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Abstract: Liquid organic hydrogen carrier (LOHC) systems are an excellent

alternative to pressurized gas and liquid hydrogen storage technologies due

to their high volumetric storage capacities and straightforward adaption to

existing infrastructure.  Homogeneous catalysts are promising for selective

and reversible release of  hydrogen from LOHC. However,  separation from

product mixtures and recycling inhibit their use, particularly when comprised

of  costly  low-abundance  elements,  motivating  the  development  of

heterogeneous versions that are more easily recovered and reused. Here, we

describe two methods for the heterogenization of molecular Ru catalysts that

efficiently  dehydrogenate the polyalcohol LOHCs ethylene glycol (EG) and

1,2-propanediol  (1,2-PDO).  The heterogeneous  versions  of  these catalysts

maintain  catalytic  activity  for  hydrogen  production  comparable  to  the

homogeneous complexes, with up to 81% conversion and 99% selectivity.

DFT modeling indicates mechanistic similarities for the dehydrogenations of

EG and 1,2-PDO, with the rate-limiting steps associated with protonation of

the Ru-H bond to form H2 and the alkoxide-species coordinated to Ru(II),
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followed by β-hydride elimination to regenerate the Ru-H bond. Overall, the

data  suggest  these  heterogenized  molecular  catalysts  have  potential  for

practical use in polyalcohol-based LOHC systems. 

Keywords:  Liquid  Organic  Hydrogen  Carriers,  Heterogeneous  catalysis,

Reversible hydrogen storage, Ruthenium catalysts

Introduction 

Rapid population increases and the forecasted disastrous consequences

of  fossil  fuel  usage make the  need  for  widespread clean energy sources

paramount. The benefits of hydrogen as a carbon-neutral energy carrier are

now widely recognized, with polymer electrolyte membrane fuel cells under

serious consideration for transportation, stationary, and industrial uses.1 In

particular,  liquid  organic  hydrogen  carriers  (LOHCs)  are  an  emerging

substitute  for  physical  hydrogen  storage  (pressurized  gas  and  liquid

hydrogen)  and transport  due to the benefits of  higher volumetric  storage

densities compared to compressed gas, lower costs, and reduced hazards

compared to compressed or cryogenic hydrogen storage.2,  3 Moreover, the

facile integration of LOHCs with existing infrastructure is a major benefit that

can reduce costs of storage and delivery from production to use.1   

Various  homogeneous  hydrocarbon  and  nitrogen-containing  aromatic

systems  have  been  considered  as  LOHCs,  including  methylcyclohexane-

toluene  and  N-ethylcarbazole,  among many  others.4,  5 However,  many  of

these systems suffer from high cost and low gravimetric hydrogen storage

capacity  (HSCs)  compared  with  other  LOHCs  such  as  alcohols.6,  7 For

example, methanol and ethanol are generally widely available, inexpensive,

and are easily transported and stored. However, reversibility can be limited.8

Molecules with an –OH functionality have the additional advantage of more

highly  activated  bonds  than  hydrocarbons,  allowing  for  hydrogen  release
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under milder conditions. Going a step further, polyalcohols display promising

thermodynamics  and  undergo  carbon  neutral,  non-volatile  homocoupling

reactions that form corresponding esters with high selectivity.

The literature contains extensive precedents for catalytic polyalcohol (or

polyol) dehydrogenation, including ethylene glycol (EG),9, 10 glycerol,11-15 1,4-

butanediol,16 1,2-benzenedimethanol,17,  18 and 1,2-propanediol  (1,2  PDO),19

which  show  activity  for  acceptorless  dehydrogenation  reactions  using  a

variety of homogeneous Ir,20 Fe,17, 21 Ni,22 Ru,23, 24 and Mn16, 25 pincer catalysts.

Some of these were proposed as reversible LOHC systems.8, 26, 27 Notably, EG,

with a theoretical HSC of 6.5 wt%, is inexpensive due to its extensive use by

the automotive industry as a refrigerant. EG reversibly releases hydrogen at

up  to  94% conversion  when catalyzed by  a  variety  of  homogeneous  Ru-

pincer catalysts,10,  28 making it an attractive option for reversible hydrogen

storage.

Although there are benefits  to  using  homogeneous  catalysts,  such as

high diffusion and heat transfer rates, well-defined active sites, and directed

tunability, they lack advantages of heterogeneous catalysts, including facile

catalyst separation and recyclability.  To combine the promising aspects of

both classes of catalysts, homogeneous catalysts can be heterogenized onto

a surface or within a defined structure; such catalysts have been employed

for  many  chemical  and  electrochemical  energy  conversion  reactions.29-31

However,  they  have  only  recently  been  explored  for  acceptorless

dehydrogenation reactions and LOHCs, selectively producing hydrogen but

requiring high temperatures that limit practical applications.32  

Herein  we present  two methods to heterogenize  molecular  ruthenium

pincer catalysts, the Milstein Acridine Catalyst (Ru-9) and Ru-MACHO. Both

are  commercially  available  and  are  known  to  be  efficient  catalysts  for

reversible  ethylene  glycol10 and  ethanol  dehydrogenation.9,
 

33 Following

characterization  by  porosimetry,  X-ray  photoelectron  spectroscopy  (XPS),

and transmission electron microscopy-energy dispersive x-ray spectroscopy

(TEM-EDS),  the  ability  of  these  heterogeneous  versions  to  catalyze  EG
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dehydrogenation  (Scheme 1)  was  characterized.  The  results  demonstrate

catalytic  activity  analogous  to  the  homogeneous  complexes.

Dehydrogenation activity toward several other polyalcohols  is  also shown,

establishing that these heterogeneous platforms are applicable to a range of

homogeneous complexes and polyalcohols. Catalytic activity was analyzed in

depth,  yielding  kinetic  and  thermodynamic  data  supported  by  both

experimental  and  theoretical  studies.  Overall,  the  data  suggest  that

heterogenizing  these  molecular  Ru  catalysts  creates  versatile  new

nanoporous materials with comparable catalytic activity.

Scheme 1. Catalytic reaction scheme for the dehydrogenation of ethylene glycol to

produce hydrogen using homogeneous catalysts Ru-MACHO and Ru-9.

Experimental and Computational Methods 

The  materials  used,  detailed  characterization  methods,  and  catalyst

preparation methods are given in the Supporting Information.

General procedure for catalytic (de)hydrogenation of polyalcohols. Catalytic

dehydrogenation reactions (Table 2)  were assembled in an inert  N2 glove

box. Catalyst loadings were 0.02 mmol of Ru-9 and Ru-MACHO catalysts for

homogeneous  reactions.  The  heterogeneous  reactions  were  standardized

relative  to  0.02  mmol  Ru  (conjugated  to  support  material)  based  on

quantitative energy dispersive spectroscopy (EDS) measurements (Figures

S1-S4).  In  addition  to  the  catalyst,  0.04  mmol  potassium  tert-butoxide

(KOtBu),  2.0  mmol  of  polyalcohol,  2  mL  of  1:1  v/v  toluene/2,2-
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dimethyoxyethane (DME), and a stir bar were added to the reaction vessel.

Catalytic solutions were sealed in a stainless steel 100 mL Parr autoclave

with a magnetic stir bar and attached to a Parr reactor system, in which the

reaction  mixture  was  heated  to  150  °C  for  24-72  hours.  Pressure  and

temperature were monitored throughout. After cooling to room temperature,

the reactor was connected to rubber tubing and positioned in an inverted

buret in a beaker of water; water displacement upon opening the reactor

valve was used to measure gas production. The solution was then filtered

and the precipate washed with acetone 4 x 0.5 mL. The precipate was dried

and used for post-catalysis characterization by IR and quantitative EDS. The

supernatant  was  also  collected  and  the  solvent  removed  under  vacuum;

mesitylene  (140  µL,  1.0  mmol)  was  added  as  an  internal  standard.  The

residue was dissolved in acetone-d6 and the resulting solution was passed

through a 0.2 µm filter and then submitted for NMR analysis. Hydrogenation

reactions  used  the  same  Parr  autoclave  containing  the  crude

dehydrogenated  reaction  mixtures,  including  0.02  mmol  of  the  spent

heterogenous Ru catalyst, toluene (1 ml), DME (1 ml), and a stir bar. The Parr

autoclave was pressurized with 40 bar H2 and heated to 150 °C for 48 hours.

After cooling to room temperature, the autoclaves were transferred to a N2

glovebox and opened. The reaction mixture was filtered and washed with

THF. Workup was performed as described for dehydrogenation reactions. 

General  Procedures  for  Sieverts  measurements. The  dehydrogenation

properties of neat ethylene glycol in the presence of Ru-MACHO-poly were

measured  using  a  pressure-composition-temperature  (PCT,  PCTPro-2000)

volumetric  apparatus.  In  this  experiment,  KOtBu  (2.0  mg,  0.017  mmol),

ethylene  glycol  (1.0000  g,  16.110  mmol),  and  Ru-Macho-poly  (12.0  mg,

0.00843 mmol Ru) were added to a stainless-steel Sieverts reactor inside an

argon glove-box. The reactor was sealed with a stainless-steel gasket, then

connected to the PCTPro-2000 instrument. Helium gas (99.999% purity) was

used for sample holder volume calibration. A thermocouple was placed in the

center of the sample holder for accurate temperature measurements during
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the  experiments.  Pressure  changes  during  the  dehydrogenation  of  the

samples were quantified with calibrated pressure transducers and recorded

by a LabView-based software program. The calculations of the wt% capacity

assume hydrogen is the only gaseous product of the reaction. 

Computational details. All calculations were performed using Gaussian 09.34

Geometry optimization  and frequency calculations  involving Ru-9 and Ru-

MACHO were performed at the DFT (ωB97XD/Def2-TZVP) level of theory.35, 36

Note that the Cl atoms on Ru-9 and Ru-MACHO were removed; consequently,

the systems were modeled in the cationic state. The frequency calculations

were performed for a temperature of 150  °C (423.15 K) and all optimized

geometries were confirmed to be either stationary points or transition states

(one imaginary frequency). The modeled reaction pathways are based on the

mechanism outlined for Ru-10.10

Results and Discussion

Reactions using homogeneous Ru catalysts

Prior  to  exploring  methods  for  heterogenization,  Ru-MACHO  was

investigated to establish its catalytic activity for polyol dehydrogenation and

provide  a  baseline  catalytic  activity  for  the  dehydrogenation  of  ethylene

glycol (EG). These initial tests with the homogeneous catalysts were run at

150  °C  with  magnetic  stirring  and  continuous  pressure  and  temperature

monitoring. Dehydrogenation of EG with Ru-MACHO resulted in a 59% NMR

conversion  of  EG  to  higher  molecular  weight  oligioesters,  including

hydroxyethyl glycolate, HEG, in 10% NMR yield, and the production of 26 mL

of H2 after 72 hours (Table 2, Figure S5). To determine the reversibility of the

Ru-MACHO catalyst, the dehydrogenated reaction mixture was exposed to 40

bar H2 at 150 °C. After 48 hours this led to the disappearance of oligomer
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NMR peaks and conversion back to EG, indicating reversibility under these

conditions (Figure S6). 

In addition to EG, many other polyalcohols are inexpensive and have high

theoretical hydrogen storage capacities.8  As such, Ru-MACHO and Ru-9 were

further  investigated  for  the  dehydrogenation  of  glycerol,  1,2-propanediol

(1,2-PDO), and 1,3-propanediol (1,3-PDO). With both homogeneous catalysts,

glycerol dehydrogenated to form moderate amounts of gas and conversion

to a multitude of products as indicated by 1H NMR, as reported previously.37

Upon  heating  to  150  °C  under  40  bar  H2,  however,  the  dehydrogenated

mixture underwent hydrogenolysis to produce a mixture of EG, 1,2-PDO, and

water38 (Figure S7). In contrast, 1,3-PDO produced low amounts of gas and

generated  clean  products  by  NMR,  but  the  dehydrogenation  was  not

reversible,  most  likely  due  to  decomposition  (Figure  S8).  However,

dehydrogenation  of  1,2-PDO  with  Ru-MACHO  was  reversible,  with  gas

production up to 20 mL (Table 2,  Figure S9 and S10).  Furthermore,  Ru-9

dehydrogenation of 1,2 PDO resulted in 66% conversion to oligomers and 19

mL of H2 (Table 2, Figure S11). Consequently, 1,2-PDO was selected with EG

as substrates for experiments with heterogeneous Ru catalysts. 

Heterogeneous Ru catalysts

Two different techniques for catalyst heterogenization were investigated

for both Ru-9 and Ru-MACHO: 1) attachment to functionalized silica surfaces

and 2) self-polymerization (Scheme 2). In the first approach, the aromatic

backbones of the molecular complexes were immobilized on functionalized

SBA-15 silica  gel  via a  Mannich  reaction,  following  literature  precedent.39

Infrared (IR) spectroscopy was initially employed to confirm attachment of

each catalyst to the silica surface. However, due to the very small loadings of

these silica-supported catalysts, the intensities of the carbonyl stretches are

too  low  to  determine  successful  attachment.  A  second  reaction  was

performed using a higher concentration of Ru-MACHO (1:1 ratio of catalyst to
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functionalized SBA-15); in this case, the IR spectrum does display a weak

carbonyl  stretch  at  1911  cm-1,  similar  to  the  peak  at  1901  cm-1  in  the

spectrum of the molecular complex, demonstrating successful attachment of

the catalyst to the functionalized surface (Figures S12 and S13). 

Scheme 2.  Synthetic scheme for the two heterogenization methods, visualized using

Ru-MACHO: functionalization on silica (left) and self-polymerization (right). 

Molecular catalysts Ru-MACHO and Ru-9 were also self-polymerized via

the phosphinophenyl  ligands and acridine backbone,  respectively,  using a

Lewis  acid-catalyzed  Friedel-Crafts  reaction,  with  dichloromethane  (DCM)

acting as methylene donor and crosslinker (Scheme 2).31 As the theoretical

catalytic loadings of the Ru-9 and Ru-MACHO polymers are similar to those of

the molecular catalysts due to the inclusion of a single additional methylene

linker per catalyst unit, the IR spectra clearly display the carbonyl stretches

indicating that the structural integrity of the molecular catalysts is preserved

following polymerization. The CO stretch appears at 1944 cm-1 and 1941 cm-1

for  Ru-MACHO-Poly  and Ru-9-Poly,  respectively  (Figures  S12 and S13).  In

comparison, the CO stretches of homogeneous Ru-MACHO and Ru-9 appear

at 1911 cm-1  and 1887 cm-1,  respectively. Both molecules undergo a blue

shift  with  self-polymerization,  in  agreement  with  the  literature  for  Ru-

MACHO-Poly.31 This  is  due  to  the  replacement  of  the  hydride  with  an

additional Cl atom, increasing the electronegativity on the Ru center. DFT

calculations are consistent with this frequency shift in Ru-MACHO, predicting
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that the CO stretch shifts from 1916 cm-1 to 1948 cm-1 upon replacement of

H with Cl. 

Additional  characterization  was  performed  to  confirm  successful

heterogenization  of  each  catalyst.  Quantitative  EDS  measurements  were

obtained  to  determine  the  elemental  composition  of  the  heterogenized

catalysts. These results demonstrate a higher Ru loading in Ru-MACHO-poly

(7.1 wt% Ru) and Ru-9-poly (6.9 wt% Ru) than Ru-MACHO@SBA-15 (0.9 wt%

Ru)  and Ru-9@SBA-15 (0.6  wt% Ru)  (Figures  S1-S4).  X-ray  photoelectron

spectroscopy (XPS) was performed to analyze the composition and surface

structure.  XPS  spectra  of  both  catalysts  display  all  expected  elements,

including Ru, Si, P, Cl, N, P, and O (Figure 1 and S14-S21), indicating that the

molecular  structure  of  Ru-9  and  Ru-MACHO  within  the  heterogeneous

frameworks  is  retained.  Slight  shifts  in  binding  energies  were  observed

(Figures  S14-S21).  These  were  relatively  small  and  could  not  be

unambiguously assigned to changes in chemical state or environment of the

corresponding elements, as low catalyst loading or electrostatic effects may

also  contribute  to  the  observed  shifts.  Both  ruthenium  and  silicon  were

present in both SBA-supported catalysts, confirming successful attachment

to  the silica  surfaces.  Analysis  of  the deconvoluted Ru 3d spectra  shows

peaks corresponding to both Ru 3d3/2 and Ru 3d5/2, indicating that the Ru in

each  heterogeneous  catalyst  remains  Ru(II),  as  in  the  molecular  catalyst

(Figure 1).  
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Figure 1. Deconvoluted Ru 3d and C 1s XPS data for Ru-based catalysts showing a) the

full range of binding energy and b) the expanded range for Ru 3d5/2 peaks (relative scale

increased for clarity). 

The  uniform  distribution  of  the  Ru-species  throughout  the  catalyst

particles  was  demonstrated  by  transmission  electron  microscopy  (TEM)

measurements using energy dispersive spectroscopy (EDS) (Figures 2 and

S22-S25). The energy of the electrons used in TEM is high enough to probe

the entire  particle  and not  only  its  surface.  High-angle  annular  dark-field

(HAADF) TEM images are shown in the top row of Figure 2, with the EDS

maps for Ru (yellow),  P (purple),  and Cl (blue) in the corresponding rows

below.  These  elemental  maps  indicate  that  Ru,  P,  and  Cl  are  dispersed

throughout  the  catalyst  particles.  There  is  no  evidence  that  Ru-species

accumulate in a particular location or that catalyst decomposition occurs to

form multiple species physically mixed with the catalyst particles. For the

silica-supported catalysts, the silicon and oxygen peaks were also detected,
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confirming  the  uniform  distribution  of  the  Ru-MACHO  and  Ru-9  species

(Figures S22-S23).

Figure 2. TEM/EDS data for Ru-based catalysts: a) Ru-MACHO@SBA-15, b) Ru-9@SBA-

15, c) Ru-MACHO-Poly, and d) Ru-9-Poly. Scale bars are shown below each column.

Porosimetry  was  performed  to  determine  the  surface  areas  and  pore

sizes of the heterogenized catalysts (Figure S26).  Brunauer–Emmett–Teller
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(BET) surface areas, accessible pore volumes, and pore sizes (Table 1). Ru-

MACHO@SBA-15 and Ru-9@SBA-15 were found to have similar surface areas

(179 m2/g and 161 m2/g, respectively). Ru-MACHO-Poly has a surface area of

246 m2/g and Ru-9-Poly has the highest surface area (366 m2/g). Notably, all

four catalysts have permanent porosity: their available pore volumes range

from from 0.15 cm3/g to 0.23 cm3/g. The pore sizes of Ru-MACHO@SBA-15

and Ru-9@SBA-15 are the largest (48 Å and 50 Å, respectively). Those of Ru-

MACHO-Poly and Ru-9-Poly are similar (24 and 25 Å, respectively) and are

large enough for the polyalcohols and oligomers to diffuse through during

catalysis, allowing for access to a greater number of active sites. 

 

Table 1.  Porosimetry data for the four heterogenized catalysts, showing BET surface

area, pore volume, and pore size.  

Catalyst
BET Surface Area

(m2/g)

Pore Volume (cm3/

g)

Pore Size

(Å)
Ru-MACHO@SBA-

15
179 0.214 47.8

Ru-9@SBA-15 161 0.203 50.3
Ru-MACHO-Poly 246 0.148 24.1

Ru-9-Poly 366 0.234 25.5
                                       

Following characterization, the activity of the heterogenized catalysts for

dehydrogenation of EG to form H2 was measured using the same conditions

as the homogeneous catalysts. Previous reports of Ru-MACHO-Poly included

an  activation  step  (to  remove  Cl  from  the  Ru  complex)  prior  to

dehydrogenation,31 but our results indicate that the catalyst is active towards

EG dehydrogenation even without the Cl removal step. The results of these

experiments (Table 2) demonstrate that all four heterogeneous catalysts are

active  for  EG  dehydrogenation  (Figures  S27-S30).  The  resulting  product

mixtures exhibit similar NMR spectra and gas yields for EG dehydrogenation

were  comparable,  with  Ru-MACHO-poly  and  Ru-MACHO@SBA-15  having

slightly better activity than the molecular Ru-MACHO catalyst (Table 2). The

Ru-9  heterogenized  catalysts  (Ru-9@SBA-15  and  Ru-9-poly)  have  slightly
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lower activity than the homogeneous Ru-9 catalyst, with Ru-9@SBA-15 being

the best heterogeneous EG dehydrogenation catalyst, with 81% conversion

to  oligioesters  as  shown by NMR and production  of  34  mL of  H2.  In  the

dehydrogenation  of  EG to  oligioesters,  the Ru-SBA-15 materials  have low

conversion  to  HEG  (appx.  1%),  whereas  Ru-9-poly  exhibits  12%  HEG

conversion and Ru-MACHO-poly 20% conversion to HEG (Figures S27-S30). 

Table  2. Catalytic  activity  of  72-hour  ethylene  glycol  and  1,2-propanediol

dehydrogenation reactions using heterogenized molecular catalysts. Conversion values

were calculated from quantitative NMR analysis utilizing mesitylene (1.0 mmol) as an

internal  standard.  Conditions:  0.02  mmol  Ru  (conjugated  to  heterogeneous  support

material), 2 mmol EG, 1 mL toluene, 1 mL DME, 0.04 mmol KOtBu, 150 °C. 
a Ref. 10

Catalyst Polyalcohol

Dehydrogenation 

NMR Conversion

(%)

Gas volume

(mL)

Ru-9
EG 94a 54a

1,2-PDO 66 19

Ru-MACHO
EG 59 26

1,2-PDO 65 20

Ru-9@SBA-15
EG 81 34

1,2-PDO 68 21

Ru-MACHO@SBA-15
EG 66 30

1,2-PDO 67 24

Ru-9-Poly
EG 56 25

1,2-PDO 65 23

Ru-MACHO-Poly
EG 63 31

1,2-PDO 70 25

NMR  conversion  and  gas  volumes  for  1,2  PDO  dehydrogenation  are

comparable  among the heterogeneous  catalysts  and show slightly  higher

activity than the homogeneous analogs (Table 2, Figures S31-S34). Among

the  catalysts  for  1,2  PDO dehydrogenation,  Ru-MACHO-poly  has  the  best

performance, with 70% conversion to olioesters and the production of 25 mL

H2.

Following  the  dehydrogenation  reactions,  IR  and  quantitative  EDS

analysis of the heterogenous catalysts demonstrate retention of Ru in the
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catalyst  manifold  (Figures  S35-S42).  In  addition,  post-reaction  inductively

coupled  plasma (ICP)  measurements  of  the  catalytic  solutions  yielded  no

evidence  of  Ru,  indicating  there  is  no  Ru  leaching  during  the  catalytic

processes using these heterogenized catalysts. 

We  determined  the  reaction  thermodynamics  from  a  Van’t  Hoff  plot

(Figures  3  and  S43-S44),  using  the  reactor  pressure  measured  once  the

temperature stabilized in the presence of excess amounts of polyalcohols.

The DH and DS values obtained for EG and 1,2-PDO (using Ru-MACHO-Poly)

are given in Table 3.  The enthalpy values are consistent with  DH for  the

dehydrogenation of ethanol (36 kJ/mol).40 The enthalpy and entropy values

for EG and 1,2-PDO are nearly the same. 

Figure 3. Van’t Hoff plot showing ln(P) vs. 1000/T using Parr reactor data from catalytic

dehydrogenations of a) EG and b) 1,2-PDO with Ru-MACHO-Poly.

Table 3.  Experimental thermodynamic data for the dehydrogenation of EG and 1,2-

PDO, collected using Ru-MACHO-Poly as catalyst.

Polyalcohol
DH

(kJ/mol) 

DS

(J/mol·K) 

DG

(kJ/mol)  

Ethylene Glycol 34.8 92.8 -4.5
1,2-Propanediol 33.2 88.9 -4.4
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Ru-MACHO-Poly  was  selected  for  more  detailed  catalytic  studies  as  it

uses the cheaper Ru-MACHO precursor and the synthesis is easily scaled up.

Gas  chromatography  (GC)  studies  were  performed  following  catalytic

reactions with Ru-MACHO-Poly to determine the purity of the gas produced

from each polyalcohol. These studies demonstrated that dehydrogenation of

EG and 1,2-PDO produced only H2. 

Additional GC studies were performed for both EG and 1,2-PDO at several

temperatures (130 °C, 150 °C, and 170 °C), during which the Parr vessel was

opened for GC analysis at several time points and closed upon gas release.

These experiments again indicated that only H2 was produced, even when

changing from a closed to a partially open system. As expected, both diols

produced greater amounts of gas at higher temperatures, with the rates of

gas  production  increasing  as  well.  Dehydrogenation  of  1,2-PDO produced

more gas with faster rates at all temperatures (Figures 4 and S45. Activation

energies (Ea) calculated using the Arrhenius equation were determined to be

124 kJ/mol and 61 kJ/mol for EG and 1,2-PDO, respectively (Figure S46). 

Figure 4. Kinetic studies of the dehydrogenation of (a) ethylene glycol and (b) 1,2-

propanediol  with  Ru-MACHO-Poly  showing hydrogen production over  time at  130 °C

(grey), 150 °C (red), and 170 °C (blue), as determined by gas chromatography. Plots are

normalized to show hydrogen production under isothermal conditions.
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Although the measured activation energies for EG and 1,2-PDO are two

to three times greater than those of some alcohol dehydrogenations (e.g.

benzyl  alcohol)  using  heterogeneous  catalysts,  they  are  closer  to  other

reported Ea values, such as for the dehydrogenation of methanol to methyl

formate  and  the  dehydrogenation  of  cyclohexanol  using  heterogeneous

catalysts (Table S1).41-47 In general, the O-H bonds of polyols are more stable

and difficult to activate, making the successful dehydrogenation of EG and

1,2-PDO using our heterogenized molecular catalysts noteworthy.

 From  an  industrial  standpoint,  solvent-free  reaction  conditions  are

advantageous due to decreased reaction time, lower energy consumption,

and  an  increased  hydrogen  capacity  of  the  system.  Consequently,  we

investigated the long-term catalyst stability, reversibility, and recyclability of

Ru-MACHO-poly under neat conditions. The cycle-life catalytic measurements

were performed using the Sieverts technique with Ru-MACHO-Poly. Catalytic

solutions of neat EG (1.000 g, 16.11 mmol), KOtBu (2.0 mg, 0.018 mmol),

and Ru-MACHO-Poly (12.0 mg, 0.00843 mmol) were loaded into a stainless

steel reactor and heated from RT to temperatures within the range of 144 to

155 °C for five consecutive dehydrogenations. After the reaction was cooled

down to RT, the catalyst was recovered and washed with DME/toluene after

each cycle and fresh EG and KOtBu were added for each subsequent cycle.

The  reaction  mixture  was  then  reheated  for  the  next  dehydrogenation

reaction. Again unsurprisingly, higher reaction temperatures led to greater

hydrogen  production  (Figure  5a).  Ru-MACHO-Poly  is  fully  recoverable  and

reversible in the reaction, with no apparent loss of catalytic dehydrogenation

efficiency.  Post-catalytic  residual  gas  analysis  shows  production  of  only

gaseous hydrogen (m/z = 2) with trace water (m/z = 18), confirming the GC

results that this reaction is selective for the formation of H2 (Figure 5b).
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Figure 5. a) Sieverts plots displaying H2 released and temperature (dashed line) as a

function of time across five consecutive catalytic EG dehydrogenation cycles and b) RGA

plot for product analysis after EG dehydrogenation, both using Ru-MACHO-Poly. 

Computational Results

Density  functional  theory  (DFT)  was  used  to  gain  insight  into  the

mechanism of the dehydrogenation of EG catalyzed by Ru-MACHO and Ru-9.

The results are summarized in Figures 6 and S47 and illustrate the proposed

mechanism to  produce  H2 and  2-hydroxyethyl  glycolate  (HEG;  EG dimer)

using Ru-MACHO and Ru-9, respectively. The first step involves the removal

of the Cl atom from the catalysts, producing a five-coordinate complex; this

step is  not  modeled but occurs because of  the presence of  KO tBu in  the

reaction. Moreover, the removal of Cl is required for EG to interact with the

Ru atom of the catalyst. The next step (first step modeled), is the binding of

EG to the catalyst (intermediate A), followed by protonation of the Ru-H bond

(transition  state  AB  (TSAB)),  yielding  H2 and  a  κ2-alkoxidecoordinated

complex,  B.  Next,  the  hydroxo  bond  is  broken,  followed  by β-hydride

elimination (TSBC), regenerating the Ru-H bond (complex C). Upon addition of

another  EG,  dehydrogenation  proceeds  (via  TSCD),  yielding  complex  D.  A

subsequent  β-hydride  elimination  (TSDE)  results  in  a  metal-bound  ester

(complex E); finally, HEG is released, and the catalyst is restored to its active
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form.  These  steps  are  based  on  the  mechanism  previously

reported/proposed for Ru-10.10

The  most  important  steps  in  the  dehydrogenation  process  are  the

highest-energy TS and the lowest-energy intermediate.  The former  is  the

largest energy barrier that must be surmounted for the reaction to proceed

and the latter is relevant because if an intermediate is too strongly bound,

the  reaction  rate  will  decrease.  Our  modeling  indicates  that  the  largest

reaction  barrier  is  TSAB (the  first  protonation  of  the  Ru—H bond).  For  EG

dehydrogenation  catalyzed  by  Ru-MACHO  and  Ru-9,  the  barriers  are

predicted to be 111 and 73.3 kJ/mol, respectively. In addition to the larger

energy barrier associated with EG@Ru-MACHO, the intermediates are more

strongly bound (see Figures 6 & S47 and Table 4). Based on these results,

Ru-9 is predicted to be a more active catalyst for the dehydrogenation of EG;

this conclusion is consistent with our experimental findings. 

Table 4. Ethylene glycol (EG) and 1,2-propanediol (1,2-PDO) binding energies (BE) to

Ru-MACHO  and  Ru-9  and  the  first  transition  state  (TS)  energies  involved  in the

dehydrogenation processes (see Figures 6 and S47). Gibbs free energies at 423.15 K

were used in all cases. All values are in kJ/mol.   

wB97X-D/def2TZV
Intermediate

A TSAB

Intermediate B

Ru-MACHO EG -57.5 111 -86.7
1,2-PDO -48.7 114 -82.0

Ru-9 EG -19.5 73.3 -64.4
1,2-PDO -17.7 98.7 -60.7

Given that the first three steps appear to be rate-determining (largest TS;

most strongly bound intermediates) in the dehydrogenation process, these

steps were also modeled for 1,2-PDO interacting with Ru-MACHO and Ru-9.

The binding energies (intermediates A and B) and the first transition state

(TSAB) are tabulated in Table 4. The TS and binding energies are similar for

1,2-PDO and EG; this is not surprising given the structural similarities. The
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only difference between 1,2-PDO and EG lies in energy of the transition state

TSAB with Ru-9, which is predicted to be ~20 kJ/mol higher in energy for 1,2-

PDO then for EG. Although we cannot rule out the possibility that a lower-

energy  transition  state  exists,  this  difference  in  activation  barriers  is

consistent with the greater steric hindrance around the Ru atom in Ru-9 than

in Ru-MACHO. This could impede access of 1,2-PDO, which is a slightly larger

molecule than EG. Based on these results, we do not expect gas production

from EG to be significantly different from 1,2-PDO, which again is consistent

with our experimental results.

Figure 6. A schematic of the proposed catalytic cycle for the formation of a HEG with

Ru-MACHO. Values correspond to Gibbs free energies (kJ/mol; wrt Ru-MACHO w/o Cl) at

423.15 K. H atoms on Ru-MACHO, except Ru-H, are omitted for clarity. Brown, carbon;

purple, phosphorous; red, oxygen; sliver, ruthenium; blue, nitrogen; white, hydrogen.

Conclusions

The results just described demonstrate the successful heterogenization

of two commercially available organometallic Ru(II) catalysts, Ru-9 and Ru-
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MACHO, by two different methods: silica mounting and self-polymerization.

FT-IR,  XPS,  and  quantitative  EDS  measurements  confirm  catalyst

incorporation and TEM/EDS illustrates uniform catalyst dispersion within the

various platforms. We anticipate that these platforms are sufficiently general

that they can be applied to a range of metal pincer catalysts to improve their

performance and reduce the cost of polyols as LOHCs. 

The  four  heterogeneous  molecular  catalysts  were  employed  for  the

dehydrogenation of polyalcohols. EG and 1,2 PDO exhibit selective hydrogen

production and catalytic activity (up to 81% conversion and 99% selectivity)

analogous  to  that  of  the  homogeneous  versions.  Moreover,  post-

dehydrogenation washing and replenishing of the reaction solution resulting

from  Ru-MACHO-poly  catalysis  yielded  stable  activity  for  at  least  five

consecutive  dehydrogenation  reactions,  highlighting  the  durability  and

recyclability of this catalyst. 

Our  DFT  calculations  are  consistent  with  the  experimental  results,

indicating that the catalysts have high affinity towards both EG and 1,2-PDO.

Combining  this  result  with  the  high  porosity  of  these  solid-supported

catalysts suggests that the heterogeneous catalysts can preconcentrate the

reagents  within  the  pores.  The  calculations  also  indicate  that  the  first

transition state (initial formation of H2) has the highest energy barrier and

that  the  overall  activation  energy  is  larger  for  Ru-MACHO than  for  Ru-9,

whereas EG has a lower energy barrier for dehydrogenation than 1,2-PDO.

These trends are in general agreement with the experimental findings. 

To  date,  the  reversible  catalytic  dehydrogenation  of  polyols  has  only

been demonstrated using homogeneous catalysts.10 Our studies show that

the  heterogeneous  versions  of  Ru  pincer  catalysts  maintain  analogous

catalytic  activity  for  H2 generation and can thus be an alternative to the

molecular  versions.  The  two  heterogenization  techniques  preserve  the

molecular  catalytic  structures  and should thus be applicable  to a diverse

array of homogeneous catalysts containing phenyl or other aromatic groups.

Many commercial and facilely synthesizable organometallic complexes exist
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that could be readily heterogenized by these methods, in particular the self-

polymerization approach. The two heterogenization strategies should also be

applicable to other energy storage and sustainable catalytic processes, such

as heterocoupling dehydrogenations,9,
 

16,
 

24,
 

48 CO2 capture and conversion,49-51

and biomass  valorization.7,  52,  53 This  motivates  follow-on  investigations  in

which the homogeneous catalysts is modified by changing the metal center,

ligands, functional groups, and catalyst loadings. Modifications to the silica

supports  to  tailor  pore  size  and  surface  area  should  also  be  considered.

Finally,  by targeting the energy barrier  for the first transition state these

alterations  can  improve  the  reaction  kinetics,  allowing  for  higher  gas

production  and  further  increasing  long-term  stability.  Such  advances  are

necessary so that  polyol-based LOHCs can be a  component  of  strategies

under  development  to  effectively  address  the  demand  for  renewable

hydrogen. 
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