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study systematically a representative series of phosphine 
Lewis bases and their Lewis acid adducts by means of PES 
before any useful basicity trends can be delineated. 

A final noteworthy feature of the PES data (Table I) is 
the observation that in general the ionization potentials for 
the P-C, P -H, and P-Cl a bonds follow the trends which 
are anticipated on the basis of the electronegativity se
quence CF3 > Cl > H;26 e.g., for P-C bonds the ip's are in 
the order (CF3)3P > (CF3)2PH, CF3PH2 , for P -H bonds 
the order is (CFj)2PH > CF 3 PH 2 > PH3 , while for P-Cl 
bonds the sequence is (CF3)2PC1 > CF3PCl2 > PCl3. It is 
of interest to note that the above orderings have also been 
found to apply to the P -H and P-C vibrational spectroscop
ic force constants of trifluoromethyl-substituted phosphines 
and chlorophosphines.31 
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Influence of Metal Particle Size on the 
Chemisorption Properties of Supported Platinum. 
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Abstract: A series of catalysts, Pt-A^O3, with various particle size distributions has been studied by electron microscopy and 
infrared spectroscopy and chemisorption measurements. Well-characterized narrow distributions have been obtained in the 
range 15-35 A. The stretching vibration of NO irreversibly adsorbed on these supported metals is particle size dependent: 
the larger the size, the lower the y(NO) vibration. This result is interpreted by assuming that the extent of the back-donation 
to the Tr* orbitals of NO+ depends on the collective properties of the crystallites. This interpretation is corroborated by the 
spectroscopic results obtained with platinum carbonyl clusters. 

In a previous publication2 we have adopted a (a,7r) type 
of bonding for the Pt -CO bond in the case of carbon mon
oxide adsorption on platinum deposited on alumina. This 
concept, which is derived from the Chatt-Dewar model3 in 
coordination chemistry, takes into account most of the ex
perimental data obtained when CO is adsorbed on plati
num: increase of the P ( C O ) vibration with increasing plati
num coverage (the number of electrons available for back-
bonding per CO adsorbed decreases as the coverage in
creases), decrease of the v(CO) vibration upon adsorption 
of Lewis bases on a surface previously covered with a small 

amount of CO.2 ,4 The shift toward low wave numbers in
creases as the coverage by the Lewis base increases which 
suggests a "long distance interaction". 

However, the analogy existing between the metal-CO 
bonding in classical coordination complexes and in support
ed metals is far from being fully satisfactory. The observa
tion of a long-distance effect, between a Lewis base and 
carbon monoxide adsorbed on the same particle, requires 
the participation of the collective properties of the crystal
lite. This is also corroborated by the fact that the ii(CO) vi
bration depends on the surface coverage. Therefore one 
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Figure 1. Particle size distribution on the surface for various catalysts. 

might expect that the strength of the metal-adsorbate bond 
should depend on the particle size for a given surface cover
age; in effect, if the size of a particle increases, the ratio of 
the number of atoms on the surface to the number of atoms 
in the bulk decreases approximately as the inverse of the 
particle radius, as mentioned by Poltorak et al.5 Therefore 
one should theoretically observe that the larger the particle 
diameter, the higher the back-bonding on a •K accepting lig-
and. 

In order to check the validity of this prediction, we have 
studied the adsorption of nitric oxide on various P t - A ^ O 3 

catalysts. The choice of NO was mainly related to the fact 
that this ligand, when acting as N O + , has ir accepting prop
erties. The filling of its x* antibonding orbitals is easily de
tected by the valence vibration i>(NO) which shows greater 
variations in nitrosyl complexes6,7 than the v(QQi) vibration 
in carbonyl complexes. 

Experimental Section 

a. Catalysts. Various sets of catalysts were prepared. Some 
properties are listed in Table I. The catalysts are indexed as fol
lows: Al represents a catalyst of series A with l% Pt. Catalysts A 
were obtained by impregnation of a 7 alumina, with an area of 300 
m2/g, with H2PtCU. After a treatment at 100° under vacuum they 
were reduced at 500° under flowing hydrogen followed by a vacu
um treatment at the same temperature. Catalyst B was obtained 
by impregnation of the same y alumina with the complex 
Pt(N02)2(NH3)2. After a treatment at 100° under air, the com
plex was decomposed under vacuum by increasing the temperature 
slowly (5°/min) from room temperature to 570°. A subsequent re
duction at 570° under hydrogen for 16 hr was followed by a vacu
um treatment at the same temperature. Catalysts C were obtained 

Pt 
disper- Metallic Average particle 

Alumina sion % surface size (A) 
Wt % surface chemi- (m2/g of Chemi- Electron 

Pt (m2/g) sorption catalyst) sorption microscopy Cat. 

Al 
A2 
A3 
A4 
B4 
C3 
ClO 
D5 

1.0 
2.0 
3.0 
4.0 
4.0 
3.00 
10.00 
5.0 

300 
300 
300 
300 
300 
90 
90 
105 

67 
65 
67 
47 
12.1 
47.5 
34 
17.8 

1.85 
3.60 
5.50 
5.20 
1.33 
3.93 
9.38 
2.50 

15 
15.5 
15 
22 
84 
21.3 
29.8 
57 

15.5 
15.4 
16.8 
17.5 
(87) 30.5 A 
21 
30.3" 
35 

a This value was corroborated by low angle X-ray scattering (33 
A). 

in the same way as catalyst of series A except that the carrier was 
a h alumina (Degussa alumina oxid P) of 90 m2/g. Catalyst D was 
a commercial catalyst (Matheson Coleman). It contained 5% Pt 
deposited on an alumina support of 100 m2/g. 

b. Metallic Surface Site Determination. The number of surface 
platinum atoms was determined by O2-H2 titration performed in a 
gravimetric system. The balance was an ultra-high vacuum 
CAHN RG electrobalance able to work under a controlled atmo
sphere over a wide range of temperatures and pressures. All the 
metallic parts of the balance were gold plated and contamination 
by grease was avoided by means of a liquid nitrogen trap situated 
between the balance and both vacuum and gas storage system. All 
the measurements were made under the same conditions of pres
sure (10 -4 Torr) corresponding to species irreversibly adsorbed at 
room temperature (Pt-O, Pt-H). 

The pretreatment procedure was the following. Reduced sample 
(300 mg) was outgassed at room temperature under a vacuum of 
10~5 Torr during 1 hr. Then the temperature was raised slowly 
(l°/min) to 500°. After 20 hr under vacuum at 500°, 50 Torr of 
hydrogen was introduced into the balance over a period of 10 hr. 
Finally, the catalyst was evacuated under 10-5 Torr, 20 hr, at the 
same temperature. After cooling to room temperature many titra
tion cycles were performed at 25°. 

The following cycles were done. First oxygen was introduced to 
50 Torr and the equilibrium was reached in 3-4 min. After evacua
tion a new equilibrium was obtained in 10 min which gave the 
amount of oxygen irreversibly adsorbed. Then hydrogen was ad
sorbed under 50 Torr and evacuated. The procedure was repeated 
five to six times. Due to the gravimetric procedure employed only 
oxygen titration uptakes were used for dispersion determination. 

c. Electron Microscope Technique. The catalysts were examined 
using an electron microscope JEOL 100 B. Two techniques of sam
ple preparation were used: direct examination and extractive repli
ca technique.8 In the direct method, a portion of the catalyst was 
ground in a mortar and dispersed in butyl alcohol by ultrasonic 
treatment. A drop of this suspension was put on a carbon collodion 
film and dried. 

The extractive replica technique consisted of evaporating under 
vacuum a carbon film onto the catalyst. After immersing in dilute 
HF, the carbon film was separated from the alumina carrier and 
the platinum particles remained on the carbon film. It was shown 
that by means of this technique all the platinum particles were ex
tracted from the support. Platinum particles having a diameter as 
low as 5 A could be detected. 

The pictures were taken at an enlargement of 120,000-180,000. 
The subsequent photographic enlargements resulted in a final 
magnification of 500,000 ± 5%. 

Many pictures of each sample were taken (at least 20), and the 
distribution of particle size was determined by measuring the size 
of at least 1000 particles. 

Supposing that the particles are spherical and denoting the par
ticle diameter by d\ and the number of particles of each diameter 
increment by n\, the surface average diameter is given by 

d. = l U ^ l 
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Figure 2. Infrared spectra of NO irreversibly adsorbed at room temper
ature on Pt-AhCh. The dotted lines correspond to the background be
fore the introduction of NO (the weight of the disk in brackets is given 
in parentheses). 

d. Infrared Spectroscopy. This spectroscopic method was used to 
identify the state of adsorption of NO over the platinum surface. 
The technique used for the preparation of the disks of catalyst has 
already been described.9 In order to avoid contamination of the 
catalyst, we used sample holders made of quartz. For the same rea
son the seal of the CaF2 disks was obtained with Viton O Rings or 
with epoxy resin (Torr Seal from Varian). 

Nitric oxide was supplied by Air Liquide. Before use, it was fro
zen in liquid nitrogen and purified by repeated vacuum sublima
tion from-195 to -78°. 

In all cases the standard treatment was the following: 500° 
under hydrogen for 16 hr followed by a vacuum treatment at the 
same temperature. The adsorptions were performed after cooling 
the sample to room temperature. 

Results 

A. Characterization of the Catalysts. The diameter distri
bution function, deduced from electron micrographs, has 
been determined for all the catalysts (Figure 1). In the case 
of platinum deposited on y alumina (e.g., HaPtCU), the dis
tribution is very narrow with an average diameter ranging 
between 15 and 18 A; in this case 90% of the platinum sur
face corresponds to particles having a diameter lower than 
25 A. In the case of Pt-aluminum oxid P, there is also a 
narrow distribution and the average particle size goes from 
21 to 30 A when the platinum content increases from 3 to 
10%. For the C3 catalyst, 75% of the metallic surface is due 
to particles having a diameter included between 10 and 30 
A, whereas with the ClO catalyst 75% of the surface corre
sponds to diameter ranging between 20 and 40 A. 

The commercial catalyst D5 also has a relatively narrow 
distribution with an average size of 35 A; about 70% of the 
surface is due to particles ranging between 25 and 45 A. 

The catalyst B4 obtained by impregnation with 
Pt(NC>2)2(NH3)2 is less homogeneous. The amplitude of 
the platinum size distribution in surface is wide, and some 
multiple distributions are visible. The samples contain both 
very small particles (0 < 10 A) and larger ones (<t> > 60 A). 
In the case of multiple distribution, the average particle size 

Frequency INO 

tcm'1) 

V̂, 
Tiicfoscooe measurements 

Figure 3. Variations of the frequency of the j/(NO) band vs. the parti
cle size deduced from electron microscope measurements. 

deduced from the full range 10-500 A has no meaning; the 
value obtained (87 A) corresponds to the least abundant di
ameter. Therefore we have taken into account only the 
range 10-60 A which represents more than 60% of the plat
inum surface. This gave us an average particle size of 30 A. 

The platinum surface of all the catalysts has been deter
mined by the O2-H2 titration according to the equations 
proposed by Boudart et al.10 We have assumed that each 
surface platinum was able to chemisorb one oxygen atom 
and that the surface of one platinum atom was equal to 8.9 
A2 .10 The results obtained are given in Table I. 

B. Infrared Spectroscopy. The introduction of 50 Torr of 
NO on the Pt-AbOa catalysts gives a band situated be
tween 1820 and 1775 cm - 1 with other bands near 1600 
cm - 1 of much weaker intensity which will be explained 
later.11 Upon evacuation of the gaseous phase only the 
K ( N O ) bond close to 1800 c m - 1 remained but with various 
intensity, frequency and shape depending on the catalyst. In 
almost all cases (Figure 2) these y(NO) bands are not sym
metrical and are broadened toward low frequencies. Such 
bands are not obtained upon adsorption and desorption at 
room temperature of NO on the alumina carrier, as pre
viously observed by other authors;12 this result indicates 
that NO in fact is irreversibly adsorbed on Pt. 

The most significant result concerns the variation of the 
frequency c(NO) with the platinum particle size. This vari
ation is shown on Figure 3 vs. the mean particle size ds de
duced from electron microscope measurements. 

We have chosen 3S deduced from electron microscope 
measurements instead of the average particle size deduced 
from chemisorption for the following reason. So far there is 
still controversy concerning the stoichiometry of the O2-H2 
titration equation of supported platinum.16 Hall et al.17 

claim that for small particle size the ratio 0 / P t s depends on 
the diameter of the particle. Consequently one gives more 
confidence to the results obtained from a physical technique 
such as electron microscopy, although there is a fairly good 
agreement between both techniques (Table I). In some 
cases the average particle size was also corroborated by low 
angle X-ray scattering measurements. 

The general feature shows an increase of the vibration 
y(NO) when the particle size decreases. This variation 
could arise from a difference of coverage of the metallic 
surface by NO as we have already observed in the case of 
CO/P t -AbOj , 1 although a decrease in coverage from 1 to 
0.5 gives a v(CO) shift of less than 10 cm - 1 . The optical 
density of the p(NO) bands has been determined for each 
sample of constant weight and plotted vs. the metallic area 
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Figure 4. Evolution of the optical density of the K ( N O ) band with the 
metallic particle size. 

deduced from chemisorption measurements (Figure 4). The 
amount of adsorbed NO increases almost linearly with the 
metallic surface of the samples indicating a constant cover
age of the metal by NO. Therefore the frequency i>(NO) of 
adsorbed NO seems to depend for a same carrier (alumina) 
only on the size of the metallic particle. 

Discussion 

Before trying to discuss our results it is necessary to con
sider the type of bonding occurring in nitrosyl complexes of 
transition metals. From X-ray studies and infrared spec
troscopy6 it seems possible to distinguish two main types of 
bonding: a linear and a bent form. 

Preliminary theoretical studies13 have shown that the 
coordination mode of NO essentially depends on the rela
tive energies of the x* orbital of NO and of the d metal or-
bitals; NO has low lying x* orbitals which can be energeti
cally above, close to, or under the d orbitals of the metal re
sulting in NO+ and N O - in the two limiting cases. 

The complex with a linear metal -N-O bond corresponds 
to the ligand acting as NO+. It shows similar properties to 
those of analogous carbonyl complexes. (NO+ and CO are 
isoelectronic and have the same configuration i.e., (crls)2 

(<rls*)2 (aspo)2 (asp)2 (x2p^)4 ((TSPN)2.) 

^CO linear 

In this case the highest occupied orbital has a V symme
try with electrons localized to a greater extent on nitrogen 
than on the oxygen atom; the occupancy of this orbital is 
energetically favored resulting in a linear form. 

Figure 5. Position of the bands c(CO) (linear and bridged forms) for 
the clusters [Pt3(CO)6]n

2_ when n increases from 2 to 6, according to 
Chinietal.14 

Bonding of NO as NO+ allows the metal to back-donate 
electrons to the empty x* orbital causing the M-N bond to 
gain considerable multiple bond character with a shorter 
M-N distance. Usually this linear form gives an infrared 
absorption above 1700 cm-1.6 

When NO is acting as NO - , corresponding to the bent 
form, the M-N-O angle is equal to 120°. In this case the 
metal is acting as an electron donor toward the NO mole
cule. The NO bond has lost energy by gaining a more pro
nounced x* character. (There are now two electrons in a 
doubly degenerate x* orbital.) 

The loss of the bonding character results in an increase of 
the N-O distance and in a shift of the vibration (/(NO) 
toward low wave numbers (in [Co(NH3)s(NO)]2+, NO is 
anionic and absorbs at 1195 cm -1). The stability of the 
complex between the metal atom and N O - seems to be due 
to the sp2 hybridization of the nitrogen atom which explains 
the 120° angle observed by X-ray studies. 

Moreover a back-donation occurs from N O - x* orbitals 
to the d metal orbitals. The N-O bond has now a more 
bonding character and the frequency of the i/(NO) vibra
tion increases up to the range 1700-1400 cm-1.6 

Returning to the case of NO adsorbed on platinum, the 
high stretching frequency suggests that we are dealing with, 
a kind of surface complex in which NO acts as a NO+ lig
and, but in order to explain the decrease of the n(NO) vi
bration with increasing particle size two different effects 
can be advanced: geometric and electronic effects. 

One could consider the geometric effect to be predomi
nant especially if one assumes that each infrared band is the 
overlap of many individual peaks corresponding to NO 
chemisorbed on various crystallographic positions of the 
metal, namely, edges, corners, and facial positions, the posi
tion of the maximum depending on the relative number of 
these crystallographic sites. However, if this was the correct 
explanation then according to the Blyholder's model (ref 2) 
one would expect the lowest i/(NO) frequency for the plati
num sites having the lowest coordination number to corre
spond to the highest electron density and the highest heat of 
adsorption. These unsaturated sites are the most numerous 
on very small particles, and it is on these particles that the 
i/(NO) frequency is the highest. Consequently the geomet
ric factor seems to be rejected at the expense of the elec-
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tronic factor: NO+ is acting as a ir accepting ligand and the 
number of electrons available for the back-donation will de
pend on the particle size for a given coverage. Since the 
amount of adsorbed NO is proportional to the platinum sur
face it seems that the coverage of Pt by NO does not de
pend on the particle size in the range studied. Therefore the 
most simple explanation can be advanced: the smaller the 
particle size, the smaller the number of electrons available 
for back-donation, and the higher the D(NO) frequency. 

Therefore we consider that this result is a good confirma
tion of the (<r,ir) type of bonding but with participation of 
the collective properties of the metallic phase. Besides the 
correlation observed between the v(NO) frequency and the 
average particle size, this can be considered as a new tech
nique for determining particle size in supported metals. 

The main objection to our model would be related to the 
fact that no specific d orbitals are expected at the surface of 
metals. However, recent results obtained by Chini et al.14 in 
the field of coordination chemistry reinforce our conclusion. 
The later have recently published new syntheses of triangu
lar clusters of platinum [Pt3(CO)6]„2~. The X-ray struc
ture showed a monomeric unit of triangular configuration 
of three platinum atoms with a linear and a bridged carbon-
yl per platinum. The distance Pt-Pt is then very close to 
that of bulk platinum. When n increases from 2 to 5 the 
cluster is formed by piling the monomeric unit with new 
Pt-Pt bonds perpendicular to the initial triangle as shown 
by the following structure for [Pt9(CO)ig]2_. As can be 

OC. 

O C - P t - CO 
CO I 

I * I 

co-P,t-co 
CO 

O C - P t 

CO 

seen on Figure 5 the v(CO) frequencies for linear and 
bridged forms increase with the number of platinum atoms 
per cluster, to reach a value of 2060 cm -1 for the linear CO 
which corresponds to the frequency of CO adsorbed on bulk 
platinum.1 Considering that the 2— charge is equally 
shared in the metal lattice, when « is equal to 2, the two 
negative charges are shared by six platinum atoms and the 

c(CO) frequency is very low corresponding to considerable 
back-bonding, whereas when n is equal to 5, the 2— charge 
is shared by 15 platinum atoms and the KCO) vibration has 
almost the same frequency as for bulk platinum. 

In this model compound it is not the ratio of surface plat
inum/bulk platinum which varies but the ratio of the num
ber of negative charges per number of platinum atoms indi
cating the appearance of collective metallic properties for 
these small clusters. It is interesting to notice that above 15 
atoms the 2— charge is very diluted in the clusters. This 
roughly corresponds to the range of particle size where the 
electronic effect is varying the most in the case of supported 
platinum (i.e., below 15 A). 

Therefore we consider that our results together with 
those of Chini et al.14 are the first spectroscopic examples of 
the influence of a particle size on the strength of a metal-
adsorbate bond. We believe this phenomenon must be of 
relevant interest in the field of catalysis on metals or on 
clusters. We have now given some proof that, in the field of 
small particles, besides the geometric factor which is ob
served in catalysis over metals, an electronic factor is cer
tainly occurring in the range of particle size lower than 40 
A. Then it is possible to observe variations of chemisorption 
properties of supported metals and some results have al
ready been obtained in the case of palladium prepared by 
reduction of Pd2+ Y zeolites by hydrogen at low tempera
ture. In this case, the chemisorption properties of the metal 
almost atomically dispersed are quite different from those 
of bulk palladium.15 
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