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ABSTRACT: The ground and excited state behavior of four Ru(II) and  FE i B B o S R T B
Os(Il) bipyridyl complexes containing the 3'-(diphenylphosphino)- ]
2,2/:5',2" terthiophene (PT3) ligand in two different coordination modes 03
(P,S and P,C) is reported. The complexes are generally stable under | |
extended photoirradiation, except for [Ru(bpy),PT;3-P,S](PF¢), which .ﬁ 0.2
decomposes. Emission lifetimes and transient absorption spectra and
lifetimes have been obtained for all the complexes. These data support a ]
PT; ligand based lowest excited state in the case of both P,S bound 0.0
complexes, and a charge separated lowest excited state in both P,C bound ]
complexes, conclusions supported by Density Functional Theory (DFT) 014

calculations.
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B INTRODUCTION

Group 8 polypyridyl complexes have been widely studied as
photosensitizing dyes for solar energy harvesting because of their
chemical stability, absorbance, and emission properties, and their
ability to participate in electron and energy transfer processes."
In the dye-sensitized solar cell (DSSC) pioneered by Gritzel and
O’Regan,” electron injection into a wide bandgap semiconductor
from such dyes is central to absorption of solar light and charge
separation. Conjugated oligomers and polymers are another class
of materials that are being investigated for application as light
absorbers in organic solar cells.** The efficiency of cells based on
these materials is typically limited by exciton recombination on
the conjugated chains.® A different approach involves coupling a
light absorbing metal dye to a conjugated backbone, with the goal
of exciting an electron from the conjugated group to a peripheral
ligand on the metal complex generating a charge-separated
excited state. This approach offers the possibility of hole trans-
port over longer distances via the 7-conjugated backbone.
However, energy transfer to competing, low-lying states can
present complications.7’8

‘When metal complexes are coordinated to conjugated oligo-
mers and polymers, interactions occur which modify the physical,
chemical, and electronic properties of both species.9 Metals can
be incorporated into conjugated materials, such as oligothio-
phenes or polythiophenes, by direct insertion into the chain,”*°
direct bonding to the backbone through a thiophene,11
bipyridyl,'> or other group, or as pendant groups attached
directly through a ligand."® The coordination mode can have a
significant effect on the excited state interactions. We have
previously shown that the ground and excited state behavior of
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the Ru(II) bis(bipyridyl) complexes'®"> 1 and 2, where a
terthiophene is tethered to the metal through a diphenylpho-
sphine ligand (Chart 1) via either P,C or P,S coordination, differ
significantly from each other. Visible light excitation of an
analogue of complex 2, in which the conjugation in the
phosphino(oligothiophene) ligand is extended to five thiophene
rings, resulted in a transient species assigned as a charge-
separated excited state.'® Others have recently ex?lored the
utility of cyclometalated complexes as dyes in DSSCs,'”'® raising
the possibility that cyclometalated complexes such as 2 may
find application in these types of cells. The possible presence of
low-lying metal-centered (MC) excited states® or low-lying
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Figure 1. Solid state structures of [Os(bpy),PT3-P,S](PFs), (3) (left) and [Os(bpy),PT5-P,C](PFs) (4) (right). Hydrogen atoms, counterions, and
solvent in lattice removed for clarity. Thermal ellipsoids are drawn at 50% probability.

ligand-based triplet states’ which can be populated from the
metal-to-ligand charge transfer (MLCT) state may lead to alternate
routes for deactivation of the excited state in these Ru complexes.
Os(II) has a larger ligand field splitting energy (by about ~30%)
than Ru which results in an increased energy gap between MLCT
and MC states,® thus Os(II) analogues of the Ru(Il) complexes 1
and 2 may have longer charge-separated lifetimes. On the other
hand, some Os(1I) polypyridyl complexes have been shown to have
shorter excited state lifetimes than the analogous Ru(1I) complexes
because of enhanced spin—orbit coupling.'” In cases where ligands
with a triplet state close in energy to the MLCT state are present,
energy transfer between the two states may occur.”® Os(II) poly-
pyridyl complexes also typically have lower energy MLCT states,
leading to broader absorption of light over more of the visible
spectrum. This is an advantage for solar energy harvesting where low
energy photons must also be captured for maximum efficiency. Here,
we report two new Os(II) complexes (3 and 4) with conjugated
terthiophene based ligands, and compare their photophysical and
excited state electronic properties to the Ru(II) analogues.

B RESULTS AND DISCUSSION

Synthesis and Structure. The P,S-Ru(II) complex 1 was
previously prepared by dechlorination of Ru(bpy),Cl, with silver
tetrafluoroborate followed by addition of 3'-(diphenylphos-
phino)-2,2":5',2"-terthiophene (PT;) and precipitation of the

product as a hexafluorophosphate salt. The brown [Ru(bpy),
PT;-P,C](PFg) complex (2) was obtained by reaction of 1 with
base. Initially, we attempted to prepare the corresponding Os
complexes using the same route, but the poor solubility of the
(NH,),0sClg starting material prevented successful isolation of
the product 3. Variation of the volume of solvent used, the time at
reflux, and deletion of the filtering step did not help, and in all cases
we were unsuccessful in isolating the desired Os analogue of 1.
Meyer and co-workers have previously reported that the use of Ag
salts for dechlorination of Os complexes does not work well, and
recommended heating the metal precursor and ligand together in
high boiling solvents such as glycerol or ethylene glycol.”' In our
hands, this method yielded only a small amount of the desired
product along with multiple other products, including the mono-
chloro species according to mass spectroscopic analysis. Longer
heating at reflux (up to S days) did not improve the yield. Further
modifications to the conditions established that using a solvent
mixture of ethanol and water, in a two-to-one ratio, with extended
(36—48 h) heating at reflux, gave the desired Os complex 3 in 42%
yield (Scheme 1). The product was purified by column chroma-
tography on neutral alumina. A similar procedure to that used to
obtain 2 was employed to obtain the brown cyclometalated species
[Os(bpy),PT5-P,C](PF), 4, in 61% yield.

Single crystals of both complexes 3 and 4 were grown from
solution, and solid state structures of both complexes were
obtained (Figure 1). The bonding arrangement in both new
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Figure 2. ADF-calculated plots of some frontier molecular orbitals (one of each spin—orbit pair shown, all a;/, in C; symmetry) for (a) 3 and (b) 4,
together with calculated energies (eV) for selected orbitals, electron occupations, and Mulliken metal atomic orbital percentages. The lowest energy
orbital (453a, , for both complexes) plot is lower left in both cases, alternating from one side to the other with increasing energy so that the HOMO plot
is on the left side of the energy levels and the LUMO plot is on the right side of the energy levels in both cases.

structures is identical to that in the Ru analogues, and some
differences in bond lengths and angles are observed (Supporting
Information, Table S1). The S;—C3s—Cs,—S, torsion angle of
154.9(3)° in 3 is somewhat larger than in 1. The larger torsion
angle indicates increased coplanarity, resulting in increased -
orbital overlap between adjacent thienyl rings. In 3, the bound
thiophene ring is tilted away from the Os—S bond at an angle of
59.7°, slightly larger than the tilt angle in 1 (58.3°). The
thiophene tilts away from the metal—sulfur bonds in these
compounds to reduce unfavorable 7*-antibonding interactions
between the thiophene and the metal.>* The Os center may
result in a greater degree of antibonding interaction, and conse-
quently a larger tilt angle. The Os—C bond in complex 4 was
found to be 2.095(3) A, which is comparable to the metal carbon
bond length in the Ru analogue, as are the other bond lengths.
The S;—C36—Cs3,—S, torsion angle indicates the two locked
thiophene rings in 4 are more coplanar than in 2. The thiophene
ring is almost coplanar with the vector of the Os—C bond (tilted
5.9°), a smaller tilt angle relative to the Ru analogue (7.3°). Here,
the bound carbon is sp” hybridized, and the tilt angle suggests
antibonding interactions may also play a role in these complexes.

Density Functional Theory (DFT) Calculations. Orbital
plots for the Os(II) complexes together with their energies,
electron populations, and calculated metal contributions are
shown in Figure 2. Spin—orbit effects were included in the
calculations so that all orbitals are listed as a; /, pairs. The results
reveal many similarities in bonding between the corresponding
Ru and Os complexes (orbital plots for the Ru analogues shown
in Supporting Information, Figures S5 and S6). In comparing the

corresponding PT3-P,S and PT3-P,C complexes, it is found that
for the two P,S complexes both the highest occupied molecular
orbital (HOMO) and the HOMO-1 have no metal contributions
while the P,C complexes have minor metal character for the
HOMO (3% Ru for 2 and 10% Os for 4) and nearly equal metal
and PTj contributions for the HOMO-1 (56% Ru for 2 and 43%
Os for 4).

DEFT calculations on all four complexes indicate that the total
metal bond order calculated by five different methods (Mayer,
Gophinatan—Jug, and three Nalejawski—Mrozek definitions) is
greater by about 0.6 for 3 vs 1 and 4 vs 2, indicating stronger
overall M—L bonding in the Os complexes compared to the
corresponding Ru complexes. The increase in the total metal
bond orders of 0.3 for both 2 vs 1 and 4 vs 3 indicates stronger
overall M—L bonding in the P,C coordination mode where the
PTj; ligand is formally deprotonated, compared to the P,S mode
where the ligand is formally uncharged. This is not surprising
given the lower positive charge in complexes 2 and 4 which arises
because of a negative formal charge on the coordinated C atom in
the deprotonated PT; ligand. The significantly larger M—C bond
orders for 2 and 4 compared to 1 and 3 are consistent with this
conclusion. There is little difference in the calculated M—P and
M—N (N trans to P) bond orders between complexes 1 and 2,
and between complexes 3 and 4. The values of the total metal
bond orders are provided in Supporting Information, Table S3
and range from 4.2 &= 0.4 for 1 to 5.0 £ 0.5 for 4 depending on
the method used to calculate them.

The Hirshfeld, VDD, Mulliken, and MDC-q methods of
calculating atomic charges on the metals all result in higher
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positive charges by 0.1—0.2 for 1 vs 3 and 2 vs 4, while the
opposite is found with the AIM and NPA methods (Supporting
Information, Table S4). The higher metal atomic charges for the
Ru complexes compared to the corresponding Os complexes
calculated by all but the AIM and NPA methods are consistent
with a slightly higher electronegativity for Os compared to Ru,**
and in fact the electronegativity equalized charges™* calculated
for the Ru complexes are higher by 0.1 than those for the
corresponding Os complexes. All six ADF methods of calculating
atomic charges on the metals show an increase in positive charge
for 2 vs 1 and 4 vs 3. The unexpectedly larger charges for the
complexes with the P,C coordination mode suggest greater
M-bpy 7 back-bonding and/or less bpy-M ¢ donation compared
to those with the P,S mode. The more negative charges on the N
atom trans to the coordinated C atom in 2 and 4 compared to
those for the N atom trans to the coordinated S atom in 1 and 3
are consistent with this conclusion. The longer M—N bond
distances for the N atom trans to C in 2 and 4 (2.15 and 2.12 A,
respectively) compared to the M—N bond distances for the N
atom trans to S in 1 and 3 (2.07 A for both complexes) suggests
less bpy—M o donation in 2 and 4 compared to 1 and 3.
Cyclic Voltammetry. The cyclic voltammogram of 3
(Supporting Information, Figure S7a) shows a quasi-reversible
oxidation peak at 1.23 V vs SCE, ~ 0.25 V lower than the first
oxidation peak of 1. ADF-calculated Mulliken AO contributions
indicate that both the HOMO and HOMO-1 orbitals of 1 and 3
are completely localized on the PTj ligand. The first reduction
peak of 3 occurs at —1.36 V vs SCE and is irreversible. This
reduction is presumably localized on the bpy ligands, consistent
with ADF calculations that reveal neither the lowest unoccupied
molecular orbital (LUMO) nor the LUMO+1 have more than a
5% Os AO contribution. The cyclic voltammogram of 4
(Supporting Information, Figure S7b) shows two reversible
waves, at 0.28 and 0.95 V vs SCE. Some small features are
observed in the voltammogram and are attributed to products
resulting from scanning over the full potential range. For 4, the
ADF-calculated HOMO is about 90% PT5 localized while the
HOMO-1 (0.48 eV lower in energy) is nearly equally distributed
between the Os and PT} units, suggesting the oxidation wave at
0.28 V to be PT3-localized and the 0.95 V oxidation wave to be
due to removal of an electron from a mixed Os-PT; orbital.
These assignments differ from those previously reported for the
Ru analogues.'® The earlier assignments were based only on the
observation of small shifts in potential with methyl substitu-
tion on the PT3. The oxidation potential of 0.95 V for 4is 0.16 V
lower than the corresponding value for 2 and is consistent with
the smaller calculated atomic charge for the metal in 4 relative to
2. In addition, 4 has reduction waves at —1.45 and —1.75 V vs
SCE, both presumably corresponding to bpy-based processes as
indicated by the ADF-calculated AO parentages for the LUMO
and LUMO+1. These values are 0.08 and 0.03 V less negative,
respectively, than the corresponding values for 2 and are con-
sistent with the 0.06 V lower calculated LUMO energy for 4
versus 2. The substantial decrease in the Os*™/*" oxidation
potential between 3 and 4 is consistent with the lower energy of
the mixed metal—ligand to ligand charge transfer transition
(MLL/CT) transition (see below). A similar reduction in the
Ru>"/*" oxidation potential was also observed between com-
plexes 1 and 2,"* and can be accounted for at least in part by the
reduction in overall charge from -2 for 1 and 3 to +1 for 2 and 4.
Ground State Absorption Spectra. The UV —vis absorption
spectra of the Os complexes in CH;CN are shown in Figure 3,

molar absorptivity x 10° (M cm™)

300 400 500 G[IH] 700 i 800
wavelength (nm)
Figure 3. UV—vis absorption spectra of (a) [Ru(bpy),PT3-P,S] (PFq),

(1), [Os(bpy),PT5-P,S] (PFe), (3) and (b) [Ru(bpy),PT5-P,C] (PFs)
(2) and [Os(bpy),PT;-P,C] (PF¢) (4) in CH;CN.

along with the spectra of the Ru analogues for comparison. The
absorption spectrum of complex 3 contains two major bands, a
band at 286 nm assigned to the &t — & transition of the
bipyridine group, and a lower energy band with 4, =
394 nm. The low energy band is shifted only very slightly from
the corresponding band in the spectrum of 1, similar to observa-
tions of the spectra of tris(bipyridine) metal complexes, where
the "MLCT band in [Ru(bpy)ﬂpr has Ay = 451 nm”® and
Amax = 450 nm in [Os(bpy);]”" with the *MLCT band observed
between 520 and 700 nm.”° This lower energy band in 1 was
assigned to a charge transfer transition involving a mixed metal/
terthiophene HOMO and bipyridyl based LUMO (a 'MLL/CT
transition).">'® ADF calculations for 1 and 3 indicate that the
HOMO and HOMO-1 have no metal atomic orbital contribu-
tions, whereas the HOMO-2, -3, and -4 orbitals all contain
substantial metal contributions and all lie within about 1 eV of
the HOMO in energy. Therefore for both 1 and 3 the broad,
overlapping absorption bands above 350 nm are likely to contain
orbital contributions from both PT;-localized and M-PTj; delo-
calized orbitals and are best considered as 'MLL'CT bands.
Similarly, the broad band between 450 and 575 nm in the
spectrum of 3 is assigned as a MLL'CT transition based on
the ADF calculations, increased in intensity relative to the Ru
analogue because of the larger spin—orbit coupling in Os. In 1,
the shoulder at 320 nm was assigned to the terthienyl 7 — 7*
transition. This blue-shifts in 3, and is almost completely hidden
under the bpy transition, and a small shoulder can be seen at
~300 nm.

The spectra of P,C complexes 2 and 4 contain more peaks than
the corresponding P,S complexes 1 and 3. The high energy peaks
(4 < 375 nm, assigned to bpy and terthienyl based —s*
transitions) do not shift much between 2 and 4. A band at
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Figure 4. UV—vis spectra of (a) PT3, (b) 1, (c) 3, (d) 2, and (e) 4 in
CH;CN after 0,2, §, 15, 30, 60, 90, and 120 min of irradiation at 366 nm.

400 nm is observed in the spectrum of 4 which is not present in
the spectrum of 2; it is not clear what the origin of this new peak
is. The charge transfer transition in 4 is red-shifted relative to the
corresponding band in 2. The *MLL/CT transition, that ADF
calculations suggest corresponds to a HOMO and/or HOMO-1
to LUMO transition, red shifts to 650 nm, with the addition of a
new shoulder at 560 nm. This red shift is consistent with the
lower calculated atomic charge on the metal in 4 relative to thatin
2. There is a significant red-shift of the terthienyl band between
the P,S and P,C complexes because of either the increased
planarity of the thiophene rings in the P,C bound complexes or
the change in the charge of the PT; ligand accompanying the
orthometalation to form the P,C derivatives.

Photostability studies of PT3 and the complexes in CH;CN
were carried out by extended irradiation with 366 nm light, using
UV/vis spectroscopy as a tool to probe stability. Irradiation of
PT; resulted in a decrease in the main absorption bands, and the
growth of a low energy shoulder at ~450 nm (Figure 4a).
Previous studies have shown that irradiation of 2,2':5'2"'-terthio-
phene (T3) with UV light results in polymerization to give longer
oligomers.”” The low energy absorption band observed upon
irradiation of PT; is consistent with oligomerization of the
terthiophene, resulting in a red shift in the absorption band.
Irradiation of complexes 2, 3, and 4 under the same conditions
results in only very small changes to the UV/vis spectra
(Figure 4c—e), indicating that these complexes are all photo-
stable under the irradiation conditions. On the contrary, irradia-
tion of complex 1 results in substantial changes in the UV/vis
spectrum (Figure 4b), demonstrating that this complex is not

photostable under these conditions in solution. Although a small
low energy shoulder also appears in this experiment, the higher
energy region shows different changes than observed when PT;
is irradiated, suggesting that different products are formed in the
case of 1. Mass spectroscopic analysis of a solution of photo-
irradiated 1 suggests that a bipyridyl group is being lost during
the irradiation process. This has been observed before in other
photoactive metal bipyridyl complexes.”® The photostability of
the complexes did not change when irradiated under nitrogen or
oxygen. Decomposition reactions of other metal bipyridyl com-
plexes have been observed when MC states are accessible.”” The
increased photostability of the P,C bound species may be due to
the reactive MC state lying higher in energy because of the
coordination of the formally anionic ligand. The higher photo-
stability of the Os complex 3 may also be due to a higher barrier
to the MC state, since the lowest energy CT excited state in this
complex is lower in energy than in 1.

Emission Spectra. PT; has a short-lived emission centered at
435 nm (Table 1), attributed to radiative decay of the singlet
—7* state. Complexes 1 and 2 were previously reported to be
either non-emissive or very weakly emissive upon excitation with
visible light.15 However, when excited at 355 nm, complex 1
exhibited short-lived emission at 430 nm.** The Os analogue 3
showed dual emission, with bands at 447 and 640 nm. Dual
emission from metal complexes is unusual, but has been pre-
viously observed in some cases.>' In both 1 and 3, the lifetime of
the species giving rise to the higher energy band is not sensitive to
the presence of oxygen. The lifetime of the species giving rise to
the lower energy band in 3 is significantly shorter in oxygen
sparged solution. On the basis of these observations, the higher
energy band in both 1 and 3 is assigned to emission from a
terthiophene-localized singlet state. In 3, enhanced intersystem
crossing because of the heavier Os center also populates either a
SMLL'CT or >LL'CT state which emits at lower energy, and hasa
longer lifetime. In complexes 2 and 4, two emission bands are
also observed. In the presence of O, the lower energy band
becomes very weak in these complexes, and in 4 the lifetime is
shorter in the presence of oxygen, supporting the assignment of
this band to a triplet emission. Despite careful efforts to purify the
complexes, the possibility of the higher energy emission band
arising from free ligand cannot be entirely ruled out. However,
emission of PT; occurs with A, = 435 nm, and the higher
energy emission band observed in all the complexes is shifted
from this maximum. Quantum yields were obtained for the lower
energy emission band, and are comparable to those reported for
related Os and Ru complexes.*”** Values were calculated for the
radiative (k.) and nonradiative (k) decay constants and show
the nonradiative decay dominates. Exciting complexes 1—4 at
longer wavelengths resulted in only the lower energy emission
being observed.

Transient Absorption. Transient absorption (TA) spectros-
copy uses an excitation pulse to promote a fraction of molecules
into the excited state and measures the difference in absorption
between the ground state and excited state. The bands in a TA
spectrum indicate an excited state absorption, while bleaches are
due to stronger ground state absorptions than that of the excited
state. The TA spectrum of PT; is shown in Figure S. This
spectrum shows a transient species absorbing between 400 and
600 nm, with a lifetime of 9 us under N, that is quenched under
O,. Excitation of T; also results in a species with a similar, but
sharper, absorbance from 400 to 600 nm with a 2.8 us lifetime
(Supporting Information, Figure S8). Under oxygen, the TA
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Table 1. Photophysical Data for PT3; and Complexes 1—4

a a
Tem Tta

compound  Aep”

PT; 435nm  <0.05 ns <0.05 ns 9 us
1 430nm 0.2 ns 0.1 ns 100 ns 35 ns
2 423 nm  2ns 1.5 ns

730 nm 8 ns 7 ns 20ns 10ms 4 0001
3 447 nm  <0.05 ns <0.0S ns

640 nm 170 ns 30 ns 800 ns 70080003
4 419 nm 1.8 ns 1.5 ns

640nm  25ns 10 ns 2ns 2ns 0.0002

N, sparged O, sparged N, sparged O, sparged P,,*

Eijpox £001V Ej) eq® 001V

ke x 107 (s Ky x 10 * (s71)° vs SCE vs SCE
1.30%

1.48¢ —1.28¢

0.57 —1.53

1.9 58.6 111 —1.78

L1 399 123 —~1.36

0.28 —1.45

LS 1249 0.95 —1.75

? Aex=355nm, CH;CN. b Calculated using k,= D, Tom ¢ Calculated using k,,, =7, o — ke using N, sparged emission lifetimes. Trreversible wave, E,

reported. “ Reference 34.
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Figure S. Time-resolved transient absorption spectra of PTj in
CH;CN. A = 355 nm.

spectrum of T} is also quenched. These data are consistent with
the TA of both T3 and PT; being due to a triplet—triplet
excitation localized on the 77 system.

Excitation of 1 results in a broad TA with two overlapping
bands between 400 and 700 nm (Figure 6a). The species decays
with a lifetime of 100 ns in nitrogen-sparged acetonitrile, which is
significantly reduced with oxygen sparging (Table 1). Complex 3
also shows an intense, broad TA with two bands between 450 and
725 nm (Figure 6b). In addition, there is a bleach centered at
400 nm. Both the absorptions and the bleach decay with a
lifetime of 800 ns, which decreases in the presence of oxygen. The
TA spectra of 1 and 3 resemble the TA spectrum of PTj,
although slightly red-shifted. In addition, no absorption due to
a bipyridyl anion is seen at ~375 nm,*® suggesting that the
excited state of 1 and 3 observed in the TA spectra does not have
metal-to-bipyridyl or thiophene-to-bipyridyl charge transfer
character. Even at short times following excitation, the TA
spectra do not show features associated with an MLL/CT state.
The dependence of the lifetime and intensity of these bands on
the presence of oxygen supports the conclusion that these are
due to a triplet state, and the similarity of the TA spectra to that of
PT; suggests that a PT; ligand-centered triplet state (’LC) is
being observed. The lack of observable emission in 1 suggests

0.05

Wavelength (nm)

Figure 6. Time-resolved transient absorption spectra of (a) 1 and (b) 3
in CH3CN. A, = 355 nm.

that in this complex triplet energy transfer to the *LC state is very
efficient. In complex 3, weak emission attributed to decay of the
SMLL/CT or *LL'CT state is observed, and the *LC state is still
relatively efficiently populated and is the major species observed
in the TA spectrum. The longer TA lifetime in 3 indicates that the
’LC state must lie substantially lower in energy than the
SMLL'CT and *LL'CT states, and these states are not in thermal
equilibrium as has been observed previously in pyrene functio-
nalized Ru diimine complexes.***” In these cases the pyrene *LC
state and Ru *MLCT states have the same lifetimes because of the
equilibrium between them. The longer TA lifetime for 3 relative
to 1 is attributed to the higher energy barrier to the MC state (see
above), consequently this deactivation pathway is less prevalent
in 3 than in 1.
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Figure 7. Time-resolved transient absorption spectra of (a) 2 and (b) 4
in CH5CN. A, = 355 nm.

Interestingly, the TA spectra of complexes 2 and 4 (Figure 7)
are very different from the corresponding P,S-coordinated com-
plexes 1 and 3. Both 2 and 4 show an absorption at ~375 nm, and
ableach at ~450—475 nm. The TA spectrum of 2 also contains a
broad, tailing absorption above 500 nm, while 4 shows a weak,
broad bleach in this region. The TA of 2 decays monoexponen-
tially with a lifetime of 20 ns under nitrogen, which decreases
under O,. The absorption at ~375 nm in the TA spectra of
both 2 and 4 is assigned as a transition of the bpy  anion based
on comparison to related compounds.®® The presence of this
band indicates the observed excited state has charge transfer
character. The lower energy absorption bands (>500 nm) in 2
are assigned to transitions of a cationic species having mixed-
metal and ligand (PT;) character. This assignment is based on
several comparisons. The TA spectrum of Ts' shows an
absorbance band between 530 and 545 nm,*®** and spectro-
electrochemical studies on 2™ have shown that this species has
bands with absorption maxima at 558 and 632 nm.*’ Both these
species have similar absorptions to the band observed in the TA
spectrum of 2 at ~515 nm, suggesting a similar origin. An
electron paramagnetic resonance (EPR) study of 2" showed that
there is a significant metal contribution to the singly occupied
molecular orbital (SOMO) in this oxidized complex.'® This is
consistent with ADF-calculations for 2 showing the HOMO-1 to
have a 56% Ru contribution, but not with oxidation from the
HOMO which has only a 3% Ru contribution. Taking all this data
into account does not allow a conclusive assignment to be made
of the cation, but a mixed parentage cation with both metal and
PT; ligand character is most likely; thus, the observed excited
state is characterized as a mixed metal—ligand to ligand CT
(®MLL/CT) state. The broad but very weak absorbance tail
around 650 nm in 2 is characteristic of the presence of an
anion,""*? cation,** or a charge transfer transition.** The TA

Vi MC

'MLLCT, \ (in1)

/| PMLLCT (or *LLCT in 1 and 3)
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. —
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(in1 and 3)
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-~
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Figure 8. Qualitative energy diagram for 1—4.

and emission lifetimes are similar for complex 2 suggesting that it
is possible that these states are close in energy and in thermal
equilibrium.

The excited state spectrum of complex 4 appears to be similar,
with the clear presence of a transition assigned to the bpy anion.
Transitions that could be assigned to a cation are not observed.
Complex 4 absorbs to 700 nm, so the bleaching that is observed
in the TA spectrum of this complex may hide weaker absorptions
from a cationic species if these are present. The lifetime of this
species is short, 2 ns under either nitrogen or oxygen. The
measured lifetime is shorter than the emission lifetime, and it is
possible that the weak TA spectrum introduces error and these
states are also close in energy as in 2. Other Ru and Os bipyridyl
complexes show similar transient spectra. Excited state Ru-
(bpy);”" is reported to have absorption bands at 360 nm and
above 525 nm, with a bleach centered at 440.*° Excited state
Os(dmb);*" has an absorption around 350 nm, and a strong
bleach from 420 to 500 nm, with a weaker bleach extending past
650 nm.*’

The photophysical results for complexes 1—4 can be summar-
ized by consideration of the qualitative energy diagram shown in
Figure 8. For the P,S bound complexes 1 and 3, excitation results
in simultaneous population of both "MLL/CT and 'LC states on
excitation at 355 nm. Some emission from the 'LC is observed
for both complexes. Internal conversion followed by intersystem
crossing populates the *MLL'CT or *LL/CT state, from which
some emission is observed for 3. For 1, the MC state lies close
enough in energy to be thermally populated resulting in a
photoreaction, and this does not occur in 3. In both 1 and 3,
the *LC state is lower in energy than the >"MLL'CT or LL/CT
state, resulting in triplet energy transfer and the observation of a
transient species attributed to the *LC state. This coordination
mode results in only a small perturbation in the electronic
structure of the PT; ligand, possibly because of the weakly
coordinated thiophene sulfur.

In the P,C bound complexes 2 and 4, population of both
'"MLL'CT and 'LC states occurs, and some emission from the
'LC states is observed. Here, the MLL/CT state is also
populated, and emission from this state is observed.

B CONCLUSIONS

Two new Os(II) complexes have been synthesized, character-
ized, and the photophysics compared to that of their Ru(II)
analogues. Key differences that were observed were enhanced
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photostability of the Os complexes, and a shift in the excited state
observed by TA spectroscopy from a >LC triplet localized on the
PT; group in the P,S complexes to a mixed metal—ligand to
ligand CT state in the case of the P,C complexes. These results
have important implications for the design of dyes for DSSCs and
other related applications. In the P,C complexes the MLL'CT
excited state involves charge transfer from the PTj localized
HOMO to the bipyridyl localized LUMO. Adsorption of these
complexes to nanostructured TiO, should allow charge injection
from the LUMO and hole transport away from the metal center
via the conjugated ligand. Studies are currently underway to
probe the application of these complexes in DSSCs.

B EXPERIMENTAL SECTION

General Procedures. All reactions were performed under N,. The
compounds cis-Os(bpy),ClL** and PT,* were synthesized according to
literature procedures. All other reagents were purchased from Aldrich
and Strem and used as received. 'H and *'P{'H} NMR spectra were
collected on a Bruker AV-300 or AV-400 spectrometer and were
referenced to residual solvent. ESI mass spectra were recorded on a
Bruker Esquire-LC ion trap mass spectrometer equipped with an
electrospray ion source. The solvent for the ESI-MS experiments was
either methanol or dichloromethane/methanol and the concentration of
the compound was ~10 uM. High resolution mass spectra were
recorded on a Waters Micromass LCT time-of-flight mass spectrometer
equipped with an electrospray ion source. CHN elemental analyses were
performed using an EA1108 elemental analyzer, using calibration
factors. The calibration factor was determined by analyzing a suitable
certified organic standard (OAS) of a known elemental composition.
Cyclic voltammetry experiments were carried out on an Autolab
PG STAT 12 potentiostat using a Pt working electrode, Pt mesh
counter electrode and a silver wire reference electrode with 0.1 M
[(n-Bu)4N]PF, supporting electrolyte which was recrystallized 3 times
from ethanol and dried under vacuum at 100 °C for 3 days. Dec-
amethylferrocene (—0.125 V vs SCE in acetonitrile)* was used as an
internal reference to correct the measured potentials with respect to
saturated calomel electrode (SCE). UV—vis spectra were obtained on a
Cary 5000 in HPLC grade solvent. Emission spectra were obtained on a
PTI Quantamaster spectrometer. Transient absorption measurements
and fluorescence lifetimes were carried out on an Princeton Instruments
Spectra Pro 2300i Imaging Triple Grating Monochrometer/Spectro-
graph with a Hamamatsu Dynamic Range Streak Camera (excitation
source: EKSPLA Nd:YAG laser, 35 ps pulse duration, A = 355 nm).
X-ray crystallographic data for molecules 3 and 4 were both collected on
a Bruker X8 APEX II diffractometer using graphite monochromated
Mo—Ka radiation, at —100 °C. Data were collected and integrated
using the Bruker SAINT®"** software package. Data were corrected for
absorption effects using the multiscan technique (SADABS).>*** Both
structures were solved using direct methods™ and all non-hydrogen
atoms were refined anisotropically. All hydrogen atoms were placed in
calculated positions. Molecule 3 crystallizes with two molecules of
CH,Cl, in the asymmetric unit. In 3 and 4 the terminal thiophene ring
(containing S3) is disordered by a 2-fold rotation about the C4o—Cy;
bond. The two ring fragments were modeled in both orientations using
restraints to maintain reasonable ring geometries. All refinements were
performed using the SHELXL-97°° via the WinGX"” interface.

Syntheses. [Os(bpy), PT5-PS] (PFs), (3). PT; (0.164 g) was
added to a degassed 2:1 EtOH-H,O mixture containing Os(bpy),Cl,
(0.200 g). The reaction mixture was heated to reflux under nitrogen with
stirring for 48 h. The EtOH was removed in vacuo, and the remaining
solution was added to aqueous ammonium hexafluorophosphate
(1.136 g in 70 mL of H,0) and stirred at room temperature for half

an hour. The precipitate was filtered and washed with copious amounts
of water and diethyl ether, and then dissolved in DCM and purified over
neutral alumina. Once the brown band was eluted with DCM, acetone
was used to elute the reddish-orange product band. The volume was
reduced in vacuo, and the remaining solution was added to aqueous
ammonium hexafluorophosphate (0.568 g in 30 mL of H,0) and stirred
at room temperature for half an hour. The precipitate was filtered and
washed with copious amounts of water and diethyl ether to yield
181 mg (42%) of red solid. '"H NMR (300 MHz, CO(CD3),):
8 9.16 (d, ] = 5.9 Hz, 1H), 8.96 (d, ] = 5.7 Hz, 1H), 8.71 (d, ] = 8.2
Hz, 1H), 8.67—8.60 (m, 3H), 8.23—8.02 (m, SH), 7.70 (d, ] = 5.7 Hz,
1H), 7.64—7.47 (m, 7H), 7.43—7.29(m, 6H), 7.23—7.16 (m, 3H),
7.11-7.05(m, 2H), 697 (d, J = 3.3 Hz, 1H), 6.87—6.81(m, 2H).
*'P{"H} NMR (121 MHz, CO(CDs),): 0 —14.2 (s), —143.6 (septet,
Jor = 708 Hz, PEg). m/z [M — PF]" 1080. Anal. C,4H;3N,S;0sP5F,
requires C, 43.14; H, 2.72; N, 4.57. Found C, 42.88; H, 2.99; N, 4.40%.
HRMS (ESI) Caled for CuHy 3N FgOsP,Sy: 1081.0845; Found:
1081.0862.

[Os(bpy),PT5-P,C] (PFs) (4). NaOH (0.20 g) was dissolved in
degassed methanol (S mL) to form a 1.0 M solution. Complex 3
(50 mg) was added and heated to reflux under nitrogen, with stirring,
for 36 h. The solution was cooled to room temperature, and the MeOH
was removed in vacuo. The precipitate was redissolved in 2 mL of
MeOH. The dark solution was added dropwise to a solution of
ammonium hexafluorophosphate (0.284 g) in H,O (17 mL) and stirred
at room temperature for half an hour. The precipitate was filtered and
washed with copious amounts of water and diethyl ether and yielded 27
mg (61%) of dark brown solid. "H NMR (300 MHz, CO(CDs),):
0894 (d,]=5.8 Hz, 1H), 8.57 (d, ] = 8.2 Hz, 1H), 8.51—8.37 (m, 4H),
7.97(t, ] = 7.8 Hz, 1H), 7.88—7.62 (m, 6H), 7.58—7.53(m, 1H),
7.43—7.35 (m, 6H), 7.18—7.02 (m, 4H), 6.95—6.81 (m, 4H), 6.65 (d,
J=2.7Hz,1H), 6.43 (t,J=8.7 Hz,2H), 6.20 (d, ] = 49 Hz, 1H) >'P{'H}
NMR (121 MHz, CO(CD3),): 0 —2.4 (s), —143.6 (septet, Jpp = 708 Hz,
PFs) m/z [M — PFs]" 935. HRMS (ESI) Caled for CuHj,
N,OsPS: 935.1142; Found: 935.1155. Anal. CqH;,FgN,OsP,S5 - 2H,0
requires C, 47.38 ; H, 3.26; N, 5.03. Found C, 47.59; H, 3.11; N, 4.89%

X-ray Crystallography. 3: Formula: C4sH;,N,S;0sP3F,Cly,
M = 1394.89, Monoclinic, space group P2;/c (No. 14), Z = 4, a =
11.1984(8) A, b = 20.8114(16) A, ¢ = 21.9881(17) A, o = 90.0°, =
91.752(4) °, v = 90.0°, V = 5122.0(7) A%, T = 173 (1) K, 82845 reflec-
tions measured, 12304 unique (Ri,, =0.039), final R1(I > 2.000(I)) =
0.037, wR2 (I > 2.000(I)) = 0.088. 4: Formula: C,4H;,N,PS;OsPF,
M = 1079.06, Monoclinic, space group C2/c (No. 15), Z = 8, a =
39.8697(9) A, b = 9.4270(2) A, ¢ = 28.1007(5) A, o = 90°, 3 =
130.946(1) °, y = 90°, V = 7977.5(3) A®, T = 173 (1) K, 56287 reflec-
tions measured, 9648 unique (R, = 0.050), final R1(I > 2.000(I)) =
0.030, wR2 (I > 2.000(I)) = 0.061.

Computational Methods. DFT calculations were performed with
the 2009.01 version of the Amsterdam Density Functional (ADF)
program.®® Experimental X-ray crystallographic cation geometries (C;
point group) were used for all four complexes. All calculations included
scalar and spin—orbit relativistic effects through the zeroth-order
relativistic approximation (ZORA),* except for bond orders and natural
population analysis (NPA) atomic charges® which included only scalar
relativistic effects. The generalized gradient approximation (GGA)
approximation of DFT at the BP86 level was used in all cases,*®' and
all-electron (i.e., no frozen core approximation was applied) TZ2P basis
sets from the ADF basis sets ZORA library were used for all atoms.
Atomic charges on all atoms were calculated within ADF using the
Voronoi (VDD),*" Hirshfeld,"> Bader atoms in molecule (AIM),®
NPA, Mulliken, and multipole-derived quadrupole (MDC-q) methods.
Bond orders were calculated within ADF using the Mayer, Gophinatan—
Jug, and three Nalejawski—Mrozek methods N-M (1), N-M (2), and
N-M (3) provided with the ADF program.®*
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