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A series of ruthenium complexes having the general form [Ru(bpy)s— (CN-Me-bpy),](PFg)2 (Where bpy = 2,2"-bipyridine,
CN-Me-bpy = 4,4'-dicyano-5,5-dimethyl-2,2’-bipyridine, and n = 1—3 for complexes 1—3, respectively) have been
synthesized and characterized using a variety of steady-state and nanosecond time-resolved spectroscopies. Electro-
chemical measurements indicate that the CN-Me-bpy ligand is si%nificantly easier to reduce than the unsubstituted
bipyridine (on the order of ~500 mV), implying that the lowest energy “MLCT (metal-to-ligand charge transfer) state will be
associated with the CN-Me-bpy ligand(s) in all three compounds. Comparison of the Huang—Rhys factors derived from
spectral fitting analyses of the steady state emission spectra of complexes 1—3 suggests all three compounds are
characterized by excited-state geometries that are less distorted relative to their ground states as compared to
[Ru(bpy)s](PFg)s; the effect of the more nested ground- and excited-state potentials is reflected in the unusually high
radiative quantum yields (13% (1), 27% (2), and 40% (3)) and long *MLCT-state room-temperature lifetimes (1.6 us, 2.6
us, and 3.5 us, respectively) for these compounds. Coupling of the z* system into the CN groups is confirmed by
nanosecond step-scan IR spectra which reveal a ~40 cm ™" bathochromic shift of the CN stretching frequency, indicative
of a weaker CN bond in the *MLCT excited state relative to the ground state. The fact that the shift is the same for
complexes 1—3 is evidence that, in all three complexes, the long-lived excited state is localized on a single CN-Me-bpy
ligand rather than being delocalized over multiple ligands.

Introduction

Photoinduced charge separation is the physical phenom-
enon underlying virtually all schemes geared toward the
conversion of light into chemical, electrical, and/or mechan-
ical energy.'> Charge separation is typically effected in a
molecular system through charge-transfer excited states, in
which photon absorption causes charge redistribution within
the chromophore: maintaining, amplifying, or, in the least
favorable circumstances, destroying the resulting chemical
potential depends on dynamics that occur within the chromo-
phore immediately following the absorptive event.

Transition metal complexes having intense charge-transfer
features have long been exploited to achieve the goal of
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creating reactive excited states for photochemical energy
conversion.” ' Following excitation, a host of dynamic
processes are potentially involved the subsequent relaxation
of the initially formed excited state including intersystem
crossing (ISC), internal conversion (IC), vibrational relaxa-
tion (VR), intramolecular vibrational redistribution (IVR),
as well as solvation dynamics. In general, all of these funda-
mental processes can be categorized as either radia-
tive or non-radiative in nature. With a few notable excep-
tions,"'™"* non-radiative dynamics—in particular vibra-
tional relaxation—represent the dominant pathway(s) by
which transition metal-based charge-transfer systems dissi-
pate absorbed energy. Despite its central role in the photo-
physics of inorganic compounds—and in practical terms an
important competing process for the efficient conversion of
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light into more productive reaction pathways—relatively
little is known concerning the mechanistic details by which
vibrational relaxation occurs.

Probing vibrational relaxation in transition metal com-
plexes is not straightforward. Information about this process
can sometimes be inferred from transient electronic absorp-
tion spectroscopy.'* As a molecule evolves from a vibration-
ally hot to a thermalized excited state, the associated dynamics
can result in shifting and/or narrowing of an absorption
feature over time. However, the precise details will depend
greatly on the relative displacement and slope of the two
excited state potential energy surfaces giving rise to the
absorption. This makes it difficult to formulate useful general-
izations for the interpretation of such observations. Time-
resolved vibrational spectroscopy (i.e., infrared and/or
Raman) is obviously a more direct way to probe vibrational
dynamics in an electronic excited state. In general, formation
of the Franck—Condon state will create a distribution of
vibrationally excited states. These will ultimately relax to the
ground vibrational level of the electronic excited state, caus-
ing the spectrum to narrow. In addition, the anharmonic
nature of the potential surface means that the vibrational
spacing is smaller near the top of the potential well than it is
near the bottom: this will result in a blue shift in the absorp-
tion maximum. These experimental signatures have been used
by a number of groups to directly monitor vibrational
relaxation in electronic excited states.'>'® Of particular rele-
vance is the work of Browne, McGarvey, and co-workers,
who employed time-resolved resonance Raman spectroscopy
to monitor the formation of the thermalized *MLCT (metal-
to-ligand charge transfer) state in [Ru(bpy)s]*" by monitoring
the growth of ring stretching and bending vibrations asso-
ciated with the bipyridyl radical anion.'”'® The success of this
study notwithstanding, the presence of multiple overlapping
bands in this region of the spectrum is nevertheless a compli-
cation that can mask more subtle changes in the peak shape
and energy that accompany vibrational relaxation and/or
IVR; interference from solvent vibrations is another potential
problem in this regard. The situation becomes more proble-
matic in the case of heteroleptic complexes, where even
distinguishing among vibrations arising from different ligands
can be difficult."

As part of our research program to delineate the
mechanism(s) of excited-state evolution in transition metal
complexes, we sought to develop a system that would allow us
to probe vibrational relaxation in charge-transfer excited
states in a more straightforward fashion by incorporating
an infrared tag into the chromophore. The ideal marker
would be a functional group whose vibrations are spectrally
isolated, is strongly coupled to the charge-transfer excited-
state manifold of the system, and exhibits a significant and
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easily identifiable change in frequency between the ground
and the excited state(s) of the system. Dynamics of metal
carbonyl complexes have been examined using this principle;
however, most of these compounds are not photostable
(indeed, in these cases the CO stretch is used to monitor
photodissociation reactions).”* >* In cases where the CO
group is not photochemically labile—Re(bpy)(L)(CO); type
systems, for example—the CO is an ancillary ligand and is
therefore only indirectly coupled to the charge-transfer
manifold.”

The cyano group is a less frequently used alternative to the
carbonyl group but possesses many of the same desirable
properties as CO. Its stretching frequency in the 2100—2300
cm” ' region of the spectrum is well removed from vibrations
associated with the polypyridyl ligands typically employed in
charge-transfer systems. It is sensitive to local environment—
cyano-substituted amino acids have been used to probe
secondary structure and environment in proteins®*— allow-
ing for the possiblilty to explore solvent effects. Terminal CN
groups in metal dimer systems have proven useful for mon-
itoring electron transfer reactions because of the shift in
frequency upon oxidation/reduction of the bound metal
center.”> 7 Finally, in work more directly relevant to our
immediate goals, the potential utility of such a system has
already been demonstrated by VIcek and co-workers who used
the CN stretch of 4-cyano-pyridine to help assign the nature of
the charge transfer transitions in W(CO)s(4-CN-py)."?

With these ideas in mind, herein we describe a series of
complexes of the general form [Ru(bpy);—,(CN-Me-bpy),]-
(PF¢), (n = 1-3, where bpy is 2,2'-bipyridine and CN-Me-
bpy is 4,4-dicyano-5,5-dimethyl-2,2'-bipyridine) which we
are putting forward as a platform for the study of vibrational
relaxation dynamics in a transition metal-based charge-trans-
fer system. Incorporation of CN groups into the bipyridyl
ligand introduces a vibrationally well-isolated infrared tag
into the chromophore, while placement at the 4 and 4’
positions of the rings should lead to direct coupling of the
CN group to the aromatic system of the bipyridine ring and
make it extremely sensitive to electron density in the 7* orbital
upon formation of the ligand radical anion in the MLCT
excited state(s). As will become evident, the large difference in
energy between the CN-Me-bpy and the unsubstituted ligand
creates distinct MLCT absorption manifolds rather than one
broadened one. This will allow selective placement of the
Franck—Condon state on different parts of the chromophore
and will facilitate, among other things, differentiation of
IVR from vibrational cooling, as well as a comparison of
conclusions drawn from direct measurement of vibrational
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dynamics versus those inferred from electronic absorption
spectroscopy. 14.28

As we have pointed out previously,?” it is critical to have a
detailed understanding of the properties of the ground and
long-lived excited states of transition metal-based systems
prior to the acquisition and interpretation of ultrafast data.
This report therefore focuses on the synthesis, steady-state
and nanosecond time-resolved spectroscopic characteriza-
tion of the aforementioned series as a foundation for ultrafast
spectroscopic studies of vibrational relaxation dynamics.

Experimental Section

General Procedures. All chemicals and solvents were obtained
from Fisher or Aldrich Chemical Co. and used without further
purification unless otherwise stated. RuCls - xH,O, tris(benzylidine-
acetone)dipalladium(0) (Pd,(dba);), and diphenylphosphinoferro-
cene (dppf) were purchased from Strem Chemicals, Inc., and C18
reversed phase silica gel was purchased from SiliCycle. NMR
spectra were collected on Varian Inova-300 (300 MHz) or Varian
UnityPlus-500 (500 MHz) spectrometers. Ground state infrared
spectra (4000—400 cm ') were measured as KBr pellets using a
Mattson Galaxy series 3000 FT-IR spectrophotometer. Mass
spectra were obtained through the Michigan State University Mass
Spectrometry Facility. Elemental analyses were obtained through
the analytical facilities at Michigan State University or from
Columbia Analytics.

4,4 -Dichloro-5,5 -dimethyl-2,2'-bipyridine (Cl-Me-bpy). a. 5,5-
Dimethyl-2,2 -bipyridine-V, N -dioxide (5-dmb-N-oxide).” 5,5-Di-
methyl-2,2’-bipyridine (5.0 g) was dissolved in 35 mL of glacial
acetic acid, and 7.0 mL of 30% hydrogen peroxide were slowly
added. After heating the solution to 70—80 °C for 4 h, an
additional 4.0 mL of 30% hydrogen peroxide were added, and
the reaction mixture was heated overnight. The product was
isolated by pouring the cooled solution over approximately
400 mL of acetone and reducing the volume under vacuum until
a white precipitate formed. The white precipitate was collected by
vacuum filtration, rinsed sparingly with acetone and ether, and
then dried further under vacuum. Yield: 4.76 g (81%). '"H NMR
(300 MHz, D,0): 6 8.19 (s, 2H"), 7.57 (d, J = 8.0 Hz, 2H), 7.14 (d,
J = 8.0 Hz, 2H), 2.35 (s, 6H).

b. 5,5-Dimethyl 4,4’ -Dinitro-2,2'-bipyridine- NV, N -dioxide (NO,-
Me-bpy-N-oxide).*'*? 5-dmb-N-oxide (4.5 g) was dissolved in 21
mL of sulfuric acid, and 9.0 mL of fuming nitric acid were slowly
added to the solution. The solution was gently heated to 90—
100 °C for 4 h. During the course of the reaction the mixture
became yellow, and a brown gas formed above the solution. The
solution was cooled to room temperature and slowly poured over
ice formed by mixing 75 mL of water with excess liquid nitrogen.
Additional liquid nitrogen was added, while stirring, to form a
yellow slush. As the slush melted, a yellow precipitate was collected
by vacuum filtration, rinsed thoroughly with water and ether, and
then dried under vacuum. Yield: 3.75 g (59%). 'H NMR
(500 MHz, DMSO-dy): 6 8.65 (s, 2H), 8.53 (s, 2H), 2.58 (s, 6H).

¢. 4,4'-Dichloro-5,5'-Dimethyl-2,2'-bipyridine-/NV, N -dioxide (Cl-
Me-bpy-N-oxide).** NO,-Me-bpy-N-oxide (3.75 g) was suspended
in 55.0 mL of glacial acetic acid and 45.0 mL of acetyl chloride.
The suspension was refluxed for 2 h, during which time the
solution became clear yellow. The solution was cooled to room
temperature and slowly poured over approximately 500 mL of
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ice. The resulting clear yellow solution was neutralized with
concentrated sodium hydroxide, resulting in the formation of a
white precipitate. The white solid was collected by vacuum
filtration, rinsed with water and ether, and dried under vacuum.
Yield: 3.13 g (90%). "H NMR (300 MHz, DMSO-dy): 8 8.45 (s,
2H), 7.86 (s, 2H), 2.31 (s, 6H).

d. 4,4-Dichloro-5,5-dimethyl-2,2’-bipyridine (Cl-Me-bpy).>*
Cl-Me-bpy-N-oxide (3.13 g) was suspended in 460 mL of dry
acetonitrile, and 21.0 mL of phosphorus trichloride were slowly
added to the mixture. The suspension was refluxed under nitrogen
for 4 h, after which the solution became a clear yellow color. The
solution was cooled to room temperature and slowly poured over
approximately 500 mL of ice. The solution was made basic
(pH >11) with the addition of concentrated sodium hydroxide
resulting in the formation of a white precipitate. The white solid
was collected by vacuum filtration, rinsed with water, and dried
under vacuum. Concentrating the filtrate yielded additional prod-
uct. Yield: 2.57 g (92%). "H NMR (500 MHz, CDCl5): 6 8.47 (s,
2H), 8.37 (s, 2H), 2.42 (s, 6H). '*C NMR (500 MHz, CDCl;): 6
154.51, 150.85, 145.45, 132.44, 121.46, 16.94.

Bis(2,2’-bipyridine)(4,4 -dicyano-5,5'-dimethyl-2,2'-bipyridine)-
ruthenium(Il) Hexafluorophosphate ([Ru(bpy),(CN-Me-bpy)]-
(PF¢)2, (1)). a. Dichlorotetrakis(dimethyl sulfoxide)ruthenium-
(II) Ru(DMSO0)4Cl,. Ru(DMSO),Cl, was prepared by a
modified version of the reported literature method.*> Dimethyl
sulfoxide (25.0 mL) was bubble degassed with nitrogen for 15 min,
after which time 1.50 g of RuCl3-xH,O were added to the
solution. The reaction was gently heated under nitrogen for
30—45 min until the dark black-red solution became dark yel-
low-orange. The solution was cooled to room temperature,
poured over 100 mL of acetone, and cooled in the freezer over-
night to precipitate the product. The yellow microcrystalline solid
was collected by vacuum filtration, rinsed once with acetone,
rinsed three times with ether, and dried under vacuum. Yield:
220 g. Anal. Caled (Found) for CgH,4Cl,04S4Ru-0.25
(CH;),S0: C, 20.26 (20.14); H, 5.10 (5.23).

b. Bis(2,2'-bipyridine)dichlororuthenium(IT) (Ru(bpy),Cl,).
Ru(bpy),Cl, was prepared from a modified version of the re-
ported literature method, using Ru(DMSO),Cl, rather than
RuCls-xH,0.*® Freshly distilled dimethylformamide (DMF,
35.0 mL) was bubble degassed with nitrogen for 15 min, and
1.60 g of Ru(DMSO0)4Cly, 1.10 g of 2,2’-bipyridine, and 7.30 g of
LiCl were added to the solution. The solution was protected from
light using aluminum foil and heated to reflux under nitrogen for
approximately 4 h; the progress of the reaction was monitored
using thin layer chromatography (silica, 10% acetone in dichloro-
methane). The dark purple reaction mixture was then cooled
slightly after which the warm solution was poured over approxi-
mately 400 mL of acetone and cooled overnight in the freezer to
precipitate the product. The dark precipitate was collected by
vacuum filtration and rinsed with water to remove excess LiCl and
a side product of [Ru(bpy)s]*" until the filtrate was colorless. The
remaining purple-green solid was rinsed three times with ether and
dried under vacuum. Yield: 0.989 g (60%). Anal. Calcd (Found)
for CyoH;4Cl,N4Ru-1.0 H,O: C, 47.82 (47.71); H, 3.61 (3.56); N,
11.15 (10.90). "H NMR (500 MHz, DMSO-dg): 69.97 (d,J = 5.0
Hz, 2H), 8.65 (d, J = 8.1 Hz, 2H), 8.49 (d, / = 8.0 Hz, 2H), 8.07
(dt,J = 7.8, 1.26 Hz, 2H), 7.77 (dt, J = 6.6,1.0 Hz, 2H), 7.68 (dt,
J=178,1.1Hz,2H),7.52(d,J = 5.6 Hz,2H), 7.10 (dtJ = 6.6, 1.1
Hz, 2H).

c. Bis(2,2'-bipyridine)(4,4’'-dichloro-5,5' -dimethyl-2,2'-bipyri-
dine)ruthenium(II) Hexafluorophosphate ([Ru(bpy),(CIl-Me-bpy)]-
(PFg),). Ethanol (30.0 mL) was bubble degassed with nitrogen for
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15 min, and 0.59 g of Ru(bpy),Cl, and 0.33 g of Cl-Me-bpy were
added to the solution. The solution was shielded from light and
heated to reflux overnight under nitrogen. The solution was
cooled to room temperature, and excess NaPFy dissolved in
50 mL of water was added to the solution to precipitate a red
powder. The precipitate was collected by vacuum filtration, rinsed
with water and ether, and dried under vacuum. The solid was
recrystallized once by acetonitrile/ether diffusion. Yield: 0.849 g
(73%). Anal. Calcd (Found) for C5,H,;ClLF,NgP,Ru-0.5 H,O:
C, 39.81 (39.60); H, 2.82 (2.80); N, 8.70 (8.63). "H NMR (500
MHz, CD;CN): 0 8.51 (s, 2H), 8.48 (t, J/ = 8.5 Hz, 4H), 8.05 (m,
J =79 Hz,4H), 7.75(d, J = 5.6 Hz, 2H), 7.65 (d, J = 5.6 Hz,
2H), 7.51 (s, 2H), 7.41 (dt, J = 6.6, 1.3 Hz, 2H), 7.37 (dt J = 6.7,
1.3 Hz, 2H), 2.20 (s, 6H). *C NMR (500 MHz, CD;CN): 6
158.38, 158.33, 156.32, 153.86, 153.18, 152.98, 146.90, 139.19,
139.17, 138.52, 128.96, 128.77, 125.78, 125.65, 125.64, 17.71. MS
[ESI (CH5CN), m/z (rel. int.)]: 333.1 (100) [M — 2PF¢**, 811.2
(68) [M — PFq]'*.

d. Bis(2,2'-bipyridine)(4,4'-dicyano-5,5'-dimethyl-2,2’'-bipyri-
dine)ruthenium(IT) Hexafluorophosphate ([Ru(bpy),(CN-Me-
bpy)l(PFg)2, (1)). This synthesis is a modified version of the
reported synthesis for 4'-cyano-2,2":6',2"-terpyridine complexes
of ruthenium.’’ Anhydrous dimethylacetamide (DMA) was
degassed using freeze—pump—thaw techniques prior to use.
[Ru(bpy),(Cl-Me-bpy)](PFy), (0.500 g), zinc cyanide (0.740 g),
Pd,(dba); (0.045 g), dppf (0.060 g), zinc dust (0.200 g), and
DMA (80.0 mL) were combined in an inert atmosphere glove-
box. The solution was transferred from the glovebox to a
Schlenk line, shielded from light, and heated slowly under
nitrogen. The progress of the reaction was monitored by elec-
tronic absorption spectroscopy. After the reaction was complete
(i.e., when no further changes in the absorption spectrum were
noted, ca. 1 h), the solution was cooled to room temperature and
filtered through Celite. The filtrate was evaporated to near
dryness under vacuum, and the dark red-orange residue was
dissolved in acetonitrile and precipitated with ether. The result-
ing orange solid was collected by vacuum filtration and washed
with ether. The solid was recrystallized once by acetonitrile/
ether diffusion and then purified twice by column chromatog-
raphy using neutral alumina and C-18 reverse phase silica gel
with 7:1 acetonitrile/aqueous KNOj3 as the eluent for both
columns. After the column purification the product was recrys-
tallized by acetonitrile/ether diffusion to remove excess nitrate
salts from the column eluent. Yield: 0.309 g (63%). Anal. Calcd
(Found) for C34H¢F1oNgP>Ru: C, 43.55(43.40); H, 2.79 (2.85);
N, 11.95 (11.84); Ru, 10.78 (10.11). '"H NMR (500 MHz,
CD;CN): 6 8.69 (s, 2H), 8.49 (t, J = 7.8 Hz, 4H), 8.08 (m,
J =719, 1.5 Hz, 4H), 7.78 (s, 2H), 7.64 (dd, J = 12.6, 5.5 Hz,
4H),7.41 (m, J = 7.08, 1.3 Hz, 4H), 2.38 (s, 6H). '*C NMR (500
MHz, CD3;CN): 6 156.88, 156.56, 154.54, 153.52, 151.95, 151.54,
140.52, 138.49, 138.41, 127.90, 127.60, 126.21, 124.57, 124.54,
121.22, 114.80, 17.12. MS [ESI (CH3CN), m/z (rel. int.)]: 324.0
(95) [M — 2PF¢*", 793.1 (100) [M — PFg]'". MS [HR-ESI
(CH3CN)] m/z 793.0973 [M — PFg]'*, caled (C34Ho6NgFgPRu)
793.0966. FT-IR (selected frequencies in KBr pellet, cm™')
3117(w), 2234(m), 1605(m), 1467(s), 1447(s), 1241(m), 839(vs),
762(s), 557(vs). Electronic absorption (CH;CN) A, nm (g, M~
em ™ '): 285 (63,800) 318 (36,700), 420 (13,400) 479 (14,000).

(2,2'-Bipyridine)bis(4,4'-dicyano-5,5 -dimethyl-2,2'-bipyridine)-
ruthenium(IT) Hexafluorophosphate ([Ru(bpy)(CN-Me-bpy),]-
(PFg)2, (2)). This molecule was synthesized in the same manner as
[Ru(bpy)>(CN-Me-bpy)](PFy),, starting from the appropriate
Cl-Me-bpy ruthenium complex.

a. Bis(4,4'-dichloro-5,5'-dimethyl-2,2'-bipyridine)dichlororu-
thenium(I) (Ru(Cl-Me-bpy),Cl,). Freshly distilled DMF
(20.0 mL) was bubble degassed for 15 min, and 0.810 g of
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Chem. 2005, 44, 5-7.
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Ru(DMSO0),Cl,, 0.850 g of ClI-Me-bpy, and 8.00 g of LiCl were
added to the solution. The solution was protected from light with
aluminum foil and heated to reflux under nitrogen for 2 h. The
dark purple reaction mixture was then cooled slightly after which
the warm solution was poured over approximately 400 mL of
acetone and cooled overnight in the freezer to precipitate the
product. The dark precipitate was collected by vacuum filtration
and rinsed with water to remove excess LiCl and a side product of
[Ru(Cl-Me-bpy)s]*" until the filtrate was colorless. The remaining
dark purple solid was rinsed with ether and dried under vacuum.
The product was recrystallized once by dichloromethane/ether
diffusion. Yield: 0.747 g (66%). "H NMR (500 MHz, DMSO-d):
09.72 (s, 2H), 8.89 (s, 2H), 8.75 (s, 2H), 7.53 (s, 2H), 2.53 (s, 6H),
2.10 (s, 6H).

b. (2,2'-Bipyridine)bis(4,4’-dichloro-5,5'-dimethyl-2,2'-bipyri-
dine)ruthenium(II) Hexafluorophosphate ([Ru(bpy)(Cl-Me-
bpy)2](PFg)2). A 30.0 mL volume of ethanol was bubble degassed
with nitrogen for 15 min, and 0.500 g of Ru(CI-Me-bpy),Cl, and
0.120 g of 2,2"-bipyridine were added. The reaction was shielded
from light and heated to reflux, under nitrogen, overnight. The
solution was cooled to room temperature, and excess NaPF
dissolved in 50.0 mL of water was added to precipitate a red
powder. The precipitate was collected by vacuum filtration, rinsed
with water and ether, and dried under vacuum. The red powder
was recrystallized once by acetonitrile/ether diffusion. Yield: 0.681 g
(88%). Anal. Caled (Found) for Cs4H,3Cl4F5NgP,Ru-0.5
H,0: C, 38.43 (38.74); H, 2.75 (2.87); N, 7.91 (8.13). '"H NMR
(500 MHz, CD;CN): 6 8.51 (s, 2H), 8.49 (s, 2H), 8.47(d, J = 7.9
Hz 2H), 8.06 (dt, J = 7.9, 1.3 Hz, 2H), 7.70 (d, J = 5.7 Hz, 2H),
7.55 (s, 2H), 7.41 (s, 2H), 7.39 (dt, J = 6.6, 1.3 Hz, 2H), 2.25 (s,
6H), 2.18 (s, 6H). '*C NMR (500 MHz, CDsCN): & 158.43,
156.42, 156.40, 154.03, 153.84, 153.23, 147.07, 147.04, 139.34,
138.59, 138.56, 128.91, 125.89, 125.80, 17.84, 17.67. MS: [ESI, m/z
(rel. int.)]: 382.1 (100) [M — 2PF¢]*", 909.1 (67) [M — PF¢]'".

¢. (2,2-Bipyridine)bis(4,4'-dicyano-5,5'-dimethyl-2,2’-bipyri-
dine)ruthenium(II) Hexafluorophosphate ([Ru(bpy)(CN-Me-
bpy)2](PF¢)2, (2)). [Ru(bpy)(CN-Me-bpy),](PFe), was synthe-
sized in the same manner as [Ru(bpy),(CN-Me-bpy)](PF¢), using
0.300 g of [Ru(bpy)(Cl-Me-bpy)-](PF)», 0.400 g of zinc cyanide,
0.051 g of Pd,(dba)s, 0.063 g of dppf, 0.300 g of zinc dust, and 60.0
mL of DMA. Yield: 0.116 g (40%). Anal. Calcd (Found) for
C38H28F|2N]0P2RH' 1.5 HzOI C, 43.77 (4389), H, 2.99 (272), N,
13.43 (13.20); Ru, 9.69 (8.94). "H NMR (500 MHz, CD;CN): 6
8.70 (s, 2H), 8.68(s, 2H), 8.50 (d, J = 7.9 Hz, 2H), 8.12 (dt,J = 7.9
Hz, 1.5,2H),7.68 (t,J = 0.7 Hz, 2H), 7.64 (t,J = 0.7 Hz, 2H) 7.58
(d,J = 5.3 Hz, 2H), 7.42 (dt, J = 6.7, 1.3 Hz, 2H), 2.41 (s, 6H),
2.37 (s, 6H). >C NMR (500 MHz, CD;CN): ¢ 157.90, 155.74,
155.45, 155.10, 154.80, 153.21, 142.25, 142.15, 140.34, 129.26,
127.77, 127.76, 126.22, 123.36, 123.27, 116.04, 116.02, 18.65,
18.44. MS [ESI (CH3;CN), mjz (rel. int.)]: 363.1 (100) [M —
2PF*", 871.1 (48) [1M — PF¢]'*. MS [HR-ESI (CH;CN)] m/z
871.1166 [M - PFG] +, caled (C38H28N10F6PRU) 871.1184. FT-
IR (selected frequencies in KBr pellet, cm™') 3117(w), 2920(w),
2236(s), 1607(m), 1478(s), 1384(s), 1241(m), 841(vs), 765(m),
562(vs). Electronic absorption (CH;CN) A, nm (e, M~ ' ecm ™)
284 (37,000), 317 (55,200), 367 (12,800), 440 (12,600), 477
(16,700).

Tris(4,4'-dicyano-5,5'-dimethyl-2,2'-bipyridine)ruthenium(IT)
Hexafluorophosphate ([Ru(CN-Me-bpy);](PFg), (3)). This mol-
ecule was synthesized in the same manner as [Ru(bpy),(CN-Me-
bpy)](PFy),, starting from the appropriate Cl-Me-bpy ruthenium
complex.

a. Tris(4,4'-dichloro-5,5'-dimethyl-2,2'-bipyridine)ruthenium-
(IT) Hexafluorophosphate ([Ru(Cl-Me-bpy)s](PFs),). Ethanol
(30 mL) was bubble degassed with nitrogen for 15 min, and
0.260 g of Ru(DMSO0)4Cl, and 0.530 g of Cl-Me-bpy were added
to the solution. The reaction was shielded from light and heated to
reflux for 48 h under nitrogen. The solution was cooled to room
temperature, and excess NaPFy, dissolved in 50.0 mL of water,
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was added to precipitate a red powder. The precipitate was
collected by vacuum filtration, rinsed well with water and ether,
and dried under vacuum. The solid was recrystallized once by
acetonitrile/ether diffusion. Yield: 0.385 g (63%). Anal. Calcd
(Found) for C36H30C16F12N6P2RUZ C, 37.59 (3717), H, 2.63
(2.62); N, 7.31 (7.25). "H NMR (500 MHz, CD;CN): 6 8.49 (s,
2H), 7.48 (s, 2H), 2.23 (s, 6H). '*C NMR (500 MHz, CD;CN): 6
156.33, 153.88, 147.11, 138.57, 125.91, 17.68. MS [ESI, m/z (rel.
int.)]: 430.1 (100) [M — 2PF¢]*™", 1005.1 (55) [M — PF¢]'™.

b. Tris(4,4 -dicyano-5,5'-dimethyl-2,2'-bipyridine)ruthenium-
(II) Hexafluorophosphate ([Ru(CN-Me-bpy)s](PFe)2, (3)).
[Ru(CN-Me-bpy)s](PF¢), was synthesized in the same manner
as [Ru(bpy),(CN-Me-bpy)](PF¢), using 0.630 g of [Ru(Cl-Me-
bpy)s](PFg),, 1.90 g of zinc cyanide, 0.160 g of Pd,(dba)s, 0.180 g
of dppf, 0.500 g of zinc dust, and 125 mL of DMA. Yield: 0.117 g
(20%). Anal. Caled (Found) for CyHjzoFoN-P>,Ru-1.75
CH;CN: C, 46.89 (47.29); H, 3.05 (2.77); N, 16.52 (16.11); Ru,
8.67 (8.29). "H NMR (500 MHz, CDCN): 6 8.71 (s, 2H), 7.59 (s,
2H), 2.41 (s, 6H). *C NMR (500 MHz, CD;CN): & 155.33,
154.99, 142.50, 128.01, 123.83, 115.95, 18.51. MS [ESI (CH;CN),
m/z (rel. int.)]: 402.1(100) [M — 2PF¢]**, 949.1 (10) [M — PF]'*.
MS [HR-ESI (CH;CN)] m/z 949.1413 [M — PF4]'™, caled (Cyo-
H;oN,FsPRu) 949.1402. FT-IR (selected frequencies in KBr
pellet, em™ 1) 3050(w), 2235(m), 1631(m), 1477(s), 1385(s),
1242(m), 842(vs), 558(vs). Electronic absorption (CH3CN) 4,
nm (e, M~ em™1): 315 (78,800), 458 (23,000).

Physical Measurements

Electrochemistry and Spectroelectrochemistry. Electro-
chemical measurements were carried out in an Ar-filled
glovebox (Vacuum Atmospheres) using a CHI 630B elec-
trochemical analyzer. A standard three-electrode arrange-
ment was used consisting of a Pt working electrode, a
graphite counter electrode, and a Ag/AgCl reference elec-
trode (Cypress Systems). Measurements were carried out in
spectrophotometric grade CH3;CN, which was freeze—
pump—thaw degassed before use, and using 0.1 M tetra-
butylammonium hexafluorophosphate (TBAPF¢) as the
supporting electrolyte. Data were acquired by cyclic vol-
tammetry (CV) and differential pulse voltammetry (DPV);
the scan rate for the CV measurements was 50 mV/s and the
scan rate and pulse width for the DPV measurements were
20 mV/s and 50 mV, respectively. Values for £}, obtained
by the two techniques were comparable. All oxidation and
reduction waves were reversible over several successive
scans. Potentials are listed versus the ferrocene/ferrocenium
couple, which was used as an internal standard, and quoted
as £y, values as calculated from the DPV peak potentials.*®

UV—uvisible spectroelectrochemical experiments were
performed in a 1 mm path length spectroelectrochemical
cell (CH Instruments) with a Ag/AgCl reference electrode
inside an Ar filled glovebox. Measurements were carried
out in spectrophotometric grade CH3CN, which was freeze—
pump—thaw degassed before use, and using 0.1 M TBAPF
as the supporting electrolyte. Samples were dissolved in the
electrolyte solution to give an absorbance of 0.3—0.5 at the
maximum of the main absorption band in the visible region.
Difference spectra were collected on a SI440 CCD spectro-
meter in ca. 30 s intervals as the samples were oxidized or
reduced. Oxidative spectra were collected at a potential
100 mV more positive than E;,”*; reductive spectra were
collected at a potential 100 mV more negative than E; /zredl or

(38) Richardson, D. E.; Taube, H. Inorg. Chem. 1981, 20, 1278-1285.
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halfway between E, /zredl and E| /2red2, whichever was less
reducing.

Electronic Steady-State and Time-Resolved Spectrosco-
pies. All spectra were collected in spectrophotometric grade
CH;CN unless otherwise noted. For steady-state and time-
resolved measurements, the solvent was freeze—pump—
thaw degassed before use. Electronic absorption spectra
for all compounds were acquired using a Cary 50 spectro-
photometer. Steady-state emission spectra were acquired
following MLCT excitation using a Spex Fluoromax
fluorimeter and corrected for instrumental response using
a NIST standard of spectral irradiance (Optronic Labora-
tories, Inc., OL220 M tungsten quartz lamp). Samples were
prepared in an inert atmosphere glovebox in 1 cm quartz
cuvettes and measured under optically dilute conditions (o.
d. 0.1—0.2). The resulting emission spectra were fit with an
asymmetric double sigmoidal function using IGOR pro.
This function has no mathematical significance but is able
to accurately reproduce the shape of the entire emission
curve and thereby capture the small area (<10%) that
lies outside of the detector range. This results in a more
accurate estimate of the integrated spectrum. Relative
radiative quantum yields (®,) were determined using
[Ru(bpy)s](PFg), as a standard (®Pgq = 0.095 in degassed
CH;CNY). Quantum yields were calculated using eq 1,

Iunk /Aunk> (nunk> ’
= S === )L unk 1
¢unk ¢std ( Isld / Astd N ( )

where @, is the relative radiative quantum yield of the
sample, I, and I are the integrated areas of the corrected
emission spectra of the sample and standard respectively,
Aunk and Agq are the absorbances of the sample and the
standard at the excitation wavelength, and 7, and 744 are
the indexes of refraction of the respective solvents (taken to
be equal to the neat solvents in both cases). Low-tempera-
ture emission spectra were collected using a Janis SVT-100
optical cryostat as described previously.*® Measurements
were taken at 80 K in a 9:2 mixture of butyronitrile and
propionitrile, both of which were freeze—pump—thaw
degassed before use. Estimates of the zero point energy
gap (Ey), Huang—Rhys factor (Sy), energy of the average
vibrational mode coupling the ground and excited states
(hww), and spectral bandwidth (Av, ;) were determined
by a single mode fit of the steady-state emission spectra to
eq 2 as described by Claude and Meyer.*!
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The correction of Parker and Rees was applied to all spectra
when converting from wavelength to energy units.

(39) Suzuki, K.; Kobayashi, A.; Kaneko, S.; Takehira, K.; Yoshihara, T.;
Ishida, H.; Shiina, Y.; Oishi, S.; Tobita, S. Phys. Chem. Chem. Phys. 2009, 11,
9850-9860.

(40) Damrauer, N. H.; McCusker, J. K. Inorg. Chem. 1999, 38, 4268—
4277.

(41) Claude, J. P.; Meyer, T.J. J. Phys. Chem. 1995, 99, 51-54.

(42) Parker, C. A.; Rees, W. T. Analyst (London) 1960, 85, 587-600.
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Nanosecond time-resolved emission and transient ab-
sorption experiments were carried out using a Nd:YAG
laser spectrometer that has been described previously.****
Time-resolved emission data were collected on the same
samples used to acquire the room-temperature steady-state
emission spectra (vide supra). Samples for time-resolved
absorption measurements were prepared with an absor-
bance in the range of 0.3—0.5 at the excitation wavelength
(500 nm for 1 and 2 and 480 nm for 3) and sealed under an
Ar atmosphere in 1 cm pathlength quartz cuvettes. The
reported data correspond to 15 shot averages of the signal
and baseline as well as background sample emission, all
acquired at 0.2 Hz, with 1—3 mJ of pump power at the
sample. The baseline and emission were subsequently sub-
tracted from the signal and the data analyzed using a
program of local origin. All data were checked for linearity
with respect to pump power. In addition, absorption
spectra were measured before and after all time-resolved
absorption experiments to ensure the integrity of the
sample. For full spectrum data acquisition, the laser
power was periodically monitored to ensure constant
pulse energy over the course of the experiment. Data
acquired at each probe wavelength were fit to a single
exponential kinetic model; the amplitudes for each of
these fits were plotted to produce the differential absorp-
tion spectra reported herein.

Nanosecond Time-Resolved Infrared Spectroscopy.
Nanosecond time-resolved step-scan infrared (SSIR) ab-
sorption spectra were measured on a step-scan modified
Bruker IFS66 FTIR spectrometer with a standard globar
source and nitrogen purge. Nitromethane was used as the
solvent in these experiments; emission measurements on
complex 1 in CH;CN and CH;NO, showed no significant
differences in the emission profile or lifetime. The com-
pounds were dissolved in dried CH3NO, to give a ground
state infrared absorption of 0.2—0.6 for the ¥(CN) band
(10—20 mM). All solutions were deoxygenated by bubbling
with nitrogen for 15 min. Spectra were measured in a
demountable CaF, cell with a 0.5 mm or 1 mm Teflon
spacer (Specac). Samples were excited using an OPOTEK
Vibrant Nd:YAG laser (~3—4 mJ/pulse, 10 Hz). Excita-
tion wavelengths within the lowest energy visible absorp-
tion feature were chosen such that the absorbance was less
than 2 to ensure uniform excitation of the sample. An AC/
DC-coupled photovoltaic Kolmar Technologies mercury
cadmium telluride (PV MCT) detector with a 20 MHz
preamplifier was used to sample the transmitted IR probe
beam. The detector’s AC signal was further amplified (25x)
with a 350 MHz fast preamplifier (Stanford Research
SR445A) before being directed to a 100/200 MHz PAD®&2a
transient digitizer board. The interferogram response be-
fore and after laser excitation was collected in 10 ns time
slices, with 30 laser shots averaged at each mirror position.
For each scan, folding limits of 2600 and 1000 cm ™' at
4 cm ™! resolution resulted in 1332 mirror positions. The
DC signal was collected separately and used to check for
sample decomposition as well as for phase correction of the
AC signal. Bruker Instruments’ Opus 5.5 software was used

(43) Damrauer, N. H.; Boussie, T. R.; Devenney, M.; McCusker, J. K. J.
Chem. Soc. 1997, 119, 8253-8268.

(44) Picraux, L. B.; Smeigh, A. L.; Guo, D.; McCusker, J. K. Inorg. Chem.
2005, 44, 7846-7865.
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to process the recorded data. Differential absorbance spec-
tra were calculated from the AC and DC single channel
spectra as described previously.*> The differential excited
state absorption spectra reported herein represent an aver-
age of 4—8 scans, ground state spectra correspond to an
average of 30 (rapid) scans.

Calculations. Calculations on complex 1 were performed
using the Gaussian 03 software package.*® Geometry opti-
mizations were done on both the ground state and the
lowest energy triplet charge-transfer excited state using a
spin unrestricted formalism at the BSLYP/LANL2DZ level
of theory.*”** No symmetry restrictions were placed on the
geometry optimizations. The effect of the acetonitrile sol-
vent environment was included by using the polarizable
continuum model (PCM). Frequency calculations were
performed on both the singlet and the triplet optimized
structures to ensure that these geometries corresponded to
global minima: no imaginary frequencies were obtained for
either of the optimized geometries. Orbitals derived from
these calculations were visualized using GaussView.

Results and Discussion

We have prepared a series of cyano-substituted ruthenium
polypyridyl complexes with the general form [Ru(bpy);—,-
(CN-Me-bpy),J(PFg),. These complexes have been designed
to combine the well documented charge transfer properties of
the ruthenium polypyridyl complexes with a cyanide infrared
tag to enable the study of vibrational relaxation dynamics in
charge transfer excited states. This report describes the
synthesis and spectroscopic characterization of this series,
thus providing the necessary foundation for a detailed study
of vibrational relaxation dynamics in a prototypical MLCT
chromophore.

Synthesis. The synthesis of ruthenium complexes is well
established, versatile, and can be carried out using bipyr-
idine ligands having electron-withdrawing substituents
such as such as nitro, trifluoromethyl, and ethyl ester.**~>?
However, initial attempts to synthesize ruthenium com-
plexes of 4.4’-dicyano-2,2’-bipyridine (CN-bpy) using a
variety of reaction conditions led to only trace amounts of
the desired products even with extended (i.e., weeks to
months) reaction time. The fact that examples of ruthenium

(45) Sun, H.; Frei, H. J. Phys. Chem. B 1997, 101, 205-209.

(46) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J., J. A.; Vreven, T.; Kudin, K. N.;
Burant, J. C.; Millam, J. M.; Iyengar, S. S.; Tomasi, J.; Barone, V.; Mennucci, B.;
Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A.; Nakatsuji, H.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, 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.; Voth, G. A ; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.; Farkas, O.;
Malick, D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V;
Cui, Q.; Baboul, A. G.; 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 D.01; Gaussian, Inc.: Wallingford, CT, 2004.

(47) Monat, J. E.; Rodriguez, J. H.; McCusker, J. K. J. Phys. Chem. A
2002, 106, 7399-7406.

(48) Fodor, L.; Lendvay, G.; Horvath, A. J. Phys. Chem. A 2007, 111,
12891-12900.

(49) Cook, M. J.; Lewis, A. P.; McAuliffe, G. S. G.; Skarda, V.; Thomson,
A.J.; Glasper, J. L.; Robbins, D. J. J. Chem. Soc., Perkin Trans. 1984, 417,
1293-1301.
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complexes containing cyano-substituted bipyridine ligands
have been reported in the literature suggests that [Ru-
(bpy)s—_n(CN-bpy),J*" (n=1—3) complexes are thermody-
namically stable, implying that kinetic factors are likely
responsible for the low yields of the CN-bpy complexes by
these routes.>*>

One alternate pathway to form ruthenium complexes of
CN-bpy is to carry out the cyanide functionalization after
the ligand is bound to the metal center. There are many
examples of such transformations in the literature, circum-
venting difficult purifications, insoluble intermediates, and/
or kinetically unfavorable reactions.”* ®' In particular,
palladium catalysts have proven effective in converting aryl
halides to cyanides in high yields;*** Hanan, Campagna,
and co-workers have demonstrated that this reaction can
also be used on ruthenium complexes.®’ Starting from the
chloro-substituted ruthenium bipyridine complexes, we
were able to synthesize ruthenium complexes of 4,4'-dicya-
no-2,2'-bipyridine, proving that the desired complexes are
indeed thermodynamically viable. Unfortunately, these
complexes were highly susceptible to hydrolysis to form
the corresponding amide, especially during column chro-
matography as well as subsequent to reduction during
electrochemical measurements. To increase the basicity of
the nitrogens and (hopefully) increase the stability of the
complexes, electron donating methyl groups were added to
the 5 and 5 positions of the bipyridine ring. This approach
proved to be successful, yielding the final [Ru(bpy);—,(CN-
Me-bpy),J*" (n = 1—3) complexes, shown in Scheme 1,
which could withstand column chromatography as well as
exhibiting reversible electrochemistry.

The synthesis of the desired complexes took place in three
stages. First, the Cl-Me-bpy ligand was synthesized via the
nitro-substituted intermediate using the literature proce-
dure reported for 4,4-dichloro-2,2'-bipyridine.**** The
ruthenium complexes of the Cl-Me-bpy ligand were then
synthesized using well-established literature methods. For
the final step of synthesizing the CN-Me-bpy ruthenium
complexes, the procedure Hanan, Campagna, and co-
workers reported for [Ru(tpy)(CN-tpy)]* " and [Ru(CN-
tpy)o]* " (CN-tpy = 4'-cyano-2,2":6,2"-terpyridine) had
to be modified for these bipyridine-based reactions. The

(50) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; Von
Zelewsky, A. Coord. Chem. Rev. 1988, 84, 85-277.
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amount of palladium catalyst and ligand were kept the
same as reported (5 and 10 mol % per CN group
respectively); however, we found that an excess of zinc
cyanide (as opposed to the stoichiometric amount used
for the tpy-based systems) was necessary to form the
bipyridine complexes. In addition, the 6—12 h reaction
time necessary for the terpyridine complexes had to be
truncated to 1—2 h for the bipyridine analogues to avoid
the formation of side products that were not easily
removed by recrystallization or column chromatography.
The ideal reaction time differed depending on the exact
rate of heating (~1 °C/minute was used), so monitoring
the reaction progress by electronic absorption spectro-
scopy (Supporting Information, Figures S1—S3) was
essential for determining when the reaction had reached
completion. Even under optimized conditions, the se-
paration achieved by column chromatography required
the collection of multiple fractions and evaluated by
electronic absorption and NMR spectroscopies. At-
tempts to grow single crystals were unsuccessful; the
identity and purity of the final complexes were ultimately
determined by NMR, high resolution ESI/MS, and ele-
mental analysis.

Ground-State Spectroscopic Properties. The ground
state absorption spectra of the three complexes are shown
in Figure 1. Metal bipyridyl complexes typically exhibit
both intraligand as well as charge-transfer transitions. On
the basis of extinction coefficients as well as comparison to
other ruthenium polypyridyl complexes, the UV absorp-
tion features in complexes 1—3 can be assigned as & — 7*
absorptions of the bipyridine ligands whereas the some-
what weaker but still intense visible features are MLCT in
nature; more specific assignments can be made by examin-
ing changes in the spectra across the series. For example, in
complex 3 there is a single UV absorption at 315 nm which
can be readily assigned as a  — 7* absorption(s) of the
CN-Me-bpy ligand since that is the only type of bipyridyl
ligand present. Complexes 1 and 2 also have UV absorp-
tions at 318 and 317 nm, respectively, which are likewise
assigned to ;t — z* absorptions of the CN-Me-bpy ligand.
The intensity of this band decreases across the series, getting
progressively smaller as the CN-Me-bpy ligand is system-
atically replaced by bpy, further supporting this assign-
ment. Upon introduction of the unsubstituted bpy ligand, a
higher energy UV absorption appears that shows the
opposite trend: this is obviously associated with the unsub-
stituted bipyridine ligand. The relative energies of the two
absorption features are reasonable given the additional
conjugation of the 7 system expected for the CN-Me-bpy
ligand.

Assignments within the charge transfer band are not as
straightforward but can be clarified using electrochemistry.
To a reasonable approximation the energy of a metal-to-
ligand charge transfer band can be thought of in terms of
the energy required to oxidize the metal and reduce the
ligand, that is, EEMLCT) ~ E(M—M™) + E(L—L") for
M-L — M"-L™.% For two ligands bound to the same
metal, the energy of the MLCT state(s) will therefore
correlate with the reduction potentials of the ligands. The
electrochemical properties of complexes 1—3 have been
investigated by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV), the results of which are listed in
Table 1.



Article

Scheme 1. Synthesis of Complexes 1—3
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See text for details.
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Figure 1. Electronic absorption spectra of [Ru(bpy)>(CN-Me-bpy)]-
(PFs), (1, blue line), [Ru(bpy)(CN-Me-bpy),](PFs), (2, green line),
[Ru(CN-Me-bpy);](PF)> (3, red line), and [Ru(bpy);](PF), (black line)
in CH;CN solutions.

The electron-withdrawing nature of the cyano group is
immediately apparent from the trends in the ruthenium
oxidation potential across the series. Starting with

[Ru(bpy)s]*", each successive replacement of 2,2/-bipyri-
dine by CN-Me-bpy in the coordination sphere system-
atically shifts the oxidation potential of the metal center
positive by about 130 mV. The inferred decrease in negative
charge density at the ruthenium indicates the generally
poorer electron donating ability of the CN-Me-bpy relative
to the unsubstituted ligand. With regard to the ligand
reductions, we can see by comparing the first reduction
potentials of [Ru(bpy)s]*" and complex 3 that the CN-Me-
bpy ligand is more easily reduced than the bpy ligand by
480 mV; in both complexes, the three reduction potentials
are evenly spaced with a difference of 200 4= 50 mV between
each successive reduction. In complex 1, the first reduction
potential is much closer in energy to that of the first
reduction of complex 3, whereas the second and third
reduction potentials are much closer to those of
[Ru(bpy)s]*". These observations support the notion that
the first reduction potential in complex 1 is associated with
the CN-Me-bpy ligand, and the second and third reduc-
tions are those of the unsubstituted bpy ligands. Analogous
assignments hold for complex 2, that is, the first and second

(64) Vicek, A. A.; Dodsworth, E. S.; Pietro, W. J.; Lever, A. B. P. Inorg.
Chem. 1995, 34, 1906-1913.
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Table 1. Electrochemical Data for Complexes 1—3 and [Ru(bpy);](PF), in CH;CN Solution “

complex E ™ E\p E, E, et AE (eV)® Eo (eV)°
[Ru(bpy);](PF¢)a +0.91 -1.70 —1.89 —2.14 2.61 2.03
[Ru(bpy)>(CN-Me-bpy)|(PFg)»(1) +1.01 —1.38 ~1.86 —2.06 2.45 1.82
[Ru(bpy)(CN-Me-bpy)s](PF¢)»(2) +1.13 -1.33 -1.52 ~1.99 2.46 1.91
[Ru(CN-Me-bpy);](PF4)»(3) +1.29 —1.25 —1.40 ~1.61 2.54 1.99

“@Potentials are reported in V versus the ferrocene/ferrocenium couple as described in the Experimental Section. > AE = (E 12— E, ,Qm‘”). ¢ Ey from

Table 3.

reductions are the sequential reductions of the two CN-Me-
bpy ligands whereas the third corresponds to reduction of
2,2'-bipyridine.

Returning to the electronic absorption spectra in Figure 1,
the lower energy absorption at 479 nm can now be assigned
toa 'A; — '"MLCT transition associated with the CN-Me-
bpy ligand, whereas the higher energy portion of the
absorption band centered near 420 nm are corresponding
transitions coupled to the unsubstituted bpy ligands; similar
arguments apply for complex 2. In complex 3 there is a
single main visible absorption at 458 nm that obviously
corresponds to MLCT transition(s) to the CN-Me-bpy
ligand. It is interesting to note that the MLCT absorption
in the symmetric tris complex is much narrower and appears
at higher energy than its counterpart in the heteroleptic
complexes 1 and 2. This phenomenon has been seen in other
series of heteroleptic ruthenium complexes. The change in
breadth most likely reflects the presence of multiple absorp-
tion features because of both the reduction of symmetry
(i.e., from nominally Dy to C,) and the overlap with
transitions associated with the various ligands, whereas
the difference in energy reflects the influence of the ancil-
lary ligands on the electrochemical properties of the
system. 151:05

Steady-State and Time-Resolved Emission Spectrosco-
pies. The room temperature emission spectra for all three
complexes are plotted in Figure 2a. The emission maxima
for [Ru(bpy)o(CN-Me-bpy)|(PFe)s (1), [Ru(bpy)(CN-Me-
bpy)aI(PFe) (2), and [Ru(CN-Me-bpy)s](PFo); (3) appear
at 686 nm, 658 nm, and 626 nm, respectively, following the
same trend as the ruthenium oxidation potentials across the
series. Radiative quantum yields were determined relative
to [Ru(bpy);](PF¢), and are listed in Table 2. The measured
quantum yields correlate with the emission energies, in-
creasing from 13% in complex 1 to 40% in complex 3.
While these quantum yields may seem unusually large
for ruthenium polypyridyl complexes (especially that of
complex 3), many ruthenium tris bipyridine®® and tris
phenanthroline™ complexes containing aromatic substitu-
ents exhibit radiative quantum yields on this order. In
addition, the recent correction in the absolute value of @,
for [Ru(bpy)s](PFs), from 6.2% to 9.5% must be borne in
mind when comparing values in the literature.*

To obtain more quantitative insights into the *MLCT
excited states of this system, we carried out a single mode
spectral fitting analéysis based on eq 2 as described by Meyer
and co-workers.*"*® The room-temperature emission spectra
shown in Figure 2a are typical of molecules in this class,
showing virtually no vibrational fine structure; conse-
quently, a high degree of correlation among the four fitting

(65) Mabrouk, P. A.; Wrighton, M. S. Inorg. Chem. 1986, 25, 526-531.
(66) Kober, E. M.; Caspar, J. V.; Lumpkin, R. S.; Meyer, T. J. J. Phys.
Chem. 1986, 90, 3722-3734.
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Figure 2. Steady-state emission spectra of [Ru(bpy),(CN-Me-bpy)]-
(PFg)> (1, blue squares), [Ru(bpy)(CN-Me-bpy),](PFs), (2, green tri-
angles), and [Ru(CN-Me-bpy);](PFg), (3, red circles). (a) Room-
temperature spectra acquired in deoxygenated CH3CN solution. The
solid lines correspond to fits to an asymmetric double sigmoidal function;
see text for further details. (b) Emission spectra acquired in a 9:2
butyronitrile/propionitrile glass at 80 K.

parameters endemic to a single-mode fit (Ey, Sy, Awng, and
Avy 1 ») was observed, and the spectra could be fit equally
well to a wide range of combined values. In a low-tempera-
ture glass, however, sufficient fine structure is resolved to
help mitigate the overdetermined nature of the problem at
room temperature (Figure 2b). Following the example of
Claude and Meyer, the value of Awy; was assumed to be
temperature independent, so the room temperature spectra
were refit using the low temperature value of hwy, as a fixed
parameter. Using this approach, well-defined (<10%
variation) values for the "MLCT zero-point energy (Ey),
Huang—Rhys factor (Sy), and the spectral bandwidth
(Avg,12) could be determined for the room-temperature
spectra. Spectral fitting parameters obtained in this manner
for complexes 1—3 and [Ru(bpy);](PF¢), are listed in
Table 3.

The fitted values for E; for all three complexes are very
close to the observed emission maxima, indicating that the
v* = 0— v = 0 transition is the dominant contribution to
the observed emission spectrum. The Huang—Rhys factor
can be thought of as a measure of the vibrational overlap
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Table 2. Photophysical Data for Complexes 1-3 and [Ru(bpy)s](PF), in CH;CN Solution

complex Aem (nM) D Tobs (Us)” kops (x10° s71HP ke (x10% s 1yee fenr (x10% 571
[Ru(bpy)s](PFs)s 618 0.0950.003 0.95+0.01 10.5 £0.10 10.0£0.30 9.53+0.08
[Ru(bpy)>(CN-Me-bpy)|(PF)> (1) 686 0.1340.004 1.564+0.02 6.41 +£0.08 8.33+£0.25 5.58+0.17
[Ru(bpy)(CN-Me-bpy)-](PF)> (2) 658 0.2740.008 2.62£0.04 3.82+0.06 10.3£0.31 2.79+ 0.08
[Ru(CN-Me-bpy)s](PFy)> (3) 626 0.40 £0.012 3.50 £0.05 2.86+ 0.04 11.4+£0.35 1.71£0.05

“@Error bars based on the 3% uncertainty in the [Ru(bpy)s](PFs), quantum yield standard. ” Uncertainty determined by the standard deviation of

multiple measurements. <k, = @, kops. “knr = kops — ki

Table 3. Spectral Fitting Results for Complexes 1—3 and [Ru(bpy);](PFs),

low temperature

a,b

room temperature”

complex Eo(cm ™) Sm Aoy (em™") AT p(em™)  Ey(em™) Sm Ay (em™") AT a(em™)
[Ru(bpy)s](PF), 17220450 1.05+£0.06 1345440 950460 16365450 1.0140.08 1345 1740 + 120
[Ru(bpy)>(CN-Me-bpy)](PFe)> (1)  15410£40 0.67+£0.06 1290 + 40 985460  14650+50 0.654 0.1 1290 1675110
[Ru(bpy)(CN-Me-bpy),(PF¢), (2) 15970+50 0.69 £0.05 1285440 950+ 50 15410450 0.7340.09 1285 16754120
[Ru(CN-Me-bpy)s](PFe) (3) 16335470 0.84+£0.07 1365490 13154290 15970 £70 0.79+0.11 1365 1810+ 150

“ Fitting results for 80 K emission spectra in 9:2 butyronitrile:propionitrile. ® Error bars represent an approximate range of visually equivalent fits.
¢Fitting results for room temperature emission spectra in CH3CN, using a fixed value of /wy; based on the low temperature data. See text for details.

between the excited state and the ground state and is
proportional to (AQ)?. This makes Sy a useful parameter
for gauging the degree of structural distortion in the excited
state relative to the ground state and in this regard is
sometimes referred to as a mode—sgeciﬁc reduced reorga-
nization energy (i.e., Sy = A/hwy).* It is difficult to draw
any conclusions concerning differences across the series
since the variations in Sy, for complexes 1—3 are within the
uncertainties of the fits; however, all three exhibit Sy values
that are smaller than that obtained for [Ru(bpy)s](PF¢)-.
This result suggests that the three cyano-substituted com-
plexes have excited-state geometries that are slightly less
distorted relative to their ground states as compared to
[Ru(bpy);](PF),.

The excited-state lifetimes of complexes 1—3 were deter-
mined using nanosecond time-resolved emission spectros-
copy, from which radiative (k;) and non-radiative (k)
decay rates were calculated (Table 2). The most significant
differences across the series can be seen in the relative values
of kye. As predicted by the energy gap law,** we note an
inverse relationship between the zero-point energy differ-
ences and the rates of non-radiative decay back down to the
ground state; this is not surprising and has been observed in
a wide range of systems. Along the lines of the preceding
discussion concerning the Huang—Rhys factor, a compar-
ison of k. values for [Ru(CN-Me-bpy);]*" and [Ru-
(bpy)s]*" is more instructive because of their comparable
emission maxima: this effectively divides out the effect of
zero-point energy and therefore reflects primarily the re-
lative excited-state/ground-state potential energy surface
displacements for the two compounds. We can see that the
suggestion of a smaller value of Sy, for the cyano-contain-
ing compounds from the spectral fitting analysis as com-
pared to [Ru(bpy)s]*" is confirmed by the ~5-fold reduc-
tion in k,, for compound 3. From this result it can be
concluded that the excited state in this compound (and by
extension the entire series) is indeed characterized by a
smaller degree of geometric distortion relative to [Ru-
(bpy)s]*", which in turn can be reasonably ascribed to
delocalization of the r* orbital into the cyano group(s) of
the CN-Me-bpy ligand.

The differences in radiative decay rate (k,) are less
dramatic than what is observed for k,,, but nevertheless
support the same conclusion. Radiative decay theory spec-
ifies a proportionality between k. and the product u*- E,’*
(where u is the transition dipole moment and Ej is the
energy gap®’), and the trend in k. for complexes 1—3 is
wholly consistent with this picture. Turning again to a
comparison of the two [RuL;]>" complexes, we note that
complex 3 has a radiative decay rate that is ~10% larger
than that of [Ru(bpy);](PF¢)> despite having a slightly
smaller energy gap. This implies a larger transition dipole
for complex 3, which is again consistent with coupling of
the CN group into the bipyridyl ligand insofar as this would
allow delocalization of the 7* orbital into the periphery of
the ligand and increase the effective magnitude of the
transition dipole. A similar effect is evident in the ground-
state absorption spectra (Figure 1), which clearly shows a
larger oscillator strength associated with the 'A; —"MLCT
absorption for complex 3 relative to [Ru(bpy)s](PFs),.
Previous work from our lab on a series of aryl-substituted
ruthenium(Il) polypyridyl complexes revealed similar
trends in k, and k,, that were attributed to an extended &
system in the MLCT manifold.*

Time-Resolved Electronic Absorption Spectroscopy.
Nanosecond transient absorption spectroscopy is another
important tool for characterizing the lowest energy excited
states of transition metal complexes, particularly as a
precursor to ultrafast spectroscopic measurements.” Tran-
sient absorption spectra of complexes 1—3 and [Ru(bpy);]-
(PF¢)> acquired following 'A; — "MLCT excitation are
shown in Figure 3. There are three principle features
observed in all of the spectra: a strong net absorption in
the near-UV, a strong bleach in the midvisible, and a weak
absorption extending into the red. This overall pattern is
typical of what is observed for the excited-state spectra of
Ru'" polypyridyl complexes.

Since an MLCT excited state can be thought of in terms
of an oxidized metal and a reduced ligand (vide supra),
spectroelectrochemistry can be a useful guide for making

(67) Kestner, N. R.; Logan, J.; Jortner, J. J. Phys. Chem. 1974, 78, 2148—
2166.
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Figure 3. Nanosecond time-resolved differential absorption spectra
acquired in room-temperature CH3;CN solution for (a) [Ru(bpy),(CN-
Me-bpy)I(PFe)- (1), (b) [Ru(bpy)(CN-Me-bpy),](PF)> (2), (¢) [Ru (CN-
Me-bpy)s](PFg)> (3), and (d) [Ru(bpy)s](PFs),. The individual points
correspond to the amplitudes of fits of the kinetics data to single-
exponential decay models; a smoothed solid line has been included in
each plot to guide the eye.

assignments as to the specific origins of the various features.
The change in absorbance upon oxidation of complex 1 is
shown in Figure 4b. When the Ru'" center is oxidized to
Ru'™, the dominant feature in the differential spectrum is
the loss of the MLCT absorption band in the visible. In
addition, we note that the = — s* absorption of the CN-
Me-bpy ligand, which occurs at ~315 nm in the ground
state spectrum (Figure 1), shifts to ~340 nm when coordi-
nated to Ru'™. The weak absorption at 725 nm shown in
the inset can be assigned as an LMCT absorption based
on comé)arison to other reported Ru"™ polypyridyl com-
plexes.® Upon reduction of the parent compound
(Figure 4c¢), strong absorptions associated with the radical
anion of the ligand are seen across the UV and visible
portions of the spectrum. A small bleach is also seen in the
midvisible because of the loss of the charge-transfer transi-
tion to the CN-Me-bpy ligand that has undergone reduc-
tion. Spectroelectrochemical data for complexes 2 and 3
can be found in the Supporting Information, Figures S4
and S5. While there are qualitative differences in the
spectral profiles (due primarily to differences in the ground
state absorption spectra), analogous conclusions hold for
these compounds.

McCusker and McCusker
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Figure 4. (a) Ground state absorption spectrum for [Ru(bpy),(CN-Me-
bpy)l(PF¢)> (1) in room-temperature CH3CN solution. (b) Oxidative
difference spectra acquired at an applied potential of +1.55 V versus
Ag/AgCl. The inset corresponds to an expanded view of the low-energy
portion of the spectrum. (c) Reductive difference spectra acquired at an
applied potential of —1.05 V versus Ag/AgCl. (d) Time-resolved differ-
ential absorption spectrum of compound 1 following excitation at 500 nm.

It is difficult to make a quantitative comparison of the
combined spectroelectrochemical data and the differential
absorption spectrum of the corresponding charge-transfer
state because not all contributions to the latter can be
accurately accounted for;*” however, reasonable assign-
ments can still be made. The strong net bleach in the mid-
visible is obviously due to the loss of the ground-state 'A; —
"MLCT absorption upon formation of the excited state.
Other regions are potentially more comg)licated
because the transient absorption spectrum of the "MLCT
state reflects a superposition of the complete loss of ground-
state absorption and new absorptions associated with the
SMLCT chromophore; the differential nature of the mea-
surement also means that small shifts in absorption maxima

(68) Nazeeruddin, M. K.; Zakeeruddin, S. M.; Kalyanasundaram, K. J.
Phys. Chem. 1993, 97, 9607-9612.

(69) Brown, A.; Smeigh, A. L.; McCusker, J. K., manuscript in prepara-
tion.
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(e.g., a ligand radical bound to Ru™! as opposed to Ru'")

can result in significant modulation of the observed spec-
trum. These points notwithstanding, the most striking
aspect of Figure 3 is the similarity among the three CN-
Me-bpy-containing complexes as compared to [Ru(bpy)s]-
(PFy),, especially in the near-UV region, suggesting a
common character to the excited states being sampled.
Furthermore, the significant red shift of the near UV
feature in complexes 1—3 relative to [Ru(bpy)s](PFs)>
suggests that the "MLCT excited states of complexes 1—3
are of a distinctly different character from that found in
[Ru(bpy)s](PFg),. Given that the electrochemical data in-
dicated that the CN-Me-bpy ligand was the most easily
reduced in complexes 1—3 (and should therefore house
the MLCT excited state being sampled in these mea-
surements), we can immediately conclude from these results
that the positive differential absorption near 380 nm in
complexes 1—3 is due to the CN-Me-bpy radical anion. The
lowest-energy *MLCT state in all three members of this
series can therefore be approximately described as
Ru™-(CN-Me-bpy ) in nature.

Finally, wavelengths to the red of the ground state/
excited state isosbestic point at 520 nm have contributions
from both the CN-Me-bpy radical anion as well as LMCT
transition(s) involving the ancillary bpy ligands. There is a
canceling effect operative in this region of the differential
spectrum because of the relatively weak intensity of these
absorptive features and the tail of the ground-state charge-
transfer band. The net result is a generally featureless, weak
transient signal of the kind evident in Figure 3 that is typical
for Ru' polypyridyl complexes.

Nanosecond Step-Scan Time-Resolved Infrared Spec-
troscopy. As mentioned in the introduction, our primary
goal in developing this series of compounds was to use them
as probes for vibrational relaxation dynamics in charge-
transfer excited states. Similar to our protocol for studying
the ultrafast electronic absorption spectroscopy of transi-
tion metal chromophores,” it is important to fully char-
acterize the vibrational properties of the long-lived excited
state as a foundation for interpreting data acquired on
shorter time scales.

Both time-resolved resonance Raman (TRY) and time-
resolved infrared (TRIR) methods have been developed;
each technique has advantages and disadvantages. In
TR? visible light is used to create as well as resonantly
scatter off the excited state. The resonance condition
means that only those vibrations that are coupled to the
excited electronic transition are enhanced. This can vastly
simplify the spectrum and assigning the nature of the
excited state, but at the same time gives only a partial
picture of the excited state vibrational structure. From a
technical perspective, interference from emission can also
make using this technique on highly emissive compounds
challenging. With TRIR the entire vibrational spectrum
of the excited state is sampled using an infrared probe
beam, thereby providing a more complete picture of the
excited state vibrational structure but can make interpre-
tation more difficult. TRIR has been used to characterize

(70) Omberg, K. M.; Schoonover, J. R.; Treadway, J. A.; Leasure, R. M.;
Dyer, R. B.; Meyer, T. J. J. Am. Chem. Soc. 1997, 119, 7013-7018.

(71) Omberg, K. M.; Schoonover, J. R.; Bernhard, S.; Moss, J. A.;
Treadway, J. A.; Kober, E. M.; Dyer, R. B.; Meyer, T. J. Inorg. Chem.
1998, 37, 3505-3508.
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Figure 5. Steady-state and time-resolved infrared absorption data for
[Ru(bpy)>(CN-Me-bpy)](PF¢), (1) in room-temperature CH3;NO, solu-
tion. (a) Comparison of the ground state (blue line) and step-scan infrared
differential absorption data acquired at a time delay of 150 ns following
excitation at 540 nm (red line). The ~40 cm™' red-shift in the CN
stretching frequency reflects the presence of an electron in the zz* orbital
of the CN-Me-bpy ligand in the *MLCT excited state. (b) Nanosecond
step-scan infrared spectra as a function of time following excitation at
540 nm. The kinetics describing the decrease in amplitude of the excited
state infrared absorption signal are within experimental error of the time-
resolved emission and absorption data for compound 1 and are therefore
assigned to relaxation of the *MLCT excited state. The baseline offset in
the excited state infrared absorption spectra is an artifact caused by a
signal-induced bias of the detector.

the vibrational structure of long-lived excited states for a
variety of systems.””’? Previous work from our group
employed TRIR on a series of heteroleptic ruthenium
polypyridyl complexes to identify on which ligand the
emissive excited state was localized.'” Relevant to the
present study, Meyer, Palmer, and co-workers examined
a series of ruthenium polypyridyl complexes substituted
with diethyl ester and diethyl amide groups as infrared
tags.”>’* These workers were able to demonstrate locali-
zation of the long-lived excited state on a single bipyridine
ligand for both heteroleptic and homoleptic complexes,
including an interesting example of a 4-monosubstituted

(72) Yeom, Y.; Frei, H. In-situ Spectroscopy of Catalysts, American
Scientific Publishers: Valencia, CA, 2004; pp 32—46.

(73) Chen, P.; Omberg, K. M.; Kavaliunas, D. A.; Treadway, J. A.;
Palmer, R. A.; Meyer, T. J. Inorg. Chem. 1997, 36, 954-955.

(74) Omberg, K. M.; Smith, G. D.; Kavaliunas, D. A.; Chen, P.; Treadway,
J. A.; Schoonover, J. R.; Palmer, R. A.; Meyer, T. J. Inorg. Chem. 1999, 38,
951-956.
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Table 4. Step-Scan IR and DFT Results for Complexes 1-3

McCusker and McCusker

Nanosecond Time-resolved Scan IR

CN)gs (cm ™)

WCN)mLers (Cmfl)b Av (CN) (Cmfl)(‘

[Ru(bpy)2(CN-Me-bpy)](PFe), (1) 2238
[Ru(bpy)(CN-Me-bpy),](PFs), (2) 2238
[Ru(CN-Me-bpy);](PFe) (3) 2239

2200 —38
2200 —38
2202 —37

DFT Frequency Calculations

HCN)gs (em™ )"

#(CN) mrer: (em ™) A7 (CN) (cm )¢

[Ru(bpy)>(CN-Me-bpy)|(PFe)2 (1) 2272 (as)

2272 (s)

2216 (as) —56 (as)
2237 (s) =35(s)

@ Ground state absorption maximum in CH;NO; solution (4 cm ™! resolution). ? Excited state differential absorption maximum in CH;NO, solution
(4 em ™ resolution). ¢ Av (CN) = HCN)yrer — WCN)gs. ¢ Frequency calculation results on the ground state optimized geometry. “(s) is the totally
symmetric CN stretching frequency, (as) is the asymmetric CN stretching frequency. / Frequency calculation results on the lowest energy triplet state

optimized geometry.

bipyridine ligand in which the long-lived excited state was
primarily localized on the substituted pyridine ring con-
taining the electron-withdrawing group rather than being
symmetrically distributed across the entire ligand. Col-
lectively, these studies clearly demonstrate the utility of
nanosecond step-scan infrared for characterizing this class
of compounds.

Nanosecond step-scan IR spectra of complex 1 are
shown in Figure 5. The ground state exhibits a single CN
band at 2238 cm~'. A group theoretical analysis indi-
cates that both the a; (symmetric) and b, (asymmetric)
CN vibrations of the CN-Me-bpy ligand should be IR-
active; a ground state DFT frequency calculation on
complex 1 (Table 4) indeed predicts two bands, but they
are calculated to be separated by <1 cm™'. The single,
fairly sharp feature in Figure 5a therefore presumably
contains both of these vibrations, their accidental de-
generacy an indication of (relatively) weak coupling of
the two CN groups in the ground state. The step-scan IR
data reveals two significant features of the vibrational
properties of the *"MLCT excited state of compound 1:
(1) the CN stretching frequency is shifted about 40 cm ™!
lower in energy relative to the ground state, and (2) the
vibrational band is significantly broadened as com-
pared to the sharp feature observed for the ground
state. The bathochromic shift is consistent with the
population of a s* antibonding orbital, which if
coupled to the cyano group should reduce the CN bond
order. The magnitude of the shift is comparable to
those seen by Meyer and co-workers for the amide-
and ester-substituted compounds and is in-line with our
expectations based on the model we have developed
thus far.”*7*

The increased breadth of the absorption feature was
unexpected and suggests that the coupling between the
two cyano groups has increased in the excited state such
that the splitting between the a; and b, vibrations, though
not fully resolved, is experimentally manifested. To gain
further insight, we carried out a DFT frequency calculation
on the geometry-optimized *MLCT excited state of
compound 1. These calculations indicate that Av, that is,
the a, /b, splitting, has increased to ~20 cm ™" in the excited
state. The underlying reason for this change can be inferred
by examining the wave functions corresponding to the

ground and excited states of compound 1. In Figure 6 are
plotted the highest energy r-bonding and lowest energy sr*-
antibonding orbital localized on the CN-Me-bpy ligand. In
the ground state (Figure 6a), it can be seen that the &
bonding orbitals of the cyanide groups have minimal
interaction with the & bonding orbital of the bipyridine
ring. Although this directly relates to electronic and not
vibrational coupling, it is reasonable to extrapolate this as
the main reason for the negligible splitting between the
symmetric and asymmetric CN vibrations in the ground
state. The situation is dramatically different in the *"MLCT
excited state (Figure 6b), in which there is substantial
mixing between the r*-antibonding orbitals of the cyanide
and bipyridyl groups. This is of course why we observe the
bathochromic shift in the CN stretching frequency, but it is
also the likely origin of the increased spectral bandwidth of
the SSIR signal as the s* system of the bipyridyl ligand
provides a conduit for communication between the periph-
eral groups across the ring system. We believe these results
bode well for the use of these compounds as probes of
ultrafast dynamics, particularly with regard to comparative
studies of electronic and vibrational processes, because of
the strong coupling of the infrared tag into the electronic
wave function(s) involved in charge-transfer excitation.

Nanosecond step-scan IR data for complexes 2 and 3
are summarized in Table 4; the spectra can be found in
the Supporting Information, Figures S6 and S7. Within
experimental error the ground-state and excited-state
absorption maxima are at the same energy in all three
complexes. This is compelling evidence that the long-
lived excited state is localized on a single CN-Me-bpy
ligand in all three complexes rather than being deloca-
lized over multiple ligands in complexes 2 and 3. This is
in agreement with previous step-scan IR studies’>’* and
is consistent with the widely held view that the "MLCT
excited states of ruthenium polypyridyl compounds in
solution are best thought of as localized (C,-symmetry)
systems.

Concluding Comments

We have described the synthesis and spectroscopic char-
acterization of a series of cyano-substituted ruthenium poly-
pyridyl complexes of the form [Ru(bpy);—,(CN-Me-bpy),]-
(PFg),. While these complexes could not be synthesized in
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Figure 6. (a) Highest energy 7 bonding orbital of CN-Me-bpy in the geometry optimized ground state of complex 1. (b) Lowest energy 7* antibonding
orbital of CN-Me-bpy in the geometry optimized lowest energy triplet state of complex 1.

reasonable amounts by combining the ligand and ruthenium
starting material under standard conditions, the chemistry-
on-the-complex approach proved useful. By first synthesizing
the chloro-substituted ruthenium complexes and using a
palladium-catalyzed cyanation reaction, it was possible to
prepare and isolate all three CN-containing members of the
[Ru(bpy)s—,(CN-Me-bpy),](PF¢), series with reasonable
yield having a high degree of purity.

The ground- and MLCT-state properties of this series
have been characterized using electrochemical, optical, and
infrared spectroscopies. As expected, the CN stretch of the
CN-Me-bpy ligand sits in a well-isolated region of the infra-
red, allowing for an unambiguous analysis of its spectroscopic
signatures in the ground and excited state(s) of these com-
pounds. The data we have presented definitively show that the
lowest energy charge-transfer states in all three compounds
are localized on the CN-containing ligand. In particular, time-
resolved electronic and infrared absorption spectroscopies
reveal an identical optical signature for the *MLCT state for
each compound in the series; in the case of the infrared
measurements, the common shift in the CN stretching fre-
quency indicates that (a) the CN group is strongly coupled to
the r* system of the bipyridyl ligand, and (b) that the "MLCT
state is localized on a single ligand on the vibrational time
scale, even in the case of the tris-homoleptic complex [Ru(CN-
Me-bpy)s]*". The unexpected increase in spectral bandwidth
of the CN vibration(s) further revealed that the two CN

groups of the ligand are more strongly coupled to each other
in the MLCT state relative to the ground state.

All of the features just enumerated underscore the poten-
tial utility of these compounds as probes of vibrational
dynamics in charge-transfer excited states. With the ground
and excited state spectroscopic features of this series now
fully characterized, an examination of vibrational relaxation
as well as the more elusive process of intramolecular vibra-
tional redistribution is now accessible through the combined
application of femtosecond time-resolved electronic and
infrared absorption spectroscopies. Studies along these lines
are currently underway.
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