Photoinduced ligand dissociation follows reverse energy gap law:
nitrile photodissociation from low energy 3MLCT excited states
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A series of Ru(ll)-terpyridine complexes containing electron-
donating bidentate ligands are able to effectively photodissociate
nitrile ligands using red light. A spectroscopic investigation of these
complexes reveal that they follow anti-energy gap law behavior,
providing futher evidence that population of 3LF excited states is
not necessary for photoinduced nitrile dissociation.

Polypyridyl Ru(ll) complexes have been used for a variety of
applications due to their intense singlet metal-to-ligand charge
transfer (MLCT) absorption in the visible region and long 3MLCT
excited state lifetimes.1> For example, the well-known complex
[Ru(bpy)s]?* (bpy = 2,2'-bipyridine) absorbs strongly at ~450 nm
and has a solvent-dependent 3MLCT lifetime of 0.6 — 1 ps.%7 The
3MLCT excited state of [Ru(bpy)s]?* is also luminescent, with a
phosphorescence quantum yield, ®em, of 0.042 in H,0 at 298 K.8
However, this luminescence is highly temperature dependent,
with ®@em ranging from 0.38 at 77 K in EtOH to 0.0075 at 363 K
in aqueous solution.®® Additionally, [Ru(bpy)s]?* undergoes
ligand photosubstitution at 368 K in 0.1 M HCl to form
[Ru(bpy),Cl;] upon irradiation with 436 nm light.® This
temperature dependent behavior suggests that a non-emissive,
dissociative excited state is present ~3800 cm! higher in energy
than the emissive 3MLCT state(s), and has been assigned as the
triplet ligand field (3LF) excited state(s).?

Although polypyridyl Ru(ll) complexes
[Ru(bpy)s]2* have been investigated extensively, those based on
[Ru(tpy)2]?* (tpy = 2,2":6',2"-terpyridine) are preferable for use
in supramolecular systems due to their achiral D4 symmetry.10
However, the large deviation from octahedral geometry
afforded by the bite angles of the tpy ligand, as compared to
bpy, results in a decrease of the energy of the tpy—d,(c*)
molecular orbital and, consequently, the energy gap between
the 3MLCT and 3LF excited states, thus shortening the 3MLCT
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lifetime of [Ru(tpy)2]%* to 250 psin H,O and 124 ps in CH3CN.11.12
Increased population of the 3LF excited state(s) is generally
accepted as necessary for photoinduced ligand exchange,
making Ru(ll)-tpy complexes useful for light-initiated drug
release in photochemotherapy (PCT).13-17

Previously, the photochemistry of a series of Ru(ll)
complexes, 1 — 11 (Fig. 1), was investigated by our group for
photoinduced nitrile dissociation.18 Using Air = 450 nm, these
complexes were found to exhibit a wide range of quantum
yields of ligand dissociation, ®4s0, ranging from 0.0022(1) —
0.018(1) for the replacement of the CHsCN ligand with a H,O
molecule, despite a lack of steric bulk around the metal center
throughout the series.’®1% Complexes 8 — 11 were also found to
undergo efficient ligand dissociation using Air = 650 nm. Density
functional theory (DFT) calculations showed that within the
series, the complexes with the larger quantum vyield values,
namely 8 — 11, all possessed highest occupied molecular orbitals
(HOMOs) in the ground state that were delocalized, as well as
3MLCT excited states that were characterized by a low degree
of electron density on the metal center.’® These results were
similar to previous findings from our group involving Ru(ll)
complexes with tetradentate ligands based on tris(2-
pyridylmethyl)amine, and the greater quantum vyields of 8 — 11
were thus attributed to decreased n-backbonding to the nitrile
ligand in the 3MLCT excited state.1820
the ligand
dissociation from 3MLCT-type excited states, the present work
details an investigation into the photophysical properties of 1 —

Given unusual occurrence of increased

L,n=

,n=2
R R
7\ = 2 ¢ N -
o5 a2
R

R_N R_R
1 -H I — I
RTN  NTR
R 0e0 3 -CH, o
0o O 8 -H
o ¢ -OCH
/\/\ 9 o H 4 8 6 -H
R N 5 —t+C(CHy)s
7 -CH
10 -8r i d

Fig. 1. Structures of complexes 1 —11; structures of 12 and 13 are shown in Fig. S1 (ESI).



11 utilizing femtosecond (fsTA) and nanosecond transient
absorption spectroscopies (nsTA). Surprisingly, our findings
indicate that the trend in the excited state lifetimes of 1 — 11 is
opposite to that expected from the energy gap law, which
dictates that the rate of nonradiative decay between two states
should increase due to enhanced vibrational coupling as the
energy gap between them decreases.?l Complexes 8 — 11
possess both the lowest energy 3MLCT excited states and the
longest excited state lifetimes across the series. When
considered together with the fact that 8 — 11 also exhibit the
highest quantum yields of photoinduced nitrile dissociation,
these results reinforce the hypothesis that population of the 3LF
excited states is not necessary to achieve efficient dissociation
of nitrile-based ligands.

The ground state electronic absorption spectra of 1 — 11 in
acetone are shown in Fig. S2 (ESI), which exhibit a IMLCT
absorption in the visible region (¢ = 5400 — 11,000 M1 cm™)
corresponding predominately to a Ru(dn) — tpy(n*) transition.
In 1 -5, this band also contains some contribution of Ru(dr) —
diimine(n*) character. The m-donor character of the electron-
rich acetylacetonate-based ligands present in 8 — 11 destabilize
the Ru(dm) orbitals, making the metal center significantly easier
to oxidize and shifting the energy of the IMLCT absorption
maximum to lower energy by ~3300 cm-! as compared to 1.1°

Excitation of 1 in CH3CN into the low energy side of the
IMLCT transition (Aex = 505 nm) is expected to lead to selective
population of the Ru(dm) — tpy(n*) MLCT excited state,
resulting in the fsTA spectra shown in Fig. 2. A ground state
bleach is observed centered at 450 nm, and positive signal is
observed at ~350 — 390 nm and 530 — 650 nm associated with
the reduced tpy (m—7*) and bpy(n) — Ru3*(d=) ligand-to-metal
charge transfer (3LMCT) transitions, respectively. The
observation of both of these excited state absorptions is
indicative of an excited state containing both a reduced ligand
and an oxidized metal center, and is thus consistent with
population of the 3MLCT excited state. The excited state
absorption of 1 from 360 — 390 nm can be fitted to a
biexponential function with lifetimes, t, of 6(1) ps (40%) and
75(11) ps (60%) (Fig. S3, ESI), similar to the kinetics observed for
the 3LMCT excited state absorption. In contrast, the kinetics of
the ground state bleach region are monoexponential with t =
75(8) ps (Fig. S3 and Table S1, ESI). Complexes 2 —5 also contain
diimine-based bidentate ligands and exhibit similar fsTA spectra
with lifetimes that range from 4 — 11 ps for the short component
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Fig. 2. fsTA spectra of 1 in CH3CN collected at 1, 2, 5, 8, 11, 21, 29, 39, 54, 73, 116, 184,
398 and 2928 ps after the laser pulse (Ae = 505 nm, baseline collected at -20 ps, fwhm
~85 fs).
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lifetime, as well as monoexponential decay of the bleach signals
(Fig. S4 — S7, Table S1, ESI).

There are two likely possibilities as to the nature of the fast
time component observed in the excited state absorption
features of 1 — 5. The first of these is simply vibrational cooling
within the 3MLCT manifold, which tends to occur on a similar
timescale. However, given that vibrational relaxation tends to
manifest spectroscopically as a narrowing in the peak shape of
the excited state absorption feature coupled with an increase
and slight blueshift of the peak signal, and the low excitation
energies used, vibrational relaxation is not consistent with the
observed fsTA of 1 -5 at early times.222* The second possibility
is that the fast component is due to an equilibrium between the
3MLCT and 3LF excited states of 1 — 5, as has been observed by
Hewitt and co-workers in [Ru(tpy)z]%* on similar timescales.1!
Their observation of this equilibrium leading to an overall
decrease in signal in the excited state absorption region is more
consistent with the spectral features observed for 1 — 5. The
exact nature of this fast component remains under
investigation, as the presence of a 3MLCT — 3LF excited state
equilibrium in the complexes with lower ligand exchange
quantum vyields could have interesting implications regarding
the mechanism of ligand photodissociation.

Low energy excitation of 6 and 7 in CH3CN (Ae = 550 and 565
nm, respectively) result in fsTA spectra (Figs. S8 and S9, ESI) that
are qualitatively similar to those observed for 1 — 5 and
characteristic of population of a 3MLCT excited state. Both 6 and
7 show reduced tpy(n—n*) excited state signal from ~350 —
420 nm with slightly red-shifted maxima relative to the diimine
complexes, attributed to the red-shifted ground state
absorption of 6 and 7 (Fig. S2, ESI). Single wavelength kinetics in
this region for 6 (Table S1, ESI) show a slow rise in absorption
that was fit biexponentially with 11 fixed at the instrument
response function (85 fs), which resulted in 12 = 20(8) ps, and
the decay was fit to a monoexponential function with t =
650(30) ps. The recovery of the ground state bleach of 6 from
420 — 500 nm was fit to a biexponential decay, with t; fixed at
20 ps (3%) corresponding to the slow rise of the excited state
absorption (due to the spectral overlap of the two features),
which resulted in t; = 590(30) ps (97%). Due to the long excited
state lifetime of 6, a small amount of residual signal remains at
the end of the fsTA experiment (~3 ns).

The positive signal of the absorption of the reduced tpy in
the excited state of 7 exhibits a monoexponential decay with t
= 2.7(6) ns, and the ground state bleach from 420 — 500 nm
returns to the baseline monoexponentially with © = 1.7(2) ns
(Table S1, ESI). A small amount of excited state absorption is
also present in 7 from 500 — 550 nm with greater intensity than
observed in 6, which is also attributed to a 3LMCT Mesbim —
Ru3*(dm) transition in the 3MLCT excited state. The higher
intensity in 7 as compared to 6 can be explained by the greater
electron-donating character of the bidentate ligand in the
former. Unfortunately, the low signal in this region precluded
the measurement of reliable kinetic information for 6 and 7.

Excitation into the !MLCT transition of 8 in CH3CN (Aex = 585
nm) yields the fsTA spectra shown in Fig. 3a. Similarto 1 -7, an
excited state absorption is observed in 8 from 360 — 440 nm,
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arising from a m—=* transition within the reduced tpy ligand,
indicating population of the 3MLCT excited state. A ground state
bleach is also observed in 8 from 440 — 550 nm. Surprisingly,
there is relatively little decay of these signals observed within
the timescale of the ultrafast experiment (~3 ns). Transient
absorption spectra of 8 on the nanosecond timescale (Aex = 580
nm, Fig. 3b) in CH3CN show similar features to those observed
in the ultrafast experiment, indicating continued population of
the 3MLCT state. Single wavelength kinetic traces of both the
excited state absorption and ground state bleach can be fit to a
single decay component with t = 7.2(3) and 6.9(5) ns,
respectively (Fig. S10, Table S1, ESI). Complexes 9 — 11 behave
similarly, with spectral features indicative of 3MLCT excited
states that persist into the nanosecond timescale, with lifetimes
ranging from 3.7(6) to 7.8(3) ns (Fig. S11 — S13, Table S1, ESI).
Complex 8 was also investigated using ultrafast time-
resolved infrared spectroscopy (TRIR), as the acetylacetonato
(acac) ligand provides strong IR markers. Excitation of 8 in
CDsCN with 518 nm light shows several excited state vibrations
from 1300 — 1600 cm (Fig. 3c). Three intense acac-based
vibrations are present in the ground state IR spectrum (dotted
line, Fig. 3c) at 1405, 1517, and 1571 cm! corresponding to
O(CHs3) and v(C=0), v(C=C) and 3(C=CH), and predominately
v(C=0) modes, respectively.?526 |n the excited state, the bleach
of these ground state IR absorptions indicates the removal of
electron density from a mixed Ru/acac HOMO, in agreement
with our previous DFT calculations.® These vibrations shift to
lower energies in the excited state, appearing at ~1350, 1492
and 1525 cm-?, respectively. These shifts are again indicative of
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Fig. 3. (a) fsTA of 8 in CH3CN collected at 1, 3, 6, 9, 24, 46, 63, 99, 250, 463, 630, 999,
2154 and 2928 ps after the laser pulse (Aex = 585 nm, fwhm ~85 fs), (b) nsTA of 8 in CH3CN
collected at 0, 2, 6 and 20 ns after the laser pulse (A = 580 nm, fwhm ~12 ns), and (c)
TRIR spectra of 8 in CD3CN collected at 1.5, 4.3, 14 and 29 ps after the laser pulse (top)
and 29, 67, 179, 359, 722, 1453 and 2716 ps after the laser pulse (bottom, e = 518 nm,
fwhm ~300 fs); the ground state FTIR spectrum of 8 in CDsCN is shown as a dotted line.
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a 3MLCT-based excited state, as a 3LF excited state would be
localized on the metal center and should not significantly
perturb the electron density of the ligands, leading to a smaller
energy shift in the excited state as observed in TRIR spectra of
Cr(acac)s and Fe(acac)s.2.28 At early times, the excited state
vibration centered at 1492 cm™ narrows and increases in
intensity with t ~6 ps, characteristic of vibrational cooling in the
excited state that is likely a result of excitation at the IMLCT
maximum in the TRIR experiment instead of the red edge.
Overall, however, the significant shifts in energy of these ligand-
based vibrations remain throughout the experiment (~3 ns), in
agreement with the assignment of a long-lived 3MLCT excited
state with significant contribution from the acac ligand.

When the excited state lifetimes of 1 — 11 are considered
together, it is apparent that the complexes with the lowest
energy 3MLCT excited states, namely 8 — 11, also possess longer
excited state lifetimes (Fig. 4a), in disagreement with the energy
gap law. Similar trends have been observed in other tpy-based
Ru(ll) complexes, as selective stabilization of the 3MLCT excited
state results in an increased energy gap between the 3MLCT and
3LF states, thus reducing deactivation of the former through the
latter.10.29,30 Surprisingly, of the complexes in this series, those
with the longest 3MLCT lifetimes, 8 — 11, also exhibit the largest
quantum yields of ligand dissociation (Fig. 4b).

While one could argue that the increased quantum vyields
observed in 8 — 11 are due to the simultaneous stabilization of
the 3LF excited state(s) afforded by the weaker ligand field
strength of the acac-based ligands, as has been observed in
other Ru(ll) complexes with electron-donating ligands, the
experimentally observed increase in their excited state lifetimes
(Fig. 4b) is contrary to this notion.3133 |t is expected that the
presence of more accessible 3LF states would lead to a decrease
in the observed 3MLCT excited state lifetime, similar to the
shorter lifetime of [Ru(tpy).]?* compared to [Ru(bpy)s;]2*.6:30.34

The excited state properties of the related complexes
[Ru(dgpy)(phen)(CHsCN)]?*, 12, and [Ru(dgpy)(acac)(CHsCN)]*,
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Fig. 4. (a) Relationship between the excited state lifetime of 1 — 11 and the 3MLCT
emission maximum at 77 K in CHsCN, and (b) between the quantum yield of ligand

dissociation in H,0, @45, and the excited state lifetime of 1 — 11.
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13, (Fig. S1, ESI; dgpy = 2,6-di(quinoline-2-yl)pyridine, phen =
1,10-phenanthroline) were also investigated. The dqgpy ligand is
more easily reduced than tpy, thus 12 and 13 exhibit lower
energy 3MLCT excited states as compared to the corresponding
tpy complexes 2 and 8, respectively.3> Transient absorption
spectra of 12 and 13 in CH3CN exhibit similar trends (Figs. S14
and S15, ESI), with 3MLCT excited state lifetimes of ~400 ps and
14(1) ns, respectively, compared to 80(10) ps and 7.1(4) ns for
2 and 8. Importantly, the dgpy complexes exhibit quantum
yields of ligand dissociation with Air = 600 nm in H,0 that are
nearly identical to those of 2 and 8, with ®gy = 0.0050(2) and
0.010(1) for 12 and 13, respectively, as compared to @50 =
0.0053(1) and 0.014(1) for 2 and 8.1835 This result demonstrates
that lowering the energy of the 3SMLCT excited state does not
impact the quantum vyield of nitrile photodissociation, even
when the identity of the bidentate ligand is held constant.

In the present work, we have spectroscopically shown that
complexes 1 — 13 exhibit increasing 3MLCT lifetimes as the
energy of the 3MLCT excited state is stabilized. This anti-energy
gap law behaviour suggests that the complexes with the lowest
energy 3MLCT excited states are less able to efficiently populate
the dissociative 3LF state(s), thus extending their lifetimes.
Surprisingly, the complexes that have the longest 3SMLCT excited
state lifetimes, namely 8 — 11 and 13, also show the greatest
quantum yields of nitrile ligand dissociation. Together, these
results suggest that population of the 3LF state(s) is not
necessary for photodissociation of nitrile ligands, and
demonstrate that photoinduced nitrile dissociation can occur in
relatively unstrained Ru(ll) complexes with low energy 3MLCT
excited states due to differences in nt-backbonding between the
ground state and 3MLCT excited states.’® These findings
represent a paradigm shift in the design of Ru(ll)-based PCT
drugs, and open new possibilities for complexes that both
undergo efficient photoinduced ligand dissociation and absorb
red light in the photodynamic therapy window. Current work in
our lab to investigate the temperature-dependent properties of
these complexes is ongoing.
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