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Bimetallic Pt/Ru Complexes as Catalysts for the dant$%-25 of alcohols and catalysts for their electrooxidafiérs

Electrooxidation of Methanol we recently prepared the bimetallic Pt/Ru compound RuCp-
(PPh)(u-Cl)(u-dppm)PtC4 (1) as a possible electrocatalyst for
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methanol oxidatio* The electrochemical oxidation df has
] o ) now been examined in the absence and presence of methanol.
Potential applications of direct methanol fuel cells have led The current increases observed in the cyclic voltammogram in

to interest in the electrooxidation of methariot. Studies on the presence of methanol are consistent with a catalytic oxidation
platinum anodes have established that overpotentials tend to beyrgcess.

high and the anode performance degrades overif&ddition
of a second metal such as Ru to the anode mafetabr Experimental Section

: 12 .
formulation of more C(_)mplex allofl_b can ameliorate these General Considerations.Standard Schlenk/vacuum techniques were
problems. On the basis of the optimum percentage of Ru for ,seq throughout. Hexane, methylene chloride, and 1,2-dichloroethane
methanol oxidation, the active site of an PURu anode was were distilled from Cali and diethyl ether was distilled from Na/Ph
postulated to be a ERu ensemblé® The Pg portion was  CO. All NMR solvents were degassed via freepeimp-thaw cycles
suggested to be the site of methanol binding and dehydroge-and stored over molecular sieves. All other starting materials were
nation and Ru to serve as a source of “active oxygen” for the purchased in reagent grade purity and used without further purification.
formation of CQ. Evidence that the practical Pt/Ru catalysts ~ Equipment and Instrumental Methods. Electrochemical experi-
are composed of Pt metal and Ru oxides supports this 2“69525 Wfret'pe{f?/rm?d undte; "(':tfogen L:’[Slng an EG&G PAR mogle(lj

ostulatet415 In situ spectroscopic studies on Pt-rich Pt/Ru potentiostagalvanostat. Lyclic voltammograms were recorde
P . . . P - P in 2.5 mL of 0.7 M BuNSGO;CF:/CICH,CH,CI at room temperature
anodes implicate either oxidation of Pt-bound CO by Ru-bound . .

- 1617 : - under nitrogen in a standard three-electrode cell at a scan rate of 50

oxygen specié&1? or formation of Ru-OH specie®¥ as the

e L ) ) mV/s. All potentials are reported vs NHE and referenced to Ag/Ag
rate-determining step of methanol oxidation. SineetCactiva- Bulk electrolysis was performed in an H-cell in 2.5 mL of 0.7 MsBu

tion reactions have been demonstrated for simple Pt_complex-Nsoscpa/qCHzCqu at room temperature under nitrogen using a
ed922 and Ru compounds are known to be chemical oxi- vitreous carbon working electrode, a platinum foil counter electrode,
and an Ag/Ad reference electrode. Cyclic voltammetry was performed
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Notes

Table 1. Crystallographic Data fot

empirical formula: GiH4sCloPsPtRu fw=1369.01
a=13.296(2) A space grouP2;/n
b=22.363(3) A T=-100°C
c=18.625(3) A A=0.71073 A

o =90° peaic= 1.723 glcrd
B =107.654(2) u=3.516 mm?

y =90° R12=0.0233
V=5277(1) B WR2 = 0.0480
Z=4

*R1= 3 |[Fo| = |Fll/Z|Fol. "WR2= [YW(Fo* — FA)Y3W(Fo)TH?
[I > 20(1)].

Figure 1. Thermal ellipsoid diagram df showing the crystallographic
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Figure 2. Cyclic voltammograms ofl under nitrogen in 2.5 mL of
C2H4Clo/0.7 M BwNSOsCF; (glassy carbon working electrode; Ag/
Agt reference electrode; 50 mV/s)— for 10 mM 1; (- - -) after
addition of 50uL of methanol; ¢ —) after addition of 5uL of H2O.

The cyclic voltammogram aof in CH,ClI, exhibits a wave at
1.13 V vs NHE that is fully reversible if the switching potential
of the scan is<1.6 V. This wave is assigned to the Ru(ll/1ll)
couple, while an irreversible oxidation wave at 1.78 V is
assigned to the Pt(Il/IV) oxidatiotf.When the voltammetry is
performed in CICHCH,CI with BuyNSO;CF; as the electrolyte,
another irreversible wave at 1.87 V can be detected. This
additional wave is assigned to the Ru(lll/IV) couple. Upon
addition of methanol to a solution df the current at the first
irreversible oxidative wave is substantially increased over that

numbering scheme. Thermal ellipsoids are drawn at the 40% probability of a degassed, anhydrous solution bfin the absence of
level. Phenyl rings and most hydrogens are omitted for clarity. Selected methanol (Figure 2). This result is consistent with the catalytic

distances (A) and angles (deg): I3 2.3179(7), P+ Cl1 2.2882(7),
Pt=CI2 2.3717(7), Ru-CI3 2.4438(7); PtCI3—Ru 105.21(3), P2
Ru—CI3 89.84(2), P+ Pt—CI3 87.02(2).

on a Varian VXR-300 NMR spectrometéid and 3P NMR spectra

electrooxidation of methanol in conjunction with the Pt(1l/IV)
oxidative wave. Addition of water to the samples results in
further current increases.

The higher currents in the presence of water (Figure 2)

are referenced to the residual proton in the deuterated solvent and tosuggested the intermediacy of an Ru oxo complex, consistent

85% HPQy, respectively. Thé'P spectra were proton-decoupled. High-
resolution mass spectrometry was performed by the University of
Florida analytical service.

Synthesis of Cp(PPB)Ru(u-Cl)(«-dppm)PtCl, (1). Complex1 was
prepared as described previoudly.

Synthesis of [Cp(PPB)Ru(u-dppm)PtCl;]PFg (2). A Schlenk flask
was charged with CpRu(PBEI(u-dppm)PtC} (0.050 g, 0.045 mmol)
and CHCI, (20 mL). A solution of TIPk (0.031 g, 0.09 mmol) in
CH.ClI; (20 mL) was then added via cannula to give an orange-yellow
solution. The solution was stirred for 30 min at room temperature and
was then filtered through Celite. Removal of the solvent afforded a
yellow-orange solid, which was recrystallized from £HY/ELO. The
isolated yield o2 was 0.026 g (54% yield}H NMR (CDCL): ¢ 8.0—

5.8 (m, 35H,Ph,PCH,PPh; + PPhs), 4.81 (s, 5H, Cp), 3.22 and 2.71
(m, 1H each, P#PCH,PPh). 3P NMR (CDC}): ¢ 53.40 (dd, Ru-
PPh—CH,PPh, Jep = 19 Hz, 35 Hz), 37.30 (d, RuPPhs, Jpp = 37
Hz), —3.44 (d, PPYCH.PPh—Pt, Jpp = 19 Hz,Jppi= 4330 Hz),—144.1
(septet, PE. IR (CH,Cl): vpr, = 838 cnmtl. MS (electrospray;
MeOH): m/z1078.6 (R — PR]™").

Results and Discussion
At the time complexl was originally reported? structural

with earlier reports on the electrooxidation of alcohols by
mononuclear ruthenium oxo complex&s?8:30-32 Since opening

an empty coordination site could be expected to facilitate oxo
formation, a chloride ligand was removed frabowith TIPFg

to form the cationic complex [RuCp(PE(u-dppm)PtCl]PFs

(2). No structural information on the cation 8fis available at
present. However, a chloride-bridged structure similar to that
of 1is a reasonable possibility. Cyclic voltammetryain the
presence of wet methanol produced results similar to those
obtained forl (data not shown), suggesting that related species
are electrochemically generated frofn and 2 under the
conditions of the experiment.

The organic products of bulk electrolyses have been analyzed
by a combination of GC and GC/MS. When bulk electrolysis
(1.7 V vs NHE) of1 and dry methanol under nitrogen is carried
out for 30 min in 0.7 M BUNSO;CR/CICH,CH,CI, GC analysis
of the vacuum-transferred volatile components of the solution
indicates that the major product is @ECHs),, the dimethyl
acetal of formaldehyde. On the basis of IR and GC comparisons
to an authentic sample, the minor product was identified as

data were unavailable and there was ambiguity as to whethermethyl formate. Observation of GHDCHs), as the major
the complex contained a chloride bridge between the metal product is consistent with electrooxidation of dry methanol on
centers. To clarify the structure, crystallographic data have beenPt/Ru anodes, which yields the acetal after acid-catalyzed

obtained (Table 1). As shown in Figure 1, the complex does
indeed exhibit a bridging chloride ligand. The bond lengths and

condensation of the formaldehyde product with excess metha-
nol 35

bond angles of the structure are standard, with the expected
square planar geometry at Pt and three-legged piano stool3s) wasmus, s.; Wang, J. T.; Savinell, R.JF Electrochem. Sod.995

configuration at Ru.

142 3825-3833.
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Table 2. Product Distributions for the Electrolyses of with current increases at the latter upon addition of methanol.

Methanol by1? Coulombic efficiencies of the electrolyses were calculated from
umol of CH(OCHg),/umol of CHOOCH (product ratio) the charges predicted to generate the oxidation products relative

charge, C 1 1+ 54l of H,0 to the actual charges passed (after 50 C). Efficiencies of 49%,

e 56.9/11.0 (2.45 5141127 (168 49%, and 42% were calculated for the electrolyses of methanol
) 0(2.45) ' 7(1.68) with 1, 1 + 5 uL of H20, and a mixture o8 and4, respectively,

50 69.2/29.5 (2.35) 48.9/36.4 (1.34) !

75 105.8/69.9 (1.51) 101.7/86.4 (1.17) at catalyst concentrations of 10 mM. However, the bulk

A electrolyses occur more rapidly with than with the model
Electrolyses were performed at 1.7 V vs NHE. A catalyst ., nhjeves For example, times of 1.7 and 2.8 h were required
concentration of 10 mM was used; the methanol concentration was

0.5 M. " Determined by GC with respect to heptane as an internal for the passage of 50 C usirigand the rr_lixture_oB and 4,

is responsible for the increased efficiency; however, direct

Bulk electrolyses ofl and wet methanol (&L of H,O added comparisons are complicated by the greater oxidation potential
to the cell) under the same conditions as those for the dry of 4 relative to that ofl.
methanol experiment result in the same two organic products  Analysis of the metal-containing compounds 82 NMR
according to GC analysis. However, the ratio of gBICH). spectroscopy after short periods of bulk electrolysis reveals the
to methyl formate is significantly lower (Table 2). Formation presence of several bimetallic species with Rdppm)Pt
of more of the more highly oxidized species in the presence of moieties, as well as the presence obFg2-dppm). After
water is also consistent with the behavior of methanol oxidation exhaustive bulk electrolysis, £tG;?>-dppm) is the only identifi-
on Pt/Ru anodes although water induces,@®mation in that able metal species. Since Bt@?-dppm) is inactive for
case®® No oxidation products were found when the electrolysis methanol electrooxidation at potentials associated with the
was performed at 1.7 V in the absence of a catalyst. electrocatalytic oxidation of methanol with its formation is

Condensation of electrochemically generated formaldehyde undoubtedly related to deactivation of the catalyst.
with excess methanol yields water as a prodfidherefore, In conclusion, electrochemical oxidations of complekesid
prolonged electrolysis with the catalysts was carried out 10 3 the presence of MeOH lead to considerable enhancement
determine how the increasing concentration of water affects the of the oxidative currents, consistent with the catalytic oxidation
distribution of the oxidation products. As shown by the datain ot methanol. In the presence of dry methanol, the major organic
Table 2, the presence of water (either added directly or formed yroqyct from the bulk electrolysis of is CH(OCHs)o.
in situ by condensation) shifts the distribution toward the more Subsequent addition of water is found to further enhance the
highly oxidized methyl formate. The shift in oxidation products - crrents, consistent with the formation of an Ru oxo intermedi-
to methyl formate in the presence of water is consistent with ate The organic product from the oxidation bin solutions
participation of Ru oxo species formed by oxidationlofith containing wet methanol is the more highly oxidized methyl

water as the oxygen source. ] formate. Further investigations of the electrocatalysis uding
In contrast to the extensive literature regarding alcohol .4 related complexes are underway.

oxidation by Ru oxo complexes, the onset of catalysislby
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reversible wave at 0.66 V and an irreversible wave at 1.38 V
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