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Adsorption and Decomposition of a Lignin p-O-4 Linkage Model, 2-phenoxyethanol, on
Pt(111): Combination of Experiments and First Principles Calculations
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" Centre for Catalysis Research and Innovation, ¥ Department of Physics, | Department of
Chemistry and Biomolecular Sciences, University of Ottawa, 10 Marie Curie Pvt., Ottawa,
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! Univ Lyon, Ens de Lyon, CNRS UMR 5182, Université¢ Claude Bernard Lyon 1, Laboratoire de
Chimie, F-69342, Lyon, France

% Department of Chemical and Biomolecular engineering, University of California, Los Angeles,
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Abstract

To sustain the current attempts in valorizing lignin-based derivatives, this study focuses on the
decomposition upon a temperature ramp of 2-phenoxyethanol, a model for the B-O-4 linkage in
lignin, on a Pt(111) surface. Under ultra-high vacuum conditions, benzene, hydrogen and carbon
monoxide are the main desorbing products. Although benzene is the only aromatic desorbed
product at low initial molecular coverages, very small amounts of phenol can be detected at
higher initial coverage. Combining X-ray photoelectron spectroscopy and temperature
programmed desorption experiments together with density functional theory calculations, a
reaction mechanism is suggested, starting with the OH bond scission. Phenoxy PhO is proposed
as a key surface intermediate that preferentially deoxygenates rather than desorbs as phenol,
similarly to the case of anisole. This behavior, typical of ultra-high vacuum conditions, is
attributed to the reducing properties of carbonaceous surface species that efficiently deoxygenate
phenoxy and afford the formation of the very stable carbon monoxide.

Key-words: 2-phenoxyethanol, mechanism, decomposition, TPD, DFT, XPS, lignin



Introduction

Biomass is a sustainable and renewable feedstock for potentially high value chemicals
that, due to its abundance, could theoretically supply the world demand.' Alternatively it could
produce up to 10%-14% of the world’s energy usage.” Lignin, an important biomass component,
is the second most abundant polymer in wood and represents up to 40% of the dry biomass
weight. While the lignin specific formulation is variable,” each of its monomers consists of one
aromatic oxygenate unit. The removal of oxygen to produce higher value compounds is a
necessity but it still remains one of the challenging tasks for lignin exploitation (via pyrolysis,
hydrolysis, oxidation, etc).®” Pyrolysis is the most studied method for conversion of lignin and
removal of oxygen linkages. It is an effective method to liquefy lignin in order to produce bio-
0ils.** However, the separation of the products can be challenging and costly. In contrast,
heterogeneous catalysis seems to be the key solution for the conversion of lignin, as the products
and the catalyst can be easily separated. Regardless, since thermal decomposition leads to a
variable and often uncontrolled product range of the target products, catalysis plays an essential
role in making biomass conversion viable for valorization by reducing activation energies for
reaction and guiding product selectivity. 2-phenoxyethanol (2-PE), with its aryl and alkyl ether
function, is used here as a model of the quintessential $-O-4 linkage, one of lignin’s dominant
structural motifs which provides more than half of the linkage structures. In this study that
combines surface science and modeling, its reactivity is investigated on the platinum Pt(111)
model surface as a model catalyst in order to compare the facility of the C-H vs. C-O vs. C-C
bonds cleavage (Figure 1).
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Figure 1: Potential decomposition pathways 2-phenoxyethanol (2-PE): in grey, the
fragmentation of the aromatic ring, in red the targeted Ph-O cleavage; in green, the
decomposition of the ethanol arm.

As a substituted aromatic compound, 2-PE can undergo a decomposition scheme that is,
in principle, related to simpler aromatics like phenol, anisole, etc. Single crystal investigations of
aromatic oxygenates on transition metal surfaces have shown different preferences in C-H, C-O

and C-C bond cleavage.'®"® The decomposition pathways of aromatics are strongly dependent



on the coverage of adsorbed molecules on the surface and the interaction strength of the aromatic
ring with the catalyst.'®"

In the study of the binding of lignin model molecules such as 2-PE to a metal surface, the
importance of the aromatic ring is affected by the binding of the phenyl group to oxygen.
Molecules with this phenoxy moiety could be expected to behave differently from non
oxygenated-aromatics. As such, previous studies of phenol-catalyst interactions are relevant.
Phenol has been widely studied on different noble metals. On Pt(111), phenol in a multilayer
desorbs from the surface at 195 K while in the second layer at 225 K.'' Between 0.7 to 1 ML, the
O-H bond cleavage occurs below 200 K and phenoxy is subject to a competitive reaction
pathway. It either generates benzene and surface oxygen, or it decomposes into CO, H, and
hydrocarbons. Below 0.7 ML coverage, C-C and C-H bond cleavages are more favorable than C-
O bond cleavage resulting in a total decomposition into CO, H, and graphitic carbon. Upon
adsorption of Phenol on Rh(111), the multilayer molecularly desorbs at 210 K. Part of the
saturated surface undergoes molecular desorption at 240 K and the remaining molecules on the
surface decompose into phenoxy via O-H bond cleavage at temperatures below 300 K."* The C-
H bond cleavage is observed at 350 K and above. Observable products of desorption are CO and
H,. Whereas on Mo(110), the multilayer desorbs at 210 K and a weakly bond layer desorbs at
240 K. Desorption competes with reaction on the surface, where a phenoxy species is formed
below 300 K and subsequently decomposes into H», surface oxygen and hydrocarbon fragments.
All C-O bond cleavages occur by 450 K'* (no molecular desorption of CO is observed). No
formation of benzene has been reported from the decomposition of phenol on Rh(111) or
Mo(110). Similarly, on Ni(110) the phenol multilayer desorbs at 200 K and a non-reactive
second layer is observed to desorb at 224 K. The first layer totally decomposes into phenoxy
between 250-350 K."° Further decomposition of phenoxy leads to the formation of H, and CO as
the only observed byproducts. Those studies demonstrate the intrinsic differences between the
first, second and multilayer behavior, and the presence of phenoxy as an intermediate.

Phenoxy also seems to be a key intermediate in the decomposition of more complex
oxygenated aromatics.'>'>"'7 As an example, Vohs and co-workers and King and co-workers
propose the formation of the phenoxy species as the main intermediate for anisole decomposition
on Pt(111) and Pt(100)hex.">'® Combining surface science experiments and periodic DFT
computations,'? Réocreux et al. showed that anisole on Pt(111) reaches a saturation coverage of
one monolayer (1 ML) corresponding to 7 carbon atoms per 10 platinum atoms on the surface,
7C/10Pt. For a coverage below 1 ML, a small fraction of anisole molecularly desorbs from the
surface at 360 K while the majority decomposes into phenoxy via a C-H bond cleavage on the
methyl group below 325 K. At higher temperatures, there is a competition between Ph-O bond
cleavage, forming phenyl then benzene, and a complete decomposition of the aromatic ring.
These results showed that under UHV conditions, the formation of benzene is dominant and it
desorbs from the surface at 400 K. Above 450 K, the remaining phenoxy completely decomposes
into CO and H,.



Several studies also demonstrated that the introduction of specific additives promotes the
decomposition of oxygenated aromatics. Vohs and co-workers have shown that the introduction
of Zn to enhance binding through the oxygen group leads to the preferential breaking of the Ph-O
bond." A similar behavior was seen for benzaldehyde on Pt(111)."> On H, pre-covered Pt(111),
part of the benzaldehyde molecularly desorbs from the surface at 200K while the rest completely
decomposes into CO, H, and CHy, keeping the C-O bond intact. In contrast, on H; pre-covered
Zn/Pt(111), upon heating to 200K, part of the benzaldehyde molecularly desorbs from the
surface and part of it reacts by breaking the C-O bond and leads to toluene and other compounds.
Due to the bonding of the carbonyl oxygen with Zn sites, the C-O bond cleavage is facilitated. In
addition, Medlin’s group investigated the interaction of benzyl alcohol on Pt(111) and
Pt(111)/Mo surfaces using a combination of TPD experiments and DFT calculations.”® On clean
Pt(111), benzyl alcohol mainly decomposes into benzene, CO and H,. Here also C-C and C-H
bond cleavage are favorable. However, upon depositing benzyl alcohol on the Mo modified
Pt(111) surface, the decomposition of benzyl alcohol into benzene, CO and H, decreases and the
production of toluene is observed. The presence of Mo subsurface atoms decreases the strong
adsorption of the aromatic ring on the surface, leading to a change in the adsorption geometry of
benzyl alcohol that favors the C-O bond cleavage. This example shows that changing the
electronic structure of the Pt(111) surface can influence the adsorption energy and geometry of
the aromatic molecules. A less strongly adsorbed aromatic group on the Pt(111) surfaces tends to
make C-O bond cleavage accessible. All these examples demonstrate the need for a
deoxygenating species on the Pt(111) to break the Ph-O or the C-O bond. In the case of anisole,
it has been shown recently that surface carbonaceous species can play this role explaining the
formation of benzene under ultra high vacuum conditions'? in contrast with the selectivity
towards phenolics under hydrogenolysis conditions of related molecules.?' 2*

Although the dominant binding of 2-PE to the surface is through the benzene ring, it is
expected that at low temperature the aromatic ring remains intact.'"'*'**° The early reactivity
might therefore be governed by the substituent. In other words, at low temperature, 2-PE can be
thought of as a substituted ethanol. The reactivity of such C2 flexible adsorbates (like ethanol or
ethylene glycol) has already been reported in the literature.**>' Although it depends on both the
nature of the surface and the substrate, C-H cleavages are usually rather easy. At a certain
dehydrogenation level, the C2 oxygenates can undergo a C-C cleavage. As for the C-O bond, a
higher dehydrogenation level is required for the cleavage to proceed on Pt(111).%*%!

Overall, to understand the different reaction pathways of lignin decomposition, it is
important to systematically increase the level of complexity of the model molecules used, as it
has recently been reported.**** This work provides a detailed description of the interaction and
decomposition pathways of 2-PE on a Pt(111) surface. The focus is on the mutual influence of
the arm and the aromatic moiety in regards to the reaction selectivity (in particular, the influence
of this flexible oxygenated arm on the Ph-O bond breaking). It will combine detailed DFT
calculations with experimental techniques focusing on the 1st layer reactivity of 2-PE on the
surface. Experimental results will be presented for X-ray photoelectron spectroscopy (XPS) and
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temperature programmed desorption (TPD).

Experimental

Experiments were performed under ultra high vacuum (UHV) in a stainless steel analysis
chamber with a base pressure of 5 x 10" mbar. The Pt(111) crystal surface was cleaned by
repetitive cycles of 15 min of sputtering (1.5 keV, 1 x 10 mbar Ar’) at 600 K, followed by
annealing to 1100 K, described in details previously. '

2-phenoxyethanol (+99% purity, Sigma Aldrich) was introduced to the UHV chamber
through a leak valve that was connected to a gas manifold with an attached 2-PE reservoir. The
reservoir was heated to 435 K to increase the vapor pressure and ensure the purity of the
deposition. The gas manifold was heated accordingly to prevent condensation and allow a
constant, stable flux of 2-PE gas into the chamber. Exposure of 2-PE to the surface was typically
performed at 1x10™® mbar pressure and the dosage measured in Langmuirs (1 L = 1.33x10° mbar
®5).

The carbon coverage was determined by calibration with the C 1s XPS signal of the CO
saturation coverage on Pt(111) at 300 K. Under these conditions, CO is known to saturate with a
coverage of C/Pt = 0.49 = 0.02 (1 CO molecule for every 2 Pt atoms).”> Comparison of this
saturation with the intensity dependence of the carbon signal from 2-PE allowed us to determine
the amount of deposited carbon per platinum atoms. Every Dosage of 2-PE on Pt(111) and its
corresponding C/Pt ratio can be found in table S1 (Supplementary information). We define the
coverage as the amount of carbon per Platinum atoms.

XPS

XPS spectra were recorded on a Specs GmbH system (XRS50 X-ray source and Phoibos
100 SCD analyzer) using a standard Al Ka source (1486.7 eV) operated at 380 W (14.6 kV, 26
mA). Selected peaks were obtained in high resolution spectra using 0.1 eV step size, 0.5 second
dwell time, and pass energy of 20 eV. For the Cls and Ols regions 3 scans were acquired to
increase the signal to noise ratio. The spectra were then fit using CasaXPS analysis software
using a mixed Gaussian-Lorentzian function and Shirley background subtractions for the Cls
region while a Linear background subtraction was used for the Ols region.

For the experiments, 2-phenoxyethanol was dosed on the clean sample at 110 K and then
heated up to the desired temperature of observation to acquire the spectrum. Once the acquisition
was done, the sample was subject to a cleaning cycle (Ar sputtering followed by annealing to
1100 K) to remove all the residual carbon on the surface. The cleanness of the sample surface
was verified by LEED and XPS.

TPD

The TPD experiments require the placing of the sample in front of a differentially
pumped quadrupole mass spectrometer (QMS) and ramping up the sample temperature while



monitoring the fragments of interest. For our experiments, the Pt(111) sample was dosed with
varying exposures of 2-phenoxyethanol at 110 K and placed 1 mm below a 1 mm diameter hole
leading to the differentially pumped QMS. The temperature controlled heating ramp was
programmed in LabView and designed to provide and record a linear temperature ramp in the
range of 120 K to 800 K, with a ramp rate of 6 K/s. the sample was subject to one cleaning cycle
(Ar sputtering followed by annealing to 1100 K) to insure the cleanness of the surface before
each dosage. A total of 13 channels corresponding to m/z values of 138, 122, 108, 94, 78, 77, 65,
45, 33, 32, 31, 28 and 2, were monitored for the 2-PE TPD experiments. The selected m/z values
correspond to the expected species and their respective fragmentation patterns.

Computation Details

The plane-wave periodic DFT calculations were performed using the Vienna Ab initio
Simulation Package (version 5.3).*7° The energies were computed using the optPBE’**’
exchange correlation function that was proven to account accurately for the interactions of

. 38,39
aromatics on metal surfaces.”™

The core electrons were treated using the Projector Augmented
Wave (PAW) method.*”’ The valence electron density was developed on a plane wave basis set
truncated at 400 eV. All the structures were considered optimized for forces less than 0.02
eV/A.

Unless defined otherwise, four-layer p(4x4) slabs were considered. The Pt atoms of the
down most two layers were held fixed at the bulk position. The metallic surface was then
surmounted with a 5 layer void (counted in units of Pt interlayers) in order to minimize the
unphysical interactions arising from the 3D periodicity of the calculation. The integration over
the Brillouin zone was performed using a I'-centered 3x3x1 Monkhorst-Pack k-point mesh.*' Gas
phase structures were optimized in a 20x20x20 A® cell computing the energy at the I point only.

Transition state structures were first interpolated from the structures of the reactant and
the product using the Opt'n’Path program.** They were then pre-optimized using the CI-NEB

algorithm®** and finally fully optimized using a quasi-Newton algorithm or the Dimer

Method.*

We performed a frequency calculation for each structure in order to, first, check the first-
order saddle point property of the transition states, and second, calculate the Zero-Point Energy
correction (ZPE) and the vibrational entropy (calculation at 400 K supposed constant). For slab
structures, only the uppermost layer was included in the finite difference scheme of the
frequency calculations. The two weakest modes associated to the global horizontal motion of the
platinum atoms along the cell vectors were moreover removed before the calculation of the
entropic contributions as in our previous work.'?> The rotational and translational entropies (the
latter depending on the partial pressure of the gas) were also taken into account for gas phase
hydrogen. We assumed for hydrogen a partial pressure of 10™° mbar, corresponding to the order
of magnitude of the pressure inside the UHV chamber. It only concerns hydrogen since the
partial pressure of the other desorbing products is zero and the associated chemical potential is



therefore ill defined. All the entropic contributions were evaluated using the equations of
statistical mechanics for a free particle in a box, a rigid rotator and a harmonic oscillator.

Results and Discussion
(a) XPS and TPD

The identification of surface species upon dosing 2-penoxyethanol on Pt(111) was
initially performed by monitoring the carbon and oxygen environment of species on the surface
as a function of temperature. Figure 2 shows C Is and O Is photoelectron spectra after
deposition of 1.5 L of 2-PE on Pt(111) at 110K, with spectra acquired at varying temperatures.
Upon deposition, at 120K, 2-PE shows two peaks in the C Is spectra, one at 285.3 eV, which is
attributed to carbon bound to an oxygen atom (labeled C-O), and the other one at 283.5 eV
which is attributed to carbon atoms bound only to other carbons or hydrogens (labeled C-C)."
The binding energy difference between the carbon peaks is 1.8 eV. After flashing to 260K, the
C-C and C-O peak areas decrease in intensity as some desorption takes place and only the C-O
peak shifts to lower binding energy (285.1 eV). Then, the binding energy difference of the C 1s
signals of the C-C and C-O peaks reduces from 1.8 eV to 1.6 eV, suggesting a decomposition of
the parent molecule. At 300 K, the C-C and C-O areas decrease in intensity as desorption of the
byproducts takes place. At 360K, the C-O peak area vanishes. Upon heating to 460 K, the
remaining Cls area peak decreases as only adventitious carbon remains on the surface.

Observations of the Ols region after depositing 1.5L of 2-PE at 110 K on Pt(111)
correlates with observations in the Cls region. Upon deposition, at 120 K, 2-PE shows one peak
at 532.2 eV. After flashing to 260K, the peak area intensity decreases and shifts to lower binding
energy of 531.5 eV as some desorption and decomposition takes place. This is consistent with
the observations made on the Cls region. At 300 K, the peak area decreases in intensity as some
anisole and phenol start desorbing from the surface (see TPD data below). At 360 K, the peak
area vanishes.

Intensity (arb.units)
Intensity (arb.units)

T
287.5 285.0 282.5 280.0 535.0 532.5 530.0 527.5

Binding energy (eV) Binding energy (eV)

Figure 2: XPS spectra acquired at different temperatures for 1.5L of 2-phenoxyethanol
deposited at 110 K.



Integrating the area of the Cls region gives insight on how the coverage changes as a function of
temperature (Figure 3). A dose of 1.5 L, which corresponds to one molecule of 2-PE per 10 Pt
atoms (as determined by XPS intensities, see SI), corresponds to the onset of multilayers on the
surface. The large drop in Cls peak area between 240 K and 260 K corresponds to desorption of
the multilayer as will be further discussed in comparison with TPD results.

500 —
~~

~ 350

| I | I | I | I |
150 200 250 300 350 400 450 500 550 600

Temperature (K)

Figure 3: Analysis of XPS spectra acquired at different temperatures for 1.5L of 2-
phenoxyethanol deposited at 110 K. The peak area decreases drastically between 240-260K,
which corresponds to desorption of the multilayer.

Turning now to the TPD experiments, molecular desorption of the parent 2-PE molecule
was monitored for multiple coverages as a function of temperature (Figure 4). The data shows no
molecular desorption of 2-PE at low coverages (0.85 L and below). As the coverage increases
and a dose of 1.12 L is reached, the second layer of 2-phenoxyethanol is seen to molecularly
desorb with a peak at 256 K. Assignment of these desorbing molecules to the second layer
(rather than generically from multilayers) was made not only by the quantification of molecules,
but also by comparison of the desorption energy values with DFT calculations (see below, Figure
8). A low temperature peak appears at 238 K for higher doses and does not saturate within the
range of our measurements. This 238 K peak is attributed to the multilayer desorption. Studies

on phenol have reported a similar behavior for the multilayer.'®'*



OH 0.64L
— 0.78L
o — 0.85L
— 1.12L
—1.2L
— 55L

Intensity (arb.units)

— x 0.05

150 200 250 300 350 400 450 500 550 600
Temperature (K)

Figure 4: TPD spectra after several 2-phenoxyethanol exposure at 110K on Pt(111)and
desorption rates are measured using a linear temperature ramp of 6 K/s

Three primary reaction products result from the decomposition of 2-PE on the surface,
namely anisole, phenol and benzene. The TPD for these species are shown in Figure 5. By far,
the highest intensity was observed for benzene, making it the primary desorbing aromatic
product as discussed below. The TPD spectrum for the benzene fragments (mass 78) shows that
for 0.78 L coverage, benzene molecularly desorbs from the surface with a peak at 380 K and
keeps desorbing up to 520 K. As the coverage increases, the peak centers at 360 K. Phenol and
anisole desorb in small quantity in a peak centered at 360 K, but only for initial coverage of 0.85
L or higher. The dosage dependence, particularly the lack of observed desorbing aromatics at
lower coverages, is in agreement with previous literature where it was also shown that aromatics
such as benzene, phenol and anisole decompose completely on the Pt(111) surface for coverages
below 0.6 ML, '!-12484
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Figure 5: TPD spectra after several 2-phenoxyethanol exposures at 110K on Pt(111). Monitored
masses 108, 94 and 78 correspond to Anisole, Phenol and Benzene respectively. The
contribution of the parent molecule from the fragmentation pattern in the gas phase has been
subtracted so as to show only desorbing species (see SI for subtraction procedure). Desorption
rates are measured using a linear temperature ramp of 6 K/s.

The only other observed reaction products of the decomposition of 2-PE are H, and CO
(Figure 6). Hydrogen shows peaks at 334 K, 438 K and 555 K with two shoulders at 357 K and
520 K after dosing 0.85 L of 2-PE. For comparison, the associative desorption of hydrogen from
Pt(111) has been previously observed in the temperature interval between 290-375 K.***! The
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dot-dash line in Figure 6, which matches the observed peak in these experiments, corresponds to
the reported dosage of 2L of H, on clean Pt(111).° Above 375 K the hydrogen peaks might
correspond to the decomposition of the phenoxy species on the surface as observed with phenol
and anisole on Pt(111)."" The additional high temperature hydrogen peaks in Figure 6 have been
assigned to subsequent surface reactions yielding H; as a product. In an attempt to quantify the
origin of the hydrogen products, fitted Gaussians have been used to estimate the area ratio
between the desorption peaks (see SI). The desorption spectra can be fitted with 5 peaks
(centered at 335 K, 357 K, 438 K, 520 K, and 554 K respectively) with a corresponding area
ratio of approximately 2:1:5:1:1. This qualitative ratio, normalized to the smallest peak as 1,
correlates with the number of 10 hydrogen atoms in the 2-PE molecules. The corresponding
sequence of dehydrogenation will be discussed below using DFT calculations.

In contrast with the rich hydrogen spectra, only one broad peak of CO is observable at
404K with a shoulder at 438K. The dashed line for CO corresponds to molecular desorption of
pure CO from Pt(111) with 0.5ML coverage.”* No other molecular products have been observed.

Intensity (arb.units)

T I T I T I T I T l T I T I T I T I T
200 240 280 320 360 400 440 480 520 560 600

Temperature (K)

Figure 6: TPD spectra after 0.85L exposure of 2-phenoxyethanol on Pt(111) and selecting
formed byproducts Hydrogen and Carbon-monoxide (Mass 2 and 28). Desorption rates are
measured using a linear temperature ramp of 6 K/s. The dashed line for CO corresponds to
molecular desorption of pure CO from Pt(111) with 0.5ML coverage.”> The dot-dashed line for

H, corresponds to desorption temperature of Hydrogen with 2L coverage from Pt(111).>*'

Analysis of the TPD data allows the experimental determination of desorption energies
Eqes for each species and it can also provide information on the activation energy associated with
surface reactions (Table 1). The analysis is performed based on the general rate law for
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desorption by the simple approach of Redhead®® with appropriately corrected frequency factors.
The calculated frequency factors v are presented in Table 1 as obtained using the Campbell

o . 5456
approach for molecular or associative desorption

and temperature corrected entropy values
from the Yaw’s Handbook.””* The only exception is for 2-phenoxyethanol, where the entropy
value for anisole was used as an approximation (the entropy value for 2-phenoxyethanol is not
available). Further details on the choice of the approach method have been previously

described."?

The high temperature peaks in the hydrogen TPD spectrum correspond to H, generated at
a temperature above its normal desorption temperature and hence the associated activation
energy calculated corresponds to the process that generates the additional H atoms. This quantity
is labeled as the apparent activation energy E,"".

Table 1: Desorption energies of observed species, calculated by Redhead analysis of the TPD
data.

Species Observations Temperature v* ™ Eges E,*?
(K) (kJ/mol)  (kJ/mol)
2-phenoxyethanol  2nd Layer 256 5.4x10' 81 -
Multilayer 238 I3 (R S —
Anisole Molecular 355 2.2x10" 119 -
desorption
Literature
2" layer 260" 54x10° 83
saturated 1 layer 360" 2.4x10"7 121
Phenol Molecular 355 3.9x10" 114
desorption
Literature st 57
Benzene Molecular 363 8.0x10" 112 e
desorption 510 22x10% 182
Literature 400-550%° oo 133-200%  —oeeee
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Carbon monoxide  Molecular 404 7.7x10" | ) 7/ —

desorption 438 8.5x10 128
Literature 410° e
Hydrogen Analyzed as 335 1.9x10" 93
molecular 357 1.9x10" 100
desorption
438 2.0x10" 123
520 2.1x10" 147
554 2.1x10" 157
Analyzed as 335 1.05x10° - 54
assoctative 357 9.92x10°  —ooeev 58
desorption
438 8.62x10% - 72
520 R4 [ — 85
554 7.20x108 91
Literature 203-375° . 39.7°°
330°Y 73°!

Since decomposition of 2-phenoxyethanol and its fragments is significant, even at
relatively low temperatures, we have quantified the amount of carbon left on the surface at
different stages using the C1s XPS signal. Figure 3 shows an example of the C s intensity upon
dosage of 1.5 L of 2-phenoxyethanol and the decrease in signal due to multilayer desorption,
yielding a residual carbon signal corresponding to decomposition species. To assess the relative
yield of the decomposition vs intact desorption pathways during reaction, the C 1s intensity for
one monolayer had to be estimated. This was done by comparison of the XPS signal for several
doses as well as by determination of the XPS intensity at a temperature where the multilayer has
desorbed (as determined by TPD). In Figure 3, the monolayer intensity was determined at
T=260K (lowest temperature to allow second layer desorption prior to XPS data collection) and
the residual carbon intensity at T=360K. From this analysis, it was determined that
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approximately 29% of the monolayer desorbs as molecular fragments, while 71% decompose
into carbonaceous species.

Now getting back to the TPD data, one can correlate the peak area of the desorbing
fragments to the amount of desorbed byproducts (see Table 2). At low coverages such as 0.64 L,
1 molecule per 23 Pt atoms (C/Pt=8/23), no desorption of byproducts is observed. The
decomposition of the aromatic ring in 2-phenoxyethanol is dominant due to the availability of
many unoccupied sites. At 0.78 L, 1 molecule per 19 Pt atoms, only benzene is observed as a
byproduct. As the carbon coverage on the surface increases to 1 molecule per 16 Pt atoms (0.85
L), a competitive reaction pathway is observed with desorption of phenol and anisole. As the
surface gets more crowded, part of the Ph-O bond cleavage is inhibited. The ratio of desorption
of the byproducts is maintained at a higher coverage of 1 molecule per 12 Pt atoms (1.2L).

Table 2: Analysis of the TPD spectra after different dosages of 2-phenoxyethanol on Pt(111) at
110K. As the carbon coverage increases anisole and phenol desorption is observed.

Exposure (L) Molecule/Pt Anisole (%) Phenol (%) Benzene (%)
0.64 1/23 0 0 0

0.78 1/19 0 0 100

0.85 1/16 0.2 4.8 95

1.12 1/13 0.1 6 93.9

1.20 1/12 0.3 6.5 93.2

(b) Proposed pathway combining XPS and TPD.

From XPS and TPD experimental results, a schematic of the reaction and decomposition
of 2-phenoxyethanol on Pt(111) is proposed in Figure 7. Upon dosing, 2-phenoxyethanol adsorbs
on the Pt(111) surface at 110 K. Then, when heating, the multilayer molecularly desorbs at 238
K followed by desorption of the 2nd layer at 254 K. The desorption energies are measured as 75
kJ/mol for the multilayer in reasonable agreement with the enthalpy of vaporization of 66
kJ/mol®® of 2-phenoxyethanol, and 81 kJ/mol for the second layer molecules in good agreement
with the DFT calculated adsorption energy of 85 kJ/mol (see below, Figure 8).

The first saturated layer totally decomposes on the surface. The only observed byproducts
are anisole, phenol, benzene, CO and H,. At 260K, the C 1s binding energy difference between
the C-C and C-O XPS peaks reduces to 1.65 eV, suggesting the onset of decomposition of the
parent molecule. This is comparable with the difference of 1.6 eV and 1.7eV C 1s binding
energy of pure anisole and phenoxy on Pt(111)'"'* suggesting these two species may be

produced on the surface. The associative desorption of H, at 335K (which corresponds to “usual’
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temperature desorption of H,) is another clear indication of the decomposition of the parent
molecule. Literature suggests that this first hydrogen desorption comes from the cleavage of the
O-H bond,'"""""*!* but a more detailed discussion of the origin of H at the different stages of
reaction will be explored using mechanistic DFT calculations. Upon heating to 360 K, aromatics
derived from the 2-phenoxyethanol, start to desorb: traces of anisole, few percent of phenol and a
majority as benzene. Anisole is known to decompose into phenoxy and to yield benzene and not
phenol, as its been reported in a previous study.'? Thus, the benzene that starts desorbing at 363K

could be obtained through the following sequence: C-C bond breaking, generation of anisole
and/or phenoxy, decomposition into benzene.

The additional presence of non-negligible amount of phenol questions the role of the
glycoxy arm in the selectivity of the decomposition. Since phenol completely decomposes in the

first layer before reaching its desorption temperature,'' the observed phenol from 2-PE

decomposition must be formed at a temperature that is higher than its desorption temperature.
Therefore, the observed molecular desorption of phenol at 355 K has to be reaction limited, that
is, as soon as it is formed it already has enough energy to desorb and hence the measured E,""

should be comparable to the activation energy of the reaction that produces it. Desorption of

oxygen containing species (anisole, phenol, carbon monoxide, etc.) correlates with the

disappearance of the C-O peak in Cls and in the O1s region at 360 K and only hydrocarbons and
adventitious carbon remains on the surface at 460 K.
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Figure 7: Proposed pathway of 2-phenoxyethanol (2-PE) decomposition under UHV conditions

on Pt(111) built form surface science experiments (the temperatures correspond to the TPD
peaks).
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To achieve additional insight into the selectivity toward the different bond cleavage
mechanisms (shown in Figure 1) involved in 2-phenoxyethanol decomposition on Pt(111), the
different reaction steps associated with the experimentally obtained pathway (Figure 7) have
been calculated. In the following section, we use periodic DFT calculations to not only
corroborate some of the experimental conclusions, but also to propose the reasons for the
formation of benzene, phenol and anisole as products and particularly for the coverage
dependence of their appearance.

(c) Mechanistic insight from DFT calculations

i. 2-phenoxyethanol (2-PE) desorption
TPD experiments show that the molecular desorption of 2-PE occurs at both 238 K and

256 K (see Table 1) at a dosage above 1.12L. To assess the structure in function of coverage, the
adsorption structure and energy are computed on different sized slabs (see Figure 8). The most
stable structure on the p(4x4) slab is found at the bri30 site in agreement with our previous study
on the adsorption of oxygenated aromatics on Pt(111)* and with previous studies on related
adsorbates.'>?%*"162 The desorption energy at such a coverage (1 molecule : 16 Pt) is computed
at 200 kJ/mol, much larger than the one expected from the TPD (see Table 1, 81 kJ/mol). The
structure expands on three Pt atoms in one direction and four in the other one (12 Pt atoms in
total) suggesting that this structure — on the 16 Pt atoms of a p(4x4) slab — does not model a
saturated monolayer of 2-phenoxyethanol. We were able to put this adsorbate on a smaller
p(3x3) slab (9 Pt atoms). The desorption energy decreases to 175 kJ/mol. This coverage effect
can safely be attributed to the increased lateral interactions and the reorganization of the glycoxy
substituent that has to fit in this smaller p(3x3) cell. In spite of the increased coverage, the
interaction of the adsorbate with the metallic surface remains very strong and desorption appears
as being a very unlikely process. Increasing the coverage to the second layer gave a desorption
energy of 85 kJ/mol. This was modeled using a p(3x3) slab with an extra molecule on top of a
chemisorbed 2-PE. For this calculation only, the void thickness was increased to 14 layers (in
units of Pt layers). For the second layer, only weak physical interactions ensures the stability of
the two-layered system which explains why the desorption energy has been more than halved on
going from the first to the second layer. The calculated value of 85 kJ/mol matches well with the
desorption energy obtained experimentally (see Table 1, 81 kJ/mol). Consequently, it is the first
layer, which cannot desorb, that contributes most significantly to subsequent reaction products.
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M: Pt 2:9 1:9 1:16
Ejs 85 kd/mol 175 kd/mol 200 kJd/mol

Figure 8: Adsorption geometries of 2-phenoxyethanol at different coverages on Pt(111) (M
designates the number of organic molecules and Pt the number of surface platinum).

ii. Low coverage reactivity
Since it is extremely complex to tackle coverage effects for coverages close to saturation

using only DFT and geometry optimization (many very specific geometrical configurations
would need to be tested), we focused on the reactivity study using the large enough p(4x4) slab
on which the lateral interactions are not too important and less likely to be specific.

2-PE has twenty bonds and as many first reactions possible. This means that there is, in
principle, a very large reaction network to study. However, from previous experimental and
theoretical studies, it is known that the first bonds to be broken are unlikely to be on the aromatic
moiety, without yielding coke.'"'? In other words, although the dominant binding of 2-PE to the
surface is through the benzene ring, in terms of initial reactivity we can think of the molecule as
a phenoxy substituted ethanol. Comparing the substituent to the numerous studies on oxygenated
C2 organic compounds suggests that the C-C and C-O bonds cannot be cleaved unless a certain
level of dehydrogenation has been reached.’®?' Therefore, the early reactivity should be
governed by C-H and O-H cleavages. Among the O-H and C-H bonds (see Table 3 for the
activation parameters), the o hydrogen appears as being the easiest cleavage in ethanol (A*U=58
kJ/mol). In 2-PE however, this is the most recalcitrant to abstraction with a barrier of A*U=119
kJ/mol. This difference in activation energies (AA*U=61 kJ/mol) illustrates that the adsorption
through the aromatic moiety can exert a strong constraint on the reactivity of the C2 fragment;
and this, in spite of the distance of the C, carbon to the aromatic group. In the transition state of
ethanol dehydrogenation, the C,, is on top of a Pt atom at a height of 2.63 A from the surface (see
Figure 9) and can easily take the ideal and classic triangular shape. Because of the phenoxy
group that acts as a real anchor at the bri30 site, 2-PE does not have the same capability to adapt
to this 3-center transition state. Although the C, manages to get even closer to the surface (2.57
A), it does not lie over a Pt atom and the hydrogen reaches a bridge position, in a strongly
distorted 4-center transition state. Despite a reduce distance between the aromatic and the Cg, the
Cp-H is impacted to a lesser extent (AA*U=28 kJ/mol). The corresponding transition state
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appears as less strained since it manages to reach the stable 3-center configuration (see Figure
10). Lastly, the O-H bond seems to be less impacted energetically (AA*U=9 kJ/mol) than
entropically (AA*S=-46 J.K''.mol™). Unlike ethanol, which directly interacts via its oxygen in
both the initial state and the transition state, 2-PE indeed undergoes a bigger conformation
restriction from a free —OH group to the 4-center transition state (see Figures 8 and 10).

In short, the 2-PE decomposition starts with the O-H scission. This detailed comparison
between the 2-PE and the simple ethanol molecule shows that the bond scission in the pending
arm can be strongly affected by the presence of the aromatic moiety, and that they are
systematically destabilized. In the following analysis of the reaction network, this will be used as
a general behavior to avoid exploring the entire reaction network.

PhOCH, o 2 H 0w, /
2 H e
% HY &
I ]257 2.63 ey H
~/ JH, : : NG
Pt—PtiPt Pt e— Pt e— Pt

2-phenoxyethanol ethanol
Figure 9: Structures of the transition states associated to the C,-H cleavage on 2-
phenoxyethanol (left panels) and ethanol (right panels). Distances are reported in A.

O-H cleavage B C—H cleavage
Figure 10: Structures of the transitions states associated to the O-H and Cp -H cleavages on 2-
phenoxyethanol.
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Table 3: Comparison of the reactivity of ethanol and 2-phenoxyethanol (2-PE) for the different
O-H and C-H cleavages. These DFT data were computed on a p(4x4) slab for 2-PE and a p(3x3)

slab for ethanol
2-phenoxyethanol Ethanol
A'U A'S A'U A'S
(kI.mol™) | (JK'mol") | (kI.mol") | (J.K'.mol™)

O-H 84 — 65 75 -19

Cqo-H 119 -19 58 -10

Cp-H 112 —10 84 —31
PhO-C & C,-H 129 +2 — —

The reaction profile of the 2-PE decomposition is reported in Figure 11, free energy F
being computed at 400K. As detailed above, the first step is the breaking of the O-H bond. With
a barrier of 110 kJ/mol, it easily competes with the desorption of 2-PE at low coverage. This first
process is quite endergonic (AF=+65 kJ/mol) but is readily followed by the desorption of
hydrogen (AF=-40 kJ/mol), pushing the dehydrogenation forward and making the reverse
process unlikely. The subsequent a-dehydrogenation reaction is indeed very slightly activated
(A*F=26 kJ/mol) and happens selectively compared to the backward reaction (A*F=85 kJ/mol)
and the B-dehydrogenation (A*F=125 kJ/mol). The result of the dehydrogenation at the O-H and
C,—H sites affords the corresponding aldehyde (2-phenoxyethanal in conformation A, Figure 12)
and hydrogen {PhOCH,CHO+H»(g)} at F=-71 kJ/mol (see Figure 11). The subsequent o and f
dehydrogenations (A*F=73 kJ/mol and 98 kJ/mol respectively) cannot compete with the
conformational change to a second conformer labeled B (see Figure 12). This conformational
change is admittedly slightly endergonic (A;F=14 kJ/mol) but proceeds though a low barrier of
45 kJ.mol™. In addition B is very reactive towards the second a-dehydrogenation with a barrier
of only A*F=31 k/mol (ie an overall barrier of A*F=45 kJ/mol from conformer A). As a
consequence of the Curtin-Hammett principle, we obtain 2-phenoxyacetyl PhOCH,CO in a B
conformation. After desorption of hydrogen, this step (at F=—149 kJ/mol in Figure 11) becomes
irreversible with a reverse barrier of A*F=133 kJ/mol.

The 2-phenoxyacetyl appears as a key intermediate along the reaction path. After the
large amount of hydrogen released (3 atoms for one 2-PE molecule), further dehydrogenation
appears as kinetically blocked (A*F=160 kJ/mol). In line with the reactivity of ethanol®” and
anisole,'>'>'* the cleavage of the PhO-C and C-C bonds should be now affordable. The barriers
are A*F=92 kJ/mol and A*F=116 kJ/mol respectively, suggesting that the PhO-C cleavage is the
most accessible. The products are the phenoxy fragment PhO and the ketene CH,CO that further
decomposes into methylene CH, and adsorbed carbon monoxide CO with a barrier of A*F=86
kJ/mol. Further, methylene readily evolves into methylidene CH (see gray part of the diagram)
yielding an additional H atom. Then methylidene (or carbon after an extra dehydrogenation step)
can snatch the oxygen atom from phenoxy to produce benzene with an overall barrier of
A*F=135 kJ/mol around 400 K, as we have recently shown for the anisole/Pt(111) system.
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Overall, the production of {PhO+CH+2CO+2H»(g)} can be considered to proceed with a
relatively low overall barrier of A*F=110 kJ/mol and should therefore appear at moderate
temperatures under TPD conditions (in the 320-380 K range). It is associated to four
dehydrogenations directly followed by hydrogen desorption (see downward arrows in Figure 11).
Although, the last dehydrogenation might be a bit delayed by two barriers of A*F=92 kJ/mol and
A*F=86 kJ/mol (the associated transition states of which being at F=—57 kJ/mol and F=—118
kJ/mol respectively in Figure 11) to afford methylene CH,. If the decomposition of 2-PE
followed the mechanism proposed in Figure 11 with a selectivity of 100%, one would expect a
ratio of approximately 3:1 for the first two peaks in the TPD of H, in the 300-400 K range.
However, the DFT calculations have shown that the Cg-H cleavage, although not preferential, is
also possible for the first dehydrogenation (A*F = 116 kJ/mol at 400 K, calculated from the data
given in Table 3). This might open a competitive route that could alter the 3:1 ratio, potentially
leading to an observed TPD ratio of approximately 2:1 (Figure 6). At higher temperature, the
production of benzene competes with the decomposition of PhO, which can decompose into
carbonaceous species initiated by the C-H bond cleavage as shown previously.***>
the large production of hydrogen and the shoulder in CO above 400K.

This explains

A F (kd/mol) at 400K
+100+ %\
)
25
01 =2/PhOCH,CH,0+ /5 Hyg
PhOCH,CH,0H
-100 T
PhOCH20H0+H2(g)
-149
PhOCH QCO+ 3/2 Hz(g)
-200 T PhO+CH,CO+ 3/, Hyg) &
PhO+CH2+CO+ 3/2 Hz(g) -
—> hydrogen desorption
isomer A
m— jSOMeEr B
-300 + our previous work on anisole
PhO+CH+CO+2Hy) ===
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Figure 11: Free Energy profile of 2-phenoxyethanol decomposition into phenoxy, methylidene,
carbon monoxide, and gas phase hydrogen. The free energy was computed at 400 K as described
in Computational Details.

(iii) Towards higher coverages
The proposed mechanism has been derived for low to moderate coverages. However, the

TPD experiments show that an increase in the coverage (up to 1 molecule per 12 Pt) yields to a
small production of phenol (PhOH) and negligible traces of anisole (see Table 2). The increase
of the coverage is expected to favor steps that require a reduced amount of surface Pt at the
expense of steps that necessitate more.

The first transition state, corresponding to the dehydrogenation of the alcohol has a
geometry where 2-phenoxyethanol lies down on three Pt atoms in one direction and four on the
other (see Figure 10). This means that approximately twelve Pt atoms are needed for this step to
proceed easily. If the coverage increases, the energy of this transition state should increase. At
higher coverages, 2-phenoxyethanol might even lack space to have the alcohol function interact
with the surface.

So far, only classic sequential cleavages were considered, following the Langmuir-
Hinshelwood mechanism for surface reactions. However, at high coverage, an Eley-Rideal
mechanism could be more favorable, the bond cleavage being synchronous with the ejection of
one of the products. The simultaneous cleavage of the PhO-C and the C,-H bonds produces
phenoxy PhO, hydrogen and the hydroxyethylene (CH,CHOH) that is directly ejected in the gas
phase (see Figure 13). The free energy barrier is A*F=128 kJ/mol at 400 K on a p(4x4) slab
(calculated from the data given in Table 3, entry PhO-C & C,-H). This barrier is too high to be
relevant at low coverages. However, the ejection of the enol makes this alternative competitive at
higher coverages with the increase of the other barriers. It leaves locally only phenoxy and
hydrogen. In absence of CHy species, the deoxygenation is unlikely since the Ph-O bond
dissociation in phenoxy is highly endothermic (A;F=124 kJ/mol at 400 K). Then, the hydrogen
surface diffusion is hindered by the high surface coverage, opening the door to the PhO+H
recombination into PhOH instead of {PhO+)2H,(g)}, which would lead to the small yield of
phenol observed.

Conformer A Conformer B
Figure 12: conformers A & B of 2-phenoxyethanal.
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Figure 13: Transition state structure associated to the concerted formation of enol.

Conclusion

In ultra-high vacuum conditions, the 2-phenoxyethanol (2-PE) desorbs from the Pt(111)
surface in two stages: (i) desorption of the multilayer (ii) desorption of the second layer. The
strongly chemisorbed first layer decomposes in coke (71%) and aromatic compounds (29%). The
decomposition of the pending arm and the deoxygenation of the aromatic moiety is effective
since the main product is benzene and only ~5% of phenol is observed at a higher coverage.

Despite its flexibility, the pending arm of 2-PE is highly constrained by the strong
adsorption of the aromatic ring and it does not react as a simpler alcohol such as ethanol. The
reaction starts with the O-H scission, followed by two successive C,-H scissions, yielding the
PhOCH,CO intermediate and 3/2 Hy(g). The alkyl arm of this intermediate cannot be easily
dehydrogenated further and undergoes a C-C scission. Falling back to the reaction network of the
anisole decomposition, the phenoxy intermediate is obtained and yields benzene thanks to the
presence of numerous carbonaceous species.

A higher coverage yields to a higher fraction of oxygenated aromatics (mainly phenol).
The DFT calculations suggest that this can be related to the existence of a synchronous step that
does not require the adsorption of all the products. The CH,CHOH fragment is ejected in gas
phase as a stable molecule, leaving behind the phenoxy intermediate and one hydrogen atom.
Locally, without CHy species, the deoxygenation is unlikely. In addition, the higher coverage
probably limits the H diffusion, allowing the recombination into phenol.

This study opens the road to a better design of metallic based catalysts aiming at lignin
deoxygenation.

Supporting Information

Table of surface carbon coverage and its corresponding exposure

Integrated peak of the background Hydrogen contribution

Integrated peaks of TPD of Hydrogen at 0.85 L exposure

Raw TPD data without correction for fragmentation of species in the mass spectrometer

Structures of all the intermediates and transitions states directly related to 2-phenoxyethanol
reactivity provided in the structures.xyz file.
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