Chemistry

¢ Article

[norganic

Inorg. Chem. 2010, 49, 5025-5032 5025
DOI: 10.1021/ic100106b
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The photophysical properties of a series of ruthenium(ll) complexes possessing the dppp2 (dppp2 = pyrido-
[2,3":5,6]pyrazino[2,3-f][1,10]phenanthroline) ligand, [Ru(bpy).(dppp2)s_.°" (bpy = 2,2'-bipyridine; n = 0—3),
were investigated. The dppp2-containing complexes possess a remarkable solvent dependence of the luminescence
maximum, lifetime, and quantum yield. For example, the emission maximum of [Ru(bpy)2(dppp2)]?* blue shifts from
752 nm in CH3CN to 653 nm in CH,Cl,, concomitant with a 19-fold enhancement in the luminescence quantum yield.
Electronic structure calculations, transient absorption spectroscopy, and electrochemistry were also used to gain
insight into the photophysical properties of the dppp2 complexes. The pronounced solvent effect of the emission of
these complexes is attributed to the changes in the relative stabilities of two low-lying metal-to-ligand charge transfer
(MLCT) excited states on the environment, where the lowest energy MLCT state is more sensitive to the polarity of the
solvent than that which lies at slightly higher energy. Transient absorption spectroscopy shows that the identity of the
lowest energy MLCT state does not change as a function of solvent, however, its emission maximum and lifetime are
greatly affected by the polarity of the surrounding medium. In contrast to [Ru(bpy).(dppz)]*" (dppz=dipyrido[3,2-
a:2',3'-cphenzine), the lowest energy excited state in the dppp2-containing complexes is assigned as arising from a
triplet MLCT state where the charge is localized on the portion of the dppp2 ligand distal to the metal, SMLCTYS,

Introduction

Ruthenium polypyridyl complexes, such as [Ru(bpy)s]*"

(1, bpy = 2,2’-bipyridine, Figure 1a),' continue to be inves-
tigated extensively owing to their potential applications in
solar energy conversion,™ in sensing and signaling,*”” as

therapeutic agents,® ' and in the storage of information.*'>
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Ru(IT) complexes as luminescence-based sensors are particu-
larly attractive because of their high sensitivity, ease of
modification to obtain desired molecular structures, and
the simplicity of use.>!*~!7

In particular, Ru(Il) complexes possessing ligands with
extended zr-systems, such as [Ru(L)»(dppz)]*" (L = bpy or
phen (1,10-phenanthroline); dppz = dipyrido[3,2-a:2'.3'-
¢]phenzine; ligand structures in Figure 1a), exhibit marked
differences in luminescence quantum yields in water and
organic solvents."™'” Ruthenium(II) complexes with dppz
ligands are known to possess low-lying triplet metal-to-ligand
charge transfer CMLCT) excited states localized on the *
orbitals of the dppz ligand proximal CMCLT”"**, bpy) and
distal CMLCT?, phenazine) to the metal (Figure 1b).2%!
The lowest energy excited state in [Ru(bpy)»(dppz)]*" has
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Figure 1. (a) Molecular structures of the ligands bpy, dppz, and dppp2
and (b) schematic representation of the MLCT transitions from the
ruthenium center to a planar aromatic ligand with extended s-system
showing MLCT?"* and MLCT?*

been shown to be the nonemissive Ru—dppz *MLCT* state,
whereas the luminescent *MCLT”* lies at a higher
energy.”*! The lack of luminescence from the MLCT®*
state can be attributed to various factors, including the low
energy of the excited state, resulting in increased nonradiative
deactivation, and decreased electronic coupling due to the
longer donor/acceptor distance compared to *"MLCT?* 22!
The relative energy of the *"MLCT”"** and *MLCT** states is
dependent on the environment, resulting in marked popula-
tion shifts as a function of solvent.l&zo’21 These changes in
excited state energies have been used to explain the “DNA
light-switch” effect, which takes place when the com}zalex
binds to DNA through intercalation of the dppz ligand.
The solvent dependence of the Iuminescence of the di-
nuclear complex [(L),Ru(tpphz)Ru(L),]*" (L =bpy or phen)
has also been reported, where tpphz (tetrapyrido[3,2-a:2’,3'-
c:3" ,2” h 2 3" -jlphenazine) is a bridging ligand related to
dppz.”® The emission maximum of [(bpy)zRu(tpphz)
Ru(bpy)7] shifts from 733 nm in CH,Cl, to 749 nm in
CH;CN."* Time-resolved absorption and luminescence life-
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time measurements were used to investigate the excited state
interconversion between the two low-lying *MLCT levels
of [(phen),Ru(tpphz)Ru(phen),]*", where the decay of the
*MLCT?"* state and the concomitant formation of ‘MLCT*
occur in ~200 ps in CH,Cl,.> In contrast, the luminescence of
[Ru(bpy)»(tpphz)]*" depends weakly on solvent, with emis-
sion maxima of 613 and 627 nm in CH,Cl, and CH;CN,
repectively.”

The present work focuses on a series of mononuclear
ruthenium polypyridyl complexes possessing the dppp?2
(dppp2=pyrido[2',3":5,6]pyrazino[2,3-/][1,10]phenanthroline)
ligand, which is structurally related to dppz (Figure 1a). The
photophysical gropertles of Ru(bpy)z(dpppZ)]2+ (2), [Ru-
(bpy)(dppp2)a]™" (3), and [Ru(dppp2)s]*" (4) were investi-
gated and compared to those of 1 and related complexes. The
luminescence maxima and lifetimes of 2—4 are highly depen-
dent on solvent, and this effect is explained using electro-
chemical data and electronic structure calculations, among
other techniques. This pronounced solvent dependence
makes 2—4 potentially useful for sensing applications.

Experimental Section

Materials. 2,2’-Bipyridine (bpy), 1,10-phenanthroline (phen),
2,3-diaminopyridine, and ruthenium chloride hydrate were
purchased from Aldrich and used as received. Ru(bpy),Cl,,>*?
1,10- phenanthrohne—S 6-dione (phendione),”**” and [Ru(bpy)]-
(PF())z (1)"® were prepared according to literature methods.
Ru(dppp2),Cl, was synthesized using the reported method for
Ru(bpy),Cl,, replacing bpy with dppp2.2+*

Dppp2. The dppp2 ligand was synthesized via the condensa-
tion of phendione and 2,3-diaminopyridine in a manner similar
to that reported for tpphz.>® "H NMR (400 MHz, DM SO-dj) 6
(ppm): 9.54 (dd, J = 8.10, 1.58 Hz, 1H), 9.49 (dd, J = 8.10, 1.56
Hz, 1H), 9.40 (dd, J = 3.94, 1.78 Hz, 1H), 9.24 (dt, J = 4.04,
4.03,1.70 Hz, 2H), 8.82 (dd, J = 8.48, 1.71 Hz, IH), 8.06 (dd, /=
8.46, 4.02 Hz, 1H), 7.96 (dt, J=7.64, 7.61, 4.43 Hz, 2H). ESI-
MS: m/z, 306.1, [dppp2 + Na]™. Anal. Calcd for C;7HoNs-
0.25H,0: C, 70.95; H, 3.33; N, 24.33. Found: C, 70.68; H, 3.30;
N, 24.25.

[Ru(bpy)2(dppp2)|(PFe); (2). Ru(bpy)-Cl; (22 mg) was re-
fluxed under N, with 1 equiv of dppp2 (13 mg) in thoroughly
deaerated 50/50 ethanol/water (10 mL) for 3 h. The mixture was
allowed to cool to room temperature, and the complex was
precipitated as a red solid by the addition of a saturated aqueous
NH4PF; solution. The precipitate was washed with water and
diethyl ether and was dried under vacuum. The chloride salt of 2
was precipitated by the addition of BuyNCI to an acetone
solution of 2, as previously reported for related complexes,’
followed by column chromatography using Sephadex G-15 as
the solid phase and eluted with 0.1 M NaCl. The orange cluate
was dried under vacuum and was dissolved in CHCl; to separate
the product from NaCl. The product was further purified via
reverse-phase HPLC, eluted with a mixture of CH;CN (38%)
and 20 mM thiethanolamine acetate buffer (62%, pH=7.5) ata
flow rate of 5 mL/min, and precipitated with the addition of
NH,PF,.”* Yield: 78%. '"H NMR (400 MHz, CD;CN) 6(ppm):
9.71 (dd, J = 8.24, 1.32 Hz, 1H), 9.63 (dd, J = 8.23, 1.31 Hz,
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1H), 9.47 (dd, J = 4.01, 1.92 Hz, 1H), 8.84 (dd, J = 8.57,
1.92 Hz, 1H), 8.53 (dd, J = 13.28,8.11 Hz, 4H), 8.19 (ddd, J =
5.37,2.58, 1.33 Hz, 2H), 8.11 (dt, J = 7.99, 7.96, 1.65 Hz, 2H),
8.08 (dd, J = 8.52,3.97 Hz, 1H), 8.01 (dt, J = 8.05, 7.99, 1.46
Hz, 2H), 7.90 (dd, J = 8.24, 5.39 Hz, 2H), 7.84 (ddd, J = 5.65,
1.39,0.63 Hz, 2H), 7.73 (t, J = 4.37,4.37 Hz, 2H), 7.46 (t, J =
6.64, 6.64 Hz, 2H), 7.25 (tdd, J = 7.07, 5.69, 1.33, 1.33 Hz, 2H).
MALDI MS: m/z, [Ru(bpy)»(dppp2)]*, 697.3. Anal. Calcd for
C37H25F12N9P2RU'2H201 C, 4345, H, 286, N, 12.33. Found:
C,43.28; H,2.49; N, 11.91.

[Ru(bpy)(dppp2)2](PFe)2 (3). [Ru(bpy)(dppp2)2)(PFe). was
prepared by the coordination of 1 equiv of bpy to Ru-
(dppp2),Cl, and purified by the method described for 2. Yield:
83%. "H NMR (400 MHz, acetone-dy) & (ppm): 9.83 (dd, J =
8.26, 1.26 Hz, 2H), 9.73 (dd, J=8.16, 1.21 Hz, 2H), 9.60 (d, J =
8.18 Hz, 2H), 8.96 (dd, J = 11.72, 8.73 Hz, 2H), 8.91 (d, J =
7.95 Hz, 2H), 8.73 (t, J=4.60, 4.60 Hz, 2H), 8.64 (dd, J = 8.86,
4.20 Hz, 2H), 8.33—8.22 (m, 4H), 8.24—8.18 (m, 4H), 8.06—7.92
(m, 2H), 7.51 (m, 2H). MALDI MS: m/z, 970.7, [Ru(bpy)-
(dppp2)2](PF6)+ Anal. Calcd for C44H26F12N12P2RU .
4H,0: C, 44.57; H, 2.89; N, 14.17. Found: C, 44.66; H, 2.93;
N, 13.77.

[Ru(dppp2);](PFg); (4). RuCl3:2H,0 (0.10 g) was refluxed
with 10-fold excess dppp2 in ethylene glycol under N, for 8 h.*’
The mixture was allowed to cool to room temperature, and the
complex was precipitated as a dark red solid by the addition of a
saturated aqueous NHyPFg solution. The precipitate was
washed with water and diethyl ether and dried under vacuum.
Yield: 89%. '"H NMR (400 MHz, CD;CN) 6 (ppm): 9.75 (d, J=
8.10 Hz, 3H), 9.68 (dd, J=8.26, 1.03 Hz, 3H), 9.49 (dd, /=4.03,
1.87 Hz, 3H), 8.86 (dd, /=8.58, 1.88 Hz, 3H), 8.37 (dd, J=5.19,
3.41 Hz, 6H), 8.10 (dd, J=28.59,4.03 Hz, 3H), 7.88 (dd, /=8.23,
5.47 Hz, 6H). MALDI MS: m/z, 1096.1, [Ru(dppp2)s](PFe)*.
Anal. Caled for Cs;H,7F 52N sP,Ru-0.5H,0: C, 49.01; H, 2.26;
N, 16.81. Found: C, 49.08; H, 2.53; N, 16.65.

Instrumentation. '"H NMR spectra were obtained on a
400 MHz Bruker system. Electronic absorption spectra were
collected on a Hewlett-Packard diode array spectrometer
(HP 8453) equipped with HP 8453 WinSystem software. Emis-
sion spectra were recorded on a SPEX Fluoromax-2 spectro-
meter and transient absorption spectra were recorded on an
instrument described previously.”® Emission lifetime measure-
ments were conducted at room temperature using an Edinburgh
Instruments (FL920) single-photon-counting instrument, and
the lifetimes were fitted using the Edinburgh Instruments nF900
software. Cyclic voltammograms were obtained on a Cypress
Systems CS-1200 instrument in a single-compartment three-
electrode cell. A Hewlett-Packard HP 1100 series HPLC was
used in the purification. Elemental analysis was performed by
Galbraith Laboratories (Knoxville, TN), MALDI-TOF mass
spectrometry was performed on a Bruker Reflex III mass
spectrometer with 2,5-dihydroxybenzoic acid as the matrix,
and ESI mass spectrometry was conducted on a Bruker Micro-
TOF instrument.

Methods. Deoxygenation for the luminescence experiments
was performed by bubbling each sample with argon for 15 min
and keeping it under positive argon pressure during the experi-
ment. Emission quantum yields were calculated using
[Ru(bpy)s]*" in deoxygenated CH;CN (&, = 0.062) as the
reference actinometer with Aexe = 440 nm.*%*! The radiative and
nonradiative decay rates, k, and k,,, respectively, were calcu-
lated from k. = ®.,,/t and k. = 1/t — k,, where 7 represents the
emission lifetime. Cyclic voltammograms were measured in
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Figure 2. Electronic absorption (—), emission (—, Aey. =440 nm), and
excitation spectra (- - - +) spectra in CH3CN of (a) 15 uM 2 (A, =752 nm),
(b) 7 uM 3 (Aen = 740 nm), and (c) 6 uM 4 (Ae, = 705 nm), along with
emission spectra (— — —, Aexe =440 nm) in CH,Cl, at 298 K.

distilled acetonitrile containing 0.1 M BuyNPF as the supporting
electrolyte, using a glassy carbon working electrode, a platinum
auxiliary electrode, and a Ag/AgCl reference electrode. At the end
of each experiment, a small amount of ferrocene (Fc) was added as
an internal standard, and E; /Z(Fc” 0) =+0.66 V vs NHE was used
as the reference for calculating the oxidation and reduction
potentials of samples.?

All calculations were performed with the Gaussian 03
program package employing the DFT method with Becke’s
three-parameter hybrid functional and Lee—Yang—Parr’s
gradient-corrected correlation functional (B3LYP).*** The
Stuttgart/Dresden (SDD) basis set and effective core potential
were used for the Ru atom,* and the 6-31G* basis set was
applied for H, C, and N.** The geometries of the ground state and

(32) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
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J.; Ishida, M.; Nakajima, T.; Honda, Y .; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
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Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G,;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. A. Gaussian 03, revision
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Table 1. Absorption Maxima, Emission Maxima, Quantum Yields, and Electrochemistry of 1—4 in CH;CN at 298 K

Eyp v
Complex Jabs/nm (g/ x 10> M~ ' em™") Aem/nm D 342+ 2+4/+ +/0
1 287 (75.5), 450 (13.0) 619 0.062 +1.54 —1.07 —1.26
2 268 (52.1), 286 (55.2), 345 (15.9), 362 (21.9), 440 (11.7) 752 0.002 +1.60 —0.50 —1.16
3 269 (113.7), 345 (35.2), 362 (55.1), 440 (17.3) 740 0.003 +1.61 —0.53 —1.02¢
4 268 (161.1), 345 (48.5), 363 (79.5), 440 (20.1) 705 0.008 +1.59 —0.59 —0.84
@ Error: £0.001. 0.1 M BuyNPFg: vs NHE. ¢ Quasi-reversible.
Table 2. Emission Maxima, Lifetimes, and Calculated Rate Constants of Radiative and Nonradiative Decay of 1—4 in CH3;CN/CH,Cl, Mixtures at 298 K
Jem/nm (z/ns)” keny/ x 1085712 k) x 10%s71°
Fen,a,” 1 2 3 4 1 2 3 4 1 2 3 4
0.0 619(890) 752(35) 740 (68) 705(152) 1.1 28 15 6.5 7.0 5.7 44 5.3
0.2 615(820) 750 (57) 720 (129) 695(205) 1.1 18 7.7 4.8 7.8 5.3 4.7 8.8
0.4 611(802) 735(80) 700 (200) 679 (294) 1.2 12 5.0 3.3 7.9 6.3 5.0 10
0.6 608 (745) 705 (128) 670 (280) 656 (404) 1.3 7.7 3.5 2.4 8.7 7.8 5.7 12
0.8 602 (665) 680 (178) 644 (400) 627 (471) 1.4 5.5 2.4 2.0 8.5 12 6.3 15
1.0 600 (604) 653(273) 625 (440) 604 (314) 1.6 3.5 2.2 3.0 8.6 14 7.3 19

“Volume fraction of CH,Cl, in CH3CN given by Fep,ci, = Ven,en/(Ven,cl, + Ven,en)- b Error: +15%.

the lowest triplet state of 1—4 were optimized in acetonitrile and
dichloromethane using the conductive polarizable continuum
model method (CPCM). The local minimum on each potential
energy surface was confirmed by frequency analysis. The dipole
moment of each complex was calculated using the correspon-
ding optimized geometries of the ground state and the lowest
triplet state. The electronic orbitals were visualized using Chem3D
Ultra 9.0.

Results and Discussion

Photophysical Properties and Electrochemistry in
CH;CN. The electronic absorption, excitation, and emis-
sion (Aexe = 440 nm) spectra of 2—4 in deaerated CH3;CN at
298 K are shown in Figure 2, and the latter are compared to
the corresponding emission spectra in CH,Cl,. As listed in
Table 1, 2 exhibits a ligand-centered (LC) zzr™ transition
localized on bpy with a maximum at 286 nm in CH;CN,
similar to that at 287 nmin 1.’ A peak at 268 nm is observed
in 2, which appears at 269 and 268 nm in 3 and 4,
respectively, and is attributed to a LC transition of dppp2.
In addition, two transitions also associated with the dppp2
ligand are observed at ~345 and ~262 nm in 2—4 (Figure 2
and Table 1). Complexes 2—4 exhibit broad metal-to-ligand
charge transfer (MLCT) transitions with maxima at 440 nm
(Table 1), similar to that observed for 1, with a maximum at
450 nm.*

Table 1 also lists the electrochemical data collected for
1—4 in CH5CN, which exhibit one reversible Ru-based
oxidation and several ligand-based reduction waves, as is
typical of Ru(IT) complexes.*® As expected, the oxidation
potentials, £, >([Ru]**/*"), are similar in 1—4, consistent
with other ruthenium polypyridyl complexes that possess
metal-based highest occupied molecular orbitals
(HOMOs) with little contribution from the ligands.*®*’
In contrast, the dppp2-localized first reduction poten-
tials, E;([Rul**/"), vary significantly among the com-
plexes in the series. The bpy-localized reduction of 1 at

(36) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.;
Von Zelewsky, A. Coord. Chem. Rev. 1988, 84, 85.

(37) Fees, J.; Kaim, W.; Moscherosch, M.; Matheis, W.; Klima, J.;
Krejcik, M.; Zalis, S. Inorg. Chem. 1993, 32, 166.

—1.07 V vs NHE is consistent with previously reported
values.**** The £, »([Ru]*"/") values of 2—4 are shifted to
more positive potentials, —0.50, —0.53, and —0.59 V vs
NHE, respectively, as expected for ruthenium comp-
lexes possessing ligands with extended s-systems that
are easier to reduce than bpy.*° It should be noted that
the homoleptic complex 4 is slightly harder to reduce than
2 and 3 by 0.09 and 0.06 V, respectively, indicating that
the lowest unoccupied molecular orbital (LUMO) in the
former lies at slightly higher energy than those in the
latter. Therefore, the invariance of the MLCT absorption
maxima of 1—4 indicates that this electronic transition in
2—4 is not associated with the corresponding LUMO.
This point is discussed in greater detail in the sections to
follow.

The emission maxima (Aey,) and quantum yieds (®.,)
of 1—4 in CH;CN at 298 K are listed in Table 1. The
emission maxima of 2—4 in CH;CN are at significantly
lower energy than that of 1, consistent with an MLCT
excited state where the charge transferred is localized on
the dppp2 ligand and not on the ancillary bpy ligands.
The excitation spectra of 2—4 monitored at the emission
maximum of each complex at room temperature overlap
well with the corresponding absorption spectra in both
CH;CN and CH,Cl, (Figure 2), indicating that the
luminescence of the dppp2 complexes does not originate
from a highly emissive impurity. The maxima of the
luminescence spectra of 2—4 at 77 K in EtOH/MeOH
(v/v=4:1) blue shift to 650, 610, and 600 nm, respectively,
as is typical of Ru(I) complexes.’® Unlike the 77 K
emission spectrum of 1 under similar experimental con-
ditions, those collected for 2—4 are broad with no clear
vibronic structure.

It is evident from Table 1 that in CH3CN the emission
maximum blue shifts from 752 nm in 2 to 740 and 705 nm
in 3 and 4, respectively, with a concomitant increase in
quantum yield. The longer lifetime and ®.,, of 1 com-
pared to those of 2—4 in CH;CN (Tables 1 and 2) can be
attributed to the higher energy of the emission maximum

(38) Elliott, C. M.; Hershenhart, E. J. J. Am. Chem. Soc. 1982, 104, 7519.
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of the former, as expected from the energy gap law.*®
The trend of the dppp2-localized reduction potentlals
Eyjx([Ru] 2+/4), of these complexes in CH;CN s also
consistent with the blue shift of the emission maxima
from 2 to 4in the same solvent (Table 1). For comparison,
the first reduction potential of [Ru(bpy)»(dppz)]*" was
reported to be —0.73 V vs NHE, which lies at a more
negative potential than those of 2—4, but with a similar
oxidation potentlal (+1.57 V vs NHE).*® Accordingly,
the emission maximum of [Ru(bpy),(dppz)]*" in CH;CN
has a maximum at higher energy (~630 nm) than those of
2—4 (Table 1).°

The strong luminescence of the homoleptic complex 1
arises from its charge transfer excited state where the
charge is localized on the bpy ligands, which are similar to
SMLCT?"~ depicted in Figure 1b for the dppp2 com-
plexes 2—4. The lower energy emission maxima of 2—4
stem from *MLCT transitions where the transferred
electron is localized on the dppp2 ligand. The shorter
lifetimes and lower quantum yields of the luminescence of
2—4 compared to that of 1 can be explalned by the
presence of low-lying dppp2-based 3MLCT states in
the former, which lie at lower energy than *MLCT?"~,

The radlatlve and nonradiative decay rate constants, k,
and k,,, respectively, were also determined for 1—4
(Table 2). The values of &k, and k&, of 1 in CH3CN are
similar to those reported for [Ru(dmb)s]*" (dmb = 4,4’
dimethyl-2,2"-bipyridine) in the same solvent, 8.3 x 10*
and 1.06x10°s™", respectively,®” although the dd excited
states were not considered in the calculation of k, and k.
Similarly, k, = 7.7x 10* s~! and k,, = 4.8 x 10° s~ were
previously reported for 1in CH3CN.*’ The lower energy
excited states in 2—4 are expected to nonradiatively decay
more efficiently to the ground state compared to that of 1
at higher energy, thus resulting in shorter lummescent
lifetimes and lower quantum yields in the former.>*' The
values of k,, measured for 2—4 are consistent with the
energy-gap law and are significantly greater than that of 1
in CH3CN, whereas the values of k, of the four complexes
are of similar magnitude (Table 2). For 2 in CH;CN, the
calculated values of k. and k,,, are compdrdble to those of
(bpy)zRu(tpth)Ru(bpy)z 1" (k,=7.0x10%s" " and k,,, =
1.1 x 107 ) with emission maximum at 749 nm in
CH;CN.® 23 In general, greater k,,, values contribute to
the lower emission quantum yields and shorter lifetimes
of 2—4 in CH53CN compared to those of 1. The solvent
dependence of these values is discussed in the following
section.

Solvent Dependence. The solvent dependence of the
photophysical properties of [Ru(phen),(dppz)]*" has
been previously investigated. ® In nonqueous solvents,
the luminescence lifetime and quantum yield of the com-
plex show a clear relationship with the polarity of the
medium. Changes in these quantities do not fit well
with the hydrogen-bonding ability of the solvent, a
factor that was proposed in early work to affect its
spectroscopic pro erties The emission maximum of
[Ru(phen),(dppz)]”" does not vary significantly within a
series of nonaqueous solvents with a wide range of

(39) Damrauer, N. H.; Boussie, T. R.; Devenney, M.; McCusker, J. K.
J. Am. Chem. Soc. 1997, 119, 8253.
(40) Caspar, J. V.; Meyer, T. J. J. Am. Chem. Soc. 1983, 105, 5583.
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Figure 3. Transient absorption spectra of 2 in CH;CN (@, 75 uM) and
CH,Cl, (O, 26 uM) collected at 24 and 160 ns after the laser pulse,
respectively.

polarities, shifting only 34 nm (917 cm™ ') from
CH,CI, to DMSO, with maxima that include 592 nm
in CH,Cl,, 607 nm in CH5CN, and 626 nm in DMSO.'®
In contrast, complexes 2—4 exhibit a substantially greater
shift in emission maxima from CH,Cl, to CH5CN, and
in CH;CN/CH,Cl, mixtures, together with signific-
ant changes in the luminescence lifetime and quantum
yield.

The absorption spectra of 2—4 are nearly identical in
CH,Cl, and CH5CN, as previously reported for 1.*° In
contrast, the emission spectra of 2—4 vary noticeably with
increasing volume fraction of CH,Cl, in CH3CN. The
emission maximum of 2 shifts from 752 nm in CH5CN to
653 nm in CH,Cl, (2016 cm ™ '), and those of 3 and 4 blue
shift 115 nm (2487 cm™ ") and 101 nm (2372 cm™ ),
respectively, in the same solvents (Table 2). Additionally,
only weak luminescence (®.,, = 0.002) with a short life-
time (35 ns) was measured for 2 in CH3CN, with a 19-fold
greater intensity (P, = 0.038) and an 8-fold increase in
lifetime (273 ns) in CH,Cl, (Table 2).

The emission maximum of 2—4 shifts uniformly with
solvent composition in CH,Cl,/CH3CN mixtures, with-
out a distinct break in the trend. The emission lifetime of
each complex increases with CH,Cl, fraction, and each
decay can be fitted to a monoexponential function at each
solvent composition. These results are indicative of a
gradual energy shift of the lowest energy state, SMLCT,
in 2—4 as the polarity of the surrounding medium is
tuned. Interactions with *MLCT?** at higher energy
may also play a role in the observed solvent dependence.
It would be expected, however, that changes in the

polarity of the surroundlng medium would have a gredter
effect on the energy of *MLCT? than *MLCT?”"~, a
discussed in more detail below.

The transient absorption spectra of 2 in deoxyge-
nated CH3CN and CH,Cl, are shown in Figure 3 (Ao =
355 nm, fwhm ~8 ns). It is apparent from Figure 3 that
the spectral profiles in the two solvents are superimpo-
sable, dominated by the bleach of the ground state
absorptlon and positive signal with 2 maximum at
~380 nm, consistent with the same *MCLT excited
state in CH3CN and CH,Cl,. The transient absorption
signal at 440 nm in CH,Cl, was fitted to a monoexpo-
nential decay resulting in 7 = 298 ns, and although in
CH;CN the signal was within the temporal resolution
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Figure 4. (a) Calculated molecular orbital diagrams of 1—4 and
(b) electron density of selected unoccupied molecular orbitals of 2
(isovalue = 0.04).

of the instrument, the lifetime at 440 nm can be esti-
mated to be ~40 ns. In 50:50 CH;CN/CH,Cl, (v/v) the
lifetime of the transient signal at 440 nm was ~100 ns,
also in agreement with the emission data (Table 2). The
similarity of the transient absorption and emission
lifetimes (Table 2) indicates that both signals arise from
the same excited state of 2 in each solvent and in the
mixture, "MLCT".

The values of k. and k,,, were also determined for each
complex as a function of CH,Cl, volume fraction in
CH;CN and are listed in Table 2. Consistent with pre-
vious results, little variation is observed for the k. and k,,
values of 1 with increasing CH,CL.* In contrast, the
radiative decay rate constants, k., of 2—4 decrease with
increasing solvent polarity (decreasing the volume frac-
tion of CH,Cl, in CH;CN). It is also evident from Table 2
that the value of k., of 2—4 is sensitive to the medium,
with an 8-fold increase measured for 2 from CH,Cl, to
CH;CN. Similarly, the values of k,,, of 3 and 4 increase by
factors of 7 and 2, respectively, in the same solvents. In
contrast, the magnitude of both &, and k,,, of the emission
of the MLCT”* of [Ru(phen),(dppz)]*" have been
reported to be relatively unaffected as the solvent is varied
from CH;CN to CH,CL.'® In general, the &, values of
2—4 are greater than those of other typical ruthenium
polypyridyl complexes in CH3CN, while the k. values are
similar to others.”3%%

Electronic Structure Calculations. Density functional
theory calculations were performed to aid in the under-
standing of the photophysical properties of 1—4. The
calculated molecular orbital (MO) diagrams of 1—4 are
compared in Figure 4a. Since the metal-centered oxida-
tion potentials of 1—4 are similar (Table 1), the HOMOs
of the four complexes were set at 0.0 ¢V in Figure 4a. The
LUMOs of 2, 3, and 4 were calculated to lie 0.52, 0.48, and
0.42 eV below the LUMO of 1, which correspond well to
the measured difference in E, /2([Ru]2+/ ") values of 2—4
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Figure 5. Calculated dipole moment difference between the ground state
and the lowest energy triplet state of 1—4 in CH;CN (@) and CH,Cl, (O).

compared to that of 1 (Table 1). The LUMOs of the
heteroleptic complexes 2 and 3 were calculated to lie 0.10
and 0.06 eV below that of the homoleptic 4, consistent
with the corresponding 0.09 and 0.06 V difference in the
corresponding measured E; /2([Ru]2+/ *) values (Table 1).

Selected unoccupied MOs of 2 are displayed in
Figure 4b, showing that the LUMO of 2 is centered solely
on the portion of the dppp2 ligand distal to the metal,
while the LUMO+1 is localized on the portion of the
same ligand proximal to the metal. The LUMO+2 and
LUMO+3, also shown in Figure 4b, exhibit significant
contribution from orbitals from the ancillary bpy ligands.
The LUMO+1, LUMO+2, and LUMO+3 of 2 were
calculated tolie 0.54, 0.63, and 0.66 eV above the LUMO,
respectively. The calculated energies and corresponding
electron densities of the low-lying unoccupied orbitals of
2 demonstrate that the MOs with contribution from the
distal portion of the dppp2 ligand are easier to reduce
than those with electron density proximal to the metal or
on the ancillary bpy ligands. Similar to that of 2, the
electron densities of the LUMOs of 3 and 4 were also
calculated to be localized on the distal portion of the
dppp2 ligand (Figure S2). It should also be noted that for
3the LUMO and LUMO+1 exhibit orbital contributions
distal to the metal, whereas LUMO+2 and LUMO+3
possess electron density proximal to the metal. In con-
trast, contributions from proximal orbitals are not ob-
served in the LUMO, LUMO+1, or LUMO+-2 of 4, only
in the LUMO+3 (Figure S2). The results for 2—4 can be
compared to those of 1 in Figure 4a, for which the
energies of the lowest energy unoccupied MOs with
electron density proximal to the metal center lie at similar
energies and are believed to contribute to the strong
MLCT transition in the absorption spectra of the com-
plexes with maxima at 440—450 nm. However, the emis-
sion of the complexes arising from transitions associated
with the LUMO is highly dependent on the energy of this
orbital and shifts significantly among the complexes.

Excited State Description and Comparison to Related
Complexes. Marked solvent dependence of the emission
maximum and lifetime has been previously reported for
related mononuclar and dinuclear Ru(II) complexes pos-
sessing ligands with extended s-systems. In such com-
plexes, several low-lying MLCT excited states play a role
in the observed photophysical properties.

As discussed above, fast internal conversion (IC) be-
tween low-lying *MLCT states has been reported for
g(phen)zRu(tpphz)Ru(phen)z]”, where the decay of

MLCT?"** and concomitant formation of *MLCT?*
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Figure 6. Schematic representation of the shift in the potential energy surfaces of the low-lying excited states along the solvent coordinate of 2—4 with

increasing fraction of CH,Cl, in CH3CN.

take place in ~200 ps.?® The ability to directly observe
higher energy *MLCT states in Ru(II) complexes is
unusual, since the IC rates are typically very fast, as is
likely also the case in 2—4.%**! Therefore, the lumines-
cence of 2—4 is expected to originate from the lowest
energy state, "MLCT?*. However, the calculations pre-
sented here and experimental data on related molecules
predict the presence of a nearby state, "MLCT?"**, at
slightly higher energy than *MLCT?.”® In general,
MLCT?”"" is expected to be highly emissive, whereas
the luminescence from *MLCT“* is expected to be weak if
present.

The dipole moments of the ground state and the lowest
energy triplet state of 1—4 were calculated in CH;CN and
CH,Cl, treating the solvent as a continuum (Table S1). A
transition dipole moment of 14.1 + 6.1 D was reported for
1 in CH;CN based on fits of its absorption spectrum,*
and a dipole moment change of 8.8 £+ 0.7 D for the
complex was determined in alcohol at 77 K by Stark
effect spectroscopy.*® [Ru(phen);]*" was reported to ex-
hibit a 6.7 & 1 D dipole moment change from the ground
state to the '"MLCT and an estimated 11 & 4 D difference
in dipole moment between its singlet and triplet states.**
The ground state dipole moment of 1 was calculated to be
0 D, and the dipole moment difference between the
ground state and the lowest triplet state was calculated
to be 9.2 D in CH;3CN and 8.8 D in CH,Cl, (Table S1).
The dipole moment changes calculated for 1 are in
good agreement with reported experimental results.*>~**
Without ligands with an extended s-system, the dipole
moment difference in 1 is nearly invariant from CH,Cl,
to CH;CN (Figure 5). However, a large increase in
the dipole moment difference between the ground state
and the lowest triplet state of 2 is calculated with increase
in solvent polarity, with a value of 15.0 D in CH,Cl, and
19.4 D in CH;CN, indicating that the lowest energy
triplet state, "MLCT®*, is more stabilized in CH;CN than

(41) (a) Damrauer, N. H.; Cerullo, G.; Yeh, A. T.; Boussie, T. R.; Shank,
C. V.; McCusker, J. K. Science 1997, 275, 54. (b) Yeh, A. T.; Shank, C. V.;
McCusker, J. K. Science 2000, 289, 935.

(42) Kober, E. M.; Sullivan, B. P.; Meyer, T. J. Inorg. Chem. 1984,
23,2098.

(43) Oh, D. H.; Boxer, S. G. J. Am. Chem. Soc. 1989, 111, 1130.

(44) Karki, L.; Hupp, J. T. Inorg. Chem. 1997, 36, 3318.

in CH,Cl,. Furthermore, as shown in Figure 5, the dipole
moment difference decreases from 2 to 4 as the number of
dppp2 ligands increases, implying the *MLCT?* of 2 is
more stabilized than those of 3 and 4, which is supported
by the emission maxima across the series of complexes.

From the dependence of the emission maximum on the
solvent polarity factor, [(e; — 1)/(2& + 1)] — 0.5[(g5p, — 1)/
(2e0p + 1)], where &5 and &,,, are the static and optical
dielectric constants of the solvent mixture, linear fits with
slopes of (—6.5 4+ 1.6)x 10% and (—28.7 + 3.9)x 10° cm ™!
can be obtained for complexes 1 and 2, respectively.*’
These values can be used to calculate the solvent cavity
diameter (d) of a complex if its excited state dipole
moment is also available according to Weller’s model,***
resultingin d=4.2 and 4.1 A for 1in CH3;CN and CH,»Cl,,
respectively. These values correlate well with the near
invariance of the emission maximum of 1 in these solvents
and are also consistent with the distance from the ruthe-
nium to the center of the 7* orbitals on the bpy ligands
(~3.7A). Similarly, the solvent cavity diameters were also
calculated for 2, resulting in d= 6.0 and 5.3 A in CH;CN
and CH,Cl,, respectively. The longer calculated distance
in CH;CN is consistent with the larger dipole moment of
the lowest triplet state of 2 in CH3CN compared to that in
CH,Cl,. The distance in 2 from the ruthenium to the
nitrogen atoms in the phenazine ring of the dppp2 ligand
is ~6.6 A, based on the optimized geometry (Figure S1).
These results are consistent with the emission of 2 arising
from *MLCT“* in both solvents.

The solvent dependence of the luminescence of 2—4 can
be explained using the simple model shown in Fia}gure 6.1n
a polar solvent, such as CH3CN, the SMLCT® state is
highly stabilized because of its large dipole moment, thus
it lies at a significantly lower energy than *MLCT?"~,
From the energy gap law, it can be predicted that such
stabilization results in low energy emission with short
lifetime and low %uantum yield. In a low polarity solvent
such as CH,Cl,, "MLCT is destabilized, such that it is
closer in energy to *MLCT”"**, resulting in a longer lived
emissive state with greater quantum yield. On the basis of

(45) (a) Beens, H.; Knibbe, H.; Weller, A. J. Chem. Phys. 1967, 47,
1183. (b) Wasielewski, M. R.; Minsek, D. W.; Niemczyk, M. P.; Svec,
W. A,; Yang, N. C. J. Am. Chem. Soc. 1990, 112, 2823.
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the photophysical data of 2—4, it is predicted that the
luminescence of each complex arises from the *MLCT*
state and that the interconversion between *MLCT”"*
and *MLCT? must be at least an order of magnitude
greater than the decay from *MCLT?*.**%7 This predic-
tion is indeed confirmed by the results of femtosecond
transient absorption spectroscopy.*® As recently reported
by our group, the ultrafast dynamics of the interconver-
sion between the two *MLCT states in 2 is highly depen-
dent on solvent polarity, showing a rise time of the
SMCLT? state of 67 and 26 ps in CH,Cl, and CH5CN,
respectively, from the initially populated *MLCT?"**
state.**

Conclusions

The synthesis, characterization, and photophysical proper-
ties of a series of ruthenium complexes that possess the dppp2
ligand are presented. Different from the relatively strong
luminescence and relatively insensitive emission maximum of
[Ru(bpy)»(dppz)]*" and 1 in organic solvents, the photophy-
sical properties of 2—4 exhibit a strong dependence on
solvent polarity. The luminescence quantum yield of 2 is
19-fold greater in CH,Cl, than in CH;CN, and a large red
shift of the emission maximum from 653 nm in CH,Cl, to

(46) Olson, E. J. C.; Hu, D.; Hormann, A.; Jonkman, A. M.; Arkin,
M. R.; Stemp, E. D. A.; Barton, J. K.; Barbara, P. F. J. Am. Chem. Soc. 1997,
119, 11458.

(47) Onfelt, B.; Lincoln, P.; Nordén, B.; Baskin, J. S.; Zewail, A. H. Proc.
Natl. Acad. Sci. 2000, 97, 5708.

(48) Sun, Y.; Liu, Y.; Turro, C. J. Am. Chem. Soc. 2010, 132, 5594.
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752 nm in CH3CN is also observed. Electrochemistry
and theoretical calculations suggest that such a strong
dependence on solvent polarity results from the greater stabi-
lization of the excited state localized on the distal portion of the
dppp2 ligand, *MLCT? in the polar solvent compared to that
localized on the proximal part of dppp2, "MLCT”"**. Transient
absorption experiments show that the identity of the excited
state is the same in CH3;CN and CH,Cl,. The smooth variation
of the emission spectra of 2 in CH3;CN/CH,Cl, mixtures
demonstrates that the energy of its lowest excited state can be
gradually raised through the addition of CH,Cl, to CH;CN. In
contrast to [Ru(bpy)»(dppz)]**, the lowest energy excited state
in the dppp2-containing complexes is assigned as arising from
a triplet MLCT state where the charge is localized on the por-
tion of the dppp2 ligand distal to the metal, "MLCT®. The
larger charge separation distance in *MLCT compared to
SMLCT?"* makes the former more sensitive than the latter to
changes in solvent polarity. Overall, the strong solvent depen-
dence of the luminescence of 2—4, including the large shift of
the emission maximum, makes these complexes potential
candidates for various sensing applications.
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