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Abstract: In this article, we contrast the optical properties of dipolar chromophores having 4-(dimethylamino)-
phenyl electron donor (D) and pyridinium acceptor (A) groups with those of closely related cations having
pyridyl-coordinated Ru" donors. A range of physical data, including that from Stark (electroabsorption)
spectroscopy, permits unprecedented quantitative comparisons, most notably regarding the effects of
extension of bridging polyene chains. The purely organic compounds display normal optical properties in
that their intense, visible = — 7* intramolecular charge-transfer (ICT) bands red-shift as the number of
E-ethylene units (n) increases from 1 to 3 and the associated static first hyperpolarizabilities o increase
steadily with n. The related Ru" complexes show intense, visible d — 7* metal-to-ligand charge-transfer
(MLCT) bands, which are found to lower energy when compared with the ICT transitions of the corresponding
organics. Abnormally, these MLCT bands blue-shift as n increases, and 5o maximizes at n = 2. Time-
dependent density-functional theory and finite field calculations verify these empirical trends for both types
of compound, which can be rationalized as arising from the differing orbital structures of the chromophores
and the associated degrees of D—A electronic coupling.

Introduction powerful electron acceptors in stilbazolium and related species.
The linear optical properties of such chromophores are char-
acterized by intenser(D) — x*(A) intramolecular charge-
transfer (ICT) absorption bands. At the molecular level,
guadratic NLO behavior is governed by first hyperpolarizabili-
ties, and static first hyperpolarizabilitig®y are generally used
for comparing active molecules. An important feature of organic
salts is that counterion variations can be exploited as a means
to modify crystal packing, potentially affording noncentrosym-
metric macroscopic structures that are crucial for bulk quadratic
NLO effects. Additional attractive features of crystalline salts
are their inherently greater stabilities and higher chromophore
. number densities when compared with alternative NLO materials
T University of Manchester. h led pol
*Brookhaven National Laboratory. (Present address: Molecular Materials SUCN as poled polymers.
Research Center, Beckman Institute, MC 139-74, California Institute of ~ Research in the NLO field has recently increasingly featured
Technology, 1200 East California Blvd., Pasadena, CA 91125). studies on organotransition metal complexes, which may offer
§ Universidad de Zaragoza. ) . . ' .
Il University of Southampton. improved scope for the creation of multifunctional materials

(1) (a) Nonlinear Optical Properties of Organic Molecules and Crystals  when compared with purely organic compouﬁmr contribu-
Chemla, D. S., Zyss, J., Eds.; Academic Press: Orlando, FL, 1987; Vols.

Molecular organic materials with nonlinear optical (NLO)
properties continue to attract considerable research interest
largely because of their potential uses in novel optoelectronic/
photonic devices. Various organic salts have been studied
in this context, especially stilbazolium-type compounds, such
as trans-4'-(dimethylamino)N-methyl-4-stilbazolium tosylate
(DAST), which are particularly promising for device applica-
tions2 Molecules having large quadratic NLO activities typically
contain electron donor (D) and acceptor (A) groups connected
via polarizables-systems, with pyridinium rings acting as

1 and 2. (b)Molecular Nonlinear Optics: Materials, Physics and fiees

Zyss, J.; Academic Press: Boston, 1994. @epanic Nonlinear Optical (2) (a) Marder, S. R.; Perry, J. W.; Schaefer, WSRiencel989 245, 626—

Materials Bosshard, Ch., Sutter, K., Rre, Ph., Hulliger, J., Fisheimer, 628. (b) Marder, S. R.; Perry, J. W.; Schaefer, WJ.mMater. Chem1992

M., Kaatz, P., Guter, P., Eds.; Advances in Nonlinear Optics, Vol. 1.; 2, 985-986. (c) Marder, S. R.; Perry, J. W.; Yakymyshyn, C.Ghem.
Gordon & Breach: Amsterdam, The Netherlands, 1995.Ndplinear Mater. 1994 6, 1137-1147. (d) Lee, O.-K.; Kim, K.-SPhotonics Sci.
Optics of Organic Molecules and PolymeMalwa, H. S., Miyata, S., Eds.; News1999 4, 9—-20. (e) Kaino, T.; Cai, B.; Takayama, Kdv. Funct.
CRC Press: Boca Raton, FL, 1997. Mater. 2002 12, 599-603.
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tion to this area has involved systematic hyper-Rayleigh scat- aminonitrostilbene has also been compared with a related
tering (HRS} and Stark (electroabsorptiéngpectroscopic molybdenum mononitrosyl complex by using ab initio meth-
measurements on ruthenium(ll) pyridyl ammine complexes of ods!? It is clearly important to develop a fuller knowledge and
pyridinium-substituted ligandsSuch chromophores can exhibit  understanding of the similarities and differences between the
very largef, responses, which are associated with intense, low available types of chromophores that may compete for NLO
energy d(RUi) — z*(pyridinium) metal-to-ligand charge-transfer ~ device applications. In particular, the question as to whether
(MLCT) transitions® These MLCT absorption and NLO proper- incorporating transition metal centers into NLO chromophores
ties are highly tunable, according to the widely used two-state is beneficial remains largely unanswered. To this end, we have
model? and can also be readily and reversibly switched by amassed a considerable body of data that allows ample oppor-
exploiting RW" redox® We have also carried out HRS, Stark tunities for further comparisons, especially concerning the effects
spectroscopic, and second harmonic generation (SHG) studief conjugation extension on linear and NLO properties. Because
on stilbazolium-type chromophores witN-arylpyridinium the HRS data for the organics and the!'Riomplexes were
groups? and we have published a preliminary report contrasting obtained under different conditions and are inevitably subject
the optical properties of a few of these compounds with those to complications due to resonance effects, only the Stark-derived
of their RU' pentaammine analogu#sElectrochemical and  data and theoretically calculated parameters are considered here.
UV —visible spectroscopic studies show that a pyridyl-coordi-
nated{ Ru'(NHz)s} 2" center is rather more electron-rich than a
—CsH4-4-NMe, group, and some evidence was found that the  Materials and Procedures.The compoundsl-methyl-4-picolinium
complexes have largey values than their purely organic hexafluorophosphate [mepiPF:° and 5-(4-dimethylaminophenyl)-
counterpartd?® penta-2,4-dien&dt were prepared according to published procedures.
d All other reagents were obtained commercially and used as supplied.
Products were dried overnight at room temperature in a vacuum

Experimental Section

Despite the fact that very many reports of purely organic an
organo trgnsmon meta} NLO Cqmpounds have appedfed, desiccator (CaS£) prior to characterization.
quantitative, systematic comparisons of thesg wo types of Physical Measurements.!H NMR spectra were recorded on a
chromop_horg are extremely scarce. Indeed, prior to our recentVarian Gemini 200 spectrometer, and all shifts are referenced to TMS.
communicatior? the only such reported study appeared to be Elemental analyses were performed by the Microanalytical Laboratory,
a ZINDO-based analysis ¢f values, which indicated that the  uUniversity of Manchester and UV/Vis/NIR spectra were obtained by
ferrocenyl and 4-(methoxy)phenyl D groups are essentially inter- using a Hewlett-Packard 8452A diode array or a Varian Cary 1E spec-

changeablé! The benchmark NLO compound 4dimethyl- trophotometer. Mass spectra were recorded -viectrospray on a
Micromass Platform spectrometer (cone voltage 80 V). Cyclic voltam-
(3) (a) Nalwa, H. SAppl. Organomet. Chenl991, 5, 349-377. (b) Marder, metry was carried out with an EG&G PAR model 283 potentiostat/

S. R. Inlnorganic Materials 2nd ed.; Bruce, D. W., O'Hare, D, Eds.;  galvanostat. A single-compartment cell was used with a-AgCl
Wiley: Chichester, U.K., 1992; pp 121169. (c) Kanis, D. R.; Ratner, M.

A. Marks, T. J.Chem. Re. 1994 94 195-242. (d) Long, N. JAngew. reference electrod_e,_a Pt disk Working e_Iectrode, and a Pt wire auxiliary
Chem., Int. Ed. Engl1995 34, 21—38. (e) Whittall, I. R.; McDonagh, A. electrode. Acetonitrile was freshly distilled (from CgHand NBU,-
M.; Humphrey, M. G.; Samoc, MAdv. Organomet. Cheni998 42, 291— ; ; ind i
362, (f) Whittall, |. R.: McDonagh, A. M. Humphrey M. G.. Samoc, M. PFs, twice r(_ecrystalllzed from et_hanol and _dr_led in ;/acuo, was used as
Adv. Organomet. Chen 998 43, 349-405. (g) Di Bella, SChem. Soc. the supporting electrolyte. Solutions containing ca.*M analyte (0.1
Eﬁ'“' ZQCtJl ?i‘O 55(5536% (hg CEB,N?- J. |fi%_0n3pre£den$ep<300rdmatlgﬂ M electrolyte) were deaerated by purging with RlIl Ej, values were
emistr cClever A eyer, 1. J., S.; Pergamon PFress:
Oxford, L}/K 2004; Vol.y9, p 62&6%7. 9 calculated .from Epa + Epg)/2 at a scan r.ate of ZOQ mv's
(4) (a) Clays, K.; Persoons, ARhys. Re. Lett 1991 66, 2980-2983. (b) Synthesis ofE,E,E-N-Methyl-4-[6-(4-dimethylaminophenyl)hexa-

g'geé‘dric"x' E.; Clays, K.; Persoons, Acc. Chem. Res.99§ 31, 675~ 1,3,5-trienyl]pyridinium Hexafluorophosphate (4). The cation in this

(5) (a) Liptay, W. InExcited StatesLim, E. C., Ed.; Academic Press: New  salt has previously been isolated with tosyRéejodide or a range
Egk’pﬁ%‘lh\(@'ﬁgé’? 41159221232(2% Bublitz, G. U.; Boxer, S. GAnnu. of benzenesulfonate anioffshut 4 is apparently a new compound. A
(6) (a) Coe, B. J.: Chamberlain, M. C.; Essex-Lopresti, J. P.; Gaines, S.; Jeffery, Solution of [meD.iC‘]PFs (254 mg, 1.00 mmol), 5-(4-.dim.et.hylaminophe-.
J. C.; Houbrechts, S.; Persoons, laorg. Chem 1997, 36, 3284-3292. nyl)penta-2,4-dienal (201 mg, 1.00 mmol) and piperidine (2 drops) in
,(Ab) gﬁe* B. é Essex—llé%p?refghé._lzg 4"6'.)""”('5)' %A'3 I—éou?re%hts S ?erAsoons, methanol (100 mL) was heated under reflux foh in thedark. The
. Chem. Commun 4 . (c) Coe, B. J.; Harris, J. A.; ¢ -
Harrington, L. J.; Jeffery, J. C.; Rees, L. H.; Houbrechts S.; Persoons, A. reaction mixture was allowed to cool slowly to room temperature, and
Inorg. Chem 1998 37, 3391-3399. (d) Coe, B. J.; Harris, J. A the dark purple microcrystalline solid was filtered off, washed with

Asselberghs, I.; Persoons, A.; Jeffery, J. C.; Rees, L. H.; Gelbrich T.; - . .
Hursthouse, M. BJ. Chem. Soc., Daiton Trand999 3617-3625. (e) methanol, and dried: 323 mg, 74%; (CDsCN) 8.31 (2H,dJ=6.5

Coe, B. J.; Harris, J. A.; Brunschwig, B. $. Phys. Chem. 2002 106, Hz, GHN), 7.81 (2 H, d,J = 6.2 Hz, GHsN), 7.58 (1 H, ddJ =

897-905. (f) Coe, B. J.; Jones, L. A.; Harris, J. A.; Brunschwig, B. S.; —

Asselberghs, |I.; Clays, K.; Persoons,JAAmM. Chem. So2003 125, 862 15.3,11.2 Hz, CH), 7.41 (2 H, d,= 9.0 Hz, GH.), 7.02-6.53 (7 H,
863. (g) Coe, B. J.; Jones, L. A.; Harris, J. A.; Sanderson, E. E.; Brunschwig, M, 5CH and GHy), 4.14 (3 H, s, N—Me), 3.00 (6 H, s, NMg). Anal.

B. S.; Asselberghs, I.; Clays, K.; Persoons JAChem. Soc., Dalton Trans Calcd for GgHoaFsN-P: C. 55.05: H. 5.31: N. 6.42. Found: C. 55.00:
2003 2335-2341. (h) Coe, B. J.: Harris, J. A.; Brunschwig, BJSChem. 30. Q°6 e Pt g u : '
Soc., Dalton Tran2003 2384-2386. (i) Coe, B. J.; Jones, L. A.; Harris, ~ H: 5.39; N, 6.44. [M— PR]" = 291.

i- AO.: dBrunsSTJWL(‘J, B.Cﬁ-; Asgelggahi,zg; gelzas)(/isléé 1Per500ns, AlrGar Stark Spectroscopy.The apparatus, experimental methods, and data
.; Orduna, JJ. Am. Chem. So . : : :
(7) (&) Oudar, J. L; Chemla, D. 8. Chem. Phys1977, 66, 2664-2668. (b) analysis procedure were as preylously repoftéelwith a xenon arc
Oudar, J. LJ. Chem. Physl977, 67, 446-457. lamp used as the light source in place of a tungsten filament bulb.
(8) (a) Coe, B. J.; Houbrechts, S.; Asselberghs I.; Persoonsngew. Chem., itri - i i i
Int. Ed. 1999 38, 366369, (b) Coe. B, JChem—Eur J. 1999 5, 2464 Butyronitrile (n-CsH7CN) was used as the glassing medium, for which
2471.
(9) (a) Coe, B. J.; Harris, J. A.; Asselberghs, I.; Clays, K.; Olbrechts, G.; (11) Kanis, D. R.; Ratner M. A.; Marks, T. J. Am. Chem. Sod 992 114,
Persoons, A.; Hupp, J. T.; Johnson, R. C.; Coles, S. J.; Hursthouse, M. B; 10338-10357.
Nakatani, K.Adv. Funct. Mater.2002 12, 110-116. (b) Clays, K.; Coe, (12) Reis, H.; Raptis, S. G.; Papadopoulos, M.RBys. Chem. Chem. Phys.
B. J. Chem. Mater 2003 15, 642-648. (c) Coe, B. J.; Harris, J. A,; 2001, 3, 3901-3905.
Asselberghs, I.; Wostyn, K.; Clays, K.; Persoons, A.; Brunschwig, B. S.; (13) Spangler, C. W.; McCoy, R. KSynth. Commuri988 18, 51-59.
Coles, S. J.; Gelbrich, T.; Light, M. E.; Hursthouse, M. B.; Nakatani, K.  (14) (a) Nogi, K.; Anwar; Tsuji, K.; Duan, X.-M.; Okada, S.; Oikawa, H.;
Adv. Funct. Mater.2003 13, 347—-357. Matsuda, H.; Nakanishi, HNonlinear Opt.200Q 24, 35-40. (b) Okada,
(10) Coe, B. J.; Harris, J. A.; Clays, K.; Persoons, A.; Wostyn, K.; Brunschwig, S.; Tsuji, K.; Anwar; Nakanishi, H.; Oikawa, H.; Matsuda, Nonlinear
B. S.Chem. Commur200], 1548-1549. Opt. 200Q 25, 45-56.

J. AM. CHEM. SOC. = VOL. 126, NO. 33, 2004 10419



ARTICLES Coe et al.

the local field correctiofii; is estimated as 1.38:1°The Stark spectrum X-ray Crystallography. Suitable crystals of were grown by slow
for 4 was measured three times using different field strengths, and the evaporation of an acetonitrile solution, and a crystal of approximate
signal was always found to be quadratic in the applied field. Analysis dimensions 1.0k 0.75x 0.04 mn¥ was chosen for diffraction study.

of the Stark spectrum in terms of the Liptay treatmgafforded the Data were collected on a Nonius Kappa CCD area-detector diffrac-
dipole moment differencé\ui.. A two-state analysi8 of the ICT tometer controlled by the Collect software pack&y€&he data were
transition gives processed by Denzbd and corrected for absorption by using the
empirical method employed in Sortafrom within the MaXus suite
Ay = A, + 4, (1) of programs?2 The structure was solved by direct methods and refined

by full-matrix least-squares on af,> data using SHELXS-9? and
whereAuapis the dipole moment difference between the diabatic states, SHELXL-9724 The quality of the structure is relatively poor because

Auiz is the observed (adiabatic) dipole moment difference, ands of low diffraction angles, but is nevertheless of use for the purposes of
the transition dipole moment. The latter can be determined from the the present study. All non-hydrogen atoms were refined anisotropically
oscillator strengtHys of the transition by with hydrogen atoms included in idealized positions with thermal
parameters riding on those of the parent atom. The asymmetric unit
12l = [f,d(1.08 x 10" %(Eqp )] @) contains two GgHoaN,™ positions and two PF positions. Crystal-

lographic data and refinement details are presented in Table 4.
whereEnmaxis the energy of the ICT maximum (in wavenumbers). The
degree of delocalization,? and electronic coupling matrix elemey,
for the diabatic states are given by

Results and Discussion

Linear Optical, Electrochemical, and 'H NMR Studies.

A2 1 Figure 1 shows the chemical structures of the investigated salts.
= 1 1— _ O 3) The electronic absorption spectra of saks7 show intense ICT
2 Ny + 4l bands, while complex salt8—26 all display intense MLCT
E. (41 bands in the visible region, together with— =* intraligand
IH = |"‘A—1\ (4) charge-transfer (ILCT) transitions in the UV. F&+ 26, cyclic
Hab voltammetric studies reveal reversible or quasi-reversibl&'Ru

oxidation waves, together with pyridinium ligand first reduction
processes that are reversible only for= 0, even up to scan
rates as high as 200 V% In contrast, the purely organic salts
1-7 show only irreversible redox processes at all available scan
4(u12)2 rates, both for oxidation of the NMe, groups and for reduction

If the polarizability changé\o. and hyperpolarizabilitys, tensors have
only nonzero elements along the ICT direction, then these quantities
are given by

Ao =—4= (5) of the pyridinium units. All of the salts—26 show well-defined
max IH NMR spectra, in which the lowest field doublet signals are
3Auftt1,) assigned as arising from the protansho to the pyridinium N
Bo= (E—))z (6) atom. Selected ICT/MLCT absorption, electrochemical, %d
ma:

NMR data for saltsl—26 are presented in Table 1, with the

A relative error of-20% is estimated for thg, values derived from ~ data arranged such that the entries for each of the organic
the Stark data and using eq 6. compoundsl—7 are immediately followed by those for the
Computational Procedures. Al theoretical calculations were ~ complexes with the same pyridinium group and conjugated
performed by using the Gaussian'®grogram. Molecular geometries ~ bridge. Representative UWisible absorption spectra of the
were optimized assumin@s symmetry using the hybrid functional purely organicn = 1 or 3 salts { and4, respectively) and of
B3P867 and the LanL2DZ basis set. The same model chemistry was  their { Ru'(NHs)s}2* analogues § and 11, respectively) are
used for properties calculations. Electronic transitions were calculated shown in Figure 2.
by means of the TD-DFT method, and the excited-state dipole moments
were calculated by using the one particle RhoClI density. The default
Gaussian 98 parameters were used in every case.

The ICT energie&nax of 1—7 are higher in every case than
the MLCT energies of their Rucounterparts, but the organic
vs metal complex energy difference varies between ca. 0.9 and
(15) Shin, Y. K.; Brunschwig, B. S.; Creutz, C.; Sutin, N.Phys. Chen.996 0.2 eV, being largest when = 0 and smallest when = 3.

100, 8157-8169. ; ;

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. [1€NC€, the effect of changing the electronic nature of the D
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann, group becomes less significant as the conjugated system is
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, ; : ;L
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, extended. AISO' the mo'ar extinction coefficiertsf the ICT
R.; Mennucci, B.; Por}welli, C.; Adamo, C.; CIEfford, S OclhtErski, J.; bands ofl—7 are ca. 23 times larger than those of the MLCT
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; .
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, bands of the related complexes. For the. purely organlc
J. V,; Stefanov, B. B, Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, I.;  compoundsl—4 and 5/6, Emax decreases aB increases, in
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, (19) Hooft, R. Collect Data collection software; Nonius BV: Delft, The

M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian, Netherlands, 1998.
Inc.: Pittsburgh, PA, 1998. (20) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307—326.
(17) The B3P86 functional consists of Becke’s three parameter hybrid functional (21) (a) Blessing, R. HActa Crystallogr., Sect. A995 51, 33—37. (b) Blessing,
(Becke, A. D.J. Chem. Phys1993 98, 5648-5652) with the nonlocal R. H. J. Appl. Crystallogr 1997, 30, 421-426.
correlation provided by the Perdew 86 expression: Perdew, Phis. (22) Mackay, S.; Gilmore, C. J.; Edwards, C.; Tremayne, M.; Stewart, N.;
Rev. B 1986 33, 8822-8824. Shankland, KMAXUS a computer program for the solution and refinement
(18) D95 on first row: Dunning, T. H.; Hay P. J. INModern Theoretical of crystal structures from diffraction data; University of Glasgow: Glasgow,
Chemistry Schaefer, H. F., Ill, Ed.; Plenum: New York, 1976, Vol. 3, p U.K., Nonius BV: Delft, The Netherlands, and MacScience Co. Ltd.:
1. Los Alamos ECP plus DZ on N&Bi: (a) Hay, P. J.; Wadt, W. RJ. Yokohama, Japan, 1998.
Chem. Phys1985 82, 270-283. (b) Wadt, W. R.; Hay, P. J. Chem. (23) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467-473.
Phys 1985 82, 284-298. (c) Hay, P. J.; Wadt, W. Rl. Chem. Phys (24) sheldrick, G. M.SHELXL 97 Program for crystal structure refinement;
1985 82, 299-310. University of Gdtingen: Gatingen, Germany, 1997.
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Figure 1. Chemical structures of the salts investigated.
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Figure 2. UV —visible absorption spectra of saltgblue),4 (red),8 (green),
and 11 (yellow) at 298 K in acetonitrile.

660 740 820

keeping with well-established principles for A chro-
mophores. In marked contrast, the MLCEy. values increase
steadily on moving fronm = 1 to 3 within each of the complex
series8—11, 14—17, and20—23. We have previously discussed
this highly unusual behaviéfi which has been observed in only
one other type of B-A polyenes that contain tetrathiafulvalenyl
D groups?® Although the ICTe values remain constant within
the organic serie$—4, the ILCT bands for each of the complex
series8—11, 14—17, and 20—23 gain intensity steadily as

increases. The latter absorptions also show the normal trend of

red-shifting with increasing conjugation path length.

Although the data for the organic compounds are irreversible,

the cyclic voltammetric studies clearly show that the''Ru
ammine moieties are much easier to oxidize than-t@H,-
4-NMe, units, with a given A group and conjugated bridge.

(21), 2 (22), 3 (23)
(25)

700

600 +

500 4
400 4

300 +

Bo (107 esu)

200 <
100

0 } t
0 1 2 3
n
Figure 3. Stark-derivegh, values as a function af (only dominant MLCT
transitions considered for complexes). Redrganic seriesl(—4). Blue
= transNH3; complex series3—11). Greer transpy complex seriesléd—
17). Yellow = transmim complex series20—23).

Also, the pyridinium groups in the complexes are considerably
easier to reduce than those in the organics. These observations
are consistent with the highé&t,ax values, because of larger
HOMO-LUMO gaps, forl—7 when compared with those of

the MLCT bands of their Rucounterparts. Furthermore, the
more negative pyridinium reduction potentials for the organic

(25) (a) Gonzkez, M.; Martn, N.; Segura, J. L.; Gar) J.; Orduna, Jletrahedron
Lett. 1998 39, 3269-3272. (b) Gam, J.; Orduna, J.; Rupez, J. |.; Alcala
R.; Villacampa, B.; Sachez, C.; Mafn, N.; Segura, J. L.; Gonlez, M.
Tetrahedron Lett1998 39, 3577-3580. (c) Gonzez, M.; Martn, N.;
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Segura, J. L.; Seoane, C.; MartiN.; Gafn, J.; Orduna, J.; AlcaJaR.;
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66, 8872-8882. (e) Andreu, R.; Gam J.; Orduna, Jletrahedron2001,
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Table 1. Selected Charge-Transfer Absorption, Electrochemical, and 'H NMR Data for Salts 1—26

(V vs Ag—AgCl)2e

salt n Ama®® (nm) Ema™® (eV) €ma® (M71 Cmil) El/Z[Ru“w] or Epac E1/2[L+/0] or Epcd b[py'H]f (ppm)g

1n 0 420 2.95 40 200 1.14 —1.358! 8.76

8 0 590 2.10 15 800 0.50 —0.87 9.15
268 4.63 16 300

14 0 566 2.19 17 200 0.68 —0.82 9.19
254 4.88 17 700

20 0 602 2.06 16 200 0.51 —0.84 9.15
268 4.63 18 100

2 1 470 2.64 42 800 0.94 -1.11 8.70

gm 1 595 2.08 16 100 0.45 -0.8 8.94
312 3.97 23 800

15m 1 563 2.20 14 800 0.64 -0.76! 8.95
311 3.99 23800

21 1 604 2.05 16 200 0.46 —0.84 8.94
310 4.00 23000

3n 2 487 2.55 38 700 0.95 -1.18! 8.75

106 2 584 2.12 18 700 0.44 —0.80! 8.94
354 3.50 32600

16¢ 2 552 2.25 19 800 0.63 -0.76! 8.93
356 3.48 35800

2 2 592 2.09 21400 0.43 -0.78 8.96
352 3.52 40 200

4 3 500 2.48 43 800 0.71 —0.94 8.76

11k 3 568 2.18 17 500 0.44 —0.78 8.91
392 3.16 39700

17 3 542 2.29 24 900 0.61 -0.7# 8.93
392 3.16 51100

23 3 570 2.18 21900 0.44 —0.76¢ 8.91
392 3.16 52 500

5h 0 448 2.77 50 100 1.18 -1.11 9.01

12 0 628 1.97 19 300 0.50 —0.71 9.33
280 4.43 18 500

24im 0 642 1.93 21500 0.50 —0.69 9.38
280 4.43 21400

6 1 504 2.46 51 400 0.93 —0.88 8.96

13m 1 628 1.97 17 200 0.46 —0.60" 9.25
329 3.77 25800

18m 1 591 2.10 17 100 0.65 —0.60! 9.30
328 3.78 30000

25m 1 638 1.93 17 600 0.47 —-0.60! 9.26
329 3.77 28 400

7n 0 485 2.56 55 600 1.x2 —0.8 9.78

19m 0 644 1.93 16 800 0.71 —0.37 10.28
283 4.38 24 500

26m 0 698 1.78 18 700 0.56 —0.37 10.22
285 4.35 24 300

a|n acetonitrile solutions at 293 K.Solutions ca. 10° M. ¢ Peak potential for first irreversible oxidation (of HOMO, localized 61CsHs-4-NMe;
group); smaller return wave also observed in some cddesak potential for first irreversible reduction (of LUMO, localized on pyridinium group); smaller
return wave also observed in some ca$&olutions cal02 M in analyte and 0.1 M in NBuPFs at a platinum bead/disk working electrode with a scan
rate of 200 mV st. Ferrocene internal referen&g, = 0.45 V, L = 4,4-bipyridinium. f Doublet signal for protons ortho to pyridinium N atofiChemical

shift at 200 MHz with respect to TMS in GGOCD;. " Data taken in part from
from ref 6i.! Data taken from ref 6" Data taken from ref 6d.

1432 1.425
1.383 1386
1-466\ 371 1.431 1392
1466/ P, 1415
1.385 1377
1.429 1 423 1 411 1.374
1420/ \ (1475
1.391
1.375

Figure 4. Bond distances (A) calculated using the BSP86/LanL2DZ model
chemistry for the gas-phase geometry of galt

compounds show that theCsH4-4-NMe, group exerts a greater
electron-donating influence on the acceptors than do tHe Ru
pyridyl ammine moieties, despite the fact that the' Ranters

10422 J. AM. CHEM. SOC. = VOL. 126, NO. 33, 2004

ref 9¢ Data taken in part from ref 9a4Data taken from ref 6¢¢ Data taken

are more electron-rich than the amino groups. This result is
attributable to less effective-orbital overlap between the Ru
d-orbitals and pyridyl N p-orbitals than between the p-orbitals
of the N atoms of the-NMe;, groups and those of the C atoms
of the adjacent phenyl rings. The NMR data show that the
protonsortho to the pyridinium N atoms are more shielded in
1-7 (by ca. 0.2-0.5 ppm) than in their Ruanalogues. This
difference in shielding is also consistent with the greater net
electron-donating effect of the-C¢Hs-4-NMe, group when
compared with a RUpyridyl ammine center because of in-
creasedr-orbital overlap. Furthermore, the organic vs metal
complex chemical shift difference is largest wher= 0 and
smallest whem = 3, showing that the effect of varying the
electronic properties of the D group becomes less significant
asn increases, as also observed in the ICT/MLCT data (see
above).
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Table 2. Selected Optical Absorption and Stark Spectroscopic Data for Salts 1—26

Amad Ena® ﬂlza‘h Aurs® A,Mabﬁ I2° i~ Hap" Ad! ,BOJ .Bo[z]k

salt n (nm) (eV) fos (D) (D) (D) A A 29 (em™) (107® Cm? VY (10-%0 esu) (10~% esu)

1 0 423 2.93 0.66 7.7 13.2 20.3 2.7 4.2 0.17 9000 35.9 108

am 0 645 1.92 0.20 5.2 13.8 17.3 2.9 3.6 0.10 4700 3.8 120

14 0 611 2.03 0.29 6.1 16.2 20.3 3.4 4.2 0.10 4900 35.8 171

20m 0 658 1.88 0.22 55 17.1 20.3 3.6 4.2 0.08 4100 6.5 170

2 1 480 2.58 0.80 9.1 16.3 24.4 3.4 5.1 0.17 7700 71.0 236

om 1 681 1.82 0.23 55 16.2 19.6 3.4 4.1 0.09 4100 6.0 175

15 1 638 1.94 0.25 6.0 19.3 22.7 4.0 4.7 0.08 4100 4.7 218

21m 1 687 1.80 0.26 6.3 18.0 22.0 3.7 4.6 0.09 4200 6.0 256

3 2 503 2.47 0.78 9.1 20.4 27.4 4.2 5.7 0.13 6600 72.3 328

1o 2 675 1.84 0.43 7.9 22.4 27.4 4.7 5.7 0.09 4300 105.0 482 546
377 3.29 0.58 6.8 12.7 18.6 2.6 3.9 0.16 9700 —50.2 64

16 2 631 1.97 0.50 8.2 25.1 30.0 5.2 6.2 0.08 4300 68.3 514 565
370 3.35 0.52 6.5 11.7 17.4 2.4 3.6 0.16 10 000 —-3.51 51

2> 2 684 181 0.48 8.4 23.3 28.7 4.9 6.0 0.09 4300 101.0 586 645
374 3.32 0.42 5.8 16.4 20.1 3.4 4.2 0.09 7700 —37.5 59

4 3 523 2.37 1.25 11.8 24.0 33.7 5.0 7.0 0.14 6700 70.4 694

11" 3 669 1.85 0.36 7.2 27.1 30.6 5.6 6.4 0.06 3500 131.0 475 576
408 3.04 0.63 7.4 14.5 20.8 3.0 4.3 0.15 8700 —-9.4 101

im 3 625 1.98 0.36 7.0 28.6 31.8 6.0 6.6 0.05 3500 64.9 412 546
404 3.07 1.00 9.3 125 22.4 2.6 4.7 0.22 10300 -2.5 134

23 3 678 1.83 0.42 7.8 26.7 30.9 5.6 6.4 0.07 3700 136.0 563 658
408 3.04 0.66 7.6 13.0 20.0 2.7 4.2 0.18 9300 —-5.8 95

5 0 452 2.74 0.79 8.7 12.7 21.6 2.6 4.5 0.21 8900 22.8 150

12m 0 696 1.78 0.22 5.7 15.3 19.1 3.2 4.0 0.10 4300 5.0 186

24m 0 708 1.75 0.27 6.2 17.4 21.4 3.6 4.5 0.09 4100 6.3 258

6 1 514 241 0.80 9.4 16.3 24.8 34 5.2 0.17 7300 69.1 288

13m 1 714 1.74 0.21 5.7 19.5 22.6 4.1 4.7 0.07 3500 8.0 249

i8m 1 672 1.85 0.26 6.2 20.6 24.0 4.3 5.0 0.07 3800 6.3 269

25m 1 741 1.67 0.26 6.5 20.2 24.0 4.2 5.0 0.08 3600 8.5 352

7 0 492 2.52 0.88 9.6 12.4 22.9 2.6 4.8 0.23 8500 20.8 212

19m 0 711 1.74 0.29 6.5 12.4 18.0 2.6 3.7 0.15 5100 3.1 200

26m 0 784 1.58 0.24 6.4 16.8 21.1 3.5 4.4 0.10 3900 5.6 323

aln butyronitrile glasses at 77 KR.Transition dipole moment derived from eq“Dipole moment change calculated frdmAui2 using fine = 1.33.
d Diabatic dipole moment change calculated from e@ Relocalized electron-transfer distance calculated fiymo/e. f Effective (localized) electron-
transfer distance calculated fromuay/e. 9 Degree of delocalization calculated from eq"Electronic coupling matrix element calculated from eq 4.
I Polarizability change calculated from eqi Static first hyperpolarizability calculated from eqt6Sum of thefo values for the two absorption bands (where
present) for the complex chromophores, iR[JLCT] + Bo[MLCT]. ' Data taken in part from ref 9¢ Data taken from ref 6! Data taken in part from
ref 6i.

Table 3. Results of B3P86/LanL2DZ Calculations on the Cations in Salts 1—4, 8—11, and 14—17

parent

salt n Enmad® (€V) fos? u1* (D) Auir? (D) transition B (10~ esu) B (107 esu)

1 0 3.01 0.89 8.85 13.03 HOM& LUMO 131 74

2 1 2.65 1.32 11.46 13.94 HOM& LUMO 305 150

3 2 2.38 1.73 13.84 15.95 HOM& LUMO 628 269

4 3 2.17 2.15 16.14 17.70 HOM& LUMO 1141 609

gd 0 2.57 0.37 6.19 21.17 HOME& LUMO 144 112
4.86 0.51 5.25 1.13 HOMO-3> LUMO 2

od 1 2.56 0.48 6.99 26.07 HOM&- LUMO 225 112
3.84 0.43 5.45 16.72 HOME&- LUMO + 1 39
4.01 0.49 5.69 6.22 HOMO-3- LUMO 15

10 2 2.62 0.79 8.90 27.94 HOM&- LUMO 376 156
3.39 1.06 9.10 3.48 HOMO-3- LUMO 29

1 3 2.60 1.74 13.27 18.81 HOM& LUMO 571 134
3.07 0.57 6.99 10.94 HOMO-3- LUMO 66

14 0 2.34 0.50 7.50 21.71 HOM&- LUMO 260 192
3.80 0.17 3.40 1.76 HOM®G- LUMO + 2 2
4.87 0.50 5.19 5.56 HOMO-6- LUMO 7

15 1 2.34 0.58 8.07 26.97 HOM&- LUMO 373 259
3.57 0.34 4.98 10.10 HOME&- LUMO + 1 23
3.99 0.73 6.96 441 HOMO-3> LUMO 16

16 2 2.42 0.83 9.52 29.77 HOME& LUMO 535 271
3.31 1.14 9.95 6.57 HOMO-3> LUMO 69
3.54 0.13 3.14 1.53 HOMG- LUMO + 1 1

1 3 2.46 1.58 13.01 25.03 HOM& LUMO 819 212
3.00 0.96 9.19 7.78 HOMO-%+ LUMO 85
3.34 0.01 1.05 9.04 HOMG- LUMO + 1 1

aCalculated in the gas phase by using TD-DFT at the optimized B3P86/LanL2DZ geom@tigulated from the TD-DFT results by using eq 6.
¢ Calculated by using the FF methdtData taken in part from ref 6i.

Stark Spectroscopic StudiesThe results of Stark spectro-  which can be used to calculgfe values according to the two-
scopic studies with salts—26 in butyronitrile glasses at 77 K state eq 6. Although we have also reported HRS data for salts
are collected in Table 2. These experiments afford dipole 1—26, these were obtained under different conditions (800- or
moment changeaui» for the ICT/MLCT/ILCT transitions, 1300-nm femtosecond lasers with high-frequency demodulation
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Figure 5. lllustrations of the 0.04 contour surface diagrams of the MOs involved in the ICT transitions of the catiérand in the MLCT and ILCT
transitions of the complex cations &-11, calculated from TD-DFT. The entries f8~11 were taken from ref 6i, in which the corresponding illustrations
for the complex cations i14—17 can also be found.

of multiphoton fluorescence fot—7;° 1064 nm nanosecond However, while theemax values at room temperature afhgd
laser for 8—26),524fi and they are inevitably subject to values at 77 K are-23 times larger for the ICT bands, tig,
complications arising from resonance effects. The utility of such values of these bands are only ca. 40% larger because of their
data for comparing thg, responses of the organics with those higher energies when compared with the MLCT bands. Within
of the related Rticomplexes is hence rather limited. In contrast, the organic polyene serids-4, u;, is largest fom = 3, while
the Stark measurements were all carried out by using exactly 41, maximizes ath = 2 within each of the three complex series
the same experimental procedure and therefore provide data tha8—11, 14—17, and20—23. Within a given polyene seriedu;»
may be compared directly with confidence. increases substantially as the conjugation path length is ex-
The Emaxvalues generally decrease on moving from solution tended, in keeping with normal expectations for dipolar
to glass (Tables 1 and 2), but the differences are larger for the molecules- The Aui, values for the ICT bands of the organics
MLCT bands of the complex salts (0.26.35 eV) than for the are of similar magnitude or a little smaller than those of the
ICT bands of their purely organic counterparts (6-02L1 eV). MLCT bands of the analogous complex chromophores, while
The ILCT absorptions of the complexes show intermediate-sized the ILCT transitions havé\u,, values that are only about half
shifts. The intensities of the MLCT bands in the complex salts, as large as those for the MLCT absorptions. In contrast, the
as indicated by theif,s andus2 values, are lower than those of  ICT bands havé\ua, values that are generally larger than those
the ICT bands in the corresponding organic chromophores. of either the MLCT or ILCT transitions.
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Figure 6. Representation of the molecular structure of the 4alt

If it is assumed that one electronic charge is transferred in mophores® However, these studies involved only the= 0
the various transitions, then the dipole moment changes can becompoundsl, 5, 7, 8, and12, and the more extensive results
used to calculate delocalized:{ = Auile) and effective analyzed here allow us to present a more complete comparison.
(localized rap = Auan/e) electron-transfer distances. The values Taken as a whole, the data in Table 2 confirm that pyridinium
of ry, for the complexes lie in the range ca. 260 A and are chromophores containing pyridyl-coordinated "Rammine
larger than those of their organic counterparts. In contrast, the centers do in most cases have larfgresponses than closely
rap values of the organics (ca. 220.0 A) are generally larger  related molecules with-CsHs-4-NMe; D groups. Although the
than those of the related complexes. As expected, the values ofestimated relative experimental errorb20% on thes, values
bothri, andrg, for each of the polyene series increase with introduces a degree of uncertainty when making comparisons
The calculated electron-transfer distances of 5.8:4 &nd 7.0 between a pair of compounds, the overall picture emerging from
A (rap) for the cation in4 are much smaller than the-N\N the collected data is clear. The greatest enhancemefitsaire
distance obtained from the X-ray crystal stucture (see later) of generally observed wittrans-{ Ru'(NHz)4(mim)}2" moieties
15.5 A and correspond approximately with the length of the (mim = N-methylimidazole; in salt80—26). However, the ob-
hexa-1,3,5-trienyl bridge. Also as expected, the valuesof  servation that unexpected blue-shifts and decreases.iof
andrgp, for the ILCT transitions in the complexes are ca—40 the MLCT bands lead to decreasifig values means that a
70% smaller when compared with those of the corresponding —CgH4-4-NMe, group becomes the superior electron donor with
MLCT processes. the longesh = 3 polyene chain (Figure 3). Even the combined

The values of,? andHgp, for the ICT bands of the organics  effects of the MLCT and ILCT transitions, which effectively
are in every case considerably larger than those for the MLCT correspond to co-directional transitions from two adjacent donor
bands of the complexes, indicating that for the ICT bands there sites, in complex salt$1, 17, and23 do not appear to compete
is significant mixing between the donor and acceptor orbitals. with the very larges, response associated with the single ICT
These results are consistent with the less effective d(R() process ih. Nevertheless, such elongated'Rummine pyridyl
vs p(N)-p(C) z-orbital overlap indicated by the electrochemical polyene complexes do have the added potential benefit over
and NMR data. The ILCT bands of the complexes generally related organic systems of exhibiting redox-switchable NLO
have largercy? and Hyp values than the ICT bands of the response8.
corresponding organics. Within the organic serles4, o Theoretical Studies.We have also carried out MO calcula-
increases steadily witm, as is normal for D-A polyene tions on the chromophoric cations in the organic shitg, the
chromophores.In contrast, within each of the three complex results of which can be compared with those for the related
series8—11, 14—-17, and20—23, 3o increases up ta = 2, but complex cations ir8—11 and 14—17.5 Molecular geometries
then begins to decrease if only the values derived from the were optimized at a planaCs symmetry using the B3P86/
MLCT data are considered. Even addition of the (smaligr) LanL2DZ model chemistry; the reliability of this approach can
values for the ILCT transitions d8—11, 14—17, and20—23 be confirmed by comparison of the theoretical results with
does not significantly alter the overall trend. It is hence clear average bond distances from the X-ray crystal structure of salt
that while continual extension of the polyene chain (at least up 4 (see below). The calculated distances (Figure 4) are generally
ton= 3) is a successful approach to enhancingbhesponses larger than those obtained from the crystallographic data.
of purely organic pyridinium chromophores, similar benefits are However, the mean absolute deviation is 0.032 A, with a
not found in related Rupyridyl compounds. maximum deviation of 0.054 A. The latter can be regarded as

In a previous communication, we concluded thagRu'- a reasonable result, given that solid-state geometries of salts
(NH3)s(pyridyl)} 2™ center is a more effective-electron donor are often very sensitive to the nature of the counterion and that
(in terms of enhancingo) than a—CgH4-4-NMe; group, because  the geometries of polar species are also affected by the polarity
the greater electron richness of the'Renter more than offsets  of the medium, an aspect which is not considered in gas-phase
the increasedr-orbital overlap in related purely organic chro- calculations.
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Table 4. Crystallographic Data and Refinement Details for Salt 4 Table 5. Selected Interatomic Distances (A) and Angles (deg) for

formula CaoHasFsNoP Salt 4

2071237 61N2!

ki 43637 c2 N1 130513 CzeN3 1 316014
oo piclinic C2-C3 1339(15)  C22C23 1.360(16)
alh 10.5351(4) C3-C4 1.383(14)  C23C24 1.390(14)
WA 11.1979(5) C4-C5 1.394(15) C24C25 1.408(14)
A 19.6541(10) c4-C7 1.428(14) C24C27 1.416(15)
a/deg 77.321(2) C5-C6 1.341(16) C25C26 1.310(15)
Bldeg 76.784(2) C6-N1 1.351(14) C26:N3 1.344(13)
yldeg 68.538(3) c7-C8 1.342(14) C27C28 1.332(14)
U/A3 2076.95(16) C8-C9 1.409(15) C28C29 1.403(15)
Z 4 C9-C10 1.367(15) C29C30 1.349(15)
TIK ) 150(2) C10-C11 1.408(15) C36C31 1.398(15)
/:é?ef:‘:‘tions collected 0-113?;35 5 C11-C12 1.357(14) C31C32 1.329(15)
independent reflectionsg) 4216 (0.1497) €12-C13 1.462(14)  C32C33 1.464(16)
final R1, wR2 | > 20(1)]2 0.1637. 0.4500 C13-C18 1.360(13) C33C34 1.405(14)
(all data) 0.1814. 0.4588 C13-C14 1.382(14) C33C38 1.412(14)
i i C14-C15 1.364(15) C34C35 1.397(15)
aThe structure was refined of,? using all data; the value of R1 is C15-C16 1.396(14) C35C36 1.385(15)
given for comparison with older refinements basedFgrwith a typical C16-N2 1.364(14) C36C37 1.361(14)
threshold ofF, > 40(Fy). Cl6-C17 1.388(14) C36N4 1.393(14)
Cc17-C18 1.449(14) C37C38 1.346(14)
Excitation energies, transition dipole moments, and ground-  C19-N2 1.378(14)  C39N4 1.511(14)
C20-N2 1.449(14) C46-N4 1.415(14)

and excited-state dipole moments were calculated by using the

time-dependent density-functional theory (TD-DFT) approach. Ni—¢2-C3 121.0(10)  N3C22-C23 121.6(11)
: . U C2-C3-C4 123.4(11) C22C23-C24 122.0(11)

Although TD-DFT !S I_<novyn_ to yield a poor description of C3-C4-C5 113.1(10) C23C24-C25 112.9(10)
charge-transfer excitatioR8jt is the most accurate method that C3-C4-C7 122.8(11) C23C24-C27 122.4(10)
can be used on large molecules at an affordable computational ggig‘;gz 12‘2‘283 ggggg‘;ggz iggzggg
cost. fo valut_as have been calculated_ by the flnltt_a f_|eId (FF) G5 Ce-n1 120:5(10) C25 G26-N3 121.'8(10)
method that involves a double numerical differentiation of the cg-c7-ca 127.9(11) C28C27-C24 127.9(10)
dipole moment with respect to the applied electric field. The C7-C8-C9 126.1(11) C27C28-C29 126.9(11)
; ; C10-C9-C8 124.7(12) C36C29-C28 124.1(11)

results of these calculations are presented in Table 3, together Co-C10-C11 124.7(12) C26C30-Ca1 120.1(12)

with ﬁo values derived by applylng eq 6 to the TD-DFT results. C12-C11-C10 122.7(11) C32C31-C30 123.7(12)
The extent of agreement between the calculated and experi- C11-C12-C13 128.2(10) C31C32-C33 128.6(11)

mentally measured parameters (Table 2) is relatively good for C€18-C13-C14 117.2(9) C34C33-C38 115.6(10)
the cations in salt$—4, showing the expected decrease of ICT gii:gig’igg Eg:gg?) gggggg:gg% ﬁg:gggg
energy and the increase/@fthat was also predictétfor related C15-C14-C13 122.3(10) C35C34-C33 121.0(10)
dimethylamino stilbazolium homologues using the sum over 534201%’_5;%6 ﬁgiﬁég gggggg:ggg ﬁg.ggég
states (SOS) approach._ Howeyer, the calculated val_uggszof N?—Clo-C15 1933 (11) C37Ca0-Na 1226 (10)
and Aui» are systematically high and low, respectively. In ~17_c16-C15 116.3(10) C35C36-N4 119.4(10)
contrast, the overall agreement between theory and experiment Cci16-C17-C18 120.0(10) C38C37-C36 122.5(10)

is somewhat variable for the R@omplex chromophore&The C13-C18-C17 121.5(10) C37C38-C33 122.1(10)
calculated values dEmax (12, and Aus, are all systematically g%:m:gg Eg:gg%) ggg”g:gg? Eg:?&gg
high, with the exception oAui, for then = 3 complexes, and C6-N1-C1 118.0(10) C26N3—C21 120.8(11)
u12 increases withn (even forn = 3). Nevertheless, the C16-N2—-C19 120.8(10) C36N4—C40 120.3(10)
unprecedented empirical trend @ maximizing atn = 2 for gig:mg_ggg Eg:?ggg gigm_ggg ﬁ%ggg
the RU' complexes is predicted by the FF approéichut

unsurprisingly not by applying eq 6 to the TD-DFT data. The

FF-derivedf, values do confirm the superiority of the RD due to transitions from the highest occupiedrbitals to the
units when compared with the CsHs-4-NMe, group forn = LUMOs. The topologies of the orbitals involved in these
0. No clear trend emerges from the FF results forrtre 1 or transitions forl—4 and 8—11 are shown in Figure 5. The

2 systems, but the increasesfigfor the cation in4 vs both of  excitation energies of the — #* transitions (ICT in1—4 and
the corresponding = 3 complexes are much larger than those || cT in 8—11 and14—17) are predicted rather accurately by

observed in the Stark-derived data. the TD-DFT calculations and show the expected bathochromic
Concerning the electronic absorption spectra, the [?WGSt shifts on extending the conjugation path lengths. In contrast,
energy bands in the organic salts4 correspond withr — the prediction of the MLCT excitations is not accurate, and the

ICT transitions fro_m the HOMOs to the LUMOs. The spectra gicylated energies are 0:16.52 eV above the experimental
of the complexes i8—11 and14—17 show low energy bands  yajyes determined in acetonitrile solution at 298 K (Table 1)
due to d— 7* MLCTSs from the HOMOs (mainly derived from 1 0.31-0.78 eV above the experimental results in butyronitrile
the RU' d orbitals) to the LUMOs and high energy ILCT bands  gasses at 77 K (Table 2). Because ofinteractions between
the solvent and the hydrogens of the Nlijands, which can

(26) Tozer, D. J.; Amos, R. D.; Handy, N. C.; Roos, B. O.; Serrano-Ag)dre

Mol. Phys.1999 97, 859-868. affect the charge on the Raenters, the MLCT bands are more
(27) Clays, K.; Wostyn, K.; Olbrechts, G.; Persoons, A.; Watanabe, A.; Nogi, i H * ;

K. Duan. X.-M. Okada, S.. Oikawa, H.. Nakanishi. H.: Vogel H.: sensitive to the medlu_m than are the— 7* absorptions (see

Beljonne, D.; Bféas, J.-L.J. Opt. Soc. Am. R00Q 17, 256-265. above). Thus, the differences between the calculated and
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experimental MLCT excitation energies can be primarily several other benzenesulfonate anions have also been reported
attributed to large positive solvatochromic shifts. to show SHG activity, but actual magnitudes were not gitfen.
The changes in excitation energies on lengthening the
polyenic spacers can be rationalized on the basis of interorbital
gaps: the HOMG-LUMO gap decreases by 0.92 eV on passing  Stark spectroscopic studies on purely organic salts containing
from 1 to 4, and the (HOMG-3)-LUMO gap decreases by  chromophores with-CgH4-4-NMe, D and pyridinium A groups
1.88 eV on moving fron8 to 11, thus supporting the expected reveal that extension of polyene chain bridges leads to red-
bathochromic shifts observed for these transitions. In contrast, shifting of the ICT absorption bands and increasixg, and
the variation in the HOMGLUMO gap in8—11is only 0.08 Po. In contrast, related species containing pyridyl-coordinated
eV, and the increased correlation (i.e., configuration interaction) { Ru'(NHz)s} 2" or trans-{ RU'(NHz)4L}2" (L = mim or pyridine)
on lengthening the spacer overcomes this small decrease andenters ast-electron donors display highly unusual optical
gives rise to an overall slight hypsochromic shift in the MLCT behavior in that their MLCT absorptions blue-shift as the
bands¥ It is also noteworthy that the HOMOs 8fand 14 are number oftrans-ethylene units increases, witl, effectively
essentially ruthenium d orbitals, but the HOMOs of the higher maximizing ain = 2. TD-DFT and FF calculations corroborate
homologues have a degreesstharacter that increases with the experimentally observed trends for both types of compound,
Also, while the LUMOs for the metal complexes have signifi- although the calculated parameters for thé Bamplexes differ
cant electron density on most of the atoms of the acceptor ligand,from those obtained experimentally. The contrasting depend-
asn increases, the electron density on the carbons bridging theencies of the optical properties on polyene chain length for the
two aromatic rings begins to dominate. This phenomenon, alongtwo classes of compound studied can be attributed to the degree
with the increased excitation energies, is responsible for the of D—A electronic coupling. ElectrochemicalH NMR and
lower Aui2 and o values of1l and 17 when compared with ~ Stark spectroscopic data all show thadrbital overlap is more
those of10 and16, respectively. The highui, andui, values effective in the purely organic compounds than in theif' Ru
calculated forn < 3 suggest that the actual HOMOs and/or counterparts. Hence, communication between the two ends of
LUMOs are less delocalized than those calculated. the molecules is sufficiently strong in the organics thaand
Crystallographic Study. We have previously reported that  u12 continually increase at least up o= 3. FurthermoreHap
salt6 and itsn = 2 counterpart crystallize in the noncentrosym- remains constant on moving from= 2 to 3. However, the
metric space grou@cand show large powder SHG efficiencies less effective B-A communication in the RU complexes
that are similar to that of DASY2¢ The new sal#4 has now becomes increasingly evident over long polyene bridges, so that
also been crystallographically characterized; a representation offo, 112, andHap decrease above = 2. It is clear that the Ru
the molecular structure is shown in Figure 6, and selected pyridyl ammine centers are generally more effective than a
interatomic distances and angles are presented in Table 5. The-CgHs-4-NMe;, group asz-electron donors, in terms of enhanc-
two independent cations in the unit cell show somewhat different ing 3o. However, in the cases whemne= 3, even the NLO effects
degrees of planarity, with torsion angles between the pyridyl associated with combined MLCT and ILCT transitions cannot
and phenyl rings of 22.94(4) and 5.38{6)nfortunately, this compete with the very largBo response associated with the
compound crystallizes centrosymmetrically in the triclinic space single ICT process in the purely organic chromophore.
groupP1 and thus is not expected to show any bulk quadratic
NLO effects. However, given the especially lafggevalues of
the cation ird, determined via both Stark spectroscopy and FF
calculations (694 and 60% 1073 esu, respectively), this

Conclusion
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