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Bimolecular Electron and Energy Transfer Reactivity of Exchange-Coupled Dinuclear
Iron(lll) Complexes

Introduction

The study of Heisenberg spin exchange interactions has bee
an area of active research for many yeat&arly experimental
and theoretical work on this subject largely focused on
fundamental aspects of the mechanism of spin exchange. Thi
research has led to significant advances in our understanding
of the phenomenon and an appreciation of its importance in a.
range of discipline$-7 Much of the interest as it pertains to
inorganic chemistry stems from the number of metalloproteins
that have been identified to contain polynuclear transition metal
clusters at their active sité€$.The exchange coupling present
in these systems (both model complexes and the native proteinsf
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Bimolecular quenching between photosensitizers and exchange-coupled transition metal complexes has been studied
in an effort to experimentally establish a link between Heisenberg spin exchange and chemical reactivity. The
acceptors are members of the oxo/hydroxo-biscarboxylato class of dinuclé@oRgounds, where protonation

of the oxo bridge provides a means for modulating the magnitude of spin exchange within the cluster.
Photoexcitation of solutions containing Rpolypyridyl sensitizers and the ecomplexes results in quenching

of emission from the’MLCT excited state of the Ruchromophores; nanosecond time-resolved absorption
measurements demonstrate that quenching occurs, in part, by electron transfer. Decoupling electron transfer driving
force (AGoFT) from changes in the magnitude of spin exchange was achieved by varying the bridging carboxylate
to afford a series of complexes of the form §&¢H)(O.CR)(Tp),]"" (n = 0, 1, 2). Electrochemical measurements
reveal a greater than 500 mV shift in cluster reduction potential across the series {.€HRto CFs), whereas
variable-temperature magnetic susceptibility measurements demonstrate a corresponding invariance in spin exchange
between the metal centerdy, = —119=+ 4 cnt and Jnygroxo = —18 & 2 e for H = —2JS,-S;). Structural

analyses suggest that reorganization enerdigsgsociated with electron transfer should be identical for all
molecules within a given series (i.e., oxo or hydroxo bridged); likewigeéoetween the series is expected to be
small. A comparison of quenching rates for the two extended series firmly establishes that neither reorganization
energy nor electron transfer driving force considerations can account for differences in reactivity between oxo-
bridged (large spin exchange) and hydroxo-bridged (small spin exchange) quenchers. Upon consideration of energy
transfer contributions, it is determined that reactivity differences between the oxo- and hydroxo-bridged quenchers
must lie in the relative rates of Dexter energy transfer and/or electron transfer, with the origin of the latter linked
to something other thahGoF™ or A. Finally, the extent to which spin exchange within the dinucledt &eenchers

can be identified as the key variable influencing these reactivity patterns is discussed.

has been examined in terms of characterizing the cluster's
nelectronic structure; however, the extent to which it may
influence the chemical properties of such clusters has received
far less attentiod? Several groups have considered the issue
Sof spin exchange and electron transfer from a theoretical
perspective. Bertrand and Gayda first examined the effect of
exchange interactions on redox potentials of-2E8 ferredox-

ins 1! Using a simple effective spin Hamiltonian approach, they
suggested that the presence of exchange coupling inSJFe

cluster could account for as much as a 100 mV shift in the
reduction potential of ferredoxins as compared to single-ion
ubredoxins. More recently, Noodleman and co-workers revis-

ted this problem using density functional thedfyAlthough
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the results of their broken-symmetry analysis differed quanti-
tatively from that of Bertrand and Gayda, a qualitatively similar
effect of spin exchange on cluster redox potential was discerned.
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of the transition frequency of electron transfer on the magnetic
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exchange interactions of the system. Girerd and co-workers havepotential quenchers of tf&ILCT state of [Ru(dmhky2™ (where
considered the possibility of a correlation between electron dmb is 4,4-dimethyl-2,2-bipyridine) revealed that (a) both
transfer dynamics and spin exchange in some detail, with dimers do, in fact, quench emission from thLCT state of
particular emphasis being placed on the role of double exchangeglRu(dmb)]?T and (b) there is a significant difference in the
in mixed-valence systeni$:16 The most recent work on the  bimolecular quenching rates of the oxo- and hydroxo-bridged
subject has been that of Bominaar and co-workers. In an complexes. Specifically, the quenching rate constant was found
insightful series of papet$,2° the roles of HeisenbergDirac— to increase from (2.6 0.2) x 10° s7* for F&O(O,CCHg)2-
van Vleck (HDvV) exchange and double exchange have been (Tp)zto (3.7 0.4) x 10° s~ for [Fey(OH)(O2CCHg)(Tp),] .33
examined. The resulting theoretical model and simulations of Control measurements using Zn(Z@ave no indication of
electron transfer rates in mixed-valence systems suggest pro-quenching, thus establishing the"Felimer core as being
nounced effects on both the driving force and reorganization responsible for the observed reactivifyn addition, nanosecond
energies associated with electron transfer in exchange-coupledime-resolved absorption measurements on the hydroxo-bridged
systems. Much less is known about spin exchange effects ondimer revealed a long-lived transient consistent with the
energy transfer, although the spectroscopy of exchange-coupledormation of electron transfer photoproducts. However, several
clusters in doped matrixes has provided some information alongaspects of the system are affected by protonation in addition to
these lined? Experimental probes of the connection between spin exchange, including the reduction potential of the dimer
chemical reactivity and spin exchange are far more scd®e.  and its geometric structure. Thus, it was difficult to establish a
Recent studies by various groups have demonstrated thatclear link between the different rates of quenching and the
electron transfer kinetics can be perturbed by the presence ofchange in Heisenberg spin exchange within thé Eamer.
an applied magnetic fielg#?* modulation ofm levels by a This paper describes our efforts at deconvolving this problem
magnetic field can affect rates of electron transfer through in order to assess the influence of spin exchange on electron
magnetically ordered systems by up to 8 orders of magnifudé.  and energy transfer. Following a more detailed analysis of our
This provides an excellent illustration of how changesrin initial observationd? we demonstrate herein that variations in
level energies can impact electron transfer dynamics. In a sensethe reduction potential of dinuclear 'fecomplexes in excess
spin exchange can be thought of as achieving similar energeticof 500 mV can be achieved through synthetic modifications of
effects in zero field® the iron carboxylate core. Magnetic susceptibility measurements
Although our ultimate goal is to examine the effects of spin both in the solid state and in solution confirm that the magnitude
exchange on biological systems, their inherent complexity makesof Heisenberg spin coupling is insensitive to these modifications.
it prudent to begin the study of this problem in the context of By combining these compounds with several different photo-
simpler, more tractable synthetic compounds. Toward this end, sensitizers, a nearly 900 meV spread in electron transfer driving
we have previously communicated results of photoinduced force (i.e.,AG¢F") has been achieved in the limit of constant
bimolecular quenching studies involving exchange-coupled spin exchange. The combined data reveal that neit@&s="
complexe2’ The compounds RE&(O,CCHy)x(Tp). and [Fe(OH)- nor A can account for the observed reactivity differences between
(O2CCHa)(Tp)2]™ (where Tp is hydrotris(pyrazolyl)borate) were  oxo- and hydroxo-bridged Hedimers. Rather, possible con-
chosen for study due to the order-of-magnitude difference in tributions from Dexter transfer, and ultimately spin coupling,
spin exchange that accompanies protonation of the oxomust be considered in order to understand the chemistry
bridge3°-32 Stern-Volmer plots using these two dimers as observed in these systems.
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golden-brown precipitate formed immediately; however, the solution
was allowed to continue stirring for +5 min. After the allotted time
the mixture was filtered and washed with exces®©Hfollowed by
small amounts of cold CK¥CN. The resulting green solid was recrystal-
lized from hot CHCN. The crystals were then crushed and dried in
vacuo. Anal. Calcd for R (O,CCHa)2(Tp). (F&Ca2H26B2N120s) (1):

C, 39.32; H, 3.91; N, 25.02. Found: C, 39.34; H, 4.10; N, 25.29.
Electronic absorption spectrum (in @EN at 298 K)A, nm (€, M~
cm™): 340 (9300), 370 (7600), 460 (970), 492 (900), 700 (140).

Fe;O(O2CCH2F)A(Tp)2 (2). Substitution of Na(@CCHs) with Na(Os-
CCH,F) in the above preparation giv@s Anal. Calcd for FeO(O,-
CCHzF)g(Tp)g‘SCl‘bCN (FQngH3382N13F205) (2) C, 4046, H, 401,

N, 25.29. Found: C, 40.62; H, 3.99; N, 25.37. Electronic absorption
spectrum (in CHCN at 298 K)4, nm (€, M~* cm™%): 340 (10 200),
364 (8800), 462 (960), 490 (880), 696 (120).

Fe,0(0O2CCHLCl)2(Tp)2 (3). Substitution of Na(@CCHs) with
Na(G,CCHCI) in the above preparation giveés Anal. Calcd for
FezO(OZCCHZCDZ(Tp)Z-15CH3CN (FQC25H23_£2N13_£|205) (3) C,
37.41; H, 3.59; N, 23.57. Found: C, 37.21; H, 3.84; N, 23.31. Electronic
absorption spectrum (in GEN at 298 K)4, nm , M~ cm™1): 338
(10 300), 360 (8900), 464 (960), 490 (890), 698 (130).

Fe;O(O2CCHCI)2(Tp)2 (4). Substitution of Na(@CCHs) with
Na(G,CCHCL) in the above preparation gives Anal. Calcd for
FezO(OZCCHCb)z(Tp)Z (FQC22H2282N12C|405) (4) C, 3264, H, 274,

N, 20.76. Found: C, 33.00; H, 2.79; N, 20.42. Electronic absorption
spectrum (in CHCN at 298 K)4, nm (, M~ cm™1): 338 (10 400),
362 (9400), 468 (940), 490 (880), 690 (130).

Fe,0(0O2CCF3)(Tp)2 (5). Substitution of Na(@CCH;s) with Na(Os-
CCHR) in the above preparation givesAnal. Calcd for F€O(O,CCFs),-
(Tp)2 (F&xCaH20BaN1F0s) (5): C, 33.81; H, 2.58; N, 21.51. Found:
C, 34.10; H, 2.75; N, 21.55. Electronic absorption spectrum (in-CH
CN at 298 K)4, nm (¢, M~ cm™2): 338 (10 800), 370 (10 800), 466
(950), 490 (880), 684 (120).

Fe,0(02,CCH,0CH3)(Tp)2 (6). Substitution of Na(@CCHs) with
HO,CCH,OCH; (deprotonated with KOH) in the above preparation
gives6. Anal. Calcd. for FEO(O,CCH,OCH;)(Tp)-1.5H0 (FeCoHss
BoN120s5) (6): C, 37.98; H, 4.39; N, 22.15. Found: C, 38.06; H, 4.29;
N, 22.25. Electronic absorption spectrum (in LM at 298 K)A, nm
(e, M~ cm™): 342 (9200), 370 (7800), 464 (960), 492 (890), 696
(140).

[Fezo(OQCCHzN(CH 3)3)2(TD)2](C|O4)2 (7) Substitution of Na(@
CCHg) with O,CCH;N(CHa); in the above preparation givés Anal.
Calcd for [FQO(OzccHzN(CH3)3)2(Tp)2](C|O4)2 (FQC23H4ZBZN14013-

Cl) (7): C, 34.07; H, 4.30; N, 19.87. Found: C, 33.87; H, 4.56; N,
19.68. Electronic absorption spectrum (in £ at 298 K)A, nm (e,
M~tcm1): 340 (9000), 364 (8400), 454 (1100), 490 (890), 688 (120).

Hydroxo-biscarboxylato Complexes.The various [F&€OH)(O.-
CR)(Tp)]™* complexes were all prepared similarly using methods
described in detail by Armstrong and Lippard for thesR-0O,CCH;
complexs®32 A typical preparation of [FEOH)(O.CCHs)x(Tp)2](ClO4)

(8) is as follows: To a solution containing 0.100 g (0.149 mmol) of
FeO(O,CCH;)x(Tp)2 in 50 mL of diethyl ether, 1 equiv of 0.25 M
HCIO, was added. A yellow-brown precipitate formed, which was then
filtered, washed with diethyl ether, and then dried in vacuo. Recrys-
tallization was carried out by diethyl ether diffusion into either acetone
or methylene chloride solution. Filtration afforded yellow-red needles.
Anal. Calcd. for [Fe(OH)(O.CCHs)z(Tp)2](ClO4)-0.5CHCI; (F&Cos
H2sB2N1.Cl,00) (8): C, 33.17; H, 3.46; N, 20.63. Found: C, 32.93; H,
3.70; N, 20.40. Electronic absorption spectrum (insCN at 298 K)

A, nm €, M~ cm™): 364 (8900).

[Fex(OH)(O2CCHF)(Tp)2](ClO4) (9). Substitution of FgO(O,-
CCH)(Tp)2 with F&O(O,CCH:F)(Tp): in the above preparation gives
9. Anal. Calcd for [Fe(OH)(O.CCH:F)(Tp)z](ClO4)-2(CHs),CO
(F&xCasHz9B2N12,ClO11) (9): C, 36.37; H, 4.04; N, 18.18. Found: C,
36.06; H, 3.89; N, 18.59. Electronic absorption spectrum (irs@¥
at 298 K)A, nm (¢, M1 cm™1): 374 (6700).

[Fex(OH)(O2CCH:CIl)»(Tp)2](ClO4) (10). Substitution of FEO(O»-
CCH)(Tp)2 with FeO(O,CCH,CI)x(Tp). in the above preparation gives
10. Anal. Calcd for [Fe(OH)(O,CCH,Cl)x(Tp)2](ClO4)+(CHz).CO

Weldon et al.

(FQC25H3182N12C|3010) (10) C, 3340, H, 350, N, 18.69. Found: C,
33.60; H, 3.74; N, 18.54. Electronic absorption spectrum (i@
at 298 K)A, nm (€, Mt cm™1): 374 (7800).

Physical Measurements: Cyclic Voltammetry.Electrochemical
measurements were carried out in an argon-filled drybox (Vacuum
Atmospheres) using a BAS CV-50W electrochemical analyzer with a
Pt working electrode and a Ag/AgN@eference electrode. Compounds
were dissolved in CECN (distilled over Cal) that was 0.1 M in NBi+
PFs. All measurements were made on solutions containing trace amounts
of ferrocene to allow for internal calibration of the observed reduction
potential.

Variable-Temperature Magnetic Susceptibility. Magnetic sus-
ceptibility data were collected using a Quantum Design MPMS SQUID
magnetometer interfaced to an IBM PC. A finely ground sample of
each compound was packed into a cylindrical Kel-F sample container.
Data were collected in an applied field of 25.00 kG. Following each
temperature change, the system was kept at the new temperature for
an additional 10 min before data collection to ensure thermal equilibra-
tion of the sample. Data were corrected for diamagnetism using Pascal’s
constant® and reported herein as effective magnetic moments. Solution
susceptibility measurements at room temperature were made via the
Evans NMR methotl using a Bruker 300 MHz spectrometer.

Electronic Absorption and Emission Measurements All spec-
troscopic data were obtained on samples dissolvedOBHthat had
been distilled over CajHand stored under an inert atmosphere. Static
electronic absorption spectra were recorded using a Hewlett-Packard
8452A diode array spectrophotometer. Static emission spectra were
acquired using a Spex FluoroMax fluorimeter as described elsewhere.

Samples for StemVolmer quenching experiments using 'Ru
polypyridyl complexes as sensitizers and the oxo/hydroxb dimers
as quenchers were prepared in a Vacuum Atmospheres glovebox. A
stock solution of sensitizer~10¢ M) and tetrabutylammonium
hexafluorophosphate~0.075 M) was prepared from dry, degassed
acetonitrile. From this was prepared a quencher stock soluti@r0Q
mM). Samples with varying quencher concentrations where then
prepared using standard volumetric techniques. In sealable test tubes
the volumetric ratio of sensitizer to quencher stock solutions was
controlled with a pipetman (1061000 uL). Typically quencher
volumetric dilution ratios of 0.1/5.1, 0.1/2.1, 0.25/2.25, 0.5/2.5, 1/3,
and 1/2 were employed with this technique. The sample tubes where
then sealed and removed from the glovebox for immediate emission
lifetime measurements.

Nanosecond time-resolved emission and absorption data were
collected using a Nd:YAG-pumped OPO spectrometer that has been
described previousl§? Emission was monitored at 620 nm. All time-
resolved measurements were recorded following 450 nm excitation,
except for compoundd, 6, and 10, for which data were collected
following excitation at 532 nm. Bimolecular quenching rates were
corrected for diffusion. Following Clark and Hoffm&#/°the quenching
ratek; can be obtained from

1 1 1

ke ki Kokg

whereKp is the equilibrium constant ard is the measured bimolecular
guenching constarit. Expressions folky are based on the Debye
Smoluchowski and Eigen equations and can be found elseh@re.
Radii for the Rl and dinuclear P& compounds were based on spherical

@
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Table 1. Crystallographic Data for E®(OCCR;)2(Tp)2 (5), F&EO(OCCHOCH:)2(Tp)2 (6), [FeXO(O.CCHN(CHs)3)2(Tp)2l(ClO4). (7), and
[Fe:OH(OCCH,CI)(Tp)I(CIOx) (10)

5 6 7 10
empirical formula Fe0sN13C24BoH23F6s Fe07N1,C24BoH30 F&013.5Cs3 B2Hs1.29N16.7:Clo FeCl3CasH31N12010B2
formula weight 820.83 731.89 1108.88 899.27
crystal color, habit green, columnar brown, blocks red/green red-orange, blocks
crystal system orthorhombic monoclinic monoclinic monoclinic
space group Pnnm P2./c c2 P2:/n
temperature (K) 1561 148+ 1 123+ 1 118+ 1
cell dimensions:
a(h) 12.7895(6) 11.0086(3) 19.004(4) 11.6376(1)
b (A) 15.1068(7) 14.2754(4) 23.757(5) 20.1514(5)
c(A) 17.1456(8) 20.2699(6) 23.542(5) 15.4726(4)
S (deg) 101.751(1) 106.10(3) 91.487(1)

V (A3) 3312.7(2) 3118.70(14) 10212(4) 3627.32(11)

z 4 4 8 4

Deaic (g M 3) 1.646 1.559 1.443 1.647

goodness of fit%) 1.41 0.90 0.977 0.90

R2 0.033 0.030 0.0543 0.037

R.? 0.058 0.028 0.1126 0.032

*R= J|IFel = [Fell/ZIFol. *Ru = (Z(IFe| — [Fe)¥ZFAM cWRe = {Z[w(Fo* — FA)F/ 3 [w(FoH)T} 2

and elliptical models for the molecular volumes of the compounds, parent complex, RF©(O,CCHs)»(Tp)., was attractive because

respectively, and were calculated using SPARTAN. both the oxo- and hydroxo-bridged forms could be readily
X-ray Structure Determinations. Single-crystal X-ray structure prepared and isolated. Protonation of the oxo bridge to form

determinations of E&(0,CCR)A(Tp). (5), F&O(C.CCHOCH:)A(Tp). [Fe,(OH)(O2CCHa)x(Tp):] " results in a significant reduction in

(6). [FE:0(Q,CCHN(CH)s)2(Tp)|(ClO), (7), and [Fe(OH)(QCCH.- the magnitude of Heisenberg exchange between the two high-

Cl)2(Tp)2](ClO4) (10) were carried out in the CHEXRAY facility of - | o . :
the University of California, Berkeley; crystallographic data are spin Fé! sites. This system therefore provides two complexes

summarized in Table 1. Recrystallization from hot acetonitrile gave that aré quite similar in terms of their overall chemical
dark green X-ray quality crystals f&; 6, and7 while ether diffusion composition yet differ substantially in the magnitude of in-
into dichloromethane gave orange-red crystalsl@f Crystals were tramolecular spin exchange.

coated with Paratone N hydrocarbon oil, attached to glass fibers, The observed rate of decay from the photoexcited [Ru-
transferred to a Siemens SMART diffractometer, and cooled in a (dmb)]?* (3MLCT state),kops iS given by

dinitrogen stream. Lattice parameters were obtained from least-squares

analyses. Crystals showed no significant decay during the data Kops = Ko 1 Ko ol Q] + kol Q] (2)
collection. Data were integrated and corrected for Lorentz and polariza-

tion effects, and analyzed for agreement and possible absorption usingwhere [Q] is the concentration of quenchks,is the rate of
XPREP? Space group assignments were based on systematic absencesyj cT decay in the absence of quencher, &ngl andke; are

packing considerations, a statistical analysis of intensity distribution, dlhe rates of energy and electron transfer, respectively. In terms

and successful refinement of the structures. The structures were solve . e N
by direct methods and were expanded using Fourier techniques. For8; ceil(;fesrentlatlng energy and electron transfer, an examination

the structures 0b, 6, and 10, calculations were performed with the

teXsan crystallographic software package of the Molecular Structure op hw

Corporatiort* Due to the inability of teXsan to refine the Flack [Ru(dmb)]*" — [Ru(dmb)]** * (3a)

parameter, the final least-squares refinement3 feere done with the

SHELXTL software packag® Refinement of the twinning parameter

in this case led to a final value of 0.50(1), indicating a perfect inversion [Ru(dmb)] e 4 [Fe"Fe" o

twin. For structures, all non-hydrogen atoms were refined anisotro- n

pically except for the fluorine atoms; the €§roups were disordered [Ru(dl’nb)g]2+ + [Fe"FE"]* (3b)

and modeled appropriately. For structeall non-hydrogen atoms

were refined anisotropically. For structureall non-hydrogen atoms

were refined anisotropically while carbons were refined isotropically. [Ru(dmb)]*"* + [Fe''Fe'"] o

For structurel(, all non-hydrogen atoms were refined anisotropically ' 3t e Il

except for the boron atoms, which were refined isotropically. For [Ru(dmb)]™ + [Fe Fé ] (3¢)

structures, 6, and7, the hydrogen atoms were included in calculated

positions but not refined. Hydrogen atoms fid¥ were located in the shows that deactivation of t#LCT state produces different

difference electron density map; the positions of these hydrogens, excepiproducts depending on the nature of the quenching reaction:

for the hydroxide proton H1, were adjusted to give idealized bond energy transfer yields an electronically excited' Eémer ([Fé!-

distances and angles and were held fixed in the least-squares refinemen‘:éu]*l eq 3b), whereas electron transfer results in the formation

The positio_n of H1 was refim_ed, but its isotropic thermal_ pa_rameter of [Ru(dmb)3]3+ and a mixed-valent BEd! species as redox

‘C’i\’:sozifé% géegh Fuormﬁr ?nigiﬁaggrfhe structure determinations are photoproducts (eq 3c). The transient absorbance of a solution
P pporting ' containing [Ru(dmbkj2+ and [Fe(OH)(C.CCHy)x(Tp)s]* (8) at

Results and Discussion 440 nm following excitation at 450 nm is illustrated in Figure

1. It can be seen that the kinetics observed in the preserge of

are biphasic in nature, in contrast to the monoexponential

kinetics characteristic of simple ground-state recovery for [Ru-

(42) SPARTAN4.0 ed.; Wavefunction, Inc.: Irvine, 1995. (dmby; 2". Direct excitation of a solution of [REOH)(O

(43) XPRER 5.03 ed.; Siemens Industrial Automation, Inc.: Madison, 1995. CCI‘b)z(Tp)z]*_ in the_ absence _Of the Ftusensitiz_er revea|e_d
(44) teXsan Molecular Structure Corporation, 1985 and 1992. only pulse-width-limited transient features. Given our time

Our research is focused on experimentally probing the
correlation between spin exchange and chemical reactivity. The
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0.02 ] Table 2. Reduction Potentials of [®(H)(O.CR):(Tp)]"" and
Thermodynamic Driving Forces for Quenching of Various'Ru
Polypyridyl Sensitizers
0.00 .ﬁM o] driving force for electron transfe(eV)
I Eea(V)* [Ru(bpy)l®" [Ru(dmb}]** [Ru(tmb)]**
L 1 Oxo-Bridged Dimers
002 |- - CHs; —-1.18 —0.04 -0.19 —0.30
E b CH,OCH;z —-1.10 —0.12 —-0.27 —0.38
3 CH.F —0.98 —0.23 —0.38 —0.49
< I CH.CI —0.98 —-0.24 —0.39 —0.50
g 004 1 CHCl, -0.83 -0.39 -0.54 ~0.65
2 I CH:N(CHs): —0.76 —0.45 —0.61 -0.72
2 | CR —0.64 —-0.57 -0.72 —0.84
ﬁ -0.06 | Hydroxo-Bridged Dimers
§B s CHs; —1.05 —0.16 -0.31 —0.43
g CH.F —0.86 —0.36 —0.51 —0.63
S 0.08 I CH.CI —0.85 -0.37 —0.52 —0.63
T a2 Reduction potentials are vs Ag/AgNODue to the irreversible
nature of the electrochemistry, the values were taken as the peak current
- of the reduction scan. See text for further detdil€orrections to the
-0.10 |- driving force due to work terms (i.e., electrostatic) were calculated to
be on the order of 10 meV, but were the same for all complexes in a
] ] given series. This correction has therefore not been incorporated into
0.12 L L . L the values ofAG, listed here sincAAG, is not affected.
0.0 1.0 2.0 3.0 4.0 Scheme 1
Time ({sec) -
Figure 1. Plot of the excited-state differential absorbance of a&-CH [Ru(dmb);]
CN solution containing [Ru(dmgf™ (~5 x 10°° M) and [Fe(OH)- o S
(OCCHe)x(Tp)]t (2.7 x 104 M) at 440 nm following ~10 ns R — Fey0(02CCH3)2(Tp),
excitation at 450 nm. The solid line indicates a fit to a biexponential P
kinetic model. Although not shown in this figure, the trace returns E hv “ AE~ 125 mY
completely to baseline in-150 us. L .
[Fex(OH)(O,CCH3)x(Tp)s)
resolution, this indicates an electronic excited-state lifetime(s) —_—
of <10 ns for [Fe(OH)(O.CCHy)2(Tp)2]* in CHsCN solution [Ru(dmb);]>"

at 298 K#> The long-lived component in Figure 1 therefore

cannot be ascribed to a [EE€'"]* species. Accordingly, we

attribute this slower component to the presence of electron Deconvolving Electron Transfer Driving Force and Heisen-
transfer photoproducts, specifically, the kinetics of bimolecular berg Spin Exchange.The data presented in Figure 1 (as well
charge recombination leading to reformation of the ground state as additional data to be described more fully in this section)

(eq 4). unequivocally establish electron transfer as a viable mechanism
in the quenching dynamics of these dinucleal E®mplexes.
[Ru(dmb)]** + [Fe"Fe"] @,[Ru(dmbHHJr [Fe"Fe"] Decoupling the various factors that can influence electron
4) transfer reactivity from spin exchange is therefore essential if

the intrinsic effects of Heisenberg spin coupling are to be

Ana|ogous absorption measurements on solutions Containingdiscerned. The semiclassical formulation of the Marcus equation
[Ru(dmb)]2t and FeO(O,CCHy)x(Tp), revealed only the short-  for electron transfer is given in eq 5
lived SMLCT transient observed in the emission quenching
experiment; i.e., no long-lived feature attributable to bimolecular ET .
charge recombination was detected. This is likely due to a low _ 4_JT2 H 2(4 1 -I—)—l/2 ex —(AG,™ +4)
cage-escape yield for this system and will be discussed in more ket = h [Hapl (42K, 47k, T
detail later in the text.

Unfortunately, due to an inability to quantify the cage-escape
yield for these reactions, measurements of the quantum yieldwhereAGoFT is the electron transfer driving forcéjs the total
for electron transfer could only afford a lower limit of ca. 25% reorganization energy, an#ly, is the electronic coupling
in the case of quenching by [KOH)(O.CCHz)»(Tp)2]*; similar between the donor and acceptor. The effect protonation of the
difficulties arise with the reactions to be discussed below. As a oxo bridge has on the driving force for electron transfer is
result, we cannot convert valueslaf (eq 1) into unimolecular  evident from the electrochemical properties of the oxo- and
electron transfer ratés.However, the relative importance of  hydroxo-bridged dimers; these data are presented in Table 2.
these two reaction pathways can still be appreciated once therpe ca. 125 mv positive shift in the reduction potential of the
electron transfer chemistry ha§ been glescrlbed in full. Conse- §imer upon protonation implies an increase in the driving force
quently, we now turn our attention to this aspect of the problem, for electron transfer in the case of FEOH)(O,CCHs)o(Tp)]*
after which the issue of energy transfer will be addressed. relative to FeO(O,CCH)o(Tp)s (Scheme 1). The thermody-
(45) A similar result is found following photoexcitation of solutions namic consequences of protonation are therefore an issue that

containing only FEO(O,CCHy)x(Tp)a. must be addressed: the larger driving force for electron transfer

®)
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to the hydroxo-bridged dimer could, in principle, account for as our own density functional calculatiof¥<urther support the

the increase itk exclusive of changes in spin excharf§e. notion that superexchange in this class of molecules is dominated
Variations in driving force can be realized by changing the by interactions between the metal centers and the oxo/hydroxo

redox properties of either the sensitizer or the quencher. In thebridge. Varying the carboxylate bridge in these ferric clusters

case of the former, it is well documented that the reduction May therefore provide the mechanism needed for tuning the

potential of the3MLCT excited state of RU polypyridyl driving force for photoinduced electron transfer independent of
complexes can be modified through derivatization of the SPIn €xchange. .
bipyridyl rings4” [Ru(bpyx]2* and [Ru(tmbj]2* (where tmb Accordingly, we have prepared a series of oxo- and hydroxo-

is 4,4,5,5-tetramethyl-2, 2bipyridine) were therefore chosen  Pridged dinuclear FéFe! complexes of the form [R&(H)(O--

to augment [Ru(dmig)?+ as sensitizers. These specific com- CR):(TP)*". As R groups, we chose GBCHs, CHyF, CHCI,
pounds were selected in order to minimize changes in donor CHCl, and Cito complement the Cibystem already studied;
contributions to the reorganization energy. Calculated driving " @dditional complex containing the cationic SH(CHs)s
forces to FEO(O,CCHs)x(Tp)» were found to be—0.036, moiety was also prepared in (_)rder to investigate charge effects
—0.188, and-0.302 eV for sensitization by [Ru(bp§3*, [Ru- (vide infra). Whereas oxo-brlldged complexes of all of these
(dmb)]2*, and [Ru(tmbj]2*, respectively!® Although the carboxylates_ could be readily prepared and isolated, only
quenching rate across this series does show the expected increaG@MPIexes with R= CHs, CHpF, and CHCI afforded hydroxo- -
with increasing driving force (vide infra), the range of driving ridged analogues that were stable in solutlon: Electrochemical
force is relatively small. If we consider that the reorganization data'collected on all of the oxo- arjd hydroxo-brldged complexes
energy for self-exchange of [Ru(bp}3" in CH:CN is ap- making up our study are compiled in Table 2. As with the
proximately 0.4 eV (and thus the reorganization energy of the ace;a@e-br_ldged cc_)mpounds,_all of the newly pre_pared complexes
overall reaction we are considering is at least this laf§e)en exhibited irreversible reduction waves by cyclic voltammetry.

a AAGp spanning 0.266 eV samples only a limited region of ;—|owever, smcte |\(Netra]1re m;[eret:.stledt It?1 relatlvke cgantges n dnwtng
the associated Marcus curve for the reaction. orce, we can take ne potential at the peax reduction current as

. . ) a measure of the cluster’s potential for comparative purp8ses.
A possible means for altering the redox potential of the g tota] variation in reduction potential 1550 mV, with the
dinuclear acceptors was suggested by the work of Wieghardt cpy, ang cR compounds lying at the two extremes of the series.
and co-workers? In similar oxo-bridged dinuclear Rucom- Combined with the three Ripolypyridyl sensitizers mentioned
plexes, it was demonstrated that substantial shifts in the above, a nearly 900 meV variation in the driving force for
reduction potential of the cluster could be obtained by changing pnotoinduced electron transfer is realized. The important point
the bridging carboxylates. Obviously this approach will only {5 note is that quenching measurements can now be carried out
be helpful in the present circumstance if the magnitude of spin o, \which the driving force for electron transfer to an oxo-
coupling between the Fecenters is insensitive to such a change. prigged acceptor exceeds that of a hydroxo-bridged acceptor.
The large number of examples of oxo-biscarboxylato-bridged  pagnetic susceptibility measurements were carried out on
dimers that have been prepared by other workers reveal thata|| compounds in order to experimentally assess the impact of
the nature of the ancillary ligands (e.g., Tp, TACN, bis(2- carboxylate variation on spin exchange within the dimers. These
pyridylmethyl)amine, etc.) and bridging carboxylate have little data are collected in Table 3; plots of effective moment versus
if any impact on the magnitude of Heisenberg exchange betweentemperature for RO (0,CCH,CI)x(Tp), and [Fe(OH)(O,CCH,-
the metal ion$!~>° Gorun and Lippard have in fact used these Cl),(Tp),]* are shown in Figure 2 as examples. The magnitude
data to demonstrate that it is largely the"FeDpigqe distance of exchange coupling for E®(0,CCH,CI)x(Tp), was deter-
that dictates the strength of exchange coupling in such com- mined to be-120 cnT1.52 This is identical, within experimental
pounds?758 Theoretical work by Brown and Soloméhas well error, to that obtained for E®(O.,CCHs)2(Tp).. An inspection
of Table 3 reveals that the spin exchange integrals for all of the
(46) The redox shift could be related to the change in Heisenberg spin 0X0-bridged compounds lie in the rangeJof —119+ 4 cnrL.
?QUEJE;\QH%%SVZIOE?IQegginnﬁoﬁsaigggsgtaed ﬁéﬁ%ﬁﬁﬂ?s?ﬂh%acy;si (cf. Values forues in solution are also constant across the series in
(47) Juris, A._; Barageiletti, S.; Campagna, S.;pBaIzani, V.; Belser, P.; von _room—temperature CHEN solgtlon and? moreover, are the same
Zelewski, A.Coord. Chem. Re 1988 84, 85. in each case as those found in the solid staémalogous results
(48) The driving force for electron transfer from tH&LCT state of the were observed for the hydroxo-bridged compounds: although
Ru' chromophore to the quencher can be calculated from the redox s series has fewer members, all of the measured spin exchange
properties of the donor and acceptor an(_j the zero-point en&wy (. 1 . L .
of the MLCT state. Values oE, were obtained from the analyses of integrals are ca-18+ 2 cnT ! and in each case exhibit identical
the emission spectra of the three sensitizers as described elsewhere

(cf. ref 38). (59) Brown, C. A.; Remar, G. J.; Musselman, R. L.; Solomon, Eadrg.
(49) Young, R. C.; Keene, F. R.; Meyer, T.JJ. Am. Chem. S0d977, 99, Chem.1995 34, 688.
2468. (60) Rodriguez, J. H.; McCusker, J. K. Submitted for publication.
(50) Neubold, P.; Wieghardt, K.; Nuber, B.; Weiss|nbrg. Chem1989 (61) Values for the peak reduction potentials were found to depend on scan
28, 459. rate, exhibiting a-40 mV shift upon increasing the scan rate from
(51) Lee, D. W.; Lippard, S. 3. Am. Chem. Sod998 120, 12153 100 to 500 mV/s. However, all complexes in a given series showed
12154. the exact same scan rate dependence; i.e., differences in reduction
(52) Menage, S.; Brennan, B. A.; Juarezgarcia, C.; Munck, E.; Qué, L. potential were independent of scan rate. The differences in reduction
Am. Chem. Sod99Q 112 6423-6425. potential between any oxo/hydroxo pair was likewise independent of
(53) Mizoguchi, T. J.; Lippard, S. J. Am. Chem. So&998 120, 11022~ scan rate. The same reduction potential differences derived from the
11023. cyclic voltammetry data in Table 2 were also obtained from square
(54) Que, L.; Dong, Y. HAcc. Chem. Red.996 29, 190-196. wave voltammetry measurements for several of the oxo- and hydroxo-
(55) Watton, S. P.; Masschelein, A.; Rebek, J.; Lippard, $.Am. Chem. bridged complexes.
Soc.1994 116, 5196-5205. (62) The data were fit to an effective spin Hamiltonian of the fdim=
(56) Beer, R. H.; Tolman, W. B.; Bott, S. G.; Lippard, Sldorg. Chem. —2JSr2, wherel is the scalar spin exchange integral &d= S; +
1991, 30, 2082-2092. S,. All fits were carried out with a fixed value @f = 2.00 and TIP
(57) Gorun, S. M.; Lippard, S. Jnorg. Chem.1991, 30, 1625-1630. on the order of 1x 1074

(58) The influence of bond angle has also been addressed. See: Weihe(63) Addition of HO to these solutions did not affect the measured values
H.; Gudel, H. U.J. Am. Chem. S0d.997, 119 6539-6543. of eft.
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Table 3. Magnetic Susceptibility Data for [F®(H)(O.CR)(Tp)z]™" 0.01
Complexes
Hett 0.00
J(cmba solicP solutiorf<
Oxo-Bridged Dimers )
CHs -117 2.40 241 0.2 g 0.0l
CH,OCH; —118 2.54 2.68t 0.2 =
CHyF —119 2.45 2.58t 0.2 §
CH,CI —120 2.43 2.43:0.2 g -0.02
CHCl, —118 2.50 2.52£ 0.2 "g
CHoN(CHs)s —124 2.46 d z
CFR; —115 2.56 253t 0.2 < -0.03
Hydroxo-Bridged Dimers o
CHs -17 6.06 5.93£ 0.2 § 004
CH.F -19 6.03 5.9Gt 0.2 5
CH.CI -19 6.04 5.89+ 0.2
2 All fits were carried out assuming a spin Hamiltonian of the form -0.05 -
H = —2JS,;-S; with g fixed at 2.00 and TIP values on the order of 1 L
x 1074 P Values correspond to 300 KMeasurements made in CDCI
solutions.? Compound was not sufficiently soluble in CRCI -0.06 010 : 1'0 ‘ 2‘0 : ;04 — 4’0

Time (usec)

Figure 3. Plot of the excited-state differential absorbance of a-CH
CN solution containing [Ru(tmg)?* (~5 x 1075 M) and FeO(O,-
CCR)(Tp)2 (7.6 x 1074 M) at 440 nm following~10 ns excitation at
450 nm. The data show a long-lived component ascribed to charge
recombination following photoinduced electron transfer.
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[Ru(dmb}]?" by F&O(O,CCHs)x(Tp), was due to rapid back-
electron transfer, a reaction that would be facilitated by the ion
pair that is formed following electron transfer to the oxo-bridged
Figure 2. Plots of effective magnetic moment versus temperature for dimers. The observation of the charge-separated species for
Fe,0(0,CCH,CI)»(Tp). (triangles) and [FEOH)(O,CCH,CI)x(Tp)- quenching by [F&O,CCHN(CHa)3)2(Tp)z]?" is consistent with
(CIO,) (circles) in the solid state. The solid lines represent theoretical this model: in this case, electron transfer results in the formation
fits of the data. See text for further details. of a cationic (as opposed to anionic) acceptor, thereby favoring
values ofuer at room temperature in both solution and the solid dissociation of the product donor/acceptor pair kig. Ad-
state$® We therefore conclude that changing the carboxylate ditional support for electron transfer occurring in all of the oxo-
bridge does not significantly perturb exchange interactions bridged systems comes from data acquired for quenching of
present in the ground states of these molecules. [Ru(tmb)]?"* by Fe;0(0,CCFRs)x(Tp).. A plot of the single-
With this more extensive set of compounds, we have the wavelength excited-state absorption difference spectrum for this
means to examine the reactivity of exchange-coupled transitionsystem is illustrated in Figure 3. This system has the largest
metal complexes over a wide range of electron transfer driving driving force of all the reactions studiee-(.836 eV), and will
force independent of changes in the spin exchange propertiegherefore have the smallest free energy change for back-electron
of the system. Quenching rates were again determined fromtransfer. This will increasdp,/kger via reduction ofkger',
nanosecond time-resolved emission measurements. The obsetthereby favoring formation of the separated ion pair.
vation of biphasic ground-state recovery kinetics in the case of Quenching data obtained for all of the compounds in this
quenching by FE(O.CCFRs)x(Tp). using [Ru(tmby]?* as the study are given in Table 4 with a plot &Go" versus Inky
sensitizer as well as [FOCCHN(CHa)3)2(Tp)2]%" with all illustrated in Figure 4. We consider first the data for the oxo-
three sensitizers are points worth noting. The reaction sequencedridged quenchers. It can be seen that the rate shows a
of interest are depicted in Scheme 2. For diffusional charge significant dependence on the electron transfer driving force of
recombination to be observed, dissociation of the associatedthe reaction. Since we are still formally dealing with (eq 1),

Temperature (K)

donor/acceptor complex after electron transfey, must be
kinetically competitive wittkger'. We suggested above that the

it is not possible to fit these data to eq 5. However, it is clear
that the qualitative behavior of the oxo-bridged complexes is
absence of bimolecular charge recombination for quenching of consistent with Marcus normal region type behavior. Of
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Table 4. Bimolecular k) and Diffusion-Correctedk(’) Quenching Rates for [E®(H)(O.CR)(Tp)]"" Using Various RU Polypyridyl

Sensitizers
[Ru(bpy)]** [Ru(dmby]** [Ru(tmb)]**
kg (x10°M~1s) ky (x10Ps™) kg (x10°M~1s) ky (x10°s™) kg (x10°M~1s) ky (x10°s™)
Oxo-Bridged Dimers
CHs 0.80 0.22 0.78 0.20 1.80 0.48
CH,OCH; 111 0.30 1.10 0.27 2.34 0.61
CH:F 1.60 0.46 1.80 0.47 3.10 0.87
CH.CI 1.60 0.45 1.90 0.49 3.50 0.99
CHCl, 2.90 0.86 3.30 0.91 4.60 1.37
CHN(CHs)s 1.46 1.92 1.74 1.94 2.45 2.91
CK; 4.10 1.32 4.20 1.24 6.00 1.98
Hydroxo-Bridged Dimers
CHs; 4.80 4.10 5.00 3.72 5.50 4.27
CH.F 5.20 4.54 6.20 5.06 5.80 4.56
CH:CI 5.60 4.93 5.90 4.58 6.20 4.94

aError bars for the rate constants are estimated te-b@8% based on repeated measurements.
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Figure 4. Plot of the diffusion-corrected quenching rates (a{h
versus electron transfer driving forcGF") for the reaction of
photoexcited R polypyridyl complexes with F®(0,CR)(Tp).
(circles) and [FEOH)(O.CR)(Tp)]* (triangles). The open circles
correspond to data for R CH,N(CHj)s.

particular note are the quenching rates for{B,CCH;N-
(CHz)2)2)(Tp)2]?+. Although slightly larger than other oxo-
bridged systems of comparable driving forkg values for this
compound still fall below that of any hydroxo-bridged species.
This suggests that overall molecular charge plays only a minor
role in the reaction dynamics of these systems.

A similar correlation betweeAGoF" and Inkg' is not evident

bridged dimers in particular (vide infra), compels us to ascribe
this lack of driving force dependence to diffusion. Values of

Ky for the hydroxo-bridged quenchers must therefore be viewed
as lower limits on their reaction rates.

The utility of having driving force variability for the oxo-
and hydroxo-bridged dimers is the prospect of being able to
compare the reactivity of any member of one series with any
member of the other. In order for this approach to be valid, the
reorganization energy associated with each member of a given
series must be the same. Since we do not have valudgfor
variable-temperature quenching studies do not provide an
experimental means for determining directly. However,
contributions toA for reactions involving the oxo- versus
hydroxo-bridged dimers can be reasonably inferred from
crystallographic data (inner sphefg,) and considerations from
dielectric continuum theory (outer sphefig,y).

We have carried out single-crystal X-ray structure determina-
tions of FeO(O,CCRy)2(Tp): (5), F&O(C,CCHOCH;)2(TP)2
(6), [FE0(O,CCHN(CHz)3)2(Tp)a** (7), and [Fe(OH)(Ox-
CCHCI)2(Tp),]* (10) to augment the previously published
crystal structures of E®(O,CCHy)x(Tp). (1) and [Fe(OH)(O;-
CCHg)2(Tp)2]™ (8).%2 Selected bond lengths and angles for all
of these complexes are listed in Table 5. Figure 5 shows an
ORTEP diagram ob along with the labeling scheme used in
Table 5. The data in Table 3 indicate that the strength of
exchange coupling is essentially independent of the identity of
the bridging carboxylate. Since the spin exchange interaction
is expected to be sensitive to the F@yiqge distance, we
anticipate that the FeOpiggebond length will be constant across
this series. An examination of Table 5 shows that this is in fact
the case: bond length variations span a relatively narrow range
of 0.016 A. Although the limits of this range are defined by
the two extremes with respect to reduction potential (i.e.,
compoundd (1.780(2) A) ands (1.796(1) A)), the data in Table
5 do not reveal any clearly identifiable trend between the Fe

in the case of the hydroxo-bridged quenchers. The relative ObriagePONd length and electron withdrawing/donating capability
insensitivity of the observed rate to the driving force for electron of the parent carboxylic acid. The remaining bond distances
transfer in these systems is indicative of a diffusion-limited and angles show only small variations across the series for a
reaction and/or the dominance of an energy transfer processgiven bond type. In particular, we note that the-f@iqge—Fe
whose rate is independent of the redox potentials of the angle spans less thafi, from 125.75(14)in 1 to 126.6(3) in
molecules. Diffusion-limited reactions in GBN occur onthe 6. An analogous comparison can be made between the two
order of 10—10°M~1 57184 Our quenching rates are therefore hydroxo-bridged complexes. We note that the-f@H)oriage
consistent with these values, albeit lying at the lower end of bond length is slightly shorter for the compound containing the
this range. This observation, in conjunction with our assessmentmore electron withdrawing carboxylate (1.940(4) A fdy vs

of the role energy transfer plays in the reactivity of the hydroxo- 1.960(4) A for8). Unfortunately, with only two examples it is
difficult to determine if this is representative of a trend or simply
a statistical variation. The FeN bond distances are all very

(64) Rehm, D.; Weller, Alsr. J. Chem197Q 8, 259.
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Table 5. Selected Bond Distances (A) and Angles (deg) fos&,CR)(Tp). (R = CHs (1), CFs (5), CH:OCH; (6), CH,N(CH3)s (7) and
[F&OH(O,CR)(Tp)(ClO,) (R = CH;s (8), CH,CI (10))

oxo bridged hydroxo bridged
12 5 6 7 & 10

Bond Distances (A)
Fel-O1 1.783(2) 1.796(1) 1.790(2) 1.787(5) 1.960(4) 1.940(4)
Fe2-01 1.788(2) c 1.790(2) 1.772(5) 1.952(4) 1.942(4)
Fel-N(ay 2.153(3) 2.114(3) 2.142(3) 2.118(6) 2.108(5) 2.095(4)
Fel-N(b) 2.154(3) 2.114(3) 2.161(3) 2.095(6) 2.088(4) 2.079(4)
Fel—N(c)! 2.197(3) 2.155(3) 2.212(3) 2.169(6) 2.110(5) 2.111(4)
Fe2-N(d) 2.150(3) c 2.162(3) 2.114(6) 2.094(4) 2.091(4)
Fe2-N(ey 2.149(3) c 2.128(3) 2.132(6) 2.108(4) 2.088(4)
Fe2-N(f)d 2.177(3) c 2.164(3) 2.195(6) 2.105(4) 2.115(4)

Bond Angles (deg)
Fel-Ol—-Fe2 123.54(4) 130.9(2) 125.75(14) 126.6(3) 123.007(2) 123.89(18)
Ol-Fel-02 96.571(4) 93.0(1) 95.61(10) 94.6(2) 92.772(2) 91.95(16)
02—-Fel-03 91.853(4) 93.80(9) 94.84(10) 88.2(1) 91.112(2) 88.68(15)
Ol1-Fel-03 97.101(4) 92.7(1) 95.25(2) 95.8(2) 91.139(2) 90.76(15)

aData taken from ref 312 Data taken from ref 32 Values have been omitted because the molecule lies on a mirror plane and thus only half
the dimer is crystallographically uniqu&éNumbering schemes for each molecule are slightly different. Identical bonds are being compared in this
table; specific numbering schemes for each compound can be found in the Supporting Information.

c1 @ Cc2

is the same for both the Tp and WIRACN complexes. Upon
reduction, two Fe-Ogprigge distances are reported for the Me
TACN complex reflecting the largely valence-localized nature
of the compound. The longer of the two bonds at 1.844(4) A
was assigned as the'FeOpigge distance, with the FE—Opyigge
somewhat shorter at 1.818(4) A. From these values we can
estimate a ca. 0.040.05 A increase in the FeOyriage bond
distance upon reduction of K&(O,CR)(Tp), complexes in
forming the mixed-valent photoproduct. Metric details for a
structurally characterized hydroxo-bridged [F€'"] complex
reveal an Fé—(OH) distance of 2.005 A’ The total bond
distance change upon reduction of the'FéOH) moiety is
therefore also 0.040.05 A. Although we have chosen here to
focus primarily on the FeOyyiage the comparison nevertheless
suggests that differences in the inner-sphere reorganization
energy should be minimal for electron transfer to oxo- versus
hydroxo-bridged quenchers since the changes in internal coor-
dinates for reduction of both complexes are sinfifafhe outer-
sphere contributiong,) can be estimated from a dielectric
continuum model. However, since all of the reactions studied
similar and unremarkable for both compounds, as are the bondinvolve the same net transfer of charge, were carried out in the
angles. Based on these structural comparisons, we conclude thaame solvent, and involve structurally homologous donors and
metric variations within each series (i.e., oxo- or hydroxo- acceptors, differences itp, Should be negligibl&®
bridged) are minimal in response to changing the identity of  On the basis of the above considerations, there is little reason
the bridging carboxylate. We therefore do not expect significant to expect significantly different values éffor electron transfer
differences among various members of a given series in their quenching by oxo- versus hydroxo-bridged'Féimers. Given
contribution to the structural reorganization energies. this, the series we have described constitutes a mechanism for
The relevant issue with regard to electron transfer dynamics decoupling both electron transfer driving force and reorganiza-
is the change in structure and/or solvation of the dinucleflr Fe tjon energy from spin exchange in quenching reactions involving
compounds upon reduction and whether that change is modu-these two classes of complexes. The utility of this lies in the
lated due to protonation of the oxo bridge. A specific comparison comparisons we can now make between oxo- (large exchange)
of all of the structures relevant for the reaction in question is and hydroxo- (small exchange) bridged quenchers. The depen-
not possible because reductions of both{®,CR)(Tp). and dence on driving force illustrated in Figure 4 clearly demon-
[Fex(OH)(O:CR)(Tp),] * result in decomposition into mono-  strates that the difference in reactivity between the oxo- and
meric [Fe(Tp)]”* complexes. However, the necessary oxidation hydroxo-bridged systems isot a trivial manifestation of the
levels are attainable in an analogous system that replaces Tzhange in reduction potential of the cluster upon protonation:

SP

Figure 5. Drawing of FeO(O.CCR;)(Tp). (5) obtained from a single-
crystal X-ray structure determination. See Table 1 for crystallographic
details and Table 5 for metric details.

with 1,4,7-trimethyl-1,4,7-triazacyclononane (M&CN) as a
capping ligand>%6 Table 6 lists the FeOyrigge bond lengths

there are numerous comparisons that can be made for which an

for molecules in the oxidation states of interest. It can be seen (67) Bossek, U.; Hummel, H.; Weyhermuller, E. B.; WieghardtAkgew.

that the Fe-Oprigge distance for the oxo-bridged [f&e!] form

(65) Lachicotte, R.; Kitaygorodskiy, A.; Hagen, K. $.Am. Chem. Soc.
1993 115 8883-8884.

(66) Cohen, J. D.; Payne, S.; Hagen, K. S.; Sanders-LoehrAin. Chem.
So0c.1997 119 2960-2961.

Chem., Int. Ed. Engl1995 34, 2642-2645.

(68) There will be a slight difference inj, for the oxo- and hydroxo-
bridged dimers for a giveiArge—o due to the smaller force constant
expected for the hydroxo-bridged dimer.

(69) In the case of R= CH,N(CHz)s, one should expect a slight difference
in Aout due to the additional charge associated with the oxo-bridged
complex.
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Table 6. Iron—Oxo/Hydroxo Bond Length Comparison for [fFE€'"] and [Fé'F€'"] Complexed

isovalent F& Eg! mixed-valent F&Fe"
Fé” _Obridge Fé“ _Obridge Fél _obridge
Fe.0(0,CCH):(Tp), o0 L7880)

& 2ATp) . 1. — —
Fe0(0,CCRy)(Tp)° 1.796(1), 1.796(1) - -
[FeO(O,CC(Ph))2(MesTACN) )%+ +d 1.796(3), 1.792(3) 1.818(4) 1.844(4)

Hydroxo-Bridged Dimers
[Fex(OH)(O.CCHy)a(Tp)2l* © 1.960(4), 1.952(4) - -
[Fez(OH)(OCCHC)2(Tp)z] "¢ 1.940(4), 1.942(4) - -
[Fex(OH)(piv)(MesTACN),] +of - 1.961(5) 2.005(5)

aValues reported in A Taken from ref 31¢ This work.® Taken from ref 66¢ Taken from ref 32f Taken from ref 67.

oxo-bridged complex has a larger driving force for electron 0.10
transfer than a hydroxo-bridged complex, yet exhibits a slower
quenching rate. For example, for quenching of [Ru(tmiz]2*
by FeO(O,CCH,CI)(Tp): is a factor of ca. 4 slower than the 0.08
(diffusion-limited) rate found for the [Ru(bpf™/[Fex(OH)(O,-
CCHg)(Tp)z]* pair despite having a 0.340 eV larger driving
force. Electron transfer quenching of [Ru(bg¥) * by F&xO(Ox- 0.06
CCHCLb)2(Tp)2 will occur with approximately the same driving
force and reorganization energy as {fH)(O.CCH,CI),-
(Tp)™, but the quenching rates associated with these two
complexes differ by nearly a factor of 6 at room temperature
(8.60 x 10® s1 versus 4.93x 10° s1, with the latter
representing the diffusion limit for the reaction). We therefore 0.02
conclude that the driving force and reorganization energy for
electron transfer, while certainly important in a general sense,
are not the principal reasons behind differences in quenching 00 E
rates between these two types of exchange-coupled systems. ' | !
Energy Transfer. We now turn our attention to the issue of ‘ ‘ : : "
energy transfer. As indicated previously, the difficulty in 330 600 630 700 750 800
obtaining an accurate assessment of the cage-escape yield for Wavelength (nm)
these bimolecular reactions precludes us from quantifying the rigure 6. Overlay of the absorption spectra of E40,CCHs)o(Tp)z
relative contributions of energy and electron transfer to the (dashed line) and [REOH)(O:CCHs)(Tp)2]* (dotted line), measured
reactivity of the oxo- and hydroxo-bridged dimers. Nevertheless, in CH:CN at equal concentrations, with the room-temperature emission
spectral overlap considerations immediately rule out any spectrum of [Ru(dmb)** in CH:CN (solid line).
contribution to the quenching of [Ru(dmB)"* by [Fex(OH)(O;-
CR)(Tp)]* from a through-space dipolar mechanism (Figure ~ Under conditions for which both the driving force and
6). Such is not the case for FXO,CR)(Tp)., however, where reorganization energy for electron transfer are constant, the data
the oxo-to-metal LMCT band and emission spectrum of the presented in Figure 4 clearly show that hydroxo-bridged dimers
sensitizer have an appreciable cross section: resonant energgiuench more efficiently than oxo-bridged dimers. Since the
transfer via dipolar coupling is therefore a distinct possibility contribution from Fester transfer is negligible for the hydroxo-
for this class of compounds. To understand what this implies bridged complexes (Figure 6), it must therefore be the case that
in terms of the relative reactivities of these molecules, we can Dexter and/or electron transfer to the hydroxo-bridged com-
rewrite the expression for the observed quenching rate constantplexes is significantly faster than to the oxo-bridged dimers i.e.,
eq 2, to reflect the two possible contributing energy transfer ko™ > ko) and/or ke{V4X0) > k(x0), The relative

0.04

Absorbance
('n"e) A1ISudju| uoISSIWY

mechanisms: importance of these two mechanisms for oxo/hydroxo reactivity
difference can be further assessed with the data in Figure 4. It
Kobs = Ko 1 Ked Q] + Ko o[ Q] (6) has been demonstrated that the initial slope of the Marcus curve,
_ O(RT In K)/6(AG), should equal 0.5 if the rate constakt
= ko T kel Q + (ke + kp)[Q] (6a) describes a pure electron transfer proc¢é3de slope calculated

from Figure 4 for quenching by the oxo-bridged complékes

is 0.08. From this result two inferences are immediately drawn.
First, energy transfer does, in fact, contribute to excited-state
guenching in the case of the oxo-bridged dimers. Given this,
we reach the much more significant conclusion that electron
transfer rates involving oxo-bridged dimers appear to be
substantially slower than that of the hydroxo-bridged dimers
since kopdMydroxo) > k. (0x0) Thys, the data in Figure 4, while

In eq 6a, ks and kp are Foster and Dexter transfer rates,
respectively. Again, based on the lack of any spectral overlap
between the ruthenium emission and absorption of the hydroxo-
bridged dimersks ~ 0. Thus, the difference in quenching rates
between oxo- and hydroxo-bridged reactants at constant quench;
er concentration can be expressed as in eq 7

(hydroxo) __ (ox0) _ (hydroxo) __ (oxo
bs bs - {(ket ket >) +

(ko (hydroxo) _ (ke (0x0) 4 kD(OX")))} Q] (7) (70) Bock, C. R.; Connor, J. A.; Gutierrez, A. R.; Meyer, T. J.; Whitten,
D. G.; Sullivan, B. P.; Nagle, J. KJ. Am. Chem. Sod979 101,
4815.
wherek) refers to the relevant rate constant for the hydroxo- (71) This analysis does not apply for data on the hydroxo-bridged quenchers

or oxo-bridged quencher, as indicated. since these reactions are diffusion-limited.
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demonstrating a significant difference in rates of quenching, AGo®" is observed. However, changes in driving force are not
actually imply a much more pronounced difference in electron sufficient to explain reactivity differences between oxo- and
transfer reactivity between the two classes of compounds. hydroxo-bridged P& dimers.

Assessing whether Dexter transfer is operative at all in these 4. Structural variations in the dinuclear 'Fesystems are
systems is difficult. There is ample precedent in the literature relatively insensitive to changes in the identity of the bridging
to indicate that, when both electron and Dexter energy transfer carboxylate. Furthermore, the anticipated changes in both inner-
pathways are available, the electron transfer route is generallysphere and outer-sphere reorganization energies following
preferred. This is due to the double exchange nature of Dexterreduction of the clusters to the 'fed"" mixed-valent state are
transfer and the corresponding reduction in the rate by a factorexpected to be approximately equal for both the oxo- and
of € which manifests in the electronic coupling term. However, hydroxo-bridged complexes.
in favorable circumstances this can be offset by a sufficiently 5. Combining all of the data, the conclusion is reached that
large change in the barrier associated with the reaction suchreactivity differences between oxo- and hydroxo-bridged di-
that the exponential term in the FrarekRondon factor domi- nuclear F& complexes must be due to accelerated rates of
nates. We have already indicated that we do not expect Dexter and/or electron transfer to the hydroxo-bridged com-
significant changes in the reorganization energy for electron plexes. Data analysis suggests that significant differences in
transfer in oxo- versus hydroxo-bridged reactions, but changeselectron transfer rates are in evidence; furthermore, it is clearly
in reorganization energy following energy transfer are more established that modulation of reactivity is not linked in any
difficult to estimate. Given that both classes of compounds have straightforward way to either the driving force or reorganization
closely related electronic structures, it is not immediately energy for electron transfer.
obvious why the oxo- and hydroxo-bridged complexes should It is of course tempting to point to Heisenberg exchange as
be significantly different in their structural response to either an important factor in defining and differentiating the chemistry
ligand-field or charge transfer excitation. These considerations, exhibited by these systems. Theoretically, as stated by Bersuker
coupled with the conclusions inferred from the slope of the data et al.}® changes in the transmission frequency for electron
in Figure 4, point to changes in electron transfer rates as beingtransfer can be modulated by spin exchange within a molecule.
the dominant factor defining differences in reactivity between The data we have presented clearly agree with the central
these systems. Still, additional work is clearly needed in order premise of this model. However, we believe that a direct
to examine the issue of energy transfer more thoroughly. The experimental link between spin exchange and reactivity is still
specific role of electronic coupling between the donors and premature at this stage. Limitations endemic to the study of
acceptors (for both energy and electron transfer) is likewise bimolecular quenching reactions including diffusion as well as
unclear at this point. In an absolute sense it is an extremely uncertainty in the relative magnitudes of the electronic matrix
important parameter, but estimating what differences may exist elements governing donor/acceptor coupling prevent us from
in this term for the oxo- and hydroxo-bridged systems upon drawing such definite conclusions. It is therefore our considered
collision with the sensitizer in solution would be pure specula- opinion that the study we have presented here approaches the
tion. This represents an intrinsic limitation with the present study limit to which the interrelationship between Heisenberg ex-

that must be overcome in future work. change and electron/energy transfer dynamics can be addressed
] in the context of a bimolecular reaction. However, most if not
Concluding Comments all of the problems that have been alluded to can be overcome

From an experimental perspective, the convolution of quench- if the chemistry is studied as an intramolecular process. Work
ing mechanisms, Heisenberg exchange, driving force, reorga-along these lines is currently in progress.
nization energy, and electronic coupling presents a very complex
problem for understanding the effects of spin exchange on
chemical reactivity. While the work presented herein does not
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