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Introduction

Synthesis of a-methylene-6-valerolactone and its
selective polymerization from a product mixture
for concurrent separation and polymer
productiont

@ Francesca D. Eckstrom,” Eswara Rao Chokkapu,”
3 Eugene Y.-X. Chen @ * and

Alexander A. Khechfe,
Lucas A. Baston, (2@ Bowei Liu,
Yuriy Roman-Leshkov (2 *2

We report the continuous, gas-phase synthesis of a-methylene-8-valerolactone (MVL) from
8-valerolactone (DVL) and formaldehyde (FA) over alkaline earth oxide catalysts. MgO, CaO, and BaO sup-
ported on silica (~5 wt%) were active for MVL production (613 K, 0.4 kPa DVL, 1.2 kPa FA, 101 kPa total
pressure). CaO and BaO showed 90% and 83% selectivity to MVL at ~60% DVL conversion, respectively.
Decreasing contact times improved MVL selectivity for all three catalysts, achieving near quantitative
selectivity at DVL conversions <40% with CaO. Further studies with CaO indicated that increasing the FA
partial pressure for a given DVL partial pressure negligibly changed conversion while maintaining high
selectivity; however, increasing the reaction temperature generally resulted in lower MVL selectivity.
Deactivation and carbon loss were attributed to non-volatile compound formation from series and parallel
reactions that consume MVL and DVL and poison the catalyst surface. These side reactions were more
pronounced at high temperatures and higher contact times. While slow deactivation poses a challenge,
the catalyst could be fully regenerated by calcining at 773 K for 4 h under flowing air. As the product
mixture of MVL and DVL is difficult to separate, we developed a selective polymerization strategy to
convert either one or both monomers into valuable polymeric materials, thereby achieving efficient sep-
aration and concurrent polymer production. Using a model mixture of 30 wt% of MVL in DVL, vinyl-
addition polymerization converted MVL to the corresponding vinyl polymer (PMVL)yap in 98% yield, while
DVL was recovered in 96% yield by distillation. Alternatively, ring-opening polymerization of the same
mixture resulted in a DVL/MVL copolyester and separatable vinyl homopolymer P(MVL)\ap.

Chemical recycling, a method to break a polymer back down
to its respective monomer with heat and/or a catalyst for produ-

Plastics have found use in nearly every aspect of modern life
due to their light weight, chemical stability, and tunable
mechanical and optical properties.” As the widespread use of
plastics continues to grow, concerns over their environmental
impact due to disposal and production have driven the desire
for more efficient recycling processes.>* State-of-the-art
mechanical recycling technologies address only ~10% of
plastic waste production, necessitating new methods to miti-
gate the growing environmental catastrophe.*
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cing virgin-quality polymers repeatedly, has recently attracted
attention for recycling polymers that may not be suitable for
mechanical processing.”” However, the high thermostability of
commodity polymers, especially C-C bonded vinyl polymers such
as polyolefins and poly(meth)acrylates, makes chemical recycling
challenging due to high energy requirements and low selectivity.
Common chemical recycling methods for polyethylene and poly-
propylene include hydrogenolysis,®*** hydrocracking,">"* or
pyrolysis,"*'® processes that rarely yield the starting monomer in
a single step. Several processes have been studied for depolymer-
izing poly(methyl methacrylate) (PMMA) into methyl methacrylate
(MMA) with more success, but these methods require tempera-
tures above 723 K and careful control of PMMA residence time to
avoid side reactions that reduce MMA yields.'®™®

Efforts to develop biorenewable and recyclable alternatives
to PMMA have identified bio-based vinyl lactones as effective
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monomers for synthesizing chemically recyclable acrylic
bioplastics.'®">' Notably, adding a vinyl group to the a-position
of bio-based &-valerolactone (DVL) yields a-methylene-
d-valerolactone (MVL), which can be polymerized via vinyl-
addition polymerization (VAP) to form the acrylic (vinyl)
polymer (PMVL)y,p % or ring-opening polymerization (ROP)
to form the polyester (PMVL)gop. >'** (PMVL)rop can be
recycled chemically, with a 96% yield of MVL after heating at
423 K at 0.01 torr for 6 h with a stannous octoate catalyst."®
Further, (PMVL)gop with a molecular weight of 74.6 kDa has
also been demonstrated as a mechanically tough, chemically
recyclable thermoplastic with mechanical properties compar-
able to commodity polyolefins.>* Most recently, (PMVL)ysp has
been shown to be quantitatively recyclable, recovering the pure
monomer MVL in 99.5% yield from reactive distillation of bulk
(PMVL)y,p at 220 °C in 1 h without a catalyst.>?

Despite PMVL’s promise as a chemically recyclable
polymer, the synthesis of MVL has only been demonstrated in
batch processes at the lab-scale (~10-100 g). Typically, this syn-
thesis involves the reaction of DVL with ethyl formate and par-
aformaldehyde using stoichiometric bases like NaH,'®**
resulting in both high costs and hazardous waste streams.
Sustainable and industrial-scale production of PMVL will
require the development of a continuous catalytic process for
the synthesis of the MVL monomer. Continuous synthesis of
the MVL isomer, a-methylene-y-valerolactone (MGVL), has
been reported in the vapor-phase via the aldol condensation of
y-valerolactone (GVL) and formaldehyde (FA) over silica sup-
ported alkali and alkaline earth oxide catalysts, with BaO/SiO,
showing >95% selectivity to MGVL at 613 K.*> This reaction
was also performed in the liquid-phase over supported Cs
oxides, with the highest MGVL production rate observed on
5 wt% Cs oxide supported on a hierarchical beta zeolite
(553-583 K, methyl-tetrahydrofuran solvent).*® This chemistry
has been further explored in the patent literature.>”*

The reactivity of these oxide catalysts is attributed to acid-
base pairs on the metal oxides.>® During the aldol conden-
sation, the carbonyl group of an enolizable aldehyde or ketone
binds to the Lewis acidic metal center (e.g. Ba** or Cs*), while
the neighboring basic lattice oxygen deprotonates the
o-hydrogen to form a carbanion. The carbanion can then
perform a nucleophilic attack on an adjacent carbonyl to form
an aldol product, which can then be dehydrated to form the
final aldol condensation product.*® Indeed, a wealth of litera-
ture exists on liquid-phase coupling of biomass-derived carbo-
nyls to form biofuels using base catalysts, particularly
MgO.31734

In this work, we studied the aldol condensation of DVL
with FA over three supported alkaline earth oxides for the pro-
duction of MVL (Scheme 1). MgO, CaO, and BaO supported on
silica (~5 wt%) were all active for MVL production (613 K, 0.4
kPa DVL, 1.2 kPa FA, 101 kPa total pressure). CaO and BaO
showed 90% and 83% selectivity to MVL at ~60% DVL conver-
sion, respectively. The results obtained with relatively simple
catalysts provide a foundation for further catalyst engineering
and mechanistic studies. Our process yielded a product
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Scheme 1 Aldol condensation reaction pathway for MVL synthesis
studied in this work.

mixture of MVL and unconverted DVL. A model mixture
approximating the optimized product composition was sub-
jected to selective polymerization, achieving efficient separ-
ation and producing valuable acrylic and polyester materials.

Experimental methods
Catalyst synthesis

Supported alkaline earth oxide catalysts were prepared via inci-
pient wetness impregnation. Fumed silica (SiO,, Sigma
Aldrich) was used as a support and calcined at 873 K for 6 h
(4 K min™' ramp rate) prior to impregnation. Magnesium
acetate tetrahydrate, calcium acetate monohydrate, or barium
acetate (all Sigma Aldrich, >99%) were dissolved in enough DI
water to saturate the pore volume of a given mass of SiO,
(~2 Zwater gSiO;l). The metal salt solution was then slowly de-
posited onto the SiO,, followed by grinding and mixing in a
mortar and pestle. The pre-catalyst was then dried for at least
6 h in an oven at 373 K, ground again, and calcined at 773 K
(ramp rate 4 K min~") for 6 h.

Catalyst characterization

Weight loadings of Mg, Ca, and Ba on SiO, were determined
by inductively coupled plasma mass spectrometry (ICP-MS)
using an Agilent 7900 ICP-MS instrument. Approximately
10 mg of catalyst powder was added to a 15 mL polypropylene
centrifuge tube and dissolved in ~1 mL of 68.0% HNO;
(Veritas Double Distilled, GFS Chemicals Inc.) overnight, fol-
lowed by dilution in 2 wt% HNOj; and filtration through a
0.2 um PTFE syringe filter (VWR) to remove the undissolved
SiO, support. Solutions were further diluted to obtain metal
concentrations of 100-300 ppb for Mg and Ba. Ca solutions
were diluted to a lesser extent (30-60 ppm) to monitor **Ca
(~2% abundance) due to interference between *°Ca and the Ar
plasma. Metal concentrations were determined from cali-
bration curves prepared from standard solutions of 1000 ppm
of Mg, Ca, and Ba (all TraceCERT, Sigma-Aldrich), diluted in
2 wt% HNO;.

Scanning transmission electron microscopy (STEM)
imaging was performed on a probe-corrected Thermo Fisher
Scientific Themis Z G3, operated at 200 kV. Images were col-
lected with a 19 mad collection angle and either 70-200 mrad
(Z-contrast, HAADF) or 35-200 mrad (diffraction contrast).
Transmission electron microscopy (TEM) was performed on an
FEI Tecnai F20 electron microscope to determine particle size
distributions for each sample. Catalysts were dispersed in
ethanol and sonicated until well-dispersed and then dropped

This journal is © The Royal Society of Chemistry 2024
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onto a copper grid with a carbon film. Measurements were per-
formed using an electron detector at a 200 kV acceleration
voltage. Powder X-ray diffraction (PXRD) was used to determine
the crystallinity of metal oxide particles. Patterns were col-
lected on a Bruker D8 diffractometer with a Cu Ko radiation
source between 20 = 20-80° and a scan rate of 0.05° s~ ",

Carbon dioxide temperature programmed desorption (CO,
TPD) was performed in a Micromeritics Autochem II 2920 unit
equipped with a thermal conductivity detector. Approximately
0.15 g of sample was loaded into a quartz U-tube and held in
place with plugs of quartz wool on both sides. The sample was
pretreated in 50 mL min~" He at 473 K for 2 h and cooled
down to 313 K. The sample was then dosed with 50 mL min™"
of a 1% CO, in N, and 30 mL min~' He mixture for
30 minutes, followed by a 10 minutes purge in 80 mL min~" of
He. This procedure was repeated an additional two times to
saturate the surface with CO,. The sample was then heated in
a 80 mL min~' He flow while the temperature was ramped
from 313 K to 1073 K at a 10 K min~" ramp rate while monitor-
ing the reactor effluent. Thermogravimetric analysis (TGA) was
performed on a TA Instruments Q500 System. The sample was
loaded onto a tared platinum pan and equilibrated at 298 K in
45 mL min~" of air and 5 mL min™' N,. After equilibration,
the temperature was ramped at 1 K min~" to 1073 K.

Continuous catalytic MVL synthesis

Aldol condensation between DVL and FA were performed in a
gas-phase, fixed-bed reactor. Catalysts were pelletized,
crushed, and sieved between 40-60 mesh to reduce the
pressure drop across the catalyst bed. Approximately 0.1 g of
catalyst was mixed with 0.4 g of silicon carbide (46 mesh) as a
diluent and loaded into a 1" 316 stainless steel tube. The cata-
lyst bed was held in place with a plug of quartz wool and
topped with ~1.5 g of borosilicate glass beads to facilitate gas-
phase mixing. The bed was heated in a furnace (ATS Systems)
and temperature was controlled via a K-type thermocouple
touching the base of the catalyst bed connected to a Cole-
Parmer Digi-Sense Temperature Controller R/S 68900-11.

A mixture of DVL (technical grade, Sigma Aldrich) and forma-
lin (37 wt% FA in water with methanol stabilizer, Sigma Aldrich)
were introduced via a Cole-Parmer Masterflex Single-Syringe
Infusion Pump with a typical liquid flow rate of ~0.16 mL h™".
The liquid feed was vaporized at ~423 K into a stream of N,
(Airgas) with a typical flow rate of 50 mL min~". Reactor effluents
were analyzed by an on-line gas chromatograph (Agilent 8890)
equipped with a 30 m HP-5MS-UI column and a flame ionization
detector (FID). Product selectivities are calculated as
Si =+ i —— x 100%, where S; is the selectivity of product 7,

NpvL,0 — NpvL
TipyL,o is the initial molar flow rate of DVL into the reactor, and
fipyr, and 7; are the molar flow rates of DVL and product i in the
effluent, respectively. Contact times are calculated as moles of
active metal loaded in the reactor divided by the molar flow rate
of DVL. Reaction rates are normalized by total mass of supported
catalyst unless stated otherwise.

This journal is © The Royal Society of Chemistry 2024
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Polymer synthesis

The following reagents were used as received: La[N(SiMej3),]s
(Sigma-Aldrich) and Al('Bu); (Sigma-Aldrich). Butylated
hydroxy toluene (BHT) was purchased from TCI and purified
via vacuum sublimation at 60 °C. Benzyl alcohol (BnOH)
initiator, purchased from TCI, was stirred over CaH, for 12 h
under N, then vacuum distilled at 100 °C under 50 mTorr.
HPLC-grade toluene and hexanes were first sparged extensively
with nitrogen during filling 20 L solvent reservoirs and then
dried by passage through activated alumina. They were stored
under N, and over molecular sieves. Air and moisture-sensitive
reactions were conducted in oven- or flame-dried glassware on
a dual manifold N,/vacuum Schlenk line or inside an N,-filled
glovebox.

DVL was purchased from TCI and MVL was prepared
according to the literature procedure.'® They were purified by
stirring over CaH, for 12 h under N, prior to vacuum distilla-
tion at 50 °C under 50 mTorr. The purified monomers were
brought into an N, atmosphere glovebox and filtered through
a 0.22 um filter. They were then mixed to give 30 wt% MVL in
DVL and stored at —30 °C in a brown bottle over activated 4 A
molecular sieves. Al(‘Bu),BHT was prepared by adding a
hexanes solution of Al('Bu); dropwise to one equivalent of BHT
in hexanes, according to similar literature procedures.*® After
letting stir overnight, the solvent was removed in vacuo to
reveal a clear viscous liquid. [La(OBn);], (oligomeric species)
was prepared by mixing La[N(SiMej;),]; and BnOH at a 1:3
ratio in toluene. The reaction was allowed to stir for 3 h after
which the solvent was removed in vacuo with light heating, a
procedure known to also remove the co-product NH(SiMe;),.>
The resulting solid was washed with and decanted from
hexanes and dried at 50 mTorr.

VAP was carried out as follows: in an N,-supplied atmo-
sphere glovebox, 0.333 g of 30 wt% MVL in DVL was added to
6.2 mg of Al('Bu),BHT in a 10 mL Schlenk flask at —30 °C.
After 45 min, the reaction was quenched with a few drops of
acidified MeOH. An aliquot of the quenched mixture was
taken for analysis with "H NMR, confirming >99% conversion
of MVL to P(MVL)ap, leaving DVL unreacted. The products
were separated vig vacuum distillation at 60-70 °C under
40 mTorr, recovering 0.223 g DVL (96% yield). The remaining
P(MVL)y,p was dried at 100 °C under 40 mTorr over 12 h to
afford 0.113 g of the pure polymer (98% yield).

ROP was carried out as follows: in an N,-supplied atmo-
sphere glovebox, a 0.1 mL aliquot of 0.0071 g mL™" [La(OBn);],
toluene solution (0.015 M) was added to a 20 mL glass vial
charged with 0.2407 g of 30 wt% MVL in DVL in 0.68 mL
toluene (3M monomer) at room temperature (~23 °C) while
stirring vigorously ([M]:[La] = 500:1). After 2.25 h, the reac-
tion was quenched with a few drops of acidified methanol and
an additional 10 mL toluene were added. A 0.01 mL aliquot of
the quenched mixture was taken for analysis with "H NMR to
determine monomer conversion, revealing 94% conversion of
DVL to poly(d-valerolactone) (PVL) and 98% conversion of
MVL to poly(a-methylene-8-valerolactone) (PMVL), consisting

Green Chem., 2024, 26,10463-10472 | 10465


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc03016h

Open Access Article. Published on 18 September 2024. Downloaded on 8/12/2025 10:46:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

of both ring-opening polymerization (ROP) product P(MVL)rop
and vinyl-addition polymerization (VAP) product P(MVL)y,p in
a 29: 71 ratio. The mixture was filtered to remove the insoluble
minor product PMVLy,p, washed with an additional 50 mL
toluene, condensed, and crashed into an excess of cold metha-
nol. The methanol was decanted to reveal a white solid, which
was solubilized in CHCI; and precipitated an additional two
times. The purified polymer was dried at ambient temperature
for 12 h under 50 mTorr to obtain 0.1346 g ROP copolyester
P(MVL-co-VL) (56% yield) with roughly 10% PMVLgop incor-
poration. The yield of P(MVL-co-VL) was calculated by dividing
the isolated yield of the copolyester (0.1346 g) by the initial
weight of the monomer mixture (0.2407 g) used for the
polymerization. The reported value thus considered uncon-
verted monomer, material lost to P(MVL)y,p formation, and
any product loss during the filtration to remove P(MVL)yap.

Polymer characterization

NMR spectra were collected on a Bruker AV-III 400 MHz
spectrometer (400 MHz, 'H; 100 MHz, **C). Chemical shifts
for "H and "*C spectra were referenced to an internal solvent
resonance 7.26 (chloroform) and are reported as parts per
million relative to SiMe,. Monomer conversion and copolymer
composition were calculated based on relative integrations
between monomer and polymer "H NMR signals.

All thermal analyses were performed on polymer samples
that were dried at 25 °C for 12 h under 50 mTorr (polyester) or
100 °C for 12 h under 40 mTorr (acrylic polymer). Differential
Scanning Calorimetry (DSC) was performed on an Auto Q20,
TA Instrument. DSC plots show the melting transition temp-
erature (Tp,), crystallization temperature (T.), and heating of
fusion (AHy), obtained from a second heating scan. Each cycle
was performed at a rate of 10 °C min™". Decomposition temp-
eratures (T4, defined by the temperature of 5% weight loss)
and maximum rate decomposition temperatures (Tmayx) of the
polymers were measured by thermal gravimetric analysis (TGA)
on a Q50 TGA Analyzer, TA Instrument, by heating from
ambient temperature to 700 °C at 10 °C min~' under Nj.
Values of Ty.x were obtained from derivative (wt%/°C) vs.
temperature (°C) plots, while T4 values were obtained from
wt% vs. temperature (°C) plots.

Results and discussion
Catalyst characterization

The presence of alkaline earth metals on the silica supports
was confirmed via ICP-MS with their respective weight load-
ings shown in Table S1.{ Reported weight loadings correspond
to metal loadings on silica. High-angle annular dark-field
scanning transmission electron microscopy (STEM-HAADF,
Fig. S1) and transmission electron microscopy (TEM, Fig. S2—
S4t1) demonstrate that there is no significant crystalline for-
mation on the surface of the catalysts indicating a high degree
of metal oxide dispersion. Greater detail can be found in the
ESIL.t X-ray diffraction patterns for each of the three catalysts
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only show a broad peak corresponding to SiO, at a 26 value of
~22°, corroborating the absence of large crystalline domains
over these samples (Fig. S57).

CO, binds to basic lattice oxygens on metal oxides and can
thus be used to probe the presence and relative strength of
basic sites on these materials.’” CO, temperature programmed
desorption (TPD) was used for this purpose, with curves
shown in Fig. S6.1 Desorption features at temperatures greater
than 600 K in CaO and BaO indicate that these two catalysts
have stronger basic sites than MgO, which only shows desorp-
tion features below 600 K.

Reactivity studies

Each of the three catalysts in Table S1f was tested for its
activity and selectivity toward MVL production from DVL and
FA. Introducing 0.4 kPa DVL and 1.2 kPa FA at 613 K into a
bed of each catalyst resulted in the formation of MVL and
small amounts of other side products, including GVL and
a-methyl-8-valerolactone (methyl-DVL) (representative GC chro-
matogram shown in Fig. S7t). The formation of the desired
MVL isomer was confirmed using proton nuclear magnetic
resonance ("H NMR) by the presence of vinyl proton peaks at
5.5 ppm and 6.3 ppm (Fig. S8f). Gas chromatography mass
spectrometry (GC-MS) spectra of these products can be found
in Fig. S9-S11.F

Conversions decreased sharply on all catalysts for approxi-
mately the first 2 hours on stream after feed introduction, after
which a second regime of slower deactivation began. In this
second regime, conversion generally decreased by ~10% over
6-8 hours under most conditions. Conversion, selectivity, and
rate data reported herein were collected in this second regime
where deactivation could be neglected over the course of an
experiment. Periodic catalyst regenerations in air were per-
formed to restore catalyst reactivity. Under conditions of faster
deactivation, typically at temperatures above 613 K, conversion
and selectivity data are reported from the first hour of the con-
dition before appreciable deactivation occurred.

Fig. 1 compares the selectivity of each of the three catalysts
to MVL across a range of contact times (defined as the moles
of active metal divided by the molar flow rate of DVL) and
their corresponding conversions. The data in Fig. 1 can be
found in tabulated format in Table S2.1 BaO generally required
lower contact times to obtain a given conversion, as compared
to MgO or CaO, indicating the active basic sites on BaO are
more active for aldol condensation. MVL selectivity was higher
for both CaO and BaO than for MgO, with CaO achieving 90%
selectivity to MVL at 60% conversion. This result is consistent
with the presence stronger basic sites in CaO and BaO as
determined by CO, TPD experiments. MVL selectivity was only
~40% for MgO at a similar conversion. For MgO, the dominant
side product detected in the vapor effluent was GVL (selectiv-
ities of 10-25%), indicating the tendency of MgO to catalyze
DVL ring-opening reactions in parallel to aldol condensations.
DVL is known to isomerize via ring-opening pathways to GVL
over Bronsted acid sites.”® However, ring-opening products
from DVL or GVL were not detected in the reactor effluent over

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4gc03016h

Open Access Article. Published on 18 September 2024. Downloaded on 8/12/2025 10:46:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Green Chemistry

[ MVL Selectivity
Il GVL Selectivity

[ ] Methyl-DVL Selectivity
[ Solids/Lost Carbon

a
@ 400 80
°
o 80
= 60 2
> 60 2
2 2
g 40 40 S
# 20 <
i 20 2
) 015 030 042 064
100 80
2
o 80
= 60 3
2 60 2
2 Z
g 40 40 S
A 20 d
. 20 2
© 013 027 060 079
100 80
2
o 80
= 60 3
> 60 2
= 40 :
% 40 8
» 20 <!
20 2
0

0.06

0.16 0.29
Contact Time / h

0.78

Fig. 1 Product distributions and DVL conversions as functions of
contact time for (a) MgO/SiO,, (b) CaO/SiO, and (c) BaO/SiO, (613 K,
0.1 g catalyst, 0.4 kPa DVL, 1.2 kPa FA, 101 kPa, balance Ny).

our system, indicating that they likely only exist as intermedi-
ates between DVL and GVL. We attribute this ring-opening iso-
merization activity to the presence of hydroxyl groups formed
in the presence of water, believed to be active sites for the iso-
merization of glucose to fructose in water over Mg0.*® For BaO
and CaO, only small amounts (~1-2%) of GVL and methyl-
DVL were detected, with CaO maintaining slightly higher
selectivity to MVL at higher DVL conversion than BaO. Methyl-
DVL is hypothesized to form via hydrogenation of MVL by
methanol present in the formalin feed.

The lower carbon balance at high DVL conversions indi-
cates that high contact times result in DVL and MVL forming
non-volatiles that cannot be accurately quantified. Fig. S127
shows TGA curves of spent catalysts (run for 6-8 h on stream)
to characterize the deactivation of each catalyst. All catalysts
exhibited a small weight loss feature at ~400 K, hypothesized

This journal is © The Royal Society of Chemistry 2024
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to correspond to surface-bound species that do not desorb
after purging in N, for ~30 min prior to catalyst unloading.
Larger weight loss features were seen near 570-600 K for CaO
and BaO, consistent with heavy organic deposits being
formed. Weight-loss features persist to ~700 K for MgO, indi-
cating the potential formation of more coke-like deposits.

Small GC chromatogram peaks associated with by-products
were observed at higher retention times/oven temperatures.
The intensities of these peaks did not respond to changes in
reactor conditions, indicating slow deposition of organic
species on the catalyst, consistent with similar studies on the
aldol condensation of GVL and FA.*> Analysis of reactor
effluents using GC-MS confirmed the presence of compounds
with MS features expected of DVL-DVL or DVL-MVL aldol pro-
ducts (Fig. S131). We thus conclude that the predominant
form of both deactivation and MVL selectivity loss are due to
parallel reactions forming DVL-DVL dimers and/or series reac-
tions where DVL reacts with the MVL product to form DVL-
MVL dimers, both of which are capable of poisoning the cata-
lyst surface. A summary of the reaction pathways hypothesized
for this chemistry is depicted in Scheme 2. While this work
seeks to elucidate general reactivity trends for this reaction
across these materials, the detailed nature of the active sites
and mechanisms for the different observed reactions will be
the subject of future studies.

GVL methyl-DVL

o
° fi’
e
_OH
o

_0
-z o

MVL

(0]
$;
o O

=

(0]

e}

DVL

L
X

Scheme 2 Reaction scheme showing the hypothesized reaction path-
ways for this system. The desired reaction converting DVL and FA to
MVL is shown in blue alongside pathways that consume both DVL and
MVL into vapor-phase side products and non-volatile dimers.

Non-Volatile
Dimers
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CaO showed the highest MVL selectivity at high DVL con-
version. Specifically, at conversions <40% for CaO/SiO,, selecti-
vity to MVL was >95% with no observed side products as
detected by GC. As with the other two catalysts, increased
contact time decreased selectivity to MVL; however, most of
the remaining DVL formed non-volatile products that were not
detected in the GC. This provides further evidence that MVL
was consumed at higher contact times via series reactions with
DVL to form non-volatiles. Based on these data, the process
can potentially be operated at conversions <40% with nearly
quantitative yields to MVL.

Due to its high selectivity toward MVL at elevated conver-
sions, other process parameters were varied over CaO/SiO,.
The effect of temperature on DVL conversion and MVL selecti-
vity is shown in Fig. 2a (shown in tabulated form in
Table S31). At a given contact time, DVL conversion increases
monotonically with reaction temperature at the expense of
MVL selectivity. Fig. 2a shows that at 653 K, a DVL conversion
of 54% resulted in an MVL selectivity of 74%. In contrast,
Fig. 1b demonstrates that at 613 K, a similar DVL conversion
of 59% led to an MVL selectivity of 86%. This indicates that
for a given conversion, MVL selectivity decreases at higher
temperatures due to the increased prevalence of side reactions.
Therefore, increasing temperature to enhance DVL conversion
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Fig. 2 Product distribution and DVL conversion over CaO/SiO, as a
function of (a) reaction temperature (contact time of 0.27 h, 0.4 kPa
DVL, 1.2 kPa FA, 0.1 g catalyst, 101 kPa) and (b) FA: DVL ratio (613 K,
contact time of 0.27 h, 0.4 kPa DVL, 100 mg catalyst, 101 kPa).
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imposes a greater penalty on MVL selectivity compared to
achieving the same conversion through increased contact time
in the reactor. Increasing the ratio of FA to DVL to 5 : 1 negligi-
bly increases the conversion of DVL for a given contact based
on Fig. 2b while maintaining >95% selectivity to MVL (tabu-
lated in Table S4t1). Decreasing the formaldehyde in the feed
to a 1:1 ratio with DVL decreases the DVL conversion by
~15% with a concomitant loss in MVL selectivity. Thus, MVL
selectivities can be optimized over CaO/SiO, at low to moder-
ate DVL conversions with an excess of FA in the feed.

Transient curves showing MVL production rate vs. time on
stream over CaO/SiO, are shown in Fig. 3, with dashed lines
representing a regeneration in 50 mL min ' air at 773 K for
4 h. After an initial, faster deactivation period during the first
~2 h on stream, the second regime of slow deactivation begins
and is maintained for several hours. Regeneration in air
restores the original reactivity, showing that these catalysts are
robust to multiple calcination cycles. This also indicates that
minimal chemical or structural changes, such as the formation
of inactive chemical surfaces or particle sintering, occur
during the course of the reaction.

Polymerization of MVL/DVL mixture

The synthesis of MVL from bio-based DVL using SiO, sup-
ported CaO or BaO described herein produced roughly 30 wt%
MVL in DVL as a mixture. A "H NMR spectrum of the reaction
mixture is shown in Fig. S14.7 Separation of these two mono-
mers is challenging and energy intensive due to their similar
boiling points. Given that MVL carries a highly reactive, conju-
gated (activated) exocyclic double bond, we hypothesized a
selective VAP of MVL over DVL should give useful acrylic
polymer P(MVL)ysp and DVL (Scheme 3a). Separation of this
polymer/monomer mixture could be done simply by filtration
or distillation, which not only promotes energy-efficient separ-
ation but also produces useful polymer and monomer pro-
ducts. An alternative hypothesis was that, as both MVL and
DVL contain the same six-membered DVL ring, a copolymeri-
zation of both monomers together via ROP should yield a
high-value copolyester product (Scheme 3b).
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Fig. 3 MVL production rate (per g.a) as a function of time on stream
(613 K, contact time of 0.27 h, 0.4 kPa DVL, 1.2 kPa FA, 101 kPa). Dashed
lines represent a regeneration in 50 mL min~* of air for 4 h.
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Scheme 3 Proposed (co)polymerization strategies to separate the MVL/DVL mixture into (co)polymer and monomer products. (a) Vinyl-addition
polymerization pathway to P(MVL)yap and DVL. (b) Ring-opening polymerization pathway to copolyester P(MVL-co-VL).

The VAP of 30 wt% MVL in DVL (which simulates the
product mixture resulted from the MVL synthesis over CaO)
was performed without any additional solvent in the presence
of a Lewis acid catalyst Al('Bu),BHT (BHT = butylated hydroxy
toluene or 2,6-di-tert-butyl-4-methylphenolate) ("H NMR of
catalyst in Fig. S151). As both an initiator and catalyst, Al
(‘Bu),BHT was proposed to initiate and catalyze the VAP
pathway via a coordination-addition mechanism with the
labile alkyl group acting as an initiator (Scheme 4).

The polymerization chemoselectivity was found to be sensi-
tive to reaction temperature. Polymerizations conducted at
room temperature (~23 °C) tended to facilitate ROP of both
MVL and DVL, resulting in either crosslinked material or lower
recovered yields of DVL. However, when the polymerization of
the mixture was conducted at —30 °C, the exclusive selectivity
for the VAP of MVL to form P(MVL)yap was achieved. After
45 min, the polymerization reached >99% conversion of MVL
to P(MVL)yap, leaving DVL unreacted (Fig. S167). This remark-
able selectivity allowed for facile isolation of P(MVL)ysp (98%
yield) and recovery of the unreacted DVL (96% yield) via
simple vacuum distillation (Fig. S17 and S187).

The isolated P(MVL)y,p was analyzed by size-exclusion
chromatography (SEC) to give a number-average molecular
weight of M, = 25.3 kDa and dispersity of D = 1.54 (Fig. S197).
By differential scanning calorimetry (DSC), P(MVL)yp was
shown to exhibit a high glass-transition temperature (T,) of
201 °C (Fig. S20tf). The decomposition temperature (Tg,
defined by the temperature of 5% weight loss) and maximum
rate decomposition temperatures (Tyax) Oof P(MVL)ap were
obtained by TGA to be 307 °C and 359 °C, respectively
(Fig. S217). The T4 value is considerably higher than previously
reported T4 value (250 °C) for the P(MVL)ysp produced by a
free-radical polymerization process.>® These results demon-
strated that the direct VAP strategy not only can effectively sep-
arate DVL from the MVL/DVL mixture but also produce high-
quality acrylic polymer product P(MVL)yp.

For the ROP of the MVL/DVL mixture, we chose [La(OBn);],
as the catalyst (which is also an initiator by the OBn ligand), a
coordination-insertion polymerization catalyst known to be
highly effective towards ROP of lactones and also chemo-
selective for ROP of bifunctional vinyl lactone monomers.**!
Catalyst [La(OBn);], is often prepared in situ from mixing com-
mercially available La[N(SiMe;),]; with three equivalents of
benzyl alcohol (BnOH).***° To improve the chemoselectivity of
MVL towards ROP by minimizing the available VAP pathway,
[La(OBn);], was isolated from the co-product NH(SiMe;), (‘H
NMR in Fig. S221). However, bulk polymerizations at room
temperature (~23 °C) were not successful in selecting exclusive
ROP. Despite optimization attempts through addition of non-
polar toluene (known to enhance the chemoselectivity for ROP
of MVL) and variations in temperature (23 °C, —30 °C, —78 °C),
roughly 80% of the MVL in the MVL/DVL mixture consistently
polymerized through the VAP pathway, which was hypoth-
esized to be initiated from the beginning of the reaction
through a coordination-addition mechanism (Scheme 5c).
Nonetheless, the polymerization reaction still reached high
conversions of both monomers, 96% and 98% conversion of
DVL and MVL, respectively, after 2.25 h at 23 °C in toluene
(used to enhance the ROP selectivity, vide supra). Crude reac-
tion products showed a mixture of ring-opening copolymeriza-
tion product P(MVL-co-VL) (vide infra), composed of poly
(8-valerolactone) (PVL) and P(MVL)gop, and VAP product
P(MVL)\p, in a ratio of roughly 80:20, based on "H NMR
along with residual monomer (Scheme 5a and Fig. S237). This
distribution was consistent regardless of temperature and
solvent addition. Although the alkoxide initiation of the VAP
pathway is hypothesized to be less favorable than the carbonyl
attack for ring opening of MVL, the VAP pathway is suspected
to propagate at a faster rate once initiated, especially in the
presence of polar monomer DVL. The observed product distri-
bution is thus likely more reflective of this rate difference
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Scheme 4 Proposed initiation and propagation mechanism for the VAP pathway to P(MVL)\ap with Al(Bu),BHT. Nu denotes a nucleophilic (initiat-

ing) group on the Al-based catalyst.
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Scheme 5 (a) General reaction scheme for the separable product mixture of P(MVL-co-VL) and P(MVL)ysp from the polymerization of 30 wt% MVL

in DVL with [La(OBn)s],. (b) Competing initiation pathways: ring-opening of MVL or DVL with [La(OBn)s], acting as a coordination insertion catalyst
(left) and vinyl addition of MVL with [La(OBn)sl, acting as a coordination addition catalyst (right).

Since complete chemoselectivity for the ROP pathway could
not be achieved, we attempted post-polymerization separation
of the acrylic homopolymer P(MVL),,p and copolyester P(MVL-
co-VL) based on their differing solubility. It was found that the
copolyester produced during polymerizations conducted in
solution could be solubilized in toluene and filtered to remove
P(MVL)\ap, yielding the desired copolyester product, P(MVL-co-
VL). This copolyester was determined to consist of a random
distribution of P(MVL)gop units with roughly 10% incorpor-
ation based on "H and C NMR (Fig. $24-S267), an expected
result based on the ratio of P(MVL)\,p production and litera-
ture reports of similar materials.”® The resulting copolyester
P(MVL-co-VL) was analyzed with SEC, which revealed a high
molecular weight (M,, = 124 kDa) and a relatively low dispersity
(P = 1.39) (Fig. S271).

The purified P(MVL-co-VL) was analyzed with DSC, showing
a melting-transition temperature (7;,) of 45 °C with an associ-
ated heat of fusion (AH;) of 51.5 J per g (Fig. S287). In compari-
son, the polyester homopolymer P(MVL)zop has been reported
to exhibit a Ty, of 74.4 °C for a sample with M, = 21.2 kDa.*'
Homopolyester PVL with M, = 55.2 kDa has been reported to
have a Ty, of 56 °C.*° The lower Ty, of P(MVL-co-VL) compared
to their parent homopolymers reflects the higher percent com-
position of PVL and also the likely disruption of PVL crystalliza-
tion caused by P(MVL)zop incorporation. The Ty and Tp.x of
P(MVL-co-VL) were obtained by TGA to be 327 °C and 401 °C,
respectively (Fig. S291), consistent with those reported for both
polyesters P(MVL)gop and PVL.>"*® PVL with a high molecular
weight (M,, = 99.3 kDa) has been reported to have a Ty of 338 °C
and a T, of 393 °C, values which were strongly dependent on
the molecular weight.*® Similar values for the Ty (ca. 325 °C) and
Tmax (ca. 400 °C) of P(MVL)gop have also been reported.”* With
the T4 values of P(MVL)zop and PVL being similar, it is possible
that a higher random incorporation of P(MVL)zop units could
further disrupt the copolymer crystallinity, lowering the T,, but
without reducing the Ty. It’s worth noting here that the copoly-
ester P(MVL-co-VL) carries pendent double bonds, providing a
useful platform for post-polymerization functionalization such as
crosslinking or bio-conjugation via click reactions.
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Conclusions

In conclusion, we have demonstrated that the acrylic
monomer MVL can be continuously produced via the gas-
phase aldol condensation of DVL and FA over silica supported
alkaline earth oxides. CaO and BaO demonstrated selectivity to
MVL >90% at DVL conversions <50%. Selectivity to MVL over
CaO generally decreased with increasing conversion and temp-
erature and with lower FA partial pressures. Selectivity loss was
attributed to the presence of series reactions that consumed
MVL and generated non-volatile lactone dimers at higher con-
versions. These non-volatiles caused gradual catalyst de-
activation over several hours of operation, but full catalyst
activity was restored by calcination in air. While separation of
DVL and MVL by polarity or boiling point is expected to be
difficult, this challenge can be easily overcome by performing
polymerization reactions directly in the product mixture. A
model product mixture of 30 wt% MVL in DVL was subjected
to two different polymerization treatments for efficient, con-
current separation and production of valuable polymers. The
VAP of the mixture with Al('Bu),BHT catalyst at —30 °C pro-
duced acrylic polymer P(MVL)y,p with nearly quantitative
yields and allowed for 96% recovery of the unreacted DVL. The
ROP of the mixture in toluene using [La(OBn);], as a catalyst
converted nearly all DVL and MVL in the mixture and led to
the formation of a DVL/MVL copolymer, polyester P(MVL-co-
VL) with some residual and separable P(MVL)y,p. Future work
will entail the engineering of catalysts to minimize the for-
mation of lactone dimers, thereby mitigating selectivity loss
and catalyst deactivation, as well as studying the effects of
minor impurities (such as GVL or methyl-DVL) on the
polymerization process.
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