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Abstract: Ru(ll) polypyridine species have been assembled about dirhodium(ll, 1) tetracarboxylate cores.
The complexes prepared have general formulas [{ (terpy)Ru(La)} { Rh2(CH3COO),4-,(CH3CN),} 2 (a-type
compounds: terpy = 2,2":6',2"-terpyridine; La = 4'-(p-carboxyphenyl)-2,2":6',2"-terpyridine; n =1, 1a; n
= 2, cis-2a and trans-2a-cis and trans refer to the arrangement of the Ru(ll) species around the dirhodium
core; n = 3, 3a), [{(Lb)Ru(La)} { Rh2(CH3COO0)4-(CH3CN)2} 12" (b-type compounds: Lb = 6-phenyl-2,4-
di(2-pyridyl)-s-triazine; n = 1, 1b; n = 2, an inseparable mixture of cis-2b and trans-2b; n= 3, 3b; n=4
4b), and [{ (terpy)Ru(Lc)}{Rh2(CH3COO)3(CH3CN)2}1?* (1c; Lc = 6-(p-carboxyphenyl)-2,4-di(2-pyridyl)-s-
triazine). As model species, also the mononuclear [(terpy)Ru(La)]?* (5a), [(La)Ru(Lb)]?** (5b), and [(terpy)-
Ru(Lc)]?" (5¢) have been prepared. All of the complexes have been characterized by several techniques,
including NMR and mass spectra, and the stability of the various species is discussed. The absorption
spectra of all of the compounds are dominated by the Ru(ll) polypyridine moieties, showing intense ligand-
centered (LC) bands in the UV region and intense metal-to-ligand charge-transfer (MLCT) bands in the
visible. The compounds exhibit several metal-centered oxidation and ligand-centered reduction processes,
which have been assigned to specific subunits. Both absorption and redox data indicate a supramolecular
nature of the assembled systems. Efficient energy transfer from the MLCT triplet state of the Ru-based
components to the lowest-energy excited state of the dirhodium core takes place for the a-type compounds
at 298 K in acetonitrile solution, whereas such a process is inefficient for the b-type and c-type species,
which exhibit the typical MLCT emission. At 77 K in butyronitrile matrix, Ru-to-Rh; energy transfer is partly
efficient for both the a-type and the b-type compounds and is inefficient for 1c. The reasons for such behavior
are discussed by taking into account arguments concerning the driving force and reorganization energy of
the complexes.

Introduction Synthetic self-assembled LHSs have been reported recently;
however, constructing artificial LHSs via self-assembly may not

Natural light-harvesting systems (LHSs) serve as inspiration pe suitable to the photoactive unit employed and/or to the
for the development of artificial LHSs, which, when integrated conditions of operation of the device. On the other hand,

into larger systems, are designed to perform valuable functionscovalently assembled LHSs have focused on utilizing elaborate
such as conversion of light energy into fuels and electricity. ligand design and/or performing many iterative chemical

The design of such artificial LHSs presents numerous challenges;

with the efficient connection of multiple photoactive units by @) (C""glfh"’gé‘;’g‘r' l’égff"("g)dgS'SF’Sﬁrf\‘ﬂrgg'reec‘“T"’f“A'?h&tgg:‘:”)\i's}g‘g”’c"ﬁg%_

means that are still conducive to energy and electron transfer Res.1993 26, 198. (c) Balzani, V.; Credi, A.; Venturi, MMolecular

. . Devices and MachingsWiley-VCH: Weinheim, 2003. (d) Scandola, F.;
being one of the most challenging. In natural LHSs, many weak Chiorboli, C.; Indelli, M. T.; Rampi, M. A. InElectron Transfer in

i i i i Chemistry Balzani, V., Ed.; VCH-Wiley: New York, 2001; Vol. 3, p 337.
supramolecular interactions are used to obtain the appropriate (&) Campagna S Serroni. S.. Puntoriero. F.. Di Pietro. C.. Ricevto. V.

structural organization and functionality, and the reversibility In Electron Transfer in ChemistnyBalzani, V., Ed.; VCH-Wiley: New

. . P York, 2001; Vol. 5, p 186 and refs therein. (f) Sun, L.; Hammarstra.;
of such supramolecular interactions is instrumental to the self- Akermark, B.. Styfing, SChem. Soc. Re 2001, 30, 36-49. (g) Wang,
assembly proceé—’s. X.; Guerzo, A.; Baitalik, S.; Simon, G.; Shaw, G. B.; Chen, L. X.; Schmehl,

R. Photosynth. Re2006 87, 83. (h) Alstrum-Acevedo, J. H.; Brennaman,

M. K.; Meyer, T. J.Inorg. Chem.2005 44, 6802. (i) Kuang, D.; Ito, S.;
Wenger, B.; Klein, C.; Moser, J.-E.; Humphry-Baker, R.; Zakeeruddin, S.
M.; Gratzel, M.J. Am. Chem. So2006 128 4146. (j) Funyu, S.; Isobe,

T Universitede Montrel.

¥ Universite Joseph Fourier. T.; Takagi, S.; Tryk, D. A.; Inoue, HJ. Am. Chem. So@003 125, 19,
§ Universitadi Messina. 5734. (k) Gratzel, MInorg. Chem.2005 44, 6841.
' Shizuoka University. (2) Pullerits, T.; Sundstro, V. Acc. Chem. Red4996 29, 368 and refs therein.
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Chart 1. Complexes la—3a

cis-2a (PFg)s 3a (PFg)e

transformations with compromised efficiency and demanding shown to lie between 1.34 and 1.77 eV with a lifetime of up to
purification sequencesAlthough approaches to (partly) over- 5 us depending on the solvent us&dDirhodium(ll, 1)
come these problems have been proposed, the synthesis ofetracarboxylates, and other paddlewheel metal dimers, have
covalently assembled LHSs remains difficult, and structures of received much attention of late as building blocks for the
high nuclearity often possess a large degree of freedom thatcreation of electrochemically rich supramolecular architecttfres.
can preclude structural elucidation and frustrate energy transferMore recently, we have identified this motif as a suitable
processes. template for growth of polynuclear Ru(ll) polypyridine systems,
An alternative strategy for building up artificial LHSs, capable to act as light-harvesting supramolecular species in
coupling the precise structural organization of self-assembled virtue of their absorption and excited-state properties, based
systems with the robustness of covalent bonding, relies on aupon carboxylate-functionalized photoactive units (Chatfz],
careful selection of building blocks. This approach may lead to 2a-cigltrans 3a. In all charts and figures, except Figure 3, the
bonding whose inherent reversibility allows for self-assembly axial acetonitrile ligands of the dirhodium core have been
while offering bond strengths suitable to afford robust systems. omitted for clarity)!* We have shown that the dirhodium(ll,
In this regard, dimetallic tetracarboxylates have shown enormousll) subunit not only plays the role of a scaffold for multichro-
promise in the self-assembly of robust structrgst they mophore assembly, but can also have a functional role (i.e.,
possess intriguing functions depending on the building blocks energy trap) in that it can quench the Ru-based MLCT excited
incorporated into the final structure. state by energy transfer.

One of the most studied dimetallic tetracarboxylates is  Herein we extend our preliminary study through the prepara-
dirhodium(ll, II) tetraacetate, which has found extensive ap- tion and characterization of a complete family of related,
plication in catalysis, including cyclopropanationalkyne electron-deficient triazine-based analogues (Chatb24b and
cyclopropenatio,C—H insertion? and carbenoid initiated-€C 1¢) and by the study of the factors affecting the overall stability
bond formatiort® Complementary to these applications was the of such multi-metallic systems. Futhermore, the absorption
report that some dirhodium(ll, 1) tetraacetate species can exhibit spectra, redox bevahior, and photophysical properties (both at
a long-lived, non-emissive lowest excited state, which was 77 K in rigid matrix and at 298 K in fluid solution) of all of the
supramolecular arrays assembled on the dirhodium(ll, Il) cores
(3) See, for example: (a) Balaban, T. S.; Linke-Schaetzel, M.; Bhise, A. D.; are studied and discussed, along with those of suitable model

Vanthuyne, N.; Roussel, C.; Anson, C. E.; Buth, G.; EidehoA.; Foster, g
K.; Garab, G.; Gliemann, H.; Goddard, R.; Javorfi, T. T.; Powell, A. K; mononuclear bU”dmg blockba—c (Chart 3)- All of the

Rasner, H.; Schimmel, TChem.-Eur. J2005 11, 2267. (b) Lee, S. J.;  compounds under study are shown in Chart81These new
Hupp, J. T.Coord. Chem. Re 2006 250, 1710. (c) Miller, R. A.; Presley, b . d L. heti If bled
A. D.; Francis, M. B.J. Am. Chem. So@007, 129, 3104. (d) Cooke, M. systems can be viewed as promising synthetic seli-assemble
W.; Hanan, G. SChem. Soc. Re 2007, DOI: 10.1039/b609200b. light-harvesting systems, because they are made of multiple

(4) See, for example: (a) Denti, G.; Campagna, S.; Sabatino, L.; Serroni, S.; .
Ciano, M.; Balzani, VJ. Am. Chem. So&992 114, 2944. (b) Campagna,  chromophores (the Ru(ll) subunits) arranged around a scaffold

S.; Denti, G.; Serroni, S.; Juris, A.; Venturi, M.; Ricevuto, V.; Balzani, V. P H P H ;
Chem Eur 11605 1’ 241, (the dirhodium core) by a simple ligand exchange reaction,

(5) Constable, E. CChem. Commuri997, 1073. which promotes chemical stability of the final structures, which
(6) Cotton, F. A.; Murillo, C. A.AAcc. Chem. Re®001, 34, 759 and references
therein.
(7) (a) Manitto, P.; Monti, D.; Zanzola, S.; SperanzaGBem. Commuri999 (11) Bradley, P. M.; Bursten, B. E.; Turro, @org. Chem.2001, 40, 1376.
543. (b) Doyle, M. P.; Pieters, R. J.; Martin, S. F.; Austin, R. E.; Oalmann, (12) (a) Bickley, J.; Bonar-Law, R.; McGrath, T.; Singh, N.; SteinerNéw J.
C. J.; Muller, P.J. Am. Chem. Sod.991 116, 8492. Chem2004 28, 425. (b) Schiavo, S. L.; Serroni, S.; Puntoriero, F.; Tresoldi,
(8) (a) Doyle, M. P.; Protopopova, M.; Muller, P.; Ene, D.; Shapiro, EJA. G.; Piraino, PEur. J. Inorg. Chem2002 79. (c) Schiavo, S. L.; Pocsfalvi,
Am. Chem. Socl994 116, 8492. (b) Doyle, M. P.; van Oeverne, A, G.; Serroni, S.; Cardiano, P.; Piraino,Eur. J. Inorg. Chem200Q 1371.
Westrum, D. J.; Protopopova, M. N.; Clayton, T. W.Am. Chem. Soc. (d) Eddaoudi, M.; Kim, J.; Wachter, J. B.; Chae, H. K.; O'Keeffe, M;
1991 113 8982. Yaghi, O. M.J. Am. Chem. SoQ001, 123 4368. (e) Bonar-Law, R.;
(9) (a) Srikrishna, A.; Gharpure, S.Ghem. Commuri998 1589. (b) Taber, McGrath, T.; Singh, N.; Bickley, J. F.; Femoni, C.; Steiner,JAChem.
D. F.; You, K. K.; Rheingold, A. L.J. Am. Chem. Sod.996 118 547. Soc, Dalton Trans.200Q 4343.
(10) Wood, J. L.; Moniz, G. A.; Pflum, D. A,; Stoltz, B. M.; Holubec, A. A;; (13) Cooke, M. W.; Hanan, G. S.; Loiseau, F.; Campagna, S.; Watanabe, M.;
Dietrich, H. J.J. Am. Chem. S0d.999 121, 1748. Tanaka, Y.Angew. Chem.nt. Ed. 2005 44, 4881.
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Chart 2. Complexes 1b—4b and 1c

\ Y, \0,
{ 02 Rh—O)_
N;Ru—N \
/ 8 o Rh>\0
1C(PF3)2

cis-2b (PFg),

4b (PFg)s

are comparable to covalent systems. Moreover, the core canChart 3. Mononuclear Ru(ll) Building Blocks 5a—c
also have an active role, acting as an excited-state energy trap.

Experimental Section

Detailed synthetic procedures fée—3a, 5a, 1b—5b, 1c, and5c
can be found in the Supporting Information. Details about the equipment
and methods used for the photophysical and redox investigation have
already been reportgd!3

Results and Discussion

Synthesis. The mixed-metal polynuclear complexes are
assembled following a classical ligand exchange process ac-
cording to Scheme 1, in which acetic acid is removed by
distillation from the reaction mixture. Considerable influence
can be exerted on both the rate and the extent to which
substitution proceeds simply by varying temperature, concentra-
tion, stoichiometry, and rate of acetic acid distillation. Because
these products are strongly colored and stable to chromato- 5a (PFg). 5b (PFe). 5¢ (PFe),
graphic separation, the reaction process may be monitored by
TLC, and the products of different nuclearity are easily separated based on recoveresb, which is very similar to that obtained
by column chromatography. The precursor comgbxcan be for the seriesla—3a'® Solvents other than acetonitrile were
synthesized as wds,'? by heating to reflux 4(p-carboxyphe- used (e.g., DMF, benzonitrile); however, in all cases acetonitrile
nyl)-2,2:6',2"-terpyridine (a) and Rulb)Cl; (Lb = 6-phenyl- was found to be optimal with regard to controlling the reaction
2,4-di(2-pyridyl)-s-triazine) in EtOH/bO in the presence of the  and minimizing the number of unidentified decomposition side-
dechlorinating agent AgN§which affordssb in modest yield products. Howevetyans-2b andcis-2b were inseparable using
(41%) after column purification. In a typical preparation of the the same technique as that used to sepdrates-2a and cis-
oligonuclear complexes of theseries1b—4b can be prepared  2a, and therefore the spectroscopic, luminescence, and redox
in modest overall yield (69%) after column chromatography, properties of the2b complexes were not studied.

HO™ ~O

HO™ "0

J. AM. CHEM. SOC. = VOL. 129, NO. 34, 2007 10481
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Figure 1. Ball and stick representation of the X-ray crystal structure of
5a Anions and solvent of crystallization have been removed for clarity.

Scheme 1. Synthesis of Oligonuclear Species in Refluxing
Acetonitrile
o/ko/(
rr R ©
o’éo’ 0|
2 T [ Rho(CH3CO0)4.n(5)n I(PFe)zn
5c CH3CN, Reflux, - CH;COOH wheren=1-4

To complete the family, it was desired to move the ligand
component responsible for the emissi_ CT state closer to
the dirhodium(ll, II) core, which was afforded by 6-(
carboxyphenyl)-2,4-di(2-pyridyl)triaziné.¢).1* Preparation of
the precursor comple%c proceeded as with complexég,!3
involving simple reflux ofLc with Ru(tpy)Ck in EtOH/HO in
the presence of the dechlorinating agent AgN@lving 5c in
modest yield (36%) after column purification. The application

Figure 2. Ball and stick representation of the X-ray crystal structure of
5b. Anions and solvent of crystallization have been removed for clarity.

N
1
e \:-..\
1 e
— - i e "'.‘&--.‘I
L ) a3 .--}’__f
/ o3 =___.:_‘......—'ﬁ v { }
= i -
1y
o

Figure 3. Ball and stick representation of the X-ray crystal structure of
trans-2a. Anions and solvent of crystallization have been removed for clarity.

and double bonds, respectively. No hydrogen bonding is
observed in the extended lattice structure.

The structure ofS5b possesses a characteristic distorted
octahedral geometry about the ruthenium atom with no relevant
discrepancy in RaN bond lengths associated with the two
electronically distinct ligands (e.g., RIN = 1.975(3) A (central
triazine ring) and Re-N = 1.980(2) A (central tpy ring)) (Figure

of 5cin the same manner as depicted in Scheme 1 leads to a2)- However, the phenyl ring of the tpy ligand is twisted out of

product distribution analogous to that for the sefies 3a, 1b—
4b. However, insignificant quantities of higher substitution

the plane of the central pyridyl ring by only 17Hydrogen
bonding of the phenyl protons to the triazine nitrogen lone-pair

products, as determined by high-resolution mass spectrometry, €l€ctrons has been found to yield a near coplanar orientation in

were found. The monosubstitution prodtctcould be produced
in sufficient yield (57%), although this required longer reaction
times (~7 days) than that needed to produkzand 1b (~1
day) using the same proportion of RBAc),. These observa-

some instances, but here the phenyl ring is twisted by 20
with respect to the central triazine ring.

For adductrans-2a,'3 the two appended ruthenium complexes
possess structural features similar to that && with the

tions were not unexpected, because placement of the triazineexception that the phenyl ring is twisted out of the plane of the
moiety nearer the carboxylate group would be expected to tpy ligand to a lesser extent (96(Figure 3). With respect to
reduce its dative bonding capacity to some degree. Neverthelessdirhodium(ll, Il) tetracarboxylates in general, the metaletal
lcwas stable to chromatographic separation and isolated cleanlypond length has been found to vary inversely with the basicity

for further electrochemical and photophysical analysis.
Crystal Structure Determination of 5a-(BPhy),, 5b-(BPhy)-

(PFe), and trans-2a-(BPhy)2(BF4).. For all crystal structures

reported herein, the addition of a small amount ofJ8Ah, to

an acetonitrile solution containing the complex (as either@a PF

or a BR~ salt) was essential to the expedient growth of single

crystals of quality sufficient for diffraction studies. Although

of the axially coordinated ligand and, to a lesser degree, the
electronic influence of the carboxylate bridging ligafdrhe
Rh—Ocaboxylatey bONd lengths are largely invariant among
dirhodium carboxylates, with an average length of 2.04 A. Here,
the Rh—Rh bond is 2.367(2) A and the RiN(ch,cny axial bond

is 2.200(15) A, while the RRO bond length associated with
the ruthenium complex is 2.051(2) and 2.052(5) A. These

complex5ahas been reported by several other groups, no X-ray distances are quite consistent with those found in other
structural data have been given until now (Figure 1). Similar to tetracarboxylate complexes of (bis)acetonitrile addifctsow-

Ru(tpyy?t,1® 5a contains mutually orthogonal ligands with a

ever, the RR-O bond length associated with the acetates is

pseudo-octahedral geometry about the ruthenium atom. Theconsiderably shorter with bond lengths of 1.86(1) and 1.936-

phenyl ring bearing the carboxylic acid group is twisted with (11) A. The discrepancy between these two values is due to
respect to the central pyridyl ring by 24Each oxygen atom of ~ problems resolving one of these oxygen atoms, as evidenced
the carboxylic acid group, and hence the acidic proton as well, by a larger isotropic displacement parameter. Regardless, the
is located in two unique dispositions throughout the crystal
lattice as indicated by site occupancy factors of 0.5 for each. (16) @;@?&?Fﬁofé_%hm'fgf 35').02.;3}%;[,1’2%3.{8) Murtlo. & gfé@,\gl?g%ll\g&,
As expected, the €0 bond lengths of this carboxylic acid J. R.; Lynn, M. A;; Cotton, F. A.; Feng, XI. Am. Chem. So200Q 122,

group are 1.405(4) and 1.280(4) A, corresponding+eGsingle

3182. (c) Pirrung, M. C.; Morehead, A., It. Am. Chem. S0d.994 116
8991. (d) Cotton, F. A.; Walton, R. AMultiple Bonds Between Metal
Atoms 3rd ed.; Wiley: New York, 1994.

(17) (a) Barron, A. R.; Wilkinson, G.; Motevalli, M.; Hursthouse, M. B.
Polyhedron1985 4, 1131. (b) Cotton, F. A.; Thompson, J. |Acta
Crystallogr., Sect. BL981, 37, 2235.

(14) See Supporting Information.
(15) Pyo, S.; Perez-Cordero, E.; Bott, S. G.; Echegoyeimdrg. Chem1999
38, 3337.
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Rh—0O bond of 1.936(11) A is about 0.1 A shorter than expected, more problematic upon compromising the basicity of the ligand
which suggests that the acetates are bound more strongly tharemployed. To further support this argument, the preparation of
the ruthenium complexes. This is supported by solution behavior complexesla—3a was attempted using the dirhodium(ll, 11)
in ds-pyridine at room temperature, which shows gradual tetrafluoroacetate starting material. Ligand substitution reactions
displacement of the coordinated ruthenium complex. Any strong using the tetrafluoroacetate dimer typically proceed much faster
electron-donating/-withdrawing affect exerted by the equatorially as compared to those using the tetraacetate ditrire to the
coordinated carboxylate should have ramifications on the greatly reduced basicity of the tetrafluoroacetdte3hese
strength of coordination by the axial ligand, which in turn will  substitution reactions have, until now, exclusively involved
affect the metat metal bond length®218Because these lengths  neutral or anionic chelates. In this case, however, no substitution
are in good agreement with related dirhodium tetracarboxylates,whatsoever was observed under the same reaction conditions
we are led to believe that the effect is not inductive but rather using RR(O,C,F3)4. It is unlikely that the dative capacity of
electrostatic in nature. In essence, we have appended multiply5a is lower than that of tetrafluoroacetate; therefore, the
charged cations to a cationic dirhodium core, which draws the installation of cationic complexes onto the already electron-
anionic acetates closer to the core to offset unfavorable deficient dirhodium core of RIO,C,Fs)s should be highly
electrostatic repulsions. The complete nonreactivity of dirhod- unfavorable due to Coulombic repulsion. This sort of decom-
ium(ll, 1) tetrakis-trifluoroacetate toward ligand displacement position is not unprecedented for highly charged polynuclear
utilizing the same reaction conditions employed with the acetate coordination systenm?, but it is with regard to dirhodium(ll,
dimer supports this postulate, because a greater effective positivel) solution behavior.
charge on the dirhodium core will arise as a consequence of Redox Behavior.Cyclic voltammetry of complexe$a—3a
the more electronegative trifluoracetate ligand. revealed little difference as compared to that of the parent
NMR and Solution Behavior. In general, thelH NMR complex5a (Table 1). Apparently, no redox process corre-
spectra of the parent chromophofs 5b, and5c are similar sponding to processes occurring in the,@MAc), species,
to those of their substitution products with RBAc),, although considered as a model for the core of the multicomponent
the methyl singlets from the acetates bound to the Rh dimer, systems, was observed. The original assignment was that the
located between 1.7 and 2.0 ppm, provide important information Rh**/5*couple!3 observed at1.02 V vs SCE in R(OAC),22
concerning product distribution (see Supporting Information). was shifted outside the potential window investigat¢@.0 to
The presence of two methyl singlets in a ratio of 2:1 clearly —2.0 V), due to the presence of the highly charged Ru(ll) units,
indicates a monosubstitution produdta( 1b, 1c), while the which behave as electron-withdrawing groups for the dirhodium
presence of one methyl singlet suggests either bis- or tris-adductsore. However, the cyclic voltammetry of complexds and
and its absence points to the tetrakis adduct. With increasedlc (see Figure 4) reveals two distinct and reversible redox
substitution, the position of this singlet shifts slightly downfield, couples corresponding to one-electron oxidations, which, on the
and, interestingly, spectra of the resolved isontenss-2a and basis of the oxidation behavior of the model compounds Rh
cis-2a show distinct methyl singlets (1.85 and 1.88 ppm, (OAc)4, 5b, and5c (Table 1), are assigned to the /h 11)
respectively). These singlets were located at almost the exactand the Ru(ll) centers (see Table 1 and Figure 4)1brand

same position for the unresolved isomeric mistrans-2b, and 1c, the Rh**5*couple is shifted to higher potential by0.2 V
their relative integration points to a 3.Xitransdistribution. relative to the parent R{OAC)s, as expected based on the fact
This is significantly greater than the statistical 2id/transratio that the species is no longer neutral. It is therefore more likely
expected in the absence of differences in donor capacitiesthat the Ra*"/>* couple is simply superimposed with the Ru-
between acetate and ligabhd. The labilizingtrans-effect, well (IM)/Ru(ll) couple in 1a, and becomes resolved ib and 1c

documented in mononuclear square planar and octahedrabecause of the more positive oxidation potential for the Ru-
complexes, applies also to dimeric paddlewheel compl&kes. (Ill)/Ru(ll) couple in these latter species due to the presence of
One would expect a greater proportion of tiens isomer if the more electron-deficient triazine-based ligands, as confirmed
ligandLb is significantly more basic than acetate. That this is by square-wave voltammetry. However, for the higher substitu-
not the case suggests the opposite scenario due to the electraion products3b and4b, only one oxidation process is observed,
static factors. and it is assigned as the Ru(lll)/Ru(ll) couple, based upon
Although complexesla—3a, 1b—4b, and 1c are stable in similarity to that for the parent complesb.
acetonitrile solutions and to chromatographic separation on  The absence of the Ril, 11)/(l, lll) couple for the higher
silica, higher substitution adducts based Immwere found to  nuclearity systems can be rationalized assuming that the 0.2 V
decompose significantly under the chromatographic conditions positive shift of R core oxidation in the presence of a Ru(ll)
used, giving a mix of the desired product and the starting moiety, as evidenced fdrb and1c, is applied as more Ru(ll)
complexlc. The dissociation of these higher substitution adducts units are connected to the dirhodium unit. With this assumption,
is no doubt linked to the more forcing conditions required to in 3b and4b the expected dirhodium oxidation should occur at
form even the monosubstituted adddctas compared to the  about 1.60 and 1.80 V, respectively. Obviously, there is no
conditions used to form the analoguks and 1b. Relative to

tpy, the triazine-based ligandc is electron deficient, and so  (20) Casas, J. M; Cayton, R. H.; Chisholm, M.IHorg. Chem1991, 30, 359.
Py 9 (21) (a) Girolami, G. S.; Mainz, V. V.; Andersen, R. lorg. Chem198Q 19,

one expects a lower dative capacity for the carboxylate group. 805. (b) Cotton, F. A.; Lay, D. Gnorg. Chem1981, 20, 935. (c) Webb,
isi i T. R.; Dong, T.-Y.Inorg. Chem.1982 21, 114.

That this |§ also a function of t_he oygrall nuplgar chgrge of the (22) You CoCoWarther. B, Am: Chem. o003 125 9716,

adduct points to an electrostatic origin of this instability, made (23) (a) Bradley, P. M.; Bursten, B. E.; Turro, Borg. Chem2001, 40, 1376.

(b) Tikkanen, W. R.; Binamira-Soriaga, E.; Kaska, W. C.; Ford, Rn@rg.

(18) Cotton, F. A.; Felthouse, T. Raorg. Chem.198Q 19, 323. Chem.1984 23, 141.
(19) (a) Drago, R. S.; Long, J. R.; Cosmano,liorg. Chem.1982 21, 2196. (24) Beley, M.; Collin, J.-P.; Sauvage, J.-P.; Sugihara, H.; Heisel, F.; Miehe
(b) Norman, J. G.; Kolari, H. 3. Am. Chem. S0d.978 100, 791. A. J. Chem. Soc¢Dalton Trans.1991, 3157.
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Table 1. Redox Potential Data for Complexes 1—5a°

potential [V] vs SCE I/1,e I/ 1,¢
de AED (mv)a (Ru2+/3+) (Rh24+/5+)
la 1.27 (100) —1.21 (ir),—1.55 (ir) 0.70
1b 1.43(80), 1.23 (70) —0.76 (60),—1.33 (ir),—1.64 0.72 0.95
1c 1.46 (70), 1.25 (80) —0.74 (50),—1.37 (ir),—1.62 0.95 1.14
cis-2a 1.29 (80) —1.18 (ir),—1.53 (ir) 0.95
trans-2a 1.29 (80) —1.20 (ir),—1.48 (ir) 1.06
3a 1.29 (80) —1.18 (ir),—1.53 (ir) 0.94
3b 1.44 (80) —0.71 (ir),—1.33 (ir),—1.61 0.25
4b 1.46 (90) —0.73 (ir),—1.35 (ir),—1.48' 0.19
5a 1.28 (67) —1.24 (ir),—1.49 (ir) 0.73
5b 1.43 (80) —0.78 (60),—1.43 (ir),—1.64 0.67
5c 1.46 (70) —0.74 (60),—1.41 (ir),—1.64 0.88
Rhp(OAC).£ 1.02 —1.08 (ir)
Ru(tpy)?tf 1.30 —1.24,—1.49

2Scan rate 100 mV8. Eyp = Y2(Epa + Epc), WhereEpa and Eyc are the anodic and cathodic peak potential, respectiviy. = Epa — Epe. Reported
values for irreversible processes, labeled ir, are peak potentials. Potentials are corrected by internal reference, ferrocene (395 nTie SSENd
transisomers of2b could not be separated, and complexwas not obtaineck I = cathodic peak current, = anodic peak current.From square-wave
voltammetry.€ Reference 23\ Reference 24.

24
x1074
MTem!

N-
-
o

.
e

I3
N
=

|

Volte va SCE

Figure 4. Cyclic voltammogram of complexb. 0 ; e — .
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reason why the positive shift of dirhodium oxidation is linear Figure 5. Absorption spectra of compoundsb (gray line),3b (bold black
with the number of Ru(ll) linked; on the contrary, smaller effects line), 4b (bold gray line), andb (black line) in acetonitrile solution.
are expected for successive Ru(ll) addition. Anyway, it has also making reduction more facile. The second reduction process of
to take into account that when a Ru(ll) unit is oxidized, the all of theb andc complexes is tpy-based and is reversible for
positive shift of dirhodium core oxidation increases further. parent complexeSb and5c, but becomes irreversible for higher
These considerations are enough to justify the redox data.  nuclearity systems (Table 1). The third reduction process is
Ligand-based reductions are found for all species at negativelytriazine-based and is either not observed or chemically irrevers-
applied potentials. It is noteworthy that the Ru(ll) bis(pyridyl)- ible by cyclic voltammetry (Table 1), with the exceptionla,
triazine complexes are reduced at less negative potentials tharwhich shows a reversible process but with diminished current
analogous Ru(ll) terpyridine-like complex&Moreover, the response relative to the two preceding one-electron reductions.
former species also possess one more reduction process thaknhanced resolution inherent to the square wave experiment
the latter ones. The first reduction processes of ihend c clearly shows this third reduction process in all cases.
complexes here studied are significantly less negative than those From the above discussion, it is also clear that the redox
of the a series, which allows their assignment to the bis(2- processes of the species containing more than one Ru(ll) subunit
pyridyl)triazine ligand(s). For adducgb and4b, this reduction are multielectronic processes, each one corresponding to
process becomes chemically irreversible as indicated by theirsimultaneous one-electron processes related to virtually identical
respective cyclic voltammograms, while their square-wave sites. This process demonstrates that the electronic coupling
voltammograms show an anodic shift of 0.07 3b) and 0.15 between the various Ru(ll) moieties through the dirhodium core
V (4b) relative to the parent compledb. Such a shift can be is weak. The high nuclearity assemblies therefore behave as
rationalized by the high positive charge of these complexes, supramolecular systems from an electrochemical viewpoint.
Absorption Spectra. The spectroscopic data for the com-
(25) (a) Polson, M. 1. J.; Taylor, N. J.; Hanan, G.Ghem. Commur2002 plexes are gathered in Table 2, and Figure 5 shows the
1356. (b) Polson, M. 1. J.; Medlycott E. A.; Hanan, G. S.; Mikelsons, L.;
Taylor, N. J.; Watanabe, M.; Tanaka, Y.: Loiseau, F.; Passalacqua, R.; absorption spectra of some representative complexes. The
gagpi%rllsae ;fj:h'ngaE#]L ;92[924&18@‘_5&18&(3:%%1?7’(1'1)&6’02%357-_%4%?%“ absqrptlon chara_cterlstlcs and profiles of all of thg systems here
El-ghayoury, A.; Harriman, A.; Khatyr, A.; Ziessel, Rngew. Chemlint. studied are dominated by the appended ruthenium complexes,

Ed.200Q 39, 185. (e) El-ghayoury, A.; Harriman, A.; Khatyr, A.; Ziessel, i i i -
R.J Phys. Chem. 2000 104 1512. () Benniston. A. C.: Chapman. resembling strongly the absorption spectra of other ruthenium

M.; Harriman, A.: Sams, C. Alnorg. Chim. Acta2008 359, 753. (g)  (Il) polypyridyl complexe<® In fact, spin-allowed metal-to-
Hecker C.R; Fanwmk P. E.; McMillin, D. Rinorg. Chem.1991, 30, f ;
659. (h) Kirchoff, J. R, McMiIIin, D. R.; Marnot, P. A.; Sauvage, J.P. !Igand_ Char_ge transfer (MLCT) bands of mOde_rately hlgh
Am. Chem. Socl985 107, 1138. intensity € in the range 16-10° M~ cm™1) dominate the
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Table 2. Spectroscopic and Photophysical Data in Deaerated CH3CN Solutions at 298 K, unless Otherwise Stated?

absorption luminescence, 298 K luminescence, 77 K?
Amax, M Amaxs T, [ Amaxs T,
compd (ex 1073, M~tem™) nm ns (%1074 nm us
la 230 (49.4), 273 (46.8), 639 2.50

281 (45.4), 307 (63.8),
330 (34.7), 484 (19.2)

1b 285 (61.9), 307 (49.6), 731 43 1.2 690 0.75
481 (23.1)

1c 283 (40.3), 299 (38.4), 750 14.3 0.7 703 1.30
330 (24.4), 480 (17.8)

cis-2a 230 (98.4), 274 (103), 636 0.80

281 (101), 307 (136),
330 (76.1), 485 (39.4)

trans-2a 230 (88.9), 274 (96.2), 634 1.2
281 (93.9), 308 (139),
330 (83.6), 485 (43.1)

3a 230 (127), 274 (138), 635 0.80
281 (135), 307 (175),
330 (103), 485 (57.2)

3b 232 (107), 286 (190), 731 5.8 1.1 692 0.86
482 (73.6)

ab 231 (166), 285 (22.5), 733 5.3 1.3 692 0.77
482 (87.1)

5a 230 (39.2), 272 (34.5), 666 9.5 0.8 635 13.2
331 (15.0), 484 (10.8)

5b 232 (24.5), 286 (60.0), 735 5.3 1.2 689 1.37
481 (22.2)

5¢ 283 (59.1), 299 (57.6), 745 14.4 1.9 698 1.38
478 (22.1)

Ru(tpy)?*c 474 (10.4) 629 0.25 <0.05

Ru(Ph-tpy)2+c 487 (26.2) 715 1.0 0.4

aThe cis andtrans isomers of2b could not be separated, and complexwas not obtained? In butyronitrile rigid matrix.c Reference 28.

visible region: these bands receive contributions from Ru-to- absorption intensities of the bands at 480 and 285 nm are
terpyridine and Ru-to-bis(pyridyl)triazine transitions, with the roughly integral values of those for the parent comf@erand
latter ones expected to be lower in enefgifhe UV region is 5b, corresponding to the number of photoactive Ru(ll) units
dominated by very intense even higher than Z0M~—t cm™1) appended to the dirhodium(ll, Il) unit (see Table 2, cf., spectra
ligand-centered (LC) spin-allowed — z* transitions. of 1b and5b in Figure 5). The absorption band at 230 nm for
The absence of sizable contributions from absorption of the both series does not follow this trend, likely due in part to
dirhodium unit is easily explained. The absorption spectra of overlap with the relatively strong(Rh,) — o*(Rhy) transition.
the parent RE(OAc), species are characterized by two absorp- The additivity of the absorption spectra of the higher nuclearity
tion bands in the visible region. The lower energy band has species demonstrates that each Ru(ll) chromophore carries in
been assigned tosat(Rhy) — o*(Rhy) transitiorf’2and is shifted the assemblies its own, roughly unperturbed, absorption proper-
strongly to higher energy as a function of the solvent basicity ties, further confirming the supramolecular nature of the
(itis at 552 nm in acetonitrile). The second, higher energy band assemblies, in agreement with the redox data.

has been attributed to/aRh—0) — ¢*(Rh—0) transition?’? Luminescence PropertiesAll of the complexes emit at 77
Both bands are extremely weak £ 235 M~ cm™! ande = K in butyronitrile matrix, whereas only the complexes containing
112 M1 cm?, respectively) due to poor orbital overlap. A third  bis(2-pyridyl)triazine ligands (i.e., thb and c series) show
band, observed in the UV region and assigned tgRiy) — room-temperature emission in fluid solution. Luminescence

0*(Rhy) transition, is moderately strong (221 nm= 18 400 energies, lifetimes, and quantum yields, along with comparison
M~1 cm~1).270c By comparing the molar absorptivities of the with suitable model compounds, identify the emitting level as
dirhodium parent species with those of the (overlapping) bandsa triplet MLCT state in all case®. Table 2 collects the

of the Ru(ll) chromophores, it is clear that in the assembled luminescence data, and Figures 6 and 7 display the luminescence
species studied here the dirhodium core bands cannot bespectra of some representative species.

observed. Thus, for the compounds of thandb series, the In particular, specific assignments of the emissive MLCT state
can be made: fota—3a the emissive state is a MLCT level

(26) (a) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von jn which the ligand involved is the phenyl-terpy, that is, the

Zelewsky, A.Coord. Chem. Re 1988 84, 85. (b) Sauvage, J.-P.; Collin, . . . . . . .
J.-P.: Chambron, J.-C.; Guillerez, S.; Coudret, C.; Balzani, V. Barigelletti, ligand to which the Rhicore is directly linked (obviously, this

F.; De Cola, L.; Flamigni, LChem. Re. 1994 94, 993. (c) Balzani, V.; i i i i it i
Juris, A.; Venturi, M.; Campagna, S.; Serroni, Ghem. Re. 1996 96, statement Is not gppllcabl.elﬁa, where the d|rh0d|um L!mt IS
759. (d) Huynh, M. H. V.; Dattelbaum, D. M.; Meyer, T.Qoord. Chem. not present. In this case, it is the carboxylated ligand involved

Rev. 2005 249, 457. (e) Balzani, V.; Bergamini, G.; Campagna, S.; Nastasi, icci i
F.; Puntoriero, FTop. Curr. Chem2007, DOI: 10.1007/128_2007_133. in the emissive MLCT State)' For thb and c series of

(27) (a) Trexler, J. W.; Schreiner, A. F.; Cotton, F. lAorg. Chem 1988 27, compounds, the ligand involved in the emitting MLCT level is
3265. (b) Miskowski, V. M.; Schaefer, W. P.; Sadeghi, B.; Santarsiero, B. ; : PR B ; ; ;
D.: Gray, H. B.Inorg. Chemn1984 23, 1154, (¢) Norman, J. G.: Renzoni, the bis(pyridyl)triazine. However, an mterestmg difference exists
G. E.; Case, D. A., JJ. Am. Chem. Sod979 101, 5256. betweenlc and5c and the other species, that &), 1b, trans-
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Figure 6. Uncorrected emission spectra of compoubdgblack line),5b
(gray line), andsc (bold black line) in acetonitrile fluid solution at room
temperature. For corrected values, see Table 2.
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Figure 7. Uncorrected emission spectra of compouhdébold black line),
3a(black line), anddb (gray line) in butyronitrile rigid matrix at 77 K. For
corrected values, see Table 2.

2D, cis-2b, 3b, and4b. In the latter species, the emitting level
involves a peripheral ligand of the multicomponent assemblies,
while in the former couple of complexes it involves the (triazine-
based) carboxylate ligand connected directly to the d¢oine in

1c. The differences in emission energy between bhand c

series (see Table 2) agree with such a detailed assignment an

can be explained in terms of the electron-withdrawing effect of
the carboxylate subunit, which lowers the emitting level of
c-type compounds as comparedhidype compounds.

It can also be noted that the room-temperature emission

lifetimes of thec series are longer than room-temperature
emission lifetimes of thd series (Table 2). This agrees with

the circumstance that the room-temperature excited-state life-

times of Ru(ll) MLCT emitters containing tridentate ligands

are mainly governed by the energy gap between the emitting

MLCT triplet state and the upper-lying metal-centered (MC)
triplet state?® By assuming that the MC level is constant in the

compounds investigated herein, the above-mentioned decrease

energy of the MLCT state in the series in comparison to the
b series (Table 2) fully accounts for this result.
The absence of luminescence of theeries complexes at

room temperature was attributed to energy transfer to the (29)

dirhodium subunit2 The excited-state energy of the dirhodium

carboxylate system indeed has been proposed to lie between
1.34 and 1.77 eV (the axial ligands of the published systems (3%

are different from the acetonitrile molecules, which play the

10486 J. AM. CHEM. SOC. = VOL. 129, NO. 34, 2007

role of axial ligands in our systems, but in the absence of more
similar compounds no better model is availaBleo energy
transfer from the lowest-lying, potentially emitting MLCT triplet
state of thea series complexes is thermodynamically allowed
by at least 0.18 eV (for this calculation, the excited-state energy
of the complexes is approximate to the 77 K emission maximum,
that is, about 1.94 eV, Table 2). Electron-transfer quenching is
ruled out because oxidative electron transfer is highly endoer-
gonic (assumindeedRhp) = —1.08 V, *Exx(Ru) = —0.65 V,

AG = +0.43 eV)?® As far as reductive electron transfer is
concerned, a similar result is obtained (assumiBgf{Ru) =
+0.76 V, Ex(Rhp) = +1.20 V, AG = +0.44 eV). MLCT
emission is partly recovered on passing to 77 K, suggesting a
non-negligible nuclear barrier for the energy transfer process,
and also implying a Dexter-type, electron exchange mecha-
nism13

On passing to the andc series, the energy of the Ru-based
MLCT states decreases significantly from theeries. For the
b series (emitting MLCT states involving peripheral ligands)
the triplet MLCT state lies at about 1.80 eV (from the 77 K
emission maxima, Table 2), whereas for theeries (emitting
MLCT states involving the carboxylate ligands connected to
the dirhodium core) the triplet MLCT state lies at about 1.78
eV. It should be noted that the 77 K emission maximum
represents an upper limit for the MLCT emission at room
temperature, because solvent reorganization is not taken into
account. From a recent paper where the 77 K emission maxima
were compared to calculated (by emission spectral fittings)
room-temperature MLCT energies for a series of Ru-terpy like
complexes similar to the species studied R@itgan be inferred
that solvent effects stabilize MLCT states by about 0.07 eV
(averaged value of 11 compounds) in this type of complex.
While such a stabilization does not change the discussion for
the strongly exoergonic energy transfer involving Ru(ll) chro-
mophores and dirhodium subunits in theeries, it leads us to
consider energy transfer from the MLCT levels of the Ru(ll)
chromophores to the excited state of the dirhodium units in the
b andc series as roughly isoergonic. By taking into account
the non-negligible nuclear barrier for the energy transfer process,
as inferred by the 77 K emission properties of éheeries (see
above), and the relatively short lifetimes of the room-temperature
MLCT states of the complexes, it is reasonable that energy
transfer from Ru-based MLCT states to the dirhodium excited
states does not take place at room temperature it thed c
series. As far as electron-transfer processes are concerned, both
reductive and oxidative processes are endoergonic, so the
absence of luminescence quenchinglicand c complexes is
fully reasonable.

Our room-temperature results also contribute to better delin-
eate the reported uncertainty on the excited-state energy of the
dirhodium core unit! In fact, the above considerations have
aeen made by assuming the upper limit of the calculated excited-

ate energy, that is, 1.77 eV. If we consider the reported lower
limit, 1.34 eV, it is hard to believe that the nuclear barrier for

(28) Maestri, M.; Armaroli, N.; Balzani, V.; Constable, E. C.; Thompson, A.
M. W. C. Inorg. Chem.1995 34, 2759.

Note that the reduction process of the dirhodium unit is considered the
irreversible process of the model compound®#Ac), species, which is
probably a low limit for the reduction of the dirhodium core in our systems,
so that the calculated DG is a low limit.

Fang, Y.-Q.; Taylor, N. J.; Laverd& F.; Hanan, G. S.; Loiseau, F.; Nastasi,
F.; Campagna, S.; Nierengarten, H.; Leize-Wagner, E.; Van Dorsselaer,
A. Inorg. Chem.2007, 46, 2854-2863.
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Table 3. Calculated Rate Constants of the Ru-to-Rh, Energy

Table 3. ate same assumption): in fact, a difference of 0.15 eV (which is
ransfer Processes at

independent of the effective energy level of the acceptor subunit)
compound should lead to a substantial difference in rate constants, when

la  cis2a  tans2a 3a 1b 3b 4b all of the other parameters are constant. From these consider-

ken(1Ps?) 32 12,0 75 120 60 43 58 ations, it can be inferred that at least another parameter

governing energy transfer rate is different for the two series of
& Calculated values are based on the 77 K lifetimes given in Table 2. complexes.
Reference species aba for the a series andb for the b series.

Electronic coupling cannot be held responsible for this
energy transfer could limit the energy transfer process irbthe i(f)fr(;(:tl:e;(l;a(;tlla?:?rcl)%?:?c?uafirt']hev\f(;ruulgtggakl]ifoggjruf?rsmr:‘?ebs
and c series, in the presence of driving forces of about 0.40 P ’ ping e nig o ’

because the donor/acceptor distance is smaller in this case (the

eV, even in the presence of a non-negligible nuclear barrier. In . L . .
energy transfer processes, the nuclear barrier is usually IimitedMLCT state ina systems is directed toward the Rimit, while

. o . - in theb series it is directed toward the periphery), and this would
to inner reorganization energies. For Ru(ll) polypyridine lead to the reverse effect. So the decisive effect has to be linked
complexes, inner reorganization energy for energy transfer is )

very smalll?as also confirmed by similarity of the ground- and E:%Q;lesgﬁﬁ;rtsﬁeo:czemgfIiC a;r?;u(l)fi(hzml\';fg?_ns’tgtsehggtlgebe
excited-state X-ray structurés. Some exception could be series also extends to thg carbg(])x late moieties. Reorganization
considered in the presence of particular substituents on the L y ) 9

. energy within the Ru(ll) partner of the energy transfer process
acceptor ligand of the MLCT state, as forcompounds (the would therefore be laraer for compounds than fob com
carboxylate moiety), but this is not the case for thepecies. ounds. Larger reor angijzation enerp can compensate for larger
For the dirhodium unit, inner reorganization is expected to be P --arg g 9y P 9

of significantly higher energ: but in any case itis hard o 08 (EEeS T RS O0e Y R e O o
assume a total inner reorganization energy higher than 0.40 eV P y 9y

for the energy transfer process. Even in the case of relatively‘rjl andb complexes at 77 I@_ . . .

weak coupling (coupling cannot be negligible in our case, CompoundLc does not exhlbltlgmlnescence quenc_:hmg,even
otherwise energy transfer in tllecomplexes would be impos- at.77 K As compared tq the series, the MLCT excited st.aFe
sible), nuclear barriers of 0.25 eV are easily bypassed at roomOf 1cis even further shifted 1o lower energy, so the driving

temperature for exergonic processes, thus (on the basis of thgorce is less favorable, and, on the basis of the above discussion,
absence of energy transfer irc, for wr;ich a MLCT level at also its reorganization energy is probably higher. Both such

about 1.70 eV is estimated, taking into account solvent factors allow the inefficiency of the energy transfer process to

stabilization) the lower limit for the dirhodium excited state can beT?]XpI;‘?mEdd i further limit th .
be located at about 1.55 eV. e ata contribute to further limit the uncertainty on

. . . .. the dirhodium excited-state level. As mentioned above, the 1.77
As previously mentioned, energy transfer is also effective in

- - ) eV upper limit for this latter state implies a 0.03 eV value for
theasmra]ntis ‘T 77. K, although I’[”I]S not eﬁegily € en(o)ug?hto E)ota_lly fthe driving force for energy transfer in tiheseries (the MLCT
guenc . € umlne§cgnce In these conditions. Un the basis 0state in this condition would be 1.80 eV, from 77 K emission
the luminescence lifetime of the model compolsal energy

transfer rate constants can be calculated by the equiaticn maxima in Table 2). At 77 K and in the presence of non-
1z — 1o, wherez; ando are the 77 K emission lifetimes of negligible reorganization energy, this driving force would make

the compounds under study and of the model compound the process hardly efficient. It seems therefore reasonable to
. . ' propose that the upper limit for the dirhodium core excited state
respectively. From the data in Table 3, the rate constants of thep P PP

compounds of the series are close one another, as expected s 1.70 ev.
because of the roughly identical donor/acceptor pair involved. Conclusion
Small differences in rate are still appreciable, and they can be
tentatively attributed to small modifications in the energy of
the acceptor dirhodium-based excited state (with modification
in the driving force) or to small changes in the reorganization
energy within the acceptor unit as a function of different Ru
chromophores arrangements.

Energy transfer is also partly effective at 77 K for theeries,
on comparing emission lifetimes of these species with that of
their model specieSh. Energy transfer rate constants are also
shown in Table 3, and interestingly they are close to one another
and also to those of theeseries. This latter finding is puzzling,
considering the different driving forces for the intramolecular
Ru(MLCT)-to-Rh energy transfer processes in tletype

We have demonstrated the utility of the dirhodium(ll, 1)
tetracarboxylate motif toward convergent and controlled self-
assembly of polynuclear photoactive compounds based upon
suitable carboxy-functionalized Ru(tpy) photoactive units,
due in part to inherent advantages of the dirhodium(ll, II)
tetracarboxylate unit regarding its relative inertness to ligand
scrambling and its diamagnetic nature. In addition to this, it
appears that there exists some difficulty to append such cationic
complexes onto the Rf™ core, the origins of which are likely
electrostatic in nature, as evidenced by the crystal structure of
trans-2a and nonreactivity to ligand displacement when employ-

(33) An alternative explanation for the observed shortened luminescence lifetimes
of the adducts at 77 K as compared to the model species would be an

compounds (about 0.18 eV, in the upper limit of Rixcited-
state level) and in thé-type species (about 0.03 eV with the

(31) Benfatto, M.; Della Longa, S.; Hatada, H.; Hayakawa, K.; Gawelda, W.;

Bressler, C.; Chergui, MJ. Phys. Chem. B006 110, 14035.

(32) Coppens, P.; Vorontsov, I. |.; Graber, T.; Gembicky, M.; Kovalevsky, A.

Y. Acta Crystallogr., Sect. K005 A61, 162.

increased spin-orbit coupling for MLCT decay due to the presence of the
dirhodium subunit. This explanation would account for the larger effect in
lifetime reduction obtained for tha series (for which the MLCT state is
closer to the dirhodium unit) as compared to theeries, but fails to explain

the roughly constant values betwebmand5c. Moreover, it would disagree
with the room-temperature lifetime data of tiheand c series, where
luminescence lifetime of the MLCT states is not affected by the presence
of the dirhodium units.
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ing the relatively electron-deficient RID,CCFs)4. The net result systems should prove to be ideal models for study of energy
is control over the extent of substitution en route to polynuclear and electron-transfer processes.

species. Contributions of electron transfer to the efficient

quenching observed in the seri¢s—3a are precluded on Acknowledgment. G.S.H. thanks the NSERC (Canada) and
thermodynamic grounds and through the preparation of relatively yno Universite de Montral for funding. S.C. thanks the
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1c¢) previously unobserved fodla. Moreover, the triazine RuCk and RhC4.

analogues emit almost unperturbed relative to their respective
parent complexeSb and5c subsequent to initial photoexcita- ) ] ) . .
tion, which places the non-emissive state of the dirhodium(ll, _ SuPPorting Information Available: Crystalllograph|c data in

Il) tetraacetate near the previously reported upper limit of 1.77 CIF format for5a, 5b, andtrans2a. Synthetic procedures for
eV. Considering the recent elucidation of other long-lived all new compounds. This material is available free of charge
dimeric photoexcited statémore evolved examples of these Via the Internet at http://pubs.acs.org.
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