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Probing the Excited States of Ru(ll) Complexes with Dipyrido[2,3-a:32'-c]phenazine: A
Transient Resonance Raman Spectroscopy and Computational Study

I. Introduction

Ru(ll) polypyridyl complexes have long held a fascination
for researchers as they have the potential for incorporation into
energy harvesting and other optoelectronic devicé<ritical
to the success of using compounds in these applications is a
clear picture of the nature of the excited state formed upon
photoexcitation. For most metal polypyridyl complexes that are
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The lifetimes and transient resonance Raman spectra for Ru(ll) complexes with the dipyrido[23:h:3
phenazine (ppb) ligand and substituted analogues have been measured. The effect of altering the Ru(ll) center
({Ru(CN)} 2~ versus{Ru(bpy}}?"), of the complex, on the excited-state lifetimes and spectra has been
considered. For [Ru(bpy)]?" complexes the excited-state lifetimes range from 124 to 600 ns in MeCN
depending on the substituents on the ppb ligand. For the [Ru{N)complexes the lifetimes in ¥ are
approximately 5 ns. The transient resonance Raman spectra for the MLCT excited states of these complexes
have been measured. The data are analyzed by comparison with the resonance Raman spectra of the
electrochemically reduced [(PR¥Cu(u-L*~)Cu(PPh),]* complexes. The vibrational spectra of the complexes

have been modeled using DFT methods. For experimental ground-state vibrational spectra of the complexes
the data may be compared to calculated spectra of the ligand or metal complex. It is found that the mean
absolute deviation between experimental and calculated frequencies is less for the calculation on the respective
metal complexes than for the ligand. For the transient resonance Raman spectra of the complexes the observed
vibrational bands may be compared with those of the calculated ligand radical anion, the reduced complex
[RU(CN)L*"]37, or the triplet state of the complex. In terms of a correlation with the observed transient RR
spectra, calculations on the metal complex models offered no significant improvement compared to those
based on the ligand radical anion alone. In all cases small structural changes are predicted on going from the
ground to excited state.

et al.}2in their seminal work on the resonance Raman excited-
state spectrum of [Ru(bpy}f™, were able to show the presence

of bpy~ in the MLCT state by comparing the complexes
excited-state spectrum with that of chemically generatedbpy
The close correspondence between features in these two spectra
provided strong evidence for [R(bpy)(bpy~)]¢™* formula-

tion of the MLCT excited state. In some cases the vibrational

used in energy harvesting applicatidrighe active excited state ~ Signatures from spectator ligands may also be observed, as is

is a metal-to-ligand charge-transfer (MLCT) state in which the the case for tetracarbongl{diimine)tungsten complexes studied
metal is formally oxidized and the ligand formally reduded. by Zink et al?*
Many studies have used resonance Raman spectroscopy to probe Many attempts have been made to model the MLCT excited
the transient species formed following photoexcitafi$h!! This states of polypyridyl complexes. Often reduction of a ligand is
may be achieved by single-color pumprobe methodologiz12 used as a model for excitation of a compféxiue to the nature
in which the leading edge of a laser pulse populates the transientof the excited state involving the formal oxidation of metal
state and the trailing edge probes the scattering from the center and reduction of a ligand to its radical anion. One of the
transient. The single-color protocol has been successfully usedfirst detailed theoretical studies by Damrauer #eised ligand
to examine transient species on the nanosedéfdnd pico- radical anions and even parts of ligands to explore the level of
second time scalé$. An alternate method is the two-color  electron delocalization in MLCT excited states for a series of
experiment in which the pump pulse creates the transient species; 5-diphenyl-2, 2bipyridine ligands and their complexes. Through
and resonance Raman scattering is produced by the probestdies of the aryl pyridine sections of the ligand it was possible
pulse—the delay between the arrival of each of these pulses aty estaplish that the level of electron delocalization between
the sample may be used to give temporal resoluiidn. the phenyl and pyridine as the phenyl groups was substituted. The
case of MLCT excited states the key spectral signatures thatgicylations on the reduced aryl pyridines showed that in the
man_lfest in th_e resonance RarPﬁalgzs(,)pectra are often features ofy o1 excited state the ligands would attempt to adopt a planar
the ligand radical anion speci#®!®1%2 For example Woodruff 05 metry with reorganization energies of between 4 and 7 kcal/
* Corresponding author e-mail: kgordon@alkali.otago.ac.nz. mol for 4—phenyl_p3_/r|d|ne, 4-(o-tolyhpyridine and 4-(2,6-di-
t University of Otago. methylphenyl)pyridine. Model complexes have also been used
*Queen’s University Belfast. to approximate the excited state. Previous studies have shown
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SCHEME 1: Structure of ppb (R = H), ppbMe; (R = [Ru(bpy)L](PFe). complexes were prepared based on meth-
CH'3), and ppbCl, (R = ClI) ods previously publishe¥.[Ru(bpy)Cl,] (104 mg, 0.2 mmol)
and the polypyridyl ligand (0.31 mmol) were dissolved in 1:1
ethanol:water mixture (20 mL) and refluxed overnight. The
solvent was removed from the solution by rotary evaporation.
The resulting solid was dissolved in waterl(0 mL) and filtered

to remove unreacted ligand. Saturated Ng&fsolution was
added dropwise~0.5 mL) until the complex precipitated out.
The precipitate was filtered from the solution and recrystallized
from methanol if required.

Ko[RUu(CN)L] complexes were prepared using methods based
that the MLCT excited state of [Cu(phen)(RRh"™ can be on those previously publishéd K /Ru(CN)]-xH,O was used
modeled using B3LYP/6-31G(d) calculations on the reduced as supplied (Aldrich). RU(CN)L]:K 4[RU(CN)]-xH20 (250
state of [Cu(phen)(Ph,]".2® Good agreement was found mg, 0.55 mmol, assuming 2,8) in water (250 mL) was added
between the calculated modes and those observed in the transiertb the polypyridyl ligand (0.50 mmol) in methanol (300 mL) in
resonance Raman spectrum. It was also found that the radicala quartz reaction vessel. The resulting solution was purged with
anion of phen alone, phen was less effective at modeling the  argon and irradiated with 254 nm light for 30 h. The solvent
radical anion features present in the excited state of the complexwas removed by rotary evaporation. The solid was dissolved
[Cu(phen)(PP¥)2] ™. in the minimum amount of water and filtered to remove

The first example of the calculation of a molecular structure unreacted polypyridyl ligand. Methanot(50 mL) was added
and vibrational spectra of an MLCT excited state of a poly- to the solution, and the solution was filtered to remove unreacted
pyridyl complex was reported by Schoonover ef‘alhey Ru(ll) precursor. The solvent was removed from the filtrate by
investigated the MLCT excited state of [Re(bpy)(G@)Etpy)I rotary evaporation. The solid was redissolved in a minimum
(4Etpy= 4-ethylpyridine), using density functional theory, with  amount of water and acetone was addedl§0 mL). The
the B3LYP method and a 6-31G(d) basis set on all atoms exceptsolution was filtered, and the collected solid igRU(CN),L].

Re. The Re atom was modeled using a modified LANL2DZ- Microanalysis of K[RUu(CNyL] complexes could not be
type effective core potential (ECP) basis ¥€the frequencies carried out due to incomplete combustin.

of the CO modes were calculated for the excited state and [Ru(bpy)2ppb](PFe)2. Found: C, 43.84; H, 2.72; N, 10.64%.
compared to those observed in time-resolved IR (TRIR) spectra. cgied for QBHZGNBPZFIZRU-(HZO);: C 43.89' H 3.10° N
The shifts in the CO modes upon excitation are well reproduced 1 7g0s. ' C C

by the calculation, as are the relative intensities of the bands in [Ru(bpy)sppbCls](PFe)s. Found: C, 40.02: H, 2.48; N,

both the ground and excited states. The calculated geometry, 0 ; .
changes around the metal center upon excitation also supportg'g\f;'_/ol\'I Cgalgl(yzor GaH2NGClPoFRuU.(HO)s s C, 40.19; H,

their predictions of molecular orbital mixing in the excited state. .
[Ru(bpy)2(ppbMey)](PFg)2. Yield: 84%; Found: C, 45.54;

We are interested in complexes with the dipyrido[2,3-2'3 ! )
clphenazine (ppb) ligand and substituted analogues (Schemé_" 2.96; N, 10.57%. Ciloc/od for fHzoNsP2F12Ru. (H0): C,

1). The ppb ligand is unusual in that it forms complexes with 45.76, H, 2.84; N, 10'§
low-lying MLCT excited states which still possess long  K2RU(CN)4(ppb)]. Yield: 30%;'H NMR (500 MHz, D;0O)
lifetimes?5 For many polypyridyl complexes, low energy MLCT ~ 9 9-48 (1H, d,J=8.5 Hz), 9.16 (1H, d) = 5.0 Hz), 8.11 (1H,
states have short lifetimes because of increased rates ofd:J=8.5Hz),7.93-7.74 (5H, m), 7.28 (1H, dd], = 5.5 Hz,
nonradiative relaxatiorky,, as expounded by Meyer et%527 J, = 2.5 Hz), 6.34 (1H, s); MS (ES)Vz462 {M—K,—CN} 7).

In a study of the excited-state lifetimes of a series of complexes, K2[RU(CN)4(ppbCly)]. Yield: 38%;'H NMR (500 MHz,
including [Ru(bpy)(ppb)E+, Treadway et a#°> were able to D20) 6 9.81 (1H, s), 9.20 (1H, s), 8.2Z.86 (4H, m), 7.38
evaluate the structural distortion on going from ground to excited (1H, d,J = 4.5 Hz); MS (ES)m/z 557 {MH—K_} 7).

state, by analyzing the emission spectra of the complexes. This K [Ru(CN)4(ppbMey)]. Yield: 26%;H NMR (500 MHz,
study provided evidence that the long-lived excited state for D,0) § 9.29 (1H, s), 9.16 (1H, d] = 5.0 Hz), 8.16 (1H, dJ

the ppb complex studied derived from the very small structural = 8.0 Hz), 7.95 (1H, d) = 8.5 Hz), 7.86 (1H, s), 7.55 (1H, s),
distortion attendant upon MLCT excitation; namely the ligand, 7.28 (1H, dd,J; = 5.0 Hz,J, = 3.0 Hz), 6.47 (1H, s), 2.25
having a delocalized electronic structure and being somewhat(3H, s), 2.16 (3H, s); MS (ES)vVz 517 { MH—K3} 7).

rigid, did not undergo large structural changes upon formation  gpectroscopic grade solvents were used for all spectroscopic
of the radical anion as part of the MLCT-state population. We measurements.

have used transient resonance Raman spectroscopy to gain
insight into the structural changes that occur with photoexcitation ,
for a number of ppb-based complexes. We have also used
spectral data from the spectroelectrochemistry of ppb complexes
and density functional theory calculations on the vibrational
spectra of pptr.28 Calculations have also been carried out on
the reduced states of [Ru(CjgpbF~ and [Ru(bpy)ppbF" as
well as the excited state of [Ru(CippbF-, in an attempt to
improve the modeling of the corresponding excited states.

Synthetic Analysis 'H NMR spectra were recorded at 25
C, using a Varian 500 NMR spectrometer. Chemical shifts are
given relative to residual solvent peaks. Microanalyses were
performed at the Campbell Microanalysis Laboratory at the
University of Otago. Mass spectrometry measurements were
obtained from a Micromass LCT instrument. Electronic absorp-
tion spectra were recorded on a Varian Cary 500 scar-UV
Vis—NIR spectrophotometer, with Cary WinUV software.
Samples were typically-10~* mol dnr 3,

Il. Methods Experimental details for resonance Raman and transient

' resonance Raman measurements are detailed else¥fhere.

The syntheses of ppb, ppkChnd ppbMe have been Samples were 3 mol dm in either distilled water ([Ru(CN)L]2~
previously describeé? complexes) or acetonitrile ([Ru(bpy)]?" complexes).
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TABLE 1: Excited-State Lifetimes of Some Ru(ll)
Complexes of ppb, ppbC}, and ppbMe;,

complex solvent abs max/A6m— /ns* 7/ns (lit.)
[RU(CN)M(ppb)P~ H-0 19.1 <5
[Ru(CN)(ppbMe)]>~  H,0 19.1 <5
[Ru(bpy)k(ppb)F+ CHsCN 18.7 322 327
[Ru(bpyk(ppbCh]** CHsCN 17.9 124
[Ru(bpyk(ppbMe)]?" CHsCN 19.0 600

a Excited-state lifetimes of [Ru(Ch)]?~ complexes were measured
with 355 nm excitation and those of the [Ru(bgy}* complexes with
532 nm excitation? Reference 25.

Transient lifetimes measurements were made using a hano-
second pulsed excitation source (Spectra-Physics Quanta-Ray,

Model DCR Nd&*/YAG laser). Transient absorption decay

signals at various detection wavelengths were measured with a

photomultiplier tube RCA 1P28 in which several of the dynodes

were wired to the anode as in the circuit described by Hunt and

Thoma$® to provide rapid response. Kinetic traces were
recorded using a digital oscilloscope (Tektronix model TDS
3032). All measurements were of approximately 6-:05L mM

solutions at room temperature. Solutions were purged with argon

for 10 min prior to measurement. UV/Vis spectra were collected

Howell et al.
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Figure 1. (a) RR spectrum of [Ru(CNppbF~ (356 nm CW excitation)

—T
1000 1100

before and after emission lifetime measurements in order toin H20 (3 mM). (b) Transient resonance Raman spectrum of
check that no sample degradation had occurred. Incident pulsdRU(CN)PpDF™ (355 nm pulsed excitation, 3.6 mJ per pulse) #OH

energies were typicallyv 10 mJ. The transient lifetime was
determined by fitting a single-exponential function to each
signal. Transient decay signals were collected -a8 2vave-

(3 mM). (c) Transient resonance Raman spectrum of [Rugbpisf*
(355 nm pulsed excitation) in GEN (3 mM). (d) RR spectrum of
[(PPhy)Cu(u-pplr~)Cu(PPh);]* (514 nm CW excitation) in CkCl,

(3 mM, 0.1 M TBAP electrolyte) (from ref 28). s denotes a solvent

lengths for each sample, and the reported lifetimes are the mearband.

of these measurements.

to be significantly shorter than the [Ru(bpk)?" complexes

FT-IR spectra were collected, using a Perkin-Elmer Spectrum ;, 4 -atonitrile. The excited-state lifetimes of [RU(GPHbE

BX FT-IR system with Spectrum v.2.00 software, of potassium 4 [RU(CN)ppbMes]2
bromide (KBr) disks. Spectra were measured using 64 scans

FT-Raman spectra were collected on solutions 300!
M), using a Bruker IFS-55 FT-interferometer bench equipped
with an FRA/106 Raman accessory and utilizing OPUS (version
4.0) software. An Nd:YAG laser with 1064 nm excitation
wavelength was used. An InGaAs diode (D424) operating at

room temperature was used to detect Raman photons. Spectr

were measured for 100 scans for the [Ru(bb}d" complexes

in acetonitrile and for 16 h for [Ru(Ch)]2~ complexes in
water, at a output power of 450 mW, with a resolution of 4
cm L,

The geometries, vibrational frequencies, and their IR and
Raman intensities were calculated using DFT calculations
(B3LYP functional) with the basis set 6-31G(d) on the ligands
and an effective core potential (ECP) with the LANL2DZ basis

set on the Ru(ll) atom. These were implemented with Gaussian

03W 34 Atomic charges were determined using natural popula-

tion analysis (NPA) calculations on the optimized structures .4 1rub bMe]2+
using the above basis sets. The visualization of the vibrational [Ru(bpylppbMe]

modes and molecular orbitals was provided by GaussViewW
3.09 (Gaussian Inc.).

I1l. Results

Ru(ll) complexes of ppb and the substituted analogues,
ppbCh and ppbMe, were investigated using transient resonance
Raman spectroscopy with 355 nm excitation. Two different
Ru(ll) centers were considergdru(bpyy} 2+ and{ Ru(CN)}2-,
in order to determine the effect of the different metal moieties

in water were found to be comparable

‘to the pulse duration of the experimestS—7 ns) as the excited-

state signal could not be deconvoluted from that of the laser
scatter. The excited-state lifetime of [Ru(GppbCh]2~ could
not be measured using the described experimental set up as the
excited state is too short-lived to be detected. [Ru(mbF"
was found to have an excited-state lifetime of 322 ns in
Qcetonitrile, in agreement with the previous findiRgsThe
excited-state lifetime of [Ru(bpypbCh]?" was found to be
124 ns and that of [Ru(bpyppbMe]?+ was found to be 600
ns. The variation in the excited-state lifetimes of the complexes
upon substitution of ppb is consistent with the energy gap
law.2535-37 The significant increase in the lifetimes of the [Ru-
(bpy)L]?" compared to the [Ru(Ch)]?>~ complexes can be
attributed to the bulky bpy ligands shielding the metal center
from solvent interaction in the excited state.

Ill. b. Transient Resonance Raman Data.The transient
resonance Raman spectra of [Ru(bpgbF", [Ru(bpyrppbCh%H,
were collected using 355 nm excitation
at a series of pulse powers (Figure 1, Tables 2 an® Bhe
spectra remain unchanged as a function of laser power,
suggesting that a single state is being probed in these experi-
ments. We attribute these spectra to the MLCT states of the
respective complexes. The spectra generated using pulsed
excitation differ from their respective ground-state spectra in
the frequencies and intensities of the bands. For each of the
complexes at least one ground-state band is bleached in the
spectra generated with pulsed excitation, supporting the assign-
ment of the spectra as being due to the excited state of the

on the transient resonance Raman spectra, excited-state struczomplexes?® [Ru(bpykppbF" shows bleaching of bands at

tures, and excited-state lifetimes.
Il. a. Excited-State Lifetimes. The excited-state lifetimes

several bands: two in the 10860650 cnt! range at 1210 and
1260 cnr?, with others at lower frequencies. [Ru(bgypbCh]2+

were measured using excited-state absorption (Table 1). Theexhibits bleaching of ground-state features at 754 and 1521 cm

lifetimes for the [Ru(CNjL]%2~ complexes in water were found

and [Ru(bpylppbMe]?" at 1346 crml.
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TABLE 2: Calculated Vibrational Bands of ppb*~, [RU(CN)4(ppb*7)]3~, and [Ru(CN)sppb]2—*, Wavenumbers of Bands from the
Transient Resonance Raman Spectra of [Ru(CNppb]?~ and [Ru(bpy)-ppb]?" (355 nm Pulsed Excitation), and the Resonance
Raman Spectrum of [(PPh),Cu(u-ppb*~)Cu(PPhs),] ™ (514 nm CW Excitation)

ppb” calculated [RUCNX(PPI )I* [Ru(CN)ppbP *  [RU(CN)ppbP*  [Ru(bpybppbP™*  [(Cu(PPR),)oppy]*
mode calculated calculated expt expt expf
numbef  symmetry vlemt vlemt vlemt vicm™?t vlemt vlemt
48 a 1022 1027 1032 1035 1027
49 a 1041 1035 1047 1059
50 0 1055 1063 1069

51 a 1075 1078 1088

52 0 1105 1107 1114

53 a 1121 1113 1128

54 0 1123 1115 1127

55 a 1144 1137 1150 1149
56 0 1170 1157 1187

57 a 1192 1190 1197 1197
58 0 1192 1214 1222

59 a 1242 1252 1243 1232

60 0 1249 1246 1254

61 a 1277 1276 1275 1256 1266
62 0 1288 1284 1296

63 by 1305 1305 1299

64 a 1311 1310 1330 1303 1290 1310
65 a 1330 1337 1322 1336 1341
66 a 1347 1331 1348

67 0 1348 1349 1342

68 a 1376 1376 1390 1364

69 a 1395 1390 1406 1424 1420

70 b 1421 1415 1426

71 a 1452 1437 1462 1441 1442 1467
72 b 1456 1451 1459

73 0 1466 1460 1472

74 a 1501 1484 1506 1472 1481

75 a 1509 1493 1518 1526

76 by 1546 1547 1556

77 a 1557 1549 1563 1576 1576
78 by 1577 1582 1582

79 0 1586 1573 1589

80 a 1588 1560 1595 1595 1594

aReference 28 Calculated frequencies have been scaled by 0.9¥®de number and symmetry label based from the*pghlculation

TABLE 3: Wavenumbers of Bands from Transient Resonance Raman Spectra of [Ru(bpyppbCl;]?*, [Ru(CN)sppbMe,]?~, and
[Ru(bpy).ppbMe;]?" (355 nm Pulsed Excitation) and Resonance Raman Spectra [(PRECuU(z-ppbCly~)Cu(PPhg),] ™ (457 nm
CW Excitation) and [(PPhs),Cu(u-ppbMe,*)Cu(PPhs);]* (514 nm CW Excitation)

[Ru(bpyppbCh]*™ [(Cu(PPh)2)2(ppbCh )] [Ru(CN)ippbMe]*~* [Ru(bpy)oppbMey]* [(Cu(PPhy)2)2(ppbMes )] #

1038 1036
1199
1216 1214 1232 1218
1254 1257 1264 1268
1292 1298 1280 1286
1335 1335 1328
1354 1347
1384
1421 1423 1418 1405
1442 1451 1447
1472 1479 1476 1475
1519 1525 1520 1525 1523
1569 1576 1576
1588 1597 1597

a Reference 28.

The lowest MLCT excited states of these systems has the The remainder of the bands observed in the spectra may be
formula [RU" (bpy)L*~]*, where L is ppb, ppbGl or ppbMe. attributed to the radical anion of ppb and its substituted
The ppb-type ligands are much easier to reduce than bpy, andanalogues (Tables 2 and 3). The three complexes have a series
thus ppb acts as the electron acceptor in the lowest energyof bands in common due to ppband substituted analogues,
excited MLCT states8 observed at 1035, 1290, 1420, 1442, and 1481 'cfor

The excited-state spectra for the three [Ru(bip))" com- [Ru(bpy)rppbF*, shifting by up to 9 cm?! in the substituted
plexes have many similarities. This is partially due to the analogues. The transient resonance Raman spectra of [Ru-
significant spectral contribution from bpy modes, possibly (bpy)kppbChl?" and [Ru(bpyippbMe]?+ show additional bands
enhanced through a ligand-to-metal charge-transfer transitionaround 1216, 1254, 1325, and 1519 ¢nfor both complexes.
(Ru(lll)<—bpy) 12 Bands due to bpy modes are observed around The abundance of bpy modes in this region of the spectra may
1173, 1326, 1490, 1565, and 1595 Thin the three spectra. be obscuring additional ppb radical anion modes.
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The [Ru(bpy)L]?" complexes are challenging to study They have a series of bands in common, observed at 1266, 1310,
spectroscopically because of the strong signals from the ancillary1341, 1467, 1576, and 1594 cifor [(PPhs).Cu(u-ppb~)Cu-
bpy ligands. The [Ru(CNppbF~ complex is much simplerin ~ (PPh),]*". The intensity patterns for the two spectra are quite
this respect. The ancillary ligands in this complex are spectro- different, but this can be attributed to the different metal centers
scopically silent in the region of interest (1060650 cnt?), and the difference in resonance enhancement, due to the choice
which allows for a more straightforward identification of modes of excitation wavelength in each experiment. In the spectrum
characteristic of ppb. An advantage of examining these two of [Ru(CNyppbP*, these bands are typically observed within
systems is that the effect of differing metal complex moieties 10 cnt? of those for the Cu complex. These modes can then in
may be probed. turn be correlated to the calculated modes of*pplbhe most

The transient resonance Raman spectra of [RufaMbp - significant difference, between the resonance Raman spectrum
and [Ru(CN)ppbMe]2~ were measured at 355 nm with pulse  of [(PPh),Cu(u-ppbr-)Cu(PPh)z* and that of [Ru(CNjppbF*,
powers of~3 mJ per pulse (Figure 1, Tables 2 and 3). Despite is the band corresponding t@.. This lies at at 1467 cnt in
the comparatively short lifetimes for the excited states of these the spectrum of [(PRCu(u-pplr~)Cu(PPh),]* and is shifted
complexes, evidence of the formation of an excited-state comesto 1441 cm? in the spectrum of [Ru(CNppbF—*. There are
from the differing intensity pattern, the shifting of bands a series of bands unique to the Cu complex and also a series of
compared to the respective ground-state spectra and also thédands unique to the Ru complexes. These bands for the Ru
bleaching of ground-state featur®sThe spectra of the ground  complexes can also be matched to the calculated ppbdes.
and corresponding excited states show several bands at neafhe mean absolute deviation between the observed bands in

identical frequencies; however, in the 16a1650 cnT? region, the transient resonance Raman spectrum and those calculated
ground-state bands at 1219 and 1490 tare bleached in the  for pplr~ is 16 cnm’. This may be due to effects of the metal
transient resonance Raman spectrum of [Ru@phF—, indi- center; first the presence of the metal center changes band

cating complete conversion to the excited state. Ground-statefrequencies, and in the MLCT excitation the charge transfer
bands at 1135 and 1375 cfnare bleached in the spectrum of  will not result in the reduction of ppb by 1.0 electron but a
[Ru(CN)ppbMe]?~*. The transient resonance Raman spectra smaller part theredf

of these complexes show more bands due to*ppind For the ppbMe complexes, again the reduced Cu complex
ppbMe~, compared to the spectra of the [Ru(bsyf* is most readily compared to the [Ru(GiN)?~ complex (Table
cpmplexes. The two [Ru(Ch)]2~ complexes have a series of 3). All the modes observed for [(PRbCu(x-ppbMe*)Cu-
similar bands at 1335, 1424, 1441, 1472, 1526, 1576, and 1595(ppp),|+ are seen in the transient resonance Raman spectrum
cm! for the ppb complex, typically increasing in frequency f [Ru(CN)ppbMe]2~. The correlated bands lie at similar
by up to 10 cm, for the ppbMe complex. [Ru(CNjppbF~ frequencies or are shifted up in frequency (by up to 18%9m
has a unique band at 1256 chand [Ru(CN)ppbMe]*~ has  on going from the reduced Cu complex to the excited-state Ru
several unique bands at 1199, 1232, 1264, 1280, and 1384 cm  ¢omplex. The transient resonance Raman spectrum of [Ru-

(bpyyppbMe]?" has a number of additional features not
IV. Discussion observed in the spectrum from [(P{ICu(u-ppbMe’)Cu-

IV. a. Transient Resonance Raman DataComparison (PPh),]™; however, these may be correlated to the calculated

between the transient resonance Raman spectra of the [Ru_modes of ppbMg"~ (Supporting Information Table S1).
(bpy)L]?* complexes with those of the [Ru(CNJ2~ com- In the case of the spectrum of [(PfiCu(u-ppbCh)Cu-
plexes shows that the excited-state complexes have some modedPI3)2]*, comparison can be made to the [Ru(epphChl>*

in common (Figure 1, Tables 2 and 3). The transient resonancefransient resonance Raman spectrum (Table 3) since the excited-
Raman spectra of [Ru(bpppbPt and [Ru(CN)ppbE~ have state lifetime of the [Ru(CNppbCh]>~ was too short to
four bands in common, observed at 1290, 1420, 1442, and 1481establish appreciable excited-state population with our single-
cm for the [Ru(bpy)ppbPt complex. These lie at 1303, 1421,  color pump-probe protocol. These spectra have four bands in
1446, and 1490 cr, respectively, in the [Ru(CNppb]z— common, observed at 1216, 1254, 1292, and 1519'cim the
spectrum. The ppbMecomplexes show a greater number of transient resonance Raman spectrum and are within8 ofn
bands in common in the transient resonance Raman spectrathe bands for the Cu complex. As for the other Ru complexes,
These are observed at 1218, 1268, 1286 1418, 1447, 1476, anghe bands in the spectrum of [Ru(bpypbCh]*** can be
1525 cntt in the spectrum of [Ru(bpyppbMe]?+*. For most correlated to the calculated pphClmodes (Supporting Infor-

of the bands the frequencies increase in the [Ru{gtivie]>* mation Table S2).

spectrum, by up to 6 cm. The band at 1218 cm in the IV. b. Calculated Structures and Spectra. The initial
spectrum of [Ru(bpyppbMe]?* exhibits a significant increase  modeling of the excited-state spectral properties of the com-
in frequency of 14 cmt in the spectrum of [Ru(CNppbMe]2*. plexes used the radical anion of the ligand to provide spectral

The bands observed in the transient resonance Raman spectraignature information. To improve the calculated frequencies
of these Ru complexes can also be compared to the previouslyfor these excited-state spectra, metal centers were incorporated
published resonance Raman spectra of the reduced binucleainto the calculation. The optimized geometries and vibrational
Cu(l) complexes of ppb, ppb&land ppbMe, [(PPh).Cu(u- modes of the ground states and reduced states of [Rugfbf~
ppb)Cu(PPh),] ™, [(PPh).Cu(u-ppbChk~)Cu(PPh),]*, and and [Ru(bpy)ppbF+ were computed using the B3LYP func-
[(PPh).Cu(u-ppbMer)Cu(PPh),] ", and to calculations carried  tional with the 6-31G(d) and LANL2DZ ECP basis sets. These
out on ppb™ and its substituted analogues (B3LYP/6-31G(d)) calculations were carried out in order to account for the
(Figure 1, Tables 2 and 3, and Supporting Information Table contribution of the metal center to the frequencies of vibration.
S1)28 The resonance Raman spectrum of [(BFu(u-pplbr~)- The reduced state of a complex has been shown previously to
Cu(PPh)2]*, which has bands characteristic of ppbappears be a reasonable model, both experimentally and computationally,
to have more similarities to the transient resonance Ramanfor an MLCT excited staté®4+43 The lowest triplet state of
spectrum of [Ru(CNjppbE~ than that of [Ru(bpyppbF". This [Ru(CNyppbP~ was also calculated in order to establish
may be due to the absence of the bands owing to the bpy ligandswhether this improves the quality of the excited-state model.
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TABLE 4: Selected Calculated Bond Lengths for ppb and Ru(ll) Complexes and Their Reduced States and [Ru(Chppb]?—* 2

RU(CN)ppbF~ [Ru(bpy)ppbF* [RU(CN)(ppbr)]® [RU(CN)uppbF* [Ru(bpy)(ppbr)l*
calcd calcd calcd calcd calcd
nonchelating chelating nonchelating chelating ppb~ nonchelating chelating nonchelating chelating nonchelating chelating

side side side side calcd side side side side side side
1.35 1.36 1.34 1.36 1.36 1.37 1.37 1.36 1.37 1.35 1.38
1.33 1.34 1.33 1.34 1.32 1.31 1.34 1.32 1.33 1.32 1.34
1.40 1.39 1.41 1.40 141 1.41 1.40 141 1.40 141 1.39
1.39 1.39 1.38 1.39 1.38 1.39 1.39 1.38 1.38 1.38 1.40
141 1.40 1.41 141 141 1.40 141 141 1.40 141 1.40
1.42 1.42 1.42 1.42 1.43 1.44 1.42 1.43 1.43 1.42 1.43
1.46 1.46 1.45 1.45 1.45 1.46

1.47 1.44 1.47 1.45 1.46 1.44 1.45 1.46 1.43 1.48 1.42
1.43 1.43 1.43 1.44 1.43 1.43

1.33 1.36 1.32 1.35 1.35 1.35 1.35 1.34 1.36 1.32 1.38
1.36 1.38 1.34 1.37 1.37 1.36 1.39 1.37 1.38 1.37 1.38
1.44 1.44 1.44 1.44 1.44 1.44

1.42 1.42 1.43 1.42 1.41 1.42 1.41 1.41 1.41 1.41 1.41
1.38 1.38 1.37 1.38 1.39 1.39 1.39 1.39 1.39 1.38 1.39
1.41 1.42 1.40 1.40 1.40 1.40

aBond labels are defined in Figure 2.

The optimized geometry of [Ru(ChpbE~ was compared changes being ing andrio on the noncoordinating side. This
to the optimized geometry of ppb (Table &)The formation is similar to the calculated changes upon reduction of
of a mononuclear complex causes a loss of symmetry in the [Ru(CN)ppbMe]?~ (see Supporting Information Table S3),
ligand. While the bonds on the nonchelating side of ppb in the with bond length changes upon of up to 0.03 A, with the largest
complex are within 0.01 A of the uncomplexed ligand, those change calculated fat.
on the coordinating side of the ligand are changed by up to  Calculation of the triplet state of [Ru(ChbpbE~ shows little
0.03 A. The largest changes are seemgirr1q, andri;, bonds difference to the structure of the reduced state of [Rug@dtjF-
(on the coordinating side) all close to the coordinated metal (Table 4). The only bond predicted to have a difference of more
center. Bondsg, rio, andry; are also computed to undergo than 0.01 A compared to the reduced statg,isuggesting that
change upon complexation in [Ru(CjpbMe]?~ and [Ru- the effect of a Ru(lll) compared to a Ru(ll) center is not great,
(CN)appbClL]?~ (Supporting Information Table S3). The struc- in accord with the NPA calculations (see below). Interestingly
ture calculated for ppbglis in agreement with the crystal the changes in bond length compared to the ground-state
structure of [(PP2Cu(u-ppbCh)Cu(PPh),]%";28 that is there molecule are no more than 0.01 A, smaller than the changes

are no large perturbations to the structure of pphi@lthe predicted for the reduction. This is consistent with the idea that

complex that can be attributed to coordination to CY{(Qu- the MLCT excitation transfers a fraction of 1 electron from the

(PPh)2} ™ moieties are typically not structurally demanding on  dz metal MO to thez* ppb MO 13

coordinated ligand$! Further insight into the effect of reduction and photoexcitation
The predicted vibrational spectra for the [Ru(GpPbE- on the [Ru(CN)ppbF~ may be obtained from an NPA calcula-

complexes show a closer correspondence to the experimentation. The NPA calculation on [Ru(Ch)pbE~ shows that most

data than the ppb calculations (Table 5). For [Ru(§pbF~ of the —2 charge of this species is partitioned on{Rei(CN)} 2~

the calculated spectral data show a mean absolute deviation frommoiety (—1.86) with only—0.14 on the ppb ligand. However
experimental data of 9 cm, this compares to 13 cm for for the reduced complex, [Ru(Chppbr)]®-, the ppb ligand
comparison of calculated ppb with experimental [Ru(pbE- holds—0.87 of the charge. The calculation for the excited-state
data. The respective mean absolute deviations for [Ru- complex reveals that the charge reallocation gives less negative
(CN)4ppbMe]?~ are 7 and 13 cmt (Supporting Information charge to the ligand-0.60) with the metal moiety having a
Table S4) There is also an improvement in band intensity charge of—1.40. The charge reallocation between ground and
correlation with incorporation of the metal center. These triplet state indicates extensive mixing between the formal donor,
improvements suggested that modeling the reduced and excitednetal dr, MO and acceptor, ppis*, MO. This mixing mitigates
states with calculations on the Ru(ll) complexes would provide the full, 1 electron, oxidation of the metal moiety and full
greater insight into the excited state therefore justifying the reduction of the ppb anticipated in an MLCT stéte.

additional computational cost. The bands observed in the transient resonance Raman
Comparison of the calculated structure of [Ru(@ppbr)]3, spectrum of [Ru(CNyjppbF~ were compared to the calculated

the reduced state of [Ru(CipbF—, to that of ppb, shows modes of [Ru(CN)pplr~)]3~ (Table 2). It was found that the

that incorporation of the Ru(ll) center elongatesandri; on prediction of some of the modes was improved by incorporation

the coordinating side by 0.02 A (Table 4). For [Ru(GN)  of the{Ru(CN)}2~ moiety. In this calculation4 is predicted

(ppbMe ™))%, the reduced state of [Ru(CippbMe]?~, similar at 1484 cm?, compared to 1501 cm for ppbr—, and is observed

changes are seen from ppbfe(Supporting Information Table  at 1472 cm. However,vgg is calculated at 1560 cmd for the

S3). In the triplet-state calculation of [Ru(C)dpbF~ (Table reduced state but observed at 1595 &rThe ppb~ calculation

4) the significant bond change from ppbis in rg on the more accurately predicts this at 1588 ¢mThe mean absolute

coordinating side. In the excited state this bond is 1.43 A, 0.03 deviation in calculated modes for [Ru(CXppb~)]3~ and

A shorter than for ppb. observed bands in the transient resonance Raman spectrum of
Reduction of ppb to its radical anion causes a change in bond[Ru(CN);ppbE~ is 20 cnt?, offering no impreaement to the

lengths of up to 0.02 A (Table 4). Reduction of [Ru(GpHbE~ correlation of calculated and obseed bandswhile increasing

causes changes in bond length up to 0.03 A, with the largestcomputational complexity. A similar observation can be made
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TABLE 5: Calculated and Experimental Vibrational Data for ppb and [Ru(CN) 4ppb]?

ppb
calcdt [RU(CN)ppbF~ [RU(CN)ppbP~
mode calcc expt

numbef symmetry vlem™t vlem™t IR Int® Ram Int vlem™t Ram Intf
48 a 1007 1024 1 7 1017 10
49 a 1055 1055 10 27 1060 21
50 » 1072 1073 6 3 1079
51 a 1086 1090 6 3 1108 9
52 a 1126 1121 1 6
53 0 1132 1129 9 2 1122 6
54 0} 1135 1133 0 4 1146 4
55 a 1159 1151 3 3 1154 5
56 0} 1207 1193 9 7
57 a 1213 1207 17 6 1211
59 a 1244 1226 11 32 1216 25
58 » 1237 1250 8 10 1251 16
60 a 1268 1257 31 35 1261 25
61 by 1288 1286 10 6
62 0} 1306 1298 3 25 1305 11
63 a 1322 1320 7 18
65 0} 1353 1333 14 35 1328 72
64 a 1349 1344 25 27 1369
66 a 1360 1354 7 81 1341 69
67 a 1398 1395 77 6 1398
68 a 1409 1398 18 100 1425 100
69 0} 1433 1428 11 14
70 (0] 1464 1448 9 81 1439 92
72 » 1488 1459 10 9 1468 33
71 a 1478 1476 6 7

1486 3 27 1487 17

73 a 1502 1500 43 13 1501 14
74 a 1548 1541 1 31 1571 44
76 a 1567 1555 100 39 1544 13
78 a 1606 1576 3 7
77 by 1581 1578 22 22 1596 57
79 0} 1610 1600 7 3
80 by 1632 1621 1 2 1617 3

a Reference 282 Calculated frequencies have been scaled by 0.973 for Ru compfexeserimental IR intensities not available due to a high
background and broad bands in the IR spectriiode number and symmetry from the ppbalculation.¢ Raman and IR intensities are normalized
such that the most intense band in the region is given an intensity of 100 for both the calculated and observed irfifERsR@san spectrum.

for the comparison of calculated modes of [Ru(gphbMe )3~ the bands in the spectrum of [Ru(CNpbF—* to the bands seen
to the spectrum of [Ru(CNppbMe)]?~* (Supporting Informa- in the resonance Raman spectrum of [(B¥u(u-pplr~)Cu-
tion Table S1). Overall, incorporation of th&u(CN)} 2~ center (PPh)2] ", shows that there is a perturbation to the vibrational
has not improved the correlation between experimental observ-modes from the Ru(ll) center and/or the excited state versus
ables and calculated vibrational spectra. reduced state, owing to a difference in the proportion of electron
Comparison of the calculated triplet state, [Ru(GioE *, transferred. The calculated bands of pptorrespond better to
modes to the transient resonance Raman spectrum of [Ru-the reduced [(PR)Cu(u-ppb)Cu(PPk),]2" bands, than those
(CN)4ppbE~ shows a reasonable agreement of the frequenciesin the transient spectrum of [Ru(CitpbE-, with the mean
(Table 2). As in the case of the calculation of the reduced absolute deviation between calculated and observed frequencies
complex, [Ru(CN)(pplr~)]3-, some bands are better predicted for the Cu complex being 10 crh. This is to be expected as
by the [Ru(CN)ppbE—* calculation compared to the ppb the Cu(l) center does not greatly perturb the system, as seen
calculation, some are worse. For examplgy of ppb~ is for the structure of ppbGlin [(PPh).Cu(u-ppbCh)Cu-
observed in the spectrum of [Ru(CdpbF— at 1595 cnt? (PPh)2]2".28 It is somewhat surprising that the incorporation
and is calculated at 1588 crh whereas in the [Ru(CM)pbE* of the{ Ru(CN)}2~ center, while predicting a slight change in
calculation this is predicted at 1595 cin vg4 of pplbr~ is structure, offers no improvement to the calculated modes,
calculated at 1311 cm and is observed in the spectrum of although it does predict shifts in the modes. However, the
[RU(CNyppbE* at 1303 cnTl. However, for the triplet-state ~ reasonable agreement between the calculated modes of ppb
calculation this is predicted at 1330 ck The mean absolute  and the bands observed in the spectrum of [Ru(@pyp—*
deviation in the predicted values is 18 cmOverall, the triplet- offers some aid in interpreting the transient resonance Raman
state calculation has offered no improvement over the interpre- spectrum. This agreement supports the approximation that the
tation of the spectrum of [Ru(Ch)pbF* compared to the radical anion of a polypyridyl ligand can often be used to model
ppb~ or the reduced Ru(ll) complex calculations. the MLCT excited state of corresponding complexes. Alongside
These comparisons have shown that inclusion dfRa- this, the radical anion of ppbhas been shown to approximate
(CN)4} % center in a calculation of the vibrational properties the reduced state of ppb compleXéShe advantage for this
of ppbr~, both as the reduced complex and as the triplet state, case is that the reduced and MLCT excited states of ppb can be
has offered no increase in predictive power for the spectrum of modeled by the same molecule despite the nature of the metal
[RU(CN)ppbF—*, compared to considering the radical anion center, greatly simplifying computations. This simplification
of ppb as a model for the MLCT excited state. Comparison of does not apply to all polypyridyl complexés.
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Incorporation of Ru(bpy)}} 2" into the calculation causes the

largest bond length changes for ppb to occur in the same bonds

as for the [RU(CNjL]2~ complexes:rg, rio andri; on the

chelating side (Table 4). However, these changes are smaller

at~0.02 A. For [Ru(bpyjppbP* this small change in the ppb
structure allows for the assignment of the ppb vibrations;to a
and b symmetry labels (based df,, symmetry of the ppb
ligand).

Comparison of the optimized structure of [Ru(bppbE"
to its reduced state, [Ru(bpypplr~)]*, shows that the largest
change in bond length upon reduction occursrgoon the
chelating side (Table 4). This bond decreases by 0.03 A to 1.42
A. This is a much larger reduction in bond length than occurs
for ppb to ppb-, where this bond decreases by 0.01 A. In
addition the ppb in the reduced complex shows significant
asymmetry, withrg on the nonchelating side being 1.48 A.

The NPA calculation for [Ru(bpyppbF+ shows that the-2
charge is located on both the metatQ.60) and each of the
ligands (+0.46 to +0.48). The calculation for the reduced
species shows a significant alteration of the charge on the ppb
ligand (from+0.46 to —0.32) with more modesthanges in
chargefor the metal 4-0.61) and ancillary ligandsH0.36 each).

The frequency calculations on [Ru(bpypbEt show three
distinct types of normal mode of vibration: (1) modes in which
the eigenvectors are localized on one of both the bpy ligands
(bpy modes); (2) modes which are localized on the ppb ligand
(ppb modes); and (3) modes in which the eigenvectors involve
motion of both bpy and ppb ligands (delocalized modes). Details
of the calculated results are provided (Supporting Information
Table S4). In general all of the modes are also highly
symmetrical, allowing easy prediction of those modes which
have the potential to exhibit resonance enhancement. However
calculated modes for [Ru(bpyppbr—]* exhibit many delocalized
modes, leaving few modes localized on one ligand type only
(Supporting Information Table S5). Furthermore the ppb modes
of [Ru(bpykppbr—]™ are much less symmetrical than for the
unreduced ligand, owing to the loss of symmetry in the ligand
upon reduction of the complex. The five bpy modes identified
in the transient resonance Raman spectrum of [RutpppP"
at 1173, 1316, 1490, 1565, and 1599 ¢roan be correlated to
bpy-base# or combined bpy/ppb modes calculated at 1162/
1166 (135139, 1290/1296 %14915), 1496¢179), 1551/1554-
(v175179, and 1599/16011g2189 cm~1, respectively (Figure
1, Table 2). The modes identified as being due to ppb are
observed at 1035, 1232, 1290, 1420, 1442, and 148%.dvtost

of these bands are in reasonable agreement with modes

calculated for [Ru(bpypplr~]* at 1029/1030 %115/119, 1248
(v140), 1316 @154), 1390 (159), 14470 165), and 1521 %174).
These modes are delocalized but have most of the their
eigenvector magnitude on the ppb ligand.

The frequencies of bands observed in the transient resonanc
Raman spectrum of [Ru(bpppbF" and those calculated for
either the reduced complex, [Ru(bpyplr—]*, or the reduced
ligand, ppb~, show no significant difference in their mean
absolute deviation.

The main calculated structural changes on going from parent
to reduced species for [Ru(bpppbF" and [Ru(CN)ppbE- lie
atrg andrio on both chelating and nonchelating sides of the
ligand (Table 4). The calculated changes in bond length on going
from ppb to ppb are larger in [Ru(bpyppbF" than [Ru-
(CN)4ppbE—. This is a result of the greater skewing of the
SOMO of the ppb in [Ru(bpyyppbEt toward the chelated
side (Figure 3). The structural asymmetry of the ppn
[Ru(bpy)yppbE™ may also be responsible for the large number
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Figure 2. Bond labels for ppb.

Figure 3. Singly occupied molecular orbitals of (a) [Ru(bgippb )]+
and (b) [Ru(CNj)ppbP .

f vibrational modes that consists of motion of both ppdnd
py ligands in the reduced complex.

V. Conclusions

In this paper we report the excited-state lifetimes and transient
Raman spectra of [Ru(bpppbXz]?" and transient Raman
spectra of [Ru(CNjppbX]2~, where X = H, Me, Cl. The
excited-state lifetimes of the [Ru(bpi] 2" complexes follow
the energy gap law; a reduction in lifetime is observed with
longer wavelength MLCT absorption transitions. The transient
Raman spectra of the [Ru(CNJ 2~ complexes show a number
of differences from their corresponding ground-state spectra.
The transient bands, associated with the ppb-based radical anion
ligand, shift only modestly from the ground-state vibrations.
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This is consistent with density functional theory calculations

on the ligand and radical anion. These show that the structural
changes on reduction are modest, as are the shifts in the

Howell et al.
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(19) Omberg, K. M.; Schoonover, J. R.; Meyer, TJJPhys. Chem. A
1997 101, 9531.

(20) Schoonover, J. R.; Omberg, K. M.; Moss, J. A.; Bernhard, S.;

predicted spectra, and that these effects are even less on goingialueg, V. J.; Woodruff, W. H.; Meyer, T. Jnorg. Chem1998 37, 2585.

from the ground to triplet states of the complexes. The use of
the complexes in calculations that model the ground, reduced,
and excited states are effective in showing the extent of charge
transfer present through NPA calculations. Furthermore, the

(21) Perng, J. H.; Zink, J. Inorg. Chem.199Q 29, 1158.

(22) Damrauer, N. H.; Weldon, B. T.; McCusker, J. X.Phys. Chem.
A 1998 102 3382.

(23) Howell, S. L.; Gordon, K. CJ. Phys. Chem. 2004 108 2536.
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calculated vibrational spectra of the complexes show a closerJ. Phys. Chem. 2004 108, 3518.
correspondence to the experimental data than does the ppb_ (25) Treadway, J. A; Loeb, B.; Lopez, R.; Anderson, P. A.; Keene, F.

ligand calculation. However, the calculations on the reduced R

and triplet state of the complexes do not show a significant
improvement from ppb calculations in terms of predicting the
vibrational spectra. The radical anion of the ligand remains an
effective model for establishing the spectral properties of the
MLCT excited states of the [Ru(bpy)] 2" and [Ru(CN)L]2~
complexes.
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