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Early Events in Decatungstate Photocatalyzed Oxidations: A Nanosecond Laser Transient
Absorbance Reinvestigation
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Transient absorbance changes following nanosecond flash excitatiofiWf§®s;] (M = Na" or (n-C4Hg)sN*

= Q") in acetonitrile reveal a long-lived ligand-to-metal charge-transfer (LMCT) intermediatgORg/*—*

(¢ ~ 0.50,7 > 74 ns) as the reactive species in photocatalyzed organic oxidations. From its long lifetime
and the lack of detectable emission between 400 and 900 nm, this LMCT intermediate is assigned to a “hot”
ground-state isomer which is quenched reductively tao¥]°~ or its protonated derivative [HWO37]*".

Up to 1us after flash excitation of NV 100s7], the kinetics and quantum yields are measured for the reductive
guenching of [W¢Os2]*~ T by thiocyanate and four classes of organic substrates. Aromatic amines, thianthrene,
and thiocyanate quench [MDs;]*~ T by electron transfer at or near diffusion-controlled rates, and the alkanes
and 2-butanol quench [WOs2]*~ 1 by hydrogen atom transfer with rate constants in the range 1 M !

s L. High yields of the geminate pairs do not require photoexcitation of ground-state adducts, substrate- -
[W10035]4", but do require protonation of the reduction product,§@4,]°>".

Introduction SCHEME 1: Intermediates Generated by Flash
Polyoxometalates (POMs) are discrefentetal oxide com- Excitation of Decatungstate

plexes that exhibit a wide variety of alterable shapes, sizes, and W,05,1* by 2 (LMCToop Apax = 780 )

surface charge densitiés?> The most striking properties of 1 k

these complexes are their reversible multielectron reduction U=k +k>3.3x 101051

capacity, their wide range of tunable redox potentials, and their k, k,

high oxidative and thermal stabilitiés® Both the energetics

and mechanism of the polyoxometalate-catalyzed functional- Sox +

ization of organic substrates have been addressed, centering o
alcohols?612 ketones'? amines3'*and the activation of EH
bonds in saturated hydrocarboig>22 Most of these reports
rely on indirect techniques, e.g., organic product distributions investigation for two reasons. First, the known electronic spectra
or steady-state photochemical reaction kinetics and quantumand molar absorptivities of the one- and two-electron reduced
yields. species permit clarification of their involvement in photochemi-
In the photodehydrogenation of saturated hydrocarbons, cal transformations of M.25-27 Second, picosecorfd:28and
product distributions can be controlled by varying the ground- nanosecorfd282%ransient absorbance studies ofINhave been
state redox potential of the polyoxometalate involved in the reported.
thermal “dark” reactions subsequent to the primary photochemi-  When monitored within 815 ns after the picosecond flash
cal event. In particular, highly oxidizing polyoxometalates (e.g., excitation of Myl (Na* and Q' salts exhibited identical transient
a-[PW12040]3") exclusively produce the more highly substituted ~ spectra/behavior on this time scale), an emissive but unreactive
(thermodynamic) alkenes, which is consistent with carbenium transient is produced that was assigned as a ligand-to-metal
ion intermediate$? With less oxidizing polyoxometalates (e.g., charge-transfer (LMCT; G~ W) excited electronic statg.?3
[W1¢032]#"), however, the least substituted (nonthermodynamic) This species has a lifetimer)( shorter than 30 ps, by both
alkenes and dimers are produced, as is consistent with dispro-emissio® and transient absorbarféeneasurements (Scheme
portionation and dimerization of radical intermediatesin 1)31 A second nonemissive speci@salso was observed by
radicals for which dimerization and disproportionation are transient absorbancéfax at 780 nm§ This species has a
disfavored by steric factors (e.g., the adamantyl radical), methyl lifetime much longer than 15 ns and a spectrum similar to that
ketones are produced, probably through an intermediate car-of the one-electron reduced product {§z]° (4; Amax at 370
banion?* However, there is little direct evidence on the and 780 nmy532 However, the absence of an absorption
substrate-activating events, on the identity of key intermediates, maximum at 370 nm, together with the absence of spectral
on the relative efficiencies of thermal back reactions within changes with added reactive quenchers cyclohexene and 2-bu-
solvent cages and from freely diffusing intermediates, or on the tanol, demonstrated that the transi@8mhust be different from
limiting quantum yields of primary and secondary prod- 4.2332 |twas proposed that the long-lived intermediaieacted
ucts®92223 Nor is it understood which of these processes control with the quenchers on a time scald5 ns. This was confirmed
the course of polyoxometalate photocatalyzed dehydrogenationsby recent reports of the nanosecond transient behavior of
In an attempt to address these questiong\W¢Os2] (M 41, photoexcited M1 with the quenchers proprionitrile, adamantane,
M = Na' or Q" = (n-C4Hg)sNT) was chosen for further tetran-hexylammonium cation, and 2-propari®f® The reac-
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tive intermediate3 is probably formed directly fron2, since The photocurrent was amplified 10-fold and fed into a
the quantum yields for the reduction of;Mare independent  digitizing oscilloscope (Tektronix 540, 1 GHz sampling rate)
of excitation wavelength?-20 which was triggered by a laser sampling fast photodiode. A
We report here new evidence from nanosecond flash excita-home-built master oscillator provided timing sequences for the
tion of M41 in acetonitrile (MeCN) which verifies tha is a control of the laser flashlamp trigger, Q-switch, probe light
reactive long-lived intermediate with substantiaHOW charge- shutter, and arc pulser. A PC computer was interfaced to both

transfer character and indicates tHatis a “hot” ground the oscilloscope and the monochromator drive assembly using
electronic state isomer of M. In the presence of a suitable the ASYST programming language. Chromatic aberration-
substrate3 is converted to} or its protonated derivativé{4. induced changes in probe/excitation beam overlap vs probe
The rate constants for the reductive quenching3dks) by wavelength were eliminated by either reducing the slit width
thiocyanate ion or four organic functional groups and the of the emission baffle or by plaaina 5 mmdiameter limiting
limiting quantum yields for the production df+ H4 measured aperture at the front of the sample cell. The 7 ns laser pulse
0—1 us after the flash can differentiate electron transfer (et) width corresponded to an approximate instrument response time
and hydrogen atom transfer (hat) mechanisms and can determin@®f 21 ns, and the zero time was defined at the point where the

the fate of the respective geminate pairs. instrument response was extinguished. The detector response
remained linear up to 1 ms.
Experimental Section Measurements of Transient Absorbance Spectra, Kinetics,

) ] . and Quantum Yields. A flow cell was used for recording both

Materials. Tetran-butylammonium (Q) and sodium salts  tansient spectra and kinetics measurements with reactive
of M4l were recrystallized two times from MeCN and were q,enchers. This apparatus consisted of a 250 mL three-neck
shown by cyclic voltammetry (Bioanalytical Systems; Qalt  fiask as reservoir, a positive displacement Teflon-clad gear pump
only) and by FT-infrared (Nicolet 510P) and absorption (Micropump 07002-17, 316 SS head), 4 mm i.d. PTFE Teflon
spectroscopy (Shimadzu 3101/PC) to be free of redox-active yhing a 1 cmpath length quartz flow cell (Helma), and a filter
impurities?>2° The lowest energy band of Ml (imax = 324 a5semply (Cole-Parmer 06621-05;2um porosity; all Teflon-
nm) has been assigned previously to an oxygen-to-metal chargeyetted parts). The reservoir was equipped with three adapters:
transfer absorptio®® The ratio of absorbances observed at 262 1,5 contained Viton O-rings to accommodate the Teflon tubing,
and 324 nmAgedAsz4 for Nayl was 1.144 and one contained a Teflon-lined silicone septum for substrate

Tetran-butylammonium hexafluorophosphate (Aldrich) was  injection and solution deoxygenation. The solutions (150 mL)
recrystallized five times from ethanol and dried on a high- \ere purged with MeCN-saturated Ar for at ledsh prior to
vacuum line for 4 days. Benzophenone (Aldrich, 998) and flash excitation, and the solutions remained under a stream of
spectroscopic grade MeCN and benzene (Burdick & Jackson) ar during the measurements. The quenchers were degassed
were used as received. Sodium thiocyanate (Baker, 98.1%) wasyith Ar and added to the reservoir via gastight syringes.
recrystallized two times from water. All other substrates  Aj transient absorbanceA@) data were collected with 62
(Aldrich) were of the highest purity available-09.9%). A 4M M1 in MeCN (M = Nat or Q*; 150 mL volume;Asss ~
control experiment using MeCN predried with activated alumina .3), unless indicated otherwise. Transient absorbance spectra
and distilled from Cakhl using a high fractionation column  ere recorded by averaging 10 laser shots at each wavelength,
(sufficiently pure for electrochemistry) showed transient be- and kinetic traces were averaged for 15 laser pulses. The kinetic
havior identical to that of the untreated solvent. data were each fit betweér= 0—800 ns to the functiorhA; ;

Transient Absorbance Spectrophotometer.Laser excita- = AAi« + (AA 0 — AA; )e 8, which reflects the simultaneous
tion was provided from the third harmonic (355 nm) of a monitoring of reactant decay and product formation at wave-
Q-switched Nd:YAG laser (Continuum Surelite; 7 ns pulse length with pseudo-first-order rate constaat Each quenching
width; ~7 mm beam diameter). The beam was passed throughrate constantu, was obtained from the slope of a linear Stern
a half-wave plate/calcite polarizer pair which allowed the beam Volmer plot k vs quencher concentration) using at least seven
energy to be varied independently of the flashlamp pump but usually as many as 20 points. Only Nagl was used to
voltage. The latter was set to maximize both the stability and obtaink, values since @ quenches the initial transient (vide
the temporal profile of the pulses output from the harmonic infra). As a check for sample integrity, ground-state absorbance
generating crystals. The probe light was obtained from a 150 spectra were recorded both before and after each transient
W Xe arc lamp (Oriel 60001 series housing; arc dimensions, absorbanceXA) experiment.
1.1 mm x 0.5 mm) equipped with a fused-silica collimating When measured at 324 and 780 nm between 0 ausl the
lens (50 mm f.I.f/1.5). This collimated light was passed though transient absorbances derived from excitation of eithaf la
an electromechanical shutter (Vincent Associates, Uniblitz Q,1 remain linear with laser excitation energy over thel®
D122/VS25S251), and the arc was imaged with a fused-silica mJ/pulse range (see Supporting Informati#n)All transient
lens (150 mm £.1.§/3) onto a variable slit (Oriel) which baffled  measurements were recorded within this linear region. Quantum

any emission and was located 4.5 cm beyond the sample cell.yields for the transients were obtained by triplet benzophenone
The probe and excitation beams overlapped at the sample cellactinometry (eq 1)
in a 9C¢ arrangement, with slight underfilling of the excitation

beam. The probe light was collected and reimaged with a pair ~ [d@aA) A

of plano-convex fused-silica lenses (150 mm f/8; 125 mm D Ac lim aE (1—=107);4p

f.I., f/2.2) onto a monochromator (PTI, 50 mm50 mm grating, X x —EX0 (1)
500 nm blaze, 1 mm slit widths) which was equipped with a DPgpAeagp “m(d(AA3BP))(1 _ 107A)

drive assembly and a photomultiplier tube (PMT; five-stage e-o\ dE A

Hamamatsu R928 operated-&600 V; rise time<1 ns). Schott

glass neutral density filters were used to attenuate the probewherex denotes the species of interé&P is the benzophenone
light as needed, and sharp cutoff filters were used to block triplet, Ae and AA are the changes in molar absorptivity and
second-order grating reflections from reaching the PMT. absorbance relative to the ground state, respectivglys the
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ground-state absorbance at the irradiating wavelebhgdmdE

is the incident laser enerd§. The initial slopes obtained from
plots of AA vs incident laser energy combined with the literature
reference valuespsgp = 1.00 andAeszg = 7220 M1 cm™3,
allow access to the produchAex. Following excitation of
either Q1 or Na1, the transient measuredtat O ns (identified
below as the reactive intermedia@i gives ®3Ae; = 3440+
100 M~ cm™t at 780 nm.

The quantum yields of the one-electron reduced decatungstate

products ®4+H4, Were obtained at different substrate concentra-
tions by measuringAA(t) at 780 nm using3 as an internal
actinometer. The incident laser energy was maintained within
the region where &A)/dE is constant and the ground-state
absorbances at the excitation wavelength (355 nm) were
identical (sss ~ 0.3) to that used in determining the product
d3Ae; described above. Under these conditions eq 1 simplifies
to eq 2,

AAyipy P3Aes
AR A€y,

where at 780 nmeps ~ €4 = 7000 + 100 M1 cm1.25.26
Consequently, the quantum yields for the reduced proddicts
+ H4 are accessible without prior knowledge of either the
extinction coefficient or the quantum efficiency for the formation
of the intermediat&, although evidence exists th@t is 0.502°
Assuming thatdz is 0.50, then from the measured value for
®3Ae3 of 3440+ 100, €3 is 6880+ 240, which is identical
within experimental error te4 and eps. Estimating the cell
path length to be 0.7 cm (laser beam diameter) and tadgitg

be 6880 M1 cm™1, the AA at saturatioff gives®3z ~ 0.5. Since
nearly all the measurements reported here reflect initial transient
absorbances of 0.07 at 780 nm, the initial concentratio®isf
14 uM, corresponding to 23% conversion ofsMto 3 and an
overall 46% bleaching of 1.

)

Dpipg =

Results

A. Photoexcitation of M1 (M = Na™ or Q™) in MeCN:
Assignments of Transient Spectra and “Background” Reac-
tions. The 355 nm laser excitation (9 mJ energy, 7 ns pulse
width) of M41 in MeCN produces small quantities of the one-
electron reduced product M0s;]>~ 4 and/or its protonated
derivative H4 by oxidation of @ or MeCN37 Excitation of
either salt proceeds through the same initial transient (Figure
1, top;t = 0 ns), and both transients undergo first-order decay
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Figure 1. Transient absorbancé\p) spectra at = 0 ns (top solid
line) andt = 800 ns (bottom solid line) following 355 nm laser pulsed
excitation ¢~9 mJ) of 62uM Q.1 in MeCN. Calculated\A spectra of

4 (the one-electron reduction product ofXpnormalized at 780 nm
(dotted line) are shown for comparison.
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Figure 2. Transient absorbanc&Af) decay kinetics observed at 780
nm following the 355 nm pulsed excitatiorr® mJ) of 62uM Nasl in
MeCN-ds. Single-exponential fit resultsAA(«) = 0.0006;AA(0) =
0.0771,r = 73.6+ 0.03 ns;R? = 0.998.

TABLE 1: Lifetime Quenching of 3 by MeCN, MeCN-ds,
and the Q* Counterion?

(Figure 2;7 in Table 1§8 to products that are identical except
for ~3 times greater intensity with M= Q.

The initial transient spectrunt € 0 ns) matches one observed
0.1-15 ns after picosecond excitatiohrange: 396-860 nm)
which had been earlier assigned to a reactive intermeg@iate
(Scheme 1§32 The wider spectral range monitored here
precludes its assignment t because of the absence of an
absorption maximum at 375 nm (Figure 1, top). Therefore,
intermolecular photoinduced charge transfer withifiMy1- -
substratg ground-state adduct is not important as has been
earlier concluded by othe?332 However, the product of the
initial transient decay does exhibit a spectrum nearly identical
to 4 (Figure 1, bottom), although the intensity of the 375 nm
band relative to 780 nm is smaller than expected, probably
because of complete or partial protonationdofo H4 (vide
infra).

The initial transient must therefore be a reactive intermediate
3, since both its lifetime is shortened and #he- H4 yield is
increased~3 times when Q is present (Table 1), in accord

T3 AAs AAsiha
M (+1nsp (+0.002f (-£0.0005 D
M=Qt 56 0.073 0.0132 0.08% 0.008
M = Na" 68 0.071 0.0047 0.032 0.004
M = Na"¢ 36 0.073 0.0320 0.21% 0.010
M = Na"" 74 0.072 0.0006 0.004 0.003

a Observed by transient absorbangedf at 780 nm following 355
nm laser pulsed excitationQ mJ) of 62uM M41in MeCN with ODsss
~ 0.3; Q" = tetran-butylammonium? Lifetime of single-exponential
decay. Maximum absorbance &t= 0 ns.? Asymptote from the single-
exponential decay fit betwedn= 0—800 ns.¢ From eq 2.f Average
of six independent measurements yiefBls., = 0.087+ 0.002 for
Q41 and @414 = 0.0334 0.002 for Nal. 9 Added 6 mM Q[PFR]." In
MeCNd3.

with steady-state quantum yiel@®}] measurement®:3” Fur-

thermore, its kinetic behavior with added substrates substantiates
this assignment (vide infra). These results and conclusions are

in agreement with those reported in recent similar stuigs3°
The marginal quenching &by MeCN still allows for lifetime
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TABLE 2: Bimolecular Quenching Rate Constants and 0.02+
Geminate Pair Yields - %
Ky x 1077 0.015 ]
substrate (M~1s79P (£5%) ®pigim® (£ 0.02) ] 5
DMA 720 < 0.01.]
DEA 620 < 73 %
DMPT 790 ] % 3
thianthrene 229 0.005 e
sodium thiocyanate 19.7 >0.09 $
+2-butanol 9.93 0.50 (0.49) 0
cyclopentane 2.39 0.50 (0.35) e ————1
h;,—cyclohexane 3.25 0.46 (0.44) 0 02 04 0.6 0.8 1
d;—cyclohexane 1.09 0.44 (0.24) Na[SCN] (M)
cycloheptane 5.59 0.48 (0.45) ) )
cyclooctane 7.79 0.47 (0.46) Figure 3. Transient absorbanceAQ) decay asymptotes measured
DMC 4.27 0.50 (0.49) between 200 and 800 n®(Aobs = 780 nm assigned t8; x, Agps =
cis-decalin 8.53 0.48 (0.40) 475 nm assigned to [(SCB)") vs thiocyanate concentration following

) B pulsed excitation of 62M Nas1 in MeCN.
aDMA, DEA, DMPT, and DMC areN,N-dimethylaniline, N,N-

diethylaniline, N,N-dimethyl-p-toluidine, andcis-1,2-dimethylcyclo- 410"
hexane, respectively.See Scheme 2 for definitiofLimiting quantum 3
yields ®pa,im, corrected for MeCN quenching, were determined from 3.5107 ]
unweighted nonlinear least-squares fits of experimedtal vs [Q]* . ]
curves to eq 8. The uncorrected valu@sy,app-im, Obtained from fits o~ 31074
to “linear” portions of the curves, are in parenthesguantum yield 2 25107
for 4 obtained at the limit of Na[SCN] solubility in MeCN, 0.9 M. j ) ]
210"
guenching and quantum yield measurements with other added 1
substrates with NA giving less interference thansQ@ The 1510 i 7
rate constant for the intrinsic decay &fks, must be less than 110" Y
or equal to 1.35¢< 107 s~* as is measured under the least reactive 0 008 016 024 032 04 048 056
conditions, i.e Nas;1 in MeCN-d; (Table 1). [Cycloalkane] (M)
The lifetimes of3 (although different for M= Q' or Na") Figure 4. Stern-Volmer plots for the lifetime quenching & by
remain unaffected by the concentration ofIM5—500 uM), cycloalkanes. The lifetimes @were measured by transient absorbance

by the excitation energy (240 mJ/pulse), by the concentration (AMA)sz?r? K‘A”;gﬂ'?,‘\;‘i’tiﬂg dﬁfeieT]T Cpour!izcr‘]t%%tsgoggih”ng)olcl’;v%ﬁ]
of H2O in the range from 0 to 5 mM, and by concentrations of gycloalkanes: A, cyclooctane: B, cycloheptane; C, CyCthe)haf]e?
oxygen produced by 1 atm pressure. Furtherm@@M D, cyclopentane; E, cyclohexamgs,

remains constant over the-@0 mJ/pulse range of excitation

energies. These results indicate that self-quenching i
unimportant and that neither,8 nor G; quenche8 appreciably
or affects the yield ot + H4 over the G-1 us time range?
The small quantities of + H4 generated by flash excitation

of M41 decay by a second-order process with rate constants he ring size of the cycloalkane (Table 2). A primary kinetic

=(1.8+0.2)x 1Mts? (Milz N1a+ in Me(fl_\l; [4 + H4]o isotope effect is observed for quenching by cyclohexané-
= 0.96/LM) andk~1x 1®M1s (M = Q" in MeCN; [4 cyclohexaneﬂlz (k4,r/k4,d — 30)

+ H4]o = 2.69uM).4!

B. Quenching of 3 by Thiocyanate, Thianthrene, and
Aromatic Amines. Rate constants for the dynamic quenching
of 3 (derived from Nal) by these substrates were obtained from
the slopes of linear SteriVolmer plots (see Supporting
Information) and are collected in Table X,N-Dimethylaniline
(DMA), N,N-diethylaniline (DEA), and\,N-dimethylp-tolui-
dine (DMPT) all quenct8 at diffusion-controlled ratesk{ =
(6—8) x 10® M~ s71) but produce no net reduction product
+ H4. Thianthrene and sodium thiocyanate exhibit somewhat Redox Properties of Myl, 3, 4 and H4. The LMCT
smaller quenching rate constants of (23.1) x 10° and (2.0 absorbance band edge of,Min MeCN near 420 nm places an
+ 0.1) x 16 M~1 s, respectively, with the latter producing  upper limit of 2.95+ 0.05 eV (68.0 kcal/mol) on the internal
appreciable guantities ef + H4. energy of3. In MeCN, Q1 exhibits two reversible one-electron

Even though the lifetime o8 is quenched more than 90% waves with formal potentials of1.20 and—1.80 V vs Ag/
by thianthrene or the amines, no reduction products are detectedAgNO3.2%-26  Assuming negligible differences in entropy be-
since the transient absorbance decays to zero at all wavelengthsween Q1 and3, the potential of the one-electron redox couple
(Supporting Informationj? Similar behavior is observed for  3/4 is estimated to be<1.75 V vs Ag/AgNQ (<2.23 V vs
thiocyanate at concentrations lower than 0.2 M, where the NHE), and driving forces for electron transfer are listed in Table
quenching of3 is ~80% complete. However, at higher 3. In strongly acidic MeCN, the two reversible one-electron
concentrations of thiocyanate, bothand [(SCN)]*~ (Amax = waves of Q1 collapse to a single quasi-reversible two-electron
475 nmj34 are detected, and their yields both continue wave at—0.10 V vs Ag/AgNQ,2° showing that protonation
to increase as the thiocyanate concentration is raised furtherresults in a substantial anodic shift. This effect influences final
(Figure 3)% product distributions and product quantum yiel&ig0

C. Quenching of 3 by Cycloalkanes and 2-Butanol.
Stern—Volmer plots for the quenching & (derived from Nal)
by a series of cycloalkane substrates (Figure 4) yield quenching
rate constants between”énd 16 M~ s~1 that increase with

As the lifetime of3is quenched, an increase in the absorbance
asymptote at 780 nm is observed, indicating formatiod af
H4 (see Supporting Information). The observed quantum yields
®4414 approach saturation at high substrate concentrations
(Figure 5) and4 + H4 does not decay appreciably up to 1 ms
after excitation (see Supporting Information).

Discussion
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Figure 5. Dependence of the quantum vyield for the formatiorHdf

(measured from the asymptote of the transient absorbance decay at 780

nm) on initial cycloalkane concentration following the 355 nm pulsed
excitation 9 mJ) of 62uM Nas1 in MeCN: cyclooctane @);
cycloheptane4); cyclohexanés,, (®); cyclopentane); cyclohexane-
di> (2). Without cycloalkane, the nonzefbn, derives from quenching
by MeCN.

TABLE 3: Free Energies for Electron-Transfer Quenching
of 3 and Thermal Back Electron Transfer?

AG® ¢ (£0.06 eV)

oxidation potential

substrate (V vs NHE) forwardd forwarde back
DMPT 0.94 —1.63 0.018 —1.32
DEA 0.99 —1.58 0.068 —1.37
DMA 1.04 —1.53 0.12 —1.42
thianthrene 1.62 —0.95 0.70 —2.00
NaSCN 1.60 —0.90 0.75 —2.05

a All free energies are corrected for the Coulombic work te@nb,
— Z1wZo)(e*/Dr1), whereZ,y is the charge of speciesin geminate
pairy, and thee’f/Dry, term is taken as 0.068 e¥ € 1, D = 35,13,
= 6 A). PReported from measurements in MeCN vs SCGEand
referenced here vs NHE using NHE vs SEGE+0.23 V. ¢ Forward
electron transfer:3 + §" — 4 + S where S denotes substrate of
chargen. 4 Assumest2.23 V vs NHE for the reduction potential 8f
(based on the 420 nm LMCT band edge inliisee text)® Assumes
+0.58 V vs NHE for the reduction potential 8f(based on a shortest
emission wavelength f& of 950 nm, see textf.Thermal back electron-

transfer calculated from-0.72 V vs NHE as the oxidation potential of
4_19,26

Electronic Structure of 3. In less than 30 ps3 is formed
via the unreactive LMCT intermedia(Scheme 1§3:20:38|n
both 4 and its two-electron reduced derivative @3], the
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Figure 6. “Hot” ground-state model for the electronic structure3of

(A) Schematic representation of potential energy vs distortion coordinate
for M41, 2, and3. The avoided crossing between the surface3 arfid

1 is omitted for clarity. (B) Plausible model for the observed long
lifetime of 3. Each octahedron represents one W atom surrounded by
six O atoms. Only two of the 10 W¢ctahedra are shown, and the
light-induced separated charges are showr-asd —.

relaxed by the significant spirorbit coupling of tungsten,
making assignment & to an excited state unlikely. Although
our observations do not preclude possible emissicgn=at900
nm, such a low internal energy would rendeunreactive, i.e.
implying a reduction potential of£ +0.58 V vs NHE assuming
an emission onset &t = 950 nm (Table 3). More likely3

added electrons are located primarily among the eight equatorialmay be a “hot” ground-state isomer of 41 residing in an

tungsten iong%46 Because3 and4 have similar visible spectra,

energy minimum considerably distorted relative tglNFigure

3 probably also has significant electron density on the equatorial 6A). Such a large distortion would produce significant localiza-

tungstens, and therefore, much of the-OW charge-transfer
character oR is retained in3. Consequently, the differences
in the UV spectra o8 and4 likely derive from the presence in

tion of the separated charges, and the lifetime3 efould be
governed by the height and shape of the barrier between the
minima for 3 and My1. This model reconciles the lack of

3 of one or more electron-deficient oxygens that are absent in detectable emission without imposing an unusually small

423

radiative rate constant and allows for the storage of considerable

The factors that govern the lifetimes and emission of light-induced chemical potential.

polyoxometalate excited states in solution have not been
addressed’*® In general, polyoxometalates in solution emit

either very weakly with subnanosecond lifetimes or not at#ll.

A plausible explanation for the long lifetime 8fis illustrated
in Figure 6B. The unreactive LMCT (©> W) excited state
223 presumably has charge separation localized within a single

Nevertheless, three key observations form a basis for assignmenWWOg octahedron. Fron2, rapid relaxation td3 ensues, with

of the electronic structure iB. First, as described abov8,

concomitant transfer of electron density to a tungsten on an

has O— W charge-transfer character. Second, as measured inadjacent octahedron, producing further charge separation. A

MeCN-ds, the intrinsic decay rate @ must be less than or
equal to 1.35«< 107 s71. Third, no laser-induced emission from
3 is detected (quantum yield detection limitL0~%) between

300 and 900 nm, which restricts the radiative rate constant to

less than 1.35¢ 10° s72,

similar model has been advanced by Kraut and Ferraudi for
the reactive intermediate produced by photoexcitation of
(X-[M07024 68

Evidence exists that the electronic structure4a$ class I
mixed valenc&>4° that the d electron is localized on one or

It is difficult to rationalize such a low radiative rate constant perhaps two equatorial Wctahedr&® and that the hopping

unless the electric dipole transiti®@r— M41 is both spin- and
parity-forbidden.

of the d electron between equatorial tungsten sites requires less

However, the spin restriction should be than 1 ng>46 Since the electrostatic attraction of the separated
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SCHEME 2: Kinetic Model for the Photochemistry of for the intrinsic decay 08, k4 is the rate constant for substrate-
Decatungstate induced quenching @, ks andk, are the rate constants for the
2 separation and back-reaction of the geminate product pairs, S
/ \ o and SH represent electron-transfer and hydrogen atom-transfer
Kitho>33x10T guenchers, respectively, afd- -S+} and{H4- -S} represent
k, k3<135x 107! the geminate pairs which are considered to be either solvent-
separated or associated complexes, iradical/radical ion
K, [S™] k,[S-H] intermediates bound to the oxiple surfape of rggluced decatung-
{4--S@+1)} - 3 A {S*--H4} state. The fates of these geminate pairs partition between two
e transfer H transfer . .
competing processes: a back-reaction that regenerateaid
hv ks kg either S or SHand a sep_aration_into freely diffusing inte_rmedi-
ates, eithed and the radical cation*S or H4 and the radical
ks ko ky ks S. This model predicts biexponential behavior wHent ks
~ ks + kq[Q], where Q represents either S or SH.
! The theoretical quantum yield for the formation4br H4
. is expressed by eq 3, whegg is the quantum efficiency for
4 + Se+D 1 S*+ H4 forming 3, and Q represents the operative quenchen[®]
1= [WieDsol* 22[W D31+ mreactive LMCT (O-> W) excited state > ks, eq 3 is reduced to an expression for the limiting quantum
4= (W) 0355 3= W31+, reactive IMCT (0-> W) thot” ground state isomer of 1 yield, eq 4, which
S®; For thianthrene and aromatic amines, n= 0; for thiocyanate, n= - 1
S-H: 2butanol and cycloalkanes o — k4[Q] ( kS (3)
ot ks + K [Q1) ks + K

charges ir8 should lead to an even shorter residence lifetime,

the measured long intrinsic lifetime & (z > 74 ns) would K,

require larger nuclear distortions accompanying charge separa- D@ o Haim = P3 ka (4)
tion in 3 than those which accompany electron hopping between

tungstens iMl. Such an enhanced distortion3rwould derive ] -

from significant localization of positive charge on an oxygen S bounded by two conditions® or Hayim ~ 0 whenks > ks
site in 3 which is absent ih. Without evidence for a long- ~ @Nd P or Hayiim ~ ¢3 Whenky < ks

lived emission fron8 in the visible region, a “hot” ground state B. Electron-Transfer QuenchingThe quenching rate con-
with O — W charge transfer character is a likely assignment stantsks for the amines (Table 2) do not reflect differences in
for 3. their oxidation potentials (Table 3) because the reactions are

Decatungstate Photochemistry. A. Reaction Mechanisms  diffusion-controlled and the driving forces are too exergonic.
for the Early Events. To date, no direct evidence is available However, for thianthrene and thiocyanate, lower exergonicities
for electron transfer to a photoinduced polyoxometalate inter- do lead to slower quenching rate constants, as is consistent with
mediate. However, the observation of bdtland [(SCN}]*~ an electron-transfer mechanis$én.
at hlgh thiocyanate qUenCher concentration demonstrates electron- The decay of3 remains first-order for all concentrations of

transfer quenching o8 by thiocyanate to form the geminate  added thiocyanate, thianthrene, or amine. Therekye; ks
pair{4- -SCN}, which can either undergo back electron transfer = i, + kq[Q] or ky + ks < ks + ky[Q]. The lack of observable

or SCN can be scavenged by additional SCK For the  products within theAA ~ 5 x 10~ detection limit (excluding
following reasons, the same is likely true for thianthrene and thigcyanate at concentrations greater than 0.2 M) indicates,
the amines, even though the expected radical ion intermediates,oyever, thak, + ks > ks + kJQ] and, from eq 3, thak, >

are not observed in our flash experiments. First, back electron43ks'54 Consequently, product accumulation is negated by a
transfer could be too fast to allow for a detectable concentration rapid back electron transfer that occurs prior to separation of

of the geminate radical ion pair on the nanosecond time scale. o geminate pair.
Second, these substrates possess low oxidation potentials such
that electron transfer is energetically feasible (Table 3). Third,
energy-transfer quenching is obviated by the absence of state
able to accept the2.95 eV internal energy d3. Fourth, as

described aboves likely has substantial charge-transfer char-
acter. Finally, thermal reactions between polyoxometalates an

This is not surprising for two reasons. First, except with the
eminate paif4- -SCN?}, a substantial electrostatic attraction
~0.34+ 0.03 eV) must be overcome in order for the ion pairs
to separate. Second, the back electron transfer is highly
gexergonic (Table 3). Since the forward electron-transfer rate

electron-rich substrates are dominated by electron trahstés, IS diffusion-controlled, the back electron-transfer rate must also
In contrast, both quantum chemical calculations and a large P& Very fast, assuming similar reorganization energies and

body of indirect experimental evidence, including product "ormal Marcus behavior for both transfers.

distributions, initial-rate kinetics data, and thermodynamic  For thiocyanate, the situation is different. The absence of

considerations, support a hydrogen atom abstraction mechanisnelectrostatic attraction ifé- -SCN} increasegs compared with

for the photodehydrogenation of saturated hydrocarbons andthat in an ion pair. Furthermore, despite the exceedingly

alcohols by M1.122051 Fyrthermore, the primary kinetic isotope ~ exergonic back electron transfer2.05 eV), the observation

effect for the quenching & by cyclohexandxJ/cyclohexane- of [([SCN)]*~ at thiocyanate concentrations greater than 0.2 M
di2 (ke ks,q = 3.0) provides direct evidence for a transition state demonstrates that capture of thiocyanogen radical by thiocyanate
involving substantial €H cleavage? can be competitive with,. Modifying Scheme 2 to account

Scheme 2 illustrates a kinetic model that retains the minimum for this additional decay pathway for the geminate gl -
features necessary to describe the early events in the oxidatiorSCN?}, the reciprocal quantum yield expression for the forma-
of substrates by intermedia® whereks is the rate constant  tion of 4 in the presence of SCNis shown in eq 5,
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1 1 ke + Ky ks\ 1 TABLE 4: Product Quantum Yields for Substrate
— = 1+ — Photooxidation by 3
O} d k B
s ¥ . AI[SCN ] product yield (%)° (o) Dy
Kq(ks + kb)\ 1 5) substrate  alkene, dimer, ketone (overallPd  (geminate)
k  JiIscN? cyclooctane  57,43,0 0.16 0.34
c_yclohexane 25,32, 37 0.02 0.25
wherek; is the rate constant for the scavenging of Sy cis-1,2-dmé ?Sd&’gans_isomer) 0.04 0.28
SCN~ within the geminate pair. Unfortunately, the smel} cis-decalin 0,0,0 0 0.36
values obtained within the solubility limit of NaSCN in MeCN (100% trans-isomer)

preclude modeling this_ expr_e-ssion to obtaiks + ky). 20.48 M.* Data taken from refs 15, 17, and 1®ercentages of
Furthermore, dependencies of ionic strength on the rate constantgikane-derived products divided by total produétsleasured from the
in eq 5 may be expected as the NaSCN concentration isinitial rates of the continuous illumination of 3.35 mM,Z)optically
increased. Nevertheless, substitutidlg = 0.09 observed at  dense) at 322 nm in MeCN by ferrioxolate actinométr/.1¢ ¢ Cal-

0.9 M NaSCN into eq 5 indicates théag/(ks + k,) ~ 0.26. culated for 0.48 M substrate concentration using eq 3 anéstfie +

Assuming thak, ~ 2 x 10° M~1s71, i.e., diffusion-controlled ko) values obtained from fitting plots @bu,* vs [substrate]* to eq 8

thenk, + k, ~ 8 x 10° 5L, and sir,lcekb’ > 43, thenk, ~ > ’ by nonlinear least squares (Figure s-1,2-Dimethylcyclohexane.
S ’ = S =

8 x 10°sL

T h idati f | sub by el separated pair or with the radical associated to the oxide surface
us, the net oxidation of neutral substrates by electron o'y, -~ e quenching rate constants within the series of

transfer. (o8 has a low quantum yield because Of. slow ion-pair cycloalkanes do not differ greatly and are similar to that for
separation (electrostatically unfavorable) and rapid back electron, ) oo (Table 2). This is surprising for two reasons. First
transfer._ However, product yields can be |mp_roved if the pair |, activated hydrocarbon €H bonds are usually much less
reacts with a chemical scavenger, e.g., SCof if 4 becomes reactive than the €H bonds of alcohol8® Second, the large
pro.tonated at rates competitive with the back-reaction. Proto- jiterences in “instantaneous” quantum yields, i.e., extrapolated
nation 0f4,_result|ng f“’”? e|ther_an eX.‘eT”a' proton source or . ¢ 0, for substrate oxidation reported under continuous
deprotonation of the cation radical within the geminate pair, irradiatior?® (Table 4) cannot derive from differences in

decreases the exergoniciyand therefore reduces the rate of guenching rate constants alone, but must reflect subsequent steps

therack;jreaction. . i “Back g thatmay include a back electron transfer within the geminate
- Hydrogen Atom Transfer Quenching. 1. "Background” ¢ gisproportionation/combination of the radickt82:56and/

Quenching of 3 by MeCNDetermining the kinetic isotope - yidation of the alkyl radicals by M (only likely for the
effect for guenching o8 by MeCN and MeCNd; is not possible more reducingx-hydrozycarbinyl ra)élicaé?'%y y

without information onks, the intrinsic lifetime of3 which is 3. Limiting Quantum Yields of the Geminate Radical Pairs:
not acce§S|bIe because of interfering so_lvent quencﬁr@ven Back-Reactiows Pair Separation. The partitioning of the decay
so, the different lifetimes and quantum yields observed in MeCN of the geminate radical pairs between an irreversible back-

vs MeCN4djs place a limiting value olkz and, for the oxidation reaction k,) and a reversible solvent ca
o ge escakg ¢an be
of MeCN, place limiting values ok, andkd(ks + k). These determined, in principle, from double-reciprocal plots of the

differences are reflected in eqs 6 and 7 guantum yield vs quencher concentration, where the intercept
is the reciprocal of the limiting quantum vyield, eqs 3 and 4.

TvecN-d; Kyt Ky yecdMECN] 6 However, for 2-butanol and the cycloalkanes, plotsigf,~*
TrecN - ks + Ky pecna. [MECN-dy] 6 vs [Q]* proved to be curved, particularly at lower quencher
’ ® concentrations where the relative contribution to the formation
D, . B k,+ Kk, K, of H4 from MeQN oxidation is important (Figure 7). Modifying
— —_— = > the quantum yield expression in eq 3 to account for MeCN
T |MeCN—d, Ppia/mecn Ky MeCN-—d, Ks + Ko/ mecn oxidation leads to eq 8,
10+ 1 (7)
1

wherer is the experimentally determined lifetime &fand the (O
equivalence oksmvecn and ks vecn-d3 is assumed. Assuming 1 ks -+ Ky meckMECN] + k,[Q]
further thatks > kiwmecn-a3MeCN-d3], eqs 3 and 6 give — -
following limiting values: ks < (1.35+ 0.01) x 10" s7%, kg mecn ¢ Ksmecn K JMeCN] + ks k,[Q]
> (6.00% 1.49) x 10* M1 s7%, and ky(ks + Ko))vecn < 0.842 Ko veen T+ Ksveen V¢ ky + kg

+ 0.087. The size of the inequality in eq 7 indicates a ®)
substantial primary isotope effect kg with considerable €H
cleavage from MeCN in the transition state, although its which predicts significant deviation from linearity in plots of
magnitude may be reduced by an inverse isotope effect ®y,71 vs [Q]! at low substrate concentrations. Linearity
anticipated for back electron transfég, within the geminate eventually can be attained only whekdka[MeCN]/(ks +
pair { H4- *CH,CN}. The rate constants for the decay4of- ko))mecn < (Kska[Q]/(ks + kb))q and wherks + ks mecNMeCN]
H4 from oxidation of @ and for the decay dfl4 from oxidation < k4[Q]. The linearity observed over a wide range of high
of MeCN are consistent with back electron transfer to the quencher concentrations indicates that the apparent limiting
respective oxidized intermediates. quantum yield®ua app-im approaches the real limiting yield

2. Formation of Geminate Radical PairsThe observation Dpaim as is true for 2-butanol (see Supporting Information),
of a primary kinetic isotope effecksn/ks—q = 3.0 for the but quenchers with poor solubilities and small quenching rate
bimolecular guenching o8 by cyclohexangh/d),, indicates constants are problematic. Of the quenchers examined here,
substantial €-H cleavage in the transition state consistent with cyclopentane and deuterated cyclohexane represent the worst
the geminate paifH4- -cyclohexyl radicd, either as a solvent-  cases, where “linear” fits to three points at the highest alkane
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20 fitting “linear” portions of the ®y,~1 vs [Q]! curves. In
? particular, for cyclopentane and cyclohexatg-the ®wa app-iim
’I‘ values of 0.35 and 0.26 were corrected to 0.50 and 0.44,
respectively.
Thus, ®ya,im values for 2-butanol and all the cycloalkanes
12 % are nearly equal within experimental error and are all close to
the theoretical maximum dictated by the quantum efficiency
X sy} for the formation of3, ¢3 = 0.5. Consequentlyl, must be
significantly slower tharks within the geminate radical pairs,
| < 10 i {H4- -S}, which is consistent with the expected large anodic
1 > shift in the oxidation potential dfi4 relative to4.2° This leads
47 ggx o B0 o T 100 0 0 to thermodynamic suppression of either back electron transfer
R LI L B I IULL or hydrogen atom transfer.
o 5 10 15 20 25 30 35 40 Since the decay dfi4 generated from the flash excitation of
[Cyclohexane-/,)1 (M1 Nasl in the presence of each of the cycloalkanes exhibits little
changes up to 1 ms, and since the “instantaneous” quantum
307 yields observed under continuous irradiatfi?are much lower
] than those reported here (Table 4), the back-reaction between
95 ] the cycloalkyl radicals and eitheid4 or 4 (derived from
i deprotonation oH4) must occur on a time scale much slower
than 1 ms. Furthermore, the differences in product selectivities

16 5

Oyl

o0
1
»
o
L)

YT w0 and yields observed under continuous irradiation must derive

e? 1 s Jf in part from differences in these slow back reactions. Although

this comparison should be viewed with caution, it hints that

1 H4 may protect the radical from disproportionation and/or

0l X ;) combination reactions, which are often both activationless and
;é T R e diffusion-controlleck®

ST T T T T Conclusions
0 20 40 60 80

[Cyclohexane-d;,]-! (M) Spectroscopic and kinetic evidence demonstrate3ithe

] ) ] ] key intermediate in oxidations photocatalyzed bylNnd that

Figure 7. Dependence of reciprocil4 quantum yield on reciprocal 3is a “hot” ground-state isomer with substantia-OW charge-
guencher concentration: (A) cyclohexame: (B) cyclohexaned;.. fer ch Alth h th for sinale el f

Error bars on the dat#®) are one standard deviation. The curves were transter character. Although the rates for single electron transfer

fit (x) to eq 8 in order to account for they, contribution from MeCN from neutral electron donors ®are nearly diffusion controlled,

oxidation. product accumulation is inefficient because slow separation of
the geminate ion pair facilitates rapid back electron transfer.
concentrations lead t@pas app-im = 0.35 and 0.26+ 0.02, Product yields are improved if proton-trans{ef -S—H**} —

respectively. Although their difference from the theoretical {H4--S} suppresses the back-reaction or if either member of
maximum @3 ~ 0.5) can be rationalized via differenceskin the ion-pair is scavenged by another reagent. Hydrocarbons
andks (e.g., an inverted isotope effect kg could explain the and alcohols react witB by hydrogen atom transfer, producing
low value of @ app-iim for CeD12 relative to GH1p, Table 2), high quantum yields of the geminate radical pdit$4- -S}
correcting for MeCN quenching is warranted. and excitation of ground-state addudtM,l--SH} is not

The corrected limiting quantum yieldBy4 jim Were obtained required, as previously suggested. The reduction of the
by unweighted nonlinear least-squares fitting of the experimental substrate-derived radical Byor H4 must take place on a time
@y~ vs [Q] 1 curves to eq 8. Cyclohexane was chosen as a scale slower than 1 ms.
reference to model the curvature of tfg,~1 vs [Q]? plots
derived from MeCN oxidation since its data set contained the  Acknowledgment. This work was supported by the National
greatest point density in the curved region and a well-developed Science Foundation and by the Texas Advanced Research
“linear” region apparent at high cyclohexane concentration Program.
(Figure 7, top). The experimentdly,~ vs [Q]! curve was
fit for the adjustable parameteks, ks mecn (Ko/(Ks + Ko))mecn, Supporting Information Available: Transient absorbance
and kd/(ks + ky)) where the inequalities of the first three terms  (AA) kinetics representative of 36880 nm behavior (detection
derived earlier served as initial guesses and fitting constraints.of 2 and 3); AA dependence on laser excitation energyy

By using the measured quenching rate conskarior cyclo- kinetics with different concentrations of DMPT and 2-butanol;
hexane and the quantum efficiency for the formatior8os microsecond time scalAA kinetics for the back-reactionl4

= 0.5, as fixed parameters, the fit yielded the valkes 1.32 + cis-1,2-dimethylcyclohexyl radical; plot of®p,~1 vs

x 107 7%, kKymecn= 6.65 x 10* M~1 571, (kd(ks + kb))mecn = [2-butanol[?! (7 pages). See any current masthead page for

0.784, and for cyclohexanig/(ks + ky) = 0.930. The®y,~ ! ordering and Internet access instructions.

vs [Q]! curves of all other substrates were each fit for the

adjustable parametdt/(ks + ky), holding the above values for  References and Notes
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