11332 J. Phys. Chem. R000,104,11332-11339

Reduction of Cobalt and Iron Phthalocyanines and the Role of the Reduced Species in
Catalyzed Photoreduction of CQ

J. Grodkowski,T T. Dhanasekaran? and P. Neta*

Physical and Chemical Properties &$ion, National Institute of Standards and Technology,
Gaithersburg, Maryland 20899

P. Hambright
Department of Chemistry, Howard Umirsity, Washington, DC 20059

B. S. Brunschwig, K. Shinozaki, and E. Fujita
Chemistry Department, Brookban National Laboratory, Upton, New York 11973

Receied: July 30, 2000; In Final Form: September 26, 2000

The role of cobalt and iron phthalocyanines in catalytic ,Q@®duction has been studied. Chemical,

photochemical, and radiolytic reductions of the metal phthalocyanines (Pc) have been carried out in organic

solvents, and reduction of their tetrasulfonated derivatives (TSPc) in aqueous solutitirs.aDd F&Pc are
readily reduced to [C&c] and [FéPc], which do not react with C© Reduction of [C&Pc] yields a product
which is characterized as the radical anion,'Rn]%-, on the basis of its absorption spectra in the visible
and IR regions. This species is stable under dry anaerobic conditions and reacts rapidly wi@a@@ytic
formation of CO and formate is confirmed by photochemical experiments in DMF and acetonitrile solutions

containing triethylamine (TEA) as a reductive quencher. The photochemical yields are greatly enhanced by

the addition ofp-terphenyl (TP). The radical anion, TRformed from the reductive quenching of the singlet
excited state with TEA, reduces the phthalocyanines very rapidly. The rate constants for reductidR@f Co
[Co'Pc], and [FéPcl by TP, determined by pulse radiolysis in DMF solutions, are nearly diffusion-
controlled. The mono-reduced species formed fromPEp is unstable under the pulse radiolysis conditions
but is longer-lived under the flash photolysis conditions. The interaction of this species witis €ither too

weak or too slow to detect in the current experiments, where a competing reaction with protons predominates.

Introduction including the tetrasulfonatophthalocyanines (TS$Pand the

The increase in atmospheric €Qevels has stimulated tetra_(ert—butyl)phth_alocyanings (TBPc), and at examining their
research into photocatalytic GQreductiont A number of role in photochemical reduction of GOThe TSPc and TBPc

transition metal complexes are known to act as electron-transfercOMplexes are more soluble in water or organic solvents,
mediators for photochemicaor electrochemicalreduction of respectively. Chemical, photochemical, and radiation chemical
CO.. Recent studies have shown that iron and cobalt porphyrins Methods were used.

(MP) are effective homogeneous catalysts for the electrochemi-

caP and photochemicél reduction of CQto CO and formic Experimental Section'!

acid. The mechanism is believed to involve binding of the,CO . ) . . )

to the reduced porphyrin, [\P[2". In the photochemical studies, Experiments in organic solvents were carried out with cobalt
the turnover numbers for the porphyrins were low due to an(? iron phthalocyanines, WhICh were supplied in the forn_1 of
reductive decomposition of the macrocycle. In the present study €9'P¢ and CIF€Pc. Most experiments, however, were carried

we extend this work to examine whether cobalt and iron Out With 2,9,16,23-tetragrt-butyl)phthalocyanine, CaBPc,

phthalocyanines also catalyze photoreduction of @homo- which is more soluble than CBc. Experiments in aqueous
geneous solutions and whether they exhibit higher efficiency solutions were carried out with the water-soluble tetrasulfonated

or longer durability than the porphyrins. Electrocatalytic reduc- Phthalocyanines, Ca'SPc and CIFETSPc: The phthalocya-
tion of CO, by cobalt tetrasulfonatophthalocyanifesaqueous ~ Nines were obtained from Mid-Century Chemicals (Posen, IL).
solutions has been reported to yield CO and formic acid. More Water was purified with a Millipore Super-Q system. Triethy-
efficient electrocatalysis has been found with cobalt phthalo- @mine (TEA) was obtained from Aldrich and was refluxed over
cyanines deposited on the surface of carbon electbdés spdlum and dIStI!|ed under nitrogen. Acetonitrile (MeCN)N-
present study is aimed at characterizing the species producedlimethylformamide (DMF), methanol (MeOH), 2-propanol (2-

by reduction of the cobalt and iron phthalocyanines (Pc), PrOH), sodium formatep-terphenyl, and the inorganic com-
pounds were “Baker Analyzed” reagents. Tetrahydrofuran (THF)
* Author to whom correspondence should be addressed. and MeCN, used as solvents for sodium reduction, were purified
TOn leave from the Institute of Nuclear Chemistry and Technology, by published method3and stored in a vacuum over NaK and
Warsaw, Poland. . . . .
*Current address: Radiation Laboratory, University of Notre Dame, activated molecular sieves, respectively. All experiments were

Notre Dame, IN 46556. performed at room temperature, (222) °C.
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For the radiolysis and photolysis experiments, fresh solutions

were deoxygenated by bubbling with Ar, He, or £8adiolysis
was performed in a Gammacell 288Co source with a dose
rate of 0.5 Gy s’ Photolysis was performed with a 300 W

xenon lamp, using water filters to absorb the IR and Pyrex filters

to absorb the UV A < 310 nm). Absorption spectra of the

phthalocyanines were recorded before and after irradiation, the
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®3)
(4)

Co'TSPc+ e,, —[Co'TSPc]
C0'TSPc+ *CO,” — [CA'TSPc] + CO,

When formate is replaced with 2-propanol, similar reductions
take place by &~ and by the (CH)>,COH or (CH;).CO™ radicals

CO evolved was determined by gas chromatography (Carboxen-derived from 2-PrOH. In aqueous 50% 2-PrOH (6.7 mot)L
1000 column, thermal conductivity detector), and the formate C9' TSP¢?is fully monomeric fmax 326, 600, 664 nm) and is
ions formed were analyzed (after dilution with water) by a radiolytically reduced to [CSPC]” (Amax 315, 430, 475, 710
Dionex DX-500 ion chromatograph using an AS-11 column and nm) (Flg_ure 1a)_. CHTSPc in aqueous solut|_ons with no added
NaOH solutions as eluent. Two types of photochemical experi- @lcohol is a mixture of monomers and diméfsand at the
ments were carried out. In one type, 35 mL solutions in a 43 concentrations used in the present study only 3% is

mL Pyrex bulb were saturated with G@nd then photolyzed

monomeric. The dimeric [CaSPch (Amax ~ 310, 622 nm) is

with the Xe lamp. After various intervals, the headspace was 'éduced to stable [COSPC}*~ (1max312, 448, 688 nm) (Figure
analyzed for CO by gas chromatography. In the other type of 2a). In all cases, the reduction was quantitative, i.e., the radiolytic

experiments, 4 mL samples of the &€aturated solutions in 1
x 1 x 4 cm optical cells were photolyzed for various intervals

yields werex 0.7 umol J 1, close to the known radiolytic yield
(0.65umol J1) of reducing radicals in this medium, indicating

and then analyzed for CO in the headspace and for formic acid that all reducing radicals formed react efficiently with phtha-

in the solution. In both types of photolysis experiments, the
irradiation cell was cooled by water to maintain the solution at
room temperature. Actinometry was carried out with ferric
oxalate solutions at (316 4) nm using a combination of a
glass interference filter and a Nig®olution filter.

Pulse radiolysis experiments were carried out with the
apparatus described befdfewhich utilizes 50 ns pulses of 2

locyanine. Thélmax values found in this study are in agreement
with those reported befo€. The Co(l) complex is stable in
the absence of £but is quantitatively reoxidized by Qo the
Co(ll) complex.

TheAmax values given above were very similar in neutral and
alkaline solutions, but in acidic solutions the spectrum was blue
shifted by several nanometers, possibly due to protonation of

MeV electrons from a Febetron model 705 pulser. Reaction rate the sulfonate groups. The monomer/dimer mixture' f&ec]/
constants are reported with their estimated standard uncertaintiesCO TSPck*~ produced by radiolysis in deoxygenated formic

The UV—vis—IR spectra of reduced CoTBPc species were
recorded in THF solutions following stepwise reduction of Co

TBPc by a sodium mirror using standard vacuum line proce-

acid solutions at pH 2 underwent partial reoxidation td'Co
TSPc/[CATSPc} within several hours, whereas no such
recovery was found at pH 5. Slow partial protonation of '[Co

dures. An excess of Na was generally used and the end pointT SPCI/[COTSPc}?™ in strong acid may lead to formation of

of each reduction was carefully monitored by the loss of

isosbestic points. The Na chamber was removed from the cell

before the addition of research grade £0O

Laser flash photolysis experiments were carried out with
[CO'TBPc]~, which was produced from ®&@&BPc either by
sodium reduction in THF solutions or by photolysis in MeCN
or THF solutions containing TEA and TP. Since the lifetime of
the TP radical anion (TP), formed from the reductive
quenching of the excited state with TEA, is longer in MeCN

an unstable hydride. However, no long-lived hydride was found.
Irradiation of the [C6TSPc]/[Co'TSPc}?™ mixture at all pH
values led to a gradual bleaching of all the peaks (Figures la
and 2a show representative results in alkaline solutions). The
final products are probably formed by disproportionation of the
reduced [COTSPc]/[Co'TSPc}?™ leading to hydrogenation of
the macrocycle. Addition of @after the bleaching did not
recover all of the original complex. The radiolytic yield for
reduction of [CHTSPcJ/[COTSPch?~ in aqueous formate

than in THF, subsequent flash photolysis experiments were solutions, to form the colorless products, was0 times lower

carried out in MeCN. The details of the laser flash photolysis
system are as described beféte.
Cyclic voltammograms in THF were recorded with a BAS100B

than that for reduction of @ SPc/[Cd TSPc} to [CATSPcT/
[CO'TSPc}?~. The lower yield implies that the second step
consumes more than one electron per phthalocyanine molecule,

electrochemical analyzer, with scan rates ranging from 20 mv @s well as a complicated reaction ‘@O,~ with [Co'TSPc]/

s 1to 1V s L. A conventional three-electrode system consisting

of a glassy carbon working electrode, a Pt counter electrode,

[CO'TSPc}?~ (see below).
Similar experiments with CIFETSPc (mostly dimeri¥ in

and a standard calomel reference electrode was used. Ferrocer@queous formate solutions, pH 7.6) showed stepwise reduction
was added as an internal standard at the end of all experiments©f this complex fmax 327, 628 nm) to [FETSPc} (Amax 322,
All potentials are given with reference to the standard calomel 428, 606, 667 nm) and then to [F&Pc}*" (Amax 320, 490,

electrode.

Results and Discussion

Radiolytic Reduction of the Phthalocyanines in Aqueous
Solutions. Radiolytic reduction of the cobalt and iron phtha-

600(sh), 700, 830 nm). Further reduction led to bleaching of
all peaks. Air oxidation led to full recovery of [F€SPc} from

the Fe(l) complex but not from the further reduced species. Both
[CO'TSPc] and [FETSPc] (monomer-dimer mixtures), pre-
pared by radiolytic reduction in the presence of formate and
CO;, at pH 5.8, were stable for hours in the absence gf O

locyanines was performed in deoxygenated aqueous solutions py|se radiolysis of [C&SPc] (or its monomer/dimer

containing formate ions as scavengers foaHd*OH radicals,

mixture) was carried out to observe the short-lived species

where the complex is reduced via reactions 3 and 4 (as hasproduced by one-electron reduction. The [C®Pc] was

been reported for porphyrifiig!d:

H,0 ~> e, . H', "OH, H', H,, H,0, (1)

H'/'OH + HCO,” — H,/H,0 + "CO,” @)

prepared by reduction of ®®SPc with H on Pd (5% in
alumina) or byy-radiolytic reduction. Pulse radiolysis experi-
ments with CHTSPc were carried out for comparison.'€o
TSPc (monomeric, deoxygenated aqueous solutions, 50%
2-PrOH, pH 12.4) was reduced in two steps, by a rapid reaction
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—T T T solutions, however, showed that the difference spectrum moni-
10| i tored 10us after the pulse has somewhat similar absorption at
a 480-580 nm as that observed at high pH, but the spectrum
B 7 monitored 50Qus later, after the reaction witRO,~ is complete

08 L i (Figure 2c), is different. At 680 nm there is further bleaching
of the reactant, at 580 nm the absorbance increases, and at 480
- A ] nm does not change. Under®, where the reaction with.g

06 | l . is eliminated and replaced by reaction Wi, the spectrum

\ observed after 500s was similar to that found at 50 in the
absence of BD. Experiments at pH 5.8 under Gvhere again

the reaction with g is replaced by reaction withCO,™,
showed a spectrum (Figure 2d) with a peak at 580 nm but no
peak at 480 nm. As suggested for other Co(l) complékiése
reaction of [C6TSPc]™ with *CO,~ may proceed via addition:

Absorbance

0.4

0.2}

0.0 [CO'TSPc] + *CO,” — [CO,CoTSPct (5)

The adduct can react via two routes: (a) at high pH with-OH

to form [CdTSP¢~]2~ and HCQ™, and (b) at low pH with water

or protons to form a hydride [HC@SPc]. As the pH is
changed the rate of formation of the hydride or [C®Pc]%~
predominates. This suggests that the 480 and 580 nm peaks are
due mainly to [C6TSP¢~]%~ and [HCA' TSPcT, respectively.

We cannot rule out, however, that the monom@imer equi-
librium is also changing with protonation. The 580 nm absorp-
tion at pH 5.8 was found to decay over 10 s. The kinetics
followed a first-order rate law witlk = (0.244 0.03) s1. To
further characterize these intermediates, reduction was carried
out in organic solvents.

Reduction of Cobalt Phthalocyanine by SodiumStepwise
reduction of CBTBPc was carried out by sodium mirror in THF
solutions. The colors and the optical absorption spectra of the
various reduction products (Figure 3 and Table 1) are similar
to those observed by Clack and Yan#ldn THF solutions
300 400 500 600 700 800 UV —vis spectra show no indication of dimer formation."€o

TBPc and the one-electron-reduced species exhibit absorptions
Wavelength, nm in the UV and visible regions but no absorptions in the near-IR
Figure 1. (a) Absorption spectra recorded uppmadiolytic reduction region (806-1600 nm), indicating that the electron is primarily
of Cci'TSF(;c (tSOI(idh"nterto rECc?-I'SP():T' (Igng-dashe(tj I(;ne) and subslet-_ located at the cobalt center to produce [TRPc]. The species
uent proaucts (short-aasned line) In deoxygenatea agueous solution : Hae
(c]ontair?ing 50% 2-PrOH at pH 12.8. (b) Diffe?/egntial absorqption spectrum Sformed _by subsequent reductlo_ns, however, exhibit intense IR
recorded by pulse radiolysis of deoxygenated aqueous solutions absorptions. The second reduction product h.as peaks Qt 918 and
containing 50% 2-PrOH and 157 1075 mol L=* Co'TSPc at pH 12.4, 1152 nm and, therefore, may be characterized asradical
recorded 50Qus after the pulse, dose per pulse 5 Gy. aniont® [Co'TBPc~]?" rather than [CBTBPcF . All subsequent
reduction products also exhibit IR absorptions. Addition of a
with €ag~ (kK ~ 2 x 10" L mol™* s™%) and a slower reaction  |arge excess of 18-crown-6 to the THF solution to inhibit
with (CH3)2CO™ (k ~ 7 x 10° L mol~* s!). The spectra  formation of ion pairs such as N&€o'TBPc-] did not change
monitored after either step were identical, indicating that both the spectral features significantly.
reactions yield the same product. The difference spectrum Addition of CO, to the THF solution of [CEFBPc]?~
(Figure 1b, circles) is in good agreement with the calculated resulted in an immediate color change from dark red to olive-
difference (solid line) between the spectra of'T8Pc and green. The spectrum of the product was that of TB®c]",

0.05

0.00

-0.05

Absorbance

-0.10

-0.15 | b

[CO'TSPc] from Figure 1a. which remained stable for many hours in the presence of CO
Pulse radiolytic reduction of [CBSPc}*~ (mostly dimeric, e interpret these findings by the following reactions:

0.1 mol L~ formate solutions, pH 13) also took place in two

steps. The rate constants for reactions wit1 and with*CO,~ [COTBPC % + co,— [CQZCOTBPC]?— (6)

radicals were determined by following the kinetics gf edecay

at 760 nm and the kinetics of product formation at 550 nm as
a function of phthalocyanine concentration. The rate constants
were found to be (6.5 1.0) x 10° L mol~! s7* for e, and

(5.5 + 0.8) x 107 L mol~! s71 for *CO,~. The difference Co'TBPc+ [CO'TBPC ]2 — 2 [COTBPc]  (8)
spectrum monitored after reduction (Figure 2b) shows bleaching

of [COTSPc}?~ and formation of absorption mainly at 480 Ca'TBPc+ [CO,CoTBPcf” — 2 [CATBPc] + CO, (9)
580 nm, which may be ascribed to the reduced complex. The

spectral changes observed at different times after the pulse werdCo' TBPc]2~ reacts with CQ to form a complex, which
similar, indicating that reduction took place by botheand decomposes to CO and EBPc. This decomposition may be
*CO,” to form the same species. Experiments in neutral enhanced by C§) since no protons are available to accept the

[CO,CoTBPcf™ + CO,— Cd'TBPc+ CO+ CO,> (7)
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Figure 2. (a) Absorption spectra recorded uppmadiolytic reduction
of a mixture of [CATSPc} (>70%) and CHTSPc (<30%) (solid line)
to a mixture of [CéTSPcl?~ and [CATSPcT (long-dashed line) and
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Figure 3. Absorption spectra recorded upon reduction of T®Pc
by sodium mirror in THF solutions: (a) blue €6BPc— [Co'TBPc],
olive-green, (b) [CABPc]” — [Co'TBPc~]%, red, (c) [C4TBPCc™]?~
— [CoTBPc}F, purple, (d) [CoTBP& — [CoTBPc]/~ violet, (e)
[CoTBPcf~ — [CoTBPCc]® violet.

TABLE 1: Spectroscopic Properties of CoTBPc in THR

CoTBPc color Amax NM (1073 ¢, L mol~tcm™?)

Cd'TBPc blue 240 (47), 294 (50), 330 (78), 598 (31),
662 (130)

[Co'TBPc olive-green 268 (40), 313 (70), 430 (35), 468 (47),
636 (19), 674sh (25), 701 (65)

[COTBPc 1%~ red 272 (43), 318 (36), 470 (47), 628 (16),
688 (19), 918 (6.1), 1152 (3.7)

[CoTBPcF~ purple 278sh (42), 338 (29), 426sh (22),
508 (55), 610sh (22), 914 (6.4),
1150 (5.6)

[CoTBPc}~ violet 420sh (26), 556 (47), 696 (24),
965 (5.8), 1330 (6.2)

[CoTBPcP~ violet 356 (25), 466sh (40), 519 (52),

675 (28), 908 (6.0), 1282 (8.1)

subsequent products (short-dashed lines) in deoxygenated aqueous

solutions containing 0.1 mol1t HCO,™ at pH 13%° (b,c,d) Differential

a Molar absorption coefficients were calculated by assuming 100%

absorption spectra recorded by pulse radiolysis of aqueous Sc,|utionscon\/0er:sion from CHTBPc. Their estimated standard uncertainties are

containing 0.1 mol £ HCO,~ and [CATSPc[/[Co'TSPc}?, prepared
by reduction of C6TSPc/[CdTSPc} with H, on Pd; (b) 6x 1075
mol L~ complex, pH 13, Ar-saturated, spectrum monitored:d &fter
the pulse, dose per pulse 5 Gy; (cx7L07° mol L~* complex, pH 7.6,
Ar, 10 us (@) and 50Qus (O), dose per pulse 13 Gy; (d)x 10“ mol
L=t complex, 0.01 mol E* HCO;™, pH 5.8, bubbled C& 500us after
the pulse, dose per pulse 13 Gy.

0.

oxide. The subsequent reactions, eqs 8 and 9, must be fast to
effect practically complete conversion of the phthalocyanine into

[CO'TBPc] . [COTBPc] does not react with COThese results
are in agreement with previous spectroelectrochemical rédults,
where [CdPc]” was reduced to [CBc~]?~ in DMF solutions,
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TABLE 2: Absorption Peaks of Various M" and M' reduction of TP to produce dihydroterphenyl derivatives in DMF
Phthalocyanines in Different Solvents and MeCN was previously reportéd.

CoPc solvent Amax, NM Further photolysis of the above solutions led to complete
Cd'TBPG THE 240 204 330 508 662 bleaching. The quantum yield for this second step (with>6.4
Cd'TBPc MeCN 240sh 290 324 601 663 105 mol L7t Co'TBPc) was 0.10 and CO was detecteel(

Cd TBPc DMF 295sh 329 601 664  x 107°° mol L™Y). When the resulting colorless solution was
SS'%PC Eb'\g'fpr OH 288 g’zzg 6583 gg’f saturated with @ half of the original C8TBPc was recovered,
[CO'TSPc}  H,0 ~310 622 indicating that part of the colorless products are intact macro-
[COTBPc]  THF 313 430 468 636 701 cyclic complexes that can be reoxidized to yield the starting
[CoOTBPc]T MeCN 311 427 467 638 702 material. Whether the products can be reoxidized to the starting
[Co'Pc]” DMF 310 422 464 632 698 material depends on the extent and site of hydrogenation (as is
[(C;O:EECT} :28/Pro"' 3?1125 Z‘fg 475 678%0 known for the analogous porphyrin complexes). Further pho-
E:eﬁ’PC c DZMF 320 422 596 630 656  tolysis decreased the extent of oxidative recovery and produced
[FePcl DMF 322 518 597 660 830 much more CO (further details are given below).

[Fe'TSPc  H0 322 428 606 667 Photoreduction of [C@BPc] in the presence of TEA and
[FeTSPcy  H:O0 320 490 600sh 700 830 TP did not produce the expected [CBPc-]2~ because this

. product undergoes rapid protonation. To stabilize the product
with similar spectra to thosm_a in Figure 3. In the presence of we made the solution alkaline by adding 1 mmot-of sodium
CO;, electrochemical reduction resultédh no net change in  methoxide (as 1% of a 0.1 mol& methanolic solution). Under
the spectrum of [C&c], indicating that the reduction product  these conditions, upon deoxygenation of thé TRBPc solution
is oxidized by CQ. the color turned from blue to olive-green and the spectrum was

Electrochemical Reduction of Cobalt Phthalocyanine. that of the [CHTBPc]. A similar thermal reduction in the
Cyclic voltammetry measurements were carried out with-Co  presence of base has been noted before with a Rh-porgfyrin.
TBPc in THF, using tetrabutylammonium hexafluorophosphate Photolysis of this [CEBIBPc]™ solution led to spectral changes
as an electrolyte and a glassy carbon working electrode. In Ar- which were identical to those observed upon sodium reduction
saturated solutions two reversible reduction steps were observedof [Co'TBPc] to [COTBPc~]2~ and indicate that the same
E12(Co'TBPc/CATBPc) = —0.48 V and Ey»(CdTBPc/ product is formed. This photoreduction was quantitative in DMF
CJTBP¢) = —1.54 V vs SCE, in the same range as reported solutions but not so in MeCN solutions due to the limited
before?’ In the presence of CQ the first wave remained  solubility of sodium methoxide. In DMF, further photolysis of
practically unchanged while the second showed increasedthe [CdTBPc~]2" led to several additional steps of spectral

current, indicating catalyzed reduction of €6y [CdTBPc]%. changes, but none of these spectra matched those observed upon
This result is in agreement with an earlier repard consistent  sodium reduction. Presumably, these photoreduction products
with the reactions discussed in the previous section. of [COTBPc~]?~ undergo protonation, leading to gradual

Photochemical Reduction of the PhthalocyaninesCobalt saturation of the phthalocyanine double bonds. After extensive
and iron phthalocyanines have been shown to undergo pho-reduction, reoxidation by £recovered only 6% of the original
toreductiont’-2! In analogy with the previous studies on met- Co'TBPc#
alloporphyrins®” we utilized TEA (5%, 0.36 mol LY to Photochemical Reduction of CQ. Preliminary photochemi-
photoreduce the phthalocyanines in organic solvents. In DMF cal experiments were carried out to compare CO yields of the
solutions, F&Pc was reduced to [Hec]- and CdPc was FePc with FeTPP (C@saturated DMF, 5% TEAJ The results
reduced to [CPc]; the positions of the observed absorptions show that FePc is less effective than FeTPP; the rate of
are shown in Table 2 and are in agreement with literature production and the maximum yield of CO for FePc were 30%
valueg® and with those found in THF solutions for CoTBPc and 45% as compared with the FeTPPhotochemical produc-
(Table 1). Photoreduction of ®®BPc to [CATBPc] in tion of CO increased upon TP addition. The total yield of CO
acetonitrile/TEA shows that the change in solvent and the (3 mmol L™ TP, 0.15 mmol ! F€'Pc) reached 3.5 mmol
substitution with the fourtert-butyl groups have only small L™, i.e., 10 times higher, and 20 times faster than in the absence
effects on the peak positions (Table 2). Furthermore, the spectraof TP.
in the absence and presence of 5% TEA had identical peaks Further experiments on the photoreduction of ;O@ere

and very similar absorption coefficients, suggesting that the performed using CrBPc in MeCN (containing TEA and TP).
interaction of the metal center with TEA is weak. Further The yield of formate lags behind the yield of CO (Figure 4a)
reduction of the Co(l) and Fe(l) complexes led to bleaching of in the early stages of photolysis but continues to rise after the
all the peaks, indicating that the expected one-electron reductionyield of CO levels off. This indicates that the two products are
products are unstable under these conditions. formed via different routes. We determined the amount df-Co
The photochemical yields are increased by ugitgrphenyl TBPc recovered upon oxidation of the products by &fter 4,
(TP) as a sensitizer, as demonstrated for Fe and Co porpR§rins. 15, and 30 min photolysis, the concentration of CO was 0.13,
Photoreduction of CIrBPc to [CATBPcl™ in MeCN/TEA 0.48, and 0.99 mmol %, respectively, and the fraction of
solutions became 70 times faster upon addition of 3 mmaél L  recovered C6TBPc was 42%, 14%, and 3.4%, respectively.
TP. The quantum yield for this photoreduction process (316 After longer photolysis times, only 1% was recovered. As
nm, 5.4x 107> mol L™t Co'TBPc, CQ-saturated MeCN, 5%  discussed above, only a small fraction of the CO produced is
TEA, 3 mmol L1 TP) was found to be 0.42 (molecules reduced formed by the [CBIBPc~]2-, while a parallel reaction leads
per photon absorbed). The quantum yield decreased withto partial hydrogenation of the macrocycle. The partially
decreasing concentration of ©kBPc and when the MeCN was  hydrogenated products act as catalysts for @@luction, and
not completely dry. These effects are due to the competition upon oxidation they can reform the original'd@Pc. However,
for the TP~ between CHTBPc and water. Protonation of TP further hydrogenation leads to products that are not readily
forms TPH, which does not reduce €®BPc. The photo-Birch oxidized to the starting material, and the highly hydrogenated
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TP*+ Et;N — TP~ + EtN"" (11)

2.0

and the rapid reduction of the phthalocyanine by -TRvhich
has a highly negative reduction potentiald.45 V vs SCE in
dimethylamine)?3

TP~ +M"Pc— TP+ [M'Pc] (12)

TP+ [M'Pc] — TP+ [M'PcT]* (13)

Yield, mmot L™

The TEA radical cation reacts with another TEA molecule to
form a carbon-centered radicay, = —1.12 V vs SCE in
MeCN)® that can reduce C'&c but not [CéPc]:

Et;N"" + EtN — EtNH' + ELNCHCH,  (14)

Et, NCHCH, + Co'Pc— Et,N*=CHCH, + [Co'Pc] (15)

2.0 T L] T T
— Pulse irradiation of a deoxygenated solution of TP (0.05 mol
L=1) in DMF leads to formation of TP, which has several
intense peaks between 400 and 500 nm and between 800 and
1.5} . 920 nm?2327 By monitoring the rate of decay at 840 nm as a
function of phthalocyanine concentration, we determined the
rate constant&;, = 2 x 10'° L mol~! s7* for Cd'Pc, andkys
o] = (7.84£1.2) x 10° L mol~t s7 for [Co'Pc]” and= 1 x 10
10 . L mol~! s71 for [FEPC], i.e., both reactions 12 and 13 are
essentially diffusion controlled.

Although the reaction of TP with CO;, is very slow kig ~
10° L mol~1 s71),3b22

Yield, mmol L

05| h
TP~ +CO,—TP+°CO, (16)

0.0 \ f ) 1 it will compete with reaction 12 in our experiments, where the
0.0 0.5 1.0 1.5 6.0 concentration of C@is 4 orders of magnitude higher than that
of the phthalocyanine. It is likely that most of tHeO,~ formed

Figure 4. Photochemical production of CO and formate in £0 by reaction 16 will react with the MPc. When the phthalocyanine
saturated MeCN solutions containing 5% TEAx3L0~3 mol L~ TP, Isi hydroggnﬁted,hthelr rt(ejgct:on Wltﬁ:czjz rad(lj(?a|5 becqme .
and CATBPc. (a) The yields of CO®) and formate ©) in solutions slower and then these radicals may undergo disproportionation
containing 4 x 1075 mol L-* CA'TBPc, photolyzed in individual ~ t0 form CQ and formate. This explains the lower yield of
spectrophotometer cells. (b) The yield of CO in solutions photolyzed formate in the early stages of photolysis but higher yields later
in a Pyrex bulb, containing 4 1075 (®) and 2x 1075 (O) mol L™ (Figure 4a).
Cd'TBPc. The standard uncertainties are10%. To elucidate the mechanism of G&duction we carried out

) . _laser flash photolysis experiments with [CBPc]". The
products are not effective as reduction catalysts, possibly [CO'TBPcl was produced by CW photolysis of £BBPc in
because of competition between CO and.Gar the metal MeCN with TP and TEA. During the preparation of the Co(l)

binding site, as discussed beffeor because the complex  ompjex significant amounts of protons are produced by reaction
decomposes. This explains why the rate of production and the 14 ([H*] = [Co()])/2 = 2 x 1075 mol LY.

total yield of CO parallels the concentration of 'T&Pc (Figure Flash photolysis of [C&BPc] solutions in the presence of
4b). The continued production of formate is ascribed to direct NaOCH; (4 mmol L™1), added to scavenge protons, showed
reaction of TP~ with COy, which was found to produce formate  ,rqqyction of the TP radical within the laser pulse. The TP
even in the absence of the metal compigkrom Figure 4 we decays witht ~ 5 us (k ~ 1° L mol-* s°3). The transient

calculate a turnover number of50 for CO production (moles spectrum produced evolves £ 100 us) to a spectrum stable
of CO produced per mole of CoBPc). for > 20 ms (Figure 5a). At 8 ms after the flash the observed

Kinetics and Mechanisms.As has been found with the spectrum is identical to that of [CBBPc-]2~ obtained by
analogous porphyrirfs] Fe(l) and Co(l) phthalocyanines are g iym reduction. The initially produced spectrum shows a

unreactive toward C® Only the further reduced complexes  each at 700 nm due to loss of the Co(l) complex. In the region
react with CQ. Direct photochemical reduction of these phenyeern530 andx650 nm the initially formed spectrum has
complexes by TEA is not efficient since there is no significant ;,.reased absorbance compared to the final spectrum. This

binding of TEA to the metal center. The usepterphenyl as  gpeciral change is not likely to be due to formation of ion-pairs
a sensitizer is based on the highly efficient formation of the ¢ince reductions of CaTBPC by Na mirror with excess crown

p-terphepyl radiggl anion by reaction of the singlet excited state ether, to coordinate any free Nagave practically the same
of TP with TEA: spectra as in the absence of the crown ether. The spectral
b changes could result from an initially formed complex
TP— TP* (10) [CO'TBPc~]27|TP or alternatively from structural changes in

Photolysis time, hrs
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Figure 5. Differential absorption spectra recorded by flash photolysis
of MeCN solutions containing 4« 10°% mol L™ [Co'TBPc]", 0.36
mol L™* TEA, and 1x 10* mol L~* TP under vacuum. The spectra
were monitored 1@s (O) and 8 ms @) after each laser pulse; (a) with
4 x 1072 mol L= NaOCH;, the solid line is the calculated difference
spectrum obtained by Na mirror reduction of [CBPc] in THF, (b)
without NaOCH.

the [CdTBPc~]? (e.g., planarity of the macrocycle or metal
movement relative to the plane of the macrocycle).
In the absence of NaOGHflash photolysis produced the

Grodkowski et al.

is due to the hydrogen bonding interactions between the bound
CGO;, and the macrocycle, we believe that additional effects are
important. The extended system of the phthalocyanine can
better accommodate negative charge donated from the reduced
metal center. This reduces the charge on the metal that can be
back-donated to the GOIt may also be suggested that the
relatively rigid planar structure of the phthalocyanine and the
consequentially weaker axial ligation leads to the weak binding
of CO,. The photochemical formation of CO suggests that such
binding does take place, but this binding does not compete
favorably with the protonation reaction leading to hydrogenation
of the macrocycle. When the phthalocyanine macrocycle is
partially hydrogenated, it becomes more flexible and can
probably bind CQmore strongly and catalyze its reduction, as
observed in this work.
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