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An intense IR absorption band is observed a t  298 K for dinitrogen adsorbed on copper-ion-exchanged mordenite-type 
zeolite, in which copper ions are exchanged in excess of the value expected from stoichiometry considerations. 

The interaction of dinitrogen with a solid surface is of 
considerable interest, in particular from the viewpoint of 
dinitrogen fixation catalysis . I  The IR spectra of dinitrogen 
adsorbed on various oxide surfaces and supported metal 
catalysts, such as Zn0,2  A1203,3 Ti02,4 Na-zeolite-A,s Zr02,6 
Rh/A12037 and Ni/Si02,8 show the fundamental band , which is 
forbidden by the IR selection rule, indicating that the 
dinitrogen is strongly adsorbed on  the surface of these 
materials, decreasing its symmetry. To  the best of our 
knowledge, there is only one report of I R  studies of the 
absorption of dinitrogen on a metal oxide surface at room 
temperature,6 and we now report a new substance that 
strongly adsorbs dinitrogen and exhibits an intense IR 
absorption band due to dinitrogen at 298 K. 

The sodium form of mordenite (TSZ-644) having an %/A1 
ratio of 10 was used as starting material (NaM; TOHSO Co. 
Ltd.). This zeolite was ion-exchanged with aqueous Cu2+ or 
Ni2+ as described previously9-10 and the extent of exchange 
determined assuming that one divalent ion can be exchanged 
for two sodium ions; these samples are designated CUM-X, X 
denoting the percentage of exchange. Highly pure dinitrogen 
was supplied by Chugoku-Kasei Sanso Co. Ltd. 

The powder samples were pressed to form self-supporting 
disks (usually 12 mg, 1 cm in diameter) for I R  measurements. 
Each sample was evacuated in a vacuum of 1 mPa for 2 h at 
873 K in an in situ cell. The IR spectra were recorded at 298 K 
in transmission mode. 

For the measurement of adsorption isotherms, the samples 
were first degassed at 873 K under a vauum of 1 mPa for 4 h, 

and the adsorption isotherm of N2 was measured at 298 K (1st 
adsorption). After this measurement , the sample was evacu- 
ated at 298 K for 4 h under a vacuum of 1 mPa, and the 
adsorption isotherm remeasured at 298 K (2nd adsorption). 
After this measurement, the sample was degassed at 298 K, 
and the adsorption isotherm remeasured at 278 K to obtain 
the isosteric heat of adsorption (qiso). 

Fig. 1 shows the IR spectra of NaM, NiM-84 and CUM-150, 
which had been pretreated at 873 K,  before and after the 
adsorption of N2 at 298 K. The equilibrium pressure for the 
adsorption of Nz was adjusted to 13.1 kPa. The IR spectra of 
NaM and NiM-84 give absorption bands at 3640 cm-1 (NaM) 
and 3770 and 3628 cm-1 (NiM-84). The absorption at 
3770 cm-1 may be ascribed to the stretching vibration of free 
hydroxy groups in mordenite. The band at 3640 or 3628 cm-1 
may be assigned to the stretching vibration of hydrogen 
bonded OH groups. A band due to adsorbed N2 could not be 
observed for NaM and NiM-84 at 298 K, even when N2 gas 
was introduced on these samples. 

The IR spectrum of CUM-150 shows an absorption band at 
3644 cm-l, assignable to hydrogen bonded OH stretch. The 
most striking feature of the spectrum of CUM-150 on which N2 
had been adsorbed at 298 K is the appearance of an additional 
sharp band at 2299 cm-1. This band must be associated with 
the dinitrogen NzN stretching vibration, because the band 
appears only if N2 gas is present, and rapidly decreases in 
intensity and finally disappears on evacuation at 298 K. The 
observation of a strong IR absorption due to N2 in our system 
is exceptional and suggests a strong interaction of adsorbed N2 
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Fig. 1 IR spectra of NaM, NiM-84 and CUM-150, evacuated at 873 K: 
(a )  before and (h)  after the adsorption of N2 at 298 K; (1) NaM; 
(2) NiM-84: and (3) CUM-150 

with the exchanged copper ions; the N2 is tentatively assumed 
to be end-on adsorbed, on the basis of the discussion of Wang 
and Yates.7 The wavenumber of this band is lower than the 
value (2331 cm-1) for the free molecule.11 Sakata et aZ.6 

observed a stretching vibration due to N2 adsorbed on Z r 0 2  at 
300 K, at slightly higher wavenumber than the gas-phase 
value, and with low absorbance, suggesting that the strength 
of the N=N bond is not changed substantially by the 
adsorption. 

In our case, the observed shift to lower energy and the large 
absorbance value are particularly interesting, and are con- 
sidered to arise via a synergistic effect of electron donation 
from the N2 30 to the metal do orbital and ‘back-donation’ 
from the metal dx to the N2 2n; orbital. It is possible to 
evaluate the bonding mechanism of N2 in zeolites from 
measurement of the frequency of the other dipole mode 
(M-N2). However, this information could not be obtained in 
the present study, because this mode may be beyond the IR 
range accessible to us or may be superposed upon the 
frequency of zeolite lattice mode. 

Fig. 2(a) shows the adsorption isotherm of N2 at 298 K on 
NaM treated at 873 K. This isotherm is well described by a 
Freundlich-type equation, and the amount of N2 adsorbed in 
the first adsorption is the same as that in the second one. It 
thus follows that chemisorption or strong adsorption of N2 
does not occur on the surface of NaM, even if the sample had 
been treated at 873 K. The same applies to N2 adsorption on 
NiM-84 as shown in Fig. 2(6), but the amount of N2 adsorbed 
on NiM-84 is larger than that on NaM at all stages in the 
pressure range. Furthermore, the shape of the isotherm for N2 
adsorption on NiM-84 is different from that on NaM, being 
described by the Langmuir equation. This shows that there are 
stronger adsorption sites on NiM-84 for Nz compared with 
NaM. 

The adsorption isotherm of N2 on CUM-150 at 298 K is 
shown in Fig. 2(c); it is of the same type as that on NiM-84. 
However, the adsorbed amount increases rapidly at low 
coverage compared with that of NiM-84 at the same pressure 
and the total adsorbed amount of N2 is larger than that for 
NiM-84. Fig. 3(c) shows another specific feature: the mono- 
layer capacity of the first adsorption isotherm is larger than 
that of the second one. This difference corresponds to the 
amount of adsorbed N2 remaining on mordenite after evacua- 
tion at 298 K. This finding indicates that strong adsorption of 
N2 occurs in the first adsorption on CUM-150, unlike the cases 
of NaM and NiM-84. This interpretation was confirmed by the 
following experiment: the gas evolved on heating at 400 K was 
analysed by mass spectrometry and found to be N2. 
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Fig. 2 Adsorption isotherms of N2 on various mordenites treated at 
873 K: (a) NaM, (b) NiM-84 and ( c )  CUM-150; a, first adsorption at 
298 K;  0 and 0, second adsorptions at 298 and 278 K, respectively 

This fact allows us to conclude that irreversible or strong 
adsorption sites for N2 are present on CUM-150. The 
aforementioned species detected by IR spectroscopy (Fig. 1) 
does not correspond to the strongly adsorbed species, because 
the signal at 2299 cm-1 disappeared on evacuation at 298 K. 
The strongly adsorbed species which is not eliminated by 
evacuation at 298 K is not observed by IR spectroscopy under 
our experimental conditions, possibly owing to the lower 
concentration of strongly adsorbed species or the overlap of 
the IR band of this species with that of the bulk zeolite lattice 
mode. Only when CUM-150 is used as adsorbent does the 
absorption band of adsorbed N2 appear at 2299 cm-1, showing 
that even physisorption is strong in this case. The qiso values 
for CUM-150, NiM-84 and NaM, determined by applying the 
Clausius-Clapeyron equation to the second adsorption 
isotherms, for a surface coverage of 0.25, were approximately 
50, 40 and 27 kJ mol-1, respectively. Copper ions in morde- 
nite with N2 show a stronger tendency than the other ions to 
adsorb N2, indicating the formation of a specific bond, such as 
a coordination bond, with the copper ions, consistent with the 
IR findings. It has been proved previously that a number of 
dimeric species exist in highly copper ion-exchanged morde- 
nite.9.“) Taking this fact into consideration, we suggest that 
the adsorption site may be a bridged copper ion-exchanged 
species (dimer species), though the exact state of the 
ion-exchanged copper treated at high temperatures is not well 
known. Further investigation is needed to construct a model of 
the active site for strong adsorption of N2. 
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