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Abstract--Infrared spectra of adsorbed pyridine have been used to obtain qualitative information on the 
nature of the interaction of pyridine with different rhodium catalysts supported on palygorskite and silica. 
Based on these data, qualitative definitions of the adsorption sites of these catalysts have been deduced. 
The catalysts were prepared with natural palygorskite, and palygorskite dehydrated in vacuo at 150~ and 
4000(2. In this way, catalysts were obtained that had different water contents and, therefore, different 
acidities. Lewis-bound pyridine was detected by infrared spectroscopy from room temperature to 500~ 
The greatest acidity was found in a catalyst prepared with the palygorskite support dehydrated at 150~ 
before preparation of the catalyst. With this catalyst, strongly hydrogen-bound pyridine was observed 
when evacuation was carded out at temperatures between 150~ and 300~ Catalysts prepared with the 
palygorskite support pretreated at 400~ did not exhibit strongly hydrogen-bound pyridine, and Lewis 
acidity decreased significantly. As expected, hydrogen-bound pyridine was also detected for rhodium 
supported on silica. However, it was desorbed at temperatures below 150~ The results of the acidity 
studies follow the same pattern as those for 1 -hexene double-bond migration under hydrogenation reaction 
conditions. 
Key Words--Pyridine, Catalysis, Palygorskite, Rhodium, Surface acidity. 

I N T R O D U C T I O N  

The activity and selectivity of a hydrogenating cat- 
alyst can be altered significantly by acid centers. For 
instance, Raythata and Pinnavaia (1983) found great- 
er selectivity in the hydrogenation of l-hexene with 
rhodium complexes immobilized in hectorite interlay- 
ers as compared to the reaction with a homogeneous 
catalyst. They attributed this selectivity to displace- 
ment of the protonic equilibrium in the reaction mech- 
anism, the protons being due to the acidity of the clay. 
In carbon monoxide hydrogenation, C O  insertion has 
been described if the catalyst contains Lewis-acid cen- 
ters (Kellner and Bell, 1981; Ichikawa et al., 1985; 
Fukuoka et al., 1987). This CO insertion is favored by 
the formation of g-anchored carbonyls on the border 
between the metal and the Lewis-acid center. 

On the other hand, when a metal that is active in 
hydrogenation is added to an acid catalyst there is a 
decrease in the normal levels of the coke deposits, which 
may produce deactivation of the catalyst. For instance, 
Matsuda et al. (1987) have found that adding a small 
amount  of palladium prevents the deactivation of a 
pillared montmoril lonite  catalyst. 

Clays used to be employed as acid catalysts in the 
petroleum industry (Grim, 1988). Recently, they have 
been used in several hydrocarbon conversions and in 
organic synthesis (Ballantine et aL, 1984; Laszlo and 
Moison, 1989). In these reactions, catalytic activity has 
been explained in terms of Br6nsted and/or  Lewis-acid 
centers contributing to the reaction mechanism. 
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To distinguish between Br/fnsted and Lewis-acid 
centers, infrared spectroscopy of a base chemisorbed 
on oxides has proven to be a suitable technique (Benesi 
and Winquist,  1978), particularly when the base is pyr- 
idine (Parry, 1963; Kn6zinger, 1976). The vibrational 
frequencies for pyridine shift, depending on the type 
of interaction with the oxide (Kn6zinger, 1976; Jacobs, 
1984). The three forms of interaction are: 1. hydrogen 
bonding with surface hydroxyls, 2. Lewis acid-base in- 
teractions of the nitrogen lone pair with electron-de- 
ficient sites, and 3. protonation to form pyridinium 
ion. The technique has also been discussed by Farmer 
and Mortland (1966). In spite of the absence of the 
1550 cm -~ band of the pyridinium ion, they proposed 
the existence of a deformed pyridinium ion for saponite 
and montmori l loni te  in  vacuo  when strongly hydrogen- 
bound pyridine is formed. 

Catalysts with different acidities can be obtained by 
varying the dehydration temperature (Td) before pre- 
paring the catalyst. The Td of an oxide, especially a 
clay, determines the type and concentration of the hy- 
droxyl groups (Zhakarov and Yermakov, 1979; Lamb 
et aL, 1988), and thereby its acidity. 

We have prepared heterogeneous catalysts in which 
the active hydrogenation species is rhodium and the 
acid agent is palygorskite, which constitutes the sup- 
port (Herrero et al., 1990). The catalysts were prepared 
by dehydrating palygorskite at 150~ or 400~ in  vac- 

uo, before the support and the hydrogenating species 
were put in contact. This heating and cooling pretreat- 
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Table 1. Supports and samples. References correspond to the study of pyridine adsorption by infrared spectroscopy. 

Supports Ref. Precursors Res Catalysts Ref. 

silica Parry, 1963 [Rh]/SiO2 This work Rhx/SiO2 -- 
palygorskite Blanco et aL, 1988 [Rh]/paly This work Rhx/paly This work 
paly- 150 Blanco et aL, 1988 [Rh]/paly- 150 -- Rhx/paly- 150 This work 
paly-400 -- [Rh]/paly-400 -- Rhx/paly-400 This work 

paly-150 and paly-400 denotes palygorskite pretreated in vacuo at 150~ and 400*C, respectively. 

ment  in vacuo allowed us to control the water content. 
This would not have been possible at atmospheric pres- 
sure because palygorskite adsorbs water reversibly, if 
it has been evacuated at 150~ and irreversibly if it 
has been evacuated at 400~ 

The catalysts prepared were active in the hydroge- 
nat ion of 1-hexene. Since the isomerization of 1-hex- 
ene is considered as a suitable reaction to study the 
activity of acid catalysts (Abbot et al., 1985), we present 
the results of the double-bond migration of 1-hexene 
under hydrogenation conditions. In addition, the ad- 
sorption of pyridine on some of these catalysts was 
followed by means of infrared spectroscopy, showing 
the important  influence of the pretreatment conditions, 
particularly the Td of the clay, on the acidity of a clay 
catalyst. 

EXPERIMENTAL 

Materials 

Palygorskite is a fibrous clay whose tetrahedral-oc- 
tahedral-tetrahedral layers, analogous to those of se- 
piolite, are discontinuous, with channels along the fiber 
axis (Bradley, 1940). The palygorskite used was from 
the deposit at Serradilla, C~ceres, Spain. A <2-#m 
fraction was provided by TOLSA, SA. Detailed prop- 
erties of this palygorskite have been described, and acid 
properties have been studied by means of infrared spec- 
troscopy of pyridine adsorption in previous papers 
(Gonz~lez et al., 1989; Blanco et aL, 1988). Palygor- 
skite pretreated in vacuo at 150~ and 400~ called 
paly- 150 and paly-400, respectively, lost 14% and 20% 
w/w due to water. 

The catalysts were prepared in two stages. First, an 
organometallic, cationic rhodium complex, [Rh(nbd)- 
(MezCO)x]C104 (nbd=2,5-norbornadiene),  was reacted 
with the natural or dehydrated support in acetone so- 
lution at room temperature under an inert atmosphere. 
The resulting solid is called the precursor and is de- 
noted [Rh]/support. Second, the precursor was reduced 
with hydrogen in acetone solution at atmospheric pres- 
sure and room temperature. At this stage, rhodium 
metal particles formed and the resultant solid, denoted 
RhJsupport ,  is the catalyst. Rhodium metal loading 
varied between 0.6 and 1%. Details of  the synthesis 
and characterization of the samples are described else- 
where (Herrero et aL, 1990). The oxidation state of 
rhodium was three or one for precursor samples, and 

zero for catalyst samples, as deduced from X-ray pho- 
toelectron spectroscopy (XPS). A list of precursors and 
catalysts is given in Table 1. 

Adsorption o f  pyridine 

Self-supported wafers of ~ 5 mg/cm 2 (for catalysts 
with palygorskite support) and ~30  mg/cm z (for cat- 
alysts with silica support) were placed in a quartz sam- 
ple holder. This sample holder is part of  an evacuable 
Pyrex infrared cell with CaF2 windows, coupled to a 
10 5 Torr vacuum system. The wafers were evacuated 
for at least 2 hours prior to pyridine adsorption, either 
at room temperature or at 150~ The latter temper- 
ature was chosen to see if the reversible state of folded 
palygorskite, which has half  of its coordinated water 
at this temperature (Van Scoyoc et al., 1979), is also 
observed in precursors and catalysts. Afterwards, the 
sample was exposed to pyridine at its room tempera- 
ture vapor pressure. After 30 minutes '  exposure, and 
subsequent evacuation at room temperature, the in- 
frared spectrum was registered. Finally, new spectra 
were recorded after 2 hours of evacuation at various 
temperatures from 100~ to 500~ 

Infrared spectra in the 4000-1100 cm -1 range were 
taken at the beam temperature, 35~ using a Perkin- 
Elmer 577 spectrometer equipped with a wedge atten- 
uator in the reference beam. Abscissa accuracy was +_ 4 
cm -1 from 4000 to 2000 em 1, and +2  cm 1 fro 2000 
to 200 cm -1. Ordinate accuracy was +1% transmit- 
tance. 

It has been shown (Hughes and White, 1967; Blanco 
et aL, 1988) that it is useful to record the uOH region 
to help deduce the pyridine bonding. If  a vOH band 
disappears after pyridine adsorption, it is inferred that 
a pyridinium ion has been formed. If pyridine adsorp- 
tion results in the disappearance of a vOH band and 
the simultaneous appearance of another vOH band at 
a lower frequency, it may be concluded that hydrogen- 
bound pyridine has been formed. 

The entire surface of palygorskite is accessible to 
pyridine since the cross-sectional area of this base, 0.313 
nm 2 (Kung and Kung, 1985), is less than that of the 
palygorskite channel, 0.64 x 0.89 nm (Gonzhlez, 1988). 
The temperatures at which the bands corresponding to 
the pyridinium ion, coordinated pyridine, or hydrogen- 
bound pyridine disappear provide us with a qualitative 
measure of the strength of the acid sites. 
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Figure 1. Infrared spectra from pyridine adsorbed on a self- 
supported wafer of [Rh]/SiO2. (a) Original sample evacuated 
at room temperature; (b) after pyridine adsorption and evac- 
uation at room temperature; (c) after evacuation at 150~ 

At  100~ or  lower, spectra in the 1600 cm -~ region 
are not  easy to see because o f  the 1620 cm -~ band for 
water.  One  of  the difficulties in the reproducibi l i ty  o f  
the exper iments  was that  the n u m b e r  o f  adsorp t ion-  
desorpt ion  runs had a slight influence on the intensi ty 
o f  some bands,  par t icular ly those o f  the hydroxyl  re- 
gion after evacua t ion  at 150~ Ano the r  p rob lem was 
the fact that  the v a c u u m  system r ema ined  con tami -  
nated with pyridine,  in spite o f  efforts to e l imina te  it 
after each adsorpt ion with a l iquid-ni trogen trap washed 
after each use. We a t t empted  to adsorb pyr id ine  on a 
catalyst prepared  in the same way with m o n t m o r i l l o n -  
ite as suppor t  (denoted Rhx/mont) ,  but  fai led because 
o f  the difficulty in forming  wafers wi th  this sample.  

Hydrogenation of 1-hexene 

Exper iments  were ca rded  out  in a r o u n d - b o t t o m e d  
flask fitted with  a side a rm and sep tum to a l low injec- 
t ion and sampl ing  for gas chromatography .  The  flask 
was connec ted  to a gas buret te  that  a l lowed pumping  
o f  the system and hydrogen dosing. The  catalyst  sus- 
pens ion  (a quant i ty  equ iva len t  to 0.02 m M  r h o d i u m  
in 10 ml  acetone) was evacua ted  in the hydrogena t ion  
flask and then H2 (at 1 atm. pressure) was admi t ted .  
After  one hour  o f  prehydrogenat ion ,  1-hexene (2 m M )  
was admit ted .  I somer iza t ion  rates to cis, 2-hexene  were  
fol lowed with  a Pe rk in -E lmer  S igma 3 GC, using a 1/s 
in • 4 m c o l u m n  packed with 15% f l f l ' -oxidipropioni-  
trile C h r o m o s o r b  W 80/100 mesh.  
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Figure 2. Infrared spectra from pyridine adsorbed on a self- 
supported wafer of Rh,/paly-150. (a) Original sample pre- 
treated by evacuation at 150~ (b) after pyridine adsorption 
and evacuation at room temperature; (c) after evacuation at 
150~ (d) after evacuation at 400~ (There are no significant 
differences between the spectra of  [Rh]/paly, Rhx/paly and 
Rh,/paly- 150 samples.) 

R E S U L T S  

Pyridine adsorption 

[Rh]/SiOe. The  spec t rum o f  pyr id ine  adsorbed  on this 
catalyst  precursor  is shown in Figure  1 (curve b). Bands  
appear  at 1595 and 1445 cm -t,  and  there  is a decrease 
in the 3740 cm ~ band  and fo rma t ion  o f  a b road  band  
at 3500 c m - L  These  changes are a t t r ibuted  to pyr id ine  
that  is hyd rogen -bound  to hydroxyl  groups.  Af te r  evac-  
ua t ion  at 150~ these bands  d i sappear  and only  very  
small  bands,  at 1600 and 1450 cm -~, r ema in  (Figure 
1, cu rve  c). 

[Rh]/paly. The  spec t rum ob ta ined  f rom pyr id ine  ad-  
sorbed on this precursor  is g iven  in Figure  2 (curve b). 
Bands  appear  at 1450 and 1495 cm -1. In  the region o f  
the  hydroxyl  groups,  an increase is obse rved  in the 
bands  for the coord ina ted  water  in palygorski te  at  3510 
and 3620 c m - L  This  masks  the bands  at 3660, 3640 
and  3610 cm ~ cor responding  to s tructural  hydroxyls  
in the folded state (Van Scoyoc et al., 1979). The  bands  



654 Herrero, Pajares, and Blanco Clays and Clay Minerals 

Table 2. Wave number (cm ~) of bands for pyridine ad- 
sorbed on samples [Rh]/paly, Rhx/paly and Rhx/paly- 150. OH 
(structural) denotes OH coordinated to octahedral cations in- 
side the structure. The 3510, 3620 and 1620 cm ~ bands of 
the coordinated water at 20~ disappear at 150~ in vacuo. 

At 20~ unfolded paly At 150~ folded paly 

~H20 1620 -- 
uOH(H20) 3510, 3620 -- 
,OH (structural) -- 3660, 3640 

H H 
I I 

Si-O-Si, Si-O-A1 -- 3440, 3220 
Bpy -- 1638 
Lpy + Bpy 1495 1495 
Lpy 1448 1450 
Lpy 1612 1615 
Mn+(H20)-py 1225 1230 
H-py 1595 

at 3430-3440 and 3220-3230 c m  -1,  described for fold- 
ed palygorskite (Blanco et al., 1988) also disappear. 
These changes suggest that the adsorption of  pyridine 
on the inner surface o f  palygorskite has caused the 
folded palygorskite to return to its initial unfolded state. 

After evacuation o f  this precursor at 150~ the fol- 
lowing spectral features are observed (spectrum c, Fig- 
ure 2): 1. the water bands disappear, 6H20 at 1620 
cm- '  and uOH at 3620 cm ~ and 3510 cm ~ (Serna et 
al., 1977; Blanco et al., 1988). This does not occur for 
palygorskite itself, even at temperatures  higher than 
400~ in vacuo (Van Scoyoc et al., 1979; Blanco et al., 
1988). 2. Two bands appear at 1638 and 1612 cm -~ 
that are assigned to pyridinium ion and Lpy (Lewis- 
bound pyridine), respectively. Note the absence of  a 
band in the 1550 cm -1 region that would normally 
accompany the one at 1638 cm -~, both described for 
pyridinium ion. A slight increase is observed in the 
frequencies of  the bands assigned to Lpy at 1612, 1495 
and 1450 cm -~. 3. The bands for the structural hy- 
droxyls (3660, 3640 cm-1) and those for hydrogen bound 

l--I 1-1 

to the oxygen of  the Si-~-Si  and Si-~-A1 linkages (3440, 
3220 cm -~) reappear. The two latter bands are m u c h  
more intense than those in the original sample. 

Pyridine readsorption leads to the same spectrum in 
the hydroxyl region as for the original sample; the water 
bands are recovered. This process o f  adsorption-de- 
sorption of  pyridine is reversible, as described for pal- 
ygorskite (Blanco et al., 1988). There is a correspon- 
dence between the appearance (disappearance) of  bands 
in folded palygorskite and their disappearance (ap- 
pearance) in unfolded palygorskite (Table 2). 

After evacuation at 300 and 500~ the hydroxyl 
region of  the spectra is as in palygorskite under the 
same conditions. The bands assigned to Lpy, at 1612, 
1495 and 1450 cm -~, persist after treatment at 500~ 
but with lesser intensity (Figure 2, spectrum d). 
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Figure 3. Infrared spectra of pyridine adsorption on Rhx/ 
paly-400. (a) Original sample evacuated at 150~ (b) after 
pyridine adsorption and evacuation at room temperature; (c) 
after evacuation at 150~ (d) after evacuation at 400~ (e) 
after readsorption of pyridine. 

After pyridine had been adsorbed (i.e., after spec- 
trum c) water adsorption was performed on the sample 
in two ways. 1. When water adsorption at room tem- 
perature was followed by evacuation, all pyridine was 
replaced by water and the original spectrum of  paly- 
gorskite was registered. An analogous replacement of  
pyridine by water at room temperature has been de- 
scribed under different conditions, except for temper- 
ature, for other clays (Farmer and Mortland, 1966; 
Adams et al., 1975). 2. When water was adsorbed at 
150~ part of  the Lewis-acid centers was converted 
into Br6nsted-acid centers, as has been described by 
Rupert  et al. (1987). There was a decrease in the 1450 
cm -~ band and a new, small band at 1550 cm ~ ap- 
peared. The 1638 cm 1 band was not observed, due to 
the fact that this band, i f  it existed, was superimposed 
on the broad water band. The pyridinium ion formed 
was weakly bound because it disappeared after evac- 
uation at room temperature. The enhancement of  
Brrnsted acidity by the addition of  water has frequent- 
ly been observed with solid acids. 

Rhx/paly.  We have not observed significant differences 
in the wave numbers of  the bands registered for pyr- 
idine adsorbed on this sample and those of  [Rh]/paly, 
its precursor. Nevertheless, the Rhx/paly 1638 cm -1 
band, and its accompanying bands in the hydroxyl re- 
gion at 3440 and 3220 cm ~ persist at higher evacuation 
temperatures (up to 300~ than the corresponding pre- 
cursor. 
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Table 3. Rate of cis,2-hexene formation by Rh/support cat- 
alysts, l 

R a t e  o f  cis,2-hexene 
Catalyst  f o r m a t i o n  molcis,2- 

Suppor t  % R h  rng h e x e n e m o l - ~ ( R h ) m i n  ~ 
l o  

SiO2 0.65 344 2.6 -~ 
paly-400 0.95 211 7.7 o ;> 
mont 1 210 7.7 = 

o 
paly 0.85 257 8.5 r..) 
paly- 150 0.95 2l 1 12 

Reaction conditions: l-hexene, 2 mM; catalyst, 0.02 mM 
of Rh; volume of acetone solution, 10 cm3; temperature, 20~ 
PH2, 1 arm. Calculated from GC chromatography data assum- 
ing all rhodium is on the surface of the support. 

Rhx/paly-150. Qualitatively, the results ofpyridine ad- 
sorption for this catalyst are similar to those of  the two 
previous samples. However, after pyridine adsorption 
and evacuation at 150~ the spectrum of  this sample 
shows a cleaner split between the bands at 1638 and 
1612 cm-L 

All three catalysts and precursor supported on pal- 
ygorskite ([Rh]/paly, Rhx/paly and Rhx/paly-150) had 
more intense bands at 3440, 3220, 1612 and 1495 cm-  
than those observed for palygorskite alone in an anal- 
ogous study (Blanco et al., 1988). In addition, since the 
bands at 1612 and 1495 cm -~ remained more intense 
at 300~ for these three samples than for the support 
alone, we propose that the number  and strength of  acid 
centers are greater in these three samples than in pal- 
ygorskite. 

Rhx/paly-400. Spectra for pyridine adsorbed on this 
catalyst are shown in Figure 3 (curve b). Only bands 
corresponding to Lpy appear. These bands are of  lesser 
intensity and disappear at lower temperatures than the 
corresponding bands of  the preceding samples. Nev-  
ertheless, bands attributed to Lpy still appear in the 
spectrum even when the sample is evacuated at 400~ 
(Figure 3, curve e). 

Double bond migration of 1-hexene 

The rates of  cis, 2-hexene formation by the different 
catalysts are shown in Figure 4 and Table 3. The con- 
version of  100% 1-hexene to n-hexane was achieved 
in a few minutes (2-7 minutes depending on the cat- 
alyst used), under the conditions described (Herrero et 
al., 1990). The maximum quantity ofcis, 2-hexene was 
produced by Rhx/paly-150 and the min imum by Rhx/ 
SiO2, which yielded an insignificant amount. It was 
necessary to make certain assumptions in order to ob- 
tain these values. The rates of  conversion to n-hexane 
were calculated only for the first minute, although the 
conversion rate after this first minute varies for differ- 
ent catalysts. In addition, for a good comparison, it 
would be necessary to know the rhodium dispersion. 
Nevertheless, the sequence of  these catalysts in relation 
to their activity in the double-bond migration is the 

1 4 5 6 

Minutes 

Figure 4. Isomerization of 1-hexene to cis, 2-hexene by RhJ  
support. Reaction conditions: 1-hexene, 2 mM; Rh, 0.02 mM; 
PH2, 1 arm.; volume of acetone solution, 10 cm3; room tem- 
perature. The curves correspond to different supports. �9 SiO2; 
[] palygorskite evacuated at 400~ ~ palygorskite; �9 paly- 
gorskite evacuated at 150~ �9 montmorillonite. Palygorskite 
and montmorillonite are not active under these conditions. 

same as for the increase and strength of  the acid centers 
monitored by pyridine adsorption. 

DISCUSSION 

Hydrogen- bound pyridine 

Interaction between the hydroxyl groups of  an oxide 
and pyridine is the weakest o f  the three modes o f  ad- 
sorption. Consequently, pyridine can be pumped off 
readily (Parry, 1963; Kung and Kung, 1985). For the 
[Rh]/SiO2 catalyst, the only form of interaction ob- 
served was pyridine hydrogen-bound to the hydroxyl 
groups o f  silica. The same interaction at the same tem- 
perature was described by Parry (1963) for silica. We 
have not observed bands that would correspond to Lpy 
species, with rhodium being the Lewis-acid center. The 
absence of  Lpy may be due to the fact that the quantity 
of  rhodium is too small to be detected by this method. 
On the other hand, the adsorption properties of  a cat- 
alyst with a silica support in powder form could be 
different from those o f  pelleted samples. 

Strongly hydrogen-bound pyridine 

In the temperture range between 150~ and 300~ 
the presence of  hydroxyls strongly bound to pyridine 
by hydrogen is detected in the spectra of  samples with 
paly and paly-150 supports, especially since the latter 
support provides better splitting of  the 1638 and 1612 
cm -~ bands. The vOH vibrations of  hydroxyls with 
bands at 3440 and 3220 cm -~ are probably due to a 
bond with pyridine, Si-O-Si(A1); perhaps a de- 

I 
H ...O-Mg 

PY 
formed pyridinium ion in the sense o f  Farmer  and 
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Mortland (1966). This deformed pyridinium would be 
indicated by bands at 1638, 1495 and 1230 era-t (Table 
2). 

Pyridine forms a much stronger hydrogen bond with 
the hydroxyl groups of palygorskite than it does with 
silica. Consequently, a temperature greater than 200~ 
is necessary to remove it. Moreover, the band at 1595 
cm ~, which in the samples supported on silica cor- 
responds to an O - H - p y  bond, does not appear in the 
spectra of the palygorskite samples. Thus, it appears 
that the hydrogen bonding of pyridine with the paly- 
gorskite samples is different from that described in the 
literature for silica and other oxides (Parry, 1963; Kung 
and Kung, 1985). 

The nature of the hydrogen bonding of pyridine is 
centered on the assignment of the 1638 cm ~ band. 
There are two different species that may account for 
this band. On the one hand, it could correspond to the 
bending frequency of coordinated water, 6H20, shifted 
to higher wave numbers due to the strong hydrogen 
bond (bands at 3420 and 3220 cm-~). Ryskin (1974) 
found an increase in the bending frequency of water 
when there is a hydrogen bond in aquocomplexes of 
other minerals. On the other hand, it could correspond 
to a deformed pyridinium ion involved in a hydrogen 
bond, in which the proton is out of the plane of the 
ring. Consequently, the v 19b of the pyridinium ion, at 
1550 cm ~, which reflects in-plane N - H  bending, does 
not appear. Such a deformed pyridinium ion has been 
described by Farmer and Mortland (1966), who found 
that water cannot be removed from Mg 2+ (HOH,NCsHs) 
in Mg-montmorillonite; residual water molecules ion- 
ize to give pyridinium ions on heating in a vacuum. 
In palygorskite, the so-called coordinated water is bound 
to octahedral Mg on the edges of the structure. Thus, 
based on the study of Farmer and Mortland (1966), it 
seems possible that a deformed pyridinium ion could 
be formed. Although the two possibilities discussed 
above are different, they both involve strongly hydro- 
gen-bound pyridine. 

However, these hypotheses must be viewed with 
caution because another process, due to pyridine ad- 
sorption itself, may simultaneously enhance surface 
acidity. It has been shown that pyridine adsorption can 
change the strength of acid centers. Pyridine coordi- 
nated to Lewis-acid centers near the oxygen of the tet- 
rahedral layer can increase its donor capacity (Flockart 
et al., 1967; Jacobs, 1984). The result would be a po- 
larization of the coordinated water to octahedral Mg 
or to exchange cations: H In this sense, 

I 
H .-- O-Mg 

Si-O-A1- py 

the spectra show that the bands assigned to water po- 
larization at 3420 and 3220 cm ~ are more intense after 
two pyridine adsorptions than after one. 

When the evacuation temperature is increased, the 
amount  of strongly hydrogen-bound pyridine reaches 
a maximum at 150~ and declines thereafter as the 
surface approaches dehydration. At this acidity max- 
imum,  when the palygorskite contains one of its two 
molecules of coordinated water, the spectra registered 
for catalysts Rhx/paly and Rhx/paly- 150 suggest inter- 
esting catalytic properties. The results of the double- 
bond migration reaction show the same qualitative 
trend. The catalyst with highest acidity is Rhx/paly- 
150. The rate of cis, 2-hexene formation at room tem- 
perature by Rhx/paly- 150 is significantly higher than 
that of the other catalysts. The lack of strongly hydro- 
gen-bound pyridine on Rhx/paly-400 is due to the ab- 
sence of coordinated water in this catalyst. As a con- 
sequence of its lower acidity, this catalyst has greater 
donor capacity. 

Pyridine bound to Lewis centers 

Lewis-acid centers are found in all catalysts and pre- 
cursors supported on palygorskite. The fact that the 
intensity of the bands assigned to Lpy is lower for Rhx/ 
paly-400 than for the other catalysts may seem para- 
doxical. With alumina, or other more common sup- 
ports (Hughes and White, 1967), the concentration of 
Lewis-acid centers increases when the temperature is 
increased. The Lewis-acid centers in the catalysts that 
we have prepared are tetrahedral A1, octahedral A1 on 
the edges of the structure, exchange cations, and rho- 
dium. After treatment at 400~ the exchange cations 
may migrate into the hexagonal holes. Hence, they 
would be saturated and no longer behave as Lewis-acid 
centers. This migration of cations with increasing tem- 
perature has been found in montmoril lonite (Farmer, 
1974). 

It is worth noting that there is no significant differ- 
ence in relation to pyridine adsorption between the 
precursor designated [Rh]/paly and the catalyst, Rhx/ 
paly. The oxidation states, as determined by XPS, for 
rhodium in the precursor and catalyst are three and 
zero, respectively (Herrero et al., 1990). Therefore, the 
oxidation state of rhodium does not significantly in- 
fluence the wave number  of the 8a vibration (1612 
cm -l) of Lpy. For organometallic rhodium complexes 
with pyridine and related ligands the u8a (Pinilla et al., 
1980) appears near the same wave number  (1592-1618 
cm-1). It does not seem possible to establish a corre- 
spondence between band position and the metal cation 
(aluminum, exchange cation, or rhodium) to which 
pyridine is coordinated, and its charge. Kung and Kung 
(1985) tbund the same lack of correspondence for other 
transition metal cations. 
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