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ABSTRACT: We performed experimental and periodic density ) %o ’ Exp. IR
functional theory (DFT) IR spectroscopy to investigate the Acyelic ’

adsorption of acyclic olefins over both acidic and nonacidic zeolites. Olefins b

e
Two conjugated polyenes, 2,4-dimethyl-1,3-pentadiene (I) and 2,6- /@K )‘;

Zeolit

dimethyl-2,4,6-octatriene (II) were studied to probe organic o

intermediates that can be formed during methanol conversion and M
lead to deactivating species known collectively as “coke.” We ~

Gas-Phase

computed vibrational spectra using zeolite-adsorbed and gas-phase
models for both neutral and protonated forms of I and II and
compared these DFT results to diffuse reflectance IR Fourier
transform (DRIFT) spectra of zeolite—guest systems. Our exper-
imental and computational results are precise enough to pinpoint the
surprising fact that the gauche s-cis conformation of species I is the major conformer during adsorption over dealuminated zeolite /.
Computed zeolite-adsorbed spectra of the protonated species I and II best represent the DRIFT spectra obtained after the
adsorption of the olefins on HMOR at 20 °C, with computed bands at 1543 and 1562 cm™" for molecules I" and II*, respectively,
attributed to the allylic stretching mode, (C=C—C"). These computed band frequencies are within 6 cm™" of experimental data and
confirm that the interaction between neutral acyclic olefins and acidic zeolites leads to protonation of the olefin. A comparison of
computed spectra of the protonated species in the gas phase to those in the zeolite indicates that the electrostatic interaction
between alkenyl and alkadienyl cations and negative zeolite framework does not significantly impact the position of the allylic
stretching bands. These results highlight that computed spectroscopy and thermodynamics coupled with experimental spectra can be
used to elucidate complex mixtures in zeolites, and certain spectral features of adsorbed olefins can be accurately modeled by gas-
phase calculations.
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1. INTRODUCTION plings,"> and thermal fluctuations of zeolite—guest systems at
finite temperatures. Physical questions arise about the nature of
adsorbed guests and the influence of specific host—guest
interactions on the IR spectra.'' In the present work, we
combine IR spectroscopy experiments with periodic DFT of

Acidic zeolites are microporous solids that are used as acid
catalysts for a variety of chemical processes of industrial
relevance, including various hydrocarbon transformations and
the conversion of methanol to fuels and other value-added oY - ] ) ;
products." ™ During methanol or hydrocarbon conversions olefins adsorbed on acidic and nonacidic zeolites to investigate
o Y how the interaction between the zeolite framework and
these catalysts suffer from deactivation through the formation ) o
of carbonaceous byproducts known collectively as “coke”. adsorbed olefins influences the vibrational spectra, and how
Understanding the mechanisms by which coke species form is predictive calculations can efficiently capture these effects.
of paramount importance to minimize catalyst deactivation The mthanlsms by ,Wh1Ch hydrocarbons 'transform w1Fh1n
and maximize catalyst lifetime and product formation.””® In situ acidic zeolites can be quite complex and may involve long-lived
organic surface species, in some instances referred to as the

IR spectroscopy is a powerful technique for investigating the . A i ) .
nature of intermediates that lead to coke and other products hydrocarbon pool. The various  chemical species in

during zeolites catalysis.” "' The integration of experiments

and predictive computations of IR spectra of zeolite—guest Received: February 12, 2020
systems can be critical for assigning spectra of complex, Revised:  April 10, 2020
reactive assemblies.'” As periodic density functional theory Published: April 23, 2020

(DFT) calculations have become more routine, methodo-
logical questions arise about the appropriate and eflicient
computational treatment of host—guest vibrational cou-
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hydrocarbon pools are thought to play active roles”" in some
catalytic processes but can also transform to coke—thereby
deactivating a given catalyst.®'® The identification of
precursors in a hydrocarbon pool by IR spectroscopy poses a
challenge because of the complexity of coexisting molecules,
possibly overlapping IR bands, and limited knowledge of the
influence of zeolite—guest interactions on IR spectral shifts.""
One way to address this problem is to use hypothesized
molecular proxies to pinpoint spectral features associated with
a subset of chemical moieties, which in turn can be used to
identify the makeup of a complex mixture such as the
hydrocarbon pool. Acyclic dienes and trienes serve as useful
model compounds, because they are the conjugate bases of
species reported to exist in the hydrocarbon pool and can
interact with the acidic zeolite framework generating cyclic
conju%ated species that proceed to either desired products or
coke.'” Below, we measure and simulate IR spectra of olefins I
and II (Figure 1) in acidic HMOR zeolite and in nonacidic
dealuminated zeolite f to determine and assign unambiguous
spectral fingerprints of these important species upon

adsorption in zeolites.
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Figure 1. (I) 2,4-Dimethyl-1,3-pentadiene and (II) 2,6-dimethyl-
2,4,6-octatriene are the two acyclic olefins used for this work. The
protonated forms are denoted as I and II*.
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The adsorbed state of the guest molecules in zeolite pores
can be monitored using experimental IR techniques."*"”
Vibrational bands associated with guest species can be used
as spectral fingerprints to determine catalytic properties such as
the preferential adsorption of specific molecules'” and the
loading capacities.'"® However, the presence of complex
mixtures in zeolites can produce spectral congestion, which
can obfuscate the analysis of adsorbed states."” In such cases,
computational spectroscopy serves as a powerful tool with the
ability to obtain IR spectra of single molecules, and thus
decrease the ambiguity in band assignments. We exploit this
idea by obtaining DFT-computed IR spectra for single
molecules and using those data to determine if those molecules
are present in the experiment by comparison with experimental
spectra.

Several computational methods are available for the
calculation of IR spectra of condensed-phase systems,
including normal-mode analysis (NMA) and correlation-
function analysis via molecular dynamics (MD), each with its
advantages and disadvantages.”” By invoking the harmonic
oscillator approximation, NMA provides a direct model of IR
spectra with band assignments provided by the normal mode
coordinates, requiring the calculation and diagonalization of
the force constant matrix of second derivatives at optimized
geometries."” For example, Hemolsoet and co-workers used

NMA to study the 100 cm™' red shift of OH stretching
frequencies for ethanol and methanol when adsorbed on
zeolites HZSM-S and HSAPO-34.>' In contrast, one can
obtain IR spectra at finite temperatures, and beyond the
harmonic approximation, by Fourier transforming the dipole
autocorrelation function computed by MD.>> We note that the
MD approach to IR spectra does not necessarily allow for easy
assignments of IR bands and can be quite computationally
demanding when ab initio MD is required.”” In the present
work, we computed IR spectra of olefin—zeolite systems using
NMA because of its computational efliciency, ease of making
band assignments, and direct comparability with gas-phase
NMA calculations. Within the NMA approach, we modeled
finite temperature effects on IR spectra efficiently by averaging
spectra for different snapshots from ab initio MD, as described
in Methods.

The measured and computed IR spectra reported below
demonstrate that adsorption of I on nonacidic zeolite # leads
to a conformational mixture that contains mostly the lower-
energy gauche s-cis conformer. The data below support the
notion that protonation readily occurs upon adsorption of
neutral acyclic olefins I and II in HMOR zeolite at 20 °C.
Remarkably, the experimental and computational results also
suggest that for certain spectroscopic features, such as allylic
stretching bands, understanding the vibrational spectra of
alkenyl and alkadienyl cations in acidic zeolites requires only
taking into account the relevant state of the gas-phase species.

The remainder of this paper is organized as follows: in
Methods, we describe the experimental and computational
techniques used for obtaining vibrational spectra of acyclic
olefins; in Results and Discussion, we discuss the resulting IR
spectra with a focus on determining the nature of the adsorbed
species and the interactions between guest molecules and
nonacidic and acidic hosts. Finally, in Conclusions, we
summarize the article and offer concluding remarks on the
impact of this work.

2. METHODS

2.1. Experimental Methods. Here, we explain the
rationale behind the design of our experimental study, followed
by details on zeolite preparation and characterization methods
as well as IR spectroscopy approaches.

Host—guest interactions in acidic zeolite catalysts involve
both confinement in nanopores as well as specific interactions
with Brensted acid sites. We have investigated these two
contributions separately by studying the IR spectra of acyclic
olefins in comparable dealuminated and Brensted-acidic
zeolites. For the Bronsted-acidic zeolite, we have chosen acidic
mordenite (HMOR) because of its general importance in
zeolite catalysis® and its relatively large pores allowing
sorption by a range of acyclic and cyclic species of interest.
In principle, using dealuminated MOR would make compar-
isons of results with HMOR the most straightforward. In
practice, however, we have found (as have others®**") that
dealuminating MOR-type zeolites causes their crystal structure
to partially collapse. In contrast, we have found that
dealumination of BEA-type zeolites leaves their crystal
structure intact (details on X-ray diffraction (XRD) data
discussed below). Although the framework structures of zeolite
types BEA and MOR are different in detail, they are also quite
similar in that they both contain 12-ring channels that can hold
spheres with a diameter as large as 6.7 A,* thus providing very
similar nanopore environments. As such, we have performed
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Figure 2. Ilustration of the HMOR supercell used for periodic DFT calculations. Along the c-direction, an extra unit cell was included to create the
1 X 1 X 2 supercell that limits interaction of guest molecules in neighboring periodic images. The HMOR unit cell is highlighted by the dashed box.

zeolite—guest IR experiments using dealuminated BEA (deAl-
BEA) for comparison with those using HMOR, to disentangle
nanopore confinement effects from interactions with Brensted
acid sites.

Mordenite (MOR, Si/Al = 10) and zeolite  (BEA, Si/Al =
12.5) were obtained in the ammonium ion (NH,") form from
Zeolyst International. NH,"-form zeolites were calcined in a
horizontal tube furnace at a temperature of 500 °C for 2 h
under a flow of 100 mL min~' synthetic dry air (Airgas,
99.999%), driving off ammonia (NH;) and yielding the acidic
forms, HMOR and HBEA. Dealumination of zeolites MOR
and BEA was performed by treating the NH,*-form of each
zeolite with 70 wt % nitric acid at 80 °C. The resulting sample
was washed with deionized water and then dried at room
temperature for several hours prior to calcination at 500 °C.
Figure S1 in Supporting Information shows the powder XRD
patterns for both zeolites before and after this dealumination
process. Figure S1 clearly shows that while deAl-BEA retains its
crystal structure, deAI-MOR loses substantial XRD intensity at
several reflections, notably at 26 values in the range 19—32°.
These results regarding the partial collapse of MOR upon acid
dealumination and the retention of BEA crystal structure
during the same process are consistent with grlor studies
reported by O’Donovan et al.”* and Miiller et al.” as detailed
in the Supporting Information.

DRIFT spectra (32 scans, 4 cm ™" resolution) were collected
using a PerkinElmer Spectrum 100 FTIR equipped with MCT
detector. In situ DRIFTS experiments were performed in a
Harrick high temperature reaction chamber fitted with ZnSe
windows and situated within a Harrick Praying Mantis diffuse
reflectance accessory. Calcined zeolites were diluted in KBr
(1Zeolite:2KBr by mass), activated in situ at 400 °C for 0.5 h
under a flow of 30 mL min~" dry air, and then purged with N,
(Airgas, 99.999%). Following activation, the zeolite was cooled
to 20 °C and either I or II was introduced into the reaction
chamber via 1 uL syringe pulses. A spectrum of KBr,
dehydrated in situ, was used as a background. Difference
spectra were calculated by subtracting the Kubelka—Munk
spectrum of the activated zeolite from the Kubelka—Munk
spectrum of the zeolite with adsorbate.

Bronsted and Lewis acid site concentrations within the deAl-
BEA zeolite sample were determined by FTIR spectroscopy of
adsorbed pyridine (Acros, 99.9%). A detailed description of
the characterization by pyridine—FTIR is given in the
Supporting Information (see Figure S2). Adsorption of
pyridine on deAl-BEA at 150 °C and subsequent outgassing
revealed that the sample does not exhibit any measurable
quantity of Brensted or Lewis acid sites after dealumination. As
such, both the XRD and FTIR results for deAl-BEA indicate

that this zeolite sample serves our purpose of providing a
suitable material, with ordered channels of size 6.7 A and
without measurable acidity, for comparison with HMOR.

2.2. Computational Methods. 2.2.1. Modeling the
Zeolite. The unit cell for calcined MOR was obtained from
the Structure Commission of The International Zeolite
Association,”””” and the T4 crystallographic site was
substituted with an Al atom resulting in a negative charge
which was compensated by a proton. The T4 site is located
along the 12-membered-ring straight channel of MOR and
exhibits high activity and easy accessibility.”** Previously
optimized®” unit cell parameters for HMOR [a = 18.323 A, b =
20.795 A, ¢ = 7.626 A, a = f = y = 90°] were used and agree
well with experimental data® (a=18.094 A, b =20.516 A, c =
7.542 A, a = =y =90°). To avoid interaction between guest
molecules in adjacent cells, we expanded the unit cell in the c-
direction creating a 1 X 1 X 2 supercell (Figure 2) with the
formula H,Al,Sis,0,9, (Si/Al ratio of 47) to be used in all
acidic zeolite calculations. A similar approach was used for the
nonacidic case, where, in contrast, no Al atoms were
incorporated in the super cell (SigsO,q,)

2.2.2. Electronic Structure Calculations. We used CP2K™
for periodic DFT of zeolite—guest and isolated neutral guest
systems, allowing geometry optimization, normal-mode anal-
ysis (NMA) with convenient visualization of normal modes,
and ab initio molecular dynamics to model IR spectra at finite
temperatures. We used periodic DFT within the generalized
gradient approximation with the BLYP exchange-correlation
functional as implemented in CP2K.*> The commonly used
hybrid functional, B3LYP, is not available within CP2K and
therefore limited us to the BLYP functional. However, based
on our results, as well as those previously reported in the
literature,””** the BLYP functional provides adequate
frequencies for qualitative, and in many cases, quantitative
comparisons with experimental spectra. Corrections by
Grimme et al. (DFT-D3) are used to take into account
dispersion forces and obtain more accurate energetics.”* For
core electrons, Goedecker-Teter-Hutter norm-conserving
pseudopotentials optimized for the BLYP functional are
used,”® while the valence electron wave functions are expanded
in terms of a triple-{ valence polarized basis set (TZVP)
comparable to 6-311G(d).*® Within the CP2K scheme,* the
electron density is described using an auxiliary plane-wave
basis set with a 400 Ry cutoft.

Gas-phase protonated spec1es were modeled using the
Gaussian 09 software package.”” Calculations were performed
using the BLYP functional via DFT and a 6-311G(d) basis set
to describe the core and valence electrons, thus allowing for
appropriate comparisons between gas-phase and zeolite-

https://dx.doi.org/10.1021/acs.jpcc.0c01225
J. Phys. Chem. C 2020, 124, 10561—-10572


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01225/suppl_file/jp0c01225_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01225/suppl_file/jp0c01225_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01225/suppl_file/jp0c01225_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c01225/suppl_file/jp0c01225_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01225?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01225?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01225?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.0c01225?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c01225?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

adsorbed states via computational results from Gaussian and
CP2K.

2.2.3. Dynamics. Computed IR spectra of guest molecules I
and II in HMOR zeolite were obtained using two different
models: full optimization or ensemble average. Both models
are described below.

For the full optimization model, either guest was placed
inside the pore of HMOR near the Brensted acid site. A full
geometry optimization (zeolite and guest) was then conducted
followed by NMA. We ran test calculations where we included
in NMA successively more zeolite atoms close to guest II*
[within a radius of 5(A)], all the way up to including the full
HMOR zeolite. Figure S3 in the Supporting Information shows
the resulting spectra in the IR region of interest (1300—1700
cm™'), indicating that including zeolite atoms has no effect on
the positions of the bands in this region; however, there does
appear to be a progressive increase in the overall intensity with
inclusion of more framework atoms. As such, we included only
the guest atoms in NMA for computing IR spectra. All
frequencies were scaled using the vibrational scaling factor for
BLYP/6-311G(d) of 0.998, reported in the NIST online
database.”® The resulting frequencies and intensities from
NMA were incorporated into Lorentzian functions with a full
width at half-maximum (fwhm) of 15 cm™, as we have done in
our previous spectroscopic simulations,”*” to simulate IR
spectra within the full optimization model.

For the ensemble average model, we performed ab initio
molecular dynamics (AIMD) of each zeolite—guest system at
experimentally relevant temperatures (T = 20, 130, 200 °C) to
test whether thermal fluctuations influence IR spectra of these
zeolite—guest systems. Each system was initialized with a guest
molecule in the supercell at the active site. AIMD was then
performed for 8—9 ps using a 0.5 fs time step and a Nose—
Hoover chain thermostat with a frequency of 1000 cm™". Next,
30 snapshots of the system were extracted at random from the
latter 6—7 ps of each AIMD simulation. For each image, we
geometry-optimized the guest while keeping the zeolite
framework fixed. Such an approach conserves the thermal
fluctuations of the zeolite while keeping the resulting normal-
mode frequencies real; otherwise, each snapshot can produce
different numbers of vibrational modes. NMA was then
performed on the guest, once again omitting the zeolite
atoms, and the resulting (scaled) frequencies and intensities
were incorporated into Lorentzian functions with a fwhm of 15
cm™ to yield a simulated spectrum for each snapshot. Finally,
all 30 spectra were averaged to provide the ensemble-averaged
spectrum for the guest at a desired experimental temperature.

To investigate the thermodynamics of guest and zeolite—-
guest systems within the periodic DFT scheme, we computed
Helmholtz free energies in the NVT ensemble via NMA within
a multidimensional harmonic oscillator model using the
formula shown in Supporting Information, Figure S4. The
harmonic frequencies were obtained from NMA after full
optimization to compute the change in free energy between
neutral and protonated states of each acyclic olefin. We also
used these free energies to analyze stabilities of various
conformers of I, I, I*, and II* as described in detail below.

An investigation of the impact of zeolite—guest interactions
on spectral features of protonated guests requires the
calculation of IR spectra in the gas phase, for comparison.
Periodic boundary conditions require a net charge of zero in a
given cell. Thus, to model isolated, protonated guests, we
employed Gaussian 09 software to obtain spectra of isolated I*

and IT*. For each gas-phase species considered, we carried out
a full geometry optimization followed by NMA to obtain
vibrational frequencies and intensities. Gas-phase calculations
were performed using the BLYP/6-311G(d) model chemistry
as implemented in Gaussian 09,”” for consistency with the
BLYP/TZVP treatment within CP2K for zeolite—guest
systems. The resulting BLYP/6-311G(d) frequencies were
scaled and incorporated into Lorentzian functions with a fwhm
of 15 cm™ to obtain a computed IR spectrum.

2.2.4. Conformational Analyses. Each of the species I, II,
and IT* exhibits a rich array of conformational states. (Species
I' exhibits only a single conformer.) We modeled this
conformational space to investigate whether mixtures of
conformers are present or whether a single conformer
predominates. To address this issue, we computed relative
free energies and IR spectra of all relevant conformers in gas-
phase and zeolite-adsorbed states. We used these free energies
to Boltzmann-weight the single-conformer IR spectra and yield
a conformationally averaged IR spectrum for comparison with
experimental IR data. We also utilized techniques to compute
the barriers between relevant conformational states for olefin L
Within the CP2K scheme, we employed the climbing image-
nudged elastic band method with seven replicas to obtain
transition states and corresponding free energies of activation.

3. RESULTS AND DISCUSSION

In this section, we discuss our findings regarding the use of
experimental and computational IR spectra to elucidate the
nature of adsorbed acyclic olefins. First, we consider the
conformational state of olefin I in nonacidic dealuminated /3
zeolite (deAl-BEA) using computed thermodynamics and
comparison of computed spectra with experiment. Second, we
investigate how the adsorption of guests I and II in (acidic)
HMOR affects the corresponding IR spectra. Finally, we
analyze the nature of electrostatic interactions between a
negatively charged framework MOR™ and adsorbed cations I*
and II", as probed through the corresponding IR spectra.

3.1. Adsorption of 2,4-Dimethyl-1,3-pentadiene on a
Nonacidic Host: Contributions of Rotational Con-
formers to IR Spectrum. We begin by using IR spectroscopy
to determine the nature of molecule I adsorbed on nonacidic,
large-pore zeolites. We are interested in the adsorption in all-
silica zeolites because it provides data on a baseline level of
confinement without acid sites for comparison with results in
Section 3.2, which contains acid sites. We have carried out
experimental IR measurements of I over deAl-BEA. As
discussed above in Methods, we model the pore space of
deAl-BEA by using DFT to compute properties of molecule I
in all-silica MOR, which contains channels very similar in size
to those of BEA. Regarding guest species I, it has been
reported that molecules of this nature exist in either s-cis or s-
trans conformations,*”*' prompting us to begin by investigat-
ing the equilibrium between the two conformers using
computed Gibbs and Helmholtz energies, and the impact of
these conformers on the IR spectra.

Dienes such as molecule I have a dihedral angle along the
single bond in between the two C=C bonds, resulting in two
stable conformations denoted as s-trans and s-cis, where the ‘s’
indicates torsion around the single bond. Previous reports on
substituted dienes suggest that the s-trans conformer can be
lower in energy by as much as 3 kcal/mol, thus exhibiting
higher population at thermal equilibrium.*>*' We investigated
the thermodynamic stabilities of conformers of I by computing
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free energy profiles for the s-cis and s-trans conformers in
vacuum and over allsilica MOR (Table S1 in Supporting
Information). Interestingly, we found that a gauche s-cis
conformation of I has lower free energies than its s-trans
counterpart at 20 °C. We found the gauche s-cis (with a
dihedral angle of —44°) to be lower in Helmholtz free energy
by 0.27 kcal/mol in all-silica MOR. In vacuum, we found a
similar trend where the gauche s-cis is lower in Helmholtz free
energy by 0.26 kcal/mol (Table S1). We found from visual
inspection of the highest-occupied molecular orbitals
(HOMOs in Figure 3) that the surprising stability of the

(a)

gauche s-cis

(b)

s-trans

Figure 3. Highest occupied molecular orbitals (HOMOs) of
rotational conformers for olefin I computed in the gas-phase, where
the red/blue denotes the phase (sign) of the HOMO. Extended
region of conjugated electron density involving neighboring methyl
group, shown in blue, lowers energy for (a) gauche s-cis conformer
relative to (b) s-trans conformer.

gauche s-cis conformation arises from electron delocalization
between #-bonds and nearby methyl groups, which is possible
only in the gauche s-cis conformation. In particular, Figure 3
shows the phase (i.e., sign) of the HOMO in red/blue. In the
s-trans conformation, the HOMO of the conjugated diene
exhibits a nodal plane between the two m-bonded regions,
represented by the change in color within the orbital. However,
at a dihedral angle of —44°, the gauche s-cis conformation is
stabilized by an extended region of conjugated electron density
shown in blue, involving the 7-system and the neighboring
methyl group. Such extended conjugation appears impossible
in the s-trans conformer.

To determine whether IR spectra are expected to exhibit an
equilibrium distribution of conformers of species I, we
computed the rotational activation free energies for vacuum
and zeolite-adsorbed (all-silica MOR) conformational tran-
sitions. Such barriers help to determine whether conforma-
tional transitions and equilibrium are likely under experimental

conditions of temperature and observation time. We carried
out these calculations by employing a climbing-image nudged
elastic band technique with seven images. Figure S5 shows the
free energy profile for rotation of species I along its C—C single
bond in all-silica MOR. We also computed rotational barriers
for I in the gas phase with other, more accurate model
chemistries and found qualitatively similar results to those in
Figure S5 (see Table S1). Notably, the barrier for rotation in
MOR of 3.85 kcal/mol is higher than the vacuum value of 1.46
kcal/mol, most likely due to steric hindrance inside the MOR
channel. Barriers of these magnitudes at 20 °C suggest
rotational time scales of no more than 100 ps, indicating
sufficiently rapid conformational transitions to produce an
equilibrium distribution in the zeolite. For this reason, we
computed IR spectra for each stable conformer separately and
averaged them with Boltzmann weighting for comparison with
experimental DRIFTS data, as discussed below.

Our effort to interpret IR spectra and investigate the effects
of a zeolite framework on spectral features requires direct
comparisons between experiment and DFT. As mentioned in
the Introduction, computational vibrational spectroscopy can
be a powerful tool for analyzing experiments, but one needs to
be aware of the systematic errors that arise when using DFT. In
light of this, we begin by mapping out all of the IR band
locations for olefin I over a nonacidic zeolite (deAl-BEA in
experiment; all-silica MOR in theory) to determine the nature
of systematic error associated with our models. In particular,
we created a parity plot (Figure 4a) using DFT-computed and
experimental IR frequencies; Figure 4b highlights the signs and
magnitudes of discrepancies in different regions of the IR
spectrum. Figure 4 shows that in the lower-frequency region
(1300—1700 cm™), associated with C—C stretches and methyl
deformations, DFT provides systematically red-shifted fre-
quencies. In contrast, in the higher-frequency region (2800—
3200 cm™') associated with C—H stretches, the computed
frequencies are blue-shifted from experiment. This pattern of
systematic error, which has been observed by others,””*
allows us to make more informed comparisons between
computed and experimental spectral features for interpretation
of spectra and determining the impact of zeolite—guest
interactions. Now, we consider experimental and computed
spectra of molecule I in nonacidic zeolites.

We begin our interpretation of the IR spectra of olefin I by
considering the DRIFTS over deAl-BEA. Figure 5 (bottom)
shows the DRIFT spectrum (purple) of molecule I adsorbed
over deAl-BEA at 20 °C, revealing several bands in both the
low- and high-frequency regions of the spectrum. For the
purpose of distinguishing between the two conformers, we
focus on the C=C stretching region (1600—1700 cm™') and
the C—H stretching region (2800—3100 cm™'). Several
overlapping bands are observed between 1600—1700 cm™
with observable maxima at 1601, 1629, and 1645 cm™* and a
distinct shoulder at 1654 cm™. The conjugated diene should
exhibit two distinct bands in this region, associated with the
symmetric and antisymmetric C=C stretches. Thus, the
appearance of four bands suggests the existence of two stable
conformers. In the C—H stretching region, we observe a single
weak band at 3084 cm ™' as well as a very weak intensity band
at 3040 cm™L. Also, we note a strong band at 2971 cm ™! with a
weak shoulder at 3005 cm™". Now we detail the corresponding
computed IR spectra and compare them with those from the
experiment to investigate the nature of zeolite—guest
interactions and conformational populations of species L.
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Turning to the computed spectra in Figure S, the gauche s-
cis and s-trans conformers exhibit distinct spectral features.
Figure S shows computed IR spectra for gauche s-cis (red) and
s-trans (blue) in vacuum (middle) and in all-silica MOR (top).
We begin by discussing the C=C stretching bands in the lower-
frequency region of the MOR spectrum (on the right of Figure
5). Within this region there are a total of four bands of which
the 1597 and 1625 cm™" bands are associated with the gauche
s-cis conformer, and the 1585 and 1618 cm™' bands are
attributed to the s-trans conformer. The upper side panels on
the right-hand side of Figure 5 highlight this region and show
that the gauche s-cis bands are slightly blue-shifted from the s-
trans bands. We also find that for the gauche s-cis conformer,
the symmetric C=C stretch (1597 cm™') is at a lower
frequency than the antisymmetric C=C stretch (1620 cm™).
Interestingly, this pattern is opposite for the s-trans where the
symmetric C=C stretch (1616 cm™) is higher in frequency
than the antisymmetric band (1585 cm™'). The combination

10566

of these bands allows us to directly compare to the DRIFTS in
the same region. We applied Boltzmann averaging of these
conformer-specific spectra to produce an overall spectrum for
comparison with experiment. In particular, based on the DFT-
computed free energy difference stated above, the averaged
spectrum in MOR has an s-trans:s-cis equilibrium ratio of
39:61 at 20 °C. Figure S shows the conformationally averaged
spectra (black) for I in vacuum (middle) and all-silica MOR
(top), both showing good qualitative agreement with DRIFTS
of I in deAl-BEA. The positions of the DFT-computed C=C
stretches are systematically red-shifted from the experimental
vibrations (as shown in Figure 4), which allows us to assign the
experimental bands to the respective conformers (see Table 1
for these assignments). For instance, the broad C=C stretching
feature in the summed MOR spectrum exhibits some s-trans
character giving rise to a small shoulder at 1585 cm™', which
we assign to the low-intensity band at 1601 cm™ in the
DRIFTS. As such, within the C=C stretching region, there are
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Table 1. Summary of Vibrational Band Assignments for
Gauche s-cis and s-trans Conformers of Molecule I*

DRIFTS Theory — CP2K
MOR Silica Vacuum

Molecular Vibration ~ DeAl-BEA g s-cis  strans  gs-cis  s-trans

5, m(—CH;) 1378 1365 1359 1365 1363
1451 1448 1443 1447 1445

v 1601 1585 1582

v 1629 1597 1603

v 1645 1616 1618

v 1654 1620 1628

v 2883 2916 2913 2920 2918

Vs 2917 2937 2944

v 2928 2954 2958

v 2971 3005 3018 3007 3010

v 3005 3035 3039 3042 3038

v 3040 3087 3082

v 3084 3119 3125 3131 3124

“Frequency values from the DRIFT spectrum over deAl-BEA are
shown. Each band is associated with either the gauche s-cis or s-trans
conformer as determined by comparison with computed frequencies,
as highlighted by the light blue boxes.

a total of four bands associated with two distinct conformers of
olefin I, which we have distinguished by comparison of the
DRIFTS with the Boltzmann-averaged computed spectrum.
Our analysis shows that the overall shape of the DRIFTS in the
low-frequency regions clearly indicates the presence of both s-
trans and gauche s-cis conformers in appreciable populations,
with slight preference for the gauche s-cis conformer.

The distinguishing of the two conformers of I is further
carried out by considering the bands in the C—H stretching
region. The left-side panels of Figure 5 focus on this region of
the spectrum, around 3100 cm™'. The DFT-computed MOR
spectrum (Figure S; top) of the s-trans conformer (blue)
exhibits two bands at 3125 and 3087 cm™' of nearly equal
intensity, while the spectrum of the gauche s-cis conformer
(red) has only a single band at 3119 cm™". The overlapping
bands at around 3122 c¢cm™' are associated with an
antisymmetric =CH, stretch, which is present in both
conformers. In contrast, the band at 3087 cm™ is only present
in the s-trans conformer, and through visualization of its
normal mode, we find it is associated with an asymmetric CH;
stretch. While a frequency value of 3087 cm™ for an
asymmetric CH; is on the high end of the expected range,
such high frequencies have been reported in previous studies
that also considered this region of the spectrum.*”** Both
conformers also exhibit strong bands near 3006 cm™" with a
shoulder at 3037 cm™' attributed to an asymmetric CH,
stretch and a symmetric =CH, stretch, respectively. Analyzing
the Boltzmann-summed MOR spectrum of the two conformers
(Figure S top; black), we find that incorporating the s-trans
species gives rise to a low intensity band at 3087 cm™ in
addition to a higher intensity band at 3122 cm™!, the latter
being associated with both conformers. The mapping of these
features to experiment is facilitated by recalling that the
positions of the DFT-computed C—H stretches are systemati-
cally blue-shifted from the experimental vibrations (as shown
in Figure 4). The 3087 cm™' computed band of the s-trans
species is attributed to the low-intensity experimental feature at
3040 cm™, while the 3122 cm™ computed band maps on to
the 3084 cm™' DRIFTS band. The relative intensities of the
computed bands at 3122 and 3087 cm ™" in the Boltzmann sum
spectrum closely resemble those of the experimentally
observed bands at 3084 and 3040 cm™', respectively. Despite

the discrepancies between theory and experiment, the
systematic pattern of error enables unambiguous assignments
of peaks in the DRIFTS to the gauche s-cis and s-trans
conformers of olefin I by comparison with computed spectra.

Overall, we demonstrate that our DFT-computed models
allow for the interpretation of experimental IR spectra of
conformers of olefin I in deAl-BEA. Complete assignments of
observed experimental and DFT-computed bands are
summarized in Table 1. By computing IR spectra of gauche
s-cis and s-trans conformers along with their relative free
energies, we have constructed a useful representation of the
experimental DRIFT spectrum, corroborating the presence of
both conformers and the surprising abundance of the gauche s-
cis conformer. Additionally, the comparison of vacuum and
zeolite-adsorbed computed band positions in Table 1 reveals
very small differences, on the order of +S5 cm™, thus
suggesting very weak zeolite—guest interactions for I in all-
silica MOR as seen through the lens of IR spectroscopy (see
Supporting Information Section SI 5 for further discussion on
this point). We now turn to the study of olefins I and II in the
acidic zeolite HMOR to determine the strength of zeolite—-
guest interactions in that system.

3.2. Adsorption of Neutral Acyclic Olefins on Acidic
HMOR Zeolite: Strong Interactions Lead to Protona-
tion. We next studied the adsorption of polyenes I and II on
the acidic zeolite HMOR via IR spectroscopy. Previous studies
have found that certain olefins have high proton affinities,
suggesting that their protonation in acidic zeolites is
thermodynamically favored.*> As a result, we may expect
strong interactions between olefins I/II and the HMOR
Bronsted acid site. The question remains how such strong
interactions manifest in the IR spectra of these zeolite—guest
systems. Figure 6 shows DRIFT spectra (in black) in the
1300—1700 cm™' region for species I (Figure 6a) and II
(Figure 6b) in HMOR at 20 °C. There are two main spectral
features for both zeolite—guest systems: (1) a strong singlet in
the 1500—1600 cm ™" region and (2) a broad doublet in the
1300—1400 cm™' region. Bands at 1372 cm™" (I) and 1383
cm™! (II) are assigned to methyl deformations.”® The strong
singlets observed at 1548 cm™ (I) and 1568 cm™' (II) are
characteristic of allylic cations v(C=C—C*),*"* suggesting
that protonation has taken place for both guests in HMOR.

To determine the atomic-level nature of the adsorbed states
of olefins I and II in HMOR, we show in Figures 6a and 6b,
respectively, the computed IR spectra from periodic DFT using
the full optimization method. For each zeolite—guest system,
we show IR spectra computed from a neutral olefin hydrogen-
bonded to the Bronsted acid site (in orange) and from a
protonated olefin (I'/II*) interacting electrostatically with the
zeolite conjugate base (in blue). The protonated forms I" and
ITI" were obtained by manually protonating the neutral
counterparts at the lowest energy protonation site determined
by gas-phase electronic structure calculations (see Figure S6
and Table S2 in Supporting Information). The calculated
Gibbs energies of the various protonated forms indicate that
protonation is preferred at the carbon that produces a
conjugated allylic cation system that is fully alkyl substituted
at the terminal carbons. As in the section Section 3.1, we
considered the various conformations for molecule II*. (Note
that molecule I" exhibits only a single conformation because of
the symmetry conferred by protonation.) For molecule II*,
however, we considered a total of eight possible conformers
(see Table S3) and found that the all-trans conformer is
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Figure 6. DRIFT spectra at 20 °C (black) for guest molecules (a) I
and (b) II in HMOR zeolite. Shown for comparison are zeolite-
adsorbed, computed spectra using full optimization of neutral
(orange) and protonated (blue) forms of each molecule.

strongly energetically favored. Thus, in this case, considering
the spectrum for only the all-trans conformer is sufficient.
Qualitatively comparing the experimental and computed
spectra in Figure 6a strongly suggests that olefin I is
protonated in HMOR; the same conclusion can be drawn
for olefin II from the data in Figure 6b. In particular, both
computed IR spectra for the protonated olefins in Figure 6
show the strong band in the 1500—1600 cm™" region and the
broader band in the 1300—1400 cm™* region. In contrast, the
computed IR spectra for the neutral olefins in HMOR retain
the bands around 1600 cm™, corresponding to C=C stretching
vibrations, which were also seen in the spectra in Section 3.1
(Figure S). Also, in contrast to the IR spectrum of I in all-silica
MOR, the bands in HMOR are red-shifted (and double bonds
lengthened by about 0.05 A compared to gas-phase values)
because of hydrogen bonding with the Bronsted acid site.
Quantitative comparisons between theory and experiment in
Figure 6 also support the notion of protonated olefins in
HMOR. The strong singlet bands from computed spectra in
Figure 6 are seen at 1543 cm™ (I') and 1562 cm™ (II'),
respectively, which compare well with experimental values of
1548 and 1568 cm™', indicating that our fully optimized
periodic DFT approach has captured the blue shift in the IR
spectrum from I* to II*. Visual inspection® of normal modes
for these vibrations do indeed indicate motions of allylic
cations (C=C—C*),"”** as shown in Figure 7 for species I*.
We were curious whether the small, systematic error of 5—6
cm™ could be attributed to finite temperature effects. To
address this, we employed the ensemble averaging model and
found that thermal fluctuations of the zeolite at experimental
temperatures of 20, 130, and 200 °C do not significantly
impact the spectrum in the key spectral region of 1300—1700

Figure 7. Illustration of I" adsorbed over HMOR zeolite. Fully
optimized geometry is shown with equilibrium bond distances [A].
White arrow designates the vibrational motion associated with the
1543 cm™ peak in the computed spectrum.

cm™ (see Figure S7 in Supporting Information). Furthermore,
we found that the spread of spectra in the ensembles at 20 and
200 °C was nearly identical (Figure S8 in Supporting
Information). Finally, we note that our computed bands for
methyl deformations at 1339 and 1362 cm™' for molecule I*
and II*, respectively, show very good qualitative agreement in
band shapes with experimental DRIFTS data, though the
computed band locations are red-shifted compared to
experiment. Thus, the spectra in Figure 6 suggest that fully
optimized periodic DFT within the harmonic approximation
captures the key features of the IR spectra at 20 °C and that
both olefins in HMOR exhibit spectral bands consistent with
protonated states.

As a final test of this idea, we evaluated the Helmholtz free
energies of protonation for I and II in HMOR within the
multidimensional harmonic oscillator model using the formula
shown in Figure S4 of Supporting Information. We found
Helmholtz free energies of protonation of —18.0 and —27.3
kcal/mol for I and II, respectively, further supporting the IR
spectroscopy findings of protonation in HMOR 20 °C. The
definitive computational test would be to find relatively low
protonation barriers, allowing facile protonation at 20 °C. We
leave this for future work. We nonetheless conclude from the
thermodynamics and spectroscopy findings described herein
that olefins I and II become protonated in HMOR at 20 °C,
representing an example of strong zeolite—guest interaction.

3.3. Adsorbed Protonated Olefins on HMOR: Nature
of Electrostatic Interactions. We found above that the
adsorption of acyclic olefins I and II on HMOR results in
significant changes to the IR spectra in the 1300—1700 cm™
region, attributed to protonation from Brensted acid sites in
HMOR. Such protonation leaves behind an ion-pair
interaction between the protonated olefin and the conjugate
base of the acidic zeolite. It is interesting to determine how this
ion-pair electrostatic interaction may influence the IR spectra
of the zeolite—guest systems.

Figure 8 addresses this question by comparing the computed
spectra of protonated molecules I* (Figure 8a) and II* (Figure
8b) in the gas phase (red) and in MOR™ (blue). We applied
the same level of theory (BLYP) and basis set (triple-{ valence
polarized) in gas-phase and zeolite-adsorbed calculations to
produce appropriate comparisons. We found the remarkable
and perhaps surprising result for cation I' in Figure 8a that the
zeolite-adsorbed cation and gas-phase cation exhibit essentially
the same IR spectra in the key 1300—1700 cm™" region, with
only tiny shifts within the margin of error of the DFT method
and largely minor variations in the intensity distribution.
Figure 8b shows the same surprising result for cation II*. In the
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Figure 8. Comparison of computed gas-phase (red) and zeolite-
adsorbed (blue) spectra for molecules (a) I* and (b) II*.

case of I', a singlet is seen at 1541 cm™' in the gas-phase

spectrum, which is within a few wavenumbers from the zeolite-
adsorbed band. Similarly, the gas-phase singlet for IT* at 1570
cm™ is only 8 cm™' from the zeolite-adsorbed band.
Furthermore, inspection of the relevant normal modes for I*
and II" revealed that the vibration corresponding to these
singlets is identical in the gas phase and the zeolite, namely, the
allylic stretching mentioned in the previous section (see Figure
7). A structural analysis demonstrates that the intramolecular
configurations of I" and II' are essentially unchanged upon
adsorption, as highlighted in Figure S9 in the Supporting
Information for molecule IT*. Thus, despite the presence of an
electrostatic ion-pair interaction between the protonated
olefins and the negatively charged zeolite conjugate base, the
structures and IR spectra of these olefins appear unaffected by
the zeolite. In other words, our results suggest the finding that
in order to model the spectral fingerprints in the 1300—1700
cm™! region of acyclic olefins over acidic zeolites with a margin
of error of 10 cm™, one only needs to consider the protonated
species in the gas phase.

Table 2 presents a summary of the aforementioned
computed frequencies of protonated olefins I* and II*
alongside experimental values for comparison. We note two
important findings from these comparisons. The first finding
pertains to the systematic red-shifting of computational bands
relative to experimental ones, consistent with results in Figure
4 and Table 1. A combination of data in Tables 1 and 2 reveals
the second and more remarkable finding that including the
zeolite framework when computing the IR spectrum may not
significantly increase the agreement between theory and
experiment. We examined this by computing absolute
differences between experiment and each of the models in
both Tables 1 and 2 and then constructing root-mean-square
(RMS) differences considering all vibrations in the Tables.
This yields RMS differences of 25.8, 27.4, and 31.1 cm™" for
CP2K Vacuum, CP2K MOR adsorbed, and Gaussian gas
phase, respectively. We conclude then that for these acyclic
olefins adsorbed on acidic and nonacidic zeolites, modeling the
regions of the IR spectrum studied in our work can be
accomplished by simply treating the molecule in the gas phase.

4. CONCLUSIONS

We performed experimental IR measurements and periodic
DFT calculations on acyclic olefins in acidic HMOR zeolite
and nonacidic porous silica to investigate the nature of
adsorbed species and the influence of host—guest interaction
on the IR spectra. In particular, we studied the acyclic olefins
2,4-dimethyl-1,3-pentadiene (I) and 2,6-dimethyl-2,4,6-octa-
triene (II) because of their importance in the field of methanol
conversion, as precursors to cyclic intermediates that (i) are
active in the catalytic cycle and (ii) can lead to deactivating
species known as “coke.” We found that a 1 X 1 X 2 supercell
of HMOR was necessary to avoid spurious interactions
between guests in neighboring periodic images. A BLYP
functional with a triple-{ valence polarized basis set was used
within the CP2K software. For the computation of zeolite-
adsorbed IR spectra, we employed two techniques within the
harmonic approximation: (1) full optimization followed by
normal-mode analysis (NMA) and (2) an ensemble averaging
scheme that takes into account thermal fluctuations of the
zeolite. We used these models to compare with diffuse
reflectance Fourier transform (DRIFT) spectra to investigate
the impact on IR spectra of host—guest interactions and the
state of the adsorbed acyclic olefin.

We employed DFT-based thermodynamics calculations and
found the surprising result that for olefin I adsorbed over all-
silica, large-pore zeolites, a gauche s-cis conformer is slightly
preferred over its s-trans counterpart. We found that this slight

Table 2. Summary of Computed Frequencies (cm™) for Protonated Olefins I* and II* in the Gas Phase and Inside HMOR

Zeolite”
CP2K Gaussian
Molecule o ) — =~
v(C-C=C") 1548 1543 1541
Seym(CHz) 1372 1339 1339
v(C-C=C") 1568 1562 1570
Seym(CHz) 1383 1362 1353

“Experimental DRIFTS frequencies are shown for comparison for the olefins adsorbed on HMOR.
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preference toward the gauche s-cis conformer was reflected in
the experimental IR spectrum, which was accurately
represented by using a Boltzmann-weighted sum of the
computed spectra of each conformer. Next, we found that
the introduction of olefins I and II into the acidic zeolite
HMOR produced substantial changes to the IR spectra,
showing the signature of protonated species such as a strong
singlet in the 1500—1600 cm™" region typically assigned to
stretching of allylic cations, (C=C—C"). Periodic DFT using
the full optimization model on protonated guests (I* and II*)
was found to accurately represent the DRIFT spectra in
HMOR at 20 °C. The computed IR spectra were essentially
unchanged from including zeolite atoms in the NMA, and from
including thermal fluctuations of the zeolite, suggesting that
system optimization and guest NMA are sufficient to capture
IR spectra of acyclic olefins in acidic zeolites. Thermodynamics
calculations based on the periodic DFT results are consistent
with the stability of the protonated state of olefins I and II in
zeolite HMOR.

To determine the influence of electrostatic interactions
between cationic guests (I" and II*) and negatively charged
zeolites, we compared IR spectra computed for zeolite-
adsorbed and gas-phase cations, finding virtually no difference
in the spectra in the 1300—1700 cm™' region. Structural
analyses of bond lengths and dihedral angles of zeolite-
adsorbed and gas-phase alkenyl and alkadienyl cations support
the notion that ion-pair electrostatic interactions have
negligible effect on these cations in zeolites. An analysis of
the discrepancies between experimental IR frequencies for
various vibrational modes and those from our models suggests
the surprising finding that gas-phase models of zeolite
adsorption are both the most efficient and in certain instances,
such as for allylic stretching modes, just as accurate as zeolite-
adsorbed models as long as the relevant state of the guest is
taken into account.
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