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ABSTRACT: The upgrading of ethanol to n-butanol was performed using 2 - “OH
a molecular catalyst integrated into a carbon nitride support, one of the >

< "0H

first examples of a supported molecular catalyst performing the Guerbet M 2M @ Carbon
process. Initial studies using crystalline poly(triazine)imide (PTI) with > 5 o @ Nitrogen
lithium or transition-metal cations imbedded in the support together with MH, e a S : ﬁ:‘;ﬁ:xe
a base as the catalyst system did not produce any significant amounts of n- 2 proposed Interaction 2 Mz

butanol. However, when using the catalyst material formed by treatment of

PTI-LiCl with [(Cp*)IrCL], (Cp* = pentamethylcyclopentadienyl) along ~o Base PN

with sodium hydroxide, a $9% selectivity for butanol (13% yield) was -H,0 o

obtained at 145 °C. This PTI-(Cp*)Ir material exhibited distinct UV—vis

absorption features and powder X-ray diffractions which differ from those of the parent PTI-LiCl and [(Cp*)IrCL,],. The PTI-
(Cp*)Ir material was found to have a metal loading of 27% iridium per empirical unit of the framework. Along with the formation of
n-butanol from the Guerbet reaction, the presence of higher chain alcohols was also observed.

KEYWORDS: catalysis, Guerbet, ethanol, butanol, carbon nitride, supported catalysts

B INTRODUCTION

Ethanol is a popular fuel additive for conventional gasoline.
The reduction of carbon dioxide (CO,) using renewable
energy has the potential to significantly improve the
sustainability of ethanol as a fuel, and there are considerable
research efforts directed toward this target.2’3 Yet, ethanol has
only 70% of the fuel density of gasoline,* and its hygroscopic
nature complicates separation techniques and is detrimental to
the current engine technology. In contrast, butanol has 90% of
the energy density of gasoline and is immiscible with water,
which makes it much more desirable as a fuel additive than
ethanol.”™” Butanol can be added to gasoline at higher
concentrations than ethanol (20% vs 10%, respectively),
providing an increased ratio of renewable material per gallon
of gasoline.*' n-Butanol and higher alcohols are also
industrially useful chemical feedstocks for solvents, chemical
intermediates, and polymers.”""

Recently, increased yields and selectivities for the production
of butanol from ethanol using the Guerbet reaction have been
reported.”*"'® The Guerbet reaction sequence (Scheme 1)
uses a tandem catalyst system to first dehydrogenate ethanol to
form acetaldehyde, followed by a base-catalyzed aldol
condensation producing crotonaldehyde, and finally hydro-
genation of the crotonaldehyde to form n-butanol. A variety of
homogeneous catalysts have been studied for this trans-
formation.'®™*” Jones et al. were able to achieve 68% butanol
selectivity utilizing a [(PNP)Mn(Br)(CO),] homogeneous
catalyst in neat ethanol,” and recently, the Jones group

© 2023 American Chemical Society

7 ACS Publications

Scheme 1. Upgrading of Ethanol to n-Butanol via the
Guerbet Process
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reported a $7% butanol selectivity with [(p-cymene)Ru(6,6'-
bpy®")CI]Cl as their catalyst in an aqueous solvent system.”’
A variety of heterogeneous catalysts for the Guerbet process
involving commercial cobalt powder,28 metal oxides,>” 3¢
metal—organic frameworks,”” and hydroxyapatite®® ** have
also been reported with butanol selectivities of 70, 50, 99, and
75%, respectively. In a recent report, 2 homogeneous (NNN)
Ru pincer catalyst was used to obtain 62% ethanol conversion
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with a 45% yield of n-butanol. When a modified NNN ligand
was used to anchor the Ru catalyst to a support, a 27% butanol
yield with 35% conversion was achieved (77% selectivity)."'
Unfortunately, it was not possible to recycle the supported
catalyst. Overall, in catalytic systems for ethanol upgrading to
butanol, although higher selectivities for butanol are often
observed with heterogeneous catalysts, conversion rates are
typically much lower (~15% for heterogeneous versus ~50%
for homogeneous), and heterogeneous systems operate at
higher temperatures than homogeneous (170—250 °C for
heterogeneous versus 145 °C for homogeneous).

In this contribution, we report our efforts to combine the
benefits of heterogeneous catalysts (robust and easy to
separate after reaction) with homogeneous catalysis (greater
tunability of the active site to increase selectivity and
efficiency) by integrating transition-metal salts and organo-
metallic compounds into a heterogeneous organic framework.
We have targeted the poly(triazide)imide (PTI) carbon nitride
framework (Figure 1, PTI-LiCl), taking advantage of the

Figure 1. Crystalline structure of PTI-LiCl (C¢NgH,Li,Cl) from the
top (top) and side (bottom) views. The framework is a 2-dimensional
sheet of carbon (black) and nitrogen (blue) with hydrogens (white)
residing on some of the nitrogen. Within the pocket lie the lithium
(green) atoms which interact with the nitrogens of the triazine. The
charge-balancing chloride (orange) resides between the layers of the
framework as shown in the side view.

reported robust synthetic procedure to produce a uniform
crystalline two-dimensional network with LiCl templated in
the pockets of the framework.”> Carbon nitrides have also been
used as a support to perform hydrogenation reactions*”** but
have not yet been applied to the Guerbet reaction. Similar two-
dimensional materials are used for electron transports,45 and
the effects of chemical alterations to the surfaces of these
materials have been examined with respect to the electronics
and reactivity of the materials.’*~** The presence of removable
Li* cations in the framework of PTI-LiCl also provides access
to PTI materials with other metal cations which could further
be probed for catalytic activity. Finally, carbon nitrides are
known to have photocatalytic*’™>* and electrocatalytic>®
properties, and thus, this 2-D framework may be amenable
to be incorporated with semiconductors in the future.

In this study, the parent PTI-LiCl along with a variety of
carbon nitride materials formed by replacing the Li* ions with
transition-metal cations were explored as catalysts for the
ethanol Guerbet reaction to produce butanol. A series of
homogeneous pre-catalysts were also integrated into the PTI-
LiCl material, and the catalytic activity of these new materials
for the Guerbet reaction was investigated.

B RESULTS AND DISCUSSION

Reactivity Studies of PTI-LiCl. Initial experiments were
carried out to assess the reactivity of the parent material PTI-
LiCl as a catalyst for ethanol conversion to butanol. PTI-LiCl,
potassium fert-butoxide, and neat ethanol were added to a
sealable, pressure vessel and heated at 145 °C for 24 h.
Approximately 10% of the ethanol was consumed by the
reaction, but no butanol formation (<1% yield) was observed.
A variety of bases and base loadings were probed, but none of
these alterations improved the performance of the catalyst
system (Table S7). A control reaction of heating just ethanol
yielded no conversion of ethanol, whereas ethanol with NaOH
showed ~7% consumption of ethanol with only trace butanol
formation (Table S7). Gas chromatography (GC) analysis did
not reveal formation of any esters (e.g, ethyl acetate)
produced from the side reactions illustrated in Scheme 2.°*7°

Formation and Reactivity of PTI-MCl. PTI frameworks
with transition-metal ions displacing x number of Li* were then
probed. Table 1 shows the ratio of metal per pocket of the
carbon nitride framework (as determined by elemental
analysis) for each material tested. PTI-MCl, potassium fert-
butoxide, and neat ethanol were heated together at 145 °C for
24 h. For materials loaded as M = Fe(II), Co(1I), Mn(1l), or
Zn(II), around 2—10% conversion of ethanol was observed but
no substantial n-butanol formation (<1% yield) (Table S8).
Again, no other byproducts were detected via GC analysis or
"H NMR spectroscopy. Using the Ru(II) material, PTI-RuCl

Scheme 2. Possible Side Reactions during Ethanol Upgrading
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Table 1. Metal Loading of the PTI Framework (C¢NyM,Cl,)
with Li* Displaced by Various Transition Metals

transition metal metal loading per empirical formula unit

Fe 0.4
Co 0.25
Mn 0.5
Zn 0.7
Ru 0.08

resulted in a 14% conversion of ethanol with a 4% yield of
butanol (Table S8). A variety of homogeneous compounds
with Ru metal centers have been reported as active
hydrogenation catalysts.””*”*® The surprisingly similar reac-
tivity exhibited by the parent PTI-LiCl and most of the
transition-metal-exchanged PTI materials showed that inte-
grating only the transition metal into the pocket of the PTI
framework did not produce effective catalysts for the Guerbet
reaction. To build a heterogeneous analogue more similar to
the h0m0§ene0us catalysts previously studied for Guerbet
reactions,'”””*"** organometallic complexes were next in-
corporated into the PTI framework.

Incorporation of Homogeneous Catalysts into PTI-
LiCl. A range of homogeneous metal compounds in
combination with PTI were also explored as catalysts for the
conversion of ethanol to butanol. The strategy of immobilizing
homogeneous catalysts onto heterogeneous supports has been
used to promote a variety of reactions. For example,
hydrogenation reactions have been reported with homoge-
neous catalysts su%ported on silica,” CO, reduction with
catalysts on carbon,””®" and cross-coupling catalysts in a silica
matrix.”” Four different molecular complexes which are known
precursors to homogeneous hydrogenation catalysts were
supported on PTI-LiCl and used in the study of the Guerbet
reaction. Samples of [(Cp*)IrCl,], (Cp* = pentamethylcyclo-
pentadienyl), [(Cp*)RhCL,],, [(p-cymene)RuCl,], (p-cymene
= 4-isopropyltoluene), and [(CsMes)RuCl,] (C¢Mes =
hexamethylbenzene) (Figure 2) were each integrated into
separate samples of the PTI host. To integrate the materials,
the parent PTI-LiCl was sonicated in acetonitrile for an hour,
then the respective homogeneous dimer was added, and
sonication was continued for an additional hour. The resulting
solutions were evaporated in vacuo and washed with benzene

[(Cp*)IrCly], [(Cp*)RNCI,],
A\
CI\ /CI\ /_
o < \ = R~ AN
\// \"/ Cl Cl
[(p-cymene)RuCl,], [(CsMeg)RUCly],

Figure 2. Homogeneous precursors which were tested for integration
with PTI-LiCL

to remove any excess homogeneous material. In contrast to the
white powder of PTI-LiCl, the incorporation of the
homogeneous compounds yielded pale-colored powders
(yellow for the Ir material, orange for the Rh material, and
reddish-orange for both Ru materials).

Characterization of PTI-(arene)M Materials. The
colored powders of the PTI-LiCl/homogeneous catalyst
materials were analyzed by UV—vis spectroscopy. Figure 3
shows that the PTI-(Cp*)Ir material exhibits an absorbance
feature at 337 nm similar to the starting dimeric material
[(Cp*)IrClL], (333 nm), but PTI-(Cp*)Ir has an additional
absorbance at 289 nm. It is interesting to compare the data to a
UV—vis spectrum of [(Cp*)Ir(bpy)Cl]Cl (bpy = bipyridine),
also shown in Figure 2, which shows a strong absorbance at
293 nm. The similarity in the 293 nm absorbance could be
indicative of the Ir center having a binding interaction with
nitrogens inside the pocket of PTI analogous to the binding of
Ir to bpy in [(Cp*)Ir(bpy)Cl]CL In contrast, the PTI-LiCl
material with the Ru and Rh complexes only exhibited the
absorbance features of the dimeric starting materials. For
example, PTI-(p-cymene)Ru has absorbance features at 336
and 418 nm which resemble the dimeric molecular species
with absorbance features at 337 and 421 nm. There is no
indication of a new absorbance feature similar to the 292 nm
absorbance evident in the bpy derivative, [(p-cymene)Ru-
(bpy)CIJCL. The PTI-(Cp*)Rh material has absorbance
features at 270 and 409 nm which match the [(Cp*)RhCL,],
absorbance spectra with absorbance features at 270 and 406
nm. PTI-(C4Meg)Ru showed observed absorbance at 343 and
424 nm which align well with the absorbance feature of the
dimeric [(C4Meg)RuCl], (341 and 424 nm). There is no
evidence of any absorbance similar to those of the bipyridyl
analogue, [(C¢Meg)Ru(bpy)CI]Cl (293 and 362 nm). Overall,
the evidence suggests that the (Cp*)Ir experiences some
covalent binding of the metal center to the PTI framework,
while the dimeric starting material species remain partially
intact in its interaction with the PTI network for Ir and fully
intact for the Ru and Rh complexes.

Powder X-ray diffraction data of the catalyst-integrated PTI-
LiCl materials (Figure 4) each showed diffraction peaks that
could be indexed to its basic crystalline structure in the
orthorhombic crystal system (a = 14.6 A; b= 8.6 A; c = 6.7 A).
For example, PTI-(CsMeg)Ru showed predominantly strong
diffraction peaks corresponding to PTI-LiCl. No evidence was
found for the incorporation of the molecular catalyst as part of
its bulk crystalline structure. In PTI-(p-cymene)Ru, additional,
unidentified, weak diffraction peaks are observed together with
weaker diffraction peaks for crystalline PTI-LiCl, suggesting
that either two separate phases are present or that a reaction
has occurred to give a more amorphous material. For the Cp*
metal—organic species, diffraction peaks for crystalline PTI-
LiCl are again observed together with additional, unidentified
diffraction peaks for both Cp* materials. PTI-(Cp*)Ir is
unique, in that weak diffraction peaks of [(Cp*)IrCl,], can be
observed in addition to PTI-LiCl (Figure S1). The observation
of [(Cp*)IrCL,], in PTI-(Cp*)Ir supports the hypothesis that
the basic crystalline structure of PTI-LiCl is being maintained,
with the additional diffraction peaks likely resulting from the
co-crystallization of the molecular catalysts (in excess) upon
drying.

X-ray photoelectron spectroscopy (XPS) data was also
collected on these materials (see Figures $2—S9 and Tables
S1—S4). The empirical formula of PTI-LiCl was determined to
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Figure 3. UV—vis spectra after sonication of the molecular catalyst with PTI framework suspended in acetonitrile and filtered through PTFE. p-Cy
= p-cymene. Absorbance spectra of (Cp*)Ir compounds (A), (p-cymene)Ru compounds (B), (Cp*)Rh compounds (C), and (CsMeg)Ru

compounds (D).
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Figure 4. Powder X-ray diffraction spectra of molecular catalyst-integrated PTI materials: PTI-(Cp*)Ir (A), PTI-(p-cymene)Ru (B), PTI-(Cp*)Rh
(C), and PTI-(C4Meg)Ru (D). p-Cy = p-cymene. The blue trace is the PTI-(arene)M material, and the red trace is PTI-LiCl. An extra 100 units
deducted from the intensity values of PTI-LiCl to offset the spectra for comparison.

be C¢NyH,Li,Cl from elemental analysis.”” Therefore, the
atomic ratio of Li/N in PTI-LiCl is 2:9 or 0.22. The ratio of
Li/N for each of the molecularly integrated materials as
measured by XPS was found to be 0.13 for PTI-(Cp*)Ir, 0.07
for PTI-(Cp*)Rh, 0.22 for PTI-(p-cymene)Ru, and 0.20 for
PTI-(C¢Meg)Ru. These data suggest that for the case of the
two Cp* compounds, a large portion of the Li* have been
displaced from the material, but PTI-(p-cymene)Ru and PTI-
(C¢Meg)Ru contained a similar amount of Li compared to the
parent PTI-LiCl. XPS analysis was consistent with Ir(IIl),
Rh(III), and Ru(Il) oxidation states.”’ Based on the atomic
concentrations of the metals present in the materials (the M/N

36387

ratio), the metal loading per pocket of each of these materials
was found to be 27% Ir in PTI-(Cp*)Ir, 90% Rh in PTI-
(Cp*)Rh, 36% Ru in PTI-(p-cymene)Ru, and 9% Ru in PTI-
(C¢Meg)Ru (see the Supporting Information). For PTI-
(Cp*)Ir, the data is consistent with 27% of the pockets in
the PTI framework containing an Ir atom. Inductively coupled
plasma mass spectroscopy (ICP—MS) was also performed on
the PTI-(arene)M materials (Table S6). Most of the materials
showed a higher ratio of Li/M with ICP than with XPS. ICP
involves digesting the material in acidic conditions, whereas
XPS is a surface technique. This difference suggests that the
metal present in the bulk material may be lower so that the
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ACS Appl. Mater. Interfaces 2023, 15, 36384—36393


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c07396/suppl_file/am3c07396_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c07396/suppl_file/am3c07396_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07396?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07396?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07396?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07396?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07396?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07396?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07396?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07396?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c07396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Table 2. Guerbet Reactivity of Integrated PTI Materials versus Molecular Dimers Both with and without the Presence of PTI-

LiCl?

Cat (1.5 mol% in metal)

NaOH (7.5 mol%)

2 “Son “"0H  + H,0
145°C
24 h
Yield .
Conversion Yield Higher  Selectivity*

Entry Catalyst (%) nI:‘l;)(;H Alcohols” (%) (%)

1 PTI-(Cp*)Ir 22(3) 13(0) 6(3) 59(7)

2 [Ir(Cp*)CL2]2 32(5) 13(2) 11(1) 41(8)

3 [Ir(Cp*)filé]lz +PTI- 51(3) 12(0) 11(0) 23(1)

4 [(Ir(Cp*)(bpy)CIICI 26(9) 10(1) 3(0) 41(10)

5 PTI-(p-cymene)Ru 28(2) 5(0) 2(0) 17(0)

6 [Ru(p-cymene)CL]2 52(3) 2(0) 1(0) 4(0)

[Ru(p-cymene)Clz2]> +

7 PrLLIC] 69(3) 2(0) 1(0) 3(0)

8 PTI-(Cp*)Rh 2009) 3(0) 1(0) 2009)

9 [Rh(Cp*)Cl]» 28(9) 3(1) 2(0) 14(7)

10 [Rh(Cp*i%]z +PTI- 22(4) 4(0) 2(0) 20(4)

1 PTI-(CsMes)Ru 39(1) 2(0) 0.6(1) 6(0)

12 [Ru(CsMes)Cl2]2 40(5) 2(0) 0.5(1) 4(1)

[Ru(CeMes)Cl2]2 +
13 PTLLIC] 43(8) 3(1) 0.8(2) 6(2)

“Carbon nitride material (2.0 mg), NaOH (0.5 mmol), and dried ethanol (6.7 mmol) were loaded into a custom S mL reaction-grade borosilicate
Schlenk tube with a Teflon pin. The vessel was sealed and heated at 145 °C in an aluminum block for 24 h. Average of two trials. “Higher alcohols
= 2-ethylbutanol, 1-hexanol, 2-ethylhexanol, and 1-octanol. “Selectivity = (moles of n-butanol produced)/(moles of ethanol consumed/2) X 100.

metal compounds may only be present on the outer layers of
the PTI-LiCl material. The only exception to this was PTI-
(Cp*)Rh which had a similar Li/M ratio measured in both
techniques (0.67 and 0.73).

Reactivity Studies of PTI-(arene)M Materials. The
activity of these new molecular-PTT species as catalysts for the
Guerbet reaction to upgrade ethanol to butanol was
investigated. Reactions were performed with (1) the integrated
PTI materials, (2) homogeneous molecular dimers, and (3)
mixtures of molecular dimer and PTI-LiCl (Table 2). Heating
PTI-(Cp*)Ir in neat ethanol with sodium hydroxide at 145 °C
for 24 h (entry 1) led to a 22% conversion of the ethanol. An
n-butanol yield of 13% was determined by GC analysis along
with a 6% total yield of higher alcohols (e.g., 2-ethylbutanol, 1-
hexanol, 2-ethylhexanol, and 1-octanol). Thus, a 59%
selectivity for butanol was observed. By comparison in entry
2, the [(Cp*)IrCl,], proceeded with a higher conversion of
ethanol (32%) with a similar yield of 13% for butanol. A larger
amount of higher alcohols was also observed (11%), resulting
in a butanol selectivity of 41%. As shown in entry 3, the mixing
of PTI-LiCl with the homogeneous [(Cp*)IrCl,], produced
similar yields of butanol and higher alcohols (12 and 11%,
respectively) to the results with only homogeneous dimers.
However, a significantly higher conversion of ethanol was
observed (51%). Similar to the ethanol reactions with the
parent PTI-LiCl, there was missing ethanol in the product
mixture (10—30% for entries 1—3). Previously reported studies
on homogeneous Guerbet reactions range from S to 40%
missing ethanol.'”~*>**?° It is noted that the reactions without
the integrated PTI/homogenous catalyst had significantly
higher amounts of unaccounted-for ethanol. PTI-Cp*Ir was
analyzed post-catalysis and the material remained intact
(Figure S2). Due to the UV—vis absorbance spectra of PTI-
(Cp*)Ir suggesting that the Ir center may be interacting with

the pocket of the PTI framework, [(Cp*)Ir(bpy)Cl]Cl was
tested for Guerbet reactivity (entry 4) and showed lower
butanol yields (10% vs 13%), but the conversion and selectivity
were similar to the those of the [(Cp*)IrCl,], trial. PTI-(p-
cymene)Ru (entries 5—7) also exhibits better reactivity than
the starting dimer both with and without the presence of PTI-
LiCl as seen by the butanol selectivity of 17% vs 3% or 4%.
Both PTI-(Cp*)Rh (entries 8—10) and PTI-(C4Mes)Ru
(entries 11—13) showed similar reactivity (butanol selectivities
20 and 6%, respectively) to their respective molecular dimers
which suggested that these materials do not successfully bind
or interact with the bulk PTI-LiCl material.

Using the best-performing material from the initial screen
(Table 2), PTI-(Cp*)Ir experiments with different bases were
carried out (Table 3). Notably in entry 1 of Table 3 when no
base was added, no product formation occurred, and all
ethanol was still present after heating. As can be seen in entry 2
of Table 3, sodium hydroxide was the best-performing additive
with an n-butanol selectivity of 59%. While the reaction with
sodium tert-butoxide (entry 3) proceeded to higher con-
version, a lower n-butanol selectivity of 39% resulted.
Potassium tert-butoxide and sodium ethoxide (entries 4 and
7) showed similar selectivity for n-butanol of about 30%. There
was a further drop-off of selectivity using potassium hydroxide
or sodium methoxide (entries S and 6) which provided 21 and
19% selectivity, respectively. Most notably, the yield of n-
butanol for these additives was all the same with minor
variations of the ethanol conversion being responsible for any
variance in the selectivity. The presence of tert-butanol was
observed as a product when the tert-butoxide salts were
employed. Water formed during the reaction can react with the
butoxide salt to give the corresponding alcohol tert-butanol.
Similarly, the presence of methanol was observed in reactions
with sodium methoxide. The use of cesium hydroxide
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Table 3. Guerbet Reactivity of the Integrated PTI-(Cp*)Ir
Material with Various Base Additives”

PTI-(Cp*)Ir (1.5 mol% in metal)
Base (7.5 mol%)

2w T “0H  + H©
145°C
24 h
yield yield hlgher
conversion nBuOH alcohols” selectivity”
entry base (%) (%) (%) (%)
1 None 0(0) 0(0) 0(0) 0(0)
2 NaOH 22(3) 13(0) 6(3) 59(7)
3 NaOBu” 34(9) 13(2) 6(4) 39(4)
4  KO'Bu? 29(3) 9(1) 6(1) 33(1)
5 KOH 14(3) 3(1) 2(1) 21(4)
6  NaOMe* 44(4) 8(1) 6(2) 19(0)
7 NaOEt 24(2) 12(1) 6(0) 35(4)
8  CsOH-H20 24(3) 5(0) 1(0) 20(2)
9  2AI(OH), 44 0 0 0

“Carbon nitride material (2.0 mg), base (0.5 mmol), and dried
ethanol (6.7 mmol) were loaded into a custom S mL reaction-grade
borosilicate Schlenk tube with a Teflon pin. The vessel was sealed and
heated at 145 °C in an aluminum block for 24 h. Average of two trials.

ngher alcohols = 2-ethylbutanol, 1-hexanol, 2-ethylhexanol, and 1-
octanol. “Selectivity = (moles of n-butanol produced)/(moles of
ethanol consumed/2) X 100. “The presence of tert-butanol was
observed. “The presence of methanol was observed.

monohydrate (entry 8) lowered the activity further (20%
selectivity), suggesting that the cation may have some
importance for the aldol condensation step of the Guerbet
process, but the significance does not extend to the smaller
ions of sodium and potassium. Aluminum hydroxide (entry 9)
was also tested, but no reaction was observed due to poor
solubility. Thus, sodium hydroxide was the best-performing
base additive.

Issues with the reproducibility of butanol selectivity with
sodium hydroxide were observed over the duration of this
study. For a given batch of PTI-(Cp*)Ir, reactions run in
parallel could give ranges from 30 to 65% butanol selectivity.
Due to this observation, further optimization reactions were
performed using potassium tert-butoxide as the selectivity
observed was more consistent from batch to batch of PTI-
(Cp*)Ir. Variable base loadings were also evaluated (Table 4)
to better compare to the homogeneous Guerbet reactions
which range in base loadings: 5% with Wass’s (p- cymene)Ru
catalyst,'” 10% with Kumar’s (NNN)Ru catalysts, 25% for
Jones’ (PNP)Mn,*” 40% with Szymczak’s (NNN)Ru cata-
lyst,”” and 200% with Wass’s (PNP)Re or (PP)Mn
catalysts.”**® As the amount of added KO'Bu was increased
from 3.5 to 25%, there was a slight increase in selectivity (from
25 to 34%) but the error increased at higher loadings. The
effect of base loading seemed minimal when above 7.5% base
loading. These data along with the lack of observation of the
aldehyde intermediates in any of the reactions further suggest
that the dehydrogenation of ethanol was the slowest step of the
Guerbet reaction (Scheme 1) as previously proposed for
homogeneous Guerbet catalysts.””

The reaction condition variables of temperature (Table S)
and time (Table 6) were also evaluated. Upon dropping the
temperature of the reaction from 145 to 120 °C, there was no
significant change to the n-butanol selectivity (entries 1 and 2).
Further temperature decreases to 100 and 80 °C led to a slight
uptick in selectivity from 28 to 38% (entries 3 and 4), though

Table 4. Guerbet Reactivity of the Integrated PTI-(Cp*)Ir
Material with Various Loadings of KO'Bu”

PTI-(Cp*)Ir (1.5 mol% in metal)
KO'Bu (x mol%)

2 ~oH “"SOH  + H0
145°C
24 h
base yield
loading conversion  nBuOH yield hllgher selectivity”
entry  (mol %) (%) (%) alcohols” (%) (%)
1 3.5 30(3) 7(1) 6(1) 25(1)
2 7.5 29(3) 9(1) 6(1) 33(1)
3 12.5 39(9) 10(0) 6(1) 28(7)
4 25 50(S) 17(1) 7(1) 34(6)

“Carbon nitride material (2.0 mg), KO'Bu (0.25, 0.5, 1, and 2 mmol),
and dried ethanol (6.7 mmol) were loaded into a custom 5 mL
reaction-grade borosilicate Schlenk tube with a Teflon pin. The vessel
was sealed and heated at 145 °C in an aluminum block for 24 h.
Average of two trials. “Higher alcohols = 2-ethylbutanol, 1-hexanol, 2-
ethylhexanol, and 1-octanol. “Selectivity = (moles of n-butanol
produced)/(moles of ethanol consumed/2) X 100. The presence of
tert-butanol was observed.

Table 5. Guerbet Reactivity of the Integrated PTI-(Cp*)Ir
Material at Various Reaction Temperatures®

PTI-(Cp*)Ir (1.5 mol% in metal)
KO'Bu (12.5 mol%)

2 /\OH /\/\OH + H,0
T(C)
24 h
T conversion yield yield hi§her selectivity”
entry (°C) (%) nBuOH (%) alcohols” (%) (%)
1 145 39(9) 10(0) 6(1) 28(7)
2 120 32(4) 9(2) 8(3) 28(3)
3 100 21(1) 7(1) 7(1) 35(1)
4 80 11(2) 4(1) 2(0) 38(8)

“Carbon nitride material (2.0 mg), KOBu (1 mmol), and dried
ethanol (6.7 mmol) were loaded into a custom S mL reaction-grade
borosilicate Schlenk tube with a Teflon pin. The vessel was sealed and
heated at the given temperature in an aluminum block for 24 h.
Average of two trials. ngher alcohols = 2-ethylbutanol, 1-hexanol, 2-
ethylhexanol, and 1-octanol. “Selectivity = (moles of n-butanol
produced)/(moles of ethanol consumed/2) X 100. The presence of
tert-butanol was observed.

the yield of n-butanol slowly decreased as the temperature was
lowered. Though there was a minor improvement to the
selectivity at lower temperatures, the impact on conversion and
butanol yield mitigates this benefit. An increase in the reaction
time from 24 to 48 h showed no change in butanol yield (10%
vs 11%) (entries 1 and 2, Table 6) or selectivity (28% vs 29%).
There was an increase in conversion (28% vs 37%). The
additional time did not seem to increase the amount of
upgrading beyond butanol (i, no significant increase in
higher alcohols formed) either. Overall, there was no increase
in reactivity past 24 h, suggesting that the catalyst system was
no longer functioning. Shortening the reaction time to 14 h
showed no drop in butanol yield (12%) (entry 3). However,
when the reaction time was dropped to just 4 h, the yield of
butanol was lower (7%). Though entry 4 shows further
improvement of the selectivity to up to 52%, the reaction was
not complete at this point.

The addition of extraneous water was also investigated to
verify to what extent water may hinder the reaction. Since
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Table 6. Guerbet Reactivity of the Integrated PTI-(Cp*)Ir
Material at Various Reaction Times”

PTI-(Cp*)Ir (1.5 mol% in metal)
KO'Bu (12.5 mol%)

2 “oH - “"S0H  + H,0
145 °C
Time (h)
yield
time  conversion nBuOH yield higher selectivity®
entry (h) (%) (%) alcohols” (%) (%)
1 24 28(2) 10(1) 6(1) 35(3)
2 48 37(1) 11(0) 6(0) 29(1)
3 14 29(4) 12(1) 10(1) 43(6)
4 4 12(1) 7(0) 4(0) 52(1)

“Carbon nitride material (2.0 mg), KOBu (1 mmol), and dried
ethanol (6.7 mmol) were loaded into a custom S mL reaction-grade
borosilicate Schlenk tube with a Teflon pin. The vessel was sealed and
heated at 145 °C in an aluminum block for the given amount of time.
Average of two trials. “Higher alcohols = 2-ethylbutanol, 1-hexanol, 2-
ethylhexanol, and 1-octanol. “Selectivity = (moles of n-butanol
produced)/(moles of ethanol consumed/2) X 100. The presence of
tert-butanol was observed.

water is a byproduct of the Guerbet reaction, a detrimental
effect of water could explain why the efficiency of the system
declines over time. First, a sub-stoichiometric amount of water
was added (Table 7, entry 2). The temperature of the reaction

Table 7. Guerbet Reactivity of the Integrated PTI-(Cp*)Ir
Material with Extraneous Water Present”
PTI-(Cp*)Ir (1.5 mol% in metal)

KO'Bu (12.5 mol%)
H,0 (x mol%)
—_—

2 o “~"S0H  + H,0
120 °C
24 h
water yield
added conversion ~ nBuOH yield higher  selectivity®
entry  (equiv) (%) (%) alcohols” (%) (%)
1 0 32(4) 9(2) 8(3) 28(3)
2 025 22(2) 6(1) 3(0) 26(0)
3 1 12(4) 3(1) 1(0) 22(7)

“Carbon nitride material (2.0 mg), KO'Bu (1 mmol), dried ethanol
(6.7 mmol), and water (0, 1.5, or 6.7 mmol) were loaded into a
custom 5 mL reaction-grade borosilicate Schlenk tube with a Teflon
pin. The vessel was sealed and heated at 120 °C in an aluminum block
for the given amount of time. Average of two trials. bHigher alcohols
= 2-ethylbutanol, 1-hexanol, 2-ethylhexanol, and 1-octanol. “Selectiv-
ity = (moles of n-butanol produced)/(moles of ethanol consumed/2)
X 100.

was dropped to 120 °C to accommodate the additional vapor
pressure from another volatile reagent. The ethanol con-
version, yield of n-butanol, yield of higher alcohols, and
selectivity all dropped with the addition of water. Added water
was increased to 1 equiv compared to ethanol (Table 7, entry
3), and this change further inhibited the reaction as exhibited
by the additional decrease in conversion and yields. Overall,
these results suggest that water has an inhibitory role in the
reaction, providing an explanation for the relatively low
conversion rates across all reaction conditions examined.
This inhibition by water also explains the decline of catalytic
activity at longer reaction times as water is a byproduct of the
reaction.

We further probed the recycling capabilities of PTI-Cp*Ir
and found that the yield of butanol decreased with repeat
cycles illustrating that this system was not yet optimized for
recyclability (Figures S13 and S14). We employed two
methods for recycling: (1) evaporation of volatiles and then
reloading with fresh ethanol and (2) filtration of solution and
then reloading with fresh ethanol. There was a greater decrease
observed with the filtration method, suggesting that the
molecular catalyst may not be tightly bound in the carbon
nitride framework. This highlights the importance of catalyst
attachment for its separation and re-use in a commercial-type
process. Since this is not an optimized fixed bed system, this
proof-of-concept of integrating molecular catalysts with
supports demonstrates its strong potential merit. Additional
studies, such as more robust attachment strategies, can be
explored with larger scaled-up systems.

Fourier transform infrared (FTIR) spectroscopy of the post-
catalysis PTI-(Cp*)Ir revealed that with the presence of
NaOH, formation of C—H bonds were observed on the PTI
material (Figure S15). Since the parent PTI does not contain
any C—H bonds, these must be formed durin§ the reaction.
Base-catalyzed C—N coupling is precedented. *05 This side
reaction may account for some of the missing ethanol that was
observed in our reactions; however, due to the small material
loading (2 mg), we do not expect this to be a major
contribution to ethanol consumption.

B CONCLUSIONS

Herein, new materials were fabricated for use as catalysts in the
Guerbet reaction by incorporating the molecular species
[(Cp*)IrCL], into the PTI carbon nitride framework. This
system is one of the first to use a supported molecular catalyst
for Guerbet catalysis. The effect of base additive, base loading,
reaction time, reaction temperature, and addition of extraneous
water was evaluated. This new PTI-(Cp*)Ir material with
sodium hydroxide as the base additive achieved 59% butanol
selectivity (145 °C, 24 h). This observed selectivity is similar
to that reported for homogenously catalyzed reactions,”"**
suggesting that the integrated catalyst behaves in a similar
manner to the homogeneous Guerbet systems. However, the
ethanol conversion (22%) is lower than these homogeneous
systems (30—60%). In 2016, Cao et al.°® presented a figure
detailing the ethanol conversion vs butanol selectivity of a
variety of catalytic Guerbet systems. With a 59% butanol
selectivity and 22% ethanol conversion, our system would
appear in the same region as the reported heterogeneous
liquid-phase systems. Furthermore, a similar level of selectivity
(52%) can be achieved using PTI-(Cp*)Ir with KO'Bu (145
°C, 4 h), though the overall production in this case is lower
(7% butanol yield vs 13% with NaOH at 24 h). The reaction
with PTI-(Cp*)Ir, however, was found to be inhibited by
water which is a byproduct of the Guerbet reaction, limiting
ethanol conversions (~20 to 30%) and butanol yields (~10%).
Studies are underway to further modify (a) the molecular
catalyst species by introducing hydroxide or other polar groups
for better water tolerance and (b) the PTI framework by the
addition of molecular dopants with tunable functional groups
during crystallization to better optimize the yields. Further-
more, the carbon nitride framework presents the potential for
the reaction to be incorporated into an electrochemical or
photochemical process in the future.

https://doi.org/10.1021/acsami.3c07396
ACS Appl. Mater. Interfaces 2023, 15, 36384—36393


https://pubs.acs.org/doi/suppl/10.1021/acsami.3c07396/suppl_file/am3c07396_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c07396/suppl_file/am3c07396_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07396?fig=tbl6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07396?fig=tbl6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07396?fig=tbl7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c07396?fig=tbl7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c07396?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

B EXPERIMENTAL SECTION

General. Reagents were obtained from the following sources:
sodium hydroxide, potassium hydroxide, aluminum hydroxide, and
diethyl ether (Fisher Chemical); sodium tert-butoxide, potassium tert-
butoxide, n-butanol, 2-ethylbutanol, 2-ethylhexanol, and 1-octanol
(Sigma-Aldrich); ethanol (200 proof, anhydrous) (Decon Laborato-
ries, Inc.); and 1,4-dioxane (99+%, stabilized) (Acros). Sodium
methoxide and sodium ethoxide were synthesized following the
literature procedure.”*® Ethanol was dried over calcium hydride,
distilled, and stored over 4 A molecular sieves in a nitrogen glovebox.
Diethyl ether was dried by passage through activated alumina and
molecular sieve columns under an argon flow (a Grubb’s type solvent
purification system by JC Meyer Solvent Systems). PTI-LiCl and
organometallic materials were s;fnthesmed accordlng to the literature:
PTI-LiCL** [(Cp*)IrCL],%" [(Cp*)RhCL],,"" [(p-cymene)-
RuClz]z,70 and [(C4Meg)RuCL],”® Gas chromatograms were
recorded on an Agilent Technologies 7890A gas chromatograph
with an autoinjector, a FID, and a DB-FFAP column (30 m X 0.25
mm ID X 0.25 ym). Carrier gas: Helium. Method used: starting oven
temperature of 40 °C (hold for 4 min), then heated to 240 °C at 30
°C/min; column pressure: 19.4 psi, total flow: 105 mL/min, column
flow: 2 mL/min, split ratio: 50, and linear velocity: 40 cm/s.

Integration of Molecular Catalysts with PTI-LiCl. PTI-LiCl
(30 mg, 0.12 mmol) was first suspended in acetonitrile (1.5 mL) in a
1-dram vial and sonicated for an hour. The desired molecular dimer
(0.06 mmol) was then added, and the solution was further sonicated
for an additional hour. The suspended mixture was evaporated on a
rotary evaporator to a thin-layer coat on the interior of the vial. The
residue was washed with excess benzene until the washings became
clear. The material was then dried overnight in vacuo.

General Procedure for the Guerbet Reaction. Carbon nitride
material (2.0 mg), base (0.5 mmol), and dried ethanol (6.7 mmol)
were loaded into a custom S mL reaction-grade borosilicate Schlenk
tube with a Teflon pin inside a nitrogen-filled glovebox. The vessel
was sealed and heated at 145 °C in an aluminum block for 24 h.
Safety Note: the vapor pressure of ethanol at 145 °C is 9 atm. All
reactions must be performed behind a blast shield. After 24 h, the
reactors were slowly cooled to room temperature, then further cooled
in an ice bath for 15 min to condense any residual vapors before
venting. Contents were diluted with dry diethyl ether (2 mL) and
filtered through Celite over glass wool. Filtrates were diluted to 5 mL
in volumetric glassware with dry ether. Solutions were analyzed via gas
chromatography-flame ionization detection (GC-FID). GC samples
were prepared with 300 uL of the reaction sample, 12.5 uL of 1,4-
dioxane as internal standard, and diluted with dry ether to 1.5 mL.
Yields and conversion were determined via standardization of the
integral of the signal intensity to the internal standard and compared
to independently prepared calibration curves for each individual
product (i.e., ethanol, butanol, 2-ethylbutanol, etc.).
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