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Supplementary Methods:

The PEPICO endstation (Supplementary Fig. 1, left), the measurement
techniques and the VUV beamline at Paul Scherrer Institute was described
elsewhere."® The catalytic reactor used in our experiments applies the
Temporal Analysis of Products (TAP) approach, which was introduced by
Gleaves et al.* The design and performance is similar to the reactor published
by Leppelt et al. and is depicted in Supplementary Figure S1 (right).® In brief,
the TAP flange consists of a base plate, which is mounted on a differentially
pumped gate valve. The valve allows for roughing the reactor before it is
opened to the main high vacuum ionization chamber of the iPEPICO
endstation. The quartz glass tube (Supplementary Figure S1Fig. 1) is
connected to the valve manifold using Ultra-Torr® fittings, equipped with high-
temperature Kalrez O-rings. Six cartridge heaters with a total power of 900 W
heat the reactor and the temperature is measured directly at the outer surface
of the reactor wall within the furnace by a type-K thermocouple. An external
controller ensures temperature stability over several hours of operation. Three
Gyger valves (SMLD 300 G, 100 ym orifice) are connected to the valve
manifold enabling alternating pulse experiments as well as conditioning of the
catalyst prior to use. Supplementary Figure S1Fig. 1 (lower part) shows pulse
profiles of an argon pulse (blue line) travelling through an empty reactor at
400 °C. The guaiacol signal (red line) is also plotted, which does not decay as
quickly as the argon signal, speaking for a chromatographic effect occurring at
the wall of the quartz glass reactor. Upon applying the catalyst coating to the
walls of the tube, the argon pulse shape does not change significantly;
however, the guaiacol signal decreases by almost two orders of magnitude,
attesting to significant adsorption on the catalyst surface.

A mixture of guaiacol and argon is pulsed in the reactor for 5-10 hours in a
typical experiment. The guaiacol signal increases with time (time-on-stream),
but no pulse structure can be extracted even at very low repetition rates of 0.1
Hz. Thus, the process is completely desorption limited, which is also mirrored
by Supplementary Figure S1Fig. 3. Intermediates and reaction products are
only observed after several minutes/hours of constant application of guaiacol
(2.5 Hz repetition rate), making an analysis of the pulse profiles redundant.
Some products, such as catechol, are only desorbed at long time-on-streams.
The overall residence time of the reactant, products and intermediates on the
catalyst greatly exceeds the minimum time resolution (20 ms, fwhm) of our
TAP reactor.
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Supplementary Figure 1. Upper part: Representation of the TAP reactor setup connected to the
iPEPICO endstation located at the Swiss Light Source at Paul Scherrer Institute. A detailed view of the
reactor manifold is depicted right hand side. Lower part: Typical pulse profiles through an empty reactor
at 400 °C.
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Supplementary Figure 2. ms-TPE spectra of phenol (m/z = 94), catechol (m/z = 110), cresols (m/z =
108), and methyl-fulvenones (m/z = 106), along with literature reference spectra of the pure
compounds.G’7 For the latter species, no reference spectrum is available, and a FC simulation was not
possible due to the pseudo-rotation of the methyl group upon ionization, leading to large amplitude
motions. However, CBS-QB3 calculations revealed that two isomers contribute to the m/z = 106 ms-
C-labeling shifts the spectrum by one mass-to-charge unit,
ruling out contributions from xylenes, which have the same unit molecular mass in the non-labeled
experiments. The m/z = 108 ms-TPES consists of four different isomers of the composition CgHgO.
Besides the three cresols (0-, p-, and m-methyl-phenol), the contribution of anisol (methoxy benzene) is

TPES, namely 1-, and 2-methyl-fulvenone. 13
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revealed by the intense transition at 9.25 eV belonging to an electronically excited cation state.
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Supplementary Note 1: Number of molecules per pulse, weighted hourly
space velocity (W/F), and time-on-stream curves of guaiacol over H-USY

We have connected the pulsed valves to a gas mixing unit consisting of a gas
tank, valves and tubing. The pressure in the gas tank changes during the
experiment and we determine the number of molecules in view of the
pressure change using the ideal gas law and the total tank volume:

ApV = ANKT

The number of molecules per gas pulse is obtained by dividing with the
number of pulses, and was typically in the order of 1x10'® molecules per
pulse. Taking into account the vapor pressure of guaiacol, 0.15 mbar at 25 °C,
and assuming complete saturation of argon at ca. 400 mbar absolute
pressure, a dilution of 1:2400 is achieved, giving 5%x10"? guaiacol molecules
per pulse. The weighted hourly space velocity (W/F) is defined as the quotient
of the mass flow rate (W) of the reactants divided by the mass of the catalyst
in the reactor. A mass flow rate (W) can be calculated at 2.5 Hz repetition rate
yielding, depending of loading of the reactor (0.5-3 mg, F), a W/F of between
0.01 and 0.003 h.

Supplementary Fig. 3 shows the time profile of the desorbed species as a
function of time or amount of guaiacol feed into the reactor. Comparing the
guaiacol signal strength of an empty versus H-USY-coated hot reactor, the
signal drops by almost two orders of magnitude in the latter case, meaning
that almost all guaiacol is adsorbed on the catalyst once the feed starts. At the
beginning of the feed, the guaiacol signal remains fairly constant indicating a
constant fraction of the pulse that passes through the reactor without being
adsorbed on the catalyst surface. However, after around 150 min (> 25 ug
guaiacol feed), the signal increases again, due to saturation of the catalyst
surface by guaiacol or adsorbed reaction intermediates and products. In
addition, deactivation of the catalyst can also contribute to the increasing
guaiacol signal. Indeed, after 5-10 h time-on-stream, the catalyst turns
strongly brownish or black indicating coking. Coking is known as one of the
major deactivation mechanisms of the catalyst.>® However, it also has
positive effects, as discussed below.

Phenols and methyl-phenols, including anisole, are the major pyrolysis
conversion products, and start to desorb after around 100 min (20 pug guaiacol
feed), similar to the unreacted guaiacol. Since transalkylation often occurs
under presence of methoxy groups it is obvious that methyl-phenols (and
anisole) are yielded by methylation of phenol.’® More apolar, and therefore
less strongly bound non-oxygenated species, such as cyclopentadiene (c-
CsHs), methyl-cyclopentadienes, fulvene and benzene, desorb earlier from the
reactive surface of the zeolite catalyst compared to the major polar products
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(Supplementary Fig. 3, lower trace). The two ketenes, ethenone (H,C=C=0)
and 6-fulvenone (c-CsH4s=C=0) appear simultaneously with the non-
oxygenated species. Catechol (m/z = 110) is the most strongly adsorbed
species on the surface among the ones that can escape it, which may be
explained by presence of two OH groups, both of which can form hydrogen
bonds on the acid sites of the catalyst. Xylenols (m/z = 122) appear also at
the same time as the major products, but at significantly smaller yields. The
fact that similar molecules (phenol & cresols and cyclopentadiene & methyl-
cyclopentadienes) with similar adsorption enthalpies on H-USY, desorb at
almost the same time, also point to a desorption limited process. Thus, the
TOS scans may not show the appearance and disappearance of
intermediates exactly, and do not reflect the reaction pathways directly.
However, they give information on the state and performance of the catalyst
as a function of time.
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Supplementary Figure 3. Time profiles of the guaiacol H-USY reaction as a function of time or guaiacol
feed: (methyl)-cylclopentadienes, fulvenone, ethenone and fulvene are desorbed first. The major
products: cresols, anisols, and phenol appear significantly later (or at higher guaiacol concentration on
the catalyst).
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Supplementary Figure 4. Comparison CgHs in py-GC/MS with '2C- and "*C-labeled guaiacol on H-
USY: Upon 13C-Iabeling, the benzene peak does not clearly shift by one m/z unit. It rather shows an

increasing '3C contribution, also indicative of the two pathways to yield benzene in accordance with the
py-iPEPICO results.
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Supplementary Figure 5. Mass spectrum taken at 10.5 eV using Na-USY @ 500°C, with 12C-guaiacol
as precursor. Apart from the much lower conversion compared to H-USY, the appearance of methyl
radical (m/z = 15) along with cyclopentadienone (m/z = 80), both assigned based on their ms-TPES, is
eye catching. Therefore, another radical pathway exists besides the acid catalyzed pathway driving
transmethylation reactions and dehydration of catechol, as discussed in the main manuscript. This new
pathway vyields reactive species, such as methyl radicals. The reaction probably proceeds as follows.
After methyl abstraction, a hydrogen addition occurs yielding catechol, which can decompose in a Lewis
acid catalyzed way yielding fulvenone (m/z = 92) and later phenol (m/z = 94). In addition, the hydroxyl-
phenoxy radical (not observed) can lose hydrogen and decabonylate to cyclopentadienone (m/z = 80).
Hydrogen addition on the other hand may be responsible for cyclopentenone formation (m/z = 82),
which was also observed during the Na-USY experiments. The reaction steps are summarized in the

lower part of the figure.
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Supplementary Table 1. Summary of the detected species in both setups. Adiabatic ionization
energies IEs (see references), Franck Condon (FC) simulations or literature PES (see references) were
used to identify the species in the py-iIPEPICO setup.

detection experiment

{

28 CO 14.014 v v

b3
b3

66 Cyclopentadiene, c-CsHg 8.57

|

Fulvene, c-CsH,=CH, 8.36

|

2-methyl-cyclopentadiene, c-CsHs(CHj3) 8.28

92 Toluene, CgHs-CH3 8.828 v (6%) v v

|

94 phenol 8.49 v (11%) v

‘

methyl-fulvenones, c-CsH3(CH3)=C=0 7.94 & 8.01 ™™

o-cresol, 2-methylphenol, C;HgO 8.48 v v v

p-cresol, 4-methylphenol, C;HsO 8.38 v v v

120 Trimethyl-benzenes, CgHy; 8.27-8.42 v (7%) X v

124 Guaiacol, 2-methoxyphenol, C;HgO, 7.93 s wor v v v

136 Trimethylphenol, CgH 1,0 8.0 v (1%) ) )
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Supplementary Note 2: Additional Experiments: py-GC/MS with
cyclopentadiene

Due to the presence of stable intermediates such as cyclopentadiene and
methyl-cyclopentadiene in the py-iPEPICO setup, we have carried out a set of
experiments to explain, why they evade detection in the py-GC/MS setup.

Firstly, the H-USY catalyst was loaded with guaiacol in the batch-type reactor
and the helium flow rates through the reactor into the GC/MS were varied
between 0.8 and 4.0 sccm. In addition, we have measured at several oven
temperatures of the transfer line (175, 250 and 325 °C). Both changes did not
lead to an enhancement of any five-membered ring species, but the
conversion and selectivity remains identical.

Secondly, freshly prepared cyclopentadiene (from dicyclopentadiene at
180 °C) was directly injected onto the glass wool. Using the same conditions
as in the experiments with H-USY and guaiacol, cyclopentadiene could be
observed in the GC/MS system, without any further reaction. Only traces of
the dimer, dicyclopentadiene, were detected.

Upon introducing H-USY catalyst, the amount of desorbed CP dropped by
several orders of magnitude compared to the previous experiment, indicating
strong adsorption on the catalyst. Besides benzene, toluene, xylenes, indane
and naphthalene only trace amounts of cyclopentene, cyclopentane and
methyl-cyclopentane have been detected, but the overall yield of CP is small.
Increasing the concentration of CP on the catalyst did not lead to a higher CP
signal, but to significant increase in the coke concentration, as indicated by
color change of the used zeolite from brownish to black.

Thirdly, we wanted to investigate the lifetime and stability of cyclopentadiene
in the reactive and catalytic environment. Thus, we have applied mixtures of
guaiacol and cyclopentadiene (4:1) on the catalyst. Here, cyclopentadiene
completely evades detection and we have found only stable intermediates
and reaction products as compared to the experiments without CP. This
observation proves that CP is stable enough to be transferred in the gas
phase and to be detected by GC/MS, however, as soon as other reactants are
present in the reaction mixture CP rapidly reacts further on the catalyst than
being desorbed from the surface. The results confirm the difference in the two
analytical setups: the py-iPEPICO has a very short residence time in the
reactor and the catalyst, while the batch-type py-GC/MS has an increased
residence time in the reactor (and on the catalyst) by several orders of
magnitudes (20 seconds compared to a few psec).
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Supplementary Note 3: Synthesis and Catalyst Characterization

The "*C-labelled guaiacol was synthesized according to Lee et al. with "*C-
CHsl and catechol (both from Sigma-Aldrich), base catalyzed with Cs,COg3
(Acros) in acetonitril for 5 h at 35 °C. The yield was 42 wt.% after
purification.?*

Commercial H-USY (Zeochem) has a Si/Al ratio of 7 and a total number of
acid sites of 1.21 mmol/g determined by ammonia desorption from the NH,"
form. USY has a BET surface area of 530 m?g~", which is assumed to be
maintained after ion exchange. Na-USY was obtained by an ion exchange
reaction performed three times using NaNOs. The USY-zeolites (Zeochem)
were calcined at 550 °C for 5 h prior to use.

Cyclopentadiene was synthesized from the dicyclopentadiene by pyrolysis in
an oil bath at 175 °C. The cyclopentadiene was distilled (38-42 °C, 1013
mbar) from the reaction mixture, according to the literature.?>?
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Supplementary Figure 6. Enthalpy diagram of the fulvenone hydrogen radical addition. After
hydrogenation six isomers (1-6) of the composition CeHsO can equilibrate quickly and further
stabilization can occur to yield either cyclopentadienyl (3 to 8) or phenoxy radicals (6 to 7). In addition

the hydrolysis pathway of ketene to yield carbon dioxide and c-CsHs is also depicted. Grey arrows
denote effective reaction channels.
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