RO-A186 296 ELECTROCATALYTIC REDUCTION OF MOLECULAR OXYGEN BY

MONONUCLEAR AND BINUCLE (U)> YORK UNIV DOMNSVIEW
(ONTARIQ) OEPT OF CHEMISTRY M R HEMPSTEAD ET AL
UNCLASSIFIED AUG 87 TR-17 $NOBO14-84-G-8281 F/6 7/3

NL




o s &
= L g
_&m

fla

)

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A




AD-A186 296

AL -

OTIL FILE CO

OFFICE OF NAVAL RESEARCH
Contract N00014-84-G-0201

Task No. 0051-865

Technical Report #17

Electrocatalytic Reduction of Molecular Oxygen by Mononuclear
and Binuclear Cobalt Phthalocyanines

By

Michael R. Hempstead, A.B.P. Lever, and Clifford C. Leznoff

in

Canadian Journal of Chemistry

York University
Department of Chemistry
4700 Keele St., North York
Ontario, Canada M3J 1P3

Reproduction in whole, or in part, is permitted for any purpose of the United
States Government

*This document has been approved for public release and sale; its distribution
is unlimited

*This statement should also appear in Item 10 of the Document Control Data-DD
form 1473. Copies of the form available from cognizant contract administrator

a2l




{

SECLRITY TLASSIFICATION OF “HIS. PAGE

- -

e

REPORT DOCUMENTATION PAGE

T s

73 REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS
2a. SECURITY CLASSIF‘lCA:TION AUTHORITY 3. DISTRIBUTION / AVAILABILITY QOF REPOR‘Tﬁ
UInclassified As i
e 75, DECLASSIFICATION | DOWNGRADING SCHEDULE s it appears on the report
& 4. PERFORMING ORGANIZATION REPORT NUMBER(S) S. MONITORING ORGANIZATION REPORT NUMBER(S)
L]
Report # 17

N 6a NAME OF PERFORMING ORGANIZATION 6b. o;nce SYMBOL [ 7a. NAME OF MONITORING ORGANIZATION
0 3 (] 1 -
v A.B.P. Lever, York University (if applicable) Office of Naval Research
) Chemistry Department
{ 6¢c. ADORESS (City. State, and 2IP Code) A 7b. ADDRESS (City, State, and 2IP Code)

4700 Keele St., North York, Ontario M3J 1P3 Chemistry Division

Canada 800 N. Quincy Street
) Arlington, VA 22217 U.S.A.
:a 8a. N:ME OF FUNDING / SPONSORING 8b. OFFICE SYMBOL [ 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
;l ORGANIZATION (if applicable) N00014-84-G-0201
. |
L
8c. ADDRESS (City, State, and 2iP Code) 10. SOURCE OF FUNDING NUMBERS
» PROGRAM PROJECT TASK WORK UNIT
*f* ELEMENT NO. [NO. NO. ACCESSION NO
s
:i 11 TITLE (Include Security Classification) e e
:g Electrocatalytic Reduction of Molecular Oxygen by Monon ea¥ and Binuclear Sapalt
O Phthalocyanines S
) 12 PERSONAL AUTHOR(S)
) Hempstead, Michael R.; Lever, Alfred B.P.; and/Leznoff, Clifford C.
:;z 133 TYPE OF REPORT 13b. TIME COVERED 14 DATE OF REPORT (Year, Month, Day) [15. PAGE COUNT
e Technical FROM Aug/86 TOA August 1987 41
i, 16 SUPPLEMIENTARY NOTATION

L

;; 17 COSATI CODOES 18. SUBJE RMS (Continue on reverse if necessary and dentify by block number)
3 FELD GROUP SUB-GROUP phthalocyanine, electronic spectra, monolayers cofacial
. \ / phthalocyanine, electrochemistry, electrocatalysis, oxygen
£ 1/ reduction. >

ABSTRACT (Continue on reverse if necessary and identify by biock number)
. Investigatiors of the electrocatalytic activity of mononuclear and binuclear cobalt
'c: phthalocyanines for the reduction of molecular oxygen established that the latter
f: compounds are more effective catalysts than the corresponding mononuclear species.
by A correlation between the half-bandwidths for the Q band of these species and their
iy catalytic efficlency, expressed as a kinetically-limited current, suggests that the

increase in activity may be attributed to electronic coupling between the phthalocyanine
" rings. / i :
\ . Y § \} s s e

. e et -
\rt
KX
K
&
1y
"
;‘: ) 572307 CN AVAILAGIL TY OF A35TRACT 20 ABSTRACT SECLRITY CLASHiFICATION
i & arasssenunuwted [ saviE as et TJamc _seas Unclassified/unlimited
" 213 NAME OF AESPONSBLE NDI/.DLAL 2ob TELEPHONE {Incluae Area Coge) | 22¢ OFFCE 3YMBOL
Dr. Robert K. Grasselli
OO0 FORM 1473, 33 vaR 34 APR €3.1,0N ™Ay De 450 Lt - enndusted

SECURITY CLASSIFICAT ON OF THi§ PaGe

Aii other ed:t QN are ODsoete

AR



0L/1113/87/2

TECHNICAL REPORT DISTRIBUTION LIST, GEN

No.
Copies

Office of Naval Research 2
Attn: Code 1113
800 N. Quincy Street
Arlington, Virginia 22217-5000
Or. Bernard Dauda 1
Naval Weapons Support Center
Code 50C
Crane,- Indiana 47522-5050
Naval Civil Engineering Laboratory 1

Attn: Dr. R, W. Drisko, Code L2
Port Hueneme, California 93401

Defense Technical Information Center 12
Building 5, Cameron Statfon high
Alexandria, Virginia 22314 quality

DTNSRDC 1
Attn: Dr. H, Singerman

Applied Chemistry Division

Annapolis, Maryland 21401

Dr. William Tolles 1
Superintendent
Chemistry Division, Code 6100
Naval Research Laboratory
Washington, D.C.  20375-5000

Dr. David Young
Code 334
NORDA

NSTL, Mississippi 39529

Naval Weapons Center
Attn: Dr. Ron Atkins
Chemistry Division
China Lake, California

Scientific Advisor

Commandant of the Marine Corps

Code RD-1

Washington, D.C. 20380

U.S. Army Research Office 1

Attn: CRD-AA-IP
P.0. Box 12211
Research Triangle Park,

Mr. John Boyle
Materials Branch

Naval Ship Engineering Center
Philadelphia, Pennsylvania

Naval Ocean Systems Center 1

Attn: Dr. S. Yamamoto
Marine Sciences Division
San Diego, California

No.
Copies

93555

NC 27709

19112

91232

Accesion For

NTIS CRA&I
OTIC TAB
Unannounced
Justification

By . —————
Cn: t lb I'o"l

IR

) ".'; [

4

P - o PR - e

L R ] _1

-
|
.

________—.-.-—-—-—-———-——_



0L/1113/87/2

ABSTRACTS DISTRIBUTION LIST,359/627

Dr. Manfred Breiter

Institut fur Technische Elektrochemie

Technischen Unfversitat Wien
9 Getreidemarkt, 1160 Wien
AUSTRIA

Dr. E. Yeager

Department of Chemistry

Case Western Reserve University
Cleveland, Ohio 44106 .

Dr..R. Sutula

The Electrochemistry Branch
Naval Surface Weapons Center
Stlver Spring, Maryland 20910

Or. R. A. Marcus

Department of Chemistry

California Institute of Technology
Pasadena, California 91125

Dr. J. J. Auborn

ATAT Bell Laboratories

600 Mountain Avenue

Murray Hi11, New Jersey 07974

Or. M. S. Wrighton
Chemistry Department
Massachusetts Institute
of Technology
Cambridge, Massachusetts 02139

Or. B. Stanley Pons
Department of Chemistry
University of Utah

Salt Lake City, Utah 84112

Dr. Bernard Spielvogel

U.S. Army Research Office ,
P.0. Box 12211 ‘
Research Triangle Park, NC 27709

Dr. Mel Miles

Code 3852

Naval Weapons Center

China Lake, Calfifornta 93555

Or. P, P, Schmidt
Department of Chemistry
Oakland University
Rochester, Michigan 48063

Dr. Roger Belt

Litton Industries Inc.
Airtron Division

Morris Plains, NJ 07950

Or. Ulrich Stimming
Department of Chemical Engineering
Columbia University
New York, NY 10027

Dr. Royce W. Murray

Department of Chemistry
University of North Carolina
Chapel Hil1, North Carolina 27514

Dr. Michael J. Weaver
Department of Chemistry

Purdue University

West Lafayette, Indiana 47907

Dr. R. David Rayh
EIC Laboratories, Inc.
Norwood, Massachusetts 02062

Or. Edward M. Eyring
Department of Chemistry
University of Utah

Salt Lake City, UT 84112

Dr. M. M. Nicholson
Electronics Research Center
Rockwell International

3370 Miraloma Avenue
Anaheim, California

Or. Nathan Lewis

Department of Chemistry
Stanford University
Stanford, California 9430S

Or. Hector D. Abruna
Department of Chemistry
Cornell University
[thaca, New York 14853

Dr. A. B, P, Lever

Chemistry Departmen
York Un{
ew, Ontario M3J 1P3




0L/1113/87/2

ABSTRACTS DISTRIBUTION LIST, 359/627

Dr. Martin Fleischmann

Department of Chemistry
University of Sauthampton
Southampton S09 SH UNITED KINGDOM

Dr. John Wilkes

Department of the Air Force

United States Air Force Academy
Colorado Springs, Colorado 80840-6528

Dr. R. A. Osteryoung
Department of Chemistry
State University of New York
Buffalo, New York 14214

Dr. Janet Osteryoung
Department of Chemistry
State University of New York
Buffalo, New York 14214

Or. A. J. Bard
Department of Chemistry
Unfversity of Texas
Austin, Texas 78712

Dr. Steven Greenbaum

Department of Physics and Astronomy
Hunter College

695 Park Avenue

New York, New York 10021

Dr. Donald Sandstrom
Boeing Aerospace Co.

P.0. Box 3999

Seattle, Washington 98124

Mr. James R. Moden

Naval Underwater Systems Center
Code 3632

Newport, Rhode Island 02840

" Dr. D. Rolison
Naval Research Laboratory

Code 6171

Washington, D.C. 20375-5000
Dr. D. F. Shriver

Department of Chemistry
Northwestern University
Evanston, [11inois 60201

Dr. Alan Bewick |
Department of Chemistry

The University of Sauthampton |
Southampton, S09 SNH UNITED KINGDOM

Or. Edward Fletcher

Department of Mechanical Engineering
University of Minnesota

Minneapolis, Minnesota 55455 |

Dr. Bruce Dunn

Department of Engineering & ‘
Aplied Science

University of California

Los Angeles, California 90024

Dr. Elton Cairns

Energy & Environment Division
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Dr. Richard Pollard

Department of Chemical Engineering
University of Houston

Houston, Texas 77004

Dr. M. Philpott

IBM Research Division

Mail Stop K 33/801

San Jose, Californifa 95130-6099

Dr. Martha Greenblatt

Department of Chemistry, P.0. Box 939
Rutgers University

Piscataway, New Jersey 08855-0939

Dr. Anthony Sammells

Eltren Research Imc.

4260 Westbrook Drive, Suite 111
Aurora, Illinois 60505

Dr. C. A. Angell

Department of Chemistry
Purdue University

West Lafayette, Indfana 47907

Dr. Thomas Davis

Polymers Division

National Bureau of Standards
Gaithersburg, Maryland 20899



0L/1113/87/2

ABSTRACTS DISTRIBUTION LIST, 359/627

Dr. Stanislaw Szpak

Naval Ocean Systems Center
Code 633, Bayside

San Diego, California 95152

Dr. Gregory Farrington
Department of Materials Science
and Engineering

University of Pennsylvania

Philadelphia, Pennsylvania 19104

Dr. _John Fontanella

Department of Physics

U.S. Naval Academy

Annapolis, Maryland 21402-5062

DOr. Micha Tomkiewicz
Department of Physics
Brooklyn College
Brooklyn, New York 11210

Dr. Lesser Blum

Department of Physics
University of Puerto Rico

Rio Piedras, Pwerto Rico 00931

Or. Joseph Gordon, II

IBM Corporation

§600 Cottle Road

San Jose, California 95193

Dr. Joel Harris

Department of Chemistry
University of Utah

Salt Lake City, Utah 84112

Dr. J. 0. Thomas
University of Uppsala
Institute of Chemistry

Box 531 Baltimore, Maryland 21218

S-751 21 Uppsala, Sweden

Dr. John Owen

Department of Chemistry and
Applied Chemistry

University of Salford

Salford M5 4WT UNITED KINGOOM

Dr. 0. Stafsudd

Department of Electrical Engineering
University of California

Los Angeles, California 90024

Dr. Boone Owens

Department of Chemical Engineering
and Materials Science

Unfversity of Minnesota

Minneapolis, Minnesota 55455

Dr. Johann A. Joebst!

USA Mobility Equipment R&D Conmand
DRDME-EC

Fort Belvoir, Virginia 22060

Dr. Albert R. Landgrebe

U.S. Department of Energy
M.S. 6B025 Forrestal Building
Washington, D.C. 20595

Dr. J. J. Brophy

Department of Physics
University of Utah

Salt Lake City, Utah 84112

Dr. Charles Martin

Oepartment of Chemistry
Texas ASM University

College Statfon, Texas 77843

Or. Milos Novotny
Department of Chemistry
Indfana University
Bloomington, Indfana 47405

Dr. Mark A. McHugh

Department of Chemical Engineering
The Johns Hopkins University
Baltimore, Maryland 21218

Dr. D. E. Irish
Department of Chemistry
University of Waterloo
Waterloo, Ontario, Canada
NZ1 361




0L/1113/87/2

ABSTRACTS DISTRIBUTION LIST, 359/627

Or. Henry S. White

Department of Chemical Engineering
and Materials Science

151 Amundson Hall

421 Washington Avenue, S.E.

Minneapolis, Minnesota 55455

Dr. Daniel A, Buttry
Department of Chemistry
University of Wyoming
Laramie, Wyoming 82071

Or. W. R. Fawcett
Department of Chemistry
University of California
Davis, California 95616

Dr. Peter M. Blonsky :‘
Eveready Battery Company, Inc. ‘
25225 Detroit Road, P.0. Box 45035

Westlake, Ohio 44145




L/1113/87/2

ABSTRACTS DISTRIBUTION LIST, 051A

Dr. M, A, El-Sayed

Department of Chemistry
University of California

Los Angeles, California 90024

Dr. E. R. Bernstein
Department of Chemistry
Colorado State University
Fort Collins, Colorado 80521

Dr. J. R. MacDonald
Chemistry Division

Naval Research Laboratory
Code 6110

Washington, D.C. 20375-5000

Dr. G. B. Schuster
Chemistry Department
University of I1linois
Urbana, I1linois 61801

Dr. J. B. Halpern
Department of Chemistry
Howard University
Washington, 0.C. 20059

Dr. M. S, Wrighton

Department of Chemistry

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Dr. W. E. Moerner

1.8.M. Corporation

Almaden Research Center

650 Harry Rd.

San Jose, Californtia 95120-6099

Dr- A. 8. P.

versity
view, Ontario
NADA M3J1P3

Dr. George E. Walrafen
Department of Chemistry
Howard University
Washington, D.C. 20059

Jr. Joe Brandelik
AFWAL /AADO-1

Wright Patterson AFB
Fairborn, Ohio 45433

Dr. Carmen Ort{z

Consejo Superior de
Investigaciones Cientificas
Serrano 121

Madrid 6, SPAIN

Dr. Kent R. Wilson
Chemistry Department
University of California

La Jolla, California 92093

Dr. G. A. Crosby

Chemistry Department
Washington State University
Pullman, Washington 99164

Or. Theodore Paviopoulos
NOSC

Code 521

San Diego, California 91232

Dr. John Cooper

Code 6173

Naval Research Laboratory
Washington, D.C. 20375-5000

Dr. Joseph H, Boyer
Department of Chemistry
University of New Orleans

New Orleans, Louisiana 70148

Dr. Harry D. Gafney
Department of Chemistry

Queens College of CUNY
Flushing, New York 11367-0904




CA~NAd AV Toukwa
OF CeHensny

Electrocatalytic Reduction of Molecular Oxygen by Mononuclear
and B8inuclear Cobalt Phthalocyanir »s

Michael R. Hempstead®*, A.B.P. Lever® and Clifford C. Leznoff,
York University, North York, Ontario, Canada, M3J 1P3.

A.B.P., Lever (416) 736-5246




Abstract

Investigations of the electrocatalytic activity of
mononuclear and binuctear caobalt phthalocyanines for the
reduction of molecular oxygen established that the latter
compounds are more effective catalysts than the corresponding
mononuclear species. A correlation between the half-bandwidths
for the G band of these species and their catalytic efficiency,
expressed as a kinetically-limited current, suggests that the

increase {in activity may be attributed to electronic coupling

between the phthalocyanine rings.




Introduction

If a fuel cell is to operate efficiently, a catalyst must
be embedded 1in the cathode to accelerate the reduction of
oxygen gas. This catalyst must be capabte of withstanding the
operating conditions of the fuel cell (strong acid or base,
tairly high temperatures), for long periods of time, without
1loss of activity, Platinum is commonly used as a fuel cell
catalyst, but is expensive representing some 10X of the total
fuel cell cost. Catalysts which are more effective, and less
expensive are needed, i{f fuel cell applications are to become
viable.

Many mononuclear metal porphyrins act as electrocatalysts
{1-21) but the work af Coliman and Anson (22-28) and Chang (29-
35) has revealed that certain binuclear porphyrins are much
more effective. Similarly, mononuclear phthalocyanines of iron
and cobalt are effective (36-50), but some ill-characterised
‘dimeric’ and polymeric phthalocyanines appear more effective
(51-62). Savy (54-56) performed ESCA, ESR, Mossbauer and
optical spectroscopic studies to establish correlations
between the spectroscopic properties of polymeric and monomeric
fron pnthalocyanines and the electrocatalytic activity of these
species towards oxygen reduction. We consider here a

correlation between the optical spectra of a series of well-

characterized mono- and binuclear cobalt phthalocyanines and




their electrocatalytic activity.

The binuclear porphyrins studied by Coliman and Anson are
too fragile for long-term use under fuel cell conditfons and
therefore our studies have been directed towards thermally more
stable binuclear phthalocyanine compounds. We have recently
reported (63-65) a series of binuclear phthalocyanine complexes
of the general formula (M-tri(neopentoxy)phthalo-
cyaninelp(bridge) where the bridge may contain 1,2,4 or §
atoms, and where M may be Hy, Cu or Co. The three neopentoxy
groups are randomly distributed in the 4 or 5 positions of the
three unbridged benzene rings, providing solubility in many
organic solvents e.g. toluene, o-dichlorobenzene and dichloro-
ethane, but generally not acetone and ethanol.

0f relevance to this presentation are the following
species, with their abbreviations (the number in parentheses is
the number of bridging atoms connecting the two phthalocyanine
rings):

CoTNPC 2,9,16,23-tetraneopentoxyphthalocyanatocobait(ll).
This is the mononuclear control molecule.

0(1)[CoTrNPCly bis-2-~(9,16,23-trineopentoxyphthalocyaninyl-
cobalt(ll))ether; two phthalocyanine rings linked by a single

oxygen (ether) bridge.

C(2)LCoTrNPcl, 1,2-bis-2'~(9,16',23'~trineopentoxyphthalo-
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cyaninylcobalt(Il))ethane; two phthalocyanine rings linked by
an ethane -CH,CH,- bridge.
Cat(4)LCoTrNPc], 1,2-bis-2'-(9’,16',23’'-trineopentoxyphthailo-
cyaninoxycobalt(Il))benzene; two phthatocyanine rings linked by
a catechol -0-CqH,-0- bridge.
EtMe0(5)CCoTrNPc], 1,3-bis-2'-(9’,16',23’~trineopentoxyphthalo-
cyaninoxycobalt(Il))-2-ethyl-2-methylpropane; two phthalo-
cyanine rings attached linked by a -0CH2C(Et)(Me)CH20- bridge.
Earlier investigations of the metal-free analogues of these
species (66) established properties of these compounds which
are relevant to the observations reported here. These
properties are:
i) In condensed phases (frozen solution glass, Nujol mull,
etc.), these complexes may exhibit intermolecular aggregation.
In dilute solution, <5 X 107 M, intermolecular aggregation is
generailly absent (67).
it) Some binuclear phthalocyanines may close upon themselves
(‘clamshell’ behaviour) to aggregate via cofacial
intramolecular aggregatiaon, Specifically, of the metal-free
species, only Cat(4)(TrNPcHy], and EtMeO(S)tTrNPcH212 are
capable of such intramolecular aggregation. Such species exist
in a dynamic equilibrium with ‘open’ conformations,
111) The electronic spectra of the metal-free species show

evidence of the coupling of the transition moments on each

NI AT : DAZONNE
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phthatocyanine ring (66). Thus direct through space coupling
is observed in the cofacial conformations, giving rise to a
blue shift in the Q and Soret absorptions. However, a blue
shift is also observed in the other metal-free species, as a
consequence of coupling through space (or through the bridge)
in ‘open’, non-aggregated conformations.

Note that electronic coupling is more readily detected 1{n
the electronic spectra of binuclear phthalocyanine species,
relative to comparable porphyrin species, because the visible
region transition moments are much larger in the former case
(68).

Experimental

The species Co(II)TNPc (64), EtMeO(5)ICo(II)TrNPc), (64),
C(2)ICo(II)TrNPcl,  (65), Cat(4)ICo(I1I)TrNPcl,  (65) and
0(1)(Co(ll)TrNPch (69) were prepared by \literature routes.
Aldrich Gold Label o-dichlorobenzene (DCB) was used without
further purification and Fisher certified 1 N sodfum hydroxide
was diluted as required for the aqueous studies. Water was
purified by double-distillation over KMnO4 followed by passage
through a Barnstead organic removal cartridge and two Barnstead
mixed resin ultrapure cartridges. Stress-annealed pyrolytic
graphite (SAPG) and ordinary pyrolytic graphite (OPG), obtained

from Union Carbide, were used as electrode materials. The
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graphite was mounted in Teflon to expose a circular area of
0.490 cm® for the SAPG electrode and 0.493 cm? for the OPG
elgctrode. Before each experiment, the electrode surface was
cleaned by successive polishings with 1.0 um, 0.3 um and
0.05 um alumina (Linde) suspended in water on Metron polishing
cloth. Argon gas (Linde) was purified by passage through
heated copper filings, anhydrous Cas0, (Drierite), molecular
sieves (BOH Type 3A), and glass wool. Oxygen gas (Linde) was
purified by passage through anhydrous CaSO,, NaOH pellets
(AnalaR analytical grade), anhydrous Ca504, molecular sieves
and glass wool. Tetrabutylammonium perchiorate (TBAP) (Eastman
Kodak) was recrystallized from absolute ethanol and dried in a
vacuum oven at S0°C for two days. Potential scans were
performed with a Pine Instruments RD3 potentiostat and the
rotation studies with a Pine Instruments PIR rotator. The cell
for the adsorption experiments employed a medium frit to
separate a silver wire quasi-reference electrode from the main
chamber containing the OPG working electrode and a platinum
wire counter electrode. The cell for the aqueous studies
comprised a separate chamber for each electrode with a Luggin
capttiary extending from the reference chamber to the proximity
ot the OPG surface. For all aqueous experiments, the potential

was measured versus a saturated calomel electrode (SCE),

Phthalocyanine solutions were prepared in 0C8 with




0.1 M TBAP as supporting electrolyte, such that the
concentration was ca. 10 pM with respect to the TNPC unit.
These solutions were purged with argon for about an hour before
scanning the working electrode at a rate of 100 mv/s over the
range 0.00 to +1.00 V versus the silver wire. Adsorbed layers
an OPG or SAPG electrodes were obtained by cycling until the
anogic and cathodic peak currents associated with the adsorbed
species remained constant over five minutes of continuous
scanning. When this condition was satisfied, the aeadsorbed
layer was assumed to have reached a steady coverage. Scans at
various rates were then recorded to determine the surtace
coverage (vide infra).

The catalytic etficiency of the various phthalocyanine
compounds was investigated with the adsorbed species on the OPG
electrode, This modified electrode was removed from the
phthalocyanine solution, washed with ethanol, then with water,
and finally placed in the cell for the aqueous studies. The
0.10 M NaOH solution in this cell had been purged with oxygen
for several hours to ensure saturation. The slectrode was then
scanned over the range 0.00 to -1.00 V versus SCE at a rate of
10 mv/s for rotation rates ranging from 400 to 10,000 rpm.

After each scan, the electrode was heid at 0.00 vV for 1 minute

to permit the rotation rate to be changed for the next scan.




Results

I)Adsorption Studies

Some preliminary adsorption experiments were performed on a
SAPG electrode to determine the electronic nature and
orientation of the adsorbed species. The cyclic voltammograms
for a solution of 2.5 X 10" M CoTNPc in DCB and 0.1 M TBAP
studied at & SAPG working electrode, as shown in Figure 1},
display two couples in close proximity. Following
deconvolution of these waves (70), a plot (Figure 2A) of
cathodic peak current, {p ., versus scan rate, v, for coupie i
(R = 0.999) and a plot (Figure 28) of 'p.c versus JV for
couple Il (R = 0.998) indicated that these couples were
adsorption and diffusion processes (71), respectively. From
the relative positions of couples I and II, it follows that the

agsorbed species binds most strongly in the reduced form

associated with couple I (72), although the presence of a
reductive adsorption wave i{ndicates that the oxidized form
assoctated with this couple also binds to the electrode.
Couple 11 is assoctated with the Vigand process
(CO(IIITNPC(-1)2%/Co(1T1)TNPC(~2) (73) and therefore CoTNPc
binds to the graphite surface most strongly as Co(II)TNPc(-2),
The binding between the CoTNPc and the SAPG electrode can be

explained by fi-N interactions between the phthalocyanine ring

and the graphite lattice, if the COTNPc is adsorbed flat to the




SAPG surface. This mode of adsorption has also been suggested
in a similar investigation (41) by Yeager and coworkers who
studied cobalt tetrasulphonate phthatocyanine (CoTSPc).

In addition to the electronic nature and orientation of the
adsorbed motecule, the extent of coverage of the catalyst on
the electrode surface must be known. Quantitative analysis
requires the selection of an appropriate adsorption isotherm to
describe the cyclic voltammetric response of the adsorbate. An
adsorption 1{isotherm describes the relationship between the
concentrations of the adsorbate in the adsorption layer and in
the bulk phase from which the adsorption takes place.
Appropriate fsotherms may also yield information about
interactions between molecules in the adsorption layer.

The Langmuir isotherm was used to analyse the adsorption of
COTNPC on a SAPG electrode. This isotherm applies to systems
in which there are no interactions betwesen the adsorbed
molecules (72). For systems which satisfy these conditions,
the value of n may be calculated from the peak-width-at-half-

height, w,,,. from the expression

t1l n= 2RT R&n(3+2J7)
Wy 2F

The average value of n calculated in this fashion was 1.0020.02

in excellent agreement with our expectation of a one-electron




process. By calculating the charge under the adsorption peak
and assuming the area of a phthalocyanine molecule, Apes s
200 A% (41), the coverage of COTNPC on a SAPG electrode was
determined to be about 0.3:0.1 monolayers. This low level of
coverage is consistent with another study (41) in which CoTSPc
adsorbed on SAPG to the extent of 0.4 monolayers,

Since a coverage of between one and two monolayers was
desired for these oxygen reduction studies, SAPG was not used
for these investigations. (Recent studies have established a
method for obtaining a coverage of one monolayer on SAPG which
will be employed in later investigations.) Yeager and
coworkers (42) found that CoTSPc could be adsorbed on OPG to
about four times the coverage on SAPG; the greater adsorption
on the OPG electrode was attributed to a higher density of
surface defects assumed to be critical to adsorption (74).
Adsorption experiments with CoTNPc and an OPG electrode did
show enhanced adsorption, as shown in Figure 3. This increased
adsorption affects the cyclic voltammograms in many ways. The
most readily apparent effect is the loss of the diffusion wave
which had been observed in conjunction with an adsorption wave
when using SAPG, Since the adsorption wave overwhelms the
diffusion wave under the conditions employed for this

experiment (1), later calculations of surface coverage

disregard contributions from diffusion and treat this as a pure
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adsorption process. The other noticeable effect in Figure 3 is
the large peak separation observed at higher scan rates. This
probably arises from the larger currents observed in this scan
and the high iR drop in these DCB solutions.

The adsorption studies with the OPG electrode were analysed
with the Langmuir isotherm which gave an average n value of ‘
0.7220.04, suggesting that the use of the Langmuir tsotherm was
not appropriate for this system. An alternate choice, the
Frumkin isotherm (75-78), 1{s useful for systems in which there
are interactions between adsorbed molecules. A recent
investigation (78) of several isotherms suggests that the

Frumkin 4{sotherm s most appropriate for eslectrochemical

processes involving the adsorption of organic compounds.
According to the Frumkin isotherm, the peak current and the
value of n are given by the expressions (77)

£21 - ndF2ary
RT(4 - 2¢)

P -1

P+
2

31 n = 2RT [ln P -rr
Wy aF

where r is an interaction parameter (cm“/mol), I is the surtace

concentration of the adsorbed species (nol/cnz). and P is given
by
4] P=s3~rl+ (rzl'2 - 6rF 3)”2

Repulsive {interactions are denoted by negative vaiues of r
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while stabilizing interactions are denoted by positive values
of r. If the interactions between adsorbed molecules are
repulsive, the wave broadens and the peak decreases, but if the
interactions are attractive, the wave narrows and the peak
increases. If the 1{interaction parameter is zero, then the
Frumkin 1isotherm expressions simplify to those given by the
Langmuir i1sotherm.

The cyclic voltammograms from the adsorption studies on OPG
displayed waves which were broader and more rounded than those
observed for the SAPG experiments. This change in waveshape
ingicates that at these higher coverages, repulsive
interactions exist between molecules adsorbed on the electrode
surface. The voltammograms which had been analysed Dy the
Langmuir isotherm to give an average n value of 0.72¢0.04 when
analysed by the Frumkin isotherm yielded 0.93$0.03 in much
better agreemant with the expected value of unity.

Average values of the dimensionless parameters rf and the
average surtace coverage, @, (where 8 = lAp.) are presented in
Table | for an OPG electrode modified with COTNPC or one of its
binuclear derivatives. The surface coverage calculations for
the binuclear compounds used the same area approximation per
phthalocyanine unit as had been used for COTNPC since these
calculations were designed to estimate the number of cobalt

atoms on the electrode surface, not the number of
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phthalocyanine molecules. As a means of clarifying this point,
consider the following example. It a value of 2.0 s
calculated for 6, this could tndicate that the electrode s
covered Dy two monolayers of the mononuclear species, two
layers of a binuclear species in an ‘open’ configuration, or
one layer of a binuclear species in a cofacial configuration,
Consideration of steric restraints in these molecules and the
behaviocur of these species in solution is required to infer the
manner in which these molecules adsord on the electrode
surface.

The 6 value of 1.420.4 for CoTNPc-modified QPG electrodes
is most likely indicative of a coverage of one monolayer. The
reported 6 may be somewhat high as it is based on the gcoﬁotric
area of the electrode and does not account for the inherent
roughness of the surface. It is improbable that a second layer
forms on the surface since none of the adsorbate is lost after
washing and transferring to an aqueous solution, A weakly
bound second layer of CoTSPC on OPG has been reported (74), but
it was readily removed by washing.

The average coverage for the molecule O0(1)[CoTrNPcl, was
1.320.4, which is quite similar to that found for CoTNPc., The

adsorption of O(I)tCoTrNPclz was anticipated to be similar to

that of CoTNPc because this binuclear species can only exist in
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an ‘open’ conformation. The O(I)ECoTrNPclz molecule would
adsord with one ring flat on the OPG surface while the other
ring Vies at some oblique orientation. The ring in the oblique
orientation would give this surface a highly disordered
structure and, from the rl value in Table 1, it would appear
that it also leads to abnormally high repulsive interactions.
The remaining binuclear phthalocyanines have average 6
values near two. If these molecules adsorbed on to the
electrode surface in an ‘open’ conformation then a 6 value near
two would not be expected since, as noted earlier, the
M- interactions which arise between the first and second layer
of phthalocyanine moiecules adsorbed on the electrode surface
are too weak to stabilize a second layer. it would therefore
appear that most of these binuclear species adsorb on to the
electrode surface in some sort of cofacial arrangement. This
configuration is easily obtained by Cat(4)(CoTrNPc]2 and
EtMe0(S)(CoTrNPcl,, but the stacking of C(2)(CoTrNPcl, would
necessitate that the phthalocyanine rings in the second 1tlayer

lie above a surface bound ring of an adjacent C(2)[CoTrNPc12

molecule, The values of rl reportea for these binuclear

compounds are fairly consistent and are quite similar to the

valiue of -0.7 reported by Coliman and Anson (28) for one of
their cofacial cobalt porphyrins. It has been suggested that

the source of repulsions observed for flatly adsorbed aromatic




14

molecules such as these, is the parallel orientation of their
dipoles (79).

Another interesting feature of these adsorption studies is
fllustrated in Figure 4. The cyclic voltammograms for
0(1){CoTrNPc), and Cat(4)I{CoTrNPcl, display one adsorption wave
for the [Co(II)TrNPc(-1)1*/Co(1I)TrNPc(-2) couple, Just 1ike
that observed for the adsorption of COTNPC on OPG (see
Figure 3). However, the c¢yclic voltammograms for
C(2)tCoTrNPc12 and EtMeO(S)tCoTrNPch display two couples in

the same potential region. Plots of i_ versus v for the two

P
couples are linear, thus both couples arise from adsorption
processes. Frumkin isotherm analysis yielded values of n close
to unity which, when combined with the potential of these
couplies, suggests that these couples are both associated with
the [Co(II)TrNPc(-1)1*/Co(11)TrNPc(-2) process. The origin of
these two adsorption processes may be exptained in terms of the
electronic coupling inherent in these binuclear compounds.

The theory of intramolescular coupling in these binuclear
phthalocyanines has been presented elsewhere (66). In
solution, these binuclear species are expected to exist in a

dynamic equilibrium between various conformations, dependent

upon the nature of the bridge since, 1{in some cases, steric

effects may provide barriers to free rotation. Therefore, the
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electronic absorption spectrum of a solution of one of these
binuclear species would represent the summatior of the spectra
of a mixture of these conformers. The coupling in these

species resulted in a blue-shifted ¢ band which was also

- b
PN

broadened, the degree of this broadening being a qualitative

-
L

measure of the degree of electronic coupling in these binuclear

species.

3 The half-bandwidths of the five phthalocyanine species
investigated in this study are presented in Table 2 (80).

. The relative extent of coupling in these compounds, as

v established by these half-bandwidths, is as follows:

. 51 0(1)(CoTrNPc]2 > EtMeO(S)[CoTrNPc]2 = Cat(4)[CoTrNPc12 >
C(Z)[CoTrNPch > CoTNP¢

: Cyclic voltammograms of each of the binuclear species are
: presented in Figure 4. In the voltammograms of C(Z)[CoTrNPc12
and EtMeO(S)tCoTrNPc]z. two adsorption waves are observed which

' arise from two distinct redox couples in close proximity.

:\ Similar voltammograms have been reported previously (28,81)
but, 1{in these seariier reports, both of the redox processes

could de observed when the species was in solution, not bound

»

E, to the electrode surface. For each of the adsorbed binuclear
:E species, one phthalocyanine ring lies on the electrode surface
; while the other ring is not in contact with {t, The two redox
? couples, therefore, are regarded to arise from the bound Pc

DGR
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ring, and the bridged Pc ring which is not bound directly to
the electrode. In solution, only one redox process is
observed, common to both rings. In the more highly coupled
species, namely O(I)ICoTrNPc12 and Cat(4)[CoTrNPc]2. electron
transfer across the bridge to the outer phthalocyanine ring is
tfacile and therefore only one redox couple is observed.
However, electron transfer across the saturated C(2}{CoTrNPcl,
and EtMe0(5)[CoTrNPc], bridges is inhibited and therefore the
redox potential for the outer phthalocyanine ring could differ
from that of the inner phthalocyanine ring. Although the
0(1)CCOoTrNPcl, bridge is, technically, also a saturated bridge,
it is apparent from the half-bandwidth studies mentioned above,
that electron transfer across this bridge is permissidble. This
proposal could explain the differences between the cyclic
voltammograms given in Figure 4, although further study would

be necessary to establish the source of this behaviour

conclusively.

I11)0xygen Studies

The catalytic properties of these phthalocyanine species
were investigated by means of rotating disc electrode (RDE)
studies. The diffusion-iimited current for such an experiment,

expressed in mA, is described by the expression (82)

6] 1, = 10000AFC 2u0u)"2 0.6204852/3
60 '

1 + 0.29805°1/3 + 0.145145°2/3




-t 17

. where U is the kinematic viscosity (cmzls). w is the rotation
i rate (rpm), S 1is the Schmidt number (S = U/D), A 1is the
N electrode area (cmz). F is Faraday’s constant, and C is the

concentration of 02 (mol/cma). A Levich plot (‘L versus wllz)

:ﬁﬁ of the diffusion-limited 0, reduction current at a CoTNPc-
??E modified OPG electrode is shown in Figure 5, In the
0 calculation of {  for this Levich plot, the diffusion
R

%gi coefficient and concentration of 0, were taken as 1.67 X 1073

;g?;, cm?/s (42) and 1.38 X 10°® moisem® (83), respectively, the

? kinematic viscosity was estimated at 9.97 X 1073 cm?/ss (84),

Ezf the Scmidt number was calculated to be 597, and the value used
4

‘jf- for n was two, The good agreement between the calculated
_~ diffusion-lfmited current and the experimentally observed
Ced

:gig limiting current suggests that 0, is undergoing a two-electron
PN

f%?z reduction to peroxide rather than a four-electron reduction to

~%‘ water. Further evidence for tﬁis two-electron reductive
e

i?g pathway will be presented later.

ﬂ;; If an electrode process is hindered by a kinetic step, a

gg plot of fg» or 1§, wversus w!/2 deviates from the 1linear
.

%?; relationship given 1in equation 6 (71). The effect of this
%;? kinetic step on the current that flows in the potential region
e of mixed diffusion-kinetic control for a first-order process

if%é under steady-state conditions is given by the expression

“'»

I
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(86-88):

71 1/1 = llik + l/iL

in which i, is the kinetically-limited current. A plot of 1/}
versus l/w"z. known as the Koutecky-Levich plot, establishes
this kinetically-limited current which is equivalent to the
current that would flow if the concentration of 0, at the
electrode surface could be maintained at its bulk concentration
during the reduction process. Therefore, 1, at a given
potential is directly proportional to the maximum rate at which
0, can be reduced to peroxide at the catalyst-modified
electrode at that potential (89).

The reduction of 0, at an OPG electrode modified with
CaTNPc 1s shown {n Figure 6. These scans weres recorded at
10 mV/s, but may be considered to be steady-state curves since
no hysteresis was observed between the forward and reverse
scans. Following the procedures presented by Frumkin and
Tedoradse (90), Koutecky-Levich plots at -0.450 v, -0.500 vV,
-0.550 vV and -0.600 vV were constructed. Koutecky-Levich plots
of 0, reduction at -0.450 V for OPG electrodes modified with
CoTNPc and each of its binuclear derivatives are given in
Figure 7. The scatter for Koutecky-Levich plots was smaill
(R > .999) and the n values caiculated from the siopes of these
plots (Table 3) were consistent with a two-electron process

yielding peroxide as the reduction product. The different

NS ATRENINY
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L, intercepts for the Koutecky-Levich plots illustrate that the

g%% catalytic activity of these species differ. The kinetically-

{

??% 1imited currents for oxygen reduction are presented in Table 4.

;ﬂl‘ These kinetically-limited currents have been normalized to the

.g& CoTNPc data to rank the catalytic effictency of the binuclear

ikf species and these normalized kinetically-limited currents are

il presented as the bracketed values in Table 4. The standard

ﬁ? deviation for the average normalized kinetically-limited

X

?é&t currents s less than 15% which though somewhat 1large, is

t“z simtlar to the deviation reported in another study (91). These

E:i normalized currents indicate the reactivities of these species

2:; towards oxygen reduction are as foliows:

ot (8] 0O(1)(CoTrNPcl, > EtMeO(5)ICOTrNPCl, =~ Cat(4)[CoTrNPcl, >

‘:S C(2)LCoTrNPc, > CoTNPC

%?f It is surely significant that this ranking is the same as given

ELN ]

j;é for the electronic coupling of these species.

E&k‘ Although the binuclear CoTNPc compounds have shown

i%g jncreased activity towards the electrocatalytic reduction of

Qﬁﬂ molecular oxygen, the potential at which this process occurs in

;ég pH 13 NaOH solution is approximately the same as that for

;éz CoTSPc under the same conditions (41), and rather too negative
to be practical for a fuel cell catalyst. Present studies are

éig being directed towards the shifting of the molecular oxygen

_%ﬁﬁ reduction potential to more positive values by performing

i

o

o

P

@@
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these experiments under acidic conditions, and also to devise
conditions under which the direct four-electron reduction
process will be favoured.
Summary

In basic media, binuclear cobalt phthalocyanines were shown
to be more active towards the electrocatalytic reduction of
molecular oxygen than the corresponding mononuclear species.
The 1{ncreased activity of these binuclear compounds has been
attributed to the increased electronic coupling between the
phthalocyanine rings of these species. Current studies include
CoPc species showing a much greater degree of intramolecutar
coupling than observed here (92). A mechanistic study of
CoTNPc over the pH range 1 to 13 will also be reported shortly.
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Figure Legends

Figure 1 Cyclic voltammograms at scan rates of a) 50 mv/s,
o)_loo mvV/s, and ¢) 150 mV/s for 2.5 X 107° M CoTNPc in 0C8 and
0.1 M TBAP under argon at a SAPG working electrode. Couples I
and 11 are both associated with the
CCO(II)TNPc(-1)3*/Co(11)TNPc(-2) process. The nature of these

couples is investigated more fully in Figure 2,

Figure 2 Plots of the dependence of cathodic peak current with
scan rate for A) couple I and B) couple II, as designated {n
Figure 1. (2.5 X 10™5 M CoTNPc in DCB and 0.1 M TBAP at a SAPG

working electrode).

Figure 3 C(Cyclic voltammograms at scan rates of a) 50 mvV/s,
b) 100 mV/s, and c) 150 mv/s for 1.0 X 10~5 M TNPcCo in DCB and
0.1 M TBAP at an OPG working electrode. The waves shown here
are associated with the [Co(II)TNPc(-1)1*/Co(1I)TNPc(~2)

couple.

Figure 4 Cyclic voltammograms gisplaying adsorption features
of a) 0(1){TNPcCol,, b) Cat(4){TNPcCOly, ¢) C(2)CTNPcCOl,, and
d) EtMe0(S)ITNPcCol,. All voltammograms were recorded at a
scan rate of 100 mv/s for a binuclear concentration of ca. 5 uM

in DCB and 0.1 M TBAP. The waves shown here are associated

with the [Co(II)TNPc(-1)3*/Ca(11)TNPc(-2) couple.




Figure 5 Levich plot of the diffusion-limited 0, reduction
current at a CoTNPc-modified OPG electrode. The dashed line is
the response predicted by equation [6] and the solid 1ine s

the fit through the experimental data denoted by +'s.

Figure 6 Reduction of molecular oxygen at a rotating OPG
electrode modified CoTNPc 1in an 0, saturated 0.10 M NaOH

solution.

Figure 7 Koutecky-Levich plots for the reduction of molecular
oxygen in 0.10 M NaOH at -0.450 V versus SCE on OPG electrodes
modified with o CoTNPc, + O(1)LCOTrNPcl,, ¢ C(2)LCoTrNPcl,,
4 Cat(4)ICoTrNPCly, or X EtMe0(5)[CoTrNPcl,. A theoretical two

electron 1line 1is shown at the bottom of the graph for

comparison.




Compound 6 el
CoTNPc 1.410.4 | -0.77$0.14
0(1)ICoTrNPcl, 1.310.4 | -1.3610.11
C(2){CoTrNpPc], 1.820.1 -0.8710.13
Cat(4)CCoTrNPcl, 2.2%0.2 | -0.8820.06
EtMeO(5)tCoTrNPcl, | 2.2120.4 | -0.8510.01

Table 1 Average values of 6 and rI' for an OPG electrode

modified with CoTNPC or one of its binuclear derivatives.

Half-Bandwidths (cm™ 1)
Compound
Co(IIl) Co(l)
CoTNPC 680 660
€C(2)fCoTrNPc], 765 135
Cat(4)[CoTrNPc12 800 775
EtMeO(S)[CoTrNPc]z 785 778
0(1)ICoTrNPcl, 1000 920
Table 2 Half-bandwidths of the O band for CoTNPc and its
binuclear derivatives as Co(lIl) and also as Co(l). These

half-bandwidths were calculated from the spectra obtained by
bulk electrolysis of DCB solutions containing these species
along with an excess of tetrabutylammoniumhydroxide and

0.1 M TBAP (801].
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AR n
ey Compound Potential (Volts versus SCE}
Vil -0.450 -0.500 -0.550 -0.600
0
!
oy CoTNPc 1.94$0.17 | 1.9310.11 | 1.9120.10 | 1.9340.06
\"
5:'.:' 0(1)ICoTrNPCc], 2.07£0.02 | 2.04£0.02 | 2.02:0.02 | 2.0110.01
W
g:*:. C(2)LCoTrNPcl, 2.09$0.01 | 2.05$0.01 | 2.0120.01 | 1.99:0.02
ot
) Cat(4)ICoTrNPc] 2.10£0.09 | 2.0310.01 1.9940.01 1.9810.02
2
o
Ay EtMeO(5)[COTrNPC], | 1.9410.01 | 1.9420.02 | 1.9420.01 | 1.9620.01
i)
iy
iy
e,
S Table 3 Average values of n for the electrocatalytic reduction of
Q“q' oxygen in 0.10 M NaOH at an OPG electrode modified with CoTNPc or one
Q?& of 1ts binuclear derivatives.
e
1
e
B Potential (Volts versus SCE) Average
> Compound Normal ized
0 -0.450 | -0.500 | -0.550 | -0.600 i
,%;G
O
s CoTNPC 1.51 | 3.00 | s.s8 | 9.95
J' (1) (1) (1) (1) -
)
o C(2)CCoTrNPcl, 1.64 | 3.20 | s.90 | 11.00
,:z.:: (1.09) (1.07) (1.06) (1.11) 1.0810.02
:'!'0'
0 Cat(4)[CoTrNPC], 1.84 | 3.9 7.95 16.01
- (1.22) | (1.30) | (1.42) | (1.61) | 1.390.17
o EtMeO(S)(CoTrNPc], | 2.35 | 4.38 | 7.68 | 13.08
’,s:' (1.56) (1.46) (1.38) (1.31) 1.4320.10
i, e
"'a:l 0(1){CoTrNPc], 2.45 4.61 8.15 13.89
- (1.62) | (1.54) | (1.46) | (1.40) | 1.5040.10
o
N
o
ﬁqﬁ Table 4 Kinetic currents, {in mA, and normaiized kinetic currents (in
N brackets) for oxygen reduction in 0.10 M NaOH at OPG electrodes
T moditied with COTNPc or one of its binuclear derivatives. (Electrode
Vo area = 0.493 cm?)
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