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Ferrous ions are found to catalyze the photochemical reduction f@CO in acetonitrile (ACN) solutions
containing triethylamine (TEA) or triethanolamine (TEOA) as reductive quencherg-gangpphenyl (TP) as

a photosensitizer. TP is photoreduced to form the radical anion, Wich reduces Fe(ll) ions. The rate
constant for the reduction of Fe(ll) by TPwas determined by pulse radiolysis in ACN/TEOA solutions and
found to be (1.2£ 0.4) x 10° L mol~* s™™. The Fe(l) ions produced are expected to react with @3orm

an adduct that is equivalent to the adduct known to be formed upon reaction,of @it Fe(ll) complexes.
Subsequent reduction of the FEO, adduct leads to formation of CO. Fe(l) can also undergo protonation
and form H. After extensive irradiation, photochemical production of CO stops, probably due to competition
between CO and CJor the Fe(l) binding sites. Addition of CO to the solution enhances the photochemical
production of H.

Introduction which can reduce Co and Fe porphyrins to thefiP\state.
A number of studies have explored the use of transition-metal _ I le
complexes as homogeneous catalysts for electrochénucal TP +MP—=TP+MP (6)
s .
photochemical® reduction of CQ as a means of energy TP + MP — TP+ M 7

storage* Recent studies have shown that iron and cobalt
porphyrins (MP) also are effective catalysts for the electro-
chemicat and photochemic&lreduction of CQ to CO and
formic acid. The mechanism was suggested to involve binding
of the CQ to the highly reduced metalloporphyrinf-,

The rate constants for these reactions were determined by pulse
radiolysis and found to be nearly diffusion-controlfed@he
metalloporphyrins, however, were destroyed during the photo-
chemical process and yet production of CO continued for
extended periods of photolysis beyond that. These findings

M°P*” + CO,— (CO,MP)* (1) suggest that catalytic reduction of @@ CO may be effected
by the ferrous ions formed after decomposition of the porphyrin
followed by reaction with a proton ligand. In the present study we find that ferrous ions indeed

catalyze the photochemical reduction of £0nder similar
conditions. Earlier studies have demonstrated photoreduction

(COrMP)*” + H" —M"P+ CO+ OH" (2) of CO; by ferrous ions in aqueous solutiohut with very
low yields that cannot explain the recent findifgsThe present
or with another C@ molecule. results show that the yields of such processes can be increased

by several orders of magnitude by the addition of reductive
o I o guenchers and photosensitizers.

(CO,-MP)" + CO,— M"'P+ CO+ CO,4 3)

Experimental Sectiorn©

In the photochemical studiésthe quantum yields for the
reduction of the metalloporphyrin and, consequently, for the
reduction of CQ, were relatively low. In a recent study it has
been shown that the yield can be dramatically increased by the
use ofp-terphenyl (TP) as a photosensitiZ&fP is photoreduced
by triethylamine (TEA) very rapidfto form the radical anion,

Comparative experiments were carried out with iron tetra-
m-tolylporphyrin (F&'TTP) and with inorganic iron salts.
Acetonitrile (ACN, Mallinckrodt analytical grade) was used as
solvent without further purification. The solutions contained 5%
(v/v) of either triethylamine (TEA, Aldrich, distilled over Na)
or triethanolamine (TEOA, Aldrich) as reductive quenchers. In

TP, most experiments 3 mmol 1t p-terphenyl (TP, Aldrich,
recrystallized from alcohol) was used as a photosensitizer. Since
TP Tp* (4) earlier experiments’ with metalloporphyrins were carried out
in the presence of TEA, the same quencher was used for
TP*+Et;N — TP~ + EtN™" (5) experiments with the iron salts. However, because TEA is a

relatively strong base Ky in water 10.7), F&€" ions were found

*On leave from the Institute of Nuclear Chemistry and Technology, 0 form aggregated hydroxides and at concentratio0s05
Warsaw, Poland. mmol L~! these precipitated. When Fe(G)@ (Aldrich) was
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used as the iron source, small amounts cf"Feere present in — T T T T T
this material but larger amounts were produced when the
solution was exposed to both TEA and air. Therefore, the
solutions were deoxygenated before mixing the iron salt and 3
the TEA. Despite these precautions, experiments could be
carried out only at relatively low iron concentrations(Q.1
mmol L™Y). To minimize aggregation and precipitation of
Fe(lll), TEOA was used as the reductive quencher, because this
amine is a weaker baseKpin water is 7.8). This permitted us
to prepare homogeneous solutions of Fe¢l@t concentrations
<1.5 mmol L1 It should be noted, however, that TEOA is
knownt! to coordinate F& and Fé&" ions in aqueous solutions
better than TEA, so that the results described below apply to
TEOA complexes rather than to the Fe@js?+ ion present in 1
the starting material.

Experiments were performed with fresh solutions that were
deoxygenated by bubbling with ultrahigh purity Ar or He or
were saturated~0.3 mol L) with CO, (Matheson, 99.99%).
Comparative experiments were also carried out with solutions 08
saturated{0.01 mol L") with CO (Air Products, C. P. Grade).
Photolysis was performed with an ILC Technology 300 W

xenon lam in water filter rb the IR an Pyrex
enon lamp, using a water filter to absorb the and a Pyre Figure 1. Photochemical production of CO (solid symbols) ang H

filter to absorbi < 300 nm. Thg solution 'Was placed elthgr ',n (open symbols) in C@saturated acetonitrile solutions containing 5%
a bulb surrounded by a water jacket or in a cell placed inside TEa 3w 103 mol L-X TP. and either 3.4< 105 mol L-* FeTTP

the water filter so that the solution was kept at room temperature. (circles) or 3.8x 105 mol L~ Fe(CIQ); (squares). The solutions were
Earlier experiments have shown that absorption of lighit at continuously stirred and photolyzed in a Pyrex bulb cooled by a water
400 nm leads to negligible photoreduction, even in the presencejacket, placed 10 cm away from an ILC Technology LX-300 UV Xe
of the iron porphyrirf, which has strong absorptions in the !amp. The solution volume was 35 mL, and the headspace above the
visible range. The photoreduction process occurs predominantlyS°!ution was 8 mL.

via light absorption by TP. This compound has two peaks at .
205 nm € = 5.9 x 10* L mol-% cm-1) and 279 nm¢ = 3.5 x to the fact that TEOA is a weaker reductant than TEA, thus

10* L mol~t cm™1), which are masked by the Pyrex filter, and r?actt_]inlg more sl_ow_ll_yEv(;i/l;\h TP éreacttion 5). lt:urtr:erirrngr(_e, the
P _ 1 a1 _ alcohol groups in can donate a proton to* T in

a tail with eg00 = 1.6 x 10°L mol * cm™, ea10=5.1x 10°L competit?on V\F/)ith reactions 6 and 7, and thug the yield of reduced
metal complex is diminished. The total photochemical yield of
CO and H obtained with Fe(CIg), also was lower with TEOA
than with TEA. The yield of CO in this case was slightly higher
than that obtained with the porphyrin (Figure 2a), probably due
to the higher concentration of the iron compound used in the
former case (the effect of concentration is discussed below). A

by pulse radiolysis using 6 MeV electron pulses from a Varian nqt]ceable qn'ference be.tween .the.two experiments 1S in .the
linear accelerator. The kinetic spectrophotometric detection initial delay in C.O format_lon, which is dlllje fo the difference in
system utilized a Hamamatsu 75 W xenon lamp, a shutter andthe photolysls time requ_lred to reduce'FeTP vs Fe(ClQ),
optical cutoff filters to minimize photolysis of the solution, a 2 to the reactive mtermed.lates. )

cm optical path length irradiation cell, a Jobin-Yvon mono- _ When the concentration of Fe(Clfp was increased by a
chromator, a Hamamatsu R955 photomultiplier, and a Tektronix factor of 6.6, the initial rate of photochemical production of
420A digitizing oscilloscope. Reaction rate constants are CO increased by a factor of 1.3 (Figure 2b vs 2a). Moreover,
reported with their estimated standard uncertainties. All experi- the process continued for longer periods and the total amount

ments were performed at room temperature 2 °C. of CO formed was 4 times greater. At the higher iron
concentration, photochemical production of &lso was much

higherl3 Under these conditions, when G@as replaced with
He, no CO was formed but the yield of;tlso dropped (to
Photochemical Production of CO and H. A comparison <50%). However, when COwas replaced with CO, the rate
of the photochemical production of CO andiH CO,-saturated of photochemical production of Hncreased by a factor of 3
acetonitrile solutions containing 5% TEA, 3 mmotLTP, and and the total yield by a factor of 2 (Figure 2b). This finding
either F&'TTP or Fe(ClQ); is shown in Figure 1. Itis found  may be explained by the bonding of CO to an iron complex
that formation of CO is considerably more efficient with the (see below}*
porphyrin. Production of b} however, begins with similar rates In blank experiments with the ACN/TEOA/TP/GGolution,
but diverges later. in the absence of the iron compound, the photochemical yield
The concentration of Fe(Ci could not be increased in this  of CO was very small€0.5% of that observed in the presence
solvent mixture (see Experimental Section). Therefore, further of the iron). When the iron compound was present, but the amine
experiments were carried out using TEOA instead of TEA. With was absent, the yield of CO also was negligibte(5%). In
Fe'TTP, the photochemical production of CO was a factor of the absence of TP, the yield of CO was very los0.7%,
2 less efficient with TEOA (Figure 2a) than with TEA (Figure because TP is the main photoactive material under these
1), and production of kiwas even less efficient. This is ascribed conditions.

Yield, mmol L™
N

Photolysis time, hrs

mol~t cm™1, andezp= 6 x 102 L mol~1 cm™2. This absorption
leads to the observed photochemistry, while other components
in solution exhibit little absorbance in this range. Absorption
spectra were recorded before and after irradiation with a Cary
3 spectrophotometer. The CO andéVolved were determined

by gas chromatography (Carboxen-1000 column, thermal con-
ductivity detectorf. Fast kinetic measurements were carried out

Results and Discussion
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Figure 2. (a) Photochemical production of CO in G®aturated
acetonitrile solutions containing 5% TEOA, 3 1072 mol L™ TP,
and either 3.6x 10° mol L™ FeTTP @) or 5.0 x 10° mol L™
Fe(CIQy), (m). The yield of B was very low under these conditions.
(b) Photochemical production of C@) and H (O) in CO,-saturated
acetonitrile solutions containing 5% TEOA, 3 1072 mol L™ TP,
and 3.3x 10 % mol L™! Fe(ClQy), and photochemical production of
H> (a) from a similar solution saturated with CO.

When the complete system of ACN/TEOA/TP/g€bntain-
ing 0.5 mmol -1 Fe(ll) was photolyzed in the 1 cm cell for 30
min with the full spectrum of the Xe lamp, i.e., without the
300 nm cutoff filter, the yield of CO was 6.7 times higher than
that found with the filter. Under these conditions, when TP was
not present in the solution, the yield of CO dropped-80%,
indicating that considerable photolysis takes place in the UV
region via direct photoreduction of the iron by the amine. In
fact, when either Fe(ll) or TEOA was absent from this system,
the yield dropped ta<0.3%.

Photobleaching of TP.The above results show that the
photochemical yields of CO and;hhcrease with iron concen-
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TABLE 1: Photochemical Decay ofp-Terphenyl
initial rate of TP decay

solutior? TEA TEOA TEOA, TEA®
Ar 65 11 32
Co, 28 14 39
CcoO 64 11
H* (0.03), Ar 21 35
Fe (0.1), Ar 34 24 32
Fe (0.1), CQ 10 33
Fe (0.1), CO 1.4 15
Fe (0.3), Ar 18
Fe (0.3), CQ 8
Fe (0.5), Ar 12 24
Fe (0.5), CQ 5
Fe (1.0), Ar 17
Fe (1.5), Ar 9.5

a All solutions (4 mL) contained 1.5 mmolt p-terphenyl and either
TEA or TEOA (5% v/v) in acetonitrile, were saturated with the specified
gasin1lcmx 1cmx 4 cm quartz cell, and were photolyzed by a 300
W Xe lamp at a distance of 10 cm through Pyrex and water filters.
The iron was added as Fe(C)@ and the H as HCIQ; their
concentrations in mmol i are given in parenthesesThe initial rate
of decay of TP, given in units gfmol L=t min~?, was calculated from
changes in absorbance, measured at-&20 nm, following photolysis
for various times, generally up to 20 or 30 min. The standard
uncertainties are estimated to $#40%. ¢ The solutions contained 5%
TEOA and 10 mmol C* TEA. ¢ The rate was 25 with 5 mmol 1
TEA and 37 with 20 mmol L* TEA.

lower molar absorption coefficients than TP.
TP + ROH—TPH + RO (8)

)

Reactants that can accept an electron frorm T@n protect TP
against bleaching. For example:

2TPH — products

TP + Fe(ll) = TP+ Fe(l) (20)
To determine such protection, we monitored the photochemical
decomposition of TP by following its bleaching at 314 nm to
320 nm and the effect of various additives. The initial rate of
photochemical bleaching of TP in deoxygenated ACN/TEA/
TP solutions was decreased upon addition of 6Fe* (Table
1), due to the contributions of reactions 10 and 11.
TP +CO,— TP+ CO,” (12)

Reaction 11 has been shown to have a very low rate constant,
k <1 x 10° L mol~1s7%, but it has a significant contribution
in the absence of competitors and is known to lead to formation
of formic acid®” Saturating the solution with CO, however, did
not protect TP from photochemical bleaching. The lack of effect
of CO may be due in part to its solubility, which4s30 times
lower than that of C@in this solvent.

The rate of photobleaching was lower in the presence of
TEOA as compared with TEA (Table 1). This is due to a lower

tration. This effect may be related to an increase in the extent photochemical yield of TP, as discussed above. Addition of

of reaction of TP~ with the iron complex, which can be
expressed in the efficiency of the iron complex in protecting
TP against photobleaching, as demonstrated below.

TP is photoreduced to TP by the amine (reactions 4 and
5). In the absence of the iron compound,*TRindergoes
protonation by a protic molecufor by the proton formed from

Fe(ClQy), to an Ar-saturated ACN/TEOA/TP solution resulted
in anincreasedrate of TP photobleaching. This is ascribed to
the increase in acidity upon addition of this ferrous salt. In fact,
addition of a low concentration of HClJ(equivalent to that
introduced by the addition of the iron salt) also resulted in an
increased rate of bleaching (Table 1). This effect may be

the oxidized amine following reaction 5. Subsequent decay of rationalized if we assume that the decay of the radicals derived
the radicals leads to the photobleaching of TP, i.e., to formation from TP takes place via two possible routes:Thay react

of hydrogenated products and addition proddetshich have

with TP~ or with TPH via disproportionation, to recover half
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T T T T T T T T T radiolysis of a deoxygenated ACN solution containing TP, the
solvated electrons react with TP to form “TPwhich exhibits
intense absorption peaks at 480 nm and elsewfiéfdhe yield

and lifetime of TP~ were increased by the addition of TEA

or TEOA, which scavenge the positive ions and thus minimize
- - the loss of electrons and radical anions. The rate of decay of
TP~ in ACN solutions containing 5% TEOA was® 10* s™1

and this increased to 2:9 10° s~! upon addition of 3.1x 107>

mol L= HCIO,. In the presence of 5% TEOA and 10 mmol
L~ TEA, however, the rate of decay was 6510* s™1 and

L - was not affected by the addition of the HGIQVhen Fe(CIQ),

was introduced into the solution, because its concentration was
relatively high, the small fraction of the iron ions that was
present as Fe(lll) reacted with TR The rate constant for this
reaction was determined by separate experiments withzFeCl
and found to be~5 x 10° L mol~* s™%. To eliminate this fast
reaction, all solutions were photolyzed by the analyzing light
inside the irradiation cell until all Fe(lll) was reduced to Fe(ll)

14} .

-
N
T
1

Concentration, mmol L'1

-
o
T
L

0.8 1 L 1 1 4 —1 and then irradiated with the electron pulse to monitor the rate
0 20 40 60 80 100 of decay of TP. The rate was found to increase linearly with
Photolysis time, min the concentration of Fe(ll), which was varied from 0.5 to 1.2
mmol L~1, and from the linear dependence a rate constant

Figure 3. Photochemical bleaching of TP (16 10 mol L™?) in _ 21 el Ay
acetonitrile solutions containing 5% TEOA andk110~* mol L™ Fe- - (1'_2 + 0'4)_ x 10° _L mol™ s wa_s Ca'c%"ated- Similar
(CIO),, saturated with Ar@), CO; (a), or CO @). The results under experiments with solutions saturated with CO instead of Ar gave

Ar but in the absence of the iron salt are shown for comparig)hn ( a rate constant of (1.& 0.5) x 10° L mol~! s™1. CO by itself
had no effect on the rate of decay of “TPThus, the rate

of the TP that was initially reduced, e.g., constant for reaction of TP with the FETEOA complex is
B B found to be much lower than the rate constants measured for
TP +TPH — TP+ TPH (12) Fe(ll) porphyrins and phthalocyanines, suggesting that the

) S ) reduction potential of FEFTEOA is more negative than the
whereas TPMreacts with TP via dimerization, with N0 potentials of the other complexes and much closer to the
recovery of TF® reduction potential of TP.

Mechanism. From the above results we conclude that the
2TPH — (TPH), (13) mechanism of photochemical reduction of £ CO in the

present system involves reaction of “TRvith the FETEOA
TPH also reacts with other radicals, such as those derived from complex, reaction 10, to form the reactive Fe(l) species. We

the amine, to form adduct8.The added acid reacts with TP assume that this species reacts with,@®form an adduct.
to form TPH and thus reduces the contribution of reaction 12
relative to that of reaction 13. To counteract this effect, we added Fe" + CO,— (Fe—CO,)" (14)
small concentrations of TEA.

Addition of 5-20 mmol L™* TEA to the ACN/TEOA/TP The adduct is then reduced by another Fe(l) or by a different
solution increased the rate of photochemical bleaching of TP reducing species (such as*TPto yield CO and Fe(ll).
(Table 1) due to enhanced quenching of TP* by the amine.

Addition of Fe(CIQ), or HCIQ; in this case did not lead to (Fe-CO,)" 4+ Fe" — (Fe—CO,) + F&* (15)
increased photobleaching of TP because the added acid is
neutralized by the TEA. Moreover, addition of increasing (Fe-CO) + HY — Feé" + CO+ OH (16)

amounts of the iron salt resulted in increasing protection of the

TP. This effect provides the rationale for the results in Figure A similar mechanism has been shown to operate in the catalyzed
2b vs 2a discussed above. The low total yields obtained at low photoreduction of C@ by Ni(cyclamp>2° and it may be
iron concentrations (Figure 2a) are clearly due to depletion of expected to operate in the present system as well.
TP, while higher iron concentrations offer increased protection  The complex formed by reaction 14 is similar to that formed
of TP and extended photochemical production of CO aad H py reaction of F&" with CO,~.
(Figure 2b).

A comparison of the effects of CO and €®n the F&t + co,” — (Fe—COZ)+ (17)
photobleaching of TP in the presence of Fe(ll) is demonstrated

in Figure 3. In the presence of CO, the rate of photobleaching sych complexes have been observed by following the reaction
of TP was much lower than that observed under Ar. In the f CO»~ with Fé'—NTA (nitrilotriacetate) and Pe-HEDTA
presence of C&) however, the rate was intermediate between [(N.hydroxyethyl)ethylenediaminetriacetate] in aqueous solu-
those observed with Ar and with CO in the beginning of the {jons2i Those complexes were found to react with anothey CO

photoreduction process but became considerably lower as theqagical to lead to an overall disproportionation of £0into
reaction progressed. This effect may be ascribed to the ac-co gng cox

cumulation of CO in the solution.

Pulse Radiolysis ExperimentsThe rate constant for reaction  (re-Cc0,)" + CO,” + H' —
10 was determined in pulse radiolysis experiments similar to " 3
those described before for the metalloporphyfins the F€"+COo+ CO,+OH (18)
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Both reaction 18 and reaction 15 involve reduction of the(Fe
CO,)* complex and subsequent formation of CO.

Which of the above two mechanisms predominates in the
present system depends on whether-TRacts with Fe(ll)
(reaction 10) or with CQ(reaction 11). Althouglk;o/ki; > 100,
the concentration of C{generally was> 100 times higher than
the concentration of Fe(ll). Therefore, we cannot rule out a
contribution by reaction 11. Either one of the above mechanisms
involves formation of the (FeCQO,)*™ complex. Such short-lived
complexes with NTA and HEDTA as ligands have been shown
to exhibit absorption spectra with maxima near 400 %m.
However, the formation of such complexes under the present
conditions cannot be verified since pulse radiolysis of the present
system produces organic radicals from ACN and TEOA and
these radicals react rapidly with Fe(Il) to form similar atkyl
iron complexes, with similar absorption spectra to that of(Fe
COy)™.

Photochemical production of Htook place along with
production of CO. The mechanism of, fbrmation probably
involves protonation of the Fe(l) complex to form a hydride,

Fe"+ H" — HFe™" (19)
which then accepts another proton to forrp &hd Fe(lll), as
suggested beforé.

HFE" +H" —H, + Fe*' (20)

In some of the present experiments on photochemical reduction
of CO,, the amount of CO produced reached a plateau after
extended photolysis, but production of Ebntinued for longer
irradiation times, indicating that TP was not depleted. Therefore,
it is likely that the limit on the yield of CO is due to competition
between CO and COfor the binding site on the iron. CO is
known to bind to Fe(ll) and Fe(l) porphyridsyut binding to

the Fe-TEOA complexes is expect&tto be weaker. Since the
rate constant for reaction of TPwith Fe(ll) in the absence
and presence of CO was practically the same, it may be
concluded that no binding of CO to FEEOA is evident. On

the other hand, since CO protects TP against photobleaching

in the presence of BFFEOA much more than does G(Figure
3), it may be suggested that CO binds to thETE©A complex.
Such binding may explain the enhanced production ef H
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that the rate constant for reaction 10 is only ¥.20° L mol~?
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2 orders of magnitude highér.
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