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Abstract: We report a combined experimental and computational study of polynuclear [Ru,(TPPZ)q+1]?"*
complexes, of interest in the field of photoactive polymers. The complexes with n=1, 2, 3 and n > 5 have
been synthesized and spectroscopically characterized. A red-shift of the visible band maximum from 2.59
to 2.03 eV is observed going from the monomer to the longer oligomeric species (n > 5). To characterize
the geometries, electronic structure, and excited states of these complexes, density functional theory (DFT)
and time-dependent DFT calculations on the [Ru,(TPPZ),+1]?™ series with n = 1—4 in solution have been
performed. The agreement between experimental and calculated spectra is good, both in terms of absorption
maximum energies and relative intensities for different values of n. For all the investigated complexes, we
assign the main band in the visible region as a metal-to-metal plus ligand charge transfer (MMLCT) transition.
The resulting excited states are delocalized throughout the entire complexes, as they originate from a
superposition of 7*(TPPZ)-t,4(Ru) states. The low-energy shoulder of the main visible absorption band,
present in the experimental spectra for n > 1, is proposed to arise from spin-forbidden singlet—triplet
transitions of similar MMLCT character, consistent with the observed enhancement of this feature in the
spectra of the corresponding Os oligomers.

Introduction of manipulating single molecules, charge transport in linear
Molecular wires, the most fundamental component of mo- systems was studied with photoinduced electron transfer reac-
lecular electronicd,have become a main area of interest in UONS in donof-spacer-acceptor-type molecules. This field of
contemporary chemistry, physics, and material sciéidany “photopic" molecular wires often utilizes long-lived excited
potential applications of molecular wires can be envisioned; States in metal complexes (Ru(ll), Ir(lll), Re(l), etc.) as electron
TNT sensoréand organic light emitting diodésare just two donors which are connect_ed to mgtal_ corr_lplexes w_|th electron
of many examples. Many techniques have been used to date tg*cCEPLOr properties. A variety of bridging ligands, with spacers
probe the electron-transfer rates and the conductivity through fanging from highly conjugated polyalkyrfets purely aliphatic
these linear molecules. With the rise of scanning tunneling @d@mantane uniéshave been explored, and a review article
microscopy (STM), it became possible to measure the conduc-c0mparing electron-transfer rates o_f a plethora of s_uch molecular
tivity of single molecules directly. Employing this technique, devices was published by Balzani et’an extension of the
Weiss, Allara, and Tour were able to examine the conductance Work on these dinuclear systems are the studies on coordination
properties of single molecular wires that had been inserted atPolymers composed of bridging ligands and metal centers. A
grain boundaries within a self-assembled monolayer of insulating Variety of synthetic studies employing Ru(ll), Cu(l), Ag(l), and
dodecathiolate on goRl.Similarly, Abrufa and co-workers Fe(ll) metal ions ha}ve .been published, and photovoltaic and
studied the topology and electrochemistry of two-dimensional €lectrochromic applications were studiéd.
ordered arrays of one-dimensional chains composed of bridging
ligands and Fe(ll) or Co(Il) metal iorfsPrior to the possibility

(5) (a) Cygan, M. T.; Dunbar, T. D.; Arnold, J. J.; Bumm, L. A.; Shedlock, N.
F.; Burgin, T. P.; Jones, L., II; Allara, D. L.; Tour, J. M.; Weiss, P.JS.
Am. Chem. Socl998 120, 2721-2732. (b) Bumm, L. A.; Arnold, J. J.;

TISTM-CNR, Perugia. Cygan, M. T.; Dunbar, T. D.; Burgin, T. P.; Jones, L., II; Allara, D. L.;
* Princeton University. Tour, J. M.; Weiss, P. SSciencel996 271, 1705-1707.
(1) Tour, J. M.Acc. Chem. Re00Q 33, 791. (6) (a) Bernhard, S.; Takada, K.; Diaz, D. J.; AbauH. D.; Murner, H.J.
(2) (a) Bunz, U. H. FChem. Re. 200Q 100, 1605-1644. (b) Davis, W. B.; Am. Chem. So200], 123 10265-10271. (b) Daz, D. J.; Bernhard, S.;
Svec, W. A.; Ratner, M. A.; Wasielewski, M. Rlature 1998 396, 60— Storrier, G. D.; Abr(a, H. D.J. Phys. Chem. B001, 105 8746-8754.
63. (7) Barigelletti, F.; Flamigni, LChem. Soc. Re 200Q 29, 1.
(3) Swager, T. MAcc. Chem. Red.998 31, 201-207. (8) Balzani, V.; Barigelletti, F.; Belser, P.; Bernhard, S.; DeCola, L.; Flamigni,
(4) Malliaras, G. G.; Scott, J. C. The Chemistry, Physics and Engineering of L. J. Phys. Chem1996 100, 16786-16788.
Organic Light-Emitting Diodes. lisemiconducting Polymerbladziioan- (9) Balzani, V.; Juris, A.; Venturi, M.; Campagna, S.; SerroniC8em. Re.
nou, G., van Hutten, P. F., Eds.; Wiley-VCH: New York, Weinheim, 2000. 1996 96, 759-833.
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A common structural feature of all molecular wires systems
is that they are composed of monomeric subunits, which are
concatenated to form oligomeric and polymeric molecules of a
(A)n or A(BA), topology. In an effort to engineer the properties
of a molecular wire, it remains one of the foremost objectives
to understand and subsequently control the factors that influence-~
the electronic interactions among these building blocks. Ad-
ditionally, the number of repeated units in a molecular wire §
strongly influences its electronic structure, which is an observa- 5
tion that is uncommon in macroscopic wires and is not yet well- 8
understood. To investigate these questions Osuka and co<
workers synthesized porphyrin polymers and tapes to determine 5 |
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the effective conjugation chain length (ECiL)The ECL defines ,:_("_S‘a 3),@».,'*’*“"
the extent of conjugation in a polymer, at which point the optical - Run(TPPZ )y
(electrochemical) properties reach a saturation level that is 0.01mM
. . . based on Ru

common with the corresponding oligonfand can be evaluated 0.0, : |

. - 1
from a plot of the longest wavelength absorption energy (redox 200 400 600 800 1000
potential) vs the inverse number of monomer units. The Wavelength / nm

background. qf th_is plqt is a “particle in a box” model,.ant_j it Figure 1. UV—vis of [Ru(TPPZ))?*, [Ru(TPPZ)*", [Rus(TPPZ)J*,
usually exhibits linearity at small degrees of polymerization. and [Ru(TPPZ).:1?™ in acetonitrile (10uM). Inset: Photograph of the
However, for longer chain lengths a saturation behavior can be complexes in acetonitrile solution (0.1 mM).

observed, which in turn defines the ECL.

Because of the complexity of the synthetic paths employed coordination polymers. Experiments show that the nature of the
to prepare these po]ymeric SystemS’ it would be h|gh|y desirable metal center as well as the degree of delocalization within the
to predict the electronic properties with suitable calculations. bridging ligands strongly influence the optical and electronic
Yamaguchi used time_dependent density functional theory properties of the reSUlting pOIymer, but theoretical accounts of
(TDDFT)!3 to investigate the electronic structure of porphyrin these observations are not available yet.
tapes and arrays similar to the ones synthesized by J4uka.  The work presented herein is a combined experimental and
Numerous calculations of the current flowing through organic theoretical effort toward a comprehensive description of a
molecules and oligomers have been publisted®FT 16 ruthenium(ll) coordination polymer which has potentially
TDDFT™-20 and ab initid! computational studies of the interesting molecular wire properties. On the experimental side,
absorption spectra of coordination complexes containing a singlewe have synthesized and characterized mononuclear [Ru-
ruthenium center have been recently reported. With a few (TPPZ}]?*, dinuclear [Rg(TPPZ}]**, and trinuclear [Ret
exceptiong2-25 however, little theoretical work has been done (TPPZ)]®" ruthenium(ll) complexes (Figure 1) with the strongly
to date on polynuclear coordination complexes to understand coupled tetra-2-pyridylpyrazine (TPPZ) ligand, and we have also
the interplay between metal ions and bridging ligands in compared these oligomeric coordination compounds to a Ru-
(10) (a) Velten, U.; Lahn, B.; Rehahn, Nlacromol. Chem. Phy4.997 198 (”) —TPPZ pOIymer [RL‘(TPPZ)‘“ . The syntheS|s and

2789-2816. (b) Velten, U.; Rehahn, Macromol. Chem. Physl998 characterization of the mononuclear and dinuclear [Ru-
199, 127-140. (c) Velten, U.; Rehahn, MChem. Commurl996 2639- 2+ 4+ i i
2640. (d) Ng, W. Y. Chan, W. KAdy. Mater. 1997, 9, 716, (&) Yu, L. (TPEZ)Z] and [Ry(TPPZ}] .speciles have been reported in
an Wandg, Q.J. Ami(Chem. So0@00Q 122, 11806-11811. the literature?® On the theoretical side, we have carried out a
11) Tsuda, A.; Osuka, AScience2001, 293 79—82. f : : .
(12) Martin. R. E.: Diederich, FAngew. Chem., Int, EL999 38, 1351. full quantum mechanical investigation of the geometry, elec-

(13) Casida, M. Time Dependent Density Functional Response Theory for tronic structure, and optical absorption spectra of the oligomers

Molecules. InRecent Adances in Density Functional Methgd€hong, . . . :
D. P., Ed.; World Scientific: Singapore, 1995; Vol. 1, p 155. with nranging from 1 to 4, using DFT and TDDFT calculations.

(14) Yamaguchi, YJ. Chem. Phys2002 117, 9688-9694. , The electronic absorption spectra of the investigated complexes
(15) (a) Nitzan, A.; Ratner, M. AScience2003 300, 1384 and references therein. L .
(b) Kushmerick, J. G.; Holt, D. B.; Pollack, S. K.; Ratner, M. A.; Yang, J. have been measured and compared to the excitation energies

ggcsfggél,1T2-4L-1:0N£Zir;né-:rgﬂfggﬁ,cé\{ls-tﬂgrgﬂashidhaf, R.Am. Chem. and oscillator strengths obtained from TDDFT calculations in
(16) Daul, C.; Baerends, E. J.; Vernooijs, IRorg. Chem.1994 33, 3538. solution. On the basis of this comparison, the character of the
(17) Monat, J. E.; Rodriguez, J. H.; McCusker, J.XPhys. Chem. 2002 observed bands was identified, and their assignment to various

106, 7399-7406. . "
(18) Zabri, H.; Gillaizeau, I.; Bignozzi, C. A.: Caramori, S.: Charlot, M.-F.;  types of electronic transitions was made.

Cano-Boquera, J.; Odobel, Fiorg. Chem.2003 42, 6655-6666.
(19) Guillemoles, J.-F.; Barone, V.; Joubert, L.; Adamo,JCPhys. Chem. A Experimental Section

2002 106, 11354-11360. P
(20) (a) Fantacci, S.; De Angelis, F.; Selloni, A.Am. Chem. So003 125,

4381-4387. (b) De Angelis, F.; Fantacci, S.; Selloni,@hem. Phys. Lett. The synthetic procedures and the characterization of the- [Ru

2004 389, 204. (TPPZ),+1]>™ complexes are reported in the Supporting Information.
(21) (a) Cacelli, I.; Ferretti, AJ. Chem. Physl998 109, 8583-8590. (b) Cacelli, i i i
| Forretti’ A.J. Phys. Chem. A998 103 44384445, The synthstlc procedgres to prepare the TEPZ ligand are described
(22) Cacelli, I.; Ferretti, A.; Toniolo, AJ. Phys. Chem 2001, 105, 4480~ elsewheré’ The experimental UVvis absorption spectra of a 10/
23) ﬁ87- M- Paolucci - Paradisi G- Roffia. S. F - solution of the [RWTPPZ),+1]?" complexes witm =1, 2, 3 anch >
arcaccio, M.; Paolucci, F.; Paradisi, C.; Roffia, S.; Fontanesi, C.; . P g ) .
Yellowlees, L. J.; Serroni, S.; Campagna, S.; Denti, G.; Balzani, YAm. 5in aceton!trlle are shovyn in Flgur_e 1. Thg .spectra.exh|b|t two d|st_|nct
Chem. Soc1999 121, 10081-10091. features: (i) an absorption band in the visible region whose position

(24) Yutaka, T.; Mori, |.; Kurihara, M.; Mitzutani, J.; Kubo, K.; Furusho, S; nder red-shift n increasina the lenagth of th rdination
Mastumura, K.; Tamai, N.; Nishihara, thorg. Chem 2001, 40, 4986— unde goes a ed-s upo creasing the fength o e coordinatio

4995.
(25) Bencini, A.; Ciofini, I.; Daul, C. A.; Ferretti AJ. Am. Chem. S0d.999 (26) Arana, C. R.; Abrlia, H. D. Inorg. Chem 1993 32, 194-203.
121, 11418-11424. (27) Goodwin, H. A,; Lions, FJ. Am. Chem. Sod 959 81, 6415-6422.
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polymers and is responsible for the dramatic color changes and (i) anthe GO3 geometry optimization, the LANL2DZ basis38&%
absorption in the UV region of the spectrum which resolves into two was used, see Supporting Information). We found that the critical
distinct features with increasing Ru—N bond distances and the pyrazine-8—C—N dihedral
angles computed by the two methods show maximum differ-
ences of 0.026 A and C°5respectively.

A. Computational Details. Geometry optimizations of [Re We investigated the effect of basis set expansion on the
(TPPZ),+1]*"" species witm = 1—4 were performed by means  TDDFT excitation energies and oscillator strengths, considering
of DFT calculations within the CarParrinello (CP) methoéf both a minimal all-electron STO-3G ba¥isand a double:
using a periodic supercell approach and no symmetry constraintsy ANL2DZ basis set3?along with the corresponding pseudo-
The parallel versiof? of the CP code with Vanderbilt pseudo-  potential for ruthenium. By comparing TDDFT resullts for [Ru
potentiald®3lwas used. The generalized gradient approximation (TPPZ)+1]2 (n = 1, 2) obtained in vacuo with the two
(GGA) was adopted by adding the exchange and correlation different basis sets, we found that the STO-3G basis set provides
gradient corrections from ref 32 to the Perdeiunger LDA excitation energies and oscillator strengths comparable to those
parametrizatiod® Core states were projected out using pseudo- given by the larger LANL2DZ basis set (see the Supporting
potentials. For all the atoms, “ultra-soft” pseudopotentials were |nformation): the overall computed spectral shape is the same,
generated according to the scheme proposed by Vand®rbilt. apart from a quasi-rigid blue-shift of the LANL2DZ excitation
The wave functions and electron density were expanded in planeenergies with respect to those obtained with STO-3G. In
waves up to an energy cutoff of 25 and 200 Ry, respectively. particular, the main absorption feature in the visible region for
A tetragonal supercell was used, with 616 x 21, 16x 16 the monomer (dimer) is found at 2.54 (2.17) and 2.82 (2.40)
x 28, 16 x 16 x 35, and 16x 16 x 41 A% volume for the eV with the STO-3G and LANL2DZ basis sets, respectively,
monomer (93 atoms), dimer (140 atoms), trimer (187 atoms), while intensity ratios of 2.6 between the main visible absorption
and tetramer (234 atoms), respectively. A minimum distance maxima of the monomer and dimer are computed with both
of 5.0 A between repeated images was maintained. basis sets. Moreover, the dimer spectra computed with both basis

The electronic structure and the TDDFT singlet excitation sets show the presence of low intensity bands-0.9 eV below
energies of the four [RUTPPZ).1]?"" (n = 1—4) complexes  the main absorption maxima, with no other absorptions of
in acetonitrile solution were computed taking into account relevant intensity between these two features. On the basis of
solvation effects by means of the conductor polarizable con- the agreement between the results for the monomer and dimer
tinuum model (C-PCMJ* The inclusion of solvation effects  spectra, we employed the minimal STO-3G basis set for all the
has been recently shown to be crucial when describing the calculations reported hereafter. Incidentally, we remark that
electronic structure and absorption spectra of polypyridyl TDDFT calculations for the [RTPPZ),+1]2"" species witm

Theoretical Section

ruthenium complexe®. TDDFT calculations were performed = 3 and 4 would be computationally unaffordable with the larger
on the CP-optimized geometries using the Gaussian03 (GO3)LANL2DZ basis set.
program packag® which implements the nonequilibrium B. Atomic Structure. In Figure 2, the optimized geometrical

versiorf® of the C-PCM algorithm. We note that in the present  structures of the [RITPPZ),+1]2" complexesif = 1—4) are
GO03 implementation, dispersiemepulsion contributions t0  shown together with relevant structural parameters. Further

solvent shifts are identical for different electronic states. The geometrica] parameters are collected as Supporting Information.
B3LYP exchange-correlation functioddhas been used for all  The ruthenium centers are oriented along thaxis, which

the GO3 calculations. To check the consistency of the CP/GGA therefore represents the growing axis of the molecular wire. For
and GO3/B3LYP calculations, we compared the geometries of h > 1, we hereafter adopt the labeling of the TPPZ units reported
the monomer complex optimized at both levels of theory (for in Figure 2.

The monomeric complex shows an intringlg symmetry,

(28) Car, R.; Parrinello, MPhys. Re. Lett. 1985 55, 2471.

(29) Giannozzi, P.; De Angelis, F.; Car, R. Chem. Phys2004 120, 5903. with the Ru-N pyrazine bonds oriented along thaxis, S”ghtly

(30) (a) Pasquarello, A.; Laasonen, K.; Car, R.; Lee, C.; VanderbilRHys. shorter than the RuN pyridyl ones (1.98 versus 2.07 A). The
Rev. Lett. 1992 69, 1982. (b) Pasquarello, A.; Laasonen, K.; Car, R.; Lee, . . . L. .
C.: Vanderbilt, D.Phys. Re. B 1993 47, 10142. optimized structure is characterized by a twisting of the pyrazine

(31) Vanderbilt, D.Phys. Re. B 199Q 41, 7892. ligan which r Its in a NC—C—N dihedral anale of I

(32) Perdew, J. P.; Chevary, J. A; Vosko, S. H.; Jackson, K. A.; Pederson, M. g.a ds, C. esu t.s a c-C d ed a a 9 e.o 9 .
R.; Singh, D. J.; Fiolhais, CPhys. Re. B 1992 46, 6671. with the terminal pyridyl ligands following this distortion (this

(33) Perdew, J. P.; Zunger, Rhys. Re. B 1981, 23, 5048. i o

(34) (a) Barone, V.; Cossi, MJ. Phys Chem. A998 102, 1995. (b) Cossi, M.; dlh.edral angle. WO.L”d be“Tor a compl_etely Planar geometry)'
Rega, N.; Scalmani, G.; Barone, Y. Comput. Chem2003 24, 669. A similar twisting is found for all the investigated complexes,

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. H H ;
A Cheeseman, J. R.: Monigomery . A., Jr. Vreven. T .. Kudin, K. N. while an almost perfect octahedral coordination of the-Rig

Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.; COre is Computed.

Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A, . . . .
Nakatsuji, H.. Hada, M.; Ehara, M.; Toyota, K.. Fukuda, R.. Hasegawa. For the dimer, we find a RuRu distance of 6.75 A, with

i._; I)?hi?(a’ M.SNékalﬂm?,J.; H%nds, \((: Kitach g.;mkai, HC KIJene, l\_/lll.; the central pyrazine ReN bond lengths of TPPZ B slightly

i, X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, . - . p

J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; shorter (2-00 A) than those mVOlV'ng the terminal pyrazines

Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.; ~ (2.10 A). The central TPPZ B pyrazineNC—C—N dihedral
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; (38) Dunning, T. H., Jr.; Hay, P. J. Modern Theoretical Chemistrchaefer,
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, H. F., lll, Ed.; Plenum: New York, 1976; Vol. 3, pp—228

P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; (39) (a) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270. (b) Wadt, W.

Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, R.; Hay, P. JJ. Chem. Physl985 82, 284. (c) Hay, P. J.; Wadt, W. R.

B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03 J. Chem. Phys1985 82, 299.

revision B.01; Gaussian, Inc.: Pittsburgh, PA, 2003. (40) (a) Hehre, W. J.; Stewart, R. F.; Pople, J.JA.Chem. Phys1969 51,
(36) Cossi, M.; Barone, VJ. Chem. Phys2001, 115 4708. 2657. (b) Collins, J. B.; Schleyer, P. v. R.; Binkley, J. S.; Pople, 1.A.
(37) Becke, A. D.J. Chem. Phys1993 98, 5648. Chem. Phys1976 64, 5142.
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Figure 2. Optimized molecular structure of [RITPPZ)+1]2"" complexes witn = 1—4.

angle is about 18 whereas those of the terminal pyrazines ligands with sizable contributions from the ruthenium centers,
(TPPZs A and C) show values close t0°24 whereas the HOMOs are the rutheniugg drbitals, with the

The trimer complex shows a pseudo-rotoreflection center four nitrogen lone pairs of the terminal pyridyl groups lying at
coinciding with the central ruthenium atom. The pyrazine lower energies.

Rul-N (TPPZ B) and Ru3N (TPPZ C) bond lengths are Monomer. For the monomeric [Ru(TPPZA¥" complex, the
slightly shorter (1.98 A) than those of the remaining pyrazine HOMO, HOMO-1, and HOMO-2 (orbitals 223, 222, and 221,
Ru—N bond lengths, which have all similar values (22203 respectively) are quasi-degenerate rutheniygotbitals of
A). Both Ru-Ru distances are 6.75 A, the same value found nonponding character. The four nitrogen lone pairs of the
in the dimeric complex, and also in this case the twisting of erminal pyridyl rings (orbitals 226217) constitute a quasi-
terminal pyrazine rings is more pronounced with respect to that degenerate set and lie 0.84 eV below the HOMOs (Figure 3).
of the central ligands~23° versus~18°). ~ The LUMOs are a set of four* orbitals lying 2.73 eV above

A bond alternation similar to that found for the trimer is e HOMO in a 0.36 eV energy interval (orbitals 22227)

present for the tetramer, with pyrazine Rl (TPPZ B) and 414 are symmetrically delocalized over the two pyrazine rings
Ru4-N (TPPZ D) bond distances (1.97 A) slightly shorter than ¢ tppzs A and B. In particular, orbitals 225 and 227 are
the remaining ones (2.62.02 A). The terminal pyrazine '
N—C—C—N dihedral angles are23°, and this dihedral angle
decreases going toward the central part of the molecule where
it takes values 0f~18°, and~15°. Intermetallic distances close
t06.7 Aare computeq in this case too, with a RtRIy4 distanc_e ligands, is present1.1 eV above the first set of LUMOs.
of 20.2 A and N-N distances between the terminal pyrazines : P .
close to 30 A. The computed geometrical parameters suggest Dimer. For the [Ry(TPPZ}]*" dimeric complex, the first
that the rigid TPPZ ligand ensures a strict control over the V& HOMOs (orbitals 345341), lying in a range of 0.34 eV
metal-metal distances throughout the investigated séties.  (Figure 3), are nonbonding combinations of Ry orbitals
C. Electronic Structure in Solution. The energy and localized on both metal centers (see HOMO and HOMO-1 in

character of the frontier orbitals of the four investigated Fi9ure 4). The four nitrogen lone pairs of the terminal pyridyls
ruthenium complexes in acetonitrile are summarized in Figure ©f TPPZs A and C lie~0.4 eV below orbital 341. The sixth
3 and detailed in the Supporting Information. The general trend orbital with metal character (orbital 336, also shown in Figure

is that the first LUMOs arer* orbitals delocalized on the TPPz ~ 4) i 0.89 eV below the HOMO and results from théonding
interaction between thegtorbitals of both ruthenium centers

(41) De Cola, L.; Belser, RCoord. Chem. Re 1998 177, 301-346. and the pyrazine nitrogen p orbitals of the central TPPZ B

antibonding combinations of Ry.d- dy, and pyrazine nitrogen
px — py orbitals, with Ru contributions up to 22%. A second set
of four orbitals of purex* character (orbitals 228231),
essentially delocalized over the pyridyl rings of both TPPZ

9718 J. AM. CHEM. SOC. = VOL. 126, NO. 31, 2004
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E(eV)
0.0
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Figure 3. Energy levels (eV) of [RyTPPZ)+1]2"" complexes witn = 1—4 in acetonitrile.

ligand. This bonding interaction, taking place in the plane change of the first (ligand-based) reduction potentig.88 V
orthogonal to the central pyrazine ring, is responsible for the for the monomer vs-0.29 V for the dimer¥s
stabilization of orbital 336 with respect to the remaining t At higher energy, 0.47 eV above the LUMO, the LUMQ@
HOMOs. Such an orbital interaction is missing in the monomer (orbital 347 in Figure 4) is the antibonding partner of orbital
and is related to intermetal communication through the pyrazine 336 and shows a 35% contribution of rutheniugp drbitals,
bridging ligand. Experimental evidence of this intermetal arising from both metal centers, mixed with a comparable
communication was provided by Arana and Abaih who percentage of the central pyrazine (TPPZ B) nitrogen p orbitals.
observed the existence of two distinct one-electron oxidations The LUMO+2 and LUMO+3 (orbitals 348 and 349) are almost
for the [Ru(TPPZ)]*" dimeric complex at+1.53 and+0.99 degenerate orbitals lying 0.46 eV above the LUMDand are
V, while a symmetric noninteracting dimer would exhibit metal- completely delocalized on both the pyrazine and pyridyl ligands
based oxidation at the same potential for both metal centers.of the external TPPZs A and C, respectively, showing negligible
This pyrazine-mediated intermetal communication is found also contribution of metal orbitals. The LUM®4 and LUMO+5
in the [Ry(TPPZ)]%" and [Ru(TPPZ)]8" species, where it  (orbitals 350 and 351 in Figure 4), which have metal orbital
gives rise to stabilization of two and three Ru pyrazine bonding percentages of-14%, are igyz* antibonding combinations
orbitals, respectively (see Figure 3). delocalized over TPPZs A and C, respectively, involving a single
The dimer LUMO (orbital 346), which is 1.87 eV above the ruthenium center and the pyrazine nitrogens.
HOMO, is ax* orbital mainly localized on the carbon atoms Trimer and Tetramer . An orbital pattern similar to that for
of the central TPPZ ligand, with small percentages (about 10%) the [Rw(TPPZ}]*" species is found for the HOMOs and
of metal orbitals. This orbital is stabilized with respect to the LUMOs of the [Ry(TPPZ)]¢" and [Ru(TPPZ)]8" oligomers.
monomer LUMO by~1.3 eV, whereas the analogous stabiliza- The intermetal communication in these trimeric and tetrameric
tion of the HOMO is~0.46 eV. Thus, the smaller HOMO species takes place among pairs of contiguous metal centers,
LUMO gap that we find for the dimer (1.87 eV) with respect since the bridging pyrazine ligands involved in such interactions
to the monomer (2.73 eV) is essentially due to the LUMO lie in orthogonal planes as a result of the octahedral environment
stabilization, which reflects the TPPzZ* stabilization upon imposed by the ruthenium(ll) center.
coordination to a second metal center. Interestingly, this The first HOMOs of [Ry(TPPZ)]¢" and [Ru(TPPZ)]8" are
difference in stabilization between the HOMO and the LUMO seven and nine nonbonding, brbitals, respectively, followed
may be related to the experimentally observed redox behaviorin order of decreasing energy by the four nitrogen lone pairs of
of the monomer and dimer complexes, showing an almost the terminal pyridyl ligands, with two (orbitals 455 and 456)
constant value of the first (metal-based) oxidation potential and three (orbitals 572, 575 and 576) bonding combinations,
(+1.50 V for the monomer vs-1.53 V for the dimer) and a  respectively, of Ruf and pyrazine nitrogen orbitals being
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336 (HOMO-9)

Figure 4.
and 336 (HOMO-9) orbitals of [R(TPPZ)}]*" complex.

stabilized and lying about 0-91.0 eV below the HOMO (Figure
3). The LUMO of [Ry(TPPZ)]®" is ax* orbital essentially

347 (LUMO+1)

Isodensity surface plot (isodensity contear0.03) of the 347 (LUMG-1), 350 (LUMO+4), 351 (LUMO+5), 345 (HOMO), 344 (HOMO-1),

[Ru(TPPZ)]% and [Ru(TPPZ)]®" oligomers, respectively.
Thus, the largest HOMOGLUMO gap reduction takes place

delocalized on the carbon atoms of the central TPPZs (B andgoing from the monomer to the dimer, while the gap reductions

C) ligands, while for [RW(TPPZ)]®" such az* LUMO is

delocalized over the central TPPZ C ligand only, as in the dimer

case. In the trimer, the LUM®2 and LUMO+3 corresponding

to orbitals 470 and 471, are the antibonding counterpart of

orbitals 455 and 456 and lie about 0.5 eV above the LUMO. In
the tetramer, orbitals of similar character (orbitals 5995)

lie 0.5 to 0.6 eV above the LUMO (orbital 590); however, the
LUMO++1 and LUMO+2 also have nonnegligible amounts of

metal character (3115%).

The rutheniumd4y; HOMOs are stabilized by 0.39 eV going
from the dimer to the trimer and by 0.17 eV from the trimer to
the tetramer. At the same time, the LUMO of JRTPPZ)]5"
is stabilized by 0.42 eV with respect to that of the dimericfRu
(TPPZY]** species, while the LUMO of the [R(TPPZ)]8*
oligomer is still 0.28 eV lower in energy (Figure 3). The
resulting HOMO-LUMO gaps are 1.84 and 1.72 eV for the
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become increasingly smaller from= 2 on.

UV-—vis Spectra: Comparison between Theory and
Experiment

A. Monomer. A comparison of the experimental spectrum
of the monomer with that computed for the [Ru(TPRZ)
complex in acetonitrile is presented in Figure 5. The experi-
mental spectrum of the monomer in acetonitrile shows three
main spectral features below 4.0 eV (we hereafter report spectral
data in eV), labeled in order of increasing energy as |, Il, and
[, respectively: a band in the visible at 2.59 eV (I), a more
intense band in the UV region at 3.89 eV (lll), and a pronounced
shoulder of band IIl at 3.52 eV (ll) (Figures 1 and 5). The
agreement between the two spectra is good, both in terms of
band positions, relative intensity, and overall spectral shape,
especially considering the limited size of the basis set used for
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Table 1. Computed Absorption Energies (eV) and Relative
Intensities (in Parentheses) of the la Absorption Maxima

0.6 f Compared to the Available Experimental Values
theor exptl
Ru(TPPZ)2* 2.50 (1.0) 2.59 (1.0)
2 04 Rup(TPPZ)4* 2.10 (2.1) 2.25(2.2)
£ Rus(TPPZ)6* 1.91 (3.3) 2.18 (2.7)
Zz Ruy(TPPZ)8+ 1.82 (4.6)
< Rus 5(TPPZ) 51 (oligomer) 2.03(3.3)

02}

0.0 [Ru (TPPZ), "

=
[

Energy (eV)

=
Il

Figure 5. Comparison between the experimental (blue line) and computed T
(red line) spectrum of the monomeric [Ru(TPE2) in acetonitrile (energy -
in eV). Computed oscillator strengths have been rescaled so that the intensity3

of the first absorption band (l) of the experimental and calculated spectra ©
match. Red vertical lines correspond to unbroadened excitation energies 2
and rescaled oscillator strengths.

73
B =

the calculations. The computed peak positions of the three bands 0
agree within 0.1 eV with the experiment, and only the relative 3 2.5 2 1.5 1
intensity of band Il is underestimated. Energy (eV)

Detailed analysis of the calculated spectrum shows that bandrigure 6. Computed spectra of [RTPPZ):1]™ complexes wit = 1
| is composed by an intense transition at 2.51 eV followed by (red line), 2 (violet line), 3 (blue line), and 4 (deep blue line) (energy in
a series of five weaker transitions forming the band tail below eV). Vertical lines correspond to unbroadened excitation energies and
2.5 eV (see Supporting Information). All these transitions oscillator strengths.

originate from_ combina_ltions of_ the Ru_gtHOMOs (_orbitals B. Dimer, Trimer, and Tetramer Spectra in the Visible
223—-221) but involve different final orbitals. In particular, the Region. The experimental spectra of the investigated fRu

excited state giving rise to the intense transition at 2.51 eV is (TPPZ),,1]?" complexes show a main absorption band in the

mainly composed of orbitals 225 and 227, which, on the basis visible region whose maximum shifts to lower energies i

of the monomer’s electronic structure discussed aboye, haveincreased (see Figure 1). Associated with this energy shift, an
tog-r* character and are delocalized over both the pyridyl and

ine licand h inal pvridyl ri tth increase in the intensity of the main spectral feature (la in Figure
pyrazine figands (gxceptt € t(_erm!na pyridy rln_gs) oft e_two 1) is observed, with relative intensities (referred to that of the
TPPZ units, with sizable contributions of ruthenium d orbitals. 100 - spectrum) of 2.1 (= 2) and 2.7 i = 3), see Table
We therefore assign band | as a metal-to-metal plus ligand 1 +he main band showé for> 1 a IoWer ener,gy shoulder
gharge transfer (MML,CT) tran5|t|o!1: On t,h? ott_1er hand, the below 1.9 eV (Ib in Figure 1), whose intensity increases with
final states of the less intense transitions giving rise to the band | so that forn = 5.5 this feature becomes as intense as the
tail are mainly orbitals 224 and 226, which have al”_'OSt main la feature; interestingly, a similar behavior was observed
vanishing metal character. Thus, we can relate the hlgherby Bontide et al. in dimeric and trimeric Ru(tetrapyrido-

inte_nslity_ ofr:hef_tralnsition at 2.51 eV to the presence of metal phenazine) complexdd.Below 1.4 eV, the band tail (Ic in
orbitals in the final states. Figure 1) is found.

At higher energies (3.53 eV in the computed spectrum),  The computed spectra of the= 1—4 oligomers in the visible
shoulder II is assigned to have pure metal-to-ligand charge gnerqy region are shown in Figure 6. The positions of the main

transfgr (MLCT) character: it essentially origi_nates Irom absorption peaks agree very well with the experiment, with a
transitions starting from the RygtHOMO and arriving atr deviation of 0.27 eV, at most, observed for the trimer. In

orbitals delocalized over the pyridyl ligands (orbitals 22881). particular, the observed red-shift and intensity increase of the
Finally, band Il originates from a series of intense transitions main la feature with increasing are well-described by the
dominated by a strong absorption at 4.03 eV, for which the .50 jations (see Table 1). Also well-described are the Ic tails
starting states are a setafbonding orbitals delocalized over ;i1 region below 1.4 eV. Instead, the Ib shoulder of the main
tEe ;’;szllgangs l(orblrt]glsb21—(112.16)h, th|le the final st;tesgre visible band forn > 1 is not reproduced by our calculations.
the 224-227 orbitals. This band is therefore composedrbyr This discrepancy cannot be related to an effect due to the limited
transitions, with variable amounts of metal character in the pqjq st expansion, since we found the Ib feature to be entirely
arriving states. It is worth noting that even though band Il missing also in the dimer spectrum computed with the larger

appears as a shoulder of band Il in the experimental and | Anj 2Dz basis set. A more detailed discussion of the la, Ib,
theoretical spectra, these two features are computed to have, . |c features is given below.

completely different character. Indeed, in the experimental |5 Feature. We assign the most intense band in the visible

spectra this difference is enhanced with increasingo that region to an MMLCT multitransition from the RugHOMOSs
shoulder Il becomes a well-defined band for oligomers with

> 2 (see Figure 1). (42) Bonlige, P.; Lecas, A.; Amouyal, EChem. Commuri998§ 885.
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[Ru (TPPZ),, >

Spectral Density (arbitrary units)

2 1.5 1

Energy (eV)

Figure 7. Singlet-triplet spectral density for the [ROTPPZ)1]™"
complexes withn = 1 (red line), 2 (violet line), and 3 (blue line) in the
region 2.1-0 eV.

to m* orbitals delocalized over both the pyrazine and pyridyl
ligands, spanning the entire molecular system. As for the

and MLCT character of the corresponding singleinglet ones
discussed above. Moreover, the Bspectral density increases
with n and is distributed around the same energy range for all
the investigated species, in agreement with the experimental
spectra. Thus, these results suggest that the Ib shoulders are
due to spin-forbidden MMLCT and MLCT singletriplet
transitions. We note indeed that a recent ab initio study of the
[(NH3)sRu(4,4-bypyridine)Ru(NH)s]** dimeric Ru(ll) species
in solutior??2 has shown that taking into account spirbit
interactions through a phenomenological coupling leads to an
intensity borrowing from the singlet to the triplet MLCT states,
which introduces a shoulder of the main singlet absorption
feature 0.4 eV below #?

The interpretation of the Ib feature in terms ef Btransitions
is supported by the experimental visible spectra of the corre-
sponding [OsTPPZ.+1]"" complexes witm = 1—3 (Support-
ing Information), which show a considerable enhancement of
the lower energy features with respect to the Ru complexes
spectra. Indeed, because of the higher atomic number;-spin
orbit interactions are expected to increase going from Ru to Os

monomer, the most intense transitions show a sizable amountcompounds, so that singtetriplet transitions should appear with

of metal character in the final states. For the dimer, the arriving
states of the most intense transitions afent antibonding
combinations localized on the central (orbital 347) and terminal
(orbitals 356-351) pyrazines (see Figure 4), and therefore the
resulting excited state, being a superposition of these thfee t
m* states, is delocalized over the entire molecule. Similarly,
for the trimer (tetramer) the final state of the most intense
multitransition in the main visible absorption band is a
superposition ofs-7* combinations, orbitals 470471 (591
595), involving pairs of contiguous metal centers. This indicates

enhanced intensity in the Os compounds spectra. In particular,
the monomeric Os species shows quite an intense band centered
around 1.9 eV, which is entirely missing in the corresponding
Ru system. Consistent with this experimental observation, a
spin-forbidden (zero oscillator strength) band is found to be
present in the Ru monomer complex spectruny &t eV (see
Figure 7).

C. Effective Conjugation Length. A property of consider-
able interest in the study of coordination polymers is the
effective conjugation chain leng#i.The ECL is associated to

that the TPPZ units of the oligomeric species communicate the extent of spatial conjugation iriconjugated systems which
through the intermediacy of the metal centers and of the centralis generally maximized when the communicating subunits show
pyrazine bridges, to form excited states delocalized throughouta coplanar arrangement. In the investigated,(RBPZ),+1]2"*

the entire complex.

Ic Feature. The less intense transitions computed below 1.4
eV, which give rise to the experimentally observed band tail of
the dimer and trimer spectra, are found to have pure MLCT
character: they originate from the rutheniugy drbitals, but
the final states are symmetrically localized on the central
pyrazine ligands, with small or no metal character. The lower

complexes, the Ru octahedral coordination imposes an orthogo-
nal arrangement of the two TPPZ ligands bound to each metal
center, so that an ECL restricted to a single or at most to a few
TPPZ units might be expected. Following a standard proce-
dure}?in Figure 8 we plot the theoretical and experimental peak
energiesEmax for band la as a function of the inverse number
of TPPZ ligands, 1{+ 1); for comparison, in the same figure

intensity of these transitions can therefore be related to the the computed HOMELUMO gap energies (dotted line) are

absence of metal character in their final states and to a reducecf!SO shown. It appears that, within the investigated range of
charge transfer with respect to the main spectral features, whichTPPZ  units, both computed and measurgga.x show an

are delocalized over all the TPPZ ligands.
Ib Feature. To gain insight into the origin of the low energy

shoulders which appear in the oligomers experimental spectra

below 2.0 eV (620 nm in Figure 1), we analyzed in detail the
spectral density of singletriplet (S—T) transitions for the
investigated [Ri(TPPZ)1]®"" complexes withn = 1, 3. At
our level of theory, these spin-forbidden transitions do not

contribute to the calculated absorption spectrum, i.e., they have

zero oscillator strength, because sparbit interactions are not
included in our calculations. In Figure 7, we report theTS
spectral density for the [ROTPPZ)+1]2"" complexes withn

= 1-3, computed assuming an arbitrary unitary oscillator
strength for each transition. A high spectral density efTS
transitions is clearly seen in the region below 2.0 eV, where

approximately linear behavior, and although the agreement
between these two linesery satisfactory for the monomer
becomes slightly worse with increasingthe difference between
their estimated limiting values for large 1.77 and 1.35 eV, is
still reasonable. It also appears that the data in Figure 8 show
no saturation effect that could be used to define the ECL,
implying that an ECL of several(6.5) TTPZ units is actually
present in the ReTPPZ complexes. The origin of this remark-
able effect is the extended charge delocalization in the excited
states, which is observed going from the monomer to the
oligomers and is related to intermetal communication through
the pyrazine bridges.

Summary and Conclusions

the experimentally observed shoulders are present for the species In summary, in this work a class of polynuclear complexes

with n > 1. These transitions appear to have the same MMLCT
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of formula [Ru(TPPZ),+1]>"" (with n = 1, 2, 3, and>5) has
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Figure 8. Absorption peaks of band la versus the inverse number of TPPZ
units in [Ru(TPPZ),4+1]"" complexes. Experimental data (green triangles)
are forn = 1-3, 5.5; theoretical results (red squares) areffer 1—4. The

lines which fit the data arBma(eV) = 1.77+ 1.596/6 + 1) andEnafeV)

= 1.35+ 2.293/f + 1), for experiment and theory, respectively. The
corresponding limiting values for large 1.77 eV (exptl) and 1.35 eV
(theor), represent the expected absorption maximum for the polymer, so
that Emax(polymer)Ema{monomer)= 0.68 and 0.54 according to experi-
mental and calculations, respectively.

been synthesized and spectroscopically characterizee:visv
spectroscopy shows a red-shift of the main visible absorption
band, together with an increase of its intensity, going from the
monomer to the oligomeric complexes with higherThese
trends have been analyzed by DFT-TDDFT calculations for the
[Run(TPPZ),41]?>™" complexes witm = 1—4. The calculations
provide a satisfactory description of the experimental spectra
in acetonitrile, particularly of the absorption maxima energies
and their relative intensities for different values wof thus
allowing a detailed band assignment for the investigated
complexes. The main absorption bands in the visible region of
all the investigated species are assigned to as MMLCT from
the Ru g HOMOs to orbitals ofz* character, which are
delocalized over the entire molecular systems with sizable
contributions of rutheniumpg orbitals. For the oligomers, these
final states are superpositions of-tr* states which involve

pairs of contiguous metal centers and result in excited states

delocalized throughout the entire complexes.

The energy features of the oligomersX 1) spectra below
2.0 eV, which are not reproduced by the computed spectra for
singlet-singlet transitions, are proposed to arise from spin-
forbidden singlettriplet transitions which acquire increasing
intensity with increasing. This is supported by the experimental
visible spectra of the corresponding [DPPZ,+1]2™" complexes
with n = 1—3, which show a considerable enhancement of the
lower energy features with respect to the Ru complexes spectra.

The investigation of saturation effects, from both the experi-
mental and theoretical approaches, indicates that an effective
conjugation length effect is present in the JRIPPZ) 1]
complexes withrf + 1) > 6.5. This effect originates from the
extended charge delocalization in the excited states going from
the monomer to the oligomers and appears to be related to the
intermetal communication through the pyrazine bridges.

The present study demonstrates that the interplay between
theory and experiment is capable of providing useful insights
to the understanding of the electronic and optical properties of
complex coordination polymers.
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