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 Light Induced Fragmentation of Polyfunctional Carboxylated Compounds on Hydrated Metal Oxide Particles: From Simple Organic Acids to Peptides Ilya A. Shkrob* and Sergey D. Chemerisov Chemical Sciences and Engineering DiVision, Argonne National Laboratory, 9700 South Cass AVenue, Argonne, Illinois 60439 ReceiVed: July 2, 2009; ReVised Manuscript ReceiVed: August 5, 2009
 
 Light induced reactions of carboxylic, hydroxycarboxylic, and aminocarboxylic acids, carboxylated aromatics, and R-amino acids and peptides adsorbed on hydrated anatase (TiO2), goethite (R-FeOOH), and hematite (R-Fe2O3) have been studied at low temperature (77-200 K), by means of electron paramagnetic resonance (EPR) spectroscopy, and at 295 K, by means of transient absorption spectroscopy. In the room-temperature solution, the photocatalytic decomposition of carboxylated molecules, in the absence of synergistic adsorption by hydroxyl groups (e.g., in serine), is inefficient due to weak surface binding. The yield of radical formation increases significantly at low temperature, as the carboxylated molecules adsorb on the surface. The main photodegradation path is decarboxylation initiated by charge transfer from the metal oxide to the adsorbate. Below 120 K, for carboxylic acids and nonaromatic amino acids and peptides, the decarboxylation is the only reaction pathway, yielding the corresponding C-centered radicals. At higher temperature these radicals become mobile and abstract H from the parent molecules. For aromatic amino acids (histidine, tyrosine, and tryptophan) charge transfer followed by deprotonation is the predominant photoreaction. For polycarboxylated aromatics, the outcome of the charge transfer is determined by the stability of the trapped-hole species. In addition to trapping holes, some adsorbates, such as mellitic acid, trap surface electrons. The photocatalytic activity of the anatase, goethite, and hematite are similar for aromatic, carboxylic, and hydroxycarboxylic acids; for hematite, this activity reduces markedly for R-amino acids and peptides. The rutile is inactive toward these carboxylated molecules. These findings are related to martian soil chemistry, biomedical chemistry, and photocatalysis. 1. Introduction The motivation to study photocatalytic reactions of organic molecules on metal oxides is manifold. Some of these motivations are well-known, such as photocatalysis, water treatment, and understanding the role of the oxide particulates in the environment. Other motivations are less known, such as understanding of the chemistry occurring on the surface of titanium implants1 and photodynamic therapies based on bactericidal effects of the metal oxide nanoparticles.2 Our interest in photocatalysis on metal oxides originates in our effort to solve the puzzle of oxidative soil and methanogenesis on Mars.3,4 A closely related problem is assessing the general prospects of finding biomarkers by robotic missions to this planet. Can complex, polyfunctional organic molecules survive on a light-exposed martian surface? What molecules can serve as a repository for organic carbon? Both of these questions are closely related to low-temperature photocatalysis by nano- and microsize metal oxide particles. The martian regolith (fine “dust” that covers the surface of the planet) consists of photocatalytically active, submicrometer metal (mainly, Fe(III)) oxide particles.5-8 The high flux of ultraviolet (UV) light through the thin martian atmosphere11 and the ubiquitous metal oxide photocatalysts9,10 turn the surface of this planet into a vast photoreactor. It may seem counterintuitive that organic compounds are expected to be found on Mars; however, the surface of Mars has been bombarded by meteorites, micrometeorites, and comets * Corresponding [email protected].
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 for billions of years,3,4 and a significant fraction of this infalling material are carbonatious chondrites. These include complex organics, mainly in the form of a kerogen (a cross-linked polymer consisting of polycyclic aromatic hydrocarbons (PAHs) and aliphatic chains).3,4,12 It is expected that ∼25% of the infalling micrometeoritic dust reaches the ground,13 and the carbon infall is estimated to be 2.4 × 108 g/year. 3 Over the eons, this bombardment should have enriched the martian soil with organic carbon, yet the Viking probes sent to Mars in 1976 found no traces of organic molecules in the upper soil.4,14,15 In the view of the low atmospheric concentration of oxygen (0.13%) and scarcity of water, this finding is difficult to account for, unless the soil itself is oxidizing.3,4 The latter is also suggested by the fact that the surface of Mars is red, that is, it contains ferric oxides (0.2-0.4 Fe3+/Fetotal)6,7 in the form of fine (0.1-5 µm) spherules and particles of hematite (R-Fe2O3), goethite(R-FeOOH),8 magnetite,andjarosite(KFe3(OH)6(SO4)2).6-8 These iron oxides are mainly present as nanoparticles and aggregates of such particles. The soil also contains ∼1% TiO2, ∼10% Al2O3, and ∼60% SiO2.6,7 Following the landmark discovery of the paucity (250 ppm.17 This result is not surprising, given
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 that H2O2 is photolytically unstable in the thin martian atmosphere that transmits solar radiation down to wavelengths as short as 240 nm, with the peak in the UVA region (300-400 nm). These measurements have revealed that the atmosphere contains a substantial (10 ( 5 ppbv) concentration of methane, which is also photolytically unstable, so it must be continually generated; it has been observed that it is released in large plumes during the martian summer.13 Thus it is not just oxidation: there is also an unknown process that generates the methane. The volcanic venting of the methane is unlikely, as it should also produce SO2, which is not detected in the atmosphere, whereas hydrogeochemical reactions require high-temperature hydrolysis in the interior (of a planet which is considered geologically inactive). If such reactions occur deep underground, it is difficult to explain the seasonal variations of the methane release.13 Photocatalysis by H2O2-modified and bare metal oxides (TiO2, γ-Fe2O3, and δ-FeOOH),9,10,18 oxidation by smectite clays and various peroxides (KO2, ZnO2, CaO2, and MnO2), reactive anions such as ONOO-, O2-,19 Fe(VI), O plasma and glow discharge from dust,20 and even biogenic H2O2 have been suggested to explain the puzzle (see ref 21 for a review). Benner et al.3 and the others22 suggested that the organics are, in fact, still present in the soil: the aliphatic hydrocarbons in the kerogen are oxidized to carboxylic acids, such as acetic acid (that forms nonvolatile salts with metal ions), whereas PAHs are oxidized to polycarboxylated benzenes, such as mellitic (graphitic) acid that also forms nonvolatile salts. According to this scenario, the oxidation is carried by hydroxyl radicals generated by UV photodissociation of moisture and ice adsorbed on the soil particles. Heat treatment of Fe(II) phthalate, mellitate, and benzene-1,2,4-tricarboxylate did not produce volatile products identifiable by mass spectrometry using the protocol employed by the Viking probes.3,4,22 This scenario, however, faces difficulty in the fact that the flux of short-wave UV photons with λ < 190 nm that can photodissociate water is low at the surface, so Benner et al.3 postulated that the dust particles are elevated to high altitudes by winds, where these particles are exposed to short-wave UV radiation. In the present study, we take a “chemist’s approach” to this problem, addressing the photostability of postulated terminal products of OH radical oxidation (hydroxylated and carboxylated aliphatic and aromatic molecules) and tentative biomarkers (such as R-amino acids and peptides) on hydrated surfaces of metal oxide particles. The three oxides chosen for this study are goethite (R-FeOOH), hematite (R-Fe2O3), and anatase (TiO2). These two iron oxides are present in martian soil in great abundance,6-8 whereas the titania constitutes only ∼1%,6,9,10 but it is very active photocatalytically. Our study indicates poor stability of the carboxylated molecules (RCO2-) on all three of these photolytically active oxides, even under mild UVA illumination. The acetate is particularly unstable, yielding methyl radicals that abstract hydrogen above 120 K, yielding the methane. This photo-Kolbe reaction (1)23-25 +h+
 
 R - CO2- 98 R• + CO2
 
 (1)
 
 could be responsible for martian methanogenesis (R ) methyl), through the secondary reactions of the methyl radicals.23-26 We also address the photostability of carboxylated biomarkers27 that are shown to exhibit similar reactivity. To shorten the paper, some of the figures have been placed in the Supporting
 
 Information. These are referred to with a designator “S” added after the figure number (for example, Figure 1S in the Supporting Information). The paper is organized as follows: In section 3, electron paramagnetic resonance (EPR) spectroscopy is used to identify radical products from the carboxylated and hydroxylated adsorbates. These adsorbates are examined class by class, starting from simple carboxylated compounds, alcohols and amino- and hydroxycarboxylic acids, and progressing to aromatic carboxylated compounds, amino acids, dipeptides, and peptides. In section 1S in the Supporting Information scavenging of photogenerated holes on aqueous anatase nanoparticles by amino acids is examined. In section 4.1, we discuss computational means for modeling the structure of the radicals and the insight gained from the simulations of EPR spectra. These experimental and computational results are summarized in section 4.2. In sections 2S and 3S in the Supporting Information, our findings are related to martian soil chemistry. In section 2S in the Supporting Information, photocatalytic decomposition of the products of oxidative degradation of kerogen is discussed. In section 3S in the Supporting Information, the stability of the tentative biomarkers is examined. The conclusions reached in these two sections are summarized in section 5, where the results are also examined from biomedical and photocatalysis perspectives. 2. Experimental Section Anatase nanoparticles were synthesized by hydrolysis of TiCl4 as described in ref 28 and stabilized in pH 3 solution. Hematite nanoparticles were prepared by hydrothermal oxidation of FeCl3 as described in ref 30. These nanoparticles (30-50 nm) were stabilized in pH 4. The optical absorption spectra of these two solutions are given in Figure 1S in the Supporting Information. Goethite (ferric oxyhydrate) particles were synthesized hydrothermally, following the methods of Varanda et al.31 or Bashir et al.32 The best results were obtained with the latter method, in which iron(III) nitrate is hydrolyzed at 50 °C for 3 days at pH 2. Goethite particles ranged in size from 50 nm particles to the agglomerates of 0.2-1 µm. In some experiments, we used aqueous suspensions of microparticles of the anatase (AlfaAeser) and rutile (Aldrich) and the mixed phase photocatalyst Degussa P2533 (Evonik Degussa). All other chemicals were obtained from Aldrich and used without further purification. The aqueous solutions/suspensions were irradiated using 6 ns laser pulses from the third harmonic (355 nm) of a Nd:YAG laser (Quantel Brilliant). Two general methods were used. The first approach uses transient absorption (TA) spectroscopy to study scavenging of the light-absorbing holes on TiO2 nanoparticles by amino acid adsorbates in room-temperature solution, as shown in Figure 1.28,29 The results of these TA studies are discussed in section 1S in the Supporting Information. The second approach provided direct structural information. N2purged aqueous solutions and/or suspensions of the metal oxide particles containing the adsorbate were flash frozen at 77 K in 4 mm o.d. Suprasil tubes and subsequently irradiated using 355 nm light (15 mJ/pulse, 100-1000 pulses) while immersed in liquid N2. The irradiated samples were transferred into a cryostat (Oxford Instruments Model CF935) of a continuous-wave EPR spectrometer (Bruker Model ESP300E operating at 9.45 GHz), and the radicals and spin centers on the metal oxides were detected in situ at 50-200 K. First-derivative EPR spectra were taken at several temperatures, microwave power levels (typically, 0.2 mW), and field modulation amplitudes (typically, 2-5 G); the fixed modulation frequency was 100 kHz. We stress that some radicals cannot be detected in this fashion, as these inject electrons back to the oxide following
 
 17140
 
 J. Phys. Chem. C, Vol. 113, No. 39, 2009
 
 Figure 1. (a) Decay kinetics of trapped electrons (detected by their transient absorbance at 620 nm) in the room-temperature aqueous solution of anatase nanoparticles. As the concentration of L-serine (Ser) increases (from bottom to top: 0, 0.05, 0.1, 0.2, 0.44, and 0.9 M), a larger fraction Φ of the light-absorbing trapped electrons survives at 3 µs due to the prompt hole scavenging. Inset: Suggested mode of serine adsorption on anatase nanoparticles. (b) Dependence of fraction Φ on the molar concentration c of natural amino acids: serine (Ser, filled circles), threonine (Thr, open squares), R-alanine (Ala, filled diamonds), and proline (Pro, open circles). The lines drawn through the symbols are least-squares fits to the equation Φmax/Φ ) 1 + Kc, where the constants K are given in section 1S in the Supporting Information.
 
 charge separation, producing trapped electrons28 or, conversely, react with the trapped electrons yielding carbonium anions. For the majority of the photosystems examined in this study, such electron injection and recombination either did not occur or it was too slow at 50-80 K, so the primary radicals were detected. In most of the photosystems, the EPR signatures of the organic radicals were sufficiently well-defined to establish their structure and the reaction mechanisms involved. Due to hindered rotation of functional groups and arrested conformation dynamics, the averaging of the anisotropies was poor and that necessitated simulation of EPR spectra under such conditions, as discussed in section 4.1. Calculations of the geometry and magnetic parameters of the radicals were carried out using density functional theory (DFT) with a B3LYP functional34 and 6-31+G** basis set (6-31G(d,p) set with polarization functions) from Gaussian 98.35 3. EPR Spectroscopy Studies There are two schools of thought about photocatalysis on metal oxides (e.g., ref 24). One view is that the oxidative reactions are generally carried out by OH radicals released from the surface when the hole reacts with water molecules or H2O2 adsorbed on the oxide surface.25 These OH radicals are released into the bulk of the solvent and oxidize and abstract hydrogen from free organic molecules in the solution. The opposing view is that such reactions involve chemisorbed molecules serving as hole traps.23,26,36 The real situation is intermediate: the outcome strongly depends on the efficiency of chemisorption, the nature of the substrate, the efficiency of the charge transfer,
 
 Shkrob and Chemerisov the radical mobility, etc. Since EPR experiments are carried out at low temperature when the radical mobility is negligible while the surface binding is strong, there is a bias toward observing interfacial charge transfer reactions as opposed to the reactions of the released OH radicals. In all of the photosystems examined in this study, the fragmentation patterns were consistent with the reaction of the holes rather than free OH radicals. For example, previous EPR experiments on reactions of photolytically generated OH radicals with amino acids, such as Val and Leu, suggested the preferential formation of radicals formed by H-abstraction from the -CH- groups, as opposed to reaction 1.37 By contrast, only decarboxylation products were observed in the frozen solutions of metal oxide particles. The preponderance of such evidence implies that in all cases the obserVed photoreactions occurred at the surface of the metal oxides rather than by free OH radicals released into the bulk. 3.1. In the Absence of the Adsorbate. Photoexcitation of aqueous anatase nanoparticles causes charge separation, with the formation of trapped electrons and trapped holes. Spectroscopically, there are three groups of EPR signals38 (Figure 2S in the Supporting Information): a sharp line at g⊥∼1.97-1.98 from lattice-trapped electrons (Ti(III) centers) in the crystalline interior of the particles (with a broader high-field g| component, Figure 3S in the Supporting Information), a broad line from surface-trapped electrons with a g-factor of 1.93-1.95, and a group of resonance lines from the oxygen hole center trapped at the particle surface (with a g-factor > 2.0). The appearance of the latter group changes as a function of pH and the presence of adsorbed molecules, even if the adsorbate is not involved in the charge transfer,36,38-40 as the adsorbate still modifies the surface introducing new types of hole traps. The EPR signals from the hole center(s) are not observed when the solutions containing efficient hole scavengers (such as serine, Figure 2Sb, trace ii, in the Supporting Information) preirradiated at room temperature are examined by EPR at 50 K; the EPR signal is mainly from the surface trapped electrons. The EPR lines from the hole centers (as well as these surface electrons) are also lacking in irradiated frozen solutions containing polyols, such as glycerol and ethylene glycol (Figure 3S in the Supporting Information). As the EPR signals from the C-centered radicals are observed for lower monatomic alcohols (C1-C4) on the anatase, these observations indicate instability of the radicals generated by oxidation of the polyhydroxylated molecules, as the latter dehydrate and inject the electron back into the particle.28 The absence of the surface electrons can be accounted for by efficient chelation of under-coordinated Ti(IV) ions by the adsorbate that restores such surface centers to full octahedral coordination making these centers inefficient electron traps compared to charge-trapping defects in the particle core.38 The EPR spectra of the hole centers change even upon the dilution and H/D substitution: in concentrated solutions, the resonance line from the hole centers is broad and structureless (Figure 2Sa, trace ii, in the Supporting Information), whereas in more dilute solutions, the components of the anisotropic g-tensors for (at least two) hole centers are resolved (Figure 2Sb in the Supporting Information). Some of these hole centers are proton coupled; i.e., these centers can be viewed as surface bound OH radicals as opposed to the postulated Ti-O• and Ti-O•-Ti centers,38-40 because the resonance lines become narrower upon the deuteration of the solvent. Virtually the same hole centers have been observed in the presence of the adsorbates for which the chemisorption certainly occurs (Figures 3S-5S in the Supporting Information), as closely related molecules do yield C-centered radicals generated via the charge transfer (see below).
 
 Polyfunctional Carboxylated Compounds The similar electron and hole centers are observed on hydrated rutile, Degussa P25,33 and anatase (Figure 5Sa in the Supporting Information), except that the relative contributions of the three kinds of spin centers are different. For irradiated iron(III) oxides, the EPR spectra exhibit two major groups of resonance lines: a broad signal at g ∼ 2, which we attribute to the corresponding oxygen hole centers (Figure 5Sb in the Supporting Information), and a broad resonance line at g ∼ 4.3 from high-spin, rhombic Fe(III) ions.41 The isolation of these Fe(III) ions follows from the fact that µ-oxo (or hydroxo) pairing of the Fe(III) ions results in a diamagnetic species. The contribution from Fe(II) ions to these EPR spectra is unlikely, as the broad double-quantum transitions in the ferrous ion are not observed above 4-10 K, and the corresponding g-factors are ∼3.5.41 In most systems, the Fe(II) ions are EPR silent. The very fact that isolated Fe(III) ions are formed in photolysis implies that these ions are decoupled from the oxide network. Surface trapping of the electrons as Fe(II) ions can magnetically decouple or even physically isolate the Fe(III) ions at the oxide surface, resulting in the observed g ∼ 4.3 signal. For hematite nanoparticles, this g ∼ 4.3 resonance line is very broad, whereas for goethite particles, the line is relatively narrow (Figure 6S in the Supporting Information). In solutions containing organic molecules, narrow resonance lines from fragment radicals superimpose on the broad resonance line from the trapped-hole centers, as shown in Figures 5Sb and 6S in the Supporting Information. In some photosystems, this charge transfer is inefficient, and the trapped-hole center is the main feature of the spectra; in other photosystems, the charge transfer is more efficient, and the observed EPR signals are almost entirely from the organic radicals. For the goethite, the trappedhole center exhibits weak satellite peaks separated by 120 G (1 G ) 10-4 T) that are superimposed on the main resonance lines. In concentrated solutions of alcohols, one also observes g ≈ 4 (“spin-forbidden” ∆M ) (2 transitions) signals from triplet radical pairs (that is, magnetically interacting radicals) in addition to a much stronger g ≈ 2 (“spin-allowed” ∆M ) (1 transitions) lines of the isolated organic radicals, indicating high surface concentration of these radicals in the former case. 3.2. Decarboxylation of the Acetate and Carboxylic Acids and Their Bases. From the standpoint of Mars chemistry (section 1), the most important aliphatic adsorbate is the acetate, as it is believed to yield nonvolatile salts harboring the organic carbon generated by the oxidation of the aliphatic components of meteoritic kerogen.3,12 The previous studies, by in-flow EPR spectroscopy and radical trapping,23 indicated the formation of two transient radicals in the aqueous solutions: the methyl radical and the carboxymethyl radical. It is not clear from these roomtemperature studies whether the reaction occurs at the surface of the photocatalyst or in the bulk.24 Since the temperature of the martian surface is between 130 and 210 K, we have studied the photoproducts generated by 77 K photolysis of the solutions and the suspensions of acetic acid and sodium acetate. On the anatase, the irradiation of these solutions yields a strong four-line signal from the methyl (Figure 2a) superimposed on the resonance lines from the lattice electron. Between these four resonance lines of the methyl, there are weaker lines that grow in intensity relative to the methyl as the temperature increases over 110 K, when the methyl becomes mobile and abstracts hydrogen from the parent molecule (reaction 2).
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 Figure 2. X-band (9.45 GHz, 5 G modulation) first-derivative EPR spectra of radicals generated by photodecarboxylation of the acetate and acetic acid in a frozen aqueous solution of anatase nanoparticles irradiated by 355 nm light at 77 K. (a) EPR spectrum observed (at 50 K) from the solution containing 0.5 M sodium acetate. The four resonance lines from the methyl radicals are superimposed on the resonance lines of interior-trapped electrons and weak signals from carboxymethyl radicals. (b) Temperature dependence of the EPR spectra observed from 0.1 M acetic acid (traces i and ii). The temperature is indicated in the plot. The lines of the methyl radical are indicated by open circles in traces i; the lines of the carboxymethyl radical appearing above 120 K are indicated by arrows in traces ii. For comparison, the EPR spectrum of the carboxymethyl radical generated in photolysis of disodium malonate on hematite nanoparticles are shown in trace ii. Hereafter the x-axis indicates the magnetic field in Gauss (1 G ) 10-4 T).
 
 The “in-between” lines are from the •CH2CO2- radical (Figure 2b, scaled traces i and ii), as demonstrated by comparison of the emerging pattern with the EPR spectrum of the carboxymethyl generated in photolysis of sodium malonate on the hematite. As the amplitude of the EPR signal from the methyl radical decreases with increasing temperature, the amplitude of the EPR signal from the carboxymethyl increases. This means that the reaction involves the parent molecule and yields the methane. The same EPR pattern and the spectrum transformations on sample warming are observed for the acetate. The same photoreaction was observed for acetate and acetic acid in Degussa 25 and AlfaAesar anatase slurries, whereas no radical formation was observed on rutile. The results for the hematite (Figure 7Sa in the Supporting Information) and goethite (Figure 8S in the Supporting Information) are even more supportive of the occurrence of the lowtemperature methanogenesis, as both the methyl and carboxymethyl radicals are observed even without warming of the samples. For the acetic acid (and acetate) on the hematite, the methyl and the carboxymethyl radicals are present in 2:3 ratio; for acetic acid on the goethite, this ratio is 1:3, and for the acetate on the goethite, this ratio is about 1:1 (by area). Thus, on these Fe(III) particles, the methyl radical has sufficient mobility to migrate and abstract hydrogen from the acetate even at 77 K! The dissociative electron transfer from the acetate is strongly exergonic. Even when the hydrogens in the methyl group of the acetate are replaced with electronegatiVe groups (as in
 
 17142
 
 J. Phys. Chem. C, Vol. 113, No. 39, 2009
 
 cyanoacetic and tetrafuoroacetic acids and their bases, Figure 9Sa in the Supporting Information), the hole trapping still occurs and results in prompt decarboxylation, as evidenced by the observation of the resonance lines from •CH2CN and •CF3. Reaction 1 is also observed for longer-chain carboxylic acids: h5- and d5-propionic and n-butyric and isobutyric (Figure 9Sb in the Supporting Information). While the protiated -CO2(carboxyl-loss) radicals are difficult to identify conclusively due to their broad line shapes, the EPR spectrum of the •CD2CD3 radical derived from d5-propionic acid is well resolved and readily identifiable. That the reaction is, specifically, the elimination of the carboxyl group can be demonstrated by substitution. Figure 10Sa in the Supporting Information demonstrates EPR spectra for succinate and β-alanine. These two molecules are terminated by the carboxyl or the amino group, respectively. Since the hyperfine coupling constants (hfcc’s) in γ-protons are small, one may expect similar EPR spectra for the corresponding -CO2- radicals, whereas quite different EPR spectra would be observed had the photoreaction involved the loss of the interior hydrogen by abstraction or deprotonation. The comparison of the two EPR spectra suggests that reaction 1 is indeed the predominant reaction pathway. A notable exception from this general rule is malonic acid (malonate) on anatase (Figure 10Sb in the Supporting Information), as the photolysis yields the mixture of the methyl and carboxymethyl, with the predominant formation of the methyl at low concentration of the malonate, suggesting that the carboxymethyl is the secondary product. By contrast, on the hematite, only carboxymethyl is observed (before the sample is warmed). Other di- and polycarboxylic acids did not exhibit this multiple fragmentation. In addition to these carboxylic acids, we examined hydroxyand aminocarboxylic acids. The photolysis of tartaric acid on the anatase, goethite, and hematite (Figures 7Sb and 11S in the Supporting Information) yields the corresponding -CO2- radical via reaction 1; there is no deprotonation and/or OH radical abstraction of the interior -OH and -CH- hydrogens. Similar results were obtained for the citrate (Figure 7Sb, trace i, in the Supporting Information). In all of these cases, the same radicals were observed on the anatase and the goethite (see, for example, Figure 11S in the Supporting Information). The resonance lines of the radicals on the goethite are somewhat broader than the lines for the same radicals on the anatase, suggesting more hindered rotation on the Fe(III) oxide surface, but the EPR patterns remain the same, and the EPR spectra are less congested, as the lines from the trapped electron and holes do not overlap with the resonance lines of the organic radicals. By combining the two sets of the EPR spectra, it is possible to identify the radicals with greater confidence. Through such comparisons, we demonstrated that the photoreaction involving the carboxyl group of longer-chain acids (such as n-hexanate, oleate, and polyacrylate; see Figure 11Sa in the Supporting Information) is still reaction 1, with the EPR spectrum from the hole centers shown in Figure 2Sa in the Supporting Information. For aminocarboxylic acids, a possible fragmentation pathway (which is observed in photo- and radiolytic reactions of the amino acids) is electron trapping by protonated amino groups resulting in deamination.42,43 The EPR spectra indicate that this photoreaction does not occur on the metal oxides: the electron affinity of these molecules is too low to compete for the negative charge with the surface and interior electron traps. The prevalent photooxidative reaction is reaction 1, as suggested by the comparison of EPR spectra from iminodiacetic and ethylene-
 
 Shkrob and Chemerisov diaminetetraacetic acids. The two (poorly resolved) EPR spectra are identical (Figure 12Sb in the Supporting Information), which would not be the case had the fragmentation involved the interior and amino hydrogens. The C-N fragmentation is also excluded, as the carboxymethyl was not observed. The identity of the -CO2- radical is further suggested by the fact that the protonation of the amino group results in a change in the EPR spectra due to the extra β-splitting in this amino group. 3.3. Hydroxylic Compounds. A pertinent question about complex, multifunctional organic molecules is what factors determine their fragmentation patterns. If the molecule has both carboxyl and hydroxyl groups, both of which are known to bridge these molecules to the oxide surface, what factors determine the preference for reaction 1 over the deprotonation? To address these questions, hydroxylic compounds have been examined in more detail. The radical species derived from the photolysis of lower alcohols on hydrated anatase have been studied in this laboratory by Trifunac and co-workers.40 The EPR spectra observed in photolysis of methanol and d3-methanol are consistent with the formation of a titanium-bound •CX2O- (X ) H, D) radical generated through the deprotonation of alkoxy groups in the adsorbed alcohol following the charge transfer (Figure 13S in the Supporting Information). Our experiments indicate that this photoreaction also occurs for other short-chain, monatomic alcohols (C1-C3). Surface bound -OC•(CX3)2 radicals are observed in photolysis of 2-propanol and d5-2-propanol (Figure 13Sb in the Supporting Information), and the overlapping EPR signals from two types of -H radicals are observed for 1-propanol and ethanol (Figure 14Sa in the Supporting Information), suggesting that the deprotonation occurs from multiple sites in the aliphatic chain. The facility of these photoreactions on hydrated anatase is contrasted by the lack of these radicals on Fe(III) oxides, suggesting that the surface hole on these oxides is incapable of accepting the electron from the chemisorbed alcohols (while being capable of accepting the electron from the carboxyl groups). The experiments with the hydroxycarboxylic acids, such as tartaric acid, and hydroxylated amino acids, such as serine, indicate the occurrence of reaction 1 in preference to the deprotonation. From these trends we surmise that the preferential pathway for the fragmentation is determined by the energetics; however, a closer examination suggests that this is not always the case. The comparison of the EPR spectra for tris(hydroxymethyl)aminomethane and tricine indicates the occurrence of deprotonation from the hydroxymethyl group for both of these adsorbates despite the presence of the carboxyl group in the tricine (Figure 14Sb in the Supporting Information). This example suggests that the energetics work in conjunction with the manner of chemisorption: while the hydroxycarboxylic acids can, potentially, deprotonate through their oxo bridges, this reaction does not occur in the presence of the bridging carboxyl groups, unless there is a cluster of hydroxyl groups capable of more efficient chelation of the surface metal ions than the single carboxyl group. Thus, while the energetics are important, equally important is what functional groups connect the molecule to the metal oxide network. If the electron-donating group, such as the carboxyl group, is not the bridging group, the electron transfer is too slow to compete with the electron-hole recombination, and the charge transfer is suppressed. This competition between the recombination and the interfacial charge transfer is even more apparent in polycarboxylated aromatic molecules examined in the next section.
 
 Polyfunctional Carboxylated Compounds 3.4. Carboxylated Aromatic Molecules. The salts of polycarboxylated benzenes, such as graphitic (mellitic) acid, are the postulated carbon sinks in martian soil,3,22 so photocatalytic decomposition of such compounds presents particular interest for planetary chemistry. Since the aromatic molecules have conjugated π-systems that can accommodate the excess positive or negative charge, the outcome of the charge transfer is less straightforward than it is for aliphatic carboxylates, for which the decarboxylation of the trapped-hole species is strongly exergonic. Furthermore, the electron affinity of some of these π-conjugated molecules is sufficiently large to facilitate interfacial transfer involving trapped electrons, making these adsorbates electron acceptors rather than electron donors. It is not a given, therefore, that the general pattern of fragmentation that holds for nonaromatic carboxylates also holds for the aromatic ones. If the trapped-hole species of the adsorbate resulting from the interfacial charge transfer does not fragment, the excessive positive charge stays at the surface and, therefore, can recombine with trapped electrons and/or the negative charges trapped by the adsorbed molecules. In this case, as the recombination is rapid, one does not observe persistent paramagnetic species other than the electrons and the holes trapped by the metal oxide particles. This scenario is supported by our EPR observations (e.g., Figure 4Sa in the Supporting Information): even prolonged irradiation of certain aromatic carboxylates, such as benzoic, 4,4′-dibenzoic, 3,4-dimethylbenzoic, and naphthalene-2,3,-dicarboxylic acids, fails to yield organic radicals on the anatase. For other benzene derivatives, such as salicylic acid (studied previously using product analysis),44 the fragmentation does occur, but it involves the hydroxyl group (via the deprotonation) leading to the formation of 2-carboxyphenoxyl (see Figure 15Sa in the Supporting Information and the simulation in Figure 17S in the Supporting Information). Reaction 1 is facile for the picolinate (Figure 15Sa in the Supporting Information), phthalate, and polycarboxylated benzenes (see Figures 15Sb and 16 in the Supporting Information and the simulations in Figure 17S in the Supporting Information), whereas this reaction is inefficient for the terephthalate, and does not occur at all for perfluoroterephthalate and 2-aminoterephthalate. For the carboxylated benzenes with two or more carboxyl groups, such as mellitate (Figure 15Sb in the Supporting Information) and 1,2,4,5-benzenetetracarboxylate (Figure 16S, trace ii, in the Supporting Information), reaction 1 is facile on all three oxides. On the anatase, there is also a superimposed narrow resonance line with a g-factor < 2 indicating the formation of the radical anion, by electron transfer from the Ti(III) centers on the oxide to the adsorbate. It is clear from these results that reaction 1 competes both with recombination and (where possible) with deprotonation of the trapped-hole species. To account for these observations, we conjecture that the main criterion for occurrence of reaction 1 is the stability of the corresponding trapped-hole species and assume that the latter is determined by the energetics of the decarboxylation. To test this hypothesis, we estimated these energetics using the DFT method (section 2). Assuming the optimized geometry for the parent trapped-hole species and the radicals, we obtained the estimates given in Table 1. As seen from this table, for aliphatic and R-amino acids the dissociation of the trappedhole species is highly exergonic, releasing 0.5-1 eV of the electronic energy. On the other hand, for substituted benzoates, the dissociation results in electronic energy gain (∆Eel) of less than 60 meV. These observations concur with observed inef-
 
 J. Phys. Chem. C, Vol. 113, No. 39, 2009 17143 TABLE 1: Electronic Energy Gain (∆Eel) for Decarboxylation of the Trapped-Hole Species of RCO2- in the Gas Phase, by B3LYP/6-31+G** Calculations (Optimized Geometry for the Trapped-Hole Species and the Fragment Radical) RCO2-
 
 ∆Eel, eV Aliphatic Acids
 
 acetate Gly Ala His GlyGly Aromatic Acids terephthalate phthalate picolinate 1,2,4,5-benzenetetracarboxylate 1,2,3-benzenetricarboxylate 3,5-dimethylbenzoate benzoate salicylate naphthalene-2,3-dicarboxylate
 
 0.63 0.73 1.08 0.95 1.05 0.91 0.43 0.34 1.67 0.39 0.017 ≈0 0.062 -0.30
 
 ficiency of reaction 1 for these molecules. Substituting the benzene for pyridine (in the picolinate) increases the ∆Eel to 0.34 eV, and the EPR data indicate the occurrence of reaction 1. The latter is even more exergonic in di- and polycarboxylated benzenes (∆Eel > 0.4 eV); for all of these molecules, reaction 1 has been observed. Generalizing from these calculations, we suggest the following empirical rule determining the relative stability of carboxylated compounds on the metal oxides: The relatiVe stability of the molecules to photodecarboxylation is determined by the ∆Eel of decarboxylation for the trapped-hole species of the adsorbate. If the ∆Eel is less than 0.1-0.3 eV, the trapped-hole species promptly dissociates. If this ∆Eel is greater and no other fragmentation pathways are aVailable, the trapped-hole species recombines with the negatiVe charge and no fragmentation occurs. This rule provides the means for theoretical prediction of the stability of carboxylated molecules. Importantly, there are adsorbates for which this criterion is met, but reaction 1 still does not occur (for example, due to inefficient chemisorption or inefficient charge transfer). However, we found no exception to the opposite: that the fragmentation is observed in a system with stable trapped-hole species. These results imply that among the carboxylated benzenes only benzoates exhibit relative photostability following the charge transfer. This photostability also pertains to polycarboxylated PAHs (such as napthalene-2,3-dicarboxylate) in which the extended π-system stabilizes the positive charge, so reaction 1 is endergonic (Table 1). In the context of martian photochemistry, this means that only such benzoates and incompletely carboxylated PAHs are the potential candidates for storage of aromatic carbon. We stress that this conclusion relates only to the occurrence of interfacial hole transfer. Since the photolysis of hydrated anatase also involves the production of free OH radicals, the latter can still oxidize these molecules. Indeed, product analysis studies45 provided evidence for gradual photooxidation of the benzoate in the suspensions of goethite particles with the concomitant dissolution of these particles (due to the formation of soluble ferrous ions at the surface). 3.5. Aliphatic Amino Acids on Hydrated Anatase. In the remaining part of section 3, we examine the photodegradation of natural amino acids and peptides. In the next two sections,
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 Figure 3. (a) EPR spectra observed in photolyzed solution of 0.1 M (i) glycine (Gly), NH3+CH2CO2-, and (ii) ND3+CH2CO2- on aqueous anatase nanoparticles in H2O and 20:1 H2O/D2O, respectively (355 nm photolysis of frozen aqueous solution at 77 K). These spectra were obtained at 50 K. In the upper traces, the EPR spectra from glycine (solid line, trace iii) and NH3+CH213CO2- (dashed line, trace iv) are juxtaposed to illustrate the insensitivity to 13C substitution in the carboxyl group. Panel b shows the transformation of these EPR spectra on warming of the sample. Above 140 K, the protonated aminomethyl radical abstracts methylene hydrogen from the parent molecule. The g ≈ 1.97 resonance line from trapped electron is excluded from the plot, and the broad resonance line of this electron (highlighted in trace i) is in the box. The two arrows in trace i of panel b indicate the additional two resonance lines that are observed in the protiated (X ) H) but not deuterated (X ) D) NX3+CH2• radicals. The vertical arrows in panel b indicate the positions of the resonance lines from trapped electron. The field modulation was 5 G for the protiated and 2 G for the deuterated samples.
 
 the photoreactions on the anatase are discussed; section 3.7 generalizes these results for Fe(III) oxides. The simplest of these amino acids is glycine (Gly), and for this reason it has been studied extensively.42 The fragmentation of the amino acids in photochemistry and radiation chemistry of aqueous solutions and monocrystals has been examined in great detail, using continuous-wave,43,46-49 time-resolved continuous-wave,50 and pulsed EPR51 and electron-nuclear double resonance (ENDOR) spectroscopy,49,52 so that relatively good understanding of this chemistry exists.42 In the aqueous solution, the OH radical oxidizes Gly to the trapped-hole species (63%) or abstracts hydrogen from the amino group.50,51 The former species eliminates CO2 yielding the aminomethyl and subsequently abstracts methylene hydrogen from the parent molecule. The aminyl radical (•NH2CH2CO2-) also abstracts the methylene hydrogen yielding the interior -O2C•CHNH3+ radical. This interior radical and the aminomethyl and aminyl radicals, in various states of protonation, are also observed in the crystals. The EPR spectra are congested due to the presence of multiple radicals and (in monocrystals) trapping sites. By contrast, low-temperature irradiation of glycine on the metal oxides yields only one radical: namely, the protonated aminomethyl radical (Figure 3a). This was demonstrated using chemical and isotope substitution in the amino group and combining these results with simulations of the EPR spectra
 
 Shkrob and Chemerisov discussed in section 4.1. The first step in establishing the identity of the radical is noticing that the EPR spectrum does not change upon 12C/13C substitution in the carboxyl group (Figure 3a, trace iii), whereas the DFT calculations indicate a hfcc of ≈ -10 G for 13C in H2N•CH13CO2- and +H3N•CH13CO2- radicals (section 4.1). This excludes the interior radical as the primary radical species. Instead, the interior radical is observed above 120-130 K; the transformation of the primary radical to the interior radical is complete at 150-170 K (Figure 3b), suggesting that this radical is formed through a secondary, thermally activated reaction. The EPR spectrum of this secondary radical (observed at 170 K) changes when the carboxyl carbon is 13C-substituted, confirming its identity as the interior radical (Figure 18S in the Supporting Information). The retention of the amino group in the primary radical is apparent from a dramatic change that the H/D and H/Me substitution in this group has on the EPR spectra observed. The deuteration in the amino group yields a threeline spectrum from •CH2ND3+ instead of the five-line spectrum from •CH2NH3+ (Figure 3a). The same three-line spectrum is observed for betaine (N,N′,N′′-trimethylglycine), for which deuteration has no effect on the spectrum appearance, and in H/D exchanged sarcosine (N-methylglycine). All of these changes in the EPR spectra are indicative that the primary radical is aminomethyl (Figure 19S in the Supporting Information). Direct simulations of the spectrum using DFT calculations (Figure 20S in the Supporting Information) indicate that these patterns can be accounted for only by the protonated form of this radical, indicating that the pH at the interface is sufficiently low for the protonation of the amino group. This is also suggested by EPR spectra obtained for other R- and β-amino acids, both on the anatase and the goethite; on the hematite, the photoreactions of the amino acids were not observed. Importantly, there is no evidence for electron scavenging involving the -NH3+ terminus of the amino acids (resulting in the formation of deaminated -O2C•C(H)R radicals) despite the fact that this reaction is prominent in radiolyzed solutions and crystals of R-amino acids.42,46-52 The electron affinity of the amino acids is insufficient to facilitate the electron transfer from the surface Ti(III) and Fe(II) centers on the oxide particles. The energetics faVor photooxidation oVer the photoreduction, proViding an unusually “clean” pathway to photogeneration of a single type of the radicals. Photoreaction 1 is also observed for the cyclic proline (Pro) and R-alanine (Ala) that yield the EPR spectra shown in Figure 4. For both of these adsorbates, a seven-line EPR spectrum from the -CO2- radical is transformed into a six-line spectrum upon the H/D substitution in the amino group. Precisely such a transformation is expected for the radicals generated via reaction 1 (see Figure 37S in the Supporting Information and section 4.1). By analogy, it can be expected that reaction 1 occurs for other amino acids, for which the resonance lines are less resolved. Since the γ-proton splittings in the R•CHNX3+ (X ) H, D) radical are relatively small, one can expect that EPR spectra for -CO2 radicals in which there is one (class I) or two (class II) β-protons would yield similar EPR spectra within their own class, but different spectra for classes I and II. Indeed, for class II radicals, the two outer lines present for class I radicals are missing. This is in full agreement with the EPR spectra shown in Figure 21S in the Supporting Information. It can also be expected that the deuteration in the amino group results in the loss of the outer lines for all of these radicals (in the same
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 Figure 4. EPR spectra observed from photoirradiated aqueous solutions of R-alanine (Ala) and proline (Pro) on anatase nanoparticles at 50 K. The dashed lines are from the deuterated amino acids (obtained using H/D exchange in the amino group). The low-field resonance line from trapped electron is excluded from the plot, and the high-field component is indicated with a vertical line.
 
 fashion as for Gly, Ala, and Pro). This is also in agreement with the EPR spectra shown in Figure 21S in the Supporting Information. While the spectral resolution in Figure 21S in the Supporting Information is worse than in Figures 3 and 4, the patterns of the resonance lines revealed in the deuterated radicals can only be accounted for by decarboxylation of these R-amino acids. The structure of the observed radicals positively excludes oxidation by free OH radicals, as for some of these amino acids (such as Val, Leu, and Ile) the reactions of the hydroxyl result mainly in the abstraction of hydrogen from the tertiary carbon in the side arm.37 This conclusion equally refers to serine and threonine, for which reaction 1 can be expected to compete with deprotonation from the hydroxyl group, especially given the results of section 1S in the Supporting Information suggesting unusually strong chemisorption of these two R-amino acids on the anatase at 300 K. Despite the possible additional bridging trough the hydroxyl group, the fragmentation proceeds via the decarboxylation, as suggested both by the EPR spectra (Figure 22Sa in the Supporting Information) and the effect of H/D exchange on these spectra. Another important observation is that the decarboxylation is biased toward the elimination of the CO2- group in the R-position, as the EPR spectra observed for Glu and Asp are sensitive to H/D substitution in the R-amino group, which would not change these EPR spectra had the eliminated carboxyl group been in the side arm of the amino acid (see Figures 21S and 22Sb in the Supporting Information). For the aspartate, this preference is straightforward (Figure 22Sb, trace i, in the Supporting Information) as the EPR spectrum observed at pH ∼2 can only be explained by -O2CCH2•CHNH3+ radical rather than •CH2CH(CO2-)NH3+ radical. Since the results of the previous sections indicate that all aliphatic carboxylates readily eliminate the carboxyl group, this preference reveals that the R-carboxyl group is bound in preference to other carboxyl groups.
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 Figure 5. EPR spectra observed from photoirradiated (top to bottom) cysteine, lysine, tyrosine, and tryptophan in frozen aqueous solutions of anatase nanoparticles at 77 K. The dashed lines are from the deuterated amino acids, as in Figures 3 and 4. The arrow in the upper trace indicates the high-field line of trapped electron center, and the low-field component is excluded from the plot.
 
 3.6. Other Amino Acids and Di- and Polypeptides. In contrast to R-amino acids having alkyl-, amide-, and carboxyl-terminated side arms, all of which undergo reaction 1, photolysis of amino- and thiol-terminated amino acids (lysine and cysteine) yields other radicals than the product of decarboxylation (Figure 5). As the EPR spectra of these radicals are not resolved, the identification of these radicals is not possible. Nevertheless, the yield of these radicals is even greater than the yield of the -CO2- radicals from other R-amino acids. For histidine, no radicals have been observed on the anatase, but polyhistidine gave the strong EPR signal from a neutral radical that we identify as the deprotonated radical cation on the imidazole ring of His (Figure 23S in the Supporting Information and caption to Figure 32S in the Supporting Information). Exactly the same EPR spectrum was observed for photoirradiated bovine serum albumin (BSA) on the anatase. BSA is a 600-residue protein containing 18 histidine residues that are critically involved in its folding.53 The deprotonated radicals were also observed for tyrosine, which undergoes O-H fragmentation from its radical cation with the formation of tyrosinyl radical (Figure 5), and, possibly, for tryptophan (which undergoes N-H scission), although we cannot exclude that the radical cation is stable at 77 K. The aromatic amino acids (with the exception of phenylalanine) donate the electron from their aromatic rings, thereby aVoiding reaction 1 and undergoing the deprotonation instead. The EPR spectra for simple dipeptides, such as GlyGly and AlaAla, are well resolved and indicative of the occurrence of reaction 1 (Figure 6). The analogous EPR spectra were observed for short peptides of polyaspargine (n ) 38 monomer units) and polyalanine (n ) 13), suggesting that these peptides were still binding preferentially through their terminal carboxyl groups. By contrast, the photolysis of Gly5 and polyarginine, polytryptophan, and polytyrosine (Figure 4S in the Supporting Information) on the metal oxides yields no organic radicals despite the fact that the corresponding monomers yield such radicals via reaction 1. These observations suggest that the efficient charge transfer requires anchoring of the carboxyl
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 Shkrob and Chemerisov Supporting Information demonstrates the comparison of the EPR spectra for glycine derivatives on the goethite and the anatase. It is apparent from this comparison that the photogenerated radicals are identical, despite the greater line broadening of the resonance lines for the organic radicals on the goethite. This similarity is also seen in the EPR spectra obtained for radicals derived from R- and β-alanine and proline (Figure 29S in the Supporting Information) and in the less resolved EPR spectra for Leu, Arg, Thr, and Ser (Figure 30S in the Supporting Information), GlyGly, AlaAla, and poly-Asn and poly-Ala (Figure 31S in the Supporting Information). By contrast, the irradiation of aromatic R-amino acids (His, Tyr, and Trp) on the goethite does not yield -H radicals observed on the anatase nanoparticles, section 3.6 (Figure 32S in the Supporting Information). Some other spin centers are formed instead; the extreme broadening of the resonance lines from these centers precludes their identification, and it is possible that these centers are variants of the oxygen hole center.
 
 Figure 6. EPR spectra from the irradiated aqueous solutions of diand polypeptides (from top to bottom): polyasparagine (Asn), GlyGly, polyalanine (Ala), and AlaAla. The dotted lines indicate the EPR spectra obtained in dilute D2O solution; the dashed lines are obtained from concentrated solutions (near the solubility limits of these peptides). The box in the upper trace indicates the resonance line of the trapped electron. The mean number of monomer units (n) and the chemical structures of the radicals are indicated in the plot.
 
 groups at the surface as otherwise the electron-donating groups, even if those are present, are too far removed from the surface to scavenge the hole rapidly, so the latter decays through electron-hole recombination or descends into deep surface traps from which the charge transfer does not occur. 3.7. Polyfunctional Carboxylates on Fe(III) Oxides. In the previous two sections we focused on the anatase nanoparticles that exhibit the greatest photocatalytic activity for the biomarkers. Even the transition from nano- to microparticles of the anatase drastically reduces this photocatalytic activity (Figure 24Sa in the Supporting Information): the suspensions of AlfaAesar particulate anatase are unreactive toward the amino acids and yield only surface trapped holes in the presence of di- and polypeptides (Figure 24Sb in the Supporting Information). For carboxylic and aminocarboxylic acids (other than acetate) the efficiency of the radical formation on the anatase microparticles does not follow the universal pattern: e.g., for isobutyric acid, the decarboxylation is efficient, whereas for propionic acid it is not. The hematite also showed this irregular pattern: low yield of -CO2 radicals in the photolysis of the propionate, isobutyrate, and succinate (Figure 25S in the Supporting Information), but high yield of such radicals for the acetate, tartrate, citrate, EDTA, β-alanine, and AlaAla (Figure 26S in the Supporting Information). The reaction pattern for R-amino acids was irregular, too: except for Lys, Cys (Figure 26Sa in the Supporting Information), and Tyr and His (Figure 27S in the Supporting Information), we observed no organic radicals. For carboxylated aromatic compounds, the same radicals were observed on the hematite and the anatase nanoparticles (see the two examples in Figure 27S in the Supporting Information). It appears that the hematite is less photoreactive than the anatase, and the efficiency of the fragmentation is more sensitive to structural variations, suggesting great sensitivity to the energetics of the charge transfer and the mode of the chelation of surface Fe(III) ions by the adsorbate. Unlike the hematite, the goethite is similar to the anatase in the universality of the reaction patterns. Figure 28S in the
 
 4. Discussion 4.1. Radical Attributions. The conclusions reached in section 3 rest upon the attribution of the EPR spectra to certain organic radicals. In this section we examine the methodological aspects of such attributions and the additional insight gained from numerical simulations of the EPR spectra. The appearance of the EPR spectra given in section 3 indicates poor rotational averaging of the hfcc tensors for magnetic nuclei (1,2H, 13C, 14N, and 19F) in these radicals. The only radical in which the rotation is unhindered is the methyl; even in •CH2CN and •CF3 the rotational averaging is negligible and the anisotropies of the hfcc tensors for all of the magnetic nuclei must be taken into account. Since simulating such spectra was impractical, we aimed at obtaining qualitatiVe agreement with the observed EPR patterns. To this end, the radicals with constrained dihedral angles (typically, about 50-100 points per dihedral angle) were geometry optimized for other degrees of freedom using the DFT method and the hyperfine coupling tensors were calculated. An isotropic g-tensor was assumed and a high-field “powder” EPR spectrum for each radical conformation was generated using the standard perturbation theory approach. The conformational energies were used to calculate Boltzmann factors (neglecting the quantization of the vibrational and rotational degrees of freedom) and the spectra were weighed accordingly. The resulting EPR spectra were convoluted with a Gaussian line to take into account the inhomogeneous broadening of the resonance lines. Figure 33S in the Supporting Information illustrates the results of this approach for the •CH2NH3+ radical generated by decarboxylation of glycine. The methylene group is planar, so the R-proton coupling constants weakly depend on the H-•C-N-H angle φ, whereas the isotropic hfcc for β-protons in the amino group varies as cos2(θ) of the angle θ between the p-orbital occupied by the unpaired electron and the •C-N-H plane (Figure 33Sa in the Supporting Information). The estimated rotational barrier for the NH3+ group is ∼4 meV; the lowest energy geometry exists for φ ≈ 30°. Had this radical been in the lowest energy conformation, the resulting EPR spectrum (Figure 33Sb in the Supporting Information) would be different from that experimentally observed (Figures 20S and 34S in the Supporting Information). Instead, the experimental EPR spectrum resembles the one simulated for φ ) 0°. The simulations shown in Figure 33Sb in the Supporting Information indicate that this correspondence is not accidental: above 50 K, thermal excitation is sufficient to support φ ∼ 0° conformations that dominate the weighed EPR spectra. The analogous
 
 Polyfunctional Carboxylated Compounds simulations for the CH3•CHNH3+ radical (resulting from decarboxylation of R-alanine) involving two degrees of freedom (Figure 35S in the Supporting Information) indicate a higher barrier of 10-14 meV. The comparisons of the simulated (50-200 K) and the observed EPR spectra for H and D isotopomers of the -CO2 radicals of glycine and R-alanine confirm these radical attributions. For comparison, in Figure 36S in the Supporting Information we simulated the EPR spectra for -O213C•CHNX3+ (X ) H, D) and its 13C-analogue. Neither the protonated nor deprotonated interior radical accounts for the observed EPR spectra from irradiated glycine on metal oxide particles. For hindered structures, the EPR spectra provide more detailed information. Since proline is cyclical, the conformational dynamics are arrested, allowing the definitive attribution of the structure (Figure 37S in the Supporting Information). Only the protonated radical formed via decarboxylation of the proline (shown in trace i) yields the experimental EPR spectrum, whereas the deprotonated radical (traces ii) and -H interior radical (traces iii) yield qualitatively different EPR spectra. For the Cs symmetrical radical formed by decarboxylation of GlyGly (Figure 38S in the Supporting Information), the EPR spectra have different appearances depending whether the methylene group is in the mirror plane or perpendicular to this plane. Despite the lower energy of the latter conformation in the gas phase, the observed EPR pattern is consistent only with the in-plane conformer. For the Cs symmetrical β-alanine, the situation is opposite (Figure 37Sa in the Supporting Information): the EPR spectra indicate that the out-of-plane conformer is prevalent. These results indicate that the predominant conformation for the •CH2R radicals is determined by the substitution at their β-carbon and matrix effects. These matrix effects are especially apparent for hydroxylated compounds, in which the formation of internal hydrogen bonds “locking” the radical in a particular conformation is expected. To illustrate, the hydroxyl hydrogens in the HO•CHCH(OH)CO2- radical (the residue of the tartrate) can form the internal H · · · OH bond, conformationally “locking” this radical. Strikingly, there is no evidence for this “locking”. The simulated EPR spectrum shown in Figure 39Sb in the Supporting Information is compatible with a residual radical in which the rotation of the -•CH(OH)CO2- fragment is full range. For the serine residue, the DFT calculation indicates the formation of the internal NH · · · OH bond that stabilizes the conformer in which the distance between the amino proton and the hydroxyl oxygen is minimal. However, this “locked” conformer (isolated by a 150-250 meV barrier from other conformers) cannot, on principle, account for the observed EPR spectrum. The latter can be simulated only by assuming full-range rotation of the amino group. These and other examples indicate that the internal H-bonding is suppressed on the metal oxide particles. This suppression, in turn, may suggest the absence of free hydroxyl groups in the residues of the tartrate and serine, indirectly implying that these molecules (and the radicals generated by their decarboxylation) are bound to the metal ions at the oxide surface through the oxo bridge, as is the case for the radicals of monatomic alcohols (section 3.3). We, therefore, conclude that such bifunctional molecules are bound to the surface not only through the carboxyl groups but also through the hydroxyl groups, which accounts for their efficient chemisorption (even in room-temperature aqueous solutions, see section 1S in the Supporting Information) and efficient photofragmentation on the metal oxides.
 
 J. Phys. Chem. C, Vol. 113, No. 39, 2009 17147 4.2. Synopsis. We generalize the observations of sections 1S in the Supporting Information, 3, and 4.1 as follows: Unless the carboxylated molecule has a π-system capable of accepting and stabilizing the excess positive charge, the electron transfer from the adsorbate to the surface hole typically leads to reaction 1, with no competing photoreactions taking place. This reaction prevails even in the presence of amino and hydroxyl groups, including the situation when the hydroxyl group (groups) forms (form) oxo bridges with metal ions at the oxide surface. Without these groups, the photoirradiated hydroxylated compounds deprotonate from a site near the oxo group. In few exceptional cases (such as tricine, salicylate, tyrosine, histidine, and tryptophan) this deprotonation can compete with the decarboxylation. In natural amino acids, there is a bias for the preferential chemisorption through the R-carboxyl groups and only such groups are eliminated. For carboxylated aromatic compounds, the decarboxylation occurs when the elimination of CO2 from the corresponding trapped-hole species is exergonic; otherwise it decays by recombination with the electron and no fragmentation is observed. Among the carboxylated benzenes, only benzoate is photostable, but this photostability improves for carboxylated PAHs, for which the trapped-hole species is more stable to decarboxylation due to the delocalization of the excess positive charge. The photostability of nonaromatic amino acids is poor on the hydrated anatase and the goethite, where these molecules undergo reaction 1, but these molecules are relatively stable on the hematite. Aromatic R-amino acids (with the exception of phenylalanine) do not undergo reaction 1, but instead undergo deprotonation from heteroatoms (O and N) in the aromatic moieties. The stability of the peptides is determined primarily by their adsorption which is, generally, low, but dipeptides and short peptides bound to the surface through their carboxyl groups readily undergo reaction 1. Among the peptides lacking the accessible carboxyl groups, only the ones that are rich in histidine residues bridge to the metal oxides and react with the holes; perhaps this bridging requires cooperative polydentate chelation of the surface metal ions by the histidines, as occurs in many of the metalloenzymes. On a broader note, our EPR studies imply that lowtemperature photodegradation of carboxylic compounds on the metal oxides is the result of surface photooxidation. The pattern of the observed radical products is incompatible with a mechanism involving the secondary reactions of released OH radicals, favoring instead direct electron transfer from the chemisorbed molecules to the (nano)particles and proViding eVidence for subtle effects resulting from such surface interactions. Our results do not exclude that the secondary reactions of the OH radicals occur in liquid solutions, but under the conditions when surface binding occurs, the photoreactions are direct. In terms of the relative photocatalytic efficiency, the anatase is the most reactive chemically, but the goethite is a close second, whereas the hematite is much less reactive. Slow photoinduced decarboxylation has been observed for acids and amino acids adsorbed on wide-gap oxide materials, such as alumina and (mesoporous) silica, during prolonged UVA irradiation.54 The mechanism for these photoreactions must be different from those examined, as the photoreactions on the d-ion oxides involve charge separation and the subsequent oxidation of the adsorbate by the photogenerated holes.55-58 Relating the observed trends to the recent studies of Tran et al.2 on photodegradation of natural amino acids in aqueous suspensions of TiO2 particles, it is noteworthy that in their study the R-amino acid found to be the least stable was serine (for
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 which there is strong evidence for synergistic binding involving the carboxyl and hydroxyl groups, see above) whereas the most photostable was phenylalanine, for which reaction 1 was not observed in our study. The aromatic amino acids that undergo facile deprotonation of their radical cations are those of intermediate stability. 5. Conclusion We have demonstrated the generality of the photo-Kolbe reaction on Ti(IV) and Fe(III) oxides for several classes of (polyfunctional) carboxylated molecules, including natural amino acids and peptides. These photoreactions readily occur under cryogenic conditions and result in the formation of C-centered radicals that are stable on the metal oxide surface, but become reactive when thermally activated. Another common photoreaction is the deprotonation that occurs when reaction 1 is inhibited. The import of these observations for Mars chemistry is discussed in sections 2S and 3S placed in the Supporting Information. Our general conclusion is that the photocatalytic decarboxylation on the metal oxide particles prevents the accumulation of nonvolatile products of kerogen oxidation in the manner suggested by Benner et al.3 These photoreactions, coupled with other oxidation reactions, result in mineralization of the exposed organic molecules, including the tentative biomarkers. Such molecules are inherently unstable on the photocatalytically active surface of Mars, even at low temperature. The remarkable corollary of our observations is that the aliphatic component of the kerogen that is expected to yield acetates as a result of stepwise oxidation by OH radicals3 and the Fenton reactions58 may serve as the progenitor of methane in the martian atmosphere, because the photo-Kolbe reaction (1) and the subsequent abstraction of hydrogen by the released methyl radicals (reaction 2) convert the acetate into CH4 and CO2 above ∼110 K. Therefore, reaction 2 results in lowtemperature methanogenesis and this reaction readily occurs even at the lower end of martian temperatures (>130 K). Our observations also have practical import for matters terrestrial. The use of titanium implants stimulated much interest in the interactions of biomaterials (amino acids, peptides, and proteins) with the oxide layer on the oxidized metal surface.1 These studies indicate that living tissues “mistake” the sites on the hydroxylated titania for bone minerals. State-of-the-art computer simulations suggest that these biomolecules preferentially adsorb through their carboxyl and amino groups.1 The thermal reactions of R-amino acids (such as Pro) on titania yield the same radical products as photoreaction 1, suggesting the adsorption through the carboxyl group,59 but the generality of this conclusion has not been demonstrated. Our EPR studies suggest the existence of the general pattern for the adsorption of R-amino acids and peptides through their carboxyl groups on the Ti(IV) and Fe(III) oxides. Only in a handful of cases do we find evidence for competitive adsorption involving the OH and NH groups, and only in one case did we observe that this preference changed the photochemistry. For nonaromatic carboxylated molecules, the occurrence of reaction 1 implicates bridging to the oxide surface through the carboxyl groups, regardless of the molecular size of the adsorbate. For amino acids, there is further preference for anchoring through R-carboxyl groups suggesting a synergistic effect involving H bonding between the protonated amino groups and the hydroxylated metal oxide surfaces. The occurrence of reaction 1 for biomolecules with exposed carboxyl groups may account for the bactericidal effect of photoactivated titania sols.1,2,24 The specific
 
 Figure 7. Suggested reaction scheme for photoinduced decarboxylation of chemisorbed carboxylated molecules (RCO2-) at the surface of aqueous metal oxide (MxOy) particles.
 
 mode of this chemisorption might resemble that for the acetate on rutile: the two oxygens of the carboxyl form a µ-complex involving two octahedrally coordinated metal atoms, as shown in Figure 7.60 From the perspective of photocatalysis, reaction 1 allows generation of alkyl radicals that subsequently abstract hydrogen from H-donating molecules (including the parent compounds) yielding hydrocarbons. Such reactions may assist the photosynthesis of biofuels (such as methane gas) starting from carboxylated molecules (such as the acetate produced by steam hydrolysis of ligninocellulosic materials during the production of cellulosic ethanol). Since the pioneering studies of Kraeutler and Bard,57 it has been assumed that trapped electrons are involved in the photo-Kolbe reaction, by reacting with the protons in the RCO2H groups (forming adsorbed H atoms) and the -CO2- radicals (forming the carbonium anions, R-, that are hydrolyzed by water to RH and HO-). We found no evidence for the occurrence of either one of these reactions. The only role played by the trapped electron seems to be limiting the lifetime of the surfacetrapped holes through the recombination. The radicals generated by decarboxylation of the RCO2- anions are stable in the temperature range where these radicals do not migrate; at higher temperature (120-160 K), these radicals migrate and abstract hydrogen. The relatively low photocatalytic activity of the hematite observed in our time-resolved and low-temperature experiments is related to the efficiency of electron-hole recombination and interior trapping.61,62 Acknowledgment. I.A.S. thanks M. Zolotov, T. Rajh, N. Dimitrijevic, G. Delory, M. Moore, and A. Schuerger for many useful discussions and freely given opinions and T. W. Marin for critical reading of this paper. This work was supported by the Office of Science, Division of Chemical Sciences, U.S. Department of Energy, under Contract No. DE-AC-0206CH11357 and the NASA Planetary Division Mars Fundamental Research Grant NNH08AI65I. Supporting Information Available: Sections 1S-3S and Figures 1S-39S with captions and diagrams. This material is available free of charge via the Internet at http://pubs.acs.org.
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