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The Nature of the Pt—H Bonding for Strongly and Weakly Bonded Hydrogen on Platinum.
A XAFS Spectroscopy Study of the P+H Antibonding Shaperesonance and PtH EXAFS
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A long-standing problem in the research of ¢hemisorption on supported Pt catalysts is the unclarity about
the difference in nature of the PH bonding for weakly and strongly bonded hydrogen. On the basis of
Pt—Pt EXAFS and a newly developed XANES analysis of the Pahd L; edges, it will be shown that both

types of hydrogen are truly chemisorbed species. The EXAFS analysis shows a similar contraction of the
Pt—Pt bond irrespective of the removal of weakly or strongly bound hydrogen, indicating a similar nature for
both interactions. Moreover, the analysis of theand Ls X-ray absorption edges shows unambiguously the
presence of a PtH antibonding state for both the weakly and strongly bonded hydrogen. This is a clear
indication for chemisorption of hydrogen for both types of hydrogen. ThReHPEXAFS shows a smaller

Pt—H bond length in the case of strongly adsorbed, which is in correlation with the expected strength of the

Pt—H bond.

Introduction

The chemisorption of hydrogen has been a well-known

standard tool in studying the metal surface area, average patrticle

size, and dispersion of the metal (e.g., Pt) in transition-metal
catalysts. Generally, two types of hydrogen are observed,
weakly and strongly bonded to the metal® Weakly (or

reversibly) adsorbed hydrogen is defined as hydrogen, which

can easily be desorbed, for example, by evacuating for 10 min
at low temperature8. Strongly (or irreversibly) adsorbed

hydrogen is defined as hydrogen that remains on the metal
surface after evacuation at room temperature. However, the term

irreversible as used in the literature is confusing. Namely, this

so-called irreversible adsorbed hydrogen can be removed by

evacuation at higher temperatures160 °C) or prolonged
evacuatiori? Therefore, only the terms weakly and strongly
adsorbed hydrogen will be further used in this work.

Three types of adsorption can be considered: (i) molecularly
chemisorbed, (ii) atomically chemisorbed, and (iii) molecularly

physisorbed. In the case of hydrogen chemisorbed on platinum,

a real bond between Pt and atomic H is formed; i.e., two
electrons are located in a bonding orbital between Pt and H or
H.. In the case of hydrogen molecularly physisorbed, the
interaction between Pt and moleculas 14 electrostatic; i.e.,

no electrons are shared in a- bond, and no dissociation
takes place.

As shown in the literatur&14 molecularly chemisorbed
hydrogen is very unlikely. When a hydrogen molecule chemi-
sorbs on a Pt surface, the antibondiot orbital of H; is
completely filled by electrons from platinum. In addition to this,
it has been shown theoreticaf>1%and experimentally that
dissociative chemisorption of hydrogen is nonactivated; i.e., it
is not kinetically hindered. Consequently, chemisorbed hydrogen
will immediately dissociate on the platinum surface, and thus,
chemisorption of hydrogen on Pt can only be atomic. Therefore,

* Corresponding author. Website: http://www.anorg.chem.uu.nl/public.

in this paper, only atomic (dissociative) chemisorption and
molecular physisorption are considered.

It is generally accepted in the literature that the strongly
adsorbed hydrogen found in a hydrogen adsorption isotherm is
dissociatively chemisorbed. However, the nature of the weakly
adsorbed hydrogen is still unclear: physisorbed as molecular
hydrogen or chemisorbed as atomic hydrogen. Generally, this
weakly adsorbed hydrogen is considered to be chemisorbed.
The main argument to call this species chemisorbed rather than
physisorbed is the higher energy of adsorption compared to
condensation~20 and 8 kJ/mol, respectively)However, no
experimental evidence is given yet to decide upon the nature
of the weakly adsorbed hydrogén.

In this paper, the nature of the-Rtl bond for both the weakly
and the strongly adsorbed hydrogen is further investigated. A
new analysis methd#&° of the L, and Ls absorption edges of
small supported platinum particles both with and without
chemisorbed hydrogen is us&dThis analysis method allows
the isolation of the PtH antibonding state shape resonance
present above the Fermi level at thgddge. This antibonding
state originates from the chemisorption of hydrogen on the
surface atoms of the Pt particles.

This paper will show that an PH antibonding state shape
resonance is present for both strongly and weakly adsorbed
hydrogen. Both types of hydrogen are thus atomically chemi-
sorbed. Moreover, the difference in energy for the-IRt
antibonding state with respect to the Fermi-level of both types
of hydrogen suggests a weaker—Pt bond for the weakly
adsorbed hydrogen. It was also possible to isolate theHPt
EXAFS. The differences in PtH EXAFS suggest a longer
Pt—H bond for the weaker chemisorbed hydrogen, which
correlates with the expected bond strengths.

Experimental Section

Catalyst Preparation. The studied Pt/AlO; catalyst was
prepared by incipient wetness impregnation with an aqueous
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solution of Pt(NH)4(NO3), on an AbOs support (pseudobohe-  quality2* Different backscatterers were identified by applying
mite, Criterion). The metal loading was 2 wt %. The sample the difference-file techniqdé using phase-corrected Fourier
was taken from a series of catalysts prepared to study thetransforms. Data for the phase shifts and backscattering
influence of the alkalinity on the support on the Pt particles. amplitudes were obtained form reference compounds. The
Therefore, the AlO; was made alkaline by impregnation of the references were theoretical Rt and P+O reference¥
Al,03 with KOH solution to yield a support with 0.25 wt % K.  generated by the FEFF7 cd8and calibrated with experimental

The impregnated catalyst was calcined at 1601 °C/min, spectra of Pt-foil and N#t(OH).>’ The references can be used
60 min) and subsequently reduced at 3605 °C/min, 60 min). fork>25A1 _

Hydrogen Chemisorption. Hydrogen chemisorption mea- Near-Edge Analysis of the Pt L, and L3 Absorption Edges.
surements were performed in a conventional static volume The Lzand Ls whiteline areas with and without hydrogen change
apparatus (Micromeritics ASAP 2010). The samples were dramatically’® A special alignment and subtraction procedure
subsequently dried in He at 15 for 1 h (heating rate 10  has been developed to isolate the-At antibonding state
°C/min), reduced in pure Hat 400°C for 1 h (heating rate 5 shapeig:ié)nance and-fM EXAFS. Details are given else-
°C/min), and evacuated at 260G until an equilibrium pressure ~ Where->** The difference in XAFS scattering due to the
was reached (cooling rate 8/min). Hydrogen adsorption ~ 9e€ometric changes of the Pt cluster is dominated at low energies
isotherms were taken at 38. The absolute amount of adsorbed by Pt=H scattering® The Pt-H EXAFS can be approximated
hydrogen is determined by adding a fixed volume oftdl a with a theoretical PtH EXAFS function (calculated with the
known volume containing a known amount of catalyst. From FEFF7 cod®). This allows a determination of the-Pt bond-
the decrease in pressure, the amount of adsorbed hydrogen cal¢n9th. _ )
be calculated. After the first hydrogen adsorption isotherm was On the basis of the earlier developed methods, theHPt
taken, the sample was evacuated for 10 min £(G38o remove ~ Shaperesonance and—H EXAFS for weakly and strongly
weakly adsorbed hydrogen), and then a second hydrogen2dsorbed hydrogen can be isolated from the experimental data
adsorption isotherm was taken. The second adsorption isothernfS follows:
is determined by the weakly adsorbed hydrogen, whereas the Starting with three samples (the fully covered, the sample
difference between both isotherms gives the amount of strongly With strongly adsorbed hydrogen, and the hydrogen-free sample),
adsorbed hydrogen. The hydrogen uptake per Pt atom Wastyvo model§ for hydrogen adsorption can be considered. The
calculated using the method described by Wilson and Hal. first model is that in the fully covered sample (RED400), both

was confirmed that the bare support did not show any hydrogenweakly and strongly adsorbed hydrogen are present at different
uptake. sites. The weakly adsorbed hydrogen can then be isolated by

. _subtracting the XAFS data of the sample with the strongly
XAFS Data Collection. XAFS measurements were per adsorbed hydrogen (VAC50) from data of the fully covered

formed at the HASYLAB synchrotron (beamline X 1.1) in
Hamburg, Germany, and at the European Synchrotron Radiation.sarnple (weakly adsorbed, RED400-VACS0). The second model

Facility (beamline BM 29) in Grenoble, France. The measure- is that in the fully covered sample all hydrogen iS. present as
ments were done in transmission mode using ion chambers fiIIedWeakly adsorbed hydrogen, and that after desorption of part of

with a mixture of Ar and N to have aux of 20% in the first the hydrogen the remaining hydro_gen is stronger bonded. '_I'his
and aux of 80% in the second ion chamber. The monochromator can be due to a change in electronic properties of the Pt particles
was detuned to 50% at maximum intensity to avoid higher Wh"e. Qesorblng hydrogen or due to a movement of the
harmonics present in the X-ray beam. remaining hydrogen to strongly adsorbing sites (e.g., from on-
The catalyst sample (approximately 130 mg, resulting in a top sites to bridged sites which were formerly inaccessible). In

) : this case, the weakly adsorbed hydrogen can be isolated by
total absorption of 2.5 after the P ledge) was pressed in a subtracting the XAFS data of the hydrogen-free sample from

self-supporting wafer and mounted in a stainless steel in situ the full

; . . y covered sample (weakly adsorbed, RED400-VAC200).

cell equipped with Be-window&: B.°th. thg Ptl; and L5 edge . For both models, the strongly adsorbed hydrogen can be isolated

XAFS §peptra were recorded at liquid nitrogen temperature in by subtracting the XAFS data of the hydrogen-free sample from

transmission mode.. . . . the sample covered with strongly adsorbed hydrogen (strongly
The sample was in situ dried at 18G for 1 h (heating rate adsorbed, VAC50-VAC200).

10 °C/min) in He and subsequently reduced at 4Q0for 1 h Both models were tested in this paper. To the best of our

(heating rate 5C/min) in flowing hydrogen and cooled in a  knowledge, in the literature, the validity of the two models has

hydrogen _atmosphere. This sample is considered to be fully ot yet been investigated. The shape resonances anHl Pt

covered with hydrogen, further denoted by RED400. Next, the exaAFES for the weakly adsorbed hydrogen (using both models)

first EXAFS data for both the 4.and Ls edge were collected g the strongly adsorbed hydrogen were isolated and analyzed.
(T = —196 °C). Subsequently, the sample was evacuated at

50, 100, 150, and 208C (all heating rates were ®/min) for Results
30 min. After each evacuation, the;4 EXAFS data were Hydrogen Adsorption. The adsorption isotherms for the Pt/
collected maintaining a vacuum better ther3Pa afT = —196 Al,O3 sample are given in Figure 1. The hydrogen uptakes were
°C. The sample after evacuation at 3D is considered to be  determined by extrapolating the linear parts of the adsorption
covered with strongly adsorbed hydrogen only (further denoted jsotherms toP = 0 mmHg. The total amount of adsorbed
by VACS50), while the sample after evacuation at 2@ is hydrogen was determined by the first adsorption isotherm (solid
hydrogen-free (further denoted by VAC200). line) and resulted in Bw/Pt = 0.70. The amount of weakly
EXAFS Data Analysis. The absorption data was background- adsorbed hydrogen is given by the second adsorption isotherm
subtracted using standard proceduf®.Data analysis was  (dotted line), the amount of strongly adsorbed hydrogen by the
performed by multiple shell fitting ifR-space (1.6< R <3.2 difference (dasheddotted line) between to the two adsorption
A, 2.5 < k <14 A1 k-weighting 2) using the commercially  isotherms. This resulted ingndPt= 0.36 and KlealPt= 0.34.
available data analysis package XDAPThe variances in EXAFS Data Analysis. In Figure 2a, the raw EXAFS data
imaginary and absolute parts were used to determine the fitis shown after reduction (RED400, solid line), after evacuation
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Figure 1. First hydrogen adsorption isotherm (total hydrogen adsorp-
tion, solid line with diamonds) and second hydrogen adsorption isotherm
(weakly adsorbed hydrogen, dotted line with squares) of FdAIThe
difference between these two adsorption isotherms is the strongly
adsorbed hydrogen (dashedotted line with triangles).

at 50°C (VACH0, dotted line), and after evacuation at 2@
(VAC200, dasheddotted line). It is clearly shown that the
evacuation treatment changed the nodes of the oscillations. The
distance between the nodes increases in the order REB400
VAC50 < VAC200. This indicates a decrease in the-Pt bond
distance in the order RED409 VAC50 > VAC200.

In Figure 2B-D, the corresponding Fourier transforrkg (
Ak = 2.5-14 A1) and best-fits are shown. Data analysis has
been performed by multiple-shell fitting R-space (1.6< R <
3.2 A). The O and Pt backscatterers were identified using the
difference-file technique. It has been shown earlier that the
oxygen backscatterers originate from the metlpport
interface3°-32 The variances in imaginary and absolute parts
were used to determine the fit quality. The best-fit results are
given in Table 1. It can be seen (Figure 3) that after the
desorption of hydrogen at low temperature, the first metal-shell
distance (PtPt distance) decreases with-2% compared to
the sample in a Hatmosphere. After evacuation at 180 and
200°C, a further decrease of agair-2% was observed. This
is in agreement with the observation of the decrease in the
distance between the nodes as seen in the raw EXAFS data.

The PtPt first-shell coordination number decreased slightly,
while the coordination number of he POsypport cOOrdination
increased after evacuation at 180. After evacuation at 200
°C, the Pt+Pt coordination number increased again. The Pt
Osupport coordination number remained relatively high at this
temperature.

Isolation of the Pt—H Antibonding State Shape Reso-
nance.In Figure 4, the near-edge spectra of theabhd L; edge
of the samples RED400, VAC50, and VAC200 after the
alignment procedure as described in ref 19 are shown. The L
spectra are aligned at a step height of 0.6. Theedlges are
aligned at their corresponding ledges by fitting the EXAFS
wiggles at 106-500 eV over the edge using the least-squares
method. The region below 100 eV cannot be used for alignment
since all differences in thejand L; edges are present in this
energy window. The region higher than 500 eV was not used
since the noise level is too high at these energies. It can be
seen that after evacuation the intensity of thevthiteline
decreases, while thezlwhitelines sharpen and start at lower
energies after evacuation. Clearly, the influence of chemisorption
of hydrogen is different for g than for Ls edges.

By taking the difference VAC50-VAC200 (as described in
the Experimental Section and in ref 19), we isolated theHPt
AS (Figure 5) for the strongly adsorbed hydrogen. Also,
RED400 was used to subtract VAC50 (giving weakly adsorbed
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Figure 2. (A) k-weighted EXAFS spectra of Pt/ADs; L; edge after
reduction (solid line), after evacuation at 30(dotted line), and after
evacuation at 200C (broken line) and the corresponding Fourier

hydrogen according to model 1) a_nq VAC200 (giving weakly  transforms (solid line) with best total fit (dotted liné3-6pace fit, 1.6
adsorbed hydrogen in model 2), giving afPt EXAFS and a A < R < 3.2 A Ke-weighted, 2.5< k < 14 A-%) (B) after reduction,
Pt—H AS. (C) after evacuation at 58C, and (D) after evacuation at 20C.
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TABLE 1: Fit Results for All Samples?

N R(A) Ac?(A?) Eo (eV) variance
sample scatterer (+£10%) (£0.02 A) (£5%) (£10%) imaginary absolute

reduced Pt 6.5 2.75 0.0041 1.2 0.868 0.308
400°C o 0.3 2.10 0.0020 —-8.0

evacuation Pt 6.5 2.71 0.0056 -0.3 0.414 0.135
50°C O 0.3 2.10 0.0040 -7.3

evacuation Pt 6.5 2.71 0.0050 -0.2 0.700 0.321
100°C O 0.4 2.10 0.0040 -7.0

evacuation Pt 5.7 2.69 0.0050 0.1 1.59 0.993
150°C O 0.5 2.10 0.0040 -7.0

evacuation Pt 6.7 2.68 0.0079 —0.6 2.07 0.632
200°C o 0.8 2.10 0.0040 2.6

a Fits were done ifR-spacek? weighting, 1.6 A< R < 3.2 A, andAK = 2.5-14 A1, The Debye-Waller factors are relative to the theoretical
references. Accuracy limitsbetween brackets.
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Figure 4. L, and L; edges after klichemisorption, after evacuation at E(eV)
50 °C, and at 200C. Figure 5. Shaperesonance of the-f4 antibonding state for the weakly

" solid line) and strongly (broken-dotted line) adsorbed hydrogen in (A)
The position and shape of the shaperesonance depend Orﬁnodel 1 (simultaneous adsorption) and (B) model 2 (rearrangement of

multiple parameter¥® the amplitudeA, energyEes width T, H) with the corresponding fits (dotted line).
and phaseb. ® can be calculated as described in ref 29.
Ees andI' can be obtained by fitting the line shape with the TABLE 2: Fit Parameters for the Isolated Shaperesonances

Fano expressioff. The best fit was determined by the least- energy (eV,
squares method. The shaperesonance was fitted in the energy isolated AS amplitude relative to )  width (V)
range of—20 to 5 eV. The region-520 eV was not taken into RED400-VAC50 (model 1 0.22 5 17
account, since the bumps present in this region can be attributed = for weakly adsorbed H)

to differences in Atomic XAFS between the and L edge for RED400-VAC200 (model 2 0.16 -1.7 25

the bare sample and the hydrogen-covered samples. The for weakly adsorbed H)

different parameters describing both-Pt AS shaperesonance VAC200—-VACS0 0.28 —03 0.3

line shapes are compiled in Table 2. The best fit for the strongly (strongly adsorbed)

adsorbed hydrogen gives an energy of the antibonding state of *Parameters obtained from non-linear least-squares fit of the Fano

—0.3 eV. The energy of the AS for the weakly adsorbed Profile to the hydrogen-induced shape-resonance in experimental

hydrogen in model 2 (RED400-VAC200) was found to-bi.7 spectra. Applied experimental width: Gaussian, 5 eV.

eV. In the case of model 1, the AS of the weakly adsorbed adsorbed hydrogen according to model 1 (simultaneous adsorp-

hydrogen (RED400-VAC50) has an energy-62.5 eV. tion), and the weakly adsorbed hydrogen according to model 2
Isolation of Pt—H EXAFS. In Figure 6, the difference in  (rearrangement of hydrogen) are shown. This difference in

XAFS obtained for the strongly adsorbed hydrogen, the weakly XAFS is dominated by PtH EXAFS1® The amplitude of H
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Figure 6. Difference (Lz in a vacuum-kL in hydrogen) spectra with
Pt—H EXAFS for weakly adsorbed hydrogen in model 1 (solid line),
model 2 (dashed line), and strongly adsorbed hydrogen (dastutbd Weakly bonded Strongly bonded

line) and the FEFP? Pt-H calculation (dotted line) with PtH = Figure 8. Molecular orbital (MO) scheme of PH interaction showing

1.89 A (strongly adsorbed 4 Pt—H = 1.92 A (weakly adsorbed H ; : :
in model 2), and PtH = 1.94 A (weakly adsorbed Hn model 1). Lhoengffsettr:é r(l)g];;l]l-fferences in orbital overlap on the strength of theHPt

TABLE 3: Input Parameters for FEFF7 Calculations

Discussion
parameter value(s)
control 1111 Pt—Pt Coordination Distance. Figure 3 shows a decrease
print 0000 in Pt—=Pt bond length of ca.-12% after desorption of weakly
hole 30.82 adsorbed hydrogen and again a decrease -62% after
criteria 20125 desorption of strongly adsorbed hydrogen.
Q:g gs A decrease of the metametal coordination distance is
exé%ange 143 expected going from bulk to very small metal particles, owing
potentials to a softening of the phonon spectrum caused by the dehybrid-
078 Pt ization of the spd metal orbitaf8.The dehybridization results
11 H in increased electron density between the atoms in the small
gtgrgso particle, which in turn results in a contraction in the interatomic
194001 distance. However, for small particles covered with chemisorbed

) ) ) hydrogen, EXAFS results show bulklike coordination dis-

“ This parameter (the PH distance) was varied. tances234This is caused by the electron-withdrawing properties
scattering is near zero aboke= 2 A~1, since H has a cross-  of hydrogen chemisorbed on Ptleading to a decrease in
section for scattering which decreases stongly with increasing electron-density between the atof3his is illustrated in Figure
values ofk. A consequence is that no experimentat-Rt 7. A longer Pt-Pt bond length is observed going from the
reference is available to do normal EXAFS analysis on the hydrogen free sample to the sample covered with strongly
isolated Pt H EXAFS. However, since the distance of the nodes adsorbed hydrogen and again going from the latter species to
in oscillations is different, it is expected that the-Pt distance the fully covered sample (Table 1). This is a strong indication
in the two samples is different. To quantify these differences, that both types of hydrogen are chemisorbed.
we used FEFF? to calculate the PtH XAFS for different Pt—H Antibonding State ShaperesonanceRegardless of
Pt—H distances. An on-top adsorption site for hydrogen was the methods used (model 1 or model 2) to determine the weakly
assumed. The input parameters are given in Table 3. The onlyadsorbed hydrogen, a-Ptl antibonding state shaperesonance
input-parameter that was varied was the-Rtdistance. The is present for both the weakly and the strongly adsorbed
calculated PtH EXAFS was used to fit the experimentally hydrogen (shown in Figure 5). Moreover, the value of the energy
observed AXAFS. To obtain a good fit, we shifted the of the antibonding state is larger for the strongly adsorbed
theoretical data in energy until the onset of the theoreticaHPt ~ species. The sheer presence of an antibonding state for the
EXAFS spectrum was aligned with the experimental data. Then weakly chemisorbed hydrogen in itself is evidence that the
the theoretical spectrum was scaled until the theoretical andweakly adsorbed hydrogen is indeed chemisorbed on the Pt
experimental maxima were in agreement. The quality of the fit cluster. Physisorption of molecular hydrogen on the Pt clusters
was then judged on the right part of the-Pt first wiggle, since or sorption of the hydrogen on the support would not result in
the left part of the theoretical spectrum was fixed at perfect a Pt=H antibonding state.
alignment with the experimental spectrum. The best fits are  The lower energy of the antibonding state of the weakly
shown in Figure 6 (dotted lines). For strongly adsorbed adsorbed hydrogen compared to that of the strongly adsorbed
hydrogen, it was found that the-PH bond is 1.89 A, whereas  hydrogen 0.3 eV) shows that the weakly adsorbed hydrogen
weakly adsorbed hydrogen was found at 1.94 A from Pt in indeed has a weaker PH bond than the strongly adsorbed
model 1 and at 1.92 A in model 2. The small bumps around hydrogen, since a lower energy of the antibonding state is the
25-30 eV in the experimental curve which cannot be repro- result of a weaker PtH bond (Figure 8).
duced by the theoretical curve are caused by the differences in Pt—H EXAFS. Normally, the starting point of the EXAFS
Pt—Pt EXAFS. These differences are due to the decrease inregion is taken at abolt = 2.5 A-1. As discussed earlier, at
Pt—Pt bond length after the evacuation treatments. this energy, a hydrogen does not contribute to the EXAFS as a
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backscatterer due to the small absorption cross section ofclusters after removal of the electron withdrawing hydrogen
hydrogen. However, the procedure described in this paper andatoms, indicating that both types of hydrogen are chemisorbed.
by Ramaker et a isolates the PtH EXAFS for 0 < k < 2.5 A Pt—H antibonding state for both weakly and strongly
A-1. The isolated PtH EXAFS could be analyzed using adsorbed hydrogen could be isolated using the analysis of the
theoretical spectra generated by the FE¥Fsbde. For the Pt L, and Ls X-ray absorption edges. The presence of a anti-
calculations, a single Pt atom was considered to be bonded tobonding state for both types of hydrogen proofs that all hydrogen
a single hydrogen atom at varying distances. Multiple scattering is chemisorbed on the Pt clusters. The lower energy of the
was not taken into account. antibonding state for the weakly adsorbed hydrogen compared

The experimental PtH EXAFS (Figure 6) showed a smaller to the strongly adsorbed hydrogen shows that this strongly
bond length for the strongly adsorbed hydrogen. Generally, a adsorbed hydrogen indeed has a strongerHPbond. Since
longer bond is the result of a weaker bonding. This is another hydrogen is chemisorbed in all cases, the H/Pt values used to
indication that the weakly adsorbed hydrogen is indeed weaker determine the accessible metal surface area should be based on
bonded on the Pt particles. the total amount hydrogen adsorption.

Pt—H Bond Strength. Differences in PtH bond strength Finally, the weakly adsorbed hydrogen shows a-IPt
may result from several reasons. First, the metal clusters in aEXAFS. The PtH bond length is longer for weakly adsorbed
heterogeneous catalyst are small and therefore contain only smalhydrogen compared to strongly adsorbed hydrogen. This again
crystal surfaces and many edges and corners. The atoms on thé the result of a weaker bond strength.
corners and edges are coordinatively highly unsaturated and
therefore will bond strongly to hydrogen atoms. So the strongest Acknowledgment. The European Union program for Large
bonded hydrogen atoms may be the hydrogen atoms that areScale Facilities (Contract ERBFMGECT950059) is acknowl-
chemisorbed on the corners of the clusters. After saturation of edged for financial support.
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