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Abstract

Quantum chemical calculations have been performed to evaluate the adsorption of NO on cobalt in several extraframework environments
within ferrierite zeolites. All possible arrangements of the two nearby framework aluminum atoms have been considered for the B and G
ferrierite cobalt sites. The cobalt—nitrosyl orientation, i.e., bent versus linear, depends on the local zeolite environment. The enthalpies and
free energies of adsorption are also functions of the local zeolite environment. NO adsorption is favored by abguiob0rkdobalt in
the B site compared to the G site. This large difference is attributable to two factors: differences in NO-induced strain on the cobalt—zeolite
environments as well as an intrinsic difference based on the coordinative unsaturation of cobalt. A simulation of the temperature-programmed
desorption profile reveals three distinct cobalt environments for adsorbed NO, showing the dependence of a macroscopic property that is
related to catalytic activity on the local zeolite environment near a metal cation. This observation suggests that the increase in the turnover of
NO to N, per cobalt atom with increasing cobalt loading reported in the literature may be related to the same factors. A detailed analysis of
the cobalt—nitrosyl bond was also performed.
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1. Introduction tablished that the SCR activity is a function of the cobalt
loading. The turnover frequency of NO toIper cobalt is
In order for present automobile catalytic converters to not constant, buincreases with the amount of cobalt ex-
operate properly, engines must operate near the air/fuel sto-changed [4]. Subsequent research has established that ion
ichiometric ratio to minimize the amount of oxygen in the exchange from aqueous solution results in isolated divalent
exhaust. Lean-burn engines are more fuel efficient but oper-cobalt cations [5-8].
ate at higher air/fuel ratios than standard engines. However, Since only one form of exchanged cobalt is present in
the popular three-way catalyst is unable to remove nitrogenthese catalysts, the siting of cobalt in ferrierite must con-
oxides (NQ) from the oxygen-rich lean-burn exhaust. Pref- trol the increase in the turnover frequency. The distribution
erentially reducing N@ requires new, selective catalysts. of cobalt in the zeolite extraframework sites is a function of
Zeolite-based materials exchanged with transition metals se-the cobalt loading [9]. Different local zeolite environments
lectively catalyze the reduction of NOwith hydrocarbon  around cobalt certainly affect the SCR activity of individ-
reducing agents in the presence of excess oxygen [1] and areial cobalt cations, although it is not known to what degree.
being studied extensively for automotive applications. Alternatively, the SCR mechanism may be enhanced by a
Cobalt-exchanged zeolites are particularly notable for synergistic cooperation between nearby cobalt ions [10,11].
their high selective catalytic reduction (SCR) activity [2,3]. The probability of nearby cobalt cations increases with the
The initial research into cobalt-exchanged ferrierite also es- cobalt loading. Quantifying either of these interactions re-
quires detailed knowledge about the extraframework siting

. : of cobalt.
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lite extraframework environments. The adsorption of NO is
presumably one of the first steps in the overall NECR
mechanism. We show that the formation of mononitrosyl
adsorption complexes depends on the cobalt coordination
environment. The eight cobalt environments considered here
fall into three classes based on their atomic-scale and macro-
scopic properties. These results demonstrate one way that
the catalytic activity of cobalt may depend on the local zeo-
lite environment.

2. Theoretical methods

The B site is located at the wall of the 10-ring channel
near the intersection of the 8- and 10-ring channels, and the
G site is a 6-membered ring separating two 8-ring channels
(Fig. 1). The C site is a boat-shaped site; cobalt exhibiting
the y signature is present only in very low quantities [16]
and hence was not considered. Isolated divalent cations re-
quire two nearby framework aluminum atom substitutions
for charge compensation. All four unique two-aluminum
substitutions for the B and G ferrierite sites have been pre-
viously investigated for cobalt in the absence of adsorbed
molecules [13]. Briefly, for the B and G sites, four such sym-
metrically distinct arrangements are possible, denoted (1,3),
(1,4), (2,5), and (2,6). The calculated properties, including
the spectroscopic signature, depend strongly on the relative
aluminum arrangement.

In this work, the same eight cluster models extracted from
the ferrierite framework were used to investigate cobalt—
mononitrosyl formation as shown in Figs. 2-5. The atoms
Fig. 1. Location of extraframework sites B, C, and G in ferrierite (a) looking at the edge of each cluster were terminated by hydrogen
down the 10-ring channels and (b) looking down the 8-ring channels. atoms directed along the bond vector of what would have

been the next zeolite framework atom. The Si-H and O-H

distances were fixed at 1.49 and 0.98 A, respectively. The
ferrierite [9]. The intensity of each of these signatures varies Cartesian positions of the terminating OH and Sdtloups
with the Cg/Al ratio. The majority of exchanged cobalt has were constrained while the rest of the cluster and NO were
the 8 signature at all loadings, a significant minority has the allowed to relax fully. In all of the clusters, NO, the entire
« signature, while thes signature usually accounts for a six-member ring, and all the oxygen atoms coordinated to
small fraction of cobalt. Further, they suggested specific ex- the aluminum atoms are allowed to relax. In the B sites,
traframework cobalt sites for each signature. The signaturesthe atoms that are part of the fused five-member rings are
have been proposed to correspond one-to-one with ferrieritealso allowed to relax (i.e., the Al-O-Si—O-Al bridge in the
extraframework sites B, G, and C, respectively, using the no- B-1,4 environment). The cluster size has been shown to re-
tation of Mortier [12] (Fig. 1). This assignment was made tain enough flexibility to describe the interaction of cobalt
based on indirect spectroscopic evidence and may need tawith ferrierite [13]; trial calculations on larger clusters and
be refined in light of recent density functional theory (DFT) clusters with different terminating groups did not signifi-
calculations [13]. The relative arrangement of framework cantly change any of the calculated properties. An addi-
aluminum atoms in the extraframework site is fundamen- tional environment, C& surrounded by four water mole-
tal to the siting of cobalt, as well as other divalent metals cules (Fig. 6), was also investigated. The properties of the
[14,15]. For example, only one arrangement of aluminum cobalt environments were determined through the applica-
atoms in the G site, denoted G-1,3 below, reproduced all of tion of density functional theory using the BP86 gradient-
the experimenta signature data in the DFT work [13]. Sev- corrected functional [17,18]. The LANL2DZ effective core
eral aluminum arrangements in both the B and the G sites potential basis set was used for all of the calculations. The
gave rise to the signature. LANL2DZ basis replaces the 1s through 2p electrons of

In this work, calculations related to the catalytic activity the heavy atoms with a potential field for a considerable
have been performed for the same metal in different zeo- computational savings. A double-quality Dunning basis

K
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b . .
) Fig. 3. Structures of the cobalt—-mononitrosyl complex in the (a) B-1,4 and

; : . (b) G-1,4 clusters (terminating hydrogen atoms not shown).
Fig. 2. Structures of the cobalt-mononitrosyl complex in the (a) B-1,3 and

(b) G-1,3 clusters (terminating hydrogen atoms not shown). Unless other-

wise labeled, the white atoms are oxygen and the gray atoms are silicon. 3 Regylts and discussion

3.1. Structure

was used for the light atoms and the remaining heavy atom
electrons. Stabl'lty calculations confirmed the ground-state The lowest energy mononitrosy| adsorption Comp|exes
configuration of all of the wavefunctions. All calculations for the clusters are shown in Figs. 2—6. In each case, NO
were performed with the Gaussian quantum chemical soft- adsorbs through the nitrogen atom. Adsorption through the
ware package [19]. oxygen atom was always less favorable. Table 1 shows that

Divalent cobalt cations in zeolites prefer the high-spin the cobalt-nitrogen distance is slightly longer for the G en-
(quartet) configuration with three unpaired electrons [5,6,13]. vironments than the B environments, but not significantly;
NO also has an unpaired electron localized on nitrogen (dou-the cobalt-nitrogen distance is slightly shorter for all of the
blet). Hence, the mononitrosyl adsorption complex has three zeolite environments compared to the cobalt-water environ-
possible spin states: singlet, triplet, and quintet. In all cases,ment. NO adsorbs with a linear orientation for some of the
the electronic energy of the optimized triplet adsorption environments but is bent for others [21]. The environments
complex was lower than the energy of the optimized sin- with rotationally symmetric aluminum distributions with re-
glet or quintet complexes. Only the triplet spin configuration spect to the cobalt-nitrogen bond, i.e., (1,4) and (2,5), are
is observed experimentally [20], and only the triplet results linear, while environments with nonsymmetric aluminum
are discussed below. distributions, i.e., (1,3) and (2,6), are bent. Linear versus
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Fig. 4. Structures of the cobalt—-mononitrosyl complex in the (a) B-2,5 and
(b) G-2,5 clusters (terminating hydrogen atoms not shown).

Fig. 5. Structures of the cobalt-mononitrosyl complex in the (a) B-2,6 and
(b) G-2,6 clusters (terminating hydrogen atoms not shown).

Fig. 6. Structure of the cobalt—-mononitrosyl complex formed by divalent
cobalt surrounded by four water molecules. Hydrogen atoms are repre-
sented by small white spheres.

Table 1
Cobalt-nitrosyl geometries
Environment Co-N (A) Co-N-O (deg)
[Co(H20)4]%T 1.75 180
B-1,3 1.71 169
B-1,4 1.70 180
B-2,5 1.70 180
B-2,6 1.70 168
G-1,3 1.73 159
G-1,4 1.72 174
G-2,5 1.73 180
G-2,6 1.72 164
Table 2

NBO partial charges of the cobalt—nitrosyl adsorption complex and the in-
dividual cobalt—zeolite and NO components

Environment Initial Adsorbed
Co z N O Co Z N (0]
[Co(H20)4]2Jr 1.47 Q53 0.18 —-0.18 1.26 0512 0.14 Q09

B-1,3 1.39-139 0.18 -0.18 1.22-1.27 0.11-0.06
B-1,4 1.38-138 0.18 —0.18 1.23-1.28 0.11 —-0.06
B-2,5 1.40-140 0.18 -0.18 1.22-1.29 0.11-0.04
B-2,6 1.38-138 0.18 —0.18 1.20-1.27 0.11-0.04
G-1,3 1.37-137 0.18 -0.18 1.23-130 0.12-0.05
G-1,4 1.38-138 0.18 -0.18 1.24-1.32 0.13-0.05
G-2,5 1.41-141 0.18 —-0.18 1.26-1.38 0.14-0.03
G-2,6 1.43-138 0.18 -0.18 1.24-131 0.11-0.05

@ Total charge on the four water molecules.

bent metal-nitrosyl orientations are sometimes interpreted
in terms of the NO charge or number of electrons [22,23].
A positively charged mononitrosyl should adopt a linear ori-
entation, while a negatively charged mononitrosyl will be
bent. Table 2 shows that the adsorbed NO natural bond
order (NBO) charges vary from 0.05 to 0.11 but are uni-
formly positive for all of the environments. The NO charge
thus does not determine the metal—nitrosyl angle for cobalt-
exchanged zeolites. The origin of the Co—N-O bending will
be addressed further in the later section on molecular orbital
interactions.
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Table 3 |\ .
Overall NO adsorption energies with the individual contributions from ze- ‘\\ /'
olite strain and Co—NO bonding (kdhol) 85— \ ]
- 1 -
Environment AEags AEpond AEstrain ECN? 30l “‘Q ¢" ]
[Co(H20)a]%t —121 - - 4.2 L HE—
B-1,3 —-176 —182 +6 4.2 o5 |- \‘ I,’ _
B-1.4 -167 -175 +8 4.2 s 7| \ ; |
B-2,5 —-182 —189 +7 4.1 E \ /
B-2,6 185 ~190 +5 42 2 20F X e
G-1,3 —-130 —162 +32 4.6 % I / b
G-1,4 -127 —-162 +35 4.5 15— / —
G-2,5 —126 —155 +29 4.6 - i
G-2,6 -135 —169 +34 4.4 10 _
a Electronic coordination number of cobalt w/o adsorbed NO. 3 E
5 — —
. L O ]
3.2. Energetics -
0 1 | ang ‘Q | | 1
-0.75 -0.5 -0.25 0 0.25 0.5 0.75
The adsorption energy) Eags is the difference in the Cobalt Vertical Position (Angstrom)

SCF electronic energy of the products and reactants:
Fig. 7. The increase in energy (kdol) with respect to the fixed vertical
(1) position of cobalt in the B-1,41() and G-1,3 ©) environments without ad-
sorbed NO. The zero position corresponds to the minimum energy position
of cobalt in each environment. Positive displacement is directed toward the
zeolite channel.

(Z-Co) +NO 2£8*7_co-NQ

(Z—Co) is the initial bare cobalt environment and Z-Co—

NO is the cobalt environment with NO adsorbed. Like the

structural parameters, the adsorption energy also depends

on the cobalt extraframework site. The adsorption energies ~ The cobalt vertical displacement is the most distinguish-

in Table 3 broadly divide into two groups according to the able, but not the only, structural change that occurs as a result

extraframework B and G sites. Adsorption is favored by ap- of NO adsorption. The energy penalty due to zeolite struc-

proximately 50 kJmol on the B clusters over the G clusters. tural changes that occur upon adsorption was quantified by
Much of the difference in adsorption energy between the decomposing the adsorption energy£ags into two com-

B and G sites is attributable to structural differences be- Ponents, the strain energs Estrain and the Co—NO bond

tween cobalt in the two sites. Regardless of the cluster, the€N€rgy,A Epond

four framework oxygen atoms coordinated to cobalt form a AEsrain
plane that is parallel to they-plane in the coordinate sys- (Z-Co)+NO —"(Z-Co} + NO, 2)
tem of the clusters; additionally, the entire six-membered (Z-Co) + NO Aﬂ)}ndz_co_No 3)

ring of the G site is planar. In the absence of any adsorbed

molecules, cobalt in the G site lies in the plane of frame- (Z—Co) is the minimum energy geometry of the bare cobalt
work oxygen atoms. Bare cobalt in the B site is located environment while (Z—Cg)has the same geometry as the
above the plane of the oxygen atoms at the apex of a pyra-adsorbed environment (Z—Co—NO) but without the adsorbed
mid formed by cobalt and the four oxygen atoms. Fig. 7 NO molecule. Hence, the strain energy measures how sig-
shows the increase in energy due to the change in the ver-ificantly the structure of the zeolite changes as a result of
tical position of cobalt from its position in the optimized NO adsorption. The strain energy and bond energy sum to
geometry in the G-1,3 and B-1,4 environments without ad- the overall adsorption energy; the bond energy provides a
sorbed NO. To obtain Fig. 7, the vertical cobalt position was better indicator of the intrinsic Co—NO bond strength than
fixed at specified values while the rest of the cluster was al- the adsorption energy since it does not include the effect of
lowed to relax except for the usual fixed terminating groups. strain.

While the energetic penalty corresponding to a given vertical ~ All three energies are reported in Table 3. The adsorption-
cobalt displacement is larger for the B-1,4 environment than induced strain is~ 25 kJ/mol larger for the G sites than the
the G-1,3 environment, the actual vertical displacement of B sites. The cobalt vertical displacement is a large fraction
cobalt is much larger in the G environments than the B envi- of the strain energy, but it is not the only contributing factor;
ronments when NO adsorbs. The vertical position of cobalt however, the other contributions to the strain energy cannot
in the B site changes minimally, less than 0.1 A, as a result of be attributed to any other one specific structural distortion.
NO adsorption. However, NO pulls cobalt out of the G site The strain difference does not completely account for the
oxygen plane by 0.5 to 0.6 A, depending on the G cluster. ~ 50 kJymol difference in the adsorption energies between
The energetic penalty corresponding to the vertical position the two environments. The bond energy differences indicate
of cobalt in the G-1,3 environment after NO adsorption is thatadsorptionis intrinsically favored on the B environments
thus 20 to 30 kdmol from Fig. 7. over the G environments by 20 kJ/mol. The source of this
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difference is most likely differences in the coordinative un- moved by a force constant level-shifting technique [13]. The
saturation of the cobalt cation depending on the ferrierite en- Hessian matrix elements corresponding to the fixed atoms
vironment. Using the molecular orbital overlap populations are shifted to very large positive values. As a result, the vi-
to define an electronic coordination number [24], cobalt is brations corresponding to the frozen atoms are shifted to
more coordinatively unsaturated in the B site than the G site very large frequencies, greater than 10,000 &nthat are
(Table 3). The overall difference in the adsorption energies then discarded. Since three of the thermodynamic correction
for the B and G sites is the sum of the intrinsic difference terms are functions of the vibrational frequencies, the set of

and the NO-induced strain on the cobaltferrierite. level-shifted frequencies should provide improved thermo-
dynamic quantities. The zero point energy (ZPE) and the
3.3. Thermodynamics vibrational corrections to the enthalpg {yin) and entropy

(ASvip) are summations over the vibrational frequencies,
The default vibrational modes produced by Gaussian y; [25],

were used to calculate the enthalpy, entropy, and free energy
of adsorption and are reported in Table 4 under the heading M
Before level shift. These quantities are computed at a spe- zpg— Z }hw, (4)
cific temperature via corrections to the electronic energy [25] ; 2
and are reported here at 298 K. The enthalpies follow the
same general pattern as the adsorption energies, with a large M hv;
difference between the B and the G sites. The adsorption™ Ve = Z exp(l) 1’ (5)
entropies vary by almost 100 @nol K) with a standard de- ! kT
viation of nearly 30 J(mol K). As a result of the variation in M hvi kT hv;
the values oA S, the trends in the free energy do not mirror  ASvib =k Z{ — o |Og[1 - exp(——)] }
the trends in the enthalpy. For instance, the B site enthalpies i EXp(k_T') -1 kT
of adsorption vary by over 20 kdhol, yet the largest differ- 6)

ence in the free energies is 7/kﬂ0|. The wide variation in where 4 is Planck’s constanty is Boltzmann’'s constant,
the values ofAS is SUrpriSing ConSidering that NO alWﬁyS T is the temperature, andf is the number of nonimagi_
binds to cobalt through nitrogen with an end-on orientation. pary vibrational modes. Before applying the level-shifting
The reduction in the degrees of freedom for NO and the ze- technique, the numerical value f is between 8 — 6 and
olite should be very similar for all of the clusters. 3N — 6, wheren is the number of unconstrained atoms and

The clusters are terminated by hydrogen atoms; this is any s the total number of atoms. The number of vibrational
artificial condition required for cluster calculations. In ad- modes is exactly 3— 6 after applying the level-shifting
dition, the terminal groups of the clusters are fixed and not technique.

allowed to relax. Both of these termination conditions sig- The enthalpy, entropy, and free energy of adsorption cor-
nificantly affect f[he clalculatedl wbrauonal_modes. Many (_)f responding to the level-shifted frequencies are given in Ta-
the modes are imaginary, owing to the fixed atoms, while 1,0's The |argest difference in the entropies is reduced to

many of the nonimaginar_y modes are _spurious due to theZS J(molK). The standard deviation also decreases sub-
coupling between the artificial termination groups and the stantially to slightly less than 9/gmol K). In addition, the

rest of the cluster. These problematic vibrations can be re'change in the entropy for the zeolite environments is very

similar to the cobalt-water environment, which was not af-
Table 4 fected by the level shift since no atoms are fixed in that
Computed thermodynamics before and after applying the level-shift vibra- environment. The similarity in the corrected values/A$
tional correction o L . .

agrees with the similar reductions that are expected in the
NO degrees of freedom upon adsorption for all of the clus-
ﬁHzgelz Astlaa ﬁngt? ﬁHZQ? ASZ?B SGZ%; ters. As a result, the trends in the free energies of adsorption
J/mol_J(molK) ky/mol kymol J(molK) ky/mo generally agree with the enthalpies. The broad energetic dis-

Environment Before level shift After level shift

2+ ! . . . .
[Co(H0)1*"  —92  -149  —49 92 -—14F  —4F  yinction hetween the B and G clusters is still present in the
B-1,3 —141 124 -104 -140 —150 —-95 level-shifted enthalpi dqf es H ithi
B-14 _133 -89 —107 —137 —166 _88 evel-shifted enthalpies and free energies. However, within
B-2.5 _149 —133 —110 —148 —156 —102 the B clusters, another division may be warranted. The free
B-2,6 -155 -161 -107 -151 -161  —103 energy of NO adsorption is about 10/kdol less favorable
G-13 -99 136 58 97 156 —51 on the B-1,3 and B-1,4 clusters compared to the B-2,5 and
G-1.4 -% -8 -62 93 —150 —48 B-2,6 clusters. This further distinction suggests that three
G-2,5 -97 180 44 92 138 —51 : o
G-2.6 _08 _121  -62 -101 159 _53 classes of cobalt environments exist in terms of enthalpy and

The BSSE correction is applied to both sets of values, free energy..However, this difference is much gmaller than
a Since no atoms are fixed in this environment, the level shift has no th.e Qvera" difference between the_B and the G sites and falls
effect. within the accuracy of the calculations.
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3.4. Temperature-programmed desorption of NO desorption from all four of the G clusters. Unlike the
G clusters, the B clusters split into two desorption peaks.
The impact of the atomic-scale heterogeneities on the The B-1,3 and B-1,4 clusters correspond to the Type Il peak,
macroscopic scale can be evaluated by simulating theand the B-2,5 and B-2,6 clusters correspond to the Type Il
temperature-programmed desorption (TPD) profile of each peak. The relatively small enthalpic difference between the
cluster independently. The adsorption and desorption ratesB-1,3/B-1,4 clusters versus the B-2,5/B-2,6 clusters is suffi-
were determined using the calculated thermodynamic val- cient to separate the NO desorption peaks. This difference is
ues, corrected for basis set superposition error [26], andwithin the accuracy of the calculations, but if real, could be
assuming that the initial NO coverage on each cluster wasobserved at the macroscopic level. The large difference be-
the same. The preexponential factor of the desorption ratetween the B and the G sites, however, is quite clearly seen.
constant was assumed to be a constant a¢ $0%, and
the adsorption was assumed to be unactivated [27]. The3.5. Electron transfer and orbital interactions
adsorption rate constant was then determined from the ther-

modynamic consistency relation. The partial charges listed in Table 2 show that upon ad-
sorption of NO the net charge decreases on cobalt with corre-
ka= Aa, (7) sponding charge increases on NO and the zeolite. Adsorbed
A Hagds NO has a small dipole with a net positive charge. As Table 2
kg = Agex , (8) : -
suggests, the electron transfer is very similar for all of the
ka 1 —AGads clusters despite all of their other differences. Table 5 shows
ka =0 eXP(T) 9) that the spin densities, the difference in the number of spin

up and spin down electrons, are also very similar among all
wherek, andkq are the adsorption and desorption rate con- of the clusters.
stants, respectivelyla and Aq are the adsorption and des-  The change in electron density upon adsorption shown
orption preexponential factors, respectively, afiis the  in Fig. 9 reveals that the cobalt-nitrosyl bond is mostly a
standard-state concentration. The operating parameters, SUCR -type interaction between the cobdliand nitrogenp or-
as the total flow rate and temperature ramp, were taken frompjtals. A natural orbital bonding analysis on the B-1,4 cluster
Li and Armor [4]. confirms this type of interaction. The significant changes in

The three broad classes of thermodynamic values in Ta-the cobalt orbital occupations occur in the thegerbitals
ble 4 are sufficiently distinct to produce three different TPD with z-polarization:d,., dy., andd... The cobalt-nitrogen
profiles shown in Fig. 8. The Type | peak is characteristic phond is aligned with the-axis in the coordinate system of
all the clusters. The total change in the electron number in
these orbitals almost completely accounts for the net change
- ' . in the cobalt partial charge and spin density upon adsorption
(Tables 2 and 5). Cobalt in the absence of the nitrosyl lig-
and has a #722347-38 electronic structure which changes to
i [ ] 450-24347-51 after adsorption of NO.

Fig. 10 shows the molecular orbital overlap population
(MOOP) [28] as a function of orbital energy relative to the
highest occupied molecular orbital (HOMO). MOOP dia-
grams provide valuable insight into the nature of chemi-
2= 7 cal bonds; positive peaks indicate bonding orbital interac-

5 T T T T T T T T T

Desorption Rate {(mmol/g/hr)

Table 5
NBO spin densities of the cobalt—nitrosyl adsorption complex and the indi-
vidual cobalt—zeolite and NO components

Environment Initial Adsorbed
Co z N (0] Co z N O

[Co(H20)4)2+ 2.67 038 070 0.30 2.15 0.3 —017 -0.28
B-1,3 257 0.43 0.70 0.30 2.01 0.45-020 —-0.26
B-14 257 043 0.70 0.30 2.04 0.46-022 —028
B-2,5 257 0.43 0.70 0.30 2.02 0.46-021 —-027
B-2,6 255 045 0.70 0.30 1.97 0.46-0.18 —025
G-1,3 258 0.42 070 0.30 2.04 0.43-021 -0.27
G-14 258 042 070 0.30 2.07 0.44-0.23 -0.29

| | ! ] L | L
0
0 100 200 300 400 500 600

Temperature (°C)

Fig. 8. Simulated NO temperature-programmed desorption profiles cor-
responding to (I) all of the G clusters (represented by G-1,3 in the
figure), (I) the B-1,3 and B-1,4 clusters (represented by B-1,4), and
(i) the B-2,5 and B-2,6 clusters (represented by B-2,5). The follow-

:ng simulation parameterg were taken from Li and Armor [4]: total mo- G25 262 038 070 030 212 038_023 —028
ar flow rate= 7.44 x 10~ mol He/s, total pressure- 1.01 bar, cobalt

cations= 4.82 x 1019 sites, reactor volume: 0.2 cn®, and temperature G-2,6 260 040 070 030 2.02 0.43-020 026
ramp= 0.133°C/s. @ Total spin density on the four water molecules.
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tions while negative peaks indicate antibonding orbital in-
teractions. In the cobalf-band region (betweer-6 and

0 eV), the cobaltd,, and d,, orbitals contribute to the
cobalt—nitrogen bond, while the cobalt, orbital has an
antibonding interaction with nitrogen. The cobalt—nitrogen
orbital interactions are remarkably similar for the B-1,4 and
G-1,3 environments as shown in Fig. 10. All of the envi-
ronments share similar features in electronic structure and
orbital population changes. These similarities demonstrate
that the character of the cobalt—nitrogen bond is also similar
regardless of the environment. The total integrated MOOP
between cobalt and the four framework oxygen atoms was
used to calculate the electronic coordination number [24].
Cobalt in the B site is more coordinatively unsaturated than
cobaltin the G (Table 3). Hence, the20 kJ/mol difference

in the bond energy [Eq. (3)] between the B and the G sites
is most likely due to the relative coordinative unsaturation of
the B site compared to the G site.

Fig. 9. Electron density difference due to NO adsorption on cobalt inthe ~ The linear versus bent adsorbed NO orientations may
B-1,4 environment. Purple regions correspond to increases in electron den-g|so be understood by examining features of the electronic
sity and green regions correspond to decreases in electron density. One okryctyre. The relative position of the antibonding Co—NO
the lobes of thel,;-like density decrease is hidden behind #he and . . . .

dy-like density increase. The surface corresponds to a change in electronorb!tals determines }Nhe‘ther NO is bent or linear [22]; these
density of 0.002 electrons. Oxygen atoms are red, silicon atoms are gold, Orbitals are shown in Fig. 11 for the B-1,4 and G-1,3 en-
and aluminum atoms are gray. vironments. The antibondind,, orbital shifts toward the
HOMO orbital upon adsorption in the bent nitrosyl environ-
ment (G-1,3), but shifts to lower energy in the linear nitrosyl

I | : | ' | G'1 3 environment (B-1,4) (Fig. 11b). Additionally, the antibond-
P ’ ing N—-O orbitals are closer to the HOMO orbital energy
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Fig. 10. Molecular orbital overlap population (MOOP) diagrams for the 6 : 15 : |4 ' {3 ' _|2 : _|1 ' 0
G-1,3 (top) and B-1,4 (bottom) environments. The cobalt-nitrogen MOOP
interactions are shown for the cobalt, (solid), dy; (dashed), andiy, E-E om0 (8V)

(dash-dot) orbitals. The nitrogen—oxygen MOOP (dotted) is also shown.

The cobaltdy, anddy, bonding orbitals are almost entirely spin up, while  Fig. 11. (a) Nitrogen—oxygen molecular orbital overlap population (MOOP)
the antibonding;; -nitrogen interaction is primarily through spin-down or-  for the B-1,4 and G-1,3 environments and gas-phase NO and (b) spin-down
bitals. The antibonding nitrogen—oxygen interactions are a mix of spin-up d;; cobalt orbital density of states (DOS) before (dashed) and after (solid)
and spin-down orbitals. NO adsorption for the B-1,4 and G-1,3 environments.
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