Inorganic Chemistry

pubs.acs.org/IC

Photosolvolysis of cis-[Ru(a-diimine),(4-aminopyridine),]**
Complexes: Photophysical, Spectroscopic, and Density Functional

Theory Analysis

Mariana R. Camilo,” Carolina R. Cardoso,” Rose M. Carlos,*" and A. B. P. Lever®*

TDepartamento de Quimica, Universidade Federal de Sio Carlos, CP 676, CEP 13565-905, Sao Carlos-SP, Brazil
iDepartment of Chemistry, York University, 4700 Keele St., North York, Toronto, Ontario, Canada M3J1P3

© Supporting Information

ABSTRACT: The photochemical and photophysical properties of the
cis-[Ru"(a-diimine),(4-APy),]*" complexes, where a-diimine = 1,10-
phenanthroline (phen) and 4-APy = 4-aminopyridine I, 4,7-diphenyl-
1,10-phenanthroline (Ph,phen) II, 2,2-bipyridine (bpy) III, and 4,4'-
dimethyl-2,2'-bipyridine (Me,bpy) IV, are reported. The four complexes
were characterized using high-performance liquid chromatography, 'H
NMR, UV-visible, emission, and transient absorption spectroscopy.
Upon photolysis in acetonitrile solution these complexes undergo 4-APy
dissociation to give the monoacetonitrile complex (for II, III, and IV) or
the bis(acetonitrile) complex (for I). A fairly wide range of excitation
wavelengths (from 420 to 580 nm) were employed to explore the
photophysics of these systems. Quantum yields and transient spectra are
provided. Density functional theory (DFT) and time-dependent DFT
analysis of singlet and triplet excited states facilitated our understanding
of the photochemical behavior. A detailed assessment of the geometric
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and electronic structures of the lowest energy spin triplet charge transfer state (*MLCT) and spin triplet metal centered state
(®MC) (dz — o* transitions) for species I-IV is presented. A second, previously unobserved, and nondissociative, *MC state is
identified and is likely involved in the primary step of photodissociation. This new *MC state may indeed play a major role in

many other photodissociation processes.

B INTRODUCTION

The investigation of spectroscopic, electrochemical, photo-
chemical, and photophysical properties of Ru" complexes of the
type cis-[Ru(a-diimine),L,]** (L = electron donor/acceptor
ligand) has attracted much attention because of the potential
application of these compounds in diverse areas of science,
particularly as emissive probes and photochemical delivery
agents.l_13

Many examples of photosubstitution reactions in lumines-
cent complexes have been reported for ruthenium complexes of
(mostly) 2,2’-bipyridine combined with various photolabile
ligands (L), for example L = acetonitrile, 3,6-dithiaoctane and
other sulfur ligands, serotonin, ethylenediamine, tryptamine, 3-
aminopyridine, 4-aminopyridine, y-aminobutyric acid (GABA),
butylamine, and tyramine, etc. Y8142

It is now generally understood that the mechanism of
photosubstitution involves excitation to a singlet metal-to-
ligand charge transfer state (‘MLCT) followed by intersystem
crossing to the lowest spin triplet charge transfer state
(MLCT). This is then deactivated by crossing to a spin

triplet metal centered state (*MC), leading to photosubstitu-
. 1927-53
tion. ™™
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Bis(bipyridine) ruthenium complexes with 4-aminopyridine
have been fairly extensively investigated photochemi-
cally'®*"5%76 and by density functional theory (DFT),'”** as
have similar complexes with the unsubstituted pyridine.'”>"**
Of particular note is a minimum in the lowest excited state
potential energy surface when one 4-aminopyridine is moved
about 2.8 A away from ruthenium.'® This is associated with a
conical intersection between this MLCT state and a metal
centered 7—c* *MC state.”’

A very recent study™ explores this in detail for the
unsubstituted pyridine analog. In particular Lamberti et al.**
propose, using DFT and X-ray transient absorption spectros-
copy, that in cis-[Ru(bpy),(Py),]*" there is a *MC lying about
0.4 eV (depending on choice of functional and basis set) below
the lowest *MLCT. Photosolvolysis then proceeds via
population of this *MC state.

The present work employs L = 4-aminopyridine (4-APy) and
extends the previous work by

(i) presenting data for other diimines, specifically 1,10-
phenanthroline (phen), 4,7-diphenyl-1,10-phenanthro-
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Figure 1. Visible region spectra (normalized) (4., = 450 nm) of species I to IV as identified in acetonitrile. (left) Absorption. (right) Emission.

line (Ph,phen), 4,4’-dimethyl-2,2'-bipyridine (Me,bpy),
as well as providing additional data for 2,2’-bipyridine.
demonstrating that photosolvolysis to form cis-[Ru(a-
diimine),L(CH;CN)]** can occur with very low energy
light, specifically at 580 nm, and that the quantum yield
of the low energy process is essentially identical to that at
higher energy (480 nm). For diimine = phen, the
monoacetonitrile species is also photoactive, leading to
loss of both 4APy ligands.

postulating a change in conformation between ground
state and lowest >MLCT state.

providing electronic absorption spectra of the ground
state and transient absorption spectra of the MLCT
state for these species, both fitted by time-dependent
(TD) DFT calculations. Emission and excitation spectra,
of the parent species, are also reported.

exploring the potential energy, excited state, surfaces of
these low lying states as a function of Ru—N(4-APy)
bond length coordinate, thereby providing geometric and
electronic structural data for the DFT geometry-
optimized *MLCT and *MC states of these species,
and evaluating their relative energies.

identifying a hitherto undetected, nondissociative, SMC
state that most likely plays a major role in the
photosolvolysis pathway.

exploring the extent of configurational interaction
between the *MLCT and the two *MC states.

(i)

(iii)
(iv)

)

(vi)
(vii)

B RESULTS AND DISCUSSION

Synthesis and Characterization of Complexes I-IV.
The luminescent complexes I-IV were synthesized by the
reaction of 4-aminopyridine with®® cis-[Ru(a-diimi-
ne),(OH,),]** (I, I1I, and IV) and cis-[Ru(a-diimine)Cl,]*"
(II) in an ethanol/H,O mixture using a procedure similar to
one already established.>™'%*>*%" The complexes were
characterized by elemental analysis, cyclic voltammetry,
analytical high-performance liquid chromatography (HPLC),
and 'H NMR. X-ray data are also available.”>"

"H NMR. CD;CN solutions of (I-IV) were characterized
using NMR spectroscopy (Supporting Information, Table S1,
Figures S1 and S2). Supporting Information, Figure S2 shows
the proton chemical shifts of the four complexes. Since the
methyl group is weakly electron-donating, the HS and H6
signals in complex IV show upfield shifted resonances
compared with those of complex III. Substituting the bpy
ligand for phen causes a shift in the H6 signal from 8.92 to 9.35.
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Substituting phenyl groups causes an even larger H6 downfield
shift, in accordance with the stronger electron withdrawing
effect of the phenyl substituent.

The two a-protons on the APy ligands are equivalent and
could not be distinguished using lower temperature (to 0 °C)
NMR. As noted below there are two conformations of the APy
ligands, and these NMR data require either that there is
predominantly one conformer in solution, or that interconver-
sion between them is faster than the NMR time scale. Detailed
NMR data are provided in Supporting Information.

Molecular Structure. The crystal structure of complex III
has been described previously.”> We describe elsewhere® the
first reported X-ray structure of complex I and a second
structure of IIT with a different counterion from the previous
analysis.®’ Bach complex shows the Ru atom bound to two a-
diimine ligands in a cis configuration with the two 4-APy
ligands. The Ru—N(a-diimine) distances, ~2.070 A, are similar
to those in [Ru(bpy);)]*" (2.056 A).*>%

Each 4-aminopyridine ligand is perpendicular to one a-
diimine and is canted ca. 65—70° out of the plane of the other
4-aminopyridine. There are two important possible conforma-
tions of these complexes, with the planes of the 4-amino-
pyridine ligands oriented over a void in the structure (the
“void” conformer) or over the center of the opposing a-diimine
ligand (the “over center” conformer). We discuss this further
below.

UV-Visible Spectroscopy. The absorption spectra of the
four complexes in acetonitrile solution show strong UV
absorption mostly 7—z* in origin and broad structured
absorption in the visible (vis) region around 450—S500 nm
(Figure 1 (left) and Supporting Information, Figure S3, Table
1), indicative of overlapping transitions to different MLCT
states, 1631416465

Emission Spectra. When excited, for example, at 450 nm,
complexes I-IV produce an intense and broad emission band
with a maximum at about 660 nm (uncorrected) (Figure 1
(right) and Table 1) with energies and lifetimes typical for
species of this type.*”®® For all four complexes the emission
decay profiles measured in CH;CN (Table 2, Supporting
Information, Figure S3A) and dimethylformamide (DMF)
(Supporting Information, Table S2, Figure S3B) solution
required biexponential fits, suggesting the presence of two
emitting processes, one of which heavily dominates. As
mentioned above, there are two conformers of these species
depending on the relative orientation of the 4-APy ligands. The
two emitting species seem to have essentially identical UV—vis

dx.doi.org/10.1021/ic5000205 | Inorg. Chem. 2014, 53, 3694—3708
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Table 1. Experimental UV—Visible Absorption and Emission
Maxima for Complexes I-IV in Acetonitrile at Room
Temperature

1

electronic emission 2/10° cm™

complex absorption 2/10° cm™ (log &) (Aexe = 450 nm)
I 207 (4.13), 22.8 (4.14), 153
37.5 (4.97), 44.6 (4.85)
I 20.0 (4.05), 22.0 (4.04), 15.1
31.5 sh (4.38), 36.0 (4.84),
42.2 (4.53), 44.8 (4.65)
I 20.0 (3.89), 22.2 sh (3.85), 153
29.2 (4.06), 34.0 (4.68),
40.6 (4.42)
v 204 (3.95), 22.3 sh (3.87), 15.1

34.5 (4.73), 41.1 (4.53)
CH;CN complex

I.(CH,CN), 23.5 (4.12), 34.0 sh (4.45),
37.9 (5.02), 44.4 (4.92)
I1-(CH,CN) 22.7 (4.09), 31.8 sh (4.34),

36.1 (4.86), 42.1 sh (4.61)

22.2 (3.88), 29.8 sh (3.97),
34.9 (4.78), 41.5 (4.59)

22.3 (3.91), 34.9 (4.79),
39.06 sh (4.46), 41.3 (4.61)

III- (CH,CN)

IV-(CH,CN)

spectra, and so it is likely that they arise from these two
conformers, one of which is dominant (see below).

The emission of species III has been reported previously®® as
a single exponential decay with a lifetime of ca. 460 ns, also in
acetonitrile; the reason for such a large discrepancy with our
work is unknown. The related species [Ru(Me,-bpy),(Py),]**
emits at 15000 cm™ in EtOH/MeOH (4:1), with a room-
temperature lifetime of 20 ns.>> The species [Ru(bpy),(Py),]**
does not emit at room temperature for reasons noted below,
but at 77 K it does emit at 17000 cm ™%

Excitation Spectra. The excitation spectrum of complex III
at Ay, = 640 nm, shown in Figure 2 and Supporting
Information, Figure S4, is independent of the monitoring
wavelength within the emission band range of 630—690 nm.
The excitation spectrum reaches a maximum close to the same
wavelength as the visible region absorption. These data are fully
consistent with previous literature data on the same or similar
compounds.***33

Transient Absorption Spectra. The transient absorption
spectra of complexes I-IV in acetonitrile are similar to that of
the [Ru(bpy);]** complex and related complexes.**”~"> For
example, Figure 3 shows the excited state absorption spectrum
for complex II in CH;CN solution after excitation with an 8 ns
pulse at 355 nm (4.). There is bleaching of the absorption
band at 480 nm and new absorption with maxima at 350 nm
and around 590 nm. The transient absorption spectra of
complexes II-IV, which are similar, are given in Supporting
Information (Figure SS). We note that, in principle, the
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Figure 2. Excitation spectrum (green), UV—vis absorption spectrum
(blue), and (uncorrected) emission spectrum (4., = 450 nm) at room
temperature in acetonitrile (black), and (uncorrected) emission
spectrum at 77 K in MeOH/EtOH (4:1) (red) of complex III (1.0
x 107 mol L7'). Molar absorbance scale applies only to the
absorption spectrum.
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Figure 3. Experimental absorption spectrum (upper) and transient
spectrum (lower, dotted, left y axis) of complex I in acetonitrile
solution (4, = 355 nm and 8 ns pulse; spectrum recorded at t = 10 ns
following excitation). The TD-DFT predicted spectra of the
optimized, lowest energy, MLCT and >MC states are also shown
(®MLCT, red, center conformation, green, void conformation; 3MC,

blue).

photosubstitution process could be very fast and occur during
the lifetime of the pulse, in which case the transient spectrum
would correspond with the spectrum of the ground state of the
photoproduct. Since the mono-CH;CN species has strong
absorption around 500 nm, it is obviously (see Figure 3) not

Table 2. Excited-State Lifetimes (7;), Pre-Exponential Factor (b;) Obtained from Biexponential Fit Decay Profiles” for

Complexes I-IV in Acetonitrile at Room Temperature

complex 7, (ns) 7, (ns) b,
I—phen 75 16 8500
II-Ph,phen 665 91 7300
MI-bpy 73 13 8100
IV—Me,bpy 102 15 7800

by Pred %, 9%,
1200 1.07 97.0 3.0
1000 1.18 98.1 19
1500 1.18 96.8 32
1100 1.13 97.9 2.1

“I(t) =Y bie™; excitation and emission wavelengths were 460 and 660 nm, respectively, and the complex concentration was 2.0 X 107> mol L™
The quality of the fit was judged by the analysis of the statistical parameter reduced y* value and by inspection of the residuals distribution. The
percentage values in Table 2 give the contribution to the total phosphorescence emission.
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Figure 4. Photosolvolysis of complex III (1.02 X 10™* mol L™") with 480 nm light (I, = 9.52 X 107° einstein s™") in acetonitrile; total irradiation
time = 104 min. (a) Change in the absorption spectrum; inset, plot of visible region spectra of species III (black) and III-CH;CN (purple). (b)
Response of the emission spectra during the progress of photolysis; inset, plot of emission intensity versus absorbance at 490 nm.

being formed in significant quantity during the lifetime of the
pulse. However, in §eneral such photoprocesses may occur
extremely rapidly.”>”* Interestingly, a recent study does reveal
that a similar photosubstitution process, in cis-[Ru(b?y)z(py)z]-
Cl,, occurs within a much longer pulse of 800 ns."” Note that
the negative pit around 650 nm is due to emission of the
ground state species in this region such that the apparent peak
growing near 700 nm is not real but is likely a tail from the 600
nm peak. The TD-DFT predicted optical spectra of the
equilibrated *MLCT state, in the center and void conforma-
tions, and *MC state are also shown in Figure 3 and discussed
below.

Electrochemistry. The cyclic voltammograms of the four
Ru" complexes, at a platinum electrode, exhibit a well-defined
metal-based redox (Ru™" couple in the range of 1-1.3 V
versus A%CI/Ag (100 mV s7'), as observed extensively in the
pastsl’és’ 376 (Supporting Information, Figure $6). Two
reduction processes are also generally seen (Supporting
Information, Figure S7); they can be assigned to sequential
addition of an electron to the z*—LUMO (LUMO = lowest
unoccupied molecular orbital) of each bound a-diimine
ligand.>> This is well-known behavior and is not further
discussed.

Photochemistry. When solutions of complexes II, IIL, and
IV were subject to continuous photolysis the resulting optical
spectroscopic changes (UV—vis, luminescence, and 'H NMR
(Figure 4 and Supporting Information, Figures S8—S10)) were
consistent with the substitution of one 4-APy ligand by a
solvent molecule (eq 1), in agreement with earlier studies with
4-aminopyridine and related systems.'>~'71??24077

cis-[Ru(a-diimine), (4-APy), ** + CH,CN

- cis—[Ru(a—diimine)2(4—APy)(CH3CN)]2+ + 4-APy
(1)

For example, Figure 4a illustrates the spectroscopic changes
seen when an acetonitrile solution of complex III was irradiated
at 480 nm. The spectra show a progressive depletion of the
absorption band at 490 nm concomitant with growth of
absorption at ca. 440 nm (Figure 4a). Exhaustive photolysis (2
h) leads to a final stable spectrum. No back-reaction is observed
when the light is turned off. When photolysis was monitored by
luminescence spectroscopy, the emission band at 660 nm
disappeared, and no new band appeared in this region (Figure
4b), indicating that the mono-CH;CN species is nonemissive.
The UV—vis spectroscopic changes of this solution recorded
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parallel with those described above, and plots of optical spectra
band intensity changes versus changes in the maximum
emission band, were linear, implying a one-to-one correspond-
ence (Figure 4b, inset). Continuous photolysis experiments
carried out for compounds II and IV led to similar
spectroscopic results, Supporting Information, Figures S8 and
$10, consistent with earlier studies.' 18720223136 The resulting
monoacetonitrile complexes were identified by NMR.

The photolysis of complex I in CH;CN differs from the
other complexes studied in this work. A progressive depletion
of the absorption band is noted at 450—490 nm (Supporting
Information, Figure S11) with concomitant blue shifts to 440
nm (eq 1) and then a subsequent blue shift to 420 nm as the
process in eq 2 becomes dominant. The absorption spectrum of
the solution at the end of the photolysis corresponds with that
of cis-[Ru(phen),(CH,CN),]*". Electrochemically, during the
course of the photolysis, one can observe the successive
formation of the mono- and bis-acetonitrile species by their
cyclovoltammetric signatures (Figure 5). The shift to more
positive potentials for the Ru™™ process, on successive
substitution, is entirely in line with expectation based on ligand
electrochemical parameters,76 that is, a shift of ca. +0.1 V per
substitution.

Thus the continued irradiation is associated with successive
dissociative processes operating during photolysis:

Arbitrary Current

02 04 06 08 10 12 14 16 18 20
Potential / V vs SCE

Figure S. Differential pulse voltammograms of the Ru/Ru" redox
process in steps recorded during the photolysis of species I. Successive
conversion is observed of cis-[Ru(phen),(4-APy),]** (E,,, = 1.00 V)
to cis-[Ru(phen),(4-APy)(CH,CN)]** (E,,, 1.11 V) to cis-
[Ru(phen),(CH,CN),]>" (E, , = 125 V)(V vs SCE).
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cis-[Ru(phen), (4-APy) (CH,CN)** + CH,CN
— cis-[Ru(phen),(CH,CN),** + 4-APy ®)

The loss of the second 4-APy must arise from photo-
excitation of the mono-CH3;CN product as it is most
improbable that photoexcitation of the parent would cause
the loss of both 4-APy ligands. Similar consecutive dual
photolyses have been observed previously, for example,*® 580
nm light is also effective in the photolysis of all four diimine
species (I-IV).

The quantum yields of photolysis, in acetonitrile (Table 3)
are essentially independent of the monitoring wavelength

DFT 3MLCT Ru—N(4-APy)
2.10
2.09
2.08
2.09

[Ru(diimine),(4-APy)(CH,CN)]*

Table 3. Average Quantum Yields of Photolysis of Species II,
III, and IV in Acetonitrile as a Function of Exciting
Wavelength

DFT 'g:s. Ru—N(4-APy)
2.14
2.14
215
2.15

excitation, nm II—Ph,phen” II-bpy* IV—Me,bpy*

420 0.03 0.0S 0.05

480 0.04 0.04 0.07

520 0.04 0.07 0.07

580 0.04 0.09 0.06
“These values represent the average of two independent runs. Values
for species I are not provided because of the two overlapping
processes.

within the emission envelope. Given the errors inherent in
chemical actinometry, we regard the quantum yields as being
essentially independent of excitation wavelength; most
significantly, the yield at 580 nm is then essentially identical
to that at 480 nm. The yields are t;lgpical for such
photosubstitution processes.'>>>*736738787% This lack of
dependence on excitation energy implies that the photolytically
active state is the lowest excited state. Note, for example,
increasing quantum yields with shorter wavelength in similar
systems where the 7—c* state is likely accessible at higher
energy.zs’36

Theoretical (DFT) Analysis. A general view of the
structures of the four complexes, cis-[Ru(a-diimine),(4-
APy),]*, is shown in Supporting Information, Figure S12.
The geometries were DFT-optimized using B3LYP/LANL2DZ
inclusive of solvent using the PCM model with acetonitrile.*”*!
This combination reproduces the X-ray crystal structural data
of ruthenium a-diimine complexes quite closely, albeit
sometimes with somewhat lengthened bond distances (Table
4)30536380-90 gelected bond lengths for the optimized
geometry in CH;CN are given in Supporting Information,
Table S3, and xyz coordinates of the singlet ground state are
given in Supporting Information, Tables S13, S16, S19, and
S22.

Orientation of the 4-APy planes. There are two
important conformations of the 4-APy ligand plane, as shown
in Figure 6. In one (left) the plane projects over a void in the
geometry of the ligands, while in the other (right), it projects
over the center of the opposite chelate ring. The X-ray
structures of the phenanthroline I and bipyridine III complexes
reveal that they exist in the void conformation, but this may
occur for packing rather than electronic reasons. Of course, one
conformation is thermodynamically favored, but it transpires
that the second sits in a local minimum of the molecular
potential surface. If one starts a geometry optimization of the
molecule using either of these conformations, then the program
optimizes to a minimum with the same conformation for all

DFT *MLCT Ru—N (4-APy)”
213,
2.14
2.15
2.15

DFT *MLCT Ru—N (4-APy,)"
2.10
2.12
211
2.11

Reference 55.

[Ru(diimine),(4-APy),]*
X-ray 1g.s. Ru—N
210 2.12
2.10, 2.12¢
d

2.1
2.15
2.15
2.15

DFT 'gs. Ru—N (4-APy)

complex
II-Ph,phen

II-bpy

IV—Me,bpy
Data rounded to two decimal places; more complete data to three decimal places are provided in Supporting Information, Table S3; g.s. = ground state. b(4-APy,) and (4-APy)) are the short and long

Table 4. Bond Lengths Ru—N(4-APy) in Ground State, Spin Singlet, and Lowest Energy, Excited Spin Triplet *MLCT States (Equilibrium Geometry) Of the Parent Species I,
I-phen

II, III, and IV and Their Mono-CH;CN Photolysis Products.”

bonded 4-aminopyridine ligands, respectively. “Reference 61.

a
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Figure 6. Orientations of the 4-APy ligand planes. (left) Ligand plane
over voids in the molecule, and (right) ligand plane over the center of
a diimine ligand. One diimine ligand is viewed edge-on.

cases except the "MLCT state of III-void, where rotation to the
thermodynamically more stable center conformation occurs.
There are certainly precedents for excited states rearranging
during photosubstitution events.”*>?!

The difference in energy between the two configurations is
very small and is arguably within the error limits of the DFT
process. However, it is interesting that the void conformation is
slightly more stable than the over center conformation for all
the ground state species, while for the geometry-optimized
lowest energy *MLCT, the reverse is true (Table S). A similar

Table 5. SCF Energies of the Two 4-APy Conformations in
the Ground and Lowest SMLCT States of [Ru(diimine),(4-
APy),]** and [Ru(diimine),(4-APy)(CH,CN)]**

void over center
Ru(diimine),(4-APy),]*"" gs.”
I (—1844.055 610 95) —1844.052 19
i (—2768.133 652 35)° (~2768.133 653 03)*
11 (~1691.615 241 82) —1691.610 841 21
v (—1848.872 894 08) —1848.868 584 72
*MLCT*
I —1843.980 254 88 (—1843.983 188 26)
i —2768.063 386 03 (~2768.063 563 28)
juts —1691.543 33071 (=1691.545 172 90)
v —1848.801 753 24 (—1848.803 241)

[Ru(diimine),(4-APy) (CH,CN)]**! gs.”

I (~1673.176 794 34) —1673.175 976 49
1I (—2597.255203 21) —2597.253 949 §S
I (~1520.736 888 71) —1520.735 849 65
v (~1677.994 883 88) —1677.993 873 48
SMLCT?

I —1673.094 086 23 (~1673.097 116 60)
I —2597.180 830 34 (—2597.181 685 36)
I b (~1520.664 467 60)
v —1677.92272071 (~1677.922 725 98)

void over center

“Optimized energies in Hartrees/mol; lowest energy indicated in
(parentheses); g.s. = ground state. “Void conformation twists into the
over center conformation.

and consistent observation can be made about the ground state
and lowest *MLCT excited states of the mono(acetonitrile)
species. Hence, we shall assume void conformations for the
ground state and over center conformations for the lowest
SMLCT excited states of these molecules.

Thus there is a conformational change upon excitation to the
'MLCT and relaxation to the *"MLCT. An attempt to prove this
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involved comparing the experimental transient spectrum with
the predicted triplet transient absorption spectra of the *MLCT
state for the two conformations (shown in Figure 3). Not
surprisingly, they do not differ a great deal, and both are quite
acceptable approximations to the experimental spectrum, so no
definitive conclusion can be drawn. Considering the two
emitting states observed with these parent species (see above),
the proportion of the lesser to the greater component is
roughly the same for all four species. We suppose then that
these two states arise from the two conformations, with the
over center conformation state being the majority emitter.

Singlet Excited States and Absorption Spectra. To
demonstrate that the DFT-derived geometries provide an
adequate description of the electronic structure of these
complexes, the TD-DFT-predicted absorption spectra of
complexes I-IV are compared with the experimental spectra
obtained in acetonitrile (Figure 7). The transition energies,
oscillator strengths, and assignments are given in Supporting
Information, Tables S5—S8. The agreement between the
calculated and experimental spectra is acceptably good.

The molecular orbital (MO) composition diagram for the
ground state of species III (void conformation) is shown in
Figure 8 as a guide for the spectroscopic assignments. Similar
data for the other complexes are available in Supporting
Information (Figure S13, Tables S15, S18, S21, and S24). On
the basis of Figure 8 many 4d — #* diimine MLCT transitions
in the visible region are expected, with 4d — 7#* 4-
aminopyridine transitions closer to the UV region and some
higher energy 4-aminopyridine to 7* diimine LL'CT transitions
and internal ligand transitions. For all complexes studied, there
is broad absorption near 20 000 cm™, a broad shoulder near
30000 cm™!, and strong UV absorption centered around 35—
40 000 cm™". Clearly there are many transitions (vertical bars in
Figure 7) that contribute to the overall absorption envelope.
Nevertheless all the major bands in both the 20 000 and 30 000
cm™ region correspond with MLCT, Ru 4d-to-diimine
transitions, with some weaker Ru 4d-to-4-aminopyridine
MLCT in the latter region. The strongest UV bands are
internal diimine and internal 7—7z* 4-APy excitations. L'LCT
transitions, 4-APy to diimine, begin around 29 000 cm™), but
they are weak. Detailed assignments are found in Supporting
Information, Tables S5—S8. Spin triplet transition energies are
also shown in Supporting Information, Tables S9 to S12, and
xyz coordinates of the MLCT state are shown in Supporting
Information, Tables S14, S17, S20, and S23. The optical spectra
of these types of species are well-understood.**¢*%%>

Spin Triplet 3MLCT—Lowest Excited Charge Transfer
State. Excitation in the visible region will ultimately lead to
intersystem crossing and relaxation to populate the lowest
energy *MLCT state, and information about this state is crucial
to an understanding of the photochemistry of these species. We
anticipate that this *MLCT state will be described as a Ru'™
species containing a reduced polypyridine ligand. The DFT
analysis using B3LYP/lanl2dz and the polarizable continuum
model (PCM) solvent model with acetonitrile was used to
geometry-optimize this lowest spin triplet state. In this *"MLCT
state it transpires that the two 4-aminopyridine ligands have
markedly different Ru—N(4-APy) bond distances (shown
henceforth as [L,L Ru™ (4-APy,)(4-APy;)]**) (Table 4),
where 4-APy, and 4-APy; are the 4-aminopyridine ligands at
the shorter and longer distances, respectively, and L™ is the
reduced polypyridine ligand. Differing Ru—N distances in the
SMLCT state have been noted previously,'>~'720#4483053
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Figure 8. Percentage contributions to the frontier molecular orbitals of
the spin singlet ground state of species III (void conformation).
Ruthenium, black; a-diimine, green; 4-aminopyridine, blue. Highest
occupied molecular orbital (HOMO) = #139 B3LYP/Lanl2dz PCM
CH,CN.

The solvent continuum analysis reveals the SMLCT excited
state indeed to be [Ru'!(diimine)(diiminato(1-))(4-APy,)(4-
APy,)] where diiminato(1-) is a localized, one-electron reduced
diimine. Spin is distributed ca. 0.9—1.0 on Ru and ca. 1.05 on
one negatively charged (ca. —0.2¢) diiminato ligand (Support-
ing Information, Table S4). In all the parent bis-4-APy species,
the longer bonded 4-APy, lies trans to the reduced diiminato(1-
) ligand (Figure 9).

Further, in the *MLCT state of all four parent species, the
Ru—N (diiminato) bonds are shorter than the Ru—N(diimine)
bonds (Supporting Information, Table S3) presumably because
of an extra electrostatic contribution. The two diimine ligands
are clearly distinguished by the integral spin on one (diiminato)
and zero spin on the other (diimine) (Figure 9) and by the
much less positive, indeed negative, charge, on the diiminato
ligand relative to the diimine. The ruthenium (Ru™) in the
SMLCT state has a spin density approaching unity. This
structure, of course, is reminiscent of the localized

3700

Figure 9. (left) The S = 1 spin density distribution in the geometry-
optimized *MLCT state, [Ru(diimine)(diiminato)(4-APy,)(4-

APy))]*, (diimine 2,2’-bipyridine, center conformation). The
short bonded ligand 4-APy, lies to the bottom right of this graphic,
and 4-APy, points up at the top. (right) The S = 1 spin density
distribution in the geometry-optimized *MLCT state, Ru(diimine)-
(diiminato)(4-APy)(CH;CN)]**. The unreduced bipyridine can be
seen at the back.

[Ru"(bpy),(bpy )]*"* structure of the MLCT excited state
of [Ru'(bpy);]*" in solution.”>** Similar data for the SMLCT
of the unsubstituted pyridine analog are provided by Sadler.**

We show in Figure 10 the breakdown of the frontier spin—
orbitals of the MLCT state into contributions from the various
components of the complexes. In the a-manifold, the a-
HOMO in all four species is essentially localized on the
diiminato ligand, while the a-LUMO and a-LUMO+1 are
localized on the diimine ligand. The frontier MOs are fairly well
localized on each 4-APy ligand, with little mixing between
them. Thus the a-HOMO-1,-2 in I, III, and IV (a-HOMO-2,-3
in II) are localized predominantly on the 4-APy, and 4-APy,
ligands, respectively. Lower lying MOs however reveal greater
mixing between the two 4-APy ligands. In species III, the a—
do* MOs are #149,150 lying ca. 2.6—2.7 eV above the *MLCT
a-manifold HOMO. They are similarly placed in the other
species.

dx.doi.org/10.1021/ic5000205 | Inorg. Chem. 2014, 53, 3694—3708
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Figure 10. Percent contributions to the frontier molecular orbitals of species I (upper) and III (lower) in the lowest geometry-optimized *MLCT
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in Supporting Information, Figure S14.

In the f-manifold, the f-LUMO, as anticipated, is mostly
located on ruthenium, while in the frontier filled f-MOs there
is rather more mixing between the two 4-APy ligands than in
the a-manifold. The f—do* MOs are #149 and 151 lying more
than 5.6 eV above the MLCT S-HOMO.

The 4-APy; ligand lies at essentially the same distance from
ruthenium in the 3MLCT state as in the singlet ground state,
while the 4-APy, ligand has a shorter Ru—N bond by ca. 0.03 to
0.04 A.

The *MLCT state of the mono-CH;CN species is also
defined as a Ru"(diimine)(diiminato) (4-APy)(CH,CN)]**
species by the localized charge and spin data shown in
Supporting Information, Table S9. The remaining 4-APy is
perpendicular to the diiminato(1-) ligand (see Figure 9 (right))
in species II'CH;CN, III*CH;CN, and IV:CH;CN but not in
species I'CH3CN where the acetonitrile group is perpendicular
to diiminato. This leads to the supposition, albeit unproven,
that it is the long bonded 4-APy, that is lost upon photolysis of
I, III, and IV, a conclusion also reached by Sadler et al.* for
the unsubstituted pyridine analogue of IIL Further, as with the
parent bis-4-APy species, the Ru—N(diiminato) bond (Sup-
porting Information, Table S3) is shorter than the Ru—
N(diimine) bond in these three complexes. However, in species
I:CH;CN, where the acetonitrile is perpendicular to diiminato,
the Ru—N(diiminato) bonds are longer than the Ru—
N(diimine) bonds. There is therefore a subtle difference
between the equilibrium *MLCT states of II, ITL, and IV versus
I, which may also contribute to the reason that species I loses
both 4-APy ligands. However, the energy difference between
species I with 4-APy perpendicular to diiminato and CH;CN
perpendicular to diiminato is probably not very large.

The lowest *MLCT state, which is photoactive, is not the
same state as that involved in the most intense Ru 4dz — 7*
LUMO (diimine) transition in the visible spectrum of the
parent species (see Supporting Information, Tables S5—S8).
There are many such possible transitions, arising from
excitation of electrons from any of the three t,, in O, orbitals
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to the closely spaced LUMO and LUMO+1 MOs of the
diimine ligands. This gives rise to the broadness of the visible
band envelope (Figure 7).

Application of DFT to Understanding the Photolysis
Data. The thermally equilibrated energy of the *MLCT state of
[Ru"(diimine)(diiminato)(4-APy),]** was obtained by taking
the ground state void conformation of species I-IV, rotating
the 4-APy ligands into the over center conformation, and
geometry-optimizing this configuration using S 1 and
unrestricted DFT. Subtracting the resulting self-consistent
field (SCF) energy from the ground state, void SCF S = 0
energy, provides the relaxed energy of the lowest *MLCT state,
relative to the ground state. This is shown in Figure 11.

Also shown in Figure 11 is the location of the peak of the
experimental emission energies, which all occur just below the
relaxed *MLCT energy as expected. In addition, in Figure 11,
we locate the lowest energy Franck—Condon 'MLCT, *MLCT,
'MC, and 3MC states (all void conformation). We also locate
the positions of the exciting light at 420, 480, 520, and 580 nm.

The relevant MC states involve excitation of a 4dz electron
to a 0* MO that is antibonding between the metal and the
departing ligand. There have been extensive studies of the role
played by these metal centered 7—o™ states in coupling to the
lowest *MLCT state, thereby reducing its life-
time?>303740:4246-5053,656895-97 1 13150 providing a pathway
for photolytic substitution of a ligand by solvent.'*® The
lowest ener SMC state is commonly supposed, or
calculated,”**** to lie in energy just above the *MLCT
state and below the corresponding lowest '"MLCT state. Thus
photolysis may occur via intersystem crossing from a
photoaccessible '"MLCT state to the lower lying metal-centered
m—o* state or transfer to this state via higher vibrational levels
of the MLCT state,'®'93035741464898 Bih Salagsa'®** and
Meyer™ place the thermally equilibrated 7—o* *MC state below
the lowest energy *MLCT state in cis-[Ru(bpy),(Py),]**. This
was previously reported by Borg et al.**® and also confirmed by
us, differing then from the 4-aminopyridine data. A range of

dx.doi.org/10.1021/ic5000205 | Inorg. Chem. 2014, 53, 3694—3708



Inorganic Chemistry

— —— — o ‘MC&
35 i
—— -_—— —— - 3
3.0 MCfc
25
— — — — 'MLCT,
> —
®20] === 333 232 mee MICTE MGy,
> 3
3 107 *MLCT,,
[0
C
w

1] v

Figure 11. State and excitation energies relative to the spin singlet
ground states of species I-IV. Thermally relaxed states are given in
red (dark red for ®MC states), and Franck—Condon states are in blue.
Solid lines are singlets, and hatched lines are triplets. Experimental
emission energies are red dotted lines. Only the lowest energy example of
a specific type of state is shown. The horizontal green lines are the
irradiation wavelengths for photolysis, 420, 480, 520, and 580 nm.
Refer to text below for the existence of two relevant *MC optimized
states that have almost the same energy. Thus the *MC identification
actually refers to two states.

other ruthenium species, including [Ru(bpy);]** are reported

to possess MC states lying below their lowest *MLCT
state +8:50-53,57,99

We investigated the possible location of a thermally
equilibrated MC state by deriving the potential surface of the
SMLCT state as a function of one Ru—N(4-APy) bond distance
and looking for a new minimum associated with *MC (center
conformation). Since the loss of the 4-Apy ligand is slow
compared with thermal relaxation, it is justified to geometry-
optimize along the reaction coordinate. Where ligand loss is
ultrafast, on the femtosecond scale, it would not be justiﬁed.47
Note also that as we weaken (lengthen) one Ru—N bond, a
unique weaker field axis is established that, labeled as z, will
stabilize the d orbital, bringing it closer in energy to the dz
orbitals, and hence will bring down the energy of dz — o*
SMC states.**

A second minimum is observed (Figure 12) in the lowest
spin triplet surfaces at a Ru—N(4-APy) distance of 2.8—2.9 A in
all four parent species and in their CH;CN product surfaces (at
2.4-2.5 A) (not shown), suggestive of a conical intersection>’
where a *MC state falls below the energy of the *MLCT state at
that Ru—N(4-APy) distance. This procedure identifies a second
minimum on the lowest triplet spin surface (as has been noted
previously'®), which should coincide approximately with the
equilibrated minimum of the *MC state.

One may now use the structure obtained at the second
minimum as the starting geometry of a new unconstrained
optimization. This leads to the optimized *MC structures in
which all vibrational frequencies are positive, confirming that
the thermally equilibrated *MC structure, located in the second
(local) minimum, has been identified. The resulting Ru—N(4-
APy) distances (and SCF energies) (Table 6 and Supporting
Information, Table S26) are extremely close to those observed
at the minima shown in Figure 12. These thermally equilibrated
*MC states lie about 1 eV below the location of the Franck—
Condon *MC states (Figure 11). Note that in a real
environment, these *MC states will be extremely short-lived
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Figure 12. Energies (DFT, PCM CH,CN) of ground,'GS, and lowest
energy spin triplet state MC surfaces as a function of one Ru—N(4-
APy) bond length. The *MLCT (black stars) and *MC states (red
circles) are identified along this surface. (top) Ru(phen),(4-APy)-
(CH,CN)J*; (bottom) Ru(Me,bpy),(4-APy),]** (ground state
omitted, is very similar to above data). See text for method of
calculation. The green points locate the two thermally equilibrated
*MC energy minima.

as a solvent molecule would displace the long bonded 4-APy
ligand.

This *MC species is best described an intermediate spin
ruthenium (1) species (Figure 13) in which occupation of the
d; orbital causes tetragonal distortion.’* The long Ru—N(4-
APy) bond along the z-axis is trans to an elongated Ru—
N(diimine) pyridyl bond (ca. 2.4 A). There are therefore two
distinct diimine ligands, one in the tetragonal xy plane (in-plane
diimine) and one perpendicular to this plane (axial diimine).

The triplet state potential energy surface was further explored
by starting with the optimized geometry of the *MC state
and systematically reoptimizing the structure with a successively
smaller Ru—N(4-APy) frozen coordinate, that is, moving
leftwards (in Figure 12) from the crossover near Ru—N(4-
APy) = 2.8 A toward the *MLCT minimum. The structure does
not cross back to the "MLCT. It is evident that the calculation
traces a very flat *MC surface back to smaller values of Ru—
N(4-APy). Along this surface, the spin density on Ru(II)
remains near 1.8, and the lowest energy harmonic frequency is
very small but positive.

A closer look at the changes in geometry along this surface
(Figure 14) reveals that there are at least two different *MC
states. Near Ru—N(4-Apy) = 2.8 A the *MC state is tetragonal
(define xy in plane), with the z axis connecting the long Ru—
N(4-APy) coordinate and the trans-located pyridyl nitrogen
atom of the axial diimine ligand. However as Ru—N(4-Apy)

dx.doi.org/10.1021/ic5000205 | Inorg. Chem. 2014, 53, 3694—3708
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Table 6. Selected Bond Lengths, Spin Density, And Energy Data for Optimized *MC States of the Parent Species

complex” Ru—N(APy), A in-plane Ru—N(diimine), A  axial Ru—N(diimine), A Ru spin density (charge) ~ *MC SCF/Hartrees AE, eV°©
I (phen) *MC' 2.44, 2.67° 212, 2.12 2.17, 2.44% 1.89 (0.90) —1843.977 342 57 0.16
SMC* 2.14, 2.14 215, 2.52% 215, 2.51% 1.88 (0.85) —1843.977 713 38 0.15
11 (Ph,ph)? *MC' 215, 2.71% 2.11, 211 2.16, 2.42° 1.89 (0.89) —2768.054 623 47 0.24
1l (bpy) *MC! 2.15, 2.79° 2.11, 2.11 2.16, 2.39° 1.89 (0.90) —1691.536 155 90 0.24,
Mce 215, 2.14 212, 2.37° 223, 2.44° 1.81 (0.86) —1691.534 570 69 0.29
IV (Me,bpy) *MC' 215, 2.81° 2.10, 2.10 2.16, 2.39,° 1.89 (0.89) —1848.794 676 81 0.23
Mce 215, 2.14 212, 2.37° 223, 2457 1.82 (0.85) —1848.792 503 51 0.29

“See Supporting Information, Table S26 for the monoacetonitrile species. bThis ligand is lying along the axis of elongation. “The *MC energy,
relative to the lowest MLCT equilibrium energy. “The *MC® data not derived.

Figure 13. The *MC! thermally equilibrated [Ru(phen),(4-APy),]** state; (left) skeleton geometry, with long, z-axis pointing up (indicated by
arrows); (right) spin density. Solvent (CH;CN) PCM DFT calculation. In both cases the long bonded Ru—N(4-APy) ligand points to the top of the

figure.
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Figure 14. Variation in skeletal ruthenium ligand bond lengths, in *MC states, as a function of one Ru—N(4-APy) bond length. DFT, PCM
calculation, see text for method. Bond distances are indicated as follows: the other Ru—N(4-APy), black stars; the two Ru—N bonds to the in-plane
diimine, red crosses; the two Ru—N bonds to the axial-diimine, blue triangles. The green data points identify the relevant bond distances at the
minima of the two optimized *MC states. See text for definition of in-plane and axial diimines.

decreases, the z-axis rotates to lie between two pyridyl nitrogen
atoms each from a different diimine ligand. This is clearly a
different *MC state from the one existing near Ru—N(4-APy) =
2.8 A. We henceforth refer to the long Ru—N(4-APy) state near
2.8 A as *MC' (long bonded *MC state) and the trans diimine
state near Ru—N(4-APy) = 2.2 A as *MC* (short bonded *MC
state). Between these two limits there is a mixed configuration.
It proved possible to geometry-optimize *MC® with no
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constraints, (all positive harmonic frequencies), and the
locations of both *MC states are shown by the green symbols
in Figures 12 and 14. They occupy local shallow minima.
Occupation of *MC* is not likely to lead to loss of 4-
aminopyridine. The geometry of the MC? state is very similar*®
to the lowest *MC state of species such as [Ru(bpy);]*".

To explore the *MC surface at Ru—N(4-APy) < 2.2 A, it is
appropriate to start from the *MC* geometry and freeze the
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Figure 15. Percentage contributions to the frontier MOs of species III in its lowest energy, geometry-optimized 3MC' state (left, a-manifold; right,
p-manifold). Ruthenium, black; [4-APy;], red; and [4-APy,], green; in-plane short bonded bpy, yellow; axial longer bonded bpy, blue.

Ru—N(4-APy) coordinate, with the results shown in Figure 12.
The rising left-hand wing of the *MC" state does not cross back
to *MLCT within the studied region of the triplet surface.

The existence of this hitherto unexplored flat *MC surface (a
component of the overall 3-dimensional surface) extending
from Ru—N(4-APy) ~ 1.8 to >3.0 A has profound importance
with respect to the photosolvation mechanism. Once the
*MLCT state is accessed, either by intersystem crossing from
higher states or by direct excitation with low energy light, it
must require very little energy to access the MC' state.
Essentially no energy is then required to move to the *MC'
state, followed by dissociation. Direct access to *MC' via the
*MLCT is not required.

Table 6 (and Supporting Information, Table S26) reveals
that the 3MC' states lie about 0.2 eV above the equilibrated
SMLCT state except for the photoactive [Ru(phen),(4-
APy)(CH;CN)]** (I‘CH,CN) where the *MLCT and *MC
states are almost degenerate. The ground state energy rises with
increasing Ru—N(4-APy) distance, and the energy gap between
the 3MC' state and the ground state at the crossover Ru—N(4-
APy) distance is fairly small, for example, 0.7 eV for
[Ru(Me,bpy),(4-APy),]*". This then likely provides an easy
mechanism for nonradiative decay of the SMC' state to the
ground state, and contributes to a small photosolvolysis
quantum yield. The small gap also provides indirect
confirmation that the observed emission stems from the
SMLCT state and not from the *MC state.

We comment briefly on the electronic structures of these
SMC' states. The a-LUMO and a-LUMO+1 (species III,
Figure 15) are essentially localized on the in-plane and axial
diimines, respectively. The f-LUMO is almost a pure d-orbital,
revealing the dz-orbital, coupled to the in-plane diimine, from
which electron excitation occurs to create this *MC state. There
are deeper-lying orbitals in both manifolds that lie almost
exclusively on one or the other of the 4-APy ligands.

Natural population char§es and spin densities on ruthenium,
from the NBOG6 program,'™ for the states of interest are shown
in Supporting Information, Table S4 (for comparison with the
Mulliken data in Table 6). For example, for species III, the
NBO spin density in the *MLCT state lies 0.85 on Ru(III) and
1.03 on the ligands, primarily on one bpy ligand as noted above.
For the same species, the spin density in the MC' state is 1.78
on ruthenium, in agreement with the formulation as tetragonal
Ru(Il). There is little overlap between the d, orbital and the
rest of the molecule and essentially no spin density anywhere in
the rest of the molecule except for the two nitrogen atoms
which overlap d> These values are similar to those reported in
previous studies of the *MC states of [Ru(bpy);]*, [Ru-
(Pz),(NH,),]*, and related species.'®*%4*°0%
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The mixing of excited states in photochemical processes has
been addressed for a long time.**”'*'~'% Previous workers
have suggested that, in these systems, configurational
interaction between *MLCT and *MC causes the Ru—N
bond to elongate.m’20 Such mixing has been previously
suggested to cause distortion in the *MLCT state.®®'%

There will be some configurational interaction between the
diabatic *MLCT and *MC states, given the low symmetry of
these species and their close energy. Such mixing may be the
cause of the elongation of one Ru—N(4-APy) bond in the
SMLCT state.

The question that can be addressed is whether the further
elongation of the Ru—N(4-APy) bond is accompanied by an
additional admixture of *MC' into *MLCT. The data appear not
to support such an additional contribution in these systems that
ignore vibrational mixing and spin—orbit coupling at this level
of approximation. Thus if the initial *"MLCT state is compared
with *MC' we note, of course, that the spin density on the
ruthenium is increased in the MC' state and that there is
elongation not only of the Ru—N(4-APy) coordinate but also
of the Ru—N(diimine) coordinate trans to it. If a structure is
considered, intermediate between *MLCT and *MC! just
before the crossover, specifically at a Ru—N(4-APy) distance of
2.75 A (species III), this might be expected to demonstrate a
4d configuration, closer to that of *MC, if the *MLCT and
SMC' states are additionally mixed. However, the total spin
density on Ru at this distance is still 0.90, unchanged from the
pure *MLCT (Ru—N(4-APy) (2.15 A) state. Further, the Ru—
N(bpy) distance trans to the long Ru—N(4-APy) bond is 2.02
A, 2.07 A in the MLCT state, and much shorter than the 2.43
A in the ®MC' state. This argues for no significant additional
mixing of *MLCT with *MC' along the long reaction coordinate
(Figure 12).

The extent of configurational interaction between the *MC!
state and *MLCT states can also be addressed at the
equilibrium configuration of the MC' state. This is relatively
easy to assess since a pure *MC state, in the absence of 7-back-
donation, would have no occupation of the z* lowest
unoccupied fragment orbital (LUFO) and LUFO+1 of the
diimine ligands. These orbitals can mix with filled 4d orbitals of
Ru and thereby become partially occupied. Using the AOMIX
family of software (see Experimental Section) the occupation of
these orbitals can be directly discerned. Any partial occupation
of the LUFO and LUFO+1 of the diimines can be explained as
m-back-donation from Ru". This, however, is conceptually
identical with saying that Ru'(diiminato) excited states,
SMLCT states, are mixed into the *MC state. Thus any
occupation of LUFO, LUFO+1 is an indicator of configura-
tional mixing of the MC state likely with several different
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SMLCT states. In fact, this occupation is quite small, of the
order of 0.03—0.06 electrons (total over both MOs) in each of
the @- and f-manifolds. Thus, there is some configurational
mixing of these states, but it is not especially significant.

Also of interest are the low-lying excited states of the MC!
state, obtained via TD-DFT calculation. The 3MLCT state,
which is the lowest triplet charge transfer state in the ground
state geometry, becomes the third excited state (for species I
and III) of the MC' geometry, lying ca. 1.4 eV above the MC'
state. The two intervening states are also *MC (d—d)
(Supporting Information, Table S25).

B CONCLUSION

Two conformations of the 4-APy ligands are recognized, the so-
called void and over center conformations, and there appears to
be a change in the thermodynamically favored state from the
void conformation in the ground state to the over center
conformation in the lowest "MLCT state.

Further evidence is presented to show that a *MC state is
involved in the photolysis of these bis-diimine species.
Excitation spectra and quantum yields reveal that these states
are very efliciently populated even at longer wavelength where
there is very little direct absorption. Local minima are revealed
showing MC' states lying at energies just greater than the
equilibrium energy of the MLCT state but well below the
energy of the Franck—Condon SMLCT, at the extended Ru—
N(4-APy) distance.

With respect to the mechanism by which the *MC state is
populated, the previous understanding has been that, with high
energy excitation, intersystem crossing will occur from 'MLCT
to *MLCT crossing over to *MC via higher vibrational states of
’MLCT. Here we have demonstrated the existence of a second
3MC state that can easily be accessed both via intersystem
crossing and thermally and that can lead to the photo-
dissociative *MC' state with essentially no further input of
energy.

The low energy excitation at 580 nm is sufficient to populate
the *MLCT state directly (see Figure 11). Despite the low
absorption probability at this wavelength, it is indeed likely that
the photosolvolysis mechanism is access of *MC® leading
directly to *MC..

The low quantum yields observed for these photosolvolyses
arise from competition between emission and nonradiative
decay from *MLCT and the ensuing thermal population of
®MC, which can then nonradiatively decay to the relatively
nearby ground state or undergo solvolysis. There appears to be
no simple pathway to cross back to *MLCT.

B EXPERIMENTAL SECTION

Optical spectra were recorded on an Agilent 8453 UV-—vis
spectrophotometer. '"H NMR spectra were measured in a CD;CN
solution using a Bruker DRX-400 or DRX-500 spectrometer. All
chemical shifts (§) are given in ppm with reference to the hydrogen
signal of the methyl group of tetramethylsilane (TMS) as internal
standard, and the coupling constants (J) are in Hz. C, H, N elemental
analyses were performed on an EA 1110 CHNS-O Carlo Erba
Instrument in the Microanalytical Laboratory at Universidade Federal
de Sdo Carlos (UFSCar). The HPLC system consisted of a Shimadzu
liquid chromatograph equipped with a Waters Model 6000A pump,
SPD-10AV UV—vis detector. An ODS column (5 ym; 150 mm X 4.6
mm id; 100 A; Phenomenex RP-18) was used in all experiments.
Isocratic elution with a 50:50 mixture of CH;CN/H,O containing
0.01% hexafluorothioacetone (HFTA), pH 3.0, was used at constant
flow rate of 0.3 mL min~', at room temperature. Samples for analysis
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were dissolved in CH;CN; measured (20 L) volumes were injected
throughout the experiments and monitored at A, absorption.
Electrochemical measurements were recorded using a pAutolab
Type III potentiostat. Acetonitrile solutions typically contained 1.0
X 1073 mol L™ of the complex. A platinum disk served as the working
(d = 0.2 mm) and counter (d = 0.5 mm) electrode, and Ag*/Ag wire
was used as the reference electrode. Solutions contained 0.1 M tetra-n-
butylammonium hexafluorophosphate (TBAPF;) as supporting
electrolyte. Data were internally calibrated by reference to the
ferrocene couple,m7assumed to lie at 044 V versus the AgCl/Ag
couple.

Photosubstitution Quantum Yield Determinations. Solutions
(3.5 mL) of complexes I-IV (~1 X 10™* mol L™") were rigorously
deoxygenated using super N, atmosphere and then irradiated with a
300 W Xenon lamp (model 6258) in a Newport Oriel Product Line,
model 69911 Universal Arc Lamp Power Supply source selected with
an appropriate interference filter (Oriel) (420, 480, 520, and 580 nm)
and using a 1 cm path length, four clear-sided, quartz cell. The
progress of the photoreaction was monitored by UV—vis spectroscopy.
During photolysis the solution in the cell was irradiated for defined
time periods. The samples were rapidly stirred to ensure a uniform
absorption throughout the cell. To avoid flash photolysis of secondary
products, fresh solutions of complexes were flashed once (one
transient trace taken), and then the solution was replaced by a new
one.

The light intensity was determined by chemical actinometry
measurements using ferric oxalate solution for irradiation wavelengths
at 420 and 480 nm and Reinecke’s salt solution for irradiation
wavelengths at 520 and 580 nm.'°”’® The photoreactions were
monitored by UV—vis, emission, HPLC, and '"H NMR spectroscopic
techniques and by cyclic voltammetry; UV—vis spectra were also
recorded for solutions kept in the dark to assess the possibility of
thermal processes. No solvolysis occurs in the dark. Absorption at
wavelengths of 370, 380, 400, 420, 440, 460, 480, 500, 520, and 540
nm for all complexes was monitored for quantum yield (¢)
determination (first 10% of the reaction) using eq 3. All reported ¢
numbers are the average of two independent experiments, and the
error is the standard deviation. The irradiation wavelengths chosen
were 420, 480, 520, and 580 nm.

b= AAbsV
IfAtAe (3)
where AAbs = range of absorbance at monitoring wavelength, V =
volume of irradiated sample, I, = light intensity at irradiation

wavelength (in einstein s™'), and f = the fraction of light absorbed
at irradiation wavelength. Function f is derived from eq 4.

log(1 — f) = [—(Abs,_, + Abs,_,)/2] (4)
where At = range of irradiation time (in seconds) and A¢ = difference
in molar absorptivity between reactant and product at monitoring
wavelength.

Time-Resolved Optical Spectra. These spectra were obtained
using a laser flash-photolysis apparatus containing a Continuum Q-
switched Nd:YAG laser (Continuum, Santa Clara, CA) with excitation
provided by the third harmonic at 4 = 35 emit S nm. The pulse length
was 8 ns, the beam diameter incident on sample was 6 mm, and the
repetition rate was 10 Hz. Optical spectra were recorded 10 ns after
the pulse. The laser pulse was set up to 8 mJ per pulse in the
photobleaching studies measured with a Field Master power meter
with L-30 V head. The growth—decay kinetics were measured at a
single wavelength using a monochromator (M300 from Bentham) and
a photomultiplier (Hamamatsu, model R928P). Transient decays were
averaged using a Tetronix TDS 340A digital oscilloscope. Digitized
kinetics data were transferred to a personal computer (PC) for analysis
with software supplied by Edinburgh Instruments. The optical spectra
of the solutions following these experiments were identical to the
initial solutions, within experimental error.

Luminescence Spectra. These spectra were obtained on a
Shimadzu RF-5301PC fluorescence spectrophotometer. Solutions
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(1075 mol L™ A, < 0.1) of the complexes in the appropriated
solvent were used. The solutions were deaerated by bubbling with
high-purity nitrogen for at least 40 min.

Fluorescence Emission Decay. The time-correlated single-
photon counting (TCSP) method was used to obtain fluorescence
emission decay curves.'” The excitation source was a Tsunami 3950
(Spectra Physics) titanium-sapphire laser, pumped by a solid-state
Millenia Xs (Spectra Physics) laser. The repetition rate of the S ps
pulses was set to 800 kHz using the pulse picker Spectra Physics 3980.
The laser was tuned to give output at 945 nm, and a second harmonic
generator LBO crystal (GWN-23PL Spectra Physics) gave the 472 nm
excitation pulses that were directed to an Edinburgh FL900
spectrometer, where the L-format configuration allowed the detection
of the emission at right angle from the excitation. The emission
wavelength was selected by a monochromator, and emitted photons
were detected by a refrigerated Hamamatsu R3809U microchannel
plate photomultiplier. The full width at half-maximum (fwhm) of the
instrument response function was typically 2.20 ns, and measurements
were made using time resolution of 0.245 ns per channel. F900
software provided by Edinburgh Instruments was used to analyze the
decay curves, and the adequacy of the multiexponential decay fitting
was judged by inspection of the plots of weighted residuals and by
statistical parameters such as reduced chi-square.

Materials. All solvents used in synthetic work were of HPLC grade.
Deuterated solvents were purchased from Aldrich. RuCl;-3H,0, 1,10-
phenanthroline (phen), 4,7-diphenyl-1,10-phenanthroline (Ph,phen),
2,2'-bipyridine (bpy), 4,4’-dimethyl-2,2"-bipyridine (Me,bpy), 4-
aminopyridine (4-APy), lithium chloride (LiCl), ammonium hexa-
fluorophosphate (NH,PF), tetrabutylammonium hexafluorophos-
phate (TBAPF), and HPF were purchased from Sigma-Aldrich.

Synthesis of Complexes. All reactions were performed under
nitrogen atmosphere. The starting materials, cis-[Ru(a-
diimine),(OH,),](PFq),-H,0 or cis-[Ru(a-diimine)Cl,]*, were pre-
pared according to literature methods.****%° The cis-[Ru(a-
diimine),(4-APy),](PFy), complexes were synthesized from the
corresponding cis-[Ru(a-diimine),(OH,),](PF¢), by reaction of the
latter with 4-aminopyridine in ethanol/water mixture. A representative
case is detailed below.

(a) cis-[Ru(phen),(4-APy),I(PFy)2H,0 (1). cis-[Ru(phen),(OH,),]-
(PFs), (51 mg, 0.063 mmol) was dissolved in a 1:1 EtOH/H,0
mixture (10 mL), and 4-APy (13.7 mg, 0.15 mmol) ligand was added.
The solution was stirred under nitrogen atmosphere for 8 h under
reflux. A stoichiometric amount of NH,PF4 was added to precipitate
the complex. The precipitate was redissolved in a minimum amount of
MeOH and chromatographed on a Sephadex LH-20 column (2.5 X 50
cm) using MeOH and toluene (3:1 v/v) as eluant. The red band was
collected, and the solvent was removed on a rotary evaporator. The
solid so obtained was dissolved in MeOH, and the solution was
dropped into diethyl ether. The dark red precipitate was filtered,
washed with water, ethanol and diethyl ether, and dried under vacuum.
Yield: 44 mg, 71%. '"H NMR (CD,CN): § 9.35 (H2, dd), 8.67 (H4,
dd), 8.32 (H7, dd), 8.15 (HS, d), 8.09 (H3, m), 8.05 (H6, d), 7.94
(H9, dd), 7.76 (Ha,a', d), 7.42 (HS8, m), 6.34 (HB,4, d), 5.26 (N-H
(NH,), s) ppm. Cyclic voltammetry: E,,, = 1.00 V versus saturated
calomel electrode (SCE). Anal. Calcd. for RuCy,H;,NgP,F},0,: C,
41.80; H, 3.30; N, 11.48. Found: C, 41.7; H, 3.13; N, 11.5%.

(b) cis-[Ru(Ph,phen),(4-APy),](PFs),-2H,0 (ll). Complex II was
obtained from cis-[RuCl,(Ph,phen),]** in 68% yield after 8 h of reflux.
'"H NMR (CD;CN): 6 9.47 (H2, d), 7.69 (H4, m), 7.69 (H7, m), 8.15
(Hs, d), 8.16 (H3, m), 8.06 (H6, d), 8.10 (H9, d), 7.94 (Ha,a/, d),
748 (H8, m), 6.47 (Hp,F, d), 5.35 (N-H (NH,), s) ppm. Cyclic
voltammetry: E;, = 0.98 V versus SCE. Anal. Calcd. for RuCsgH,sNg-
P,F,0,: C, 54.42; H, 3.78; N, 8.75. Found: C, 54.11; H, 3.88; N,
8.40%.

(c) cis-[Ru(bpy),(4-APy),I(PFe),2H,0O (lll). Complex III was
obtained from cis-[Ru(bpy),(O H,),]** in 81% yield after 8 h of
reflux. '"H NMR (CD,CN): § 8.92 (H2, d), 8.08 (H4, m), 7.72 (H7,
m), 7.85 (HS, d), 8.34 (H3, d), 7.85 (H6, m), 7.84 (H9, m), 7.63
(Haya', dd), 8.25 (HS, d), 6.40 (HB,A, dd), 532 (N—-H (NH,), s)
ppm. Cyclic voltammetry: E,,, = 0.92 V versus SCE. Anal. Calcd. for
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RuC;,H3,NP,F|,0,: C, 38.84; H, 3.48; N, 12.08. Found: C, 38.70; H,
3.54; N, 11.80%.

(d) cis-[Ru(Me,bpy),(4-APy),](PFg),2H,O (IV). Complex IV was
obtained from cis-[Ru(Me,bpy),(OH,),]*" in 82% yield after 8 h of
reflux. "H NMR (CD;CN): § 8.71 (H2, d), 2.58 (H4, s), 2.42 (H7, s),
820 (HS, s), 7.54 (H3, d), 8.10 (H6, s), 7.64 (H9, d), 7.63 (Ha,«/,
dd), 7.11 (H8, d), 6.39 (HBS', dd), 530 (N-H (NH,), s) ppm.
Cydclic voltammetry: E,, = 0.85 V versus SCE. Anal. Calcd. for
RuC,,H,NiP,F,,0,: C, 41.51; H, 4.10; N, 11.39. Found: C, 41.56; H,
4.20;N, 11.30%.

B COMPUTATIONAL DETAILS

Geometry-optimized structures were obtained using Gaussian 09,
Revision B.01,C.01, D.01,"'" employing density functional theory
(DFT) calculations, using the hybrid B3LYP exchange-correlation
functional'" and the LanL2DZ basis."**~*** The solvent (acetonitrile)
was included using the polarized continuum model (PCM).*%" A
tight convergence (107 au) was used for all DFT calculations.
Vibrational frequency calculations were performed on all optimized
complexes to verify that an energy minimum had been attained. The
wave functions were also checked for stability. All the ground states are
spin singlets. The energies of the predicted electronic transitions were
obtained via the time-dependent DFT (TD-DFT) method 3116117
The absorption profiles of the complexes were calculated using the
SWIZARD program.''® Extended charge decomposition analysis
(ECDA) was carried out employing the AOMIX-CDA program.'*
The natural bond orbital calculation was performed using the NBO6
program”® patched into GO9 vD.01. Optimized >MC states were
obtained starting from variously defined geometries as noted in the
text.

B ASSOCIATED CONTENT

© Supporting Information

Detailed DFT data, xyz coordinates of ground and excited
*MLCT species, DFT-optimized bond lengths, optical assign-
ments, NMR, electrochemical, emission, and photolysis data are
provided. This material is available free of charge via the
Internet at http://pubs.acs.org.
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