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A Viable Hydrogen Storage and Release System Based on
Cesium Formate and Bicarbonate Salts: Mechanistic
Insights into the Hydrogen Release Step

Katerina Sordakis, Andrew F. Dalebrook, and Gabor Laurenczy*®

Aqueous solutions of cesium formate and bicarbonate repre-
sent an effective hydrogen storage—delivery couple that under-
goes either release or take up of hydrogen in the presence of
{RuCl,(mTPPTS),}, (TPPTS=triphenylphosphine trisulfonate)
and excess mTPPTS ligand, with no other additives required.
Cesium salt solutions offer the advantage of improved volu-
metric and gravimetric H, density compared to their sodium
and potassium analogs, owing to their high water solubility.
Details of the equilibrium between formate and bicarbonate,
which constitutes an important parameter for the applicability
of this H, storage/release cycle, were determined. H, produc-

Introduction

Hydrogen is regarded as one of the most promising future
energy vectors from both an environmental as well as a socio-
economic point of view, due to its potentially clean production
and utilization pathways, attractive inherent fuel properties
and most importantly its borderless availability."" One crucial
milestone towards the successful introduction of hydrogen sys-
tems into our current energy infrastructure and potentially
long-term energy supply security will require demonstrable as-
surances that hydrogen installations are inherently safe. In the
frame of a transition towards more innovative and sustainable
energy strategies, which is becoming inevitable and all the
more pressing, rapid steps for the implementation of a hydro-
gen economy have been realized.” However some of the main
aspects, namely hydrogen storage and handling, still remain
without adequately satisfying solutions in terms of energy and
cost efficiency as well as safety.

The utilization of carbon dioxide in energy storage was first
suggested by Williams etal. in the late 1970s, followed by
Wiener et al.” who proposed formate and bicarbonate salts as
chemical hydrogen carriers. The chemical equilibria in various
formate-bicarbonate salt systems (Scheme 1) in the presence
of a heterogeneous catalyst were later investigated by Engel
et al.” However it was only recently that formic acid (FA) was
revisited as a liquid hydrogen carrier and these systems once
more attracted attention for hydrogen storage.®”
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tion is readily tunable by controlling the operating pressure.
This behavior was also rationalized through the identification
of catalytic intermediates under various conditions. High con-
centration formate and bicarbonate solutions were used
during the tests and the bidirectional catalytic system could be
recycled without loss of activity or replacement of solvent. A
tentative mechanism is proposed for the formate dehydrogen-
ation step. Among the identified hydride species, the penta-
coordinated [RuH(H,O)(TPPTS);] complex was indispensable for
promoting the formate dehydrogenation reaction.

Similarly to FA, aqueous solu-
tions of formate and bicarbonate
are easily and safely stored and
transported, owing to their liquid Hy
nature and very low toxicity. The
utilization of water as a solvent
adds to the straightforward, cost-
effective, and “green” nature of
this hydrogen storage system. Fur-
thermore alkali metal salts release hydrogen in the absence of
additional gaseous coproducts, that is, CO,, which has benefits
for flow processes.

The utilization of the greenhouse gas CO, as a C, building
block through its homogenous reduction in an alkaline envi-
ronment has been widely studied® '™ as well as homogenous
formic acid decomposition for hydrogen storage applica-
tions.'"*"™ However, the similar bicarbonate hydrogenation re-
action®?" and, more significantly, its interconnection with the
formate dehydrogenation reaction remain largely unex-
plored.”??? Interestingly most published reports focused on
sodium and potassium salts as hydrogen carriers while the
cesium salts were largely neglected, possibly owing to their
decreased gravimetric hydrogen density (larger atomic weight
of the metal cation) as well as the lower natural abundance of
cesium metal.” However, the former can be largely counter-
balanced by the increased water solubility of the cesium salts
as discussed in detail below. One of the few studies on hydro-
gen release from cesium salts was published by Onsager et al.,
who postulated that formate salts derived from carbon monox-
ide and different carbonates were potential intermediates for
hydrogen production.?

H,0 HCOO" H,0

HCOy H,
Scheme 1. Hydrogen storage

and release based on the for-
mate/bicarbonate cycle.
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Results and Discussion

Evaluation of cesium formate and bicarbonate salts for H,
storage

The applicability of such a hydrogen storage system strongly
depends on both the maximum solubility and the conversion
of the substrates under the specific reaction conditions. In this
sense, cesium salts clearly offer an advantage over their
sodium and potassium analogues owing to their increased
water solubility, resulting in a higher volumetric and gravimet-
ric hydrogen content. Since alkali metal formate salts have
higher water solubility than the corresponding bicarbonate
salts, the solubility of the latter is the limiting factor. Consider-
ing that the solubility of cesium bicarbonate (209.0 g/100 gy 0
at 15°C) is more than twenty and five times higher than the
solubilities of the respective sodium (10.3 /100 gy, at 25°C)
and potassium salts (36.2 g/100 gy o at 25°C),”” cesium salts
stand out for possible practical applications. At 15°C a saturat-
ed aqueous solution of CsHCO; (and consequently CsOOCH)
has a concentration (storage capacity) of approximately
11 molkg™ H,O and a volumetric H, density of 14gL™" (the
solution volume increases approximately 57% upon addition
of the solute). It is however important to point out that this
value can be significantly increased at elevated temperatures,
which is relevant for stationary applications for which the in-
stallation of a heating system is straightforward. For reference,
the solubility of CsSOOCH in 100 g H,O increases to 2012.0 g at
95°C.”®) However it must be noted that such a saturated solu-
tion cannot be used for hydrogen storage systems because
water becomes the limiting reactant during formate dehydro-
genation. Using the maximal CsOOCH concentration of
18 Mol kg, ', Our system has a gravimetric hydrogen storage
capacity of 0.85 wt% at 80°C and a volumetric H, density of
23 gLioiion -

Toxicity

A considerable parameter for practical hydrogen storage appli-
cations is the impact of a system failure on both human health
and the environment. As cesium salts have never been report-
ed as hydrogen carriers, a short insight into their properties is
pertinent. The cesium ion itself is more toxic than sodium, but
less toxic than the potassium or lithium ion.”® However, the
toxicity of alkali metal salts is strongly influenced by the partic-
ular anion. As cesium formate has widely replaced the toxic
and corrosive zinc bromide as a drilling and completion fluid
in the oil industry,®” it has undergone extensive studies into
its biochemical compatibility, toxicology and environmental
impacts. Cesium formate is readily biodegradable;®" it is char-
acterized as an environmental-friendly compound and an acci-
dental release is not expected to adversely affect the environ-
ment owing to the well-known formate degradation pathways.
Furthermore, elevated cesium levels in the environment have
not been reported to cause any adverse effects.®**¥ The dis-
charge of cesium in aquatic systems is likely to be extenuated
by dilution, whereas in terrestrial environments sorption of
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cesium would minimize its bioavailability. Cesium formate is
not a reported carcinogen but is known to be a mild eye and
skin irritant. Chronic health effects are mainly associated with
high repeated oral doses of the compound which are highly
unlikely to be a significant factor with small- to medium-scale
hydrogen storage systems. Cesium bicarbonate has not been
as extensively studied and therefore far less data is available. It
is classified as a non-hazardous material according to European
standards. The bicarbonate ion itself has a wide natural occur-
rence as part of the photosynthetic mechanism of plants as
well as the CO,~water equilibria. Its toxicity is mainly associat-
ed to an increase in the pH of water bodies through the aque-
ous bicarbonate-carbonate equilibrium.

Catalyst and system optimization

We are interested in a catalytic system active for both formate
dehydrogenation and bicarbonate hydrogenation. In this way
catalyst removal and replacement (depending on the reaction
of interest) is avoided, which would otherwise pose a signifi-
cant burden on the development of rechargeable “H, batter-
ies”. However, any catalytic system active for both reactions
would tend towards an equilibrium position (Scheme 1). Data
on this phenomenon would be crucial for controlling the
charging (H, storage) and discharging (H, release) steps in con-
tinuous processes. Herein we report for the first time an at-
tempt to produce hydrogen for practical applications, by sub-
stantially increasing the substrate concentration and conse-
quently volumetric H, density, owing to the very high water
solubility of cesium formate.

The reverse hydrogenation reaction of dilute NaHCO; solu-
tions by an insitu formed {RuCl,(mTPPMS),},+mTPPMS cata-
lyst (TPPMS =triphenylphosphine monosulfonate) was previ-
ously studied as part of a charge-discharge device.”” Here we
report a similar system making use of the trisulfonated analog
{RuCl,(mTPPTS),}, + 2mTPPTS (1) (TPPTS=triphenylphosphine
trisulfonate) with increased water solubility (1100 gL™" mTPPTS
vs. 28gL™" mTPPMS) and hence catalytic concentration.
NaOO"CH and CsOOCH were chosen as substrates for dehy-
drogenation, the former being isotopically enriched to en-
hance NMR detection at low concentrations. Initially, the stabil-
ity and activity of the catalytic system over extended time peri-
ods at elevated temperatures were optimized by varying the
metal-to-excess-phosphine ratio. The highest rate for formate
dehydrogenation as well as prolonged catalytic lifetime
(Figure 1, blue squares) was obtained with a twofold excess of
mTPPTS per ruthenium dimer (that is, total Ru/P=1:3). With
lower excesses, the initial rate for formate dehydrogenation
was equally high (Figure 1, red squares), but gradually de-
creased with the concurrent appearance of black ruthenium
nanoparticles within the reaction solution. It is known that in-
sufficient phosphine stoichiometry leads to poor stabilization
at ruthenium, which is also likely in this case.®*¥ On the contra-
ry, with larger excesses of mTPPTS the first coordination sphere
of the metal becomes saturated. This would hinder substrate
coordination and thus inhibit formate dehydrogenation at
higher Ru/P ratios.
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Figure 1. Ru/excess phosphine ratio effect on 2 molkg ' aqueous cesium
formate dehydrogenation reaction applying 10 mmolkg™ Ru at 80°C. m 1:1;
m1:2,2 14, m1:8 m1:10, m 1:15.

Table 1. Catalytic dehydrogenation of formate salts in the presence of
(1).[a]

Entry  MOOCH Ru Conversion®  Time  Conditions
[molkg™l  [molkg™]l  [%] th]

1 0.24% 0.01 80 3 isobaric (1 bar)
2 0.24% 0.02 60 1.5  isobaric (1 bar)
3l 0.24"! 0.02 86 1.5  isobaric (1 bar)
4 29 0.01 30 1 isochoric

5 3¢ 0.01 25 10 isochoric

6 5 0.01 25 1 isochoric

7 10 0.1 23 3 isochoric

8 151 0.16 20 2 isochoric

9tf 15 0.16 10.7 3 isochoric

109 15 0.16 6.5 3 isochoric

[a] Experimental conditions: Ru/excess phosphine=1:2, T=80°C, 2 mL
H,0. [b] M=Na, "*C-enriched NaOO'*CH was used. [c] M=Cs. [d] The con-
version was calculated from ratio HCOO /HCO;~ determined by quantita-
tive *C NMR spectroscopy.*" [e] With stirring. [f] Pressurized with 25 bar
H,. [g] Pressurized with 50 bar H,. Reproducibility of experiments is £5 %.

Heating a solution of 0.24 molkg™" aqueous NaOO"CH at
80°C in the presence of (1) under a slight overpressure of N,,
for which the outlet was vented by means of a needle punc-
tured through a rubber septum, resulted in 80% conversion of
formate to bicarbonate within 3 h (Table 1, entry 1). The rate of
the reaction decreased with decreasing substrate concentra-
tion (Figure 2, black squares), although the final conversion
reached 100%. When the reaction solution was stirred to accel-

100+

804

60

40+

Conversion / %

20+

0 5 10 15 20 25 30 35 40
Time/h

Figure 2. Rate of 0.24 molkg ™' aqueous sodium formate (NaOO"CH) dehy-
drogenation reaction applying 10 mmolkg™" Ru and 2 equiv. mTPPTS at
80°C, under small N, overpressure (m) and under isochoric conditions (m).
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erate removal of the produced H, gas, conversion improved
from 60 to 86% within 1.5 h (Table 1, entries 2 and 3).

Subsequently we examined the catalytic performance of (1)
under isochoric conditions, that is, without releasing the pro-
duced H, gas from the reaction solution. In this case the
sodium formate conversion levelled off at 63% (Figure 2, red
squares) indicating the substantial influence of even minimal
amounts of H, on the reaction and the presence of a thermody-
namic equilibrium in the formate-bicarbonate system. In this
case, the calculated turnover frequency (TOF) for the first hour
was 10 h™". Similar behavior was earlier reported for a FA/NEt,
system at equilibrium in the presence of a {RuCl,(benzene)}, +
1,2-bis(diphenyl-phosphino)ethane pre-catalyst.*™ Beller et al.
also reported that potassium formate decomposition is unfav-
orable at elevated H, pressures with a ruthenium pincer cata-
lyst.?® Similarly, formic acid dehydrogenation was inhibited by
moderate H, pressures in the presence of an Fe(BF,), metal
precursor  and tris[(2-diphenylphosphino)ethyllphosphine
ligand.®” In the current catalytic system, pressurization of
a 15 molkg™' CsOOCH solution to 25 or 50 bar H, with subse-
quent heating of the mixture decreased the obtained conver-
sions from 20.0 to 10.7 and 6.5%, respectively (Table 1, en-
tries 8-10). However formate decomposition restarted after the
release of pressure.

Under isochoric conditions, a stepwise increase in the con-
centration of cesium formate revealed a trend of decreasing
final conversions with increasing H, pressures (Table 1, en-
tries 4-8), even though a larger total quantity of H, was pro-
duced. The rate of formate dehydrogenation improved with in-
creasing pre-catalyst concentration but the equilibrium posi-
tion was also attained faster. Therefore the conversion ob-
tained after the first five minutes of reaction was used for com-
parison (Figure S1 in the Supporting Information). Catalyst
concentrations of up to 0.24 mol/kg were tested and correlat-
ed with a constant increase in the observed activity; however
higher concentrations were impractical due to significant in-
creases of viscosity.

The same catalytic system (1) was also tested for its activity
in the bicarbonate hydrogenation reaction under similar reac-
tion conditions. A 0.24 molkg™' aqueous NaH"CO; solution
was pressurized with 100 bar H,, for which conversions of 96 %
and 98% were attained within 1 and 2 h, respectively (Table 2,
entry 1). This corresponds to a TOF of approximately 23 h™' for
the first hour (vs. 10 h™' for the formate dehydrogenation reac-
tion), implying that (1) is more active for bicarbonate hydroge-
nation. Also in this case we investigated the effect of increas-
ing substrate concentration (entries 2, 5-8). Lowering the initial
H, pressure from 100 to 50 bar decreased the reaction rate, re-
sulting in overall conversions of 28 and 14%, respectively,
within 3 h (entries 3, 4).

We also studied the effect of different countercations (Cs,
Na, and K) of formate and bicarbonate solutions (Table S1 in
the Supporting Information). In contrast to previously pub-
lished results,’3 there were no differences in either conver-
sion efficiencies or reaction rates. For example, both NaOOCH
and CsOOCH were dehydrogenated with 30% conversion in
1 h (Table S1 in the Supporting Information) and comparative
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Table 2. Catalytic hydrogenation of bicarbonate salts in the presence of
(-l)'[a]

Entry MHCO, Ru Conversion Time
[molkg™1 [molkg™1 [%] [h]
1 0.24% 0.01 96; >98 1;2
2 2 0.02 80 20
3 2l 0.02 28 3
48 2 0.02 14 3
5 3 0.01 80 40
6 5 0.01 80 120
7 10 0.1 80 84
8 15 0.1 80 9

[a] Experimental conditions: Ru/excess phosphine=1:2, T=80°C, 2 mL
H,0, P(H,),. = 100 bar. [b] M= Na, "*C-enriched NaHCO; was used. [c] M=
Cs. [d] The conversion was determined by quantitative *C NMR spectros-
copy.*" [e] Pressurization with 50 bar H,. Reproducibility of experiments
is £5%.

experiments for bicarbonate hydrogenation were equally simi-
lar. This is to be expected if the salts are fully dissociated in so-
lution and counterions only play a spectator role. However,
highly concentrated solutions of cesium formate and bicarbon-
ate are significantly more viscous. In these situations mass-
transfer limitations may come into play, but comparisons
cannot be made with the less soluble sodium and potassium
analogues.

Finally, we evaluated the catalytic activity and stability in
consecutive H, storage and release cycles. Consistent conver-
sions for both the bicarbonate hydrogenation and the formate
decomposition reactions were obtained in four recycling ex-
periments. Initially, an aqueous solution of bicarbonate was
pressurized with 100 bar H, and left to equilibrate at 80°C, re-
sulting in an overall conversion of 98%. Subsequently the
excess gas was released and the solution reheated under iso-
choric conditions, resulting in a formate dehydrogenation yield
of 63%. Notably, the removal of solvent and/or replacement of
catalyst were not necessary and the CO,-like hydrogen carrier
remained in the reaction mixture. The same closed cycle was
repeated five times without any loss of catalytic activity or
aerobic degradation. In these experiments, the readily available
NaOO™CH was utilized for convenience (Scheme 2).

Mechanistic investigations

We have already investigated related catalytic cycles derived
from RuCl;-H,0 4+ mTPPTS systems under acidic conditions.®*3®
Here we present results of mechanistic investigations on (1),
albeit in a basic environment and with a higher excess of the
phosphine ligand. Depending on the applied conditions multi-
ple hydride species were identified in solution.

When C enriched NaOO'>CH was added to an aqueous so-
lution of (1), a doublet resonance was detected in the *C NMR
spectrum at 175.8 ppm (Jy_ =207 Hz), attributed to the previ-
ously identified complex trans-[Ru(OOCH)(H,0);(TPPTS),] (2).B¥
The 3'P NMR signal of this complex at 55.9 ppm® could not
be clearly distinguished as it overlapped with another peak at
56.5 ppm, which is expected upon formation of the pentacoor-
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98% 63%
| HCO, H HCOOr HCO;
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HCOO- 21 HCO, HHCOO"
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95% 62%
HCO, |- HCOO" |— HCOy |
4™ cycle

96%
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61%

Scheme 2. Conversions obtained during consecutive bicarbonate hydroge-
nation formate dehydrogenation cycles.

dinated 16-electron complex trans-

[Ru(H,0),(TPPTS),] (3).39%1 P., I OH; A
(Figure 3) o” | "
Upon heating the same solution H’&o Ok Sl
at 80°C, signals for complex (2) @ @
disappeared from NMR spectra  Eigure 3. Structures of com-

and multiple hydride species ap-
peared in the 'HNMR spectrum.
This could rationalize facile conver-
sion of formate to bicarbonate. At the beginning of the reac-
tion, the main hydride species were identified at —18.8 (quar-
tet) and —12.0 ppm (pseudo quartet) and as two broad sin-
glets at —8.5 ppm and —20.7 ppm, all of which collapsed into
singlets if 3'P decoupled. The quartet at —18.8 ppm in the
'"HNMR (Ji_p=25.5 Hz) and 57.4 ppm in the *'P NMR spectrum
was previously attributed to (4) (Figure 4)“” and identified as

plexes (2) and (3).

e
el iy |
P—Ru
| ~p pY | w4
OH, P
(4) (5)
H H
Cp.,,” R|(§\‘“0H2 P.,, la.OHz
0= | ~p H,0” | P
O OH, P

(6) (7

Figure 4. Structures of complexes (4)-(7).

an active catalyst in the hydrogenation of olefins.”” The highly
reactive nature of coordinatively unsaturated divalent rutheni-
um complexes with formal 16 electron counts prompted us to
further certify the assigned structure of (4) by fitting of the re-
spective 'H NMR spectrum with NMRICMA on Matlab soft-
ware.? The coupling constants calculated for different cou-
pling modes were in all cases identical, indicating that the
three phosphorus ligands in (4) are chemically and magnetical-
ly equivalent — unequivocally confirming a trigonal bipyramidal
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molecular geometry (Figure S2 in the Supporting Information).
Basset et al. reported that in aqueous solutions and under low
H, pressures, (3) converts into (4), which is in equilibrium with
[RUHCI(H,0)(TPPTS),] (4b).“” This latter species could thus give
rise to the broad signal observed at —20.7 ppm in the 'H NMR
spectrum (ratio (4)/(4b)=1:0.2). The signal at —12.0 ppm
became more pronounced at slightly higher H, pressures and
was attributed to [RuH,(mTPPTS),] (5) (Jy_»=35 Hz), which was
reported to form from {RuCl,(mTPPTS),}, and excess phosphine
under basic conditions and at elevated H, pressures.®?>*! The
two hydride ligands in (5), even though chemically equivalent,
are magnetically distinct and thus form part of an AAXX'Y,
spin system, in which X and Y are equatorial and axial *'P
nuclei respectively. These hydrides split into a pseudo-quartet
in the 'H NMR spectrum and collapse into a singlet upon 3'P
decoupling (Figure S7 in the Supporting Information). After fur-
ther heating of the reaction solution at 80 °C for 30 min, a trip-
let of doublets at —16.3 ppm and a doublet of triplets at
—10.2 ppm appeared in the "H NMR spectrum. The former spe-
cies was stable for at least 48 h at 80°C and collapsed into
a triplet when ">C decoupled (J,; » =20 Hz) and a doublet when
3P decoupled (Jy =10 Hz) (Figure 5). The corresponding *'P
and "°C signals were found at 44.1 and 204.9 ppm respectively.
This complex (6) was previously characterized® and reported
to be part of the slow cycle in a formic acid decomposition re-
action in the presence of NaOOCH. However, in that case coor-
dination of formic acid on (6) was a prerequisite for the catalyt-
ic cycle to progress. As in the current system we do not expect

~-16.33
- —-16.39
1644
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formic acid to be present in solution at any stage of the reac-
tion (pH is kept in the basic range), it is likely that (6) is
a “dead-end” species, that is, it is formed without taking part
in the catalytic mechanism presented below. The doublet of
triplets at —10.2 ppm collapsed into a singlet when *'P decou-
pled Uy ptrans =73 Hz, Jyy_ps=28 Hz) and could have the struc-
ture of (7) as the mer complex (Figure 4). Upon measuring the
spin-lattice relaxation time (T, =359 ms) of this hitherto un-
known compound, it was confirmed to contain discrete hy-
drides as opposed to a dihydrogen ligand."”

During the initial fast dehydrogenation of formate to bicar-
bonate, a hydride signal for (4) and a second broad singlet at
—8.5 ppm (4c) were present as the main resonances in the
'H NMR spectrum. Several attempts to obtain further informa-
tion on the multiplicity of the latter peak by NMR spectroscopy
failed. However the spin-lattice relaxation time of this peak
was measured as 33 ms, indicating that it is likely to represent
a non-classical dihydrogen ligand. After 90 min heating, the
peak intensities of (4) and (4c) decreased while that of (7) in-
creased, and a new, broad peak at —8.2 ppm appeared. After
prolonged heating, this peak resolved as a pseudo-quartet
with J,_p~23.5 Hz—in reality a doublet of triplets with similar
coupling constants. If *C enriched NaOO"CH was used, the
splitting became more complicated and the peak appeared as
a pseudo-quintet (Figure S10, left, in the Supporting Informa-
tion). "H{¥'P} and 'H{*C} decoupling experiments gave rise to
doublet and quartet signals, respectively (J,_,=23.5Hz, J, =
17.5 Hz, Figures S9 and S10 in the Supporting Information).

16.33
-16.36

T T T T T T T

T
-16.4

T T T T T

-16.2  -16.3  -16.4  -16.5 -16.2 -16.6 1462 163 163 -164 -164
&(ppm) &(ppm) oopm)
(6) (6) 1H{13C}, J,,, = 20 Hz (6) THEIPY, .. = 10 Hz
LTEE 20N P S E 2B
ERR A Il Lol
11
|
|
-12;.5 l -1|s.7 ' -1;;.9 ' -1;.1 l -gl.s -1c‘>.0 -1cl>.2 -10.4 -16.6 85 8.6 -87 -8.8 -89 -9.0 9.1
d(ppm) (ppm) 8(ppm)
(4) (7) (9)
Jup=255Hz Jupais = 28 Hz Jupe = 25 Hz

JH-Ptrans =73 Hz

jH»Ptrans = 103 HZ

Figure 5. '"H NMR spectra of complexes (4), (6), (7), and (9) with enhanced signal/noise ratio."*!
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Similar coupling constants were obtained by fitting the
pseudo-quintet signal with NMRICMA on Matlab (J,p,=
274 Hz, Jyp,=214Hz, Jyc=178Hz). In the *CNMR spec-
trum, a singlet was detected at 205.4 ppm. The similar values
obtained for the coupling constants indicate that a mer phos-
phine hydride species with one 1?-CO, ligand, (8) was present
in solution. The pseudo-quintet peak characteristic of (8), in re-
ality comprised of a doublet of
doublet of triplets, can be justified

H
P., lo.P by the similar values of the cou-
O=Ci\/r"|“wp pling constants for the various li-
O OH, gands. (Figure 6)
(@) As mentioned, H, gas can signifi-

cantly decrease the catalytic activi-
ty. Therefore we examined the for-
mation of hydride species under
60 bar H, by NMR techniques. In
this case all the above mentioned
species were detected with the exception of (4) and (4b),
which were not present at any stage of the reaction. Under this
pressure, the conversion of formate was limited to 2%, indicat-
ing that the formation of (4) is vital to progress through the
catalytic mechanism. The presence of an equilibrium between
(4) and the dihydrogen-hydride complex (4 c) could explain the
observed behavior. Even though the ruthenium-hydrogen in-
teraction in (4c) is weaker than the iron-hydrogen interaction
in the related Fe-H, complex, stable species of the former type
were isolated and their crystal structures reported.”* If pressure
was released and the reaction solution heated, sodium formate
was successfully dehydrogenated to bicarbonate with the con-
comitant formation of complex (4), as confirmed by 'HNMR
spectroscopy. If the formate dehydrogenation was performed
under a protective N, atmosphere and the produced H, gas
vented throughout, (4) was present in solution throughout the
reaction, explaining the full conversion obtained.

Under elevated H, pressures, a '"H NMR spectrum of the reac-
tion mixture also contained a doublet of triplets at —8.7 ppm,
which collapsed to a singlet if *'P decoupled (Jy pyans = 103 Hz,
Ji_peis=25 Hz). Simultaneously, a peak at 204.2 ppm was pres-
ent in the ®*C NMR spectrum. Previously a species with similar

Figure 6. Structure of com-
plex (8).
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characteristics ("H NMR 0= o %HZP
—8.08 ppM, iy pyans=107.9 Hz, J, JRUL

peis = 23.8 Hz,) was reported to have HCLOP
the structure of (9).2® (Figure 7) & -

To verify the presence of the co-
ordinated 1>-CO, ligand, "C en-
riched NaOO"CH was utilized. In
this case (9) gave rise to a pseudo-
doublet of quartets in the '"H NMR spectrum (Figure S12 in the
Supporting Information), indicating that the coupling con-
stants Jy p and J, ¢ are in a similar range. "H{*'P} spectra con-
tained a broad singlet at —8.8 ppm in the 'H NMR spectrum
(the splitting due to "*C coupling was not resolved). This infor-
mation supports our hypothesis regarding the assigned struc-
ture of (9).

No coordinated bicarbonate species were detected by
3C NMR spectrometry, as it is likely that signals for this species
are coincident with the large formate resonance” (170.5 ppm
in the *C NMR for a [Ru(HCO,),(mTPPMS),] complex).

Figure 7. Structure of com-
plex (9).

Mechanism

During our investigations, several previously known as well as
new hydride species were identified in solution. A tentative
mechanism which correlates these catalytic species with the
macroscopic behavior exhibited during the formate decompo-
sition reaction is given in Scheme 3.

When {RuCl,(mTPPTS),}, is dissolved in water in the presence
of excess mTPPTS, trans-[Ru(H,0),(TPPTS);] (3) is formed. As H,
gas is not present at the beginning of the reaction, the trigo-
nal-bipyramid hydride complex (4) should be formed via
HCOO™ coordination on (3), followed by B-hydride elimination
which leads to the formation of isomers (8) and (9). The coordi-
nated 1>-CO, ligand may then rearrange to a bidentate bicar-
bonate by interaction with water, yielding a [RuH(HCO;)(TPPTS),]
complex. Release of the bicarbonate ligand leads to formation
of (4), which participates in various equilibria (Scheme 4).

Coordination of a water ligand to (4) gives the octahedral
complex (7), which may then yield complex (4b) via loss of
a TPPTS ligand. The presence of an equilibrium between (4)
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Scheme 3. Proposed catalytic mechanism for formate dehydrogenation, P=mTPPTS®",
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and (4¢) could explain the inhibition of catalytic activity under
elevated H, pressure, which would favor the formation of (4¢)
and consequently hinder the progression to cycle (Il).

Complex (4) may then enter cycle (Il) via coordination of
a formate ligand, followed by a p-hydride elimination step,
which affords a non-classical dihydride complex (10) (not ob-
served during the reaction). Reaction of the coordinated n’-
CO, ligand of (10) with water leads to a species with both H,
and HCO;™ ligands, the successive elimination of which regen-
erates complex (4). Protonation of (4) and subsequent H, elimi-
nation is also a possible pathway to complex (3).

Conclusions

The interconnection of bicarbonate hydrogenation and for-
mate decomposition reactions in aqueous media without any
further additives truly offers a way towards a practical and re-
chargeable hydrogen battery. Electron-rich and coordinatively
unsaturated Ru" mTPPTS complexes with three phosphine li-
gands are implicated as effective catalysts for formate dehy-
drogenation and exhibit sufficient air stability and recyclability.
Avoiding troublesome additives and organic solvents lessens
environmental impacts of the system and makes it more at-
tractive from an economic point of view, while by-product for-
mation is completely avoided. The absence of CO, both in the
hydrogen storage step as well as the formate dehydrogenation
stream further untangles the overall construction of a practical
system. The utilization of highly concentrated aqueous cesium
salt solutions enables the release of appreciable amounts of H,
that have the potential to power real-world devices. The
higher cost of cesium metal with respect to sodium and potas-
sium constitutes a “capital” investment—as the material is re-
cycled in situ, it does not add to the operating expenses of the
proposed system. Finally, the presented system offers the pos-
sibility of controlling the H, output by simply adjusting the op-
erating pressure. The effect of pressure has also been rational-
ized through identification of important intermediates of the
catalytic mechanism.

Experimental Section
General considerations

All experiments were prepared without exclusion of air, however
during heating a protective N, atmosphere was applied for reac-
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tions performed under isobaric conditions. Recycling runs were
also performed in air. {RuCl,(mTPPTS),}, was prepared according to
a literature procedure® and checked for purity by *'P spectrosco-
py. All other chemicals are commercial products and were used
without any further purification. CSOOCH (99 %) was obtained from
ChemPur, CsHCO; (99%) from ABCR, mTPPTS from Nanjing Chem-
lin Chemical Industry Co., Ltd, China. NaH">CO, and NaOO"CH
(99% in "*C) were purchased from Cambridge Isotope Laboratories
and H, (99.95%) was supplied by Carbagas-CH.

NMR spectroscopy

H, 13C, and *'P{'H} NMR spectra were recorded on a Bruker Avance
DRX 400 MHz (10 mm) spectrometer and the spectra processed
with TopSpin, MestReNova and Matlab. Hydride-containing species
were characterized by 'H NMR spectroscopy using a water-suppres-
sion pulse sequence tuned to enhance the resulting spectrum in
the upfield region.® The T, values of hydride species were deter-
mined by a standard inversion recovery method, applying selective
90° and 180° pulses on the peak of interest. The integration area
of the hydride peak was plotted as a function of the recovery
delay time and fitted with a three parameter exponential curve.

Dehydrogenation experiments under isochoric conditions

Experiments were conducted in 10 mm high-pressure sapphire
NMR tubes. In a typical experiment, {RuCl,(mTPPTS),}, and mTPPTS
were dissolved in 2 mL H,O under aerobic conditions, followed by
addition of the substrate. The reaction was initiated by heating the
sapphire tube with an electric heating jacket or directly in the
spectrometer. The reactions were followed by monitoring the pres-
sure increase as a result of gas formation as a function of time
with a pressure transducer connected to the tube by a high pres-
sure capillary, either manually or with an in-house LabView 8.2 pro-
gram with a NI USB 6008 interface, and/or in situ by C NMR spec-
troscopy. Formate conversion was calculated by comparison of the
obtained reaction pressure to the theoretical maximum pressure
resulting from 100% formate dehydrogenation and monitored by
quantitative *C NMR spectroscopy (Figure S13 in the Supporting
Information). For the theoretical calculations of the maximum ob-
tained pressure, it was considered that the volume of the solution
does not change by dissolved H, gas. This was a good approxima-
tion because the solubility of dihydrogen in aqueous solutions is
very low. At low concentrations, commercially available NaOO™CH
was utilized instead of CsOOCH to facilitate analysis by '>C spec-
troscopy.

Dehydrogenation experiments under isobaric conditions

Experiments were conducted in Schlenk tubes. In a typical experi-
ment, {RuCl,(mTPPTS),}, and mTPPTS were dissolved in a 2 mL
volume of H,O under aerobic conditions, followed by addition of
the substrate. Subsequently the tube was heated with an oil bath
under a small N, overpressure. The produced H, gas was removed
from the vessel with a needle placed through the rubber septum of
the tube. If high-concentration CsOOCH solutions were decom-
posed, that is, prolonged heating was necessary, a condenser was
connected to the tube to avoid evaporation of the solvent. After
desired time intervals the tube was rapidly cooled down with water
and the solution transferred to a 10 mm NMR tube for analysis.
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Hydrogenation experiments

Catalytic bicarbonate hydrogenation experiments were performed
either in 10 mm high-pressure sapphire NMR tubes or in 75 mL Parr
autoclaves, which were the preferred option for experiments with
high  CsHCO; concentrations. In a typical experiment
{RuCl,(mTPPTS),}, and mTPPTS were dissolved in a 2 mL volume of
H,O under aerobic conditions, followed by addition of the sub-
strate. The solution was then pressurized with H, up to the desired
pressure and heated either with an electric heating jacket in case of
sapphire tubes or with an oil bath in the case of autoclaves. Reac-
tions in tubes were periodically monitored by quantitative *C NMR
spectroscopy. In the case of autoclaves, the reactor was cooled,
depressurized, and then the aqueous solution was transferred to
a standard 10 mm NMR tube for analysis. If samples containing
both CsOOCH and CsHCO; were analyzed, with the latter close/over
the room temperature solubility limit, sapphire tubes were pressur-
ized with 60 bar H, to avoid CsOOCH decomposition and heated
inside the spectrometer to ensure dissolution of CsHCO,.

Recycling experiments

A 0.24 molkg™" aqueous solution of NaH™CO, (2 mL H,0) was
pressurized with 100 bar H, in a sapphire tube, in the presence of
0.01 molkg™" {RuCl,(mTPPTS),}, and 2 equivalents mTPPTS. The
tube was heated to 80°C and the bicarbonate hydrogenation reac-
tion followed by quantitative *C NMR spectroscopy. Spectra of the
sealed, pressurized solution were taken at regular time intervals
until the equilibrium position was attained. Subsequently, the
excess H, gas was vented, the tube sealed, and reheated to 80°C
under isochoric conditions and the formate dehydrogenation reac-
tion followed by quantitative *C NMR spectroscopy. Once the de-
crease in the formate concentration (and increase in the bicarbon-
ate concentration) ceased, the tube was repressurized with 100 bar
H, to initiate a new catalytic cycle. This procedure was repeated
five times without taking precautions against air exposure or re-
plenishing the solvent.
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