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The NIR donor—acceptor charge transfer (DACT) bands of the series of trinuclear complexes trans-[(NC)sFe'"'-
(u-CN)RU"L4(u-NC)Fe"(CN)s]**~ (L= pyridine, 4-tert-butylpyridine, and 4-methoxypyridine) are analyzed in terms
of a simplified molecular orbital picture that reflects the interaction between the donor and acceptor fragments. The
degree of electronic coupling between the fragments is estimated by a full fit of the DACT band profiles according
to a three-state model inspired in the Mulliken—Hush formalism. The information is complemented with determinations
performed on the asymmetric heterotrinuclear species trans-[(NC)sCo"(u-CN)Ru"(py)a(u-NC)Fe"(CN)s]*~, whose
preparation is reported here for the first time. The analysis of the NIR spectra of the symmetric trans-[(NC)sFe"-
(u-CN)RU"L4(u-NC)Fe"(CN)s]*~ species reveals a low degree of mixing between the terminal acceptor fragments
and the bridging moiety containing Ru", with Hy, values between1.0 x 10% and 1.5 x 10° cm~. The reorganization
energy contributions seem to be the same for the three species, even when the spectra were recorded in different
media. This observation also applies for the Co"-substituted compound. The computed potential energy surfaces
(PES) of the ground state for these complexes show only one stationary point, suggesting that the Fe''-Ru"'—Fe"
(or Fe'"-Ru"-Co") electronic isomers are not thermally accessible. One-glectron reduction leads to asymmetric
trans-[(NC)sFe"(u-CN)RU'"L4(«-NC)Fe"(CN)s]°~ compounds with potentially two DACT bands involving the Ru" and
the Fe" donor fragments. These species reveal a similar degree of electronic mixing but the PES shows three
minima. We explore the role of the bridging fragment in the long-range thermally induced electron transfer between
the distant iron centers. The results suggest that superexchange and hopping might become competitive paths,
depending on the substituents in the bridging fragment.

Introduction approximation and first-order perturbation theory arguments.
The D—A interaction is described in terms of the electronic

Over the past decades, the thermally induced electron- . X >
coupling elementHpa, which can be estimated from the

transfer process between donra@icceptor (BD-A) dyads and T . . o .
its connection to the donercceptor charge transfer (DACT) ~ €Xtinction coefficient {Tax in M7* cm™), the full width at
spectroscopy has been extensively studithneering work half-hgght (Avizin cm?), the maximum wavenumbera
linked the oscillator strength of the DACT with the-{A incm ), and the transition dipole lengthok in A) of the
electronic coupling at the ground-state equilibrium geometry experimental DACT band, whose band-shape is assumed to

of weakly coupled B-A pairs and led to the well-established € Gaussian

Hush formalisn? which relies on the BorrOppenheimer _ 1/2
PP Hpa = (0.0205f 5 )[€maAV1/Vmad 1)
*To whom correspondence should be addressed. E-mail: . .
slep@qji.fcen.uba.ar. This level of analysis has proved to be successful for the
(1) (a) Newton, M. D.Chem. Re. 1991, 91, 767—-792. (b) Balzani, V. idati i i i _
Electron Transfer in ChemistnWiley-VCH: Weinheim, Germany, eluc“.jatlon Of. the electronic prop_er'_ues of many mlxed Val.e.nt
2001: Vol. 1. species, particularly those containing redox-active transition
(2) (a) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265. metal ionszcd
(b) Hush, N. SProg. Inorg. Chem1967, 8, 391. (c) Brunschwig, B. - . -
S.: Creutz, C.. Sutin, NCoord. Chem. Re 1998 177, 61-79. (d) The fleld e>.<per|enced a renaissance because of recent
Creutz, C.Prog. Inorg. Chem1983 30, 1-73. synthetic achievements, which yielded—B systems of
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higher complexity, such as donrebridge—-acceptor (B-B— NC)Cd"(CN)s]*~ (4), reported here for the first time and
A) triads based on purely organic redox-active fragments designed deliberately as a dinuclear model for the symmetric
linked by an unsaturated-bridge3* bimetallic coordination trinuclear complexe&—3.
compounds linked by redox active organic molecdlasd In our previous work, we also showed that these molecules
others. These new compounds resulted in a rich debateare redox active. The one-electron-reduced mixed-valent
concerning the role played by the bridging fragment in the {Fe'—Ru'—F€"} systems exhibit intense red-shifted bands
mechanism of electron transfer in covalently linked denor  in the NIR region of the spectrum. These species appear to
acceptor systems because the bridge moiety B can bebehave as BD—A systems, and the NIR transitions
intimately involved in the electron-transfer process behaving probably involve the superposition of a MMCT band from
as a D or Acomponent. the central Rlito the terminal F& fragments and an fte—~

In some selected cases, the timescale for the interconver+€" long-range CT transition.
sion between electronic isomers provided a deeper insight We report here on our implementation of the generalized
into the electron-transfer mechanisshis is not always Mulliken—Hush theory for these trinuclear systems, and our
the case, and electronic spectroscopy is still the method offindings on the analysis of their electronic spectra. The
choice in most of the situations. The realization that a great treatment leads to a description of the ground state’s potential
deal of information concerning the-EA electronic coupling energy surface (PES) and therefore is relevant to understand-
is contained in the spectral band-shape, which can be faring the electron-transfer processes between the terminal
from Gaussian, led to more sophisticated treatnieifmzt fragments.
were employed with relative success to extract information ) )
from the DACT spectra of complex systems. Experimental Section

We have recently reported the synthesis, characterization, materials. The compound [Ru(pyEI](PFs) was synthesized
and spectroscopic properties of a family of trinuclear cyano- according to literature procedurg%etran-butylammonium hexaflu-
bridged mixed-valent compoundsans[(NC)sFe" (u-CN)- orophosphate, TBARFwas recrystallized from ethanol. Solvents
RU'L4(u-NC)Fe"(CN)s]*~, with L = pyridine (1), 4-tert- for UV—vis—NIR spectroscopy and electrochemistry measurements
butylpyridine @), and 4-methoxypyridine3), that seem to were dried according to literature procedutgall other reagents
be good candidates to begin a systematic investigation onWere obtained commercially and used as supplied. All the symmetric
the mechanisms involved in electron-transfer events betweentrinuclt_aar complléexes and their reduced species were available from

: : a previous work.

E:eglIlzcogggg1oeon(';§i\'l/'plei?ns?)miEotuhnedsertalerilglirgﬁnsfe tl?]aends Preparation of trans-[(NC)sFe!" (u-CN)Ru" (py)s](Ph4P)-6H0.

. . .. .. [Ru(pyXCI](PFs) (300 mg) was suspended in 50 mL of methanol

spectrum, which are not present in any of the consmuyng and treated with a solution of 175 mg o&&e(CN)-3H,0 in 50
fragments. These intervalence DACT bands seem to originatey of water. The resulting mixture was stirred at %0 in the

in metal-to-metal charge-transfer transitions from the bridging gark for about 5 h. After this period, the resulting green solution
Ru(ll) fragment to the terminal Fe(lll) moieties and show was filtered to remove a small amount of unreacted ruthenium
the electronic coupling in these-AD—A systems. The IV precursor and then evaporated to dryness. The solid residue was
(or DACT) bands are slightly asymmetric, with noticeable extracted with methanol to eliminate the excess of potassium
tails to the high-energy side of the spectrum. The very sameferricyanide, and the clear green solution was evaporated to dryness.

band-shape, though less intense, is observed for the (IV) CTThe green solid was dissolved in a minimum amount of water and

band of the complestrans[(NC)sFe! (u-CN)RU' (py)a(u- treated with solic_:l t_etraphenylphosphonium chl_oride4mrl). The
pale green precipitate was collected by filtration, washed several
(3) (a) Lambert, C.; Noll, GAngew. Chem., Int. EAL998 37, 2107- times with water, and vacuum-dried. The crude solid was dissolved
2110. (b) Lambert, C.; Noll, GI. Am. Chem. S0d.999 121, 8434~ in a minimum amount of methanol, and after filtration, the green
%gé(zc&%ambert, C.; Noll, GJ. Chem. Soc., Perkin Trans2P02 solution was loaded in a Sephadex LH-20 column packed with
(4) Lambert, C.; Noll, G.; Schelter, Jat. Mater.2002 1, 69—73. methanol. The second green fraction that eluted with methanol
(5) (a) Evans, C. E. B.; Naklicki, M. L.; Rezvani, A. R.; White, C. A;;  contained the desired product, which was collected and evaporated
Kondratiev, V. V.; Crutchley, R. JJ. Am. Chem. Sod 998 120, to dryness to yield 174 mg (34%). Anal. Calcd fogsBs7N1106-

13096-13103. (b) Evans, C. E. B.; Yap, G. P. A,; Crutchley, R. J. . . . . . .
Inorg. Chem1998 37, 6161-6167. (c) Mosher, P. J.; Yap, G. P. A, PFeRu: C,57.1 H, 4.9, N, 13.3. Found: C, 56.8; H, 4.6; N, 13.8.

Crutchley, R. JInorg. Chem.2001, 40, 1189-1195. (d) Crutchley, v(CN): 2109 cnri(s).
R. J.Coord. Chem. Re 2001, 219 125-155. (e) Kar, S.; Sarkar, B.; Preparation of trans-[(NC)sFe'" (z-CN)Ru' Py4(u-NC)Co'" -

Ghumaan, S.; Janardanan, D.; van Slageren, J.; Fiedler, J.; Puranik, . e | |
V. G.; Sunoj, R. B.; Kaim, W.; Lahiri, G. KChem—Eur. J. 2005 (CN)s](PhaP)s-9H:0 (4). trans [(NC)sFe! (u-CN)RU' (py)s](PhaP)

11, 4901-4911. 6H,0 (200 mg) was dissolved in 30 mL of methanol and was treated
(6) (a) Londergan, C. H.; Salsman, J. C.; Lear, B. J.; Kubiak, CHem. with a solution of 630 mg of KCo(CN) in 30 mL of water. The

Phys.2006 324, 57-62. (b) Salsman, J. C.; Kubiak, C. B. Am. green solution was stirred at 68 in the dark for 3 h. After this

Chem. Soc2005 127, 2382-2383. (c) Salsman, J. C.; Ronco, S.; . . . .

Londergan, C. H.; Kubiak, C. Rnorg. Chem 2006 45, 547554 period the solvent was evaporated, leaving a solid residue that was
(7) (a) Brunschwig, B. S.; Creutz, C.; Sutin, Bhem. Soc. Re 2002 extracted with methanol to remove the insoluble excess of potassium

31, 168-184. (b) Lockard, J. V.; Valverde, G.; Neuhauser, D.; Zink, cobalticyanide. The methanolic green solution was evaporated to

J. I; Luo, Y.; Weaver, M. N.; Nelsen, S. B. Phys. Chem. 2006 . . . .
110 57-66. (c) Talaga, D. S.; Zink, J. U. Phys. Chem. /2001 dryness, and the solid redissolved in a minimum amount of water.

105 10511-10519. (d) Ferretti, A.; Lami, AChem. Phys. Letl994

220, 327-330. (e) Ondrechen, M. J.; Ferretti, A.; Lami, A.; Villani, (9) Coe, B. J.; Meyer, T. J.; White, P. Biorg. Chem.1995 34, 593—
G. J. Phys. Cheml1994 98, 11230-11232. 602.

(8) Albores, P.; Slep, L. D.; Weyhermuller, T.; Baraldo, L. Muorg. (10) Armarego, W. L. F.; Perrin, D. DPurification of Laboratory
Chem.2004 43, 6762-6773. Chemicals 4th ed.; Butterworth-Heinemann: Oxford, U.K., 1996.
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Solid PhPCIl was added to this solution, and the solid obtained
was filtered and washed with water. The crude product was
dissolved in a minimum amount of methanol, filtered, and loaded

into a methanol-packed Sephadex LH-20 column. The product

eluted with methanol as the first green fraction. Evaporation to
dryness and recrystallization from methanol/ether afforded 70 mg
(16%) of the final product. Anal. Calcd for;ggH11dN1609P4sFeCoRu
(4): C, 65.0; H, 5.0; N, 9.5; Found: C, 64.7; H, 5.5; N, 10.0.
v(CN): 2120 cnr(s), 2107 cm(s).

Physical Measurements.IR spectra were collected with a
Nicolet FTIR 510P instrument on KBr pellets. UBWis—NIR

spectra were recorded with a Shimadzu 3100 double-beam spec-
trophotometer (up to 3000 nm). Elemental analyses were performed
with a Carlo Erba 1108 analyzer. Cyclic voltammetry measurements

were carried out under argon with millimolar solutions of the

compounds using a PAR 273A potentiostat and a standard three

electrode arrangement consisting of a glassy carbon gisk 8
mm) as the working electrode, a platinum wire as the counter

e
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Figure 1. Electronic spectrum of compoundgdashed line) and (solid
line) in methanol. The inset shows the cyclic voltammogram of compound

"4 in acetonitrile/0.1 M TBAPE. Scan rate= 100 mV s'L. The potentials

referred to the standard Ag/AgCl (KCI 3 M) electrode.

electrode, and a reference electrode. The latter was either a Ag/Table 1. Spectroscopic Data for Compourd

AgCl (KCI 3 M) standard electrode (for aqueous solutions) or a
silver wire with an internal ferrocene (Fc) standard for organic
solvents, depending on the situation. KN@ M) and TBAPK

(0.1 M) were used as the supporting electrolytes in water and

nonaqueous media, respectively. All the potentials reported in this methanol

work are referenced to the standard Ag/AgCI (KCI 3 M) electrode
(0.21 V vs NHE), with the conversions being performed by using
the accepted values for the #Ec couple in different media (195
+ 4, 418+ 2, 479+ 2, 507+ 2, and 582+ 7 mV vs Ag/AgCl
(KCI 3 M) for water, methanol, ethanol, acetonitrile, and dimethyl-
acetamide, respectivel}).

Results and Discussion

Synthesis and Characterization oftrans-[(NC)sF€'" (u-
CN)RU" (py)4(u-NC)Co'" (CN)s](Ph4P)49H,0. The differ-
ential reactivity of the axial ligands of [Ru(p@gI] ™ against
substitution by hexacyanoferrate(lll) is the key factor in the
synthesis of asymmetric compoudd This species can be
prepared and isolated in good yield if the stoichiometry and

temperature of the synthetic steps are kept under control. At

T < 40°C with [Ru(py)Cl]* and [Fe(CN}J®~ in a 1:1 ratio,
the main product is the dinucletrans[(NC)sFe!" (u-CN)-
Ru'(py)s] ~ with only marginal amounts dfans[(NC)sFe!"' -
(u-CN)RU'(py)s(u-NC)FE"(NC)s)*~ (1) as the main con-

taminant. The reaction of this intermediate species with an

excess of hexacyanocobaltate(lll) under mild conditions,
followed by size exclusion chromatography affords the
asymmetric trinuclear speci¢ésans[(NC)sFe" (u-CN)RU'-
(Py)a(u-NC)Cd" (CN)s].*~

Compoundd and4 are formally related by a substitution
of one Fé&' ion by a Cd' ion. We carried out this exchange
procedure to facilitate the analysis of the electronic interac-
tions that are present in an-—A ensemble. In this
system, only one BA interaction is relevant to the electronic

spectroscopy. The electrochemistry and electronic spectros-

copy of 4 suggest that the Me-Cd" exchange did not
perturb the D-A interaction between the remaining redox-
active fragments. In fact, the cyclic voltammogram &f

(11) Noviandri, I.; Brown, K. N.; Fleming, D. S.; Gulyas, P. T.; Lay, P.
A.; Masters, A. F.; Phillips, LJ. Phys. Chem. B999 103 6713~
6722.

MLCT MM'CT
Vmax € Vmax €

solvent 1cm?y) (M~tcml) (1cml) (M~lcmY

ater 28.7 16 400 7.5 3600
27.6 20 800 10.2 2500

ethanol 27.1 22 200 10.9 2300
acetonitrile 26.7 19700 13.3 1300
dimethylacetamide 25.8 23800 14.3 1100

compares well with the one of the related symmetric complex
1. Two reversible waves are observed in the cyclic voltam-
metry measurements which are attributed to thé'/Ru"

and Fé'/Fe' redox processes (inset of Figure 1). The lack
of the second F&/Fe' process and the existence of an
irreversible reduction process corresponding to th&/Co'
couple are compatible with the formulation of compkx
This last irreversible redox process closely resembles the
behavior of free [Co(CN]°".

The UV—vis—NIR spectrum of compound shows the
same features as that of complexXFigure 1). It possesses
an intense MLCT, g(Ru") — z*(py) band in the UV region
and a MMCT (or DACT) RU' — Fé'" band in the near-
infrared. The latter is placed at the same energy as the
MM'CT band in complext and has the same band shape
but only half of the intensity. The solvent dependence of
the electronic spectrum of this compound also resembles the
behavior of1 and is related to the CMsolvent specific
interactions, as discussed elsewh&#®The spectroscopic
data of4 in different solvents are listed in Table 1.

Theoretical Considerations.We attempt here to improve
our understanding of the electronic interactions between the
donor and acceptor fragments in the related compléxebs
All these species have intense and fairly broad low-energy

(12) (a) Baraldo, L. M.; Forlano, P.; Parise, A. R.; Slep, L. D.; Olabe, J.
A. Coord. Chem. Re 2001, 219 881-921. (b) Timpson, C. J.;
Bignozzi, C. A,; Sullivan, B. P.; Kober, E. M.; Meyer, T.J. Phys.
Chem.1996 100, 2915-2925. (c) Estrin, D. A.; Baraldo, L. M.; Slep,
L. D.; Barja, B. C.; Olabe, J. A.; Paglieri, L.; Corongiu, Gorg.
Chem 1996 35, 3897-3903. (d) Gonzalez-Lebrero, M. C.; Turjanski,
A. G.; Olabe, J. A,; Estrin, D. AJ. Mol. Model.2001, 7, 201—-206.

(e) Hornung, F. M.; Baumann, F.; Kaim, W.; Olabe, J. A.; Slep, L.
D.; Fiedler, JInorg. Chem1998 37, 311-316. (f) Ketterle, M.; Kaim,
W.; Olabe, J. A.; Parise, A. R.; Fiedler, lhorg. Chim. Actal999
291, 66—73.
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Scheme 1. Compounds Studied in This Work Scheme 2. Qualitative MO Diagram Representing theBackbone
_ n- for the Different Situations Studied in This Wérk
NC/ CN |> L NC/ CN
) 2 e; =eee=
NC—Fe'CN—Ru'—NC—Fe''-CN $4
NE\CN s N(?\CN 88& &8.. 888
L= pyridine (1/1r), 4-tert-butylpyridine (2/2r) and 4-methoxypyridine (3/3r) e, A —888= E
- 2 R P Sell
VAR L Joxe I8 wg
Nc—:ci"'—CN—':Ru\“—Nc—f e\”'—CN : :
i NC CN L L NC CN e ° —geee= °
L= pyridine (4) 8% 8
_ Bler o
MM'CT (DACT) bands, a fact that has been classically
considered to be indicative of moderate/weak electronic Ci < D, » Cy
coupling between the metal centers. The presence of more
than one donor (or acceptor) groups introduces some {Fe""Ru"Fe""}

uncertainty regarding the number and source of the allowed
CT transitions. We will first focus on the orbital origin of

these transitions and then attempt to obtain quantitative
information about the degree of interaction from the absorp- 88& T“.:

tion profile. A

-88 =o:o=
Qualitative Molecular Orbital Interpretation of the :
MMCT Bands. At the equilibrium geometry, compounds : : ® *; —seee-

1-3 belong to theD, symmetry point grouf.The by sets &83 000e=:
of each metal center split intoo(d,) + e(d, d,). The :
cyanide-mediated overlap between the.g(@,) orbitals of
the three metal centers gives rise to thebackbone :
represented qualitatively in the MO diagram of Scheme 2. %g* —.00e="
UnderD, symmetry, there are two dipole allowed transitions,
e. — & and @ — e; although the former is overlap-
forbidden. Nevertheless, this transition might gain intensity {Co™Ru"Fe'™}
upon coupling with an asymmetric vibration mode that
lowers the symmetry of the electronic problenGi(Scheme i;gﬂgleg”t% ?;énﬁactg'{‘rf:cgg;"g;roendOUb'y degenerate representations
2). Itis tempting to assign the asymmetry of the DACT bands ’
in 1-3 to the existence of this second transition. The spectral -ontripution from the RY moiety. On the other hand, the
profile of the DACT band ird, identical to that irl, shows ooy potential for the second reduction process over the Fe
that this is not necessarily the case. Compodritas also  ghjfts to lower values when the basicity of L is increased,
C, symmetry, but the large energy difference between the jygicating that the molecular orbital involved in this second
Fe' and Cd' centered orbitals leads to a situation where oqox event (@ has a considerable Ricontribution.
only two of the metal centers are involved in tirddackbone. No matter how satisfactory this MO scheme is, it does
This situation leaves a single observable MMCT transition ¢ provide a qualitative explanation concerning the band
thatis RU — Fe" (e, — ej) in origin. Despite this, the shapes  ghape of the DACT bands. Moreover, no quantitative
(not the intensity) of the NIR region of the spectralaind information about the degree of mixing between the metallic
4 match perfectly. . moieties can be extracted with this level of analysis. For this
The DACT spectroscopy in the one-electron-reduced rga50n, the visNIR bands of these trinuclear compounds
compounds,1r—3r, can be analyzed with a similar MO \yere studied employing tools derived from the generalized
diagram. The asymmetry introduced by the reduction processy;lliken—Hush (GMH) theory® The absorption profile was
(Fe' vs Fé') opens the possibility to two DACT transitions.  gjmyated with a two-state model in the case of compound
One of them is Rti— Fel! in character (e— e3), and the 4 anq a three-state model for the remaining complexes. The
remaining one is an Fe—~ Fel' (e;— ;) CT and is absent  q sjtuations, even though they share essentially the same
in the Fé'—Ru'—Fe!' compounds. _ _ _ theoretical background, are slightly different, and we treat
The electrochemical results are consistent with this {hom separately for the sake of clarity.
description, and they validate the qualitative MO picture.  pinuclear Systems (Two-State Model)This is basically
The redox potential for the first reduction of the'Feenters the situation that originated the earliest MullikeHush
remains constant for the different ligands$ Indicating that
the molecular orbital involved in this process)(has little (13) Cave, R. J.; Newton, M. OChem. Phys. Lettl996 249, 15—19.

{Fe'"Ru'"Fe'""} & -eeee=
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Scheme 3. Diabatic States and Parameter Definitions for a Two-State
Model
&
WD % '//D
1 2 q,
Scheme 4. Diabatic States for a Three-State Model for Compounds  Figure 2. Qualitative diabatic (solid line) and adiabatic (dotted line)
1-3 (a) and1r—3r (b) potential energy curves for compoudd
a) (1) {Fe""-Ru'-Fe"'} The electronic interaction represented by the off-diagonal
(a1.92) = [l,ﬁ] (and coordinate-independent) matrix elemelgh leads to
2z mixing of the diabatic surfaces to yield the adiabatic potential
energy curves qualitatively depicted in Figure 2. From the
Q@ mathematical point of view, these curves arise from the
diagonalization of eq 2 at each reaction coordinate. This
process leads to the ET coordinate-dependent free energies
@) (Fe"-Ru"-Fe'l} 3) (Fe"-Ru"-Fe'} of both statesAG®4(q;) and AG°5(qu), and the composi-
(qu.g2) = (0,0) (q1,92) = (1,0) tions of the adiabatic eigenfunctions in terms of the diabatic
, state basis set, which satisfy the following relations:
q1 2
) ia) =Y Ca)wl(@) 3)
) 0)) {Fe”-Ru'"-Fe"} 1=
(Q1,92) = [1 ﬁ] AG®}(ay) 0 .
272 = x H X 4
( 0 AG™(q) C(ay) (@) x C(a) (4)
Q2 The same unitary transformation that diagonalizes the
Hamiltonian brings the transition moment matrix from the
diabatic into the adiabatic representation (eq 5)
2) {Fe"-Ru'-Fe 3) {Fe"-Ru'-Fe!" A _ -1 D
=00 =00 () = Cla) o Clay) ®)
—_ After the treatment by Cave and NewtbiyP was taken
qi as
¢ - . b_ (0 O
ormalism? and our treatment follows basically ref 14. u _(O el’lz) (6)

Scheme 3 qualitatively describes the diabatic states and the
nonzero matrix elements between them. The problem in- where the transition moments connecting the diabatic states
volves a single dimensionless ET coordingtethat trans- were set to zef§'*ander;; is the difference between the
forms state 1 into state 2, with the two diabatics surfaces dipole moments of the initial and final diabatic (localized)
approximated as quadratic functions of the ET coordinate. states.

On the basis of the diabatic wave functiogs, andy?3, the From a semiclassical point of view, the differential
Hamiltonian for the system becomes contribution to the absorption spectrum arising from a
specific nuclear configuratiort;, belonging to the ground
ilqlz Hpa adiabatic state energy surface is given by
H(gy) = . . @
HDA AG + iz(ql 1) 4\77:21/ A 2 oA oA
de(n) = %wu(qln o(v — (AG%(ay) — AG®)))n(ay)dg
wherel; andA, stand for the Marcus reorganization energies ©)

associated to the donor and acceptor diabatic stateA@hd

. . : whered(x) = 1 for x = 0 and zero, otherwisey(q) is the
measures their relative free energies.

Boltzmann fractional population associated to that particular
(14) Creutz, C.; Newton, M. D.. Sutin, NI. Photochem. Photobiol., A nuclear configuration, and all the other magnitudes have their
1994 82, 47-59. usual meaning or were defined above. The absorption

Inorganic Chemistry, Vol. 45, No. 26, 2006 10599
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spectrum results from integration of eq 7 over all possible A 3 5
nuclear configurations Y = ) Gy(adyi(ay) (10)
=
o 4TV A\ A AG*(0,0,) 0 0
e(v) = | |“0(v — (AG® - _
) f,m 3hcn, pid1” o(v — (AG®;(qy) 0 AG°§(q1,q2) 0 = C(ay.ay) 1
AG)n(dy)dg (8) 0 0 AG%(q,)

H(a,,0,) x C(q.,0,) (11)

and using the same unitary transformation, we get the
transition moment matrix in the adiabatic representation

From the computational point of view, the spectrum can
be calculated by setting discrete values fogr in an
appropriate range and adding the differential contributions
arising from every specific nuclear coordinate. 1(0,,0,) = C(0,,0) " x 4° x C(qy,a,) (12)

Trinuclear Systems (Three-State Model).We explore
here two possible situations depicted in Scheme 4a and b.Whereu® can be described by
They represent different oxidation states of the molecules,

. . . 0 0 O
but from the mathematical point of view, they can be p_|g -
. o . . u = er 0 (13)
described by the same Hamiltonian equation. The analysis 0 0 er

follows essentially the same line as the two-state systems,
except that the Hamiltonian equations expressed in the
diabatic basis are replaced by

The absorption profile from the lowest to the two excited
adiabatic surfaces arises from integration of the differential
absorption contributions over all the possible nuclear con-

o figurations of the ground state

Ml(a, — 127 + (q, — /3127 Hio Hip o o Ay A ) A
H,, AG® + L (02 + 0,7] Hos €1,(v) = f_w j‘_w e U101, 8) 1'N(0y, GO (v — (AGT,
Hi Has AG® + (0, — 1)° + ;] "

© (0y.0p) — AG®7(0,,0p)))dydep, (14)

whereq; and g, are dimensionless ET coordinatds,and €4(v) = f_‘” f_"" A’y 550, G) 1 N(0,G) O (v — (AGS

A, are related to the Marcus reorganization energies A4 © = 3hcn

measures the relative free energy of the diabatic states. Notice (01.%) — AG®;(0y,0)))deyda, (15)
that depending on the situatiddG° takes positive or negative
values because the localized state (1) is lower in energy for
the IlI—II -1l case but becomes an excited state for the one-
electron-reduced species.

Expressions 14 and 15 (or actually a discrete version over
a rectangular grid) can be used to simulate the two
components underlying the absorption profile of the reported
) ) _ ) ) trinuclear species.

The diabatic potential surfaces are still described as Spectral Analysis. The above equations were employed
quadratic functions of the nuclear coordinates, but we tg simulate the DACT absorption profiles and to fit these
introduced two different ET coordinates: an antisymmetric simulations to the experimental spectra. The prediction of
one (), which transforms state 2 into state 3 as defined in the spectral band shape required a previous estimation of
Scheme 4, and a symmetric coordinaig felated to a net-  the dipole moments of the diabatic states involved in the
electron transfer between the bridging fragment and the analysis. In our case, we approximated those quantities by
terminal ones. This two-dimensional approach is in line with the geometric difference between the metal centee\j5
previous work:? and it is necessary to correctly describe It is important to mention that Stark spectroscopy measure-

the miminum nuclear degrees of freedom relating the three Ments in _some mixed-valent cyanide-bridged dinuclear
diabatic states. complexe¥®suggest that the effective one-electron-transfer

h iy of th blem | v WO off-di | distancey, might be smaller than the geometric separation.
€ symmetry ot the problem leaves only two ofi-diagona However, the difference should remain small, provided that

matrix elementsH;, and H,s. The former connects states the degree of mixing between the fragments is not high.
that result from a net one-electron transfer between neighbor 1,6 fitting procedure should provide the relevant physical
fragments, and the latter represents the interaction bEtweerbarametersAG°, the electronic coupling elements, and the
states that arise from an electron transfer between the terminateorganization energies. The number of fitting parameters
moieties. Diagonalization of the above Hamiltonian equation s apparently high, but the physics of the problem imposes
provides now three surfaceAG;(qu,0), AGS(01,0p),

and AG°A(quqp) in increasing order of energy), and there- (%) ;’&;‘gez'sg' oy Slone, R. V.; Stem, C. L.; Hupp, J.Ghem. Phys.
fore two electronic transitions. The ET coordinate dependent (16) (a) Bublitz, G. U.; Laidlaw, W. M.: Denning, R. G.; Boxer, S. &.
energies of the adiabatic states and their compositions in ~ AM: Chem. S0d.99§ 120 6065-6075. (b) Vance, F. W.; Karki, L.;

. . ’ ) . Reigle, J. K.; Hupp, J. T.; Ratner, M. A. Phys. Chem. A998 102,
terms of the diabatic basis set satisfy the relations 8320-8324.
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Table 2. Absorption Maxima and Parameters Obtained from the Electronic Spectra for the Complexes Studied in This Work

Vmad AG® A1 A2 Hio
solvent (10 cm™) (10 cm™h (10 cm™) (10cm 1 (10 cm™) 100G4? | 100C,42 | 100C3;2 ¢
1 water 7.6 5.1 1.3 3.1 15 94|1£2.8| 2.8
methanol 10.2 7.5 1.3 97|2L.4|1.4
ethanol 10.8 8.1 1.2 97/18..1|1.1
acetonitrile 13.1 10.4 1.1 98|0.64| 0.64
dimethylacetamide 14.3 11.6 1.0 99.0.45] 0.45
2 water 6.9 4.5 1.4 94.42.8| 2.8
methanol 9.4 6.7 1.3 96J8L.6| 1.6
ethanol 10.1 7.4 1.3 97|121.4| 1.4
acetonitrile 12.5 9.7 1.1 98)@.71]0.71
dimethylacetamide 13.7 11.0 1.0 99.0.49| 0.49
3 water 6.3 4.1 1.4 93.83.1|3.1
methanol 8.7 6.0 14 9%5/1@.112.1
ethanol 9.4 6.7 1.3 96,/81.6] 1.6
acetonitrile 12.0 9.3 1.1 98]9.75] 0.75
dimethylacetamide 13.1 10.4 1.0 980.53] 0.53
1r methanol 7.8 -1.6 7.1 9.9 1.4 97.80.1| 2.6
0.1 97.32.6
2.4 2.4 952
2r methanol 7.2 -1.2 1.4 97.10.012.9
0.0]197.112.9
2.212.2|95.6
3r methanol 6.5 —-0.4 1.5 96.10.03.9
0.0/196.1] 3.9
2.1/2.1|95.¢8
4 water 7.6 5.0 1.3 3.2 1.4 95.74.3
methanol 102 7.5 1.3 97.92.1
ethanol 10.9 8.1 1.3 98.21.8
acetonitrile 13.2 10.6 1.1 99.20.83
dimethylacetamide 1404 11.7 1.0 99.4 0.58

aRef 8, except for compoundl  This work. ¢ Computed coefficients at the equilibrium geometry for the ground-state normalized wave fupﬁti:en
Cuy? + Cop? + Cawl, except for compound, wherey; = Cuy? + Coupy. 9 Compositions of the three minima observed in the ground-state PES.

v/ 10° cm’

0 2 4

6 8

12

[E° Ru(III/)-E° Fe(liN] / 10° cm’™

Figure 3. Correlation between the DACT energy addE(redoy =
E°(Ru) — E°(Fe') for speciesl—3 in different solvents.

electronic coupling exclusively between neighbors, suggests
that the direct interaction between the terminal fragments is
negligible. This is compatible with previous qualitative
observations in a related trinuclear system based on the
{PtV—(u—NC)—Fé€'} unit” For the remaining analysis, we
assumed thatl;, is the only relevant coupling element and
setH,3 = 0.

More constraints can be set on the physical parameters
that describe the problem. Figure 3 shows a fairly linear
correlation between the energy of the experimental DACT
transition and th\E(redox)= E°(Ru"") — E°(F&"") values
for speciesl—3 measured among the whole set of solvents.
This result indicates that the reorganization energy associated
with the electron-transfer process for this family of com-
plexes can be considered essentially independent of the

constraints on the possible values of these parameters angolvent and the identity of the L ligand%.The main
helps to avoid over-parametrization. For instance, the DACT contributions tol are probably internal and arise from
bands in trinucleat and model compound have the same
band shape in every solvent. However, they differ in the F€"} backbone. The same is probably true for the"'€o
intensity, the CT bands of compléxbeing twice as intense
as the same bands in compkexFigure 2). If the parameters
obtained from the fitting with a two-state model of the constantwithin each group of complexds-@, 1r—3r, and
spectrum of complex in a particular medium are used to 4). The final optimized parameters obtained from the fitting
simulate the spectrum dfin the same solvent with the three-
state Hamiltonian withH,s = 0 and Hiy, = Hpa, the
experimental spectrum is almost perfectly reproduced. The (18) Lever, A. B. P.; Dodsworth, E. S. Electrochemistry, Charge-Transfer
fact that the band profiles for both and 4 can be well

reproduced with the same set of parameters, which involves

stretching vibrations involving thgFe" (u-CN)RU' (u-NC)-

substituted species and for the one-electron-reduced systems.
With this assessment in mind, we decided to kégandA,

(17) Pfennig, B. W.; Lockard, J. V.; Cohen, J. L.; Watson, D. F.; Ho, D.
M.; Bocarsly, A. B.Inorg. Chem.1999 38, 2941-2946.

Spectroscopy, and Electronic Structure. limorganic Electronic
Structure and Spectroscap$olomon, E. I., Lever, A. B. P., Eds.; J.
Wiley & Sons: New York, 1999; Vol. Il, pp 227289.
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achieved in solvents with high acceptor nunibeand
correspond, as expected, to the combination of low diabatic
energies and high electronic-coupling values. Inspection of
the potential energy surfaces reveals that for compléxes
there are no crossings between the diabatic ground-state
surfaces and the excited ones because of the larger value of
A2 with respect tol;. The adiabatic ground-state surface has
therefore only one minimum, which implies that the hypo-
thetical electronic isomefsFe'—Ru'" —Fe'} are not stable
species in these systems.

The analysis of the DACT transitions in compourials-
wavenumber/ 10° cm' 3r is depicted in Figure 5. A weak mainly e~ Fe' in
character CT absorption shows up at the high-energy side
5 of the DACT band and a more intense 'Rt Fe' CT
appears at the low-energy side. The spectroscopic data
4 obtained for the two deconvoluted components of the DACT
band of compoundsr—3r are listed in Table 3. As expected,
the energy of the Pe— F€'" component remains independent
of the identity of the ligand L, while the second one is red
shifted when the basicity of L is increased. For these spgecies
the values ofH;, (Table 2) are similar to those found for
compoundsl—3, but the differences between the energies
of the diabatic ground and excited states become substantially
Yo% 2 10 8 6 4 smaller. This observation can be traced back to the presence
wavenumber / 10°cm’! of an extra electron in thFe'(CN)s} 4~ moiety of 1r—3r

bands of comples (top) and complexdr (bottom) in methanol. The dashed

lines are the two components of the MMCT. if compared to thel—3 case.

The PES for the adiabatic ground state is different than
procedure are listed in Table 2. Typical simulated spectra that in 1—3 (Figure 6). The picture changes because of the
deconvoluted into the two underlying absorption components doubly degenerate diabatic ground state and the existence
are displayed in Figure 4, showing that the band shape ofof intersections between the diabatic ground and excited
the experimental CT is well reproduced. This result applies surfaces. The ground-state PES presents three local minima
to the whole set of simulated spectra (Supporting Informa- corresponding to the three possible electronic isomers. Figure
tion). 6, which represents the situation in methanol, displays the

In compoundsl—3, the values obtained for the diabatic minimum energy pathways and the activation barie®?,
free-energy differencé)G®, vary smoothly with the acceptor  for the thermal-activated electron transfer between the
capability of the solvent and reflect the stabilization of the minima, calculated by means of standard methodofégy.
excited states that have'Feharacter by specific interactions  Tnere are mainly two possible mechanisms for the electron
with the solvent:*? The o-donor capability of the pyridines  yransfer between the terminal iron moieties in these cyanide-

coordinated to the central ruthenium controls the energy of bridged trinuclear compounds. One is the superexchange
the donor fragment. Table 2 reflects a decrease@f values path, where the bridge, in this case, the'Reagment,
as the basicity of L increases, which is consistent with our
previous interpretation of the experimental trénd.

The values obtained for the electronic coupling parqmeter (19) (a) Watzky, M. A.; Macatangay, A. V.. VanCamp, R. A. Mazzetto,
Hi, are moderate and comparable to values reported in other ~ S.E.; Song, X. Q.; Endicott, J. F.; Buranda JTPhys. Chem. A997,
cyanide-bridged dinuclear and polynuclear systéM%H, 101 8441-8459. (b) Scandola, F.; Argazzi, R.; Bignozzi, C. A,

. . Chiorboli, C.; Indelli, M. T.; Rampi, M. ACoord. Chem. Re 1993
appears to be roughly independent of the nature of the ligand 125 283-292. (c) Forlano, P.; Baraldo, L. M.; Olabe, J. A.:

N W ey (¢, )] ~ o  ©

¢/ 10° M'em’”

e/10°M'em™

mediates the electronic mixing between the donor and the

L, but it depends on the acceptor capability of the solvent. ?egavec(:mova' $ ?-n)(zrg- ghirn?c' Actdal9c9ﬁl 223;;;355(%)43“3110??_“,
. . . . . E.; Chen, Y. J.; Xie, P. HCoord. Chem.
This suggests.tha'.[ its vglue is mr;unly controlled by the 373.(e) Macatangay, A. V.; Endicott, J. Forg. Chem.200Q 39,
electronic density distribution on the iron terminal fragments, 437-446. (f) Oshio, H.; Onodera, H.; Ito, Them—Eur. J.2003 9,
inl i ; TP ; 3946-3950. (g) Pfennig, B. W.; Fritchman, V. A.; Hayman, K. A.
which is modglatgd by cya?ldfsolvent specific mterapﬂops. Inorg. Chem 2001, 40, 255-263. (h) Rogez, G.- Marvilliers, A.- Sarr.
The combination ofAG®, Hi,, and the reorganization P.; Parsons, S.; Teat, S. J.; Ricard, L.; MallahChem. Commun.
energy yields a low degree of mixing of the diabatic excited 2002 1460-1461. (i) Rogez, G.; Riviere, E.; Mallah, T. R. Chim.

. . . 2003 6, 283-290. (j) Vogler, A.; Kisslinger, JJ. Am. Chem. Soc.
states into the ground state. This results in a ground state 1982 104 2311_2301)2_ g 9

that is essentialljyFe" —Ru'—Fe"} in character with small ~ (20) Gutmann, VElectrochim. Actal976 21, 661-670.

_ _ _ _ (21) (a) Henkelman, G.; Uberuaga, B. P.; Jonssod, i&hem. Phys200Q
{Fe'—Ru"—Fe"} and {Fe''—Ru''—Fe'} (at most 3%) 113 9901-9904. (b) Henkelman, G.; Jonsson,HChem. Phy200Q

contributions. (Table 2). The highest mixing coefficients are 113 9978-9985.
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Figure 5. 2-D slice atg, = 0 of the diabatic (solid line) and adiabatic
(dotted line) potential energy surfaces for compouddétop) and 1r
(bottom); a and b identify the two Fe— Fée'' and R — Fé'' DACT,
respectively.

Table 3. Absorption Maxima and Intensity of the Deconvoluted'Ru
— Fe' and F¢ — Fé'' DACT Bands in Compound&r—3r

CTRU' — Fé CTFé —Fé!
N 2 N 2 Figure 6. Ground-state potential energy surfaces of the one-electron-
max max . i
&t 5 &t 2 reduced complexe&r—3r, showing the minimum energy electron-transfer
(16 cm) (eA) (16 cm) (eA) trajectories between the minima. The values correspond to the activation
1r 7.6 0.64 10.3 0.098 barriers.
2r 7.3 0.81 10.3 0.088 . .
3r 6.7 19 10.2 0.104 of trinuclear compounds the type of mechanism of ET can

be tuned by a suitable choice of the ligand L.
acceptof? The other one is the hopping mechanism, where

the bridge effectively participates in the ET process by means Conclusions

of the electronic isomefFe'—Ru"—Fe€'}.?* The surfaces Despite approximations, the three-state model is able to
displgyed in _Figure6predict that both mgchanisms have to reproduce the experimental band shape of the DACT
contribute sizably to the ET process in compoubd absorption of a family of binuclear and trinuclear cyanide-
However, in the case of compoungs and3r, the lower-  prigged compounds in different solvents, providing a nu-

energy separation between the ground and excited diabatiGnerical estimate of the degree of electronic interaction
states |96}V95 no saddlelpomtls In lfhe region between thepetween the fragments. One of the most interesting results
{Fe"—Ru'—Fe'} and {Fé'—Ru'—Fe'} stable configura-  optained from our analysis is the invariance of the reorga-
tions. This suggests that the electron transfer should proceedjzation energy,A, for changes in the solvent or the
solely by a hopping pathway. It seems that for this family sypstituents on the pyridinic rings. This suggests that the
(22) (a) Bixon, M.; Jortner, Electron Transfer-From Isolated Molecules Vlbratlona! modes coupled with the eIectron—transfe_r remain
To Biomolecules). Wiley & Sons: New York, 1999; Vol. 106. (b)  the same in all the measured systems. Raman studies should

Jortner, J.; Bixon, M.; Langenbacher, T.; Michel-Beyerle, MPEoC. be useful to explore this issue.
Natl. Acad. Sci. U.S.AL99§ 95, 12759-12765. o . .

(23) Berlin, Y. A;; Burin, A. L.; Ratner, M. AChem. Phys2002 275 For the reducedlr—3r species, the model predicts a
61-74. ground-state potential energy surface with three minima that
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