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Electrocatalytic Reduction of Nitrite and Nitrosyl by Iron(III) Protoporphyrin IX Dimethyl Ester

Immobilized in an Electropolymerized Film
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Thin polymeric films formed by anodic electropolymerization of an iron(III) protoporphyrin IX dimethyl ester
complex, [Fe''(PP)CI], on glassy-carbon or optically transparent SnO; electrodes are effective catalysts for the
electroreduction of HONO/NO,~ or NO to N;0, N,, NH,0H, and NH;. The yield of N, is enhanced in the
compact environment of the redox polymer relative to that for comparable monomeric metalloporphyrins in

homogeneous solution.

Introduction

The biochemical reduction of nitrite to ammonia that occurs
in green plants is a six-electron, seven-proton process catalyzed
by the nitrite reductase enzymes (eq 1).1-!! These enzymes are

NO,” + 7TH" + 6" — NH, + 2H,0 (1

complex proteins consisting of an iron-sulfur unit and an iron
isobacteriochlorinor siroheme.!¢3-10 Biochemical studiesindicate
that the iron—sulfur unit accepts electrons from reduced ferro-
doxin, subsequently transferring them to siroheme, the binding
site for the nitrite anion.!571!

The biological catalysts have been mimicked synthetically by
using accessible isobacteriochlorins.!14 In addition, simple
transition metal complexes have been employed as enzymatic
models for nitrite reduction. Studies utilizing polypyridyl
complexes of ruthenium and osmium have demonstrated the facile
interconversion of bound nitrite and nitrosyl!s and the chemical
and electrochemical reduction of bound nitrosyl to coordinated
ammonia.!¢22 Electrochemical investigations allowed detection
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of intermediate products as coordinated ligands and provided
support for a mechanism invoking a series of one-electron
reductions at NO,19-22

While the osmium and ruthenium complexes do not serve as
catalysts for nitrite reduction because of strong ligand binding,
water-soluble iron porphyrins accelerate reduction of nitrite in
acidic solution producing a variety of products including N,O,
N, NH;0H*, and NH,*.'?2*25 [Investigations of the spectro-
scopic and electrochemical properties of iron porphyrins in the
presence of nitrite reveal that key intermediates in the metal-
loporphyrin-mediated reduction of nitrite are iron nitrosyl
complexes that are analogous to those observed with osmium and
ruthenium complexes. In acidic, aqueous solution where the
proton demands of the reaction are met, subsequent reduction to
bound ammonia can occur.

One of our interestsin this area is in the development of catalysts
capable of mediating multiple electron-transfer reactions which
model the activity of the biological systems. An elegant example
of a multielectron nitrite reduction catalyst has already appeared
in the work of Toth and Anson,2 who demonstrated that iron-
substituted heteropolytungstates are robust catalysts for the
conversion of nitrite to ammonia. We have transferred the
reactivity of an iron porphyrin to the electrode—solution interface,
incorporating the porphyrin into a thin polymeric film by oxidative
electropolymerization. The polymericstructure may possess some
of the properties of the biological catalyst, since enzymatic
modeling reveals that the binding site in nitrite reductase is
embedded in a nonaqueous environment similar to an aprotic
medium.?” The porphyrin complex chosen for the film experi-
ments, an iron(III) protoporphyrin IX dimethyl ester complex
(1, Fel''(PP)CI; see Figure 1), has well-characterized redox
properties both as a monomer in homogeneous solution?® and as
an insoluble polymeric film supported on an electrode sur-
face.ZS—JO
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Figure 1. Structure of chloroiron(III) protoporphyrin IX dimethyl ester,
Felll(PP)€I.

Experimental Section

Materials. Tetra-n-butylammonium hexafluorophosphate (TBAH)
for nonaqueous electrochemistry was supplied by Aldrich and was re-
crystallized twice from ethanol and then precipitated into ether from
acetonitrile. The free-base porphyrin, protoporphyrin IX dimethyl ester
(H,PP), was purchased from Porphyrin Products (Logan, UT) and met-
alated with FeCl; in DMF at 100 °C by a standard procedure.3!

Methylene chloride (Burdick and Jackson) and 1,2-difluorobenzene
(Aldrich) were passed through a 1-in. plug of activated alumina prior to
electrochemical measurements. Locally distilled, deionized water was
utilized in all aqueous experiments. Buffered media (pH > 2) consisted
of 0.1 M solutions of phosphate mixtures (H;PO4, KH;PO4, Na;HPO,)
prepared from reagents supplied by Fisher Scientific and used without
further purification. Solutions of pH < 2 were prepared 0.1 M in H;SO4/
NaHSO, mixtures. Controlled-potential electrolyses were conducted at
pH 2.1 in aqueous solutions 0.5 M in H;PO4 (ACS grade, Allied) and
0.25 M in tetracthylammonium hydroxide (60 wt % solution, Aldrich).

Electrochemical Techniques. Electrochemical measurements were
obtained by using an EG&G Princeton Applied Research (PAR) Model
173 potentiostat/galvanostat equipped with a Model 179 digital cou-
lometer. Excitation wave forms for cyclic voltammetric measurements
were programmed with a PAR Model 175 universal programmer.
Current-voltage curves or current—time curves were plotted on a Hewlett-
Packard Model 7015B x-y recorder.

Electrochemical cells for cyclic voltammetric experiments were one-
compartment glass containers equipped with Teflon tops to limit the
access of air tothesolution. The working electrode was a Teflon-shrouded
glassy-carbon disk (0.1 cm2) modified with a thin, electropolymerized
metalloporphyrin film prepared as described below. A saturated sodium
calomel electrode (SSCE) and a platinum coil were utilized as the reference
and auxiliary electrodes, respectively. The aqueous buffered solutions
were thoroughly deaerated and kept under a positive pressure of Ar during
each run.

Controlled-potential electrolyses were conducted in a gastight cell
connected to a mercury manometer to monitor gas production and allow
for pressure equalization during each run. Two additional inlets sealed
with straight-bore, ground-glass stopcocks permitted Ar purging prior to
the electrolyses and sampling of the gaseous atmosphere during the runs.
The modified vitreous carbon working electrode, platinum counter
electrode, and sodium saturated calomel reference electrode were
suspended from a threaded Teflon top into the stirred KNO; solution.
A Vycor-tipped glass tube enclosed the auxiliary electrode, providing
separateanodic and cathodic compartments within the cell. All openings
of the top were sealed with O-rings, and gas leakage from the cell was
determined to be minimal over a 4-h period. In a typical electrolysis
experiment, 35 mL of pH 2.1 phosphate buffer was used. Nitrite ion was
added as a 500-pL aliquot of a 0.1 M KNO; stock solution prepared by
dissolving 85 mg of the reagent in 10 mL of H,O.

Methods of Product Analysis. The products of catalysis were assayed
by a combination of gas and liquid chromatographic separation techniques.
Gas samples taken from the electrolysis cell with a Hamilton 100- or
500-uL gastight syringe were injected immediately into a Hewlett-Pack-
ard 5890A gas chromatograph equipped with a thermal conductivity
detector for quantitative determination of N3 and N2O. Analysis of N3
was conducted on an Alltech molecular sieve column (80/100 mesh)
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operated at 30 °C, 25 psi, using air as anexternal standard.3? The numbers
obtained were corrected for the N; residing in the cell prior to electrolysis.
The amount of N;O present was determined by using an Alltech Porapak
Q column (80/100 mesh) which was standardized with carbon dioxide.33
The analyses were conducted at 40 °C, 25 psi, and were corrected for
the solubility of N,O in aqueous solution.3

The remaining electrolysis products (NH3;, NH,OH, N;H,) were
analyzed as their monocations in acidic solution by using a Dionex 2000i
ion-exchange chromatograph equipped with a conductivity detector and
a HPIC-CS2 column. Samples for chromatographic analysis were
prepared by diluting 10 mL of the electrolyzed solution to 19.5 mL and
adding HPFs (~0.2 mL) to give a pH of 1.5 as determined with pH
paper. The acidified solution was suction filtered two times without
washings intoa dry filter flask to remove the excess precipitated NEtPFg.
The filtrate was injected into the ion chromatograph and analyzed at a
flow rate of 1 mL/min by using an aqueous eluent containing 3.0 X 10-2
M H;3PO4and 3.0X 10-5M CuSO,. Under these experimental conditions,
the ions eluted from the column in the order Na* < NH;0H* < NH,*
< K* < N;Hs* < NEt*.

Preparation of Metalloporphyrin-Modified Electrodes. Films of elec-
tropolymerized Felll(PP)Cl were deposited on freshly polished (1-um
Buehler diamond paste) glassy-carbon electrodes or optically transparent
SnO; electrodes (Delta Technologies, Inc.) by immersing the electrode
in an argon-blanketed dichloromethane solution 1.0 mM in the metal-
loporphyrin monomer and cycling the electrode potential repeatedly
between 0.00 and +1.30 V vs SSCE. This procedure was analogous to
that described by Dong and Jiang?® and Macor and Spiro.? After
approximately 15 scans, further growth of the polymeric film was limited.
Alternatively, films were deposited by holding the potential of the electrode
past or within the porphyrin-based oxidation at Ep, = +1.20 V for 15
min. Following the electropolymerization step, the coated electrodes
were rinsed thoroughly with pure solvent. The quantity of electroactive
porphyrin on the modified electrodes, I in mol/cm?, was determined by
integration of the peak area under a cathodic Felll/Fel! cyclic voltam-
metric wave obtained by scanning a metalloporphyrin-modified electrode
inelectrolyte solution containing noexternal monomer. For glassy-carbon
electrodes (0.1 cm?), average coverages of 5.5 X 10 mol/cm? were
obtained by repeated cycling between 0.00 and +1.30 V. Assuming that
the porphyrin units lay flat on the electrode surface, each occupying an
area of 144 A2, approximately 1.2 X 10-'mol/cm? comprised one mono-
layer.3> Thus, about 45 monolayers were deposited on the modified
electrode surface. Somewhat heavier coverages ((8-9) X 10~ mol/cm?)
were observed by potentiostating the electrode within the oxidative wave
at Ep, = 1.20 V for 15 min.

Working electrodes for bulk electrolyses were cut to dimensions of
approximately 0.5 cm X 0.5 cm X 2.5 cm from a vitrous carbon block
containing 20 pores/in. These high-surface area electrodes were modified
in a similar manner in an inert atmosphere (drybox) utilizing 1,2-dif-
luorobenzene/0.1 M TBAH solutions containing the monomeric met-
alloporphyrin. (Adequate coverages of these electrodes were difficult to
achieve using degassed CH,Cl; as the solvent for electropolymerization.)
The vitreous carbon electrodes contained approximately 550 times the
modified surface coverage of the analytical electrodes.

Results

Solution Electrochemistry. A cyclic voltammogram of the por-
phyrin monomer in CH,Cl, obtained at a scan rate of 100 mV /s
isshown in Figure 2a. The metal-based Felll/Fell reduction was
observed at £/, = —0.42V vs SSCE (sodium saturated calomel
electrode). It displayed considerable peak splitting (~150 mV)
at this scan rate consistent with slow, heterogeneous charge
transfer. Sweeping further in the cathodic direction gave rise to
asecond, quasi-reversible reductionat—1.33 Vvs SSCE, identified
as a metal-centered Fell/Fe! couple in previous electrochemical
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Figure 2. (a) Cyclic voltammogram of a solution 1.5 mM in Fe!'(PP)CI
in 0.1 M TBAH/CH,Cl; at a glassy-carbon electrode (100 mV/s). (b)
Consecutive cyclic voltammetric scans as in (a) but in a solution 1 mM
in Fel'(PP)CI, demonstrating the growth of a conductive film on the
electrode surface.

studies.28.3¢ Spectroscopic properties®’ corroborate this
assignment: Electrochemical reduction of iron(II) tetraphenyl-
porphyrin, Fell(TPP), at the second wave yields a complex
consistent with a low-spin d’ Fe!(TPP)- complex rather than the
Fe!! porphyrin w-anion. The anodic cyclic voltammogram of
Fe!ll(PP)Clshowed an irreversible waveat E,, = 1.19 V vs SSCE
assigned to ring oxidation to the cation radical as observed in
related systems.38-42

Electropolymerization of Fe!!'(PP)Cl. Successiveincreasesin
the oxidative and reductive peak currents were observed during
repeated cycling (0.00-1.30 V vs SSCE) of glassy-carbon or
optically transparent SnO; electrodes immersed in a CH>Cl;
solution containing Fel''{(PP)Cl (Figure 2b). From the enhanced
peak currents it could be inferred that an electroactive layer was
deposited on theelectrode surface which was capable of mediating
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Figure 3. Cyclic voltammograms at an Felll(PP)Cl-modified electrode
(I = 5.5 X 10-® mol/cm?) at 20 mV/s in (a) pH 2.49 phosphate buffer
and (b) pH 2.49 phosphate buffer containing 0.01 M NaNO,.

the electrolysis of incoming porphyrin monomer at the film-
solution interface. The surface coverages increased steadily
through approximately 15 scans after which further growth was
limited. As thethickness of the polymericfilm increased, electron
migration through the layer was probably slowed, limiting the
rate of polymerization of the metalloporphyin monomer. Fol-
lowing thorough washing with CH,Cl, to remove excess adsorbed
monomer, a deeply colored coating was visually apparent on the
electrode surface. The films adhered strongly to the electrode
surface and were stable to rinsing with aqueous or organic
(CH3;CN, CHCl;, Me;CO) solvents. Attempts to prepare
modified electrodes by cycling reductively between 0.00 and -1.60
V were unsuccessful in CH,Cl,, DMF, or CH;CN. However,
the porphyrin underwent slow reductive electropolymerization
from solutions of 1,2-difluorobenzene in an inert atmosphere.*

The cyclic voltammogram shown in Figure 3a was measured
at the film-modified electrode immersed in a H;PO,/H,PO4
buffer solution at pH 2.49 containing no external porphyrin
monomer. In the voltammogram, the reductive and oxidative
waves of the Felll/l! couple appeared at E,. = —0.25 and E,,, =
-0.05 V vs SSCE, respectively, at a scan rate of 20 mV/s.
Compared to the Fe'l/I! couple of the porphyrin monomer in
CH,Cl; (Figure 2a), the Fe!'!/Fe!! reduction in the polymeric
film was shifted anodically, and there was an increased peak-
to-peak splitting (AE, = 200 mV) consistent with slow, heter-
ogeneous charge transfer between the electrode and the redox
centersin the polymeric film. The peak-to-peaksplittingincreased
with increasing scan rate confirming the quasi-reversible nature
of the Felll/Fe!! reduction. At a scan rate of 200 mV/s, the
observed AE, was 310 mV (E,. = -0.29 and E;, = +0.02 V vs
SSCE). The films were stable to 30 cycles at negative potentials
encompassing only the first reductive wave (i.e., 0.00 to-1.00 V
vs SSCE). A single cathodic scan into the second reduction at
—1.33 V rendered the electrode nonconductive, although a deeply
colored film was still visible on the electrode surface. The film
was also unstable toward oxidative scanning: One cycle between
0.00and +1.30V vs SSCE resulted in an electroinactive polymeric
film.

Asseen in Figure 4, there was considerable similarity between
the UV /visible spectrum of a CH:Cl; solution of monomeric
Fe!ll(PP)CI and that of the metalloporphyrin film deposited on
an optically transparent SnO; electrode. Despite the increased
background absorption resulting from light scattering, it was
evident that the porphyrin macrocycle was maintained during
the electrodeposition, consistent with bond formation at the
peripheral vinyl groups in the polymerization step. The four

(43) O'Toole, T. R.; Younathan, J. N,; Sullivan, B. P.; Meyer, T. J. Inorg.
Chem. 1989, 28, 3923.
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Figure 4. Absorption spectra of (a) 1.5 X 10-5 M Fell(PP)Cl in CH,Cl,
and (b) a polymeric Fe!'!l(PP)CI film on a transparent SnO; electrode
immersed in CH;Clp, ' = 9 X 10~ mol/cm?2. The scale of the vertical
axis is enlarged (X4.5) for spectrum b.

bands associated with the strong B (Soret) absorption and weaker
Q; and Qo = — =* transitions of the porphyrin heterocycle** were
evident in both the film and solution spectra. The broad absorption
bands reflect the heterogeneity of the chromophoricsites, perhaps
arising from varying orientations, mixed peripheral vinyl sub-
stitution, and porphyrin—porphyrin interactions within the poly-
mer. On the basis of the absorbance of the modified SnO,
electrode at 510 nm and the known solution extinction coefficient
for Felll(PP)CI in CH,Cl,, a surface coverage I' of 9 X 10~°
mol/cm? was calculated.*> This coverage corresponded to
approximately 75 monolayers on the electrode surface (see
Experimental Section).

Evidence for Catalysis. The cathodic cyclic voltammogram of
an aqueous solution containing NaNO; at pH 2.49 (Figure 3b)
showed a current enhancement at a modified electrode that was
not observed in the absence of the metalloporphyrin film. Scans
at an Fel!l(PP)Cl-modified electrode (0.1 cm?, T' = 5.5 X 10~°
mol/cm?) in the presence of 10-2 M NaNO; resulted in a large
catalytic wave at potentials more negative than ~0.50 V vs SSCE
with catalytic currents as high as 337 pA at -0.68 V. By
comparison, a maximum current of 10.8 uA was observed under
identical conditions at an untreated glassy-carbon electrode.
Furthermore, the current response at the film-coated electrode
was dependent on the amount of NO,~ present as evidenced by
the data in Figure 5. The current—potential profile past ~0.50
V was a featureless wave with E, . = ~0.68 V at pH 2.49 (Figure
5).

Electrochemistry in the Presence of Nitrite. Upon addition of
nitrite (6 X 10%-10-2 M) to an aqueous buffer solution at pH
2.49, the metal-centered Fe!l/1l wave disappeared from the vol-
tammogram (Figures 3b and 5). Under these conditions (pH <
4), free NO is generated in solution from the disproportionation
of nitrous acid.**8 Although disproportionation is relatively
slow under our conditions, there is a relatively small amount of
porphyrin on the electrode surfaces.*

3HONO — H* + NO,™ + 2NO + H,0 )

Once formed, NO can react directly with Fell!/(PP)Cl yielding
the porphyin nitrosyl complex 2. Disproportionation even to a

(44) Gouterman, M. In The Porphyrins, Part A; Dolphin, D., Ed.; Academic
Press: New York, 1978; Vol. 3, p 1.
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A, by the formula 4 = I' X 1000 cm?/L, where ¢ is the molar extinction
coefficient in mol-! em2,
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Figure 5. Linear sweep voltammograms at an Fel!l(PP)Cl-modified
electrode (I' = 5.5 X 10~° mol/cm?) immersed in pH 2.49 phosphate
buffer containing NaNO; in concentrations of (a) 0.0 M, (b) 6.48 X 10~
M, (c) 1.18 X 102 M, (d) 2.18 X 107 M, (e) 3.02 X 10* M, and ()
4.22 X 10-* M. The scan rate was 20 mV/s.
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Figure 6. Absorption spectra of an Fe!l'(PP)CI film on an optically
transparent SnO; electrode in pH 2.49 buffer solution (a) containing
0.06 M NaNO; and (b) saturated with NO gas.

limited extent is sufficient to drive this reaction to completion,
suggesting a high affinity of [Fel''(PP)]* for NO. The state of
axial ligation trans to NO is unknown.

[Fe"(PP)]* + NO — [Fe''(NO*)(PP)]* @
1 2
The formation of the nitrosyl complex was supported by UV/
visible spectral changes observed at film-coated, optically trans-
parent electrodes. Figure 6a shows the absorption spectrum
measured after immersing an Fel’}(PP)Cl-modified electrode in
an argon-purged, buffered (pH 2.49) solution containing 0.06 M
nitritefor 15 min. A nearlyidentical absorption spectrum (Figure
6b) was observed at a modified electrode immersed in an aqueous,
acidic solution saturated with NO gas, confirming the initial
formation of nitrosyl complex 2. In addition, the observed
absorption maxima in Figure 6a (424, 536, 564 nm) resembled
those reported for an aqueous solution of [Fell(NO*)(TPPS)]*-
[TPPS = meso-tetrakis(p-sulfonatophenyl)porphyrin sexianion]
at 425, 540, and 576 nm.2* Aqueous solutions of 2 were unstable
in air presumably because NO is removed from the system by
oxidation to NO,.

(48) Nitrous acid (5 mM) undergoes disproportionation to give NO;- and
NO in a second-order process with a half-life of ~2 h at pH 3.1 (Bin-
stead, R. A.; Meyer, T. J. Unpublished results). Although the moles
of NO produced by this reaction during a 10-min cyclic voltammetric
experiment are small (approximately 3 X 10~ mol in 2 mL of a 0.01
M NaNO; solution, pH 2.49), this amount greatly exceeds the moles
of porphyrin catalyst on the electrode surface (5.5 X 10-'° mol on a
typical modified analytical electrode). From our observations [Felll-
(PP)]* is converted quantitatively into [Fel!(NO+)(PP)]* under the
conditions used, and the [Fe!''(PP)]*/[Fell(PP)]° couple is not observed
in the voltammograms.
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Table I. Products of Electrocatalytic Reduction of Nitrite at an Felll(PP)Cl-Modified Electrodes*

Eqpp, electrons electrons tot.

Vvs time, per current, mA¢ per charge product distribution, %< current efficiency, %°

SSCE h NOz" ii if Fe"‘(PP)Cl Ql’, C Nzo Nz NH;OH N2H4 NH] Nzo Nz NHzOH N2H4 NH]
-0.6 3.0 3.0 50 1.5 410 17.5 18 35 16 <1 31 101 292 18x6 O 515
-0.7 4.0 3.8 225 09 430 18.3 12 39 13 2 34 6 31 14 3x1 54
0.8 1.0 4.8 18.5 L5 545 23.1 <1 30 13 <1 63 0 19 11 0 80
0.9 2.5 5.8 80 3.2 660 280 <1 35 13 <1 52 0 18 9 0 54
09/ 1.5 5.2 1000 0.2 8 <l <1 84 3 0 0 97
098 40 33 61.0 1.0 16.1 32 14 13 <1 27 19 8 15 0 56

9 The surface area of the modified electrode containing the film was 55 cm? with a surface coverage of 8 X 10~° mol/cm?. ? All electrolyses were
conducted with [NO,-] = 1.4 X 10-3 M ata pH of 2.1. < Initial (5;) and final (i) current levels. 4 The product yields are expressed as a mole percentage
of the NO,~ present at the beginning of the electrolysis (5 X 10-° mol). ¢ The percent current efficiency for each of the products was calculated from
the following formula: current efficiency (%) = [(minF)/Qr] 100%. m; is moles of product formed, #; is the n value for its formation (# = 4 for N,O,
n = 6 for N3, n = 4 for NH,OH, n = 10 for N;H,, and # = 6 for NH3), F is the Faraday constant, and Qyis the total charge passed during the electrolysis.
Typical uncertainties are given for the first electrolysis. / The catalyst was [Fell(H,O)(TPPS)]3- [TPPS = meso-tetrakis(p-sulfonatophenyl)porphyrin
sexianion]. £ The catalyst was [Felll(H,0)(TMPyP)]** [TMPyP = meso-tetrakis(N-methyl-4-pyridiniumyl)porphyrin dication].

Differential pulse polarographic measurements of the nitrosyl Scheme I. Possible Mechanism for the Electrocatalytic Reduction of
complex of [Fe!ll(H,0)(TPPS)]3- show a one-electron reduction NO;” or NO
for the [Fel!l(NO*)TPPS]3-/ [Fel!l(NO*)TPPS]* couple at E,, NHS + HO NO;™ + BH'

= +0.35 V vs SCE (pH 3.01).2* The corresponding wave in the

cyclic voltammogram is broad and ill-defined. Likewise, at an IFeNOTYPPY (PP
Fe!'}(PP)Cl-modified electrode immersed in a buffered solution l . “ﬂ°j .
of 0.01 M nitrite, a well-defined reduction wave for the 24t
[Fel](No+)(pp)]+ /[Fe"(NO')(PP)]° couple was not observed Fe"'(?P)CI -——’_—CNl—c_’—> [Fe"(NOa-)(PF')]" -« [Fe"(NO"}PP)° [Fe"(NHzSH)(PP)]"
in the cyclic voltammogram in cathodic scans from +0.50 to -
—-1.00 V. However, when cyclic voltammetric sweeps were i +HEmH* T ve”
initiated at 0.00 V, a noticeable current flow was observed when [Fe"(NO™)PPY) *e [Fe"(NOH,}PPY™
the circuit was connected, while initiation of the sweeps at +0.50 4 " s
V gave no evidence for prompt current flow. By analogy to the H 12RO R HO
earlier studies, this current presumably resulted from one-electron [Fe'HONPPIP + 172N,0 (Fe"(N)(PP)®
reduction of nitrosyl complex 2 to generate 3. In addition, the -e
Fe"PPI* + 1/2NH, -2, [(PP)Fe"(NN)Fe™ (PP
[Fe'(NO*)(PP)]* — [Fe'(NO")(PP)]° ()

2 3 (Fe"(PP)* + 122N,
onset of the catalytic wave at the Felll(PP)Cl-modified electrode .
(Figure 3b) at ~—0.4 V showed a shoulder with a distinct return production of NH; came at the expense of the two-electron
component at —0.5 V. This wave was assigned to the [Fell(NO*)- product, N;O. By inference, the reaction sequence involves a

(PP)]°/[Fel(NO-)(PP)]- couple by comparison with the solution twice-reduced intermediate, [Fe!}(NO-)(PP)]-, which partitions
electrochemistry of [Felll(H,0)(TMPyP)]5* [TMPyP = meso- between the formation of N,O and further reduction to form the
tetrakis(N-methyl-4-pyridiniumyl)porphyrin dication].2’ The six-electron reduction product NH;. The effective n value or
[Feli(NO*)(TMPyP)]4+/ [Fell(NO-)(TMPyP)]3* redox couple number of electrons added per NO,~ increased by approximately
for this porphyrin occurs at E,. = ~0.63 V and E,, = -0.45 V 1 with each 100-mV increment in applied potential between 0.6
and is similar in appearance to the film-based wave. Thecatalytic and -09 V.

waves for both complexes are clearly multielectron in nature,

concealing individual steps in the further reduction of [Fell- Discussion
(NO-)(PP)]- or [Fe''(NO-)(TMPyP)]3* within the broad en- Oxidative electropolymerization of Felll(PP)CI readily forms
velope of the catalytic reduction wave. a conductive film on inert electrodes which catalyzes the elec-
Products of the Catalytic Reductions. Theresultsof controlled- troreduction of NO or nitrite to ammonia, nitrous oxide, nitrogen,
potential electrolyses at the metalloporphyrin-modified electrode and hydroxylamine. Resonance Raman studies on related films
are summarized in Table I both as the percent conversion to a prepared from Nill(PP) indicate that, on average, one of the two
given product and as the percentage of the current passed in vinyl groups in each porphyrin is saturated. Consequently, it has
forming a particular product. For comparison, the results of been suggested that a radical cationic polymerization of the
homogeneous catalytic reductions mediated by [Fe!'{(H,0)- peripheral vinyl groups is operative in the formation of the
(TMPyP)]5* or [Feli(H,0)(TPPS)})3-at-0.9 V are alsoincluded polymeric films.30
in Table I. In the absence of the film or solution porphyrin The polymeric films that result are chemically accessible to
catalysts, the background current was negligible. The products NOand possibly tosmall, charged ions such as NO,-, as evidenced
of the electrolyses were analyzed when the current levels had by the loss of the Felil/Fel! wave upon addition of 0.01 M nitrite
dropped to approximately 10% of the initial value due to to the external electrolyte solution. In general, the films become
exhaustion of available NO,~. The major products of the catalytic deactivated with an extended series of successive reductive scans
reductions were ammonia, nitrous oxide, nitrogen, and hydrox- or repeated bulk catalytic reductions. Inone example, the initial
ylamine. In general, these products successfully accounted for current level at a previously used electrode was only 10% of that
all of the charge passed during the electrolysis, except for the observed for the first bulk catalytic reduction. The electronic
experiment at —0.9 V, where the current efficiencies totaled 81%. spectrum of the film does not change after exhaustive bulk
Wewere unable toaccount for the remaining reductive equivalents electrolysis. After potentiostating at —0.8 V for 45 min, the
at this potential although reduction of H* to H; is a possibility. absorption spectrum at a film-modified electrode in 0.06 M
The most highly reduced product, NH;, was favored as the NaNO, was identical to the spectrum shown in Figure 6a taken

clectrolysis potential became more negative. The enhanced prior to electrolysis.



Electrocatalytic Reduction of Nitrite and Nitrosyl

A plausible mechanism for the reduction of NO,- in acidic
solution is shown in Scheme I. This mechanism is based on the
results of cyclic voltammetry and product analyses following
controlled-potential electrolyses combined with previous solution
studies on metalloporphyrin-catalyzed electrochemical reduction
of nitrite.2123-25 Scheme I also shares certain steps in common
with the interconversion of MI(NO*) to M!I(NH3,) in polypy-
ridyl complexes of Rull and Os!l.19-2249 Spectral and electro-
chemical evidence support the formation of the nitrosyl complex,
[Fel'(NO+)(PP)]*, at the metalloporphyrinsites in the polymeric
matrix. Following an initial nitrosyl-based reduction, a multi-
electron step occurs that rapidly forms the reduced products and
returns the metalloporphyrin to the nitrosyl form. The two-
electron product N,O is produced via N-N coupling, perhaps
involving a dimerization as in eq 5. The N-N coupling step to
yield N,0 must be in competition with further reduction of the
NO- ligand, since, at increasingly negative potentials, the yield
of NHj; increases at the expense of N,O.

2[Fe''(NO")(PP)]” + H,0 + 2H* —
4
2[Fe''(H,0)(PP)]° + N,O (5)

The presence of significant amounts of both N; and hydrox-
ylamine suggests that the hydrated three-electron product
[Fe'(NOH,)(PP)]*2 can eliminate water in competition with
reduction to [Fell(NH,OH)(PP)]°, possibly leading to a nitrido
complex and, ultimately, to the formation of N,. The formation
of N; as a major product from metalloporphyrin-mediated nitrite
reduction is the most striking difference between the heterogeneous
system and the previously studied solution-phase monomeric por-

(49) Thompson, M. S.; Meyer, T. J. J. Am. Chem. Soc. 1981, 103, 5577.

Inorganic Chemistry, Vol. 31, No. 15, 1992 3285

phyrin catalysts.2*-25 Under comparable conditions, nitrite
reduction catalyzed by [Fe!'y(H,O)(TPPS)]*- or [Fe!!l[(H,0)-
(TMPyP)]3* yields <1% or 14% N, respectively, while elec-
troreduction with the film-modified electrodes yields 35%-39%
N depending on the applied potential. (See Table I.) The
enhanced N-N coupling observed with the film catalyst may be
a consequence of the enforced spatial proximity between the re-
dox sites within the polymeric matrix. Likewise, a rhenium(l)
catalyst for CO, reduction yields the C-C coupled product ox-
alate anion when electrodeposited as a thin polymeric film on an
electrode surface but not as a monomeric catalyst in homogeneous
solution.0

The sensitivity of the metalloporphyrin polymeric electrodes
to millimolar quantities of HONO/NQO,- and NO suggests the
possibility of using these or other modified electrodes as an
analytical tool either by electrochemical measurements or by
spectral measurements on optically transparent electrodes. The
film-modified electrode is particularly sensitive to the presence
of NO given its demonstrated affinity for the Fel'l porphyrin sites
within the redox polymer even at low levels in the external solution.
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