out on a Bruker
LDOS at the Fermi level that has been found in calculatidns: 1FS-84 spectrometer with nominal resolution of 2¢mThe pressed
when the¢ decreases, th&-LDOS increases. While the  Wwafers were first treated following the procedure described in ref 18.
workfunction approach focuses on the minimum energy required About 15 Torr of CO was then admitted to the sample cell at@5

to free a single electron from the metal, the frontier-orbital A_n IR spectrum was first taken befor_e aII_ subsequent evqcuatlons at
picture stresses the number of electrons that can be moveodncfEIrent temperatures. The evacuation times were 30 min &1C25

between occupied and unoccupied orbitals at the lowest r'ce"de 60 min at all other temperatures.
in (:\r,lergy upt u up! ! west pri The NMR techniques were the same as used béféfand some

of the E-LDOS values shown in Tables 1 and 2 have been deduced
The use of the surfadg-LDOS, rather than the workfunction,  from data published earlid?2° The theory and methods used to extract

to quantify the concept of electron deficiency has the important E-LDOS values from the measured NMR data will be given briefly in

advantage that changes in surfdgeDOS can be measured the next section.

independently as changes in the NMR behavior (Knight shift ~ The chemisorption isotherms of hydrogen and oxygen were measured

of the resonance frequeniyand Korringa product of the spin at room temperature by a conventional volumetric method on a high

lattice relaxation time and the temperatufe]) of the metal vacuum system with small dead volume (23:35.18 cnf) to improve

m_’de'- The Knight shift is a change of the NMR frequency,_ (11) Moraweck, B.; Renouprez, A. J.; Hill, E. K.; Baudoing-Savois, R.
with respect to some standard, caused by (but not necessarilys. Phys. Chem1993 97, 4288-4292.
simply proportional to) the Pauli paramagnetism of the conduc- ggg Eei]ffielman,ghl; rﬂaféisbﬂatulfg 815%% 367021- 16323136

: T i H : : : offimann, R.Rev. Mod. ysS A — .
tion eIectr_onst’l is the nuclear s_prn_lamce relaxation time that_ (14) Feibelman, P. J..Hamann, D. Burf. S¢i.1985 149, 48—66.
qharactenzes the return to eq_umbnum (_)f the nuclear_ magnetiza-  (15) Bucher, J. P.; van der Klink, J. Bhys. Re. 1988 B38, 11038-
tion after a perturbation. This relaxation process is governed 11047.
by local fluctuations in the magnetization of the conduction ~ (16) Slichter, C. PAnnu. Re. Phys. Chem1986 37, 25-51.

| | iculat®sPt NMR is ad d (17) Fukui, K.Sciencel982 218 747—-754.
electrons. In particular™pt I IS advantageous to study (18) Tong, Y. Y.; van der Klink, J. J.; Clugnet, G.; Renouprez, A. J.;
local effects at the surfadé;8since the nuclei on a clean surface Laub, D.; Buffat, P.Surf. Sci.1993 292, 276-288.

resonate at a frequency very different from that of bulk nuclei. ~ (19) Tong, Y. Y.; Laub, D.; Schultz-Ekloff, G.; Renouprez, A. G.; van
. SV der Klink, J. J.Phys. Re. 1995 B52, 8407-8413.
Changes in th&;-LDOS must be distinguished from changes (20) Tong, Y. Y.; Martin, G. A.; van der Klink, J. J. Phys.: Condens.

in the total electron density. These are two different concepts: Matter 1994 6, L533—L538.
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Table 2. FT-IR-Measured CO Stretching Frequencies
Extrapolated t&® = 0 and the NMR Measurement-Deduced Surface
E-LDOS Obtained by the Surface-Average Procedure (See Section
Il for Details) for the Three Pt/Titania Catalysts

sample FT-IRvco (cm™?) E-LDOS (1/(Ryatom))
Pt-60 2049 15.4
Pt-60-Li 2039 194
Pt-60-K 2019 19.4

the sensitivity and precision. Before taking the isotherms, all samples

J. Am. Chem. Soc., Vol. 119, No. 17, 199931

1 1
xX= 1— aSﬂBDs(Ef) + 1— ad‘uBDd(Ef) + Xorb (1)

1 1
1_—%ﬂBZDs(Ef)th,s + 1_—adqude(Ef)th,d +

Xorthf,ort/‘uB (2)

ST = k(oK + k(0K 2Ry + [146Do(E)Hyoril Roro
®3)

K =

were cleaned by the standardized procedure described in ref 18. ThewhereT is the absolute temperatui®is the Korringa constant
isotherms were measured up to about 800 Torr. Two experiments Were[(yslyn)z(thkB)] and ug is the Bohr magnetonD(E;) and

carried out on all samples to check the reproducibility and agreed
generally within 5%. The results, given in Table 1 as the ratios of
H/Ptota, O/Ptora, and O/Pdys , are based on the values of oxygen and

hydrogen uptakes at 100 Torr, following the same convention as adopted

in ref 18.

Ill. Deduction of the Surface E+-LDOS: Theory and
NMR Data Analysis

In this section, we briefly describe the theory on which the
analysis is based for deduction of the surf&gé.DOS. The
readers are referred to the relevant references for the details

For simple metals like alkali metals, the relation between
NMR observables and th&-LDOS can be obtained in a
relatively direct way in the context of an independent electron
picture due to the dominant contact hyperfine interaction
between s-electrons and nuclear sgishe Knight shift is
proportional to the&-LDOS of s-electrons, and the Korringa
product {T1T) is instead proportional to the square of its
reciprocal. This simplicity still remains even when the electron
electron interactions are taken into accotfng*

For transition metals, however, the d valence electrons
polarize the s-like wave function of the core electrons through

Dy(E;) are the separate s-like and d-like densities of the states
at the Fermi level. The indexes s, d, and orb stand for s-band,
d-band, and orbital contributiondzy andRy, are the reduction
factors due to the orbital degeneracy at the Fermi |&¥el:

e Llq g2 —2fp_5
R, —[3f +20-1 ] and R, 3f(z 3f) @)
wheref is the relative weight of th&'s andI'; d orbitals at the
Fermi energy. No interband interactions are taken into account,

and the separate s-like and d-like Stoner factors are introduced

a,=I1DJE) and oy =IDy(E) (5)
wherels andlq are exchange integrals. The relation between
the Stoner factor and Korringa desenhancement fagtoris
assumed to be given by the Shawarren relationshig? for

both s-like and d-like electrons.

When these equations were applied for bulk platinum metal,
Is, 14, andHps s were considered as fittable parameters, the others
were taken either from theoretical calculations or from experi-
mental determinations. An excellent consistency of experi-

exchange interactions and produce the so-called core polarizatiormental and theoretical data has been achieved. It is interesting

that contributes also to the contact hyperfine interaction. The
(effective) hyperfine fieldHytq of d-electron® has a sign
opposite that ofHns, the hyperfine field of s-electrons.
Furthermore, there is orbital contribution to the susceptibility,
the Knight shift, and the spinlattice relaxation raté® Con-
sequently the relatively transparent picture of simple metals
usually collapses here. To regain (at least partially) such

to note that the d-like Stoner enhancement factor obtained by

the fitting proceduredy = 0.77) is in good agreement with the

theoretical estimate by Fradin et abq(= 0.72)2* Recently,

on the basis of the local-density approximation of density-

functional theory, van der Klir®® has given a more rigorous

validation of this scheme for the case of bulk metals.
Equations +3 were originally derived for bulk metals.

transparency, some modeling and simplifying assumptions areMoving to small Pt particles introduces some important

necessary.

concerns. The first is whether one can still express separately

The scheme that we shall follow is a two-band model that the Korringa relationship for s-like and d-like electrons. Second,

was first proposed by Yafet and Jaccarino and their co-wdkers the above equations should be replaced by anisotropic variants,
and then further developed by Bucher and van der Kfiré and third, all parameters become site dependent. In their data
take into account the Stoner-like enhancement of the Knight @nalysis of Pt catalyst, Bucher and van der Klink dropped

shift and the desenhancement of the relaxation rates. The modefd 1 from consideration because no information was available,

can be mathematically expressed as follows for the susceptibility
7, the Knight shiftk, and the spir-lattice relaxation ratd; %

(21) Korringa, JPhysical95Q 16, 601-605. See also: Slichter, C. P.
Principles of Magnetic Resonanc8pringer-Verlag: Berlin/Heidelberg/
New York, 1978; Section 5.3.

(22) Moriya, T.J. Phys. Soc. Jprl963 18, 516-520.

(23) Narath, A.;Weaver, H. TRhys. Re. 1968 175 373-382.

(24) Shaw, R. W., Jr.; Warren, W. W., Rhys. Re. 1971, B3, 1562~
1568.

(25) (a) Yafet, Y.; Jaccarino, \RPhys. Re. 1964 133 A1630-A1637.

(b) Clogston, A. M.; Jaccarino, V.; Yafet, Phys. Re. 1964 134, A650—
A661. (c) Jaccarino, VNuclear Magnetic Resonance and Relaxation in
Solids van Gerven, L., Ed.; North-Holland Publishing Co.: New York,
1965; p 23.

(26) (a) Obata, YJ. Phys. Soc. Jprl963 18, 1020-1024. (b) Kubo,
R.; Obata,Y.J. Phys. Soc. Jpri956 11, 547—-550.

(27) Fradin, F. Y.; Koelling, D. D.; Freeman, A. J.; Watson-Yang, T. J.
Phys. Re. 1975 B12, 5570-5574.

but kept egs 2 and 3. Only the s- and d-like densities of states
were supposed to be locally adjusted, as a reflection of the site
dependence of the problem; the other parameters were set to
be constant and equal to those found for bulkSPThus, by
resolving the combined egs 2 and 3, a pair of experimentally
determinedK and T, T gives a pair of s- and d-lik&-LDOS
values. Actually, na priori justification of such an extension
can be found; one possible relation might be the local
characteristic of the muffin-tin orbitals used in ref 28. Also
the good agreement found between the results obtained by
applying this parametrized scheme to Pt catalysts after different
surface treatments and the existing theoretical calculdbigéh®

(28) van der Klink, J. JJ. Phys.: Condens. Mattet996 8, 1845~
1850.

(29) Tong, Y. Y.; van der Klink, J. 1. Phys. Cheml994 98, 11011~
11014.



3932 J. Am. Chem. Soc., Vol. 119, No. 17, 1997 Tong et al.

validates so far the soundness of such an extension. While due
to the approximation nature of the scheme the adihiDOS
values obtained must be treated with some caution, it is believed
that the phyiscal (increasing or decreasing) trends among these
values, on which our conclusion is based, are correct.

The nuclear spirtlattice relaxation curve measured at some
fixed position (fixed value of the Knight shi) in the NMR @ )
spectrum of a small platinum particle should, in general, not
be a simple exponenti&};*° and a time-temperature scaling
of experimental data obtained at several different tempera- \
tured®2% must be used to demonstrate that the Korringa ®
relaxation mechanism is active. This is due to the fact that the
E;-LDOS is not identical at all surface sites, and that one must
consider thedistribution of surfaceE;-LDOS values instead.

Different procedures have been used to extract relevant values ©

(width and average) for this distribution from the NMR data, —
depending on the experimental details. For the zeolite-encaged
Pt catalyst, all meaured spiifattice relaxation curves were
nonexponential; more experimental data points are therefore

needed (which is consequently very time-consuming) to ensure 22 21 20 o
the simplest two-exponential fit reliable. We adopted therefore

in this case a typical-value procedure. A single “representative” _. ) -
yp P 9 P Figure 1. Some typical FT-IR spectra to show the characteristics after

value of K was Chosen n the surfa_ce region of the NMR evacuations at higher temperatures: (a) Pt-60,°15Qb) PtNaY-77,
spectrum (usually its maX|mum),.and timeemperature scqllng 200°C; (c) Pt-60-K, 150°C; (d) PtNaX-65, 300C. See the text for
was used to collapse all data points onto one curve, which wWasihe detailed description.

represented by the simplest possible nonexponential decay: a

sum of two exponentials. This gave two valuesTgT atthe  geficiency and thd®sPt NMR measurement on the other hand
same value oK, and therefore two pairs of tg-LDOS values.  \hich measures the surfagLDOS of Pt catalysts.

These two values found at the representative point were
considered to characterize the whole distributiorEpE DOS
values over all surface sites; e.g., the relative weights of the
higher and the lower values of th&-LDOS were set propor-
tional to the amplitudes of the fast and of the slow parts of the
relaxation curves, and their average and rms deviation from the
average (of two points only, which of course is quite an
approximation) are calculated. For the oxide-supported Pt
catalysts (Pt/TiQ), it appeared experimentally that a simple
exponential decay could be a good approximation for the
relaxation curved’ In this case, a surface-average procedure
was adopted. The relaxation curves were measured for several
values ofK in the surface region (field/frequency ratios lower
than 1.105 G/kHz) of the spectrum, and each curve is fitted to
a simple exponential. Each pair kifand T, T values was then
converted into values for tHg-LDOS, and the distribution was
obtained by weighing the different values with the amplitude
of the corresponding point in the NMR spectrum. In this paper
we will discuss only average values (not the width of the

NG
\

(d)

Wavenumber (x 103, cm-1)

In order to eliminate the possible influence caused by some
direct and/or indirect adsorbatadsorbate interactions, the IR
experiments were designed to obtain the-@ stretching
frequency toward the zero coverage. A series of FT-IR spectra
(2500-1000 cn1l) were recorded after each evacuation at
several temperatures until the vibration bands of adsorbed CO
disappeared. All FT-IR spectra show a characteristic peak of
linearly bonded (on-top) CO (see Figure 1). For samples Pt-
60, Pt-60-Li, and Pt-60-K, two bands (not shown here) at $500
1750 and 11561350 cnt?! appear at 25C but disappear after
Fvacuation at 100C. We therefore attribute them to species
adsorbed on the support. The band of the bridgeshded CO
(ca. 1850 cm?) is very weak in all cases and is therefore
neglected in the following considerations. We repeated the
experiments at 25C for several samples (PtNaY-77, PtHNaY-
72, and Pt-60-K and -Li) to check the influence of sample
preparations. The reproducibility of the peak was within 2
cm™1, as shown by the error bars in Figure 2.

distribution) of the surfac&-LDOS found either by the surface- At a room temperature of 2%, all FT-IR spectra show only
average (for samples on oxide carriers) or by the typical-value One linearly bonded CO band with a slower descent on the low-
(for the zeolite-encaged samples) procedure. wavenumber side. For Pt/zeolite systems, almost all samples
show a small shoulder (at about 2000 ¢n) emerging from
IV. Results and Discussion this slow descent side after evacuation at 60 The exception
is PtNaX-65, which, at 28C, shows already the indication of
Correlation between the Stretching Frequency of Chemi-  a low-frequency band. This low-frequency band becomes more
sorbed CO and the Clean-Surfacé-LDOS. As pointed out  important and emerges as a separated band after evacuations at

in section |, the main purpose of this paper is to show that the high temperatures and stablizes at about 1965'crfor Pt-60
electron deficiency in zeolite-encaged platinum catalysts, a very and Pt-60-Li, no such low-frequency band has been observed,
important concept that is extensively used in heterogeneouswhile for Pt-60-K, it behaves much similar to that for PtNaX-
catalysis, can be explained (or predicted) by the variation of 65: a low-frequency band appears at about 1965cnSome
the clean surfac&-LDOS of the corresponding Pt catalysts. typical FT-IR spectra are presented in Figure 1. The appearance
For this purpose, two types of experiments have been done onof the low-frequency band probably indicates some different
each of the samples studied here: the IR measurement ofon-top sites and/or reflects some specific local effect which
chemisorbed CO on one hand which indicates the electron might be more important at low coverages, for examp|e, on the
(30) Tong, Y. V.. van der Kiink, 3. 1. Phys.. Condens. Mattdi995 atoms of the corner and edge that have a lower coordination
7. 24472459, numbe?! or on the atoms close to the region where the whole
(31) Kappers, M. J.; van der Maas, J.Ghtal. Lett.1991, 10, 365—374. metal particle has been anchored to the support.
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Figure 2. Typical results of the FT-IR measurements: {(a&p vs
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Figure 3. Normalized time-temperature-scaled experimental relax-
ation curves and their corresponding fits of a two-exponential function
for PtNaX-65 (86-250 K), PtNaY 77, —64, and—56 at 80 K), and
PtNaHY (=72 and —79 at 80 K). The error bars show the rms
deviations obtained from the fit for each case. See Table 3 for details
about the fit parameters.

]
100

clean surface property, namely, determined mainly by the
electronic properties of the clean surfaces.

In Figure 3 we show the three normalized relaxation curves
(for NaY, NaHY, and NaX) in semilogarithmic plots. The error

coverage data of Pt-60-Li and PtNaX-65. The coverage was estimatedph5rs show the rms deviations obtained from the fit for each

with the normalization of the peak integral by that recorded at@5

(saturated). (b) Desorption data of the same samples in (a). The

estimated uncertainty wak2 cnm! for vco and +0.05 for coverage,
as represented by the error bars. The solid lines are only for guide o
the eye.

The coverage dependenceigb (of the high-wavenumber

case. Qualitatively, it is immediately seen that the density of
states is the highest in NaX (the fastest relaxation curve),

fintermediate in NaY, and lowest in NaHY (the slowest

relaxation curve). The parameters of the three double-
exponential fits are given in Table 3 and the calculated surface
E-LDOS values in the last column of Table 1.

band) shows a qualitative difference between samples encaged |t has been shown befdfethat for clean-surface Pt/oxide

in zeolite and those supported on BiCthe former shows a
larger red shift befor®® = 0.75 and then reaches an almost

catalysts (without being promoted or poisoned) the sfattice
relaxation is independent of the choice of support material

constant regime, while the latter shows an approximately linear (silica, alumina, titania) and of the method of preparation (ion
red shift. The coverage was determined by scaling the peakexchange, colloidal process, impregnation). The change of

integral by that recorded at 2% (saturated). Typical curves
are shown in Figure 2a, Pt-60-Li for Tiupported samples

particle size only changes the surface to bulk signal ratio but
not the spinr-lattice relaxation rate at a given spectral position.

and PtNaX-65 for zeolite-encaged samples, respectively. Theln contrast, Figure 3 and Table 1 show a systematic variation
error bars show the estimated uncertainty about the coverageof the spin-lattice relaxation in the surface region of the

By extrapolating these curves ® = 0, the values ofvco
collected in Tables 1 and 2 were obtained. Note thatvthe
values in Table 1 are carrier (acidity) rather than particle size

spectrum with the framework acidity of the encaging zeolite.
An increase of acidity in clean-surface Pt/zeolite samples
decreases the metal surfaéeLDOS. Which mechanism is

dependent, which can be explained by the NMR observations responsible for this partictezeolite interaction is not clear at
(see below). In Figure 2b, we present the desorption curves ofthe moment, but it is easy to understand the correlation between
Pt-60-Li and PtNaX-65 which show that CO desorbe more easily the increase in CO stretching frequency and the decrease in

from Pt particles on Ti@than from those encaged in zeolite.

In parallel with the IR measurements, tBeLDOS values
were determined b{?*Pt NMR carried out on theamesamples
with clean surfaces. Thg-LDOS values for the oxidic samples
were taken from ref 20. Those for the NaX and NaY samples
were calculated from relaxation curves given in ref 19, at 1.100
G/kHz, and for temperatures at and above 80 K (at lower

surfaceE-LDOS on the basis of the frontier orbital pictufe?4
The increase of electron deficiency indicated by an increase of
the stretching frequency of chemisorbed CO may arise from
the decrease of the metal surféage.DOS which measures the
number of (occupied and/or unoccupied) frontier orbitals
available for chemisorption bonding on metal surfaces.

For the three Pt/titania catalysts, though their absolute values

temperatures, indications for nonmetallic behavior have beenShould perhaps not be compared directly to those in the zeolite
found). Additional relaxation curves have been measured at catalysts due to different data-processing procedures (see section

the same spectral position (1.100 G/kHz), at 80 K, for the two

NaHY samples. Within experimental errors, the temperature-

scaled spir-lattice relaxation curves for the three NaY samples
coincide well and can be fitted by a two-exponential function
alone, though their dispersion varies from 56% to 77%. The
same is true for the two NaHY samples. Such experimenta
observations imply that for a given zeolitic support (constan
acidity) there is no measurable dependence of the averag
surfaceEs-LDOS on the dispersion of the metal particles. This
gives a reasonable explanation of the fact thatievalues

in Table 1 do not show significant size dependence within a
given zeolitic carrier: the extrapolated valuegfs is still a

€

Il for details), the important effect is that promotion with Li
or K salts leads to an increase of the surfagd DOS, as
predicted by the theoretical calculatiofisThere is the expected
accompanyingred shiftin the CO stretching frequency, in
agreement with the idea that increasing the surtaeeDOS

| Will reduce the electron deficiency and therefore weaken further
¢ the C-0O bond, but we do not know why the shift for the sample

freated with K is more important than that for the case of Li.
Using unconventional NMR method%,D. Fick and co-
workers have obtained tH&-LDOS on the site ofLi adsorbed

(32) van der Kilink, J. JZ. Phys. D1989 12, 327—-332.
(33) Kaack, M.; Fick D.Phys. Re. 1995 B51, 17902—17909.
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Table 3. Fit Parameters of the SpirLattice Relaxation Curves Shown in Figurgé 3

sample spectral osition G/kHz) temperature range (K) fast fraction  TfagmsK) slow T, T (msK) rms deviation
PtNaXx-65 1.100 86250 0.49+ 0.02 18+ 3 84+ 15 0.034
PtNaY 1.100 80 0.8& 0.05 32+ 2 710+ 180 0.034
PtNaHY 1.100 80 0.7x 0.04 26+ 2 2488+ 250 0.024

aThe “rms deviation” is the root-mean-squared difference between fitted and measured amplitudes, setting the fully relaxed amplitude to 1.

at extremely low coverage on the surfaces of different single same holds for Ir (12.71 per Ry and per atom) and Pt (29.90
crystals (Mo, Ru, W, Ir, and Pt) . They found a marked trend per Ry and per atom). THERh NMR spectrum of small Rh
of the E~-LDOS on the Li site to decrease with increasing particle$® has been qualitatively interpreted assuming that for
workfunction of the substrate. If we assume thatEr¢DOS Rh, contrary to Pd and Pt, the surfadgeLDOS is higher than
on the Li site is related to that on the surface of the substrate, that of the bulk, i.e., that the surfagg-LDOS is larger than
then these results can be considered as an experimentall8.68 per Ry and per atom, and the Pd surtadeDOS smaller
connection between our interpretation of electron deficiency and than 32.16 per Ry and per atom. More precise experimental
that of Samant and Boudaurt. values are not available at present, but it seems quite possible
Oxygen and Hydrogen Chemisorption. Both the CO that there is a direct correlation between the phenomenon of
stretching frequency (extrapolated to zero coverage, and there-‘behavior like the left-hand neighbor” and a lower value of the
fore in a sense a clean-surface property) and the NMR-spin density of states at the Fermi energy on surface sites.
lattice relaxation are found to be essentially independent of The frontier-orbital picture asserts that the clean-surtgee
particle size for a given type of zeolite. This is not true for our LDOS should in certain respects have a predictive value for
chemisorption data: as do many others, we find that the ratio the chemical activity of a metal surfate.We have demon-
(total atoms of hydrogen)/(surface atoms of Pt) increases with strated the expected relation between variations in the zero-
sample dispersion and has values between one and two. Theoverage CO stretching frequency, usually described in terms
ratio (total atoms of O)/(surface atoms of Pt) for our three NaY of electron deficiency, and the clean-surf&ge DOS, but it is
samples has an average value of 0.83, and for the two NaHY not clear which interaction exactly is responsible for the relation
samples an average of 0.62. This is similar to the results of ref between surfac&;-LDOS and zeolite acidity. For Pt/TiO
5 for a sample on HY and for another on NaY. Extrapolating catalysts, we have shown that there also exists an accompanying
these result toward the least acidic of the three frameworks, red shift of the stretching frequency of chemisorbed CO after
NaX, we expect therefore a value larger than 0.83, but the surfaceE;-LDOS has been enhanced by promoters. Al-
experimentally we find 0.74 (in ref 5 only Y-type zeolites have though more experimental as well as theoretical studies are
been studied). The number of surface atoms used in these ratiosieeded to determine how far the surf&d DOS can be used
has been found from the patrticle size distribution; to avoid their as a simple physical quantity to characterize the reactivity of a
use, one might consider the ratio (atoms of O)/(atoms of H) clean metal surface for chemisorption, our results show already
instead, but again no correlation with acidity is found for NaX. a new and promising scientific approach to refresh one of the
Perhaps this can be explained by steric effects: the preparationmost important concepts in heterogeneous catatfles electron
method used for this sample is believed to minimize damage deficiency. It bridges a well-defined physical quantity, which
to the faujasite structure (see the corresponding valued of is both theoretically calculable and experimentally measurable,
andd, in Table 1), which might result in such a tight fit of the to an idea based somewhat on alchemy.
platinum particles inside the matrix that not all electronically In earlier work3® a decrease of total oxygen chemisorption
favorable surface sites are accessible to oxygen. Anothercapacity with increasing zeolite acidity has been ascribed to
evidence of the possible steric effect is that, within a given increasing electron deficiency as well. We do not find a good
zeolitic matrix (NaY), the ratio (total atoms of O)/(surface atoms correlation between oxygen chemisorption capacity and surface
of Pt) increases with a decrease of the dispersion (see Table 1)E-LDOS. It seems that the total chemisorption capacity cannot
A lower dispersion means larger encaged particles which may be discussed solely in terms of average electronic properties of
cause more damage to the faujasite structure and therefore makéhe clean surface. The averaging procedure erases much
more surface sites accessible to oxygen. Therefore, caution musinformation of the kind used, e.g., in ensemble modélghere
be taken in reaching a conclusion from the change of oxygen groups of specific surface sites define a catalytic entity. Another
chemisorption in the case of zeolite-encaged small metal viewpoint sees the difficulty as due to the progressive change
particles since it is difficult in practice to separate the electronic of E--LDOS on the metal surface atoms while the coverage is

from the steric effect on oxygen chemisorption. going up: on Pt/oxide catalysts these changes are different for
) hydrogei® and for oxygef chemisorption, and can be related
V. Conclusion to the rate (rather than the capacity) of chemisorption.
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energy in the bulk metal$é decrease when a step is made to
the left: the value in Rh (18.68 states per Ry and per atom) is JA962156Y

clearly less than that in Pd (32.16 per Ry and per atom); the (35) Vuissoz P.-A.; Yonezawa, T.; Yang, D. L.; Kiwi, J.; van der Klink,
J. J.Chem. Phys. Lettl997 264, 366-370.

(34) Papaconstantopoulos, D. Phe Band Structure of Elemental Solids (36) Weber, R. S. Ph.D. thesis, Stanford University, 1985.
Plenum Press: New York, 1986. (37) Martin, G. A.Catal. Re.—Sci. Eng.1988 30, 519-562.




