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The interaction of N2 with Br~nsted acid centers of H-ZSM-5 zeolite has been investigated 
employing Fourier transform infrared spectroscopy and duster model calculations based on a 
gradient corrected density functional method. A comparison is made with CO, which is widely 
used as a probe for surface acidity. It is shown that the computational approach is capable of 
almost quantitatively reproducing a number of sensitive parameters of the H-bonded dinitro- 
gen and carbonyl complexes, like adsorption energy, adsorption-induced changes of the vibra- 
tional frequencies and of their intensities. According to a constraint space orbital variation 
analysis, the carbonyl and dinitrogen complexes mainly differ by the somewhat stronger 
donation ability of CO as compared to N2. It is concluded that dinitrogen may serve as a conve- 
nient probe for the acidity ofzeolites. 
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adsorption-induced change of vibrational frequencies and intensities; density functional dus- 
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1. I n t r o d u c t i o n  

The surface acidity of  catalytic materials may  be studied by  infrared (IR) 
spectroscopy provided suitable probe molecules are available. Carbon  monoxide  
has been demonstra ted to be a convenient, sensitive and specific probe  (ref. [1] and 
references therein). The isoelectronic N2 probe, on the other hand, has rarely been 
employed  up to now [2-5] in spite of  the fact that the adsorpt ion-induced IR  activ- 
ity of  nonpolar  diatomic molecules offers some advantage because no absorbance  
of  gas phase molecules in the sample interferes with the relevant signal due to the 
adsorbed  species. 
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The adsorption of a CO probe on an acidic bridging OH group in zeolites has 
been studied by model cluster calculations at the Hartree-Fock (HF) and electron 
correlation (MP2) levels of theory (e.g. refs. [6,7]). However, we are not aware of 
similar quantum chemical studies of complexes with the N2 probe. To interpret the 
IR spectra of the species with adsorbed N2 one often postulates an analogy 
between the carbonyl and dinitrogen adsorbates [3]. It is interesting to compare car- 
bonyl and dinitrogen complexes theoretically and to identify those characteristic 
features of the electronic structure of CO and N2 that are responsible for the differ- 
ences in their bonding properties, in particular for their interaction with acidic 
hydroxyl groups. 

The magnitude of the adsorption-induced red shift of the O-H frequency and 
of the blue shift of the intra-adsorbate C-O frequency in weakly bonded OH. �9 �9 CO 
complexes is crucial for quantifying the acid strength of OH groups: the larger the 
red shift AWO-H and the blue intra-adsorbate frequency shift Awc-o, the greater the 
acid strength [1,8]. Results of small cluster models computed in the HF and MP2 
approximations [6,7] tend to underestimate the observed red shift of the O-H fre- 
quency, but reasonably reproduce the blue C-O frequency shift [6]. Several rea- 
sons, like limitations of the duster model, failure of the HF theory as well as the 
anharmonicity of the O-H mode have been suggested to explain this underestima- 
tion of the shift AWo-H [6]. As the modeling of these frequency shifts is important 
for a thorough understanding of the probe-substrate interaction it seems appropri- 
ate to examine the performance of an alternative modern quantum chemical 
approach, density functional (DF) theory, in reproducing the characteristics of the 
adsorption complexes. The quantities of interest comprise both the observed 
trends and magnitudes of vibrational parameters, but also the adsorption energies 
and the structure of the dinitrogen and carbonyl complexes. This problem has 
another, more fundamental aspect: how accurate, in general, is a DF description of 
weak interactions of the van der Waals type? Recently, first attempts to answer 
this question [9,10] gave encouraging results when gradient corrections to the 
exchange-correlation potential were taken into account. 

The present study is devoted to a comparison of N2 and CO molecules as probes 
of Bronsted acidity of aluminosilicates. Fourier transform infrared (FTIR) spec- 
tra of H-ZSM-5 zeolites with negligibly small concentration of extra-framework 
cationic centers (Lewis acid sites) [11] and of the corresponding hydrogen bonded 
dinitrogen and carbonyl complexes were measured. The vibrational spectroscopy 
(frequencies and integral intensities), structural and bonding parameters were 
calculated using a gradient corrected version of the linear combination of the 
Gaussian-type orbitals density functional (LCGTO-DF) cluster method and a 
model cluster approach for the bridging -Si(OH)A1- group with and without CO 
and N2 adsorbates. For the first time in combination with a DF method, the con- 
strained space orbital variation (CSOV) analysis [12] is applied to quantify various 
contributions to the OH. �9 �9 CO and OH. �9 -N2 bonds. 
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2. Experimental details 

The H-ZSM-5 zeolite was from Degussa AG (Hanau, Germany) and had a 
nsi/nA1 ratio of 28. For IT spectroscopy self-supporting wafers were pressed 
between mica platelets under a pressure of 15 x 106 Pa for 10 min. The resulting 
wafers had an areal density of 4-7 mg/cm 2. These specimens were pretreated in 
situ in the heating zone of the IR cell in flowing oxygen (50 cm3/min) while increas- 
ing the temperature with a rate of 10 K/min from room temperature to 673 K, at 
which temperature the sample was held for 2 h. Prior to cooling to liquid N2 tem- 
perature, the wafer was evacuated (ca. 10 -3 Pa) at 673 K for 2 h. 

Oxygen and nitrogen were from Linde AG and had purities of 99.995 and 
99.999%, respectively. They were further purified and dried by passing them over 
Chrompack columns. 15N2 was from CAMPRO Scientific. Its isotopic purity was 
greater than 99%. 

The IR spectra were recorded at a spectral resolution of 1 cm -1 on a Brucker 
IFS 66 Fourier transform spectrometer. The in situ low-temperature transmission 
cell has been described previously [13]. 

3, Computational details 

The "first principles" LCGTO-DF cluster method [14-16] was employed. Self- 
consistent calculations were performed using the standard local density approxi- 
mation (LDA) to the exchange-correlation energy functional [17]. Once self-con- 
sistency is obtained, gradient corrections to the exchange [18] and to the correlation 
energy functional [19,20] are evaluated using the LDA density to improve the 
description of the energetics. This post-hoc procedure to account for non-local con- 
tributions to the exchange-correlation functional is quite economic and has been 
found to yield results of adequate accuracy [21]. 

The construction of the orbital basis started from basis sets of the types (12s9p) 
[22] for Si and A1, (9s5p) [23] for C, N, and O, and (6s) [23] for H. These basis sets 
were extended by two polarization exponents each, either of d-type (Si: 1.1206, 
0.3202; AI: 1.0084, 0.2881; C: 1.9569, 0.5591; N: 1.9036, 0.5875; O: 1.0757, 0.3074) 
or of p-type (H: 1.8708, 0.5345). The final sets have been contracted using general- 
ized contractions [24] based on LDA atomic eigenvectors as follows: Si, A1 
(12s9p2d) ~ [6s4p2d]; C, N, O (9s5p2d)~ [5s4p2d]; H (6s2p)---~ [3s2p]. The two 
auxiliary basis sets used in the LCGTO-DF method to represent the electron 
charge density and the exchange-correlation potential were constructed from the 
orbital exponents in a standard fashion [15,25]. 

The basic cluster models employed in the present study are displayed in fig. 1. 
Bronsted acid sites (bridging OH groups) were modeled by the cluster 
H3Si(OH)A1H3 of Ca symmetry in two different conformations of the A1H3 
fragment (clusters A and B). The H-T bond-length (T = Si, A1) was taken to be 
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Fig. 1. Cluster models and calculated structural parameters (bond lengths in angstrom, angles 
in degrees) of the Br~nsted acid site in aluminosilicates (bridging OH group) H3Si(OH)A1H3 
(A, B), and of adsorption complexes H3Si(OH)A1H3-CO (C), H3Si(OH)A1H3-OC (D), and 
Ha Si(OH)A1H3-N2 (E). Only values of the structural parameters optimized for a given cluster model 

are shown (see section 3). 

equal  to tha t  c o m p u t e d  for the te t rahedral  TH4 clusters, H-S i  = 1.497 A and  
H - A 1  = 1.655 A. The  H3TO moieties were assumed to have local symmet ry  C3v 
with H T H  angles as in the te t rahedron  (109.47~ The angles T O H  were kept  equal  
in the course of  the geomet ry  optimizat ion.  Other  structural  parameters  of  the clus- 
ters (see fig. 1) have been opt imized wi thout  further  constraints.  The total  energy 
difference for the models  A and B is only 0.015 eV (1 e V / m o l e c u l e =  96.48 kJ /  
mol)  slightly favoring conformat ion  A. Fur thermore ,  such a change of  the confor-  
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mation results in a negligible difference of the properties of the OH group - wo-H 
= 3459 cm -1 (model A) versus 3463 cm -1 (model B). For complexes B-E with 
adsorbed CO and Nz and the O-H bond length has been reoptimized. The confor- 
mation of clusters A, C, and D corresponds to a global energy minimum if fully 
optimized at the HF or MP2/DZP level of theory [7]. 

A cyclic optimization strategy of all varied degrees of freedom (two complete 
cycles sufficed) was used to search for the equilibrium geometry of the substrate 
cluster and of adsorption complexes where the adsorbed molecule was assumed to 
be oriented upright along the z axis (fig. 1). The binding energies were corrected 
for the basis set superposition error (BSSE) with the help of the counterpoise tech- 
nique [26], but no zero-point correction was applied. Harmonic (we) and anharmo- 
nic (energies of the 0--~ 1 transition between the vibrational levels, w) vibrational 
frequencies were computed by fitting a polynomial to seven points of the potential 
curve located near the minimum. The normal modes of the substrate and adsorp- 
tion complexes have been approximated by the computed O-H, C-O, or N-N 
internal modes, respectively. 

Absolute IR intensities (integrated absorption coefficients) have been calcu- 
lated in the double-harmonic approach [27] according to which an IR intensity is 
proportional to the square of the dynamic dipole moment of the normal mode, i.e. 
to the square of the partial derivative of the total dipole moment/z with respect to 
the corresponding nuclear displacement. Dynamic dipole moments O#/Or were 
calculated from a parabolic approximation defined by three points near the 
equilibrium. 

The nature of the OH-.-CO and OH.-.N2 chemical bonds has been analyzed 
with the help of a CSOV procedure [12] which was used up to now exclusively 
within the HF approach. Here we present results of the first CSOV application to 
DF results. The CSOV analysis attempts to separate and to quantify various 
energy contributions to the bonding of two fragments. The starting point of this 
procedure is a total energy calculation for a charge density constructed by superim- 
posing charge densities obtained from separate calculations of the adsorbate and 
the substrate fragments at their equilibrium geometry. The Kohn-Sham orbitals of 
one fragment are orthogonalized to those of another fragment. The energy differ- 
ence relative to the sum of the total energies of the isolated fragments is taken to 
represent the compound effect of Pauli repulsion between the two fragments and of 
the electrostatic interaction in the frozen orbital approximation. In step 2 of the 
CSOV analysis, the polarization of the adsorbate is investigated by allowing only an 
orbital variation within the space of the occupied and vacant orbitals of the adsor- 
bate in the presence of a frozen substrate. The contribution to the binding energy 
of the adsorbate-to-substrate charge transfer is then characterized by including the 
unoccupied substrate orbitals in the variation space (step 3). The occupied orbitals 
of the adsorbate resulting in step 3 are kept frozen during the subsequent steps 4 
and 5. The latter steps aim at the evaluation of bonding contributions due to the 
substrate polarization and to the substrate-to-adsorbate charge transfer, respec- 
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tively. They are performed in a way analogous to steps 2 and 3. In steps 3 and 5, 
the charge transfer contributions of orbitals belonging to different irreducible 
representations may be separated. Details of the CSOV implementation in the 
LCGTO-DF code and other methodological aspects of DF computations on adsor- 
bate-substrate interactions will be discussed elsewhere [28]. 

4 .  R e s u l t s  a n d  d i s c u s s i o n  

4.1. EXPERIMENTAL RESULTS 

The background spectrum of the H-ZSM-5 sample in the hydroxyl stretching 
region (3850-3500 cm -]) is shown in fig. 2A. The spectrum was recorded at 83 K 
after standard pretreatment at 673 K and evacuation. The principal band is located 
at 3615 cm -1 with a band half-width of 34 cm -1. This band is assigned as the O-  
H stretching mode of the acidic bridging framework OH groups of the type 
Si(OH)A1 as frequently reported in the literature [29-31]. In addition, a relatively 
weak band at 3745 cm -1, which is asymmetric towards lower wavenumbers, is 
observed which is attributed to isolated silanol groups located on the external sur- 
face of zeolites and silicates [29,32] and to terminal OH groups of chains of H- 
bonded silanol groups (asymmetry) [32]. 

When l a N  2 or  15N 2 was adsorbed (fig. 2A), the band of the acidic OH groups at 
3615 cm -1 was significantly reduced in intensity while the band of silanol groups 
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Fig. 2. FTIR spectra of H-ZSM-5 and of the adsorption complexes with N2. (A) O--H stretching 
region; (B) N - N  stretching region. 35 hPa dinitrogen were adsorbed at 173 K. 
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remained essentially unperturbed (under the conditions used). Simultaneously, a 
new broad band developed at 3506 cm -1 with a band half-width of almost 
100 cm -1. The frequency shift of 109 cm -1 relative to the position of the unper- 
turbed O-H stretching mode, the increase in band width and the enhanced integral 
intensity of the band are characteristic of hydrogen-bonding interactions. The 
experimental O-H frequency shift is also included in table 1. 

The corresponding vibrational spectra in the N-N stretching region are repro- 
duced in fig. 2B. Adsorption of 14N2 gives rise to a clearly detectable band at 
2332 cm -1, this band position being shifted to higher wavenumbers by 2 cm-1 rela- 
tive to the reported Raman band position at 2330 cm -1 [33]. The corresponding 
band for adsorbed 15N2 is observed at 2253 cm -1, this position being shifted to 
lower wavenumbers by the theoretically predicted isotope shift of 79 cm -I. The 
bands observed in this frequency range are therefore to be attributed without doubt 
to the N-N stretching mode of adsorbed N2 molecules. This clearly indicates a sym- 
metry reduction due to the adsorption interaction. Similar band positions for N2 
adsorbed on H-ZSM-5 have been reported by Wakabayashi et al. [5]. 

Carbon monoxide adsorption data have been reported by several groups in the 
recent past [11,29-31]. The CO molecule is supposed to undergo a 1 : 1 H-bonding 
interaction of the type OH. �9 .CO with the acidic OH groups. The observed fre- 
quency shift of 312 cm- 1 for the O-H stretching mode is consistent with this type of 
adsorption bonding and with the expected greater heat of adsorption as compared 
to N2. The experimental frequency shift is also included in table 1 for compari- 
son. On adsorption the carbonyl stretching frequency was observed at 2175 cm -1 
[11], i.e. shifted to higher wavenumbers by 32 cm -1 (see table 1) relative to the gas 
phase frequency, this again being qualitatively consistent with the proposed H- 
bonding interaction. 

4.2. QUANTUM CHEMICAL RESULTS 

The various calculated results are summarized in table 1. It should be noted 
that the size of the employed cluster models (fig. 1) is too small to reproduce differ- 
ences in the acidity and in the vibrational parameters of the bridging OH group 
for various types of zeolites. Fortunately, these properties do not strongly depend 
on the structure of a zeolite, rather the observed differences are generally compar- 
able to the deviations between measured and calculated results. For example, the 
vibrational frequency of bridging OH groups in H-mordenite, H-Y and H-ZSM-5 
zeolites is measured to lie in the narrow interval 3616-3619 cm -1 [4,5]. A similar 
observation holds for the adsorption-induced frequency shifts. If one incorporates 
next-nearest neighbors of the OH group into the cluster only minor changes in the 
calculated acidity and vibrational properties result [34]. Therefore, the duster 
model H3Si(OH)A1H3 seems adequate for the description of the bridging OH 
group in aluminosilicates in general. This model has been considered many times in 
thepast (ref. [6] and references therein). We decided to carry out only a partial geom_ 
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etry optimization keeping the TH3 fragments fixed in order to take into account 
the boundary conditions imposed by the surrounding lattice which is absent in the 
cluster models. The two cluster conformations (figs. 1A and 1 B) do not differ signifi- 
cantly, neither in the geometry nor in O-H frequency (Awo-H = 4 cm- 1). 

The results of the gradient corrected DF description of the adsorbate (table 1) 
exhibit very good accuracy for the whole set of computed parameters. The correct 
sign and value of the CO electric dipole moment and its derivative with respect to 
the interatomic bond length provide a most sensitive test for the accuracy of the 
computational method. The results also provide evidence for the expected level of 
reliability of calculated vibrational intensities discussed below. For the model 
H3Si(OH)A1H3 the O-H frequency is notably underestimated compared to the 
experimental value. As will be shown elsewhere [28], this deficiency is inherent to 
all calculations using various types of both local and gradient corrected exchange- 
correlation density functionals. Furthermore, the cluster size also seems to contri- 
bute to the underestimation of the O-H frequency. Similar reasons are probably 
responsible for an overestimation of the extinction coefficient of the unperturbed 
O-H groups calculated in the double-harmonic approach [27] (table 1) compared 
to the value of 85 km/mol [35] measured recently for a HY zeolite (Si/A1 = 2.7). 
One should mention, however, that the extinction coefficient depends markedly on 
the degree of the exchange, on the calcination temperature and on other experimen- 
tal conditions. So, the experimental values of the extinction coefficient reported 
so far cover a very wide range from 31 to 199 km/mol (ref. [35] and references 
therein). 

The adsorption-induced frequency shifts for the carbonyl and the dinitrogen 
complexes AWO-H and Awc-o or AWN-N are in good agreement with the measured 
values (see table 1). It should be stressed that these are the observables employed as 
a measure for the acidity of surface OH groups. An almost vanishing shift of the 
N-N frequency for the dinitrogen complex compared to free N2 is measured and 
calculated. The larger C-O frequency shift reflects a stronger OH. �9 �9 CO bonding 
relative to OH. �9 .N2, in agreement with a higher proton affinity of CO compared to 
that of N2 [36]. The adsorption is accompanied by a red shift of the O-It band 
which is again larger for the CO adsorbate. It is worth mentioning that the agree- 
ment with the measured shift Awo-H for carbonyl is much better when the anhar- 
monicity of the O-H mode is taken into account as it displays a significant change 
upon adsorption (by 63 cm-1). This finding may partly explain why the CO- 
induced shift Awo-H for the same cluster model H3Si(OH)A1H3-CO is substan- 
tially lower in an HF study where only harmonic frequencies have been considered 
[6,7]. Inspection of table 1 reveals that the change in the anharmonicity of the 
O-H mode due to the formation of the dinitrogen complex is much smaller as a con- 
sequence of the weaker interaction with N2. 

Another important aspect of the adsorption of the probe molecules is the change 
of the integral intensity of the vibrational bands compared to those of the isolated 
adsorbate and substrate fragments. The most extreme case is the N2 molecule for 
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which the IR forbidden N - N  vibration becomes allowed by the interaction with 
the substrate and the absorbance increases from zero to a measurable value. 
According to the computed data the absolute IR N - N  intensity of the adsorbed N2 
is more than an order of magnitude smaller than that of the  strongly absorbing 
C-O mode. As has been shown in section 4.1, this is sufficient to measure the 
adsorption-induced N - N  mode in IR. On the other hand, the hydrogen bonding 
interaction has essentially no effect on the intensity of the C-O mode. For both CO 
and N2 adsorption, DF  calculations predict a very significant increase of the IR 
intensity of shifted O-H bands compared to the intensity of the HaSi(OH)A1H3 
cluster. Qualitatively, the experimental spectra in fig. 2 and those for CO adsorp- 
tion are in general agreement with the DF results. As can be estimated from the 
spectra of fig. 2A, the ratio of the integrated intensities of the perturbed by N2 
adsorption and of the unperturbed O-H stretching band is approximately 3, 
whereas the calculated value (see table 1) is about 4.8. For interactions with CO the 
calculated ratio of the O-H IR intensities, 6.8 (table 1), is close to the experimental 
ratio of approximately 8. 

According to the results of the CSOV analysis (table 2), the main contribution 
to the hydrogen bonding comes, as expected, from a charge transfer to the sub- 
strate. The difference in the bond strength of the adsorbate-to-substrate bond 
between CO and N2 is mostly due to the fact that the latter species is a weaker tr 
donor compared to carbon monoxide. The stronger r bonding of CO is consistent 
with a stronger localization of the CO 5o orbital in the region of the hydrogen 
bond. One may see from table 2 that all other computed contributions to adsorp- 
tion bonds are smaller and differ only slightly between the two adsorbates. These 
small contributions should be considered only with great care because they are 
comparable in magnitude to the basis set superposition error for CO and N2, 0.04- 
0.05 eV (table 1). In summary, the CSOV analysis reveals that the adsorption 
bonds are formed mainly due to tr charge transfer from the adsorbate to the 
substrate and, less importantly, to the polarization of the adsorbate and of the 
substrate. 

Table 2 
CSOV analysis of various contributions to the calculated interaction energy, AE (eV), of CO and 
N2 molecules with the Bronsted acid site H3 Si(OH)A1H3 

Cluster model H3 Si(OH)A1Ha-N2 H3 Si(OH)A1H3-CO 

1. Pauli repulsion + "frozen orbital" attraction -0.018 
2. polarization of the adsorbate 0.041 
3. charge transfer adsorbate -~- substrate O. 121 
4. polarization of the substrate 0.013 
5. charge transfer substrate --~ adsorbate 0.000 
total CSOV 0.157 

-0.010 
0.050 
0.169 
0.026 
0.000 
0.234 

SCF 0.157 0.234 
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complexes of both dinitrogen and carbon monoxide (side-on configuration) 
were found to be unbound at the present level of cluster calculations. Conse- 
quently, for dinitrogen the end-on configuration (OH. �9 -N-N) as shown in fig. 1E 
is the most likely adsorption structure. In the case of carbon monoxide the oxy- 
gen-down adsorption on the bridging OH group gives a computed value of the bind- 
ing energy of only 0.06 eV (corrected for BSSE), of the OH.. .OC bond length of 
2.182 A and of the frequency shifts Awo-H = -14 cm -1 and Awc-o = -22 cm -1. 
The computed binding energy for this bonding geometry turns out to be signifi- 
cantly lower than that obtained for a carbon-down geometry, namely 0.19 eV (vide 
supra). Moreover, the magnitudes of the calculated frequency shifts deviate from 
the experimental data and for the carbonyl frequency even the sign of the shift is 
opposite. It must therefore be concluded that CO is most probably bonded to an 
OH group via its C atom. The same conclusion concerning possible CO orienta- 
tions has been drawn based on HF and electron correlation calculations for the 
interaction with bridging OH groups [6,7] and with silanol hydroxyl groups [6,37]. 

It is interesting to note that the calculated interaction energy for the OH. �9 .N-N 
dinitrogen complex (0.11 eV) is very close to the value of 0.12 eV determined 
experimentally from temperature dependence of IR intensities for N2 adsorption 
on H-mordenite [4]. In contrast, the spectroscopically determined binding energy 
for CO on bridging OH grouPs in HY zeolites was reported to be only 0.12 eV [38], 
while the computed value as found in the present study is 0.19 eV. These coinci- 
dences and discrepancies between calculated and spectroscopically determined 
binding energies should certainly not be overestimated. The experimental values 
may not be very accurate, since the measurement of the temperature of the wafer in 
the IR beam is extremely critical, thus introducing a significant error in the derived 
thermodynamic data. On the other hand, accuracy limitations of the computa- 
tional approach and of small cluster models employed may also affect calculated 
binding energies to a certain extent. 

5. Conclusions 

A combined LCGTO-DF model cluster and FTIR spectroscopic study of 
adsorption complexes of N2 and CO molecules with Bronsted acid sites in zeolites 
has been performed. The main results may be summarized as follows: 

(1) Both N2 and CO interact with the acidic OH group in an end-on configura- 
tion. The preferred bonding of CO to the OH group is via the C atom. 

(2) The dinitrogen molecule has been shown to be a specific and convenient 
probe of Bronsted acidity of aluminosilicates. The adsorption-induced shift of the 
O-H (to the red) and N-N frequencies (slightly to the blue) as well as an increase of 
the integral intensity of the O-H stretching mode are qualitatively similar to those 
observed for CO adsorption. However, the perturbation of the acidic OH group 
caused by CO molecules is significantly stronger. A distinct advantage of the homo- 
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nuclear N2 probe is that only adsorbed species are IR active and that the spectra 
do not need to be corrected for the absorbance of gas phase molecules. 

(3) It has been demonstrated that the LCGTO-DF method employing a gradi- 
ent corrected exchange-correlation energy functional is adequate to describe very 
sensitive parameters of weakly bound adsorption complexes with Bronsted acid 
sites, even in the approximation of small duster models. At variance with the HF 
and MP2 approaches (where no anharmonicity of the O-H is taken into account) 
the DF method is capable of accurately representing the frequency shifts induced 
by the adsorption of CO and N2, not only for the intra-adsorbate, but also for the 
O-H modes. The calculated DF data are also in good agreement with the observed 
trends of other characteristics of the dinitrogen and carbonyl complexes: the differ- 
ences in the adsorption energy as well as in the adsorption-induced changes of the 
integral extinction coefficient of the O-H band. The accuracy of the DF method 
established here is of extreme importance for applications to H-bonded systems 
and other van der Waals complexes in general. 

(4) To provide a physically and chemically significant analysis of the bonding 
mechanism in OH. . .CO and OH.. .N2 complexes and to identify the reasons for 
the somewhat different behavior of N2 and CO as ligands, the LCGTO-DF code 
has been augmented for performing a CSOV procedure which has been applied 
here for the first time within the DF framework. According to the CSOV results 
and not unexpectedly, the main contribution to the hydrogen bonding stems from 
the 6 charge transfer to the substrate. The difference in the bond strength of CO 
and N2 is mostly due to the fact that dinitrogen is a weaker 6 donor than carbon 
monoxide. 
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