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Introduction

Obtaining detailed molecular-scale knowledge of carbona-
ceous compounds formed during heterogeneous catalysis re-
mains a big challenge in modern spectroscopy.[1–3] Such in-
formation is nevertheless essential to elucidate the reaction
mechanism of industrial processes producing chemicals and
energy vectors. These complex processes are often based on
the conversion of organic compounds over solid catalysts ex-

hibiting a porous structure and an acid function. Hydrocar-
bon reaction intermediates formed in the conversion process
may also grow into larger coke species that are retained in
the pores and/or on the outer surface of the catalyst materi-
al.[4] To gain more insight into the exact nature and structure
of the carbonaceous species, multimethod spectroscopic
studies are nowadays the standard experimental approach,
and UV/Vis measurements have become an indispensable
part thereof.[3,5,6] In particular, the technique is highly sensi-
tive to charged aromatic compounds, which give rise to nu-
merous striking features in the visible range.[7] A major
drawback is that in most cases only electronic transitions
can be traced, whereas the rovibrational fine structure usu-
ally remains unsolved.[8] To fully interpret the experimental
spectra, molecular modeling techniques are important, as
they allow the electronic absorption of structurally different
compounds to be simulated. Recent advances in first-princi-
ples molecular modeling techniques nowadays enable ab-
sorption spectra of relatively large compounds to be deter-
mined in a cost-efficient way.[9–11]

In this work, we aimed to assign bands in experimental in
situ UV/Vis spectra taken during methanol conversion over
chabazite catalysts to structurally different carbonaceous
compounds by means of time-dependent density functional
theory (TDDFT) combined with molecular dynamics (MD).
The excitation energies of a systematic set of both neutral
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and charged (poly)aromatic hydrocarbons were computed in
molecular environments with increasing complexity, that is,
in vacuo, in a continuum solvent, and in a zeolitic material.
Thus, the influence of the nanoporous environment on the
electronic excitation characteristics of the carbonaceous
compounds can be examined in detail. Some of us showed
earlier that it is important to account for the flexibility of
the UV/Vis-active compounds to get good agreement be-
tween theory and experiment.[12] Therefore, MD simulations
were also performed for the gas-phase compounds and se-
lected trapped organic species. The complementary set of
methods used in this work allows the factors determining
the typical fingerprints of cationic (poly)aromatic com-
pounds in the UV/Vis spectra to be pinpointed on the basis
of a combined static/molecular dynamics approach. Various
factors may play an important role in the final assignment
scale: 1) the level of theory used for the calculatation of the
excitation spectra, 2) the zeolitic confinement effects, and
3) the flexibility of the organic compounds.

Our specific interest stems from the understanding of the
methanol-to-olefins (MTO) process (Figure 1 a) occurring
over the archetypal acidic solid catalysts H-ZSM-5 and H-
SAPO-34.[13–15] Elucidation of the reaction mechanism has
been the theme of a long debate, but there is now consensus
on the hydrocarbon pool (HP) pathway, in which methanol
is added to an organic scaffold present in the zeolite frame-
work.[14, 16–19] The MTO process has recently been re-

viewed.[20–22] The exact chemical structure of the HP species
depends on the zeolite characteristics (composition, topolo-
gy, acid strength) and the reaction conditions.[23–28] In H-
ZSM-5 both alkenes and lower methylated aromatics are as-
sumed to be active olefin-eliminating compounds,[29–35]

whereas in H-SAPO-34 mainly higher methylated aromatics
are held responsible for the catalytic activity.[36–41] The differ-
ent catalysts also show different coking behavior. Details of
the deactivation process in H-SAPO-34 have been reviewed
by Chen et al.[42] Due to the complexity of the mechanism
and the occurrence of various simultaneous reactions, the
exact nature and structure of carbonaceous species formed
during the MTO process remain unknown. In this light, mo-
lecular modeling has already been of indispensable value in
unraveling various reaction mechanisms proposed for the
MTO process.[31–34,43,44] Nowadays, theoretical methods have
matured to the level at which enthalpy barriers[45] and reac-
tion rates[46] of individual reaction steps occurring in zeolitic
materials can be obtained with near-chemical accuracy.

Some of us used in situ UV/Vis combined with confocal
fluorescence microspectroscopy to characterize coke species
in H-ZSM-5[2,48–50] and H-SAPO-34.[2] In the latter, deactiva-
tion is due to large aromatic hydrocarbons trapped inside
the spacious pores.[2] These aromatics are held responsible
for pore blockage and hence deactivation of the SAPO-34
catalyst.[51] Dai et al. examined the catalytic performance of
silicoaluminophosphate (SAPO) materials with different
topologies, in particular SAPO-34, SAPO-41, SAPO-11, and
SAPO-46, during MTO conversion and observed the forma-
tion of polyaromatic coke species using 1H MAS NMR and
in situ UV/Vis spectroscopy.[52,53] In particular, GC-MS anal-
ysis of the formed organic species revealed that for SAPO-
34 mainly naphthalene is retained, for SAPO-41 and SAPO-
11 tetramethylbenzenes, and for SAPO-46 the amounts of
large aromatics are negligible.

One of the main problems with UV/Vis spectra is that
their interpretation is complicated due to the occurrence of
overlapping absorption bands. To obtain more information
on the underlying carbonaceous species, the spectra can be
deconvoluted, as illustrated in Figure 1 b.[47,48] In a combined
theoretical/experimental study on methanol conversion over
chabazite-type materials, we established a correlation be-
tween theoretical methylation activation barriers for the
most active species and the formation–activation barriers of
the underlying reaction intermediates deduced from UV/Vis
microspectroscopy.[47] In correspondence with previous stud-
ies, absorption around 400 nm could be assigned to highly
methylated benzenic cations. In particular, Bjørgen et al. as-
signed the band at 400 nm to the hexamethylbenzenium
cation, which is a crucial MTO reaction intermediate.[39]

This information will provide an important reference point
for the theoretical simulations performed in the present
work. The heptamethylbenzenium cation was recently ex-
plicitly observed under MTO conditions in DNL-6, a newly
synthesized SAPO-type molecular sieve with large cavi-
ties.[54] Coupling of NMR to optical fiber based UV/Vis
spectroscopy by Hunger et al. allowed the formation of

Figure 1. a) Schematic view of the hybrid organic/inorganic catalyst for
MTO and b) schematic representation of a deconvoluted UV/Vis spec-
trum of methanol conversion over micrometer-sized crystals of H-SAPO-
34.[47] During the conversion, a variety of PMBs and PAHs are present in
the zeolitic pore.
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cyclic compounds and carbenium ions to be detected.[55] Di-
erksen and Grimme provided vibronically resolved spectra
of polyaromatics, and reported absorption around 361 nm
(theoretical value: 384 nm) in the case of anthracene.[8]

Mores and co-workers associated absorption bands of UV/
Vis spectra recorded during MTO over ZSM-5 with the fol-
lowing (cationic) carbonaceous deposits absorbing between
380 and 410 nm: single-ring aromatics; 425 and 475 nm:
two- and three-ring aromatics; 565 and 635 nm; four- and
five-ring aromatics; above 675 nm: polycondensed aromat-
ics.[48] Also in the field of in situ spectroscopy, which is now
regularly used to obtain insight into the detailed reaction
mechanism,[56] molecular modeling may assist in interpreting
the often complex spectra.

Time-dependent DFT[57–60] has nowadays emerged as the
preferred theoretical tool to investigate reasonably large sys-
tems for which traditional methods based on wave functions
are computationally infeasible. Although TDDFT is formal-
ly exact, practical implementation leads to approximations
due to the nature of the exchange-correlation (xc) functional
and the usually applied adiabatic approach. Nevertheless,
reasonable accuracy is reached in the reproduction of excita-
tion energies in fairly large molecules at very favorable com-
putational cost; the typical error for the excitation energy
lies in the range of 0.1–0.5 eV.[58,61–63] However, substantial
errors may be expected for large p systems such as linear
polyacenes when using standard functionals such as BP86
and B3LYP, since they show an incorrect asymptotic behav-
ior for the xc potential. This problem was examined in
detail by Grimme and Parac.[64] For an important class of ex-
citations with ionic character unsystematic and strongly size
dependent errors were obtained, and hence simple correc-
tion schemes were excluded. By including a long-range cor-
rection term to the functional, based on exact HF exchange
at large distance, the performance of TDDFT could be re-
solved.[65–68] Excitation energies decrease monotonically with
increasing size of the linear polycyclic aromatic hydrocar-
bons (PAHs). This seems not to be the case for their proton-
ated counterparts, as experimentally demonstrated by Alata
et al. ,[69] who presented the first experimental observation of
vibrationally resolved electronic spectra of protonated linear
PAHs. For species with an even number of aromatic rings,
the excited state shows a strong charge-transfer character
leading to a large redshift of the transition.[69] Detailed
knowledge of the electronic absorption properties of such
PAHs, which encompass the HP reaction intermediates and
coke precursors of the MTO process, as illustrated in
Figure 1, is still a subject of research. Moreover, the compu-
tation of reliable electronic transitions for an entire supra-
molecular complex consisting of the nanoporous material
and the hydrocarbon compound remains very challenging.
Crucial host–guest interactions in zeolitic materials are typi-
cally studied by means of vibrational techniques such as IR
spectroscopy, whereas the influence of such interactions on
the electronic absorption properties is currently not well un-
derstood. Fois et al. investigated the dye fluorenone inside
the nanochannels of zeolite L using TDDFT on finite clus-

ters extracted from the periodically optimized structure.[70]

The commonly used procedure to calculate UV/Vis spectra
theoretically uses static electronic-structure calculations on
a well-defined configuration of the potential-energy surface.
However, the carbonaceous molecules encountered here
show a certain degree of flexibility. Such effects may be
fully accounted for by performing molecular dynamics
(MD) simulations.[71] Molecular dynamics accurately de-
scribes the structural fluctuations during a small time inter-
val and can generate a large series of different conforma-
tions which are used to obtain average excitation proper-
ties.[12,72,73] In practice, TDDFT simulations are performed
on snapshots extracted from the MD trajectories.

The methodology used in this work allows the influence
of both the zeolite confinement and the flexibility of the or-
ganic compounds on the theoretical excitation energies of
the carbonaceous species occluded in the pores of the cata-
lyst material to be fully quantified. The archetypal MTO
catalysts H-SAPO-34 and H-SSZ-13 with chabazite (CHA)
topology are taken as a case study. In situ UV/Vis experi-
ments were performed, and interactions between ammonia
and the coked samples provided insight into the charged
nature of the formed species. A static and dynamic approach
was assessed to simulate the excitation spectra, and finally
an assignment scale based on the theoretical data is pro-
posed.

Results and Discussion

In situ UV/Vis microspectroscopy : H-SAPO-34 and H-SSZ-
13 zeolite crystals were placed on the heating stage of an in
situ cell and exposed to a stream of methanol vapor at a re-
action temperature of 509 K. We previously reported that
broad, overlapping absorption bands grow around 400, 480,
and 580 nm[2] and that a systematic deconvolution procedure
can be performed to obtain more insight into the underlying
reaction intermediates.[47] Four Gaussian bands, located at
approximately 400, 450, 505, and 580 nm, were needed to
properly reconstruct the experimental UV/Vis absorption
spectra, while a band at 658 nm has a very small contribu-
tion to the overall shape, and a broad band at 700 nm was
used to compensate the overall absorption due to coke for-
mation or drift effect.[47] In the present study, we mainly
focus on the time evolution of the Gaussian bands around
400, 450, and 505 nm. To reveal whether the organic inter-
mediates reside in neutral or cationic form, the methanol-
treated H-SAPO-34 and H-SSZ-13 samples were exposed to
a stream of ammonia. NH3 is believed to diffuse easily
through the nanoporous structure due to its small size.

A selection of UV/Vis microspectra taken before (a, b)
and after (g, d) ammonia dosing is given in Figure 2 a and b.
Figure 2 c and d show the absorbance maxima of the Gaussi-
an bands as a function of time on stream (TOS). The metha-
nol flow was stopped after 1125 and 900 s in the case of H-
SAPO-34 and H-SSZ-13, respectively (b in Figure 2). NH3

dosing started shortly hereafter (g in Figure 2) and immedi-
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ately the bands started to drop. For the sake of comparison,
the time evolution of the Gaussian bands for the reaction
without ammonia is given in Figure S1 of the Supporting In-
formation, in which a steady increase of the bands around
446 and 504 nm can be observed. On interaction with am-
monia (Figure 2 c and d), all bands decrease monotonically,
that is, they are due to carbocations. However, the bands de-
crease at different rates. In particular, for H-SAPO-34 the
Gaussian bands around 400 and 450 nm drop faster than the
band at longer wavelength (505 nm). On the other hand, the
bands drop much faster in H-SSZ-13, and a steady regime is
noticed at 2000 s (Figure 2 d). For this sample, outgassing
was performed at about 2850 s, after which a small increase
in the Gaussian bands was observed suggesting slow regen-
eration of aromatics (see d in Figure 2 and Figure S2 of the
Supporting Information). The differences between H-
SAPO-34 and H-SSZ-13 may be due to differences in acidi-
ty and/or pore diffusion. We did not observe total erosion of
the bands, as opposed to the situation in H-ZSM-5.[74] This
might also be due to the different possibilities for pore diffu-
sion in the MFI and CHA topologies.

The obtained results are in line with a recent investigation
of Dai and co-workers, who combined the study of NH3

with SAPO-34 samples used for
MTO using UV/Vis and 1H and
13C high-speed MAS NMR.[75]

Scheme 1 depicts possible inter-
actions between ammonia and
charged HP species and/or the
zeolitic framework.

Ammonia is a relatively
strong base and is a good candi-
date to deprotonate some
trapped cationic species and
form their neutral counterparts
(Scheme 1 a). The correspond-
ing electronic changes are ob-
servable in the UV/Vis spec-
tra.[39,74, 75] In addition, Dai
et al.[76] manifestly demonstrat-
ed using 13C MAS NMR the
formation of phenylammonium
ions (Scheme 1 b), and hence
this route was also investigated
by ab initio simulations. More-
over, protonation of the probe
molecule by accessible
Si(OH)Al sites leading to am-
monium ions cannot be ruled
out (Scheme 1 c). The last-
named effect does not lead to
changes in the UV/Vis spectra;
it only hampers the formation
of protonated HP species, since
fewer acidic protons are avail-
able. Gas-phase proton affini-
ties (PAs) have been used pre-

viously to assess the stability of the formed carbocations;
computed data of the species under investigation are given
in Table S1 of the Supporting Information. Polymethylben-

Scheme 1. Possible interactions between ammonia and charged HP spe-
cies occluded in the CHA cage (a, b) and the acid site (c). Calculated ex-
citation energies [nm] from MD simulations on the gas-phase compounds
are also given (see text for more details).

Figure 2. Selection of time-resolved UV/Vis spectra during MTO reaction at 509 K of the a) H-SAPO-34 and
b) H-SSZ-13 crystals. c) and d) Time evolution of Gaussian bands (black squares, 400 nm; red circles, 449 nm;
green triangles, 505 nm). At time b (1125 s for H-SAPO-34 and 900 s for H-SSZ-13) the methanol feed was
stopped, and at time g (1400 s for H-SAPO-34 and 1250 s for H-SSZ-13) the ammonia feed was started. We
note that some spectra were rather challenging to fit and a maximum shift of 4 nm was allowed, similar to pre-
vious work.[2, 47]
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zenes (PMBs) with a PA value higher than 820 kJ mol�1

have been shown to occur mostly in their protonated form
inside H-Beta.[39] The results (Supporting Information,
Table S1) indeed suggest that protonation of ammonia by
the acidic framework protons may occur and that several ar-
omatics can be deprotonated by NH3. However, one must
be careful when drawing conclusions based on
these gas-phase data, as pointed out previously by
Macht et al.[77]

TDDFT simulations of carbonaceous compounds :
To obtain a comprehensive understanding of the
observed UV/Vis spectra, a set of PMBs and PAHs
was selected (Figure 3). The notations Bn, Nn, An,
Tn, Phn and PYRn stand for benzenic, naphthalenic,
anthracenic, tetracenic, phenanthrenic, and pyrenic
compounds with n methyl substituents. Due to the
abundance of methanol, methylated carbocations
are key intermediates in all mechanistic proposals
for the MTO reaction (see Figure 3 a) and hence
their absorbance characteristics were also studied.
Methylation can occur at various positions to give
a charged carbonaceous compound Xn+ 1

+ ; the se-
lected sites are indicated in Figure 3 b. The opti-
mized B3LYP/DGTZVP geometries of all gas-
phase neutral compounds were found to be planar.
Methylation can lead to small deviations from pla-
narity; the benzenic species deviate slightly from
planarity, whereas for the polyaromatics a maximum
deviation of 178 is found in the case of the singly
methylated tetracenic species. This behavior was
previously shown to be relatively independent of
the level of theory and of the inclusion of disper-
sion corrections.[78–80]

Time-dependent DFT excitation spectra of the entire
series of gas-phase compounds shown in Figure 3 were cal-
culated. All excitations correspond to singlet p!p* transi-
tions. Table 1 lists the computed first excitation energies,
and overall spectra are shown in Figure S4 of the Supporting
Information.

Level-of-theory assessment for calculation of excitation spec-
tra : First, the accuracy of the theoretical method must be va-
lidated. This was achieved by means of first excitation ener-
gies, which can be compared with data reported earlier.

For the neutral PAHs, all first excitations originate from
typical HOMO!LUMO or from a mixture of HOMO�1!
LUMO and HOMO!LUMO +1 excitations. These excita-
tions are often referred to as La- and Lb-type states in the
Platt nomenclature[81] and are a highly investigated research
topic.[64–68,82] In particular, the nature of the La, that is, the
HOMO!LUMO, excitation is a priori not well understood;
to date there are indications of charge-transfer characteris-
tics, and it has been reported that long range corrected func-
tionals and double hybrids outperform standard GGA or
hybrid functionals.[65–68] Therefore, for the series of linear
acenes we also tested various functionals for the TDDFT
computations, in particular BP86, B3LYP, B3P86, M06-2X,
and CAM-B3LYP. The last-named method was previously
shown to perform well for PAHs.[63,80, 83,84] Figure 4 a displays
the main results; a detailed analysis is given in the Support-
ing Information. Figure 4 a indeed shows that CAM-B3LYP
leads to a substantial improvement for the first excitation of
the longer acenes on comparing the theoretical results with

Figure 3. a) Schematic view of methylation reactions in MTO reaction
mechanisms. Z represents the zeolite. b) Representation of all investigat-
ed neutral PMBs and PAHs, that is, all Xn species, where n is the number
of methyl substituents and X stands for benzenic, naphthalenic, anthra-
cenic, tetracenic, phenanthrenic, and pyrenic species. Cationic com-
pounds resulting from methylation at the positions indicated by circles
were also studied. Open and filled circles correspond to normal and ipso
methylation, respectively.

Table 1. First excitation energies [nm] computed with TDDFT (B3LYP/DGTZVP).[a, b]

Neutral compounds Charged compounds
Static MD Static MD

In vacuo[a] PCM In vacuo In vacuo[a] PCM In vacuo

B0 229 (225) 229 240 B1
+ 305 (302) 312 323

B1 234 (229) 234 245 B2
+ 322 (318) 330 342

B2 240 (235) 241 251 B3
+ 344 (336) 350 368

B3 241 (235) 241 253 B4
+ 357 (350) 364 378

B4 242 (236) 243 256 B5
+ 370 (363) 378 394

B5 246 (239) 246 260 B6
+ 361 (352) 369 391

B6 249 (242) 249 265 B7
+ 360 (352) 367 385

N0 284 (269) 287 307 N1a
+ 438 (382) 433 466

N1b
+ 452 (423) 458 473

N1 290 (276) 293 306 N2
+ 460 (429) 467 494

N2 297 (275) 301 317 N3
+ 434 (376) 430 462

N3 289 (283) 292 311 N4
+ 451 (394) 448 469

N4 302 (283) 306 334 N5
+ 518 (473) 523 520

A0 385 (349) 391 406 A1a
+ 445 (388) 445 480

A1b
+ 644 (527) 633 691

A1c
+ 655 (569) 654 682

T0 506 (444) 516 531 T1
+ 616 (507) 614 653

PH0 313 (292) 313 336 PH1
+ 522 (453) 523 559

PYR0 338 (314) 346 358 PYR1
+ 618 (554) 618 623

[a] TDDFT CAM-B3LYP/DGTZVP results with B3LYP/DGTZVP optimized geome-
tries are given in parentheses. [b] Static, In vacuo refers to TDDFT simulations in
vacuo on gas-phase statically optimized structures; Static, PCM refers to TDDFT sim-
ulations including a PCM bulk solvent on gas-phase statically optimized structures;
MD, In vacuo refers to the average excitation energy (TDDFT simulations in vacuo)
with gas-phase structures extracted from an MD simulation.
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available experimental data. The M06-2X functional, which
exhibits about the same amount of HF exchange as CAM-
B3LYP at long distance, shows a very similar behavior. The
maximal overestimation obtained for T0 is reduced from 75
(for B3LYP) to 13 nm (for CAM-B3LYP), and thus a long
range corrected functional with a substantial amount of HF
exchange is preferred over GGA or hybrid functionals for
the TDDFT-based description of HOMO!LUMO transi-
tions in large linear acenes.[65]

In the case of the charged compounds, all first excitations
correspond to a clear HOMO!LUMO transition, the com-
puted oscillator strengths are much higher compared to
those of their neutral counterparts. No systematic experi-
mental data is available for charged methylated compounds,
but Alata et al. obtained vibrationally resolved electronic
spectra of isolated protonated PAHS, in particular naphtha-
lene, anthracene, and tetracene, using neutral photofrag-
ment spectroscopy.[69] By using these compounds as a refer-
ence set, the performance of the B3LYP and CAM-B3LYP
functionals was compared and, opposite to the series of neu-
tral acenes, the shift between theoretical and experimental
data was rather independent of system size (Figure 4 b).
Moreover, the B3LYP-based results for the charged com-
pounds are in better agreement with the experimental refer-
ence data of Alata et al.

We are not only interested in the first excitations, since
these often correspond to very low oscillator strengths (es-
pecially in case of the neutral aromatics), and therefore also
investigated the influence of the level of theory on the over-
all spectra (see Figure S4 of the Supporting Information).
The influence was found to be much smaller: comparison of
B3LYP and CAM-B3LYP values for the maximal absorption
peaks led to maximum shifts of 10 and 20 nm for neutral
and charged series, respectively. These results suggest that
the B3LYP functional is well suited to describe the overall

excitation spectra of both neutral and charged (poly)aromat-
ics.

The theoretical gas-phase simulations led to the following
trend (see Figure S4 of the Supporting Information): for the
series of neutral compounds, the maximal absorbance peak
increases on average by 4 nm per methyl group, whereas for
the X0 series an increase of 30 nm is found on adding more
aromatic rings in a linear fashion. Removal of the degenera-
cy of the energy levels on methylation of the aromatic back-
bone gives rise to a large redshift, to such an extent that
also for benzenic species spectral components appear in the
visible region (Figure 5). This observation is in agreement
with previous studies on protonated (closed-shell)
PAHs.[7,69,85] For the Bn

+ series the first excitation energy in-
creases by approximately 16 nm per methyl group up to five
substituents, after which it remains virtually identical for
B6

+ and B7
+ . The redshift induced by methylation can criti-

cally depend on the specific site where methylation takes
place. This is especially the case in anthracenic compounds,
for which the excitation energies can even differ by 210 nm
(most stable compound A1a

+ versus A1c
+). The range in

which the excitation energies lie is not always decisive for
distinguishing between PAHs: N1a

+ and A1a
+ differ by only

7 nm, and hence singly methylated bi- or tricyclic com-
pounds are indistinguishable in the experimental UV/Vis
spectra. Figure 5 shows the computed first excitations, and it
can be concluded that, in line with the experimental obser-
vations, mainly charged compounds show electronic absorb-
ance in the visible region.

However, the computed excitation energies of the higher
methylated benzenic species in the gas phase (e.g., 361 nm
for B6

+ , see Table 1) are still substantially shifted from the
experimental band position of 400 nm measured in H-
SAPO-34. To assess the influence of a bulk solvent on the
first vertical excitation energies, additional TDDFT calcula-

Figure 4. Comparison of experimental and theoretical (TDDFT) first excitation energies of a) linear condensed acenes and b) singly protonated or me-
thylated linear condensed acenes as a function of system size. i Taken from ref. [64]. ii Adapted from ref. [69] (for details, see Supporting Information)
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tions were performed in which the species were embedded
in a continuum with fixed dielectric constant (the value of
cyclohexane was used) with optimized geometries obtained
in vacuo (column PCM in Table 1). The effect is negligible
for the neutral compounds and somewhat larger for the
charged compounds (maximal shift of 10 nm for A1b

+). The
theoretical excitation energy of B6

+ now amounts to
369 nm, which is still too far from the 400 nm band mea-
sured experimentally. This is a clear indication that the ef-
fects taken into account up to now are insufficient to de-
scribe the measured optical absorption bands in a zeolitic
environment.

Zeolitic confinement effects : To account for zeolite confine-
ment and its influence on the calculated excitation proper-
ties, TDDFT simulations were performed on supramolecular
systems with the species occluded in the chabazite pore. For
this analysis, only the charged species were investigated and
four-ring aromatics were omitted, since they are too large to
be formed in the nanoporous cage. The computed first exci-
tation energies of the carbocations in SAPO-34 are summar-
ized in Table S4 of the Supporting Information. The influ-
ence is rather small : the zeolitic environment is responsible
for a nonsystematic shift of 10 nm on average. Figure 6 illus-
trates that this effect may be due to geometrical deforma-
tion or mixing with zeolite orbitals.

In the cage of a zeolite the carbonaceous species exhibits
a deformed structure so that the entire supramolecular
system is in its energetically most favorable state. For some

compounds this geometrical deformation can be very signifi-
cant, as shown in Figure 7, which shows the calculated dif-
ference in electronic excitation energy between the opti-
mized and deformed structures in vacuo versus the deforma-

tion energy. Deformation energies (see also Table S5 of the
Supporting Information) of the benzenic species are rela-
tively low, as could be expected due to the limited geometri-
cal relaxation that these compounds can undergo. The re-
sulting shifts in first excitation energy are also small (1–
15 nm, see the gray zone in Figure 7). The longer the chain
of rings, the higher the flexibility of the compounds and the
geometrical deformation that can take place. These larger
PAHs show substantially larger shifts: about 20-40 nm for
the heavily deformed N4

+ , N5
+ , PH1

+ , A1b
+ , and A1c

+ spe-
cies (see Figure 7). The calculated results again illustrate the
importance of the methylation site: in case of the anthrace-
nium ions, methylation at the central ring leads to the most
favorable situation, whereas the other structures A1b

+ and
A1c

+ show deformation energies of 111 and 139 kJ mol�1, re-
spectively, which are extremely high.

Next, we compare the absorption spectra of the supra-
molecular systems with those of the deformed HP com-
pounds extracted from the zeolite to assess the influence of

Figure 5. Theoretical first excitation energies [nm] of all optimized neutral (black triangles, calculated with TDDFT CAM-B3LYP) and charged (gray di-
amonds, calculated with TDDFT B3LYP) gas-phase compounds. The Gaussian bands around 400, 450, and 500 nm used in the experimental deconvolu-
tion procedure are indicated in green, red, and gray, respectively.

Figure 6. Schematic view of possible effects on excitation energies of car-
bonaceous compounds Xn +1

+ in gas-phase and supramolecular situations.

Figure 7. Calculated differences in first excitation energies [nm] of the de-
formed gas-phase compounds compared to the optimized structures as
a function of deformation energy [kJ mol�1]. The benzenic series is indi-
cated by dark gray diamonds, and the PAH compounds by black squares.
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orbital mixing, as also schematically indicated in Figure 6.
For the Bn

+ series, the first excitations are all shifted to
higher values by an average of 12 nm, whereas for the PAHs
the behavior is less systematic. Figure 8 illustrates the over-
all absorption spectrum for B7

+ and N4
+ , which were inves-

tigated in SAPO-34 and its isostructural counterpart SSZ-
13. For the heptamethylbenzenium ion the shift due to all
these effects is almost nonexistent. For the bicyclic species,
the zeolite-confinement effect is more prominent and leads
to significantly larger shifts. Figure 8 also depicts molecular
orbitals involved in the electronic excitations, which reveal
that, for the supramolecular systems, mixing with zeolitic or-
bitals is sometimes observed. For the benzenic species,
lower-lying p orbitals, delocalized over B7

+ and the zeolite
framework, participate in the excitation. A similar delocali-
zation of the orbital surface is observed in the case of N4

+ .

A larger effect is found for this
larger compound (see Figure 8).
This analysis shows that differ-
ences between the electronic
transitions of gas-phase and
supramolecular compounds
result from a complex, nonsys-
tematic combination of geomet-
rical deformation due to zeolitic
confinement on the one hand
and mixing of the orbitals of
the carbonaceous compounds
with those of the zeolitic frame-
work on the other (Figure 8).

Flexibility of the organic compounds : MD simulations : Thus
far, the theoretical analysis was based on static computa-
tions in which only one point on the potential-energy sur-
face was taken into consideration. It has been shown by
some of us that, for adequate simulation of UV/Vis spectra
of azo dyes, it was of utmost importance to take into ac-
count the flexibility of the target compounds.[12] We there-
fore performed for all gas-phase compounds MD simula-
tions at 600 K to sample the potential-energy surface and
generate a large set of deformed structures which mimic the
flexibility of the species at elevated temperatures. For the
selected compounds B7

+ and N4
+ the dynamics included the

zeolite framework. After proper equilibration, a production
run was carried out. Subsequently, 100 snapshots were ex-
tracted, a static TDDFT calculation was then performed on
each of them, and corresponding averages were taken.

Figure 9 shows the influence of
the MD approach for some
neutral species and their
charged counterparts. Overall,
the shape of the spectra re-
mains unaltered, but slight
broadening of the absorption
bands is found due to the inclu-
sion of a large number of slight-
ly deformed geometries. Fig-
ure 10 a clearly shows only
a small shift for the neutral
compounds, whereas the influ-
ence of flexibility is more pro-
nounced for the charged species
(see Figure 9 b). From the MD
trajectories it can be concluded
that small geometrical changes,
and in particular deformations
from planarity of the aromatic
backbone, are responsible for
the changes in the electronic
excitation spectra. Out-of-plane
movement of the sp3-hybridized
carbon atom in the carboca-
tions is also noticeable.

Figure 8. Simulated absorption spectra of a) B7
+ and b) N4

+ in different molecular environments: optimized
structure in vacuo (full black line), deformed structure in vacuo extracted from geometry optimization of the
supramolecular system (dashed lines), and the whole supramolecular system (full colored lines). Red lines cor-
respond to SAPO-34, and blue lines to SSZ-13. The lower panels display isosurfaces (isovalue 0.02) of molecu-
lar orbitals involved in the electronic transitions; the black box corresponds to the system in vacuo, and the
red box to the SAPO-34 supramolecular system.

Figure 9. Comparison of the static (solid lines) and dynamic (dashed lines) approach for the computation of
excitation spectra (wavelength range between 0 and 700 nm) for selected a) neutral and b) charged species in
vacuo. Vertical lines correspond to the position of maximal absorbance for the B6 and B7

+ species.
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The MD predictions of the first excitation wavelengths
are included in Table 1 (column MD). In all cases, they
show a significant bathochromic shift with respect to the
static result. For the neutral series, this shift is about 20 nm,
whereas for the cationic compounds it is approximately
30 nm. The MD values for the heavily methylated benzeni-
um ions B6

+ and B7
+ are now 391 and 385 nm (see the

dashed vertical line in Figure 9 b), which are very close to
the experimental absorption band of 400 nm. These results
indicate that it is crucial to account for the flexibility of the
carbonaceous species to get good agreement between theory
and experiment, and that MD is an appropriate tool to do
this. For the experimental reactions with ammonia, the MD-
derived excitation energies are also included in Scheme 1.
The deprotonated B6 species and the pentamethylated phe-
nylammonium ion absorb at 265 nm, and both routes
(Scheme 1 a and b) can explain the experimentally observed
decrease of the 400 nm band on dosing NH3.

Finally, we investigated the influence of the CHA cage on
the MD simulations. MD runs at 600 K with the B7

+ and
N4

+ compounds occluded in the CHA cage were calculated
by using the periodic structures depicted in Figure 10. Sub-
sequently, TDDFT computations were performed on snap-

shots taken from the MD runs,
considering only the deformed
HP species. The averaged exci-
tation energy for B7

+ of 384 nm
is very similar to the averaged
gas-phase MD value of 385 nm
(see Table 1). This indicates
that the CHA pore does not
impose additional constraints
on the heavily methylated ben-
zenic species, in line with the
observations made in the static
calculation. In the case of N4

+ ,
the average MD value of 481 nm is substantially higher than
the gas-phase MD average of 469 nm (see Table 1), and very
similar to the static result for N4

+ in the H-SSZ-13 large
cluster (the HOMO and HOMO�1 to LUMO transition
energy is 483 nm). This observation suggests an influence of
the acidity of the catalyst material; a detailed investigation
of this behavior is, however, outside the scope of the present
work.

Assignment scale : In summary, the extensive theoretical
study on absorption maxima of possible intermediates
during an MTO process makes it possible to assign peaks in
the experimental UV/Vis spectra. The assignment of the
peaks is based on the theoretical data originating from the
MD runs performed on the gas-phase species. The assign-
ment scale for the carbocations is given in Figure 11, and
the computed spectra are also shown in Figure S5 of the
Supporting Information. Most of the single-ring aromatic
cations contribute to the 400 nm band. Bicyclic species show
broader absorption bands extending to 450 nm. Other bicy-
clic compounds, for example, the heavily methylated N5

+ ,
show absorbance around 500 nm. The phenanthrenic species
show high absorbance at longer wavelengths, in particular

Figure 10. Periodic SSZ-13 structure with B7
+ (a) or N4

+ (b) used for the MD simulations.

Figure 11. First vertical excitation energies [nm] of charged HP compounds in vacuo, computed by using MD combined with TDDFT B3LYP/DGTZV
calculations on extracted snapshots.
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around 540 nm. The anthracenic species A1b
+ and A1c

+

absorb above 650 nm. However, these species are energeti-
cally much less favorable than their A1a

+ counterpart, which
absorbs around 400 nm. It is therefore not expected that the
former two compounds are important intermediates in the
reaction. According to our theoretical simulations (see
Table 1), no neutral compounds of our test set absorb above
600 nm. We also note that this assignment scale shows
subtle differences from our previously proposed scale given
in ref. [47], which only reported results obtained from static
simulations.

Conclusion

We have presented theoretical excitation energies of a series
of neutral and charged (poly)aromatic hydrocarbons in dif-
ferent molecular environments. These data provide insight
at the molecular level into reaction intermediates responsi-
ble for absorption bands in experimental UV/Vis spectra.
Methanol conversion over chabazite catalysts was examined
and the bands in the experimental optical absorption spectra
were obtained through in situ UV/Vis microspectroscopic
measurements. The cationic nature of the species responsi-
ble for absorption around 400, 450, and in part 500 nm has
been established by interaction of ammonia with the metha-
nol-treated samples. On the basis of calculated excitation
energies, the origin of this absorption has been attributed to
structurally different (poly)aromatic compounds. We have
shown that the use of static TDDFT computations on gas-
phase compounds is insufficiently accurate and that one
must be careful when incorporating the zeolite framework
in the TDDFT simulation due to orbital mixing. We have
demonstrated that molecular dynamics simulations are nec-
essary to take into account geometrical deformations of the
carbonaceous compounds, and this leads to broad absorp-
tion bands and average excitation values in excellent agree-
ment with experimental data. Heavily methylated benzeni-
um ions absorb around 400 nm, but singly methylated bi-
and tricyclic species also absorb at this wavelength. Naph-
thalenium ions containing up to four methyl substituents are
responsible for absorption around 450 nm, and the more
heavily methylated bicyclic species as well as tricyclic com-
pounds contribute to the 500 nm band.

Experimental Section

In situ experiments : The as-synthesized H-SAPO-34 and H-SSZ-13 crys-
tals had sizes of 50� 50 � 50 and 40� 40� 40 mm, respectively. Their syn-
thesis is reported elsewhere.[86–88] The (Al+P)/Si and Si/Al ratios were
4.9 and 17.7, respectively. The crystals were placed on the heating stage
of an in situ cell (Linkam FT-IR 600) equipped with a temperature con-
troller (Linkam TMS 93). The calcined crystals were first heated to
673 K at 15 Kmin�1, then heated to 823 K at 5 K min�1, and held at this
temperature for 1 h under O2 atmosphere. Subsequently, the crystals
were exposed to a stream of methanol vapor/N2 (50 mL min�1) at a reac-
tion temperature of 509 K. The UV/Vis microspectroscopic measure-

ments were performed under an Olympus BX41 upright microscope with
a 50� 0.5 N.A. high working distance microscope objective lens. A 75 W
tungsten lamp was used for illumination. In addition, the microscope has
a 50/50 double viewpoint tube, which accommodates a CCD video
camera (ColorView IIIu, Soft Imaging System GmbH) and an optical
fiber mount. A 200 mm core fiber connects the microscope to a CCD
UV/Vis spectrometer (AvaSpec-2048TEC, Avantes BV).

Methanol feeding was stopped when no further increase in the absorp-
tion band around 400 nm was observed (1125 s for H-SAPO-34 and 900 s
for H-SSZ-13). Shortly hereafter, 1 % NH3 in N2 was introduced into the
system at a flow rate of approximately 20 mL min�1. In the case of H-
SSZ-13, NH3/N2 was switched to pure N2 flow (70 mL min�1) after 2850 s
when the intensities in visible region no longer declined.

Computational details : First-principles static calculations were performed
with the Gaussian 03[89] and Gaussian 09[90] software packages. The equi-
librium geometries of the ground states of the gas-phase compounds
were determined at the B3LYP/DGTZVP level of theory.[91, 92] The cata-
lytic environment was modeled by using large (44T) finite zeolite clusters
cut out of the crystallographic structure and containing one acid site per
cage. The supramolecular geometries were optimized by using the multi-
layered ONIOM(B3LYP/DGTZVP:MNDO) method; the high level is
composed of a 6T region, representing the central spacious cage of the
chabazite topology (see also refs. [47, 93,94]). The clusters are depicted in
Figure S6 of the Supporting Information. A vibrational analysis at the
level of theory of the geometry optimization confirmed the true nature
of the stationary points. The outer hydrogen atoms of the cluster were
constrained in space to prevent nonphysical deformations due to neglect-
ing the full molecular environment. It has previously been shown that,
from a technical point of view, the localization of transition states and in-
terpretation of the normal modes is substantially simpler in a cluster ap-
proach than in a periodic approach.[95, 96] In addition, we also reported
that large cluster models provide accurate adsorption enthalpies when
dispersion contributions are properly taken into account.[97]

Vertical electronic excitation energies were determined by using TDDFT
at the B3LYP/DGTZVP level of theory. Additional BP86, B3P86, M06-
2X, and CAM-B3LYP single-point TDDFT computations were per-
formed. The CAM-B3LYP functional is a long range corrected functional
with improved performance for delocalized systems,[98] and its perfor-
mance is now tested for aromatic species bearing a positive charge.
TDDFT computations with inclusion of a continuum solvent were also
performed by using the polarizable continuum model (PCM)[99] with the
solvent molecule density (SMD)[100] parameter set, as implemented in
Gaussian 09.

Molecular dynamics (MD) simulations were carried out both on gas-
phase hydrocarbons and selected carbocations entrapped in a chabazite
cage by using the CP2K software package.[101] All DFT calculations are
performed with the Gaussian and plane waves (GPW) method,[102] by
using a TZVP basis set with GTH pseudopotentials[103, 104] and the BLYP
functional, to which empirical dispersion corrections were added accord-
ing to the DFT-D3 Scheme of Grimme.[105] The gas-phase and zeolite
MD runs were conducted in the canonical (NVT) ensemble at 600 K
with time steps of 1 and 0.5 fs, respectively. A chain of five Nos�–Hoover
thermostats was used to control the temperature. During MD runs in
which the zeolite environment was taken into account, the volume of the
periodic simulation cell was kept fixed. The cell parameters were ob-
tained from a cell optimization and correspond to a= 13.870, b=13.886,
c =14.867 �, a =89.89, b=90.08, and g=118.368. The periodically re-
peated unit cell, as obtained from the IZA database, contains 36 tetrahe-
dral units: 1 AlO4 and 35 SiO4 units. The use of this large unit cell avoids
undesired interactions between the images of the hydrocarbon molecules.
After equilibration, total simulation times of 50 and 3 ps were used for
analysis of the gas-phase and zeolite MD runs, respectively, with the stat-
istical analysis toolkit MD-tracks[106] and for the calculation of the “dy-
namic” UV/Vis spectra. These spectra were obtained by taking 100 snap-
shots (every 500 steps for the gas-phase simulations and every 60 steps
for the zeolite simulations), on which separate TDDFT calculations were
performed. Finally, all of the generated spectra were summed up and di-
vided by the total number of snapshots (in this case, 100) to gain an aver-
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aged spectrum based on the dynamics simulations. The calculated transi-
tion excitation energies are reported in wavelength units to allow a clear
comparison with available experimental data.
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Identification of Intermediates in
Zeolite-Catalyzed Reactions by In Situ
UV/Vis Microspectroscopy and
a Complementary Set of Molecular
Simulations

Simulated UV/Vis spectra of a series
of (poly)methylated (poly)aromatics
representing reaction intermediates of
methanol-to-olefins conversion over
chabazite catalysts were obtained by
a combination of time-dependent den-
sity functional theory and ab initio
molecular dynamics. The latter was
used to take the flexibility of the
target molecules into account. The
procedure allows a theoretical energy
absorption scale to be constructed and
absorption bands observed in in situ
UV/Vis spectra to be assigned to struc-
turally different species (see figure).
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