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Abstract

The binding energies and adsorption induced vibrational frequency shifts of N, molecules adsorbed on alkali-exchanged
zeolites were calculated using a density functional method. Both on bare cations and at model zeolite clusters, linear
adsorption of probe molecules at the extra-framework metal cations was found to be the most stable configuration.
Depending on the alkali cation, adsorption is accompanied by a blue-shift of 10-25cm™~* of the N—N stretching mode. The
calculations support the experimental observation of simultaneous adsorption of two N, molecules on one alkali cation. The
calculated frequency shifts of the N—N mode of the bis-dinitrogen complex on a Na-exchanged zeolite is by 4cm™1 lower
than for the corresponding monomolecular adsorption model while the position of the band is almost unchanged for the
K-exchanged model. For different alkali cations, the frequency shift was found to be proportional to the intensity of the N—N
stretching mode. Using calculated frequency shifts and experimental values for N, adsorbed on a series of akali-exchanged
zeolites, a reference vaue for the IR vibrationa frequency of a non-interacting N, molecule in zeolite cages was derived.
This suggests that a more precise determination of the reference frequency will be feasible once a consistent set of
experimental data for both isotope molecules N, and *°N,, adsorbed on the same series of alkali-exchanged zeolites, with
intensity values measured by a uniform method, is available. © 2000 Published by Elsevier Science B.V.
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1. Introduction recently demonstrated the importance of this type of
interaction for the example of methanol adsorbed on
The accurate characterization of metal cations in sodium exchanged zeolites [4]; about 80% of the
alkali-exchanged zeolites is essentia for understand- calculated binding energy of the guest molecule to
ing and predicting specific properties of these mate- an active site derives from the co-ordination of the
rials as catalysts and sorbents [1]. Alkali cations in methanol oxygen center to the akali cation, while
zeolite cavities act as Lewis acid centers and interact on|y 20% is dueto a hydrogen bond with an oxygen
with basic groups of adsorbed molecules [2,3]. We center of the zeolite framework. Therefore, it is
important to establish the acidity strength of cationic
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adsorbed probe molecules [5-9] — carbon monox-
ide, molecular nitrogen or hydrogen. The vibrational
frequency shift of these adsorbed molecules is essen-
tialy due to their polarization in the field of the
metal cation and the stretching frequency peak posi-
tion provides information on the location and acidity
of the cation. In addition, these small diatomic
molecules are not influenced by interaction with
basic oxygen centers that exist in alkali zeolites[10].
In a previous theoretical paper [11], we investigated
the peculiarities of carbon monoxide as probe
molecule for cations in sodium-exchanged zeolites.
Here, we extend this investigation with modeling the
adsorption of N, on cationic centers in zeolites as an
alternative IR probe molecule. Since N, does not
have a genuine dipole moment, its stretching vibra-
tion is IR active only upon interaction with a polariz-
ing system. When employed for the characterization
of akali cations, not only the frequency but also the
intensity of the corresponding IR band depends on
the electric field generated by the cation [12]. Ex-
ploiting this peculiarity, dinitrogen adsorption has
successfully been used for identifying small amounts
of lighter alkali cations (such as Na*) in the pres-
ence of heavier ones (e.g. Rb*) [13]. Despite of the
weak adsorption of N, molecules at alkali cationsin
zeolites, bis-dinitrogen complexes recently have been
observed on the akali forms of zeolites Y [14,15],
EMT [16], and ETS [17]. In these cases, calculations
are helpful to estimate the adsorption energy of
dinitrogen at the metal cations and to check the
correspondence of the frequency shifts in mono- and
bis-dinitrogen complexes to the experimental values.
Similar model calculations successfully reproduced
the vibrational frequency shift of N, molecules inter-
acting with OH groups of the acidic forms of zeolites
[18,19].

In the present work, we investigate computation-
ally the interaction of one or two N, probe molecules
with bare alkali cations and with Na™ or K* cations
coordinated to a zeolite model ring. In these model
calculations, we use a six-ring containing two alu-
minum atoms, which are typical for Y zeolites
[20,21]. Moreover, we found that the adsorption of
CO on a sodium cation located at this type of ring
[11] produces the most intense peak in the experi-
mental IR spectra [22]. We aso calculate the har-
monic vibrational frequencies and band intensities

and we compare them with the experimental spectra
for both nitrogen isotopes N and “°N.

2. Method

The zeolite fragment is modeled as a six-ring of a
faujasite structure which contains two auminum cen-
tersin para position (cf. Fig. 1). This cluster, desig-
nated as Al-2p [11], has already been used in our
study of CO adsorption. Free valences of the silicon
and aluminum atoms in the ring are saturated by
hydrogen atoms. The initial positions of the T-atoms
and the oxygen centers in the six-ring were taken
from average crystallographic values [23]. The ex-
cess negative charge of the clusters due to the pres-
ence two Al atoms and only one mono-valent akali
cation was compensated by a proton connected to an
oxygen center of a Al-O—Si bridge which is directed
outward from the ring in order to minimize the direct
effect of the compensating cation on the centra
akali ion. In both cation containing model clusters,
Na—Al-2p and K—Al-2p, the positions of the oxygen
centers of the ring, the akali cation, and the charge-
compensating proton were optimized, keeping the
positions of the T-atoms fixed. Details of the charge
compensation procedure have been discussed else-
where [11].

The positions of the alkali and framework oxygen
centers were re-optimized after adsorption of one or
two probe N, molecules at the cationic site of the
cluster model. No symmetry constraint was applied
for adsorption at cluster models and linear adsorption
a bare cations, while the structures for ‘side-on’
adsorption of N, at bare cations with two equal
M—N distances were optimized in C,, symmetry.

The calculations were carried out with the new
density functional (DF) program ParaGauss [24]
using the gradient corrected exchange—correlation
functional suggested by Becke (exchange) [25] and
Perdew (correlation) [26]. Gaussian-type basis sets,
contracted in generalized form, were employed to
describe the Kohn—Sham orbitals: (6slp) — [3s1p]
for H, (9s5p1d) — [5s4p1d] for O and N, (12s9p1d)
— [6s4p1d] for Al and Si, (12s8p1d) — [6s5p1d] for
Na, and (15s11pld) — [6s5p1d] for K [27,28]. Rela
tivistic effective core potentias (ECP) were adopted
for Rb and Cs [29,30].
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Fig. 1. Optimized structures for mono- and bi-molecular adsorption of N, at the model clusters Na—Al-2p and K—Al-2p. The plane of the
T-atoms in the six-ring is perpendicular to the plane of the drawing, i.e. the other two Si centers are exactly behind the two Si centers shown

in the front.

The structures of the clusters described above
were optimized automatically using analytical energy
gradients [30,31]. After optimization of a cluster
model, a constrained frequency analysis was carried
out where the vibrational modes related to the ad-
sorbed probe molecules and the alkali cation were
taken into account. Normal harmonic vibrational fre-
guencies were calculated by diagonalizing the mass
weighted force constant matrix in internal coordi-
nates. The force constants were obtained numerically
by finite differences of analytical energy gradients.

3. Results and discussion
3.1. N, adsorption at bare alkali cations

The calculated binding energies (BE) and struc-
tural parameters for a nitrogen molecule coordinated

to bare akali cations are shown in Table 1. The
calculated BE valuesindicate that for all alkali cations
linear adsorption of dinitrogen is preferred over side-
on structures. The ratio between BE(linear) and
BE(side-on) is lowest for Na* and K*, about 3; for
larger cations the BE for side-on adsorption is negli-
gible (Table 1). One should keep in mind that com-
mon exchange—correlation functionals are not accu-
rate enough [32,33] for describing weak interactions
with binding energies of 20kJ/mol or less. The
calculated BE values should represent lower bounds
since attractive contributions of dispersion interac-
tions (albeit small in the present case) are not repro-
duced by the common approximate exchange—corre-
lation functionals. In any case, the trends derived
from the values of Table 1 are expected to remain
correct even after dispersion interaction is taken into
account.
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Table 1
Calculated characteristics® of N, molecules adsorbed at bare alkali cations
Cation BE I/s° RM-N)  ARIN-N)®*  Av(™N,)°  1(*N,)  v(M=¥N)  k(M-N)  Ap(N,)°
Linear
Lit 58 39 213.1 -0.2 244 55 336.2 294 23.6
Na* 40 31 247.6 -0.2 18.9 41 176.0 151 18.3
K* 26 2.9 298.5 -0.2 133 30 101.4 5.9 12.9
Rb* 19 49 322.2 -0.1 115 25 89.2 5.4 111
Cs* 15 5.0 351.7 -01 9.5 22 60.6 2.6 9.2
2N,—Na* 78 249.1 -0.2 94, 14.0 0,29 119, 216 94, 138
Side-on
Lit 15 263.2 0.2 —-15.2
Na* 13 289.5 0.1 -9.7
K* 9 345.0 0.0 —-4.0
Rb* 4 405.4 0.0
Cs* 3 428.8 0.0

@ Dinitrogen binding energies (BE) to alkali cations in kJ/mol, metal-nitrogen distances R(M—N) and changes A RIN-N) of the N-N
distance with respect to free N, in pm, harmonic vibrational frequency shifts Av(N—N) with respect to free N, and harmonic vibrational
frequency v(M—N) incm™?, intensity | of the N-N band in km/mol, force constant k(M—N) in N /m.

® Ratio between the bindi ng energies of linear and side-on adsorption complexes of dinitrogen.

¢ Calculated parameters for free N,: RIN-N) = 111.1pm, v(*N-"*N) = 2320.7cm~?, v(**N-"°N) = 2242.0cm~1.

The BE calculated for the linear complex N,—Na*,
40kJ/mol, is higher than the value calculated for
adsorption of carbon monoxide at Na*, 31kJ/mol
[11]. The strength of the interaction of a N, molecule
with different alkali cations decreases with increas-
ing atomic number as can be seen from the variation
of the BE for linear adsorption: from Li* to Cs*, the
BE is reduced from 58 to 15kJ/mol (Table 1). The
interaction of a CO molecule with the cation leads to
a shortening of the C—O bond by about 1pm [11],
while the N-N bond of a N, molecule coordinated
to Na™ cation is only 0.2 pm shorter than that of free
N,. Thus, the N—N bond in the coordinated molecule
is only dlightly stronger, compared to the free
molecule. Tiny changes of the N—N bond length in
this series of alkali cations, by 0.1pm, indicate a
weakening of the N—N bond when going from Li*
to Cs™.

Similar to CO adsorption, the intramolecular vi-
brational frequency for N, molecule coordinated to
alkali cations increases with respect to free molecule
(Table 1). In addition to the weak stabilization of the
N—N bond in the adsorption complex, the blue shift
of the band is likely due to the so-called ‘ wall’ effect
[34,35] caused by Pauli repulsion of the closed elec-
tronic shells of the probe molecule and the cation. In
fact, a vibrational red-shift and an elongated N—N

bond is found for the less stable side-on coordination
of N, molecule to a sodium cation. In the series of
akali cations, the calculated blue-shift with respect
to the calculated frequency of the free N, molecule
decreases from 24.4cm~* for “N,-Li* to 9.5cm ™!
for *N,—Cs". This order agrees with the expected
influence of the dimensions of the alkali cation on
the Pauli repulsion: small, hard cations exhibit a
larger blue-shift than larger, softer cations.

The calculations also revea a linear correlation
between the N—N band intensity 1(N-N) and the
frequency shift Av(N-N) (Fig. 2a). Both parameters
depend on the sgquare of the field strength of the
cation as estimated by the reciprocal value of the
square of the M—N distance, according to Coulomb’s
law (Fig. 2b). Such a quadratic dependence of the
vibrational frequency »(N—N) on the M—N distance,
as estimated by the ionic radii of the cations and the
radius of the probe molecule, has previously been
discussed for experimental values [36].

A linear structure of the adsorption moieties N,—
Na* (symmetry D,,) is aso found to be the most
stable one when two N, molecules are coordinated
simultaneously to one Na™ center. The BE per each
molecule, 39kJ/mol (Table 1), is essentidly the
same as in monomolecular adsorption, 40kJ/mol. In
the bis-dinitrogen complex, the N—N stretching mo-
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Fig. 2. (@) Linear correlation between the calculated values of the
intensity | and the frequency shift Av of the N-N stretching
mode of a dinitrogen molecule coordinated to alkali cations. (b)
Dependence of the frequency shift Av (squares, left-hand axis)
and the intensity | (circles, right-hand axis) on the electric field
strength of the cation as estimated by the reciprocal value of the
square of the distance R(M—N). The frequency shifts Av of N,
on the cluster models Na—Al-2p and K—Al-2p are marked by
triangles. The correlation coefficients of all straight lines are 0.99.

tions form symmetric and antisymmetric modes with
blue-shifts of 9.4 and 14.0cm™?, respectively; both
frequencies are lower than the shift of the
monomolecular adsorption complex.

The frequency of the »(N-M) mode decreases
with the size of the cation, from 336cm™* for Li* to
61cm~! for Cs* (Table 1). The corresponding force
constants also decrease in this order (Table 1). The
N—Na band for monomolecular adsorption of N, is
calculated at 176 cm~®. When two nitrogen
molecules are adsorbed, this N—Na band splits into

symmetric and antisymmetric components, at 119
and 216cm~* (for “*N,). The frequency of the
v(N-M) mode depends also on the nitrogen isotope
used in the probe molecule. The calculated v(N-M)
frequencies for adsorption of a >N, molecule are by
2-3cm™* lower than those for a **N, molecule.

3.2. N, adsorption at zeolite model clusters

The optimized structures for mono- and bi-molec-
ular adsorption of N, at the cluster models Na—Al-2p
and K-Al-2p are shown in Fig. 1 and the corre-
sponding distances are reported in Table 2. The BE
values for the adsorption of one N, molecule on
Na—Al-2p and K—-Al-2p clusters, 18 and 17kJ/mol,
respectively, are lower than for N, coordination at
the corresponding bare cations (Table 1), similar to
what has been found for CO adsorption on zeolite
cluster models [37]. Yamazaki et al. [38] reported 28
and 24kJ/mol for the heat of adsorption of N, on
NaZSM-5 and KZSM-5 zeolites, respectively. The
difference of 7—10kJ/mol between the experimental
and calculated values is likely caused by shortcom-
ings of the exchange—correlation functional used
(see above). The dispersive van der Waals-type inter-
actions of the probe molecule with the zeolite frame-
work [33] which is not accounted for by the isolated
cluster model used in our calculations is expected to
be negligible because the probe molecules are very
small. Thus, they would exhibit little direct contact
with the (missing) zeolite framework. Upon adsorp-
tion of the probe molecule, the cation moves 10pm
farther from the zeolite ring which leads to enlarged
distances between Na* and the zeolite oxygen cen-
ters.

For the second N, molecule, an adsorption energy
of 16kJ/moal is calculated at the cluster models of
both cations; this value is close to the BE values of
the first probe molecule. In the cluster Na—Al-2p, the
cation shifts farther from the zeolite, by 12 pm, likely
because of the repulsion between the two adsorbed
probe molecules and the zeolite ring. The shift of
K™* upon adsorption at the cluster K—Al-2p is the
same for one or two probe molecules, 7pm. This
cation islarger; thus, it is aready far from the zeolite
ring, a 203pm in the initial cluster, and it offers
more space to additional ligands.
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Table 2
Characteristics? of nitrogen molecules adsorbed at zeolite-embedded alkali cations®
Cluster Na zeolite K zeolite
1N, 2N, 1N, 2N,
BE 18 34 17 33
AR(N-N) -0.2 -02 -02 -02
ze 122 134 210 210
R(M-N) 261.2 277.0; 269.9 307.9 311.1; 308.5
a(M=N-N) 179.6 170.2; 178.8 179.4 175.0; 170.4
a(N-M-N) 76.9 81.3
I(**N,) 1.9 27,22 14 25,21
Av(¥N,)d calc. 20.7 16.1; 17.6 153 14.8; 16.1
exp. 15.0 13.0 135 13.0
Av(*vN,)¢ calc. 20.3 15.9;17.3 14.7 14.3; 156
exp.f 185 155
exp.? 185 15.0 12.0 115
(#N-"N) calc. 2300.4 2296.8
v(1N-N) calc. 2300.1 2296.6
v(M=2N,) calc. 129.4 95; 113 93.6 79.6; 75.1

@ Dinitrogen binding energies (BE) in kJ/mol, distances R in pm, angles « in degrees, harmonic vibrational frequencies v incm™1,

intensities | in km/mol.

b Frequencies shifts of relevant experimental bands are also provided.
¢ Distance Z of the metal cations to the plane of the T-atoms in pm; the values of the initial clusters are 112pm for Na—Al-2p and

203 pm for K—Al-2p.

4 Vibrational frequency shifts Av(N—N); experimental shifts with respect to the reference values v, for non-interacting N, derived in
Fig. 3: 2318cm~* for N, and 2240cm™~! for *°N,; calculated shift with respect to free N,: 2320.7cm™ L,

© Experimental data for **N, on ETS; from [17].
" Experimental data for >N, on NaY zeolite; from [14].
9 Experimental data for N, on EMT; from [16].

When only one N, molecule is adsorbed at the
cluster models, it coordinates in linear fashion to the
cation (the M—N-N angle is 180 + 0.6°), amost
perpendicular to the zeolite ring (Fig. 1a and c). The
interatomic distances Na—N and K—N increase by 13
and 9pm, respectively, compared to adsorption at
bare cations, while the N—N bond shortens (relative
to the gas pase) by the same amount as on bare
cations, 0.2pm. No stable configuration was found
for probe molecules adsorbed in side-on fashion to
cations at the zeolite ring models.

The two probe molecules in the bi-molecular
adsorption complexes (Fig. 1b and d) are amost
equivalent. The angle N—Na-N is dlightly more
acute, 77°, compared to 81° for the potassium con-
taining cluster, since the sodium cation is closer to
the zeolite ring and the repulsion between the zeolite
oxygen centers and the probe molecules is stronger.

In Table 2, we report the calculated vibrationa
frequency shifts for both **N, and °N,, molecules to
assist in the comparison with the corresponding ex-
perimental data for both isotope molecules
[13,14,16,17,36,38]. At variance with CO adsorption,
the vibrational frequency shift of a N, molecule at
cations embedded in zeolite clusters is amost the
same as at bare ions, Na* and K*. The blue-shift of
the N—N stretching band for monomolecular adsorp-
tion is about 21 and 15cm~? for the clusters Na—Al-
2p and K—Al-2p, respectively. Since the M—N dis-
tance of N, adsorbed on Na and K cations of zeolite
clusters increases, the Pauli repulsion contribution to
the blue-shift of the N—N vibrational band should
decrease with respect to the value calculated for
coordination on bare cations. However, this effect is
compensated by an additional contribution to the
N-N blue-shift, the repulsion between the adsorbed
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molecule and the zeolite cluster. In the case of
bimolecular adsorption, the N—N stretching vibra
tions of the two adsorbed molecules have dlightly
different frequencies (by about 1.4cm™') at both
clusters, Na—Al-2p and K—Al-2p. Due to the weak
M~—N bonding, this is not a splitting of the band into
symmetric and antisymmetric parts but rather origi-
nates from tiny differences in the bonding and orien-
tation of the two adsorbed molecules with respect to
the zeolite oxygen centers. Since the difference is
small, the two peaks can hardly be distinguished
experimentally, but the band corresponding to ad-
sorption of two probe molecules at one cation should
be noticeably broader than the band for monomolec-
ular adsorption. Thisis clearly seen in the IR spectra
of N, adsorbed on NaY and NaEMT zeolites
[14,16]. The mean blue-shift of the two N—N bands
for bimolecular adsorption at the cluster Na—Al-2p,
16.9cm~* for N, and 16.6cm~* for °N,, is by
about 4cm™* smaller than the shift for monomolecu-
lar adsorption, while for K—Al-2p cluster the mean
shift of bimolecular adsorption is essentially the
same as for monomolecular adsorption. This is in
line with experimental observations (also shown in
Table 2) where the frequency of the N-N band
decreases by 2.0-3.5cm™! upon adsorption of a
second probe molecule to a Na* center in zeolites
NaY, NaEMT, and NaETS, while the frequency for
a bis-dinitrogen complex on potassium containing
zeolites is only by 0.5cm™! lower than for the
corresponding monomolecular adsorption [14-17].
However, one should consider this comparison be-
tween calculated and experimental frequency shifts
as qualitative only because we modeled the location
of the cation only at one type of ring, namely at
six-rings with two Al centers. Although this type of
position for sodium and potassium cations is domi-
nant in Y zeolite and EMT [20,21,23,39], the cations
located at other six-rings or in other crystallographic
positions can aso influence the IR spectra of ad-
sorbed N, probe molecules.

The frequencies of the N—Na and N-K stretching
modes in the corresponding complexes with one
adsorbed probe molecule **N,, are 129 and 94cm™?,
respectively (by 2-3cm~* lower for °N,, see Table
2). When two N, molecules are adsorbed at a cationic
center, the band splits into symmetric and antisym-
metric contributions; the frequency splitting is 18

and 5cm™t for Na—Al-2p and K-Al-2p, respec-
tively (Table 2).

With the adsorption of mixed isotope molecules
“N-""N, one might expect to distinguish between
linear and side-on adsorption of dinitrogen molecules
at alkali centers [9]. Symmetric side-on adsorption
should produces one N—N peak while linear adsorp-
tion is expected to furnish two peaks depending on
which isotope atom, **N or *®N, is coordinated to the
alkali cation. In order to check this hypothesis [9],
we calculated the frequencies in both orientation of a
“N-""N molecule on the cluster models Na—Al-2p
and K-Al-2p. The difference in the v(N-N) fre-
guencies between the two orientations of the probe
molecule is only 0.2-0.3cm™! (Table 2), which can
hardly be distinguished experimentaly in the IR
spectrum.

3.3. Comparison with experimental studies

The linear correlation in Fig. 2a can be used to
estimate the relative intensities of the N—N bands of
N, molecules adsorbed at different akali cations
from the experimental frequency shifts A v(N-N) on
the two cations, e.g. for Na* and Cs™:

Ina(N=N)  Awy(N-N)
I(N-N) — A (N-N)
Vna(N=N) — v5(N-N)

" UeN-N) = ro(N-N) *)

Note that this relation holds also for the calculated
values of monomolecular adsorption of the probe
molecule at the zeolite cluster models: I, /1« = 1.36,
Avy,/Av, =135 (Table 2).

Application of this relation to experimental datais
complicated by the fact that there is no consistent
reference value v(N-N) for the vibrationa fre-
quency of a N, molecule which does not interact
with cations in zeolite cages. Yamazaki et al. [38]
employed the Raman frequency of dinitrogen in the
gas phase, 2331cm™! [40], as reference for the
interpretation of the experimental frequency shifts of
N, on a series of akali-exchanged ZSM-5 zeolites.
When this reference value is used, the experiments
on Cs and Rb containing zeolites show negative shift
of the N-N stretching mode (by —1to —4cm™1),
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while the shift is positive for lighter alkali cations
[13,16,36,38]. Note that the calculations for bare
cations show positive shifts for linearly adsorbed N,
on all akali cations (Table 1). For zeolite ZSM-5
with its narrow channels, this change of sign of the
frequency shift has been rationalized [38] by an
eventual tilting of the probe molecule due to spatial
restrictions by the pore walls in case of large cations.
However, the same trend was also observed on the
zeolites MOR, EMT, and Y with larger cavities (up
to 1.3nm) [13,16,36]. Moreover, no tilting (and cor-
respondingly no negative frequency shift of the prin-
cipal band) was observed for CO adsorption on the
heavier akali cations, although a CO molecule is by
3pm longer than N, and the distance M—C is also
larger than M—N, both at bare and zeolite embedded
cations, see Tables 1 and 2 and [11,37,41].

Analyzing this situation, Zecchina and coworkers
[9,13,17,36] hypothesized that the problem is due to
the use of the gas phase Raman frequency as refer-
ence for N, in zeolite materials. They favored the
vibrational frequencies of N, on silica or in a rare
gas matrix, 2321-2324cm™ 1, since these values ac-
counts also for the influence of the surrounding on
N-N frequency. Indeed, the surrounding (either a
rare gas matrix, silica or zeolite framework) likely
induces a negative frequency shift by about 100cm™*
of adsorbed with respect to gas phase dinitrogen
molecules. In this way, the frequency shift caused by
the adsorption at the alkali cations is always positive.
The fact that the measured N—N frequency shift
depends linearly on the strength of the electric field
exerted by the cation (as estimated by R(M—N)~2)
was used as an additional argument supporting this
hypothesis [36]. A similar dependence was observed
also for the CO freguency shift on these materials.
Thus, the derivation of a reasonable reference fre-
quency for N, adsorbed on cation exchanged zeolites
is important for the interpretation of the interaction
and orientation of probe molecules.

To clarify this problem, we compare the reported
experimental data for the series of akali-exchanged
zeolites to the calculated frequency shifts for the
corresponding alkali cations (Fig. 3). The experimen-
tal frequencies in Fig. 3 refer to N, adsorbed on a
series of akali-exchanged mordenites[36] and ZSM-
5 zeolite [38], as well as to frequencies for **N,
adsorption on EMT recalculated from the frequen-

2345 -
o <o
. 23351 5
§ 09
> 2305
2315 T T T T 1

0 5 10 15 20 25

Av,cm™’

Fig. 3. Experimental frequencies v of the N—N stretching mode of
molecular * N, adsorbed on a series of alkali-exchanged morden-
ites [36], ZSM-5 zeolite [38] and EMT (recalculated from the
frequencies of >N,) [16] as a function of the calculated frequency
shifts Av for the bare cation. The straight line intersects the
y-axis at 2318cm™?, the correlation coefficient is 0.93.

cies of "N, isotope [16]. As can be seen from Fig.
3, the experimental values fit reasonably well to the
frequency shifts calculated for bare ions; the correla-
tion coefficient of the straight line including all three
data sets is 0.93. If we now extrapolate the (experi-
mental) frequencies to a vanishing calculated shift,
we are able to eliminate the shift caused by the
coordination of the probe molecule to the akali
cation and, thus, to estimate the frequency shift due
to the surrounding zeolite framework. When we
combine the data for all three experimental series of
akali cations and extrapolate to Av = 0, we obtain a
value of 2318cm™?1. This frequency can be used as
reference v,(N—N) when frequency shifts of “N,
adsorbed on akali-exchanged zeolites are consid-
ered. One can aso see that the surrounding zeolite
framework induces a frequency red-shift of the N—N
mode by about 13cm™? relative to Raman frequency
of N, molecule in the gas phase. This line of argu-
ment implies that the influence of the zeolite frame-
work on the N, vibrational mode is represented by
the experimental frequencies used.

An dternative derivation of a reference frequency
vo(N—N), that accounts for the influence of the
zeolite framework, relies on the linear correlation
between the calculated intensities and the frequency
shifts of the N—N stretching mode of a dinitrogen
molecule coordinated linearly to bare akali cations
(Fig. 2a). If we assume that this correlation holds
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Fig. 4. Correlation between the experimental frequencies v and
the relative intensities 1 /1, (with respect to the case of sodium)
of the N-N stretching mode of 14N2 adsorbed on a series of
alkali-exchanged mordenites [36] and ZSM-5 zeolites [38]. The
straight line intersects the y-axis at 2323cm™?, the correlation
coefficient is 0.85.

also for the experimental values, the reference fre-
quency v, would correspond to vanishing band in-
tensity. As can be seen from Fig. 4, this assumption
seems to hold reasonably well for the reported exper-
imental data for the series of mordenites [36] and
ZSM-5 zedlites [38], namely the experimental N—N
frequency increases linearly with the relative inten-
sity of the band. From this approach, we find a
reference value of 2323cm™?! at zero intensity, i.e.
the red-shift of the N—N frequency with respect to
the gas phase Raman frequency induced by the
surrounding is 8cm™*. This value differs by 5cm™?
from the reference frequency v, derived by the
previous strategy (see Fig. 3). This difference is not
unexpected if one takes normal experimental and
computational errors into account. The compilation
of the experimental data from different sources and
framework structures likely also reduces the accu-
racy of the reference value so derived. For a more
precise determination of the reference fregquency
vo(N—-N) based on either approach, it would be
highly desirable to have a consistent set of experi-
mental data available, for both isotope molecules
YN, and N, adsorbed on a series of alkali-ex-
changed zeolites of the same framework structure,
with intensity values measured by one method
throughout.

Nevertheless, both approaches for deriving a ref-
erence frequency v,(N—-N) that accounts for the in-
fluence of the zeolite framework show a red-shift of

the N—-N mode by about 10cm™*! caused by the
surrounding, similarly to dinitrogen adsorption on
silica. The reference values 2318 and 2323cm™? for
“N, derived from Figs. 3 and 4 are close to the
values proposed by Zecchinaand coworkersfor N,
2321-2324cm ™! [9,13,36].

If we apply the derived reference values of vo(N—
N), 2318 and 2323cm ™1, we are able to calculate the
experimental frequency shifts for the N—N stretching
band in the IR spectra of N, adsorbed on specific
alkali-exchanged zeolite samples and to estimate the
corresponding intensity ratios with the help of Eqg.
(1. In Table 3, we display the corresponding esti-
mated intensity ratios with respect to 1, based on
measured frequency shifts for °N, adsorption on
EMT zeolties [16] and for **N, adsorption on mor-
denites [36] and ZSM-5 zeolites [38]. For the latter
two cases, also the experimental ratios are provided
[36,38]. Inspection of Table 3 shows that estimated
and experimental intensity ratios exhibit rather simi-
lar trends, but the quantitative agreement between
the two sets of values is only moderate. Possible
reasons are uncertainties in the experimental deter-
mination of the extinction coefficient as well as

Table 3

Comparison of calculated and experimental intensity ratios
Im /Ina Of the »(N=N) band of dinitrogen adsorbed at alkali
cations in various zeolites

Cation Calculated® °N,, EMT® *N,, MOR® 'N,, ZSM5?
Calc. Est® Est! Est.9 Exp. Est.| Est.9 Exp. Est. Est.9

Li* 134 129 124 131 125144164 153125136
Na* 100 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00
K* 073 070 0.65 0.55 0.76 0.69 0.55 0.56 0.75 0.64
Rb* 061 061 059 048 0.64 0.63 0.45 0.34 0.63 0.45
Cs* 054 050 054 041 0.38 0.53 0.32 0.19 0.50 0.27

@Based on the values of bare cations reported in Table 1.

® Based on experimental data from [16].

° Based on experimental data from [36].

9 Based on experimental data from [38].

€ Estimated intensity ratio using Eq. (1) and the frequency
shifts of adsorbed N, with respect to the reference frequency
vy = 2320.7cm™? calculated for free N, molecule.

" Estimated intensity ratio using Eq. (1) with reference fre-
quency v,; 2318cm~t for N, and 2240cm=! for °N, esti-
mated from Fig. 3.

9 Estimated intensity ratio using Eq. (1) with reference fre-
quency vy, 2323cm~t for N, and 2244cm~! for °N, esti-
mated from Fig. 4.
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limitations of the cluster model calculations and the
computational method used.

4, Conclusions

In the present computational study, we estimated
binding energies and adsorption induced freguency
shift of N, probe molecules adsorbed on alkali-ex-
changed zedlites. In all cases, both on bare cations
and at zeolite model clusters, a linear configuration
M—-N-N for the adsorption complexes of the probe
molecule at the metal cation was found as the most
stable one. In these complexes, the stretching mode
v(N-N) is blue-shifted by 10-25cm™! compared to
the value calculated for a N, molecule in the gas
phase. The frequency shifts Av(N-N) and intensi-
ties IIN-N) of the stretching mode were found to
correlate in linear fashion for the series of akali
cations. Application of this correlation to reported
experimental data allowed us to extract a reference
vibrational frequency vo(N-N) for a N, molecule
in zeolite cages non-interacting with cations,
2323cm™ 1. Another possibility to estimate such a
reference value is based on the observed proportion-
ality between experimental frequencies of N, ad-
sorbed on three series of alkali-exchanged zeolites
and the calculated frequency shifts for the corre-
sponding cations. The reference value for non-inter-
acting N, molecule derived from this correlation is
2318cm~* for *N,. Both approaches showed that
the surrounding zeolite framework induces red-shift
of the N—-N freguency with respect to the gas phase
Raman frequency by about 10cm™*. A more precise
determination of the reference frequency requires a
consistent set of experimental data for both isotope
molecules N, and N, adsorbed on the same
series of akali-exchanged zeolites, with intensity
values measured by a uniform method.

Our computational results support the experimen-
tal observation of Hadjiivanov and Knozinger [14—
16] concerning the simultaneous adsorption of two
N, molecules at one alkali cation. The adsorption
energy of the second moleculeis by only 1-2kJ/mol
lower than the binding energy of the first probe
molecule. The calculated frequency shifts of the
stretching vibrational mode of the bis-dinitrogen

complex at a Na-exchanged zeolite is by 4cm™*

lower than for the corresponding monomolecular
adsorption complex while the position of the bands
is amost unchanged for K-exchanged zeolite, in
good agreement with the experimental findings.
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