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We report the identification of acetone enolate and its
subsequent aldolization. The real-time evolution of surface
species monitored by in situ DRIFTS of surface acetone (-d6)
reactions shows clear spectroscopic evidence of the formation of
acetone enolate and its subsequent aldolization via a dominant

Eley-Rideal type mechanism on Zn;Zr,,0,.

Aldol-condensation (or aldolization) is an extremely
important reaction for C-C bond formation in both organic
chemistry and heterogeneous catalysis. Aldol-condensation of
acetone has been extensively studied in both industry and
academia to produce a wide range of valuable chemicals."™® The
catalysts studied include both zeolites with Brensted acidity®’
and (mixed) metal oxides with Lewis acid-base pairs.>®'*"?
It is generally accepted that both Brensted acid sites (i.e., pro-
tons)>®"? and Lewis acid-base pairs'®'*"'® could activate ace-
tone to produce acetone enolate, a key intermediate in the
following aldol addition (C-C formation) reaction,>®'>1¢718
Extensive spectroscopic studies, including IR,'%'*!7197
NMR,”**?5 XPS,*® and EELS,””*® have been performed in an
attempt to identify and isolate the acetone enolate species.
The aldol reaction mechanism has also been studied using
various methods including kinetic analysis,'®*° IR,'® NMR,*®
and DFT*" to distinguish whether the products are formed via
the Langmuir-Hinshelwood (L-H) or the Eley-Rideal (E-R)
mechanism. Despite the extensive studies on the identification
of acetone enolate over metal oxide catalysts with Lewis
acid-base site pairs,>"***’ there are still ongoing debates
whether the reported acetone enolate® is an acetate®® or aldol
adduct (i.e., mesityl oxide).'® Moreover, no definitive evidence

“The Gene & Linda Voiland School of Chemical Engineering and Bioengineering,
Washington State University, Pullman, WA 99164, USA.

E-mail: junming.sun@wsu.edu

b Alexandra Navrotsky Institute for Experimental Thermodynamics, Washington
State University, Pullman, WA 99164, USA

¢ Institute for Integrated Catalysis, Pacific Northwest National Laboratory,
Richland, WA 99352, USA. E-mail: yong.wang@pnnl.gov

T Electronic supplementary information (ESI) available. See DOI: 10.1039/c9cy02339a

This journal is © The Royal Society of Chemistry 2020

Real-time monitoring of surface acetone
enolization and aldolizationt

Hougian Li,? Junming Sun, ®*2 Gengnan Li,? Di Wu @°2° and Yong Wang*®®

was reported regarding C-C bond formation following the
L-H or the E-R mechanism.

We have recently shown that balanced Lewis acid-base
site pairs on Zn,Zr,,0, are highly selective and stable for ace-
tone aldolization and self-deoxygenation reactions to selec-
tively produce isobutene.>*' Although the specific role of
framework Zn”>* has been addressed in these particular cas-
cade reactions, the formation of the acetone enolate interme-
diate and its subsequent aldol reaction mechanism remain
elusive. Herein, we use in situ DRIFTS with a modulated gas
delivery system to control the surface acetone supply. As a
result, a complicated sequential aldol reaction could be
deconvoluted, and thus acetone enolate and its subsequent
aldolization = reactions are  successfully  monitored.
Complemented with gas/vapor adsorption calorimetry, we
provide for the first time experimental evidence showing
insightful reaction mechanisms of the adsorption of acetone
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Fig. 1 Evolution of infrared spectra of adsorbed acetone vs. time on
ZnyZr100, after the 1% dose; (inset) zoom-in spectra marked in Fig. 1.
Each spectrum takes ~20 s (32 scans). Adsorption experiments were
done at 25 °C.
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as well as the subsequent elementary surface reactions (i.e.,
enolization, C-C coupling via aldolization).

The unique Zr-O-Zn surface structure and Lewis acid-
base properties of Zn,Zr,O, have been reported else-
where.>*3! In this work, the surface acetone reactions are
mainly focused on Zn,Zr;,O, with Zr-O-Zn Lewis acid-base
site pairs.** During acetone adsorption on Zn,Zr;,O,, if the
acetone supply is not controlled, acetone enolization on the
catalyst surface and subsequent aldolization occur rapidly,
establishing surface equilibrium where surface mesityl oxide
and unreacted acetone dominate the surface and the acetone
enolate intermediate can barely be observed.” From this
study, the infrared spectra of acetone were found to be de-
pendent on the amount/surface coverage of acetone (con-
trolled by the number of doses) and the time span between
doses. The surface activation especially the subsequent aldol
reactions was interrupted by these conditions, causing the
observation of acetone enolate. Fig. 1 shows the evolution of
infrared spectra with time on Zn,Zr,,0, after the 1* dose of
acetone. Peaks characteristic of acetone adsorption on Lewis
acid sites can be observed at 1689 cm™ (W (C=0)), 1365 cm™*
(6s(CH3)), and 1216 cm™" (1(C-C)) after ~20 s of acetone dos-
ing (Fig. 1, black line).""" Weakly adsorbed acetone on
surface hydroxyl groups is minimum at >1700 cm™". Notably,
another set of bands is clearly discerned at 1517 cm™", 1425
em™, 1313 ecm™, and 1142 cm™', which can be assigned to
the v(C=C), J,(CH,)/6(=CH,), v(C-0), and p(CH,) of the ace-
tone enolate, respectively.

Note that the peaks at 1517 ecm™* and 1425 cm™' could
also be ascribed to the vibration of v,(OCO) and v4(OCO) of
acetate or poly-acetone species, respectively. These have been
observed on rutile TiO,.>**® To further confirm the peak as-
signment, in situ DRIFTS of adsorbed acetone-d6 was
performed (Fig. 2). If the peaks at 1517 cm™* and 1425 cm™
are indeed contributed by the acetate or poly-acetone species,
their peak positions should not be affected by deuterated iso-
tope labelling, and vice versa for the peak at 1425 cm™*
(0a(CH3)/0(=CH,)). It has been observed that fast H-D ex-
change occurs between acetone and surface hydroxyl groups
over 7Zn,Zr,0,.° To minimize the effect of surface H of
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Fig. 2 Evolution of infrared spectra of adsorbed acetone-d6 on
deuterated Zn;Zr,,O, after one dose. Each spectrum takes ~20 s (32
scans). Adsorption experiments were done at 25 °C.
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Zn,Zr,0,, D,0 is first used to remove the H from the surface
hydroxyl groups of the catalyst before the adsorption of ace-
tone-d6.” Fig. 2 shows the time evolution of infrared spectra
after the 1°* dose of acetone-d6 over the deuterated Zn,Zr,0,.
From the region of 1000-1800 cm™" (Fig. 2), both deuterated
enolate and MSO are observed, and the intensity increases at
the expense of acetone-d6. However, all the peaks shifted at
different extents. For deuterated enolate species, as expected,
the v(C=C) and v(C-0O) bands shifted marginally (vyp = 1.02)
from 1517 cm ™ and 1313 cm™* to 1488 cm ™! and 1296 cm™?,
respectively. The peaks at 1425 cm ' shifted significantly
(O = 1.32) to 1082 cm™, and the peak at 1365 cm™ was
split into two with one shifted to 1036 cm™ and another to
1356 cm . The peak at 1356 cm™ could be due to the J,(CH)
exchanged from the residue surface OH on the catalyst, or
the vibration mode that is not C-H related. For the deuter-
ated MSO, the y(C=C) and v(C=O0) bands also slightly shifted
from 1592 em™ and ~1665 cm ' to 1576 cm ' and 1645
em™, respectively. Nevertheless, the results suggest that the
peaks at 1517 cm™* and 1425 cm™* should belong to the vi-
brations of v(C=C) and d,(CH;)/d(=CH,) of acetone enolate,
rather than the v,(OCO) and v4(OCO) vibrations of acetate or
poly-acetone.

The evolving spectra reveal rapid changes of surface spe-
cies with time. Specifically, the intensity of the peak corre-
sponding to the adsorbed acetone (1689 cm™) first increases
and then decreases with time, whereas the peak intensity of
acetone enolate (1517 em™") increases monotonically (Fig. 1,
inset). In addition, a small amount of surface mesityl oxide
(MSO) appears at ~66 s (Fig. 1, red line) and its amount in-
creases slightly with time, evidenced by the characteristic
v(C=C) vibration bands at 1592 cm™, as well as the shoul-
ders at 1665 cm™ (¥(C=0)), 1450 cm™" (p(C-H)), and 1255/
1225 em™ (¥(C-C)),"® which can be further confirmed by sepa-
rate DRIFTS analysis of adsorbed MSO on the Zn,Zr,;,0, cata-
lysts (Fig. S31). Note that a slight red shift in C=O0 stretching
(Fig. 1, inset) was observed with time, likely caused by the in-
creasing MSO C=0 shoulder band at 1665 cm™". The forma-
tion of a small amount of MSO suggests that, although it is
not dominant, the subsequent aldolization reaction takes
place on the Zn,Zr,,O, catalyst even at a low coverage (i.e.,
~0.11 monolayer), which will be further discussed in the fol-
lowing section. No detectable diacetone alcohol is observed,
suggesting that the subsequent dehydration of diacetone
alcohol is kinetically more favourable than the C-C coupling
reaction.

After the surface reaches equilibrium evidenced by the rel-
atively stable evolving spectra, another dose of acetone is
added, and the evolution of spectra with time is continuously
monitored by DRIFTS. The process is repeated for a total of 5
doses, and the spectra are plotted in Fig. S5-S8.f In order to
better understand the evolution of the different surface spe-
cies, a peak integration and semi-quantitative comparison is
performed. The unique ¥(C=C) bands at 1517 cm™* and 1592
em™ (Fig. 1, inset) were integrated to represent surface ace-
tone enolate and MSO, respectively. Given that the v(C=0)

This journal is © The Royal Society of Chemistry 2020



Catalysis Science & Technology

bands of adsorbed acetone and MSO overlap at ~1689 cm ™,
a careful peak deconvolution/integration was done to isolate
the contribution of surface adsorbed acetone (Table S1 and
Fig. S2 and S47). The evolution of surface acetone, acetone
enolate and MSO is plotted as a function of time and dose,
as shown in Fig. 3. Overall, the acetone enolate reaches a
maximum at the 2" dose, after which it decreases. Surface
MSO increases monotonically with the number of doses.
Clearly, the subsequently added acetone consumes surface
acetone enolate via the aldolization reaction, forming MSO
that adsorbs and accumulates on the surface Lewis acid sites
at 25 °C. Consistent with this observation, our online MS
does not detect any gas phase MSO (Fig. Sot).

For the evolution of each species after a dose, surface
adsorbed acetone showed a rapid increase then decreased
slowly with time after the 1% dose (Fig. 3). The observation of
maximum surface acetone is due to a combination effect of
adsorption/desorption of gas phase acetone followed by de-
pletion via the subsequent conversion of surface acetone to
enolate and then to MSO. Indeed, the surface acetone enolate
is observed and increases monotonically at the expense of ac-
etone. The amount of surface MSO, however, increases
rapidly only within a given period of ~150 s, after which it
remains relatively constant with time irrespective of the
decreasing surface acetone. This observation suggests that,
after the 1* dose (i.e., at low surface acetone coverage), the
adsorbed acetone molecules on the surface Lewis acid sites
are mainly activated to form surface acetone enolate, and
those non-activated acetone molecules are barely involved in
the aldol reactions with surface acetone enolate, otherwise
surface MSO will increase with time. The results indicate that
MSO formation may not follow the Langmuir-Hinshelwood
mechanism (L-H mechanism, a reaction between surface
acetone enolate and adsorbed acetone, gray highlighted in
Scheme 1). Additionally, given the sufficient evolving time
after the admission, not all the adsorbed surface acetone is
converted into enolate. It suggests that either the surface is
equilibrated or only some of the stronger surface Lewis acid-
base site pairs are active for acetone enolization under the
studied conditions (i.e., room temperature).
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Fig. 3 Semi-quantitative evolution of the amount of surface acetone,
acetone enolate, and mesityl oxide on Zn;Zr;xO, as a function of time
and dose.
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After the 2™ dose, surface acetone shows a similar initial
rapid increase and then decreases at a much higher extent
than the 1°* one. The stabilized surface acetone amount is
also higher than that of the 1°* dose (Fig. 3, 600 s vs. 1200 s)
for the increased surface coverage. Interestingly, the surface
acetone enolate seemingly saturated with no observable
changes, whereas the surface MSO shows a similar initial
rapid increase within ~150 s after the 2" acetone admis-
sion, and then levels off with time. Most importantly, during
the time span when MSO remains constant, the surface ace-
tone keeps decreasing significantly. This similar behaviour is
also observed during the following doses, especially at 4-5
doses (i.e., at high surface acetone coverages close to the re-
action conditions). It further suggests that, under reaction
conditions, the adsorbed acetone (including those weakly
adsorbed) is not directly involved in the aldol-condensation
producing surface MSO (otherwise the surface MSO should
increase at the expense of acetone). Instead, those seem rap-
idly desorbed and purged into the deep side of the sample
holder where the gas-phase acetone may either further react
with the surface enolate to form MSO though undetectable
by IR (Fig. S17), or those are directly flushed into the down-
stream gas phase evidenced by our online MS (Fig. S97).
Noteworthily, our separate blank experiment reveals that the
system has a gas holdup time of ~135 s for acetone (data not
shown), and this time span matches the MSO formation time
(150 s) after each acetone admission. This observation reveals
that the formation of MSO occurs only when gas phase ace-
tone is present. In other words, the aldolization predomi-
nantly go through a fast bimolecular reaction between the
surface acetone enolate and gas phase acetone (ie., E-R
mechanism, Scheme 1). To the best of our knowledge, this
is the first spectroscopic evidence showing the surface ace-
tone aldolization reaction mechanism.

It should be noted that, regardless of surface acetone
coverage, acetone enolate is barely observed (Fig. S10f) on
Zr0O,, which is different from Zn,Zr;,0,. This result suggests
that o-H abstraction is kinetically relevant on ZrO,. The
kinetically relevant a-C-H bond cleavage was also observed
in alkanal/alkanone enolization on ZrO,.?° The fact that a
substantial amount of acetone enolate is observed on
Zn,7r,,0, rather than on ZrO, suggests that Zr-O-Zn indeed
shows enhanced Lewis basicity, which in turn accelerates the
o-H abstraction of acetone (i.e., enolization reaction) via a
likely favourable hydrogen transfer.’

To further our understanding on the complex molecular
acetone interactions and reactions revealed by in situ DRIFTS,
we carried out acetone adsorption calorimetry on the same
Zn,7r,,0, catalyst at 25 °C. Adsorption calorimetry has
been primarily applied to investigate the energetics of com-
plex gas-solid surface interactions.**** Acetone adsorption
on the metal oxide surface with Lewis acid-base pairs is ex-
tremely complicated with simultaneous surface activation
and reaction occurring even at room temperature,'’*1%2233
Therefore, the energetic effects recorded may include contri-
butions from not only the adsorption but also the subsequent

Catal. Sci. Technol,, 2020, 10, 935-939 | 937
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Scheme 1 Proposed reaction pathway for acetone aldolization on the Zn;Zr,50,.

enolization and even further aldol reactions. Typically, such
complicated energetic effects were not considered during the
calorimetric measurement of acetone adsorption on metal
oxides.** Acetone adsorption on the Zn,Zr;,0, catalyst results
in a type II isotherm (Fig. S11f), suggesting favourable
acetone-surface interaction. Fig. 4 shows the corresponding
differential enthalpies of the adsorption/reaction curve as a
function of acetone introduced, which presents three distinct
energetic plateaus. At near-zero coverage, an initial
adsorption enthalpy of 117 kJ mol™ acetone is observed.
Subsequently, the differential enthalpy of adsorption curve
tends to be less exothermic and reaches the first plateau at
about -110 k] mol™ ending at ~0.10 mmol,ce gear ', Which is
roughly 1/3 coverage of the surface of the Zn,;Zr;,0, catalyst.
Further acetone uptake leads to weaker adsorbate-adsorbent
interactions, and the differential enthalpy of adsorption
profile levels off at its second plateau at about —90 kJ mol™
acetone (concluding at about 0.4 mmol acetone per Zca)-
Eventually, the differential adsorption enthalpy gradually
becomes less exothermic and reach its final plateau at —30 kJ
mol™" corresponding to weak intermolecular interactions
(such as condensation) on the Zn,Zr;,0, surface at 25 °C.
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Fig. 4 The differential enthalpies of adsorption as a function of acetone
loading at 25 °C, in which stepwise energetic profile was observed.
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Together with the in situ DRIFTS analysis, it is proposed
that the acetone adsorption and enolization are dominant at
low surface coverages. The differential enthalpy of acetone
adsorption measured at the first plateau (-110 kJ mol™)
appears to be mainly generated from acetone adsorption and
enolization. At higher coverage, other than acetone adsorption
and enolization, surface aldolization reactions occur and start
to dominate, which may lead to the second plateau (=90 kJ
mol ). The 20 kJ mol ™" difference between the two plateaus at
different coverages probably indicates the contribution of
endothermic surface acetone aldolization (aldol addition and
dehydration) reactions at higher acetone doses (i.e., 0.10-0.45
mmol acetone per g..). Given that the generated MSO is
strongly adsorbed on the surface, further increasing the
acetone dosage results in the saturation of surface active sites.
Therefore, the directly measured enthalpy of adsorption
profiles concludes at about —30 k] mol ™", where only acetone-
acetone or acetone-MSO intermolecular interactions exist.

By starving the catalyst surface (i.e., controlling the surface
acetone supply), our in situ DRIFTS coupled with gas
adsorption calorimetry not only successfully isolated the
surface enolate, but also observed the subsequent aldol
reactions For the first time,
spectroscopic evidence of acetone enolate formation and the
subsequent aldolization via the dominant E-R mechanism.

in real time. we show
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