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Abstract

The geminal complexes formed after adsorption of small molecules on cationic sites may be divided into two main groups:
site- andcomplex-specified. Complex-specified formation always occurs during the interaction of definite cations with certain
molecules. Typical examples are the?t(NO), species. A peculiarity, in this case, is that the geminal complexes are
more stable than the respective linear species. The site-specified formation of geminal complexes is determined by the low
co-ordination number of the cation serving as adsorption centre. Typical examples are the geminal species formed on metal
cations exchanged in ZSM-5 zeolite: Q€CO), and Na (N2)2. In this case, the linear complexes are more stable than
the geminal species. Mathematical expressions describing the adsorption isotherms as well as the ratios between the linear
and geminal species at different coverages are proposed. The co-adsorption of two gases is also considered. Simultaneou:
adsorption of three molecules on one centre is illustrated by the formation@Hz0),CO adducts on Cu-ZSM-5. Finally,
the possibility of formation of species that are site- and complex-specified is discussed. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction would also be formed easily. However, many results
imply that this does not occur in all cases.
Heterogeneous catalysis involves reactions between Analysis of the data from the literature shows that
adsorbed molecules. In many cases, e.g. dimerisation,geminal complexes can be divided into two main
elementary reaction steps require two molecules to be groups. The first group involves the cases when the
attached simultaneously to one surface centre. That isgeminal species are much more stable than the respec-
why detailed knowledge of the ability of the adsorption tive linear complexes. Moreover, linear species are
centres to co-ordinate two or more molecules is of often not observed at all. Typical examples are many
great importance. When the co-adsorbed moleculessurface di-nitrosyl species. It is known that NO in the
are identical, geminal complexes of M Jype are condensed state forms dimers and in many cases NO
formed. One can expect that, if such species can beadsorption on systems containing dnetal cations
produced on a given centre, mixed ML, species results exclusively in formation of di-nitrosyls, e.g.
VA (NO) [1,2], V3F(NO); [1,2], CPH(NO), [3],
Cr*(NO), [4], Mo*+(NO), [5], Fe*(NO), [6],
"+ Corresponding author. Tels359-2-9793598; Co?*(NO), [7] and RH(NO), [8]. Carbon monoxide
fax: +359-2-705024. also forms multi-carbonyls with some metal cations.
E-mail address; kih@svr.igic.bas.bg (K. Hadjiivanov). Here the RH(CO), [9], Ir*(CO), [10], Ru**(CO),
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[11], Os*H(CO), [12], V3F(CO), [13], CPT(COX Langmuir’'s isotherm, concerning uniform active sites,
[14], Mo**+(CO); [15] and WH(CO), [16] species is the basic one [35]. For a long time, there have been
should be mentioned. An important peculiarity of all no isotherms describing the simultaneous occupation
these cases is that the geminal species are producedf one active centre by two or more molecules. Some
irrespective of the kind of the support which could years ago, we proposed such isotherms for the case of
affect the stability of the species but would not in- formation of di-carbonyls [36]. More recently, it was
fluence the number of ligands. In this case, mixed found that the equations proposed describe very well
complexes although sometimes produced are not typ- the experimental results in the caseé- e, adsorption
ical. In what follows, we shall refer to those species on Na' cations from NaY [29].
as complex-specified geminal complexes. Conventional adsorption techniques allow one to
The second group of geminal complexes concerns obtain experimentally the dependence of the total
the cases when the linear species are more stable thartoverage on the adsorbate equilibrium pressure. The
the respective geminal complexes. At high equilibrium changes in concentration of the mono- and di-species,
pressures of the adsorbate and/or at low temperatureshowever, can easily be followed by IR spectroscopy,
a second (third) molecule can be co-ordinated to the since both types of complexes are normally detected at
same centre. In these cases, the formation of geminaldifferent wavenumbers [13]. Considering diatomic lig-
complexes is caused by the low co-ordination number ands, in most cases, geminal species manifest symmet-
of the central metal cation. As a result, mixed com- ric and antisymmetric stretching modes [1-16,20-26]
plexes are easily produced. Further on, we shall refer which facilitate their spectral identification. However,
to those species as site-specified geminal complexes.when adsorption is weak, both ligands behave as in-
To the best of our knowledge, the first well-docu- dependent oscillators and the geminal species possess
mented example of a site-specified geminal complex one stretching mode only [17,18,29-32].
is C&(CO), formed at low temperature and under The aims of this work are: (i) to propose a theo-
a CO atmosphere on CaNaY [17]. With decreasing retical background of formation of geminal species,
pressure these species lose one CO ligand and arenamely equations describing the adsorption equilibria;
transformed into C&—CO carbonyls. A similar phe- (i) to illustrate, by different examples, the applicabil-
nomenon was proposed some years later for co- ity of IR spectroscopy to the study of these processes.
ordination of CO to N& cations in Na-ZSM-5 [18]. All examples are based on cation-exchanged ZSM-5
Many researches have observed conversion betweerzeolites, since, among the cations in solids, the cations
mono- and di-nitrosyls [19] and between mono- and in a ZSM-5 matrix are believed to be characterised
di-carbonyls of Ctf ions in Cu-ZSM-5[20-23]and in by the highest co-ordinative unsaturation [23,26,27].
other zeolites [24,25]. Recently, conversion between In addition, since ZSM-5 is a highly siliceous zeo-
mono- and geminal species was reported in the fol- lite, the exchanged cations can be regarded as iso-
lowing cases: CO on Ag from Ag-ZSM-5 [26-28]; lated, which facilitates the theoretical considerations
CO on Na from NaY [29,30], Na-ETS-10 [31] (see below).
and Na-EMT [32]; CO on K, Rb™ and Cg from
Me-EMT [32]; CO on Cd* from Cu-ZSM-5 [33]; N
on Na" from NaY [29], Na-ETS-10 [31] and Na-EMT 2. Experimental
[32]; N2 on K+, Rb* and CS from Me-EMT [32];
H, and NO on N& from Na-ETS-10 [31]. In all The preparation of Co-ZSM-5 [7] and Cu-ZSM-5
these cases, the geminal species were observed af33] samples was described elsewhere, whereas
low temperature only. Also note that all of the above Na-ZSM-5 was a commercial product. The IR spec-
examples concern cations exchanged in zeolites ortra were recorded on Nicolet Avatar 320 (CO and
other molecular sieves. Indeed, it is well known that NO adsorption) and Bruker IFS-66°N» adsorption)
cations in a zeolite matrix are usually characterised spectrometers. Prior to the experiments, the samples
by a low co-ordination number [34]. were activated by 1h oxidation treatment at 400
Adsorption equilibria have been widely described followed by 1h evacuation at the same temperature.
by different adsorption isotherms. Among them, the Carbon monoxide (>99.5) and nitrogen monoxide
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(>99.0) were purchased from Merck. Labelled ni-
trogen {°N,) was provided by Isotec, A. Matheson
(USA) and had an isotopic purity of 99.7%.

3. Simultaneous adsorption of two
equal molecules on one centre

The adsorption isotherms illustrating the simulta-
neous occupation of one centre by two molecules
are proposed in Ref. [36]. Here the main points will

75

The following correlations will be valid in the
presence of equilibrium:

(1-204 —O24)P =aBy 1)

)

where P is the adsorbate equilibrium pressure, and
a andb are equilibrium constants having a pressure
dimension.

From the above equations, the following adsorption
isotherms can be derived easily:

OsP = by

be briefly recalled and some new consequences and

applications will be proposed.

Let us consider a case when the surface centres
are isolated and energetically homogeneous. Each
centre can co-ordinate up to two adsorbate molecules
and can thus be formally regarded as consisting of
two sites. After co-ordination of one molecule to one
site of the centre, the energetic characteristics of the
neighbouring pair-site are changed. When a second
molecule is co-ordinated, both adsorbed molecules
become equal. Scheme 1 presents a picture, illustrat-
ing the occupation of the sites at a moderate coverage.

Here® 4 is the fraction of sites where only one site
from a centre is occupied by an adsorbate molecule
and®24, the fraction of sites where both sites from a
centre are occupied. The total coveragg,is a sum
of @4 and®oy4.
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Scheme 1. Occupation of the sites at a moderate coverage. The
opened circles correspond to free sites and the filled circles, to
occupied sites.
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Analysis leads to the following conclusions:
when P = (ab)/?, we have
16
®=05and—2 =0 (6)
P

i.e. ® 4 reaches a maximum with the above values of
Pand®,

whenP = b, we have®, = Oy (7

i.e. at the cross-point of th@ 4, and®,4 curves. Egs.
(6) and (7) allow calculation of the coefficiergandb

if one obtains experimentally the adsorption isotherms.

Plots of these isotherms with different ratios
between the coefficienta and b are presented in
Fig. 1. Panel A concerns a case when the adsorption
of the first molecule is much stronger than the ad-
sorption of the second molecule, ie.« b. This is
illustrated with ana/b ratio of 1/60. It is seen that,
at very low pressures, almost all sites are occupied
by one molecule and the dependencesafy on the
equilibrium pressure almost follows a Langmuir-type
curve. Simultaneously, the concentration of the linear
species decreases with pressure.

Using Egs. (3) and (4), we simulated the IR spectra
of adsorbed species. The positions and the FWHM of
the bands were conformable to some cases observed
with real systems. The absorption coefficients of all
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Fig. 1. Adsorption isotherms illustrating the case when up to two molecules can be simultaneously adsorbed on one centre: change in the
concentrations of mono- and geminal species as a function of the adsorbate equilibrium pressure. Plots A, B and C illustrate the isotherms

at differenta/b ratios (for details see text).

bands were considered to be equal, although small dif-

lated and the registered spectra is evident and supports

ferences were expected. The results of the case wherboth the assignments of the bands and the validity of

the adsorption of the first molecule is much stronger
(ratioa/b = 1/60) are presented in Fig. 2A. The inset

the proposed isotherms. However, an additional isos-
bestic point between the 2157 and 2177 ¢nbands

demonstrates that, in this case, a clear isosbestic pointis observed at low CO equilibrium pressures only. A

exists. Fig. 3 presents the spectra of different equi-
librium pressures of CO adsorbed on Cu-ZSM-5. Ac-
cording to data from the literature [20—24], the band
at 2157 cm? is due to Cti—CO species, whereas
the corresponding geminal €(CO), complexes are
characterised by a set of bands at 2177 and 215%cm

It is seen, from the inset in Fig. 3, that a clear isos-

possible explanation of this phenomenon is that vibra-
tions of another species contribute to the 2177tm
band, especially at high equilibrium pressures. Indeed,
we have demonstrated recently that linear carbonyls
formed with the participation of G ions from
Cu-ZSM-5 give rise to a band at 2178 th[33].

The second case we shall consider refers to weak

bestic point exists between the bands at 2157 andinteraction between the adsorbed molecules. Here the

2151 cntl. The good coincidence between the simu-

Absorbance, a.u.

Wavenumber, a.u.

Fig. 2. Simulated spectra of mono- and geminal species at different
coverages. Panels A, B and C illustrate the spectra at diffefbnt
ratios and correspond to the same panels in Fig. 1.

Absorbance, a.u.
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Fig. 3. FTIR spectra of CO adsorbed at ambient temperature on

Cu-ZSM-5. Equilibrium CO pressure decreasing from 3kPa (a) to
150Pa (l) and after evacuation (m).
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adsorption of the first molecule slightly affects the This is a complex-specified formation of geminal
energetic characteristics of the neighbouring site from species. In principle, the strong interaction between
the centre, i.e. the values of tleeandb coefficients the adsorbed molecules supposes a strong adsorp-
are of the same order of magnitude. Consequently, thistion. Indeed, complex-specified geminal species are
is valid for weak adsorption and one can expect this generally stable. The adsorption isotherms describ-
case to be realised, above all, at low temperatures. Theing this case(a/b = 30) are presented in Fig. 1C.
adsorption isotherms in the case wheid = 1/3 are It is seen that a weak predomination of the concen-
presented in Fig. 1B. It is evident that both, and tration of the mono-species can be expected at very
©®24, start to increase simultaneously at low pressures, low coverages only. Note that with the increase of

although® 4 does it with a higher rate. the a/b ratio the maximal value o9, decreases.
Simulated spectra for this case are presented in This is the reason that very often mono-species are
Fig. 2B. Since simultaneous increase®jf and®,4 not detected at all when a complex-specified forma-

occurs even at low pressures, no clear isosbestic pointtion of geminal species occurs. Another consequence
is found. However, at higher pressures, wiin has of the strong adsorbate—adsorbate interaction is the
already reached its maximum and started to decrease splitting of the stretching vibrations of the diatomic
an isosbestic point can be observed. lllustration of adsorbate molecules into symmetric and antisymmet-
this case is provided in Fig. 4 which presents the ric stretches. In this case, the frequency of the linear
spectra of'°N, adsorbed at 85K on Na-ZSM-5. By  species is, as a rule, observed between the frequencies
analogy with®N, adsorption on Na-EMT [32], the  of the geminal complexes.

band at 2254.5 crit is assigned to N&(*°N>), gemi- The simulated spectra are presented in Fig. 1C. Itis
nal complexes which, with the coverage decrease, areevident that there is no isosbestic pointin this case. The
converted into linear N&-1°N, species (2257 crt). complex-specified formation of geminal species is il-

The weak band at 2248.5crh is not due to sur- lustrated by the spectra of NO adsorbed on Co-ZSM-5
face species but arises from nitrogen adsorbed on the(Fig. 5). Introduction of NO to Co-ZSM-5 results
outer side of the cold cell windows. Because of the in the appearance of two intense bands at 1894 and
weak interaction between the adsorbed molecules, 1812 cnt? assigned to thes and vas of Co?t(NO),

no splitting of the N—N stretchings into symmetric geminal species, respectively [7,37-42]. The spectra
and antisymmetric modes is observed. The good co- are hardly affected by evacuation at 160 However,
incidence between the experimental and simulated evacuation at higher temperatures results in a gradual
spectra is evident in this case again. intensity decrease of both bands, and a weak band

The third case refers to the situation when the gemi-

nal complexes are more stable than the mono-species.
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Fig. 5. FTIR spectra of NO adsorbed on Co-ZSM-5. Adsorption
Fig. 4. FTIR spectra of'N, adsorbed at 85K on Na-ZSM-5. of NO (1330Pa equilibrium pressure at ambient temperature),
Equilibrium 15N, pressure of 10 Pa (a) and at gradually decreasing followed by evacuation at 20 (a), 150 (b), 200 (c), 250 (d), 300
pressures (b—t). (e) and 350C (f).
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at 1857 cmt emerges. This band reaches maximum 0.5

intensity after evacuation at 280 and almost dis- a/b=0
appears from the spectrum after 3&0evacuation. 0.4 {a/b=0.1

Based on the position and the behaviour of the band,

it is assigned to Co—NO species. As predicted by 0.3

the adsorption isotherms (see Fig. 1C), the maximal < a/b=1
concentration that the linear species can reach is much @ 0.2

lower than the maximal concentration of the geminal 1625

complexes. Note that this example is not very precise, 014 2 ;

because the values of tleeand b coefficients nor- _alb=100
mally depend on temperature. However, we infer that oL
the presented spectra correspond to different equilib- 0.0 0.5 1.0
rium conditions and the general picture is described 0,+0,,

well by the model. Unfortunately, at this stage we do

not dispose of a more appropriate illustration, but one Fig. 6. Theoretical dependence of the concentration of mono-

should expect that direct registration of the spectra at species ©4) on the total coverages() for the case of formation

high temperatures could provide a better example. of geminal species‘. The different curves correspond to different
As mentioned above, complex-specified formation Values of theab ratio.

of geminal species is hardly affected by the support.

This means that G (NO), di-nitrosyls should also Plots of Egs. (8)~(10) are presented in Fig. 6. The

be observed with other Gb-containing systems. In- © 4 curve is symmetric and passes through a maxi-

deed, analysis of data from the literature shows that jum at© = % Knowing the absorption coefficients,

NO adsorption on different supported cobalt catalysts one can easily draw these dependencies using the IR

(CoX [37], CoY [38], Coferrierite [39], CO/SI®  gpectra of adsorbed molecules. Thus, it appears that

[40], Co/SnQ [41], Co/Al,03 [42]) results mainly in - the plots©® 4 vs. © can be reliable criteria for the

the formation of geminal C?OL(NO)Z complexes. formation of geminal species. Analysis of the litera-
Very often the conversion between geminal and tre data shows that a similar plot (using the values

linear species proceeds under pressures that are toQyf the integral absorbances) has been obtained in the
low to be measured accurately. As a result, the exact

adsorption isotherms cannot be plotted. That is why,
we propose other expressions that do not include the 0.3
pressure as a parameter, namély = f(®) and
®24 = f(®). From Egs. (1) and (2) and putting
m = a/b — 1 one can derive:

0.2 4

1 1 e2-e"?
Op=———|—— —— (8) 3

2m 4m? m £
for the case when < b, i.e.m <0 014
Op=6 — 62 (9)
for the case whea = b, i.e.m =0 0.0 —

12 0.0 0.2 0.4 0.6
o 1 1 6%2-06 (10) |
® [ S — 2157+2154.5
A 2m 4m? m

for th h b 0. Th fi Fig. 7. Low-temperaturé®N, adsorption on Na-ZSM-5. Depen-
or the case whea > b, I.e.m > U. 1€ IeSpeclivé 0.0 o the integral intensity of the 2154.5dnband (N& ~15N,

values for@;4 can be easily obtained knowing that gpecies) on the sum of the intensities of the 2154.5 and 2157 cm
O24 = O — O4. bands (Na—5N; and Na (15Ny), species).
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case of CO adsorption on Na-ZSM-5 [18]. Assuming 1.0
close absorption coefficients, this supports the idea of
co-ordination of maximum two CO molecules to one 2
Na' site in this case. In Fig. 7, we report our data con-
cerning'®N; adsorption on Na-ZSM-5. Evidently, the o4
plots imply that again di-species are formed. It will
be shown further on that th@ 4 vs. ® dependencies
possess another shape if three molecules can be bound
to one site.

i e
0.5 024 A

Coverage

] 0.0 T T T
4. Simultaneous adsorption of three equal 0o 2 4 6

molecules on one centre

A very low co-ordination of a surface cation can 0.0 S U SO
. I . e 0 50 100 150 200
provide the possibility of simultaneous co-ordination

of three molecules on one centre. Indeed, forma- Pressure, a.u.

tion of CUJF(CO.):? speues at low temperatures and Fig. 8. Adsorption isotherms illustrating the case when up to three
under CO equilibrium pressure has been reported molecules can be simultaneously adsorbed on one centre. Change
for low-temperature CO adsorption on Cu-ZSM-5 in the concentrations of ML, M(l) and M(L)3 species as a
[21,22]. The formation of these complexes is function of the adsorbate equilibrium pressutes 1, b = 3 and
site-specified. A typical example of complex-specified ¢ =9 (for details see text).
formation of M(L); species are RuF(CO); carbonyls
[11,43,44], and excellent illustration of the transfor- ©24 reaches its maximum whes = 2 (18)
mation of R#*T(CO) species at first to R (CO)
and then to R&"—CO has been recently reported [44].
Using the suppositions already applied to the
co-ordination of two molecules, one can derive the
following adsorption isotherms:

Thus, an important conclusion based on the above
equations is that, if up to three molecules can be si-
multaneously co-ordinated to one centrg, from

the plot® 4 vs. ® shall pass through a maximum at a
®-value of%. Thus, as suggested above, the pidts

bcP vs.® can be reliable criteria for establishing the max-

Oa = P3 + 3cP2 + 3bcP + abc (11) imal number of molecules adsorbed on one centre.
2cP?
O24 = o3 > (12) . .
P3 + 3cP? + 3bcP + abc 5. Simultaneous adsor ption of two gases
P3
O34 = 13 When two gasesA and B) are adsorbed, each
34 = P31 3cPZ + 3bcP + abe (13) gasesA )

of them being able to form site-specified geminal
wherec is a constant describing the equilibrium for species, mixed complexes are also to be expected.
©34. These isotherms are presented in Fig. 8. Analysis Using the same premises as those applied to deriv-
of Egs. (11)—(13) shows that ing Egs. (3)—(5), the adsorption equilibria will be
described by

©4 = @4 WhenP = 3b (14)
A\ 12 1—-204 —20p — Or4 — O — Opg)XP
®o4 = O34 WhenP = 2c¢ (16) (1—204 — 205 — Oxp — Oz — Opg)

© 4 reachesits maximum whefi = % a7) X (1—x)P =koOp (20)
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OAXP = k3@24 (22) = ©
Op(l—x)P = kaOop (22) 2 a AN~
®©
OpXP = ksOpB (23) g
c
Oa(l—x)P = keOps 24 38
o
[}
wherex is the mole part of one of the adsorbates. From 2
the above equilibria,
Oy = kakskaxP (25) 2180 2160 2140 2120 2100 2080
M
Wavenumber, cm”
k2k4x2P2
O24 = T (26) Fig. 9. FTIR spectra of CO and J@ co-adsorbed at ambient
temperature on Cu-ZSM-5. Adsorption of 1 kPa CO, followed by
k1kska(1— x)P evacuation and introduction of 1.5kPa equilibrium pressus® H
Op = T (27) (a); gradual decrease of the equilibrium pressure to 250 Pa (b—i)
and to 10Pa (j—p) and after evacuation (q).
kika(1 — x2) P2
Op = ——— 28
2B [ (28)
be briefly discussed. Although the mathematical ex-
_ 2
Opp = (kokska/ke) (1 — x)XP (29) pressions are very complex, one can, based on the
M above discussion, deduce the general trends. We shall
whereM = kokgx?P? + k1ks(1 — x)2P? + (kokskas/ illustrate this example with the interconversion be-
ke)(1 — x)XP? 4 2kokgkaxP + 2kikska(l — x)P + tween Cd-CO, Cuf(H,0)CO and Cti(H20),CO
kakokska. species. Note that the C#CO species are very stable

The equations obtained are rather complex, but one and resistant to evacuation at ambient temperature.
could be interested in knowing the maximal value We have reported [23] the conversion between the for-
of ® 45 because in this case the possible interaction Mer two species. Recently, Zecchina et al. [22] have
between theA andB molecules will proceed with the ~ suggested the formation of €(H20),CO complexes
highest rate. Evidently? o5 will reach a maximum  at high O equilibrium pressures. Fig. 9 presents

at high pressures and Eq. (29) can be transformed intothe spectra of Ct-CO species exposed to different
pressures of water vapour. Evidently, the 2116¢ém

(kakska/ ke) (1 — x)xP? band characterises the CO stretching modes from

One = kokax? P2 + kik3(1 — x)2P2 (30) Cut(H20)%CO species. With the decrease in the
+(kokszka/ ke) (1 — x)XP? water equilibrium pressure these species lose one
) o ) ] H,0 ligand, thus being converted into €{H,0)CO
Differentiation shows that the maximum & 5 is adducts (2130 cm'). The further decrease in the wa-
attained when: ter equilibrium pressure is accompanied by releasing
X kyks\ Y2 of one more HO Iigand,. and Cti—-CO complexgs
Tz (@) (31) are formed (2157 cm'). Since the total concentration

of these copper mono-carbonyls has decreased after
Analysis of Eq. (31) indicates that, in general, if the treatment with water vapour, it is evident that
one of the gases is adsorbed much more strongly, water-induced desorption of CO has also taken place.
its pressure has to be much lower. Intuitively, sim- Inspection of the spectra presented in Fig. 9 suggests
ilar conditions have been applied to prepare mixed that this occurs mainly during the transformation be-
Me™(CO)(N,) species on NaY [30]. tween Cu (H,0),CO and Cd (H,0)CO complexes,
The case of adsorption of two gases when site- since no clear isosbestic point is observed in this case.
specified formation of M(LJ species can occur, will  Evidently, water co-ordination to the copper cations
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from the Cu—CO species results in weakening of the
Cut—CO bond as proposed earlier [23].

unique information about the energetic characteris-
tics of the adsorbed molecules.

6. Site- and complex-specified adsorption of more
than one molecule on one centre
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for both site- and complex-specified formation of low-temperature!®N, adsorption and Mr. A. Milu-
geminal species are realised. A typical example is shev for his help with some calculations. KH is also

adsorption of CO on Rhexchanged zeolites. Indeed,
CO adsorption on Rh always leads to the complex-
specified formation of the well-known RKCO),
gem-di-carbonyls [9,45-48]. Attempts have been
made to detect carbonyls containing more than two
CO ligands. Wang and Yates [46] have proposed that at
low temperature and under CO equilibrium pressure,
a negligible part of the rhodium gem-di-carbonyls on
Rh*™/Al,03 can be converted into R{CO); species.
The bands due to these species, however, are ex-
tremely weak and observable in the difference spectra
only. Keyes and Watters [47] have also observed
Rh™(CO); species on a Rh/SiGsample but at a very
high CO equilibrium pressure only (600 Torr). How-
ever, Miessner et al. [48], performing low-temperature
CO adsorption on a RhY sample, have easily detected
Rh(CO), and Rh(COj species and their assignment
was proved by co-adsorption dPCO-*3CO iso-
topic mixtures. Evidently, the combinations of the
factors allowing site- and complex-specified forma-
tion of geminal species provides the possibility of
co-ordination of up to four molecules to one centre.

7. Conclusions

e Geminal species are of two kinds: site- and

complex-specified. In the former case, the simulta-
neous co-ordination of more than one molecule to
one centre is determined by the low co-ordination

number of the cationic centre, and the linear species
are more stable than the geminal complexes. The
complex-specified formation of geminal species is
determined by the nature of the complex formed,

and the linear species are not typical.

IR spectroscopy is an appropriate technique for
monitoring both kinds of geminal species. More-

over, this technique can provide additional and

indebted to the Alexander-von-Humboldt Foundation.
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