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Can Dynamics Be Responsible for the Complex Multipeak Infrared
Spectra of NO Adsorbed to Copper(Il) Sites in Zeolites?**

Florian Goltl,* Philippe Sautet, and Ive Hermans*

Abstract: Copper-exchanged SSZ-13 is a very efficient mate-
rial in the selective catalytic reduction of NO, using ammonia
(deNO,-SCR) and characterizing the underlying distribution
of copper sites in the material is of prime importance to
understand its activity. The IR spectrum of NO adsorbed to
divalent copper sites are modeled using ab initio molecular
dynamics simulations. For most sites, complex multi-peak
spectra induced by the thermal motion of the cation as well as
the adsorbate are found. A finite temperature spectrum for
a specific catalyst was constructed, which shows excellent
agreement with previously reported data. Additionally these
findings allow active and inactive species in deNO,-SCR to be
identified. To the best of our knowledge, this is the first time
such complex spectra for single molecules adsorbed to single
active centers have been reported in heterogeneous catalysis,
and we expect similar effects to be important in a large number
of systems with mobile active centers.

N O, is an undesired byproduct of the combustion of fossil
fuels with air, responsible for acid rain. In recent years,
ecological awareness has led to more strict legislative
emission standards for industrial processes as well as vehicle
emissions. Most often, NO, is catalytically removed from
exhaust gases. This de-NO, chemistry is especially challenging
for diesel engines, where reaction conditions are compara-
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tively harsh. One successful approach is the selective catalytic
reduction of NO, using NH; (deNO,-SCR) over transition-
metal-exchanged zeolites."~") Within this group of materials,
copper-exchanged SSZ-13 shows high activity and superior
stability over a wide range of operating conditions (such as
temperature and humidity)."

These remarkable properties have not only led to the
commercialization of Cu-SSZ-13,”! but also attracted signifi-
cant scientific interest.*”! There is a consensus that at low
loadings, copper is present as site-isolated ionic species that
act as the reactive centers for these reactions.[” The reaction
pathway has been the subject of discussions.®”! Most recent
work indicates that the nature of the active sites changes in
the presence of water, which leads to modified reaction paths
for different experimental conditions."”! However, it is well-
established that the actual activity of the sites depends on the
precise molecular environment of the copper sites, which
again depends on the distribution of aluminum centers in the
zeolite framework.!"!

Characterizing this aluminum distribution is challenging
and key to understanding the activity of zeolite catalysts. One
of the major influences is the Si/Al ratio. Experimentally SSZ-
13 has been synthesized with Si/Al ratios between 4.8 and
35. Most often the ratios are non-integer multiples of single
crystallographic unit cells, pointing towards a defect-like
behavior of aluminum atoms and the possible presence of
more than one aluminum atom in a primitive unit cell. An
additional complication stems from the fact that significant
amounts of the aluminum are present as ill-defined extra
framework aluminum.'! In previous work, some of us
suggested four different aluminum distributions for a Si/Al
ratio of 6. More recent work by Godiksen et al. indicates
that already at a Si/Al ratio of 14 five different sites are
present.™

While it is possible to directly address the coordinative
environment of aluminum in the material using for example
Al-NMR spectroscopy, most characterization methods give
indirect information. One of these methods is based on the
adsorption of NO to copper(Il) sites within the zeolite
framework. It has been applied to various zeolite topologies,
and recently a very detailed study by Zhang et al. investigated
IR spectra of NO adsorbed to copper sites in SSZ-13.1°! To
deduce statements about the aluminum distribution from
such experimental spectra can only be achieved by using
electronic structure calculations.'® However, experimental
measurements are typically performed at finite temperature,
whereas static electronic structure calculations describe the
system at 0 K.

Herein we model finite-temperature IR spectra for NO
adsorbed on copper(II) sites in SSZ-13 at low Si/Al ratios and
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low copper exchange levels. We find complex multi-peak
spectra for all sites. Comparing simulations with published
experimental spectra allows the assignment of the copper site
distribution. In conjunction with activity data this allows
active and inactive sites to be identified for the selective
catalytic reduction of NO, using NH;.

SSZ-13 is a zeolite in the chaba-
zite structure. It consists of SiO, and

Cu atoms or the NO molecule. Furthermore we apply
a Gaussian broadening of 4 cm™', which corresponds to the
experimental resolution.

We studied 11 different sites, and will discuss the four sites
displayed in Figure 1 in more detail in the text (all sites and
spectra are shown in the Supporting Information). For two of

AlO, tetrahedra (T-sites), which
share O atoms. The most basic unit
cell consists of 12 T-sites, which form
a double six-membered oxygen ring
structure and these units are con-
nected by four-membered oxygen
rings."”! The neutral framework only
consists of Si T-sites and the material
is activated by substituting Si by Al.
This substitution creates a local neg-
ative charge, which is neutralized by

the presence of a countercation.

There are strong indications that
these Al positions are not distributed
uniformly, but that, similar to defect
sites in metals or metal oxides, it is
necessary to consider a distribution of
local Al configurations."'! Realistic
Si/Al ratios lie between about 5 and
36 and therefore we consider all
possible Al distributions in unit cells
containing one, two, and three Al
atoms (all possibilities are shown in

the Supporting Information). To
create the divalent Cu" cation we
add an OH group to the Cu atom in
the one Al unit cell and a proton in
the most stable position for the three
Al unit cells. In our models, almost all
Cu sites are positioned in the six-
membered ring. However, to take
recent discussions on the exact posi-
tion of the Cu—OH sites into account,'® we also investigated
their position in six- and eight-membered rings.

Typical experimental measurements are performed for
macroscopic systems at finite temperatures. One of the key
modeling challenges is the inclusion of these effects. Follow-
ing the ergodic hypothesis we perform ab initio molecular
dynamics simulations using the Vienna ab initio simulation
package (VASP).”?! The sampling time of 75 ps, is a good
compromise between ergodicity and computational effi-
ciency. A more detailed discussion is given in the Supporting
Information. We calculate finite-temperature IR spectra by
Fourier transformation of the distance autocorrelation func-
tion.”"! To arrive at the measured canonic ensemble and to
take the fundamental principles of heat transport in solids
into account, we use stochastic boundary conditions as
suggested by Kantorovich and Rompotis,?? and use a Lange-
vin thermostat for O-atoms, connecting the double six-
membered-ring building blocks. However, to avoid unphys-
ical bias of the spectra, we exclude atoms directly neighboring
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Figure 1. The four sites used to construct the finite-temperature IR spectrum of SSZ-13 at low Cu
loadings with a Si/Al ratio of 6. The sites differ in the position of the Al-atoms. For sites A1 (a), A2
(b), and B (c), two Al atoms are positioned in the same 6 MR ring. For site C (d), only one Al atom
is close to Cu. To arrive at a divalent cation for site A1, a proton is added to an O closest to one Al
atom (in (a) it is hidden behind an O). For site C, an OH group is bonded to the Cu atom. O red,
Al blue—gray, Cu blue, Si yellow, H white. The remaining 11 calculated sites are given in the
Supporting Information.

those sites, the Al atoms are positioned on opposite sides of
the same six-membered ring. In one case (site Al, Figure 1a)
two Al atoms are present in the unit cell, in the other case (site
A2, Figure 1b) three Al atoms are present in the unit cell. For
site B (Figure 1c¢), two Al atoms are positioned in asymmetric
position in the same six-membered ring, and site C (Fig-
ure 1d) corresponds to one Al atom in the unit cell and a Cu—
OH site in the eight-membered ring. The feature of sites Al
and A2 (Figure 2a,b) show a clear two peak spectrum with
one peak at 1900 cm ™' and the second peak at about
1855 cm™! (site A1) and 1860 cm™ (site A2).”*! These spectra
are very similar and below we refer to them (if not explicitly
mentioned otherwise) as site A. Site B leads to a complex
multi-peak spectrum (Figure 2¢) with a major peak at about
1910 cm ™, a shoulder at about 1895 cm ™!, and another peak at
1860 cm™'. For site C, the signal (Figure 2d) is significantly
red-shifted with maxima around 1780 cm~!. However, the
main feature is around 1840 cm ™. This shift is not surprising,
as our molecular dynamics simulations show that the NO
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a) Site AL b) [Site A2 moves between a configura-
tion bound on top of the Cu
atom and lying parallel to the
plane of the six-membered

> > ring (shown in the Supporting

) 2 Information) and two config-

g % urations, where it binds to the

- - Cu atom and an O atom on
the opposite side of the six-
membered ring and is perpen-
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Figure 2. At 300 K, all four sites lead to different, complex multi-peak IR spectra. Spectra for a) A1, b) A2,

c) B, and d) C.

molecule almost exclusively binds to the O atom of the OH
group.

These results clearly show that single active sites in
zeolites with a single molecule adsorbed can lead to highly
complex multi-peak vibrational spectra. To find the under-
lying reasons for this behavior, we will analyze sites A2, B,
and C in more detail. For site A2, finite temperature
induces a movement of the Cu atom between two different
configurations (see Figure 3), one being in the center of the
six-membered ring and bonded to two activated O atoms
(configuration I, Figure 3 c), while Cu binds to three activated
O atoms in the other (configuration II, Figure 3b). We find
both configurations as local minima in static calculations,
which lead to NO vibrations of 1866 cm™ for configuration I
and 1912 cm™' for configuration II. These peaks are very
similar to the peaks obtained from dynamic calculations and
this allows a clear assignment of the spectrum for site A2.
When integrating the spectrum up to 1890 cm ™' (see Fig-
ure 3a), we find that 62 % of the area can be associated with
configuration I and 38 % with configuration II. At the same
time it is possible to analyze the trajectory obtained in our
molecular dynamics simulations suggesting that the system is
69 % of the time in configuration I and 31 % of the time in
configuration II. This almost-quantitative agreement corrob-
orates the validity of our assignment.

A more complex situation is encountered for site B,
where, additionally to the cation motion, the NO molecule

Angew. Chem. Int. Ed. 2015, 54, 77997804

Wavenumber (cm™)

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

differs greatly for different
configurations, which will
lead to changes in anharmonic
corrections and possibly also
a quenching of the NO vibra-
tion. Additionally, the differ-
ent small peaks of the spectrum indicate a very flat potential
energy surface with many local minima for some of the
configurations. In combination with a highly complex struc-
ture of the spectrum, this does not allow a simple analysis as
for site A2.

For site C, the coordination of Cu does not change
significantly. However, in this case the NO molecule does
not bind directly to the Cu atom, but to the O of the OH
group.”! Therefore it is the orientation of the OH group that
has a significant influence on the IR wavenumber. As the OH
group is rather mobile, this again leads to highly complex
spectra and a clear, quantitative assignment is not possible.

Recently, Zhang et al. published a detailed study on IR
spectroscopy of NO adsorbed to Cu sites in SSZ-13.! In their
measurements, they find three different broad bands. The
signal between 2050 cm ™' and 2300 cm ™' is assigned to the
creation of a NO™ species, the band between 1750 cm ™' and
1850 cm™! to NO adsorbed to Cu' sites,” and the band
between 1850 cm ™' and 2000 cm ' is assigned to NO adsorbed
to Cu™. In the experimental measurements, only small doses
of NO were introduced stepwise into the cell per time
interval. Thermodynamically speaking, NO initially adsorbs
to the most stable adsorption positions, and once those are
covered, to the next most stable ones. However, all three
signals grow in intensity with each dose. The intensities of
these distinct spectroscopic features associated with NO™,
Cu"™NO, and Cu'~NO do, however, not increase propor-
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and two clearly defined additional
peaks start to appear. The occupa-
tion of site B leads to a far more
complex spectrum. The highest
energy peak shifts slightly and the
spectrum of site A soon becomes
dominant. This spectrum is red-
shifted by about 40 cm™' compared
to experimental measurements,
which is well established and can
be seen as shortcoming of the
applied level of theory." Qualita-
tively we find more minor side
peaks in the predicted spectrum,
but the main features are in excel-
lent qualitative agreement with the

c)

experimental measurements dis-
cussed above justifying the assump-
tions made in the construction of
this spectrum.

Owing to a presumed autore-
duction of Cu" sites,?" it is difficult
to obtain conclusive evidence for
the actual distribution of Al sites in
the system. Studying the Cu™NO
peak indicates that at least 1 % of all
possible exchange sites correspond

Figure 3. Finite temperature leads to complex multi-peak spectra. a) The spectrum for site A. The Cu
atom moves between two different coordination configurations displayed in (b) and (c). Upon

(the green and blue areas),
there is excellent agreement with the analysis of the molecular dynamics trajectory. N gray; color

integrating the area underneath the curve until and above 1890 cm™

code for other atoms is given in Figure 1.

tionally upon consecutive dosages of NO. This strongly
suggests that the adsorption preference between different
features changes.

In this study we focus on the Cu"™-NO feature (between
1850 cm ™' and 2000 cm'). Owing to the presence of many
different local Al distributions, the spectra become highly
complex. Therefore we will focus on a sample with Si/Al=6
and a very low ion exchange level (Cu/Al=0.03; the
experimental spectrum is displayed in Figure 4a™'), where
only the most stable Cu sites will be occupied. To reproduce
the experimental spectrum we make the following assump-
tions (which will be justified below): 1) adsorption of NO to
site C is thermodynamically most favorable, followed by
adsorption to sites A and B;2) one sixth of the Cu" sites are of
types A and C, while the remaining two thirds are of type B;
and 3) for site A, adsorption to the Cu" sites is less favorable
compared to the other features (Cu'"-NO and NO") and only
half of the amount of NO adsorbs to Cu" compared to sites B
and C. Additionally we assume that possible close lying NO*
species™® do not influence the spectra. Under these assump-
tions it is now possible to construct the spectrum shown in
Figure 4b.

At low NO pressure the occupation of site C leads to
a comparatively broad peak with a maximum around
1840 cm™'. When the pressure increases, site A is occupied
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tosite A, and at least another 4 % to
site B. In previous work, site A2 has
been identified as the most stable
Cu" position in SSZ-13, directly
followed by site B.""! Tt can further-
more be assumed that site C is
created by splitting of water over
Cu sites. When assuming that this effect and autoreduction
are similar for both sites, the amount of site A is a good
estimate for the amount of possible exchange sites. However,
it is not possible to draw conclusions about the amount of
site B, since it is the least stable site and its amount will
increase with increased exchange level.

Interestingly significant catalytic activity in the relevant
temperature range of 200°-300°C only starts to appear for
Cu/Al ratios higher than 0.016.1”! Combining this observation
with the results obtained in this work strongly suggests that
sites A and C are catalytically inactive. However, site B seems
to be catalytically active for the studied catalyst. This refines
previous reports, which suggested that sites A and B are both
catalytically active.'"1

In summary, we modeled the IR spectrum of NO
adsorbed to Cu" sites in the zeolite SSZ-13 using molecular
dynamics simulations. We show that many of the investigated
sites lead to a complex multi-peak spectrum for one NO
molecule adsorbed to one active site, which cannot be
expected from static calculations. This is caused by two
effects, namely the thermal motion of the Cu cation, and
a change in the bonding mode of NO to the sites. Comparing
the modeled spectra to experimental measurements at low
ion exchange levels allows to propose a plausible Cu site
distribution and with it a limited part of the Al distribution in

Angew. Chem. Int. Ed. 2015, 54, 7799 —7804
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Figure 4. a) Experimental and b) simulated IR spectrum for different
NO loadings. The investigated Cu" feature is highlighted. The modeled
spectrum is based upon the assumption of 16.66 % of the total site
being site C, 16.66 % site A, and 66.66 % site B. This spectrum is in
excellent agreement with experimental data previously reported for Cu-
SSZ-13 with a Si/Al ratio of 6 and Cu/Al of 0.03. (a) is adapted with
permission from Ref. [13]. Copyright 2014 American Chemical Society.

the framework. Knowing this distribution is one of the key
features in arriving at structure—activity relationships for the
catalyst at hand. This work clearly shows that it is necessary to
use dynamic calculations to understand and assign experi-
mental spectra, since at least for this system, static calcula-
tions are not able to reproduce the observed behavior. We
expect similar effects to be important in a large number of
systems, where the characterized active site is within a shallow
minimum of the potential energy surface and can change its
coordination regularly.

Methods

In this work, we performed ab initio molecular dynamics simulations
using the Vienna ab initio simulation package (VASP),!'>?I a plane
wave code using periodic boundary conditions and PAW pseudo
potentials.” The energy cut-off in our calculations was set to 417 eV
and only the I'-point was used. As discussed in the text, we studied 11
different sites and sampled a trajectory of 75 ps using a timestep of
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0.5 fs under stochastic boundary conditions® with a Langevin
thermostat. To avoid problems with calculating dipole moments of
a rhombohedric unit cell in periodic boundary conditions, we
calculated the spectra as Fourier transformations of the distance
autocorrelation function.’”” In post-processing we furthermore
applied a Gaussian smearing (width of 4cm™) to create spectra
comparable to experimental measurements.

Keywords: copper zeolites - heterogeneous catalysis -
IR spectroscopy - molecular dynamics - SSZ-13
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