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ABSTRACT: Metal to ligand charge-transfer (MLCT) excited state emission
quantum yields, @, are reported in 77 K glasses for a series of pentaammine
and tetraammine ruthenium(II) complexes with monodentate aromatic acceptor
ligands (Ru-MDA) such as pyridine and pyrazine. These quantum yields are only
about 0.2—1% of those found for their Ru-bpy (bpy = 2,2'-bipyridine) analogs in
similar excited state energy ranges (hv,,,). The excited state energy dependencies
of the emission intensity are characterized by mean radiative decay rate
constants, kpap, resolved from ¢.,/%os = kpap (Tops = the observed emission
decay lifetime; 7., " = krap + knrp; knrp = nonradiative decay rate constant).
Except for the Ru-pz chromophores in alcohol glasses, the values of kygp for the
Ru-MDA chromophores are slightly smaller, and their dependences on excited
state energies are very similar to those of related Ru-bpy chromophores. In
principle, one expects kyap to be proportional to the product of (hv,,,)® and the
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square of the transition dipole moment (M,

). However, from experimental

studies of Ru-bpy chromophores, an additional hv,,, dependence has been found that originates in an intensity stealing from a
higher energy excited state with a much larger value of M, .. This additional hv,,, dependence is not present in the kpsp energy
dependence for Ru-MDA chromophores in the same energy regime. Intensity stealing in the phosphorescence of these
complexes is necessary since the triplet-to-singlet transition is only allowed through spin—orbit coupling and since the density
functional theory modeling implicates configurational mixing between states in the triplet spin manifold; this is treated by setting
M, equal to the product of a mixing coefficient and the difference between the molecular dipole moments of the states involved,
which implicates an experimental first order dependence of kpyp on hv,,. The failure to observe intensity stealing for the Ru-
MDA complexes suggests that their weak emissions are more typical of “pure” (or unmixed) *MLCT excited states.

B INTRODUCTION

The lowest energy triplet metal-to-ligand-charge-transfer
(®MLCT) excited states of ruthenium(II) complexes with
aromatic ligand acceptors (Ru-A) have been of interest for
some time because these complexes often have appreciable
visible region absorptivity and their excited states can function
as highly reactive electron transfer or substitutional reagents,
which could lead to applications such as sensitizers for solar
cells, photodiodes, photocatalysts, phototherapy, etc.'”"*
Despite this interest, there have been few studies that
systematically vary the *MLCT energies of single Ru-A
chromophores in order to characterize the excited state nuclear
distortions and electronic configurations that are generally as
relevant to their optimization for particular applications as are
the excited state energies.'” Such studies necessitate the
examination of series of complexes in which key properties
are varied systematically, but because the excited state lifetimes
are short (in the sub-ns to sub-ms range) even in low
temperature glasses, the most convenient experimental probes
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of MLCT excited states are based on their luminescence
properties combined with theoretical modeling of the excited
states."®”"” The excited state electronic configurations rarely
have known ground state analogs, and there are a very large
number of electronic excited states of transition metal
complexes that are near in energy for which the presumed
excited state electronic configurations can mix (see Yersin et
al.)."* As a consequence, the electronic and molecular structural
models of the reactive excited states that are often based on
extrapolations from known ground state species are likely to be
misleading, and configurational mixing among the presumed
electronic excited states can alter their energies, electronic
structures, nuclear distortions (and related emission band-
shapes),'®***! lifetimes (or emission decay rate constants =

17,22,23 s . .
), 7***° transition moments (through “intensity steal-
16,17,19,22,24,25

kobs
ing”),”* and other donor/acceptor properties.
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The Ru-A complexes are among the most useful for
systematic studies of transition metal excited state properties
since substitution inert ground state complexes with a wide
variety of ancillary and acceptor ligands can be synthesized, and
at low temperatures their lowest energy MLCT excited states
generally have sufficiently small values of kg, that their
emissions can be conveniently observed and the electronic
and the nuclear structures of their lowest energy *MLCT
excited states can be computationally modeled using the
Franck—Condon approximation as implemented in density
functional theory (DFT) with only the packaged atomic
parameters.”'~"”?***°™* Our recent work has indicated that
systematic variations in emission bandshapes and intrinsic
intensities (manifested in quantum yields and radiative rate
constants; see below) can be useful probes of mixing between
SMLCT and other excited states.'”***> Thus, the vibronic
sidebands in the observed emission spectra, and by inference
the excited state distortions, of ruthenium(II)-(2,2'-bipyridine)-
(Ru-bpy) chromophores increase in significance as the energy
of the emitting *MLCT excited state increases.””***” This
would not be expected for a simple donor—acceptor
system,'®** and our DFT modeling of the triplet manifold
has largely reproduced the excited state distortions inferred
from resonance-Raman (rR) spectra as well as the variations in
vibronic sidebands observed in the emission spectra of Ru-A
chromophores (where the electron acceptor A = bpy, pyrazine
(pz), quinoline, etc.).”'°”"”** Furthermore, the increasing
significance of vibronic sidebands with increasing emission
energy found for the Ru-bpy chromophores is correlated with
the increases in intrinsic emission intensities as manifested in
increases in the radiative rate constant (kg,p; see eqs 1—3), and
our DFT modeling indicated that the detailed triplet-manifold
mixing is between the pz(bpy"”) orbitals of the reduced
acceptor with the hole in a metal centered singly occupied
molecular orbital (dz—SOMO) in the MLCT excited state,
co.rr.esp%ngi&g to MLCT/3zn* excited state/excited state
mixing.” """’

In the simplest cases, kgap is obtained from the
experimentally determined emission quantum yield, ¢, and
the excited state decay rate constant, kg, by means of egs 1
and 2

T
o kRAD + kNRD + kother kobs (1)
kobs = kRAD + kNRD + kother (2)

In eq 2, kygrp is the rate constant for nonradiative decay of
the emitting excited state directly to the ground electronic state,
while other excited state quenching processes, such as internal
conversion (IC) and intersystem crossing (ISC) to lower
energy excited states or intermolecular electron or energy
transfer reactions, are included in k... When k., < (kgap +
knrp), €gs 1 and 2 can be used to resolve kg, and kyrp. Values
of kypp are expected to be functions only of the energy
difference between the emitting state and the %round state and
the intramolecular distortion coordinates.”>* In this report,
we find that values of kygp are generally slightly smaller but
follow very similar patterns for the Ru-MDA (MDA a
monodentate aromatic acceptor ligand) and Ru-bpy chromo-
phores.

The radiative rate constant is an experimental measure of the
emission intensity in the limit of no competing relaxation
processes. It is an average of all spectral contributions and a
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function of the excited state energy and the transition dipole
moment, Me’gsz—ss

kpap = Cr(l/e,g)a”ls(Me,g)z (3)

where v, is the vertical energy difference between the excited
and ground states, 77 is the refractive index of the matrix, C, =
(167°)/(3e,ch), and &, is the vacuum permittivity.

Issues pertinent to electronic coupling matrix elements, H,,
have been discussed extensively in the literature”>*>>>*°~ and
are the basis for the treatment in this report. The transition
moment can be represented as a function of H,, and the
diabatic energy difference between the states that are mixed,
AES’? = |E% — Egial (see Figure 1).252336386466 The general
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Figure 1. A simple diagrammatic illustration of the mixing of two
states.

relationship between M., and H., in a two state limit varies
with the magnitude of AES};. When AES:; > H,gp Mg can be
represented as

— —
Moy = 0ot )
where the mixing coefficient is a., = He‘g/AEii;, H,, is a

function of the electronic configurations of states e and g, and
Ap, is the difference between excited and ground state
molecular dipole moments.”® The mixing mediated by H,,
results in adiabatic states which differ more in energy: AE@% >
AESZ‘ as illustrated in Figure 1; AE:ig = hv,,g is the vertical
energy difference between the mixed (adiabatic) states at the
point of transition. Cave and Newton have developed a more
general form of eq 4 to deal with situations where H,, is
significant compared to AES;‘.M

In electron rich donor/acceptor systems, such as those in this
report, there is a potential for mixing between the different
excited states, and such excited state/excited state mixing can
alter the energy dependence observed for kpap. In such cases,
one must consider the interactions between three or more
electronic states even for spin allowed transitions. There are
two limiting cases considered in the literature: (a) When a
donor/acceptor (D/A) system has a very strong spin allowed
transition localized on the D or A moiety (e.g, A > A*), it can
mix with a weak charge transfer transition, (D,A) - (D*,A7),
thereby enhancing the intensity observed for the donor—
acceptor charge transfer (DACT) transition. This kind of
mixing has been discussed by Mulliken and Person,”® by Bixon
et al,”® and by Gould and co-workers™® for fluorescent systems.
(b) The excited state-to-ground state transitions in phosphor-
escent systems require some mixing between singlet and triplet
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excited states through a spin—orbit coupling (SOC)
perturbation in order for an emission to be observed.

For a strongly allowed transition to a higher energy acceptor
ligand localized transition (LL) whose (a;;) is sufficiently
large that it can significantly alter the values of M, the
transition moment for a spin allowed transition becomesgs 8

P
— s d —_—
Meg ~ ( Me,g(O) + OeLL MLL,g(O))N

©)

—_—

where N is the normalizing constant and M, (o) (x =eor

LL) designates the transition moment with no mixing of the
excited states. The vector notation is used because the
transition dipole moments may not be collinear. Combining

_— _—
eqs 3 and 5 (and assuming that Mgy and My (g are

approximately orthogonal (approximately axial MLCT and zz*
orthogonal to be ring in Ru-bpy; the general case is discussed
by Bixon et al.”®)) leads to a more general expression for kgap
for spin-allowed transitions:

3.3/2,2 2 a2
krap Cr(ye,g) n (Me,g(o) + ae,LLMLL,g(O)) (6)

The two transition moment components in eq 6 correspond
respectively to (a) the “pure” transition between the states e
and g (Mﬁyg(o)) and (b) the result of configurational mixing with
the ligand centered excited state (aiLLMfLyg(o)); M) is the
transition dipole moment for the LL — g transition in the
absence of excited state mixing. The second transition moment
component of eq 6 implies increases in emission intensity as
the energy difference AES}ﬂL decreases; since AE,.;; will
decrease as v, increases, this effect will appear as an
“additional” energy dependence of the emission intensity.
Our previous work has found that the observed energy
dependent contributions of the vibronic sidebands of Ru-bpy
complexes””*" are very well reproduced by DFT modeling of
the configurational mixing of SMLCT/3zn* excited states in
these complexes and that this mixing correlates with an “extra”
energy dependence of kyap, qualitatively consistent with eq
6.

Since the transitions considered here are "MLCT — S, they
are only allowed by SOC between excited states.””****®” This
mixing can be described by an equation analogous to eq 5
which accounts for the spin (symmetric and antisymmetric
representations for triplet and singlet, respectively in the C, or
C, point groups)®® as well as the orbital symmetries which are
appropriate for combination with the MLCT electronic wave
functions. However, when there is also configurational mixing
within the triplet manifold, the net result is very complicated.
Thus, a '"MLCT excited state has often been proposed as the
state mediating the SOC mbdng.22'23’64 The 'MLCT - S,
transition moment for such a state would be more or less
parallel to the *MLCT — S, moment, and when either the
SMLCT excited state is mixed with other states in the triplet
manifold and/or the '"MLCT excited state is mixed with other
states in the singlet manifold, the resulting expression for kp,p
is far more complex than eq 6.

The very different excited state energy (h’/e,g) dependencies
of the radiative rate constant (and thereby the emission
intensity) for a two state system in eqs 3 and 6 correspond to
limiting solutions of the secular equation for the energies: hv,,
= [(AES};)Z + 4H§,g]1/ %, Thus, in a two state system, the
experimental energy dependence of ky,p is expected to vary
smoothly between the two corresponding limits:

MI: kgap o (hv,g) when AES > H,
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M2: kgap  (h,g)® for the special case H,, > AES};

When configurational mixing within a spin-manifold and/or
SOC are important, the functional dependence of kpyp on hv,g
involves at least a three state system with an experimental
dependence of kgap on hv, that may be very different from the
above:

M3: The functional dependence of kgyp on hv, can change
in the higher energy regions from the M1 behavior to a
stronger hv, ; dependence, as has been observed for the Ru-bpy
chromophores.**

Previous experimental studies of energy dependence of kyp
have dealt with spin allowed emission (fluorescence) in
spatially separated donor/acceptor systems.””’ However, the
arguments are very general, and the condition for “isolation” of
the electronic states is that H,, < AES;‘, which can result from
orthogonality constraints as well as spatial separation, and the
spin forbidden (phosphorescence) emissions discussed here
could lead to the category M1 energy dependence of kgup.
Electroabsorption studies of the dominant absorptions in Ru-A
complexes (at approximately 20000—30000 cm™') have
generally found large values of Hg, (< 10* em™),°"7° but
the lowest energy S, — S, transitions in these complexes tend
to have very small oscillator strengths and consequently very
small values of ng.7l’72 Even the ground state metal/bipyridine
electronic mixing appears to be very weak in many transition
metal complexes,*** and we have found no evidence for such
mixing in DFT-calculated HOMOs and LUMOs of Ru-A
complexes.'””"”* In view of these considerations and the spin-
forbiddeness of the phosphorescent emissions of the Ru-A
complexes, the values of H, for their SMLCT — S, transitions
are expected to be very small, and their kg,p energy
dependence is most likely to fall into category 1 or 3, above.

There has been little systematic investigation of the energy
dependence of kpsp for the phosphorescent emissions of
transition metal complexes, and models assuming that ky,p, for
them falls into category 2 with the (l/eyg>3 dependence appear to
be deeply embedded in the literature for these systems. For
example, this assumption combined with the approximation
that M., is constant has been emglo ed in approaches for
fitting a single emission spectrum.”*”’® While this approx-
imation may be useful in such applications, it is not useful in the
comparison of a series of different complexes with the same
chromophore. In the present study, we examine the energy
dependence of kyap, for the very weakly emitting'® [(L);Ru-
(MDA)]™ complexes (MDA = a monodentate aromatic
ligand; L = an ancillary ligand).

B EXPERIMENTAL SECTION

Materials and Synthesis of Compounds. Pyrazine (pz),
pyridine (py), 4-acetylpyridine (ac-py), 4-phenylpyridine (ph-py),
4,4'-bipyridine (4,4-bpy), 2,2-bipyridine (bpy), 2,2'-bipyridylammine
(bpyam), ferrocene, and trifluoromethanesulfonic acid (HOTf) were
purchased from Aldrich, and [Ru(NH;)¢]Cl; and NH,PF, were
purchased from STREM Chemicals. These materials were used
without further purification. The syntheses of [Ru(NH;);Cl]CL,
[Ru(NH;);(H,0)](PFy),, cis-[Ru(NH,),(Cl1),]Cl, trans-[Ru-
(NH,),(L)(H,0)](PF¢),,”””® L = 4-phenyl-pyridine (ph-py), NHs,
and 4-acetyl-pyridine (ac-py) have been reported previously. Literature
syntheses were used for the following compounds: [Ru(NH;)(L)]**
complexes with L = pyridine (py), ac-py, ph-py, 4,4'-bipyridine (4,4'-
bpy), and pyrazine (pz)”°~*" and cis-/trans-[Ru(NH;),(L),](PF;),
with L = pz, py, ac-py, and ph-py.”"**™*® Variations in previously
reported syntheses were used for the following compounds: trans-
[Ru(NH;),(py) (pz)](PFq),,™ mer-[Ru(NH;);(bpy)(L)](PFe), (L =
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py, pz,'"””” and ac-py, CH;CN>*), mer-[Ru(NH,);(bpyam)(pz)]-
(PFg)»,"” [Ru(bpy)(Am),](PFy), ((Am), = (NHj), and (en),),” """
and [Ru(bpy),(NH,),](PF),.* The complexes with MDA ligands
used in this work are illustrated in Figure 2.
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Figure 2. Ruthenium complexes with MDA ligands investigated in this
work (code numbers have been chosen to be consistent with those in
Tsai et al.'®).

cis-/trans-[Ru(NH;),(4,4'-bpy),l(PFy), (5¢/5t). A sample including
200 mg of cis-/trans-[Ru(NH;),(H,0),](PFy),”””® and a 3 molar
excess of 4,4'-bipyridine were added to 5 mL of degassed acetone
under argon, and the mixture was stirred for 3 h at room temperature.
The red solution was filtered, and the red acetone solution was mixed
with 3 mL of saturated aqueous NH,PF. The volume of the combined
solutions was reduced to 3 mL and cooled in an ice bath. The resulting
orange product was removed by filtration and washed with 2 mL of
cold water, then by cold ether. The crude product was dried under
vacuum conditions. Yield: 150 mg (40%). The crude product was
purified by dissolving it in 1 mL of degassed acetone; this acetone
solution was mixed with S mL of degassed aqueous NH,PF, (1/10 of
saturation). The volume of the resulting solution was reduced to S mL
by rotary vacuum evaporation in an ice bath. The orange precipitate
was removed by filtration and washed with 2 mL of cold water, then by
cold ether. The product was dried under vacuum conditions. For cis-
[Ru(NH,),(4,4'-bpy),](PF4),-(H,0),5: Anal. caled for
CyoHasNgP,F,Ru-(H,0), o C, 29.37; N, 13.71; H, 4.07. Found: C,
29.44; N, 13.98; H, 3.91. "H NMR (acetone-dy): § 2.95 (s, 6H), 3.27
(s, 6H), 7.79—7.83 (m, 8H), 8.72—8.77 (m, 8H). *C NMR (acetone-
dg): & 12140, 122.93, 143.49, 14425, 151.53, 158.41. For trans-
[Ru(NH;),(4,4'-bpy),]-(PF4), (H,0),; Anal. caled for
CyoH,sNgP,F,Ru-(H,0),5: C, 29.37; N, 13.71; H, 4.07. Found: C,
29.36; N, 13.93; H, 4.37. "H NMR (acetone-dg): & 2.84 (s, 12H), 7.87
(d,J=59Hz,4H),7.97 (d,] = 6.3 Hz, 4 H), 8.77 (d, J = 5.9 Hz, 4
H), 907 (d, ] = 6.3 Hz, 4 H). *C NMR (acetone-dy): § 120.81,
122.57, 123.73, 149.67, 151.01, 156.85.

Instrumentation. The electrochemical measurements were
performed using an Epsilon Electrochemical Workstation. Cyclic
voltammograms (CV) and differential pulse voltammograms (DPV)
were obtained in acetonitrile solution, which contained 107 M
complex and 0.1 M n-tetrabutylammonium hexafluorophosphate
(TBAH) at scan rates of 100 mV/s and 4 mV/s, respectively. Details
have been reported previously.'®

The 298 K absorption spectra in the solution of CH;CN were
determined with a Shimadzu UV-3101PC spectrophotometer.
Absorption spectra in 87 K butyronitrile glasses were obstained as
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described in detail elsewhere'® using a calibrated Xe line emission

lamp for wavelength and an Oriel model 63966 Quartz Tungsten
Halogen QTH lamp for intensity. A QTH lamp was also used as the
light source in the determination of 87 K absorption spectra for the
emission yield measurements. A P/N 21530 Specac variable
temperature cell (—190 to 250 °C) with a square 1 cm quartz cuvette
was used in the controlled-temperature cell holder with liquid or glass
samples. The detection system contained a motor-driven Jobin-Yvon
H-10 Vis monochromator, a Hamamatsu R928 phototube with a
Jobin-Yvon (JY) PMT-HVPS power supply, a JY Spectracq2 for data
acquisition, and the JY SynerJY software for data acquisition and data
analysis.

Emission spectra and lifetimes in 77 K glasses were obtained in 2
mm id. cylindrical quartz cells in a spectroscopic quartz Dewar as
described in detail elsewhere.'”"? Emission spectral wavelengths were
calibrated with the Xe lamp (Xe emission lines for wavelength and an
Oriel model 63358 or 63966 Quartz Tungsten Halogen QTH lamp for
intensity). The 77 K emission lifetimes were determined using Spectra
Physics VSL-337ND-S nitrogen laser-pumped DUO-210 Dye laser
system for excitation and a Hamamatsu P9220 PMT/E717—63 socket
assembly mounted on a Jobin-Yvon H-100 spectrometer. Some of the
77 K emission lifetimes were determined using a Spectra Physics VSL-
337ND-S nitrogen laser-pumped DUO-210 Dye laser system with a
Hamamatsu NIR-PMT Model H10330A-75 detector and a National
Instruments NI PCI-5154, 2 GS/s, 1 GHz Digitizer w/8 MB/ch
onboard memory PC card as described previously'®'***

'"H NMR (300 MHz) and “C NMR (75 MHz) spectra were
determined using a Bruker AC-300 MHz spectrometer. Al NMR
spectra in this work were determined at ambient temperature using the
solvent dg-acetone. Chemical shifts (5) in ppm were referenced to the
solvent residual peak (dg-acetone) as an internal standard, § 2.04 for
'"H NMR and § 29.84 for '*C NMR spectra. Elemental analyses (C, N,
H) were carried out on a Elementar Vario EL cube at the
Instrumentation center of National Taiwan University.

Techniques. Relative emission yields in 77 K glasses were obtained
using [Ru(bpy);]** as the reference, as described in detail elsewhere."’
See the Supporting Information for details. [Ru(bpy);]**, [Os-
(bpy);]**, and/or [Ru(bpy),(en)]** in 77 K ethanol/methanol glasses
were used as references for the determination of emission quantum
yields (for excitation at both 4 = 470 and 532 nm); the quantum yields
reported for these complexes are @ (em), ~ 0.38,7°77% 0.038,°°7°* and
0.022,°" respectively. Equation 7 was used to calculate the relative

quantum yield of the target complex ((ﬁ(em)tc):”’gl
Pempe _ Nl | 1-107% LA,
- 2 — At ~
¢(em)r ’7[' Ir 1-10 IrAtc (7)

where I, and I are the integrated areas under the emission spectra of
the target complex (tc) and reference (r), respectively, A, and A, are
the absorbances of interest, respectively, 7 is the refractive index of the
solvent, and (7,2/n,>) = 1 in the same solvent system. We used
cylindrical 2 mm id. fluorescence cells immersed in a Dewar with
liquid nitrogen for the 77 K emission yield determinations. The sample
path length for the absorbance in eq 7 varies from 0 to 1 for these cells,
but the effective pathlengths did not vary much since the cell geometry
and position were the same for the sample and reference solutions.
High concentrations, [Ru-MDA] > 107> M, had to be employed with
very weakly emitting substrates (for absorbances of about 1 in 1 cm),
but in the 2 mm cylindrical cells, this amounts to an average
absorbance of much less than 0.2 in the sample solutions. The target
complexes were irradiated in their MLCT absorption bands by the
most appropriate of the following diode laser modules: a 532 nm (30
mW) and a 470 nm (15 mW) CW MGL-S-B (Changchun Industries
Optoelectronics Tech Co. Ltd.).

Values of kyap and kygp are obtained from ¢ep)c and eqs 2 and 3
based on the assumption that the emitting states are formed with
approximately unit efficiency (y &~ 1.0) and that the lowest energy
metal centered excited states (*MC) have energies greater than that of
*MLCT so that kic << (kpap + knrp)- The relative energies of *MC
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Table 1. Ambient Absorption, 77 K Emission, Emission Decay Constants, and Emission Yield of the Ru-MDA Complexes”

77 K emission properties in butyronitrile (alcohol) glass

code complexes v pae(abs)® huyt o, 2e Kope 15 Do X 10 kpap; ms™! koS ps™
2 [Ru(NH,);(ph-py)]*" 22.32 (21.93)  13.02 (12.3) 12.51 (12.3) 1.8 (4.4) 44 + 04 0.8 + 0.1 1.8 (4.4)
(0.7 £ 02) (03 x01)
3 [Ru(NH,);(pz) ]*" 21.81 11.72 11.33 15 0.5 +02 0.7 £ 0.3 15
[Ru(NH;);(ac-py)**" 19.80 10.02 9.93 29 <05 <15 29
S [Ru(NH,);(4,4-bpy)**"  21.05 11.46 11.24 8.3 1.1+ 04 09 +03 8.3
2-c cis-[Ru(NH;),(ph-py),]**" 22.15 (21.74)  14.8 (14.61) 13.86 (13.70)  0.37 (0.68) 130 + 30 48 + 1.1 0.37 (0.68)
(2 +12) (28 £ 0.8)
2t trans-[Ru(NH;),(ph- 21.38 (20.96)  14.63 (14.52)  13.72 (1347) 029 (0.75) 35+5(14+4) 1.0 +02 0.29 (0.75)
Py 7 (11 + 0.3)
3-c  cis-[Ru(NH;),(pz),]*" 21.98 (21.05)  13.50 (13.11)  12.75 (12.52) 3.6 (11) 14+5(51+15) 50+18 3.6 (11)
(55 £ 17)
3t trans-[Ru(NH;),(pz),)*"  21.34 (2049) 1422 (13.08)  13.59 (12.53) 1.5 (20) 15+5(1.9+06) 2.3 +07 1.5 (20)
(38 +12)
4-c  cis-[Ru(NH;),(ac-py),)*  19.86 (19.16)  12.62 (12.37)  11.99 (11.66) 6.7 (16) 60+ 12 40 + 0.8 6.7 (16)
(1.5 £ 04) (24 +£0.7)
4-t  trans-[Ru(NH;),(ac- 19.32 (18.66)  11.94 (11.56)  11.52 (11.53) 9.1 (17) 14 +03 13 +03 9.1 (17)
py) > (0.5 +0.2) (0.9 £ 04)
S5-c cis- Ru(NH1)4(44 - 20.96 (2024) 1298 (12.78)  12.60 (12.38) 1.5 (6.2) 19+2(34+10) 29 +03 1.5 (6.2)
bpy),]** (2.1 + 0.6)
5t trans- Ru(NH3)4(44 - 20.32 (19.59)  13.30 (12.76)  12.65 (12.23) 1.3 (4.1) 63+ 11 0.8 +02 1.3 (4.1)
bpy),]** (0.8 +0.2) (0.3 +0.1)
3" trans-[Ru(NH;),(py) 21.76 (21.05) 1292 (1247)  12.80 (11.92) 2.9 (16) 32 +09 093 + 025 2.9 (16)
(p2)]** (0.5 £02) (0.8 +04)
3" mer- Ru(NH3) (bpyam) 21.80 (21.05)  13.67 (14.90)  13.36 (13.50) 1.9 (7.1) 85+ 1.0 1.6 + 02 1.9 (7.1)
(pz)]** (6.7 + 1.1) (48 £ 0.38)

“Dominant RT low-energy absorption maxima, hv,,(abs), determined in acetonitrile (alcohol); emission maxima, hv,,,(em), mean excited state
decay rate- constant kqpy and emission yield, ¢.,,, determined at 77 K in butyromtrlle (alcohol) glasses; complex concentrations were in the 107

107 M range. Energles in cm™'/10°% ‘v,

~ ( f v I dv,)/( f I dv,). “Mean excited-state decay rate constant, kg, = 1/7. uncertamty in kobs is
less than or equal to about 5% for each complex. “Emission quantum yield. T X kopg; assumes 7 = 1 in eq 1. Skyrp = kops —

krap- hRef 18. Ref 19.

and *MLCT have been assessed by means of computational modeling
and reported previously.'®

Computational Details. Density functional theory™ calculations
have been performed to generate the triplet PE surfaces of the Ru
complexes. The calculations have been done with a development
version of Gaussian”® with the B3PW91 functional”*~*® and the SDD
basis set and pseudopotential’” for the metal and 6-31G(d) basis”**
for the lighter atoms. Hydrogen bonding interactions between the Ru
complexes and methanol molecule were calculated with 6-31G(d,p)
basis sets instead of 6-31G(d) for lighter atoms. Solvation effects (in
acetonitrile and ethanol) were accounted for using the implicit SMD
solvation model'® and were included during structure optimization.
Wave functions were tested for SCF stability,"®' ™' and all of the
optimized structures were confirmed as minima by analyzing the
harmonic vibrational frequencies. The ground singlet and triplet states
were computed using the standard SCF method, and analytical
frequencies were obtained for each. The isodensity plots (isodensity
value 0.05 au) of the canonical and corresponding orbitals were
visualized using GaussView.'**

B RESULTS

The emission spectra and lifetimes of these complexes have
been reported elsewhere.'®'” The relative quantum yields, ¢,
and emission decay rate constants, k, for the target Ru-MDA
chromophores in 77 K glasses are summarized in Table 1. In
principle, the relative quantum yields obtained based on eq 1
should be corrected for the efficiency of populating the emitting
state (7). However, values of y ~ 1.0 have been reported for
[Ru(bpy);]*,"** and we have been unable to find evidence for
values of ¥ < 1 in this or in other recent work on Ru-bpy
chromophores.”* Consequently, we use y &~ 1.0 in our analysis
of the quantum yield data. See the Discussion section below for
additional comments on this issue. The quantum yields are
consistently smaller in alcohol than in butyronitrile. This
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appears to be mostly an effect of kygrp, and in large part it arises
from the smaller emission energies in the alcohol solvent (see
also the Discussion below).

The observed emission decay rate constants can most simply
be represented as in eqs 1-3, for these systems where ki
usually corresponds to the internal conversion of an emitting
SMLCT to a *MC excited state. In the limit that y = 1 and (kyap
+ knrp) > kogen the values of kyyp and kygpp can be readily
evaluated, and such values have been assembled in Table 1. The
excited state energy dependence of kp,p is much smaller than
found for the Ru-bpy chromophores,” and this comparison is
developed in the Discussion below.

We have found anomalously large values of kygp for the
complexes with Ru-pz and Ru-(ac-py) chromophores in the 77
K alcohol glasses (see Table 1 and Figure 8 in the Discussion
section); some reasons that this behavior is unusual are noted
in the Discussion section below. In order to gain some insight
into this behavior, we have examined the acid dependent 300 K
absorption and 77 K emission spectra of the trans-[Ru-
(NH;),(py)(pz)]** and trans-[Ru(NH,),(pz),]** complexes,
and the 87 K absorption spectra of trans-[Ru(NH,),(py)-
(pz)]2+. Our observations are summarized in Figures 3 and 4
and in Table 2.

The MLCT excited states of complexes with Ru-pz and
related chromophores are well-known to be more basic than
their ground states;””'% however, the excited state basicities of
these complexes are orders of magnitude smaller than those of
the alkoxy anions at least at 300 K, and DFT modeling indicates
that the base forms of the Ru-pz and Ru-(ac-py) complexes
have no special affinity for the alcohol solvent (Supporting
Information Table S9). The data in Table 2 are the
experimental parameters characteristic of these complexes in
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Figure 3. Changes in the ambient absorption spectra of Ru-MDA
complexes with added acid: spectra of trans-[Ru(NH;),(py)(pz)]*,
upper panel, and trans-[Ru(NH;),(pz),]**, lower panel, with
variations in the concentrations of HOTf in ethanol/ methanol
(4:1) solutions. The total concentrations of the Ru complexes were in
the range of (3.8—6) X 10™* M. In the upper panel, the added HOTf
concentrations vary from [HOT{] = 0, black line, through [HOTf] =
1.17 X 107" M, red line, to [HOTf] = 8.73 X 10~ M, blue line. In the
lower panel, the added HOTTf concentrations vary from [HOTf] = 0,
black line, through [HOTf] = 2.54 X 107" M, red line, to [HOTf] =
1.01 M, blue line. The black lines correspond to the spectra of the
parent [Ru-pz]?* complexes (base form, [HOTf] = 0) and the blue
lines to the spectra of the [Ru-pzH]** complexes (acid form, [HOTT]
= upper limit). The red lines correspond to [Ru-pz]**/[Ru-pzH]* =
1:1 (equivalence point); the relative acid dissociation constants, K,’
can be based on the excess HOTf concentration at this point: K," = 3.0
X 10° for trans-[Ru(NH;),(py)(pz)]** and K,' = 1.7 X 10" for trans-
[Ru(NH;),(pz),)*. K, = [[Ru-pz][HOTf]/[OTf ][Ru-pzH*].

the alcohol media, and the differences in absorption maxima for
the acidic and basic forms of the complexes imply that the
excited states are far more basic than the ground states.
However, the quantitative evaluation of this difference is not
altogether straightforward. Thus, the ground state values of K,/
= K,[HOTf]/[OTf ][H*] > 1, which indicate that HOTf is a
weaker acid in this medium than are the protonated pyrazine
complexes. The absorbance shift to lower energies for the
protonated pyrazine complexes indicates that the Ru-pz excited
states are much stronger bases than their ground states,
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Figure 4. Changes in the 87 K absorption spectra of trans-
[Ru(NH;),(py)(pz)]** with variations in the concentrations of
HOTf in ethanol/methanol (4:1) glassy solutions. The added HOTf
concentrations vary from [HOTf] = 0, blue line, through [HOTf] =
3.26 X 107* M, dark red curve, and [HOT{] = 4.66 X 10~* M, red line,
to [HOTI] 1.165 M, black line. The apparent relative acid
dissociation constant (K,’) is 21.9 at 87 K.

nominally by a factor on the order of 107 for ambient solutions.
However, the excited states generated by absorption are
Franck—Condon (FC) excited states with ground state nuclear
coordinates and lifetimes in the femtosecond regime, so that
they cannot be in equilibrium with the bulk medium. This is an
even more serious issue since the observed absorption bands
are generally the convolution of several electronic transitions
(So—= S, n>1)""" involvin% different nonequilibrium excited
state electronic distributions’"””> and consequently different
solvation energies. Thus, the relative acid dissociation
constants, K,(FC), inferred from the differences in absorption
of the acid (RH*) and basic (R) forms of a substrate (see
Figure S) are not equilibrium constants and only qualitatively
useful. Similarly, the negligible diffusion of molecular species in
glasses make the 87 K value of K, in Table 2 only qualitatively
useful. Nevertheless, the sizable shifts to lower energy
absorption upon protonation of the complexes in ambient
solution and 87 K (Table 2) indicates that the excited states are
much more basic than the ground states (see similar conclusion
by Ford et al.””). The magnitude of this shift implied by the
data in Table 2 is (based on the quasi-thermodynamic cycle
implied in Figure 5) K, ~ 107", The initial amplitudes
observed in the emission decay rate constants in Table 3 imply
a somewhat smaller value of K, at 77 K.

Although the emissions of the equilibrated triplet excited
state, T, to the ground state, S, are generally less complicated
electronically than the absorptions, similar considerations
should apply to the evaluation of the triplet state basicities,
K,(T,), but we have been unable to detect emissions from the
Ru-pzH" species. These considerations suggest that long-range
77 K proton transfer is restricted by solvent reorganizational
barriers of greater than 2kgT (or about 300 cal/M). The
apparent differences between K’ at 87 and 77 K may arise from
nearest neighbor proton transfer only with the HOTS in the
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Table 2. Absorption Data for Titrations with HOTf

" em™/10% (e, cm™ M~'/10%)

hvy,
complex T base form (B)
trans-[Ru(NH;),(py) (pz)]** 298 K 21.1 (13.8 + 0.2)
87K 19.5 (25.0)
trans-[Ru(NH,),,(pz),]** 298 K 20.5 (212 + 0.8)

“Absorption maxima in ethanol/methanol. b[HOTI], /s, is the acid concentration at [B] = [BH*]. “Calculated at the equivalence point as K,
([B],,[HOTA],,)/([BH'], ,[OTf ], ;) and [B],, = [BH'],/, = [OTf ], ,, where [BH'],,,, [HOTY], ,, and [B], , are the concentrations at [B]

acid form (BH*) [HOT{], ,” M K<

17.9 (15.0 + 0.2) 0.12 + 0.01 2700 + 300
17.7 (22.2) 37 x 107 21.9¢

17.5 (21.7 + 0.8) 021 + 0.03 14000 =+ 2000

[BH']; note that this differs from the conventional definition of the acid dissociation constant, K,(BH) = ([B],,[H"],/,)/([BH"];,), since acids are
expected to be weaker in nonaqueous media. “This probably does not correspond to an actual equilibrium distribution of species at 87 K.
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Figure 5. Qualitative energy level diagram illustrating the relationships
between electronic states of the acid and base forms of a substrate. For
brevity, we have represented the base form of the complexes as R, and
the acid form as RH,* (x = g or e for the ground state and the Franck—
Condon excited state, respectively). Note that there is no simple
pathway connecting the two Franck—Condon excited states, 'R, and
IRH +

e+

Table 3. Acid Dependence of trans-[Ru(NH;),(py)(pz)]*
77 K Lifetimes for Various [HOTf] in Alcohol Glasses”

[HOTH] in alcohol (M), {[HOTf]/ avg. 77 K lifetime, ns

[Ru-pz] (M) [Ru-pz]}” (Ai)

431 x 107* 0 69 + 2 (2.53)
539 x 107* 1.1 x 1073 {2.0} 70 £ 1 (2.44)
3.77 x 107* 1.32 x 1073 {3.5} 62 + 1 (1.83)
4.85 x 107* 1.65X 107° {3.4} 59 +1(0.85)
593 x 107* 22 % 1073 {3.7} 59 + 1 (0.97)
593 x 107* 5.5 x 1072 {9.3} 59 + 1 (0.69)
485 x 107* 1.1 x 107 {23} 75 + 3 (0.18)
3.77 x 107* 1.65 x 1072 {44} 70 + 1 (0.22)
4.85 x 107* L1x 107! {227} 78 + 3 (0.12)7

“The lifetime measurements were performed using a Hamamatsu
NIR-PMT Model H10330A-75 with 483 nm nitrogen-pumped dye
laser excitation; ethanol/methanol = 4:1 (v/v'); A,; = average initial
amplitude at t = 0 for the emission decay. “Ratios between [HOTT]
and [Ru-pz]. “Average of single exponential fit of the emission decay
amplitude by origin 8.0; A,; = average of the initial (t = 0) emission
decay curve amplitudes, for 3—10 decays. dPartly convoluted with
instrument response.

first few solvation shells of the complex contributing and bulk
acid concentration being frozen.

Despite the strong acid dependence of the 77 K emission
intensities, the emission decays of [Ru(NH;),(py)(pz)]** were
acid independent, single exponential decays (see Table 3):
kops(ave) = (67 + 7) ns™! with 0 < [HOTf]/M < 0.1.
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On the basis of our observations, it is clear that, for a given
[H'], the ratio of basic to acidic forms of the '"MLCT excited
states of the trans-[Ru(NH;),(py)(pz)]** complex decreases
dramatically with temperature as is common for weak acids.'"’
The distribution of R; and RH," ground state species is well-
defined in fluid solution, but equilibrium cannot exist between
the acidic and basic forms of the complex and the added acid in
the bulk frozen solution. On the basis of the correlation of Ru-
MDA spectral absorption and emission maxima (Figure 3 in
Tsai et al.),'® the maximum for this emission is predicted to
occur at about 9000 + 400 cm™ (about 1100 nm), and based
on the variations of kygpp with excited state energy (discussed
below), the emission lifetime would be less than about 10 ns,
which would be difficult for us to detect. Since the excited state
lifetimes are nearly [HOTS] independent and consistent with
detection of emission from only the basic form of the complex
at 77 K, while the decay amplitudes are acid dependent, the rate
constant for proton quenching of the excited state (kq in eq 8)
cannot contribute to the observed excited state decay rate
constant (k) even in the acidic solutions or to kypp in the
neat alcohol solutions.

— Ru-BH', ko

MLCT+H" ®)

— RU-B, kobs

The results of our DFT modeling are summarized for a-
orbital SOMO:s in Figure 6 and in Table 4; the a- and S-orbital
contribution to the MLCT frontier orbitals are presented in
the Supporting Information, Figures S7 and the corresponding
orbitals in Figure $8.'%° Table 4 shows that the dz(Ru)—a-
orbital SOMOs have considerable contributions from a
ligand(A)-based # molecular orbital, while the ligand(A)-
centered, 7*—a-SOMO has negligible contribution (0—2%)
from a dz(Ru) orbital. The bpy-based 7-MO contribution to
the dz(Ru) a-SOMO of the [Ru(NH;),(bpy)]** complex is
much larger (about 45%) than the MDA-based 7-MO
contributions to the dz(Ru)-SOMOs of the Ru-MDA
chromophores (about 10—30%). This illustrates that the
SMLCT state of the Ru-bpy complex has significantly more
dr(Ru)—pn(A) mixing than the *MLCT states of the Ru-MDA
complexes. This can arise from a large difference in the energies
and/or the magnitudes of the spatial overlap of the interacting
dz(Ru)—SOMO and 7-MO of the aromatic ligand. Larger
spatial dz(Ru)—pn(A) overlap is likely in the Ru-bpy
chromophores since (1) it involves an interaction of the two
pr-orbitals at the bpy-nitrogen atoms with the Ru-d,, orbital
and (2) the orbital (see Figure 6) and electron'® density in 7-
MO of [Ru(NH,);(ph-py)]** is distributed over two aromatic
rings, reducing the effective overlap parallel to the single MDA—
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Figure 6. Alpha components of the singly occupied dz(Ru) molecular orbitals (dz—SOMO) and ligand (A)-based 7* molecular orbitals (7*—
SOMO) of the *MLCT states of (A) [Ru(NH;),(bpy)]** and three Ru-MDA complexes: (B) [Ru(NH,);(py)]**, (C) [Ru(NH;)s(pz)]**, and (D)
[Ru(NH;)s(ph-py)]**. Note that different Cartesian axes are used for Ru-MDA and [Ru(NH;),(bpy)]**: in the former, the z axis is coincident with
the Ru-N(MDA) bonding axis, but this is not the case for the latter. The Ru-MDA complexes display a poorer spatial overlap between the dz(Ru)
and ligand (A) 7 molecular orbitals compared to that by the Ru-bpy complex. Note that the y- and z-coordinate axes of [Ru(NH;),bpy]** are rotated
45° with respect to the Ru—N bonding axes. Canonical orbitals are plotted with an isosurface value of 0.05 au.

Table 4. Relative a-Orbital Contributions” of dz(Ru) and
Ligand(A)-based 6 and & Orbitals to the Metal-Centered
SOMOs of the SMLCT States of [Ru(NH,),(bpy)]*,
[R;l](zlst)s(PY)]h; [Ru(NH,)(pz)]*", and [Ru(NH,),(ph-
Py

dz(Ru)—SOMO of MLCT*

dr(Ru)  ligand (A)-based 7 ligand (A)-based &
complex character character character
[Ru(NH;),(bpy)]** 51% 45%
[Ru(NH, )(py) " 62% 31%
[Ru(NH;),(pz)]** 59% 9% 24%
[Ru(NH,),(ph- 62% 32%
200

“The contribution from each relevant atom was calculated by
summing the contributions of all basis functions of a given angular
momentum.

Ru—NH; axis even more than in the py and pz complexes.
Interestingly, as shown in Figure 6 and Table 4, the dz(Ru)—
SOMO of [Ru(NH,)s(pz)]** displays a large contribution
(about 24%) from a 6-MO on the pyrazine nitrogen atom that
is not coordinated to Ru. This o(metal—ligand) interaction
arises due to the rotation of the pz ligand out of the Cartesian
plane in the excited state, thereby facilitating the nominal
pr(pz)/do(Ru) overlap,"®' and it is pertinent to the observed
larger basicity of the pz complex in its excited state compared to
its ground state.

For clarity in the comparisons of dz(Ru)—pz(A) orbital
overlap in the Ru-MDA and [Ru(NHj;),(bpy)]*" complexes,
we label the Cartesian axes used for the latter as x', y', and 2’
(where only «’ is coincident with a N—Ru—N bonding axis; see
Figure 6) and reserve the unprimed notation for the Cartesian
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axes nearly coincident with the N—Ru—N bonding axes. In the
calculated *MLCT [Ru(NH,),(bpy)]** excited state structure
in Figure 6, the singly occupied d7—SOMO is similar to a
d,,(Ru) orbital (a symmetry adapted combination of d,, and
d,, orbitals), and the bpy ligand is coplanar with the amine
ligands in the y'z" plane. In contrast, the aromatic ligands of
SMLCT Ru-MDA complexes are folded between the Cartesian
xz and yz planes, and the interacting d7—SOMO also has a
spatial distribution that is between the NH;—Ru—NHj; axes
(approximately a combination of d,, and d,, orbitals) and
appropriate for overlap with a 7-MO of the aromatic ligand.

B DISCUSSION

We have now examined the emission spectra,'® excited state
lifetimes,"® and quantum yields for a substantial number of
complexes with Ru-MDA chromophores, and these provide an
instructive contrast with the previously reported emission
properties of Ru-bpy chromophores.””*""** The 77 K emission
intensities and relative sideband amplitudes of complexes with
Ru-MDA chromophores are much weaker and vary much less
in relative amplitude than do those of the Ru-bpy
chromophores in the same range of energies.">'” This contrast
in sideband amplitudes contradicts the qualitative expectation
that an electron in the LUMO of a single aromatic ring of the
MDA acceptor ligand will lead to a more distorted ligand
structure than when this charge is spread over the two rings of
the bpy ligand. Similarly, resonance-Raman data for the trans-
[Ru(NH,),(ac-py),)*" and [Ru(NH;),bpy]*" complexes imply
greater vibronic amplitudes in the former (see Supporting
Information Tables S3 and $4).*"% The resolved nonradiative
(knrp) and radiative (kpap) decay rate constants of the Ru-
MDA chromophores in butyronitrile and a 4 to 1 mixture of
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ethanol and methanol provide some unique perspectives on the
excited state properties of transition metal complexes and help
resolve the noted issues concerning band shape differences.
Our recent work indicates that most of the vibronic sideband
structure observed for Ru-bpy chromophores with hv, >
13000 cm™" arises from configurational mixing with a higher
energy-acceptor—ligand-centered excited state,'® and for these
complexes, this is accompanied by an excited state energy
dependence of kpsp over and above that indicated in eqs 3—6.”*
However, the present study has found no such “extra” excited
state energy dependence for the Ru-MDA chromophores. Our
DFT modeling indicates that there is considerable mixing
between excited states and that this mixing is mediated by
dn(Ru)/pn(A) overlap, which is consistent with the energy
dependence found for the vibronic amplitudes of Ru-bpy
chromophores.”***#71=7¢ I contrast, there is no evidence
for mixing between the triplet excited states and the ground
states of the complexes examined (see the Supporting
Information Figure S9).

The Franck—Condon excited states of transition metal
complexes tend to relax very rapidly to the lowest energy
excited state,''* and most excited state chemistry and emission
has been attributed to this state.***™>° However, the *MLCT
excited states of many Ru-A complexes emit in 77 K glasses
even when detailed DFT modeling indicates that one or more
SMC excited state has a lower energy.'”'”**'"'=''3 On the
basis of the DFT modeling, this “non-Kasha”'"* behavior does
not appear to be an issue for the Ru-MDA complexes discussed
here,'”** and there is no experimental evidence for significant
kic contributions to kg, at 77 K.'“*° We have resolved kyzp
and kgap using the ¢, and k., values in Table 1. Small
experimental values of the low-temperature emission yields for
molecular excited states are most commonly attributed to kg,
> kpap, but in these ruthenium complexes, with their
multitudes of possible excited states, there could be many
different upper state relaxation channels, some of which might
lead to different distributions of low energy *MLCT and *MC
excited states and thereby lower the efficiency, , for populating
the emitting state.'” We have previously shown that the
complexes with Ru-MDA chromophores have slightly longer 77
K emission lifetimes than do the Ru-bpy chromophores with
the same SMLCT energy, and that there is little variation in the
estimated energies of the lowest energy *MC excited states
while the energies of the MLCT excited states vary a great
deal. Since there is no correlation of k., with the calculated
differences between E(*MC) and E(CMLCT), it is unlikely that
y is much less than 1."% If y were sufficiently small to account
for the very small values of ., then kz,p would generally be
more than 10°-fold larger than the values in Table 1 (i.e., fory =
1) leading to smaller kypg values than those presented in Table
1 and resulting in different patterns of the hv,,.>> dependencies
for the Ru-MDA and Ru-bpy chromophores, in contrast to that
shown in Figure 7. Although we have no direct way to evaluate
7, the circumstantial evidence cited strongly supports the
assumption that y & 1. As noted above, the values of k., are
somewhat smaller than those found for Ru-bpy chromophores
with comparable energies. Since it appears that kic < (kgap +
knrp) for these complexes, this must mean that kygp and/or
kpap must be smaller than found for the Ru-bpy chromophores.
Thus, the very small values of emission yields found for the Ru-
MDA chromophores is most likely the result of a much smaller
value of kyp for them than for the Ru-bpy chromophores. A
more detailed account of these issues follows.
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Figure 7. Correlation of kygp, resolved from ¢, (eqs 1—3, assuming y
~ 1) with an hv,,, of the 77 K emission for Ru-bpy and Ru-MDA
chromophores (see inset). Emission data for Ru-bpy chromophores
from Thomas et al.”* and for Ru-MDA chromophores from Tsai et
al,'® as summarized in Table 1. For all Rubpy and Ru-MDA
complexes, the least-squares line has a slope of —1.06 + 0.06 and an
intercept of 28.6 + 0.8 (* = 0.84).

The Patterns of Nonradiative Decay in the Ru-MDA
Chromophores. The 77 K excited state lifetimes of most of
these complexes tend to be dominated by kygpp. The apparent
values of kygp for the Ru-MDA chromophores are slightly
smaller (roughly 4-fold) than those of Ru-bpy chromophores
with similar values of hv,,; see Figure 7. The comparisons of
kygrp for the different chromophores can be represented more
explicitly in terms of the relationship of kygp to excited state
energy in the limit of a single distortion mode, huy,:>°

kNRD ~ B e—YEJ(hVave/h”h) (9)
with B & (Helg)z[Sﬂ3 /(KPryhv,.)]"?, where we have substituted
vy for E”°. Equation 9 assumes a single distortion mode of
frequency vy, and is obtained from the Huang—Rhys parameter
for the harmonic of this distortion mode whose energy
approximates that of the excited state, Nhy, = hv,,, for
which the Huang—Rhys factor is (Sy)N/N! (Sg = 4,/(hv))
using a form of Stirling’s approximation for the N! term in the
more general relaxation rate constant expressionso’Sl (4, is the
vibrational reorganizational energy associated with the dis-
tortion in 14, and proportional to the distortion squared; yg; ~
[In(hv,./4) — 1]; other approximations are hv,,, > hy;, and
W e > 24).° For a single distortion mode, Yg is constant, and
eq 9 is the basis for the correlation in Figure 7. However, this
model is not quantitatively applicable to these systems since (a)
there are many excited state distortion modes (more than 10)
in these complexes;*”'*>!'>!1% (b) the similarities of kygp, for
the Ru-bpy and Ru-MDA chromophores in Figure 7 imply
similar distortion mode energies (hr},) and amplitudes (4;),
whereas their rR parameters are different (see Supporting
Information Tables $3 and $4);*%'°%''>11¢ and (c) eq 9 is not
quantitatively compatible with the observations since assuming
an equivalent averaged single distortion mode based on
averaging rR gpararneters (see Supporting Information Tables
S3 and $4)°%'%? results in a calculated value for [Ru-
(NH;),bpy]** that is larger than that for [Ru(NHj;)(ac-
py)]** by a factor of 10°-10° (depending on how the
parameters are averaged), while the observed values of kygp
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(from eqs 2 and 3) for the latter are slightly smaller than those
of the former at similar energies. The large number of
distortion modes very likely leads to a multitude of vibronic
decay channels, differing in their combinations of molecular
distortion modes, leading to inconsistencies with the details of
the single mode model. A more realistic model would replace
the single decay channel represented in eq 10 by a sum over all
possible channels; in its simplest, somewhat schematic form:

all-channels

kNRD ~ B Z [e_YE_](h”ave/th)]r
r (10)

where yg; and huy, are constructed from the different
combinations of distortion modes in each channel. However,
the number of possible decay channels is extremely large, and
we do not currently have a way to handle this.

Table $ illustrates in more detail the observed similarities of
kygrp in the 77 K alcohol and butyronitrile glasses for the Ru-

Table 5. Comparison of the Energy Dependences of kyyp, for
Ru-MDA and Ru-bpy Chromophores in 77 K Glasses

least squares fit for In(kygp) = a X

hvg, + b
chromophore 77 K glass slope (a) intercept (b) ”?
Ru-MDA Butyronitrile —-1.1+£0.1 28 +2 0.84
Ethanol/Methanol” —-14 £+ 02 33+2 0.99
Ru-bpy” Butyronitrile -12+01 305+13 095
Ethanol/Methanol —-1.1 + 0.1 29+1 0.94

“The Ru-pz and Ru-(ac-py) chromophores were omitted. “Data from
Thomas et al.**

bpy and Ru-MDA. The data set used for the Ru-MDA
complexes in the alcohol solvent is relatively small, and as a
consequence it is not clear whether the slightly steeper slope is
significant. Otherwise, the parameters are statistically indis-
tinguishable for a variety of different chromophores in the
different solvents.

The values of kygp for some Ru-pz and Ru-(ac-py)
chromophores determined in neutral alcohol glasses are
significantly larger than those determined in butyronitrile
glasses even for some Ru-bpy chromophores that are similar in
energy. This is more evident when considering the kygpp energy
dependence for Ru-MDA complexes only as in Figure 8. This
behavior is not consistent with eq 10 since the emission is from
the basic forms of the complexes, and eq 10 tends to emphasize
the highest frequency molecular distortion modes®”>" which
are independent of the solvent. The large excited state basicity
might be invoked to account for the deviations of the Ru-pz
and Ru(ac-py) complexes from the usual behavior in Figure 8,
but our observations summarized in Tables 2 and 3 and the
associated comments in the Results section show that we only
observed emission from the basic form of these complexes:
emission from the protonated complexes is not observed, and
protonation of the complexes cannot account for the
deviations. Although specific solvent contributions are not
usually considered in treatments of kygp such as eq 10, we have
examined the *MLCT excited state interactions of these
complexes with methanol by means of DFT modeling, and
there is no evidence for any base dependent association among
the complexes (see Supporting Information Table S9). It is
possible that the larger values of kygzp observed for the Ru-pz
and Ru-(ac-py) chromophores in alcohol glasses arise from a
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Figure 8. Correlation of kygp, resolved from ¢,,, (assuming y = 1),
with hv,,, for the 77 K emissions for Ru-MDA chromophores in
butyronitrile (green) and alcohol (red) glasses. The complexes with
Ru-pz and Ru-(ac-py) chromophores in the alcohol glasses are
surrounded by the red ellipse. The code numbers are from Table I.
The solid line is a least-squares fit to the data for Ru-MDA
chromophores in butyronitrile (+* = 0.84): In(kyrp/s™) = —(1.1 +
0.1)hv,, + (28 + 2).

hydrogen bonding interaction with the solvent with very short
times for the proton at the PE minimum near the basic moieties
in the excited states.

Comparison of kgap Values for Ru-MDA and Ru-bpy
Chromophores. The 77 K emission spectra of Ru-MDA
complexes tend to be broad and structureless with little
evidence for vibronic sideband contributions in contrast to the
77 K emission spectra of Ru-bpy. Our recent work has
indicated that much of the vibronic sideband structure observed
for Ru-bpy chromophores with hv,,,, > 13000 cm™" arises
from configurational mixing with a higher energy acceptor—
ligand centered excited state,"® and this is accompanied by an
“extra” excited state energy dependence of kyp,p for these
complexes.”* However, no such “extra” excited state energy
dependence has been found for the Ru-MDA chromophores. It
is important to observe that the values of ¢, and kgap/(hvy.)?
for Ru-bpy chromohores approach very small values for small
values of hv,,, (thus, large values of AE;; cr) as indicated by
the arrow in Figure 9.

The observations on Ru-MDA chromophores are considered
in more detail in Figure 10 using an expanded energy scale.
Figures 9 and 10 indicate that there is no “extra” energy
dependence, and no intensity stealing, for Ru-MDA complexes
over the available energy range, and this suggests that
Lrla® ) ld,,lﬁ* excited state/excited state configurational mixing
does not significantly affect the Ru-MDA emission properties
and therefore that the first term in eq 6 dominates in the energy
range examined. Our computational modeling in Figure 6 and
in Table 4 qualitatively illustrate that the dz—SOMO/
pr(aromatic ligand HOMO) spatial overlap can be better for
[Ru(NH,),(bpy)]** than for the Ru-MDA complexes in their
vibrationally relaxed *MLCT states. As a result of the greater
Ru/bpy than Ru/MDA mixing, Hcryy, is expected to be larger
for the Ru-bpy MLCT excited states than it is for the Ru-MDA
SMLCT excited states.

Since the >MLCT — S, transition is forbidden in the absence
of spin—orbit coupling, the SOC-promoted emissions should in
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Figure 9. Contrasts in the variations in the apparent energy
dependence of the 77 K emissions of Ru-bpy and Ru-MDA
chromophores: kpap/(hy.) He based on eqs 4 and 6. For Ru-
bpy: blue squares, for alcohol only (data of Demas and Crosby),”!

purple squares for butyronitrile only, and green squares for average of
hv . and (kgap/hv ) determined in alcohol and butyronitrile (data of
Thomas et al.**). The diamonds are for Ru-MDA chromophores;
more details in Figure 10. The error bars are based on either the
replicate determinations of ¢, in a single solvent or the difference
between determinations in the different solvents. Note that there is a
possibility that (A,ue'g)2 in eq 3 could be somewhat solvent dependent;
this might contribute to the relatively large differences in values found
for the smaller Ru-bpy chromophores (ie., those with am(m)ine

rather than bpy ancillary ligands).
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Figure 10. Variations in the apparent energy dependence of kpap/
(hvy.) for the 77 K emissions Ru-MDA chromophores (red, blue, and
green points). Data are from Table 1; red for cis-[Ru-
(NH;),(MDA),]*, green for trans-[Ru(NH;),(MDA)(MDA’)]*,
and blue for [Ru(NH,);MDA]*". The code numbers are from Table 1.

principle take account of all interactions between the triplet and
singlet manifolds that might contribute to the relaxation of the
spin constraint, and since the emitting *MLCT state appears to
contain contributions from a higher energy Sam* excited state,
this also must be considered. Thus, the SOC interaction can be
formulated in terms of a mixing matrix element (X = CT (for

MLCT) or zz*)

SOC — (\di di (SOC)\pdi
Hgw = (Wigr + arer VS0 IH |\p151:> (11)

SOC and intensity stealing require at least a five state model
(with excited states as in Figure 11 and in contrast to Figure 1).
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Figure 11. A scheme of electronic states that may be involved in
excited state/excited state configurational mixing. The black lines
represent the mixing within a single spin manifold, and the red lines
represent the mixing via spin—orbit coupling between different spin
manifolds.

The singlet states that seem most likely to contribute are
IMLCT"™****'" and 'zz* excited states, so the important
major contributions to eq 11 are likely to be of the form
H}SOC (\Pdla |H(SOC)|\Pld1a )) H3SO§ - (\P3 ia |
H(EOTC)I‘IIdla ), and orcr; ,,,,*Hsm* iors the Hips contnbutlon
is not relevant to the MLCT emission. Possible SOC
contributions of '"MLCT/'zz* mixing are omitted since the
resulting terms are of the form OthTr,',m*Hsngc,l o < ?732’1@,. In
order for the triplet and singlet spin states to interact, the
frontier orbital symmetries must differ in such a way that the
spin—orbit coupling matrix elements are nonzero. Since the
MLCT — S, relaxation is only allowed by SOC-promoted
mixing with a higher energy state (or states) of singlet spin
multiplicity, acr, & O for the direct T, — S, transition.
However, DFT modeling of the excited states of Ru-A
complexes has also found that many of their S, — S,
transitions have very small oscillator strengths,”"”* presumably
due to small values of H,, resulting from poor spatial orbital
overlap, and the T, dz—SOMO orbital composition of
[Ru(NH;);pz]** correlates with HOMO-—1 of S, (see
Supporting Information Figures S8 and $9).'” These
observations indicate that there are constraints on the SOC-
coupled "MLCT states in addition to spin symmetry. Equation
11 and the preceding comments lead to the following
modification of eq S which treats the observed emissions as
the sum of contributions of several SOC interactions:

_—
~ z a3CT ICT/ 1 + alCT an* + aﬁCT mr*] MICT/,g
CT’
SOC
+ Z 6ISCT ¥ 1”” 8 +
nn* (12)

This expression is much simpler if there becomes only one
contributing 'CT" interaction and if acy! e << 1:

M, ~ad9S [1+ a ] M + ad
eg ™ “Scr,lcr CT, nr* CT',g *CT an
 —
Mlmr* (13)

Assuming that the radiative relaxation of triplet states to the
ground state can occur only by means of a SOC mechanism

DOI: 10.1021/acs.inorgchem.6b00374
Inorg. Chem. 2016, 55, 73417355


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.6b00374/suppl_file/ic6b00374_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.6b00374

Inorganic Chemistry

and that the moments for CT — S, and zz* — S, transitions
are orthogonal, then

(Me,g)2 ~ (a;SCOTSCT,)Z[l + 230t 3 + (OtSCTla,m*)z}
2 2 2
(Mcr o + @5, P Mo+ (1

In eq 14, we have assumed that IMscp,l & 0 and that the two
transition moments from eq 13 are approximately orthogonal.
Equation 14 and substitution as in eq 4 can be used to obtain
the following expression for kysp

SOC

kpap ~ (hy ave)3Crﬂ3{(a3CT,1CTf)2(a1CT’, )2[1 + 2a3CT’,3mr*:|

(A, + (a5, (@cr ) (A2

mr*

+ ..} (15)

where all parameters are considered to be averages over all
emission components. The first term in eq 15 corresponds to
the SOC-promoted mixing of triplet and singlet MLCT excited
states, and the second and third terms correspond to the
configurational and SOC-promoted mixings, respectively, of
b7 character into the *MLCT excited state. The denominators
of the a3X 1Y mixing coefficients are of the form (EY, is the
vertical energy from the PE minimum of state *X)

_ 1]

El‘;{ El‘;
- 1|~ hy el 77—
EsX hl/ave
(16)

Provided that Ei.;iy < hv,, the energy dependence
observed for ky,p is expected to be first order for a single
chromophore. In this limit kp/hv,,. should be proportional to
(H§8Tc icr)” and nearly constant over the energy range where
the inequality holds.

Our DFT modeling has found that there is considerable
mixing of acceptor ligand 7-bonding orbital character into the
dr—SOMO of Ru-bpy (see the corresponding orbital with the
largest effective nuclear charge in Figure 14 of Lord et al. )'® and
of Ru-MDA (canonical dz—a orbitals in Figure 6)
chromophores. In the Ru-bpy chromophores, this mixing
correlates with the energy dependent vibronic amplitudes as
well as an “extra” energy dependence of kyap. The calculated
mixing occurs within the triplet spin manifold, and the
variations in vibronic sideband amplitudes with energy may
imply variations in total emission intensity with energy. Related
(excited state)/(excited state) mixing is expected to occur
within the singlet spin manifold, and intensity stealing has been
experimentally documented in the absorption spectra of the
trans-[{(NH;)sRuNC},-Ru(py),]**>*** complexes (in this
case, mixing of metal to metal CT states with 'MLCT
states).''® Our observations on the emission spectra of Ru-A
complexes can be interpreted with respect to the various terms
in eq 14.

The denominator of (X;SCOTC,1CT, depends mostly on the
exchange integral and small orbital energy differences. The
energies of MLCT excited states track the differences in ground
state donor-ionization and acceptor-affinity energies (or the
differences in electrochemical half-wave potentials),'®”"""*!*
and the energies of MLCT absorptions and emissions are
strongly correlated (usually about 1:1).'"7*" Therefore, this
mixing coefficient is not expected to vary much with energy
over the range of observed values of hv,,, consistent with the
observations on the Ru-MDA complexes, provided that the

AE3X,'Y = El‘g{ — Esy = Esx[
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remaining terms make smaller contributions. In contrast, one
expects large variations in the denominator of a3SC0TC L+ SO that
this, as well as a§8]9 3+ could contribute to the extra energy
dependence of kp,p found in the Ru-bpy chromophores.

The second term in eq 15 corresponds to mixings with the
Lzm* excited state, and this contribution could account for both
the extra energy dependence of kp,p and the energy dependent
relative vibronic amplitudes found in the emissions of Ru-bpy
chromophores.

Since the energies of the z7™* excited states are not strongly
dependent on the effective nuclear charge of the Ru center, the
denominators of the MLCT/zz* mixing coeflicients increase as
hv,, increases and these contributions should become
insignificant when AEcy .« is sufficiently large so that kg,p is
only dependent on the SOC-promoted *MLCT/'MLCT
mixing. This appears to be the case for the Ru-MDA complexes,
possibly due to a relatively high zz* energy and a relatively low
*MLCT energy. The trend of values of ky,p decreasing as hv/,,
is decreased which was observed for Ru-bpy chromophores and
the observations on Ru-MDA chromophores in this report
indicate that “pure” MLCT emissions (SOC-promoted
through *MLCT/'MLCT mixing) are intrinsically weak in
these systems.

B CONCLUSIONS

The contrast of the observed energy dependencies of kzap on
hv,,. for the Ru-bpy and the Ru-MDA chromophores is
striking. The observations reported here for Ru-MDA and
those previously reported for Ru-bpy”* chromophores suggest
that the energy dependence of kpyp and the intensities of
“pure” MLCT emissions are intrinsically weak. Furthermore,
one expects that the emission bandshapes for such an idealized
“pure” MLCT transition, which in this context is a spin—orbit
coupling promoted mixing with a '"MLCT excited state, should
also be approximately energy independent since the distortions
of the MLCT and the '"MLCT excited states are probably very
similar in magnitude. Both DFT and simple MO modeling
show mixing between the Ru-centered dz-SOMO and the
aromatic acceptor ligand z-orbitals for high energy *MLCT
excited states, indicating that the contrast in intensity stealing
arises from the configurational mixing of *MLCT and "zz*(A)
(m =1 or 3) excited states with smaller values of the mixing
coeflicients, (a?g’l?'l M*)Z and/or (a3s<(:)TC,1ch)2a3CTfm*: for the Ru-
MDA chromophores. The intrinsic emission intensities are
weak for “pure” MLCT excited states (i.e., not mixed with zz*
excited states) for both the Ru-bpy and the Ru-MDA
chromophores,'®" due at least in part to the much smaller
oscillator strengths of the SOC-coupled 'MLCT — S,
transitions.

The 77 K nonradiative *MLCT decay rate constants of the
Ru-MDA and Ru-bpy chromophores are surprisingly similar
despite the reported differences in distortions of the aromatic
acceptor ligands. This may be a consequence of the very large
number of vibronic relaxation channels that arise from the large
number of excited state distortion modes for these complexes.
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